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Abstract
Health studies on spatially-varying exposures (e.g., air pollution) during pregnancy often estimate exposure using residence
at birth, disregarding residential mobility. We investigated moving patterns in pregnant women (n= 10,116) in linked
cohorts focused on Connecticut and Massachusetts, U.S., 1988–2008. Moving patterns were assessed by race/ethnicity, age,
marital status, education, working status, population density, parity, income, and season of birth. In this population, 11.6% of
women moved during pregnancy. Movers were more likely to be younger, unmarried, and living in urban areas with no
previous children. Among movers, multiple moves were more likely for racial/ethnic minority, younger, less educated,
unmarried, and lower income women. Most moves occurred later in pregnancy, with 87.4% of first moves in the second or
third trimester, although not all cohort subjects enrolled in the first few weeks of pregnancy. Distance between first and
second residence had a median value of 5.2 km (interquartile range 11.3 km, average 57.8 km, range 0.0–4277 km). Women
moving larger distances were more likely to be white, older, married, and work during pregnancy. Findings indicate that
residential mobility may impact studies of spatially-varying exposure during pregnancy and health and that subpopulations
vary in probability of moving, and timing and distance of moves.
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Introduction

Mothers’ exposure to spatially-varying environmental
exposures during pregnancy has been linked to critical
infant and childhood health outcomes. Exposure to air
pollution during pregnancy has been associated with
restricted fetal growth and risk of preterm birth and birth
defects [1, 2]. Mother’s residence in coal mining areas
was linked to low birth weight [3], and agrichemicals in

surface water were associated with higher risk of birth
defects [4]. Other studies investigated birth outcomes in
relation to the mothers’ residential proximity to power
lines [5], airborne chlorinated solvents [6], coke and steel
industrial facilities [7], roadways [8], natural gas devel-
opment [9], gasoline service stations [10], use of methyl
bromide [11], nuclear power plants [12], and waste sites
[13]. These types of studies assess spatially-varying
exposures during pregnancy in relation to adverse preg-
nancy and childhood health outcomes including fetal
growth, birth defects, preterm delivery, allergic disorders,
spontaneous abortion, childhood cancer, fetal death, and
autism spectrum disorders [14].

Our ability to estimate how spatially-varying environ-
mental exposures during pregnancy affect infant and
childhood health is dependent on the approach used to
assess exposure throughout the gestational period. Further,
many relevant potential confounders vary spatially, such as
community-level socio-economic status. A key challenge is
that many relevant health datasets, such as birth certificate
registries, may provide information on residence at time of
birth but not the mother’s exact addresses throughout
pregnancy. In other words, such studies are missing
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information on the mothers’ residential mobility throughout
pregnancy, which can introduce exposure misclassification
for spatially-varying factors.

While data on residential mobility are available in some
datasets, such as the Norway Statistics database, which can
be linked to birth certificate registry data [15], such infor-
mation is rare. Studies based on cohort information may
include detailed address information throughout pregnancy,
although such data are often collected retrospectively after
birth [16]. Still numerous studies depend on residence at
time of birth to assess exposure to spatially-varying factors
throughout pregnancy. This assumes that either the mother
does not move during pregnancy or that any moves have
minimal impact on estimates of exposure, such as moves of
short distances or strong spatial homogeneity of the expo-
sure of interest.

A recent study of residential mobility during pregnancy
in United Kingdom based on the Congenital Abnormality
Survey, with 5399 births, found that 24.4% of women
moved during pregnancy [17]. A review of residential
mobility during pregnancy identified 14 studies with such
information, with overall mobility rates from 9 to 32% [14].
The review found evidence that some populations moved
more frequently or different distances than others; however,
the review noted that evidence in the identified papers was
limited as residential history was typically assessed after
delivery rather than during pregnancy. Further, the identi-
fied studies, while providing some information on residen-
tial mobility, were largely focused on other research
questions, and were not aimed at providing a comprehen-
sive description of which types of populations moved, how
often, how far, etc.

The degree to which residential mobility may affect
estimates of spatially-varying environmental exposures
may differ by subpopulation in terms of who moves, how
far they move, and when the move takes place during
pregnancy. We investigated these questions with a study
population of more than 10,000 women followed pro-
spectively in related cohort studies. Mobility was assessed
with respect to distance moved, timing of moves in
pregnancy, and differences in moving patterns by sub-
population. We hypothesize that for some spatially-
varying environmental exposures, exposure mis-
classification may occur due to use of residence at birth
rather than residences throughout pregnancy. However,
we aim to discern whether such exposure misclassification
could be differential as some groups may move more
often, farther distances, or earlier in pregnancy than oth-
ers. Understanding population differences in residential
mobility during pregnancy is especially important for
studies investigating whether some subpopulations are
particularly vulnerable or susceptible to environmental
exposures during pregnancy.

Materials and methods

Cohort data

We combined information from four cohorts previously
conducted by the Yale Center for Perinatal, Pediatric, and
Environmental Epidemiology: the Environmental Tobacco
Smoke Study, conducted 1988–1992 [18]; the Nutrition in
Pregnancy cohort, conducted 1996–2000 [19–21]; the
Asthma in Pregnancy cohort, conducted 1997–2000 [22–
24]; and the Pink and Blue—Pregnancy and Depression
cohort, conducted 2005–2008 [25, 26] (Supplemental
Table 1). Informed consent was obtained and study proto-
cols were approved by the Institutional Review Board at
Yale University. The cohorts focused primarily on Con-
necticut and Massachusetts, and include some study parti-
cipants who lived outside these areas at the start of
pregnancy.

Mothers for each cohort were recruited and followed
prospectively using the same general protocols and with the
same team of lead investigators, resulting in compatible data
across cohorts [18–26]. At private obstetricians offices
women received a letter at first prenatal visit describing the
cohort study. If the woman returned the letter indicating
interest in the study, she was telephoned and screened for
eligibility. Screening requirements for participation in the
cohorts were independent of residential mobility. Addi-
tional information on screening (e.g., did not have insulin-
dependent diabetes mellitus) is provided elsewhere [18–26].

At clinics, where there were a larger number of patients,
research assistants approached women and described the
study. If the woman was interested, she was screened at the
clinic. All eligible women who agreed to participate were
interviewed in their homes during the first or early second
trimester of pregnancy. They were followed with one or
more telephone interviews during pregnancy and were
interviewed in the hospital postpartum or by telephone if
they could not be interviewed prior to their discharge
(15%). After delivery, medical records of both mother and
infant were reviewed and outcome data abstracted using a
standardized form under the supervision of experienced
midwives.

The initial dataset for this study was based on 10,617
women. Six women (0.06%) were lost to follow-up,
resulting in a remaining 10,611 women. Data include
mother’s age, education level, race/ethnicity, marital status,
working status during pregnancy, parity, and moves during
pregnancy including approximate move dates and exact
locations. Mother’s characteristics were assessed at time of
enrollment. Family income was not collected for the
Environmental Tobacco Smoke Study, and was collected in
the other three cohorts. As the years of data for recruitment
through birth spanned 1988 to 2008, income was adjusted
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to year 2000 values for comparability. Residential addresses
were geocoded using GIS ArcMap 10.1 (ESRI Inc., Red-
lands, CA).

Analysis of residential mobility

We investigated the frequency of moves during pregnancy
and the distance moved. Subpopulations were defined as
mother’s race/ethnicity, age, marital status, education,
working status during pregnancy, and annual family income
adjusted to year 2000 $ values. For each residence
throughout pregnancy, we calculated population density
based on 2000 U.S. Census data at the Census tract level.
Distance moved was calculated as between each residence
and the subsequent or previous residence (e.g., distance
from first to second residence, distance from second to third
residence) and as the distance between the first residence of
pregnancy and the residence at birth.

We investigated residential mobility patterns by sub-
population based on: (1) whether a woman moved (yes/no),
(2) the number of moves for those who moved more than
once during pregnancy, and (3) the distance moved. Chi-
squared (χ2), Fisher’s Exact tests, and t-tests were used to
compare the distribution of population characteristics for
movers vs. non-movers and for comparing those who
moved once vs. those who moved two or more times.
Kruskal-Wallis χ2 test was used to compare distance
between first and final residence by population character-
istic. Univariate and multivariate regression was performed
to explore differences in moving patterns by population.

Results

Study population

The study included 10,611 women, with enrollment and
follow-up from 1988 to 2008, with the most participants
living in Connecticut or Massachusetts at enrollment. The
study population was predominantly white (75.3%), mar-
ried (75.9%), and higher income (60.4% with household
income > $50,000/year). Those with lower household
income were more likely to be ethnic/racial minorities,
older, and live in less urban environments. Those with less
education were more likely to be younger and single.

Differences between movers and non-movers

In this study, 11.6% of women moved at least once during
pregnancy. Those who moved (movers) and those who did
not (non-movers) had statistically different characteristics
with respect to race/ethnicity, age, marital status, education,
working status, parity, family income, and urbanicity as

Table 1 Population characteristics of women who moved and did not
move during pregnancy

Non-movers (n=
9378)

Movers (n=
1233)

Mother’s racea

White 7201 (76.8%) 790 (64.1%)

Black/African-
American

677 (7.2%) 140 (11.4%)

Hispanic 1150 (12.3%) 241 (19.6%)

Asian 177 (1.9%) 22 (1.8%)

Other 161 (1.7%) 39 (3.2%)

Unknown 12 (0.1%) 1 (0.1%)

Mother’s age (years)a

<25 1300 (13.9%) 380 (30.8%)

25–30 2305 (24.6%) 358 (29.0%)

30–35 3377 (36.0%) 334 (27.1%)

>35 2319 (24.7%) 154 (12.5%)

Unknown 77 (0.8%) 7 (0.6%)

Mother’s marital statusa

Married 7363 (78.5%) 685 (55.6%)

Single 1754 (18.7%) 484 (39.3%)

Divorced/separated 260 (2.8%) 63 (5.1%)

Unknown 1 (0.0%) 1 (0.1%)

Mother’s educational attainment (years)a

<12 723 (7.7%) 203 (16.5%)

12 1517 (16.2%) 266 (21.6%)

13–16 4718 (50.3%) 558 (45.3%)

>17 2415 (25.8%) 204 (16.5%)

Unknown 5 (0.1%) 2 (0.2%)

Mother worked during pregnancya

No 2105 (22.4%) 315 (25.6%)

Yes 7249 (77.3%) 909 (73.7%)

Unknown 24 (0.3%) 9 (0.7%)

Population density of first residence (people/mi2)a

24.8–721 2400 (25.6%) 169 (13.7%)

721–2059 2421 (25.8%) 196 (15.9%)

2059–5309 2259 (24.1%) 327 (26.5%)

>5309 2131 (22.7%) 464 (37.6%)

Unknown 167 (1.8%) 77 (6.2%)

Paritya

0 4002 (42.7%) 670 (54.0%)

1 3457 (36.9%) 380 (30.8%)

2 1422 (15.2%) 122 (9.9%)

3 339 (3.6%) 44 (3.6%)

≥4 146 (1.6%) 16 (1.3%)

Unknown 12 (0.1%) 1 (0.1%)

Annual income ($)a

<10,000 559 (8.3%) 146 (15.9%)

10,000–19,999 488 (7.3%) 125 (13.6%)

20,000–29,999 490 (7.3%) 111 (12.1%)
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measured by population density (Table 1). Populations
more represented in the movers than non-movers were
African-Americans (11.4% of movers vs. 7.2% of non-
movers), Hispanics (19.6% of movers vs. 12.3% of non-
movers) and single persons (39.3% vs. 18.7%). Those who
moved were more likely to be younger (30.8% of movers
were <25 years vs. 13.9% of non-movers), less educated
(16.5% with less than high school education vs. 7.7%), and
low income (29.5% with income < $20,000/year vs. 15.6%).
Figure 1 depicts the relationship between the percent of the
population who moved and age, parity, income, and age.
Movers were more likely to live initially in an urban
environment. First time mothers, of whom 14.3% moved
during pregnancy, were more likely to move than those
having their second or later child, of whom 10.0% moved
(Fig. 1). No differences between movers and non-movers
were detected regarding season of birth. Women who
worked during pregnancy were less likely to move than
those who did not (12.7% of workers moved, 15.0% of non-
workers moved).

These factors were also associated with probability of
moving in univariate regression, which identified associa-
tions between all of the population characteristics in
Table 1, other than season of birth, and probability of
moving during pregnancy (Table 2). Some of these asso-
ciations did not remain after adjustment for other variables.

Table 1 (continued)

Non-movers (n=
9378)

Movers (n=
1233)

30,000–39,999 397 (5.9%) 85 (9.2%)

40,000–49,999 439 (6.5%) 53 (5.8%)

50,000–59,999 659 (9.8%) 70 (7.6%)

60,000–74,999 998 (14.8%) 76 (8.3%)

75,000–99,999 913 (13.6%) 77 (8.4%)

100,000–149,999 1255 (18.7%) 105 (11.4%)

>150,000 236 (3.5%) 23 (2.5%)

Unknown 293 (4.7%) 48 (5.2%)

Season of birth

Winter 2294 (24.5%) 298 (24.2%)

Spring 2356 (25.1%) 312 (25.3%)

Summer 2398 (25.6%) 307 (24.9%)

Fall 2327 (24.8%) 315 (25.5%)

Unknown 3 (0.03%) 1 (0.08%)

Note: Income data was not collected for one of the four cohorts.
Income was adjusted to 2000 $
a Indicates statistical difference between distribution of population
characteristics for movers versus non-movers.

Fig. 1 Percent of mothers who
moved, by education, parity,
income, and age. Note: The size
of the point reflects the percent
of observations for that category
of the x-axis, with larger points
reflecting larger populations.
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Table 2 Odds ratio for likelihood of moving during pregnancy (95% CI) for a subpopulation compared to a reference category

Univariate analysis Multivariate analysis Final model

Mother’s race

Non-Hispanic White Reference Reference –

Non-Hispanic Black/
African-American

1.88 (1.55, 2.29) 0.78 (0.59, 1.03) –

Hispanic 1.91 (1.63, 2.24) 0.75 (0.59, 0.96) –

Asian 1.13 (0.72, 1.78) 0.95 (0.53, 1.68) –

Other 2.21 (1.54, 3.16) 1.03 (0.67, 1.58) –

Mother’s age (years)

<25 Reference Reference Reference

25–30 0.53 (0.45, 0.62) 0.77 (0.61, 0.98) 0.72 (0.58, 0.90)

30–35 0.34 (0.29, 0.40) 0.66 (0.51, 0.87) 0.59 (0.46, 0.75)

>35 0.23 (0.19, 0.28) 0.52 (0.38, 0.71) 0.46 (0.35, 0.60)

Mother’s marital status

Married Reference Reference Reference

Single 2.97 (2.61, 3.37) 1.69 (1.35, 2.13) 1.85 (1.52, 2.27)

Divorced/separated 2.60 (1.96, 3.47) 1.89 (1.30, 2.75) 2.07 (1.45, 2.95)

Mother’s educational attainment (years)

<12 Reference Reference –

12 0.62 (0.51, 0.77) 0.83 (0.64, 1.08) –

13–16 0.42 (0.35, 0.50) 0.78 (0.59, 1.03) –

>17 0.30 (0.24, 0.37) 0.64 (0.45, 0.91) –

Mother worked during pregnancy

No Reference Reference –

Yes 0.84 (0.73, 0.96) 1.05 (0.87, 1.27) –

Population density of first residence (people/mi2)

24.8–721 Reference Reference Reference

721–2059 1.15 (0.93, 1.42) 1.07 (0.82, 1.39) 1.07 (0.83, 1.39)

2059–5309 2.06 (1.69, 2.50) 1.49 (1.16, 1.91) 1.50 (1.18, 1.92)

>5309 3.09 (2.57, 3.72) 1.78 (1.37, 2.32) 1.74 (1.36, 2.22)

Parity

0 Reference Reference Reference

1 0.66 (0.57, 0.75) 0.76 (0.64, 0.91) 0.78 (0.66, 0.93)

2 0.51 (0.42, 0.63) 0.67 (0.52, 0.87) 0.71 (0.56, 0.90)

3 0.78 (0.56, 1.07) 0.96 (0.65, 1.41) 1.07 (0.73, 1.55)

≥4 0.65 (0.39, 1.10) 0.60 (0.33, 1.10) 0.68 (0.38, 1.22)

Annual income ($)

<10,000 Reference Reference –

10,000–19,999 0.98 (0.75, 1.28) 1.13 (0.84, 1.50) –

20,000–29,999 0.87 (0.66, 1.14) 1.21 (0.88, 1.64) –

30,000–39,999 0.82 (0.61, 1.10) 1.32 (0.93, 1.88) –

40,000–49,999 0.46 (0.33, 0.65) 0.92 (0.62, 1.37) –

50,000–59,999 0.41 (0.30, 0.55) 0.92 (0.63, 1.36) –

60,000–74,999 0.29 (0.22, 0.39) 0.73 (0.49, 1.08) –

75,000–99,999 0.32 (0.24, 0.43) 0.85 (0.57, 1.28) –

100,000–149,999 0.32 (0.24, 0.42) 0.95 (0.64, 1.41) –

>150,000 0.37 (0.23, 0.59) 0.91 (0.50, 1.69) –

Season of birth
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The final model selected mother’s age, marital status,
population density, and parity. For example, single women
were 1.85 (95% confidence interval 1.52, 2.27) times more
likely to move than married women, and divorced/separated
women were 2.07 (1.45, 2.95) times more likely to move
than married women. Those most likely to move were
younger, unmarried, living in an urban area (highest quartile
of population density), and having their first child.

Differences by number of moves, among movers

Most study participants who moved during pregnancy did
so once (90.8% of movers). Of the movers 8.3% moved
twice and 1% moved three times (Table 3). Patterns
observed between those who moved once and those who
moved more often during pregnancy were similar to pat-
terns between non-movers and movers. Racial/ethnic
minorities (African-American, Hispanics) were more likely
to move multiple times compared to non-Hispanic whites.
Among movers, the likelihood of moving multiple times
decreased with mother’s age (Fig. 2), education, and family
income. Multiple moves during pregnancy were more likely
for mothers who were unmarried.

Timing of moves during pregnancy

Details on the timing of the moves within pregnancy were
available for 58.7% of movers (n= 724). For other movers,
data include the residences, but not timing of moves. Of
these 724, the timing of the first move ranged from the first
week to the 42nd week of pregnancy (Supplemental Fig-
ure 1). The average week of the first move was 22.8 weeks
(median 22 weeks, interquartile range 11 weeks). Moves
early in pregnancy were less frequent than moves later in
pregnancy (12.6, 44.2, and 43.2% of first moves in the first,
second, and third trimester, respectively). Although most
women who moved did so in the second or third trimester of
pregnancy (87.4%); those having their first child were more
likely to move in the first trimester than mothers having
their second or later child. The timing of the move was not
associated with other population characteristics. Our results
on timing of moves during pregnancy should be considered

in the context of the cohort study design in which partici-
pants were generally not enrolled for the first few weeks of
pregnancy.

Distance moved

Comparing first and last residences, most moves were short
distances (median 5.1 km or 3.2 miles), with 7.9% moving
over 4000 km. The distance between first and second resi-
dences ranged from 0.0 km (e.g., moves within an apart-
ment building) to 4277 km (mean 57.8 km, median 5.2 km,
interquartile range (IQR) 11.3 km). The distance between
first and final residences averaged 58.8 km (IQR 11.4 km)
(Supplemental Figure 2). Of those who moved, 17% moved
0.0 km; however, comparing first and last residences masks
mobility of those who moved away from and then back
towards their initial residence (7.3%). These include 6% of
movers, who whose total distance across moves (from first
to second residence, from second to third residence, etc.)
exceeded the distance between first and final residence by
>1 km, and a small number (<1%) whose total distance
moved exceeded the distance between first and final resi-
dences by >100 km.

Table 4 shows the distance between the first residence
and the residence at time of birth, for movers by sub-
population. Those who moved larger distances were more
likely to be White, older, married, and to work during
pregnancy (Supplemental Figure 3). A higher distance
moved was associated with moving later in pregnancy
(Supplemental Table 2).

Discussion

Previous studies have examined residential mobility with
some research focused on pregnant women. In an earlier
study, we reviewed research reporting residential mobility
during pregnancy, finding that most studies were case-
control analyses of birth defects and therefore may not be
representative of the general population of pregnant women
[14]. In most earlier studies, residential history was assessed
after delivery, rather than prospectively. Our findings from

Table 2 (continued)

Univariate analysis Multivariate analysis Final model

Winter Reference Reference –

Spring 1.02 (0.86, 1.21) 1.04 (0.84, 1.29) –

Summer 0.99 (0,83, 1.17) 1.07 (0.86, 1.32) –

Fall 1.04 (0.88, 1.23) 1.05 (0.84, 1.30) –

Note: Univariate results are for nine separate models, one for each characteristic. Multivariate analysis includes all variables simultaneously. The
final model was selected through forward and backward regression analyses. Income data were not collected for one of the four cohorts. Income
was adjusted to 2000 $. Bold font indicate statistically significant results.
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this cohort study were generally consistent with that of the
review. The review found overall mobility rates of 9–32%
with most moves in the second trimester, whereas this
cohort study identified a mobility rate of 11.6% with 44.3%
and 43.1% of first moves in the second and third trimesters,
respectively. We found that mobility was generally higher
for mothers who were younger, unmarried, having their first
child, and less educated; results on these factors were not
consistent across previous studies identified in our earlier
review.

Our results indicate that the degree of exposure mis-
classification resulting from residential mobility will depend
on the characteristics of the study population. In particular,
studies that examine populations with lower socio-
economic status may have a higher fraction of movers
than the general population, based on our results regarding
mother’s marital status and education. Health responses
from air pollution can differ by socio-economic status [2],
therefore this population is of special interest. Our results
suggest that exposure misclassification may be a particu-
larly important issue for subpopulations that face higher risk
from air pollution.

Further, the degree of exposure misclassification intro-
duced by residential mobility will depend on study design,
spatial heterogeneity of the exposure, and characteristics of
the move. For studies of short-term periods, such as time-
series analysis, residential mobility is unlikely to impact

Table 3 Population characteristics among movers, by number of
moves

Moved 1
time

Moved 2
times

Moved 3
times

Mother’s racea

White 733 (65.5%) 51 (50.0%) 6 (50.0%)

Black/African-
American

119 (10.6%) 20 (19.6%) 1 (8.3%)

Hispanic 211 (18.9%) 26 (25.5%) 4 (33.3%)

Asian 20 (1.8%) 2 (2.0%) 0 (0.0%)

Other 36 (3.2%) 2 (2.0%) 1 (8.3%)

Unknown 0 (0.0%) 1 (1.0%) 0 (0.0%)

Mother’s age (years)a

<25 324 (29.0%) 46 (45.1%) 10 (83.3%)

25–30 331 (29.6%) 25 (24.5%) 0 (0.0%)

30–35 311 (27.8%) 23 (22.5%) 0 (0.0%)

>35 147 (13.1%) 7 (6.9%) 2 (16.7%)

Unknown 6 (0.5%) 1 (1.0%) 0 (0.0%)

Mother’s marital statusa

Married 641 (57.3%) 41 (40.2%) 3 (25.0%)

Single 422 (37.7%) 53 (52.0%) 9 (75.0%)

Divorced/separated 55 (4.9%) 8 (7.8%) 0 (0.0%)

Unknown 1 (0.1%) 0 (0.0%) 0 (0.0%)

Mother’s educational attainment (years)a

<12 175 (15.6%) 25 (24.5%) 3 (25.0%)

12 227 (20.3%) 32 (31.4%) 7 (58.3%)

13–16 524 (46.8) 32 (31.4%) 2 (16.7%)

>17 191 (17.1%) 13 (12.8%) 0 (0.0%)

Unknown 2 (0.2%) 0.0 (0.0%) 0 (0.0%)

Mother worked during pregnancy

No 279 (24.9%) 34 (33.3%) 2 (16.7%)

Yes 831 (74.3%) 68 (66.7%) 10 (83.3%)

Unknown 9 (0.8%) 0 (0.0%) 0 (0.0%)

Population density of first residence (people/mi2)

24.8–721 156 (13.9%) 11 (10.8%) 2 (16.7%)

721–2059 181 (16.2%) 14 (13.7%) 1 (8.3%)

2059–5309 300 (26.8%) 24 (23.5%) 3 (25.0%)

>5309 419 (37.4%) 40 (39.2%) 5 (41.7%)

Unknown 63 (5.6%) 13 (12.8%) 1 (8.3%)

Parity

0 607 (54.2%) 57 (55.9%) 6 (50.0%)

1 350 (31.3%) 26 (25.5) 4 (33.3%)

2 110 (9.8%) 10 (9.8%) 2 (16.7%)

3 38 (3.4%) 6 (5.9%) 0 (0.0%)

≥4 13 (1.2%) 3 (2.9%) 0 (0.0%)

Unknown 1 (0.1%) 0 (0.0%) 0 (0.0%)

Annual income ($)a

<10,000 123 (15.0%) 20 (22.5%) 3 (27.3%)

10,000–19,999 108 (13.2%) 16 (18.0%) 1 (9.1%)

20,000–29,999 92 (11.2%) 17 (19.1%) 2 (18.2%)

Table 3 (continued)

Moved 1
time

Moved 2
times

Moved 3
times

30,000–39,999 78 (9.5%) 6 (6.7%) 1 (9.1%)

40,000–49,999 46 (5.6%) 6 (6.7%) 1 (9.1%)

50,000–59,999 70 (8.5%) 0 (0.0%) 0 (0.0%)

60,000–74,999 74 (9.0%) 2 (2.3%) 0 (0.0%)

75,000–99,999 74 (9.0%) 3 (3.4%) 0 (0.0%)

100,000–149,999 95 (11.6%) 8 (9.0%) 2 (18.2%)

>150,000 19 (2.3%) 4 (4.5%) 0 (0.0%)

Unknown 40 (4.9%) 7 (7.9%) 1 (9.1%)

Season of birth

Winter 400 (35.7%) 33 (32.4%) 4 (33.3%)

Spring 155 (13.9%) 13 (12.8%) 2 (16.7%)

Summer 257 (23.0%) 24 (23.5%) 3 (25.0%)

Fall 302 (27.0%) 31 (20.4%) 3 (25.0%)

Unknown 5 (0.4%) 1 (1.0%) 0 (0.0%)

Note: Income data was not collected for one of the four cohorts.
Income was adjusted to 2000 $
a Indicates statistical difference between distribution of population
characteristics comparing those who moved once to those who
moved two or more times. For annual income, comparison is for
groups $ < 10,000, 10,000–19,999, 20,000–29,999, 30,000–39,999,
40,000–49,999, and ≥50,000.
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exposure assessment, especially for studies that limit study
participants to residents. However, understanding of mov-
ing patterns is crucial for studies of spatially-varying
exposures, or with spatially-varying factors as covariates,
when exposures are assessed for periods of a few months or
years before the health event, such as preterm delivery.
Residential mobility for spatially-varying exposures has
implications for health studies other than childhood and
infant outcomes. Exposure misclassification can be intro-
duced when cancer studies estimate community-level socio-
economic conditions based on residence at time of diag-
nosis [27].

For studies that base exposure assessment on residence at
a single time, longer timeframes of exposure are more likely
to be impacted by residential mobility, especially for moves
that occur earlier during the exposure period. Research on in
utero exposures often bases exposure on residence at birth,
thus moves earlier in pregnancy have higher potential to
introduce exposure misclassification. Our results indicate
that the timing of moves during pregnancy is associated
with population characteristics. Studies that aim to identify
critical exposure windows are hindered by higher exposure
misclassification for earlier exposure windows compared to
later exposure windows closer to time of birth. A related
topic is the vulnerable gestational window of development
for the health outcome of interest. For example, if the
outcome develops late in pregnancy, the lack of residential
mobility for early periods of pregnancy is not highly
relevant.

The generalizability of this work is affected by the study
population, which was predominantly white, married, and
higher income. Although we were able to identify differ-
ences in residential moving patterns during pregnancy by
subpopulation, a study with more diverse study participants
may be able to identify additional findings. Nonetheless, our
study population is somewhat more diverse than the general
Connecticut or Massachusetts populations. Further, the
moving patterns of this population may differ from those in
other countries or regions of the U.S. Because our data are
based on cohorts, study participants may differ from those

who declined to enroll in the original studies or were lost to
follow-up; however, this issue would hinder other cohorts
as well.

A strength of this study was the consistency with which
race/ethnicity was assessed across the four distinct cohorts;
however, other categorizations of race/ethnicity are possible
including some with more detailed information. As exam-
ples, our data did not distinguish between White Hispanic
and Black/African-American Hispanic and included 200
participants categorized as “unknown.” Categorization of
race/ethnicity is not consistent in scientific research and
could result in different assumptions and interpretations of
data [28]. Changing perceptions and understanding of race/
ethnicity, including mixed race, have resulted in changes to
the structure of Census questions for the U.S. and elsewhere
[29]. Future work may involve more comprehensive
investigation of race/ethnicity in relation to residential
mobility during pregnancy and the implications for expo-
sure and health effects estimates.

A limitation in our dataset was lack of information on the
earliest part of pregnancy due to enrollment in the cohort
design. Not all moves early in pregnancy and before
enrollment are captured, although many observations do
include such information. For some study participants, our
dataset indicated that the mother moved during pregnancy
but did not provide the timing of the move. While this is a
key limitation in our dataset, the information provided is
still an improvement over the most standard datasets with
address at birth only.

Moves to locations close to the original residence (e.g.,
within neighborhood) could have minimal impact on
exposure estimates, depending on the spatial heterogeneity
of those exposures, whereas moves of larger distances could
introduce dramatic exposure misclassification. Spatial het-
erogeneity can vary by exposure type, such as with different
air pollutants or chemical components of fine particles [30,
31], and has been investigated for a wide range of spatially-
varying exposures including soil contaminants [32] to
drinking water [33]. Even if spatial heterogeneity of expo-
sure is low, misclassification is likely for participants

Fig. 2 Distribution of mother’s
age, by moving status and
number of moves
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moving large distances. We observed that those who moved
large distances had different demographic characteristics
than those moving short distances. Some participants
moved away from and then back towards their initial resi-
dence, which indicates that addresses recorded at several
times throughout pregnancy may obscure exposure differ-
ences that would be captured by a full account of residential
mobility.

Residential moving patterns involve the complex inter-
sections of personal choice, housing availability, family
structure and history, community, financial options, as well
as employment and educational opportunities and are rela-
ted to socio-economic conditions, social support structures,
education, race/ethnicity, and other factors. Moving can
impact family dynamics; relationships are more likely to
dissolve in couples that move frequently [34], and resi-
dential mobility often benefits male partners more than
women [34]. Our findings suggest that moving patterns of
pregnant women are associated with age, marital status,
parity, and urbanicity. These factors could further be related
to exposure levels.

An additional complexity is that frequent moving is itself
related to children’s health [35]. In a study of over 60,000
U.S. children, frequent movers had worse overall physical
and oral health, after adjustment for race/ethnicity, age,
presence of special health needs, family structure, parents’
education, poverty, and health insurance status [36]. In
children, residential mobility has been associated with
emotional and behavioral problems, higher rates of teenage

Table 4 Distance moved between first and final residence, by
subpopulation (km)

Average
(median)

Minimum to
maximum

IQR

Mother’s racea

White 62.8 (7.3) 0 to 4224 14.0

Black/African-
American

22.5 (3.3) 0 to 965 5.4

Hispanic 44.3 (2.4) 0 to 4088 4.9

Asian 204.7 (3.8) 0 to 3371 6.8

Other 1213 (1.8) 0 to 4277 2.7

Unknown 31.6 (31.6) n/a n/a

Mother’s age (years)a

<25 68.6 (2.9) 0 to 4277 6.6

25–30 54.4 (5.5) 0 to 3967 11.8

30–35 53.8 (7.6) 0 to 4224 13.4

>35 56.2 (5.7) 0 to 3371 14.0

Unknown 11.2 (6.58) 3.1 to 24 10.5

Mother’s marital statusa

Married 74.8 (7.0) 0 to 4224 14.7

Single 41.3 (3.1) 0 to 4277 6.6

Divorced/separated 25.2 (4.9) 0 to 965.4 9.0

Unknown 6.5 (6488) n/a n/a

Mother’s educational attainment (years)a

<12 28.2 (2.4) 0 to 2717 4.8

12 55.2 (3.5) 0 to 4088 9.6

13–16 66.8 (6.6) 0 to 4277 13.2

>17 73.6 (7.4) 0 to 4224 10.6

Unknown 6.5 (6.5) n/a n/a

Mother worked during pregnancya

No 84.7 (3.3) 0 to 4224 7.2

Yes 50.8 (5.9) 0 to 4277 12.5

Unknown 11.4 (8.0) 0 to 27.5 9.8

Population density of first residence (people/mi2)a

24.8–721 35.1 (8.0) 0 to 1558 12.6

721–2059 68.9 (8.3) 0 to 3967 18.4

2059–5309 41.1 (5.3) 0 to 3371 11.3

>5309 32.6 (2.7) 0 to 4277 6.0

Unknown 59.0 (21.9) 0 to 4224 128.6

Paritya

0 70.3 (6.0) 0 to 4277 13.2

1 43.1 (4.7) 0 to 4224 10.2

2 28.9 (3.4) 0 to 1166 8.0

3 72.0 (3.8) 0 to 2553 8.1

≥4 148.0 (19.1) 0.09 to 1737 2.5

Unknown n/a n/a n/a

Annual income ($)a

<10,000 50.0 (3.3) 0 to 4277 4.8

10,000–19,999 47.7 (2.7) 0 to 4088 7.4

20,000–29,999 144.2 (6.1) 0 to 3967 7.1

Table 4 (continued)

Average
(median)

Minimum to
maximum

IQR

30,000–39,999 84.5 (4.9) 0 to 2792 12.2

40,000–49,999 31.4 (6.5) 0 to 671.6 12.6

50,000–59,999 30.5 (6.2) 0 to 461.3 12.6

60,000–74,999 106.4 (7.9) 0.009 to 2553 18.1

75,000–99,999 16.8 (6.9) 0 to 114.5 16.3

100,000–149,999 53.5 (9.0) 0 to 3371 15.0

>150,000 400.7 (5.2) 0 to 4224 28.0

Unknown 20.9 (6.0) 0 to 2717 12.5

Season of birth

Winter 56.5 (4.9) 0 to 4088 12.0

Spring 95.7 (4.6) 0 to 4277 10.5

Summer 49.0 (5.7) 0 to 3310 11.4

Fall 51.5 (4.9) 0 to 4224 10.6

Unknown 13.5 (13.5) 3.1 to 2.4 10.5

Note: Income data was not collected for one of the four cohorts.
Income was adjusted to 2000 $
a Indicates statistical difference of distance between first and final
residence by population characteristic.
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pregnancy, and adolescent depression [37], although other
work suggests that children who move more frequently may
have better educational outcomes [38] and that residential
mobility did not affect alcohol use in adolescents [39]. One
study found that residential mobility is associated with
lower self-worth in adolescents, but that this impact is les-
sened for those with strong social support systems [40]. The
impact of moving on health can vary by the child’s per-
sonality; for introverts, children with frequent moves had
lower well-being as adults [41]. These studies relate moving
during childhood to children’s and adult health outcomes,
but demonstrate broader links between family’s residential
mobility and health. Children of mothers who move during
pregnancy may have higher residential mobility during
childhood and similarly have different health patterns than
their more residentially stable counterparts.

Our findings demonstrate that moving patterns during
pregnancy vary by subpopulation, which could result in
differential exposure misclassification for spatially-varying
exposures. Environmental health studies that aim to discern
whether some persons face a disproportionate health burden
are further hindered by the different patterns of residential
mobility by subpopulation.
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