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Prenatal exposure to adverse environmental conditions is related to increased adult
mortality in regions where infections are highly prevalent, yet there is little evidence of
the impact of perinatal conditions on the risk of severe infections throughout life. Using
prospectively collected data from 21 604 like-sexed Swedish twins of known zygosity
born in 1926–1958, we examined the risk of polio in relation to perinatal characteristics
using cohort and nested co-twin case–control analyses. Polio incidence was determined
through an interview in 1998, and linkage with the Swedish national inpatient and death
registries. There were 133 cases of polio. In the cohort analysis, birth length, birthweight
and head circumference were positively associated with polio risk. After adjustment for
sex, birth year, gestational age at birth and within-twin pair correlations, twins of
shortest length (<44 cm) had a 67% ([95% CI: 6%, 88%]; P = 0.04) lower risk of polio
compared with the reference group (47–49 cm). After additional adjustment for birth
length, every 100-g increase in birthweight was related to a 34% increased risk of polio
([95% CI: -1%, 82%]; P = 0.06), and every 10-mm increase in head circumference was
related to a 17% greater risk of polio ([95% CI: 5%, 31%]; P = 0.004). In co-twin control
analyses among 226 disease-discordant twins, birth length, birthweight and head
circumference were 0.3 cm (P = 0.19), 84 g (P = 0.07) and 3 mm (P = 0.08) higher in cases
than controls, respectively. Similar associations were observed among monozygotic
(n = 84) and dizygotic (n = 142) twins. These findings suggest that early intrauterine
growth restriction may be inversely related to the incidence of polio.
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Introduction

Prenatal exposure to adverse environmental condi-
tions has been related to adult mortality in world
regions where severe infections are highly prevalent.
Moore et al. reported that people born during the nutri-
tionally debilitating hungry season in the Gambia had
a greater risk of early mortality as young adults com-
pared with those born during the harvest season.1

Because infections were among the most frequent
causes of death in these settings, researchers postu-
lated that intrauterine exposure to malnutrition pro-
grammed ways in which the immune system responds
to infectious challenges.1 This hypothesis would be
lent support if indicators of maternal exposure to nutri-

tional insults during pregnancy were associated with
the incidence of infections in the offspring.

Studies have found links between fetal growth and
immunological fitness in adulthood.2 We have previ-
ously reported that birthweight, an indicator of intrau-
terine growth, was inversely related to the incidence of
tuberculosis in monozygotic twins.3 Although birth-
weight is an imperfect measure of the intrauterine
environment, this finding lends support to the hypoth-
esis that prenatal exposures leading to suboptimal pre-
natal growth might influence the type and strength of
the immune response to severe infections later in
life. However, the potential ‘programming’ of fetal
immunity might depend on the type of immune
response elicited by the infectious agent. Tuberculosis
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elicits a strong innate cellular immune response,4 but
studies linking perinatal exposures to the incidence
of infections that predominantly require humoral
responses are lacking. Low birthweight has been
related to increased incidence of bacterial infections
that elicit strong B cell-dependent humoral responses,
such as meningococcal infections,5 and to weakened B
cell-dependent antibody production against polysac-
charide antigens.2,6 Yet, the potential role of intrauterine
undernutrition on postnatal risk of viral infections is
unknown. Poliomyelitis is a highly infectious viral
disease which mainly affects young children and is still
of major concern in countries of West Africa and South
Asia.7 We examined the association between anthropo-
metric characteristics at birth and the risk of polio using
prospectively collected information from 21 604 like-
sexed Swedish twins with known zygosity. We hypo-
thesised that anthropometric indicators of intrauterine
growth would be inversely associated with risk of polio.

Methods

Study population

The source population for this study was the Swedish
Twin Registry (STR) which includes 37 392 like-sexed
twins born in Sweden between 1926 and 1958.8 For this
analysis, the data set was restricted to twin pairs with
known zygosity (n = 32 580). Zygosity was determined
through questions on physical resemblance in child-
hood. A DNA validation study in a subsample of 199
twin pairs found that the zygosity classification based
on resemblance was 99% accurate.8

Outcome

Ascertainment of disease incidence using this source
population has been described previously.3 In brief, the
outcome of interest in this study is polio incidence,
which was ascertained through three sources: the
Screening Across the Lifespan Twin (SALT) study,9 the
Swedish National Inpatient Registry and the Swedish
Cause of Death Registry. The SALT study was a tele-
phone interview conducted in 1998,10 in which 23 545
of the twins with known zygosity participated. During
this interview, participants were asked questions about
their past and current health status. Twins in the STR
with known zygosity were also cross-linked with the
Swedish National Inpatient and Cause of Death Regis-
tries, using a unique national identification number

that is assigned to all residents in Sweden at birth or
upon immigration. We defined polio cases as partici-
pants who responded ‘yes’ in the SALT interview to
the question ‘Have you ever been told that you have
polio by a doctor or at a doctor’s office or hospital?’, or
when they appeared in the Inpatient or Cause of Death
Registries with a diagnosis that corresponded to acute
poliomyelitis, late effects of poliomyelitis, post-
poliomyelitis syndrome or sequelae of polio according
to the International Classification of Disease (ICD).
These codes were: for the ICD-7th edition, 080 and 081;
for the ICD-8th edition, 040–044; for the ICD-9th
edition, 045 and 138; or for the ICD-10th edition, A80,
B91 and G14. Concordance between the self-report in
the interview and the diagnoses in the registries could
not be determined, because most polio cases (self-
reported) occurred before the registries were estab-
lished. The Inpatient Registry was started in 1964 and
reached nation-wide coverage in 1987,11 and the Causes
of Death Registry was established in 1961.

Exposures

Among STR participants, perinatal information was
retrieved from original medical birth records, which are
maintained at local delivery archives throughout
Sweden, as required by law. Correct birth identification
for each twin within a pair was ensured by restricting to
twin pairs who were both baptised and named at birth
or, among participants in the 1998 interview, to those
who agreed on birth order. Agreement on birth order
between the birth records and SALT study is 95% for
twins baptised and named at birth. The main exposures
of interest in our study were birth length, birthweight
and head circumference (HC) as recorded in the birth
records. Gestational age was defined according to the
date of the last menstrual period. Parental socio-
economic status was classified according to occupation,
following the categories recommended by Statistics
Sweden.12 The highest socio-economic status of the
parents was used to define socio-economic status at
birth.

Medical birth records with correct identification of
individual twins were obtained for 23 711 (73%) of the
32 580 like-sexed twins with known zygosity. Of these
twins, 23 600 had valid birthweight information (birth-
weight values within 5 standard deviations above or
below the sex- and gestational age-specific distribu-
tion), and 22 594 also had information on polio diag-
nosis. The final study group for these analyses
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comprised 21 604 intact twin pairs of known zygosity,
who also had information on polio diagnosis.

Cohort analysis

First, we ascertained the incidence of polio with
respect to indicators of intrauterine growth and mater-
nal characteristics using a cohort design. Relative risks
and 95% confidence intervals [95% CI] were estimated
using binomial regression models with the log-link
function (PROC GENMOD; SAS Institute, Inc., Cary,
NC, USA). In these models, we specified an exchange-
able correlation matrix to account for within-twin pair
correlations. Adjusted estimates were obtained from
multivariable models that included sex, birth year and
gestational age at birth as covariates. Models for birth-
weight were also adjusted for birth length. We also
calculated adjusted relative risk associated with con-
tinuous differences in each anthropometric indicator
(1-cm birth length, 500-g birthweight and 10-mm HC).

Co-twin control analyses

We conducted a nested co-twin control analysis13 to
evaluate the associations of birth length, birthweight
and HC, with risk of polio independent of genetic and
shared environmental influences. We selected twin
pairs who were discordant for polio, with the healthy
twin serving as a matched control for the twin with
polio. Case–control differences in the distribution of
anthropometric characteristics at birth were compared
with the use of the Wilcoxon matched-pairs rank-sum
test. Next, we estimated odds ratios and 95% CI for
polio risk according to each anthropometric character-
istic with the use of conditional logistic regression.
These analyses were performed separately for monozy-
gotic (n = 84) and dizygotic (n = 142) twin pairs.

The matched analyses minimise confounding by
shared intrauterine exposures, maternal factors, and
general childhood and adolescent environment, as
97% of the twins reported that they lived with their
twin sibling until 15 years of age. Since genetic factors
are fully controlled for when comparing monozygotic
but not dizygotic twin siblings, a comparison of the
magnitude of associations observed with monozygotic
and dizygotic twin pairs provides insight into con-
founding by genetic factors.

All analyses were carried out with SAS, version 9.2
(SAS Institute). The study was approved by the
research ethics committee of the Karolinska Institute.

Results

Mean � SD birthweight, birth length and HC were
2637 � 504 g, 47.6 � 2.8 cm and 329 � 18 mm, respec-
tively. There were 133 cases of polio (0.62%). In univari-
able analysis, polio incidence did not differ by sex, but
was inversely related to year of birth (P < 0.0001;
Table 1). Incidence of polio was lowest for shortest and
leanest babies. There was a positive trend between HC
and polio incidence. After adjustment for sex, birth
year, gestational age at birth and within-twin pair cor-
relations, twins of shortest birth length (<44 cm) had a
67% ([95% CI: 6%, 88%]; P = 0.04) lower risk of polio
compared with the reference group (47–49 cm;
Table 2). Every 500-g birthweight was associated with
a 34% increased risk of polio ([95% CI: -1%, 82%];
P = 0.06), whereas each increase of 10-mm HC was
associated with a significant 17% increased risk of
polio ([95% CI: 5%, 31%]; P = 0.004; Table 2).

In the co-twin case–control analysis conducted
among 226 twins discordant for polio (Table 3), mean
birth length, birthweight and HC were 0.3 cm
(P = 0.19), 84 g (P = 0.07) and 3 mm (P = 0.08) higher
for cases than controls, respectively. Associations were
comparable among both monozygotic (n = 84) and
dizygotic twins (n = 142), although the observed differ-
ences were not statistically significant.

Discussion

Risk of polio was positively related to measures of fetal
growth, including birth length and HC, in this large
cohort of Swedish twins. To evaluate whether associa-
tions observed in the cohort analyses were confounded
by genetic or environmental factors, we conducted
co-twin control analyses. In these analyses, similar
results were found, although they were not statistically
significant.

There are a few possible non-causal explanations for
these findings. First, although the cohort was large,
statistical power was likely to have been limited by the
low incidence of polio in Sweden. We noted that 6.8%
(n = 1472) of our study population was born after the
introduction of the poliovirus vaccine in Sweden in
1957.14 The diminished incidence of polio for partici-
pants born 1957–1958 (0.2%) would have contributed
to the low number of cases. Thus, it is not possible to
preclude the likelihood that the findings were due to
chance. Second, while we adjusted for key potential
confounders in our analyses, residual confounding
by unmeasured perinatal characteristics is possible.
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Table 1. Relative risk of polio according to
perinatal characteristics of 21 604 like-sexed
Swedish twins born from 1926 to 1958Variable n

Polio
URRa [95% CI]a Pb% (n)

Overall 21 604 0.61 (133)
Gender 0.85

Male 10 204 0.63 (64) 1.00 Reference
Female 11 400 0.61 (69) 0.97 [0.67, 1.39]

Birth year <0.0001
1926–1929 1316 1.82 (24) 3.61 [2.14, 6.07]
1930–1939 4468 0.94 (42) 1.86 [1.19, 2.91]
1940–1949 8698 0.51 (44) 1.00 Reference
1950–1958 7122 0.32 (23) 0.64 [0.37, 1.09]

Gestational age, weeks 0.49
31–34 2797 0.64 (18) 1.08 [0.62, 1.89]
35–36 4327 0.58 (25) 0.96 [0.59, 1.56]
37–41 12 672 0.63 (80) 1.00 Reference
42–45 768 0 (0) –
Missing 1040 0.96 (10)

Birth length, cm 0.32
<44 1791 0.22 (4) 0.36 [0.13, 1.00]
44–46 4961 0.71 (35) 1.21 [0.79, 1.86]
47–49 9368 0.62 (58) 1.00 Reference
50–51 1050 0.69 (28) 1.21 [0.77, 1.88]
�52 1286 0.47 (6) 0.83 [0.36, 1.89]
Missing 148 1.35 (2)

Birthweight, g 0.37
<2000 2132 0.28 (6) 0.48 [0.21, 1.10]
2000–2499 6158 0.71 (44) 1.14 [0.75, 1.72]
2500–2999 7813 0.61 (48) 1.00 Reference
3000–3499 4444 0.65 (29) 1.08 [0.68, 1.73]
�3500 1057 0.57 (6) 0.96 [0.41, 2.24]

Head circumference, mm 0.08
�319 4383 0.41 (18) 0.70 [0.38, 1.29]
320–329 4007 0.65 (26) 1.03 [0.60, 1.77]
330–339 4901 0.59 (29) 1.00 Reference
340–349 4366 0.69 (30) 1.20 [0.73, 1.99]
�350 3305 0.73 (24) 1.19 [0.69, 2.06]
Missing 642 0.93 (6)

Maternal age, years 0.53
<20 586 0.51 (3) 0.94 [0.28, 3.16]
20–24 36 66 0.55 (20) 1.00 Reference
25–29 6464 0.63 (41) 1.16 [0.66, 2.05]
30–34 5920 0.61 (36) 1.11 [0.63, 1.97]
�35 4946 0.67 (33) 1.22 [0.68, 2.20]
Missing 22 0 (0)

Maternal parity 0.50
Primipara 7000 0.67 (47) 1.00 Reference
Multipara 14 604 0.59 (86) 0.88 [0.60, 1.28]

Parental socio-economic status at birth 0.47
Blue-collar worker 9288 0.48 (45) 1.00 Reference
White-collar worker 4126 0.87 (36) 1.80 [1.11, 2.91]
Self-employed worker 2664 0.45 (12) 0.93 [0.47, 1.84]
Missing 5526 0.72 (40)

n is the no. of persons at risk.
URR, unadjusted relative risk; CI, confidence interval.
aFrom binomial regression models with an exchangeable correlation matrix that ccounts
for within-twin pair correlations.
bScore test for each index variable versus an intercept-only model. P values represent tests
for linear trends for all variables except for sex (Wald test).
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However, results among monozygotic twins should not
be susceptible to confounding and were in the same
direction as those in the cohort analysis. Third, misclas-
sification of the outcome is possible, as we relied
on different data sources and could not check the
consistency between them. In spite of the distinct neu-
ropathological characteristics of polio, physician diag-
nosis and self-report may still be subject to error. Some
studies in the 1940s and 1950s suggest that paralytic
polio may have been underdiagnosed15,16 due to neglect
of mild muscle weakness and insufficient duration of
follow-up. Reported prevalence rates for post-polio
syndrome have varied depending on length of
follow-up and diagnostic criteria used.17–19 Evidence
also suggests that non-paralytic polio was often misdi-
agnosed or underdiagnosed.20,21 Because any misclassi-
fication is unlikely to be related to exposure status in our
study, misclassification bias could have attenuated the
measures of association.

The inverse associations between some measures of
intrauterine growth and incidence of polio need to be
interpreted with caution. They could suggest that
restricted fetal growth, a potential consequence of pre-
natal malnutrition due to nutritional and/or oxygen
deprivation, may influence the development of later-life
immune function in ways that decrease exposure
and/or susceptibility to poliovirus. We cannot offer
strong explanations for a potential ‘programming’
effect of the intrauterine environment on exposure to

Table 2. Adjusted relative risk (RR) of polio according to anthro-
pometric characteristics at birth of 21 604 like-sexed Swedish
twins born from 1926 to 1958

Variable RRa [95% CI] P

Birth length, cm
<44 0.33 [0.12, 0.94]
44–46 1.18 [0.74, 1.89]
47–49 1.00 Reference
50–51 1.25 [0.79, 1.96]
�52 0.84 [0.36, 1.95]
Per 1 cm 1.06 [0.98, 1.14] 0.15

Birthweight, g
<2000 0.58 [0.22, 1.53]
2000–2499 1.04 [0.66, 1.65]
2500–2999 1.00 Reference
3000–3499 1.03 [0.61, 1.74]
�3500 1.04 [0.41, 2.61]
Per 500 g 1.34 [0.99, 1.82] 0.06

Head circumference, mm
�319 0.73 [0.38, 1.39]
320–329 1.05 [0.61, 1.81]
330–339 1.00 Reference
340–349 1.20 [0.72, 1.99]
�350 1.18 [0.63, 2.03]
Per 10 mm 1.17 [1.05, 1.31] 0.004

CI, confidence interval.
aFrom binomial regression models with polio as the outcome and
covariates that included each anthropometric variable plus sex,
year of birth, and gestational age at birth. The model for birth-
weight was also adjusted for birth length. In all models, an
exchangeable correlation matrix was specific to account for
within-twin pair correlations.

Table 3. Differences in anthropometric characteristics at birth of twin pairs in a co-twin control analysis of polio risk

Variable

Cases Controls
Difference in
means (SD) Pa

Odds ratio
[95% CI]bn Mean (SD) n Mean (SD)

All twins
Birth length (cm) 110 48.0 (2.4) 110 47.7 (2.5) -0.3 (2.0) 0.19 1.14 [0.91, 1.42]
Birthweight (g) 113 2732 (445) 113 2648 (484) -84 (488) 0.07 1.39 [0.87, 2.21]
Head circumference (mm) 108 333 (16) 108 330 (18) -3 (16) 0.08 1.23 [0.97, 1.56]

Monozygotic twins
Birth length (cm) 40 47.6 (2.1) 40 47.3 (2.1) -0.3 (1.8) 0.47 1.21 [0.84, 1.74]
Birthweight (g) 42 2571 (374) 42 2494 (385) -77 (431) 0.20 1.53 [0.73, 3.22]
Head circumference (mm) 39 328 (12) 39 325 (17) -3 (16) 0.26 1.21 [0.80, 1.83]

Dizygotic twins
Birth length (cm) 70 48.2 (2.5) 70 47.9 (2.7) -0.3 (2.2) 0.29 1.14 [0.91, 1.42]
Birthweight (g) 71 2827 (474) 71 2739 (515) -88 (522) 0.16 1.39 [0.87, 2.21]
Head circumference (mm) 69 336 (17) 69 333 (18) -3 (17) 0.17 1.24 [0.93, 1.65]

SD, standard deviation; CI, confidence interval.
aWilcoxon matched pairs rank-sumtest.
bFrom conditional logistic regression models. Twin pairs are matched for shared environmental and genetic factors. OR is for every 500g birth
weight, 1cm birth length, and 10mm head circumference.
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poliovirus in Sweden. However, there could be mecha-
nisms to explain long-lasting susceptibility to poliovi-
rus infection due to the intrauterine environment,
assuming that exposure was homogeneous in the popu-
lation. Transmission of polio occurs through the oral
ingestion of viral particles. In the small intestine, the
virus infects microfold membrane cells (‘M cells’)
located in the follicle-associated epithelium through
CD155,22 the ‘poliovirus receptor’, which is expressed
on the apicle and basolateral surfaces of these cells.23

Poliovirus is then transported from the gut directly to
Peyer’s patches,23 where the virus replicates and infects
any other cells expressing CD155 including B lympho-
cytes and follicular dendritic cells.22 The virus may then
enter the bloodstream, and eventually cross the blood–
brain barrier through retrograde axonal transport,24 or
possibly directly from Peyer’s patches by way of the
vagus nerve.22,25 Since motor neurons express CD155,
poliovirus infection and subsequent neuronal cell
necrosis result in paralysis.26 Several studies suggest
that intrauterine growth retardation may lead to inad-
equate development of the epithelial and mucosal
defence system in the gut.27–29 Underdeveloped intesti-
nal immunity would lead to increased susceptibility to
most bacterial3 and viral30 infections. However, under-
developed Peyer’s patches and gut-associated lym-
phoid tissue may bear fewer cells expressing the CD155
poliovirus receptor, thus representing a disadvantage to
poliovirus tropism. There are other enteroviruses that
rely on gut-associated lymphoid tissue for entry and
replication. For example, coxsackie viruses replicate in
the upper respiratory tract, and the lymphoid tissue of
the distal small bowel.31 Further studies of the associa-
tions between indicators of intrauterine growth and
infection by other viruses are warranted.

We noted that the risk of polio was lowest in twins of
the lowest birth length and HC, but not necessarily in
those of lowest birthweight. Because accrual of length
occurs during the first 20 weeks of gestation, while
weight gain reaches peak velocity at approximately 34
weeks of gestation,32 the decreased risk of polio among
twins with birth length <44 cm could indicate that
poliovirus susceptibility may be related to intraute-
rine insults that happen earlier, rather than later, in
pregnancy.

A substantial advantage of our study is that the
co-twin control analysis by design controls for con-
founding by unmeasured shared environmental and
genetic factors. In addition, differences in the postna-
tal anthropometric measurements within twin pairs

provide insight into fetal growth. Another advantage
is that the perinatal and parental sociodemographic
characteristics were retrieved from original birth
records, precluding recall bias. One limitation to our
study is that the incidence of polio may not be rep-
resentative of the actual rate of poliovirus infection.
The gastrointestinal phase of poliovirus infection is
associated with only mild disease symptoms, and
only rarely (one in 100 infections) does poliovirus find
its way into the central nervous system where it can
cause the severe neuropathological complications that
characterise poliomyelitis.22 Thus, our ascertainment
of cases is reflective only of those who actually had
manifestations of paralytic polio or late effects of
acute poliomyelitis. In addition, some cases of polio
in this study date prior to 1968, when ICD-7 diagnos-
tic codes included only acute poliomyelitis and post-
polio syndrome. Although ICD-8 through ICD-10
include diagnostic codes for acute non-paralytic polio,
it is possible that twins who experienced only flu-like
symptoms were less likely to seek medical treatment
than those who were affected by paralytic polio; con-
sequently, diagnoses for these participants would be
missing from the Inpatient Registry. Finally, the gen-
eralisability of results from twin studies may be ques-
tionable, since twins are more growth-restricted and
may differ in prenatal environment and upbringing
than singletons. It is unknown whether the incidence
of polio differs between twins and singleton-born
children.

In conclusion, indicators of early intrauterine
growth restriction were associated with decreased
incidence of polio. If there is a causal effect of intrau-
terine environmental exposures on the ‘program-
ming’ of the immune system to respond to infectious
postnatal challenges, this effect is likely to vary
according to the specific immune response elicited by
the agent. While measures of intrauterine growth can
be inversely related to the risk of infections that
require a strong initial cellular response, such as
tuberculosis,3 they could be positively related to viral
infections that rely on mucosal and humoral immu-
nity. Future studies to identify the immunological
mechanisms that are susceptible to intrauterine pro-
gramming are warranted. Examining the associations
between indicators of intrauterine growth and the
risk of other infectious diseases or autoimmune dis-
orders may provide insights into specific immuno-
logical pathways that may be affected by perinatal
conditions.
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