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Objective: The authors sought to deter-
mine whether prenatal exposure to infec-
tion and a positive family history of psy-
chotic disorders interact synergistically to
increase the risk of later developing
schizophrenia.

Method: The authors linked two na-
tional registers, the Medical Birth Register
and the Finnish Population Register, to
identify all women in Helsinki who re-
ceived hospital treatment during preg-
nancy for an upper urinary tract infection
(N=9,596) between 1947 and 1990. The
Finnish Hospital Discharge Register was
used to ascertain psychiatric outcomes in
adulthood of offspring exposed to infec-
tion prenatally. Family history of psy-
chotic disorders was determined by link-
ing the Hospital Discharge Register and
the Population Register. The authors used
an additive statistical interaction model

to calculate the amount of biological syn-
ergism between positive family history
and prenatal exposure to infection.

Results: Prenatal exposure to infection
did not significantly increase the risk of
schizophrenia. However, the effect of pre-
natal exposure to pyelonephritis was five
times greater in those who had a family
history of psychosis compared to those
who did not. The synergy analysis sug-
gested that an estimated 38%—-46% of the
offspring who developed schizophrenia
and had both prenatal exposure to infec-
tion and a positive family history of psy-
chotic disorders did so as a result of the
synergistic action of both risk factors.

Conclusions: These findings support a
mechanism of gene-environment interac-
tion in the causation of schizophrenia.

(Am J Psychiatry 2009; 166:1025-1030)

rI:le search for risk factors for schizophrenia is taking
us ever further back in development (1). Prenatal exposure
to infection has been the subject of particular interest
since Mednick et al. (2) first reported an increased risk of
schizophrenia among individuals exposed prenatally to
the 1957 influenza epidemic in Helsinki. Most subsequent
studies examining this issue have found a positive associ-
ation, but there have also been some negative findings
(see references 3-6 for reviews). Early studies pointed to
the importance of exposure to infection during the second
trimester of fetal development, but recent work places the
window of vulnerability in the first trimester (7-9). A wide
variety of infections, such as influenza, herpes, polio, ru-
bella, toxoplasmosis, and respiratory infections, have
been implicated, indicating that some pathogenic mecha-
nism common to many infections, such as fever or pro-
duction of cytokines, may be in operation (8, 10).

The effect sizes reported for the association between
prenatal exposure to infection and later schizophrenia
have generally been in the region of a 1.5- to 2-fold in-
crease inrisk (4, 11). While it is possible that these small ef-
fect sizes represent random noise and that no real associ-
ation exists, recent studies using prenatal maternal serum

samples have found that individuals exposed prenatally to
rubella had a 10- to 20-fold increase in risk of adult schizo-
phrenia (12) and that those exposed to influenza during
the first trimester of gestation had a sevenfold increase in
risk (8). The presence of inconsistencies among findings
across studies suggests that prenatal exposure to infection
may be interacting with another risk factor for schizophre-
nia, such as genetic risk, to produce its effect (13).

The importance of considering genetic liability to psy-
chosis when examining the effect of prenatal environmen-
tal exposures has been noted by numerous authors (1-3, 8,
14-16). However, previous studies either have lacked the
information needed to examine such effects or have had
insufficient statistical power to do so (2, 8, 17-20). Some in-
vestigators have included parental psychiatric history as a
potential confounder in the analysis (21, 22), but this ap-
proach is not adequate to explore the possible synergistic
effects of genetic liability to psychosis and an adverse envi-
ronmental exposure (23).

In this study we examined the effect of prenatal exposure
to pyelonephritis, an infection of the upper urinary tract, on
the subsequent development of schizophrenia in a large
Finnish cohort. Pyelonephritis is particularly common in

This article is featured in this month’s AJP Audio and is discussed in an editorial by Drs. van Os and Rutten (p. 964).
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pregnancy, occurring in 1%-2% of pregnant women. Be-
cause most pregnant women with this infection are admit-
ted to the hospital (24), hospital records allowed us to accu-
rately time the exposure to infection during gestation.
Record linkage between population and hospital discharge
registers gave us the information needed to model the syn-
ergistic effects of prenatal infection exposure and family
history of psychosis.

We had three hypotheses:

1. Hospital-treated acute pyelonephritis during preg-
nancy is associated with an increased risk of schizophre-
nia and other psychotic disorders in exposed offspring.

2. The effects of prenatal exposure to infection are de-
pendent on the timing of the exposure during pregnancy.
Based on evidence from recent animal work and archived
maternal serum studies, we expected that exposure dur-
ing the first trimester would have the biggest impact on
risk (8, 9).

3. There is a synergistic relationship between prenatal
exposure to infection and family history of psychotic dis-
orders in increasing the risk of psychotic disorders in
adulthood.

Method

All live-born individuals in Finland are assigned a unique per-
sonal identification number at birth. This number is used in all
registers, which ensures accurate linkage of information between
registers. For this study, three national registers were linked: the
Finnish Hospital Discharge Register, the Medical Birth Register,
and the Finnish Population Register. These registers are main-
tained in computerized databases by the National Research and
Development Center for Health and Welfare.

The base study population comprised all individuals born in
Helsinki between 1947 and 1990. From this study population, us-
ing record linkage between the Medical Birth Register and the
Population Register, we identified all individuals whose mothers
were hospitalized for acute pyelonephritis in pregnancy, that is,
while members of the study population were in gestation. The
Medical Birth Register had information on the exact week of preg-
nancy during which the women were treated in the hospital for
pyelonephritis. Siblings of these individuals who were not ex-
posed in utero to maternal pyelonephritis were taken as the com-
parison group. Siblings were identified through linkage with the
Population Register.

Psychiatric outcomes in adulthood and family history of psy-
chosis were determined by linkage to the Finnish Hospital Dis-
charge Register, which covers all public and private hospitals in
Finland. Psychiatric diagnoses were ascertained for exposed cases,
the sibling comparison group, and parents. Psychiatric diagnoses
are recorded in the register using ICD codes. Diagnoses before
1987 were made using ICD-8, diagnoses between 1987 and 1995
were made using ICD-9, and since 1995 diagnoses have been
made using ICD-10. In this study we defined “schizophrenia” as a
295 diagnosis in ICD-8 and ICD-9 or an F20 diagnosis in ICD-10.
The following diagnoses were used for “broadly defined psychotic
disorders”: ICD-8/9 codes 295 (schizophrenia), 296 (affective psy-
choses), 297 (delusional syndrome), 298 (reactive psychoses), and
299 (childhood origin psychoses) and ICD-10 codes F20 (schizo-
phrenia), F21 (schizotypal disorder), F22 (delusional syndrome),
F23 (psychotic episode), F24 (induced delusional syndrome), F25
(schizoaffective syndrome), F28 (other psychoses), F29 (psychosis
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not otherwise specified), F30.2 (mania with psychotic symptoms),
F31.2 (bipolar affective disorder with psychotic symptoms), F31.5
(bipolar affective disorder, depression with psychotic symptoms),
F32.3 (severe depressive episode with psychotic symptoms), and
F33.3 (recurrent depressive disorder with psychotic symptoms). A
positive family history of psychosis was defined as having a parent
or sibling with a diagnosis of broadly defined psychotic disorder
on the Finnish Hospital Discharge Register.

Statistical Analyses

Statistical analyses were conducted using Stata statistical soft-
ware, version 8.0 (25). A logistic regression model was used to cal-
culate odds ratios and 95% confidence intervals (CIs) with schizo-
phrenia or broadly defined psychotic disorder as the response
variable and in utero exposure to infection as the exposure vari-
able. Standard errors were corrected for clustering within families
using the ROBUST function in Stata. The effect of exposure to in-
fection at different times during pregnancy on the later develop-
ment of psychotic disorders in the offspring was examined by an-
alyzing the data according to trimester. Trimester 1 was defined as
weeks 1-12 of pregnancy, trimester 2 as weeks 12-28, and trimes-
ter 3 as weeks 28-40.

To examine the synergistic effect of exposure to infection and
genetic liability to psychosis, we stratified the data on the basis of
family history of psychotic disorder and examined the effect of
prenatal infection within history-positive and history-negative
strata. We calculated the statistical additive interaction between
family history and infection exposure (i.e., as a risk difference
rather than a risk ratio) using risk difference regression. The BIN-
REG procedure in Stata, which fits generalized linear models for
the binomial family estimating risk differences, was used. The
statistical significance of the interactions was assessed using the
Wald test (26). We then estimated the amount of biological syner-
gism between prenatal infection exposure and family history of
psychotic disorder using methods developed by Darroch (27) and
previously used by van Os et al. (23, 28) (see the data supplement
that is included with the online edition of this article).

Results

Prenatal Exposure to Infection and Later
Schizophrenia

From the national registers we identified 9,596 individu-
als born between 1947 and 1990 who were in gestation
when their mothers were hospitalized for pyelonephritis.
The comparison group comprised 13,808 siblings of these
individuals, who were also born between 1947 and 1990
and who were not exposed to maternal pyelonephritis
while in utero. From record linkage we ascertained that
6.4% of the sample had a positive family history of psy-
chotic disorder (Table 1).

Table 1 provides the odds ratios for schizophrenia and
broadly defined psychotic disorder in case and compari-
son groups in relation to prenatal exposure to infection
and family history. Exposure to infection did not signifi-
cantly increase the risk of developing either schizophrenia
or broadly defined psychotic disorder. However, in a result
that approached statistical significance, the risk of devel-
oping schizophrenia was almost 50% higher in the ex-
posed group compared to the unexposed group. Table 2
shows that the timing of the infection during gestation did
not significantly affect the risk of schizophrenia, but there
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TABLE 1. Risk of Schizophrenia and Psychotic Disorder Associated With Prenatal Exposure to Infection and Family History

of Psychosis

Total Schizophrenia Broadly Defined Psychotic Disorder
0dds 0dds
Variable N % N % Ratio 95% Cl p N % Ratio 95% Cl p
Prenatal exposure 1.48 0.93-2.36 0.09 0.96 0.73-1.25 0.78
to infection
Exposed 9,596 41.0 36 0.38 93 0.97
Unexposed 13,808 59.0 35 0.25 139 1.01
Family history of 2.99 1.6-5.6 <0.001 3.29 2.4-4.6 <0.0001
psychosis
Positive 1,497 6.4 12 0.80 42 2.81
Negative 21,907 93.6 59 0.27 190 0.87

TABLE 2. Risk of Schizophrenia and Psychotic Disorder Associated With Prenatal Exposure to Infection in Each Trimester

of Pregnancy

Schizophrenia

Broadly Defined Psychotic Disorder

Trimester  Total N2 N % 0dds Ratio 95% Cl p N % 0dds Ratio 95% Cl p
First 237 2 0.84 3.35 0.8-14.0 0.09 4 1.69 1.68 0.64.5 0.3
Second 1,202 5 0.42 1.64 0.64-4.19 0.3 9 0.75 0.74 0.37-1.4 0.3
Third 3,163 11 0.35 1.37 0.7-2.7 0.4 35 1.11 1.10 0.7-1.6 0.6

2 Because of missing trimester data, Ns do not add up to the total number exposed to infection in the sample.

was some evidence approaching statistical significance
that first-trimester exposure to infection increased the risk
of later schizophrenia but not of broadly defined psy-
chotic disorder. There was no association between family
history of psychotic disorder and in utero exposure to in-
fection. Therefore, our results were not confounded by any
increased tendency for mothers with psychotic illness to
develop infection during pregnancy compared to those
without psychotic illness.

Interaction Between Prenatal Exposure to
Infection and Family History of Psychosis

The results of the interaction analysis are presented in
Table 3. The effect of prenatal exposure to pyelonephritis
was significantly greater in those who had a family history
of psychotic disorder compared to those who did not.
Stratified analyses revealed that the difference in risk for
schizophrenia (i.e., risk difference) between those ex-
posed and those not exposed to prenatal infection in the
genetically vulnerable group was five times larger than the
risk difference in those who were not genetically vulnera-
ble (interaction x?=7.14, df=1, p=0.02).

We calculated the amount of synergism between the
two risk factors. The risk percentages for each risk stratum
were as follows: no infection/no family history, 0.23% (30/
12,610); infection only, 0.32% (29/8,956); family history
only, 0.58% (5/857); and infection/family history, 1.09%
(7/640). These risk percentages were entered into a stan-
dard formula for calculating the amount of biological syn-
ergism between two risk factors (23, 27, 28; see the online
data supplement). This analysis suggested that 38%—-46%
of the individuals who developed schizophrenia in our
sample did so as a result of the synergistic action of prena-
tal exposure to infection and positive family history.
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Discussion

To our knowledge, this is the first report in the schizo-
phrenia literature showing a gene-environment synergis-
tic effect between prenatal exposure to infection and fa-
milial liability to psychosis. We found an additive effect of
having a positive family history such that, when coupled
with prenatal exposure to infection, the risk is significantly
increased relative to those who were exposed to infection
but are not at increased familial risk. In those who are ge-
netically vulnerable to psychotic disorder, the risk differ-
ence between those exposed and those unexposed to in-
fection was five times larger than the risk difference
between the exposed and the unexposed among those
without genetic vulnerability. As noted by van Os et al.
(23), this type of additive analysis is necessary for detect-
ing the synergistic effects between genetic and environ-
mental risk factors for mental illness.

The effect size found here for prenatal exposure to infec-
tion is modest but is in the range of what has previously
been found (1) and is larger than the effect size found for
most putative susceptibility genes (29). The analysis of the
timing of exposure to infection during pregnancy suggests
the possible importance of first-trimester exposure, but
because only two patients were exposed in the first trimes-
ter, no conclusions can be drawn. Although many previ-
ous studies have found the strongest effects for the second
trimester of pregnancy (4), these studies were based on
ecological data and suffered from a lack of exact informa-
tion in relation to the definition of exposure. In line with
our findings, recent animal research (9) and work using ar-
chived maternal serum (8) has found that exposure to in-
fection during the first trimester or very early in the sec-
ond trimester of pregnancy, compared to later periods in
pregnancy, confers the greatest risk of developing schizo-
phrenia. A recent review of this issue (30) supports the hy-
1027
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TABLE 3. Interaction Between Prenatal Exposure to Infection and Family History of Psychosis in Risk of Schizophrenia?

Infection Total (N) Schizophrenia (N) Risk Difference® (%) 95% Cl
Family history of psychosis 0.51 0.06 to 0.96
Exposed 640 7
Unexposed 857 5
No family history of psychosis 0.10 —-0.04t0 0.2
Exposed 8,956 29
Unexposed 12,610 30

2 The siblings of schizophrenia case subjects were dropped from this analysis (N=341) because case subjects without a parental history of psy-
chotic disorders would be classified as not having a family history, whereas their siblings would be classified as having a family history.
b Interaction: x2=7.14, df=1, p=0.02. Interaction tests whether the risk difference increase in the genetically vulnerable group is significantly

greater than the risk difference in the nonvulnerable group.

pothesis that infection-associated immunological events
in early fetal life have a stronger neurodevelopmental im-
pact than such events later in pregnancy.

Strengths and Limitations

Our study has a number of strengths. First, the sample
size was large, providing adequate statistical power to ex-
amine statistical additive effects. Second, the use of sib-
lings as the comparison group meant that exposed and
unexposed individuals were likely to have experienced
similar environmental and social influences during child-
hood that might otherwise represent unknown confound-
ers. The use of a sibling comparison group also controlled
for a difference in genetic risk of psychotic disorder be-
tween our groups. The majority of previous studies lacked
information on genetic risk in their samples; it is possible
that these studies had more individuals at increased ge-
netic risk of psychotic disorders in their exposed groups,
thus inflating the effect size found for infection exposure.
Third, the use of hospital-treated pyelonephritis to estab-
lish the infection group gave us exact information on the
timing of exposure to infection during pregnancy.

The study also had a number of limitations. Although
our sample was large, we had a small number of cases of
schizophrenia in each group when the sample was strati-
fied by infection exposure and family history, and we were
missing trimester data on a significant proportion of our
infection-exposed individuals. Therefore, we did not have
sufficient statistical power to investigate whether there
was an interaction between prenatal infection exposure
and family history of psychotic disorder within each tri-
mester. Given the trend in the data for a first-trimester ef-
fect, this would be an interesting analysis in a study with a
larger sample. Another potential limitation is that nearly
all women with pyelonephritis are treated with antibiotics.
We have no data on the type of antibiotics used. Therefore,
a confounding effect of medication cannot be ruled out. It
is not inconceivable that the gene-environment interac-
tion found here is actually a gene-medication interaction.

Possible Mechanisms

Despite much speculation, the mechanism by which
prenatal infection increases the risk of schizophrenia has
not yet been elucidated. An indirect effect of infection on
fetal brain development via maternal immunoglobulin G
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antibodies elicited by the infection or via maternal cyto-
kines would seem to be the most plausible pathogenic
mechanism (6, 31). In support of this hypothesis, a posi-
tive association between elevated maternal levels of the
cytokine interleukin-8 (IL-8) during pregnancy and an in-
creased risk of schizophrenia spectrum disorders in the
offspring has been reported (32), and IL-8 has been found
to be elevated in children with acute pyelonephritis (33).
The possibility of a direct effect, of either the infectious or-
ganism itself or the associated high fever, should be con-
sidered. Escherichia coli is the most common bacterium
causing pyelonephritis and is involved in 65%-80% of
cases. However, since most urinary tract infections are not
accompanied by bloodstream infection, even in preg-
nancy a direct effect of the infection is unlikely (34-36). A
direct effect of hyperthermia is also a possibility as pyelo-
nephritis is clinically associated with high fever (24). Hy-
perthermia during pregnancy has been shown to signifi-
cantly increase the risk of a range of negative pregnancy
outcomes, including major structural malformations,
such as neural tube defects (37-40).

Gene-Environment Interaction in Schizophrenia

Gene-environment interactions have recently been
demonstrated in psychiatric illnesses such as ADHD, de-
pression, posttraumatic stress disorder, and conduct dis-
order (13, 41). In schizophrenia, it has been shown that
offspring at high genetic risk for schizophrenia are partic-
ularly sensitive to the adverse effects of a negative family
rearing environment (42), that the link between early can-
nabis use and later psychosis is strongest in a certain ge-
netic subgroup (43), and that the effect of urbanicity is
mediated by genetic liability to psychosis (23, 28). The ur-
banicity studies, which carried out the kind of additive in-
teraction analysis that we used in this study, found that
60%-70% of those who developed schizophrenia and were
exposed to both risk factors examined did so as a result of
the synergistic action between urban dwelling and famil-
ial liability to psychosis (23). We found that up to half of
the cases of schizophrenia in our sample who were ex-
posed to both risk factors could be attributed to the syner-
gistic action of prenatal infection exposure and familial li-
ability to psychosis.

Research using gene-environment strategies is provid-
ing robust evidence of the power of looking at environ-
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mental exposures in the context of increased genetic risk
for disorders with a complex etiology, such as schizophre-
nia. Infectious exposures are a good candidate for envi-
ronmental pathogens for use in such analyses for several
reasons. First, variability in response to exposure has been
observed, indicating that the outcome is dependent on at
least one other variable. Second, a number of studies have
provided evidence that infection is causally related to
schizophrenia, indicating that the association is not
wholly genetically mediated. And third, the maternal im-
mune response to infection represents a neurobiologically
plausible pathway along which infection may increase the
risk for schizophrenia (41). Until the exact mechanism by
which prenatal exposure to infection increases risk of psy-
chosis is elucidated, studies such as this, using proxy mea-
sures of environmental risk and genetic liability, will re-
main useful.
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