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Abstract

age at diagnosis of ASD/ID.

Objective: To explore the associations between childhood infections and subsequent diagnoses of autism spectrum
disorder (ASD), intellectual disability (ID), and their co-occurrence.

Methods: The association between specialized care for any infection, defined by ICD-codes, and later ASD or ID

was investigated in a register-based cohort of 556,732 individuals born 1987-2010, resident in Stockholm County,
followed from birth to their 18th birthday or December 31, 2016. We considered as potential confounders children’s
characteristics, family socioeconomic factors, obstetric complications, and parental histories of treatment for infection
and psychiatric disorders in survival analyses with extended Cox regression models. Residual confounding by shared
familial factors was addressed in sibling analyses using within-strata estimation in Cox regression models. Sensitivity
analyses with the exclusion of congenital causes of ASD/ID and documented risk for infections were also performed.

Results: Crude estimates indicated that infections during childhood were associated with later ASD and ID with
the largest risks observed for diagnoses involving ID. Inclusion of covariates, exclusion of congenital causes of ASD/
ID from the population, and sibling comparisons highlighted the potential for confounding by both heritable and
non-heritable factors, though risks remained in all adjusted models. In adjusted sibling comparisons, excluding con-
genital causes, infections were associated with later "ASD without ID” (HR 1.24, 95%Cl 1.15-1.33),“ASD with ID"(1.57,
1.35-1.82), and “ID without ASD" (2.01, 1.76-2.28). Risks associated with infections varied by age at exposure and by

Conclusions: Infections during childhood may contribute to a later diagnosis of ID and ASD.
Keywords: Childhood, Infection, Autism spectrum disorders, Intellectual disability, Risk

Introduction

The etiology of autism spectrum disorders (ASD) remains
elusive but appears to involve common, rare, and de novo
genetic variants as well as environmental exposures [1].
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The relative contributions of these plausibly causal fac-
tors appear to vary across diagnostic sub-groups based
on co-occurring diagnoses [2—4]. Intellectual disability
(ID, IQ <70) is diagnosed in around 1/3 of those diag-
nosed with ASD [5]. Individuals diagnosed with ASD
with co-occurring ID are less likely to have a family his-
tory of ASD and other psychiatric diagnoses than indi-
viduals diagnosed with ASD without ID, indicating that
ASD with ID is less heritable compared to ASD without
ID [6-8]. De novo mutations, shared between ASD and
ID, have been reported to play an important role for
their co-occurrence, particularly among severely affected
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individuals [9, 10]. ASD is diagnosed throughout child-
hood and age at diagnosis appears to be determined by
both internal (severity, sex) and external factors (paren-
tal educational level, access to care) [11]. While parents
often report deviations from normal developmental tra-
jectories at an early age, the pattern of onset varies sub-
stantially. It remains to be established if the childhood
environment contributes to a trajectory towards ASD in
vulnerable children [12, 13] Identification of modifiable
early life environmental factors is key to the development
of prevention strategies for ASD.

Infections that can invade the fetal and neonatal brain
are established causes of life-long behavioral and intel-
lectual disabilities [14, 15]. Infections during child-
hood have also been associated with psychiatric illness,
including ID, later in life [16—20]. The extent to which
some of these associations are causal or confounded by
the genetic causes of ID or other psychiatric outcomes
is currently not known. Recent reports associate deficits
in both innate [21] and antibody-mediated [22] immu-
nity at birth as well as variation in genes encoding pro-
teins involved in immunity [23, 24] with ASD. Moreover,
a genetic correlation between hospital care for infections
and ASD has been reported [25]. Taken together, these
observations suggest that infections during early child-
hood are potentially associated also with ASD. However,
only a handful of studies, with equivocal results, have
investigated the relationship between infections and the
risk of later ASD [20, 26-30], and no epidemiological
study to date has considered the potential confounding
of any such association by factors shared between family
members.

We here aimed to explore the associations between
infections and subsequent diagnoses of ASD and ID and
to understand whether any observed associations varied
by their co-occurrence, age at infection, or age at first
diagnosis.

Methods

Study population and general design

We defined a register-based cohort of 556,732 individuals
born 1987-2010, resident in Stockholm County for >3
years [31]. Individuals not born in Sweden, adopted, not
registered in the Medical Birth Register (MBR), or miss-
ing maternal data were excluded from the study (Fig. S1,
available online).
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Exposure, outcome, and covariate data were extracted
from national and regional registers containing routinely
collected health and sociodemographic data cross-linked
via each resident’s unique national identification number
[32]. The study was approved by the Stockholm regional
ethics review board (DNR 2010/1185-31/5). Informed
consent was not required to use anonymized register
data.

Diagnoses of ASD and ID

Diagnostic outcomes as of December 31, 2016, were
defined by validated procedures covering all inpatient
and outpatient pathways to care and diagnosis in Stock-
holm County [31, 33] (ICD-9: ASD 299, ID 317-19, ICD-
10: ASD F84, ID F70-79). We considered two overlapping
diagnostic groups (individuals who received any diagno-
sis of ASD or any diagnosis of ID), as well as the three
mutually exclusive diagnostic outcomes: ASD without
co-occurring ID (“ASD without ID”), ASD with co-occur-
ring ID (“ASD with ID”), and ID without co-occurring
ASD (“ID without ASD”) (Fig. 1A).

Assessment of childhood infections

All in- or outpatient specialized care diagnoses of infec-
tion (any infection), defined by ICD-8/9/10 codes as
detailed previously [4, 34, 35], were identified in the
National Patient Register (NPR). We omitted all codes
“sequel” and “post” Infections were also categorized
according to timing (age at infection, see below) and site
(CNS/non-CNYS), see Table S1.

Covariates
Covariates whose distribution varied by exposure to
infection between birth and age 18 (Table 1) and that
were associated with ASD or ID (Tables S2 and S3)
were considered as potential confounders. Our register
sources consisted of the Multigenerational Register (MR),
the Longitudinal Integrated Database for Health Insur-
ance and Labor Markets Studies (LISA), MBR, and NPR.
We included the following factors: sex (MBR), birth
order (MBR), birth season (MBR), gestational age at birth
(MBR), size for gestational age (MBR), birth by cesar-
ean section (MBR), and Apgar score 5 min after birth
(MBR). We also included the pregnancy factors: pre-
eclampsia (MBR) and maternal BMI at the first visit to
antenatal care (categorized according to WHO standards

(See figure on next page.)

Fig. 1 Description of outcomes and exposures in the study population. Individuals diagnosed with ASD and/or ID identified in the final study
population (1=556,732) as of December 31, 2016 (A). Age at first diagnosis of ASD/ID for the mutually exclusive diagnostic groups (B). Incidence

of CNS (€) and non-CNS infections (D) according to age among children unaffected by ASD/ID and among those diagnosed with "ASD without
ID"ASD with ID;“ID without ASD!" Note the different scales of the y-axes in C and D. Incidence of one or more infections according to age among
children unaffected by ASD/ID and those diagnosed with “ASD without ID”" (E), “ASD with ID" (F), and “ID without ASD" (G), throughout childhood and

stratified by age at diagnosis of ASD/ID
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Table 1 Association between covariates and infection during childhood
No infection Any infection p value
N 274,137 282,595
Sex Male 137,874 (50.3%) 147,580 (52.2%) <0.001
Female 136,263 (49.7%) 135,015 (47.8%)
Birth order First 120,946 (44.1%) 130,474 (46.2%) <0.001
Second 100,348 (36. 6%) 100,812 (35.7%)
>Third 52,843 (19.3%) 51,309 (18.2%)
Season of birth Dec—Feb 63,102 (23.0%) 67,535 (23.9%) <0.001
Mar-May 76,236 (27.8%) 74,189 (26.3%)
Jun-Aug 71,724 (26.2%) 72,737 (25.7%)
Sep-Nov 63,075 (23.0%) 68,134 (24.1%)
GA Preterm 12,538 (4.6%) 18,647 (6.6%) <0.001
Term 259,245 (94.6%) 261,986 (92.7%)
Post term 1868 (0.7%) 1507 (0.5%)
Missing 486 (0.2%) 455 (0.2%)
Size for GA Small 5955 (2.2%) 7154 (2.5%) <0.001
Normal 252,060 (91.9%) 256,864 (90.9%)
Large 7756 (2.8%) 8866 (3.1%)
Missing 8366 (3.1%) 9711 (3.4%)
Cesarean delivery No 250,805 (91.5%) 250,794 (88.7%) <0.001
Yes 14,966 (5.5%) 22,090 (7.8%)
Missing 8366 (3.1%) 9711 (3.4%)
Low Apgar score (<7) No 268,435 (97.9%) 276,398 (97.8%) <0.001
Yes 2069 (0.8%) 3010 (1.1%)
Missing 3633 (1.3%) 3187 (1.1%)
Pre-eclampsia No 267,511 (97.6%) 274,246 (97.0%) <0.001
Yes 6626 (2.4%) 8349 (3.0%)
Maternal BMI Underweight 7742 (2.8%) 7358 (2.6%) <0.001
Normal weight 136,642 (49.8%) 145,232 (51.4%)
Overweight 35,625 (13.0%) 45,130 (16.0%)
Obese 10,994 (4.0%) 16,576 (5.9%)
Missing 83,134 (30.3%) 68,299 (24.2%)
Maternal age <25 39,398 (14.4%) 43,294 (15.3%) <0.001
25-29 81,387 (29.7%) 82,534 (29.2%)
30-34 95,776 (34.9%) 97,574 (34.5%)
35-39 47,716 (17.4%) 48,881 (17.3%)
>39 9860 (3.6%) 10,312 (3.6%)
Paternal age <25 18,213 (6.7%) 19,849 (7.1%) <0.001
25-29 59,360 (21.9%) 61,309 (21.9%)
30-34 91,088 (33.6%) 93,622 (33.5%)
35-39 63,265 (23.3%) 64,659 (23.1%)
>39 39,336 (14.5%) 40,240 (14.4%)
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Table 1 (continued)
No infection Any infection p value
Mother’s region of origin Sweden 205,870 (75.1%) 202,203 (71.6%) <0.001
Nordic 8595 (3.1%) 6840 (2.4%)
West Eu and NA 12,282 (4.5%) 12,224 (4.3%)
Africa 11,013 (4.0%) 14,602 (5.2%)
Asia and Oceania 5423 (2.0%) 6239 (2.2%)
Middle-East 19,195 (7.0%) 27,227 (9.6%)
East Eu and Russia 3640 (1.3%) 3822 (1.4%)
South America 5230 (1.9%) 6502 (2.3%)
Unknown/missing 2889 (1.1%) 2936 (1.0%)
Father’s region of origin Sweden 209,664 (76.5%) 208,152 (73.7%) <0.001
Nordic 11,306 (4.1%) 8510 (3.0%)
West Eu and NA 8137 (3.0%) 8203 (2.9%)
Africa 9342 (3.4%) 12,877 (4.6%)
Asia and Oceania 8740 (3.2%) 8820 (3.1%)
Middle-East 16,377 (6.0%) 23,586 (8.3%)
East Eu and Russia 5821 (2.1%) 6307 (2.2%)
South America 4738 (1.7%) 6135 (2.2%)
Unknown/missing 12 (<1%) 5(<1%)
Maternal psychiatric diagnosis No 165,792 (60.5%) 148,803 (52.7%) <0.001
Yes 108,345 (39.5%) 133,792 (47.3%)
Paternal psychiatric diagnosis No 203,417 (74.2%) 200,609 (71.0%) <0.001
Yes 70720 (25.8%) 81,986 (29.0%)
Maternal infection No 129,656 (47.3%) 92,021 (32.6%) <0.001
Yes 144,481 (52.7%) 190,574 (67 4%)
Paternal infection No 171,631 (62.6%) 150,049 (53.1%) <0.001
Yes 102,506 (37.4%) 132,546 (46.9%)
Family income Low (0-20%) 39,139 (14.3%) 40,758 (14.4%) <0.001
20-40% 55,086 (20.1%) 62,326 (22.1%)
40-60% 58,526 (21.3%) 62,289 (22.0%)
60-80% 59,933 (21.9%) 59,787 (21.2%)
High (80-100%) 61,126 (22.3%) 57,027 (20.2%)
Missing 327 (0.1%) 408 (0.1%)
Parental education <10 years 15,585 (5.7%) 18,908 (6.7%) <0.001
10-12 103,202 (37.6%) 109,598 (38.8%)
>12 154,608 (56.4%) 153,380 (54.3%)
Missing 742 (0.3%) 709 (0.3%)
ASD No ASD 268,334 (97.9%) 273,793 (96.9%) <0.001
0-<6 years 1132 (0.4%) 2572 (0.9%)
6-<12 years 2257 (0.8%) 3588 (1.3%)
12-18 years 2414 (0.9%) 2642 (0.9%)
ID No ID 272,086 (99.3%) 278,130 (98.4%) <0.001
0-<6 years 524 (0.2%) 1886 (0.7%)
6-<12 years 908 (0.3%) 1802 (0.6%)
12-18 years 619 (0.2%) 777 (0.3%)

GA gestational age, NA North America, Eu Europe, ASD autism spectrum disorder, ID intellectual disability
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[36], MBR). We also included the following parental fac-
tors: age at birth of the index child (MR), region of origin
(MR), psychiatric history (defined as ICD10 F-chapter
diagnosis, ICD9 290-315, or ICD8 290-315, NPR), and
any infection diagnosis before birth of the index child
(NPR). Finally, we included the following socioeconomic
factors: family income at birth (quintiles of family income
adjusted by inflation and size of family, recorded at the
birth of the index person; LISA) and highest parental
education at birth (LISA).

Statistical analyses

We employed survival analysis with the extended Cox
regression model using within-model stratification to
account for differences by the children’s year of birth. Age
of the child was used as the underlying timescale, begin-
ning at birth. Individuals were followed until death, emi-
gration from Stockholm, ASD/ID diagnosis, their 18th
birthday, or end of study. For joint diagnosis (those indi-
viduals diagnosed with both ASD and ID), the date of the
first diagnosis was used to calculate the person-time con-
tributed to the study, though follow-up for ascertainment
of the co-diagnosis continued until the end of study-time
or an otherwise censoring event (such that individuals
diagnosed with ID were not censored in terms of further
follow-up for ASD, and vice versa). The infection varia-
bles were treated as time-dependent exposures, in which
the individual could have had an infection from birth up
to 18 years of age, given that the child was not diagnosed
with an outcome of interest or otherwise censored. To
account for the possible non-proportional risk of the out-
comes over follow-up time, we considered both cumula-
tive time, wherein the exposure to infection could occur
from birth up to the 18th birthday, and stratified accord-
ing to age at infection; 0—<1 year, 1-<3, 3—<6, 6—<12, and
12—<18. To test for differences in risk related to age at
infection, we used the Wald test to evaluate the beta coef-
ficients for each stratum of age at exposure in the cumu-
lative models. To assess if the associations varied by age
at outcome, we also stratified the outcome according to
age at first diagnosis of ASD and/or ID: 0—<6, 6—<12, and
12—<18 years. To explore if sex modulated any potential
association, fully adjusted analyses of the association
between infections and ASD/ID were repeated for males
and females, separately.

To explore potential confounding by factors (genes
and environment) not accounted for by adjustment for
covariates, we performed sibling analyses (siblings share
their early environment and on average 50% of their
DNA) using within-strata estimation in Cox regression
models, adjusted for factors that (can) differ between sib-
lings, sex, parity, birth season, GA at birth and cesarean
section in which we discarded all only-child observations
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(n=131,335). Data management was done in SAS 9.4 and
data analyses in Stata/MP 15.1.

Sensitivity analyses

Individuals with rare chromosomal abnormalities are at
increased risk for both ASD/ID and repeated special-
ized care for infections during infancy and childhood [37,
38]. To address if such individuals were driving potential
associations observed, we repeated the population and
sibling comparison analyses after excluding individuals
affected by a study outcome who were also diagnosed
with congenital deformation or chromosomal abnor-
malities (ICD-9: 758, 759F, 237H, ICD-10: Q85.0, Q85.2,
Q90-99), and disorders of amino acid metabolism (ICD-
9: 270, ICD-10: E70-72), as detailed previously [33].

Results
Description of the study population
Of the 556,732 children included in our study (Fig. S1,
available online), 282,595 (50.8%) had at least one reg-
istered infection before age 18. All investigated covari-
ates differed significantly (p<0.001) between those who
received specialized care for infection and those who did
not (Table 1). Among those who were not diagnosed with
an infection during childhood, 5803 (2.1%) were diag-
nosed with ASD and 2051 (0.7%) with ID. Among those
diagnosed with one or more infection, 8802 (3.1%) were
diagnosed with ASD and 4465 (1.6%) with ID (Table 1).
As compared to “ASD without ID” or “ID without ASD,
“ASD with ID” was diagnosed at an earlier age (Fig. 1B).
CNS infections were rare as compared to non-CNS infec-
tions. Both types of infections were overrepresented in
individuals with the investigated outcomes, particularly
those involving ID (Fig. 1C, D). Infections were more
common during the first few years of childhood in all
diagnostic groups (Fig. 1E-G), particularly among those
with an early diagnosis of “ID without ASD” or “ASD with
ID,” as compared to those without a diagnosis of ASD/ID.
All included covariates were associated with ASD and
age at ASD diagnosis. For example, ASD was more com-
mon among males and first-born children, particularly
among those diagnosed before age 6 (Table S2, available
online). Similarly, obstetric complications, such as pre-
term birth and cesarean section were associated with
early diagnosis whereas parental psychiatric history was
more common among cases diagnosed after age 12. Simi-
lar observations were made for ID (Table S3, available
online).

Main analyses

Overlapping diagnostic outcomes

Inclusion of covariates in our fully adjusted models
(Fig. 2) attenuated risk estimates compared to crude
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models (Fig. S2, available online) but did not change the
overall findings. One-by-one, individual co-variates vari-
ably, but minimally, modulated the association between
childhood infections and later diagnosis of ASD or ID
(Fig. S3).

In fully adjusted models, infections during childhood
(0—<18 years) were associated with later ASD (HR 1.23,
95%CI 1.19-1.28) and ID diagnoses (HR 2.16, 95%CI
2.05-2.28). Infections at all age intervals except 6-<12
were associated with later ASD, with the strongest asso-
ciation observed for infections in the age interval 1-<3
(HR 1.26, 95%CI 1.21-1.31) Figure 2A. Infections at all
ages were associated with a later ID diagnosis, with the
strongest association observed for infections during age
1-<3 (HR 2.12, 95%CI 2.00-2.24) (Fig. 2E).

Infections were associated with ASD diagnosed at age
0-<6 (HR 1.50, 95%CI 1.40-1.61, Fig. 2B) and 6-<12
(HR 1.21, 95%CI 1.14-1.28, Fig. 2C), but not 12-<18
(Fig. 2D). Infections were associated with ID diagnosed
throughout the follow-up (Fig. 2F-H), with the strongest
association during ages 0—<6 (HR 2.55, 95%CI 2.33-2.80,
Fig. 2F). Stratified analyses indicated no major modulat-
ing effect of sex although we observed slightly stronger
associations between infections and both ASD and ID
among females than among males (Fig. S4).

Sibling comparison models resulted in associations
generally comparable to those observed in the total pop-
ulation analysis, see Fig. 2I-P. Notably, infections during
age 1—<3 exhibited a stronger association with ASD diag-
nosed before age 12 (Fig. 2], K). Only infections 6—-<12
were associated with ASD diagnosed at 12—<18 (Fig. 2L).
Infections at 12—<18 were not associated with ASD or ID.

Mutually exclusive outcomes

Similar results regarding the mutually exclusive outcome
groups were observed in crude (Fig. S5, available online)
and adjusted models (Fig. 3). Infections during childhood
were associated with the mutually exclusive diagnoses
with the largest risk estimates observed for “ID without
ASD” (HR 2.56, 95%CI 2.39-2.75, Fig. 3I) and the small-
est for “ASD without ID” (HR 1.15, 95%CI 1.10-1.19,
Fig. 3A). Whereas infections at all ages were associated
with “ID without ASD” and “ASD with ID; only those
at 1-<3 and 3-<6 were significantly associated with
“ASD without ID” Larger-point estimates were observed
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among those diagnosed early. Infections were not asso-
ciated with “ASD without ID” diagnosed after age 12
(Fig. 3B-D, F-H, and J-L).

Sibling analyses resulted in slightly modified asso-
ciations as compared to those observed in the general
population, with an enhanced risk for “ASD without
ID” (Fig. 3M-P) and mostly attenuated risks for “ASD
with ID” (Fig. 3Q-T) or “ID without ASD” (Fig. 3U-Y).
Associations with infections at 12—<18 were attenuated
towards unity for all outcomes. Higher risk estimates for
“ASD without ID” appeared to be largely driven by infec-
tions in the age intervals 1-<3 and 3-<6 (Fig. 3M) among
those diagnosed before age 6 (Fig. 3N) or at 6—<12
(Fig. 30). Infections during the first year of life were asso-
ciated with later “ASD with ID” (Fig. 3Q) with the largest
risk estimate observed among those diagnosed before age
6 (Fig. 3R). Infections before age 3 were no longer asso-
ciated with “ASD with ID” diagnosed at 12—<18, though
elevated risks were observed for infections at 3—<6 and
6—<12 (HR 3.44, 95%CI 1.87-6.33, and HR 2.21, 95%CI
1.39-3.51), respectively, Fig. 3T). Infections during early
childhood remained strongly associated with “ID with-
out ASD” (Fig. 3U), particularly among those diagnosed
before age 6 (Fig. 3V) or at 6-<12 (Fig. 3X), but also
among those diagnosed at 12—<18 (Fig. 3Y).

Sensitivity analyses

Exclusion of children diagnosed with congenital disor-
ders from the total population (Fig. S6) and sibling (Fig.
S7, available online) comparisons attenuated the asso-
ciations observed between infections and the mutually
exclusive diagnoses involving ID. In the sibling compari-
son, infections at 1-<3 and 3-<6 remained associated
with “ASD without ID Infections before age 12 remained
associated with both “ASD with ID” and “ID without
ASD” throughout the follow-up. Among those diagnosed
at 12—<18, only infections before age 3 were associated
with “ID without ASD,” whereas infections at 3—<6 and
6—<12 were associated with “ASD with ID” (Fig. S7).

CNS and non-CNS infections

Larger risk estimates for all outcomes were generally
observed for CNS infections than for non-CNS infections
(Fig. 4), e.g., risk for “ID without ASD” was 3.66 (95% CI:

(See figure on next page.)

parity, gestational age at birth, and cesarean section

Fig. 3 Infections during childhood and mutually exclusive diagnoses. Associations between specialized care for infections during childhood and
later diagnosis of “ASD without ID;“ASD with 1D, or “ID without ASD." Associations between exposure at different age intervals and diagnoses at
different age intervals are also shown. Comparisons between unrelated individuals in the general population (A-L) and between full biological
siblings (M-X) are shown. Hazard ratios presented here are from fully adjusted models. Population-based estimates (A-L) are adjusted for sex, parity,
maternal body mass index, pre-eclampsia, parental age, education, income, region of origin, histories of psychiatric illness and infections, season of
birth, gestational age at birth, size for gestational age, cesarean section, Apgar score. Estimates from the sibling analyses (M-X) are adjusted for sex,
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Fig. 4 CNS/non-CNS infections and mutually exclusive diagnostic groups. Associations between specialized care for CNS infections (left) or
non-CNS infections (right) during childhood and later diagnosis of “ASD without ID" (A, B), "ASD with ID"(C, D), or “ID without ASD" (E, F). Associations
between exposure at different age intervals and later diagnoses are also shown. Hazard ratios are adjusted for sex, parity, maternal body mass index,
pre-eclampsia, parental age, education, income, region of origin, histories of psychiatric illness and infections, season of birth, gestational age at
birth, size for gestational age, cesarean section, and Apgar score

2.91-4.60, Fig. 4E) for CNS infections and 1.42 (95% CI:
1.27-1.58, Fig. 4F) for non-CNS infections.

Discussion

In the present study, infections requiring specialized care
between ages 1 and <6 were associated with the risk of
being diagnosed with ‘ASD without ID’ before age 12.
Infections before age 12 were associated with “ASD with
ID” diagnosed throughout childhood. Similar observa-
tions were made for “ID without ASD” with even larger
point estimates, particularly for infections during the first
few years of childhood. We noted larger risks for all out-
comes associated with CNS infections than for non-CNS
infections, particularly for diagnoses involving ID. While
our analyses highlighted the potential for confounding by
both familial factors and factors not shared between fam-
ily members, they also indicate that childhood infections
potentially contribute to some cases of both ASD and ID.

Long-term follow-up studies of individuals with con-
genital infections have reported autism-like behaviors
[39—-41]. There are, however, few published studies of the
potential association between infections overall and later
ASD in the general population, none of which considered
the potential differential effect on ASD with or without
co-occurring ID or the potential for confounding by fac-
tors shared between family members.

Rosen et al. reported no association between inpatient,
outpatient, emergency, or referral visits for infections
registered within the Kaiser-Permanente health plan
during the first 2 years of life and later ASD in a sample
consisting of 500 cases and 2000 matched controls [28].
Atladottir et al., on the other hand, reported associa-
tions between hospitalization for infections during child-
hood and later ASD (HR 1.38) in a Danish population in
2010 [27], comparable to those observed here (HR 1.23).
More recently, Sabourin and co-workers reported that
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individuals with ASD were more likely to have had an
infection during the first 3 years of life than comparison
individuals using a combination of neonatal records and
care-giver interviews [29]. Our observations regarding
CNS infections agree with those reported by Pedersen
et al. [20], who found a weak association between CNS
infections and ASD that disappeared after the exclusion
of individuals with co-occurring ID, although we lacked
the power to distinguish between effects of CNS and
non-CNS infections.

With regard to the observed risk for ID, our results are
in agreement with a number of clinical follow-up stud-
ies of neonates with congenital infections [15] and CNS-
infections [42] of both viral and bacterial origin during
both infancy and childhood [16-18, 43—45]. In a study
employing Danish population registers [20], the authors
explored a wide range of mental disorders in relation to
previous CNS infections and reported a significant asso-
ciation (HR 3.29) between CNS infections and later ID,
similar to those observed here for “ID without ASD” (HR
3.66) and for “ASD with ID” (HR 3.21).

Fewer studies have focused on cognitive function after
childhood infections not involving the CNS. Kariuki et al.
reported impairments in neurocognitive testing at age 7
in children who had been hospital treated for infections
before age four [46]. Moreover, the Danish register study
by Atladottir et al. reported an association between infec-
tions during childhood and later ID [27] of a magnitude
similar to that observed here. Our current findings are
also in line with previous studies where both CNS and
non-CNS infections during early childhood were asso-
ciated with lower scores on a mandatory cognitive test
administered to conscripts, representative of the general
male population [35, 47]. Taken together with these pre-
vious studies, our current observations, suggest that also
infections without a recognized CNS involvement dur-
ing childhood are associated with subsequent impaired
cognitive function. Whether this association is causal
is however not known. Genetic syndromes associated
with ID such as Down syndrome, are associated with
increased rates of severe infections during childhood
presumably explained by anatomical and immune system
abnormalities associated with trisomy 21 [37]. However,
respiratory infections are significant causes of mortality
and potentially also exacerbated cognitive impairments
among exposed carriers [48].

Strengths of the study include the large, population-
based cohort with prospectively collected data in a set-
ting with universal access to health care with minimal
risk for selection or recall bias. Though all clinical path-
ways to ASD/ID diagnosis are covered, we do not have
access to individual assessments of cognitive function.
Thus, children diagnosed as “ASD without ID” could
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experience impairments due to infection that do not
meet criteria for ID. As well, children diagnosed with “ID
without ASD” might experience some or many impair-
ments related to ASD, but these aspects may be under-
ascertained after a diagnosis of ID. We have previously
reported that the more severe the ID diagnosis, the less
likely the child is to receive a co-occurring ASD diagno-
sis [33]. Given the stronger relationship between child-
hood infections and risk of ID we observed and the much
higher cumulative incidence of ASD in our population,
misclassification of the co-occurring disorders might
serve to slightly bias our estimates for the relationship
between childhood infections and risk of ASD without
ID away from the null, while biasing the estimates of “ID
without ASD” towards the null. Despite the large study
population, we had limited power to analyze specific
infections. Moreover, potential mediation (and/or modi-
fication) of the observed relationships between childhood
infections and ASD/ID by neurological, or other somatic
conditions, are possible but were not investigated here.

Potential confounding was addressed in multiple
ways. We adjusted our total-population estimates for a
wide range of potentially confounding factors, though
it should be noted that our estimates may still be influ-
enced by residual confounding, especially by factors,
such as maternal BMI where a relatively large proportion
of observations were missing, and for factors that were
unobserved or incompletely captured, such as genetic
susceptibility to serious infections and neurodevelop-
mental disorders. We used sibling comparison models
to account for residual confounding by factors shared
between siblings (siblings share on average 50% of their
DNA along with part of their environment) and adjusted
for factors not necessarily shared between siblings (e.g.,
pre-term birth). Sensitivity analyses of both the general
population and sibling comparisons indicated that the
associations observed were not fully explained by higher
rates of infections among children with chromosomal
abnormalities or inborn errors of metabolism, although
residual confounding, e.g., by undiagnosed rare or de
novo variants, linked to both ASD and ID [10], cannot be
excluded.

Age at diagnosis depends on a wide range of factors
such as clinical practice, severity, and parental vigilance
[11]. Results from studies using register-based data to
investigate timing of an exposure in relation to the onset
of a childhood disorder should therefore be interpreted
cautiously. While infections during early childhood were
more common in children diagnosed with ASD or ID
than in children without such diagnoses, we also note
that the group diagnosed with ID at a young age had an
excess of infections throughout childhood. Such an excess
of infections in the group of individuals diagnosed with
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ASD without ID, however, seemed to be limited to the
first decade of life. While these groups contain individu-
als with underlying hereditary and non-hereditary causes
of ASD/ID that also receive more specialized care for
infections during childhood [49], this does not preclude
infections from being casually linked to some cases of ID
and ASD. A higher liability to infections would increase
the risk of contracting a serious infection requiring spe-
cialized care during early childhood, arguably a period of
development more sensitive to external insults than later
parts of childhood as illustrated by the exacerbated lan-
guage problems associated with recurrent ear infections,
common among children with fragile X syndrome [50]. It
should also be kept in mind that our exposure definition
is broad and encompasses a range of infectious agents,
each with a prevalence and consequences that are likely
to vary by age [51], which complicates comparisons of
effects of exposures at different ages.

A number of different, but not mutually exclusive,
mechanisms can potentially explain our current obser-
vations. Targeting of the nervous system by infectious
agents during periods of rapid growth and plasticity [52]
is one plausible mechanism. Complications involving the
CNS are, albeit rarely, observed for many different infec-
tious agents, including those not normally associated
with neuro-invasion, particularly in young individuals
[51, 53, 54]. For example, respiratory viruses (e.g., influ-
enza A virus, respiratory syncytial virus) are important
causes of encephalitis in young children [55]. It is possi-
ble that for some registered infections, mild CNS involve-
ment may have gone unnoticed or undocumented, as has
been reported for uncomplicated measles virus infections
[56]. Moreover, low levels of several molecules involved
in the innate immune response at birth and primary anti-
body deficits were recently associated with ASD risk [21,
22], supporting the notion of an increased vulnerability
to infections in ASD. Such an increased vulnerability to
infections is supported by observations of a genetic cor-
relation between hospitalization for infection and ASD
[25] and the reported links between immune genes and
risk of both ASD and ID [23, 24]. Further studies are
needed to investigate if deficits in immunity associated
with ASD risk could contribute to more severe outcomes
of childhood infections, such as ID, and potentially con-
tribute to the high co-morbidity between these disorders
[57].

Direct support for immune mediated influences on
the developing CNS resulting in cognitive and behav-
ioral abnormalities is provided by experimental studies.
Various protocols mimicking viral or bacterial infec-
tions during certain stages of development produce
persistent cognitive deficits and behavioral changes
in adult animals reminiscent of those observed in
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individuals with ASD [58]. Moreover, transient treat-
ment with interferon-y during neuronal differentiation
of human stem cells was reported to cause induction of
ASD-associated genes [59]. While studies of individuals
diagnosed with ASD support activation of the immune
system in ASD, the pathogenetic role of such immune
activity remains unclear [60—63]. Nevertheless, many
of the pathways activated by infections have pleio-
tropic effects during brain development [64]. Thus, the
association between infections during periods of rapid
growth and plasticity of the brain and later diagno-
sis of ASD/ID may be explained by components of the
immune system interfering with the normal trajectories
of brain development.

Infections cause changes in the distribution of both
macro- and micronutrients in the host, with the purpose
of promoting the function of the immune system while
limiting pathogen proliferation [65, 66]. Indeed, febrile
episodes during childhood have been associated with
reduced adult height, independent of genetic background
and nutritional intake [67]. Brain development during
the first years of life is characterized by rapid, sequen-
tial patterns of cellular differentiation, migration, and
synapse formation during which the demand for macro-
and micronutrients is high [68]. Diversion of macro- and
micronutrients necessary to mount an adequate immune
response to clear an infection may explain part of our
observed association between infections during child-
hood and later ID/ASD [69, 70].

Conclusions

Specialized care for infections during childhood is com-
mon among individuals diagnosed with ID and/or ASD.
It may be that children who are later diagnosed with ID
or ASD have a higher liability to severe infections that
contribute to the associations observed here but infec-
tions are not causing ID or ASD. It may also be that
such an increased liability leads to increased exposure to
severe infections, during critical periods, which adversely
affect neurodevelopment. Based on our analysis of the
timing of infections and diagnoses of ASD and ID in
this study, including careful consideration of potential
confounding by shared familial factors, we suggest that
infections during early childhood contribute to risk of
a later diagnosis of ID, including ID co-occurring with
ASD. Our observation that infections during early child-
hood exhibit weak but significant associations with “ASD
without ID” requires replication in future studies. While
we cannot exclude that the associations observed here
are still explained by residual confounding, the evidence
offered here warrants the identification of specific infec-
tions, their mechanisms of action, and individuals at risk.
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