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W Check for updates

The percentage of people without children over their lifetime is
approximately 25% in men and 20% in women. Individual diseases have

been linked to childlessness, mostly in women, yet we lack acomprehensive
picture of the effect of early-life diseases on lifetime childlessness. We
examined all individuals born in1956-1968 (men) and 1956-1973 (women)
inFinland (n=1,035,928) and Sweden (n=1,509,092) to the completion

of their reproductive lifespanin 2018. Leveraging nationwide registers,

we associated sociodemographic and reproductive information with 414
diseases across 16 categories, using a population and matched-pair case-
control design of siblings discordant for childlessness (71,524 full sisters and
77,622 full brothers). The strongest associations were mental-behavioural
disorders (particularly among men), congenital anomalies and endocrine-
nutritional-metabolic disorders (strongest among women). We identified
new associations for inflammatory and autoimmune diseases. Associations
were dependent on age at onset and mediated by singlehood and education.
This evidence can be used to understand how disease contributes to
involuntary childlessness.

In western European countries, about 20% of women born around  as Finland, increasing since the 1970s from 14% to 22% (women aged
1965 remained childless by 2010; the highest levels of lifetime 40years)and22%to32% (men)**. Demographicresearch hasisolated
childlessness are now in East Asia, ranging from 28% (Japan) to 35%  corefactors linked to the rise in contemporary levels of childlessness.
(Hong Kong) for women born in 19752 There has also beenasharp  Access to effective contraception at the end of the 1960s in many
increase in childlessness over the past few decades in countries such  countries and, more recently, emergency post-coital contraception
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inthelate1990s provided couples with greater ability to control their
reproduction'. Women'’s opportunities also vastly changed in many
industrialized nations since the 1980s, with gains in higher levels of
education and entry into the labour market accompanied by shifts in
gender norms and equity>°. At the same time, both men and women
faced work-life reconciliation constraints when planning to have chil-
dren, including lack of access to childcare, challenging housing condi-
tions, economic uncertainty, inability to find a partner and the general
absence of supportive family policies®. Given that women entered the
labour market while still taking on the bulk of household labour, this
‘incomplete gender revolution’ resulted in women often being forced
todecide betweenacareer and parenthood”®. Higher levels of job strain
and lack of work-life reconciliation have also been found to reduce
fertility intentions’. Another shift, which has been particularly linked
tomen, isthe growth of precarious, temporary and uncertain employ-
ment, leading many to postpone or forgo entering partnerships and par-
enthood'*". Many of these changes resulted inageneral postponement
of childrento later ages®. This in turn meant that individuals were having
childrenat ages when they had lower fecundity (reproductive capacity),
leading toinfertility-related issues and having fewer children®. This also
resultedin anincreaseininvoluntary childlessness (Box1). Therise in
childlessness among menincludes many of the factors above, such as
therole of economic uncertainty, socio-economic circumstances and
structural challenges such as childcare. More recently, key predictors
for male childlessness are the rise of multiple and short partnerships*
and anormative shift toagrowing group of men who are uninterested
in becoming fathers®. Others have linked rises in male childlessness
to lifestyle factors, such as becoming more sedentary, alcoholism,
tobacco use and poor diet™.

Although economic, societal and cultural freedom has been linked
to individuals remaining childfree or voluntarily childless”, the per-
centage of individuals who report that they never intended to have
children hasremained low and is estimated to be around 5% in Europe'®.
Rather thanbeing planned at an early age, becoming voluntarily child-
free may be a mix of unforeseen circumstances, often related to the
postponement of childbearing and adaptation to a childfreelife"”’®, This
makes the decomposition of measuring voluntary versusinvoluntary
childlessness challenging. Alongitudinal study” measuring the fertility
intentions of childless women (questioned fromage 14 to their late 40s)
foundthatthey engagedinarepeated postponement of childbearing
and the subsequent adoption of a childless expectation at older ages
or hadindecisionabout parenthood evidenced by changing childless
expectations across various ages.

The majority of childless individuals appear to be involuntarily
childless and wanted to have children. From the standpoint of public
health, involuntary childlessness may impact other health domains.
Childless men and women are more likely to suffer from relationship
dissolution, lower levels of self-esteem and isolation, and higher risks
of clinical depression®?°. Arecent systematic review found that infertile
women, particularly those in middle- and low-income countries, are
more likely to experience psychological, physical and sexual violence
as well as economic coercion?®. For childless men, their workplace
interactions and career opportunities have been found to be negatively
affected, whereas psychological wellness is rarely addressed™.

While the aforementioned demographic and socio-economic
literature has shown that social, economic and structural factors have
significant effects on childlessness, the fact that alarge proportion of
individuals experience this involuntarily suggests that diseases might
playaroleininfluencingindividuals’ chances of being childless or hav-
ingaparticular number of children over their lifetime (Supplementary
Fig.1). First, diseases may directly influence childlessness through
medical conditions that affect the fecundity, co-morbidities and mor-
tality of the individual, as well as the risk of stillbirth*%. Second, diseases
canimpactselectionintoapartnership, whichinturnlowers the chance
of being partnered and thus having children®. Third, some may choose

BOX1

Defining childlessness

We use the term ‘childlessness’ to describe the state of individuals
that have had no live-born children by the end of their reproductive
lifespan (age 45 for women®*°?%® and age 50 for men®>%°).
Childlessness is defined in the literature as being voluntary or
childfree® (for example, active choice or preference’), involuntary
(for example, infertility, stillbirth or reproductive-age mortality)

or a mix of the two, such as circumstantial situations related to
partnership and socio-economic status (Supplementary Fig. 1).
Although researchers have conducted in-depth studies showing
the measurement challenges of differentiating the two, it has

been estimated that, in Europe, around 4-5% of individuals within
reproductive ages do not intend to have children’. This together
with the overall lifetime childlessness proportion being 15-20%'
suggests that around three quarters of childless individuals

remain so involuntarily. The approach of this paper is to provide

a data-driven, factual examination of the associations between
early-life diseases and lifetime childlessness, with the aim to
understand how early disease relates to childlessness among
people who want to have children, with the future potential to
intervene.

to be childfree due to knowledge or concerns of intergenerational
transmission of certain known genetic conditions®. Finally, many
diseases are associated with lower socio-economic status, unemploy-
mentand economic uncertainty, which may amplify the psychosocial
effect of diseases on childlessness, possibly by increasing inability to
find a partner, increasing partnership instability or reducing fertility
intentions®.

A review of the literature linking disease to childlessness can be
found in Supplementary Table 1. Previous medical studies largely
examined only alimited selection of diseases directly associated with
reproductive biology such as recurrent miscarriage®, polycystic ovary
syndrome” and endometriosis®®. Another large area of research has
been the study of infertility and inflammatory bowel disease (IBD)>*°.
Asystematic review found that up to one-third of individuals with IBD
opted tobe voluntarily childfree, often related to alack of knowledge
related to pregnancy-related IBD issues®’, with clinical studies find-
ing that women with moderate to severe IBD had higher incidences
of adverse pregnancy outcomes®’. Multiple sclerosis has also been
associated with higher levels of childlessness, linked to fewer people
with multiple sclerosis being in astable relationship, fear of genetically
transmitting the disease or discontinuation of treatments®. Another
line of study has examined fecundity in patients with major psychiatric
disorders®* and in those with a genetic liability for schizophrenia®.
Overall, for men, comparatively limited information—often from highly
selective semen samples from infertility clinics—has been collected
onthe causes and consequences of infertility and having children®¢,
despite infertility being a major public health concern.

Current research has examined singular diseases in parallel and
thus lacks a systematic assessment of the role of multiple diseases on
childlessness and their relative importance. Moreover, the associa-
tion of diseases can be sex-specific, given that men and women differ
regarding both reproductive patterns (men have a higher chance of
being childless, higher parity and alonger reproductive lifespan than
women®) and the prevalence and severity of diseases. Finally, previ-
ous studies have had a limited time horizon to follow participants
and limited methodological tools to control for unmeasured familial
confounding, either genetic or environmental.
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Fig.1|Schematic overview of the study. a, The birth cohorts, the follow-up
period and the number of Finns and Swedes included in the analyses. A total
ofthree generations of familial relationships were considered: for the index
persons, the parental information used to match sibling pairs, the children’s
information to define the main outcome of childlessness and the registered
spouse’sinformation to determine the secondary outcome of singlehood. Map
adapted with permission from MapChart. b, The statistical approach used in

the main analyses, where only families with same-sex siblings discordant for
childlessness were included. Within each family, we randomly selected one
childless sibling as a case, and, as the control, the sibling with children that was
the closestin birth order to the case. Within a sibling pair, disease diagnoses were
considered only if they occurred at least one year before the birth of the first child
or within the corresponding age at which the sibling was childless, since sibling
ages differ.

We address these limitations of previous research by studying
the entire reproductive and health history of a cohort of Finnish and
Swedish men and women until the end of their reproductive period
using high-quality nationwide population registers. The current
study determines to what extent diseases are associated with child-
lessness; whether such associations vary between sexes, differ by the
age at disease onset or stratify by parity; and the roles that partner-
ship formation and educational level play in mediating the results.
To answer these questions, we used a disease-agnostic family-based
approach, whichallows us to robustly evaluate the relative importance
of 414 disease diagnoses in relation to childlessness while providing
public-health-relevant metrics to interpret the relative importance
and contextualize the results of our study.

Results

Study population

Our study populationincluded 1,425,640 womenand 1,119,380 men, who
were born after 1956 and alive by age 16, did not emigrate, and largely
completed their reproductive period by the end of 2018 (Fig. 1a). Among
them, 230,198 women and 279,454 men remained childless. The pro-
portionof childless individuals—those with no live-born children—was
higherin men (25.4%) than women (16.6%), higher among Finns (23.3%)
than Swedes (18.7%) and slightly higher in the general population than
inindividuals who had same-sex full siblings (0.9% higherinwomen and
0.5% higher in men). Among individuals with children, atwo-child parity
was most prevalentin men (47.1%) and women (48.9%), among both Finns
(44.0%) and Swedes (50.8%) (Supplementary Table 2). Bothwomen and
menwiththe lowest educational attainment were more likely to be child-
less (for example, in Finland, 24.2% were childlessinwomenand 37.4%in
men) than the general population (for example, in Finland, 18.8% were
childlessin women and 27.7% in men) (Supplementary Tables 3 and 4).

Whenlooking across generations, the education level of anindividual’s
parents was correlated with that individual’s childless status (Supple-
mentary Tables 3 and 4). For example, among index persons whose
parents had completed the first stage of tertiary education, men were
slightly less likely to be childless (for example, in Finland, 25.3%) than
the general population (for example, in Finland, 27.7%), while women
behavedinthe opposite way (for example, inFinland, 21.3%, compared
t018.8% in the general population).

For the entire study population, we have information from nation-
wideregisters covering 414 disease diagnoses across 16 main categories
(Supplementary Fig.2 and Supplementary Table 5). Disease prevalence
across the entire follow-up was highly comparable between Finland
and Sweden (Supplementary Fig. 3), and we present meta-analysis
results between the two countries. Our main analysis focused on 71,524
full-sister and 77,622 full-brother pairs who were discordant on child-
lessness (Fig. 1b).

Disease diagnoses associated with childlessness

Eleven rare diseases were associated with an almost complete lack of
children (for example, severe intellectual disability, childhood leu-
kaemia and muscular dystrophy) (Supplementary Table 6) and were
thereforenotincludedinthe remaining analyses. Of the remaining 403
diseases (328 inwomen and 325inmen), 74 were significantly associated
with childlessnessinatleast onesex (P<1.5x10™, after multiple-testing
correction), including 33 disease diagnoses shared among women and
men (Fig. 2). A full list of the results can be found in Supplementary
Table 7 orin an interactive dashboard: https://dsgelrs.shinyapps.io/
DiseaseSpecificLRS/. More than half of the significant associations
were mental-behavioural disorders (26/53 (49%) in women and 30/54
(55.5%) in men), which was, together with congenital anomalies, the
disease categories with the strongest associations with childlessness
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Fig.2|Relationship of 403 disease diagnoses with childlessness by age 45
inwomen and age 50 inmen in 71,524 full-sister and 77,622 full-brother
pairs who were discordant on childlessness, using amatched case-control
design. a,b, Odds ratios (ORs) are computed for each disease diagnosis (left)

and averaged over disease categories (right). The error bars indicate 95% Cls.
Only disease diagnoses that are significantly associated with childlessness after
multiple-testing correction (P< 1.5 x 10™*) are coloured. Labels are assigned only
for certain disease diagnoses that are described in the text.

(inwomen: odds ratio (OR) =3.1;95% confidence interval (CI) (2.6-3.7);
inmen: OR =3.2;95% ClI (2.6-4.0)), averaging over all mental-behav-
ioural disorders (Fig. 2 and Supplementary Table 8). There was sub-
stantial heterogeneity among different mental-behavioural disorders

(P<0.001inbothwomen and menin a heterogeneity test). For exam-
ple, mild intellectual disability was the condition with the strongest
association with childlessness (for example, in men, OR =21.7;95% ClI
(10.8-43.5)), while smaller effects were observed for mood disorders
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(for example, in men, OR =2.1;95% CI (1.8-2.3)). Severe diseases of the
brain such as cerebral palsy (in women: OR=13.4; 95% CI (7.9-22.7);
inmen: OR =12.0; 95% CI (6.5-22.2)) and malignant neoplasm of the
brain (in women: OR = 5.5; 95% CI (2.8-10.8); in men: OR = 5.0; 95% CI
(2.8-8.9)), which impair health and functioning in several ways but
can also result in behavioural and personality disorders*?’, were also
strongly associated with childlessness. Forindividuals with severe men-
taldisorders or physical disabilities (for example, intellectual disability),
especially among women, involuntary sterilization was historically
carried outin Finland (from 1935 t01970) and Sweden (1934 t01976)*.

Another disease category strongly associated with childlessness,
in both sexes, encompassed the endocrine-nutritional-metabolic
disorders (in women: OR =1.4; 95% CI (1.1-1.8); in men: OR =2.0; 95%
Cl (1.6-2.6); averaging over all endocrine-nutritional-metabolic dis-
orders). For example, obesity (in women: OR =1.8; 95% CI (1.5-2.4);
inmen: OR =2.7;95% CI (2.0-3.6)), which is normally recorded in the
secondary health-care registers only in severe cases, and type 1 and
type 2 diabetes (for example, in women, OR = 2.3; 95% CI (2.0-2.6) for
typeldiabetes and OR =4.2;95% CI (2.2-8.1) for type 2 diabetes) were
among the diseases with the strongest associations with childlessness.

We found severalinflammatory diseases to be significantly associ-
ated with childlessness across multiple organ systems including the
respiratory, circulatory, genitourinary, digestive, nervous and muscu-
loskeletal systems. For example, a diagnosis of pneumonia (OR =1.4;
95% Cl (1.3-1.6)), myocarditis (OR =3.7; 95% CI (2.3-6.1)), chronic
tubulo-interstitial nephritis (OR = 1.8; 95% CI (1.3-2.3)), multiple sclerosis
(OR=2.1;95%CI (1.5-3.1)), systemic lupus erythematosus (OR = 2.7; 95%
CI(1.6-4.6)) orjuvenileidiopathicarthritis (OR = 3.5;95% C1 (2.6-4.9)) sig-
nificantly increased subsequent childlessnessin women. Puzzlingly, but
consistent with previous findings*, we observed that chronic diseases
ofthetonsils and adenoids and acute appendicitis were associated with
reduced rather thanincreased odds of childlessness for womenand men
(forexample, for chronic diseases of the tonsils and adenoids, in women:
OR=0.84;95% Cl (0.80-0.88); in men: OR = 0.84; 95% CI (0.80-0.89)),
with similar effect sizes in Finns and Swedes (P for heterogeneity, 0.60
between the two countries in both sexes).

Sex-specific effects

The disease category encompassing congenital anomalies showed
markedly different effects between sexes (in women: OR = 3.5; 95%
Cl1 (2.6-4.9); in men: OR =1.8; 95% CI (1.3-2.5); P for sex difference,
3.7 x107%). Overall, malformations of the digestive system (in women:
OR =4.8;95% Cl(2.2-10.3);inmen: OR =1.7;95% C1 (1.0-3.0); P= 0.03)
and the musculoskeletal system (in women: OR = 3.5; 95% CI (2.0-6.1);
inmen: OR =1.2; 95% CI (0.7-1.9); P=3.7 x 10°) were more strongly
associated with childlessness in women than in men.

Significant sex-dependent effects were also observed for several
mental-behavioural and endocrine-nutritional-metabolic disorders
(Fig.3a). For example, diagnoses of schizophrenia (inwomen: OR =11.6;
95% Cl1(9.1-14.9); in men: OR = 20.8; 95% Cl (16.1-27.0); Pfor sex differ-
ence, 1.5 x107%) and acute alcohol intoxication (in women: OR = 2.2; 95%
Cl(1.6-2.9);inmen: OR = 4.7; 95% CI (3.8-5.7); P< 0.001) had stronger
associations with childlessness in men than in women. Diagnosis of
type 1diabetes showed a stronger association in women than in men
(inwomen: OR =2.3;95% CI (2.0-2.6); inmen: OR =1.7;95% CI (1.5-2.0);
P=3.9 x107). The stronger association in women might be due to the
factthat,inthe observational period, womenwith type1diabetes were
recommended not to get pregnant if under poor glycaemic control*.

Age-of-onset of disease effects

We hypothesized that the age when the disease was first diagnosed, a
proxy for the age of onset, would influence the chances of being child-
less by either capturing disease severity or directly impacting factors
underlying individuals’ reproductive trajectory. We first evaluated
whether there was a general trend across disease diagnoses (30 in

women and 31in men) that were associated with childlessness and for
which we had enough individuals to estimate age-of-onset-stratified
effects (Fig. 3b and Supplementary Tables 9 and 10). We observed a
nonlinear effect, with the strongest association with childlessness
occurring when the disease was first diagnosed between 21 and 25
years old in women (OR = 3.1; 95% CI (2.5-3.8)) and later, between 26
and 30 years old, in men (OR =3.1; 95% CI (2.4-3.9)). Smaller effects
were observed at younger ages (for example,inwomen, OR =1.9;95% CI
(1.6-2.3) for onset before 16 years old; P < 0.001) and, especially, older
agesof onset (for example, inwomen, OR =1.2;95% CI (0.5-2.8) for onset
between36and 40 yearsold; P=0.04). Despite this broader trend, there
was substantial heterogeneity between disease diagnoses (Fig. 3¢).
For example, among women diagnosed with obesity, the group that
received their first diagnoses between 16 and 20 years old had higher
levels of childlessness than those diagnosed at later ages (OR = 3.0; 95%
CI(1.6-5.6) for those diagnosed between 16 and 20 years old; OR = 1.1;
95% C1(0.5-2.7) between 26 and 30 years old; Pfor differences, 0.08).

Stratification by parity for individuals with children

Inthe mainanalyses, we compared childless individuals to their siblings
with children, regardless of parity. We reasoned that childless siblings
might be more phenotypically similar to their siblings with fewer chil-
dren (lower parity) than to siblings who had several children (higher
parity). When comparing childless individuals with their siblings with
justone child (Supplementary Table 11), 14 disease diagnosesinwomen
and 6 in men had significantly lower odds ratios (Supplementary
Fig. 4a,b) than those in the main analysis. For example, in women,
the OR of schizophrenia on childlessness dropped from 11.6 (95% CI
(9.1-14.9)) t0 5.1(95% CI (3.7-7.0); P< 0.001) when we compared childless
individuals with their siblings with just one child. For individuals with
higher parities, such as those with exactly two children (Supplementary
Fig.4c,d and Supplementary Table 7) or those with three or more chil-
dren (Supplementary Fig. 4e,fand Supplementary Table 7), limited dif-
ferencesin ORs were observed compared with the main analyses. Jointly,
theseresultsindicate that childless individuals are more similar to their
siblings with one child with regard to risk for childlessness-associated
early-life diseases than to siblings with higher parities.

Mediation effect by singlehood

Overall, 83.0% of women and 77.0% of men had registered partners
beforeage45and 50, respectively. Whenrestricted to childless individu-
als, the proportion dropped to 36.3% in women and 29.4% in men. We
therefore examined to what degree the associations between disease
diagnoses and childlessness were mediated by singlehood. First, we
estimated the effect of disease diagnoses on the chance of being with-
out a partner by age 45in women and age 50 in men (Supplementary
Figs.5and 6). We then compared log-transformed odds ratios on sin-
glehood with those on childlessness and observed a high correlation
between these two estimates in both women (R*=0.71, P< 0.001) and
men (R*=0.85, P< 0.001) (Supplementary Fig. 7). A causal mediation
analysis performed for each disease also indicated the mediationrole
of partnership formation, with 29.3% (median) of the disease effects
on childlessness in women and 37.9% in men mediated by singlehood
(Supplementary Table 12). Different patterns were observed across dis-
eases. For example, singlehood was a significant mediator for women
diagnosed with schizophrenia (OR =2.1; 95% CI (2.0-2.2) for indirect
effect; OR = 6.8;95% CI (5.0-9.2) for direct effect) but not for women
with hypertension (OR =1.2;95% CI (1.1-1.4) for indirect effect; OR = 2.4;
95% Cl1(1.6-3.5) for direct effect).

We next investigated whether some of the associations between
disease diagnoses and childlessness remained significantamong part-
nered individuals. We considered 133 disease diagnoses inwomen and
123 inmen, which had more than 30 affected individuals with registered
partnersinthesibling-based analysis. Some diseases that were strongly
associated with singlehood (for example, mild intellectual disability)
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Fig. 3| Sex-specific and age-of-onset-dependent effects for the association
between disease diagnoses and childlessness in 71,524 full-sister and 77,622
full-brother pairs who were discordant on childlessness. a, Odds ratios for
60 disease diagnoses that significantly increased the odds of childlessness in
either men or women. The error bars indicate 95% Cls. Only disease diagnoses
thatare significantly different between sexes at anominal Pvalue are coloured.

Age of onset (year)

T T T

o \;*3” NS
© 5
Age of onset (year)

b, The average effect associated with childlessness across 30 disease diagnoses
inwomen and 31in men, for each age category, as obtained from an age-of-
onset-stratified analysis. ¢, Age-of-onset-stratified odds ratios associated

with childlessness for three major diseases/disorders for which we observe a
significant trend. The estimate for each age category is computed only if the
number of individuals with this disease within the age group is more than five.

couldnotbeincludedinthe analyses because they were toorare among
partneredindividuals. Nonetheless, we observed 6 diseasesinwomen
and 11in men that remained associated with childlessness among part-
neredindividuals (Supplementary Fig.8). Compared with the estimates
obtained fromboth partnered and unpartnered individuals, the effects
onchildlessness were largely reduced for most disease diagnoses (Sup-
plementary Fig. 9), such as epilepsy (for example, from OR =3.7; 95%
Cl (3.2-4.3) for all women to OR =1.8; 95% CI (1.4-2.4) for partnered
women) and acute alcohol intoxication in men (from OR = 4.7; 95% CI
(3.8-5.7) for allmen to OR =2.4; 95% CI (1.5-3.8) for partnered men).
Several endocrine-nutritional-metabolic diseases retained a strong
association with childlessness among partnered individuals, such as
obesity in men (all men: OR =2.7; 95% CI (2.0-3.6); partnered men:
OR=3.3;95% CI (1.9-5.7)) and type 1 diabetes in women (all women:
OR =2.3;95%CI(2.0-2.6); partnered women: OR = 2.5;95% CI (2.0-3.2)).

Population-based and sensitivity analyses

We performed several sensitivity analyses to determine the robustness
of our estimation. First, our main results were based on within-sibling
analysis, which can account for unmeasured familial factors but also
made several assumptions, including siblings being generalizable to
the population. We thus also obtained population-based estimates
fromamatched case-control design controlling for several potential
confounders (Supplementary Fig. 10). Overall, the population-based
designresultedinlarger samplesizes, similar ORs and smaller Cls com-
pared with the sibling-based design (Supplementary Fig. 11). How-
ever, stronger associations were observed from the population-based
design in men for psychoactive substance abuse (for example, for
alcoholdependence, OR =2.9;95% CI (2.5-3.2) from the sibling-based
design and OR =3.8; 95% CI (3.5-4.0) from the population-based
design; P < 0.001) and mood disorders (OR =2.1; 95% CI (1.8-2.3)
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from the sibling-based design and OR = 2.7; 95% ClI (2.5-2.9) from the
population-based design; P < 0.001).

Second, in the main analysis, we included individuals who died
before the end of follow-up (affecting 7.4% of full sisters and 15.0% of full
brothers), thusincluding reproductive-age mortality as one of the pos-
sible mechanisms explaining childlessness. Tounderstand the overall
effect of reproductive-age mortality, we also conducted ananalysis only
consideringindividuals alive by the end of follow-up (Supplementary
Fig.12). Overall, the results were consistent (Supplementary Fig.13), but
we observed two disease diagnoses in men for which the main effects
onchildlessness were partially explained by reproductive-age mortal-
ity:acutealcoholintoxication (allmen: OR =4.7;95% C1 (3.8-5.8); men
alive by age 50: OR =3.9;95% CI (2.2-3.8); P=0.006) and subarachnoid
haemorrhage (all men: OR =2.9; 95% CI (1.8-4.5); men alive by age 50:
OR=0.9;95% CI (0.4-1.8); P=0.005).

Third, inthe mainanalysis, we opted for conditional logistic regres-
sionbecause the length of follow-up would be identical for the sibling
pairsifignoring reproductive-age mortality (Figs.1and 2). When using
a Cox proportional hazards model that captured both time-varying
effectsand death (Supplementary Fig.14), we observed similar results
withreductions in some disease diagnoses (Supplementary Fig. 15).

Fourth, research has found that individuals who remain child-
less in Finland, particularly men, have lower levels of education***,
suggesting that it may be important to adjust for educational level. In
the sibling-based analysis, we adjusted for differences in individuals’
education levels between siblings but did not find substantial dif-
ferences in our results compared with the unadjusted main analysis
(Supplementary Fig.16). Inthe population-based analysis, as expected,
significant changes in ORs were observed for many diseases, in both
women and men, whenwe adjusted for individuals” highest education
level (Supplementary Fig.17). For example, in men, after adjusting for
the highest education level, many disease diagnoses had significantly
reduced ORs (16 of 45 (35.5%) disease diagnoses with reduced odds of
childlessness), while obesity (OR increased from 3.2 (95% C1(2.8-3.7))
t04.4(95% Cl(3.7-5.2)); Pdifferences, 3.5 x 107%) and acute pancreatitis
(ORincreased from1.9 (95% CI (1.6-2.3)) t0 2.5 (95% CI (2.1-3.0)); P dif-
ferences, 0.04) were the only disease diagnoses exhibiting stronger
associations.

Discussion

The rich longitudinal Finnish and Swedish nationwide population
registers provided a unique resource to comprehensively assess the
associations of several diseases with childlessness and the relative
strength of these associations. In addition to the results summarized
here, all findings can be explored on the interactive online dashboard:
https://dsgelrs.shinyapps.io/DiseaseSpecificLRS/.

Our study used a hypothesis-free approach to estimate the asso-
ciationsbetween early-life diseases and childlessness across the entire
reproductive lifespan. Importantly, we identified several new disease—
childlessness associations such as autoimmune diseases (for example,
juvenile idiopathic arthritis, multiple sclerosis and systemic lupus
erythematosus) and inflammatory diseases (such as myocarditis). For
certain diseases, treatments such as methotrexate (an immunosup-
pressant widely used for rheumatoid arthritis and multiple sclerosis,
and occasionally used for systemic lupus erythematosus) have been
reported to have side effects on fertility in women™®.

Previous literature has given much attention to the role that dis-
eases play in childlessness among women, whereas men have been
understudied*®. We observed substantial sex differences in disease-
childlessness associations. For example, mental-behavioural disorders
such as schizophrenia and acute alcohol intoxication had stronger
associations with childlessness in men than in women, whereas
diabetes-related diseases and congenital anomalies had stronger asso-
ciations among women. These sex-specific effects may be explained
by differences in disease severity, bias in diagnostic practices, partner

history and direct biological effects on fertility. Sex differences were
also observed in the association of the age of onset of disease with
childlessness. Overall, diseases diagnosed between 21 and 25 years
oldinwomen andbetween 26 and 30 years old in mentend to have the
strongest association with childlessness. Thisis also consistent with the
sex difference in age at union formation, which occurs later in men®.

Our analyses highlight the important associations between many
diseases and partnership formation. Childless individuals are twice as
likely to be single, in line with previous research showing the impor-
tance of selection into partnership on fertility**. Singlehood repre-
sents a major mediator for the odds of being childless, especially in
men, and we estimated that 29.3% (median) of the disease effect on
childlessness inwomen and 37.9% in men was mediated by partnership
formation. The link between disease diagnoses and partnership for-
mationis probably mediated by complex sociocultural factors, social
norms and sex-specific behavioural preferences*°. For example, in
the current study, we found that mental-behavioural disorders such as
schizophrenia and acute alcohol intoxication are strongly associated
with singlehood in men. The effects are substantially smallerinwomen,
which probably reflects how different social and individual preferences
for behavioural phenotypes correlated with mental-behavioural dis-
ordersimpact partner choicein the two sexes*®.

Nonetheless, we also identified several diseases that are associ-
ated with childlessness among partnered individuals. Some of these
diseases are more likely to exert a direct biological effect on fertility
or pregnancy complications (as in the case of diabetes and obesity),
whereas others (such as some mental-health disorders) mightimpact
family stability or delay the age at family formation. Additionally, in
terms of risks for childlessness-associated early-life diseases, childless
individuals are more similar to their siblings with one child than to
those with higher parities. This suggests that the disease-childless-
ness associations identified from our main analyses might alsoinform
the relationship between parental health status and low parity (that
is, one child).

Our study has several strengths. First, for the majority of the
study participants, we have almost complete coverage of health and
reproductive information until the end of their reproductive period.
Second, we considered more than 400 diseases across both men and
women, allowing us to compare relative effects on childlessness both
between diseases and between sexes. The use of nationwide data from
two countries provided alarge sample of 2.5 million and, mostimpor-
tantly, allowed us to assess how robust our findings were in different
health-care systems and diagnostic practices. Finland has had amarked
increasein childlessness since the1970s of up to 22% for women and 32%
for men**, and our analyses reveal potential underlying mechanisms
such as the wider detrimental effects of alcohol dependence in men
and of endocrine-nutritional-metabolic disorders.

Third, by leveraging the information about family formation and
singlehood, we could explore to what extent this information, which
hasbeen described as animportant mediator of childlessness*’, medi-
ated the association between disease and childlessness. Fourth, we
used a matched-sibling design to limit confounding from a shared
familial environment. In our study, individuals with siblings had only a
slightly lower proportion of childlessness than the general population.
Sibling designs have been extensively used in analyses of Nordic reg-
isters and have several advantages over population-based designs®-*2,

Our study also reveals the legacy of a troubled and unjust past
of reproductive rights, often stemming from eugenic thinking and
discrimination related to disability and gender®******. We found that
intellectual disability was the condition with the strongest associa-
tionin men, but also high levels of childlessness were associated with
cerebral palsy and behavioural and personality disorders. Until 1970 in
Finland and 1976 in Sweden, individuals categorized as having severe
mental disorders or physical disabilities—particularly women—were
subjected to involuntary sterilization®.
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Our study also has several limitations. First, disease diagnoses were
largely obtained fromregisters covering secondary and tertiary health
careinhospitals that capture more severe disease cases (forexample,
mental health and behavioural conditions), and we thus lack informa-
tion on the onset and occurrence of major diseases included in pri-
mary health-care data (for example, low-grade metabolic conditions).
Moreover, disease diagnoses have changed over time; we have defined
disease outcomes by harmonizing three versions of International
Classification of Diseases (ICD) codes that might capture diseases with
differentaccuracy. Our findings are based onindividuals born between
1956 and 1973, and the results may thus not be entirely generalizable to
more recent cohorts, because reproductive and partnering practices
have changed and because better treatments might alleviate the effects
of some diseases on childlessness.

Second, aswith previous studies to date, we were unable to parti-
tion the impacts of diseases into voluntary and involuntary childless-
ness due to alack of data on reproductive preferences and intentions
and difficulties in differentiating the two'*?**, Given that estimates of
the voluntarily childfree group are around a quarter of the total popula-
tion of people without children, we note that public health interven-
tions should take this proportion into account and target those who
areinvoluntarily childless due to certain diseases. Among factors that
impact involuntary childlessness, long-term institutionalization and
disease-related treatments are two aspects that future registry-based
studies might be able to explore. For example, medications for epilepsy
are known to be associated with pregnancy complications®.

Third, assortative mating may lead to an overestimation of a dis-
ease’sassociation with childlessness among partnered couples. Fourth,
despite our attempt to use a study design that minimizes confounding
andreverse causality, these biases might challenge the interpretation
oftheresults. For example, although full siblings share roughly half of
their genetic material and similar family-of-origin characteristics, and
although only siblings with the closest birth order were considered,
siblings can still experience different childhood conditions and even
be influenced by each other’s conditions™. In a sensitivity analysis,
we adjusted for differences in siblings’ highest education level and
observed similar results compared to the main analyses; however,
we note that adjusting for different socio-economic factors might
affect the within-sibling estimates. Also, the use of only individuals
with same-sex full siblings may introduce selection bias, although
for most disease diagnoses, their effects obtained fromsibling-based
analyses were not significantly different from those obtained from
population-based analyses.

Finally, thereis the question of the generalizability of our results to
other nations. The Nordic countries have been the forerunners of demo-
graphic change in the realm of partnerships and fertility****, making
theseresultsrelevant for otherindustrialized nations. Forexample, being
married or havingaregistered partnershipis notaprecondition for hav-
ing childrenin Nordic countries (for example, 14% of Finns with children
never entered any marriages or registered partnerships), whichis a pat-
terngradually becoming more prevalentin other nations. Thereare also
importantsocio-economic fertility gradientsin Finland and Sweden that
mirror changesinmany industrialized nations. In the Nordic countries,
there has been a positive association between men’s higher education
and fertility**’. For Nordic women, there was initially the reverse gra-
dient (that is, higher levels of childlessness among those with higher
education), but this has shifted over time, withwomen becomingincreas-
ingly similar to men®. This ‘new Nordic’ fertility regime links higher
socio-economic status to higher fertility®® but also to multi-partner
fertility®’, a trend that has emerged in other nations as well.

In conclusion, we have comprehensively described the associa-
tions between different diseases, particularly those with onset prior to
the peak reproductive age, and the chance of being childless over a life-
time. This evidence canbe used as abasis for future studies focusing on
prioritizing healthinterventions to counter involuntary childlessness.

Methods

This study used nationwide registers from Finland and Sweden. The
use of Finnish registry datais approved by the Digital and Population
DataService Agency (VRK/6551/2019-1and VRK/6551/2019-2), Statistics
Finland (TK-53-1813-19) and the Finnish Institute for Health and Welfare
(THL/804/5.05.00/2019). The use of Swedish registry datais approved
by Socialstyrelsen (27035/2018) and Statistics Sweden (247849). The
Ethics Committee/IRB of Regional Ethical Review Board in Uppsala
gave ethical approval for this work (2018/223).

Study population

We considered all individuals borninFinland and Sweden between1956
and 1968 (men) or between 1956 and 1973 (women) as index persons,
for whom the vast majority completed their reproductive lifespan
(45years old for women****** and 50 for men*>**) by 31 December 2018
(Fig. 1a). Individuals who emigrated during the study period were
excluded to avoid incomplete follow-up for disease diagnoses
and reproductive information. We further excluded individuals
who died before the age of 16 to eliminate the effect of diseases on
pre-reproductive survival. In total, we considered 1,425,640 index
women (572,518 Finns and 853,122 Swedes) and 1,119,380 men (463,410
Finns and 655,970 Swedes). For these index individuals, we also
obtained information for parents, spouses, siblings and children for
atotal 0f 9,305,692 individuals (3,640,464 Finns and 5,665,228 Swedes).

Childlessness (main outcome)

The primary reproductive outcome of this study is childlessness,
defined as having no live-born children by age 45 for women®*%>**and
age 50 for men®>“*, For every index person, we extracted demographic
information on all biological childrenborn before 31 December 2018in
Finland from the Population Information System and in Sweden from
the Multi-Generation Register. Medical birth information including
stillbirthand the use of assisted reproductive techniques was obtained
from the Medical Birth Register, available since 1987 in Finland and 1973
in Sweden. We excluded children conceived by assisted reproductive
techniques (0.3% in Finland and 0.8% in Sweden) to control for poten-
tial confounding from social inequalities in medical help-seeking for
infertility, especially during the observational period.

Marriage and partnership (secondary outcome)

For index individuals in Finland, we obtained their longitudinal mar-
riage and partnership information between 11 April 1971and 31 Decem-
ber 2018 from the Population Information System. In Sweden, we
collected information on married couples and cohabiting unions with
biological childrenbetween1January 1977 and 31 December 2017 from
Statistics Sweden. We defined individuals as partnerless ifthey did not
have any abovementioned marriage or partnership registered by age
45 (women) or 50 (men). We note that in Finland and Sweden, around
14% of individuals have children without being married or having a
registered partnership (Supplementary Table 3) and that aregistered
partnership is rare among individuals with partners.

Disease diagnosis (exposure)

A wide variety of disease endpoints were defined by clinical expert
groups®, through ICD codes of versions 8 (1969-1986), 9 (1987-1995
in Finland and 1987-1996 in Sweden) and 10 (1996-2018 in Finland
and 1997-2018 in Sweden). We collected main diagnoses (ICD codes)
and admission dates for secondary health-care inpatient hospital
treatments (since 1969, but in Sweden, nationwide coverage began
in1973 for psychiatric diagnoses and 1987 for others®) and specialist
outpatientvisitsin Finland fromthe Care Register for Health Care (since
1998) and in Sweden from the National Patient Register (since 2001).
In Finland, we obtained cancer diagnoses (International Classifica-
tion of Diseases for Oncology, 3rd edition) and corresponding dates
of diagnoses from the Finnish Cancer Registry, available since 1953.
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Additionally, for allindividuals who died before the end of follow-up,
we collected the date of death and basic, immediate and contribut-
ing causes of death from Statistics Finland and Statistics Sweden to
capture additional disease diagnoses that were missing from hospital
inpatient and outpatient registers. The age of onset was defined as the
first record of a disease diagnosis.

Intotal, we considered 16 disease categories, with infectious—para-
sitic diseases and congenital anomalies defined only in Finland and
all remaining categories defined in both countries. To remove highly
correlated disease diagnoses, we estimated tetrachoric correlations
between every two disease endpoints using individual-level data and
only kept the one with the highest prevalence if a group of disease
diagnoses had tetrachoric correlations higher than 0.7. After removing
highly correlated disease diagnoses, we considered 414 diseases for
which we had more than 30 affected individuals in the sibling-based
analysis for each sex, in Finland or Sweden.

Sibling-based analysis (main analysis)

There were 274,205 pairs of full sisters (118,978 in Finland and 155,227
in Sweden) and 212,849 pairs of full brothers (97,849 in Finland and
115,000 in Sweden) among index persons (Fig. 1a), which allowed us
to control for potential confounding from genetic and environmen-
tal factors by performing a matched-pair case-control study design
(Fig. 1b). First, we kept only families having at least two same-sex full
siblings discordant for childlessness (at least one sibling with children
and one childless). Then, within each family, we randomly selected one
childless sibling as a case, and, as a control, the sibling with children
that was the closest in birth order to the case. Childless siblings were
of similar age to siblings with children (absolute mean age difference,
0.3years(s.d. =4.0) and 0.5 years (4.4) for full sisters and full brothers,
respectively). Finally, within each sibling pair, for both the case and the
control, we only considered disease diagnoses that had their onset at
least one year before the age at first birth for the sibling with children,
to eliminate the effect of diseases triggered by pregnancy. With the
matched design, we excluded diseases diagnosed after the reproduc-
tive lifespan to avoid reverse causation. We used a conditional logistic
regression model to investigate the association between a disease
and childlessness by applying the clogit functionimplemented in the
survival v.3.2-13 package®. Full siblings were likely to share environ-
mental factors, especially during the pre-reproductive period. We
therefore only adjusted for birth year effects. We used a similar model
to calculate the association between diseases and singlehood. We
applied Bonferroni correction (P = 0.05/328 =1.5 x 10 for women and
P=0.05/325=1.5x10"*for men, where 328 and 325 are the numbers of
unique diseases considered inwomenand men, respectively) to control
for the familywise error rate. The meta-analysis between estimates
obtained from the two populations was conducted with the metagen
function implemented in the meta v.5.1-0 package®’. For all statistical
analyses involved in this study, we used R v.4.1.2°,

Additionally, for disease diagnoses that were significantly
associated with childlessness, we assessed whether there were any
age-of-onset-dependent effects by considering the age of onset (eight
groups (<15,16-20, 21-25,26-30, 31-35,36-40, 41-45 or unaffected) for
both sexes and an additional group (46-50) for men) as fixed effects.
Forindividuals with children, we further assessed whether the effects
of disease diagnoses were consistent across parities by comparing
childless individuals to their siblings with one child, two children or
more than two children.

Mediation effect by singlehood

To assess the role that partnership formation plays in mediating the
observed associations, we performed a causal mediation analysis®’ to
partition the association between disease diagnosis and childlessness
into indirect (mediated by singlehood) and direct components (Sup-
plementary Information).

Population-based analysis (secondary analysis)

To estimate the population-level effects of diseases on childlessness,
we performed a nested incident-matched case-control design that
matched each childless case to one control on the basis of sex, birth
year, municipality of birth (545 from Finland and 1,091 from Sweden)
and the highest parental education level (International Standard Clas-
sification of Education 1997) (Supplementary Information). Parental
educationlevel was used instead of the index person’s education level
toavoid confounding between anindividual’s educational attainment
and medical conditions®. We used conditional logistic regression
analysis with no additional covariates in the model. In total, we used
226,860 matched pairs of women (107,375 in Finland and 119,485 in
Sweden) and 274,941 of men (127,689 in Finland and 147,252 in Sweden)
for the population-based analysis.

Sensitivity analysis

First, to eliminate the effect of diseases on reproductive-age mortality,
we used the sibling design framework described above but restricted
the analysis to 66,255 full-sister pairs (33,556 in Finland and 32,699
in Sweden) alive by age 45 and 66,009 full-brother pairs (32,996 in
Finland and 33,013 in Sweden) alive by age 50. Second, we used the
sibling design framework described above, but instead of conditional
logisticregression, we performed astratified Cox proportional hazards
regression model considering chronological age as the time scale
and disease status as a time (age) varying exposure (unaffected until
disease onset and affected afterwards). Follow-up started at age 16,
the estimated start of the reproductive lifespan, and was censored at
death or oneyear before the age at first birth of the control, whichever
occurred first. Third, to quantify to what extent the identified asso-
ciations between diseases and childlessness were mediated by social
characteristics such as educational attainment, we further adjusted
for individuals’ highest education level for both the sibling- and
population-based analyses. All sensitivity analyses using conditional
logistic regression were conducted with the clogit function imple-
mented in the survival v.3.2-13 package, while the analyses using the
Cox proportional hazards regression model were conducted with the
coxph functionimplemented in the same package.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allresults (aggregated data) canbe explored on the interactive online
dashboard available at https://dsgelrs.shinyapps.io/DiseaseSpecifi-
cLRS/.Dueto dataprotection regulations, we are not allowed to share
individual-level data directly. However, all Finnish and Swedish reg-
ister data used in this study can be applied from national data agen-
cies including Statistics Finland (https://www.stat.fi/index_en.html),
the Population Information System (https://dvv.fi/en/individuals),
the Finnish Institute for Health and Welfare (https://thl.fi/en/web/
thifi-en/statistics-and-data/data-and-services/register-descriptions/
care-register-for-health-care) and the Finnish Cancer Registry (https://
cancerregistry.fi/) from Finland; and Statistics Sweden (https://www.
scb.se/en/) and the National Board of Health and Welfare (Socialsty-
relsen, https://www.socialstyrelsen.se/en/) from Sweden.

Code availability
The code for conducting this study is available at https://github.com/
dsgelab/Lifetime-Reproductive-Success.
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With the unique datasets, we were able to analyze 414 diseases for which we had more than 30 affected individuals in the sibling-based
analysis for each sex, in Finland or Sweden.

Data exclusions  Individuals who emigrated during the study period were excluded to avoid incomplete follow-up for disease diagnoses and reproductive
information. We further excluded individuals who died before the age of 16 to eliminate the impact of diseases on pre-reproductive survival.

>
Q
=
C
=
™
o
©)
=
&5
>
—
D
°
©)
=
=2
Q
(%]
(-
3
3
Q
s

Lcoc y21opy




We excluded children conceived by assisted reproductive techniques (0.3% Finland, 0.8% Sweden) to control for potential confounding from
social inequalities in medical help-seeking for infertility, especially during the observational period.

Replication The use of nationwide data from two countries provided a large sample of 2.5 million and allowed us to assess how robust our findings were
to different healthcare systems and diagnostic practices. The identified associations with diseases such as type 1 diabetes and several major
mental health disorders were consistent with the previous studies [PMID: 17563340; 23147713].

Randomization  No randomization was performed because we considered everyone from Finland and Sweden born in certain years.

Blinding Blinding was not relevant to the study because this was a population-based study, with all analyzed data obtained from nationwide registers.
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