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STUDY QUESTION: What is the association between childhood and adolescent BMI and reproductive capacity in women?

SUMMARY ANSWER: Adolescent girls with obesity had an increased risk of infertility and childlessness in adulthood independently of
their marital status or the presence of polycystic ovary syndrome (PCOS).

WHAT IS KNOWN ALREADY: Girls with obesity (BMI (kg/m?)>95th percentile) more often exhibit menstrual irregularities and
infertility problems as compared to those with normal weight, and premenarcheal girls with obesity have an increased risk of childlessness
and infertility in adulthood. Follow-up studies on the relation between childhood and adolescence growth patterns and fertility or parity
throughout the reproductive life span are limited.

STUDY DESIGN, SIZE, DURATION: A prospective, population-based cohort study (the Northern Finland birth cohort 1966) was per-
formed with 5889 women born in 1966 and followed from birth to age 50 years. Postal questionnaires at ages 3| and 46 years addressed
questions on reproductive capacity evaluated by decreased fecundability, need for infertility assessment and treatment by 46 years of age.
Childlessness and number of children by age 50 years were recovered from registers. Women who did not report ever having attempted
to achieve pregnancy (n= 1507) were excluded. The final study population included 4382 women who attempted to achieve pregnancy
before age 46 years.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Data on BMI were collected by trained personnel at all stages. We assessed
association with both prospectively measured BMI at various time points and with early adiposity phenotypes derived from linear mixed
models including the timing and the BMI at adiposity peak (AP) and adiposity rebound (AR). Self-reported infertility assessments
and treatments were assessed at ages 3| and 46 years. Data on deliveries were collected from the national birth register. Decreased fecund-
ability was defined at age 3| years as time to achieve pregnancy over |2 months. Logistic regression analyses were conducted with adjust-
ments for marital status, education level and smoking at age 3| years. Women with PCOS were excluded from stratification-based sensitivity
analyses. Obesity at a specific age group was defined by having at least one BMI value above the 95th percentile during the related period.

MAIN RESULTS AND THE ROLE OF CHANCE: BMI at the age of AR (5-7years) was not associated with fertility outcomes
after adjustments, but girls with AR <5.1 years had a higher risk of remaining childless compared to girls with AR over 5.1 years (adjusted odds
ratio (OR): 1.45 (1.10-1.92)). At ages 7—10 and |1—I5years, obesity was associated with decreased fecundability (adjusted OR 2.05
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(1.26-3.35) and 2.04 (1.21-3.44), respectively) and a lower number of children. At age | [—I5years, both overweight and obesity were
associated with a higher risk of childlessness (adjusted OR .56 (1.06-2.27), 1.77 (1.02-3.07), respectively), even after excluding women
with PCOS. Underweight at age | [—I5years was associated with an increased risk for infertility treatment (adjusted OR .55 (1.02—
2.36)) and a tendency for an increased risk for infertility assessment (adjusted OR .43 (0.97-2.10)) after excluding women with PCOS.

LIMITATIONS, REASON FOR CAUTION: Despite a high participation rate throughout the follow-up, some growth data for children
over the different age groups were missing. Infertility outcomes were self-reported. A potential over-diagnosis of obesity may have reduced
the significance of the association between childhood obesity and fertility outcomes, and the diagnosis of PCOS was self-reported.

WIDER IMPLICATIONS OF THE FINDINGS: This study supports previous results showing that girls with obesity in late childhood
and in adolescence displayed reduced fertility and an increased risk of remaining childless in adulthood, independently of marital
history and PCOS in adulthood. These findings corroborate the body of evidence for a causal relation between early adiposity and the
reproductive functions in women. We recommend reinforcing the prevention of obesity in school-age girls to reduce the risk of impaired
reproductive functions.
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Introduction

The prevalence of obesity has doubled in developed countries dur-
ing the last [Oyears and is continuously increasing (Perez, 2013).
Childhood obesity in particular is a worldwide epidemic, and is asso-
ciated with increasing long-term health problems (Ward et dl,
2017). While adulthood obesity is a well-known risk factor of infer-
tility and childlessness (Nelson and Fleming, 2007; Brewer and
Balen, 2010), there are only limited data concerning the association
of childhood growth and obesity with fertility and reproductive ca-
pacity later in life.

Girls with obesity have more menstrual irregularities and an in-
creased risk of polycystic ovary syndrome (PCOS) (Lake et dl.,
1997; Ollila et al., 2016; Koivuaho et al., 2019), the most common
cause of anovulatory infertility (Nelson and Fleming, 2007; Brewer
and Balen, 2010). However, few longitudinal studies have investi-
gated the association between childhood growth and reproductive
capacity, and the studies showed diverging results. An inverted
J-shaped relation between adolescent BMI and parity in adulthood
has been observed (Jokela et al., 2007). In prospective cohort stud-
ies, girls with obesity in premenarche displayed an increased risk of
childlessness and infertility in adulthood (Lake et al., 1997; Jacobs
et al., 2017), but conflicting results concerning adolescence have
been published (He et al., 2018). To our knowledge, there are only
two studies investigating the relation between obesity before age
9years and reproductive capacity in adulthood, and their results
have been conflicting (Lake et al., 1997; Jacobs et al., 2017). We are
not aware of any studies focusing on the association of infancy and
early childhood growth with later fertility.

Recent studies evaluating the association between childhood obesity
and metabolic disorders in adulthood have also focused on childhood
growth trajectory data in addition to age-specific BMI measures. BMI
first increases from birth and reaches a maximum at the age of
9 months (adiposity peak (AP)) and decreases thereafter to reach a
nadir at the age of 4—6years (Silverwood et al., 2009; Koyama et al.,
2014; Péneau et al., 2016). A later timing and a higher BMI at AP have
been associated with childhood obesity. In particular, an increased
magnitude of AP has been associated with higher BMI and blood pres-
sure later in life whereas conflicting results concerning metabolic dis-
turbances in adulthood have been published (Sovio et al., 2014; Aris
et al., 2019). Adiposity rebound (AR) is defined as the second rise of
BMI following the nadir phase in the childhood growth trajectory. The
mean age at AR is population-dependent and normally occurs at age
5-7years (Koyama et dl., 2014; Péneau et al., 2016). Early AR is de-
fined by its occurrence before the age of 5years (Péneau et al., 2016)
and has been associated with obesity and an unfavorable metabolic
profile in adulthood (Koyama et al., 2014; Péneau et al, 2016). In
our previous publication in this same population, early AR (under
5.1 years) was also associated with the development of PCOS,
independently of adulthood BMI (Koivuaho et al., 2019). However, we
are not aware of any studies focusing on the association of the timing
and BMI of AR or AP with fertility outcomes.

The aim of this study was to evaluate the relation of BMI from birth
until adolescence (age |15 years) with fertility and reproductive capacity
until the end of the reproductive time window (defined here as
50years). More specifically, we focused on assessing the association
between childhood obesity in three childhood age groups, namely
early childhood (3—6years), prepubertal (7—I0years) and pubertal
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periods (| —15years), with adulthood fertility. Reproductive capacity
was evaluated by decreased fecundability and the need for infertility
assessment and treatment by age 46 years, as well as childlessness and
number of children by age 50 years.

Materials and methods

Study population

The study population was drawn from the prospective, longitudinal,
population-based, Northern Finland Birth Cohort 1966 (NFBCI1966),
recruited at gestational week 24 from the two northernmost provinces
of Finland. The study included a total of 12 058 live births (5889
females), covering 96% of all births in this area (Rantakallio, 1988).
The study was approved by the Ethics Committee of the Northern
Ostrobothnia Hospital District. All participants provided informed con-
sents. The study population is presented in Fig. |.

A postal questionnaire was sent at age | year to 5800 girls’ child
health and welfare nurses (of these 5279 i.e. 91.0% answered), at age
|4years to 5742 girls and their families (of these 5455 i.e. 95%
answered), at age 3| years to 5 608 women (of these, 4523 i.e. 81%
answered, of these 4482 consented to data use) and at age 46years
to 5123 women (of these 3706 i.e. 72% answered, of these 3692 con-
sented to data use). The questionnaires at ages 3| and 46years
included multiple questions on lifestyle, education, family history, living
environment, health, and fertility (Table I).

The outcomes concerning fertility were defined based on the
answers to the 31 year and 46 year questionnaires (Table I). The time
to pregnancy in months was asked only at age 31 years and calculated
from the beginning of unprotected intercourse until the first preg-
nancy. Decreased fecundability was defined as active exposure to
pregnancy (i.e. not using contraception) for |year without getting
pregnant (Koivunen et al., 2008). Other outcomes were as follows:
infertility assessment, infertility treatment, childlessness and number of
children. A reference group was defined as women without de-
creased fecundability, infertility assessment, infertility treatment and
childlessness. Women with missing data regarding decreased fecund-
ability were also excluded from the reference group (Fig. I). The final
study population included 4382 women who attempted to achieve
pregnancy before age 46 years.

The number of deliveries until the end of 2016 (when the women
tumed 50 years) was obtained from the Finnish Medical Birth Register
founded in 1987. The birth data before 1987 were collected from the
Population Register Centre live births to make the birth data complete.

Growth data and definition of obesity in
the study population

Height and weight were measured by professional nurses at ages 6
(n=2928) and I2months (n=3797) and BMI (kg/m? was
calculated.

Height and weight from infancy to adolescence were collected from
records, and were measured by the child health and welfare nurses,
and later by school nurses, as a part of the national child health pro-
gram, which is free for all children in Finland. Given that measured
weight and height were not available for every year in all participants,

three different age groups were created: early childhood (3.00—
6.99years, n=2 5II), prepubertal period (7.00-10.99years,
n=12652) and pubertal period (I1.00-15.99 years, n=2 751), accord-
ing to the literature regarding childhood growth (Tanner and
Whitehouse, 1976). If participants had more than one measurement
per year, the mean BMI was calculated. For each age group, the partic-
ipants were stratified into underweight (below 5th percentile (pc)),
normal weight (5th—85th pc), overweight (85th—95th pc) and obese
(over 95th pc) groups according to the criteria of the World Health
Organization (WHO) and Center for Disease Control and Prevention
(Kuczmarski et al., 2000). Obesity and underweight in a specific age
group were defined as at least one BMI value above the 95th pc or
below the 5th pc during the related period, respectively.

BMI and the timing of AP and AR were derived from fitted growth
curves, as described previously (Sovio et al, 2014). The natural
changes observed in childhood BMI required the data to be split into
two age windows: infancy (2weeks—I|.5years) and childhood
(1.5-13years) to model the BMI trajectories (Sovio et al., 2014).
There were, on average, seven measurements during infancy and
|6 during childhood for each child. Calculation of AP (| month—
| .5years) and AR (1.5—-13 years) was carried out only for the children
having at least three measurements during childhood (AP n=2083,
AR n=2566). We used a cut-off value of 5.1 years to define an early
AR, as detailed by Koivuaho et al. (2019).

Height and weight at age 14 years were all reported by the parents.
BMI at age 14years was used only for continuous analyses. Height and
weight at age 3| years were measured at the clinical examination. If
measurements were not available, self-reported data were used.
According to our previous study in this same population, there was no
statistically significant difference between self-reported and clinically
measured BMIs (Ollila et al., 2016).

Covariates

All results were adjusted for marital status at ages 3| and 46 years,
and smoking and education level at age 31| years (Table Il). Prenatal
factors (maternal age, smoking at the end of pregnancy, prepregnancy
BMI, own birthweight or gestational age), which are known to associ-
ate with childhood growth (Woo Baidal et al., 2016) and childlessness
(Ekholm et al., 2005; DeKeyser et al., 2012), were not significantly as-
sociated with any fertility outcomes in our study population (Table II)
and were, therefore, not included as covariates. Marital status was de-
fined as either ‘being single’ (both at ages 3| and 46 years) or ‘ever be-
ing in relationship’ (ever been married/cohabited/divorced/widow).
Smoking and education level at age 31 years were classified based on
the questionnaire (Table ). The criteria for defining PCOS in this pop-
ulation have been described previously (Ollila et al., 2016; Karjula
et al., 2017; Koivuaho et al., 2019). Briefly, women presenting both
self-reported oligo/amenorrhea and hirsutism at age 31l years
(n=110) and/or with self-reported formally diagnosed PCOS by age
46years (n=174) were defined as women with PCOS (n=259)
(Table ).

Statistical methods

The differences between groups for continuous variables (age and BMI
at AP and AR, menarche age, BMI at age 14 and 31 years, and number
of children,) were analyzed by using an independent Student’s t-test,
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Additional data from
registers or records

DATA prospectively COLLECTED Data not available

N= 5889 live

Northern Finland birth cohorts 1966
Girl participants the number of participants with

Targeted population varied from one
follow-up to another depending on

known address.

born

1 year-old follow-up

Dead or not reached N=710

N=5279
Childcare reports
School health records >
N=3540
14 year-old follow-up Dead or not reached N=147
N=5455 No participation N=287

31 year-old follow-up
N= 4482

Dead or not reached N=281
No participation N=1085
No consent N=41

N=3692

46 year-old follow-up

Dead or not reached N=766
No participation N=1417

No consent N=14

National birth registers at age 50
N=4549

Women who attempted to achieve pregnancy before age 46y N=4382

Reference group*: Decreased
No infertility problems fecundability 31y

N=2381 N=337

Infertility Infertility Childlessness
assessment 46y treatment 46y S50y
N=563 N=441 N=607

* Excluded from the reference group: decreased fecundability, infertility
assessment, infertility treatment or childlessness at any collection point (N=1183)
and missing data for decreased fecundability at age 31 (N=818)

Figure I. Study population in the Northern Finland Birth Cohort

the Mann—Whitney U, one-way ANOVA or the Kruskal-Wallis tests,
as appropriate. For the differences in categorical parameters, a Chi-
squared test was used. For these tests, the results are reported as
means or medians and SD or 95% CI, or prevalence (%) and odds ra-
tios (OR) with 95% Cl, respectively. P value <0.05 was considered

1966.

statistically significant. Multivariate analyses were conducted using a
binary logistic regression modelling. The results were reported as ORs
with 95% Cls.

The data were adjusted for the following variables: marital status
during the reproductive period (at ages 3| and 46 years) and smoking
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Table I Questions and the derived parameters used in the analyses.

Age (years) Questions Parameters Study population N = 4382"

14 “ Your weight and your height?” BMI at age 14 N=3941 Missing N =441

31 “How old were you when you started Menstrual age N =4056
menstruating?” Missing N =326
“How many months did it took you  Fecundability N =2654
to get pregnant (time without under 12 months—Normal N =357
contraception)?” over |2 months—Decreased Missing N = 1371
“Your educational status? Mark the Education
highest.” Basic education N =369

Secondary education N=2929
Tertiary education N =794 Missing N =290
Have you ever smoked in your life? Smoking
Have you ever smoked regularly? Do Never smoked N =203
you smoke nowadays? Former/occasional smoker N=1047
Active smoker N=997 Missing N =307
Is your menstrual cycle often (more PCOS ymptoms
than twice a year) over 35 days? Oligomenorrhea N =307 PCOS ,ymptoms + PCOS giagnosed
Do you have excessive growth of Hirsutism N =288 = PCOS ocal
body hair? If both, defined as PCOS ¢mpoms N =110 N =259
46 Have you ever been diagnosed with PCOS 4iagnosed N=174
polycystic ovaries and/or PCOS?
31 and 46 Atage3ly At age 46y Before 46y
“Have you been assessed for No infertility assessment N=3172 N =12925 N=3819
infertility?” Infertility assessment N =393 N =439 N =563
Missing N =817 MissingN=1018

"Have you been treated for No infertility treatment N=3353 N =3074 N=3941

infertility?” Infertility treatment N =288 N =307 N =44
Missing N =741 MissingN = 1001

“Your marital status: married, cohab- Marital status

iting, single, divorced, widowing?” Ever been in relationship N =3488 N =3200 N =3950

Single N =579 N =290 N =402

Missing N =315 Missing N =892 Missing N =30

PCOS: polycystic ovary syndrome.
*Women who never attempted to achieve pregnancy were excluded.

and educational level at age 31 years. Given that PCOS is strongly as-
sociated with overweight and obesity and is also the most frequent
cause of anowulatory infertility in women (Brewer and Balen, 2010),
we performed additional analyses after excluding women with PCOS.
Linear, cubic and quadratic associations between number of children
and BMI at age |4years were assessed with curve estimation. IBM
SPSS Statistics for Windows, Version 25.0. Armonk, NY, USA: IBM
Corp. was used to assess differences between the study groups and
to perform the regression analyses.

Results

Characteristics of the study population

The numbers of participants varied between each age groups and dif-
ferent fertility outcomes, owing to variations in the number of answers
to each question and/or participation in the clinical examination
(Table I). In all, 1104 women reported some fertility problem (de-
creased fecundability, infertility assessment or infertility treatment) or

remained childless. Owing to a significant overlap between fertility out-
comes, most of the women were included in several infertility out-
come groups. The overlap between infertility assessment and
treatment was particularly extensive (96% of the women receiving
treatment were assessed for infertility and 72% of the women
assessed received treatment). On the other hand, only 18% of women
who remained childless had been treated for infertility, and only 23%
of those who received treatment, remained childless. The final study
population included 4382 women who attempted to achieve preg-
nancy before age 46 years: decreased fecundability (n=357), infertility
assessment (n=>563), infertility treatment (n=441) and childlessness
(n=607), and the reference group including the women without any
infertility problem (n=2381) (Fig. I).

As expected, parous women were more likely to have ever been in
a relationship compared with their counterparts without deliveries.
During the follow-up, the rate of active smoking reduced from 24.8%
to 17.2% and the education level increased (tertiary: from 24.8% to
29.0%) (data not shown). Of note, because of the definitions used
(see the ‘Study population’ subsection of the ‘Materials and Methods’),
underweight (BMI < 95th pc) was underrepresented, and obesity



2953

Childhood growth and infertility

'S9|qRLIBA [BDLI0391BD U0 PASN SeM 159) S UOSIESd pue ‘Dlelidoidde se ‘1591 ) ASUIYAA—UUR|] BY) JO 1591-3 sajdwies Juapuadapul aya 3uisn Aq paw.opad auam S9|qeLIBA SNONUNUOD J0) S1591 9dURdHIUSIS

‘(uonendod a5uauajeu se pasn si swa|qo.ad AU} INOYIM USWOM) GO'0 > g

0

8T

L19
5L

98T
R4
06k

667 F86'€C
89
L9

1€ F+87CI
L9TF G961
LS'LF998¢
TS F66¢EE

0§l
989+ ¢€1'8¢
weForee

LEIFTI
R
1oL

5L

6'1¢C
6'SC
[aa

LLYFSIHT
18l
£16

6¢°1 +867CI
(SR AN]
YL LF €98
96¥ F 60¥¢

<Ll
WIFITLL
YCEF 167CC

IV 1 FEy'l
o€t
169

€L

6'€C
9vC
S'19

I8V F L1¥T
891
€96

8E'1 +86CI
89 CFCS6l
€8'LF/£S°8¢E
L0SF¥6EE

€91
899+ 95°LC
6T EF867CT

L9 1 F 1671
9Ll
(YA
A

¥ee
1 4Y4
I"€S

L8P FISHT
19
1'96

6C 1 F 187l
FJLTF8L6I
II'LFELBE
96% F08€¢E

LI
S9°9FC9°LT
EIreF167ce

991 F0LC S F uBaW ‘UBJP|IYd JO JaqUINN|
0Ll Asenua |
6'€L (9ouauajeu) Auepuodag

"6 dlseg
(%) A | € uoneonpg
8'%C Jd0Ws 9ANdY
LT J9>0Ws [BUOISEIIO /J9WIO
S8y (9ouaua)Ru) JasjoWs-UON|
(%) A | € 3upjowis
81 F £8°€C as F uesw ‘(;w/3) £ | € |INg
Ly (%) SODd
¥'v6 (%) diysuonejau ur usaq JaAg
pooynpy
6T F16TI S F ueaw ‘(4eak) ayoaeusw Je a3y

[€TF8E6I as F ueaw ‘(;w/3) Ay | |INg

88/ F 19'8¢ s F uesw ‘(3oam) a3 [eUONLISID)

96¥ F 96¢€€ as F ueaw ‘(3) ySremuyaiig

pooypiiyd

sJ9jaweded s,uos.ad xapuj

Gl (%) Aoueuaud jo pus Supjows s JaYio|.
6S9F I1LLT as F ueaw ‘(Jeak) a3e s J2YIo||

I1'S§FEOET Qs F uesw ‘(;ui/3) |lNg Adueudsudaud s syol

s49joweaed [eutdjey

L09=N
saeak gg a3e
e sSaussI|p|IYD

1Yy =N

saeak g a3e aJuojaq
sjuswizeau3 A3ij1uau|

€95 =N

saeak 9 93e auojaq
juswssasse A31j13a9)u]

LSE=N
saeak | ¢ adeje
A3jiqepunday paseadag

18€T=N
saeak g ade aJojaq

swiajqo.ad A3ij343jul oN

‘uone|ndod Apn3s ayj3 jo son3siialdBIRYD || d1qEL



2954

Laru et al.

Table Il Association between age and BMI at adiposity peak and adiposity rebound with fertility outcomes.

No infertility Decreased Infertility assess- Infertility treat- Childlessness at age
problems fecundability at ments before age ments before age 50 years
age 31 years 46 years 46 years
Adiposity peak Total number n= 1281 n= 18I n =286 n=225 n=314
Age (years) Mean £ SD 9.124+043 9.104+0.37 9.10+0.35 9.08+0.37 9.11+0.39
OR 95% CI Crude ref 0.82 (0.55-1.23)  0.82(0.58-1.15)  0.76 (0.52—1.12) 0.92 (0.67-1.27)
Model | ref 0.83 (0.55-1.24)  0.82 (0.58-1.15)  0.76 (0.52—1.12) 0.91 (0.64-1.28)
Model Il ref 0.82 (0.55-1.23)  0.81 (0.58-1.14)  0.76 (0.52—1.11) 0.91 (0.64-1.28)
BMI (kg/m?) Mean £ SD 17.78 £ 0.78 17.79+0.88 17.71 £0.85 17.68+0.86 17.67 +0.81
OR 95% CI Crude ref 1.02 (0.83—-1.25)  0.87 (0.73-1.03)  0.84 (0.69-1.02) 0.84 (0.71-0.99)
Model | ref 1.02 (0.84-1.25)  0.86 (0.73-1.03)  0.84 (0.70-1.02) 0.84 (0.70-1.00)
Model Il ref 1.02 (0.84-1.25)  0.87 (0.73-1.03)  0.84 (0.70-1.02) 0.84 (0.69-1.00)
Adiposity Total number n=1520 n=211 n=346 n=275 n=360
rebound
Age (years) Mean £ SD 5.57+0.81 5.41 £0.95 5.54+0.94 5.55+0.95 5.481+0.96
OR 95% CI Crude ref 0.82 (0.69-0.96) 0.96 (0.84-1.10) 0.97 (0.82-1.12) 0.86 (0.75-0.99)
Model | ref 0.82 (0.70-0.96) 0.96 (0.84-1.10)  0.97 (0.83-1.13) 0.83 (0.72-0.96)
Model Il ref 0.82 (0.70-0.97) 0.97 (0.84-1.11) 0.98 (0.84-1.14) 0.84 (0.73-0.97)
BMI (kg/m?) Mean £ SD 15.31+1.05 1545+ 1.26 1527+ 1.19 1525+ 1.14 1533+ 1.12
OR 95% CI Crude ref I.11(0.98-1.26)  0.95(0.85-1.06)  0.93 (0.82—1.05) 1.04 (0.94-1.17)
Model | ref I.11(0.98-1.27)  0.95(0.85-1.06)  0.93 (0.82—1.05) 1.02 (0.90-1.15)
Model Il ref I.11(0.97-1.26)  0.94 (0.84-1.06)  0.92 (0.81-1.05) [.01 (0.90-1.15)

Women who reported to have never attempted to achieve pregnancy were excluded from the analyses.

Results are shown as odd ratios (OR) with 95% CI.

Model I: Adjustment for marital status during reproductive period.

Model Il: Model | + adjustment for education and smoking at age 3| years.
The bold values significance is expressed in the Tables as ORs.

(BMI > 95th pc) was overrepresented, especially in the early years
(6 months—3 years) (Supplementary Table SI).

Infancy, age 6—~12 months

BMI under 5th pc or over 95th pc at age 6 or |2months
(Supplementary Table SIl) did not correlate with any fertility
outcomes.

AP and AR

The age at AP was not associated with any adverse fertility outcomes
or childlessness, but BMI at the age of AP was inversely associated
with childlessness (17.78 vs 17.67; OR 0.84, (95% Cl: 0.71-0.99)) in
the crude analyses (Table Ill). However, after adjusting for all con-
founding factors and excluding women with PCOS, the difference lost
its significance (OR: 0.83 (0.69-1.01)) (Supplementary Table SllI).

The age at AR was earlier in women with decreased fecundability
and childlessness, but after the exclusion of the women with PCOS,
only the association with childlessness remained significant
(Supplementary Table SllI). After excluding women with PCOS, a
higher BMI at AR was associated with lower risk for infertility assess-
ment (adjusted OR 0.87 (0.76-0.98)) and a trend for lower risk for in-
fertility treatments (0.88 (0.75—1.01)) (Supplementary Table SlII).

Girls with AR <5.1 years had a higher risk of remaining childless

compared to girls with AR over 5.1 years (OR: 1.38 (1.07-1.79)) and

the difference remained significant after adjusting for all confounding
factors and after the exclusion of women with PCOS (adjusted OR:
.45 (1.10-1.92)). There were no significant association with other fer-
tility outcomes (data not shown).

Early childhood, age 3-6 years

At age 3—6years, 9.4% of the girls were classified as obese and of
those 36.9% were obese at age 3| years. Interestingly, the prevalence
of obesity was the highest at age 3years and decreased over time
(Supplementary Table SI). Of the women who had participated in the
questionnaires and the clinical examinations at ages 31 and 46 years,
61.8% and 66.4% had growth data available, respectively. This age
group showed no significant associations between underweight, over-
weight or obesity and any fertility outcomes (Table IV) or the number
of children (Fig. 2).

Prepubertal period, age 7-10years

At age 7—10years, 6.7% of the girls were obese and, of those, 56.8%
remained obese at age 3| years. Obesity at age 7—10years was associ-
ated with decreased fecundability at age 31 years, but not with child-
lessness and self-reported infertility assessment or treatment (Table
IV). The results did not change after adjusting for all confounding fac-
tors (Table 1V) and excluding women with PCOS (Supplementary
Table SlIl). Overweight at age 7—10years was associated with a lower
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Table IV Association between childhood underweight, overweight and obesity in the different age groups with fertility
outcomes compared to childhood normal weight.

Decreased
fecundability at
age 31 years

No infertility
problems (n = 2381)

Infertility assess- Infertility treat-
ments before age ments before age
46 years (n =563) 46 years (n = 441)

Childlessness at age
50 years (n = 607)

(n=357)
Age 3-6years Total number N=1385 N=193 N=319 N =250 N =332
Underweight Prevalence (%) 35 4.1 53 5.2 4.8
OR 95% CI Crude ref 1.04 (0.49-2.22) 1.28 (0.73-2.26) 1.21 (0.64-2.28) 1.31 (0.62=2.77)
Model | ref 1.03 (0.48-2.19) 1.27 (0.72=2.25) 1.20 (0.63-2.27) 1.42 (0.77-2.64)
Model Il ref .05 (0.49-2.45) 1.29 (0.73-2.28) 1.22 (0.46-2.31) .45 (0.78-2.70)
Overweight Prevalence (%) 13.6 1.4 12.2 12.0 14.8
OR 95% ClI Crude ref 0.92 (0.61-1.37) 0.82 (0.58-1.15) 0.76 (0.52-1.11) 0.93 (0.67-1.29)
Model | ref 0.91 (0.61-1.40) 0.82 (0.58-1.15) 0.75 (0.51-1.11) 0.94 (0.66~1.35)
Model Il ref 0.91 (0.61-1.37) 0.81 (0.58-1.15) 0.76 (0.52—1.11) 0.94 (0.66~1.35)
Obese Prevalence (%) 10.1 1.4 6.3 6.4 7.8
OR 95% ClI Crude ref 1.30 (0.80-2.11) 0.68 (0.41-1.11) 0.67 (0.39-1.17) 0.89 (0.56~1.40)
Model | ref 1.29 (0.80-2.10) 0.67 (0.41=1.11) 0.67 (0.38-1.16) 0.80 (0.49-1.32)
Model Il ref 1.29 (0.80-2.10) 0.66 (0.40-1.09) 0.66 (0.37-1.14) 0.79 (0.48-1.30)
Age7-10y ears Total number N = 1457 N =205 N =336 N =270 N =348
Underweight Prevalence (%) 7.1 59 9.2 8.9 6.6
OR 95% ClI Crude ref 0.87 (0.47-1.61) 1.29 (0.83-1.98) 1.26 (0.78-2.03) 0.95 (0.58-1.55)
Model | ref 0.87 (0.47-1.61) 1.28 (0.83-1.97) 1.26 (0.79-2.02) 0.93 (0.55-1.56)
Model Il ref 0.86 (0.46~1.60) 1.32 (0.85-2.04) 1.29 (0.80-2.09) 0.92 (0.54-1.56)
Overweight Prevalence (%) 10.3 10.7 1.6 .5 1.8
OR 95% CI Crude ref 1.23 (0.81-1.89) [.13(0.79-1.61) [.10 (0.75-1.63) 1.23 (0.87-1.76)
Model | ref 1.23 (0.80-1.88) .12 (0.78=1.59) 1.09 (0.74-1.61) 1.32 (0.91-1.93)
Model Il ref 1.23 (0.80~1.88) 1.10 (0.77-1.58) 1.09 (0.73-1.61) 1.28 (0.88-1.87)
Obese Prevalence (%) 6.0 1.2 57 5.6 7.5
OR 95% CI Crude ref 2.06 (1.26-3.34) 0.95 (0.56~1.61) 0.92 (0.51-1.65) 1.34 (0.84=2.15)
Model | ref 2.04 (1.25-3.33) 0.95 (0.56~1.61) 091 (0.51-1.63) [.16 (0.69-1.95)
Model Il ref 2.05 (1.26-3.35) 0.94 (0.55-1.59) 091 (0.51-1.63) I.15 (0.68-1.94)
Age 1 1-15years Total number N=1525 N=213 N =345 N =274 N =355
Underweight Prevalence (%) 10.0 9.4 12.2 13.1 10.7
OR 95% CI Crude ref 0.98 (0.60-1.61) .35 (0.93-1.94) [.41 (0.95-2.09) 1.09 (0.73-1.63)
Model | ref 0.94 (0.60-1.61) 1.35 (0.93-1.94) 1.42 (0.95-2.10) 1.21 (0.79-1.84)
Model Il ref 0.97 (0.60-1.59) 1.37 (0.95-1.99) .44 (0.97-2.15) 1.22 (0.80-1.86)
Overweight Prevalence (%) 10.3 9.9 7.8 9.5 12.4
OR 95% CI Crude ref I.11(0.73-1.68) 0.92 (0.63-1.33) 1.02 (0.69-1.51) 1.38 (0.99-1.94)
Model | ref 1.10 (0.73-1.67) 0.91 (0.63-1.32) 1.00 (0.68-1.48) 1.55 (1.08-2.22)
Model Il ref I.11(0.73-1.69) 0.91 (0.63-1.31) 1.01 (0.68-1.50) 1.53 (1.07-2.20)
Obese Prevalence (%) 4.9 9.4 7.0 6.6 7.3
OR 95% ClI Crude ref 2.01 (1.20-3.39) 1.56 (0.96=2.51) 1.47 (0.86=2.51) 1.84 (1.51-2.93)
Model | ref 2.00 (1.19-3.37) 1.56 (0.96-2.51) |.45 (0.85-2.28) 1.97 (1.19-3.24)
Model Il ref 2.04 (1.21-3.44) 1.53 (0.95-2.48) |46 (0.85-2.50) 1.97 (1.19-3.27)

Women who reported to have never attempted to achieve pregnancy were excluded from the analyses.
Underweight (BMI <5th percentile (pc)), normal weight (BMI 5th-85th pc), overweight (BMI 85th—85th pc), obese (BMI >95th pc).

Results are OR with 95% CI.
Model I: Adjustment for marital status during reproductive period.

Model II: Model | + adjustment for education and smoking at age 3| years.

The bold values significance is expressed in the Tables as ORs.
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Figure 2. Total number of children by age 50years in different weight groups at ages 3-6years, 7-10years and |1-15 years.

The results were adjusted for: marital status during reproductive age, education and smoking at age 31 years. Women who reported to have

never attempted to achieve pregnancy were excluded from the analyses.

Normal weight is used as a reference group. y, year; UW, underweight

(BMI <5th percentile (pc)); NORM, normal weight (BMI 5th-85th pc); OW, overweight (BMI 85th—85th pc); OB, obese (BMI >95th pc).
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Figure 3. Curve estimation between BMI at age 14years
and number of children. P-value for each curve fitting is
presented.

number of children compared to normal weight but the association
between obesity and number of children did not reach statistical signifi-
cance (Fig. 2). Conversely, women who were underweight at age 7—
|0years tended to have more children than their normal weight coun-
terparts (Fig. 2).

Menarche age

The mean age at menarche was 12.9 years and the median was |3
years (range: 9—18) in the entire study population. Girls with obesity in
each age group had earlier age at menarche than normal weight girls:
age 36 years: 12.4 (95% Cl: 12.1-12.6) versus 12.9 (12.8-12.9) years,
p=0.001; age 7-9 years: 12.0 (11.8-12.3) versus 12.9 (12.8-13.0)
years, p=0.0001; age |1-I5 years: 12.1 (11.9—12.4) versus 12.9
(12.8—-12.9) years, p=0.0001.

Being underweight or overweight at age 3—6 years was not associ-
ated with age at menarche (data not shown) but at ages 7-10 and
I 1-15 years underweight girls experienced later (age 7—10 years: 13.3
(13.0-13.5), p=0.015; age I1-15 years: 13.6 (13.4-13.8), p=0.0001)
and overweight girls earlier (age 7-10 years: 12.3 (12.1-12.6),
p=0.0001; age II-I5 years: 12.1 (11.9-12.3), p=0.0001) age at
menarche. We observed no statistical evidence supporting that age
at menarche was associated with any of the measured outcomes
(Table II).

Pubertal period, age |1-15years

At age | 1—15years, 5.6% of the girls were obese and of those 74.6%
were obese at age 3| years. Obesity at age | |—15years was associ-
ated with a higher risk of decreased fecundability and childlessness
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compared to normal weight (Table IV). Also, overweight was associ-
ated with childlessness after adjustments (Table 1V), but it was not as-
sociated with infertility assessment or treatment. Girls with obesity at
age | |-15years had fewer children than normal weight girls with a
trend in the group of overweight girls (Fig. 2). After excluding women
with PCOS, the results did not change (Supplementary Table SIII).

Underweight at puberty tended to be associated with a higher risk
of infertility assessment and treatment. After excluding women with
PCOS, the association with infertility treatment became significant
(adjusted OR: 1.55 (1.02-2.36)) but the association with childlessness
did not (Supplementary Table SIII).

To clarify the type of association between BMI in adolescence and
the number of children, we performed curve estimation analyses
exploring linear, cubic and quadratic associations between BMI at age
|4years as a continuous variable and the number of children. We
found a significant linear association (but no cubic or quadratic associa-
tion) between these two parameters: the number of children de-
creased linearly along with an increase in BMI at that age (number of
children (y) = 2.88-0.03 x BMI) (Fig. 3).

Discussion

The present study suggests that being obese in mid-childhood and at
adolescence is associated with an increased risk of fertility problems in
adulthood. Obesity at age 7—10years was associated with a decreased
fecundability at age 31 years but not with a higher risk of other fertility
problems or childlessness. Moreover, overweight girls in the
7—10years age group had fewer children than their normal weight
counterparts. The women who were obese at age | I-15years were
more likely to remain childless, to have fewer children and to suffer
more often from decreased fecundability compared to their normal
weight counterparts. Underweight at puberty, but not at other ages,
was associated with a trend for more infertility assessment and treat-
ment but not with decreased fecundability, childlessness or a lower
number of children.

Several studies have suggested that children with obesity remain
obese in adulthood (Serdula et al., 1993; Simmonds et al., 2015). This
is supported by the present data as most of the children who were
obese in mid-childhood and especially in adolescence were also obese
as adults.

Early timing of AR has been previously linked to adverse metabolic
outcomes in childhood and in adulthood (Hughes et al., 2014; Koyama
et al, 2014; Péneau et al., 2016) as well as with an increased risk for
PCOS (Koivuaho et al, 2019). In this study, an earlier age of AR
remained significantly associated with childlessness after excluding
women with PCOS, supporting an independent association between
the timing of the AR and fertility capacity in adulthood, partly indepen-
dently of the syndrome.

A later timing and a higher BMI at the time of AP have been associ-
ated with a higher BMI in childhood and higher adiposity in adulthood
(Sovio et dl., 2014; Aris et al., 2019), but we are not aware of any
studies on their association with fertility in adulthood. In the present
study, the timing of AP was not associated with any fertility outcomes
but, in contrast to previous data (Lake et al., 1997; Jacobs et dl.,
2017), a lower BMI at an early age, especially at the age of AP, was as-
sociated with childlessness. Similarly, a lower BMI at the age of AP was

associated with an increased risk of infertility assessment and a ten-
dency towards infertility treatment later in life, but that was seen only
after excluding the women with PCOS. The hypothalamic-pituitary-
ovarian axis in infancy and in early childhood is transiently activated.
This so called ‘minipuberty’ is characterized by elevated gonadotrophin
and oestradiol levels (Forest et al., 1973; Kuiri-Hanninen et al., 2014).
Soon after birth, the levels of LH and FSH start to increase, achieving
their peak between | week and 3 months and thereafter decreasing
gradually by the age of 3—4years (Kuiri-Hanninen et al, 2014).
Hormonal changes and gonadal development at minipuberty have
been shown to predict reproductive disorders later in life (Kiviranta
et al.,, 2016; Lanciotti et dl., 2018). We might formulate the hypothesis
that a lower BMI in infancy may be associated with suboptimal mini-
puberty, further mediating the association with decreased reproductive
capacity in adulthood. However, further studies are warranted to test
the hypothesis of the possible underlying mechanisms.

Early age of puberty has been linked to both obesity and an adverse
metabolic profile in adulthood (Lee et al., 2007; Bleil et al., 2012) but
the results concerning fertility are conflicting (Pinola et al., 2012;
Weghofer et al., 2013; Chen et al., 2015). The present study supports
the commonly accepted notion that girls with obesity experience ear-
lier menarche and those who are underweight later menarche. Indeed,
menarche at an early age has been previously shown to be linked with
adulthood obesity and a worse metabolic profile (Adair and Gordon-
Larsen, 2001; Bleil et al., 2012) as well as with menstrual disorders
and PCOS (Carroll et dal, 2012). In the present data set, the age at
menarche was not significantly associated with parity or fertility out-
comes. This is in line with the findings of a Danish cohort study follow-
ing 2653 women trying to conceive (Wise et al., 201 1) and a Finnish
follow-up cohort study that found no significant association between
the age at menarche and fertility at age 26 years (Pinola et al., 2012).
Conversely, a Chinese cross-sectional study reported a significant cor-
relation between later menarche and the risk of infertility in adulthood
(Chen et dl., 2015) whereas a Finnish study found that both early and
late menarche were associated with childlessness (Jokela et al., 2007).
All in all, owing to multiple interrelationships with ethnicity, weight,
chronic illnesses and susceptibility to eating disorders, the timing of
menarche seems to be too complex a parameter to predict fertility
(Euling et al., 2008).

Interestingly, during the age window of |1-15years, obesity and
overweight, but not underweight, were associated with childlessness
even after excluding women with PCOS. Moreover, we observed a
linear inverse correlation between BMI at age 14 years and the number
of children. This is consistent with another Finnish cohort study follow-
ing girls/women from adolescence (age |2—I8years) to adulthood
(age 33-39 years) showing that obesity during adolescence was associ-
ated with reduced parity (Jokela et al., 2007): it should be noted, how-
ever, that women who had never attempted to achieve pregnancy
were not excluded from the analyses in that study. A recent study
from Australia suggested that obesity, but not overweight, at age
7—11years (but not at age |2—15years), was associated with an in-
creased risk of decreased fecundability and infertility assessments by
age 34years (He et al, 2018). Moreover, in a study of 1061 women
followed until age 45 years, those who were obese at age 9—12 and
[3—18years displayed more infertility problems and childlessness, but
not more infertility diagnoses or treatments (Jacobs et al., 2017).
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A biological explanation for the above findings could be that adoles-
cent girls with obesity have a more pronounced and longer state of
physiological insulin resistance associated with puberty compared to
normal weight girls. This is also associated with stronger prediction of
adulthood obesity and impaired metabolic profile (Moran et dl., 1999;
Maffeis et al., 2002). Insulin resistance in adulthood associates also
strongly with PCOS and anowulatory infertility (Palmert et al., 2002).
An increase in subcutaneous adiposity at any age in childhood has
been suggested to be a more accurate predictor of later fecundity
than BMI (Jacobs et al., 2017). In the present study population, we
could not verify this issue, but the association of obesity and over-
weight with childlessness remained significant after excluding women
with PCOS. This suggests that the adverse effect of higher BMI at ado-
lescence on later fertility is not solely caused by marital status or
PCOS, in line with the findings of Jacobs et al. (2017).

Underweight girls, especially girls with anorexia nervosa or bulimia
nervosa, have been shown to be at a higher risk of infertility assess-
ment and treatment (Easter et al., 201 |; Tabler et al., 2018) and hav-
ing fewer or no children (Jokela et al, 2007; Tabler et al., 2018).
However, opposite findings have also been reported (Bulik et dl.,
1999). In the present study, underweight girls had an increased risk for
later infertility treatment after exclusion of women with PCOS.
However, they did not display any increased risk for decreased fecund-
ability or for childlessness and even tended to have more children, in
line with some other previous results (Bulik et al., 1999; Easter et dl.,
2011).

Strengths and limitations

The strength of our study is the large population-based cohort
followed-up from prenatal time to the end of the whole reproductive
lifespan. This provides a rare opportunity to investigate the association
between early growth and fertility outcomes later in life. The study
population is also remarkably homogeneous concerning ethnicity. Data
on deliveries are reliable owing to the use of the Finnish Medical Birth
Register and Population Register Centre, which together cover 100%
of births in Finland. All measurements, except BMI at age |4years
(used in curve estimation), were performed by trained professionals at
all stages. We excluded all women who had never attempted to
achieve pregnancy. We were also able to analyze childhood BMI
growth trajectory data, which have shown their value as a tool to pre-
dict BMI and metabolic risks in adulthood (Hughes et al, 2014;
Koyama et al., 2014; Péneau et al., 2016).

This study has also some limitations. Despite the high participation
rates throughout all collection points, children’s growth data were not
available for all participants. As obesity was defined by the presence of
at least one BMI value over the 95th percentile in an age group, it was
probably over-diagnosed. According to the recent literature, BMI does
not remain constant through lifetime, especially at the period from
birth until the age of AR (Rolland-Cachera et al., 2006; Koyama et dl.,
2014; Couto Alves et al., 2019). In our population, the prevalence of
obesity between 6 months and 3 years was higher than expected. The
period between AP and AR is a transitory phase between infancy and
childhood and is characterized by quick changes in BMI as ‘baby fat’ is
gradually lost. A higher BMI at some point during this period may be
normal and transient (Rolland-Cachera et al., 2006; Koyama et dl.,
2014; Couto Alves et al., 2019). In support of these findings, only

36.9% of the girls classified as ‘at least once obese at age 3—6y’ were
still obese in adulthood. This potential overdiagnosis of obesity may
have reduced the significance of the association between childhood
obesity and fertility outcomes.

Another potential limitation of our study is that the diagnosis of
PCOS was self-reported, as both the documentation of PCOS symp-
toms at age 3lyears and assessment of PCOS diagnosis at age
46 years were based on questionnaires. Moreover, hirsutism may have
been over-reported owing to self-estimation. However, we have previ-
ously shown that the coexistence of self-reported oligo-/amenorrhea
and hirsutism can accurately identify women with the typical endo-
crine, metabolic and psychological profiles of PCOS (Taponen et al.,
2003; Taponen et al., 2004; Ollila et al., 2016; Karjula et al., 2017).
Ovarian ultrasonography was not performed at age 3| years and it is
possible that women with polycystic ovary morphology were included
in the reference group, which may have resulted in an underestimation
of the differences between the groups. Childhood obesity may also in-
crease the risk of PCOS (Koivuaho et al, 2019), which in tumn
increases the risk of infertility. However, it is still under debate
whether obesity is a contributing factor to the development of PCOS
in patients predisposed to the condition or whether obesity and
PCOS are independent disorders. In this study, the risk of childlessness
linked to obesity remained significant after excluding women with
PCOS, suggesting an independent role of obesity. Moreover, the main
objective of the present study was to investigate the association be-
tween childhood/adolescence obesity and later reproductive capacity,
independently of the possible causes of obesity.

We were not able to adjust for BMI at the exact time of pregnancy
as the data were available only at age 31| years when most of the
women had already given birth. However, given that our results
showed that obesity in childhood was strongly associated with obesity
in adulthood and that pregnancy and parity have been shown to in-
crease the risk of overweight and obesity (Williamson et al.,, 1994;
Gunderson et al., 2004; Yakusheva et al., 2017), adjusting our out-
comes with BMI at age 3| years would have biased the results.

Finally, the infertility outcomes were self-reported, which can be
considered as a limitation. Nonetheless, previous studies have indi-
cated a good correlation between self-reported infertility treatments
and medical records (Herbert et al., 2012; Stern et al., 2016) and our
estimates are in line with previous data from developed countries
showing an infertility prevalence of 5-15% in women (Boivin et al.,
2007; Herbert et dl., 2012).

Conclusion

This study reveals that girls affected by obesity during mid-childhood
and especially in adolescence are at a risk of lower fertility, a reduced
number of children and an increased risk to remain childless in adult-
hood, partly independently of PCOS. Our findings also suggest that be-
ing underweight in adolescence is associated with an increased risk of
later infertility treatment, but not with a higher risk of childlessness. All
in all, these results support the importance of active prevention and
treatment of obesity and of the importance of maintaining a normal
weight, especially during adolescence, to sustain fertility.
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Supplementary data

Supplementary data are available at Human Reproduction online.

Data availability

Owing to the sensitive nature of the data collected for this
study, requests to access the dataset from qualified researchers
trained in human subject confidentiality protocols may be sent to
NFBC project center at: NFBCprojectcenter@oulu.fi and research-
ers can visit the cohort website (www.oulu.fi/nfbc) for more
information.
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