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Abstract

Background: Eating disorders (ED) are severe psychiatric disorders, commonly debut-
ing early. Aberrances in the intrauterine environment and at birth have been associ-
ated with risk of ED. Here, we explore if, and at what effect size, a variety of such
exposures associate with offspring ED, that is, anorexia nervosa (AN), bulimia nervosa
(BN), and eating disorder not otherwise specified (EDNOS).

Methods: This population-based cohort study, conducted from September 2021 to
August 2023, used Finnish national registries of all live births in 1996-2014
(N = 1,097,753). Cox proportional hazards modeling was used to compare ED risk in
exposed versus unexposed offspring, adjusting for potential confounders and per-
forming sex-stratified analyses.

Results: A total of 6614 offspring were diagnosed with an ED; 3668 AN, 666 BN, and
4248 EDNOS. Lower risk of offspring AN was seen with young mothers, continued smok-
ing, and instrumental delivery, while higher risk was seen with older mothers, inflamma-
tory disorders, prematurity, small for gestational age, and low Apgar. Offspring risk of BN
was higher with continued smoking and prematurity, while lower with postmature birth.
Offspring risk of EDNOS was lower with instrumental delivery, higher for older mothers,
polycystic ovary syndrome, insulin-treated pregestational diabetes, antibacterial treatment,
prematurity, and small for gestational age. Sex-specific associations were found.
Conclusions: Several prenatal and at birth exposures are associated with offspring ED;
however, we cannot exclude confounding by maternal BMI. Nevertheless, several
exposures selectively associate with risk of either AN, BN, or EDNOS, and some are
sex-specific, emphasizing the importance of subtype- and sex-stratified analyses of ED.
Public Significance: We define environmental factors involved in the development of
different ED, of importance as preventive measure, but also in order to aid in defining
the molecular pathways involved and thus in the longer perspective contribute to the

development of pharmacological treatment of ED.
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1 | INTRODUCTION

Eating disorders (ED) are severe psychiatric disorders characterized by
abnormal eating behavior and disturbed weight and body perception
(Klump et al., 2009). The etiology of ED remains weakly defined, likely
related to its complexity with both genetics and environmental factors
known to be involved (Schaumberg et al., 2017). Genetic studies have
been able to define important players and pathways (Trace
et al., 2013). The latest Genome-wide Association Study (GWAS) on
anorexia nervosa (AN) rephrased it as a metabopsychiatric disorder
since genetic variants associated with AN also associate with several
metabolic traits, as well as other psychiatric disorders (Trace
et al, 2013). However, more research into environmental factors
involved in the development of ED is essential, as a preventive mea-
sure, but also to aid in defining the molecular pathways involved and
thus contribute to developing the currently lacking evidence-based
pharmacological treatment of ED. These drugs can be combined with
psychological interventions for a more efficient treatment.

The complex wiring of the mature brain is dependent on the
timely and precise processes of neurodevelopment occurring pre- and
postnatally and can be affected by a range of external and internal
factors. A deviant neurodevelopment has been linked to a variety of
psychiatric disorders, including attention deficit hyperactivity disorder
(ADHD) (Purper-Ouakil et al., 2011) and schizophrenia (Rapoport
et al., 2012). In addition, specific exposures during pregnancy and at
birth are associated with offspring's risk of several psychiatric disor-
ders (Chen et al., 2020; Kong et al., 2018; Kong, Chen, et al., 2020;
Kong, Nilsson, et al., 2020). Indeed, changes in brain connectivity have
been shown in ED (Frank et al, 2013; King et al., 2017; Shott
et al., 2016) including in areas related to the reward aspects (Frank
et al,, 2016) and hypothalamic circuits involved in the regulation of
weight and food intake (Florent et al., 2020; Frank et al., 2016). How-
ever, to what extent such changes have their origin in the post- or
perinatal period is not known.

Association studies of in utero and perinatal exposures and off-
spring ED are to date at large inconclusive (Goodman et al., 2014;
Krug et al., 2013). However, a systematic review (Marzola et al., 2021)
concluded robust associations between offspring risk of AN and
higher maternal age (Cnattingius et al., 1999; Goodman et al., 2014;
Lindberg & Hjern, 2003; Razaz & Cnattingius, 2018; Tenconi
et al, 2015), preeclampsia (Favaro et al., 2006; Lindberg &
Hjern, 2003; Tenconi et al., 2015), preterm birth (Cnattingius et al., 1999;
Foley et al., 2001; Lindberg & Hjern, 2003; Nosarti et al., 2012; Razaz &
Cnattingius, 2018), multiparity (Goodman et al, 2014; Razaz &
Cnattingius, 2018), hypoxic complications (Favaro et al., 2006;
Lindberg & Hjern, 2003), and small for gestational age (SGA)/low birth
weight (Cnattingius et al., 1999). For bulimia nervosa (BN) robust
association was reported only with maternal stress during preg-
nancy, while most associations have been non-replicable likely due
to low frequencies (Krug et al., 2013; Marzola et al., 2021; Raevuori
et al., 2014). Including eating disorder not otherwise specified
(EDNOS) is very rare. In addition, despite the clear sex difference in

a majority of ED, with more females than males diagnosed, we find

only one previous study stratifying by sex (Larsen et al., 2021), likely
because of too small sample sizes for males. We here hypothesize that
in utero exposures affecting the development of neurocircuitries
involved in, for example, the reward aspects of food intake, energy
homeostasis and body image perception increase the offspring risk of
ED in a sex-specific pattern. Thus, here we assess if exposures during
pregnancy and at birth are associated with offspring's risk of develop-
ing an ED; AN, BN, and EDNOS, estimate the effect sizes, and per-

form sex-stratified analyses, using Finnish national registries.

2 | METHODS

21 | Study population

This population-based register cohort study was based on the Finnish
registers (Artama et al., 2011), originating from the Medical Birth
Register (MBR), the Finnish Care Register for Health Care (HILMO),
and the Finnish Register on Reimbursement Drugs (RRD). The study
database includes all live births in Finland, registered 1996-2014
(1,097,753 offspring from 590,939 mothers), and followed until 2018.
The data analyses were conducted from September 2021 to August
2023. Information on maternal and offspring diagnoses were obtained
from the HILMO by using the International Classification of Diseases,
8th (1969-1986), 9th (1987-1995), and 10th (from 1996) Revision
(ICD-8, ICD-9, and ICD-10). Data on purchases of reimbursed medica-
tions were identified using Anatomical Therapeutic Chemical (ATC)
codes from the RRD.

Register data were combined using the personal identification
numbers assigned to all Finnish citizens and permanent residents. Link-
ages between registers were carried out as described in the registers'
consent (Social Insurance Institution and Finnish Institute for Health
and Welfare [THL]). Finland's data protection authorities and the steer-
ing committee of the drugs and pregnancy database approved this

study. Informed consent was not required due to data anonymization.

2.2 | Variables
Data on offspring ED were obtained from HILMO using ICD-10 diag-
nosis codes. Outcome variables were defined as; any ED (F50), AN
(F50.0, F50.1), BN (F50.2, F50.3), and EDNOS (F50.8, F50.9). A low
number (.74%) of offspring was diagnosed with ED in the group fol-
lowed only until the age of six or younger (Table S1). They were
included in the main analysis despite possible misclassification with
feeding disorders in infancy and childhood, however we performed a
sensitivity analysis of the cohort of offspring born 1996-2008, thus
followed until the age of 10 years or older (see further details below).
The definition and source of exposure variables including mater-
nal variables and birth characteristics are found in Table 1. Covariates
(Tables S1 and S2) were selected based on their potential contribution
to the development of ED (Brainstorm et al., 2018; Culbert
et al.,, 2021; Koch et al., 2022; Trace et al., 2013). Maternal and birth
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OZSVAR ET AL
TABLE 1 Register linkage and definitions of exposures.
Exposure Definition Categories

Maternal preexisting and gestational conditions

Maternal age

Mode of conception

Smoking

Polycystic ovary
syndrome

Inflammatory disorders

Hypertension

Diabetes

Antibacterial treatment
during pregnancy

Birth characteristics

Mode of delivery

Multiple births

Gestational age at
delivery

Birth weight for
gestational age

Apgar score

Maternal age at birth in years

Spontaneous conception or
medically assisted conception

Maternal smoking during pregnancy

Maternal polycystic ovary syndrome
and anovulatory infertility

Maternal preexisting systemic
connective tissue disorders and
noninfective enteritis and colitis

Maternal hypertensive disorders
during pregnancy, including
preexisting hypertension and pre-
eclampsia

Maternal pregestational and
gestational diabetes

Maternal antibacterial medication
during pregnancy for systemic use

Vaginal birth, instrumental vaginal
birth, elective or acute cesarean
section

Number of offspring given birth to

Gestational age in weeks at delivery

Birth weight for gestational age
estimates an infant's growth
relative to gestational age. Small
or large for gestational age fall
below or above the normal range,
respectively.

A test given 1 and 5 min after birth
to see if extra medical care for the
newborn is needed.

The category group used as reference.
Abbreviations: ATC, Anatomical Therapeutic Chemical; HILMO, Finnish Care Register for Health Care; ICD-9, International Classification of Disease, 9th
Revision; ICD-10, International Classification of Disease, 10th Revision; MBR, Medical Birth Register; RRD, Finnish Register on Reimbursement Drugs.

covariates registered in MBR included marital status, maternal country of 23 |
birth, maternal socioeconomic status (SES), offspring birth year, and sex,
as well as parity. Maternal ED diagnoses were obtained from HILMO by
ICD-8: 306.50, 306.58, 306.59; ICD-9: 3071A, 3071B, 3071E; and

ICD-10: F50. Maternal in- or outpatient psychiatric diagnoses were indi-

cated by ICD-8: 290-317; ICD-9: 290-319; ICD-10: FOO-F99.

EATING DISORDER

ICD-9/10 diagnoses

<20, 20-24, 25-29?
30-34, 235

Spontaneous,?
assisted

No,? stopped in first
trimester, yes

No,? yes ICD-9: 256.4, 628.0
ICD-10: E28.2, N97.0

No,? yes ICD-10: M30-M36,
K50, K51, K52.3

No,? yes ICD-10: 010, O11, or
014

No®

Insulin-treated ICD-10: 024.0

pregestational

Type-2 pregestational ICD-10: E11, E14.

024.1
Gestational ICD-10: 0O24.4
No,? yes
Vaginal,?
instrumental,

elective cesarean
section, acute
cesarean section

Singleton,® multiples

22-32, 33-36,
37-417 242

Small, appropriate,?
large

0-6,7-10°

Statistical analysis

mamsiont oot SRS I

ATC

group Register

MBR
MBR
MBR
HILMO

HILMO

HILMO

HILMO,
A10A RRD
A10B

JO1A-JO1IX  RRD

MBR

MBR
MBR

MBR

MBR

We used Cox proportional hazard modeling to obtain hazard ratios
(HRs) with 95% Wald's confidence intervals (Cls) of the associations

between prenatal and at birth exposures, and risk of the three

offspring ED by evaluating the exposure effects to their respective
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reference (ref). The obtained crude estimates (non-adjusted model)
were subsequently adjusted in three different models. In model 1, we
adjusted for all other exposure variables. In model 2, we adjusted as in
model 1 plus offspring birth year and sex, parity, marital status, mater-
nal country of birth, SES, and maternal ED diagnosis. In model 3, we
adjusted as in model 2 plus other maternal in- and outpatient psychi-
atric diagnoses. Additionally, we conducted a sex-stratified analysis
for which we excluded offspring sex as adjusting variables in models
2 and 3. p < .05 was considered statistically significant. SAS version
9.4 (SAS Institute, Inc., Cary, NC) was used for the data analysis.

The rate of missing data for all exposures and covariates in the
total cohort was <1%, except for marital status (1.9%), maternal
smoking during pregnancy (2.5%), and SES (15.8%). To address the
issue of missing data, the main analyses were conducted with an
additional “missing category” for marital status and SES. Subse-
quently, we performed a sensitivity analysis for adjusted model
3 excluding the individuals with missing data from the cohort
(N = 906,912). To address the short follow up time for the younger
offspring in the full cohort, we performed a sensitivity analysis of
adjusted model 3 including only offspring born 1996-2008
(N =742,982).

3 | RESULTS

3.1 | Study population

Until 4-22 years of age, 6614 (.60%) offspring were diagnosed with
an ED, of which 58.7% exclusively with an ED and no other psychiat-
ric disorder. All were included in this analysis. 3668 (55.5%) were diag-
nosed with AN, 666 (10.1%) BN, 4248 (64.2%) EDNOS, and 65 (.98%)
with no specification of ED subdiagnosis. Due to sample size limita-
tions, offspring diagnosed with more than one ED were included.
Fifty-four offspring were diagnosed with both AN and BN, 1532
with AN and EDNOS, and 159 with BN and EDNOS. One hundred
and forty-four offspring were diagnosed with all three ED
(Figure S1A). The overall median age at first diagnosis for these indi-
viduals was 17.0 years (Interquartile range [IQR] 13.7-18.9)
(Table S3). Of the individuals with an ED, 85.3% and 14.7% were
females and males, respectively (Figure S1B). Frequencies of expo-
sures and covariates are represented in Table 2 and Table S1, strati-
fied by sex in Table S2.

In the following sections, we present AN, BN, and EDNOS, sep-
arately. All estimated HRs with 95% CIl values are displayed in
Figure 1, Table 3, stratified by sex in Figure S2B as well as
Tables S6-S8. p-values are presented in Figure S3. In the text, we
present only the associations that are significant with model
3 (HR,gj-3) since this model takes most potential confounders into
account. We note, however, those instances when the significance
appears only after the covariate adjustments. Further, based on low
N for male offspring with BN we exclude these results. Results on
the risk of offspring ED as one group can be found in Figure S2A,
Tables S4 and S5.

3.2 | Offspring AN

Premature birth between gestational weeks 22-32 [HR,q;-5 1.55, 95%
Cl 1.14-2.11], Apgar score 0-6 [HR,q;3 1.38, 95% Cl 1.13-1.68], SGA
[HR,gj-3 1.26, 95% Cl 1.06-1.50], maternal inflammation [HR,q.5 1.32,
95% Cl 1.02-1.70], and high maternal age (235 years) [HR,q-3 1.19,
95% Cl 1.08-1.31] were all significantly associated with increased off-
spring AN (Figure 1, Table 3). Continued smoking throughout pregnancy
[HR.g-3 .82, 95% Cl .74-.92], instrumental delivery [HR,q;.3 .82, 95% ClI
.70-.96], and young maternal age (20-24 years) [HR,q-5 .86, 95% ClI
.77-.96] were associated with reduced risk. Very young maternal age
(<20 years) was associated with lower offspring risk of AN, however
exclusively in the most adjusted model [HR,q.5 .77, 95% Cl .60-.98].
The sex-stratified analyses revealed some sex-specific findings
(Figure S2B,C, Table S6). Maternal inflammatory disorders [HR,qj.3 2.39,
95% Cl 1.23-4.65] and multiple births [HR,q-3 1.93, 95% Cl 1.14-3.24]
were associated with an increased risk of male offspring AN. SGA
[HR,gj-3 1.25, 95% Cl 1.04-1.50], low Apgar (0-6) [HR,q;.3 1.40, 95% Cl
1.13-1.73], and high maternal age (>35) [HR,q.3 1.20, 95% ClI
1.08-1.33] both associated with increased female offspring
AN. Continued smoking during pregnancy [HR,q;-3 .79, 95% Cl .70-.89],
and young maternal age (20-24) [HR,g-3 .87, 95% Cl .78-.97] were
both associated with lower risk of female offspring AN. Instrumental
delivery was associated with reduced female offspring AN only after
the adjustments in models 2 and 3 [HR,g-2s3 -84, 95% CI .71-1.00].
Elective cesarean section was associated with a lower risk of male AN
[HR.g;-3 .60, 95% Cl .37-.99], but only in the two most adjusted models.
Finally, very young maternal age (<20) was associated with reduced
female offspring AN exclusively in model 3 [HR,q;-3 .76, 95% Cl .58-.98].

3.3 | Offspring BN

Preterm birth at gestational week 22-32 [HR,4.3 1.97, 95% ClI
1.04-3.73] and smoking during pregnancy [HR,4.3 1.32, 95% ClI
1.06-1.64] were associated with increased offspring risk of BN
(Figure 1, Table 3). Postmature birth, on the other hand, was associ-
ated with a reduced risk of offspring BN [HR,qj-3 .50, 95% CI .30-.84].
When exploring only female offspring (Figure S2B, Table S7), the
association between BN risk and postmature birth remained [HR,q;-3
.53, 95% Cl .32-.89], but not with maternal smoking [HR,qj-3 1.30,
95% 1.03-1.63].

3.4 | Offspring EDNOS

Preterm birth at gestational week 22-32 [HR,4.3 1.98, 95% ClI
1.54-2.53], insulin-treated pregestational diabetes (PGD) [HR,q.3 1.75,
95% Cl 1.24-2.47], SGA [HR,qj-3 1.38, 95% Cl 1.18-1.60], polycystic
ovary syndrome (PCOS) [HR,4-3 1.29, 95% ClI 1.05-1.58], antibiotic
treatment during pregnancy [HR,q3 1.13, 95% Cl 1.06-1.21], and
high maternal age (235) [HR.g.3 1.16, 95% Cl 1.05-1.27] were
all associated with increased offspring EDNQOS (Figure 1, Table 3).
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TABLE 2 Frequencies of exposures in the cohort and by eating disorder diagnosis.

Total, N*

Exposures®

Total cohort

1,097,753

N (%)

Maternal preexisting and gestational conditions

Maternal age
<20
20-24
25-29
30-34
235
Missing data
Mode of conception
Natural
Assisted
Smoking
No
Stopped in first trimester
Continued
Missing data
Polycystic ovary syndrome
No
Yes
Inflammatory disorder
No
Yes
Hypertension
No
Yes
Diabetes
No
Insulin-treated PG
Type 2 PG

Gestational

27,797 (2.53)
175,165 (15.96)
348,233 (31.72)
342,889 (31.24)
203,668 (18.55)

1(.00)

1,071,581 (97.62)
26,172 (2.38)

905,994 (82.53)
41,070 (3.74)
122,757 (11.18)
27,932 (2.54)

1,073,071 (97.75)
24,682 (2.25)

1,086,245 (98.95)
11,508 (1.05)

1,052,116 (95.84)
45,637 (4.16)

931,964 (84.90)
5927 (.54)
8722 (.79)

151,140 (13.77)

Antibacterial treatment during pregnancy

No
Yes
Birth characteristics
Mode of delivery
Vaginal
Instrumental
Elective cesarean section
Acute cesarean section
Missing data
Multiple births
Singleton

Multiples

815,602 (74.30)
282,151 (25.70)

832,778 (75.86)
80,234 (7.31)
79,207 (7.22)

104,120 (9.48)

1414 (.13)

1,065,271 (97.04)
32,482 (2.96)

Any ED
6614
N (%)

164 (2.48)
1034 (15.63)
2062 (31.18)
2044 (30.90)
1310 (19.81)
0 (.00)

6431 (97.23)
183 (2.77)

5528 (83.58)
142 (2.15)
783(11.84)
161 (2.43)

6476 (97.91)
138 (2.09)

6511 (98.44)
103 (1.56)

6330 (95.71)
284 (4.29)

5744 (86.85)
48 (.73)
84 (1.27)

738 (11.16)

4880 (73.78)
1734 (26.22)

5144 (77.77)
323 (4.88)
540 (8.16)
601 (9.09)
6(.09)

6382 (96.49)
232 (3.51)

marnsiont ot SRS I

EATING DISORDER!
AN BN
3668 666
N (%) N (%)
73(1.99) 13 (1.95)
500 (13.63) 127 (19.07)
1179 (32.14) 207 (31.08)
1179 (32.14) 195 (29.28)
737 (20.09) 124 (18.62)
0 (.00) 0 (.00)
3555 (96.92) 652 (97.90)
113 (3.08) 14 (2.10)
3155 (86.01) 530 (79.58)
69 (1.88) 15 (2.25)
349 (9.51) 103 (15.47)
95 (2.59) 18 (2.70)
3605 (98.28) 656 (98.50)
63(1.72) 10 (1.50)
3607 (98.34) 656 (98.50)
61 (1.66) 10 (1.50)
3511 (95.72) 645 (96.85)
157 (4.28) 21 (3.15)
3211 (87.54) 576 (86.49)
25 (.68) 2(.30)
45(1.23) 12 (1.80)
387 (10.55) 76 (11.41)
2755 (75.11) 481 (72.22)
913 (24.89) 185 (27.78)
2876 (78.41) 519 (77.93)
167 (4.55) 27 (4.05)
319 (8.70) 56 (8.41)
304 (8.29) 64 (9.61)
2 (.05) 0(.00)
3525 (96.10) 646 (97.00)
143 (3.90) 20 (3.00)

EDNOS
4248
N (%)

123 (2.90)
684 (16.10)
1333 (31.38)
1295 (30.48)
813(19.14)
0 (.00)

4127 (97.15)
121 (2.85)

3534 (83.19)
97 (2.28)

517 (12.17)
100 (2.35)

4154 (97.79)
94 (2.21)

4192 (98.68)
56 (1.32)

4074 (95.90)
174 (4.10)

3687 (86.79)
35(.82)
52(1.22)

474 (11.16)

3102 (73.02)
1146 (26.98)

3319 (78.13)
208 (4.90)
328(7.72)
388(9.13)

5(12)

4101 (96.54)
147 (3.46)

(Continues)
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TABLE 2 (Continued)
Total N° Total cohort Any ED AN BN EDNOS
’ 1,097,753 6614 3668 666 4248
Exposures® N (%) N (%) N (%) N (%) N (%)
Gestational age at delivery
22-32 10,982 (1.00) 106 (1.60) 45(1.23) 11 (1.65) 74 (1.74)
33-36 49,563 (4.51) 330 (4.99) 184 (5.02) 30 (4.50) 216 (5.08)
37-41 983,361 (89.58) 5908 (89.33) 3291 (89.72) 606 (90.99) 3773 (88.82)
242 50,127 (4.57) 238 (3.60) 140 (3.82) 15(2.25) 160 (3.77)
Missing data 3720 (.34) 8(.22) 4 (.60) 25(.59)
Birth weight for gestational age
Small 34,795 (3.17) 267 (4.04) 136 (3.71) 17 (2.55) 182 (4.28)
Appropriate 1,025,820 (93.45) 6096 (92.17) 3392 (92.48) 620 (93.09) 3899 (91.78)
Large 32,373 (2.95) 207 (3.13) 125 (3.41) 24 (3.60) 132(3.11)
Missing data 4765 (.43) 44 (.67) 15 (.41) 5(.75) 35(.82)
Apgar score
0-6 55,059 (5.02) 272 (4.11) 108 (2.94) 29 (4.35) 188 (4.43)
7-10 1,039,552 (94.70) 6320 (95.55) 3547 (96.70) 635 (95.35) 4048 (95.29)
Missing data 3142 (.29) 22(.33) 13(.35) 2(.30) 12(.28)

Abbreviations: AN, anorexia nervosa; Any ED, eating disorder diagnosis of any kind; BN, bulimia nervosa; EDNOS, eating disorder not otherwise specified;
PG, pregestational; N (%), number of cases (percentage to the total of the category).

®The total case numbers of the cohort and the diagnostic categories for eating disorders (Any ED, AN, BN, EDNOS).

The exposure frequencies are represented as case numbers and percentage and are represented in two categories, maternal preexisting and gestational

conditions, and birth characteristics.

While instrumental delivery [HR,q;.5 .84, 95% Cl .72-.97] was signifi-
cantly associated with reduced risk, although not in the sex-stratified
analysis (Figure S2B,C, Table S8). Gestational diabetes was associated
with a higher risk of male offspring EDNOS exclusively [HR,q;-3 1.25,
95% Cl 1.01-1.54], whereas a reduced risk was seen with large for
gestational age (LGA) [HR,qj-3 .48, 95% Cl .27-.86], and postmature
birth [HR,q;-3 .60, 95% CI .38-.95]. The positive association between
EDNOS and high maternal age (>35) remained for males [HR,q;.3 1.34,
95% Cl 1.08-1.68] and for females only in the most adjusted models
[HR.gj-3 1.12, 95% Cl 1.01-1.24].

3.5 | Sensitivity analysis

To determine the potential effect of the missing values in two covari-
ates; maternal SES (15.8%) and marital status (1.9%), we analyzed
model 3 excluding the individuals with missing values for these cate-
gories, ending up with N = 906,912 individuals with frequencies of
subdiagnoses (Table S9). Estimated HR with 95% CI values of the
adjusted model 3 in the full cohort and matched sensitivity model
3 without missing data (HR,.,) are represented in Table $S10. Only
5 of the 19 significant HRs within the three diagnoses groups did not
remain, and one new appeared in the cohort without missing data, all
HRs being very close to the significance threshold in model 3 of both
the full cohort and the cohort without missing data. To determine a

potential effect of the short follow-up time for the younger individuals

in the cohort, we analyzed model 3 including only the offspring born
1996-2008, ending up with N = 742,982 individuals (Table S11).
Estimated HR in the full cohort and matched sensitivity cohort are
comparable, and only one association, that is, maternal inflammatory
disorder and offspring AN, did not remain significant (Table 512).

4 | DISCUSSION

In this nation-wide cohort study, we evaluated exposures prenatally
and at birth in relation to offspring's risk of three ED diagnoses; AN,
BN, and EDNOS. We assessed each exposure in a non-adjusted and
three adjusted models in which we controlled for all exposures
and other covariates suspected to mediate the association. A few of
the significant associations were common for all three ED, but several
diagnosis- and sex-specific associations were also documented. Below
we focus the discussion on the novel associations that remained
significant in the most adjusted model. The significant associations
that already were supported by robust evidence in a recent systematic
review (see introduction) (Marzola et al., 2021), even if only for
offspring AN, that is, high maternal age, preterm birth, and SGA, are
discussed in the Supplementary Discussion.

Smoking was associated with offspring risk of AN and BN, inter-
estingly in opposite directions. The risk was reduced with approxi-
mately 20% for offspring AN and increased with approximately 30%
for BN, and similar were seen when analyzing the cohort excluding
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Maternal age 30—34 % — % - i
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Stopped smoking in FT =_=_'—.°__ — % b é’:
Continued smoking xx e % E %
Polycystic ovary syndrome - =-.3_=_'_'.= = % - %_
Inflammatory disorders : A g - %
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Insulin-treated PGD - — - — - —o’f_
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Multiple births == 1 = 1 =
Gestational age 22-32 % 5 : = E ; :'.z_—
Gestational age 33-36 _;"‘_:_ E % E ";"E_
Gestational age 242 - % N % E %
Small for gestational age ==== — _.E_ E =_3=_'.__
Large for gestational age - _';=: e % e _g
Apgar score 0-6 __.'=3;_ 4 % - %
1I0 1|5 270 2'5 (I) ; é IIS 4 1I0 1?5 2|0 2|5

I Crude model

FIGURE 1

I Model 1

Hazard Ratio (95% CI)

I Model 2 I Model 3

Associations between exposures during pregnancy and at birth and offspring eating disorders. The hazard ratio (HR) and 95%

confidence interval (Cl) estimates representing the contribution of the exposure variables to the risk of developing an eating disorder are
displayed in a forest plot. The HRs are grouped by the eating disorder subgroups; anorexia nervosa (N = 3668), bulimia nervosa (N = 666), eating
disorder not otherwise specified (N = 4248), and models; non-adjusted (crude) and adjusted (models 1-3). FT, first trimester; PGD, pregestational

diabetes.

individuals with missing data as well as in the older cohort (born
1996-2008). Both associations remained for female offspring in the
sex-stratified analysis; however, male offspring risk of BN was not
analyzed separately due to the low number. Other studies have in
agreement with our results observed a negative association between
smoking and offspring AN with similar effect sizes (Goodman
et al., 2014; Larsen et al., 2021), and a positive association between

continuing, as well as ceasing smoking during pregnancy, compared to

non-smoking mothers, and offspring BN (Montgomery et al., 2005).
This latter study, however, found no association between smoking
and offspring AN. Smoking during pregnancy has also been associated
with preterm birth (Soneji & Beltran-Sanchez, 2019) and low birth
weight (Ko et al., 2014), but since the associations remained statisti-
cally significant after adjusting for these factors, they are unlikely to
contribute to the here detected associations with AN and BN. In

rodents, maternal smoking results in prenatal ischemic-hypoxic brain
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injury (Li et al., 2012) and promotes alterations in the cholinergic
system of the offspring brain (Nunes-Freitas et al., 2011). Another
rodent study revealed abnormal dendritic morphology and synapse
density in the cerebral cortex and nucleus accumbens, a brain region
of relevance in ED (Berridge et al., 2010), after prenatal exposure to
nicotine. Interestingly, they noted differences in both dendritic
branching and spine density between female and male offspring
(Mychasiuk et al., 2013) thus potentially relating to the sex differences
found here. In humans, prenatal exposure to smoking has been linked
to reduced growth of the fetal head (Roza et al., 2007), smaller size of
total brain as well as cortical gray matter volumes, and cortical thin-
ning (EI Marroun et al., 2014). In addition, altered DNA methylation
has been shown in offspring exposed prenatally to cigarette smoke
(Chatterton et al., 2017; Philibert et al, 2008; Toledo-Rodriguez
et al., 2010; Xu et al., 2010). Intriguingly, increased AN risk has been
associated with monoamine oxidase A (Urwin et al., 2003; Urwin &
Nunn, 2005) and
et al., 2006) genes and both these genes were reported hypermethy-

catechol-o-methyltransferase  (Mikolajczyk
lated after prenatal nicotine exposure (Philibert et al., 2008; Xu
et al., 2010). Another speculative mechanism connecting offspring
BN and maternal smoking is hypermethylation of BDNF promoter
sites shown in bulimic eating syndromes (Thaler et al., 2014), and in
offspring from smoking mothers (Toledo-Rodriguez et al., 2010).
Lastly, a suggestive pathway is via the reported effects of smoking on
offspring appetite control. A higher prevalence of poor appetite
(Toschke et al., 2003) and rates of child overweight (Oken et al., 2008)
have been reported with prenatal exposure to smoking. In animal
models, fetal nicotine exposure resulted in alterations of dopaminergic
(Dwyer et al., 2019) and serotonergic neurotransmitter systems (Xu
et al., 2001), both involved in food intake behavior. In addition, mater-
nal smoking, as well as other exposures such as maternal diabetes and
inflammatory disorders, discussed below, are accompanied by immune
activation which can result in long-lasting neurodevelopmental effects
on the fetus (reviewed in Han et al., 2021) and thus play a role in off-
spring development of an ED. Lastly and importantly, it should be
pointed out that a relation between smoking and body mass index
(BMI)/body weight is evident even if too complex for the scope of this
article, and sometimes results are contradictory (Audrain-McGovern &
Benowitz, 2011). Since an association between maternal BMI and off-
spring risk of AN has also been reported (Goodman et al., 2014;
Nicholls & Viner, 2009; Razaz & Cnattingius, 2018), and genetic corre-
lations between AN and BMI have been established (Watson
et al., 2019), we cannot exclude that the associations seen here are
confounded by maternal BMI. We were, unfortunately, unable to con-
trol for maternal BMI in this cohort since the information was not col-
lected into the Medical Birth Register before 2004: it was available
only for a few children who received the diagnoses in early age.
Future studies controlling for maternal BMI are needed to clarify the
association.

Postmature birth was associated with an almost 50% lower risk
of offspring BN, which remained in both sensitivity analyses. Male off-
spring  EDNOS was also reduced with postmaturity. To our
knowledge, this is the first study to describe such associations for BN

EATING DISORDER

and EDNOS. Larsen et al. (2021) described a reduced risk of offspring
AN with postmature birth, not found here. A recent study investigat-
ing the relationship between gestational age and offspring neuropsy-
chiatric disorders revealed that the risk of ED was reduced with
postmature birth (Xia et al., 2021). Since higher maternal weight and
BMI has been associated with postmature births (Halloran
et al., 2012; Stotland et al., 2007), the associations may be con-
founded by maternal BMI.

Maternal age of 20-24 years was associated with a 14% reduced
risk of offspring AN, in line with other reports (Larsen et al., 2021;
Lindberg & Hjern, 2003), as well as with the increased risk (18%)
found for high maternal age (see Supplementary Discussion). The
associations remained in both sensitivity analyses. The sex-stratified
analysis revealed a significant association only in female offspring.
Furthermore, an association between very young maternal age
(<20 years) and female offspring AN was detected only in the most
adjusted model.

Insulin-treated PGD was associated with markedly increased risk
of EDNOS, that is, 75% increase, seen for both female and male off-
spring. The effect size was increased somewhat when we excluded
individuals with missing data, while reduced a bit in the older cohort.
In addition, gestational diabetes increased the risk of EDNOS exclu-
sively for male offspring. While previous studies have shown an asso-
ciation between maternal diabetes and several psychiatric disorders
(Chen et al, 2021; Nahum Sacks et al, 2016; Nogueira Avelar
et al., 2021), studies on ED have revealed conflicting results, and com-
monly focused on gestational diabetes (Cnattingius et al., 1999;
Favaro et al., 2006; Kong, Nilsson, et al., 2020; Larsen et al., 2021;
Nahum Sacks et al., 2016; Nicholls & Viner, 2009; Tenconi
et al., 2015). To our knowledge, this is thus the first study to report an
association between insulin-treated PGD and offspring EDNOS.
Maternal diabetes has been linked to fetal developmental anomalies
leading to potential neurological dysfunction, speculated to result
from diabetes-induced oxidative stress, hypoxia, activation of apopto-
sis, and epigenetic alterations (Ornoy et al., 2015). Mechanisms that
thus could play a role in the increased risk of offspring EDNOS with
maternal diabetes. Insulin is a critical factor for the proper establish-
ment of hypothalamic systems regulating food intake (Dearden
et al.,, 2021), and in rodents, maternal diabetes leads to aberrant
development of these systems and has long-term consequences on
offspring metabolic regulation (Steculorum & Bouret, 2011). We spec-
ulate that this is involved in the association between maternal diabe-
tes and offspring EDNOS. However, since weight is associated with
the risk of type 2 (Yu et al., 2022) and gestational diabetes (Torloni
et al., 2009) we cannot exclude that the association between diabetes
and offspring EDNOS is confounded by maternal weight status.
Future studies controlling for maternal weight status are needed to
confirm the association.

Similarly, antibacterial treatment during pregnancy increased the
risk of offspring EDNOS with around 13%. The association remained
in both sensitivity analyses and for both female and male offspring.
Prenatal antibiotic exposure has been associated with other psychiat-

ric disorders in offspring (Lavebratt et al., 2019). To our knowledge,
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however, we are the first to show an association with EDNOS, even if
it needs to be stressed that the effect size is small. Animal studies
have provided support for the importance of the maternal microbiome
on fetal neurodevelopmental processes (Vuong et al., 2020). Antibac-
terial treatment during pregnancy, affecting the mother's microbial
population and its metabolites potentially reaching the fetus, can pos-
sibly result in behavioral changes later in life (O'Connor et al., 2021;
Vuong et al., 2020). Mueller et al. (2017) observed lower birth weight
for gestational age with the administration of antibiotics during mid-
pregnancy, while higher leptin levels in cord blood were seen with
antibiotic administration during the third trimester, suggesting an
interplay between antibiotics and different developmental processes.
Leptin has also been shown to be important for the proper develop-
ment of hypothalamic food intake regulating circuits (Bouret, 2010;
Bouret et al., 2004), and hence this can be speculated to influence the
risk to develop an ED.

A low Apgar score, indicative of lower neonatal vitality, signifi-
cantly increased the risk of offspring AN with 30%-40% in the full
cohort, and the sensitivity analyses. When stratifying for sex the asso-
ciation was significant only in female offspring. Associations between
low Apgar and offspring AN (Lindberg & Hjern, 2003), as well as other
psychiatric disorders, including ADHD (Grizenko et al., 2016; Li
et al,, 2011) and autism (Modabbernia et al., 2019), have been docu-
mented previously. Low Apgar is linked with maternal smoking (Garn
et al., 1981), preterm birth (Svenvik et al., 2015), SGA (Cheng
et al., 2020), and hypoxia (Hogan et al., 2007). We control for all these
variables, except hypoxia, without loss of significance. Hypoxia has
been associated with other psychiatric disorders including schizophre-
nia and other non-affective psychoses (Zornberg et al., 2000), but the
exact mechanisms underlying this phenomenon are not clear. Altered
epigenetic programming, endocrine axis dysfunction, and oxidative
damage are hypothesized to be underlying mechanisms linking prena-
tal hypoxia with abnormal brain development and plasticity (reviewed
in Wang et al., 2021). Thus, we cannot exclude that the link between
low Apgar and offspring AN is hypoxia.

Multiple births were associated with an almost doubled risk
of male offspring AN, exclusively. A general association between
multiple births and AN has been reported previously (Goodman
et al.,, 2014; Larsen et al., 2021). Previous results showed that same-
sex female twins have the highest risk of disordered eating, followed
by opposite-sex female twins, opposite-sex male twins and lastly, the
lowest risk was seen for same-sex male twins (Culbert et al., 2008).
Increased risk for complications such as growth abnormalities, preterm
birth, and neurological deficits are seen with multiple births (Amorosa
et al., 2017). Studies suggest increased vulnerability of male fetuses to
prenatal insults, for example, gestational stress, maternal infection,
and drug exposure, affecting the male's health long-term (Bale
et al.,, 2010; DiPietro & Voegtline, 2017). Fetal development is depen-
dent on normal placental function, with sex-specific differences carry-
ing a female or male, such as the expression of different X- or
Y-chromosome-linked epigenetic regulators (Nugent & Bale, 2015).
The varying placental properties may hence lead to differences in

resilience and vulnerability to prenatal insults in males and females

(Nugent et al., 2018; Nugent & Bale, 2015). Additionally, a proinflam-
matory environment in women carrying males compared to females
was reported (Nugent et al., 2018). Thus, the increased risk of preg-
nancy complications combined with the male fetus's increased vulner-
ability to prenatal insults may explain the increased risk of male
offspring AN with multiple births.

Instrumental delivery, that is, the use of forceps or vacuum to
deliver the baby, was, to our surprise, associated with a reduced risk of
offspring AN and EDNOS in the full cohort as well as the older cohort.
However, the effect size is rather small, and the association was not sig-
nificant in the sensitivity analysis excluding individuals with missing
data. In the sex-stratified analyses, the association reached significance
only with female offspring AN. Nevertheless, previous studies have
found conflicting results regarding instrumental delivery and ED out-
come (reviewed in Krug et al., 2013). Indications for instrumental deliv-
ery are prolonged second stage of labor, maternal exhaustion, or non-
reassuring fetal testing (Tsakiridis et al., 2020). Oxytocin which com-
monly is administered to stimulate labor when second-stage labor is
prolonged (Jamal & Kalantari, 2004) has established roles in neurodeve-
lopment, synaptic plasticity, milk ejection, parturition, and parenting
(Rajamani et al., 2018), all factors that potentially could contribute to
the association. One may though question if such a transient and short-
term exposure can have this prominent effect. We also speculate that
breast-feeding initiation is delayed for an exhausted mother, which
potentially could contribute. Established risk factors for requiring instru-
mental delivery include advanced maternal age (Wang et al., 2011), epi-
dural analgesia, high maternal BMI, and high birth weight (Schuit
et al., 2012; Sharma et al., 2009). Of these, we controlled for maternal
age and birth weight in the adjusted models with remaining significance,
and thus these are unlikely contributors. We may speculate that the
association between instrumental delivery and lower risk of offspring
AN is mediated via maternal BMI, and future studies should control for
this. Lastly, instrumental delivery not rarely results in head injuries such
as hematoma/hemorrhage (Doumouchtsis & Arulkumaran, 2006) and
painkillers might be provided to the newborn. Thus, the last speculation
is that painkiller administration at birth could be a factor in the protec-
tive effect of instrumental delivery on offspring AN. That the statisti-
cally significant protective effect is not seen in the sex-stratified
analysis for EDNOS and only in females with AN, could possibly be
explained by small sample sizes.

Maternal inflammation, for example, inflammatory bowel disease
and systemic lupus erythematosus, was associated with increased risk
of offspring AN. However, in both the sensitivity analysis excluding
individuals with missing data and the one including offspring followed
until the age of 10 years or older, this association was no longer sig-
nificant. In the sex-stratified analysis, the association was significant
only for male offspring. Nevertheless, a previous study reported that
parental history of autoimmune or autoinflammatory disorders signifi-
cantly increased offspring risk of all three ED; AN, BN, and EDNOS
(Zerwas et al., 2017) and a bidirectional relationship between ED and
autoimmune disorders have previously been reported (Hedman
et al., 2019). A potential underlying mechanism involves the transfer

of autoantibodies, such as the N-methyl-D-aspartate receptor and
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contacting-associated protein-like 2 autoantibodies, through the pla-
centa. These may cross the underdeveloped blood-brain barrier of the
fetus and target surface antigens affecting the cortical structure and
function (Hansen et al., 2021; Lee et al., 2009; Palmeira et al., 2012).

PCOS was associated with an almost 30% increased risk of off-
spring EDNOS, in the sex-stratified analysis significant only for
females. The association remained in the older cohort but not when
we excluded individuals with missing information. Earlier studies have
revealed an association between PCOS and ED, as well as, with other
psychiatric disorders (Cesta et al., 2020; Chen et al., 2020). Increased
levels of androgens as seen with PCOS (Rodriguez Paris &
Bertoldo, 2019) are known to affect fetal neuronal system organiza-
tion, for instance, the reward system, and influence later behavioral
tendencies (Auyeung et al., 2013; Hatanaka et al., 2015; Lombardo
et al., 2012). In general, we speculate that at least some sex differ-
ences seen in the present report are explained by the prenatal effects
of sex hormones and their influence on fetal development in combina-
tion with a genetic predisposition. Previous studies described the influ-
ence of prenatal testosterone on the brain regions associated with
reward later in life, which plays a critical role in ED as well as other neu-
ropsychiatric disorders (Lombardo et al., 2012). PCOS is commonly
associated with obesity/overweight (Barber & Franks, 2021), thus we
cannot exclude that this association is confounded by maternal weight,
and future studies need to take this into account.

We performed a sensitivity analysis by excluding the individuals
with missing data on maternal SES and marital status. Most missing
cases were in SES. It is difficult to define the SES of pregnant individ-
uals since many are on maternity or childcaring leave or still in educa-
tion (Gissler et al., 2003). Neither did we have information on their
partners. While the most significant HRs remained, this analysis also
revealed changes in statistical significance for associations that were
originally very closely above the significance threshold. This empha-
sizes careful interpretation of such associations, that is, for offspring
AN with preexisting maternal inflammatory disorders, and instrumen-
tal delivery, for BN with premature birth, and EDNOS with PCOS and
instrumental delivery. In addition, a second sensitivity analysis includ-
ing only offspring followed until the age of 10 years or longer,
revealed minor changes in HR and loss of one single significant associ-
ation, that is, offspring AN with maternal inflammatory disorders. No
new association appeared in this cohort.

One may argue that multiple correction is required when analyz-
ing as many exposures as here has been done. However, to aid in
comparing our results with similar studies, for example, Larsen et al.
(2021) that evaluated a similar-sized Danish cohort, we here present
results with a significance level of p < .05 and discuss only those sig-
nificant in the most adjusted model. Considering correcting for the
13 exposures would give a significance level of p <.004. As can be
interpreted by looking at the p values for all associations presented in
Table S3, the associations that would remain significant at such a
stringent significance level in the non-sex stratified analysis are, off-
spring risk of AN with high maternal age, continued smoking, and low
Apgar score, and offspring EDNOS with insulin-treated PGD, antibi-
otics during pregnancy, prematurity, and SGA.

EATING DISORDER

A major strength of this study is the large cohort size, stemming
from the usage of population-based Finnish registers. The Finnish
health care system is based on a public system, providing equal access
to health care. The results presented here should represent the Finn-
ish population at large, even if some skewness in healthcare consump-
tion cannot be excluded. Other strengths are the separate analyses of
ED subdiagnosis; AN, BN, and EDNOS, and the sex-stratified ana-
lyses, even if we are underpowered to perform this for male offspring
diagnosed with BN. This reflects that on average only 10% of those
affected by an ED are male (Striegel-Moore & Bulik, 2007). A larger
cohort is needed to further explore the associations between expo-
sures prenatally and at birth and male offspring BN, in particular. A
major limitation is the lack of information on maternal BMI, which
likely contributes to some of the associations between exposures pre-
natally or at birth and the risk of offspring ED (Razaz &
Cnattingius, 2018) (see discussion on specific exposures above), and
further studies controlling for maternal BMI status are needed. Unfor-
tunately, we neither have information on AN subtypes; restricting nor
binge eating/purging. A future study analyzing the two subtypes sepa-
rately would be very valuable. We are also limited by a relatively short
follow-up time in relation to the average onset of ED, which may be
one reason for the surprisingly low prevalence of BN seen here. We
speculate that BN is more difficult to recognize in young children.
Indeed, in the cohort, no offspring below the age of 12 years is diag-
nosed with BN, while both AN and EDNOS are diagnosed as early as
4 years of age. BN may for a longer time go unnoticed since BMI com-
monly is not low and we speculate that purging behaviors, included as
a diagnostic criterion, may be difficult to detect in younger children
(Schaumberg et al., 2017). EDNOS is a diagnosis encompassing a
broad range of ED not completely fulfilling the diagnostic criteria of
AN or BN. One may speculate that this is more frequently diagnosed
in young children with eating- and weight concerns. The clinical mean-
ing of associations with offspring EDNOS are thus difficult to inter-
pret. In line with this, it is important to mention that not all cases of
ED are detected here. In addition, the number of males in the sex-
stratified analyses was low, and these results need to be interpreted with
precaution. Next, we cannot exclude that we have adjusted for a media-
tor of an exposure effect pathway resulting in not detecting a true asso-
ciation. Lastly, even if we find it unlikely, we cannot disregard that some
of our findings may reflect the genetics of psychiatric iliness. Even if we
control for maternal in- and out-patient psychiatric disorders, we may
not catch those with milder psychiatric ilinesses, since we do not have
access to data from general practice, or non-diagnosed illnesses, along-

side a possible paternal inheritance, not controlled for.

5 | CONCLUSION

In conclusion, we report several exposures during pregnancy and at
birth that may influence the risk of offspring ED, however, we cannot
exclude that the associations are confounded by maternal weight/
BMI which as discussed above is related to several of the exposures

as well as offspring risk of AN. Nevertheless, several associations are
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specific for AN, BN, and/or EDNOS, and some are sex-specific. This
strengthens the importance of analyzing the different ED sepa-
rately, and when possible, in a sex-stratified manner. Offspring risk
of AN was increased with prematurity, maternal inflammatory dis-
orders, low Apgar, SGA, and high maternal age, while the risk was
reduced when exposed to continued smoking during pregnancy
and with instrumental delivery. The risk of offspring BN was con-
trary to AN, increased with continued smoking during pregnancy,
and prematurity, while postmature birth reduced the risk. The risk
of offspring EDNOS was increased with prematurity, insulin-
treated PGD, SGA, maternal PCOS, high maternal age, and antibac-
terial treatment during pregnancy, while instrumental delivery
reduced the risk.
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