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Abstract

The current study explored longitudinally whether oxytocin receptor gene methyla-

tion (OXTRm) changesmoderated the associationbetweenparental sensitivity changes

and children’s attachment changes over three waves. Six hundred six Flemish children

(10–12 years, 42.8%–44.8% boys) completed attachment measures and provided sali-

varyOXTRm data on seven CpG sites. Their parents reported their sensitive parenting.

Results suggest that OXTRm changes hardly link to attachment (in)security changes

after the age of 10. Some support was found for interaction effects between parental

sensitivity changes andOXTRm changes on attachment changes over time. Effects sug-

gest that for children with increased OXTRm in the promotor region and decreased

methylation in the inhibitor region over time, increased parental sensitivity was asso-

ciated with increased secure attachment and decreased insecure attachment over

time.
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1 INTRODUCTION

Secure attachment or children’s trust in the availability of caregiver

support (Ainsworth, 1973; Bowlby, 1969) is an important outcome of

child development as it influences later (mental) health and social and

academic competence (Cassidy & Shaver, 2016). Children’s ability to

form attachments to parents is embedded in their genetic makeup as

the result of evolutionary selection to promote their survival (Bowlby,
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1969). Whether or not children develop trust in parental care (i.e.,

become securely or insecurely attached) depends on parents’ sensitive

responses to children’s distress (De Wolff & Van IJzendoorn, 1997).

However, research suggests that theeffect of (in)sensitiveparentingon

children’s attachment development is not equal for all children (Van-

devivere et al., 2018), raising the question of which factors explain

individual differences in the association between change in sensitive

parenting and change in attachment across development. According to

recent theories, endocrinological systems, among others the oxytocin

system, are implicated in attachment development (Bosmans et al.,

2020; Feldman, 2012). This has led to the current study’s hypothesis

that epigenetic changes in theoxytocin receptor (OXTR) genemoderate

the extent to which changes in sensitive parenting are linked to indi-

vidual differences in attachment development over time.Moreover, we

will explore whether such effects can be observed beyond the age of 5.

The period until 5 years old is typically characterized bymore plasticity

and considered as more sensitive to change (Pérez et al., 2019). How-

ever, we are interested inwhether even after that age, still changes can

occur inOXTR genemethylation (OXTRm) and attachment.

Attachment theory (Bowlby, 1969) proposes that children need

parental proximity and support for survival. When children experi-

ence consistent sensitive care during distress, they are more likely to

expect support from parents and develop a secure attachment (van

IJzendoorn & Bakermans-Kranenburg, 2019). These expectations are

mentally stored in a cognitive script-like manner, called a Secure Base

Script (SBS; H. S. Waters & Waters, 2006). This SBS comprises the

expectation that distress will be followed by a chain of events, starting

with proximity seeking to an attachment figure in response to dis-

tress. This then activates caregiver support,which resolves the distress

and helps getting back on track. More securely attached individu-

als develop more SBS knowledge (Waters et al., 2019). The level of

internalization and knowledge about the SBS represents attachment

quality. The SBS guides future behavior and expectations regarding

seeking and receiving supportive care from an attachment figure. In

contrast, children who experience inconsistent or a lack of sensitive

care during distress develop not only less SBS knowledge, but they are

also more likely to develop anxious or avoidant attachment styles (e.g.,

Ein-Dor et al., 2011; Verhees et al., 2021). An anxiously attached child

fears losing connectionwith the attachment figure resulting in a preoc-

cupied search for support. An avoidantly attached child expects no care

from the attachment figure and shows withdrawal (Mikulincer et al.,

2003). The association between (in)sensitive parenting and (in)secure

attachment development has been robustly found in meta-analyses

(De Wolff & van IJzendoorn, 1997; van der Voort et al., 2014). How-

ever, these effects were on average less strong and more variable over

studies than traditional attachment theory predicted, leading to the

question of which factors moderate the association between sensitive

parenting and attachment.

In order to try to understand the variation in effect sizes over

studies, potential moderators of the sensitive parenting-attachment

changes association were formulated in the learning theory of attach-

ment (Bosmans et al., 2020). According to recent theories, an optimal

functioning oxytocin system is important for attachment develop-

ment, as it maximises the rewarding effect of receiving care from the

attachment figure (Bosmans et al., 2020; Feldman, 2012).

Children learn to expect comfort and the care-related experiences

become consolidated in SBS knowledge, hereby contributing to secure

attachment development. Inversely, when the attachment figure gets

associated with rejection during distress, children are less likely to

experience comfort and relief, which can accumulate toward anxious

or avoidant attachment expectations. Hence, hormones like oxytocin

could play a central role in attachment development. Oxytocin is a

neuropeptide that is produced in the hypothalamus and is released

from the posterior pituitary gland (Vaidyanathan & Hammock, 2017).

Once OXTRs process oxytocin, it affects social affiliation (Winslow

& Insel, 2002) and children’s attachment development (Swain et al.,

2014). However, individual differences in oxytocin responses to care

exist. For example, Heim et al. (2009) found that adults who experi-

enced childhood trauma or neglect showed reduced oxytocin levels

in their cerebrospinal fluid. In addition, Feldman and Bakermans-

Kranenburg (2017) reviewed studies showing that differences in

oxytocin levels are associated with differences in how parents and

children behave toward each other during attachment interactions.

These individual differences in oxytocin responses could explain why

the association between changes in parental sensitivity and changes

in attachment over time differ across children. Specifically, if the oxy-

tocin responseduring care is blunted, childrenmayexperienceparental

attempts to provide support as less effective, leading to a reduced

ability to learn to trust in parental care.

One possible source of variation in the oxytocin system is epi-

genetics (Ellis et al., 2021). Epigenetics refers to the processes that

can alter gene expression without changing the underlying genetic

sequence itself (Lester et al., 2016). These processes are natural and

necessary for the proper functioning of the organism, but if epigenetic

processes become aberrant, they can have severe health or behav-

ioral consequences (Bakermans-Kranenburg & van IJzendoorn, 2014).

There are different epigenetic mechanisms. In the current study, we

focus on DNA methylation, which is the most studied mechanism in

epigenetics research (e.g., Darling Rasmussen & Storebø, 2021). DNA

methylation comprises the addition of a methyl group (CH3) on cyto-

sine nucleotides, widely found within so-called CpG islands. Often,

the studied CpG islands are located close to the promotor region of

a gene, which identifies where mRNA can start to read out the gene

(Moore et al., 2013). In the promotor region, hypermethylation of the

cytosine nucleotides presumably corresponds to less expression of

the mRNA and thus the gene, while hypomethylation is assumed to

lead to more expression of the mRNA and the gene (Jones, 2012).

However, although this is generally the case, the relationship between

DNAmethylation and gene expression is highly complex and varies by

genomic location (Phillips &Goodman, 2008).

Methylation patterns are established perinatally but can also

change throughout one’s lifespan (Skinner, 2011). DNA methylation

can occur because of awide range of environmental influences like cer-

tain foods, substances (Dolinoy, Huang, & Jirtle, 2006), and pollution

(Rider&Carlsten, 2019) but also aging (Klutstein et al., 2016) and social

factors like bullying (Mulder et al., 2020) or parenting (Ellis et al., 2021;
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Mulder et al., 2017). Additionally, genetics (methylation quantitative

trait loci,mQTLs) play an important role in programmingDNAmethyla-

tion patterns, with over half of DNA methylation sites associated with

knowncommon single nucleotide polymorphisms (Min et al., 2021). For

the OXTR gene, several mQTLs are known (rs2648415, rs68129856,

rs73019973, rs7647170, rs9874577; GoDMCdatabase).

Although theoretically, mediation of OXTRm in the association

betweenparenting and child outcomesmight seema logical conclusion,

many studies failed to find this effect (Mulder et al., 2017). However,

it might be that these epigenetic changes could be important mod-

erators in how parenting influences attachment development. Caspi

et al. (2002) proposed that DNA methylation levels affect children’s

susceptibility to parenting effects, and, therefore, the strength of the

association between parenting and different developmental outcomes,

like attachment, might be dependent on children’s (epi)genetic con-

stellation. In a similar vein, the differential susceptibility theory states

that children can differ in their susceptibility to environmental influ-

ences, such as parenting (KleinVeldermanet al., 2006)with epigenetics

being one potential marker for individual differences in susceptibility

(van IJzendoorn & Bakermans-Kranenburg, 2015). Given the hypothe-

sized central role of the oxytocin system in attachment development,

the current study will explore longitudinally whether changes in chil-

dren’s OXTRm moderate the association between changes in parental

sensitivity and changes in attachment over time.

Research on whether and how epigenetics plays a role in attach-

ment development has only recently been touched upon (Craig et al.,

2021; Darling Rasmussen & Storebø, 2021). The few existing studies

seem to suggest that OXTRm could play a role in attachment develop-

ment (Craig et al., 2021). One study showed higher levels ofOXTR gene

intron 1 methylation in young adults with a more avoidant attachment

style, only when anxiety was low (Ein-Dor et al., 2018). Research from

Ebner et al. (2019) indicated highermethylation levels in the -924 CpG

of the OXTR gene (MT2 region) for younger participants (20–31 years

old) with less attachment anxiety, but not for older participants (63–

80 years old; Ebner et al., 2019). In addition, Lecompte et al. (2021)

found that hypomethylation of the OXTR gene was related to more

attachment security. In general, those studies found that the most epi-

genetically active regionwithin theOXTRgene is theMT2 region,which

comprises several dozens of CpG sites. Therefore, in the current study,

we focus on thisMT2 region.

However, the previous studies had at least two limitations. First,

they did not take into account change over time. Intervention studies

have demonstrated that changes in parental sensitivity can contribute

to changes in child attachment (Bosmans et al., 2022). Also, Cecil et al.

(2014) showed that environmental changes like parenting and OXTRm

changes were associated across childhood. Thus, to better understand

changes in attachment, it is important to investigate changes in parent-

ing behavior because the changes might be interconnected. A second

limitation of those studies is that they do not investigate whether

the interaction between changes in parenting and DNA methylation

explains changes in attachment. Nevertheless, prior research has sug-

gested that such interaction effects do exist. For example, Bosmans

et al. (2018) found that methylation of the NR3C1 gene moderated

the link between maternal support and change in anxious attachment.

More distressed childrenwho received lessmaternal support reported

an increase in anxious attachment over timewhen their level ofNR3C1

methylation was high. Hence, wewere interested in exploring whether

changes in OXTRm levels similarly moderate the association between

change in sensitive parenting and change in attachment. This moder-

ation effect was tested in a middle childhood sample and for different

components of the complex attachment construct.

Middle childhood is an important developmental period in which

biological factors, as well as social factors, undergo important transi-

tions (DelGiudice, 2015).Children’s socialworlds expand, andalthough

parents remain their main attachment figures, peers become more

important than before (Brumariu & Kerns, 2022). Also, metacogni-

tion, memory, emotion regulation, self-awareness, and understanding

of others mature in middle childhood (Raikes & Thompson, 2005). This

maturation can influence learning and attachment. Therefore, middle

childhood is a valuable period to study attachment development.

The development of attachment occurs at different levels of pro-

cessing (Bosmans & Kerns, 2015). Research suggests that attachment

is a complex construct and individual differences in attachment reflect

both more strategic levels of processing (e.g., children reporting on

how much secure, anxious, and avoidant attachment they experience

in their relationship with parents) and more automatic levels of pro-

cessing (e.g., whether children tell stories about distressing events that

contain SBS knowledge). It has been argued that it is important to

do research accounting for both levels of processing to better under-

stand at which level of processing certain developmental mechanisms

operate (Gastelle & Kerns, 2021).

Additionally, parenting research shows that the investment of male

versus female parents in their offspring might differ (parental invest-

ment theory; Mogilski, 2021). Thus, parental sensitivity toward chil-

dren can digress between mothers and fathers, also depending on the

context (Branger et al., 2019). Therefore, the current study explores

whether the effect of changes in maternal sensitivity on attachment

development is moderated by the change inOXTRm.

2 METHODS

2.1 Participants

Six hundred six children were recruited from 21 schools in Flanders,

Belgium. To increase power to find small to medium effects (calcu-

lated a priori with G*Power; Faul et al., 2009), we needed to increase

the sample size and recruited extra children outside of those schools

through social media. There were three waves of data collection with

1 year between the first and second and between the second and

third wave. In Wave 1, 606 children of the fifth grade (Mage = 10.78,

SDage = 0.48) took part in the study (44.7% boys); in Wave 2, 440

children of the sixth grade from the same sample (Mage = 11.77,

SDage = 0.51, 42.8% boys); and in Wave 3, 332 children of the seventh

grade from the same sample (Mage = 12.65, SDage = 0.72, 44.8% boys)

took part in the study (retention rate= 77%).
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Most participantswere of Belgian nationality (88.7%).Most parents

had a college educationdegree (mothers=47.5%; fathers=36.4%) or a

university degree (mothers = 36.2%; fathers = 39.6%), 15.8% of moth-

ers and 23.3% of fathers had a secondary school degree, and 0.5% of

mothers and 0.7% of fathers had a primary school degree or no degree.

A total of 78.8% of the participants lived together with both their bio-

logical parents, 12.0% lived with one parent, 9.0% lived in a blended

family, and 0.2% lived in a different situation.

2.2 Measures

2.2.1 Measures of attachment

People in My Life

Tomeasure self-reported secure attachment or trust in the availability

of parental support, children filled out the trust subscale of the Peo-

ple in My Life questionnaire (Ridenour et al., 2006) in every wave. This

subscale has 10 statements about attachment to theirmother that chil-

dren (e.g., “My mother accepts me the way I am”) rated from 1 (not at all

true) to4 (completely true). Cronbach’sαswere.84 inWave1,.87 inWave

2, and.91 inWave 3.

Experiences in Close Relationships—Revised

We also assessed self-reported attachment anxiety and avoidance

with the Experiences in Close Relationships—Revised questionnaire,

adapted for middle childhood (ECR-RC; Brenning et al., 2011) in each

wave. The anxious attachment (e.g., “I worry that my mom doesn’t really

loveme”) andavoidant attachment (e.g., “I prefer not to showmymomhow

I feel deep down”) subscales each consist of six items. Children rated all

questions from 1 (strongly disagree) to 7 (strongly agree). Cronbach’s αs
for the anxious attachment subscale were.85 inWave 1,.86 inWave 2,

and.92 inWave 3; Cronbach’s αs for the avoidant attachment subscale

were.73 inWave 1,.97 inWave 2, and.85 inWave 3.

Middle Childhood Attachment Script Assessment

In addition, we measured attachment in a more implicit way using the

measurementof SBSknowledge (MCASA;T. E.Waters et al., 2015). The

MCASA is a storytelling task inwhich children are asked to tell a coher-

ent story as if the story is happening at thatmoment in time, using given

word prompts. There were two practice stories and three test stories.

The test stories contained one about “a scary dog in the yard,” “a soc-

cer game,” and “at the beach.” The word prompts are selected in such a

way that they suggest a SBS storyline. The stories children tell are rated

on the amount of SBS elements the stories contain. Per story, children

receive a score ranging from 1 to 7. A score of 1 indicates insecure ele-

ments in the script and7 the full presenceof all threeSBSelements. The

stories were recorded, transcribed, and coded by three independent

raters. The raters all received training from the principal investigator

who was trained himself in the lab of Stony Brook University. Our lab

also coded SBS data already before, used in previous studies (e.g., T.

E. Waters et al., 2015; Waters et al., 2019). Three raters reached good

interrater reliability for a subset of 121 stories of each storyline, scored

independently of each other (i.e., “scary dog in the yard,” “soccer game,”

and “at the beach”). Intraclass correlations were assessed in a two-way

mixed model with an absolute agreement for single measures for the

three coders, ranging between.84 and.90 for the ‘scary dog in the yard’

story, between.76 and.82 for the ‘soccer game’ story, and between.83

and.94 for the “at the beach” story. Stories on which the raters dif-

feredmore than 1 point in scoreswere discussed and they agreed upon

a consensus score. Subsequently, the remaining stories were equally

divided between the raters and coded independently. Cronbach’s αs
between the three stories were in Wave 1 = .60, Wave 2 = .58, Wave

3 = .62. These αs are rather low, but based on several previous stud-

ies (Bosmans et al., 2014; Verhees et al., 2021; T. E. Waters & Roisman,

2019), we deemed it acceptable to use this more implicit measure of

secure attachment as an additional attachment outcome variable.

2.2.2 Sensitive parenting

To measure the level of support by children’s parents, both parents

were asked to complete a self-report questionnaire on sensitive par-

enting (Wave 1:Nmothers = 412,Nfathers = 306;Wave 2:Nmothers = 317,

Nfathers = 236; Wave 3: Nmothers = 335, Nfathers = 271). The ques-

tionnaire included 15 items, coming from the subscales of Positive

Parenting (Parental Behavior Scale Short; Van Leeuwen et al., 2018),

Responsivity (LAPPS; Louvain Adolescent Perceived Parenting Scale;

Delhaye et al., 2012), and Autonomy Support (PPS; Perceptions of

Parents Scale; Grolnick et al., 1991). An example item is “I take into

account my son’s/daughter’s opinion on affairs that concern me” and all

items were scored on a 5-point Likert scale ranging from 1 “(almost)

never” to 5 “(almost) always.” A higher score means more self-reported

parental sensitivity. Internal consistency was good in Wave 1 (Cron-

bach’s αmothers = .87, Cronbach’s αfathers = .88), in Wave 2 (Cronbach’s

αmothers = .90, Cronbach’s αfathers = .89), and in Wave 3 (Cronbach’s

αmothers = .88, Cronbach’s αfathers = .88).

2.2.3 OXTRm

In each wave, saliva was collected to measure DNA methylation lev-

els on the OXTR gene. The OXTR gene contains four exons and three

introns and is locatedon chromosome3p25-3p26.2 (hg38, 3:8750408-

8769628), with the MT2 region as the most active one. Using the

OrageneDNA sample collection kit (DNAGenotek Inc.), salivawas col-

lected, and bisulfite was converted according to the manufacturer’s

protocol (EZ-96 DNA Methylation Kit; Zymo Research). Research

has shown that OXTR methylation levels in the MT2 region analyzed

from the periphery (saliva, blood) samples reliably correlate with DNA

methylation levels measured in the brain (Danoff et al., 2021; Gre-

gory et al., 2009; Krol et al., 2019; Puglia et al., 2020). Therefore, and

because it is less intrusive than taking blood samples, saliva sample col-

lection is an appropriatemeasurementmethod forDNAmethylation in

children (Smith et al., 2015). This is also the case for the DNA region

analyzed in the current study.

A pyrosequencing method was used to deduce the level of DNA

methylation in the part of the OXTR gene (Tost & Gut, 2007). The
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analysis was performed on PyroMark Q96 (Qiagen). We looked at

seven CpG sites located in exon 1: -924, -934, -959, -982, -989, -1001,

-1016 at hg19, chr3:8,810,729-8,810,845, some of which were studied

in previous research that showed links with attachment (MT2 region;

Ebner et al., 2019; Kraaijenvanger et al., 2019).

The CpG sites -924, -934, and -914 were analyzed via an adapted

protocol from Krol et al. (2019). To analyze CpG sites -924, -934, and

-914, we used the following Polymerase Chain Reaction (PCR) primers

(OXTR Forward: TTG AGT TTT GGA TTT AGA TAA TTA AGG ATT; OXTR

Reverse: -biotin-AAT AAA ATA CCT CCC ACT CCT TAT TCC TAA). PCR con-

ditions (Step 1: [95◦C/15 min]/1 cycle, Step 2: [94◦C/30 s, 54◦C/30 s,

72◦C/30 s]/50 cycles, Step 3: [72◦C/10 min]/1 cycle, Step 4: 4◦C hold)

were used for amplification of the fragment. The following sequencing

primer was used to read the DNA sequence containing CpG sites -924,

-934, and -914 (OXTR Sequencing: AGA AGT TAT TTT ATA ATT TTT).

To analyze CpGs -982, -989, -1001, and -1016, we used the follow-

ing protocol: PCR primers (OXTR Forward: TTG AGT TTT GGA TTT

AGA TAA TTA AGG ATT; OXTR Reverse: /5Biosg/GGC TGC ACC TAA

TGT GAT GCT AAG C), PCR conditions (Step 1: [95◦C/15 min]/1 cycle,

Step 2: [94◦C/30 s, 58◦C/30 s, 72◦C/30 s]/50 cycles, Step 3: [72◦C/10

min]/1 cycle, Step 4: 4◦C hold). The following sequencing primer was

used to read the DNA sequence containing CpG sites -982 to -1016

(OXTRSequencing:AGGTATTTTATTTTTAT). Sampleswere randomly

placed on 16 plates.

2.3 Procedure

Thecurrent studywaspart of theMethylation INDevelopmentproject.

To recruit participants during the school year 2016–2017 and 2017–

2018 (drop-in), information letters were distributed in schools, in

public areas, and on social media. Only children in the fifth grade of

elementary school who were fluently Dutch-speaking were included

as participants. There were three waves of data collection with each

1 year in between. In all three waves, parents completed an informed

consent prior to the start of data collection. For Wave 1 and Wave 2,

participants took part in the study in their classroom when recruited

through schools or came to the research center when recruited

anotherway. InWave3, childrenmoved fromelementary school to sec-

ondary school. Therefore, we visited them at home. Participants who

came to the research center in Wave 1 andWave 2 could return there

inWave 3 during the summer.

Only children whose parents gave active informed consent were

invited to participate. In all three waves, the procedure was similar.

First, children completed an informed assent form and were guided

through the procedure. They started with completing questionnaires

on attachment, among other questionnaires that are beyond the scope

of the current study. Next, children followed the researcher into a

separate room where the SBS task was administered individually.

Finally, they were instructed to donate saliva for the DNAmethylation

extraction.

During the procedure at school, parents (both mother and father)

were asked to complete questionnaires. For children who came to the

lab or were home-visited, the parents could choose to complete the

questionnaire on the spot.When childrenwere taking part in the study

at school, the parent questionnaires were distributed there to fill out

at home and later brought back to school. One of the parent question-

naires was about self-reported sensitive parenting, which was used in

the current study. This study was approved by the Ethical Committee

of the KU Leuven.

2.4 Data analysis

Prior to the main analyses, we examined the presence of univariate

outliers using the robust median absolute deviation (MAD) and of mul-

tivariate outliers using the minimum covariance determinant (MCD)

approach (Routliers R package, Leys et al., 2018). The MAD and MCD

analyses detected univariate and multivariate outliers, and diagnostic

tools to detect influential outliers (using the olsrr R package, Heb-

bali, 2020) in regression-based analyses also detected the presence

of influential points. Accordingly, to avoid the potential bias because

of these influential outliers and non-normality, all analyses employed

were robust—that is, unbiased in the presence of outliers and non-

normality. We also examined whether school affiliation (participants

were nested within schools) accounted for a significant portion of the

variance in attachment patterns and/or parental sensitivity. To do so,

we compared the fit (by the Analysis of Variance [ANOVA] function

in R) of intercept-only linear models (i.e., not nested within schools)

with intercept-only mixed effect models (i.e., with participants nested

within schools). A significant deviation test would support a nested

design. None of the tests were significant (lowest q-valueFDR = .164),

so we did not include school ID as a random effect. In addition, 25.82%

of the data was missing (9.65% at age 10, 24.98% at age 11, and

37.13% at age 12). Although 81 patterns of missing data were present,

Jamshidian and Jalal’s non-parametric missing completely at random

test indicated thedataweremissing at random (MAR): that is,Hawkins’

test [χ2(36) = 829.89, p = 5.80−15] and Anderson–Darling rank test

[Tmedian = 66.20, p = 8.55−35] were significant. Given the high pro-

portion of missing data and that it was MAR, we opted for a more

conservative approach to the data and to conduct the analyses only on

the complete cases.

We first assessedwhether attachment (attachment security, attach-

ment anxiety, attachment avoidance, and SBS knowledge) changed

over time (ages10 to12) by conducting latent trajectoriesmodels using

robust mixed-effects models in robustlmm R package (Koller, 2016). In

these models, the predictor was time (coded 0, 1, and 2 with “year” as

the unit of time), and the random effect was the participant number.

The attachment patterns scores were the dependent variable. Simi-

larly, we assessed whether parental sensitivity levels changed over the

waves and whether methylation levels in the MT2 region of the OXTR

gene changed over waves using additional robust mixed-effects mod-

els. In all sets of analyses, the unit of timewas years. Themodels tested

were linear and quadratic (more complex trajectories require more

than three waves of measurements) and compared by deviance tests

and Bayesian Information Criterion (BIC) values.

Next, we employed exploratory graph analysis (EGA) to assess

the dimensionality of the seven selected CpG sites within the MT2
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region (using the EGAnet R package, Hudson & Alexander, 2021). EGA

estimates the number of dimensions using a graphical lasso and/or Tri-

angulated Maximally Filtered Graph (TMFG) and a weighted network

community detection algorithm. A bootstrap method for verifying the

stability of the dimensions and items in those dimensionswas also used

with 1000 resampling cycles. EGA was conducted separately for each

wave of measurement to corroborate the robustness of the findings.

The EGAs were also followed by a series of Pearson correlations to

estimate the pattern of associations between all CpGs.

Following these analyses,weestimatedwhether the intra-individual

change in attachment over time is predicted by the change in parental

sensitivity levels during that same period. To do so, we carried out

three robust mixed-effects models with changes in maternal and

paternal sensitivity (see Supplementary File 2) levels predicting each

attachment change variable (change in attachment security, attach-

ment anxiety, attachment avoidance, and SBS knowledge) in separate

analyses. In these models, we also controlled for the contribution of

biological sex (see preliminary analyses in Table S4 for the contribution

of biological sex in Supplementary File 1). To control for multiple test-

ing, we calculated false detection rates (FDRs; Benjamini & Hochberg,

1995). FDRcontrols the rateof type I errors. In linewithmolecular biol-

ogy studies, the FDR is set to 10% (e.g., Kanaan et al., 2012). p-values

(without control of FDR) and equivalent q-values (with control of FDR,

based on the number of effects in all analyses, i.c., 16) are reported.

In the final models, we examined whether the change in methyla-

tion of theMT2CpG sites of theOXTR genemoderated the association

between the change in parental sensitivity levels and change in attach-

ment over time (i.e., whether OXTRm interacts with the change in

methylation to predict the change in attachment patterns). We first

considered the option to include all analyses in one comprehensive

model. However, given the complexity of the models and the number

of effects, we decided to conduct separate analyses and not a mul-

tivariate approach while adjusting the significance of the effects by

FDR. Todo so,we conductedmoderation analyseswithin robustmixed-

effectsmodels. Topreventmulticollinearity, predictors andmoderators

were centered around their samplemean. Significant interactionswere

probed and plotted by simple slope analyses using the interactions R

package (Long, 2019). In these models, we controlled for biological sex

(using it as a covariate), and for batch effect (by introducing it as a

random effect).

3 RESULTS

3.1 Preliminary analyses

All preliminary analyses are reported in detail in Supplementary File

1. The models revealed that a linear trend of change was superior

to a quadratic trend across all tested models (i.e., the addition of the

quadratic term did not add significantly to the explained variance;

Δχ2(1) p-values > .11)), with the linear models’ BIC values being lower

than those of the quadratic ones. The linear models indicated that

attachment security, as well as children’s SBS knowledge, tended to

increase over time and that attachment anxiety but not avoidance

tended to decrease during that period of time. The currently observed

linear trend is in keepingwith past longitudinal research on thesemea-

surements of attachment (Jones et al., 2018; T. E. Waters et al., 2022).

Parental sensitivity did not significantly change over time at the group

level, though at the individual level, therewere a substantial number of

families reporting differences over time.

Our analysis identified two distinct sets of CpGs, with the first set

comprising CpGs -924, -934, and -959, all of which exhibited high lev-

els of methylation. These sites are situated adjacent to an inhibitory

site of the OXTR gene. Research on these specific sites, particularly -

934, has revealed inconsistencies: Some studies suggest a correlation

between these sites and increased expression of the OXTR gene (e.g.,

Danoff et al., 2021),while others, including our findings, associate them

with the inhibition of this expression or behavioral correlates (e.g., De

Leon et al., 2020; Jack et al., 2012). For instance, De Leon et al. (2020)

observed in a large sample of rhesus monkeys that higher methylation

at -934 correlated with increased, rather than decreased, affiliative

behavior. Similarly, Jack et al. (2012) found that higher methylation

at -934 was linked to more, not less, activation of two social brain

regions: the left superior temporal gyrus and the cingulate gyrus. In our

study, the findings align with the latter findings, and we propose that

highermethylation levels at theseCpGs indicate reducedactivity of the

inhibitor, thereby enhancing the expression of theOXTR gene (Mamrut

et al., 2013).

The second set of CpGs, comprising CpGs -982, -989, -1001, and -

1016, exhibited low levels of methylation and were located adjacent

to the promoter site of the gene. It is presumed that higher methy-

lation levels near the promoter region lead to decreased expression

of the OXTR gene (Mamrut et al., 2013). For instance, Andari et al.

(2020) demonstrated that increased methylation at -989 was associ-

ated with reduced brain resting-state functional connectivity between

independent components representing the theory of mind, specifically

the superior temporal sulcus and the posterior cingulate cortex.

However, the methylation levels within these sites were not highly

correlated; thus, in line with research from Weaver et al. (2004), we

decided to keep studying the effects of the changes in methylation lev-

els of the different CpGs separately instead of clustering. Further, sex

was related to less OXTRm in the promotor region and more methy-

lation in the inhibitor region in girls. Finally, over time, an increase

in sensitive parenting was linked to a greater increase in attachment

security, and a greater decrease in attachment anxiety and avoidance,

but not with a change in SBS knowledge (see Tables A1 and A2 in the

Appendix).

3.2 Does OXTRm moderate the association
between the change in parental sensitivity and the
change in attachment patterns over time?

Results are presented in Table A1 (maternal sensitivity). Results on

the moderation of change in OXTRm in the link between change in

paternal sensitivity and change in attachment over time can be found
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in Table S5 (see Supplementary File 2). Our exploratory analyses

revealed some interactions between changes in maternal sensitivity

with changes in OXTRm on changes in attachment over time, but the

majority of effectswere non-significant. However, the significant inter-

action effects revealed a consistent pattern of results. IfOXTRm (within

the MT2 region) increased in the promotor region and decreased in

the inhibitor regionover time, a significant associationbetween change

in maternal sensitivity and change in attachment emerged. Increasing

maternal sensitivity over time was then linked to increasing attach-

ment security and decreasing insecurity. If OXTRm (within the MT2

region) decreased in the promotor region and increased in the inhibitor

region over time, therewas no association between change inmaternal

sensitivity and change in attachment. The specific effects are depicted

below.

3.2.1 Maternal sensitivity

The interactions between the change in maternal sensitivity and in

methylation for predicting the change in attachment over time are pre-

sented in Figure 1. Simple slopes tests indicated that increased levels

of maternal sensitivity were not associated with increased levels of

attachment security and/or SBS knowledge for childrenwhose pattern

of methylation decreased in the promotor region and increased in the

inhibitor region over time. Specifically, when methylation increased on

the OXTR gene inhibiting -959 CpG (i.e., +1 SD; an average increase of

7.64%) and methylation decreased on the OXTR gene promoting -989

CpG (i.e., -1 SD; an average decrease of 4.67%), the level of attach-

ment security and/or SBS knowledge was high regardless of maternal

sensitivity (b = .06, SE = 0.05, t = 1.9, p = .199 for security [-959],

b = −.07, SE = 0.09, t = −0.79, p = .423 for SBS knowledge [-959], and

b = −.03, SE = 0.09, t = −0.38, p = .705 for SBS knowledge [-989]).

Effects remained significant after controlling for multiple tests with

FDR.

Conversely, simple slopes tests indicated that increased levels of

maternal sensitivity were associated with increased levels of attach-

ment security and/or SBS knowledge for adolescents whose pattern

of methylation increased in the promotor region and decreased in the

inhibitor region over time. Specifically, for children with less methy-

lation on the OXTR gene inhibiting -959 CpG (i.e., -1 SD; an average

decrease of 7.35%) and more methylation on the OXTR gene promot-

ing -989 CpG (i.e., +1 SD; an average increase of 7.65%), the level of

attachment security and/or SBS knowledge was dependent on mater-

nal sensitivity: The higher the increase in maternal sensitivity, the

greater the increase in attachment security (b= .22, SE= 0.04, t= 5.07,

p = 5.00−07 on -959) and SBS knowledge (b = .29, SE = 0.09, t = 3.37,

p= .0008 on -959, and b= .25, SE= 0.09, t= 2.74, p= .006 on -989). As

maternal sensitivity increased over time (+1 SD), the estimated level

of attachment security and SBS knowledge increase over time was as

high among adolescents who showed methylation increase in the pro-

motor region anddecrease in the inhibitor region as in adolescentswho

showed a decrease in methylation in the promotor region and increase

in the inhibitor region of theOXTR gene over time.

4 DISCUSSION

The current study explored whether the association between change

in sensitive parenting and change in attachment is moderated by

the change in OXTRm in middle childhood. Across different CpGs,

some significant interaction effects emerged, but most effects were

non-significant. However, all significant interaction effects reflected a

consistent pattern.WhenOXTRm increased in thepromotor region and

decreased in the inhibitor region over time, increasing parental sen-

sitivity was linked to increasing attachment security and decreasing

attachment insecurity.WhenOXTRmdecreased in thepromotor region

and increased in the inhibitor region over time, there was no associa-

tion between change in sensitive parenting and change in attachment

(in)security. More specifically, when OXTRm decreased in the promo-

tor region and increased in the inhibitor region over time, attachment

security remained high.

The current study’s exploratory findings add to a novel, but growing

literature regarding links between OXTRm and attachment develop-

ment. Most of these studies looked at cross-sectional associations

between OXTRm and attachment (see Ebner et al., 2019; Ein-Dor

et al., 2018; Lecompte et al., 2021). The current study’s main effects

of changes in OXTRm on changes in attachment suggest that these

effects might not be strong or robust. This calls for caution against

strong claims about the direct impact of OXTRm changes on attach-

ment changes within the age period of between 10 and 12 years old.

As could be expected from previous research, children’s age in the

current study might be past the most sensitive period of epigenetic

changes and attachment development (Pérez et al., 2019). However,

it is important to highlight that our study accounted for the change

in all the variables, in contrast to previous studies. Significant changes

in OXTRm and attachment levels were found in the current study, but

the changes were small. This might have rendered it harder to find

effects, compared to when we would have looked into cross-sectional

levels of OXTRm and attachment. Also, existing OXTRm —attachment

research was only done in adults. We tested these associations in mid-

dle childhood, a timeperiod inwhich changeoccurs atmultiple domains

of maturation (Del Giudice, 2015). Hence, it might have been harder

to find change-effects at this age. Nevertheless, the literature does

suggest that one needs to stay prudent when assessing the relevance

of OXTRm for attachment development (Maud et al., 2018), and the

current study’s results further support this concern.

Slightly more support was found for the idea that OXTRm could

moderate the association between change in sensitive parenting and

attachment development. For the significant effects that emerged, the

interpretation of the significant interactions was consistent and points

at a potential moderating role of changes inOXTRm in the link between

changes in sensitive parenting and attachment development. When

OXTRm increased in thepromotor region anddecreased in the inhibitor

region over time, increasing parental sensitivity was linked to increas-

ing attachment security and decreasing attachment insecurity. When

OXTRmdecreased in thepromotor region and increased in the inhibitor

region over time, there was no association between change in sensi-

tive parenting and change in attachment (in)security. This observation
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8 of 15 CUYVERS ET AL.

F IGURE 1 Simple slopes for the effect of the change inmaternal sensitivity on the change in attachment patterns (a= security, b, c= SBS
knowledge) as a function of change inmethylation on -959 (inhibitor) and -989 (promoter) CpGs.

is new and adds to the OXTRm—attachment research literature, and

converges with past research showing a similar effect for NR3C1 gene

methylation in the association between sensitive parenting and change

in anxious attachment (Bosmans et al., 2018).

However, we need to remain cautious, especially related to the

meaning of the significant findings with different CpG sites. Concern

has been raised about the difficulty of replication of OXTRm -related

effects (Min et al., 2021; Rijlaarsdam et al., 2016). Although the lat-

ter studies are epigenome-wide association studies (EWAS), which

are not completely generalizable to candidate gene studies, the selec-

tion of a few CpGs out of so many remains arbitrary. Mulder et al.

(2017) found great instability in the methylation of CpGs, and test–

retest research is lacking. Further, the methylation levels might be

influenced not only by environmental exposures but also genetically

predisposed, by both direct and more distal genes (Min et al., 2021).

It might thus be that methylation levels are not just the impacting fac-

tor on psychological outcomes like attachment development but also

are the result of psychological outcomes (Min et al., 2021). This shows

how vulnerable methylation research is and how cautious we should

be about drawing conclusions about the current findings. Finally, the

previously discussed inconsistencies in the direction of the methyla-

tion effects related to CpGs -924, -934, and -959 in different studies
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suggest that more research is needed to test whether the currently

found inhibitory effects hold for explaining individual differences in

attachment. It is safe to say that at this point in the child developmental

research on epigenetics, we are merely scratching the surface, explor-

ing whether epigenetics has applied significance for child development

in general and attachment in specific (van IJzendoorn & Bakermans-

Kranenburg, 2024). Nevertheless, studies like the current one are

essential to generate knowledge and help guide future studies toward

a stronger empirical knowledge base. The current study’s interaction

effects are theoretically meaningful and could reflect a differential

susceptibility effect. It could be that with increasing OXTRm in the

promotor region and decreasing OXTRm in the inhibitor region, chil-

dren’s susceptibility toparentingeffects increases, for example, leading

to a stronger association between changes in sensitive parenting and

changes in attachment (in)security (Boyce & Ellis, 2005; Klein Velder-

man et al., 2006). Thus, it could be that especially in those children

whose methylation of the OXTR gene expression increased in the pro-

motor region and decreased in the inhibitor region over time, more

sensitive parenting can still have a compensatory effect while less sen-

sitive parenting could further deteriorate children’s ongoing insecure

attachment development. More research will be needed to investi-

gate whether the current results can be replicated and to investigate

the meaning of these results. Nevertheless, the current findings could

prove relevant to better understand the relation between changes in

sensitive parenting and attachment development.

4.1 Limitations

We found limited significant results, and they should be interpreted

with caution. First, the current study used a candidate gene approach

to explore the role of OXTRm in the association between parental

sensitivity and attachment development. In such an approach, only

one candidate gene is investigated, and replication of findings is very

difficult due to different sample characteristics (e.g., clinical samples

vs. population samples), measurement differences, different analysis

methods used (e.g., pyrosequencing vs. Infinium 450K), or the fact

that the chance of false positives is higher in candidate gene studies

(Dall’Aglio et al., 2020; Mulder et al., 2017). In addition, it is impor-

tant to note that next to the oxytocin system, also other systemsmight

impact parent–child attachment development, such as the reward

system (e.g., LeRoy et al., 2019). The current sample was also not

completely representative of the general population in Flanders since

parents were more highly educated in our sample (mothers = 83.7%;

fathers = 76.0%), compared to the population (52.4%; www.statbel.

fgov.be). As Ioannidis et al. (2006) noted, effect sizes in candidate gene

research are generally very small, and large sample sizes are needed to

reach sufficient statistical power. A wide variety of (epigenetic) influ-

ences might be at play on attachment development, while by studying

just one candidate gene, only a very small subregion is investigated.

Recently, hypothesis-free genome-wide association studies and

EWAS were performed in an attempt to provide a solution for this

problem that makes replication more difficult (Parade et al., 2021).

An example is a study by Cicchetti et al. (2016) showing that children

with a maltreatment history had a different whole-genome methy-

lation pattern than controls and not just in one candidate gene. On

locationswheremethylationwas generally low in controls,methylation

was generally high in children with a maltreatment history, and vice

versa, spread out over different genes. Furthermore, Dall’Aglio et al.

(2020) found no association between maternal sensitivity and DNA

methylation (amongwhichOXTR) in candidate gene studies but did find

an association in EWAS with 13 DNA methylation regions linked to

maternal sensitivity. However, for EWAS, even bigger sample sizes are

needed to be able to identify effects after adjusting formultiple testing.

In addition, the financial cost of such studies is enormous, which is why

we chose to conduct a candidate gene study.

Second, different CpG sites were involved in different interaction

effects. It is unclear why certain effects are found with only particu-

lar CpG sites in the same region. As a result, we cannot draw strong

conclusions about the meaning of the interaction that includes certain

CpG sites specifically. We can only generalize the interactions of spe-

cific CpG sites with sensitive parenting to interaction with either the

promotor region or the inhibitor region of the OXTR gene in general

with sensitive parenting.

A third limitation is thatmethylation levels can only be derived from

peripheral tissues and not from cells in the brain directly. Therefore,

criticism exists aboutmethylation levels derived fromdifferent periph-

eral tissues such as saliva and its correspondence to blood and plasma

levels of methylation. Braun et al. (2019) examined salivary, blood,

buccal, and brain levels of methylation in patients who needed brain

surgery and concluded that for some CpG sites, brain methylation lev-

els corresponded bestwith bloodmethylation levels and for other CpG

sites with salivary methylation levels. Levels of methylation differed

depending on the peripheral tissues used. Puglia et al. (2020) indicated

that saliva sampling was a reliable method to derive methylation levels

specifically of the OXTR gene. One limitation of the current sample is

that we did not have data on the different cell types (buccal or white

blood cells) in the saliva from which methylation levels were derived,

a technique often used in EWAS (Langie et al., 2017). Still, we believe

that, especially in children, it is important to choose the least invasive

method to measure methylation levels that are also reliable, which is

demonstrated in previous research (Langie et al., 2017).

A fourth limitation is that we had no information regarding the

pubertal statusof participants. Szyf andBick (2013) suggested that epi-

genetic changes and gene expression are sensitive to developmental

changes. In addition, the parent–child relationshipmight change due to

puberty (Marceau et al., 2015). Dadds et al. (2014) showed that from

the age of 9, children start to show signs of pubertal development and

show OXTRm changes. However, since our sample included children

of at least 10 years old, we can assume that there is little difference

in whether children started puberty or not. In addition, sex hormones

start to increase in puberty as well and also might influence methy-

lation levels (Kaminsky et al., 2006). Therefore, we chose to control

for sex in all analyses, to compensate partly for the lack of informa-

tion about pubertal status. However, future research should take into

account pubertal status as a possible covariate.
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A fifth limitation is that parental sensitivitywasmeasuredusing self-

report. Self-reportedmeasuresmight have induced a social desirability

bias (Van de Mortel, 2008). This in turn could explain why parental

sensitivity did not change a lot over time in the current study.

Although the current study has some limitations, the design also

has important advantages. To our knowledge, this is the first study

that investigates changes over time in sensitive parenting, attach-

ment (in)security, and OXTRm, and how they are related to each other.

By looking at the changes over time, we included both within- and

between-subjects information that makes the directional relations

more meaningful since a change in the predictor (parental sensitiv-

ity) is associated with a change in the outcome variable (attachment

(in)security). However, one still needs to be cautious in interpreting the

results because we cannot be certain about other factors impacting

the changes over time in all measures. Using changes over time also

reduces information in that sense (Griffin et al., 1999). Although the

current study was exploratory, the fact that we found some consistent

patterns of effects might guide future research more to model-based

approaches to try and replicate the findings of the current study

(Griffin et al., 1999).

In addition, the current study examined CpG sites that have not

been examined before. This led to new insights about the different

effects of methylation, depending on the region studied. For example,

more methylation on CpG sites in the promotor region (-982, -989, -

1001, and -1016) is assumed to lead to less expression of the OXTR

gene, which has been demonstrated before (Krol et al., 2019). In con-

trast, more methylation on CpG sites in the inhibitor region (-924,

-934, and -959) is assumed to lead to more expression of the OXTR

gene since the gene is less inhibited then. In psychological research,

often DNA methylation is stated as always leading to less expression

of the gene. However, in general, the levels ofmethylation are higher in

the inhibitor region than in the promotor region, leading to opposite

effects. This is an insight that has often been overlooked in previous

research, although similar highmethylation percentages were found in

inhibitor regions versus promotor regions (e.g., Moerkerke et al., 2021;

Puglia et al., 2018).

4.2 Conclusion and implications

In sum, the current study found that changes in maternal sensitiv-

ity were associated with attachment development, depending on the

changes in OXTRm. Only for children with increased OXTRm in the

promotor region and decreased methylation in the inhibitor region,

an association between change-sensitive parenting and attachment

development was found. Decreased OXTRm in the promotor region

and increased OXTRm in the inhibitor region over time functioned as

a buffer against possible detrimental effects of decreased sensitive

parenting on attachment development. In linewith the differential sus-

ceptibility hypothesis, for clinical practice, it is thus important to note

that changes in sensitive parenting will not have the same effects on

attachment development in all children.

Our findings suggest that those elementary school children whose

OXTR gene gotmoremethylated due to being exposed to adverse stim-

uli earlier in life might still benefit substantially from interventions

aimed at improving the parent–child relationship in general and the

attachment relationship in specific. This is an optimistic message in

times where clinicians are inclined to emphasize the importance of the

first years of life for child development (Bakermans-Kranenburg et al.,

2019). The current study suggests that in later years, important shifts

in attachment can still happen when parents improve their sensitive

parenting over time and that the more disadvantaged children might

even be more likely to benefit from interventions that stimulate such

shifts (like has been observed in differential susceptibility research;

Bakermans-Kranenburg & van IJzendoorn, 2015). Nevertheless, more

research is needed to replicate and understand the current findings

in order to infer more meaningful implications from these results.

If supported, research could explore whether interventions aimed at

stimulating a secure attachment development in elementary school

children (e.g., Middle Childhood Attachment-Based Family Therapy;

Van Vlierberghe et al., 2023) are more effective in children displaying

higher levels ofOXTRm.
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ification of the oxytocin and glucocorticoid receptor genes is linked to

attachment avoidance in young adults. Attachment & Human Develop-
ment, 20(4), 439–454.

Ellis, B. J., Horn, A. J., Carter, C. S., Van IJzendoorn, M. H., & Bakermans-

Kranenburg, M. J. (2021). Developmental programming of oxytocin

through variation in early-life stress: Four meta-analyses and a theoret-

ical reinterpretation. Clinical Psychology Review, 86, 101985. https://doi.
org/10.1016/j.cpr.2021.101985

Faul, F., Erdfelder, E., Buchner, A., & Lang, A. (2009). Statistical power anal-

yses using G*Power 3.1: Tests for correlation and regression analyses.

Behavior ResearchMethods, 41(4), 1149–1160.

 10982302, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dev.22496 by C

ochrane Portugal, W
iley O

nline L
ibrary on [21/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/j.neubiorev.2020.03.014
https://doi.org/10.1016/j.neubiorev.2020.03.014
https://doi.org/10.1177/0033294120901846
https://doi.org/10.1177/0033294120901846
https://doi.org/10.2307/1132107
https://doi.org/10.1073/pnas.0703739104
https://doi.org/10.1073/pnas.0703739104
https://doi.org/10.1037/a0022503
https://doi.org/10.1016/j.cpr.2021.101985
https://doi.org/10.1016/j.cpr.2021.101985


12 of 15 CUYVERS ET AL.

Feldman, R. (2012). Oxytocin and social affiliation in humans.Hormones and
Behavior, 61(3), 380–391.

Feldman, R., & Bakermans-Kranenburg, M. J. (2017). Oxytocin: A parenting

hormone. Current Opinion in Psychology, 15, 13–18.
Gastelle, M., & Kerns, K. A. (2021). A systematic review of representational

andbehavioralmeasures of parent-child attachment available formiddle

childhood.Human Development, 66(1), 1–29.
Gregory, S. G., Connelly, J. J., Towers, A. J., Johnson, J., Biscocho, D.,

Markunas, C. A., Lintas, C., Abramson, R. K., Wright, H. H., Ellis, P.,

Langford, C. F., Worley, G., Delong, G. R., Murphy, S. K., Cuccaro, M. L.,

Persico, A., & Pericak-Vance, M. A. (2009). Genomic and epigenetic evi-

dence for oxytocin receptor deficiency in autism. BMC Medicine, 7(1),
62.

Griffin, R. J., Dunwoody, S., & Neuwirth, K. (1999). Proposed model of

the relationship of risk information seeking and processing to the

development of preventive behaviors. Environmental Research, 80(2),
S230–S245.

Grolnick, W. S., Ryan, R. M., & Deci, E. L. (1991). Inner resources for school

achievement: Motivational mediators of children’s perceptions of their

parents. Journal of Educational Psychology, 83(4), 508–517.
Hebbali, A. (2020). Tools for building OLS regressionmodels. https://CRAN.

R-project.org/package=olsrr

Heim, C., Young, L. J., Newport, D. J.,Mletzko, T.,Miller, A. H., &Nemeroff, C.

B. (2009). LowerCSFoxytocin concentrations inwomenwith a history of

childhood abuse.Molecular Psychiatry, 14(10), 954–958.
Hudson, G., & Alexander, P. C. (2021). EGAnet: Exploratory Graph Analysis

– A framework for estimating the number of dimensions in multivari-

atedatausingnetworkpsychometrics. Rpackageversion2.0.5, https://r-

ega.net

Ioannidis, J. P., Trikalinos, T. A., & Khoury, M. J. (2006). Implications of small

effect sizes of individual genetic variants on the design and interpreta-

tion of genetic association studies of complex diseases. American Journal
of Epidemiology, 164(7), 609–614.

Jack, A., Connelly, J. J., & Morris, J. P. (2012). DNA methylation of the oxy-

tocin receptor genepredicts neural response to ambiguous social stimuli.

Frontiers in human neuroscience, 6, 280.
Jones, J. D., Fraley, R. C., Ehrlich, K. B., Stern, J. A., Lejuez, C. W., Shaver,

P. R., & Cassidy, J. (2018). Stability of attachment style in adoles-

cence: An empirical test of alternative developmental processes. Child
Development, 89(3), 871–880.

Jones, P. A. (2012). Functions of DNAmethylation: Islands, start sites, gene

bodies and beyond.Nature Reviews Genetics, 13(7), 484–492.
Kaminsky, Z., Wang, S. C., & Petronis, A. (2006). Complex disease, gender

and epigenetics. Annals of Medicine, 38(8), 530–544.
Kanaan, R. A., Allin, M., Picchioni, M., Barker, G. J., Daly, E., Shergill, S. S.,

Woolley, J., & McGuire, P. K. (2012). Gender differences in white mat-

ter microstructure. PLoS ONE, 7(6), e38272. https://doi.org/10.1371/
journal.pone.0038272

Klein Velderman, M., Bakermans-Kranenburg, M. J., Juffer, F., & Van

Ijzendoorn, M. H. (2006). Effects of attachment-based interventions on

maternal sensitivity and infant attachment: Differential susceptibility of

highly reactive infants. Journal of Family Psychology, 20(2), 266–274.
Klutstein, M., Nejman, D., Greenfield, R., & Cedar, H. (2016). DNAmethyla-

tion in cancer and aging programming of DNAmethylation in cancer and

aging. Cancer Research, 76(12), 3446–3450.
Koller, M. (2016). robustlmm: An R package for robust estimation of linear

mixed-effects models. Journal of Statistical Software, 75, 1–24.
Kraaijenvanger, E. J., He, Y., Spencer, H., Smith, A. K., Bos, P. A., & Boks, M.

P. (2019). Epigenetic variability in the human oxytocin receptor (OXTR)
gene: A possible pathway from early life experiences to psychopatholo-

gies.Neuroscience & Biobehavioral Reviews, 96, 127–142.
Krol, K. M., Puglia, M. H., Morris, J. P., Connelly, J. J., & Grossmann, T.

(2019). Epigenetic modification of the oxytocin receptor gene is associ-

atedwith emotion processing in the infant brain.Developmental Cognitive
Neuroscience, 37, 100648. https://doi.org/10.1016/j.dcn.2019.100648

Langie, S. A., Moisse, M., Declerck, K., Koppen, G., Godderis, L., Vanden

Berghe, W., Drury, S., & De Boever, P. (2017). Salivary DNA methylation

profiling:Aspects to consider for biomarker identification.Basic&Clinical
Pharmacology & Toxicology, 121, 93–101.

Lecompte, V., Robins, S., King, L., Solomonova, E., Khan, N., Moss, E.,

Nagy, C., Feeley, N., Gold, I., Hayton, B., Turecki, G., & Zelkowitz,

P. (2021). Examining the role of mother-child interactions and DNA

methylation of the oxytocin receptor gene in understanding child con-

trolling attachment behaviors. Attachment & Human Development, 23(1),
37–55.

LeRoy, A. S., Knee, C. R., Derrick, J. L., & Fagundes, C. P. (2019). Implica-

tions for reward processing in differential responses to loss: Impacts on

attachment hierarchy reorganization. Personality and Social Psychology
Review, 23(4), 391–405.

Lester, B. M., Conradt, E., & Marsit, C. (2016). Introduction to the special

section on epigenetics. Child Development, 87(1), 29–37.
Leys, C., Klein, O., Dominicy, Y., & Ley, C. (2018). Detecting multivariate

outliers: Use a robust variant of the Mahalanobis distance. Journal of
Experimental Social Psychology, 74, 150–156.

Long, J. A. (2019). Interactions: Comprehensive, user-friendly toolkit for

probing interactions. R package version 1.1.0, https://cran.r-project.org/

package=interactions

Mamrut, S., Harony, H., Sood, R., Shahar-Gold, H., Gainer, H., Shi, Y. J., Barki-

Harrington, L., & Wagner, S. (2013). DNA methylation of specific CpG

sites in the promoter region regulates the transcription of the mouse

oxytocin receptor. PLoS ONE, 8(2), e56869.
Marceau, K., Ram, N., & Susman, E. J. (2015). Development and lability

in the parent–child relationship during adolescence: Associations with

pubertal timing and tempo. Journal of Research on Adolescence, 25(3),
474–489.

Maud, C., Ryan, J., McIntosh, J. E., & Olsson, C. A. (2018). The role of oxy-

tocin receptor gene (OXTR) DNA methylation (DNAm) in human social

and emotional functioning: A systematic narrative review. BMC Psychi-
atry [Electronic Resource], 18, 154. https://doi.org/10.1186/s12888-018-
1740-9

Mikulincer, M., Shaver, P. R., & Pereg, D. (2003). Attachment theory and

affect regulation: The dynamics, development, and cognitive conse-

quences of attachment-related strategies.Motivation and Emotion, 27(2),
77–102. https://doi.org/10.1023/A:1024515519160

Min, J. L., Hemani, G., Hannon, E., Castillo-Fernandez, J., Luijk, R., Carnero-

Montoro, E., Lawson, D. J., Burrows, K., Suderman, M., Bretherick, A. D.,

Richardson, T. G., Klughammer, J., Iotchkova, V., Sharp, G., Al Khleifat,

A., Shatunov, A., Iacoangeli, A., McArdle, W. L., Ho, K. M., & Relton, C. L.

(2021). Genomic and phenotypic insights from an atlas of genetic effects

onDNAmethylation.Nature Genetics,53(9), 1311–1321. https://doi.org/
10.1038/s41588-021-00923-x

Moerkerke, M., Bonte, M. L., Daniels, N., Chubar, V., Alaerts, K., Steyaert,

J., & Boets, B. (2021). Oxytocin receptor gene (OXTR) DNAmethylation

is associated with autism and related social traits–A systematic review.

Research in Autism SpectrumDisorders, 85, 101785.
Mogilski, J. K. (2021). Parental investment theory. T. K. Shackleford (Ed.),

The SAGE handbook of evolutionary psychology: Foundations of evolutionary
psychology (pp. 137–154). SAGE Publications.

Moore, L. D., Le, T., & Fan, G. (2013). DNAmethylation and its basic function.

Neuropsychopharmacology, 38(1), 23–38.
Mulder, R. H., Rijlaarsdam, J., & IJzendoorn, M. H. V. (2017). DNA methy-

lation: A mediator between parenting stress and adverse child develop-

ment? InK. D.Deater-Deckard&R. K. Panneton (Eds.), Parental stress and
early child development (pp. 157–180). Springer.

Mulder, R. H., Walton, E., Neumann, A., Houtepen, L. C., Felix, J.

F., Bakermans-Kranenburg, M. J., Suderman, M., Tiemeier, H., van

IJzendoorn, M. H., Relton, C. L., & Cecil, C. (2020). Epigenomics of

being bullied: Changes in DNAmethylation following bullying exposure.

Epigenetics,15(6-7), 750–764. https://doi.org/10.1080/15592294.2020.
1719303

 10982302, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dev.22496 by C

ochrane Portugal, W
iley O

nline L
ibrary on [21/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://CRAN.R-project.org/package=olsrr
https://CRAN.R-project.org/package=olsrr
https://r-ega.net
https://r-ega.net
https://doi.org/10.1371/journal.pone.0038272
https://doi.org/10.1371/journal.pone.0038272
https://doi.org/10.1016/j.dcn.2019.100648
https://cran.r-project.org/package=interactions
https://cran.r-project.org/package=interactions
https://doi.org/10.1186/s12888-018-1740-9
https://doi.org/10.1186/s12888-018-1740-9
https://doi.org/10.1023/A:1024515519160
https://doi.org/10.1038/s41588-021-00923-x
https://doi.org/10.1038/s41588-021-00923-x
https://doi.org/10.1080/15592294.2020.1719303
https://doi.org/10.1080/15592294.2020.1719303


CUYVERS ET AL. 13 of 15

Parade, S. H., Huffhines, L., Daniels, T. E., Stroud, L. R., Nugent, N. R., &

Tyrka, A. R. (2021). A systematic review of childhood maltreatment and

DNA methylation: Candidate gene and epigenome-wide approaches.

Translational Psychiatry, 11(1), 1–33.
Pérez, R. F., Santamarina, P., Tejedor, J. R., Urdinguio, R. G., Álvarez-Pitti, J.,

Redon, P., Fernández, A. F., Fraga, M. F., & Lurbe, E. (2019). Longitudinal

genome-wide DNA methylation analysis uncovers persistent early-

life DNA methylation changes. Journal of Translational Medicine, 17(1),
1–16.

Phillips, J. M., & Goodman, J. I. (2008). Identification of Genes thatMay Play

Critical Roles in Phenobarbital (PB)-Induced Liver Tumorigenesis due to

Altered DNAMethylation, Toxicological Sciences, 104(1), 86–99.
Puglia, M. H., Connelly, J. J., & Morris, J. P. (2018). Epigenetic regulation of

the oxytocin receptor is associated with neural response during selec-

tive social attention. Translational Psychiatry, 8(1), 116. https://doi.org/
10.1038/s41398-018-0159-x

Puglia, M. H., Krol, K. M., Missana, M., Williams, C. L., Lillard, T. S., Morris, J.

P., Connelly, J. J., & Grossmann, T. (2020). Epigenetic tuning of brain sig-

nal entropy in emergent human social behavior. BMCMedicine [Electronic
Resource], 18, 244. https://doi.org/10.1186/s12916-020-01683-x

Raikes, H. A., & Thompson, R. A. (2005). Relationships past, present, and

future: Reflections on attachment in middle childhood. In K. A. Kerns

& R. A. Richardson (Eds.), Attachment in middle childhood (pp. 255–282).
Guilford Press.

Ridenour, T. A., Greenberg, M. T., & Cook, E. T. (2006). Structure and valid-

ity of people in my life: A self-report measure of attachment in late

childhood. Journal of Youth and Adolescence, 35(6), 1037–1053.
Rider,C. F., &Carlsten,C. (2019).Air pollutionandDNAmethylation: Effects

of exposure in humans. Clinical Epigenetics, 11(1), 1–15.
Rijlaarsdam, J., Pappa, I., Walton, E., Bakermans-Kranenburg, M. J., Mileva-

Seitz, V. R., Rippe, R. C., Roza, S. J., Jaddoe, V.W., Verhulst, F. C., Felix, J. F.,

Cecil, C. A., Relton, C. L., Gaunt, T. R., McArdle, W., Mill, J., Barker, E. D.,

Tiemeier, H., & van IJzendoorn, M. H. (2016). An epigenome-wide asso-

ciation meta-analysis of prenatal maternal stress in neonates: A model

approach for replication. Epigenetics, 11(2), 140–149.
Skinner, M. K. (2011). Role of epigenetics in developmental biology and

transgenerational inheritance. Birth Defects Research Part C: Embryo
Today: Reviews, 93(1), 51–55.

Smith, A. K., Kilaru, V., Klengel, T., Mercer, K. B., Bradley, B., Conneely,

K. N., Ressler, K. J., & Binder, E. B. (2015). DNA extracted from saliva

for methylation studies of psychiatric traits: Evidence tissue specificity

and relatedness to brain. American Journal of Medical Genetics Part B:
Neuropsychiatric Genetics, 168(1), 36–44.

Szyf, M., & Bick, J. (2013). DNA methylation: A mechanism for embedding

early life experiences in the genome. Child Development, 84(1), 49–57.
Tost, J., & Gut, I. G. (2007). DNA methylation analysis by pyrosequencing.

Nature Protocols, 2(9), 2265–2275.
Vaidyanathan, R., & Hammock, E. A. (2017). Oxytocin receptor dynamics in

the brain across development and species. Developmental neurobiology,
77(2), 143–157. https://doi.org/10.1002/dneu.22403

Van deMortel, T. F. (2008). Faking it: Social desirability response bias in self-

report research. Australian Journal of Advanced Nursing, 25(4), 40–48.
Van Der Voort, A., Juffer, F., & Bakermans-Kranenburg, M. J. (2014). Sensi-

tive parenting is the foundation for secure attachment relationships and

positive social-emotional development of children. Journal of Children’s
Services, 9(2), 165–176. https://doi.org/10.1108/JCS-12-2013-0038

Vandevivere, E., Bosmans, G., Roels, S., Dujardin, A., & Braet, C. (2018). State

trust in middle childhood: An experimental manipulation of maternal

support. Journal of Child and Family Studies, 27(4), 1252–1263.
Van IJzendoorn, M. H., & Bakermans-Kranenburg, M. J. (2019). Bridges

across the intergenerational transmission of attachment gap. Current
Opinion in Psychology, 25, 31–36.

Van IJzendoorn, M. H., & Bakersmans-Kranenburg, M. J. (2024). Matters of
significance: Replication, translation and academic freedom in developmental
science. UCL Press.

van Ijzendoorn, M. H., & Bakermans-Kranenburg, M. J. (2015). Genetic

differential susceptibility on trial: meta-analytic support from random-

ized controlled experiments. Development and psychopathology, 27(1),
151–162. https://doi.org/10.1017/S0954579414001369

Van Leeuwen, K., Vermulst, A., Kroes, G., De Meyer, R., & Veerman, J. W.

(2018). Verkorte Schaal voor Ouderlijk Gedrag (VSOG): Handleiding [Brief
Parental Behavior Scale: Manual]. Praktikon.

Van Vlierberghe, L., Diamond, G., & Bosmans, G. (2023). Middle childhood

attachment-based family therapy: Theory and model description. Family
process, 62(3), 1040–1054.

Verhees, M. W. F. T., Ceulemans, E., Bakermans-Kranenburg, M. J.,

& Bosmans, G. (2021). State attachment variability: Between- and

within-person level Associations with trait attachment and psycho-

logical problems. Brain Sciences, 11(10), 1264. http://doi.org/10.3390/
brainsci11101264

Waters, H. S., &Waters, E. (2006). The attachmentworkingmodels concept:

Among other things, we build script-like representations of secure base

experiences. Attachment & Human Development, 8(3), 185–197. https://
doi.org/10.1080/14616730600856016

Waters, T. E. A., Facompre,C. R., VandeWalle,M.,Dujardin, A.,DeWinter, S.,

Heylen, J., Santens, T., Verhees, M., Finet, C., & Bosmans, G. (2019). Sta-

bility andChange in Secure Base Script KnowledgeDuringMiddle Child-

hood and Early Adolescence: A 3-Year Longitudinal Study.Developmental
Psychology, 55, 2379–2388. https://doi.org/10.1037/dev0000798

Waters, T. E., Fraley, R. C., Groh, A., Steele, R. D., Vaughn, B. E., Bost, K. K.,

Veríssimo, M., Coppola, G., & Roisman, G. I. (2015). The latent structure

of secure base script knowledge. Developmental Psychology, 51(6), 823–
830.

Waters, T. E., & Roisman, G. I. (2019). The secure base script concept: An

overview. Current Opinion in Psychology, 25, 162–166.
Waters, T. E., Yang, R., Finet, C., Verhees, M. W., & Bosmans, G. (2022). An

empirical test of prototypeand revisionistmodels of attachment stability

and change frommiddle childhood to adolescence: A 6-year longitudinal

study. Child Development, 93(1), 225–236.
Weaver, I. C., Cervoni, N., Champagne, F. A., D’Alessio, A. C., Sharma, S.,

Seckl, J. R., Dymov, S., Szyf, M., & Meaney, M. J. (2004). Epigenetic

programming bymaternal behavior.Nature neuroscience, 7(8), 847–854.
Winslow, J. T., & Insel, T. R. (2002). The social deficits of the oxytocin knock-

out mouse. Neuropeptides, 36(2), 221–229. https://doi.org/10.1054/
npep.2002.0909

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Cuyvers, B., Ein-Dor, T., Houbrechts,

M., Freson, K., Goossens, L., Van DenNoortgate,W., van

Leeuwen, K., Bijttebier, P., Claes, S., Turner, J., Chubar, V.,

Bakermans-Kranenburg, M. J., & Bosmans, G. (2024). Exploring

the role ofOXTR genemethylation in attachment

development: A longitudinal study.Developmental

Psychobiology, 66, e22496. https://doi.org/10.1002/dev.22496

 10982302, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dev.22496 by C

ochrane Portugal, W
iley O

nline L
ibrary on [21/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41398-018-0159-x
https://doi.org/10.1038/s41398-018-0159-x
https://doi.org/10.1186/s12916-020-01683-x
https://doi.org/10.1002/dneu.22403
https://doi.org/10.1108/JCS-12-2013-0038
https://doi.org/10.1017/S0954579414001369
http://doi.org/10.3390/brainsci11101264
http://doi.org/10.3390/brainsci11101264
https://doi.org/10.1080/14616730600856016
https://doi.org/10.1080/14616730600856016
https://doi.org/10.1037/dev0000798
https://doi.org/10.1054/npep.2002.0909
https://doi.org/10.1054/npep.2002.0909
https://doi.org/10.1002/dev.22496


14 of 15 CUYVERS ET AL.

APPENDIX

TABLE A1 Robust mixed-effects models for predicting the change in attachment patterns by the change inmaternal sensitivity as a function
of OXTRmwhile controlling for biological sex and batch effects.

Attachment security Secure base script

Predictors b Beta 95% CI Beta p q B Beta 95% CI Beta p q

(Intercept) 3.77 .18 .10–.26 <.001 4.08 .13 .03–.23 <.001

CpG -924 (inhibitor) 0.00 .00 −.04–.05 .861 .861 −0.00 −.06 −.13–.01 .094 .139

CpG -934 (inhibitor) −0.00 −.00 −.05–.04 .959 .899 0.00 .06 −.01–.12 .126 .139

CpG -959 (inhibitor) 0.00 .02 −.03–.06 .436 .654 0.00 .01 −.06–.07 .761 .406

CpG -982 (promoter) −0.00 −.02 −.07–.02 .243 .602 0.00 .01 −.06–.07 .903 .452

CpG -989 (promoter) −0.00 −.04 −.08–.00 .058 .218 0.01 .05 −.01–.12 .130 .139

CpG -1001 (promoter) 0.00 .01 −.03–.05 .594 .783 0.01 .04 −.02–.10 .207 .151

CpG -1016 (promoter) 0.00 .01 −.04–.05 .755 .814 −0.00 −.02 −.08–.05 .640 .366

Maternal sensitivity 0.15 .15 .10–.20 <.001 <.001 0.12 .06 −.01–.13 .058 .116

Sex (boys) −0.04 −.10 −.22–.02 .099 .297 −0.25 −.37 −.52–−.22 <.001 <.001

CpG -924 (inhibitor)× Sensitivity 0.00 .02 −.03–.07 .434 .654 −0.01 −.05 −.13–.02 .156 .139

CpG -934 (inhibitor)× Sensitivity −0.00 −.01 −.05–.04 .760 .814 0.00 .02 −.05–.09 .509 .313

CpG -959 (inhibitor)× Sensitivity −0.01 −.05 −.10–−.01 .012 .090 −0.02 −.10 −.17–−.03 .003 .011

CpG -982 (promoter)× Sensitivity 0.01 .04 −.00–.08 .053 .218 0.03 .05 −.02–.11 .153 .139

CpG -989 (promoter)× Sensitivity 0.00 .02 −.02–.06 .321 .602 0.03 .08 .01–.14 .025 .067

CpG -1001 (promoter)× Sensitivity 0.01 .02 −.02–.07 .321 .602 −0.01 −.03 −.10–.04 .368 .245

CpG -1016 (promoter)× Sensitivity 0.00 .01 −.03–.05 .626 .783 −0.02 −.04 −.11–.02 .201 .151

Random effects

σ2 0.03 0.28

τ00 0.04 id 0.12 id

0.00 batch 0.00 batch

ICC 0.56 0.30

N 448 id 444 id

16 batch 16 batch

Observations 914 889

Marginal R2/conditional R2 0.072/0.595 0.073/0.353

Note: q= significance of all effects was adjusted by adaptive false discover rate (FDR) of 10%.
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TABLE A2 Robust mixed-effects models for predicting the change in attachment patterns by the change in paternal sensitivity as a function of
OXTRmwhile controlling for biological sex and batch effects.

Attachment anxiety Attachment avoidance

Predictors b Beta 95% CI Beta p q B Beta 95% CI Beta p q

(Intercept) 1.32 −.21 −.27–−.15 <.001 2.33 −.16 −.27–−.04 <.001

CpG -924 (inhibitor) 0.00 .00 −.04–.04 .911 .944 0.00 .02 −.05–.08 .652 .963

CpG -934 (inhibitor) −0.00 −.01 −.06–.03 .500 .784 0.00 .00 −.06–.07 .963 .963

CpG -959 (inhibitor) −0.00 −.04 −.08–.00 .052 .264 0.00 .01 −.050.07 .815 .963

CpG -982 (promoter) 0.00 .00 −.04–.04 .829 .944 0.00 .01 −.05–.07 .737 .963

CpG -989 (promoter) 0.00 .02 −.02–.06 .231 .615 0.00 .01 −.05–.07 .664 .963

CpG -1001 (promoter) 0.00 .01 −.03–.05 .637 .784 −0.01 −.05 −.11–.01 .112 .448

CpG -1016 (promoter) −0.00 −.01 −.05–.03 .570 .784 −0.00 −.01 −.07–.05 .668 .963

Maternal sensitivity −0.27 −.13 −.17–−.09 <.001 <.001 −0.43 −.15 −.22–−.08 <.001 <.001

Sex (boys) 0.00 .00 −.07–.08 .944 .944 0.29 .25 .08–.42 .004 .030

CpG -924 (inhibitor)× Sensitivity −0.00 −.01 −.06–.03 .631 .784 −0.01 −.02 −.09–.05 .547 .963

CpG -934 (inhibitor)× Sensitivity 0.00 .02 −.02–.06 .405 .720 0.00 .01 −.05–.08 .747 .963

CpG -959 (inhibitor)× Sensitivity 0.01 .04 −.00–.08 .066 .264 0.01 .03 −.03–.09 .347 .925

CpG -982 (promoter)× Sensitivity −0.03 −.04 −.08–−.00 .040 .264 −0.04 −.05 −.11–.02 .142 .454

CpG -989 (promoter)× Sensitivity 0.01 .02 −.02–.06 .269 .615 0.00 .00 −.06–.07 .931 .963

CpG -1001 (promoter)× Sensitivity −0.01 −.03 −.07–.02 .246 .615 −0.00 −.00 −.07–.06 .913 .963

CpG -1016 (promoter)× Sensitivity 0.01 .02 −.02–.06 .361 .720 −0.04 −.06 −.12–.01 .083 .443

Random effects

σ2 0.22 0.61

τ00 0.00 id 0.67 id

0.00 batch 0.00 batch

ICC 0.01 0.52

N 445 id 445 id

16 batch 16 batch

Observations 905 905

Marginal R2/conditional R2 0.071/0.082 0.051/0.549

Note. q= Significance of all effects was adjusted by adaptive FDR of 10%.
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