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Chapter 12

Abstract

Objectives

Postpartum maternal stress is associated with adverse infant (neuro)development.
As previous research has demonstrated an association between maternal postpartum
stress and human milk (HM) fatty acid (FA) and amino acid (AA) composition, we hy-
pothesized that these stress-associated changes might partly mediate the association
between maternal stress and infant outcomes. Therefore, we aimed to investigate if 1)
maternal postpartum stress is associated with infant behavioural outcomes, and if 2)
stress-associated changes in HM FA and AA mediate this association.

Study design

This observational cohort study consisted of two study groups: a high stress group
(women whose child was hospitalized, n=70), and a control group (n=23). Information
on maternal stress was collected using validated questionnaires and cortisol concentra-
tions in hair, saliva and HM. HM was collected at postpartum days 10, 17 and 24 and
analysed for FAs and AAs. Information on infant neurodevelopment was collected using
the Infant Behaviour Questionnaire Revised administered at 3 months of age. A media-
tion model was used to test the mediating effect of HM FA and AA in the association
between maternal stress and infant temperament.

Results

Perceived stress was higher in the high stress group (p<0.01). Maternal stress was posi-
tively associated with the infant temperament domain of surgency/extraversion (effect
size (95% Cl): 0.43 (0.03-0.83)). While stress-induced lower concentrations of omega-6
polyunsaturated FAs mediated this association (0.13 (0.01-0.30)), the stress-induced
higher AA concentrations did not.

Conclusion

Our findings suggest a possible role of HM FA composition in the regulation of infant
temperament after postpartum maternal stress.
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Introduction

It has been established that maternal stress after birth influences her new-born child.
The child is not only at increased risk for impaired growth and physical development,
but also for adverse effects on neurodevelopment, including cognitive, socioemotional
and psychomotor development (1-5). A recent systematic review, including 74 studies,
showed that postpartum stress was associated with poor developmental trajectories
and linear growth deficits, as well as with poor language and cognitive development,
gross and fine motor movement and infant sleep (3).

The biological mechanisms underlying the transmission of maternal stress to her infant
and its development are not yet completely understood (6). These mechanisms are
complex and multi-dynamic. We and others have proposed that stress-induced changes
in human milk (HM) composition may contribute to this transmission (1, 7-9). HM is
essential for nutrient transfer and mother-infant signalling, and has on its turn been
linked to infant outcomes, including brain development (7, 10). The lactation process is
characterized by a continuous demand on mothers to provide all necessary nutrients to
the infant (11, 12). Maternal pre- an postpartum distress poses an even further demand
on her body, and there is evidence that such stress also affects the composition of HM
(6, 13-17), with for example alterations in HM concentrations of stress hormones, es-
sential nutrients, immune factors and the HM microbiome (7, 18-20).

Only two studies, to our knowledge, have investigated both the correlation between
maternal mental health status and HM composition, as well as between HM composition
and infant neuro-behavioural outcomes (21, 22). Boylan et al. did not find any associa-
tion between postpartum depression and milk vitamin B-6 levels, but showed a positive
association between milk vitamin B-6 levels and infant involuntary responses, including
learning a task that requires screening out distracting stimuli and making homeostatic
adjustments of the central nervous (22). Hart et al. showed that maternal postpartum
depression was associated with higher secretory immunoglobulin A concentrations in
HM, which were in turn positively correlated to infant alertness (21), suggesting that
HM might be a key biological link in the transmission of maternal psychopathology to
infant development.

We have previously shown that maternal stress is associated with alterations in HM
nutrient composition, including lower fatty acid (FA) and higher amino acid (AA)
concentrations (18, 19). FAs and AAs have roles in regulatory mechanisms in brain de-
velopment and behaviour, as well as in the context of psychiatric disorders (23-27). We
here hypothesized that these stress-associated changes might mediate the association
between maternal stress and infant outcomes. To our knowledge, no previous research
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has investigated the potential mediating role of HM FA and AA in the association be-
tween maternal stress and infant outcomes. In addition, previous studies have focused
on postpartum depressive/anxiety symptoms in relation to infant outcomes, while here
the focus is on stress exposure during the postpartum period. Therefore, the aim of
this study was to investigate if 1) maternal postpartum stress is associated with infant
behavioural outcomes, and if 2) stress-associated changes in human milk FA and AA
mediate this association.

Methods

Research design and study population

This study was a prospective observational cohort study, consisting of mother-infant-
dyads that were followed over their first months postpartum. Participants were recruited
during pregnancy or within the first ten days after giving birth, via social media, flyers
at midwife practices or at the maternal or neonatal ward of the hospital. Mothers were
eligible to participate when they were 18 years of age or older, and if they had the inten-
tion to breastfeed their infant for at least the first month after birth. Exclusion criteria
were; 1) maternal (gestational) diabetes mellitus, 2) maternal use of psychopharmaceu-
ticals or glucocorticoid medication, 3) major congenital disease of the neonate and/or a
life expectancy of the neonate of less than one month (duration of the study).

To ensure the inclusion of a large enough range of stress levels among the included
participants, two groups of women who delivered at term, were included; a high stress
group (HS group) and a control group (CTL group). Women were included in the CTL
group when they gave birth to a healthy infant at term. Women were included in the
HS group when they gave birth to an infant at term who was admitted to the hospital
for a minimum of two days. Hospitalization of the infant was considered the maternal
stressor. In addition, information on maternal stress was collected via questionnaires
and cortisol measurements as will be described below.

Recruitment took place in The Netherlands between November 2017 and December
2019. Written informed consent was obtained from all participants prior to participation.
This study was approved by the Ethics Committee on the 2™ of May 2017 (METC 2017
025, NL59994.018.16) and conducted in accordance with the Declaration of Helsinki.

Data collection and storage

Study timeline: Figure 1 shows the study time-line. Recruitment took place within the
first ten days postpartum. After recruitment of the participant, a strand of hair was
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collected for glucocorticoid measurements and the participants completed a question-
naire about their general health, their pregnancy and about life-time stress experiences.
The study had three collection days; postpartum (P) day 10, 17 and 24. On these collec-
tion days, women collected two saliva samples and three HM samples. At the end of
the study, participants filled out three questionnaires about stress experience during
the study period. At three months of infant age, parents received a questionnaire to
collect information on infant behaviour as a measure of infant neurodevelopment. See
for further details on sample collection, measurements and questionnaires, the items
below.

Birth

1/ 3 months of age
]
1

on You You 3 4 +3
>y + 3

\ . . " "
d« = Maternal hair strand. Collected to measure baseline cortisol concentrations
@@ = Two saliva samples. Collected in the morning for measurement of cortisol awakening response

ﬁ = Human milk sample. Collected at three times during the day for measurement fatty acids, amino acids and cortisol

= Questionnaires.
1: General questionnaire about mother-infant characteristics
2: Two questionnaires to measure maternal life time stress as a baseline level of maternal stress: the Life Stressor Checklist- revised and the Youth Trauma Checklist
3: Three questionnaires to measure maternal stress over the study period: the perceived stress scale, the Edinburgh Postnatal Depression Scale and the State-Trait Anxiety Inventory
4: Infant Behaviour Questionnaire Revised to measuer infant behavior as a measure of

Figure 1: Study time line

Figure 2 shows a schematic overview of the mediation model, together with the param-
eters that were collected to measure the different variables (predictor, mediator and
outcome) in the mediation model.

Hair sample collection and storage: A strand of hair (approximately 100 hairs, 3mm
diameter) was cut by the researcher as close to the scalp as possible at the posterior
vertex position. Hair was stored in the dark at room temperature until analysis. A short
questionnaire was filled out by the participants in order to correct for factors influenc-
ing hair glucocorticoid concentrations. Hair samples were analysed for cortisol and
cortisone as a baseline biological stress measurement reflecting the last trimester of
pregnancy (28, 29).

Saliva sample collection and storage: Saliva was collected two times in the morning
at every collection day to measure the cortisol awakening response. Participants were
instructed to chew on a swab (Salivette, Sarstedt, Germany) for one minute. The first

257

12



Chapter 12

sample was obtained within 0-10 minutes after waking and the second sample was
obtained 30-45 minutes after waking (30). Participants were requested to write down
their wake-up time and the time of saliva collection. After collection, saliva samples
were sent to the study site where they were centrifuged, aliquotted and stored at -20°C
until analysis.

@,

Figure 2: Schematic overview of mediation model and collected parameters per variable in the mediation
model

o \%

A. Effect of maternal stress (study group) on human milk composition
B. Direct effect of maternal stress (study group) on infant temperament
C. Effect of human milk composition on infant temperament

AC. Indirect (mediating) effect of maternal stress via human milk on infant temperament

Milk sample collection and storage: At every collection day (P10, P17 and P24), partici-
pants collected three HM samples in which concentrations of FAs and AAs and cortisol/
cortisone were measured. HM cortisol/cortisone was measured to be able to directly
correlate this with the HM FAs and AAs. To take into consideration the circadian rhythm
of HM cortisol and to make sure that circadian variation in HM nutrients was repre-
sented in the samples (31, 32), participants were instructed to collect one HM sample
in the morning, one in the afternoon and one in the evening on each day that they col-

lected milk. To make sure the HM sample would contain a mixture of both foremilk and
hindmilk, participants were requested to fully empty one breast before feeding their
infant, mix the milk and thereafter put 5 ml of HM in a sterile polypropylene container
(Sarstedt, Germany) for analysis. Participants were free to choose from which breast the
milk was collected. Participants were requested to write down the date and time of milk
collection, the pumping method used (i.e. manually or electric pump etc) and the total
amount of milk that was collected. Participants stored the milk samples in their freezer
(-20°C) up until collection by the researcher. At the study site, HM samples were stored
at -20°C until analysis.
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Questionnaires

To establish the participant’s baseline stress levels (previous life-time stress), the partici-
pants filled out a questionnaire at the start of the study:

The Life Stressor Checklist- revised (LSC-r): This checklist is a 26-item scale to identify
exposure to traumatic events or other stressful life events (33). Each item questions
whether a certain event happened in the participant’s life (34).

A measure of psychological stress levels during the study period, was obtained by three
questionnaires that the participants filled out at the end of the study, concerning levels
of stress they experienced during the past month:

Perceived Stress Scale (PSS): The Perceived Stress Scale is a validated 14-item question-
naire. The questionnaire determines the degree to which certain situations are experi-
enced as stressful (35, 36). Each question is scored on a 5-point Likert Scale.

Edinburgh Postnatal Depression Scale (EPDS): The Dutch version of the well-validated
EPDS is a 10-item self-inventory to assess symptoms of depression and/or anxiety in
women who recently gave birth (37).

State-Trait Anxiety Inventory (STAI): The Dutch version of the STAl is a well-established
measure of trait and state anxiety and consists of two parts. The first part of this inven-
tory, the STAI-State (STAI-s), contains 20 items to assess anxiety at this moment, rated
on a four-point intensity scale. The second part, the STAl-trait (STAI-t), contains 20 items
and assesses anxiety in general rated on a four-point intensity scale (38).

Infant Behaviour Questionnaire revised (IBQ-r): The IBQ-r, is a parent-report measure
of infant temperament, which has demonstrated good reliability and validity (39-41).
Information via this questionnaire was collected as a measure of infant neurodevelop-
ment (behaviour) at three months of age. The IBQ-R is composed of 14 scales including
‘approach;‘vocal reactivity,‘high pleasure)‘smile and laughter, ‘activity level’ ‘perceptual
sensitivity, ‘sadness; ‘distress to limitations, ‘fear, ‘falling reactivity’ ‘low pleasure; ‘cud-
dliness, ‘duration of orienting;, and ‘soothability’. Parents are asked to report on specific
infant behaviours during specific events in the last two weeks (e.g.“when introduced to
an unfamiliar adult, how often did the baby cling to a parent”), using a 7-point Likert
scale with response options that range from “never” (1) to “always” (7), as well as “not
applicable” if the event did not occur within the time span of interest. Scores on the 14
subscales can be divided into three main domains of infant temperament: 1) negative
affectivity (fussiness/crying, the tendency to experience negative emotions), 2) orient-
ing/regulation (effortful control, ability to self-regulate emotions or focus attention) and
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3) surgency/extraversion (high activity, positive affect and approach to novelty/reward).
See supplemental table 1 for explanation and classification of IBQ-r subscales and main
domains.

Laboratory analysis

Hair cortisol/cortisone: For analyses, the proximal 3-cm hair segment was used. Wash
and steroid extraction procedures were performed as described by Stalder et al, with
some changes being made to allow analysis by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (42). The lower limits of quantification were below 0.1 pg/
mg for cortisol and cortisone. The inter- and intra-assay coefficients of variance were
between 3.7% and 8.8%.

Saliva cortisol/cortisone: Cortisol and cortisone in saliva were determined using Sup-
ported Liquid Extraction (SLE+) followed by LC-MS/MS detection. Quantification was
performed using an isotope dilution, with the limit of quantification being 0.3 nmol/L.
The mean intra-assay variation was 6% and 7%, for cortisol and cortisone respectively.

HM cortisol/cortisone: For each HM sample, cortisol and cortisone were determined
using Liquid Liquid extraction followed by SLE+ and LC-MS/MS detective as described
earlier by Van der Voorn et al (43). Quantification was done using an isotope dilution.

HM FA: For determination of FAs in HM samples, the three milk samples of one collection
day were mixed to have a good representation of FA levels during the whole day. These
mixed samples were analyzed using gas-chromatography. Forty different kinds of FAs
were analyzed. During the procedure, a known amount of Nonadecanoic acid (C19:0)
was added as an internal standard to a 20 pl milk sample. FAs were extracted according
to Bligh and Dyer (44), adding dichloromethane, methanol and water. The dichloro-
methane layer was evaporated to dryness, and the extracted lipids were converted to
FA methyl esters with methanol + 2% sulphuric acid at 100°C for 60 minutes. The FA
methyl esters were extracted with T ml hexane. 1 ul of the hexane was injected into the
gas-chromatograph. The FA methyl esters were separated on a CP-Sil 88 column and
detected with a flame ionization detector. FA methyl ester identification was based on
retention time. The relative concentration was based on the peak area and the absolute
concentration was calculated after normalization with the C19:0 peak.

HM AA: For determination of AA in HM samples, the three milk samples of one collection
day were mixed to have a good representation of BAA concentrations during the whole
day. Thereafter, 0.20ml of diluted hydrochloric acid containing 0.5% 2-mercaptoethenol
was added to the HM sample and mixed. The present oxygen was removed by flushing
the headspace of the tube with nitrogen for 60 seconds. The protein was hydrolyzed by

260



Maternal postpartum stress and infant temperament: Exploring mediation by human milk composition

heating the mixture during 20-22 hours. When the mixture was cooled down, 0.20 ml
of sodium hydroxide solution, 2.0ml demi water, and 0.2ml internal standard (Norvaline
20ug) were added and mixed. The mixture was centrifuged and a small part of the liquid
was filtered over a 0.45 mm Polyvinylidene difluoride - filter. The peak area of each AA
was calculated using the Labsolutions software of Shimadzu and compared to the peak
area of the internal standard (Sigma).

Statistical analysis

Characteristics and stress measurements

Sample characteristics were described as mean with standard deviation (SD), median
with interquartile range (IQR) or frequencies. To test differences in maternal and infant
characteristics and stress measurements (questionnaire scores and cortisol concentra-
tions) between study groups, unpaired student T-tests, Chi-square tests, Mann-Whitney
U tests or Linear Mixed Models were used as appropriate.

For HM cortisol concentrations, the area under the curve (AUC) was calculated to
provide a value that better reflects HM cortisol throughout the day, which is known to
follow a circadian rhythm (31). Therefore, all HM cortisol values were standardized to
7:00 AM, 14:00 PM and 22:00 PM, using the following formula: HM cortisol in mmol/L -/+
unstandardized regression coefficient of all HM cortisol values * (new (standardized))
time point - real time point). Subsequently, the HM cortisol AUC for each collection day
was calculated as described by Pruessner et al. (45). The cortisol value at 7:00 AM was
considered the HM cortisol morning peak (31). The highest cortisol value of the two
morning saliva samples was considered the saliva cortisol morning peak. When time
of first saliva sample collection was >30 minutes after waking up, saliva values were
excluded.

Mediation model: maternal stress, HM components and infant
temperament outcomes

Firstly, the total effect of maternal stress on the three main infant temperament do-
mains was tested using regression analysis. Thereafter, Hayes’ PROCESS macro version
4.2 (Model 4) for SPSS was used to analyse the mediating effect of milk FA and AA
concentrations on the association between maternal stress and infant temperament.
Using the Hayes method, the direct effect of the independent variable (maternal stress)
on the dependent variable (infant temperament) and the indirect effect through HM
FA and AA alterations on infant temperament were analysed. The total effect is the
sum of the direct and indirect effects. All analyses were estimated using bootstrapping
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(5000 replications) to recover the correct standard errors for direct and indirect effects.
A schematic overview of this mediation model is depicted in figure 2. As study group is
supposed to be a combination of all maternal stress measurements and was also used
in our previous research, the variable ‘study group’ was set as the predictor, the three
main domains of infant temperament were set as the outcome variable and all FA and
AA, that we have previously shown to be associated with maternal stress, were tested as
mediators in this model (18, 19). Two mediation models were computed, one for testing
the mediation of FAs and one for the AAs.

Mediation model 1: FA concentrations that were shown to be negatively associated with
maternal stress in our earlier research were: Total FA, saturated FA, monounsaturated
FA, total polyunsaturated FA (PUFA), total long chain PUFA, total omega-6 (n6) PUFA ,
linoleic acid (LA) and arachidonic acid (ARA), only in mature milk (p17 + p24) (18). In
mediation model 1, it was tested whether the mean of the HM FA concentrations of p17
and p24 mediated the relationship between maternal stress and infant temperament.

Mediation model 2: AA concentrations that were shown to be positively associated
with maternal stress in our earlier research were: total AA, total essential AA, total non-
essential AA and the AAs from the precursor families: aspartate family (aspartic acid,
methionine isoleucine, threonine, lysine), serine family (serine, glycine), pyruvate family
(valine, leucine, alanine), aromatic family (phenylalanine, tyrosine, tryptophan) and the
histidine family (histidine) (19). AA were grouped into these precursor families as AAs
from one precursor family can be converted into other members of this family (46). In
mediation model 2, it was tested whether the mean of the HM AA concentrations of
p10, p17 and p24 mediated the relationship between maternal stress and infant tem-
perament.

The mediation analysis was corrected for factors that differ between study groups
(p<0.1), as it is important to make sure the effect tested for cannot be attributed to
those differences. As we previously demonstrated that dietary FA and AA intake did not
differ between study groups, we did not take dietary intake into account in the current
analyses (18, 19). Effect estimates and their 95% confidence intervals were reported as
crude and adjusted values. A p-value of <0.05 was considered statistically significant.
Statistical analyses were performed using IBM SPSS Statistics for Windows, version 27.
GraphPad Prism 9 for Windows and Microsoft PowerPoint 2016 were used to display the
results.
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Results

Description of characteristics and stress measures of cohort and study
groups

In total, 86 lactating women were included in the CTL group and 30 in the HS group, out
of which 70 and 23 mothers respectively, collected milk at more than one collection day.
At the end of the study (3 months of infant age), 60 (70%) women in the CTL group and
17 (57%) in the HS group filled out the IBQ-r questionnaire and therefore had complete
datasets to be included in the mediation models. The study flowchart and reasons for
loss to follow-up are shown in figure 3. Baseline characteristics of the included mother-
infant dyads are demonstrated in table 1A. Maternal and infant characteristics, including
maternal age, BMI, ethnicity, smoking, dietary habits and mode of delivery did not differ
between the study groups. However, there was a trend towards a higher education level
(p=0.07) and towards a lower percentage of male infants in the control group (p=0.09).

987 mothers screened
for participation

l

116 mothers included

in the study
]
CTL group: 86 HS group: 30 mother-

Drop out: 13 mother-infant dyads infant dyads
= 3 Maternalillness Drop out: 6

2 Stopped breastfeeding = 1lInfantdeath

2 Too little milk production . 2 Maternal iliness

1 Pain during pumping = 3 No reason provided0

5 No reason provided

| P10: 73 mothers ‘ | P10: 24 mothers |

Drop out: 2 Drop out: 1
= 1Forgot collection moment <—l .1 Stop‘ped breastfeeding

1 No reason provided |

P17: 71 mothers | | P17:23mothers |

Drop out: 1 l
. 1 Forgot collection moment

| P24:70mothers | | P24:23mothers |
Drop out: 10 Drop out: 6
. Loss to follow-up, no reason . Loss to follow-up, no reason
provided provided
IBQ-r questionnaire IBQ-r questionnaire
3 months of infant age: 3 months of infant age:
60 mothers 17 mothers

Figure 3: Flowchart of study participants
Abbreviations: CTL = control, HS = high stress, p = postpartum day

Maternal baseline stress measures and stress measures during the study period are de-
picted in table 1B. Baseline (lifetime) psychological stress (JTV and LSC-r questionnaire)
and baseline biological stress (hair cortisol) measurements were not statistically differ-
ent between study groups as measured at the start of the study. Perceived stress during
the study period was higher in the HS group as women in the HS groups scored higher
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on the PSS (mean (SD): 16.6 (6.3) vs 21.6 (5.8), p<0.01), EPDS (median (IQR): 4.0 (5.0)
vs 7.5 (5.0), p<0.01) STAI-s (median (IQR): 26.0 (11.3) vs 33.0 (15.3), p=0.02) and STAI-t
(median (IQR): 28.0 (9.0) vs 36.5 (9.0), p=0.01). There were no statistical differences in the
biological stress measures HM cortisol AUC and saliva cortisol morning peak between
study groups.

Maternal stress is associated with infant temperament in the domain of
surgency/extraversion

The total effect of maternal stress (study group) on the three main infant temperament
domains was tested, and results are shown in figure 4. A significant positive associa-
tion between maternal stress and infant temperament was observed for the domain of
surgency/extraversion (Effect size (95%Cl): 0.39 (0.03-0.76)), also after adjustment for
maternal education and infant sex (0.43 (0.03-0.83)). For the other infant temperament
domains, there were no significant differences between the study groups.

¥ £

v

Crude (B (CI)): Adjusted (B (CI)):
Negative affectivity: 0.04 (-0.20-0.28) 0.06 (-0.20-0.33)
Orienting and regulation:  0.22 (-0.09-0.52) 0.19 (-0.15-0.53) °
Surgency and extraversion: 0.39 (0.03-0.76)* 0.43 (0.03-0.83)*

Figure 4: Association between maternal stress (study group) and the main infant temperament domains, effect
sizes of total effect

*Significant effect, p<0.05

Abbreviations: § = beta, effect size. Cl = Confidence interval

Mediation model 1: Lower stress-induced (n6) PUFA concentrations
mediate the association between maternal stress and infant surgency/
extraversion

Table 2 shows the direct and indirect/mediating effect sizes of the association between
maternal stress and infant surgency/extraversion. The PUFA concentrations (0.12 (0.01-
0.29)), n6 PUFA concentrations (0.13 (0.01-0.30)) and LA concentrations (0.13 (0.01-0.29))
partly mediated the positive association between maternal stress and infant surgency/
extraversion at three months of age, also after correction for maternal education and in-
fant sex (PUFA: 0.11 (0.00-0.29), n6PUFA: 0.12 (0.00-0.29) and LA: 0.12 (0.00-0.28)). After
correction for confounders, the mediating effect of PUFAs, n6 PUFAs and LA accounted
for 26%, 27% and 27% of the total effect, respectively.
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Table 1A. Maternal and infant characteristics of participants that completed follow-up

Maternal characteristics

Control High Stress p-value
n=60 n=17

Maternal age in years mean (SD) 32(3.3) 323.8) 0.95
Maternal ethnicity n(%) 0.18
Dutch 49 (83%) 10 (63%)

Turkey 1(2%) 0 (0%)

Morocco 0 (0%) 0 (0%)

Surinam 1(2%) 1 (6%)

Netherlands Antilles 0 (0%) 1 (6%)

Other Western' 6 (10%) 2 (13%)

Other non-Western? 2 (3%) 2 (13%)

Maternal education % 0.07
Lower educational level® 0 (0%) 0 (0%)

Middle educational level* 5 (9%) 6 (35%)

High educational level® 53 (91%) 11 (65%)

Maternal BMI (kg/m?) median (IQR) 22.1(4) 23.4(7) 0.26
Mode of delivery % of caesarean 17 (28%) 3(18%) 0.73
Smoking % of 0.53
Non smoker 40 (67%) 10 (59%)

Past smoker 16 (27%) 7 (41%)

Current smoker 1(2%) 0 (0%)

Parity % of primiparous 34 (58%) 12 (71%) 0.34
Season of human milk collection % 0.27
Winter 14 (24%) 2 (13%)

Spring 16 (27%) 2 (13%)

Summer 11 (19%) 6 (40%)

Fall 18 (31%) 5(33%)

Infant characteristics

Birth weight child (gr) mean (SD) 3575 (471) 3446 (638) 0.36
Infant sex % of male 28 (47%) 12 (71%) 0.09
21. Includes: Europe, North America, Oceania, Japan, Indonesia
22. Includes: Latin-America, Africa, Asia, other
23. International Standard Classification of Education 2 or below
24. International Standard Classification of Education 3-4
25 International Standard Classification of Education 5 or higher

Abbreviations: SD = standard deviation, BMI = body mass index, IQR = interquartile range
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Table 1B. Maternal psychological and biological stress measures at baseline and during the study

CTL grou HS grou
(n360) ’ (ni1 7)p p-value

Baseline stress
Perceived psychological Life-time stress (test score)

JTV median (IQR) 27.0(10.0) 29.0 (12.5) 0.1

LSC-r median (IQR) 6.0 (7.0) 5.5(8.0) 0.36

Biological stress (cortisol) over last 3 months of pregnancy
Hair cortisol median (IQR) 5.4(7.9) 5.8(9.1) 0.52
Stress during the study period

Perceived stress (test score)
PSS mean (SD) 16.6 (6.3) 21.6 (5.8) <0.01**
EPDS median (IQR) 4.0 (5.0) 7.5 (5.0 <0.01**
STAl-s median (IQR) 26.0(11.3) 33.0(15.3) 0.02*
STAI-t median (IQR) 28.0 (9.0) 36.5 (9.0) 0.01*

Biological stress (cortisol) on collection days
Saliva cortisol (morning peak) median (IQR) 5.4 (4.0) 6.5 (4.4) 0.36'
Human milk cortisol AUC median (IQR) 52.0(33.6) 70.2 (57.7) 0.07'

Abbreviations: CTL group = control group, HS group = high stress group, JTV = Dutch version of the Youth
Trauma Questionnaire, LSC-r = Life stressor checklist revised, PSS = perceived stress scale, EPDS = Edinburgh
Postnatal Depression Scale, STAI-s = State and Trait Anxiety Inventory (state), STAI-t = State and Trait Anxiety
Inventory (trait), IQR = interquartile range, SD = standard deviation, HM = human milk, AUC = Area under the
curve

'= based on cortisol values of all three collection days together, difference statistically tested using Linear
Mixed Models to control for within-person repeated measures

*= p<0.05, ** = p<0.01

Mediation model 2: Higher stress-associated AA concentrations do not
mediate the association between maternal stress and infant surgency/
extraversion

Table 3 shows the effect sizes of the mediating effect of stress-induced higher AA
concentrations on the association between maternal stress and infant surgency/extra-
version. The stress-associated higher AA concentrations did not mediate the positive
association between maternal stress and infant surgency/extraversion at three months
of age.

Discussion

In this observational cohort study, we investigated 1) the association between maternal
stress and infant temperament and 2) whether maternal stress-associated changes in
HM FA and AA composition mediate this association. We demonstrated that maternal
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stress in the first month postpartum was positively associated with the infant tempera-
ment domain of surgency/extraversion at three months of age and that this association
was mediated by lower HM concentrations of PUFAs, specifically the n6PUFAs and LA.
The stress-associated changes in HM AA concentrations did not seem to mediate the
association between maternal stress and infant outcome.

We observed that maternal stress in the first month postpartum was positively associ-
ated with the infant temperament domain of surgency. In children, surgency is an emo-
tional dimension that is characterized by high levels of activity and positive emotion,
impulsivity, and engagement with the environment (47). Previous studies investigating
the association between maternal mental health and infant temperament mostly
showed an association with the infant temperament domain of negative affectivity and
not surgency (3, 5, 48). These differences in results might be explained by how maternal
stress was defined by the various studies. Most previous studies investigated the effects
of maternal psychopathology, such as pre or postpartum depression (symptoms), on
infant temperament. In the current study, we examined acute maternal stress as a con-
sequence of exposure to hospitalization of the child. Where maternal psychopathology
elicits a chronic stress response, eventually leading to chronic changes in physiology
and adaptation mechanisms (49), acute stress within ‘normal ranges’elicits a short-term
adaptive response (50). Chronic and acute maternal stress may be differently associated
with infant behavioural outcomes, including the infant temperament. This is also in line
with preclinical research showing that acute and chronic stress are differently related
to offspring outcomes (51, 52). Another explanation for our finding of an association
between maternal stress and infant surgency and not negative affect may be timing.
Most of the previous research investigated maternal stress during the prenatal period
while the current study investigated stress during the early postnatal period. Stress dur-
ing these different sensitive time windows might influence the infant and its behaviour
differently, as has been shown previously for other infant outcomes (53).

Our results showed a positive association between maternal stress and the surgency/
extraversion domain of infant temperament. Surgency has a substantial heritable com-
ponent (47). However, in contrast to other temperament traits, the family environment
also appears to play an important role in shaping individuals’ surgency traits (47). High
levels of surgency may especially be beneficial in a stressful environment as it may
promote active coping and approaching novel situations (57). Our finding of higher
surgency levels in infants of mothers experiencing high stress levels may therefore be
in line with the predictive adaptive response hypothesis. This theory states that cues
received in early life influence the development of a phenotype that is adapted to the
predicted environmental conditions of later life. On the longer term though, this is not
always beneficial, which may also be true here. High levels of surgency in children have
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been associated with lower levels of effortful control and later in life may predict a
higher risk of psychopathology, including mania, narcissism and externalizing disorders
(54-57).

To our knowledge, this is the first study investigating the mediating effect of stress-
associated alterations in HM FA and AA concentrations in the association between
maternal stress and infant temperament. We observed that stress-associated lower HM
PUFA concentrations significantly mediate the positive association between maternal
stress and infant temperament. Previous research has shown a link between the n-3
PUFA composition of milk and infant temperament. More specifically, one study showed
that infants whose mothers’ milk was richer in n-3 PUFAs had lower scores on the nega-
tive affectivity domain of the IBQ-R (58), whereas another study demonstrated that milk
richer in n-3 PUFAs was associated with higher scores on the surgency/extraversion
domain (59). We here showed that that milk lower in n-6 PUFAs was associated with
higher scores on the surgency/extraversion domain. These findings seem to be at odds
with each other, but this may be explained by the fact that it is not so much the absolute
levels of n-3 and n-6, but rather the proportion of n-3 to n-6 that is most important for
health outcomes (60).

The finding that stress-associated lower HM (n-6) PUFA concentrations, but not higher
HM AA concentrations, mediated the association between maternal stress and infant
temperament, could be due to several factors. First of all, it can be suggested that the
mechanisms underlying the transmission of acute maternal stress to infant surgency
involve FAs, but less so AAs. Of course, this does not exclude the potential role of AAs
in other infant outcome domains. Additionally, important to note, in the mediation
model, we did not find a significant association between stress and HM AA composition
in contrast to our earlier report where we describe the association between maternal
stress and HM AA composition {Juncker, 2023 #13} and this may also explain the lack of
a mediating effect of HM AAs on infant temperament. This discrepancy is probably due
to the loss-to-follow up and the subsequent lower sample size in the current mediation
model (original report CTL=70, HS=23. Current report: CTL=60, H5=17).

Strengths of the current study are first of all its novelty; this is the first study investigat-
ing the mediating effect of HM FA and AA composition on the association between
maternal stress and infant outcomes. Moreover, in contrast to previous studies merely
using correlation analyses, a robust mediation model was used to incorporate all rel-
evant factors. Additionally, where previous studies have mostly focused on postpartum
depression (symptoms), we here focus on acute stress due an unavoidable stressor in
the postpartum period. In addition, the longitudinal design and the frequency of HM
sample collection takes into account the variable nature of HM. Also, the first month
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postpartum is a sensitive time window that has been frequently missed in earlier HM
research, but since breastfed infants depend on HM during this period as their only
source of nutrition, these first weeks after birth represent a very important period to
shape development and health. Furthermore, the fact that mothers were exposed
to a stressor (i.e. infant hospitalization) ensured that the study population contained
participants with a broad level of perceived stress. Additionally, extensive information
on both maternal psychological and biological stress was collected, and it was shown
that the HS and CTL groups were similar at baseline with regard to life-time stress levels
or other important characteristics that could have influenced the relationship between
stress, HM and infant outcomes. Limitations of this study are the relatively small sample
size and the relatively high loss to follow-up, especially in the HS group. Even though
the association between maternal stress and HM FA composition was also present
in the smaller population, this might have caused bias. Moreover, due to the limited
sample size we only corrected our analyses for two confounding factors (infant sex and
maternal education), it is important to realize that other baseline factors or unmea-
sured confounders could have influenced our results, for example maternal ethnicity,
season of milk collection or maternal genetic profile (61, 62). In addition, all infants in
the HS group were hospitalized for at least two days after birth, therefore the effect
of hospitalization/illness on infant temperament cannot be ruled out or corrected for
and, therefore, might cause bias. As our cohort mostly consisted of healthy and highly
educated women selection bias could not be excluded. Moreover, the majority of our
participants were of a Western ethnic background which may limit generalizability of
the results.

Conclusion

Our findings suggest and extend evidence for HM (n6) PUFA composition as one of the
mediating factors in the regulation of child (neuro)development after maternal stress
and emphasize the importance of the maternal psychological state in the postpartum
period for (neuro)development of her child. Future research should address maternal
psychopathology in this context and address this question in larger sample sizes, with
robust statistical designs and a more extensive neurobehavioral screening.
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Supplemental Table 1: Infant Behaviour Questionnaire Revised - Main domains, subscales and their classifica-

tion and explanation.

IBQ-R Main domains with

their subscale

Description

Negative affectivity

Falling Reactivity/Rate of
Recovery from Distress
Fear

Distress to Limitations

Sadness

Orienting/Regulation

Duration of Orienting

Low Intensity Pleasure

Cuddliness

Soothability

Surgency/Extraversion

High Intensity Pleasure

Smiling and Laughter

Perceptual Sensitivity

Vocal Reactivity
Activity Level
Approach

Rate of recovery from peak distress, excitement, or general arousal;
ease of falling asleep

Startle or distress to sudden changes in stimulation or novel physical
objects or social stimuli; inhibited approach to novelty

Fussing, crying, or showing distress when in a confining place or
position, involved in caregiving activities, or unable to perform a
desired action

General low mood; lowered mood and activity related to personal
suffering, physical state, object loss, or inability to perform a desired
action

Attention to and/or interaction with a single object for extended
periods of time

Amount of pleasure or enjoyment related to low stimulus intensity,
rate, complexity, novelty, and incongruity

Expression of enjoyment and molding of body to being held by
caregiver

Reduction of fussing, crying, or distress when caregiver uses soothing
techniques

Amount of pleasure or enjoyment related to high stimulus intensity,
rate, complexity, novelty, and incongruity

Smiling or laughter in general caregiving and play situations

Amount of detection of slight, low intensity stimuli from external
environment

Amount of vocalization exhibited in daily activities
Movement of arms and legs, squirming, and locomotor activity

Rapid approach, excitement, and positive anticipation of pleasurable
activities
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