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ABSTRACT
Introduction Lactation is a hormonally controlled process 
that promotes infant growth and neurodevelopment 
and reduces the long- term maternal risk of diabetes, 
cardiovascular disease and breast cancer. Hormones, 
such as prolactin and progesterone, mediate mammary 
development during pregnancy and are critical for initiating 
copious milk secretion within 24–72 hours post partum. 
However, the hormone concentrations mediating lactation 
onset are ill defined.
Methods and analysis The primary objective of the 
investigating hormones triggering the onset of sustained 
lactation study is to establish reference intervals for the 
circulating hormone concentrations initiating postpartum 
milk secretion. The study will also assess how maternal 
factors such as parity, pregnancy comorbidities and 
complications during labour and delivery, which are known 
to delay lactation, may affect hormone concentrations. 
This single- centre observational study will recruit up to 
1068 pregnant women over a 3- year period. A baseline 
blood sample will be obtained at 36 weeks’ gestation. 
Participants will be monitored during postpartum days 
1–4. Lactation onset will be reported using a validated 
breast fullness scale. Blood samples will be collected 
before and after a breastfeed on up to two occasions per 
day during postpartum days 1–4. Colostrum, milk and 
spot urine samples will be obtained on a single occasion. 
Serum hormone reference intervals will be calculated 
as mean±1.96 SD, with 90% CIs determined for the 
upper and lower reference limits. Differences in hormone 
values between healthy breastfeeding women and those 
at risk of delayed onset of lactation will be assessed by 
repeated measures two- way analysis of variance or a 
mixed linear model. Correlations between serum hormone 
concentrations and milk composition and volume will 
provide insights into the endocrine regulation of milk 
synthesis.
Ethics and dissemination Approval for this study had 
been granted by the East of England—Cambridgeshire 
and Hertfordshire Research Ethics Committee (REC No. 
20/EE/0172), by the Health Research Authority (HRA), 
and by the Oxford University Hospitals National Health 
Service Foundation Trust. The findings will be published 
in high- ranking journals and presented at national and 
international conferences.

Trial registration number ISRCTN12667795.

INTRODUCTION
Lactation is tightly regulated by metabolic 
and reproductive hormones.1 It plays a key 
role in infant health and neurodevelop-
ment, and decreases infant mortality and 
morbidity from infections during the first 
year of life.2 3 Longer- term benefits of breast 
feeding for the offspring include a reduced 
risk of obesity and type 2 diabetes, and higher 
performance in intelligence tests.3–5 Lacta-
tion also confers benefits on breastfeeding 
women, and is associated with decreases in 
the risk of maternal diseases such as type 2 
diabetes, cardiovascular diseases, and breast 
and ovarian cancer.6–9

Hormones influence the mammary gland 
from the onset of puberty until the end of 
pregnancy to induce formation of a branched 
epithelial milk- secreting organ. From 
puberty- onwards, oestrogen and the growth 
hormone/insulin- like growth factor (IGF- 1) 
axis promote elongation and branching of 
the mammary ductal structure.10 11 During 
pregnancy, prolactin, progesterone, oestra-
diol, insulin, growth hormone/IGF- 1 and 
glucocorticoid hormones such as cortisol 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ The investigating hormones triggering the onset of 
sustained lactation study comprises biological and 
comprehensive phenotype data.

 ⇒ Metabolites associated with the onset of lactation 
will be evaluated in serum, urine and milk samples.

 ⇒ Participants will benefit from breastfeeding support 
provided by the study investigators.

 ⇒ Risk of limited participant recruitment and retention 
during late pregnancy and the early postpartum 
period.
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stimulate the formation of milk- producing lobuloalveolar 
structures at the end of mammary ducts (table 1).12–17

Prolactin is the principal hormone promoting milk 
synthesis, and circulating concentrations progressively 
increase throughout pregnancy and are correlated with 
the rate of lactogenesis, as assessed by urinary lactose 
excretion.18 Prolactin signals via the STAT5 transcrip-
tion factor to increase expression of mammary- specific 
genes mediating the production of lactose, milk proteins 
and lipids.19 20 These lactogenic effects of prolactin are 
augmented by thyroid hormones, insulin and glucocorti-
coids, which enhance STAT5 activation and/or the tran-
scriptional activation of milk synthesis genes in mammary 
cells.21–23

Hormones also trigger the postpartum onset of copious 
milk secretion, known as secretory activation, which typi-
cally occurs between 24 and 72 hours following child- 
birth (table 1).1 Secretory activation is associated with 
an increase in milk volume, which leads to the maternal 
perception of milk ‘coming in’, characterised by breast 
fullness and swelling.24 25 Secretory activation is mediated 
by a marked decrease in the circulating concentration 
of progesterone following delivery of the placenta, and 
requires a high circulating prolactin concentration in the 
presence of insulin and cortisol.1 At the onset of lacta-
tion these hormonal changes increase milk synthesis and 
induce the closure of tight junction complexes between 
mammary cells, which establishes an osmotic gradient 
that stimulates water movement into the alveolar lumen 
(table 1).26–30

Secretory activation is critical for the establishment of 
lactation, and an absence or delay in onset of lactation 
is a major cause of inadequate and/or early cessation of 
breastfeeding.31 32 Although the key hormones involved 
in secretory activation have been described, their circu-
lating concentrations required for initiating lactation 
in the early postpartum period are not well defined.33 

Furthermore, alterations in circulating metabolites 
associated with secretory activation remain to be fully 
characterised.

METHODS AND ANALYSIS
Objectives
Investigating hormones triggering the onset of sustained 
lactation is a single- centre observational study aiming to: 
(1) characterise the circulating hormone concentrations 
required for initiating postpartum milk secretion and 
(2) assess how maternal factors such as parity, pregnancy 
comorbidities, and complications during labour and 
delivery, which are known to delay lactation (table 2), 
may affect hormone concentrations.

Primary objective
Establishment of reference intervals (RIs) for hormones 
initiating postpartum onset of lactation.

Secondary objectives
 ► Measure longitudinal changes in circulating lacta-

tion hormones and metabolites during the first 4 days 
postpartum.

 ► Evaluate effects of maternal comorbidities, medica-
tions, mode of delivery and pregnancy complications 
on lactation hormone concentrations.

 ► Assess whether lactation hormone concentrations 
correlate with the timing of the onset of milk secretion.

 ► Evaluate the relationship between lactation hormones 
and breast milk volume.

 ► Characterise breast milk hormone composition.

Outcomes
Primary outcome
RIs will be established for lactation hormones during the 
early postpartum period before and after a breastfeed 

Table 1 Major reproductive and metabolic hormones influencing mammary gland function in pregnancy and at the onset of 
lactation

Hormone Role in pregnancy Role at the onset of lactation References

Reproductive

  Prolactin Lobuloalveolar formation
Milk synthesis

Tight junction formation
Milk synthesis

16 19 20 26 27

  Progesterone Mammary ductal branching
Lobuloalveolar formation

Withdrawal of progesterone initiates tight 
junction formation and increases milk synthesis

16 28 29

  Oestradiol Mammary ductal branching
Lobuloalveolar formation

Not known 13

Metabolic

  Cortisol Lobuloalveolar formation
Milk synthesis

Tight junction formation 17 26

  Insulin Lobuloalveolar formation
Milk synthesis

Milk synthesis 15 21 30

  Growth hormone/IGF- 1 Lobuloalveolar formation Not known 12 14

IGF- 1, insulin- like growth factor.
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during the morning and afternoon, which will account 
for the effect of diurnal variation and infant suckling on 
hormone concentrations.

Secondary outcomes
Serial blood sampling during the early postpartum 
period will allow assessment of longitudinal changes in 
the concentrations of hormones during secretory acti-
vation. Correlation of hormone concentrations with 
maternal comorbidities, and complications during preg-
nancy and delivery, will help elucidate how these factors 
cause delayed onset of lactation. Furthermore, correla-
tion of hormone concentrations with milk composition 
and volume will provide insights into the endocrine regu-
lation of milk synthesis.

Study design
Pilot study phase
To assess whether sample collection will be feasible 
during the early postpartum period, an initial pilot study 
involving up to 100 women will be performed. Postpartum 
samples will be collected during a single study visit on 
postpartum day 4, either at the participant’s home or in 
hospital. These samples will be used for an initial anal-
ysis of lactation hormone concentrations, and the data 
included in the final analysis.

Main study phase
To assess changes in lactation hormones during the early 
postpartum period, blood sampling will be performed at 
around 36 weeks’ gestation, as a baseline measure and 
also before and after a breastfeed during the first 4 days 
after birth. Participants can provide blood samples on 
a single postpartum day, or opt for serial sample collec-
tion during postpartum days 1–4. Participants will record 
their breast fullness to determine the timing of lactation 
onset, as previously described.32 Demographic and clin-
ical characteristics such as participant age, comorbidities, 

medications and complications occurring during preg-
nancy and delivery, will also be recorded. Infant birth 
weight will be recorded, and the infant weighed before 
and after a breastfeed to estimate milk volume. Up to 
10 mL of milk will be obtained for biochemical analysis 
and a spot urine sample will be collected to assess lacta-
tion hormone metabolites. The study protocol is shown 
in figure 1.

Participants
Over a 3- year period, the study will recruit up to 1000 
pregnant women attending maternity units within 
Oxfordshire, UK, who either have no risk factors for 
delayed onset of lactation (n~600), or one or more risk 
factors such as primiparity or obesity (n~400) (table 2).

Inclusion criteria
 ► Pregnant women, aged ≥18 years.
 ► Intention to fully or partially breastfeed.
 ► Willing and able to give informed consent for partici-

pation in the study.

Exclusion criteria
Participants may not enter or continue in the study if ANY 
of the following apply:

 ► Preterm birth (<37 weeks’ gestation).
 ► Severe maternal illness, including postpartum depres-

sion or psychosis.
 ► Severe neonatal illness including major congenital 

abnormalities and infants who are only expected to 
live for a short period of time.

 ► Prolonged separation of infant from mother, for 
example, due to admission to the neonatal unit.

 ► Maternal or neonatal COVID- 19 test positivity.
 ► Mother or infant infected with blood borne viruses 

such as HIV.
 ► Resides outside of Oxfordshire.

Table 2 Examples of causes of delayed onset of lactation and association with endocrine disturbances

Cause Effect on lactation
Associated endocrine 
abnormalities References

Maternal factors/comorbidities

  Pituitary insufficiency, for 
example, Sheehan’s syndrome

Absent or delayed onset ↓ multiple pituitary hormones 45

  Polycystic ovary syndrome Delayed onset and/or lactation 
insufficiency due to lack of prenatal 
breast enlargement

↑androgens, obesity- related 
endocrine abnormalities (see- below)

46 47

  Obesity Delayed onset ↓ mammary responsiveness to 
prolactin

50 51

  Primiparity Delayed onset Possible ↓ mammary responsiveness 
to pregnancy- related hormones

48 49

Labour and delivery factors

  Medications, for example, 
epidural analgesia, i.v. oxytocin

Delayed onset ↓oxytocin 52 53

  Caesarean section Delayed onset ↓oxytocin, ↓prolactin 32 54
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 ► Safeguarding issues that may impede the safety of 
research staff carrying out home visits.

 ► Current participation in another research study 
involving investigational medicinal products.

Participant enrolment
Screening and recruitment
Potential participants will be screened by assessing their 
eligibility and intention to breastfeed. Introductory study 
information will be provided during antenatal clinic or 
ultrasound scan visits. Women can also identify themselves 
as eligible from advertising materials such as posters, 
social media advertising and the advertisement on the 
Larsson- Rosenquist Foundation Oxford Centre for the 
Endocrinology of Human Lactation (https://www.ocehl. 
ox.ac.uk/insight) website.

Informed consent
A trained member of the research team will obtain written 
informed consent. Written and verbal information will be 

provided to the participant detailing the exact nature of the 
study and any risks involved in taking part. Potential partici-
pants will be given the opportunity to discuss the study with 
the investigator, their general practitioner (GP) or other 
independent parties to decide whether to participate. It will 
be clearly stated that the participant is free to withdraw from 
the study at any time and for any reason without prejudice to 
her or her infant’s future care, without affecting her rights, 
and with no obligation to give the reason for withdrawal.

Informed consent will be obtained electronically (e- con-
sent) on a tablet device. If this is unavailable, then written 
informed consent will be obtained. The participant will be 
provided with a copy of the completed consent form and 
participant information sheet. The e- consent form will be 
stored on the trial specific database held on the University 
of Oxford High Compliance Server, and a copy kept in the 
medical records. The participant must complete the e- con-
sent form or hard copy version of the informed consent 
form before any study procedures are performed.

Study schedule
Baseline assessment
The participant’s comorbid conditions, medications and 
pregnancy complications will be recorded, and a blood 
sample collected.

Subsequent visits
Admission in labour or for caesarean section
The research team will check that participants are ≥37 
weeks’ gestation, as defined by the first trimester dating 
ultrasound scan.

Day 0–1 post partum
Continued consent will be confirmed with the participant. 
Delivery or caesarean section complications, and use of 
medications (eg, syntocinon, analgesia), will be recorded. 
Blood sampling will commence within 24 hours of birth 
and samples obtained pre- breastfeed and post- breastfeed. 
Self- reporting of breast fullness will also commence.

Day 1–4 post partum
The research midwife or research assistant will visit the 
participant in hospital, or at home. Blood samples will be 
taken pre- breastfeed and post- breastfeed. Breastfeeding 
support will be provided, if requested by the participant. 
A colostrum sample of ~1 mL and urine sample of ~20 mL 
will be obtained on a single occasion.

Day 4 post partum
A milk sample (~10 mL) will be obtained. Milk volume 
will be recorded by weighing the infant pre- feed and post- 
feed. Daily recordings of breast fullness will be collected 
on the final study visit.

Study procedures
Sample collection and handling
Around 10 mL of blood will be collected per sampling 
time point, and a maximum of four blood samples (two 
from a morning and two from an afternoon breastfeeding 

Figure 1 Flow chart of INSIGHT study procedures. 
*Procedures undertaken only on a single occasion. INSIGHT, 
investigating hormones triggering the onset of sustained 
lactation.
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session) will be obtained per participant over a 24- hour 
period. Thus, a maximum of 16 blood samples will be 
obtained from each participant over a 4- day period. 
Blood sampling will be undertaken at similar times during 
successive study visits to minimise the effect of circadian 
rhythm on hormone concentrations.

Colostrum and milk will be collected using an electric or 
manual breast pump, or by hand expression into a sterile 
container. On the day of collection, blood samples will be 
centrifuged and aliquoted centrally. Milk samples will be 
divided into skimmed milk (centrifuged) and whole milk 
aliquots (uncentrifuged). Samples will either be analysed 
freshly or frozen at −80℃ for later analysis.

Biochemical measurements
Lactation hormones, such as prolactin, progesterone, 
oestradiol, cortisol, insulin, growth hormone and IGF- 1 
(table 1), will be measured with validated immunoassay 
methods. Milk components and metabolites with poten-
tial as biomarkers for secretory activation will be assayed 
in blood, milk and urine samples using techniques 
including mass spectrometry. These molecules include: 
carbohydrates such as lactose, glucose, sialic acid and 
oligosaccharides; amino acids such as alanine, aspartate 
and glutamate; lipids such as free fatty acids and triacyl-
glycerols; and intermediary metabolites involved in lipid 
synthesis such as citrate and oxaloacetate.34 The biochem-
ical and cellular composition of colostrum and breast 
milk will be assessed by flow cytometry, immunoassay and 
mass spectrometry.

Any residual sample will be stored long term for use 
in future ethically approved studies in accordance with 
University of Oxford guidelines and the Human Tissue 
Authority’s Code of Practice. At the end of the study, with 
consent, samples may also be transferred to an ethically 
approved Research Tissue Bank for long- term storage. 
However, if consent has not been received then the 
samples will be destroyed according to local protocol.

Recording breast fullness and factors influencing the onset of 
lactation
Participants will record their perception of lactation onset 
on a daily basis from birth until postpartum day 4 using a 
validated breast fullness numerical scale of 1–5, anchored 
with 1=no change, 3=noticeably fuller and 5=uncomfort-
ably fuller, as described.32 The onset of lactation will be 
indicated by the time when breast fullness first reached 
scale point 3.32 The following factors will also be recorded 
at each study visit: frequency and duration of mother–
infant skin- to- skin contact; frequency and duration of 
breastfeeds, and use of formula milk or other feeds.

Infant weighing
The volume of the participant’s breast milk expressed 
during a feed will be estimated by weighing her infant 
immediately before and after feeding using a calibrated 
portable electronic scale, as described.35

Withdrawal or discontinuation of participants
A participant may choose to withdraw from the study at 
any time, or choose to stop blood sampling at any time 
and remain on study follow- up. Participants who withdraw 
from the study can permit data and samples obtained up 
until the point of withdrawal to be retained for analysis. 
In addition, the chief investigator may discontinue a 
participant from the study at any time. Reasons include 
ineligibility (either during the study or retrospectively if 
overlooked during screening and the study), significant 
protocol deviation, significant non- compliance with study 
requirements, or as a clinical decision.

If the participant withdraws from the study before 
donating any samples then no data will be used. With-
drawn participants will be replaced. If the participant is 
withdrawn due to an adverse event, the chief investigator 
will arrange for referral to her GP or an appropriate 
healthcare professional involved in her care. In the event 
of a serious adverse event, the participant will be with-
drawn from the study. The reason for withdrawal will be 
recorded in the case report form (CRF).

Statistics and analysis
Primary outcome analysis
The RI, which represents the middle 95% of measure-
ments for a lactation hormone in a population of breast-
feeding women with no risk factors for delayed onset 
of lactation (table 2), will be derived according to the 
Clinical and Laboratory Standards and International 
Federation of Clinical Chemistry recommendations by 
two methods.36 37 Data will be log- transformed to achieve 
a parametric distribution. The mean and SD will be 
derived, and the RI calculated as mean±1.96 SD, with 
90% CIs determined for the upper and lower reference 
limits. If hormone values cannot be normalised by loga-
rithmic transformation, then a non- parametric percentile 
method will be used. This involves ordering measure-
ments from smallest to largest, with the RI determined as 
being between the 2.5th and 97.5th centile of the ordered 
observations. For a sample size of 120, the 2.5th and 
97.5th centiles represent the 3rd and 118th observations, 
respectively.

As samples will be taken pre- feed and post- feed, and 
at different times during the day, these RIs will consider 
the effect of diurnal variation and infant suckling on 
hormone concentrations.

Secondary outcome analysis
Differences in hormone values between participants with 
no risk factors for delayed onset of lactation and those 
with ≥1 risk factor will be assessed by repeated measures 
two- way analysis of variance or a mixed linear model. 
The log- transformed hormone value will be used as the 
outcome variable, and the two nominal variables will be 
(1) absence or presence of risk factors for delayed lacta-
tion and (2) the timing of the sample (pre breast feeding 
or post breast feeding).
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Hormone values from a subset of participants willing to 
provide serial blood samples over a 4- day period will be 
used to assess longitudinal hormone changes. A mixed 
linear model, which incorporates factors such as breast-
feeding status and sampling pre- feeds and post- feeds, 
will be used to analyse the temporal change in lactation 
hormone values over the study period while accounting 
for any missing data.

To determine whether lactation hormone concentra-
tions are associated with breast milk volume or the timing 
of onset of lactation, bivariate correlations will be assessed 
using the Pearson or Spearman rank correlation tests. 
Adjustment for potential confounding variables will be 
undertaken using a multivariate linear regression model.

Sample size determination for primary outcome
Around 120 participants with no risk factors for delayed 
onset of lactation are required to establish an RI with 
acceptable 90% CIs for the upper and lower reference 
limits.37 This study involves establishing RIs at a single 
time point in the third trimester and for up to 16 different 
time- points over a 4- day period. Each participant is 
expected to provide blood samples for an average of four 
time- points, and therefore 480 participants will likely be 
required to provide samples for all 16 time- points. A total 
of N=1920 postpartum blood samples (120 blood samples 
at each of 16 time points) are required for the primary 
outcome. The pilot study is also expected to contribute 
around 100 samples from 50 participants (two samples 
per participant) to the primary outcome. Therefore, 455 
participants providing an average of 4 samples each (total 
of 1820 postpartum samples) will be recruited to the 
main study. Thus, N=505 participants (50 from pilot study 
and 455 from main study) will be recruited in total for the 
primary outcome analysis.

Sample size determination for secondary outcomes
A major secondary outcome is alteration in lactation 
hormones for participants at risk of delayed onset of 
lactation compared with participants with no risk factors. 
Prolactin is critical for secretory activation, and sample 
size has been determined using published prolactin 
values for breastfeeding women.38 The effect size (d) for 
a 10% change in serum prolactin is 0.57, given that a 10% 
change is 18.3 µg/L and pooled SD is 32 µg/L.38 G*Power 
statistical software was used to calculate sample size with 
this effect size and the following parameters: a two- tailed 
t- test for difference between two independent means, 
alpha error probability of 0.05, power of 0.95 and a 1:1 
allocation ratio. This calculation indicates that a sample 
size of 81 participants with ≥1 risk factor for delayed onset 
of lactation is required at each time point for secondary 
outcome analysis. Assuming each participant provides 
samples for an average of four time points, then 324 
participants are required to provide samples for all 16 
time points. A total of N=1296 postpartum blood samples 
(81 blood samples at each of 16 time points) are required 
for the secondary outcomes. The pilot study is also 

expected to contribute ~100 samples from 50 participants 
(two samples per participant) to the secondary outcome. 
Therefore, 299 participants providing an average of 4 
samples each (total of 1196 postpartum samples) will be 
recruited to the main study. Thus, N=349 participants 
(50 from pilot study and 299 from main study) will be 
recruited in total for the secondary outcome analysis.

Accounting for participant withdrawal
In total, 505 participants with no risk factors for delayed 
onset of lactation, and 349 participants with ≥1 risk factor 
are required for the primary and secondary outcome 
analyses. Assuming a 20% drop- out rate, then 632 partici-
pants with no risk factors and 436 participants with ≥1 risk 
factor for delayed onset of lactation (1068 participants in 
total) will need to be recruited.

Decision points and end of study
The protocol will be evaluated in a pilot study involving 
~100 participants. Depending on the results, a decision 
will be made whether to limit recruitment to certain 
participant groups, such as multiparous women with no 
breastfeeding issues who are more willing to participate 
in the study and provide multiple blood samples. In 
addition, if sample collection from participants at home 
proves difficult, then the protocol will be amended to 
collect blood samples while participants are in hospital 
following child birth, and only collect limited samples 
during home study visits.

The end of the study is the point at which all data have 
been collected and analysed, and the database is locked. 
If it is not possible to collect sufficient blood samples to 
establish RIs at any of the time points, then the study will 
be stopped.

Procedure for accounting for missing, unused and spurious 
data
If there are insufficient (ie, N<120) samples to calculate 
the RIs at each time- point using log- normal distribu-
tion or the centile method, then a bootstrap calculation 
method will be used to derive RIs. Bootstrapping involves 
random re- sampling of the original data observations 
to generate replacement values and establishment of a 
‘pseudosample’ from which RIs can be derived.39 This 
method requires normally distributed data obtained from 
a minimum of 40 samples.40 The derivation of hormone 
RIs can also be affected by values lying above or below the 
assay detection limit. For very high values, sample dilu-
tion will be undertaken prior to biochemical analysis.

Data management
Data will be recorded using an electronic CRF (eCRF), 
and then transferred to the study specific database. This 
holds the unique participant study numbers, sample 
numbers, screening log, e- consent forms, as well as clin-
ical and laboratory data. Any hard copies of the CRFs and 
consent forms will be kept in a locked filing cabinet in the 
key- coded locked office of the Lead Research Midwife. 
The consent form will be retained to meet the UK Human 
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Tissue Authority traceability requirements, and also as 
the basis for retention of details and approach for any 
future ethically approved studies.

Quality assurance procedures
The study may be monitored or audited in accordance 
with the current approved protocol, Good Clinical 
Practice, relevant regulations and standard operating 
procedures.

Patient and public involvement
Healthcare professionals such as community midwifes 
reviewed the study protocol and participant- facing 
information. In addition, breastfeeding women on the 
hospital postnatal ward, and in the community, reviewed 
the study advertising and participant- facing information, 
and provided feedback on the appeal and comprehensi-
bility of this information.

ETHICS AND DISSEMINATION
Study conduct
The study will be conducted in accordance with the prin-
ciples of the Declaration of Helsinki and with Good Clin-
ical Practice. The chief investigator will submit an annual 
progress report to the Research Ethics Committee, Health 
Research Authority (HRA) host organisation, sponsor 
and funder. An end- of- study notification and final report 
will be submitted to the same parties. The findings will 
be published in high- ranking journals in the field and 
presented at national and international conferences.

Participant confidentiality
The study will comply with the General Data Protection 
Regulation and Data Protection Act 2018, which require 
data to be deidentified as soon as it is practical to do so. 
Participants will be identified only by a participant study 
number on any electronic database.

Other ethical considerations
Incidental findings are not expected from the sample 
analysis. Hormone values are likely to vary substantially 
within a healthy mother during the early postpartum 
period, and such alterations will not require referral for 
clinical investigations or management.

DISCUSSION
This protocol has been established to investigate 
hormone concentrations triggering secretory activation, 
and ascertain whether alterations in lactation hormones 
are associated with a delay in the onset of copious 
milk secretion. Delayed onset of lactation, defined as 
occurring >72 hours postpartum, affects between 17% 
and 40% of breastfeeding women, and is reported to 
cause excessive neonatal weight loss during the first 
postpartum week, and lead to increased use of formula 
supplementation and decreased duration of breast 
feeding.31 32 41–44 A range of maternal factors, which 

potentially contribute to endocrine dysregulation, may 
lead to delayed onset of lactation (table 2). For example, 
endocrine disorders due to pituitary or ovarian abnor-
malities have been reported to delay lactation onset 
or cause lactation failure (table 2).45–47 Furthermore, 
parity influences the timing of secretory activation, 
with primiparous mothers experiencing a significantly 
increased duration of time from parturition until onset 
of lactation compared with multiparous mothers.48 Such 
effects may have an endocrine basis, as rodent studies 
have shown an effect of parity on mammary hormone 
responsiveness. Thus, mammary glands from parous 
mice exhibit a more rapid expansion of ductal struc-
tures and earlier onset of milk protein synthesis when 
exposed to pregnancy- associated hormones, compared 
with the mammary glands of hormone- treated nullip-
arous mice.49 In addition, maternal obesity, occur-
ring either at the pre- pregnant stage or at the time of 
delivery, is reported to delay onset of lactation,50 and 
a mouse study has revealed that obesity- induced lacta-
tion insufficiency is associated with mammary gland 
resistance to prolactin.51 Medications administered 
during labour may also influence lactation hormones 
and cause delayed onset of lactation.52 53 The adminis-
tration of infused oxytocin with epidural analgesia to 
women in spontaneous labour is reported to decrease 
postpartum plasma concentrations of oxytocin, which is 
required for stimulating milk let- down during a breast-
feed.53 Moreover, caesarean section is an independent 
risk factor for delayed onset of lactation. Delivery by 
emergency Caesarean section decreases the pulsatility 
of oxytocin secretion and impairs prolactin secretion 
during a breastfeed in the early postpartum period.32 54

The characterisation of hormone and metabolite 
concentrations at the physiological onset of lactation, as 
well as in women at risk of delayed onset of lactation, will 
improve understanding of the factors involved in the initi-
ation of successful lactation. The study also has the poten-
tial to facilitate development of hormonal biomarkers 
that can predict those likely to suffer from low- volume 
or delayed breast milk production, and help identify 
individuals who may benefit from galactagogue therapy 
to stimulate lactation. In addition, the study will provide 
biological insights into how lactation hormones influence 
the volume and composition of breast milk.
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Funding Funding is provided by a centre establishment grant from the Family 
Larsson- Rosenquist Foundation (Grant number: N/A).

Competing interests None declared.

Patient and public involvement Patients and/or the public were involved in the 
design, or conduct, or reporting, or dissemination plans of this research. Refer to 
the Methods section for further details.

Patient consent for publication Not applicable.

Provenance and peer review Not commissioned; externally peer reviewed.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2022-062478 on 30 A

ugust 2022. D
ow

nloaded from
 

http://bmjopen.bmj.com/


8 Rostom H, et al. BMJ Open 2022;12:e062478. doi:10.1136/bmjopen-2022-062478

Open access 

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Fadil M Hannan http://orcid.org/0000-0002-2975-5170

REFERENCES
 1 Pang WW, Hartmann PE. Initiation of human lactation: secretory 

differentiation and secretory activation. J Mammary Gland Biol 
Neoplasia 2007;12:211–21.

 2 Sankar MJ, Sinha B, Chowdhury R, et al. Optimal breastfeeding 
practices and infant and child mortality: a systematic review and 
meta- analysis. Acta Paediatr 2015;104:3–13.

 3 Victora CG, Bahl R, Barros AJD, et al. Breastfeeding in the 21st 
century: epidemiology, mechanisms, and lifelong effect. Lancet 
2016;387:475–90.

 4 Horta BL, Loret de Mola C, Victora CG. Long- Term consequences 
of breastfeeding on cholesterol, obesity, systolic blood pressure 
and type 2 diabetes: a systematic review and meta- analysis. Acta 
Paediatr 2015;104:30–7.

 5 Horta BL, Loret de Mola C, Victora CG. Breastfeeding and 
intelligence: a systematic review and meta- analysis. Acta Paediatr 
2015;104:14–19.

 6 Gunderson EP, Lewis CE, Lin Y, et al. Lactation duration and 
progression to diabetes in women across the childbearing years: the 
30- year cardia study. JAMA Intern Med 2018;178:328–37.

 7 Collaborative Group on Hormonal Factors in Breast Cancer. Breast 
cancer and breastfeeding: collaborative reanalysis of individual data 
from 47 epidemiological studies in 30 countries, including 50302 
women with breast cancer and 96973 women without the disease. 
Lancet 2002;360:187–95.

 8 Tschiderer L, Seekircher L, Kunutsor SK, et al. Breastfeeding 
Is Associated With a Reduced Maternal Cardiovascular Risk: 
Systematic Review and Meta- Analysis Involving Data From 8 Studies 
and 1 192 700 Parous Women. J Am Heart Assoc 2022;11:e022746.

 9 Kotsopoulos J, Gronwald J, McCuaig JM, et al. Breastfeeding and 
the risk of epithelial ovarian cancer among women with a BRCA1 or 
BRCA2 mutation. Gynecol Oncol 2020;159:820–6.

 10 Mallepell S, Krust A, Chambon P, et al. Paracrine signaling through 
the epithelial estrogen receptor alpha is required for proliferation and 
morphogenesis in the mammary gland. Proc Natl Acad Sci U S A 
2006;103:2196–201.

 11 Ruan W, Kleinberg DL. Insulin- Like growth factor I is essential 
for terminal end bud formation and ductal morphogenesis during 
mammary development. Endocrinology 1999;140:5075–81.

 12 Allan GJ, Tonner E, Barber MC, et al. Growth hormone, acting in part 
through the insulin- like growth factor axis, rescues developmental, 
but not metabolic, activity in the mammary gland of mice 
expressing a single allele of the prolactin receptor. Endocrinology 
2002;143:4310–9.

 13 Feng Y, Manka D, Wagner K- U, et al. Estrogen receptor- alpha 
expression in the mammary epithelium is required for ductal 
and alveolar morphogenesis in mice. Proc Natl Acad Sci U S A 
2007;104:14718–23.

 14 Loladze AV, Stull MA, Rowzee AM, et al. Epithelial- Specific and 
stage- specific functions of insulin- like growth factor- I during 
postnatal mammary development. Endocrinology 2006;147:5412–23.

 15 Neville MC, Webb P, Ramanathan P, et al. The insulin receptor plays 
an important role in secretory differentiation in the mammary gland. 
Am J Physiol Endocrinol Metab 2013;305:E1103–14.

 16 Oakes SR, Hilton HN, Ormandy CJ. The alveolar switch: coordinating 
the proliferative cues and cell fate decisions that drive the formation 
of lobuloalveoli from ductal epithelium. Breast Cancer Res 
2006;8:207.

 17 Wintermantel TM, Bock D, Fleig V, et al. The epithelial glucocorticoid 
receptor is required for the normal timing of cell proliferation during 
mammary lobuloalveolar development but is dispensable for milk 
production. Mol Endocrinol 2005;19:340–9.

 18 Cox DB, Kent JC, Casey TM, et al. Breast growth and the urinary 
excretion of lactose during human pregnancy and early lactation: 
endocrine relationships. Exp Physiol 1999;84:421–34.

 19 Rudolph MC, Russell TD, Webb P, et al. Prolactin- Mediated 
regulation of lipid biosynthesis genes in vivo in the lactating 

mammary epithelial cell. Am J Physiol Endocrinol Metab 
2011;300:E1059–68.

 20 Shin HY, Hennighausen L, Yoo KH. STAT5- Driven enhancers tightly 
control temporal expression of mammary- specific genes. J Mammary 
Gland Biol Neoplasia 2019;24:61–71.

 21 Menzies KK, Lee HJ, Lefèvre C, et al. Insulin, a key regulator of 
hormone responsive milk protein synthesis during lactogenesis in 
murine mammary explants. Funct Integr Genomics 2010;10:87–95.

 22 Campo Verde Arboccó F, Hapon MB, Hapon MB, et al. 
Hypothyroidism decreases JAK/STAT signaling pathway in lactating 
rat mammary gland. Mol Cell Endocrinol 2017;450:14–23.

 23 Sornapudi TR, Nayak R, Guthikonda PK, et al. Comprehensive 
profiling of transcriptional networks specific for lactogenic 
differentiation of HC11 mammary epithelial stem- like cells. Sci Rep 
2018;8:11777.

 24 Neville MC, Allen JC, Archer PC, et al. Studies in human lactation: 
milk volume and nutrient composition during weaning and 
lactogenesis. Am J Clin Nutr 1991;54:81–92.

 25 Chapman DJ, Pérez- Escamilla R. Maternal perception of the onset of 
lactation is a valid, public health indicator of lactogenesis stage II. J 
Nutr 2000;130:2972–80.

 26 Kobayashi K, Tsugami Y, Matsunaga K, et al. Prolactin and 
glucocorticoid signaling induces lactation- specific tight junctions 
concurrent with β-casein expression in mammary epithelial cells. 
Biochim Biophys Acta 2016;1863:2006–16.

 27 Naylor MJ, Oakes SR, Gardiner- Garden M, et al. Transcriptional 
changes underlying the secretory activation phase of mammary 
gland development. Mol Endocrinol 2005;19:1868–83.

 28 Nguyen DA, Parlow AF, Neville MC. Hormonal regulation 
of tight junction closure in the mouse mammary epithelium 
during the transition from pregnancy to lactation. J Endocrinol 
2001;170:347–56.

 29 Nicholas KR, Hartmann PE. Progesterone control of the initiation of 
lactose synthesis in the rat. Aust J Biol Sci 1981;34:435–43.

 30 Zhang R, Ma H, Gao Y, et al. Th- POK regulates mammary 
gland lactation through mTOR- SREBP pathway. PLoS Genet 
2018;14:e1007211.

 31 Chapman DJ, Pérez- Escamilla R. Does delayed perception of the 
onset of lactation shorten breastfeeding duration? J Hum Lact 
1999;15:107–11.

 32 Dewey KG, Nommsen- Rivers LA, Heinig MJ, et al. Risk factors for 
suboptimal infant breastfeeding behavior, delayed onset of lactation, 
and excess neonatal weight loss. Pediatrics 2003;112:607–19.

 33 Boss M, Gardner H, Hartmann P. Normal human lactation: closing 
the gap. F1000Res 2018;7. doi:10.12688/f1000research.14452.1. 
[Epub ahead of print: 20 06 2018].

 34 Rudolph MC, McManaman JL, Phang T, et al. Metabolic regulation in 
the lactating mammary gland: a lipid synthesizing machine. Physiol 
Genomics 2007;28:323–36.

 35 Gridneva Z, Kugananthan S, Hepworth AR, et al. Effect of human 
milk appetite hormones, macronutrients, and infant characteristics 
on gastric emptying and breastfeeding patterns of term fully 
breastfed infants. Nutrients 2016;9. doi:10.3390/nu9010015. [Epub 
ahead of print: 28 Dec 2016].

 36 Solberg HE. International Federation of clinical chemistry. scientific 
Committee, clinical section. expert panel on theory of reference 
values and International Committee for standardization in 
haematology standing Committee on reference values. Approved 
recommendation (1986) on the theory of reference values. Part 1. The 
concept of reference values. Clin Chim Acta 1987;165:111–8.

 37 Boyd J. Defining, establishing, and verifying reference intervals in the 
clinical laboratory; Approved guidelines, CLSI document C28- A3. 28, 
2010.

 38 Ostrom KM, Ferris AM. Prolactin concentrations in serum and milk of 
mothers with and without insulin- dependent diabetes mellitus. Am J 
Clin Nutr 1993;58:49–53.

 39 Ceriotti F, Hinzmann R, Panteghini M. Reference intervals: the way 
forward. Ann Clin Biochem 2009;46:8–17.

 40 Linnet K. Nonparametric estimation of reference intervals by simple 
and bootstrap- based procedures. Clin Chem 2000;46:867–9.

 41 Brownell E, Howard CR, Lawrence RA, et al. Delayed onset 
lactogenesis II predicts the cessation of any or exclusive 
breastfeeding. J Pediatr 2012;161:608–14.

 42 Chapman DJ, Pérez- Escamilla R. Identification of risk factors for 
delayed onset of lactation. J Am Diet Assoc 1999;99:450–4.

 43 Matias SL, Dewey KG, Quesenberry CP, et al. Maternal prepregnancy 
obesity and insulin treatment during pregnancy are independently 
associated with delayed lactogenesis in women with recent 
gestational diabetes mellitus. Am J Clin Nutr 2014;99:115–21.

 44 Nommsen- Rivers LA, Chantry CJ, Peerson JM, et al. Delayed onset 
of lactogenesis among first- time mothers is related to maternal 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2022-062478 on 30 A

ugust 2022. D
ow

nloaded from
 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-2975-5170
http://dx.doi.org/10.1007/s10911-007-9054-4
http://dx.doi.org/10.1007/s10911-007-9054-4
http://dx.doi.org/10.1111/apa.13147
http://dx.doi.org/10.1016/S0140-6736(15)01024-7
http://dx.doi.org/10.1111/apa.13133
http://dx.doi.org/10.1111/apa.13133
http://dx.doi.org/10.1111/apa.13139
http://dx.doi.org/10.1001/jamainternmed.2017.7978
http://dx.doi.org/10.1016/S0140-6736(02)09454-0
http://dx.doi.org/10.1161/JAHA.121.022746
http://dx.doi.org/10.1016/j.ygyno.2020.09.037
http://dx.doi.org/10.1073/pnas.0510974103
http://dx.doi.org/10.1210/endo.140.11.7095
http://dx.doi.org/10.1210/en.2001-211191
http://dx.doi.org/10.1073/pnas.0706933104
http://dx.doi.org/10.1210/en.2006-0427
http://dx.doi.org/10.1152/ajpendo.00337.2013
http://dx.doi.org/10.1186/bcr1411
http://dx.doi.org/10.1210/me.2004-0068
http://dx.doi.org/10.1111/j.1469-445X.1999.01807.x
http://dx.doi.org/10.1152/ajpendo.00083.2011
http://dx.doi.org/10.1007/s10911-018-9418-y
http://dx.doi.org/10.1007/s10911-018-9418-y
http://dx.doi.org/10.1007/s10142-009-0140-0
http://dx.doi.org/10.1016/j.mce.2017.04.003
http://dx.doi.org/10.1038/s41598-018-30122-4
http://dx.doi.org/10.1093/ajcn/54.1.81
http://dx.doi.org/10.1093/jn/130.12.2972
http://dx.doi.org/10.1093/jn/130.12.2972
http://dx.doi.org/10.1016/j.bbamcr.2016.04.023
http://dx.doi.org/10.1210/me.2004-0254
http://dx.doi.org/10.1677/joe.0.1700347
http://dx.doi.org/10.1071/BI9810435
http://dx.doi.org/10.1371/journal.pgen.1007211
http://dx.doi.org/10.1177/089033449901500207
http://dx.doi.org/10.1542/peds.112.3.607
http://dx.doi.org/10.12688/f1000research.14452.1
http://dx.doi.org/10.1152/physiolgenomics.00020.2006
http://dx.doi.org/10.1152/physiolgenomics.00020.2006
http://dx.doi.org/10.3390/nu9010015
http://dx.doi.org/10.1016/0009-8981(87)90224-5
http://dx.doi.org/10.1093/ajcn/58.1.49
http://dx.doi.org/10.1093/ajcn/58.1.49
http://dx.doi.org/10.1258/acb.2008.008170
http://dx.doi.org/10.1093/clinchem/46.6.867
http://dx.doi.org/10.1016/j.jpeds.2012.03.035
http://dx.doi.org/10.1016/S0002-8223(99)00109-1
http://dx.doi.org/10.3945/ajcn.113.073049
http://bmjopen.bmj.com/


9Rostom H, et al. BMJ Open 2022;12:e062478. doi:10.1136/bmjopen-2022-062478

Open access

obesity and factors associated with ineffective breastfeeding. Am J 
Clin Nutr 2010;92:574–84.

 45 Ramiandrasoa C, Castinetti F, Raingeard I, et al. Delayed diagnosis of 
Sheehan's syndrome in a developed country: a retrospective cohort 
study. Eur J Endocrinol 2013;169:431–8.

 46 Marasco L, Marmet C, Shell E. Polycystic ovary syndrome: a 
connection to insufficient milk supply? J Hum Lact 2000;16:143–8.

 47 Vanky E, Nordskar JJ, Leithe H, et al. Breast size increment during 
pregnancy and breastfeeding in mothers with polycystic ovary 
syndrome: a follow- up study of a randomised controlled trial on 
metformin versus placebo. BJOG 2012;119:1403–9.

 48 Sievers E, Haase S, Oldigs H- D, et al. The impact of Peripartum 
factors on the onset and duration of lactation. Biol Neonate 
2003;83:246–52.

 49 Dos Santos CO, Dolzhenko E, Hodges E, et al. An epigenetic 
memory of pregnancy in the mouse mammary gland. Cell Rep 
2015;11:1102–9.

 50 Preusting I, Brumley J, Odibo L, et al. Obesity as a predictor of 
delayed lactogenesis II. J Hum Lact 2017;33:684–91.

 51 Buonfiglio DC, Ramos- Lobo AM, Freitas VM, et al. Obesity impairs 
lactation performance in mice by inducing prolactin resistance. Sci 
Rep 2016;6:22421.

 52 Lind JN, Perrine CG, Li R. Relationship between use of labor 
pain medications and delayed onset of lactation. J Hum Lact 
2014;30:167–73.

 53 Jonas W, Johansson LM, Nissen E, et al. Effects of intrapartum 
oxytocin administration and epidural analgesia on the 
concentration of plasma oxytocin and prolactin, in response to 
suckling during the second day postpartum. Breastfeed Med 
2009;4:71–82.

 54 Nissen E, Uvnäs- Moberg K, Svensson K, et al. Different patterns of 
oxytocin, prolactin but not cortisol release during breastfeeding in 
women delivered by caesarean section or by the vaginal route. Early 
Hum Dev 1996;45:103–18.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2022-062478 on 30 A

ugust 2022. D
ow

nloaded from
 

http://dx.doi.org/10.3945/ajcn.2010.29192
http://dx.doi.org/10.3945/ajcn.2010.29192
http://dx.doi.org/10.1530/EJE-13-0279
http://dx.doi.org/10.1177/089033440001600211
http://dx.doi.org/10.1111/j.1471-0528.2012.03449.x
http://dx.doi.org/10.1159/000069485
http://dx.doi.org/10.1016/j.celrep.2015.04.015
http://dx.doi.org/10.1177/0890334417727716
http://dx.doi.org/10.1038/srep22421
http://dx.doi.org/10.1038/srep22421
http://dx.doi.org/10.1177/0890334413520189
http://dx.doi.org/10.1089/bfm.2008.0002
http://dx.doi.org/10.1016/0378-3782(96)01725-2
http://dx.doi.org/10.1016/0378-3782(96)01725-2
http://bmjopen.bmj.com/

	Protocol for an observational study investigating hormones triggering the onset of sustained lactation: the INSIGHT study
	Abstract
	Introduction
	Methods and analysis
	Objectives
	Primary objective
	Secondary objectives

	Outcomes
	Primary outcome
	Secondary outcomes

	Study design
	Pilot study phase
	Main study phase

	Participants
	Inclusion criteria
	Exclusion criteria
	Participant enrolment
	Screening and recruitment
	Informed consent

	Study schedule
	Baseline assessment
	Subsequent visits
	Admission in labour or for caesarean section
	Day 0–1 post partum
	Day 1–4 post partum
	Day 4 post partum


	Study procedures
	Sample collection and handling
	Biochemical measurements
	Recording breast fullness and factors influencing the onset of lactation
	Infant weighing

	Withdrawal or discontinuation of participants
	Statistics and analysis
	Primary outcome analysis
	Secondary outcome analysis
	Sample size determination for primary outcome
	Sample size determination for secondary outcomes
	Accounting for participant withdrawal

	Decision points and end of study
	Procedure for accounting for missing, unused and spurious data
	Data management
	Quality assurance procedures
	Patient and public involvement

	Ethics and dissemination
	Study conduct
	Participant confidentiality
	Other ethical considerations

	Discussion
	References


