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Abstract 

Background: During exclusive breastfeeding period, breast milk is only source for zinc and iron 

intakes of breastfed infants. The adequacy of zinc and iron intakes should be ensured to prevent 

deficiencies in breastfed infants.  

Method: A longitudinal study followed pregnant women to lactation period. Maternal nutrient 

intakes were assessed during pregnancy and lactation. Anthropometric assessment of mothers and 

infants were performed. To estimate nutrient intakes, zinc and iron concentration in breast milk 

were determined at 2 and 4 months postpartum, together with assessment of the breast milk 

volumes. Adequacy of zinc and iron intakes were determined comparison to average requirements. 

Cord blood zinc and ferritin were determined as nutrient stores at birth. Maternal and infant serum 

zinc and ferritin were analysed at 4 months postpartum.  

Results: 120 mothers were enrolled, and 56 mother-infant pairs who continue breastfeeding to 4 

months postpartum. Pre-pregnancy BMI and mode of delivery were associated with cord blood 

zinc and ferritin level. Zinc intake from breast milk significantly decreased from 2 to 4 months. 

Inadequacy of zinc intake was found in 14.5% and 40% of infants aged 2 and 4 months, 

respectively. Iron intake was adequate. Maternal dietary intakes and anthropometric measurement 

were not associated with breast milk nutrient concentrations. Zinc (serum zinc < 9.9 mol/L) and 

iron deficiency (serum ferritin < 20 mcg/L) were found in 76.4% and 10.9% of infants at 4 months, 

respectively. We found a positive association between zinc intake with infant weight parameters, 

and iron store at birth with serum ferritin of 4-month-old infants.  

Conclusion: High proportion of infants had inadequate zinc intake and zinc deficiency. Iron intake 

among breastfed infants was adequate during the first 4 months. Iron status was influenced by iron 

store at birth, but not the breast milk iron intake during birth to 4 months.  
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1. Introductory summary  

1.1 Background   

 1.1.1 Importance of zinc and iron in infants 

 Zinc is an essential nutrient in the human body involved in the function of many enzymes 

regulating major metabolic pathways1. Many studies reported an association of zinc deficiency 

and impaired linear growth of infants and young children2. A meta-analysis showed that zinc 

supplementation improved growth outcomes in infants and young children3. The association 

between zinc and growth can be explained by the fact that zinc is involved in DNA synthesis as 

well as cell proliferation and differentiation4. In addition, zinc deficiency can impair growth by 

reduction of insulin-like growth factor 1 (IGF-1) concentration5. Besides somatic growth, zinc also 

plays important roles in brain growth. It is involved in neuronal differentiation and migration, 

differentiation of oligodendrocytes and myelination, and release of neurotransmitters6. 

Iron is an important component of hemoglobin, with functions in transport of oxygen to 

body tissues and organs. Studies in animal models showed that iron is involved in brain 

development and iron deficiency can alter brain metabolism, myelination and neurotransmitter 

functions, especially during the brain growth spurt (during gestation and lactation period)7. 

Observational studies in infants aged under 2 years showed that iron-deficient infants had lower 

developmental test score in the cognitive, motor and social-emotional aspects8. 

1.1.2 Zinc and iron metabolism in infants during exclusive breastfeeding period  

Infants are born with zinc and iron stores accumulated through trace element transfer via 

the placenta during intrauterine life, which represents source of nutrients for utilization during the 

early postnatal period of life.  

Maternal zinc is transferred to fetus via the placenta. It was estimated that 57% of maternal 

zinc gain during pregnancy was transferred to fetus9. Placental zinc transport is tightly regulated, 

as it is found that cord blood had higher zinc concentration than maternal blood with the ratio of 

maternal/cord blood zinc concentration approximately 0.79.   Previous studies showed that preterm 

infants had lesser body zinc stores at birth which was due to decreased time for placental transfer10-

11. There were some reports on an association of cord blood zinc and birth weight12-13.  
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During pregnancy, iron is transferred via placenta to fetus, especially during the 3rd 

trimester. The placental transfer of iron is well regulated so that the iron stores of infants at birth 

are not dependant on maternal iron status or maternal anemia14-15.  Infant iron stores at birth can 

be assessed by determination of cord blood ferritin15.  

Breast milk is the source of dietary zinc for infants during the exclusive breastfeeding 

period. An isotope study showed that fractional absorption of breast milk zinc in intestine of infants 

increased with age16.  

After birth, zinc and iron intakes of exclusively breastfed infants depend solely on breast 

milk.  Together with daily intakes, infants also utilize zinc and iron from body stores to meet their 

requirements. Zinc storage may not have major contribution to zinc status of infants, as there were 

no reports of the association between zinc store at birth (cord blood zinc) and infant growth or zinc 

status after birth. In contrast to zinc, infants employ iron from storage together with dietary iron 

obtained from breast milk.  A longitudinal study followed breastfed infants from 1 to 12 months 

of age showed that iron stores is the main source for iron utilization in infants together with little 

amount of dietary iron obtained from breast milk17.  Breast milk contains low iron and provides 

minor supply for infant’s iron need. Iron from breast milk, together with iron store and iron from 

recycled hemoglobin supposed to be adequate during the first 6 months of life18.  

1.3 zinc and iron deficiency in breastfed infants 

Breast milk is the best nutrition for infants. Theoretically, it provides adequate nutrients for 

infants during the recommended exclusive breastfeeding period. However, many previous studies 

reported deficiency of zinc and iron among breastfed infants. A study of Thailand reported the 

prevalence of zinc deficiency in 4-6-month-old breastfed infants as 14.9%, while 5.3% of formula 

fed infant were zinc deficient19. Low zinc intake from breast milk may cause zinc deficiency in 

breastfed infants as the study found a correlation of breast milk zinc and infants’ plasma zinc 

concentrations19. A previous report of zinc deficiency in breastfed infants showed that breast milk 

from mothers of zinc-deficient infants had zinc concentrations below the median value for lactation 

age20. A report, gathering data regarding iron status of breastfed infants from 6 studies, showed 

that the prevalence of iron deficiency among healthy 6-month-old breastfed infants was 19.7%, 

and the predictors of iron deficiency were male infants and lower birth weight21.  



9 

 

1.2 Rationale and Objectives 

1.2.1 Zinc and iron intakes from breast milk  

 Information of nutrient intakes among the healthy population is used for determination of 

dietary reference intakes (DRI). The recommended nutrient intake of infants under 6 months of 

age is usually based on the study of intakes from breast milk. The Institute of Medicine (IOM) 

estimated the nutrient intake among infants aged 0-6 months by average concentrations of nutrient 

in breast milk during 2-6 months postpartum reported in several studies, and assumption of an 

average breast milk intake of 780 mL/day22. The European Food Safety Authority (EFSA) used 

the data of breast milk nutrient composition and an average breast milk intake of 800 mL/day23. 

Currently, available information regarding zinc and iron intakes among 0-6 months old infants is 

not adequate to set the recommended dietary allowance (RDA), therefore, the intakes were 

recommended as adequate intake (AI). IOM and EFSA recommended AI for infants during their 

first 6 months as 2 and 0.27-0.3 mg, for zinc and iron respectively23-24. In Thailand, the data 

regarding zinc and iron intakes among breastfed infants are limited and not sufficient to set the 

recommended intakes in infants age under 6 months25.  

1.2.2 Assessment of zinc and iron intakes in breastfed infants  

 Many studies reported on breast milk zinc and iron levels26-28. Some studies reported an 

association of breast milk zinc concentration with zinc status in breastfed infants19, but no 

association of breast milk iron concentration with infant’s iron status. Breast milk nutrient 

concentration alone does not reflect infant’s intake unless the volume of breast milk is quantified. 

The quantitative amount of zinc and iron intakes were rarely reported. To estimate the actual 

nutrient intakes among breastfed infants, assessment of breast milk nutrient levels together with 

the amount of breast milk intake are needed. Previous reports of nutrient intakes from breast milk 

estimated the volume of breast milk by various methods, including assumption from the value 

proposed by previous literature29 ,using the consumption of breast milk intake by healthy infants 

based on their total energy expenditure30, or test-weighing method31. The International Atomic 

Energy Agency (IAEA)32 proposed the deuterium oxide dose-to-mother technique, an isotope 

method used for accurate assessment of breast milk volume among breastfeeding mother-infant 

dyads.        



10 

 

1.2.3 Factors contributing to zinc and iron status in infants  

 As mentioned in the introduction, the nutrient store at birth is a source of nutrients in 

addition to breast milk, for infants during their first 6 months of life. Nutrient stores may be related 

to maternal characteristics or nutritional status, as well as clinical characteristics during antenatal 

and perinatal period. Therefore, this study was designed as a longitudinal study. Therefore, the 

data collection began during the pregnancy period and continued during the lactation period.  

In general, it is recommended to provide exclusive breastfeeding to 6 months. However, 

the infant feeding practice in Thailand usually gives some amount of complementary food after 

the age of 4 months. Therefore, we designed the study until infant age of 4 months instead of 6 

months to determine the intake from breast milk and the association of breast milk nutrient intake 

and other outcomes.  

It is recommended to provide exclusive breastfeeding to 6 months. However, some 

caretakers may introduce some foods or liquids other than breast milk to infants before 6 months 

of age. This common feeding practice makes the exclusive breastfeeding rate in Thailand as low 

as 14% (26.4% in Bangkok)33. Therefore, this study was designed to follow breast milk intake to 

4 months to decrease contamination of intakes from other foods thereafter.  

1.2.4 Objectives of this study 

The study primarily aimed to quantify the amount of zinc and iron from breast milk among 

breastfed infants during exclusive breastfeeding period. We also aimed to evaluate the association 

between the zinc and iron intakes with the nutrient status and growth parameters of infants, the 

factors associated with breast milk zinc and iron concentrations, as well as the relationship of 

maternal zinc and iron status during pregnancy and the nutrient status of infants.  

1.3 Methods 

 This was a longitudinal study, following women from the 3rd trimester of pregnancy to 4 

months postpartum. Pregnant women, at gestational age (GA) of 28-34 weeks were enrolled at the 

antenatal care (ANC) clinic, Faculty of Medicine Ramathibodi Hospital, Bangkok, Thailand. Then, 

they and their infants were followed up at delivery, 2- and 4-month postpartum.    

The sample size calculation showed that 120 participants are needed in this study. The 

study protocol was comprehensively described in a publication of study protocol (see Appendix). 
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In brief, data collection included demographic data, assessment of dietary intake and nutritional 

status of mothers and infants, determination of breast milk zinc and iron concentrations together 

with assessment of breast milk volume and nutrient status. Data collection was planned in each 

participant visit as shown in table 1.1. 

 

Table 1.1 Data collection plan in each participant visit  

Data collection 

Pregnancy 

(28-34 

weeks) 

Delivery 

Postpartum 

2-month 4-month 

Demographic and antenatal data      

Perinatal data      

Maternal dietary assessment      

Maternal anthropometric assessment      

Infant anthropometric assessment      

Breast milk samples for analysis of zinc and 

iron concentrations   
    

Assessment of breast milk volume intake     

Cord blood samples for analysis of zinc and 

ferritin levels 
    

Maternal blood samples for analysis of zinc 

and ferritin levels  
    

Infant blood samples for analysis of zinc, 

ferritin levels  
    

 

  The volume of breast milk consumed by breastfed infant was assessed at 2 and 4 months 

postpartum. The most accurate method for determination of breast milk intakes is the use of stable 

isotope by deuterium oxide dose-to-mother technique, which was performed according to the 

protocol proposed by IAEA32.  In the real study situation, there was a limitation of using a stable 

isotope technique for assessment of breast milk intakes. Some mothers decided to express their 

breast milk and feed their infants by bottle feeding. Under this condition, the stable isotope 
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technique could not be performed accurately among mother-infant pairs with this feeding practice. 

Therefore, we decided to use the record of milk bottle weight before and after each feeding to 

evaluate the volume of breast milk intake.   

Zinc and iron intakes from breast milk were estimated using the data of milk nutrient levels 

and quantitative amount of milk intakes. The intakes were calculated as daily and cumulative 

intakes. The latter may better reflect the association of intakes with other parameters such as 

growth and nutrient status. The calculation method of cumulative intakes was described in the 

publication B and shows in figure 1.1.     

Zinc deficiency was defined as serum zinc concentration below 10.7 and 9.9 mol/L for 

mothers and infants, respectively34. As serum ferritin is affected by inflammation and our study 

did not perform the analysis of inflammatory markers, we used 2 cut-off levels of ferritin to 

determine iron deficiency among 4-month-old breastfed infants as below 20 mcg/L as general 

suggestion35 and below 30 mcg/L as suggested ferritin cut-off level with presence of infection36.   

   

   



13 

 

 

Figure 1.1 The method for determination of cumulative nutrient intakes 

 

In general, the adequacy of nutrient intakes was determined by comparing with the 

estimated average requirement (EAR). Data from previous studies are not adequate to establish 

EAR of zinc and iron intakes among infant aged under 6 months. Instead, they are recommended 

as adequate intake (AI). Using AI to determine the adequacy of nutrient intakes may overestimate 

the prevalence of inadequacy. Therefore, it was proposed to calculate average requirement (AR) 

from AI by divided with 1.25 (AR=AI/1.25)37.  

1.4 Ethical consideration and conflict of interest  

 The study protocol was approved by the Human research ethic committee, Faculty of 

Medicine Ramathibodi Hospital, Mahidol University, Bangkok (Protocol ID 03-60-31), and 

ethical committee, Ludwig Maximillians Universitaet, Munich (Project No. 18-015). All processes 

of the study complied with the declaration of Helsinki.  
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 The study was financially supported by Mahidol University, Thailand, the Family Larsson 

Rosenquist Foundation (FLRF), Switzerland, and the Else Kröner Fresenius Foundation, 

Germany.  

1.5 Results 

 One hundred and twenty pregnant women were enrolled in the study during March 2018 

to August 2019. Three pregnant women had emergency delivery at other hospitals and were 

excluded from the study. At 2 and 4 months postpartum, only 64 and 56 mothers provided full 

breastfeeding to their infants, respectively. The summary of number of participants and the reasons 

of exclusion from the study are shown in Figure 1.2. Most of participants were 20-35 years old. 

Approximately one-third of participants were elderly pregnancy (age over 35 years old). Most 

participants finished the bachelor’s degree and had a family income of more than 30,000 

baht/month. As the study site was in Bangkok, the capital city of Thailand, these characteristics 

may differ from the population in other parts of country. More than half of pregnant women carried 

their first child. The mean pre-pregnancy BMI was in normal range. However, one third of 

participant were obese (pre-pregnancy BMI > 23 Kg/m2) 

 

Figure 1.2 Participants in the study 
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 This study was a longitudinal study during pregnancy and lactation. During pregnancy, the 

nutrients transfer from mother to infants via placenta and establish nutrient stores at birth which 

are utilized by infants during their early age.   The first data analysis was done after the completion 

of data collection during pregnancy and delivery, which aimed to determine zinc and iron stores 

in infants at birth and the factors associated with the nutrient stores. The results of this analysis 

were summarized in publication A38. In brief, we described the nutrient stores at birth through the 

biomarker cord blood zinc and ferritin. We showed an association of maternal nutritional status 

presented as pre-pregnancy BMI with cord blood zinc and ferritin. Interestingly, vaginal delivery 

showed positive association with nutrient stores at birth.   

 The final analysis was performed after accomplishment of all data collection (until 4 

months postpartum) and laboratory analysis. The results were reported in the publication B. We 

showed the breast milk zinc and iron levels at 2 and 4 months postpartum, and the quantitative 

amount of breast milk intakes.  We presented the data as average daily zinc and iron intakes and 

compared with previously established recommended level to determine the adequacy of intakes. 

We also estimated the cumulative zinc and iron intake from birth till the end of study to determine 

the effect of intake on infant outcome such as growth parameters and biochemical status. The 

results showed that the percentage of infants who had zinc intakes below AR at 2 months old was 

14.5% and increased to 40% at 4 months old. In contrast to zinc, the prevalence of 2-month-old 

infants with iron intakes below AR was only 1.6% and there was no infant with low iron intake at 

4 months.     

 The associations between zinc and iron intakes from breast milk with infant growth 

parameters and biochemical status were determined as shown in publication B. Because nutrient 

stores at birth contribute to growth and nutrient status of infants during their early life, these factors 

were included to the regression analysis. We try to compare the magnitude of the association 

between nutrient intakes and storage with infant outcomes by using the relative importance. In 

summary, we found that zinc intakes showed stronger correlation with growth parameters than 

zinc store at birth and was positively associated with infant weight parameters (weight-for-age Z-

score;WAZ and weight gain). In contrast, iron status of infants at 4 months old was positively 

associated with iron stores at birth, while no significant association with iron intake was found.         
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1.6 Discussion 

 This study was the first study assessing infant zinc and iron intakes from breast milk in 

Thailand. The results of this study show inadequacy of zinc intakes among a considerable number 

of breastfed infants during the exclusive breastfeeding period. Meanwhile, high prevalence of zinc 

deficiency among infants at 4 months of ages was reported. Iron intake was shown to be adequate 

compared to reference intakes, and a low proportion of infants had low serum ferritin levels.  

 This study adopted comprehensive techniques to quantify breast milk intakes. The 

deuterium oxide-dose-to-mother technique is widely used for assessing breast milk intakes and 

provides an accurate result. With the limitation due to breastfeeding practice, we try to obtain the 

accurate records of breast milk intake among infants fed with expressed breast milk via bottle 

feeding. Breast milk intakes reported in our study were similar with the result from previous study 

performed in Thailand39. Breast milk intake increased with the age of infants, but the relative breast 

milk intake per body weight of infant decreased from 2 to 4 months. Likewise, growth velocity of 

infants was significantly higher from 0-2 months compared with from 2-4 months. This implies 

that relative energy and nutrient requirement per body weight of infants is higher during the early 

period of life.   

We analysed the association of nutrient intakes with biochemical zinc and iron status, and 

infant growth parameters. The analysis also included nutrient store at birth as a factor which also 

contributed to nutritional status and growth of infants during the first 6 months of life. We also use 

the relative importance to see how the magnitude of the association between each factor (nutrient 

stores or nutrient intakes) with the outcomes.  

We found a positive association of cumulative zinc intake and weight parameters (WAZ, 

weight gain), but no association with serum zinc of infants. Zinc store at birth was not related with 

either infant growth parameters or serum zinc. Zinc intake is associated with growth in infants and 

children. Previous studies showed that zinc supplementation is positively associated with infant 

weight parameters among infant aged 6 months40 and under 2 years old3, while it had more effect 

of height gain among children aged over 2 years 3. Assessment of zinc status by serum zinc 

concentration may have limitations, as it varies by recent meal, and may not reflect the whole-

body zinc because of tightly homeostatic mechanism to enrich zinc in tissues and organs34. We did 

find zinc intake associated with serum zinc in breastfed infants.    
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In contrast to zinc, iron utilization in infants during the first 6 months seemed to depend 

more on iron stores at birth than iron intake during the first postnatal months. The study results 

that cumulative iron intakes had less relative importance to iron status and infant growth 

parameters. Breast milk iron concentration is low and may be not adequate for infants after 4-6 

months of age. However, complementary food is an important source of dietary iron for infants 

beyond 6 months old. Our study determined iron status of infant at 4 months old and found that 

the prevalence iron deficiency was 10-30% depending on the ferritin cut off level applied, which 

is much lower than the prevalence of zinc deficiency.  Cord blood ferritin was strongly associated 

with infant iron status at 4 months. Iron stores at birth may be adequate for infant’s requirement 

until at least 4 months of age. Approaches to increase iron endowment in infants such as delayed 

cord clamping was shown to be positively associated with iron status during infancy41-42. A 

longitudinal study of iron status among breastfed infants showed that iron deficiency anemia was 

found in only 3.4% at the age of 4 months but was as high as 23.9% at the age of 6 months43. To 

prevent iron deficiency in breastfed infants, universal iron supplementation from the age of 4 

months may not be necessary. Iron supplementation in the iron-sufficient infants may increase risk 

of iron overdose and toxicity, as previous studies showed that lack of iron homeostatic mechanism 

among infants aged under 6 months18. After 6 months of age, when the iron store is depleted, iron 

supplementation and iron-rich complementary food should be considered.    

Nutrient intakes among infants during their early life are dynamic. Breast milk zinc and 

iron levels decreases during the lactation period. Infants consume more breast milk volume when 

they are growing up. However, this study showed that the breast milk zinc intake was decreasing 

from 2 to 4 months and the proportion of inadequate zinc intake was almost 3 times higher among 

infants at 4 months compared to 2 months of age. In contrast to zinc, breast milk iron rapidly 

declined during the first 14 days of lactation and then slightly declined from 14 days to 6 months44. 

This study measured breast milk iron at 2 and 4 months and found no difference between iron 

concentration in breast milk between these 2 time points. When breast milk iron intake was 

calculated, iron intake was not different between infants aged 2 and 4 months old. Iron intake 

among infants was adequate when compared with the AR.  

As we found high prevalence of zinc deficiency and inadequacy of zinc intake among 

breastfed infants especially at 4 months, we tried to analyse factors associated with zinc 

concentration in breast milk. Similar to previous studies26, 29, 45, our results show that zinc 
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concentration in breast milk is independent of maternal age, dietary intakes, and nutritional status. 

However, we found that the decline in breast milk zinc concentration overtime was negatively 

associated with maternal body fat percentage. This means that lactating mothers with less body fat 

percentage had a larger decline in breast milk zinc concentration during the study period. With a 

larger decline in breast milk zinc, lesser amount of zinc would be transferred to breastfed infants 

at 4 months and might cause inadequacy of zinc intake. To our knowledge, no previous study 

determined the factors associated with the decline in breast milk zinc during the early period of 

lactation. It may be associated with maternal nutritional status or zinc intake, but our study may 

not have adequate power to determine this association. Further studies are needed to investigate 

the associated factors with the decline in breast milk zinc concentration.  

Our study shows differences of zinc and iron metabolism during early life. Zinc stores at 

birth did not contribute much to zinc status of infants during their first 4 months. Daily zinc 

utilization may depend on dietary zinc intake, which we showed the association with infant growth 

parameters. To ensure good zinc status among breastfed infants, breast milk should have adequate 

zinc concentration, or alternatively, infant may be provided with supplementation. The decrease 

of breast milk zinc over the lactation period is interested. Further studies to identify the factors 

associated with this decline in breast milk zinc concentration may prevent inadequacy of zinc 

intake among breastfed infants during the first 4-6 months of age.  

In contrast to zinc, iron status of infant was not associated with iron intake from breast 

milk. Iron store at birth had major contribution to iron status of infants during the first 4 months. 

Therefore, there were many recommendation to increase iron store at birth such as delayed cord 

clamping technique, in order to prevent iron deficiency among infants at the early age.   
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3. Conclusion 

This study quantified zinc and iron intakes among breastfed infants at the age of 2 and 4 

months. We found high proportion of infants with inadequate zinc intake and high prevalence of 

zinc deficiency among 4-month-old breastfed infants. Breast milk zinc intake was positively 

associated with infant weight parameters, but iron intake was not associated with either serum 

ferritin or infant growth parameters. Instead, we found iron store had more contribution to iron 

status of breastfed infant at 4 months old.      
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Publication of a study protocol 
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B. Determining the Actual Zinc and Iron Intakes in Breastfed Infants: Protocol for a 

Longitudinal Observational Study. JMIR Res Protoc. 2020 Nov 6;9(11):e19119. doi: 
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