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Abstract: Maternal infections, nutrient deficiencies, and inflammation (MINDI) co-exist in lactating
indigenous women in Panama, but their impact on maternal iron status and infant growth is unknown.
For this secondary analysis of cross-sectional data of lactating mothers from our MINDI cohort, we
investigated associations of MINDI variables with maternal anemia, elevated serum transferrin
receptor (sTfR), low serum iron, hepcidin, ferritin, and infant weight-for-age (WAZ), length-for-age
(LAZ), and head-circumference-for-age (HCAZ) Z-scores in 99 mother-infant dyads. A bootstrapping
resampling procedure preselected covariates for inclusion in multivariable regressions models from
chronic maternal infections and nutritional status [folate, vitamins A, D, retinol-binding protein (RBP),
insulin-growth factor-1 (IGF-1)] and inflammation [C-reactive protein (CRP), cytokines, platelet
indices] indicators. Anemia was prevalent (53.5%) but underestimated due to widespread low
plasma volume (<2.2 L, 79.9%) and was associated with indicators of malnutrition [lower IGF-1, body
mass index (BMI), vitamin D, and intake of green/leafy vegetables], but not inflammation. Higher
CRP was associated with lower serum iron, and higher hepcidin and ferritin, whereas maternal
platelets were associated with lower HCAZ (f = —0.22), WAZ ( = —0.17), and LAZ ( = —0.17).
Higher LAZ was also associated with maternal serum vitamin D (3 = 0.23), whereas maternal iron
supplementation lowered LAZ (3 = —0.22). Assessment of iron status in this MINDI cohort is complex
and supplementation strategies must consider consequences for both the mother and the infant.

Keywords: anemia; lactating women; serum iron; ferritin; serum transferrin receptor; inflammation;
hepcidin; supplementation; undernutrition; infant anthropometry

1. Introduction

Anemia is a major problem in lactation as blood loss at delivery is considered one of the
main causes of anemia [1]. Also, due to higher nutritional requirements, lactating women
are at increased risk of multiple nutrient deficiencies [2] including folic acid and vitamin
B1y [3], vitamin A [4], and D [5]. Anemia of malnutrition has also been associated with
both protein and calorie malnutrition [6,7]. In lactating women in developing countries,
chronic infection-related inflammation [8] contributes to anemia [7,9]. Anemia of chronic
inflammation manifests as low serum iron with normal iron stores [10]. It is the consequence
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of iron restriction due to inflammation that is mediated by the hepatic release of hepcidin,
which blocks intestinal iron absorption and favors retention of iron in macrophages [11].
This increase in serum hepcidin has been used to distinguish anemia of iron deficiency
from anemia of inflammation in children [12] and during pregnancy [13], but we are aware
of only one other study from Ethiopia on the impact of inflammation on anemia in lactating
women [14].

Currently, the World Health Organization (WHO) recommends the use of both serum
ferritin and hemoglobin (Hb) [15] to evaluate iron status in population studies. How-
ever, because ferritin is increased by inflammation [16], approaches such as increasing
the cutoff that defines iron deficiency, excluding from analysis individuals with an el-
evated acute phase indicator, usually C-Reactive Protein (CRP) [15,17], or using a re-
gression for adjusting ferritin for the presence of infection/inflammation [18] have been
recommended. Serum iron has also been used as an iron status indicator in population
studies in lactating women [19], but serum iron concentrations are known to decrease
with inflammation [15,20]. Elevated soluble transferrin receptor (sTfR) diagnostic of iron
deficiency and linked with erythropoiesis has also been used in population studies on
the assumption that sTfR is not influenced by inflammation [15]. However, elevations
in sTfR can signal increased erythropoiesis resulting from either hemolysis or ineffective
erythropoiesis [21]. Moreover, the assumption that sTfR is not influenced by inflammation
has been challenged and an equation for adjusting sTfR for inflammation and infection has
been proposed [22].

In Panama, anemia is a significant public health problem with a prevalence of 40% [23].
Our previous studies in lactating women in this remote, indigenous Ngabe-Buglé region
reported multiple infections [24] and deficiencies of vitamin A (18.5%), folic acid (31.3%),
vitamins By, (46.4%), and D (68.7%) [25], despite government supplementation programs
that provide folic acid (400 pg/d) during pregnancy, iron (60 mg/d) during pregnancy and
lactation, vitamin A (200,000 IU) after delivery, and a multiple-nutrient supplement (MNS)
to pregnant and lactating women who are not overweight [26]. We also observed that even
though 97% of women had at least two co-occurring infections, CRP was only elevated
in 30% using a cut-off of >3 mg/L, and that the complex set of interacting infections
and nutrient deficiencies modulated the concentration of CRP. For example, folic acid
deficiency and severity of vaginal trichomoniasis were associated higher CRP, whereas
eosinophilia, characteristic of intestinal nematode infections, was associated with lower
CRP concentrations [25]. Furthermore, despite nearly universal iron supplementation,
anemia persisted in pregnant [27] and women of reproductive age [28], experiencing a
range of co-existing infections and multiple nutrient deficiencies [25].

There is also evidence that both maternal malnutrition and inflammation can influence
infant growth in early lactation. Although breastmilk is recommended as the sole source
of nutrition for infants < 6 months, milk constituents can vary depending on maternal
nutritional status and affect infant growth [29]. Children of underweight mothers from
Ethiopia were 1.20 times more likely to be stunted and 1.52 times more likely to be wasted,
and those from mothers with anemia were 1.18 times more likely to be stunted [30]. More-
over, concentrations of breastmilk micronutrients including sodium, calcium, magnesium,
and potassium were positively associated with infant anthropometry in a Guatemalan
study [31]. On the other hand, breastmilk cytokines IL-6 and TNF-o have been negatively
associated with infant weight-for-age at 2-3 months of age [32], and the presence of subclin-
ical mastitis, often associated with inflammation [33] increased the odds of underweight
and stunting in exclusively breastfed Guatemalan infants at 6 weeks of age [34]. More-
over, there is emerging evidence that maternal iron supplementation may negatively affect
growth [35].

Given that lactating women from these Panamanian communities had multiple in-
fections, nutrient deficiencies, and inflammation (MINDI) [24,25], we suspected a multi-
factorial origin of anemia. Therefore, our objectives were to (1) identify determinants of
anemia and other iron status indicators in lactating women with co-occurring chronic infec-
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tions (oral, skin, intestinal, and vaginal) and inflammation, and with co-existing multiple
nutrient deficiencies; (2) assess the ranked dominance of foods, nutritional deficiencies,
inflammation markers, and duration and type of supplementation on iron status indicators;
and (3) to determine if indicators of maternal iron status, inflammation/infection, or ma-
ternal supplementation were associated with infant growth during the first 6 months of
lactation. A secondary objective was to also explore if the duration of iron supplementation
benefited the mother or might have consequences for the infant given growing concerns
about its limited efficacy and possible harm in developing countries [29].

2. Materials and Methods
2.1. Study Design and Participants

This cross-sectional study conducted between August and November 2010 recruited
99 indigenous lactating women during the first 6 months of lactation. Our target population
was all lactating mother—infant dyads, who attended their monthly ambulatory postpartum
follow-up visit at the local health center, often requiring a 1-2 h walk, as previously
described [24]. Briefly, all women belonging to the Ngédbe-Buglé Health Region who
had a singleton delivery in the past 6 months were invited to participate and through
collaboration from the nurses/midwives, we were able to recruit most if not all targeted
women from several remote communities. Most lived in extreme poverty and were food
insecure [36]. Ethical approval was obtained from The Gorgas Memorial Institute in Panama
and from McGill University. At recruitment, data on obstetric history (number of gestations,
parity, date of last menses, and date and place of delivery) were obtained from maternal
interviews and from their pregnancy follow-up card. At the time of visit, women were
asked how many times in the past week (portions/week) they had eaten the following
three food groups: animal-source foods, green/leafy vegetables, and orange/red fruits
or vegetables. We also asked if women were taking supplements (iron and/or MNS). If
they reported taking iron, we obtained information on dosage and duration from mothers’
recall and confirmed from the pregnancy follow-up card, completed by local Ministry of
Health nurses. Women receiving MNS provided information on the amount of product
(tbsp/d) used for consumption. The clinical presence of caries and skin infections, and
presence and severity of urogenital infections (urine leukocyte esterase and vaginal smears)
were evaluated by a physician. At the same visit, samples for laboratory analyses and
maternal-infant anthropometry were also taken.

2.2. Laboratory Measures

All biologic samples were taken the day of the interview. Laboratory measurements
were processed at several locations: San Felix Hospital in rural Panama; the Gorgas Institute
and INDICASAT in Panama City; McGill University; and most recently, the Center for
Iron Disorders of UCLA. We measured complete blood cell count (BC-5500 Mindray Auto
Hematology Analyzer, Huntingdon, UK) at San Felix hospital, and serum concentrations
of ferritin (ELISA, MP Biomedicals, Sydney, Australia) and sTfR (RAMCO immunoassay),
from previously frozen serum, were processed at the Gorgas Institute, and vitamin A
(HPLC) at INDICASAT in Panama City within the 3 months following blood collection. At
McGill University, concentrations of 25 OH-vitamin D3 (LIAISON, DiaSorin, Vercelli, Italy),
folic acid and vitamin By, (chemiluminescence, MODULAR E170, Roche Diagnostics, Basel,
Switzerland), retinol-binding protein (RBP, ELISA, MP Biomedicals), and insulin-growth
factor-1 (IGF-1, Human IGF-1 single plex, Millipore Corporation Canada, Toronto, Canada)
were measured and used as indicators of nutritional status [37]. Also at McGill, several
indicators of inflammation were measured, including CRP (ELISA, MP Biomedicals),
interleukin (IL)13, IL4, IL6, IL10, I1L12, 1113, IL17, interferon (INF)Y, tumor necrosis
factor (TNF)«, and monocyte chemoattractant protein 1 (MCP-1) (Luminex Magnetic Bead
Panel, Millipore, Burlington, MA, USA). Inflammation was defined as CRP > 5 mg/L [38],
and eosinophilia as eosinophils > 600 x 103 /mm? [39]. Nutritional and inflammation
biomarkers were analyzed within 6 months after serum collection. More recently, hepcidin
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(Intrinsic Hepcidin IDx™ ELISA Kit, Intrinsic LifeSciences, CA, USA) and serum iron
(spectrophotometry, FERENE®-ENDPOINT) were processed at the UCLA Center for Iron
Disorders from the bio-banked serum samples in 2019.

To account for changes in hemoglobin with different post-partum stages, we used
the cut-off for anemia during pregnancy (<110 g/L) in the first 8 weeks post-partum,
as suggested by Milman [1]. For women > 8 weeks post-partum, the cut-off was set
as <120 g/L as is the case for non-pregnant women [15]. To assess nutritional deficien-
cies, we defined low hematocrit (<36%) [40], folic acid (<10 nmol/L) [41], vitamin Bq,
(<150 pmol/L) [41],vitamin D (<50 nmol /L) [42], and vitamin A (retinol < 1.05 umol /L) [43].
Protein deficiency was defined as RBP < 30 mg/L [37], and low iron status if either serum
iron < 8.9 pmol/L [15], or sTfR > 8.3 mg/L (laboratory kit RAMCO®, Chennai, India), or
ferritin < 70 pg/L (as for populations with infection/inflammation) [38] were present.
We also report ferritin < 15 nug/L (suggested for women without inflammation) and the
cut-off < 30 ug/L used by the Panamanian Ministry of Health for adjusting for inflamma-
tion [44].

As an indicator of vitamin A deficiency post-partum, the retinol/RBP molar ratio may
be used to measure retinol saturation [45,46] and at the same time can be used to assess the
effectiveness of vitamin A supplementation. In this case, a retinol/RBP molar ratio (usually
1:1 [46]) is an indicator of retinol saturation, whereas a ratio < 0.8 mol/mol is considered
low saturation [47]. On the other hand a ratio greater than 1 may signal high concentrations
of unbound vitamin that may occur with megadose vitamin A supplementation and might
theoretically be exacerbated if RBP is low [48,49].

2.3. Maternal/Infant Anthropometry

Ministry of Health nurses measured weight and height of mothers, and, at the same
visit, infants” weight (SECA balances), length (wood-stadiometers), and head circumfer-
ence using unextendible measuring tapes according to Panamanian MOH guidelines [50].
Maternal body mass index (BMI, kg/m?) was classified as underweight (<18.5), normal
(18.5-24.9), pre-obesity (25.0-29.9), or obese (class 1 between 30.0 and 34.9, class II if
35.0-39.9 or class III if > 40) according to WHO standards [51]. Maternal plasma volume
was calculated as total blood volume (TBV) x (1 — hematocrit) [52], where TBV was cal-
culated using Nadler’s equation [TBV = 0.3561 x (height in meters)® + 0.03308 x (weight
in kg) + 0.1833] [53]. Low plasma volume was defined as < 2.2 L based on a cohort of
70 normal lactating women from the Netherlands [54]. Z-scores of infant weight-for-age
(WAZ), length-for-age (LAZ), weight-for-length (WLZ), and head-circumference-for-age
(HCAZ) were calculated using the STATA16 least mean squares method applied to WHO
reference data [55].

2.4. Statistical Analyses

STATA16® (StataCorp, College Station, TX, USA) was used. Maternal and infant
characteristics were compared between women with and without anemia using Student’s
t-test, Kruskal-Wallis, x2, or Fisher’s exact test, depending on the nature of the variable.
x? or Fisher exact tests, if any cell value in contingency tables were <5, were also used
to evaluate if history of preterm birth differed by maternal anemia, iron status, or intake
of MNS. Descriptive distribution graphs of iron status indicators by weeks after delivery
showing fractional polynomial regression curves and cut-offs indicating anemia were
run. Maternal RBC indices, iron, inflammation, and nutritional indicators were compared
between women with and without protein deficiency (RBP < 30 mg/L) using Student’s ¢-test
or Kruskal-Wallis test for normally and not-normally distributed variables respectively,
and the Spearman correlation between RBP and vitamin A was evaluated.

2.4.1. Selection of Independent Variables for Regression Models Using Bootstrapping

In order to select independent variables to include in models of low Hb, low serum iron,
high sTfR, concentrations of ferritin and hepcidin, and infant anthropometry Z-scores, the
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following process was used. For each model, we preselected meaningful covariates using
an exploratory bootstrapping procedure with a backward stepwise algorithm that counted
the total number of times each variable was selected after 1000 repetitions. Only variables
entering >500 times [56] were further used. This procedure was applied to (1) maternal
characteristics [age, parity, history of home delivery, exposure to wood smoke and field-
work, intake of animal-source foods, orange/red fruits or vegetables and green/leafy
vegetables/week, intake of iron (yes/no, number of iron tablets/d and weeks taking iron)
and MNS (yes/no and number of tbsp/day), BMI and plasma volume]; (2) iron status
indicators [Hb, ferritin, sTfR, serum iron, hepcidin, total RBC, hematocrit (%), mean cor-
puscular volume (MCYV, fL), mean corpuscular hemoglobin (MCH, pg), mean corpuscular
hemoglobin concentration (MCHC, g/L), and red cell distribution width coefficient of
variation (RDW-CV, %)]; (3) serum nutritional indicators (RBP, IGF-1, folic acid, vitamins
A, Byp, and D); (4) inflammation indicators [white blood cell (WBC) counts, and platelet
indices, CRP, cytokines]; (5) vaginal microorganisms (Lactobacillus, Bacteroides/Gardnerella,
Mobiluncus, Trichomonas, yeast, Diplococcus), urinary leukocyte esterase (score) as an indica-
tor of severity of urinary infection, score of severity of caries, and presence of scabies. The
retinol/RBP ratio was tested separately.

2.4.2. Multivariate Model Construction

Multivariate fractional polynomial (MFP) logistic regression models for anemia, low
serum iron (<8.9 pmol/L), and elevated sTfR (>8.3 mg/L) were run using the variables
that met the bootstrapping cut-off (p < 0.05). For ferritin, for which the low number
(n = 6) of women with ferritin > 70 pg/L did not allow a logistic regression approach,
and for hepcidin, which lacks established cut-offs, MFP linear regression models were
applied to Log n-transformed continuous variables and a model for log-platelets was
run to assess their association with iron deficiency and inflammation. The MFP process
combines backwards elimination with optimization of fit while modeling nonlinearity of
continuous variables [57]. Specifically, each continuous predictor is univariately modeled
using transformations into their suitable functional forms from the fractional polynomial
class, adjusting for other predictors, to obtain a simplified functional form that selects
the stronger predictors [58]. MFP backwards selection of variables was set at p < 0.25 to
avoid missing variables of importance [59]. If more than seven variables were selected, the
p-value was decreased to allow a maximum of seven independent variables/model for
compliance with a power of 0.80 and a medium effect size [60], in order to avoid overfitting.

Both bootstrapping and MFP approaches were used to run MFP linear regression
models assessing associations of WAZ, LAZ, and HCAZ, adjusting for gestational age at
delivery. All models were controlled for weeks after delivery. Absence of collinearity using
non-significant Spearman’s correlations (Table 53) and variance inflation factor < 10, and
stability of coefficients (condition number < 30) were confirmed for variables entering each
model. Significance was set at p < 0.05. To address associations showing high leverage,
we winsorized extreme observations, by replacing the highest or lowest values with the
next value counting inwards from the extremes [61] for a maximum of three extreme
observations (three high observations for retinol/RBP molar ratio, one high observation for
plasma volume, one low observation of hematocrit). Areas under the receiving operating
characteristic curve (AUC) were calculated for final MFP logistic regression models.

The relative importance of independent variables was assessed using general domi-
nance analysis. This method assesses possible combinations of the independent variables
by aggregating fit metrics across multiple models and creates an estimation model based
on contribution to the statistic measuring overall fit of the model, while showing single
‘dominance’ values for each independent variable [62].

To better understand the response of ferritin, hepcidin, and serum iron to inflam-
mation, the predicted probability of these iron indicators at different values of CRP was
calculated and graphed using the ‘margins’ command in STATA, from a generalized linear
model (specifying a gamma family and a log link), using the continuous iron indicator
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as a dependent variable and predictors from their respective MFP regression model as
independent variables. Similarly, predicted probabilities of serum iron at different platelet
counts were explored.

3. Results
3.1. Population Characteristics

Maternal characteristics of lactating mothers are summarized in Tables 1 and 2. In
general, women were involved in fieldwork and used wood as fuel for cooking. Women
experienced a range of vaginal and urinary tract infections, caries, and scabies, and showed
evidence of low-grade inflammation based on CRP. Maternal anthropometry identified no
underweight women; 48.5% had normal weights, 43.4% were classified as pre-obese, and
obesity class I occurred in 8.1%. Diets were low in animal-source foods, fruits, and vegeta-
bles. Women were deficient in protein, vitamin A, D, B12, folate, and iron, despite most
receiving iron tablets containing 60 mg of elemental iron/d alone or together with MNS
beginning during pregnancy, as well as 200,000 IU of vitamin A post-partum. Most infants
(95%) were born at term and 42% were home deliveries. At enrollment, we found that 5% of
mothers had a preterm delivery. All infants were exclusively or predominantly breastfed,
16.3% were stunted, 9.1% were underweight, and 5.0% had low head circumference for
their age at enrollment.

Table 1. Population characteristics of indigenous lactating women from Panama and their infants.

Variable Mean + SD or
Median (Min, Max)

Maternal Characteristics

3 Age, years 23 (14-42)

3 Parity, # 3 (1-11)

3 Weeks post-partum 12 (1-28)

Home delivery, % 42.4

Wood smoke, % 93.9

Fieldwork, % 414

Taking iron tablets, % 92.9

4 Weeks taking iron during pregnancy 10 (0-39)

5 Weeks taking iron during lactation 9 (0-28)

Taking multiple nutrient supplements, % 394

BMI, kg /m? 25.6 & 3.02

<18.5, % 0

18.5-24.9, % 485

25.0-29.9, % 434

30.0-34.9, % 8.1
Reported Weekly Intakes

3 Animal-source foods, % 2 (0-13)

3 Orange-red fruits & vegetables, % 1(0-14)

3 Green leafy vegetables, % 1 (0-8)
Maternal Infections

Caries, % 18.2

Scabies, % 8.1

1 Urinary leukocyte esterase (+), % 76.0

Vaginal microorganisms

I Lactobacillus, % 26.6

2 Bacteroides/Gardnerella, % 97.5

1 Mobiluncus, % 87.3

L Trichomonas, % 91.1

Yeast, % 114

2 Diplococcus, % 31.6
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Table 1. Cont.

Variable Mean =+ SD or
Median (Min, Max)
Maternal Infections
Infant Characteristics
! Gestational age at birth 40 (32-42)
Preterm delivery (<37 weeks), % 5.0
3 Age,weeks 12 (1-28)
Exclusive breastfeeding, % 84.8%
Predominantly breastfeeding, % 15.2%
HCAZ 0.05+1.34
HCAZ < —-2SD 5.0%
LAZ —0.36 = 1.60
LAZ < —-2SD 16.3%
WAZ 0.31 - 1.48
WAZ < —-2SD 9.1%

Sample size = 99 (! n = 94,2 n = 79). Values are means + standard deviation (SD) if normally distributed, median
(min-max) if not normally distributed, or percentages (%) if binary, unless otherwise specified. ® Interquartile
range (25th and 75th percentiles) for not-normally distributed data: maternal age (20, 30 years); parity (2, 5);
weeks post-partum (4, 16); gestational age at birth (40, 40 weeks); infant age (4, 16 weeks); weekly intakes of
animal-source foods (1-4), orange/red fruits and vegetables (0-2), green leafy vegetables (0-3). + Weeks on iron
during pregnancy = positive values of (weeks on iron — weeks post-partum); > weeks on iron during lactation
= total weeks on iron — weeks on iron during pregnancy. Abbreviations: BMI, body-mass index; HCAZ, head
circumference for age Z-score; LAZ, length for age Z-score; SD, standard deviation; WAZ, weight for age Z-score.

Table 2. Biochemical indicators of nutritional status, iron status, immunity, and inflammation in

indigenous lactating women from Panama.

Mean =+ SD; %; Median

Variable (Min, Max) IQOR
Nutritional Biomarkers

Folic acid, nmol/L 11.9 (5.4-35.9) 8.9,16.2
Folic acid < 10 nmol/L 31.3%

Vitamin By, pmol/L 153 (82-505) 128, 190
Bz <150 pmol/L 46.5%

Vitamin D, nmol/L 42.2 (14.4-75.0) 32.7,52.5
Vitamin D < 50 nmol/L 68.7%

Vitamin A, umol/L 1.4, (0.6-2.9) 1.1,1.8
Vitamin A < 1.05 umol /L 18.6%

Retinol binding protein (RPB), mg/L 42.6 (3.4-169.3) 25.6,57.7
RBP <30 mg/L 36.4%

Retinol /RBP molar ratio 0.9 (0.1-8.8) 05,11
Vitamin A saturation < 0.8 44.4%

Vitamin A saturation > 1 34.2%

IGF-1, ng/mL 31.0 (14.5-65.2) 26.1,34.6
Calculated plasma volume, L 2.0 (1.6-3.1) 1.8,2.1
Serum iron, umol/L 10.2 (2.8-31.0) 7.3,14.1
Serum iron < 8.9 umol/L 45.4%

Ferritin, pug/L 23.5(1.7-129.1) 13.9, 36.1
Ferritin < 70 pug/L 93.9%

Ferritin < 30 pug/L 63.6%

Ferritin < 15 pug/L 26.3%

sTfR, mg/L 7.9 (2.3-20.8) 6.2,9.8
sTfR > 8.3 mg/L 41.4%

Hepcidin, pg/L 15.6 (5.1-56.8) 11.6,20.8
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Table 2. Cont.

Mean =+ SD; %; Median

Variable (Min, Max) IOR

Blood Cell Indices

Hemoglobin, g/L 117.5+10.8

RBC x 10°/mm?3 4.1 +0.37

Hematocrit 37.8 (24.3-44.3) 35.7,39.7

Hematocrit < 36% 27.3%

MCV, fL 92.8 +£5.1

MCH, pg 29.0 + 1.8

MCHC, g/L 313+ 1.1

I RDW-CV 14 (12-18) 13,14

WBC x 10%/mm? 82+19

Neutrophils x 103/mm3 4.2 (1.8-8.8) 3.5,5.2

Lymphocytes x 10%/mm? 24406

Monocytes x 103 /mm3 0.36 (0.19-0.86) 0.32, 0.44

Eosinophils x 103 /mm?3 0.61 (0.07-4.26) 0.34,0.91

Eosinophils > 0.6 x 103/mm3 50.5%

Basophils x 10%3/mm3 0.04 (0.01-0.12) 0.03, 0.06

Platelets x 103/mm?3 306 (180-638) 250, 363

Platelets > 415 x 103 /mm?3 16.2%

1 Plateletcrit (%) 26.9 (17.2-52.0) 235,315
CRP and Cytokines, pg/mL

CRP, mg/L 1.3 (0.1-16.9) 05,37

CRP >5mg/L 20.2%

CRP > 10 mg/L 6.1%

IL-1P 0.02 (0.01-38.6) 0.02,1.3

IL-4 2.2 (0.0-37.0) 02,43

IL-6 1.6 (1.6-88.9) 1.6,1.6

IL-10 0.3 (0.0-23.9) 0.1,1.3

IL-12 1.3 (0.0-42.8) 0.1,5.7

IL-13 0.9 (0.1-15.7) 0.6,1.6

IL-17 0.9 (0.1-87.1) 05,35

IFN-y 1.6 (0.05-223.3) 0.05, 3.5

TNEF-« 4.7 (0.04-24.4) 1.3,8.2

MCP-1 315.4 (46.0-586.0) 256.5,391.1

Sample size =99 (! n = 97); IQR (interquartile range) corresponds to the 25th and 75th percentiles. Values are means
+ standard deviation (SD) if normally distributed, median (min-max and interquartile range) if not normally
distributed, or percentages (%) if binary, unless otherwise specified. Abbreviations: CRP, C-reactive protein; IFN,
interferon; IGF-1, insulin-like growth factor; IL, interleukin; MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; MCP-1, monocyte chemoattractant protein-1; MCV, mean corpuscular
volume; RBC, red blood cells; RBP, retinol-binding protein; RDW-CV, red cell deviation width—coefficient of
variation; SD, standard deviation; sTfR, serum transferrin receptor; TNF, tumor necrosis factor; WBC, white
blood cells.

The profiles of Hb, hematocrit, ferritin, hepcidin, serum iron, and sTfR with weeks
post-partum are shown in Figure 1 and Table 2. Hb and hematocrit were higher as weeks
post-partum increased, whereas ferritin, serum iron, sTfR, and hepcidin did not differ.
Of note, 49.1% of anemic women had a hematocrit > 36%, showing the presence of
hemoconcentration in the population. This was further confirmed by calculating the
plasma volume, which was low in most women (<2.2 L, 79.8%).
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Figure 1. Scatter plots of iron status indicators by weeks after delivery. Solid lines show fractional
polynomial regression lines. Spearman correlations showed significant correlations of (a) hemoglobin
(rs = 0.28, p = 0.005) and (b) hematocrit (rs = 0.28, p = 0.005) with weeks post-partum, and non-
significant correlations of (c) ferritin (rs = —0.09, p = 0.36), (d) hepcidin (rs = —0.12, p = 0.24), (e) serum
transferrin receptor (rs = —0.007, p = 0.94), and (f) serum iron (rs = 0.07, p = 0.51) with weeks post-
partum. Dashed lines indicate cut-offs for deficiencies according to WHO, except for hepcidin, for
which no official cut-off is available.

Moreover, one third of mothers (36.4%) were protein deficient (RBP < 30 mg/L)
(Table 2). Protein deficient women also had lower Hb and hematocrit, as well as higher
WBC, neutrophils, monocytes, and lower IL-13. No differences were found among other
RBC indices, inflammation, or nutritional indicators including iron status indicators (Table
51). RBP and vitamin A concentrations were not correlated (rs = 0.05, p = 0.63). In addition
to finding that 44.4% of women had a vitamin A saturation < 0.8 indicating vitamin A
deficiency, we also found that the retinol/RBP ratio was > 1 in 33%, indicating unbound
vitamin A.

3.2. Comparison of Women with and without Anemia

Comparisons of maternal characteristics and biomarkers, and infant anthropometry
between women with and without anemia, are shown in Table 3. As expected, RBC indices
(RBC count, Hb, hematocrit, MCV, and MCH) were lower, and RDW higher in women
with anemia. Furthermore, concentrations of serum iron, ferritin, and hepcidin were lower,
and the frequency of low serum iron was higher in anemic women, whereas no difference
was found in sTfR concentrations or in the frequency of elevated sTfR. Also, no differences
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were found between low ferritin at different cut-offs < 70, < 30 or < 15 ug/L by anemia
status. Plateletcrit was higher in women with anemia, whereas none of the other indicators
of inflammation (WBC, CRP, and cytokines) or infections or infant anthropometry differed
between anemic and non-anemic women. Among nutritional status indicators, vitamin A
concentrations were lower, and the prevalence of deficiencies in folic acid and vitamin D
were higher in anemic women.

Table 3. Comparison of lactating indigenous women and their infants based on maternal anemia !.

Presence of Anemia (n = 44) Absence of Anemia (n = 55)

Variables

Mean =+ SD; %; Mean =+ SD; %;

Maternal Characteristics Median (Min, Max) IQOR Median (Min, Max) IQOR

Weeks post-partum 11.5 (2 — 26) 7,16 12 (1-28) 4,17
BMI, kg/m? 252 +04 259+ 04
Supplementation
Iron tablets 90.9% 94.5%
Number of wks taking iron in pregnancy 6.5 (0-39) 0.5,21 11 (0-37) 4,23
Number of wks taking iron in lactation 8 (0-23) 3,13 10 (0-28) 4,17
Number of tablets x 600 mg/d 1(0-4) 1,2 1(0-3) 1,1
Multiple nutrient supplements 29.5% 47.3%

Intakes > 1 Portion/wk
Animal-source foods 79.5% 81.8%

Orange-red fruits & vegetables 68.1% 54.3%
Green leafy vegetables 54.5% 56.4%

Nutritional Biomarkers
Folic acid, nmol/L 11.2 (6.6-31.9) 8.4,14.7 12.1 (5.4-35.9) 10.2,16.2
<10 nmol/L *43.2% 21.8%

Vitamin By, pmol/L 152 (87-505) 131, 186.5 157 (82-399) 123, 200
<150 pmol/L 45.4% 47.3%

Vitamin D, nmol/L 39.4 (14.4-69.7) 31.0,48.1 44.7 (17.8-75.0) 342,579
<50 nmol/L *79.5% 60.0%

Vitamin A, pmol/L **1.3(0.6-2.2) 1.0,1.5 1.6 (0.6-2.9) 1.3,2.0
<1.05 pmol /L 25.0% 13.2%

Retinol Binding Protein, mg/L 31.2 (3.4-169.3) 23.8,55.3 45.4 (5.4-118.7) 28.2,62.0
<30mg/L 45.4% 29.1%

Retinol/RBP molar ratio 0.9 (0.1-8.8) 04,12 0.8 (0.1-7.7) 0.5,1.1
<0.8 43.2% 45.4%

>1 40.9% 28.3%

IGF-1, ng/Ml 30.5 (14.5-65.2) 219,339 31.8 (21.5-61.9) 28.4,36.0
Serum iron, pmol/L *** 7.8 (2.8-31.0) 6.0,11.2 12.1 (3.6-23.0) 8.3,15.2
<8.9 umol/L *59.1% 34.5%

Ferritin, ug/L *17.8 (1.7-127.9) 12.1,33.4 28.3 (5.9-129.1) 17.1,42.1
<70 ug/L 95.4% 92.7%

<30 ug/L 72.7% 56.4%

<15 ug/L 34.1% 20.0%

sTfR, mg/L 27.8 (2.3-20.8) 59,9.7 7.9 (2.3-15.8) 6.4,10.1
>8.3 mg/L 37.7% 45.7%

Hepcidin, ug/L *14.6 (5.1-56.8) 11.3,20.0 16.6 (5.4-53.7) 12.3,21.5
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Table 3. Cont.

Presence of Anemia (n = 44) Absence of Anemia (n = 55)

Variables

Mean =+ SD; %; Mean =+ SD; %;

Maternal Characteristics Median (Min, Max) IQOR Median (Min, Max) IQR
Blood Cell Indices
Hemoglobin, g/L #+108.7 + 8.2 1246 + 6.8
RBC x 10°/mm? 38 4 0.4 42403
Hematocrit #4435 7 (24.3-38.8) 33.7,37.1 39.6 (34.3-44.3) 38.4,41.0
MCV, fL *915+55 93.7 + 4.5
MCH, pg #2085+ 2.0 295+ 1.5
MCHC, g/L 31.1+1.3 315+ 0.9
L RDW-CV, % 14 (12-18) 13,15 14 (12-16) 13, 14
WBC x 10%/mm3 823 +2.0 820+ 1.77
Neutrophils, x 103/mm? 4.14 (2.47-8.41) 3.52,5.23 4.21 (1.80-8.83) 3.40,5.24
Lymphocytes, x 10°/mm?3 2.47 £ 0.66 2.44 £ 0.60
Monocytes, x 103 /mm? 0.37 (0.22-0.63) 0.33,0.45 0.36 (0.19-0.86) 0.31,0.44
Eosinophils, x 10%/mm?3 0.50 (0.09-2.04) 0.34, 0.90 0.65 (0.07-4.26) 0.34,1.17
Basophils, x 103 /mm3 0.04 (0.01-0.12) 0.03, 0.06 0.04 (0.01-0.12) 0.03, 0.06
Platelets x 10%/mm3 317 (214-638) 273, 407 296 (180-619) 233,343
1 Plateletcrit (%) *27.1 (19.7-44.1) 25.5, 35.0 26.6 (17.2-52.0) 21.8,30.1
CRP and Cytokines, pg/mL
CRP, mg/L 1.2 (0.1-16.9) 04,41 1.4 (0.1-14.0) 0.7,3.4
IL-1B 0.5 (0.01-7.4) 0.02,1.3 0.02 (0.01-38.6) 0.01,1.7
IL-4 2.6 (0.0-37.0) 02,39 1.5 (0.0-34.7) 02,43
IL-6 1.6 (1.6-88.9) 1.6,1.6 1.6 (1.6-51.9) 1.6,1.6
IL-10 0.3 (0.0-19.9 0.1,0.6 0.3 (0.0-23.9) 0.0,1.6
IL-12 1.8 (0.0-20.8) 0.1,5.5 0.8 (0.0-42.8) 0.1,5.3
IL-13 0.9 (0.1-15.7) 0.6,1.3 0.9 (0.1-8.0) 09, 1.6
IL-17 0.7 (0.1-87.1) 0.5,1.6 1.0 (0.1-69.6) 0.6,2.0
IFN-y 1.6 (0.05-62.1) 0.05, 2.8 1.7 (0.05-223.3 0.05,5.2
TNF-« 5.4 (0.04-23.1) 1.2,10.0 4.4 (0.04-24.4) 13,79
MCP-1 314.8 (46.0-586.0) 261.0, 384.4 317.8 (46.0-586.0) 238.0,391.1
Infant Anthropometry
HCAZ —0.01 +1.14 0.11 4+ 1.49
LAZ —0.39 4+ 1.54 —0.34 + 1.66
WAZ 0.06 £ 1.19 0.50 + 1.66

1 Anemia was defined as hemoglobin < 110 g/L if < 8 weeks post-partum, and < 120 g/L if > 8 weeks post-Partum.
Sample size = 99 (! n = 97). Values are means = standard deviation (SD) if normally distributed, median (min,
mayx, interquartile range) if not normally distributed, or percentages (%) if binary. ¢-test or Kruskal-Wallis test
for continuous variables; Chi 2 Test for proportions (or Fisher’s Exact Test if any cell < 5). * p < 0.05, ** p < 0.01,
*** p < 0.001. Abbreviations: BMI, body mass index; CRP, C-reactive protein; HCAZ, head circumference for age
Z-score; Hb, hemoglobin; IFN, interferon; IGF-1, insulin-like growth factor; IL, interleukin; IQR: interquartile
range; LAZ, length for age Z-score; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin
concentration; MCP-1, monocyte chemoattractant protein-1; MCV, mean corpuscular volume; RBC, red blood
cells; RBP, retinol-binding protein; RDW-CV, red cell deviation width—coefficient of variation; SD, standard
deviation; sTfR, serum transferrin receptor; TNF, tumor necrosis factor; WAZ, weight for age Z-score; WBC, white
blood cells.

3.3. MEP Logistic Regression Models for Anemia, Elevated sTfR, and Low Serum Iron

Anemia: The MFP logistic regression model for anemia is shown in Table 4A. Higher
values of three nutritional status indicators were associated with lower odds of anemia;
these included serum iron (p = 0.005), vitamin A (p = 0.006), and IGF-1 (p = 0.022). In
contrast, plasma volume, which ranked fourth in dominance, was the only maternal
factor whose increase was associated with higher odds (OR 1.44, p = 0.010) of anemia,
showing that hemodilution accounts for lower hemoglobin, and confirming the presence
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of hemoconcentration in this MINDI cohort. Of note, ferritin, hepcidin, and sTfR did not
enter the model for anemia.

Table 4. MFP logistic regression models for (A) anemia, (B) serum transferrin receptor
(sTfR) > 8.3 mg/L, and (C) serum iron < 8.9 pumol/L iron, with dominance analysis indicating ranking
of predictors.

Model and Variables MFP Logistic Regression Models Dominance Analysis
(A)
Anemia ! OR =+ SE p-Value 95% CI Rank Standardized Dominance
t-Serum iron, umol /L * 0.86 4+ 0.05 0.005 0.77,0.95 1 0.319
t-Vitamin A, umol/L 0.18 £ 0.11 0.006 0.05, 0.61 2 0.286
t-Log IGF-1, ng/mL 0.08 0.09 0.022 0.43,1.15 3 0.195
t-Plasma volume, dL * 1.44 +0.20 0.010 1.09, 1.90 4 0.188
t-Weeks post-partum 1.04 + 0.04 0.329 0.96,1.11 5 0.011
Constant 0.710.18 0.166 0.43,1.15 Overall fit statistic = 0.227
(B)
sTfR > 8.3 mg/L 2 OR = SE p-Value 95% CI Rank Standardized Dominance
t-Retinol /RBP molar ratio * 2.69 + 0.99 0.007 1.30, 5.57 1 0.495
Home delivery (0 = no, 1 = yes) 232 £1.15 0.089 0.88, 6.12 2 0.172
t-IGF-1, ng/mL 1.05 £ 0.03 0.091 0.99,1.11 3 0.166
t-Field work, h/d 1.15+0.10 0.111 0.97,1.37 4 0.141
t-Weeks post-partum 1.03 £ 0.03 0.433 0.96,1.09 5 0.026
Constant 0.40 +0.13 0.007 0.21,0.78 Overall fit statistic = 0.149
©
Serum Iron < 8.9 pmol/L 3 OR + SE p-Value 95% CI Rank Standardized Dominance
t-Platelets x 10°/mm? 2.39+0.83 0.012 121,472 1 0.236
t-Ferritin, ug/L 0.95 £ 0.01 0.004 0.92,0.98 2 0.190
t-CRP, mg/L 129 £0.14 0.019 1.04, 1.60 3 0.182
t-IGF-1, ng/mL 0.91 £+ 0.04 0.031 0.83,0.99 4 0.161
t-NLR 2.00 £0.78 0.076 0.93,4.32 5 0.100
t-Green/leafy vegetables, 0.80 + 0.10 0074 0.64,1.02 6 0.089
portions/wk
t-Weeks post-partum 1.09 + 0.05 0.057 0.99,1.19 7 0.041
Constant 0.77 £ 0.22 0.353 0.44,1.33 Overall fit statistic = 0.357

* Winsorized variables: extreme high observations of serum iron (1 = 1), plasma volume (1 = 1), and retinol /RBP
molar ratio (1 = 3) were replaced. 1 Anemia model (p <0.0001, pseudo R2 = 0.23, AUC = 0.79, n = 94, VIF = 1.02,
condition number = 1.22). Variables with > 500 bootstrap repetitions but excluded by MFP Process: maternal age,
BMI category, intake of MNS, platelet count, MCV, vitamin D (nmol/L). Transformation of covariates (t): Weeks
post-partum = weeks post-partum — 11.77659574; plasma volume (dL) = plasma volume — 19.87454379; serum
iron (umol/L) = serum iron — 10.66595738; vitamin A = vitamin A — 1.481,764,884; log insulin-growth factor-1
(IGF-1) = log IGF-1 — 3.415743564. 2 sTfR model (p = 0.0027, pseudo R? = 0.15, AUC = 0.76, n = 92, VIF = 1.04,
condition number = 2.27). Variables with > 500 bootstrap repetitions but excluded by MFP process: wood
smoke, months on iron supplementation, platelet distribution width. Transformation of covariates (t): weeks
post-partum = weeks post-partum — 11.77173913; field work = fieldwork/d — 1.97826087; retinol/RBP molar ratio
= retinol /RBP— 0.9917081245; insulin growth factor-1 = IGF-1 — 31.46847824. 3 Serum Iron model (p < 0.0001,
pseudo R? = 0.36, AUC= 0.87, n = 94, VIF = 1.25, condition number = 2.27). Variables with > 500 bootstrap
repetitions but by MFP process: RDW-CV, hemoglobin, hematocrit, IL-4. Transformation of covariates (t): weeks
post-partum = weeks post-partum — 11.77659574; green/leafy vegetables = portions of green/leafy vegetables —
1.872340426; platelets = platelet count — 3.265106383; neutrophil /lymphocyte ratio (NLR) = NLR — 1.954397652;
C-reactive protein (CRP) = CRP — 2.95531915; ferritin = ferritin — 30.2882978; insulin-like growth factor-1 (IGF-1)
=IGF-1 — 31.5585106.

Elevated sTfR: The model for sTfR >8.3 mg/L is presented in Table 4B. There were no
significant associations of elevated sTfR with RBC indices or other iron status indicators.
Only the retinol/RBP molar ratio, which is a measure of vitamin A saturation, was associ-
ated with an increased odds of elevated sTfR (OR 2.7, p = 0.007). Additionally, when we
entered RBP and vitamin A as separate variables in the model, only higher RBP but not
vitamin A, lowered the odds of elevated sTfR, suggesting that low protein status prevailed
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over vitamin A as a determinant of elevated sTfR. Dominance analyses also showed that
the retinol/RBP molar ratio explained half (0.499) of the overall fit statistics (0.149).

Low serum iron: The MFP logistic regression model for serum iron is shown in
Table 4C. Two biomarkers of inflammation, platelets (OR 2.39, p = 0.012) and CRP (OR
1.29, p = 0.019), increased the likelihood of a serum iron concentration < 8.9 umol/L, but
the expected association of higher hepcidin with increased odds of low serum iron was
not observed. On the other hand, indicators of higher iron stores and nutritional status
(ferritin and IGF-1) were associated with decreased odds of low serum iron. Furthermore,
the predicted probability for serum iron at different quantiles of CRP and platelet counts
(Figure 2) showed that at CRP = 5 mg/L, serum iron was 10.1 & 0.6 ng/L (Figure 2A), and
for platelets at 415 x 103 /mm?3 (Figure 2B), serum iron was 9.60 £ 0.65 pg/L. Dominant
variables in this model with an overall fit statistic of 0.357 were, in order, platelets, ferritin,
CRP, and IGF-1.
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Figure 2. Predictive probabilities of (a) serum iron (umol/L) at CRP (mg/L) quantile concentrations of
0.1 (minimum), 0.5 (25th quantile), 1.3 (median), 3.7 (75th quantile), 16.9 (maximum), and of (b) serum
iron (umol/L) at platelet count quantile numbers (x 102 /mm?) of 180 (minimum), 250 (25th quantile),
306 (median), 363 (75th quantile), and 638 (maximum). Additional values at CRP (5 and 10 mg/L) and
platelets (415 x 102 /mm?3) are shown. Predictive margins are controlled for other variables entering
the MFP regression model (Table 4C). Dashed lines denote the WHO cut-off for low serum iron.

3.4. MFP Linear Regression Model for Log Ferritin

The linear model for ferritin (Adj R? = 0.56; overall model fit of 0.589) showed
that hepcidin explained 45% of ferritin variability and nearly half of the model’s over-
all fit (Table 5A). Thereafter, dominance analyses showed that higher serum iron, higher
hemoglobin, and lower sTfR followed in rank, and that higher CRP occupied last place,
contributing only (8%) to the overall fit (Table 5A). If hepcidin was removed from the model,
higher hematocrit was associated with higher ferritin, but other associations for serum iron,
sTfR, and CRP were conserved (Table 5B). Predictive margins of ferritin at different CRP
concentrations showed that ferritin at a concentration of 34.4 pug/L corresponded to CRP at
5mg/L (95% CI: 29.1, 39.8) (Figure 3a).
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Table 5. MFP linear regression models for (A) ferritin including hepcidin, (B), ferritin excluding
hepcidin, (C) hepcidin including ferritin, and (D) hepcidin excluding ferritin, with dominance analysis
indicating ranking of predictors.

Model and Variables MFP Linear Regression Models Dominance Analysis
(A)
Log Ferritin (ng/L) with Hepcidin ! Coeff + SE 95% CI B p-Value  Ranking Standardized Dominance
t-Hepcidin, ug/L 0.04 & 0.007 0.03, 0.06 0.47 <0.0001 1 0.450
t-Serum iron, pumol/L 0.04 £ 0.01 0.01, 0.07 0.22 0.009 2 0.152
t-Hemoglobin, g/L 0.02 +0.01 0.004, 0.03 0.21 0.011 3 0.128
t-sTfR, mg/L —0.07 4 0.02 —0.10, —0.03 —0.25 0.001 4 0.126
t-CRP, mg/L 0.06 + 0.02 0.02,0.09 0.24 0.004 5 0.083
t-Weeks post-partum 0.0004 + 0.01 —0.02,0.02 0.003 0.964 6 0.011
Constant 3.10 + 0.06 2.98,3.22 <0.0001 Overall fit statistic = 0.589
(B)
Log Ferritin (ug/L) o . . .
without Hepcidin 2 Coeff + SE 95% CI 6] p-Value Ranking Standardized Dominance
t-Serum iron, pmol/L 0.06 + 0.02 0.03, 0.09 0.35 <0.0001 1 0.307
t-Hematocrit, %* 0.08 + 0.02 0.03,0.13 0.29 0.002 2 0.224
t-sTfr, mg/L —0.08 & 0.02 —0.12, —0.03 —0.29 0.001 3 0.217
t-CRP, mg/L 0.08 £+ 0.02 0.04,0.12 0.34 <0.0001 4 0.165
Caries, presence —0.29 + 0.19 —0.67,0.08 —0.13 0.123 5 0.066
t-Weeks post-partum —0.005 £ 0.01 —0.03, 0.02 —0.04 0.639 6 0.021
Constant 3.10 £ 0.07 2.96,3.24 <0.0001 Overall fit statistic = 0.415
©)
Log Hepcidin (ug/L) with Ferritin 3 Coeff + SE 95% CI B p-Value Ranking Standardized Dominance
t-Ferritin, ug/L 1.44 +£0.16 1.12,1.76 0.62 <0.0001 1 0.710
t-RBC x 10°/mm? 0.28 + 0.09 0.09, 0.47 0.21 0.004 2 0.088
t-Animal-source foods, portions/wk —0.03 + 0.01 —0.05, —0.008 —0.19 0.008 3 0.085
t-IGF-1 pg/mL —0.01 £ 0.004 —0.02, —0.003 -0.19 0.006 4 0.071
t-Months on iron supplements 0.02 £+ 0.01 —0.003, 0.04 0.11 0.094 5 0.030
t-Weeks post-partum —0.003 £0.005  —0.01, 0.006 —0.05 0.512 6 0.017
Constant 2.81 +0.03 2.75,2.87 <0.0001 Overall fit statistic = 0.600
(D)
Log. Hepcidin .( Hgﬁl) Coeff £+ SE 95% CI [&] p-Value  Ranking Standardized Dominance
without Ferritin
t-Hemoglobin, g/L 0.02 £ 0.004 0.009, 0.02 0.38 <0.0001 1 0.220
t-Serum iron, pmol/L 0.03 & 0.008 0.01,0.04 0.32 0.001 2 0.211
t-Animal-source portions/wk —0.05 +0.01 —0.07, —0.02 —0.32 <0.0001 3 0.171
t-CRP, mg/L 0.05 £0.01 0.02,0.07 0.37 <0.0001 4 0.159
t-IGF-1, pg/mL —0.01 & 0.004 —0.02, —0.007 —0.29 0.001 5 0.140
t-Months on iron supplements 0.03 +0.01 0.006, 0.06 0.20 0.016 6 0.065
t-Weeks post-partum —0.005 £0.006  —0.02,0.007 —0.07 0.445 7 0.033
Constant 2.75 + 0.04 2.68,2.83 <0.0001 Overall fit statistic = 0.462

* Winsorized variable: 1 extremely low observation of hematocrit was replaced. ! Ferritin model with hepcidin
(p < 0.0001, adj. R? = 0.56, n = 94, VIF = 1.31, condition number = 2.03). Variables with > 500 bootstrap repetitions
by the MFP process: red blood cell and monocyte counts, hematocrit, mean platelet volume, IL-17, caries severity,
urinary leukocyte esterase, folic acid, vitamin D. Transformation of covariates (t): weeks post-partum = weeks
post-partum — 11.54255319; hemoglobin = hemoglobin — 117.8404255; hepcidin = hepcidin — 17.81840419; serum
iron = serum iron — 10.76638289; serum transferrin receptor (sTfR) = sTfR — 8.220106373; C-reactive protein
(CRP) = CRP — 2.997872347. 2 Ferritin model without hepcidin (p < 0.0001, adj. R? = 0.38, n= 94, VIF = 1.22,
condition number = 2.02). Variables with > 500 bootstrap repetitions excluded by the MFP process: red blood
cells, monocytes, hemoglobin, mean platelet volume, caries severity, urinary leukocyte esterase, folic acid, vitamin
D. Transformation of covariates: weeks post-partum = weeks post-partum — 11.55208333; hematocrit = hematocrit
— 37.64729174; serum iron = serum iron — 10.78906241; serum transferrin receptor (sTfR) = sTfR — 8.279687499;
C-reactive protein (CRP) = CRP — 2.978125007. 3 Hepcidin model with ferritin (model p < 0.0001, adj. R? =0.57,
n =96, VIF = 1.08, condition number = 1.57). Variables with > 500 bootstrap repetitions excluded by MFP
process: diastolic blood pressure, hematocrit, hemoglobin, log-monocytes, CRP, IL-17, serum iron, folic acid,
RBP. Transformation of covariates (t): weeks post-partum = weeks post-partum — 11.78125; months on iron
supplements= months on iron — 5.0625; animal-source foods = animal-source foods — 3.125; red blood cell
(RBC) = RBC — 4.071562529; ferritin = (ferritin/100) > — 0.5475703905; insulin-like growth factor-1 (IGF-1)
= IGF-1 — 31.63958327. 4 Hepcidin model without ferritin (p < 0.0001, adj. R? = 0.36, n = 96, VIF = 1.25,
condition number = 2.18. Variables with > 500 bootstrap repetitions excluded by MFP process: diastolic blood
pressure, red blood cell count, hematocrit, log monocytes, IL-17, presence of caries, folic acid, retinol-binding
protein. Transformations of covariates (t): weeks post-partum = weeks post-partum — 11.78125; months on
iron supplements = months on iron supplements — 5.0625; animal-source foods = animal-source foods — 3.125;
hemoglobin = hemoglobin — 117.78125; C-reactive protein, (CRP) = CRP — 2.936458339; serum iron = serum
iron — 10.86260409; insulin-like growth factor-1 (IGF-1) = IGF-1 — 31.63958327.
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Figure 3. Predictive probabilities of (a) ferritin (ug/L) and (b) hepcidin (ug/L) at quantile concen-
trations of CRP (mg/L): 0.1 (minimum), 0.5 (25th quantile), 1.3 (median), 3.7 (75th quantile), and
16.9 (maximum). Additional values at CRP (5 and 10 mg/L) are shown. Predictive margins are
controlled for other variables entering the MFP regression model for ferritin excluding hepcidin
(Table 4B) and for hepcidin excluding ferritin (Table 4D). The dashed line denotes the WHO cut-off
for low ferritin in populations with infection/inflammation.

3.5. MFP Linear Regression Model for Log Hepcidin

In the model for log hepcidin (Adj. R? = 0.57), ferritin, which ranked first in domi-
nance, explained 71% of the overall model fit (0.600) (Table 5C); the remaining four factors
in the dominance model captured less than 25% of the model fit. To explore possible
associations that could be masked by the strong hepcidin—ferritin association, a second
model for hepcidin excluding ferritin (Adj. R? = 0.36, overall model fit = 0.462) (Table 5D)
was completed; in this case, hepcidin retained negative associations with indicators of nu-
tritional status (intake of animal-source foods and IGF-1) and revealed positive associations
with hemoglobin, serum iron, CRP, and duration of iron supplementation. For hepcidin,
the predicted probability associated with a CRP of 5 mg/L corresponded to hepcidin
concentration of 20 ug/L (95% CI: 17.8-21.4 ug/L) (Figure 3b). Hepcidin > 20 ng/L was
present in 30.3% of women.

3.6. Maternal Nutritional and Inflammation Indicators but Not Iron Status Indicators were
Associated with Infant Anthropometry

HCAZ: The MFP model for HCAZ (Adj R? = 0.15, overall model fit = 0.201) showed
that higher maternal parity was associated with larger HCAZ, whereas higher plateletcrit
was associated with lower HCAZ (Table 6A). Only parity and plateletcrit, which ranked
first and second in standardized dominance, were significant in the model.

LAZ: Indicators of maternal nutrition and inflammation status entered the MFP model
for LAZ (Adj. R? = 0.33, overall model fit = 0.379), where higher maternal plasma volume
accounted for 46% of the overall model fit. Both duration of iron supplementation and
higher platelet count, which ranked second and third in dominance, were associated with
lower LAZ, whereas higher maternal vitamin D concentrations and intake of MNS were
associated with higher LAZ, ranking fourth and fifth respectively in dominance (Table 6B).

WAZ: In the MFP model for WAZ (Adj R? = 24%, overall model fit = 0.277), two mater-
nal variables, plasma volume and higher maternal intake of animal-source foods/week,
had a positive association with WAZ and together accounted for 51% of the overall fit statis-
tics (0.277) (Table 6C). Higher platelet counts were associated with lower WAZ, ranking
third in dominance after plasma volume and maternal intake of animal-source foods.

Finally, to better understand associations with LAZ and HCAZ with platelet indices,
a MFP linear model for log-platelets (adj. R? = 0.46, overall fit = 0.498, Table S2) showed
that the main determinant of higher platelet count was higher CRP, whereas lower serum
iron (0.283 of the overall fit), although significantly associated with higher platelet count
(p = 0.044), ranked fifth as predictor of platelets.
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Table 6. MFP linear regression models for infant anthropometric measurements.

Model and Variables MPF Linear Regression Models Dominance Analysis
(A)
HCAZ! Coeff + SE 95% CI B p-Value Ranking Standardized Dominance
t-Parity, n 0.13 £ 0.05 0.02,0.23 0.24 0.017 1 0.312
t-Plateletcrit, % —0.04 £+ 0.02 —0.08, —0.003 —0.22 0.034 2 0.212
t-Plasma volume, dL * 0.10 £+ 0.06 —0.02, 0.22 0.16 0.103 3 0.176
t-Ferritin, ng/L —0.01 & 0.005 —0.02, 0.001 -0.17 0.079 4 0.120
t-Weeks post-partum —0.04 £ 0.02 —0.07, 0.001 -0.20 0.059 5 0.107
t-GA at birth, wks 0.06 £ 0.07 —0.08, 0.98 0.08 0.416 6 0.073
Constant —0.24 £ 0.12 —0.48, —3.35 x 107 0.050 Overall fit statistic = 0.201
(B)
LAZ? Coeff + SE 95% CI B p-Value Ranking Standardized Dominance
t-Plasma volume, mL 0.32 £ 0.06 0.19,0.45 0.44 <0.0001 1 0.465
t-Months on iron ~0.12 4 005 ~022,-002  —022 0014 2 0.134
supplements
t-Platelets x 10%/mm?3 —2.66 +£1.33 —5.31, —0.02 —0.17 0.048 3 0.114
t-Vitamin D, nmol/L 0.02 £ 0.01 0.007, 0.04 0.23 0.008 4 0.108
t-MNS, tbsp/d 0.25 £ 0.09 0.07,0.44 0.23 0.009 5 0.098
t-Gestational age, wks 0.14 + 0.07 —0.01, 0.28 0.16 0.064 6 0.081
Constant —0.67 £ 0.13 —0.93, —0.41 <0.0001 Overall fit statistic 0.379
(@]
WAZ3 Coeff + SE 95% CI ] p-Value Ranking Standardized Dominance
t-Plasma volume, L 0.19 + 0.06 0.06,0.32 0.27 0.004 1 0.273
- Animal-source 0.12 + 0.04 0.04,0.21 026 0.005 2 0.239
foods/portions/wk
t-Platelets x 10%3/mm?3 —2.99 £1.36 —5.69, —0.28 —0.20 0.031 3 0.195
t-Gestational age, wk 0.17 £ 0.07 0.02,0.31 0.21 0.026 4 0.185
t-Wood smoke, h/d —0.20 £ 0.11 —0.43, 0.02 —0.16 0.078 5 0.107
Constant 0.04 £0.13 -0.22,0.31 0.733 Overall fit statistic = 0.277

* Winsorized variable: 1 extremely high observation of plasma volume was replaced. ! HCAZ model (p = 0.0021,
adj. R? = 0.15, n = 97, VIF = 1.12, condition number= 1.64. Variables with > 500 bootstrap repetitions ex-
cluded by MFP process: BMI. Transformation of covariates (t): Gestational age (GA) = GA — 39.48453608;
Weeks post-partum = weeks post-partum — 11.57731959; Parity (n) = parity — 3.536082474; plasma volume
= plasma volume — 19.91539201; plateletcrit = plateletcrit — 28.35463923; ferritin = ferritin — 30.68969062.
2 LAZ model (p <0.0001, adj. R? = 0.33, n = 95, VIF = 1.06, condition number = 1.38). Variables with
>500 bootstrap repetitions excluded by MFP process: BMI, IL-17, IGF-1. Transformation of covariates
(t): gestational age (GA) = GA — 39.50526316; plasma volume = plasma volume — 19.90834408; months on
iron supplements = months taking iron — 5.084210526; multiple nutrient supplement (MNS) = MNS —
0.9578947368; platelets= platelets — 0.3244947364; vitamin D = vitamin D — 43.08842097. 3 WAZ model
(p <0.0001, adj. R? = 0.24, n = 96, VIF = 1.03, condition number = 1.23, Cook’s distance < 1.00). Variables
with >500 bootstrap excluded by MFP process: BMI, hemoglobin, IL6, winsorized IL-17, MCP-1, vitamin
D, IGF-1. Transformation of covariates (t): gestational age (GA) = GA — 39.47916667; wood smoke = wood
smoke — 2.239583333; plasma volume = plasma volume — 19.89900244; animal-source foods = animal-source
foods — 3.125; platelets = platelets — 0.3246249997.

4. Discussion

In population studies, anemia and iron deficiency are often used interchangeably
because of the high global prevalence of iron deficiency [2,8]. Accordingly, we expected to
find that iron supplementation would be associated with decreased odds of anemia, low
ferritin, and/or low serum iron. We also expected that lower ferritin, lower serum iron,
and/or greater sTfR would explain a high proportion of the anemia model. However, these
associations were not supported by our findings as iron status indicators were differentially
associated with biomarkers of infection and inflammation, and importantly, with other
nutrient deficiencies.

Our exploratory study identified the following key findings. (1) Anemia of malnutri-
tion and anemia associated with iron deficiency predominated over anemia of inflammation.
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(2) Low plasma volume was present and likely contributed to an underestimation of anemia.
(3) Iron deficiency co-existed with iron restriction due to inflammation, as evidenced by
the association of higher CRP with higher ferritin, higher hepcidin, and low serum iron.
(4) Low serum iron and hepcidin concentrations were both associated with inflammation
and malnutrition. (5) Elevated sTfR was not associated with RBC indices, serum iron,
ferritin, or hepcidin, but was associated with low protein status and vitamin A deficiency.
(6) Higher maternal MINS intake and vitamin D concentrations were associated with higher
LAZ but prolonged maternal iron supplementation was negatively associated with infant
length, raising important questions about the efficacy of maternal iron supplementation
strategies during lactation in MINDI populations.

4.1. Inflammation
4.1.1. CRP and Iron Indicators

In studies of iron status, CRP is a widely used biomarker of inflammation during both
an acute phase response and during a chronic low-grade inflammation associated with
chronic infections or non-infectious conditions [63]. Currently, WHO defines inflammation
as a CRP > 5mg/L [17]. In our MINDI population, although higher CRP was associated
with increased odds of low serum iron (<8.9 umol/L), CRP did not enter models for
anemia or elevated sTfR and had low dominance among the significant factors in linear
regression models for both ferritin (fourth of four) and hepcidin (fourth of six). We were
also able to show using predictive probability graphs that a CRP concentration of 10 mg/L
corresponded to serum iron equal to 8.9 umol/L. However, in our MINDI population,
despite the high number of co-existing infections, very few mothers had CRP > 10 mg/L
(6%) and there was no evidence of T-helper (Th)1 or Th2 cytokines entering models for
anemia or iron status indicators in this study. Previously, we had reported in early lactation
that CRP was positively correlated with neutrophils, platelet counts, and plateletcrit,
but negatively with number of eosinophils [25]. In this MINDI cohort, 27% of mothers
had eosinophilia. Eosinophilia is indicative of a Th2 inflammatory response commonly
associated with chronic helminth and fungal infections [64] which were endemic in this
cohort [24]. Moreover, some Th-2 related infections have been associated with lower
CRP in pregnancy and lactation [25], which likely reflects the weighted balance of Th1 vs
Th2 immune responses and the down-regulation of Th-1 induced inflammation by Th2
cytokines. If overall inflammation was dampened, this might explain why CRP did not
directly influence anemia or sTfR and why it occupied lower rank in dominance for serum
iron and ferritin. Therefore, we concluded that in the MINDI cohort, although chronic
low-grade inflammation may have a role in lowering circulating iron and increasing ferritin
and hepcidin, inflammation was not a direct determinant of anemia or elevated sTfR.

4.1.2. Platelets

Of interest in this remote setting was the fact that platelets, an indicator easily mea-
sured at the local hospital, had first rank dominance in the model for low serum iron, with
values > 415,000/ mm3, which is the upper value for normal platelets in non-pregnant
women [39], and that corresponded to serum iron of 8.9 umol/L. Thus, platelets may be an
interesting alternative indicator of inflammation, as observed previously in adult [65] and
obstetric populations [66].

4.1.3. Inflammation and Ferritin

Different approaches for adjusting an increase in ferritin for inflammation have been
used in women of reproductive age, but pregnant and lactating women have not been
studied. Approaches have included correcting ferritin concentrations through equations
that adjust for inflammation (CRP and/or alpha-1 glycoprotein) and the presence of malaria,
or by excluding participants with elevated CRP on the assumption that inflammation
increases ferritin [67]. In our case, because of the coexistence of Th1 and Th2 infections
but no malaria [25], we did not apply these approaches. WHO recommends the cut-off of
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< 70 ug/L for low ferritin in populations with infection or inflammation [38]. However,
in our MINDI cohort, 94% of lactating women including those with the highest CRP
concentrations had ferritin values < 70 ng/L, suggesting that in the MINDI cohort, this
cut-off would overestimate iron deficiency. On the other hand, application of the WHO
cut-off for ferritin in the absence of inflammation (<15 ug/L) would indicate that 26.3% of
women were iron deficient, an underestimate based on our evidence that 45.5% of women
had low serum iron. Of note, the ferritin cut-off of < 30 pug/L used by the Panamanian
Ministry of Health identified 63.6% of women with low iron stores. Given that serum iron
represents the constantly changing circulating pool of iron in transit from one location to
another [15], our data also suggest that, despite its negative association with inflammation,
serum iron might be a more appropriate indicator of iron status under MINDI conditions.

4.1.4. Inflammation and Anemia

Despite the presence of iron restriction due to inflammation, our model for anemia
did not support the presence of anemia of inflammation. Anemia of inflammation is
characterized by elevated hepcidin, elevated ferritin, and low serum iron [68], and hepcidin
has been proposed as a biomarker to identify anemia of inflammation [69,70]. In contrast, in
our population, these three indicators were lower in anemic mothers, which is characteristic
of iron deficiency anemia [68]. However, in the hepcidin model, hemoglobin and serum
iron ranked first and second in the dominance analysis and explained 43% of the model
fit, indicating that hepcidin concentrations were associated with iron deficiency more
than with inflammation. In support of this, hepcidin had been proposed as an iron status
indicator during lactation [71], and it has been associated with iron deficiency rather than
inflammation in post-partum women from the US [71], an observation that aligns with
our findings.

4.2. Indicators of Malnutrition were Associated with Hepcidin, Serum Iron and sTfR

In addition to associations with inflammation, hepcidin, serum iron, and sTfR were
associated with malnutrition. Both lower intakes of animal-source foods/week and lower
concentrations of IGF-1, an indicator of nutritional status [37], were associated with higher
hepcidin. Hepcidin has been reported to be a gluconeogenic sensor during starvation in
mice [72]. In healthy humans, hepcidin was found to increase approximately 3-fold after
prolonged fasting, and to decrease by 65% with the administration of growth hormone [73].
We also found evidence that higher IGF-1 decreased the odds of low serum iron in support
of an earlier report of low serum iron concentrations in populations of lactating women
with poor nutritional status [19].

On the other hand, elevated sTfR, a known indicator of erythropoiesis response fol-
lowing iron deficiency [74], was not associated with iron status indicators or inflammation
indicators, but with the retinol/RBP molar ratio, which ranked first in dominance. It is
known that both vitamin A [75] and protein [76] have a role in erythropoiesis. In this MINDI
population, higher RBP, an indicator of both protein [37] and of vitamin A status [77], was
associated with lowered odds of an elevated sTfR, suggesting that both nutrients alter the
erythropoietic response. This suggestion requires further investigation.

4.3. Evidence of Anemia of Malnutrition during Lactation

Malnutrition has been associated with anemia during lactation where it coexists
with low BMI [78], with a negative energy balance in working lactating women [79],
and with the seasonal availability of food [80]. We saw evidence of this in the Ngébe
indigenous population, where among indicators associated with nutritional status, vitamin
A ranked second and was followed by IGF-1 and plasma volume. Moreover, both higher
IGF-1 and vitamin A were associated with lower odds of anemia. IGF-1 is recognized
as an anabolic hormone having functions similar to insulin with regards to peripheral
glucose and amino acid uptake, promoting energy storage; therefore, its release depends on
sufficient substrate availability, whereas fasting and caloric restriction decrease IGF-1 [81].
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Others have observed an association between low IGF-1 with anemia in adults, which
authors explained by the role of IGF-1 in promoting RBC growth and differentiation, or
by a higher IGF-1 reducing concentrations of pro-inflammatory cytokines that would
block erythropoiesis [82]. Our associations of lower IGF-1 with increased odds of anemia,
increased odds of low serum iron, and elevated sTfR, provide evidence that energy deficits
contributed to anemia and low iron status in our MINDI cohort.

Unexpectedly, plasma volume, calculated using Nadler’s formula [53] that incorpo-
rates maternal weight and height, ranked as the fourth dominant factor, and was negatively
associated with increasing the odds of anemia in lactating mothers. There is evidence that
low plasma volume is an indicator of poor nutritional status in children [83] and adoles-
cents [84]. Moreover, as plasma volume was low (<2.2 L) in 79.8% of lactating mothers, our
findings suggest that anemia was most likely underdiagnosed. Others have emphasized
the impact of low plasma volume from hypo-hydration or intra-vascular volume depletion
impacting the diagnosis of anemia in tropical settings [85], and hypohydration has been
reported in lactating women living from Indonesia [86] surrounded by scarcity of clean
water [87], but to our knowledge, ours is the first study showing a possible impact of low
plasma volume on the interpretation of hematological indicators under MINDI conditions.

4.4. Nutrient Supplementation during Lactation

In lactation, WHO recommends supplementation with iron alone or in combination
with folic acid for 6-12 weeks after delivery, independently of lactation status, to reduce
the risk of maternal anemia, particularly in areas where gestational anemia is a public
health problem [88]. In the MINDI cohort, most lactating women were supplemented with
iron and MNS beginning in pregnancy. The general rationale for iron supplementation
during pregnancy is that pregnant women who are anemic in the first two trimesters are at
higher risk of preterm delivery, low birthweight, infant mortality, and iron deficiency in the
newborn [89]. However, a recent review found that iron supplementation during pregnancy
had a limited effect on iron status of the offspring [90], and it is known that maternal iron
status does not influence the iron content of breastmilk [91]. Moreover, the beneficial
role of universal iron supplementation in iron-replete pregnant women and children has
been questioned in developing countries given the possibility of iron supplementation
increasing inflammation [92]. In our study, iron supplementation was not associated with
anemia, ferritin, or serum iron. However, a longer duration of iron supplementation was
associated with higher hepcidin, indicating that longer exposure to iron supplementation
under MINDI conditions may increase the intracellularly sequestered iron pool, making it
unavailable for erythropoiesis [93].

To address vitamin A deficiency, Panamanian women are given 200,000 IU of vitamin
A after delivery. However, based on the retinol/RBP molar ratio that measures retinol satu-
ration as an indicator of vitamin A deficiency post-partum [45,46], we found that protein
deficiency may be an overlooked issue in this population and might help in explaining the
lack of correlation between vitamin A and RBP. Under conditions of normal protein status,
vitamin A concentrations determine vitamin A saturation with a normal retinol /RBP ratio
of 1:1 [46], and low saturation indicates low retinol stores. However, protein malnutrition is
known to decrease the synthesis of RBP and the affinity of retinol for RBP, leading to higher
retinol saturation [94]. As the intake of high-quality protein is crucial for the conversion
of pro-vitamin A into its active form [77], high concentrations of unbound vitamin A may
occur in the absence of high-quality protein [49] and could theoretically lead to retinol
toxicity. However, studies on the effect of vitamin A supplementation under conditions
of protein deficiency are lacking. In our lactating women, the retinol/RBP molar ratio
was <0.8 in 44% of mothers indicating vitamin A deficiency, but the ratio exceeded 1 in
34% of women, indicating the likelihood of unbound, and potentially toxic, vitamin A.
Moreover, we found that a higher retinol/RBP ratio increased the likelihood that sTfr
would be >8.3 mg/L, indicating a need for iron supplementation when in fact the mothers
may require more protein. In this MINDI cohort, 36.4% of mothers had low RBP that was



Nutrients 2022, 14, 3497

20 of 26

also accompanied by low hemoglobin, neutrophils, monocytes, and IL-13 compared with
protein-sufficient women. Intake of high-quality protein is also crucial for the conversion
of pro-vitamin A into its active form [77], and protein malnutrition is known to decrease
the synthesis of RBP, which will saturate to its limit after a high dose of vitamin A [94].
Therefore, our findings suggest that caution is needed when choosing to supplement with
a megadose of vitamin A without considering a need to also increase dietary intake of
animal-source foods.

4.5. Maternal Determinants of Infant Anthropometry

Our study uncovered evidence that higher maternal plasma volume and lower platelet
indices were positively associated with infant anthropometric indices. Specifically, in-
creased maternal plasma volume was associated with higher WAZ and LAZ and ranked
first in dominance for both. Furthermore, among the inflammation markers, higher platelet
indices but not CRP were negatively associated with all three anthropometric indices:
platelet counts with WAZ and LAZ and plateletcrit with HCAZ. These findings suggest an
extension of the previously observed negative impact of maternal inflammation on lower
symphysis-fundal height during pregnancy [95], into early lactation.

Maternal nutrient intakes and nutritional status during lactation were also associ-
ated with early infant growth. Maternal intake of animal-source foods ranked second in
dominance, where it was positively associated with WAZ. Others have linked the pro-
vision of animal-source foods with growth [96], but this is the first study to show that
maternal intake of protein during the first 6 months postpartum might be important for
early infant growth. In our study, we also found that higher maternal intake of MNS,
containing protein, energy, and micronutrients [97], was associated with higher LAZ, an
important observation given that 16% of infants < 7 mo were already stunted. Given the
increasing prevalence of stunting during the first 2 years in the Ngdbe population [98],
strengthening government-sponsored MNS supplementation might lessen the impact of
maternal malnutrition during lactation on early infant growth by increasing the intake of
protein and a range of micronutrients.

In contrast to MNS supplementation, the provision of iron tablets had a decidedly
negative association with linear growth. There is growing concern about a universal iron
supplement in developing countries, given an increased risk of perinatal maternal and/or
infant infections due to a higher availability of iron to pathogens [99]. In Panama, at the
time of this study, 60 mgs of ferrous fumarate were prescribed to pregnant women from
the second trimester through to 3 months post-partum [100]. Women were also prescribed
iron beyond this period if presenting with anemia. Our findings provide evidence that the
duration of iron supplementation under MINDI conditions may be problematic and that
universal iron supplementation in early lactation has negative consequences for the infant
and may contribute to stunting.

We also uncovered evidence that the high prevalence of maternal vitamin D deficiency
in lactation was contributing to impaired linear growth as higher maternal serum 250H D3
was positively associated with LAZ in the first 6 months postpartum. Presently, there is no
consensus regarding vitamin D supplementation during lactation. On one hand, it is known
that vitamin D concentrations in milk are directly related to maternal vitamin D status [101]
and that maternal vitamin D deficiency has been associated with small for gestational
age [102]. However, among recent randomized, double-blind, placebo-controlled trials
of maternal vitamin D supplementation, one in Bangladesh found no effect of maternal
supplementation on infant LAZ, although infants were not exclusively breastfed [103], and
a second in Arab mothers found that maternal supplementation was able to achieve normal
vitamin D concentrations in exclusively breastfed infants [104]. In our exclusively and
predominantly breastfeeding mothers, our model of LAZ showed that vitamin D and MNS
ranked fourth and fifth, respectively, and were positively associated with LAZ, following a
positive association of plasma volume (first), and negative associations of longer duration
of maternal iron supplementation (second) and inflammation indicated by maternal platelet
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(counts per mm?) (third), with LAZ. Thus, our results show that while vitamin D may
be needed to improve linear growth, it may not be sufficient to overcome the negative
impact of excess iron or the presence of maternal inflammation and/or chronic infections,
which need to be considered as important determinants of stunting. Moreover, as 69% of
lactating mothers were vitamin D deficient, our findings also support the need to consider
a recommendation for vitamin D supplementation to mothers and/or infants as part of
a public health policy, as vitamin D is not only associated with infant growth but with
immune function and health [105].

5. Conclusions

In conclusion, we found a high prevalence of anemia associated with malnutrition
in lactating mothers in the Ngabe Bugle indigenous region. Anemia of malnutrition was
multifactorial and included deficiencies in iron, vitamin A, and protein-energy malnutrition,
coexisting with infections and inflammation. Of concern was that the duration of iron
supplementation throughout pregnancy and lactation was associated with impaired linear
growth within the first 6 months. Importantly, indicators of better maternal nutrition
in early lactation and of less inflammation using platelet indices instead of CRP were
associated with improved infant anthropometry.

6. Strengths and Limitations

The strengths of the study include an in-depth exploration of a wide range of pa-
rameters employing strict variable selection using bootstrapping and MFP modeling that
uncovered meaningful associations with iron status indicators and infant growth during
early lactation in our MINDI cohort of lactating women. We explicitly included several
biomarkers of inflammation in regression models to control all iron indicators for inflam-
mation, rather than creating new adjusted variables using CRP alone for only ferritin. We
also explored the associations with serum iron, a marker of iron status not often included
in studies from developing countries. This highlighted the importance of its specificity
over classic iron status indicators in our study population. We also were able to include
hepcidin, which not only emerged as a marker of iron status but of malnutrition.

This was a cross sectional study that precludes causation. However, as an observational
study with both a prospective and retrospective elements, we were able to control for
confounders and to assess multiple exposures and several understudied outcomes. Sample
size might be criticized as a limitation, however, the high prevalence of anemia (>40%)
provided enough power to study this outcome given that we were able to recruit 99 women
with the assistance of the Ministry of Health, accounting for nearly all women who had
delivered in the past 6 months. However, to be cautious, we also chose a rigorous statistical
analysis framework, recognizing that this is the first study to shed light on the multifactorial
causes of anemia and understanding that other confirmatory studies will be required. We
also acknowledge that in an ideal context, post-partum women would be best studied
at similar weeks post-partum but this was impractical in our remote setting. Regarding
supplementation, we assumed that all women were supplemented with vitamin A close
to delivery by the Ministry of Health according to their protocols, but information on
vitamin A supplementation of women delivering at home was not collected. Confirmation
of supplementation was self-reported at follow up visits by the research team where the
dosage of both iron tablets and MNS and duration of iron intakes were recorded.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /nu14173497/s1, Table S1: Comparison of maternal blood, in-
flammation, iron, and other nutritional indicators by protein status as measured by retinol binding
protein (RBP); Table S2: MFP linear regression model for log-platelet counts. Table S3: Spearman cor-
relation matrix for weeks post-partum and (A) iron status indicators, (B) serum nutritional indicators,
(C) inflammation biomarkers.
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