Infections and systemic in ammation are associated with lower plasma
concentration of insulin-like growth factor I among Malawian children
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ABSTRACT
Background: Insulin-like growth factor I (IGF-I) is the most
important hormonal promoter of linear growth in infants and young
children.
Objectives: The objectives of this study were to compare plasma
IGF-I concentration in a low- compared with a high-income country
and characterize biological pathways leading to reduced IGF-I
concentration in children in a low-income setting.
Methods: We analyzed plasma IGF-I concentration from 716
Malawian and 80 Finnish children at 6 36 mo of age. In the
Malawian children, we studied the association between IGF-I
concentration and their environmental exposures; nutritional status;
systemic and intestinal in ammation; malaria parasitemia and
viral, bacterial, and parasitic enteric infections; as well as growth
at 18 mo of age. We then conducted a pathway analysis to
identify direct and indirect associations between these predictors and
IGF-I concentration.
Results: The mean IGF-I concentrations were similar in Malawi and
Finland among 6-mo-old infants. At age 18 mo, the mean – SD
concentration was almost double among the Finns compared with
the Malawians [24.2 – 11.3 compared with 12.5 – 7.7 ng/mL,
age- and sex-adjusted difference in mean (95% CI): 11.8 (9.9, 13.7)
ng/mL; P < 0.01]. Among 18-mo-old Malawians, plasma IGF-I
concentration was inversely associated with systemic in ammation,
malaria parasitemia, and intestinal Shigella, Campylobacter, and
enterovirus infection and positively associated with the children s
weight-for-length z score (WLZ), female sex, maternal height,
mother s education, and dry season. Seasonally, mean plasma
IGF-I concentration was highest in June and July and lowest
in December and January, coinciding with changes in children s
length gain and preceded by 2 mo by the changes in their
WLZ.
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Conclusions: The mean plasma IGF-I concentrations are similar
in Malawi and Finland among 6-mo-old infants. Thereafter, mean
concentrations rise markedly in Finland but not in Malawi. Systemic
in ammation and clinically nonapparent infections are strongly associated with lower plasma IGF-I concentrations in Malawi through
direct and indirect pathways.
Am J Clin Nutr 2021;113:380 390.
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Introduction
Stunting that is, having a low length or height for age
is estimated to affect 149 million (21.9%) children <5 y of
age worldwide (1). The condition is associated with increased
mortality and morbidity, poor cognitive development, low
educational attainment, reduced lifetime earnings, and increased
risk of chronic diseases in adulthood (2, 3). Because of its high
prevalence and the associated deleterious outcomes, stunting
among children is now considered a major health threat and its
reduction has become a global development priority (4, 5).
Although the global prevalence of stunting has decreased in
recent years, the changes are modest and insuf cient to meet
the global target to reduce by 40% the number of stunted
children <5 y of age by 2025 (1, 6). A major impediment
for faster progress may be inadequate understanding of the
exact biological processes that lead to stunting. According to
a widely accepted causation framework, growth restriction is
related to undernutrition, frequent illnesses, and other adverse
environmental exposures (e.g., poor water source and sanitation)
(7). Currently, however, there is little information on the relative
importance of these factors and the biological pathways by which
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Methods
Study design and concept map
This was a secondary analysis of data and biological samples
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a dietary intervention trial in Malawi [the International LipidBased Nutrient Supplements Project DYAD Malawi (iLiNSDYAD-M)] and from an observational birth cohort study in Finland [Type 1 Diabetes Prediction and Prevention study (DIPP)].
From both cohorts, we analyzed the plasma IGF-I concentration
at 6, 18, and 24 36 mo of age in the participants to describe its
distribution in apparently healthy children representing different
average growth patterns. We then used 2 different statistical
approaches to identify direct and indirect predictors of plasma
IGF-I concentration at 18 mo an age when other hormones such
as insulin or sex steroids play a minor role in driving child growth
(12). The pathway analysis was performed only in the Malawian
children, among whom growth restriction was common.
Study participants
From Malawi, we included children who had participated in
the iLiNS-DYAD-M dietary intervention trial and contributed
any anthropometric, laboratory, or environmental exposure data
to the analysis. The full details of this trial have been described
elsewhere (clinicaltrials.gov identi er NCT01239693) (13, 14).
In brief, iLiNS-DYAD-M was a randomized, outcome
assessor-blinded, 3-arm intervention trial that took place in rural
Malawi from February 2011 to April 2015. The primary aim of
the trial was to study the impact of small-quantity lipid-based
nutrient supplements (SQ-LNS) on maternal and child outcomes,
especially birth size and child s growth.
Participants in the iLiNS-DYAD-M trial were pregnant women
who were enrolled before 20 weeks of gestation and their
offspring. In the rst control group, women were provided with
iron and folic acid supplements during pregnancy. In the second
control group, women were provided with multiple micronutrient
supplements during pregnancy and the rst 6 mo of lactation.
In the intervention group, women were provided with SQ-LNS
during pregnancy and the rst 6 mo of lactation and children were
provided with SQ-LNS from 6 to 18 mo of age. The children
were followed-up until 30 mo of age, with regular anthropometric
assessment and biological sample collection at 6, 18, and 30 mo
of age. At the time of biological sample collection, all children
were apparently healthy that is, their caretakers did not report
any illness symptoms for the children.
The Finnish sample was derived from the DIPP study
(clinicaltrials.gov identi er NCT03269084) a population-based
long-term clinical follow-up study established since 1994 in
3 university hospitals in Finland. The aim of the Finnish DIPP
study is to understand the pathogenesis of type 1 diabetes,
predict the disease, and nd preventive treatments. Recruitment is
based on screening of HLA-DR-DQ genotypes from cord blood
sample. Children who carry HLA genotypes associated with
increased risk to develop type 1 diabetes are invited to follow-up
and monitored for the development of islet autoimmunity. The
subjects of the current analysis participated in regular follow-up
visits from early infancy to 15 y of age or until type 1 diabetes
was diagnosed, with clinical examination and biological sample
collection at the ages of 3, 6, 9, 12, 18, and 24 mo and thereafter
once a year (15). The participants selected for this analysis were
from the clinical DIPP center at Tampere University Hospital,
Finland.
Ethical approval was obtained from the College of Medicine
Research Ethics Committee, University of Malawi, and the Ethics
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they restrict elongation of long bones, which is a hormonally
regulated process that results in linear growth in children (8).
In infants and young children, the most important hormonal
promoter of linear growth is insulin-like growth factor I (IGF-I),
which is produced in liver and other tissues upon stimulation by
growth hormone and thyroid hormone (8). Most IGF-I is secreted
into the circulation, and it exerts its function by binding to speci c
receptors in the cells of epiphyseal growth plates and other
peripheral tissues. Its synthesis is reduced by malnutrition (9) and
systemic in ammation (10), and its plasma concentration shows
little diurnal variation but responds rapidly to external exposures
such as acute illness (11). Because of this responsiveness, shortterm triggers of growth restriction may be better identi ed by
measuring plasma IGF-I concentration than actual increment in
length or height, which is typically measured over a minimum
period of 3 mo.
In this study, we aimed to characterize biological pathways
associated with plasma IGF-I concentration in children in lowincome settings by describing the distribution of plasma IGFI concentrations at 6, 18, and 30 mo of age among a group
of children in Malawi and comparing the values to those of
a well-growing child population in a high-income country.
Furthermore, we aimed to develop a pathway map to illustrate
how undernutrition, viral, bacterial, and parasitic infections,
systemic and intestinal in ammation, and other maternal, child,
and environmental variables are associated with plasma IGF-I
concentration, and eventually child s length or height gain, in the
Malawian setting.
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microbiota age of same-aged children in the reference group generated with a random forests (RF) derived model, as described
previously (21, 22).

Biological specimen collection and processing

Anthropometric assessment

Clinic nurses collected the nonfasting Malawian blood samples from the antecubital vein. A trained lab technician separated
plasma into storage vials. Stool samples were collected by
mothers from participating children in their homes. If a child
had diarrhea, no stool sample was collected, and the visit was
postponed by 2 wk. Plasma and stool samples were later shipped
to Tampere University in Finland and Washington University in
St. Louis, MO, on dry ice for analysis. For the current study, we
included data from all participants at the ages of 6, 18, and 30 mo
with any postnatal anthropometric measurements and any plasma
or stool samples.
In the DIPP study, study nurses collected blood samples from
the antecubital vein. Blood samples were taken using CPT tubes
(BD Biosciences), and plasma was separated according to the
manufacturer s instructions into storage vials and stored at 80 C
until analysis.

Trained anthropometrists measured the mothers and children s weight and length/height in triplicate, as described
previously (13, 14). We calculated age- and sex-standardized
anthropometric indices length-for-age z score (LAZ), weightfor-age z score (WAZ), and weight-for-length z score (WLZ)
using the WHO Child Growth Standards (23). No outlier data
points were removed from the data before analysis.

Analyses of plasma IGF-I concentration
Carrier-protein free IGF-I concentration was analyzed from
stored plasma samples using the commercial MILLIPLEXfi
MAP HIGF-I, II Magnetic Bead Panel Kit (catalog no.
HIGFMAG-52K; EMD Millipore), according to the manufacturer s instructions. Properly diluted plasma samples were
incubated with the antibody-coupled microspheres and then
with biotinylated detection antibody before the addition of
streptavidin phycoerythrin. The captured bead complexes were
measured with the Bio-Plexfi 200 system (Bio-Rad Laboratories). The detection range of the assay was 0.12 88.2 ng/mL.
Other laboratory analyses
Plasma C-reactive protein (CRP) and 1-acid glycoprotein
(AGP) were analyzed on a Roche Cobas 6000 analyzer (Roche
Diagnostics). Plasma cytokines IL-1 , IL-6, IL-10, and TNFwere measured using the commercial MILLIPLEXfi MAP
kit (EMD Millipore). Malaria was diagnosed on-site from ngerprick blood samples using the rapid diagnostic test Clearview
Malaria Combo (British Biocell International). Maternal HIV
infection at study enrollment was tested with a whole-blood
antibody rapid test (Alere Determine HIV-1/2; Alere Medical);
for children, no HIV tests were done.
Stool samples were assayed using commercially available
ELISA kits for calprotectin (Hycult Biotech). Campylobacter (16), Shigella (17), Cryptosporidium spp., Giardia (18),
enterovirus, rhinovirus, parechovirus, norovirus, and rotavirus
infections were detected using an in-house real-time PCR assay
that has been shown to be speci c and sensitive for detecting these
microbes, including the rhinovirus, from stool samples (19, 20).
Microbiota data were obtained from the stool samples using
previously described DNA extraction and high-throughput 16S
sequencing methods (21, 22). The microbiota-for-age z score
(MAZ) as a measure of microbiota maturity was obtained by
comparing the microbiota ages of participants to the median

Morbidity and other data collection
Data collectors visited the children s homes weekly to collect
child s morbidity information, which was recorded using a
picture calendar by a caregiver. Morbidity variables included
fever, diarrhea, and respiratory symptoms recorded in the
previous 7 d. No antibiotic exposure data were collected.
Sociodemographic information was collected through personal interviews with mothers. A household assets score was
created using principal component analysis based on information
on building materials of the house, electricity, and cooking fuel.
Pathway analysis
We based our pathway analysis on a concept map (Supplemental Figure 1), according to which plasma IGF-I concentrations would be directly predicted by the child s current nutritional
status (WLZ) and systemic in ammation marker (AGP) (10,
11, 24). In addition, we hypothesized that maternal height and
nutritional status [BMI (in kg/m2 )] would be associated with the
child s plasma IGF-I concentration through a parental genetic
component shared with the child and nutrients or growth factors
given to the child through breast milk (25 28). Moreover, we
expected a seasonal effect on IGF-I expression as documented
in several animal species (29 31).
The presumed indirect predictors covered mothers education;
children s fecal calprotectin concentration as a marker of
intestinal in ammation; malaria; bacterial (Campylobacter and
Shigella), parasitic (Giardia and Cryptosporidium), and viral
(enterovirus, rhinovirus, parechovirus, norovirus, and rotavirus)
infections; intestinal microbiota composition (MAZ); children s
clinical morbidity (fever, cough, or diarrhea); and socioeconomic
and environmental exposures (household assets, water source,
and sanitation). Factors that could be part of the etiological
pathway but could not be identi ed as predictors with the
collected data are marked with a dashed line in Supplemental
Figure 1.
Statistical analysis
We compared proportions, means, and SDs between groups
by using Student s t test for continuous variables and Fisher s
exact test for proportions. For selected analyses, we summarized
systemic in ammation markers (CRP, AGP, IL-1 , IL-6, IL-10,
and TNF- ) into a single principal component and treated
the principal component score as a continuous variable. We
divided the AGP, CRP, fecal calprotectin, and the principal
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Committee of Pirkanmaa Hospital District. Only participants
whose caregivers gave an informed consent were enrolled in the
study.
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Results
Among 790 live-born Malawian infants, 697 (87.5%), 691
(86.7%), and 597 (74.9%) had available anthropometric data at

6, 18, and 30 mo, respectively (Supplemental Figure 2). Of
the 80 Finnish participants, we had 78, 79, 62, and 63 plasma
samples from children at 6, 18, 24, and 36 mo, respectively. At
6 mo of age, the mean – SD LAZ, WAZ, and WLZ of Malawian
infants were 1.26 – 1.14, 0.57 – 1.18, and 0.36 – 1.15, and
the corresponding z scores for Finnish infants were 0.77 – 1.00,
0.72 – 1.04, and 0.49 – 1.15, respectively (Table 1). The
proportion of boys was slightly higher in the Finnish than
the Malawian sample (54.2% compared with 47.2%), but the
difference was not statistically signi cant (P = 0.29) (Table 1).
Malawian infants excluded from this study were on average
similar to the included ones, except that their mean household
asset score was higher and their mothers mean BMI was slightly
lower (Table 1). The proportion of mothers with a positive HIV
test was 11.9%.
In Finland, the mean – SD plasma IGF-I concentrations were
13.4 – 7.6, 24.2 – 11.3, 26.9 – 13, and 30.8 – 12.9 ng/mL at
6, 18, 24, and 36 mo of age, respectively. In Malawi, they were
13.0 – 8.2, 12.5 – 7.7, and 14.6 – 10.7 ng/mL at 6, 18, and 30 mo
of age, respectively. Accordingly, the mean IGF-I concentration
was similar in Finland and Malawi at 6 mo of age, whereas at age
18 mo and older, the mean concentration was higher in Finland
than in Malawi [age- and sex-adjusted difference (95% CI) at
18 mo: 11.8 (9.9, 13.7) ng/mL; P < 0.01] (Figure 1). In relative
terms, at 18 mo of age, the Finnish children had a 94% (95%
CI: 73, 114%) higher mean plasma IGF-I concentration than the
Malawian children.
There was a weak, albeit signi cant, association between
Malawian children s LAZ and WLZ at 18 mo of age and their
concurrent plasma IGF-I concentration (r = 0.18, P < 0.001 and
r = 0.17, P < 0.001, respectively) (Figure 2).
Systemic in ammation was strongly associated with a lower
plasma IGF-I concentration, in a dose-dependent manner, with
children in the highest in ammation quintile having almost
50% lower mean IGF-I plasma concentration than children
in the lowest in ammation quintile (Table 2). In contrast,
there was no association between the children s plasma IGF-I
concentration and their intestinal in ammation, as assessed by
stool calprotectin concentration (Table 2).
Children with intestinal Campylobacter or Shigella infection
or blood malaria parasitemia had a signi cantly lower mean
plasma IGF-I concentration compared with their uninfected
peers, whereas no similar association was evident for intestinal
Cryptosporidium or Giardia infection (Table 3). There was
also no association between plasma IGF-I concentration and the
detection of noro-, parecho-, or rhinovirus in the stool. Children
with intestinal enterovirus or rotavirus infection had a lower
mean plasma IGF-I concentration, but the difference was not
statistically signi cant (P = 0.051 for enterovirus and P = 0.52
for rotavirus) (Table 4). No linear relation was observed between
the plasma IGF-I concentration and MAZ or children s clinical
morbidity (fever, cough, or diarrhea) within the past 7 d (data
not shown).
The plasma IGF-I concentration in Malawian children was
positively associated with maternal education and sanitation.
Other environmental exposures (water source and household
assets) and remaining maternal characteristics (height and BMI)
were not directly associated with the plasma IGF-I concentration
in the children (Supplemental Table 1).
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component score variables into quintiles, and we tested the
dose response of child s plasma IGF-I concentration by quintiles
of the predictor using the extended Wilcoxon s rank-sum test
(32).
The monthly change in z scores of LAZ and WLZ was
calculated using linear models to obtain an estimate. The
estimates were standardized for the relative monthly changes in
z scores, and seasonal uctuation during the year was illustrated
by using locally weighted scatterplot smoothing.
We identi ed the predictors of plasma IGF-I concentration by
examining the relations between the dependent and independent
variables. For dichotomous predictor variables, we calculated
the mean plasma IGF-I concentration per group and tested
the difference between groups. For continuous predictors, we
assessed linear relations graphically with scatterplots and used
linear models to assess the strength of the associations.
In order to meet the assumption of normality in the models,
we assessed the normality of each variable and applied natural
logarithmic transformation in cases with extreme skewness. For
principal component scores, the variables were also centered and
scaled. Normalization procedures were not applied to child s
plasma IGF-I concentration because central limit theorem dictates that parametric analysis of means is valid and robust despite
the shape of the outcome variable s distribution, if the sample
size is large (33). The continuous variables were standardized
in the generalized structural equation model (GSEM) for easier
interpretation of the associations.
We analyzed the causal relations between direct and indirect
predictors and plasma IGF-I concentration with the structural
equation model (SEM) and GSEM. GSEM was selected as
the method of choice for the nal pathway model because
1) it allows for the usage of a variable as both endogenous
(outcome) and exogenous (predictor) in the same model and 2) as
opposed to SEM, GSEM allows for usage of generalized linear
models. This enabled the use of binary or count variables as
outcome variables in the modeling. Missing data were handled
by using the full-information maximum-likelihood method in the
SEM model and multiple imputation using chained equations
in the GSEM model. The set of variables included in the
pathway model was determined by a series of generalized linear
models.
We conducted sensitivity analysis using an RF machine
learning method, which utilized an ensemble of regression
models to predict the value of an outcome variable, child s
plasma IGF-I concentration. With RF, we tested the robustness
of identi ed predictors in the pathway model by determining the
importance of the explanatory variables with the change in mean
squared error. Missing values for predictors were imputed into
the data using proximity from the RF model. The number of trees
used in the model was 1000, and number of variables available
for splitting nodes was set to 5.
All statistical analyses were done using either Stata version
15.1 (StataCorp) or R version 3.4.4 software (R Foundation for
Statistical Computing).
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TABLE 1 Baseline characteristics of the included and excluded Malawian and Finnish children1
Malawi
Characteristic

716
0.5 –
47.2
1.26 –
0.57 –
0.36 –
9.0
90.2
0.05 –
25 –
156.3 –
21.6 –
3.9 –

0.08
1.14
1.18
1.15
0.97
6
5.7
2.8
3.5

Excluded

P value

80
52.0

6.7
93.4
0.43 –
24 –
155.7 –
22.9 –
4.0 –

0.37

1.16
7
5.4
3.1
3.5

0.67
0.53
<0.001
0.61
0.68
0.04
0.76

Finland
80
0.5 – 0.03
54.2
0.77 – 1.0
0.72 – 1.04
0.49 – 1.15

1 Values

are means – SDs or percentages unless otherwise indicated. Student s t test for continuous variables and
Fisher s exact test for proportions. LAZ, length-for-age z score; WAZ, weight-for-age z score; WLZ, weight-for-length
z score.
2 Unprotected well, lake, or pond.
3 Regular pit latrine or no latrine.

Figure 3 shows the variation in mean plasma IGF-I concentration and the standardized change in LAZ and WLZ by calendar
month among 18-mo-old Malawian children. All seasonal curves
followed a similar pattern, but with slightly different schedules.
The mean average monthly change in WLZ peaked in May and
June, whereas both the plasma IGF-I concentration and the mean

average monthly change in LAZ peaked 1 2 mo later, in June
August (Figure 3).
Figure 4 shows results from the GSEM analysis, as a
visualization of the direct and indirect predictors of plasma
IGF-I concentration among 18-mo-old Malawian children.
IGF-I concentration was inversely associated with systemic

FIGURE 1 The distribution of plasma IGF-I concentration among Finnish and Malawian infants and children aged 6 36 mo (FI: n = 78, 79, 62, and 63
at 6, 18, 24, and 36 mo, respectively; MW: n = 520, 606, and 580 at 6, 18, and 30 mo, respectively). At age 18 mo, the age- and sex-adjusted difference in the
mean plasma IGF-I concentration between Finnish and Malawian children was 11.8 ng/mL (95% CI: 9.9, 13.7 ng/mL; P < 0.01). Student s t test was used to
detect differences between groups. FI, Finnish; IGF-I, insulin-like growth factor I; MW, Malawian.
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Participants, n
Age, y
Proportion of boys, %
LAZ
WAZ
WLZ
Unsafe water source,2 %
Unsafe sanitary facilities,3 %
Household asset z score
Maternal age at enrollment, y
Maternal height, cm
Maternal BMI, kg/m2
Mother s education, y

Included

