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Abstract

Inadequate diet and frequent symptomatic infections are considered major causes of
growth stunting in low-income countries, but interventions targeting these risk
factors have achieved limited success. Asymptomatic infections can restrict growth,
but little is known about their role in global stunting prevalence. We investigated
factors related to length-for-age Z-score (LAZ) at 24 months by constructing an
interconnected network of various infections, biomarkers of inflammation (as
assessed by alpha-1-acid glycoprotein [AGP]), and growth (insulin-like growth factor
1 [IGF-1] and collagen X biomarker [CXM]) at 18 months, as well as other children,
maternal, and household level factors. Among 604 children, there was a continuous
decline in mean LAZ and increased mean length deficit from birth to 24 months.
At 18 months of age, the percentage of asymptomatic children who carried each
pathogen was: 84.5% enterovirus, 15.5% parechovirus, 7.7% norovirus, 4.6%
rhinovirus, 0.6% rotavirus, 69.6% Campylobacter, 53.8% Giardia lamblia, 11.9%

Juho Luoma and Laura Adubra contributed equally as co-first authors

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Maternal & Child Nutrition published by John Wiley & Sons Ltd.

Matern Child Nutr. 2022;e13417.
https://doi.org/10.1111/mcn.13417

wileyonlinelibrary.com/journal/mcn

1 of 10


http://orcid.org/0000-0003-0008-8295
http://orcid.org/0000-0003-0973-9533
http://orcid.org/0000-0002-1720-868X
http://orcid.org/0000-0002-3241-6225
mailto:Juho.Luoma@tuni.fi
https://wileyonlinelibrary.com/journal/mcn
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fmcn.13417&domain=pdf&date_stamp=2022-09-16

20010 |y LEY~I

18 months.

KEYWORDS

1 | INTRODUCTION

Stunting, that is, faltering of linear growth, is common among children
in low-income countries. According to a recent estimate, 144 million
or almost one-fourth of all children <5 years of age in the world were
stunted (United Nations Children's Fund, World Health Organization,
& The World Bank, 2020). This condition is associated with an
increased risk of mortality, morbidity, suboptimal development, adult-
life diseases, and loss of economic productivity (de Onis & Branca,
2016; Hoddinott et al., 2013). Given these adversities, the prevention
of stunting has been set as a major global health priority (World
Health Organization, 2012). With few exceptions, however, progress
has been slower than desired (Development Initiatives, 2020).

One of the reasons for the slow progress may be the lack of
information on the biological mechanisms that lead to childhood
growth restriction in low-income settings. Growth faltering often
begins in utero and continues for the first 2 years of life. During
these “first 1000 days,” inadequate feeding practices and factors
related to infections are considered major risk factors (Stewart
et al., 2013). Feeding problems could limit tissue accretion through
reduced nutrient availability and infections could aggravate
nutrient deficiency by inducing anorexia and reducing intestinal
nutrient absorption (Dewey & Mayers, 2011). However, problems
in nutrient intake and absorption may not adequately account for
growth faltering in low-income settings, as evidenced by the
limited impact of dietary (Dewey & Adu-Afarwuah, 2008) or water,
sanitation, and hygiene interventions targeting intestinal infections
(Pickering, 2019).

In addition to nutrient availability, linear growth is determined by
biological pathways that regulate bone elongation and other tissue
accretion. Hormones, such as insulin, thyroxin, growth hormone,
insulin-like growth factor 1 (IGF-1), and sex steroids play a major role,
with their relative importance changing over the course of childhood
(Rosenbloom, 2007). After the first year of life and until puberty,
IGF-1 is believed to be the major hormonal regulator of human
growth (Rosenbloom, 2007). Hence at this age, exposures that

reduce children's plasma or tissue concentration of IGF-1 are likely to
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malaria parasites, 10.2% Shigella, and 2.7% Cryptosporidium. The mean plasma IGF-1
concentration was 12.5 ng/ml and 68% of the children had systemic inflammation
(plasma AGP concentration >1 g/L). Shigella infection was associated with lower LAZ
at 24 months through both direct and indirect pathways, whereas enterovirus,
norovirus, Campylobacter, Cryptosporidium, and malaria infections were associated
with lower LAZ at 24 months indirectly, predominantly through increased

systemic inflammation and reduced plasma IGF-1 and CXM concentration at

asymptomatic infection, childhood growth faltering, insulin-like growth factor 1, structural
equation modelling, stunting, systemic inflammation

Key messages

e Asymptomatic infections are common in apparently
healthy children in rural Malawi.

o Asymptomatic infections are associated with reduced
linear growth, mainly through systemic inflammation and
reduced plasma concentration of insulin-like growth
factor 1 hormone.

e For achieving healthy growth at the population level,
adequate nutrition programs may need to be comple-
mented with comprehensive infection prevention and

management.

reduce their length gain (Hawkes & Grimberg, 2015; Wong et al.,
2016). One such exposure is systemic inflammation, which can block
IGF-1 synthesis in the liver (Walters & Griffiths, 2009). Inflammation
is often caused by infections, and both symptomatic and asympto-
matic infections have been associated with reduced plasma concen-
trations of IGF-1 among infants and young children in low-income
settings (DeBoer et al., 2017; Maleta et al., 2020; Prendergast et al.,
2014; Syed et al., 2018).

In an earlier publication, it has been reported that mean plasma
IGF-1 concentration was markedly lower and mean inflammatory
biomarker concentration higher among 18- and 30-month-old
children in Malawi than among same-age children in a high-income
country (Maleta et al., 2020). Infection-induced inflammation and
reduction in plasma or tissue IGF-1 concentration could thus be an
important mechanism leading to growth faltering in low-income
settings, especially between 6 and 24 months of age, when both
symptomatic and asymptomatic infections are common (Espo et al.,
2002; Maleta et al., 2020; Platts-Mills et al., 2015; Rogawski et al.,
2018). In the current study, we aimed to characterise the frequency
of asymptomatic bacterial, viral, and parasitic infections and their
association with linear growth, among 18-24-month-old apparently

healthy children in rural Malawi.
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2 | METHODS

2.1 | Study design and concept map

This was a secondary analysis of data and biological samples that
were prospectively collected as part of a dietary intervention trial in
Malawi (iLINS-DYAD-M) in which children in the intervention group
received small-quantity lipid-based nutrient supplements starting at
6 months of age. The intervention stopped at 18 months and the
children were followed up at 24 and 30 months of age. The details of
the iLINS-DYAD-M trial can be found elsewhere (ClinicalTrials.gov
Identifier NCT01239693) (Ashorn, Alho, Ashorn, Cheung, Dewey,
Gondwe, et al., 2015; Ashorn, Alho, Ashorn, Cheung, Dewey,
Harjunmaa, et al., 2015).

In the current study, we analysed the association between
biomarkers of infection, inflammation, and growth detected at 18
months of age and length-for-age Z-score (LAZ) at 24 months of age.
We chose this age interval as it is a period when infections are
common (Fan et al, 2019; MAL-ED Network Investigators, 2017;
Platts-Mills et al., 2015) and growth faltering still continues (Espo
et al., 2002; Maleta et al., 2020; Victora et al., 2010) among children
in low-income countries.

Our conceptual model (Supporting Information: Figure 1) was
based on widely adopted frameworks that include contextual factors,
intermediate variables, and proximal determinants of the child's
nutritional status (Black et al., 2008; Buyuk et al., 2021; Stewart et al.,
2013). We included household assets and parental education as
factors reflecting the environmental and socioeconomic context.
We hypothesised that suboptimal living conditions would increase
exposure to infections and related factors. We further assumed that
intestinal infections would predict lower LAZ in the subsequent
6 months through increased intestinal inflammation (as assessed by
fecal calprotectin and alpha-1 antitrypsin [A1AT]), whereas malaria
and invasive bacterial infections would induce a systemic inflamma-
tory response (assessed by plasma alpha-1-acid glycoprotein [AGP]),
which, in turn, would negatively affect plasma IGF-1 and collagen X
biomarker (CXM) levels. Systemic inflammation was indicated when
the AGP concentration was >1g/L (Thurnham et al., 2010). The
model also included three earlier identified predictors of attained LAZ
in childhood, that is, the child's LAZ and weight-for-length Z-score
(WLZ) at the beginning of the growth follow-up period (18 months),
and maternal height.

To characterise growth, both LAZ and the difference in length in
centimetres from the reference median (called length deficit in this
study) were calculated. LAZ was calculated using the WHO 2006
Child Growth Standards (World Health Organization, 2006). Using
the same references, length deficit was calculated as the difference
between the measured length and the median age- and sex-specific
length obtained from the reference data. The use of absolute height
differences has been suggested as an alternative indicator of linear
growth retardation, as it may be more appropriate in reflecting the
potential accumulation of growth deficit over time (Leroy et al., 2015;
Lundeen et al.,, 2014).
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2.2 | Sample and data collection

2.2.1 | Biological sample collection

Biological sample collection was conducted at 18 months of age. All
samples were collected from children who were apparently healthy at
the time of biospecimen collection. Nurses in the clinic collected
nonfasting blood samples from the children's antecubital vein and a
laboratory technician separated plasma into storage vials. Mothers
collected stool samples from their children at home. If a child had
diarrhoea, no stool sample was collected, and the visit was postponed
by 2 weeks. The research assistants picked up collected stool samples
on the same day and placed them in cooler bags. The laboratory
technician aliquoted them to cryovial tubes for storage and frozen at
-20°C. Within 48 h, samples were transported to a central laboratory
where they were frozen at -80°C and stored. Plasma and stool
samples were later shipped on dry ice for analysis to Tampere
University, Finland and the University of California, Davis, US.

2.2.2 | Laboratory analyses

Stool samples were assayed at Tampere University using commer-
cially available ELISA kits for calprotectin (HycultBiotech) and A1AT
(PromoCell GmbH), which are markers of intestinal inflammation and
permeability, respectively (Kosek et al., 2013). Campylobacter (de
Boer et al., 2015), Shigella (Vu et al., 2004), Cryptosporidium spp.,
Giardia (Nurminen et al., 2015), enterovirus, rhinovirus, parechovirus,
norovirus, and rotavirus (Krogvold et al., 2015) infections were
detected using an in-house real-time polymerase chain reaction
assay. These pathogens are widely spread and reflect hygienic
conditions where the children are living (Fan et al., 2019). Malaria was
diagnosed on-site from finger-prick blood samples using the rapid
diagnostic test Clearview Malaria Combo (British Biocell Interna-
tional Ltd.).

Carrier-protein-free IGF-1 concentration was analysed at
Tampere University from stored plasma samples using commercial
MILLIPLEX®MAP HIGF-I, Il Magnetic Bead Panel Kit (Cat. #
HIGFMAG-52K; EMD Millipore Corporation), according to the
manufacturer's instructions.

Plasma CXM concentrations were analysed with in-house ELISA
kits at Shriners Hospital for Children from plasma samples. AGP was
analysed on a Roche Cobas 6000 analyzer (Roche Diagnostics) at the

University of California, Davis.

2.2.3 | Environmental variables

A household wealth proxy was created by principal component
analysis using sociodemographic information that was collected
through personal interviews with mothers. Information used for the
principal component were building materials of the house, water

source of the household, sanitation, electricity, and cooking fuel.
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Unimproved sanitation was classified as having a regular pit latrine or
no latrine in the household. The unimproved water source was
classified as having a water source from a lake, pond, or unprotected
well. The education of the mother was expressed as completed years
at school. Maternal height was measured at enrolment. We did not
include exclusivity of breastfeeding during the first 6 months as a
covariate because there were a lot of missing datapoints for this
variable, which would have significantly reduced the effective sample
size. The rate of breastfeeding is high in Malawi, and as in our study
100% of the mothers reported still breastfeeding at 6 months and
92% at 18 months; we decided not to include breastfeeding in
general due to the lack of variability.

2.3 | Statistical analyses

To investigate the relationship between a child's LAZ at 24 months
of age and immediate continuous predictor variables, we ranked
our study participants based on their predictor variable value and
grouped them in five quintiles by this rank. This was done separately
for each predictor variable. We then calculated the mean LAZ at 24
months of age in the respective quintiles and tested a hypothesis
about an increasing or decreasing trend with an extended Wilcoxon
rank sum test (Cuzick, 1985).

We investigated the distribution shapes of the variables before
linear modelling. To satisfy the assumption of normality for linear
modelling, skewed continuous variables were transformed using
natural logarithm transformation.

To investigate the association between a child's LAZ at 24
months of age and underlying dichotomous predictor variables -
various viral, bacterial, and parasitic infections, we compared means
and standard deviations between groups and tested the hypothesis
of difference in means between groups by using Student's t-test.

After the initial bivariate relation investigation, we fitted single
variable ordinary least-squares regression models to estimate an
effect size between every single predictor and the response variable
for each of the intermediate outcome variables and for the main
outcome variable, LAZ at 24 months of age. We examined the
proportion and patterns of missing data and used multiple imputa-
tions with chained equations for missing data.

We selected variables for the structural equation modelling (SEM),
by constructing a full model based on the concept map and then
removing variables by the backward selection, using the Akaike
information criterion to compare the models (Akaike, 1973). Variables
were standardised before model fitting. To assess model fit, we
estimated the comparative fit index (CFl), the Tucker-Lewis index
(TLI) and the root mean square error of approximation (RMSEA). Values
above 0.90 for CFl and TLI indicate a good fit, and a value below 0.05 for
RMSEA was considered a good fit. Finally, we constructed a model
visualisation using results from the SEM: coefficients that were
considered statistically significant (p < 0.05) were included in the graph.

All statistical analyses were done with Stata version 15.1
(StataCorp).
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3 | RESULTS

Of the 790 live-born Malawian infants, a total of 604 (77%) children
were included in the current study; reasons for exclusion were death
(49), dropout (55), and missed visits at 24 months (82) (Supporting
Information: Figure 2). A total of 48.2% of the study participants
were boys and 91.5% lived in households with unimproved sanitation
facilities. Mean maternal height was 156.1cm, and 12.5% of the
mothers were HIV positive. The excluded children had similar
baseline characteristics compared to the children included in the
analysis, except for a greater proportion of primiparous mothers
(36.0% vs. 17.8%, p <0.001) and higher mean educational achieve-
ment among mothers (4.8 years vs. 3.6 completed years in school,
p < 0.001) (Supporting Information: Table 1). For most variables, less
than 5% of values were missing, for CXM, this proportion was 15.1%
(Supporting Information: Table 2).

The participants' mean LAZ was -1.1 at 2 weeks of age, -1.7 at
18 months, and -1.8 at 24 months. The absolute difference between
the mean length in the study sample and the 50th centile in the
reference population (called length deficit in this publication) was

2.0cm at two weeks and 6.0 cm at 2 years of age (Figure 1).

3.1 | Predictor variables and their bivariate
associations with LAZ at 24 months

At 18 months of age, the children's mean plasma concentration
was 12.5 ng/ml for IGF-1, 28.3 ng/ml for CXM, and 1.4 g/L for AGP.
Sixty-eight percent of the children had elevated plasma AGP (>1 g/L).
Children's plasma concentrations of IGF-1 and CXM were positively

and plasma AGP concentrations were inversely associated with their
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FIGURE 1 Mean LAZ and length deficit (cm) relative to the WHO
standard (1-23 months) by completed month (n = 604). The solid line
indicates participants' mean LAZ. The dashed line indicates the
absolute difference between the mean length in the study sample
and the 50th centile in the reference population (called length deficit
here). LAZ, length-for-age Z-score; WHO, World Health
Organisation.



LUOMA kT AL I

LAZ at 24 months (p < 0.001). There was no association between the
children's intestinal inflammation markers at 18 months of age and
their LAZ at 24 months of age (Table 1).

At 18 months of age, 84.5% of the children had a positive stool
test result for enterovirus, 15.5% for parechovirus, 7.7% for
norovirus, 4.6% for rhinovirus, and 0.6% for rotavirus. There was
no association between the detection of any of these viruses in
children's stool at 18 months and their LAZ at 24 months of age
(Table 2).

At 18 months of age, 10.2% of the children had a positive stool
test result for Shigella, 69.6% for Campylobacter, 2.7% for Cryptospo-
ridium, and 53.8% for Giardia lamblia. The prevalence of malaria

TABLE 1
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parasitemia was 11.9%. Children who had Shigella species detected
in their stools at 18 months of age had on average (95% Cl) 0.39
(0.11 to 0.67, p = 0.006) lower LAZ at 24 months of age than children
whose stools gave a negative test result for Shigella. There was no
association between the detection of any of other above bacteria and
parasites in children's stools or malaria parasitemia in their blood and
their LAZ at 24 months of age (Table 2).

Children's LAZ at 24 months of age was strongly associated
with their LAZ and WLZ at 18 months, maternal height, and family
wealth (p <0.001). In contrast, there was no association between
maternal education and child LAZ at 24 months of age (Supporting
Information: Table 3).

The association between selected biomarkers detected at 18 months and children's LAZ at 24 months

Mean LAZ at 24 months, by the participants' rank in the indicated predictor variable value distribution at 18 months

Predictor variable Mean * SD concentration

Lowest quintile® Second quintile Third quintile Fourth quintile Highest quintile p-Value*

Plasma IGF-1 12.5+7.6 ng/ml -2.13 -1.96 -1.70 -1.70 -1.38 <0.001
Plasma CXM 28.3+9.1 ng/ml -2.17 -1.83 -1.59 -1.66 -1.59 <0.001
Plasma AGP 1.4+0.6g/L -1.59 -1.61 -1.63 -1.89 -2.12 <0.001
Fecal calprotectin 227 +326 ug/g -1.74 -1.63 -1.71 -1.84 -1.92 0.09
Fecal A1AT 7.4+16.2mg/dl -1.74 -1.89 -1.87 -1.68 -1.64 0.22

Abbreviations: A1AT, alpha-1 antitrypsin; AGP, alpha-1-acid glycoprotein; CXM, collagen X biomarker; IGF-1, insulin-like growth factor; LAZ, length-for-

age Z-score.

2Children within the lowest quintile of the inflammation marker (lowest 20% of values).

*p-value obtained using Cuzick's Wilcoxon-type test for trend.

TABLE 2 The association between viral, bacterial, and parasitic infections detected at 18 months and children's LAZ at 24 months

The proportion of

Microbe positive samples

Mean = SD LAZ at 24 months

Enterovirus 84.5% -1.82+1.26 (91)

Parechovirus 15.5% -1.74 £ 1.07 (495)

Norovirus 7.7% -1.78 +1.05 (541)

Rhinovirus 4.6% -1.75+1.04 (559)
Rotavirus 0.6% -1.77 £1.05 (582)
Bacterial species

Shigella 10.2% -1.73+1.03 (527)

Campylobacter 69.6% -1.65+1.09 (179)
Parasitic species

Cryptosporidium 2.7% -1.77 £ 1.05 (570)

Giardia lamblia 53.8% -1.78+1.18 (271)

Blood malaria parasitemia  11.9% -1.75+1.04 (511)

Abbreviations: Cl, confidence interval; LAZ, length-for-age Z-score.

*p-value obtained using Student's t-test unless otherwise specified.
**p-value obtained using Wilcoxon sum of ranks test.

Children with negative test
results (humber of samples)

Children with positive test

results (number of samples) Difference (95% Cl)  p-Value*

-1.76 +1.01 (495) -0.07 (-0.30 to 0.17) 0.59
-1.92+0.94 (91) 0.18 (-0.06 to 0.42) 0.13

-1.62+1.04 (45) -0.15 (-0.47 to 0.17) 0.35

-2.05+1.26 (27) 0.29 (-0.12 to 0.70) 0.24**
-1.89+1.63 (4) 0.12 (-2.47 to 2.70) 0.86**
-2.11+1.11 (60) 0.39 (0.11-0.67) 0.006

-1.82+1.02 (410) 0.17 (-0.01 to 0.36) 0.07

-1.80+1.11 (16) 0.03 (-0.50 to 0.55) 0.85**

-1.76 £0.93 (315) -0.02 (-0.20 to 0.15) 0.81

-1.88+0.92 (69) 0.13 (-0.10 to 0.37) 0.27
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Malaria Shigella infection at
18 mo
Mother’s height 0.87
0.37
0.29
0.20 Campylobacter infection
Entero 0.13 AGP at 18 mo At 18 mo
-0.2
0.19
0.10
-0.19
. 0.58 Rhinovirus infection
Calprotectin
IGF-1 at at 18 mo
18 mo
0.33
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0.2
CXM at
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FIGURE 2 Pathway model for the direct and indirect associations with LAZ at 24 months of age (n = 604). The model was done with
structural equation modelling. The numbers next to the lines stand for the model coefficients. The model used standardised variables, and the
negative associations are indicated with a minus sign before the number. AGP, alpha-1-acid glycoprotein; CFl, comparative fit index; IGF-1,
insulin-like growth factor 1; LAZ, length-for-age Z-score; RMSEA, root mean square error of approximation; TLI, Tucker-Lewis index; WLZ,

weight-for-length Z-score.

3.2 |
months

Pathway model for determinants of LAZ at 24

In a pathway model, LAZ at 24 months of age was directly predicted
by the children's LAZ and WLZ at 18 months, child plasma IGF-1 and
CXM concentration at 18 months, and presence of intestinal Shigella
infection at 18 months (Figure 2, full details of SEM in Supporting
Information: Table 4). Plasma IGF-1 and CXM concentrations were
positively associated with maternal height, female sex, and WLZ at
18 months, and inversely associated with the children's concomitant
plasma concentration of AGP and enterovirus. Malaria, Shigella,
Campylobacter, and fecal calprotectin concentration at 18 months of
age were inversely associated with the children's LAZ at 24 months,
through their association with plasma AGP concentration (Figure 2).
Unlike in our conceptual model, the final, reported model did not
include any environmental or socioeconomic variables. In sensitivity
analysis, asset index and parental education added as covariates in
the model had no effect on model fit, effects, or statistical

significances (data not shown).

4 | DISCUSSION

The current study investigated associations between asymptomatic
infections and linear growth in rural Malawi. In a sample of 604
children, early childhood growth was characterised by a steady decline
in LAZ from birth to 24 months. At 18 months of age, there was a high

prevalence of asymptomatic viral, bacterial, and parasitic infections.
Shigella infection was associated with lower LAZ at 24 months through
both direct and indirect pathways, whereas enterovirus, norovirus,
Campylobacter, Cryptosporidium, and malaria infections were associated
with lower LAZ at 24 months indirectly, predominantly through
increased systemic inflammation and reduced plasma IGF-1 and CXM
concentration at 18 months. The child's earlier LAZ and WLZ, as well as
plasma concentration of CXM were other independent predictors of
LAZ at 24 months.

Internal validity could have been compromised by missing data,
or the employed analytical method. External validity could have been
affected by the choice of variables in the path analyses. However,
children excluded from the analysis and those with missing data had
on average similar baseline characteristics compared to participants
who provided data, data missingness was rare and random, and we
used multiple imputations to model the missing values (Buuren &
Groothuis-Oudshoorn, 2011). The choice of variables was based on
previous studies (Dewey et al., 2005; Maleta et al., 2020; Ozaltin
et al., 2010), and the use of the SEM technique allowed simultaneous
testing of several relationships (DilLalla, 2008). The cross-sectional
nature of our study is a limitation that does not allow for conclusions
on causality. However, the prospective design helps to mitigate the
risk of reverse causality by allowing associations in the path model to
be drawn from variables measured at earlier time points (e.g.,
infections at 18 months) to variables measured at later time points
(LAZ at 24 months). Finally, although we collected samples in
apparently healthy children, part of whom received a dietary
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intervention, intestinal bacterial, viral, and parasitic infections were
prevalent in our study, similar to results from another study we
conducted in the same region (Fan et al., 2019). These pathogens
are commonly spread and reflect the poor hygienic conditions in
which the children live. Therefore, we believe that our results can be
generalised to children living in similar resource-constrained settings.

The association between symptomatic infections and growth
faltering in low-income settings is well documented (Brander et al.,
2019; Checkley et al., 2008; Jackson & Black, 2017; Weisz et al.,
2011). Less is known about asymptomatic infections, but available
evidence suggests that they are common in populations with a high
prevalence of stunting. Studies conducted in the Democratic
Republic of Congo (Lufungulo Bahati et al., 2020) and Burkina Faso
(Natama et al., 2018) reported an 18%-31% prevalence of asympto-
matic malaria infection among 3-23-month-old children. In a
Ghanaian study (Crookston et al., 2010), approximately one-third of
apparently healthy under 5-year-old children tested positive for
malaria. Almost the same proportion of 12- and 18-month-old
Malawian children with no disease symptoms had rhinovirus,
parechovirus, norovirus, or Giardia lamblia in their stools and the
prevalence of enterovirus was as high as 81% (Fan et al., 2019).
Bacterial enteropathogens, such as E. coli (51% prevalence), Giardia
lamblia (30%), Campylobacter (28%), and Shigella (11%), were
frequently detected in the absence of diarrhoea among 2-24-
month-old children at several MALED-study sites in South Asia, Latin
America and Sub-Saharan Africa (Platts-Mills et al., 2015). Similar to
the results from the current study and an earlier finding for Malawian
children with asymptomatic Giardia lamblia infection (Lehto et al.,
2019), subclinical infections with these four pathogens were
associated with substantial decrements in LAZ at 2 years (Rogawski
et al., 2018). These results corroborate our findings and suggest that
asymptomatic infections contribute markedly to childhood growth
faltering in many low-income settings.

Previous studies (Kosek et al, 2013) have suggested an
association between fecal markers of gut function and LAZ at
24 months. We, however, did not observe such an association in our
sample. The possible reasons for the differences between our study
and other previous studies are children's health status (healthy/
diarrhoea), different fecal markers used, background inflammation,
and dietary factors.

Systemic inflammation, leading to reduced plasma and tissue
concentration of IGF-1 and possibly other growth-promoting
hormones, constitutes a possible mechanism linking infections to
growth faltering. An earlier report (Maleta et al., 2020) documented
an inverse association between infections, systemic inflammation,
and plasma IGF-1 concentration, and that seasonal changes in
children's plasma IGF-1 concentration coincided with changes in their
length gain velocity. Similarly, systemic inflammation was more
common among stunted than nonstunted 6-18-months-old Zimbab-
wean children (Prendergast et al., 2014). Inflammation was inversely
associated with children's plasma IGF-1 concentration also among
6-18-months-old Tanzania (Syed et al, 2018) and Zimbabwean
(Prendergast et al, 2014) children. The findings are consistent
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with animal data suggesting that systemic inflammation blocks
growth-hormone stimulated IGF-1 expression in the liver, leading
to decreased hepatic IGF-1 synthesis and ultimately restriction of
growth (Ballinger et al., 2000; Wong et al., 2016).

The other variables identified as independent direct predictors of
the child's LAZ at 24 months of age in our model were consistent
with previous literature. Linear growth is known to be partly
regulated by body mass or fatness (Dewey et al., 2005), and
weight-for-length stimulates growth hormone and IGF-I production
in children (Benyi & Savendahl, 2017). In our statistical model, we
used LAZ at 18 months of age to standardise time points when the
predictor values were collected but using birth LAZ gave essentially
similar results (data not shown).

Probably the least studied direct predictor of attained LAZ in
our model was the plasma concentration of CXM. This protein is
considered a marker of chondrocyte growth and differentiation and
its plasma concentration has been associated with bone growth
velocity in children (Coghlan et al., 2017, 2021). Our results suggest
that plasma CXM concentration has a direct positive association with
linear growth, and it also serves as an intermediary outcome variable
for inflammation and IGF-1 concentration. However, further research
is needed to clarify the role of CXM in the growth faltering pathway.

Our study focused on linear growth between 18 and 24 months
of age. Whilst this is an age interval when growth faltering continues
in many low-income settings (Victora et al., 2010), the results cannot
necessarily be extrapolated to earlier ages, during which a significant
proportion of childhood growth faltering takes place. In the fetal
period and early infancy, length gain is more associated with maternal
nutrition whereas it becomes dependent on the child's own
growth hormone production only in later infancy or early childhood
(Karlberg, 1989; Rosenbloom, 2007). If their negative impact on
length gain is mediated entirely by downregulation of growth-
hormone-induced IGF-1 expression, infections would not be
expected to reduce growth velocity before the shift to the growth-
hormone-dependent childhood growth phase. However, infections
have also been associated with fetal growth restriction (Ashorn et al.,
2018) and growth faltering between 6 and 18 months of age
(Prendergast et al., 2014; Syed et al., 2018). While the relative
contribution of infections to linear growth faltering may vary by
the child's age, it thus seems likely that they have some impact also
before 18 months.

In summary, asymptomatic infections were common in apparently
healthy children in rural Malawi, and infection-induced systemic
inflammation was associated with reduced plasma IGF-1 concentration,
leading to impaired linear growth. In this and other low-income areas
where sanitary conditions are suboptimal and malaria may be endemic,
adequate nutrition programs may need to be complemented with
comprehensive infection prevention and management, to achieve

healthy growth among the entire child population.
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