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Exposure to heavy metals can affect cell differentiation, neurocognitive development, and growth
during early life, even in low doses. Little is known about heavy metal exposure and its relationship
with nutrition outcomes in non-mining rural environments. We carried out a community-based cross-
sectional study to describe the distribution of four heavy metal concentrations [arsenic (As), cadmium
(Cd), lead (Pb), and mercury (Hg)] in the serum of a representative population of children aged 12 to
59 months old from the rural region of Popokabaka, Democratic Republic of Congo. The four metals
were measured in 412 samples using inductively coupled plasma-mass spectrometry (ICP-MS).
Limits of detection (LoD) and quantification (LoQ) were set. Percentiles were reported. Statistical and
geospatial bivariate analyses were performed to identify relationships with other nutrition outcomes.
Arsenic was quantified in 59.7%, while Cd, Hg, and Pb were quantified in less than 10%, all without
toxicities. The arsenic level was negatively associated with the zinc level, while the Hg level was
positively associated with the selenium level. This common detection of As in children of Popokabaka
requires attention, and urgent drinking water exploration and intervention for the profit of the
Popokabaka community should be considered.

Regardless of multiple controversial definitions', heavy metals (HMs) are commonly characterized as chemical
elements with relatively high atomic numbers and densities (more than 20 and more than 5 g/cm?, respectively)
that are naturally found on Earth and that vary geographically from one region to another® In a place with a
high concentration of HMs, they easily enter the food systems and contaminate all food products (including
water) from the Earth in a cycling chain that could cause harmful effects on consumers®*. These metals are of
public health interest because of their direct harmful effects on human health®® and indirect interactions with
other essential minerals’. They may cause poisoning and serious irreversible health effects even at low doses®™'".
During pregnancy, exposure to heavy metals can be neurotoxic and may impair child development'?. During
infancy, additional routes of exposure, including breastfeeding and high-risk behaviors, such as hand-to-mouth
activities, make children vulnerable to HM poisoning'*'.

Among the various HMs, arsenic (As), cadmium (Cd), lead (Pb), and mercury (Hg) are the most common
and are considered harmful®-!!. Arsenic is widely distributed in natural waters, and groundwater is one of the
primary routes of exposure to inorganic As'®. Long-term exposure to inorganic As during infancy increases the
risk of lower respiratory tract infection, gastrointestinal illnesses, and cancer!>® Lead, which has no physi-
ological role in humans, is frequently found in household dust. More than 95% of the total Pb exposure ends
up in the bones and teeth. Children are particularly vulnerable to lead because of its effects on growth and the
developing nervous system'”. Cadmium is mainly absorbed from the lungs, and tobacco smoke is one of the
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Characteristics ‘ N (412) ‘ %
Sociodemographic

Age as Median (Interquartile range) 32 (20.5)
Sex-male 212 51.5
Drinking groundwater 238 55.1
Drinking water from rivers 174 44.9
Anthropometric

Stunting 228 55.3
Wasting 44 10.7
Underweight 140 34.0
Clinical

Fever in the two last weeks 239 58.0
Diarrhoea in the two last weeks 71 17.2
Cough in the two last weeks 133 32.3
Biochemical

Anaemia 280 68.0
Inflammation state (elevated CRP) 202 49.0
Iron deficiency 53 12.9
Iron deficiency anaemia 31 7.5
Zinc deficiency 266 64.6
Selenium deficiency 358 86.9
Cooper deficiency 6 1.5

Table 1. General characteristics of the study participants in Popokabaka.

largest single sources of Cd exposure in humans'®. It can accumulate in fatty tissues and human milk and be
transferred through breast milk to children. Cadmium toxicity negatively affects reproduction, neurodevelop-
ment, and hepatic, hematological, and immunological systems!*!8. Mercury is used in agriculture in fungicides
or seed preservatives and pharmaceutical catalysts in organic syntheses. Higher levels of Hg are often found in
seafood, and exposure to this element is also suspected to impair neurodevelopment in children'? and cause
dental, skin, pulmonary, and nephrotic damage'.

Although the global and nationwide prevalence and burden of HMs are not available, many regional
studies?®?¢ have estimated the risk of heavy metal exposure in humans. In the Democratic Republic of Congo
(DRC), little is known about the risk of heavy metal exposure in children and its spatial distribution. In the non-
mining urban region of Kinshasa, Tuakila et al.”’ reported As toxicity (95%), Pb toxicity (35%), and Hg toxicity
(10%) in a sample of 100 children in 2014. In the same region, Ngweme et al.?%, in 2021, recently alerted on the
toxic detection in leafy marketable vegetables. From the urban mining region of Lubumbashi, Musimwa et al.?
reported antinomy (Sb), Pb, and cobalt (Co) toxicities in children admitted to a nutrition rehabilitation center.
While industrial and anthropogenic pollution can be seen as the most important sources of environmental
pollution in many urban cities, the heavy metal spectrum from regular non-mining rural communities has not
yet been established, including in the DRC. The limitation of these studies is that the spatial distribution and
analysis of HMs are not addressed. The spatial aspect is particularly important because it contextualizes HMs
to local environmental conditions (water sources, elevation, land cover, and land use), which may affect their
distribution. Therefore, combining heavy metal assessment at both the individual and geospatial levels may
facilitate understanding the potential geogenic or anthropogenic sources across the region and prepare for
ecological health risk intervention patterns. We assessed serum As, Pb, Hg, and Cd levels in a community-based
representative sample of children under the age of five from Popokabaka, DRC, and searched for relationships
with nutrition, health and geospatial characteristics.

Results

Characteristics of the study participants. The study population characteristics have been published
previously*®*!. In short, the median age of the children was 32 months (Table 1). Approximately half (51.5%) of
the children were boys, and 55.1% lived within households using groundwater sources for drinking water. Nearly
55% of children were stunted, and more than half (58%) experienced fever within the two preceding weeks of
our visit. Approximately one-third (32.2%) reported coughing in the same period. Table 1 also summarizes the
burden of essential mineral deficiencies among children in Popokabaka: selenium (Se) deficiency and zinc (Zn)
deficiency were highly prevalent in the Popokabaka child population, at 86.9% and 64.6%, respectively.

Table 2 describes the food frequency consumption of children over a recall period of seven days. The results
from this table reveal that the regular diet is composed of starchy foods and green leaves. Fish and seafood,
known to carry large amounts of minerals from rivers and oceans, were poorly consumed among the children of
Popokabaka. Animal source foods such as meat, chicken, eggs, milk, and dairy products were rarely consumed.
Sugar and palm oil are frequently used as food additives in this population.
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Table 2. Food consumption characteristics are expressed as the number of days on a week scale the child
consumed at least one item of the food groups.

Detected
Undetected No quantified Quantified
<LOD LOD-LOQ >LOQ Toxic
As 18 (4.4) 148 (35.9) 246 (59.7) 0(0.0)
Hg 140 (34.0) 238 (57.8) 34(8.2) 0(0.0)
Cd 332 (80.6) 76 (18.5) 4(0.9) 0(0.0)
Pb 358 (86.9) 38(9.2) 16 (3.9) 0(0.0)

Table 3. Prevalence of detection and quantification of heavy metals in Popokabaka Children, n (%) =412
Children LOD = Limit of detection, LOQ = Limit of Quantification

Percentiles values Distribution (ug/L)

P5 P25 Me P75 P95 P99
As <LOD LOD-LOQ 1.88 5.67 6.12 7.70
Pb <LOD <LOD <LOD LOD-LOQ 12.8 13.3
Hg <LOD <LOD <LOD LOD-LOQ 1.5 1.8
Cd <LOD <LOD <LOD LOD-LOQ 0.09 0.11

Table 4. Percentile value distribution of heavy metals in Popokabaka Children (ug/L). LoD for As 0.2 ug/L,
LoQ for As 0.55 ug/L; LoD for Pb 0.6 ug/L, LoQ for Pb 2.1 pg/L; LoD for Hg 0.2 ug/L, LoQ for Hg 0.83 pg/L;
LoD for Cd 0.006 ug/L, LoQ for Cd 0.019 pg/L.

Distribution of heavy metals. The results showed that As, Hg, Cd, and Pb were detected in 95.6%, 66.0%,
19.4%, and 13.1% of the samples, respectively (Table 3). More than half of children (59.7%) had quantifiable
arsenic values, while Hg, Cd, and Pb were only quantified in less than 10% of children without any toxicity level.

Table 4 shows that the distribution was left-censored because of nonquantifiable serum values. Except for As,
quantifiable values were distributed above the 95th percentile for Hg, Cd, and Pb.

Interaction between the detection of heavy metals and other nutrition outcomes. The non-
parametric Kruskal Wallis test® identified two statistically significant relationships (Table 5): first, As detection
was negatively associated with Zn levels. Higher Aslevels were found in Zn-deficient children. Second, Hg detec-
tion was positively associated with Se levels in Popokabaka children. Children with higher Hg levels also had
higher Se levels. No differences were found concerning anthropometry and growth across HM levels.
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\ Freq \ HAZ WHZ WAZ \ Se (ug/L) \ Zn (pg/dL) \ Cu (ug/dL) \ Hb (g/dL)
As_bin
<LOD 18 —2.1(27) |-02(1.2) |-1.3(1.4) |49.5(19.0) |65.1(9.9) 140.5 (55.5) | 10.1 (2.8)
[LOD-LOQ] 148 -2.4(2.1) |-0.5(1.1) |-1.6(1.8) |53.7(22.0) |64.1(20.1) 146.0 (49.0) | 10.3(1.8)
>LOQ 246 -2.1(1.8) | -0.5(1.4) |-1.5(1.4) |52.7(18.9) |59.9 (15.8) 145.5 (47.0) | 10.4 (1.7)
Pvalue 0.49 0.87 0.57 0.30 0.002* 0.37 0.94
Hg_bin
<LOD 140 -2.4(23) |-05(1.6) |-1.7(1.6) |48.7(17.0) |60.6(16.5) 135.5(49.5) | 10.5(1.5)
[LOD-LOQ)] 238 -2.1(1.9) |-0.5(1.4) |-1.5(1.6) |53.5(18.0) |61.9(18.5) 148.5 (40.0) | 10.2 (1.9)
>LOQ 34 -22(1.3) | -0.6(1.6) |-15(0.9) |67.3(16.0) |64.0(14.5) |162.5(57.0) | 10.5(1.5)
P value 0.18 0.83 0.35 <0.001* 0.25 0.046* 0.34
Pb_bin
<LOD 358 | -2.1(2.1) |-0.5(15) |-15(1.7) |52.7(20.0) |61.6(16.6) |145.0(46.0) |10.4(1.9)
[LOD-LOQ] |38 —23(1.6) |-0.6(19) |-1.8(1.7) |53.9(13.6) |65.9(19.6) |154.0(53.0) | 10.3(1.9)
>L0OQ 16 -2.1(1.7) |-0.2(1.2) |-1.4(1.3) |48.9(18.0) |63.7(19.5) 137.5(51.0) | 10.5(1.6)
P value 0.81 0.54 0.46 0.52 0.42 0.55 0.83
Cd_bin
<LOD 332 -2.1(2.1) |-0.5(1.0) |-1.5(1.6) |52.6(20.8) |62.2(17.0) 147.0 (45.0) | 10.4 (1.9)
[LOD-LOQ] 76 -2.4(2.0) |-0.7(1.3) |-1.7(1.5) |54.3(14.5) |59.4(18.3) 136.5(41.0) | 10.3 (1.6)
>LOQ 4 -1.9(L.7) |-0.6(0.7) |-1.3(1.3) |48.4(422) |66.4(23.1) |130.5(105) |10.3(0.3)
Pvalue 0.42 0.42 0.17 0.69 0.88 0.13 0.98

Table 5. Differences in the Median (interquantile range) level of some nutrition indicators across the HM
levels using the Kruskal wallis test. * means significant pvalue. HAZ = height-for-age Zscore; WHZ = weight-
for-height Zscore; WAZ = weight-for-age Zscore; Se = selenium; Zn = Zinc; Cu= copper; Hb = haemoglobin.

Spatial variation in As/Zn and Hg/Se interactions. The spatial distribution maps of As, Zn, Se, and
Hg are presented in Fig. 1. The spatial pattern indicates a low Zn concentration in the northern part of the study
region, where As is more concentrated. In addition, the spatial distribution of Se and Hg is almost the same, with
a high concentration around the Kwango River. The spatial distribution (Fig. 1), using the global bivariate spatial
association index, showed a significant spatial dependency between Hg and Se (L =0.12, P value <0.001), imply-
ing that high concentrations of Hg were spatially associated with high concentrations of Se. A significant spatial
discrepancy was observed between As and Zn (L=-0.07, P value <0.001). The local bivariate spatial association
is presented in Fig. 2, indicating the local contribution of observation to the spatial association. The blue color
for the Se-Hg association indicates households where a high concentration of Se is significantly associated with
high concentrations of Hg. In contrast, for the As-Zn association, the same color indicated areas where high
values of Zn were significantly associated with low values of As, thus suggesting a lack of local association.

Discussion

In the present community-based study of children of Popokabaka, we screened for the existence and distribu-
tion of the four most significant potential HMs>. Arsenic was detected in almost all children (95.6%), of which
more than half (59.7%) had quantifiable values. Mercury was detected in 66.0% of children, with fewer (8.2%)
having quantified values. Lead and cadmium had relatively low detection rates of 13.1% and 19.4%, respectively.
Arsenic was negatively related to Zn, while mercury was positively related to selenium levels, both statistically
and geographically. These findings suggest environmental exposures.

Since the arsenicosis crisis report from Bangladesh® due to As contamination in drinking water, there has
been an increasing public health interest in this metal. Recently, two papers®>* reported that in Africa, As is
spatially abundant in water, soil, sediment, fish, and vegetation and advocated for human exposure and health
effect assessment. Similarly, our results suggest that As is widespread in Popokabaka, and communities could
be exposed to a permanent source. For example, as in any rural context, untreated contaminated water used for
drinking, cooking, and irrigating crops may be an important source. Consumption of contaminated seafood
could also result in elevated As concentrations. There is compelling evidence that consumption of predatory fish
such as shellfish, sea mammals, and other (shark, swordfish, mackerel, tilefish from the ocean) increase the As
level®”. However, as shown in Table 2, fish and seafood consumption in Popokabaka is relatively low. The geo-
graphical inaccessibility of this area also excludes any imported sources of such foods. Arsenic exists in different
forms in nature: toxic in acute and poisoning conditions (arsenate, arsenite), nontoxic when metabolized by the
body (monomethyl-arsine, dimethyl-arsine), and nontoxic in food (arsenobetaine, arsenocholine). Inorganic
As is the most lethal and carcinogenic®. In this study, we reported the total As concentration and additional
analysis is required to specify the form.

Geospatial analysis showed that the highest exposure to As in children north of Popokabaka and on the
eastern side of the Kwango River. This also implies that the presence of As varies in the soil of Popokabaka. In
addition, the arsenic was more commonly found in children with more profound Zn deficiency. This interaction
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Figure 1. Spatial distribution and variation in As, Zn, Se, and Hg in Popokabaka. For plotting purposes,
the concentrations of Se, As, and Hg were multiplied by 10, 100 and 1000, respectively. The inverse distance’s
weighting is based on the optimum power obtained after the cross-validation.
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Figure 2. Local bivariate spatial association between As and Zn, and Se and Hg. Blue dots indicate a significant
spatial association, and red dots indicate a nonsignificant spatial association. Geographic coordinates were
systematically moved to a given direction (200 m) to avoid identifying specific households. This displacement

did not affect the spatial relation of points.
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between As and Zn is supported in the literature. Kader et al.*® who reported that presence of the two minerals
in the soil could lead to chelation. The authors concluded that Zn uptake in plants was significantly reduced in
As-containing soils.

Lead, Hg and Cd usually share the same geogenic or industrial sources and have been more frequently
reported from mining or rural regions?#?6-283%40 They leach from geogenic granite rock or industrial pollu-
tion and enter the food chain by contamination. They are well-known polluants metal from the environment™®.
Contrarily to arsenic, they are highly toxic, unnecessary for human metabolism, and cause, at a low level, severe
damage to the nervous system, development, and behavioral performance®. Our data has revealed that the 95th
percentiles of Pb, Hg, and Cd were respectively at 12.8 ug/L, 1.5 pg/L, and 0.09 pg/L. No toxic level has been
quantified among children, but the proportion detected was quite significant, as 66% for Hg, 19.4% for Cd,
and 13.1% for Pb. This high proportion of detection of low Hg levels is of concern and should be a prioritized
research question. The literature supports that a diet favoring seafood is associated with a high level of blood Hg*..
Fish consumption can explain most of the blood Hg in Popokabaka. Even if overall fish consumption is low in
Popokabaka, it may likely be higher along the river than in other areas. Also, fish consumption can explain the
positive association (statistical and geographic) between mercury and selenium. Both elements are common in
fish, and the area of high detection/exposure is along the river. This environmental source and others should be
of priority interest in further exploration.

The literature supports inverse relationships between these three metals and children’s IQ and growth. Our
study found no relationship between the growth and detection of HMs. The Lancet* pointed out that co-exposure
to multiple metals increases neurotoxicity and leads to a decline in neurocognitive development during early life.

We assessed the four HMs in blood under fasting conditions (> 8 h from the last meals). Another study*?
reported that these four metals have blood concentrations elevated only for a short time after ingestion (4-6 h).
They are rapidly metabolized by the liver, accumulate in specific tissues (keratins), and are excreted by the kid-
ney. Considering that, the HM levels we reported could be underestimated®. In addition, It was also impossible
to capture the chronic exposure and accumulation history. Studies that use matrices such as nails, hair, and
urine could complement and improve our understanding. This study revealed a high proportion of value < LoD
or<LoQ. These censored data do not simply mean zero value but are undetected with the highly sensitive ICP-MS
we have used. In this context, further environmental exploration to assess the risk of exposures for this category.
The selection of a spatial interpolation method may impact the distribution map of HMs and their associated
minerals. Sophisticated spatial interpolation methods such as kriging could have been applied because they
provide the best linear unbiased estimates and highlight local variations*. However, it was very complex to fit
the semi-variogram, probably due to the distribution of sample points (rand cluster). In some circumstances,
the inverse distance seemed to suit this study and its outcomes kriging**. In addition, the result of the bivari-
ate spatial association could also have been affected by the number of neighborhoods, which was set to four
(standard) in this study.

Despite these limitations, we have reported a picture of heavy metals in a representative rural community
for the first time in DRC. Most of the studies are hospital-based and low-scale. The lab analysis method used in
this study, ICP-MS, is the most accurate and is indicated in the study of trace elements. Statistical analysis was
confirmed and completed by advanced geospatial techniques to better describe the distribution and variability
of these HMs.

Conclusions

The high occurrence of As and other HM detection reported in this study implies that Popokabaka should be
considered an area with certain HM hazards. Based on existing data, we suggest a geogenic source (soil) and the
ingestion of contaminated food and drinking water as possible pathways. However, biomonitoring and deeper
exploration are needed to establish environmental causal pathways that could help adapt defensive measures to
prevent health and nutrition damage in communities.

Methods

Study design and location. We conducted a community-based cross-sectional study in the Popokabaka
Health zone, Kwango Province, DRC, between May and June 2019. The region (5°3,803,500-5°430,000 latitude
South, 16°3,406,000-16°370,800 longitude East) is entirely rural without any known mining history (see Fig. 3).
It is close to the Kahemba region and the Angola country border, two areas known for diamond mining exploi-
tation. The Kwango River that crosses the Popokabaka region takes its source and crosses these mining regions.
Agriculture, which is not varied, has cassava as the principal plant grown. The use of fertilizers is not common
among farmers. Konzo, a neurotoxic motor disease, is also prevalent in the region“”“. People drink untreated
water from diverse groundwater sources. Families live under a house built on earth materials. Growth retarda-
tion is severe: one in two children is stunted*>®. Information on congenital malformation and cancer is not
available.

Participants and sampling. As the present research is part of a multiple-outcomes biomarker survey,
the minimum sample size was based on a proportional calculation for anemia prevalence of 0.59, a precision of
0.075, a design effect of two, and a response rate of 0.80. The total size of 412 children aged 12-59 months was
considered in this study. Children were selected using a three-stage cluster sampling technique. More details on
sampling are described in our former article’’. They belonged to 5 clusters known as health areas which were
selected as part of the cluster sampling procedure. Those were the Kabangu, Ingasi, Cite-Popo, Secteur-Popo,
and Tzunza health areas.
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Figure 3. Location of Popokabaka Health Zone. Source: shapefile downloaded from the Humaniterian Data
Exchange (https://data.humdata.org/dataset/drc-health-data) and map created by Freddy Bangelesa using
ArcGIS 10.4, 2022".

Data collection and blood processing in the field. Data were collected using a questionnaire com-
pleted on android tablets using the Survey CTO application. The digital questionnaire consisted of eight mod-
ules: household characteristics; water, hygiene, and sanitation (WASH); household food security (Household
Food Insecurity Access Scale-HFIAS); child health history; Infant Feeding practices; anthropometric measures;
dietary patterns (24 h recall and food frequency); and biochemical sampling. Household geocoordinates (lon-
gitude, latitude, altitude, and precision) were captured for children’s location using the “geopoint” command in
the digital questionnaire. Data collection was organized on two consecutive days in each cluster: a household
survey with anthropometry on the first day and blood collection on the following day. More details can be found
in our previous papers**?!.

Blood processing and management. We used serum BD vacutainers (BD-368380), trace-element-
free equipment, powder-free sterile disposable gloves, plastic surfaces, and techniques previously described®!
to ensure that samples were not contaminated. We collected up to 6 mL of venous blood from each child and
separated the serum from the blood cells within 3 h3**!. Separation was performed at 2300 rpm for 10 min (RCF
1532 g) using a Hettich centrifuge (Tuttlingen, Germany). Serum was aliquoted into two 2-ml polypropylene
vials (Sarstedt, Niimbrecht, Germany). Vials were stored at —40 °C while completing the fieldwork and then
transported from the Popokabaka area to Kinshasa (12 h of vehicle trip) and stored in liquid nitrogen. There,
vials were stored at —80 °C at the Kinshasa School of Public Health for a week before being shipped with dry ice
to the Norwegian University of Life Sciences’ Laboratory (Aas, Norway) for analysis.

Laboratory processing and assessment. Sample preparation. Using a 100- to 1000-pL pipette (Sar-
torius, Gottingen, Germany) and Thermo Scientific ART Barrier pipette tips (Waltham, MA, USA), 250-pL ali-
quots of thawed, tempered, and homogenized serum were transferred into 5-mL polypropylene tubes (Sarstedt,
Niimbrecht, Germany) and accurately weighed (Sartorius MC 210P). Subsequently, using a 10-300 pL electronic
pipette (Biohit, Helsinki, Finland), 100 pL of internal standard (rhodium (Rh) and selenium (74Se)) and 500 puL
nitric acid (HNO3, 69% weight (w)/w, sub-boiled ultra-pure) were added to each sample before digestion for
three hours at 90 °C in a heating cabinet (Termaks, Bergen, Norge). Furthermore, the samples were quantita-
tively transferred into polypropylene centrifuge tubes (Sarstedt, Niimbrecht, Germany) and finally diluted to
500 mL with deionized water (>18 MQ). To stabilize mercury in the solution, 100 uL hydrochloric acid (HCI,
37% w/w, sub-boiled ultra-pure) was added to each sample.

Analysis of samples.  Quantification of the total element concentrations in serum was conducted by inductively
coupled plasma-mass spectrometry using the Agilent 8900 Triple Quadrupole (QQQ) ICP-MS®!. The masses
were (Q1/Q2): Pb (sum of 206/206, 207/207, and 208/208) with gas mode ammonia (NH;), Cd (111/111), and
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Hg (202/202) using gas mode oxygen (O,). Detection limits (LoD) and quantification limits (LoQ) were stand-
ard deviations of the blank samples (n=10) multiplied by three and ten, respectively. Blank samples were taken
through the measurement procedure, including the sample preparation steps. The LoD/LoQ ratios (n=10) were
determined in mg/L as (0.0002/0.00055), Cd (0.000006/0.000019), Hg (0.0002/0.00083) and Pb (0.0006/0.0021).

Quality control. 'We assessed blank samples for contamination of reagents and equipment used. Accuracy was
checked by concurrent analysis of Seronorm™ TEs Serum L1 and L2 (Billingstad, Norway). The obtained data
for Hg were within a 95% confidence level of the certified values issued. Compared with analytical values issued,
bias equal to 1.5% (L1) and 1.7% (L2) for Cd and 5.0% (L1) and 9.4% (L2) for Hg was noticed, while with respect
to Pb in Serum L1 and L2, the results were < LoQ. Despite low levels of As (< LoQ), compared with the analytical
values issued, a bias equal to 22% (L1) and 21% (L2) was revealed. The method’s within-laboratory reproduc-
ibility (RSD) was 12% for Cd, while As, Pb, and Hg were inconclusive since obtained values were below LoQ; the
results were obtained by carrying out measurements on 12 replicate samples aliquoted from a pooled sample
of serum and measured on three different days. Method’s repeatability (RSD) determined on Serum L1 (n=5)
and L2 (n=5), were 13% and 8.6% with respect to Hg and 11% and 4.0% with respect to Cd. Repeatability of
Pb determined by analysis of Serum L1 and L2 were inconclusive. However, regarding As, the repeatability was
estimated to 16% (L1) and 17% (L2) calculated on results < LoQ. It is important to note that As was quantitatively
determined in 59.6% of the 412 serum samples (Table 3). The repeatability for As is expected to improve for
actual serum samples since the measurement uncertainty increases near the LoQ.

Heavy metal thresholds. The upper limits of concentrations of As (<20 pgL-1), Pb (<50 pgL-1), Hg (<50
pugL-1), and Cd (<50 pgL-1) for any acute exposure in children were taken from Carl Burtis and David Bruns™.

Other nutrition outcomes definition. Anthropometric indices included weight-for-height, height-for-
age, weight-for-age, and mid-upper-arm-circumference-for-age, and their Z scores were calculated using WHO
Anthro software™.

Wasting was defined as a weight-for-height Z-score (WHZ) < -2, stunting was defined as a height-for-age
Z-score < —2, and underweight was defined as a weight-for-age Z-score < — 2. Biochemical measures included
Hgb, Cu, Zn, and Se. Anemia was defined as levels<11 g/dL", Iron Deficiency (ID) as Transferrin saturation
is <20%. Cu deficiency as Cu <80 ug/dL, Zn deficiency as <65 ug/dL?’, and Se deficiency as <7.0 pg/dL™.

Statistical analysis. Data were analyzed using Stata 16.1 (StataCorp LLC, Texas, USA). First, we described
the proportions and patterns of data below LoDs, between LoDs and LoQs, and above LoQs cut-offs. Parametric
measures such as means could not be computed due to the high proportion (>65%) of undetected/unquantified
values (left-censored distribution)®. In this case, substitution by unique values and imputation model tech-
niques might overestimate, bias, or fabricate data®. Instead, statistics were summarized using a non-parametric
method suggested by Tekindal et al.* and percentiles (5th, 50th, 75th, 95t and 99th percentiles). The difference
in continuous nutritional outcomes was checked across HMs category levels using the non-parametric Kruskal
Wallis test®. A significant difference was indicated by P<0.05.

Spatial analysis. Spatial analysis was conducted in R (R Core Team, 2014), and maps were produced using
the package leaflet. The spatial analysis concerned only heavy metals with a proven statistical association with
essential minerals. This concerns As, Hg, Cu, and Se. We used the inverse distance weighted spatial interpolation
approach to map the distribution of these minerals/heavy metals***. Spatial statistics were applied using Le€’s L
bivariate spatial autocorrelation test>” to capture the spatial association between heavy metals and other essential
minerals. This test integrates information from Pearson’s r (spatial bivariate association measure) and Moran’s I
(univariate spatial association measure). The weight matrix was defined using the k nearest neighbor approach,
and the number of k was set to four®®. The value of the global L index varies between —1 and 1. Both positive and
negative values indicate spatial association—spatial dependency for positive values and spatial discrepancy for
negative ones. A value of zero indicates that both variables are randomly distributed (no spatial association). A
pseudo-significant test based on Monte Carlo simulation of a stochastic permutation process® with 10 000 per-
mutations was computed to measure the significance of the association. The test compares the observed pattern
to the theoretical random pattern. The null hypothesis is that there is no spatial association, and the alternative
is that there is a spatial association. We set the significant difference at P<0.05. We further computed the local
bivariate spatial association to assess the individual area’s contribution to the global L and the spatial bivariate
heterogeneity.

Ethical considerations. The study was conducted according to the guidelines of the Declaration of Hel-
sinki and approved by the Norwegian Institutional Review Board" REK. Committee (ref: 2018/1420/R.E.K. vest,
date: 30.11.2018) and the Kinshasa School of Public Health ethical committee (ref: ESP/CE/2019, date: 28.01.
2019) and in Bergen. Other authorizations were requested from the local administrative and health authorities.
Written informed consent was obtained from mothers or caretakers of children in this study. A systematic spatial
displacement of 200 mm was applied to a given direction to avoid identifying concerned households.

Data availability

The dataset of this study can be made available on a reasonable request to BKM.
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