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Abstract

Potentially toxic element (PTE) contamination of food systems has emerged as an impor-
tant environmental and public health concern in many developing countries, including
Uganda, owing to rapid urbanization, industrialization, mining activities, wastewater
reuse, informal waste disposal, and expanding urban agriculture. This review synthesizes
evidence from peer-reviewed and selected grey literature on the occurrence of cadmium
(Cd), chromium (Cr), nickel (Ni), lead (Pb), and arsenic (As) in cereals, vegetables, tubers,
livestock products, fish, fruits, and processed foods consumed in Uganda. A structured
literature synthesis and screening-level dietary risk assessment using estimated daily in-
take (EDI), target hazard quotient (THQ), hazard index (HI), carcinogenic risk (CR), and
total carcinogenic risk (TCR) were conducted to identify contamination hotspots, prior-
ity exposure pathways, and potential public health implications. The available evidence
revealed substantial spatial variability, with contamination consistently concentrated in
mining-influenced agricultural areas, wastewater-irrigated farms, municipal dumpsites,
industrial corridors, and urban food markets. Vegetables, cereals, livestock products, fish,
and street-vended foods exhibited the greatest contamination burdens, while Pb and Cd
were the PTEs most frequently reported exceeding WHO/FAO, Codex Alimentarius, and
Ugandan food safety limits. Screening-level risk estimates indicated that Pb, Cd, and Cr
contributed most to cumulative dietary exposure, with children consistently exhibiting
higher EDI, THQ, HI, and TCR values than adults because of greater food intake relative to
body weight. Although cumulative HI and TCR values exceeded recommended screening
thresholds in several hotspot regions, these estimates should be interpreted as conserva-
tive screening-level indicators derived from heterogeneous published datasets rather than
nationally representative measures of dietary exposure. Overall, the evidence indicates
that PTE contamination in Ugandan food systems is predominantly hotspot-driven and
highlights the need for targeted surveillance, standardized monitoring and reporting, im-
proved pollution control, and strengthened food safety management to reduce chronic
dietary exposure and protect public health.
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1. Introduction

Potentially toxic element (PTE) contamination of food systems has emerged as an
important environmental and public health concern because these contaminants can persist
in environmental media, accumulate in agricultural soils and aquatic ecosystems, and ulti-
mately enter the human food chain through crops, livestock products, fish, and processed
foods [1,2]. Unlike many organic contaminants, PTEs are non-biodegradable and may
remain in soils, sediments, and water bodies for prolonged periods, allowing their continu-
ous transfer into edible food products through plant uptake, irrigation with contaminated
water, atmospheric deposition, bioaccumulation, and post-harvest contamination during
food processing, transportation, storage, and marketing [1,3]. Consequently, dietary expo-
sure has become one of the principal pathways of chronic human exposure, particularly
in low- and middle-income countries where environmental monitoring and food safety
enforcement remain limited.

Several PTEs have no beneficial biological function and can cause adverse health
effects even at relatively low concentrations following prolonged exposure [2]. Their toxic
effects accumulate over time in organs such as the kidneys, liver, and brain, and long-term
dietary exposure has been associated with neurotoxicity, renal dysfunction, developmental
impairment, oxidative stress, and carcinogenic outcomes [3-6]. Because exposure generally
occurs through routine consumption of contaminated foods rather than acute poisoning
events, even relatively low concentrations in staple foods may present significant long-term
public health concerns.

In Uganda, PTE contamination of food systems has become an increasing environmental
and public health concern due to expanding industrial activities, informal waste disposal,
roadside cultivation, wastewater reuse, mining activities, and cultivation near polluted wet-
lands and drainage channels [7,8]. These activities introduce PTEs into agricultural soils,
irrigation water, and aquatic ecosystems, from where they are transferred into vegetables,
cereals, root crops, livestock products, fish, and other foodstuffs through plant uptake, sedi-
ment accumulation, trophic transfer, and environmental deposition. Available studies indicate
that contamination is not evenly distributed across the country but is concentrated within
localized environmental “hotspots”, including industrial corridors, dumpsite-adjacent farm-
ing zones, mining-influenced landscapes, wastewater-irrigated farms, and high-traffic urban
markets [8-10]. These localized contamination patterns are especially relevant because they
intersect directly with food production and distribution systems, thereby increasing the
likelihood of chronic dietary exposure among surrounding populations.

Among the most frequently reported PTEs in food systems are cadmium (Cd),
chromium (Cr), nickel (Ni), lead (Pb), arsenic (As), and, less frequently, mercury (Hg),
all of which are recognized for their persistence, toxicological significance, and potential for
bioaccumulation [11-13]. Lead primarily affects neurological development and cognitive
function, particularly in children, while cadmium accumulates in the kidneys and has been
associated with renal dysfunction and bone demineralization [14,15]. Inorganic arsenic
and hexavalent chromium [Cr(VI)] are established human carcinogens, whereas chronic
nickel exposure has been linked to allergic and systemic toxic effects [5,6,16]. Because
these contaminants accumulate gradually through routine dietary intake rather than acute
poisoning events, even relatively low concentrations in commonly consumed foods may
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pose significant long-term public health concerns, particularly in vulnerable populations
such as children [17-19].

The Ugandan evidence base on foodborne PTE contamination is growing but remains
fragmented. Existing studies have reported PTE concentrations in vegetables, cereals, beef,
milk, fish, edible insects, rice, and street foods from different locations, including Kam-
pala retail markets, Bushenyi open markets, Soroti beef supply chains, Mbale municipal
dumpsite farming systems, Tororo/Osukuru mine-adjacent crop systems, and Lake Albert
fisheries [20-23]. However, these studies differ substantially in sampling design, food cate-
gories, analytical methods, quality assurance procedures, unit reporting, and approaches
to exposure assessment. Most have focused on individual food commodities or localized
study areas rather than providing an integrated national perspective. Furthermore, concen-
trations are inconsistently reported on either a wet-weight or dry-weight basis, and most
studies report total chromium concentrations without chemical speciation, even though
toxicological benchmarks often depend largely on Cr(VI), introducing uncertainty into risk
interpretation [24].

Although several studies have investigated PTE contamination in specific Ugandan
foods or geographical locations, no previous review has comprehensively synthesized the
occurrence of major PTEs across food categories while simultaneously evaluating regional
contamination pathways, and screening-level human health risks using harmonized risk
assessment metrics. A comprehensive synthesis is therefore needed to consolidate the
available evidence, identify priority food categories and contamination hotspots, evaluate
potential dietary exposure, highlight key knowledge gaps, and support evidence-based
food safety management and environmental monitoring in Uganda.

Therefore, this review aims to: (i) synthesize the available evidence on the occurrence
of Cd, Cr, Ni, Pb, and As in foodstuffs consumed in Uganda; (ii) evaluate screening-level
dietary exposure and potential human health risks using established risk assessment metrics
including estimated daily intake (EDI), target hazard quotient (THQ), hazard index (HI),
carcinogenic risk (CR) and total carcinogenic risk (TCR); (iii) identify the major contamination
pathways and regional hotspots contributing to food contamination; and (iv) discuss the
public health implications, knowledge gaps, remediation strategies, and future priorities for
food safety management, environmental monitoring, and research in Uganda.

2. Scope, Literature Sources, and Review Approach
2.1. Scope of the Review

This review synthesizes currently available evidence on PTE contamination in food-
stuffs consumed in Uganda, with emphasis on dietary exposure pathways and associ-
ated public health implications. The review focuses on five major PTES, cadmium (Cd),
chromium (Cr), nickel (Ni), lead (Pb), and arsenic (As), reported in major food categories
including cereals, vegetables, fruits, tubers, livestock products, fish, dairy products, and
processed foods. Rather than estimating population-wide exposure, this review consoli-
dates occurrence data, identifies geographical contamination patterns, compares reported
concentrations with international and national food safety standards, and evaluates poten-
tial human health implications using established dietary risk assessment metrics, including
EDI, THQ, HI, and CR.

2.2. Literature Sources and Eligibility Criteria

Relevant peer-reviewed publications and selected grey literature reporting PTE con-
tamination in foods produced or consumed in Uganda were identified through structured
searches of major scientific databases, including Scopus, Web of Science, Google Scholar,
and PubMed, supplemented by reference-list screening of eligible publications. Search
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terms combined keywords such as Uganda, potentially toxic elements, heavy metals, food
contamination, cadmium, lead, chromium, nickel, arsenic, vegetables, cereals, tubers, fish,
livestock products, dietary exposure, and health risk assessment.

Studies were considered eligible if they: (i) reported quantitative concentrations of at
least one target PTE in edible food matrices sampled in Uganda, (ii) clearly identified the
food type and sampling location/region, and (iii) presented quantitative concentration data
in units that were either reported in mg/kg (wet weight or dry weight as specified) or could
be interpreted as equivalent concentration units such as parts per million (ppm). Where
unit bases differed, values were recorded exactly as presented, and differences in reporting
basis were explicitly noted to avoid inappropriate aggregation. Selected grey literature was
included where it provided relevant analytical data and sufficient methodological detail.
The final evidence base comprised 115 peer-reviewed publications together with selected
grey literature that met the eligibility criteria and formed the basis of the evidence synthesis
and screening-level risk assessment.

2.3. Data Extraction and Harmonization

For each eligible study, information was extracted on food category and specific food
item, sampling site or region, sample size, target metal(s), reported concentration statistics
(mean, median, or range), analytical method, and any applicable guideline limits referenced
by the authors. Because the available Ugandan studies varied substantially in reporting
basis (wet versus dry weight), food matrices, analytical techniques, and geographical cov-
erage, quantitative meta-analysis was not considered appropriate. Instead, occurrence data
were synthesized descriptively, and concentrations were retained as originally reported.
Where necessary, values reported in parts per million (ppm) were treated as equivalent to
mg/kg for consistency.

To facilitate comparative dietary risk assessment, representative regional concentra-
tions were derived from published concentration ranges to enable comparison among
geographical regions and food categories. The extracted data were organized by food
category, target PTE, and geographical region before application of a standardized har-
monization approach. These resulting representative values were intended solely for
comparative screening and should not be interpreted statistically as population-weighted
concentrations or nationally representative estimates of dietary exposure.

2.4. Screening-Level Dietary Exposure and Human Health Risk Assessment

Where sufficient concentration data were available, screening-level dietary exposure
and potential human health risks associated with PTEs were evaluated using established
risk assessment metrics, including estimated daily intake (EDI), target hazard quotient
(THQ), hazard index (HI), carcinogenic risk (CR), and total carcinogenic risk (TCR). The
objective of this assessment was not to estimate nationwide dietary exposure or disease
burden, but rather to compare the relative magnitude of reported contamination across
food categories and geographical regions using harmonized assumptions [25,26]. Because
the reviewed studies differed substantially in sampling design, food matrices, analytical
methodologies, and reporting formats, the resulting exposure estimates should be inter-
preted as comparative screening-level indicators intended to identify priority contaminants,
vulnerable food categories, and contamination hotspots requiring further investigation.

Representative regional concentrations used in the exposure assessment were derived
from the compiled occurrence data by calculating the midpoint of each reported concentration
range and subsequently averaging these midpoint values within each geographical region.
This simplified harmonization approach was adopted because statistically weighted regional
averages could not be calculated from the available literature owing to inconsistent sample
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sizes, heterogeneous study designs, and limited reporting of consumption data. Consequently,
the representative concentrations should be interpreted as comparative indicators rather than
true regional average concentrations or population-wide exposure estimates.

2.4.1. Estimated Daily Intake (EDI)

The estimated daily intake (EDI) was used to evaluate dietary exposure to individual
PTEs on a body-weight basis following the methodology recommended by the United
States Environmental Protection Agency (US EPA) [27], which has been widely applied in
dietary exposure and food safety risk assessments. EDI was calculated using (Equation (1)):

Cnu x IR

EDI =
BW

(1)
where Cy, is the concentration of the PTE in food (mg/kg), IR is the food ingestion rate
(kg/person/day), and BW is body weight (kg).

Because nationally representative, food-specific dietary consumption data for Uganda
are currently unavailable, a generalized ingestion rate adopted from published Ugan-
dan dietary risk assessment studies was applied uniformly across all food categories
to facilitate comparative assessment of heterogeneous datasets included in this review.
This standardized approach enabled consistent comparison of potential dietary exposure
across different food groups and geographical regions using harmonized exposure assump-
tions [25,26]. However, it does not account for differences in the consumption patterns of
individual food categories and may therefore overestimate or underestimate exposure for
specific foods. Consequently, the calculated EDI values should be interpreted as compara-
tive screening-level estimates intended to identify relative exposure patterns rather than
population-specific dietary exposure or actual dietary intake.

2.4.2. Non-Carcinogenic Risk Assessment

Potential non-carcinogenic health risks were evaluated using the target hazard quo-
tient (THQ), which compares the estimated daily intake (EDI) of a contaminant with its
corresponding oral reference dose (RfD). THQ was calculated using (Equation (2)):

EDI

THQ = 75

()
where EDI is the estimated daily intake (mg/kg/day), and RfD is the oral reference dose
(mg/kg/day) for the specific PTE obtained from the US EPA Integrated Risk Information
System (IRIS) database [27]. A THQ value less than 1 (THQ < 1) indicates that adverse
non-carcinogenic effects are unlikely, whereas THQ > 1 suggests a potential health risk
associated with long-term exposure.

To evaluate cumulative non-carcinogenic risk resulting from simultaneous exposure to
multiple PTEs, the hazard index (HI) was calculated as the sum of individual THQ values
for all PTEs considered in this study, as shown in (Equation (3)):

HI = Y " THQi (3)

where THQi represents the target hazard quotient of the ith PTE. An HI value less than
1 (HI < 1) indicates no significant risk of non-carcinogenic effects, while HI > 1 suggests
a potential for cumulative adverse health effects due to combined exposure to multiple
contaminants [27].
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2.4.3. Carcinogenic Risk (CR) and Total Carcinogenic Risk (TCR)

Lifetime carcinogenic risk (CR) was estimated to evaluate the probability of an indi-
vidual developing cancer following a long-term dietary exposure to carcinogenic PTEs. CR
was calculated using (Equation (4)):

CR =EDI x CSF (4)

where EDI is the estimated daily intake (mg/kg/day), and CSF is the cancer slope factor
((mg/kg/day)~!) for the corresponding PTE. CSF values were obtained from the US EPA
guidance [27].

The total carcinogenic risk (TCR) was calculated as the sum of individual CR values
for all carcinogenic PTEs considered in this review, as shown in (Equation (5)):

TCR=)Y" CRi (5)

where CRi represents the carcinogenic risk associated with the ith PTE. According to US
EPA guidance, TCR values between 1 x 107 and 1 x 10~* are generally considered
acceptable or tolerable lifetime cancer risks, whereas TCR values exceeding 1 x 10~*
indicate a potential carcinogenic risk that may require investigation or regulatory attention.

2.5. Exposure Parameters, Assumptions, and Toxicological Benchmarks

Screening-level dietary exposure calculations were performed using standardized ex-
posure parameters for adult and child populations (Table 1). The assessment assumed that
PTEs present in food were fully bioavailable and that exposure occurred exclusively through
dietary ingestion. Representative regional concentrations derived from the compiled oc-
currence data were used consistently throughout the exposure calculations. Standardized
body weight, food ingestion rate, and unit conversion parameters were applied consistently
across all calculations to ensure internal consistency. Oral reference dose (RfD) and cancer
slope factor (CSF) values were obtained from internationally established human health risk
assessment guidelines and were used to evaluate non-carcinogenic and carcinogenic risks.
Collectively, these assumptions were adopted to provide a conservative and internally stan-
dardized framework for comparing potential dietary risks across heterogeneous datasets
rather than estimating actual population-wide dietary exposure.

Table 1. Exposure parameters adopted for the screening-level dietary exposure assessment [11].

L Age Group
Parameter Description Unit ]
Adult Children
Cm PTE concentration in food =~ mg/kg This study This study
IR# Food ingestion rate kg/person/day 0.208 0.134
BW Body weight kg 60 15
Cf Unit conversion factor kg/mg 1x10°° 1x107°

# IR represents a generalized food ingestion rate adopted from published Ugandan dietary risk assessment
studies. Although applied uniformly across food categories, it was used to facilitate comparative screening across
heterogeneous datasets and should not be interpreted as food-specific or population-level dietary consumption.

The exposure parameters and toxicological reference values summarized in Tables 1
and 2 provide a standardized framework for comparing potential dietary risks across
heterogeneous studies included in this review. Consequently, the calculated EDI, THQ, HI,
CR, and TCR values should be interpreted as comparative screening-level indicators for
evaluating relative differences among food categories and geographical regions rather than
as precise estimates of national dietary exposure or population disease burden.
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Table 2. Toxicological reference values adopted for the screening-level dietary assessment [11,28].

Metal RfD (mg/kg/Day) CSF (mg/kg/Day) 1
Cd 1.0 x 1073 0.38
Cr(VI) * 3.0 x 1073 0.50
Ni 2.0 x 1072 0.84
Pb 3.5 x 1073 0.085
As 3.0 x 107* 1.50

* Because most Ugandan food studies reported total chromium concentrations without chemical speciation, all
chromium concentrations were conservatively treated as Cr(VI) for the screening-level risk assessment. This
assumption likely overestimates carcinogenic risk and should therefore be interpreted with caution.

2.6. Key Interpretive Limitations

The reviewed studies differed substantially in sampling strategy, sample size, food
preparation, washing status, analytical methodology, detection limits, and reporting basis
(wet weight versus dry weight), introducing unavoidable heterogeneity that limited direct
comparison among studies and uncertainty into the compiled dataset. Reported concen-
trations were therefore retained as originally published, and no mathematical conversion
between wet- and dry-weight values was attempted because sufficient information was
generally unavailable to support reliable conversion. Similarly, representative regional
concentrations were derived solely to facilitate comparative screening and should not be
interpreted as statistically weighted regional averages.

An additional source of uncertainty relates to chromium speciation. Most Ugandan
food studies reported total chromium concentrations, whereas toxicological benchmarks
are primarily based on hexavalent chromium [Cr(VI)]. Because Cr(VI) is considerably more
toxic and carcinogenic than trivalent chromium [Cr(III)], assuming that total chromium
is entirely present as Cr(VI) represents a conservative screening approach that may over-
estimate carcinogenic risk. Furthermore, the use of generalized ingestion rates, complete
oral bioavailability, and standardized exposure parameters may either overestimate or
underestimate exposure for specific food categories. Consequently, the EDI, THQ, HI, CR,
and TCR values presented in this review should be interpreted as screening-level indicators
intended to identify priority contaminants, vulnerable food categories, and contamination
hotspots rather than refined estimates of national dietary exposure or disease burden.

3. Sources, Pathways and Research Landscape of PTEs in Ugandan
Food Systems

PTEs enter Ugandan food systems through multiple interconnected environmental
and anthropogenic pathways, including contaminated agricultural soils, irrigation water,
industrial emissions, mining activities, dumpsite cultivation, roadside deposition, food
processing environments, and bioaccumulation within aquatic ecosystems [29-31]. Unlike
many organic contaminants, PTEs are non-biodegradable and can therefore persist in
soils, sediments, and water bodies, allowing their continuous transfer into crops, livestock
products, fish, and ready-to-eat foods throughout the food production and distribution
chain [13]. Because agricultural production, food processing, and marketing frequently
occur near pollution sources in many parts of Uganda, these pathways may directly increase
dietary exposure among surrounding populations. The principal contamination sources
and pathways identified from the reviewed literature are summarized in (Figure 1).
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Figure 1. Sources and pathways of PTE contamination entering Ugandan food systems.

3.1. Agricultural Soil Contamination

Agricultural soils represent a primary entry point for PTEs into food systems [32].
In Uganda, cultivation frequently occurs near industrial areas, mining zones, dumpsites,
drainage channels, and high-traffic corridors, where soils may accumulate PTEs through
atmospheric deposition, wastewater irrigation, fertilizer application, waste disposal, and
natural geological processes [19,22,32-34]. Once introduced into soil, PTEs may persist for
extended periods and become available for plant uptake depending on factors such as soil
pH, organic matter content, redox conditions, metal speciation, and crop species. Leafy
vegetables may generally exhibit greater PTE accumulation than cereals and tubers because
of their relatively high transpiration rates, large exposed surfaces, and greater exposure
to atmospheric deposition [28]. Elevated concentrations reported in crops cultivated near
mining areas and in vegetables grown around dumpsites indicate that contaminated soils
constitute a major pathway contributing to dietary exposure in Uganda [21,23].

3.2. Wastewater Contamination Used for Irrigation and Food Processing

The use of contaminated surface water and wastewater for irrigation represents an im-
portant pathway for PTE transfer into food crops [35,36]. In many urban and peri-urban
agricultural systems, untreated or partially treated wastewater is frequently used due to
limited access to clean irrigation water and its perceived nutrient benefits [37]. Such waters
may contain dissolved PTEs and contaminated suspended particulates that progressively accu-
mulate in agricultural soils and edible plant tissues, particularly in leafy vegetables [28,31,38].
The extent of accumulation may depend on irrigation frequency, contaminant concentration,
soil characteristics, crop type, and duration of wastewater use [39]. Contaminated water may
also introduce PTEs post-harvest when it is used for washing, soaking, cooking, and food
preparation. These practices may increase contaminant concentrations in foods that were
initially less contaminated at the point of harvest. Wastewater use may therefore contribute to
exposure at both agricultural production and food-processing steps.
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3.3. Food Processing and Post-Harvest Contamination

PTE contamination may also be introduced during food processing, handling, stor-
age, transportation, and vending stages [9,40]. Metal leaching from cookware made of
poorly regulated alloys can occur under acidic cooking conditions or prolonged heat-
ing, increasing metal concentrations even when raw food contamination is relatively
low [41]. Likewise, packaging materials, recycled storage containers, and printing inks
have been identified as potential secondary sources of trace metal contamination in pro-
cessed foods [42]. In Uganda, additional contamination may occur through atmospheric
deposition of metal-containing dust onto foods displayed in open-air markets or sold along
busy roadsides [8,17]. Improper storage, repeated handling, contact with contaminated sur-
faces, and the use of inadequately cleaned utensils may further contribute to post-harvest
contamination. Consequently, PTE concentrations in ready-to-eat foods may reflect both
contamination already present in the ingredients and additional inputs introduced during
processing, transportation, storage, and vending.

3.4. Industrial Emissions and Mining Activities

Industrial emissions and mining operations represent major localized sources of
PTE contamination in Uganda [43-45]. Atmospheric emissions, fugitive dust, and waste
disposal from industrial facilities may deposit PTEs onto nearby soils, agricultural land,
drainage systems, and surface waters [46,47]. These contaminants may subsequently enter
food systems through crop uptake, livestock exposure, irrigation, atmospheric deposition,
and contamination of aquatic environments. Similarly, mining activities generate waste
rock, tailings, dust, and contaminated runoff capable of transporting PTEs into adjacent
farmlands and water bodies. Studies conducted around the Tororo-Osukuru mining
area have consistently reported elevated concentrations of Pb and Cd in crops cultivated
near mining operations, illustrating the importance of mining-derived contamination
pathways [10,33,48]. The magnitude of contamination may vary according to the mineral
being extracted, waste-management practices, distance from the mining site, prevailing
wind direction, drainage patterns, and soil characteristics [49].

3.5. Dumpsite Cultivation

Cultivation on or adjacent to municipal dumpsites represents another important source
of PTE contamination within Ugandan food systems [50,51]. PTEs released through waste
decomposition, leachate migration, surface runoff, and open accumulation accumulate
within surrounding soils, where they become available for crop uptake [52,53]. Although
dumpsite soils may appear fertile because of their high organic matter content, they may
also contain elevated concentrations of persistent contaminants. Studies conducted around
the Mbale municipal dumpsite reported elevated Cd and Pb levels in leafy vegetables and
maize tissues cultivated within contaminated soils [22,23]. Crops grown in such areas may
subsequently enter nearby markets without being identified as products from contaminated
land. Dumpsite cultivation therefore represents an important localized pathway through
which environmental contamination may be transferred into the human food chain and
contribute to chronic dietary exposure.

3.6. Roadside Cultivation and Market Deposition

Roadside cultivation and open-air marketing expose food products to traffic-related
emissions and resuspended dust containing PTEs [54,55]. Vehicle exhaust, brake wear, tire
abrasion, and road surface deterioration generate particulate matter containing Pb, Cd, Cr,
Ni, and other trace PTEs that may deposit onto crops or accumulate in nearby soils [56].
Crops grown close to heavily trafficked roads may therefore be exposed through both
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root uptake and foliar deposition. Similar contamination may occur after harvest when
vegetables, fruits, and ready-to-eat foods are displayed or prepared in high-traffic mar-
ket environments [8,17]. Limited protection from dust, repeated handling, and prolonged
roadside exposure may increase surface contamination. Consequently, elevated PTE concen-
trations measured in market foods may reflect both environmental contamination during
cultivation and secondary contamination during transport, storage, or vending [7,57].

3.7. Bioaccumulation in Aquatic Foods

Aquatic ecosystems function as important sinks for PTEs transported from industrial
activities, mining operations, agricultural runoff, municipal waste, and urban wastew-
ater [58-60]. Once introduced into water bodies, PTEs may remain dissolved, bind to
suspended particles, or accumulate in sediments [29]. Contaminated sediments can act as
long-term reservoirs from which PTEs become available for uptake by benthic organisms,
aquatic plants, and fish, resulting in bioaccumulation within edible tissues [58,60,61]. Com-
munities relying heavily on fish and other aquatic foods from contaminated water bodies
may therefore experience increased dietary exposure [62,63]. The extent of accumulation
may vary according to the PTE, fish species, trophic level, age, feeding behavior, habitat,
and tissue type [64]. Tissue-specific accumulation may also influence exposure, depending
on whether muscle or organ tissues are consumed, with some organs exhibiting higher
metal concentrations than fillets [65,66]. Consequently, fish and other aquatic foods consti-
tute an important exposure pathway in regions where contaminated freshwater resources
support local fisheries.

4. Occurrence and Distribution of PTEs in Ugandan Foodstuffs

PTEs were widely detected in cereals, vegetables, tubers, fish, livestock products,
and processed foods consumed in Uganda, although reported concentrations varied con-
siderably among food categories, geographical regions, and individual studies owing to
differences in environmental conditions, sampling strategies, analytical methodologies,
and reporting practices. Reported concentrations were evaluated against international and
national food safety standards, including the Codex Alimentarius Commission’s General
Standard for Contaminants and Toxins in Food and Feed (CXS 193-1995), jointly established
by the Food and Agriculture Organization (FAO) and the World Health Organization
(WHO) [67,68], as well as relevant Uganda National Bureau of Standards (UNBS) and
harmonized East African Standards (US EAS) [69]. These standards establish maximum
permissible levels for PTEs in specific food commodities; for example, Codex sets limits
of 0.30 mg/kg Pb for leafy vegetables, 0.20 mg/kg Pb for cereals, and 0.10 mg/kg Pb
for meat, 0.05 mg/kg Cd in vegetables and meat, and 0.20 mg/kg inorganic As in rice,
with comparable thresholds adopted in Ugandan and regional standards for similar food
categories. Pb and Cd most frequently exceeded these guideline values, while Cr and Ni
contributed substantially to localized contamination hotspots such as dumpsites, mining
areas, and industrial corridors [8,9,23]. Overall, contamination levels were generally higher
in leafy vegetables, animal-sourced foods, fish, and street-vended foods compared with
cereals, tubers, and milk, suggesting contributions from both environmental uptake and
post-harvest contamination pathways. Because the reviewed studies differed in sample
size, analytical approach, and reporting basis (wet- or dry-weight), the occurrence data
should be interpreted as a qualitative synthesis of the available evidence rather than na-
tionally representative contamination levels. The geographical distribution of the reviewed
studies and the major contamination hotspots is presented in (Figure 2), while the compiled
occurrence data across Ugandan regions are summarized in (Table 3).
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Figure 2. Geographical distribution of study locations and reported PTE contamination hotspots

in Uganda.

Table 3. Reported ranges of PTE concentrations in foodstuffs consumed in Uganda.

Location/

Reported Ranges of PTE Concentrations (mg/kg)

. n
Region Food Stuff cd o Ni b As Reference
Central
Rice 75 brands 0.050-0.090 — — 0.001-0.970 0.935-2.400 [70]
Cabbages 0.314-0.531 — — 1.480-5.090 —
Carrots 0.266-0.451 — — 1.600-4.100 —
Cauliflower 0.486-0.747 — — 2.060-3.710 —
Cucumbers 0.090-0.168 — — 2.990-6.170 —
Eggplants 0.279-0.611 — — 2.050-4.700 —
Green peppers 27 0.459-0.859 — — 1.500-3.490 — [71
Parsley 0.262-0.728 — — 0.380-0.700 —
Pumpkins 0.218-0.322 — — 0.910-1.150 —
Spinach 0.303-0.459 — — 2.550-2.700 —
Sweet potatoes 0.086-0.197 — — 3.650-4.610 —
Tomatoes 0.536-0.883 — — 2.940-4.300 —
Onions — — — 3.400-3.900 —
Amaranthus — — — 5.300-9.500 —
Fresh beans —_ —_ - 2.900-3.200 —_
Fresh peas — — — 2.400-2.700 —
Kale — — — 2.900-3.000 —
Is\gil;aatéh 11 farm sites _ _ o g;gg_?égg o [7,57,71]
Kampala Dried Zea mays grains —_ —_ - 1.400-1.600 —_
Dried beans — — — 1.300-1.800 —
Dried peas — — — 1.300-1.500 —
Tilapia — — — 2.900-6.500 —
Dagaa — — — 1.100-1.400 —
Local branded tea — 0.400-7.730 0.001-2.730 0.350-8.390 —
Non-branded tea 20 — 1.480-2.430 0.104-6.350 2.730-6.600 — [72]
Imported branded tea 0.120-0.240 0.001-1.750 0.002-1.980 0.640-8.090 —
Raw grasshoppers 30 0.015-0.035 11.78-41.56 — — — [18]
Fresh pork — . — 0.001-0.165 0.003-0.005
Fresh beef — — — 0.044-0.064 0.005-0.007
Fresh goat meat — — — 0.001-0.045 —
Fresh chicken 12 — — — 0.002-0.007 — 73]
Street-roasted pork 0.011-0.189 0.540-2.160 — 0.880-3.700 0.020-0.040 -
Street-roasted beef 0.042-0.084 1.230-3.470 — 1.707-2.267 0.024-0.130
Street-roasted goat 0.113-0.383 0.360-4.320 — 0.135-0.157 0.001-0.083
Street-roasted chicken 0.131-0.251 1.430-2.170 — 0.381-2.161 0.047-0.197
Yams 15 0.023-0.116 0.016-0.061 — 0.023-0.291 — [11]
Mukene 9 0.002-0.004 — — 0.015-0.077 — [74]
African catfish 0.001-0.002 — — 0.005-0.013 —
E)eorfl:l'based baby 18 0.002-0.016 — — 0.001-0.016 0.010-0.030 [75]
Cabbage 27 0.007-0.363 0.029-0.048 — 0.057-1.128 — [57]
Wakiso Raw cow milk 71 0.002-0.015 — — 0.002-0.018 — [76]
Chicken eggs 53 farms 0.03-0.250 1.810-11.63 — 0.010-0.040 0.040-1.840 [77]
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Table 3. Cont.
i Reported Ranges of PTE Concentrations (mg/kg)
E‘é;ﬁ,‘ﬁ“’ Food Stuff n £ ? : = Reference
Cd Cr Ni Pb As
Eastern
Soroti Beef muscle 30 0.110-0.980 11.60-32.50 5.970-26.58 2.410-10.94 — [78]
Zea mays leaves 0.020-0.050 1.100-1.900 0.900-1.500 0.300-0.700 0.050-0.070
bal Zea mays grains 108 0.010-0.05 0.040-0.100 0.100-0.300 0.040-0.060 0.010-0.050 [23,79]
Mbale A. cruentus leaves 0.020-0.100 0.240-0.880 1.000-3.000 0.200-1.400 0.030-0.090 o
A. cruentus flower 0.010-0.050 0.600-1.280 1.100-1.700 0.100-1.300 0.020-0.050
Busia Imported rice 0.436-0.604 — — 0.696-0.884 0.057-0.063
Butaleja Local rice-lowland 305 0.068-0.072 — — 0.128-0.152 0.100-0.160 [80]
Iganga Local rice-upland 0.326-0.674 — — 0.435-0.925 0.133-0.147
Pumpkin leaves 5.720-6.240 - - 35.21-45.80 —_
Osukuru Maize grains 20 5.040-6.120 — — 30.46-41.60 — [21]
(Tororo) Cowpea leaves 5.070-6.020 — — 38.80—47.11 —
Amaranthus leaves 5.180-5.980 — — 41.48-50.24 —
Northern
Oyam Bovine raw milk 50 mL 0.120-0.190 6.550-8.340 — 0.150-0.280 — [81]
Amaranthus leaves 3 0.720-0.920 — — 9.800-9.900 —
Matooke 3 0.190-0.230 — — 5.290-5.390 — [22]
Gulu Sugarcane 3 0.700-0.780 — — 3.900-3.980 —
Coco yams 3 0.230-0.270 . — 4.810-5.010 —
Local rice-upland 305 0.028-0.032 —_ — 0.082-0.098 0.084-0.096 [80]
Lira Gilled lungfish 9 — — — 1.690-5.120 — [59]
Southwestern
Milled maize flour 48 0.470-0.860 0.450-2.480 0.460-1.700 0.430-10.20 — [9]
Beef 20 — — — 13.81-24.00 — [20]
Milk — —_ — 6.620-14.34 —
Amaranthus leaves 2.140-10.71 0.143-0.365 0.046-0.094 0.416-2.798 —
Mbarara Cabbages 3.480-7.290 0.030-0.130 — 0.370-2.210 —
Pumpkin 75 1.930-6.250 0.030-0.090 — 0.400-1.500 — [17,28]
Spinach 3.360-7.140 0.030-0.120 — 0.290-1.650 —
Black nightshade 1.900-6.430 0.010-0.100 — 0.270-0.650 —
Scarlet eggplants 4 0.034-0.162 0.143-0.345 0.045-0.121 0.416-2.798 — [17]
Tomatoes 4 0.006-0.279 0.253-0.545 0.022-0.706 1.425-8.448 —
Bushenyi Sugarcane 3 0.110-0.150 — — 2.200-2.600 —
Coco yams 3 0.010-0.030 —_ — 1.180-1.260 — [22]
Matooke 3 0.060-0.100 — — 2.400-2.500 —
Raw grasshoppers 30 0.003-0.009 5.780-17.04 — — — [18]
Ishaka gg:::_;g:::i gs;l: 16 0.657-0.885 1.427-2.655 182]
0.762-0.837 — — 1.997-25.09 —
meat
Cabbages 0.001-0.039 — — 0.037-0.071 —
Carrots 0.001-0.029 — — 0.007-0.017 —
Cauliflower 0.117-0.823 — — 0.008-0.020 —
Cucumbers 0.001-0.005 — — 0.005-0.008 —
Eggplants 0.004-0.016 —_ — 0.004-0.016 —
Ntungamo Green peppers 27 0.008-0.025 — — 0.003-0.007 — [7]
Parsley 0.009-0.017 — — 0.002-0.004 —
Pumpkins 0.007-0.009 — — 0.007-0.025 —
Spinach 0.006-0.009 — — 0.008-0.010 —
Sweet potatoes 0.008-0.036 — — 0.003-0.005 —
Tomatoes 0.001-0.044 — — 0.005-0.009 —
Mutukula Imported rice 305 0.431-0.609 — — 0.699-0.901 0.039-0.041 [80]
Southern
Western
Yams 13 0.001-0.050 — 0.200-3.300 0.010-0.040 0.003-0.070 [33]
Maize grain 7 0.001-0.006 — 0.090-0.780 0.001-0.100 0.001-0.003 [48]
Cassava 13 0.001-0.008 — 0.800-3.700 0.002-0.080 0.002-0.005
Sweet potatoes 4 0.002-0.004 — 1.200-3.810 0.004-0.030 0.001-0.004 [33]
Matooke 13 0.001-0.020 —_ 0.100-3.200 0.002-0.060 0.002-0.006
Kasese Cabbages 3 0.007-0.363 0.029-0.048 — 0.057-1.128 0.025-0.589 18
Tomatoes 3 0.088-0.386 0.015-0.097 — 0.099-0.203 0.005-0.379 (48]
Mud fish body flesh 4 — — — 20.50-69.40 — [63]
Mud fish gills — — — 30.30-89.60 — -
Mangoes 30 — 0.303-0.503 0.221-0.453 — [83]

All concentrations are presented as reported in the original studies and were converted to mg/kg where necessary.
Where specified by the original authors, concentrations were reported on either a wet-weight or dry-weight
basis; however, several studies did not explicitly indicate the reporting basis. The reported ranges represent
minimum—maximum concentrations compiled from published Ugandan food contamination studies and are
intended for descriptive and comparative evidence synthesis, rather than as population-weighted estimates or
nationally representative estimates. “—" indicates that a value was not reported or was below the analytical
detection limits in the original sources. Total chromium concentrations were synthesized as reported, whereas the
screening-level carcinogenic risk assessment conservatively treated total chromium as Cr(VI), consistent with a
health-protective screening approach. n = number of samples analyzed in the original study.

https:/ /doi.org/10.3390/pollutants6030039


https://doi.org/10.3390/pollutants6030039

Pollutants 2026, 6, 39

13 of 27

4.1. Cereals and Grains

Cereals showed considerable variability in PTE concentrations depending on their
production environment, geographical region, and processing history. Rice represents a
potentially important exposure pathway due to widespread consumption and its capacity
to accumulate certain PTEs, particularly As and Cd. Arsenic concentrations in commercial
rice brands sold in Kampala ranged from 0.935 to 2.400 mg/kg [80], substantially exceeding
the Codex recommended maximum level of 0.2 mg/kg for inorganic arsenic in polished
rice. Similarly, imported rice from the Busia and Mutukula border regions also contained el-
evated Cd concentrations of 0.436-0.604 mg/kg and 0.431-0.609 mg/kg, respectively, while
Pb levels ranged from 0.696 to 0.884 mg/kg and 0.699 to 0.901 mg/kg [40,70]. These values
exceed WHO/FAO limits for Cd and Pb in rice and other cereal commodities, suggesting
regular rice consumption may contribute significantly to chronic dietary exposure.

Maize generally contained lower PTE concentrations than rice; however, marked
differences were observed between plant tissues and cultivation environments. In farming
areas surrounding the Mbale municipal dumpsite, maize leaves contained Cd concentra-
tions of 0.020-0.050 mg/kg, Cr concentrations of 1.100-1.900 mg/kg, Ni concentrations of
0.900-1.500 mg/kg, and Pb concentrations of 0.300-0.700 mg/kg, whereas maize grains
showed lower concentrations Cd at 0.010-0.050 mg/kg and Pb at 0.040-0.060 mg/kg [23,79].
The lower concentrations in grains relative to leaves suggest limited translocation of some
PTEs into the edible portions; however, Pb concentrations in maize leaves approached or
exceeded the WHO vegetable limit (0.3 mg/kg), suggesting environmental deposition from
contaminated soils, contaminated irrigation water, and atmospheric dust [23,84]. Although
grain concentrations were comparatively lower, continued cultivation on contaminated
soils may result in gradual accumulation over successive growing seasons.

4.2. Vegetables and Fruits

Vegetables exhibited the highest frequency of contamination and the greatest variabil-
ity among all the food categories reviewed. Leafy vegetables were particularly susceptible
to PTE accumulation because of their extensive leaf surface area, rapid growth, and direct
exposure to atmospheric deposition [85]. Studies conducted in Kampala urban markets
reported Pb concentrations reaching 9.50 mg/kg in leafy vegetables, greatly exceeding
the WHO/FAO and UNBS maximum permissible limit of 0.30 m/kg [7,8,57]. Similar
exceedances were reported for Cd, particularly in vegetables cultivated under wastewater
irrigation or near heavily trafficked roads [31]. The widespread occurrence of elevated
Pb and Cd concentrations indicates that urban agriculture remains an important pathway
through which environmental contamination enters the human food chain. Even higher
concentrations were observed in vegetables grown adjacent to municipal dumpsites and
mining areas. Amaranthus cultivated around the Mbale dumpsite accumulated elevated
Cd, Cr, Ni, and Pb concentrations, reflecting prolonged exposure to metal-rich leachates
and contaminated soils [22,23,84]. The most severe contamination was reported in the
Osukuru mining area, where pumpkin and amaranthus leaves contained exceptionally
high lead concentrations reaching 50.24 mg/kg, representing one of the highest values
reported among Ugandan foodstuffs. These findings demonstrate the strong influence of
localized environmental conditions on food contamination and emphasize the need for
targeted monitoring in identified hotspot regions [21]. Compared with fruiting vegetables
such as tomatoes and cucumbers, leafy vegetables consistently accumulated greater PTE
concentrations, indicating that both root uptake and atmospheric deposition contribute
significantly to contamination [79]. Consequently, leafy vegetables appear to represent the
highest-priority food category for routine surveillance within Uganda.
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4.3. Tubers and Root Crops

Root and tuber crops generally exhibited lower PTE concentrations than leafy vegetables
but remain important contributors to dietary exposure because of their widespread consump-
tion throughout Uganda. Overall, these crops showed comparatively lower Pb concentrations
than vegetables and animal-source foods, although measurable levels of Cd, Ni, and As were
consistently reported across several regions. In Kasese, yams contained Cd concentrations of
0.001-0.050 mg/kg, Ni 0.200-3.300 mg/kg, Pb 0.010-0.040 mg/kg, and As 0.003-0.070 mg/kg,
while cassava accumulated Ni concentrations of up to 3.700 mg/kg [33,48]. Similarly, matooke
also showed detectable concentrations of Cd (0.001-0.020 mg/kg), Ni (0.100-3.200 mg/kg),
and Pb (0.002-0.060 mg/kg) [33]. Sweet potatoes also exhibited elevated Ni concentrations
ranging from 1.200 to 3.810 mg/kg, while Pb concentrations remained comparatively low [33].
Although most Pb concentrations were below WHO/FAO and Ugandan guideline values,
the relatively elevated Ni concentrations suggest localized influences from geological con-
ditions, mining activities, or agricultural inputs [86]. Compared with leafy vegetables, the
generally lower accumulation observed in underground storage organs likely reflects phys-
iological barriers that restrict the translocation of several PTEs from roots to edible tissues.
Nevertheless, prolonged cultivation in contaminated soils may still result in chronic low-level
dietary exposure, particularly because these staple foods are consumed frequently by many
Ugandan households. Continued monitoring therefore remains important in regions affected
by mining, wastewater irrigation, industrial activities, or other anthropogenic sources of PTE
contamination.

4.4. Fish and Aquatic Foods

Fish and other aquatic foods exhibited some of the highest PTE concentrations re-
ported in the compiled dataset, highlighting the importance of aquatic ecosystems as both
contaminant sinks and dietary exposure pathways. Aquatic organisms readily accumulate
PTEs from contaminated water, sediments, and suspended particulates through bioaccu-
mulation, making them useful indicators of environmental pollution. Studies conducted in
western Uganda reported exceptionally high Pb concentrations in mudfish ranging from
20.50 to 69.40 mg/kg in edible muscle and 30.30-89.60 mg/kg in gill tissues, far exceeding
the WHO/FAO and Ugandan maximum permissible limit of 0.3 mg/kg [63]. Similarly,
gilled lungfish collected from Lira contained Pb concentrations ranging from 1.690 to
5.120 mg/kg [71]. These extremely elevated values indicate significant contamination of
aquatic systems, likely arising from sediment-associated PTEs, mining activities, industrial
or municipal discharges, and catchment-derived runoff [29,58]. The consistently higher con-
centrations observed in gill tissues compared to muscle suggest dominant uptake through
waterborne exposure and particulate ingestion pathways rather than dietary accumulation
alone [62,66]. Given the importance of fish in the Ugandan diet, particularly in lakeshore
communities, these findings indicate that fish consumption may represent a significant
pathway of chronic dietary exposure in contaminated aquatic systems.

4.5. Livestock Products

Livestock products showed significant regional variability, reflecting differences in
grazing environments, feed quality, drinking water, and surrounding environmental
conditions. Beef from Soroti contained some of the highest reported concentrations
among Ugandan animal-source foods, with Cd ranging from 0.110 to 0.980 mg/kg,
Cr 11.60 to 32.50 mg/kg, Ni 5.970 to 26.58 mg/kg, and Pb 2.410 to 10.94 mg/kg [72].
Chicken eggs similarly contained measurable concentrations of Cd (0.03-0.250 mg/kg),
Cr (1.810-11.63 mg/kg), Pb (0.010-0.040 mg/kg), and As (0.040-1.840 mg/kg) [77]. Many
of these values greatly exceed the WHO/FAO and Ugandan guideline values, particu-
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larly for Pb (0.1 mg/kg) and Cd (0.05 mg/kg) in meat, suggesting contamination through
grazing on polluted land, contaminated feed, drinking water, or incidental soil ingestion.
These findings indicate that livestock products may constitute important dietary exposure
pathways in affected regions [20,87]. In contrast, milk generally showed comparatively
lower contamination levels. Raw cow milk collected from Wakiso contained Cd concen-
trations of 0.002-0.015 mg/kg and Pb concentrations of 0.002-0.018 mg/kg, both below
WHO/FAOQ limits [81]. However, milk collected from Mbarara contained Pb concentra-
tions ranging from 6.620 to 14.34 mg/kg [20], indicating possible localized contamination
from feed, water, or environmental sources. This contrast indicates that localized envi-
ronmental or production-related factors may exert a strong influence on contamination.
This marked geographical variability highlights the importance of routine surveillance of
livestock-derived foods, particularly in regions influenced by mining, industrial activities,
or intensive agriculture.

4.6. Street Foods and Processed Foods

Street-vended and processed foods represent an increasingly important compo-
nent of urban diets in Uganda and therefore constitute a potentially significant path-
way for dietary exposure to heavy metals. Compared with fresh meat products,
street-roasted meats consistently exhibited higher concentrations of Pb and Cd, sug-
gesting that contamination may occur during cooking, handling, storage, or roadside
vending in addition to primary production. Street-roasted pork contained Cd con-
centrations ranging from 0.011 to 0.189 mg/kg, Cr 0.540 to 2.160 mg/kg, Pb 0.880 to
3.700 mg/kg, and As 0.020 to 0.040 mg/kg. Similarly, street-roasted beef contained Cd
concentrations of 0.042-0.084 mg/kg, Cr 1.230-3.470 mg/kg, Pb 1.707-2.267 mg/kg, and
As 0.024-0.130 mg/kg, while street-roasted chicken contained Cd 0.131-0.251 mg/kg, Cr
1.430-2.170 mg/kg, and Pb 0.381-2.161 mg/kg [73]. These values exceed WHO/FAO and
Ugandan permissible limits for meat, suggesting contamination during roasting, handling,
or exposure to roadside dust [88,89]. These findings indicate that street foods may represent
an important exposure pathway due to environmental deposition and cooking-related con-
tamination. Similarly, cereal-based baby foods contained lower concentrations, including
Cd at 0.002-0.016 mg/kg, Pb at 0.001-0.016 mg/kg, and As at 0.010-0.030 mg/kg [75],
indicating additional exposure pathways for sensitive populations. Although these concen-
trations were lower than those reported in many street-vended foods, continued monitoring
remains essential because infants and young children are particularly vulnerable to the
adverse health effects of chronic PTE exposure.

5. Integrated Discussion: Screening-Level Risk, Regional Hotspots,
Regulatory Compliance, Public Health Implications, and
Management Priorities

The occurrence data and screening-level risk assessment collectively indicate that
PTE contamination within Ugandan food systems is highly heterogeneous and largely
hotspot-driven rather than uniformly distributed nationwide. Elevated concentrations
were mainly associated with mining-influenced agricultural areas, wastewater-irrigated
farms, municipal dumpsites, industrial corridors, contaminated aquatic environments, and
urban food production and marketing systems. Therefore, the calculated EDI, THQ, HI, CR,
and TCR values should be interpreted as comparative screening-level indicators rather than
population-weighted or nationally representative dietary exposure estimates. Nevertheless,
the assessment provides a useful basis for identifying priority PTEs, vulnerable population
groups, high-risk food categories, and geographical areas requiring targeted monitoring
and intervention.
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5.1. Screening-Level Exposure and Risk Estimates by Region

Representative regional PTE concentrations were derived from the compiled occur-
rence dataset to facilitate comparative screening-level dietary risk assessment. For each
food item within a region, the midpoint of the reported concentration range was calcu-
lated, after which the resulting midpoints were averaged by PTE within each region. The
resulting concentrations are summarized in (Table 4), while corresponding estimated daily
intake (EDI), total hazard quotient (THQ), and hazard index (HI) values are presented in
(Table 5). Because these representative concentrations were derived from heterogeneous
studies encompassing different food categories, sample sizes, analytical methods, and
reporting bases, they were used to provide a harmonized basis for regional comparison
rather than to estimate true regional mean concentrations. Accordingly, the calculated risk
metrics should be interpreted as screening-level indicators for comparative assessment
rather than precise estimates of population exposure.

Table 4. Representative regional representative PTE concentrations used for dietary risk calculations.

PTE Concentration (mg/kg)

Region -

Cd Cr Ni Pb As
Central 0.412 3.210 1.365 2.864 0.987
Eastern 1.742 7.865 3.540 18.94 0.083
Northern 0.401 7.445 — 4.732 0.090
Southwestern 2.384 0.892 0.598 5.318 0.041
Western 0.067 0.047 1.718 11.75 0.078

“—" indicates that no sufficiently reliable concentration data were available for the respective PTE and region.
Missing values were excluded from the calculation of EDI, THQ, HI, and CR to avoid bias in screening-level risk
estimates.

Table 5. Estimated daily intake, target hazard quotient, and hazard index for children and adults
across Ugandan regions.

Age . Estimated Daily Intake (mg/kg/Day) Target Hazard Quotient Hazard
Region
Group cd cr Ni Pb As cd cr Ni Pb As Index
Central 0.0037 0.0287 0.0122 0.0256 0.0088 3.681 9.559 0.610 7.310 29.39 50.55
Eastern 0.0156 0.0703 0.0316 0.1692 0.0007 15.56 23.42 1.581 48.34 2.472 91.38
Children ~ Northern 0.0036 0.0665 — 0.0423 0.0008 3.582 22.17 — 12.08 2.680 40.51
Southwestern 0.0213 0.0080 0.0053 0.0475 0.0004 21.30 2.656 0.267 13.57 1.221 39.01
Western 0.0006 0.0004 0.0153 0.1050 0.0007 0.599 0.140 0.767 29.99 2.323 33.82
Central 0.0014 0.0111 0.0047 0.0099 0.0034 1.428 3.709 0.237 2.837 11.41 19.62
Eastern 0.0060 0.0273 0.0123 0.0657 0.0003 6.039 9.088 0.614 18.76 0.959 35.46
Adults Central 0.0014 0.0258 — 0.0164 0.0003 1.390 8.603 — 4.687 1.040 15.72
Southwestern 0.0083 0.0031 0.0021 0.0184 0.0001 8.265 1.031 0.104 5.267 0.474 15.14
Western 0.0002 0.0060 0.0408 0.0003 0.232 0.054 0.298 11.64 0.901 13.13

Values in bold indicate exceedance of the non-carcinogenic risk threshold (THQ or HI > 1). THQ or HI values < 1
indicate negligible risk, while values >1 indicate potential non-carcinogenic health risk. These values represent
comparative screening-level estimates and should not be interpreted as predictions of clinical health effects.
“—" indicates that no concentration data were available and the corresponding PTE was excluded from the
HI calculation.

The calculated EDI, THQ, and HI values varied substantially among geographical
regions and between age groups, reflecting differences in representative PTE concentrations
and body-weight-adjusted dietary exposure (Table 5). Consistent with previous dietary
exposure studies, children exhibited higher EDI and THQ values than adults due to lower
body weight and greater food intake relative to body mass [90], with the highest EDI
observed for Pb in Eastern Uganda (0.1692 mg/kg/day for children) and Northern Uganda
(0.1050 mg/kg/day for children), and for Cr in Northern Uganda (0.0665 mg/kg/day
for children). These elevated intake values translated into high THQ values, particularly
for Pb, Cr, and Cd, which dominated non-carcinogenic risk across regions. Hazard index
values exceeded the recommended safety threshold (HI = 1) for all regions in both children
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and adults, with the highest cumulative risk observed in Eastern Uganda (HI = 91.38 for
children; 33.82 for adults), followed by Central Uganda (HI = 50.55 for children; 19.62 for
adults) and Northern Uganda (HI = 40.51 for children; 15.72 for adults). The elevated HI
values reflect the use of conservative, screening-level representative concentrations derived
from reported ranges, and therefore represent worst-case exposure scenarios rather than
population-weighted estimates.

These values are substantially higher than those reported in similar food-based ex-
posure assessments from other regions, where HI values typically range between 1 and
10 for vegetables and staple foods in countries such as Ghana, Nigeria, China, and India,
with children generally exhibiting higher risk than adults (e.g., HI values of 2.3-8.5 re-
ported for vegetables in Ghana; 1.8-6.7 for Nigerian food crops; and 3.2-9.4 for cereals
and vegetables in parts of China) [91-94]. The markedly higher HI values observed in the
present study indicate stronger localized contamination and cumulative exposure from
multiple food sources. Overall, Pb and Cr contributed most strongly to dietary exposure
and non-carcinogenic risk, while consistently higher EDI, THQ, and HI values in children
indicate greater vulnerability of younger populations to chronic dietary PTE exposure,
consistent with findings from previous dietary risk assessments in Africa and Asia that
identify children as the most sensitive population group due to higher intake per body
weight and increased susceptibility to metal toxicity [95,96].

5.2. Carcinogenic Risk Assessment

Carcinogenic risk was estimated using the approach described in Section 2.4.3, and
the resulting CR and TCR are presented in (Table 6). Estimated TCR values exceeded
the commonly accepted lifetime risk threshold (1 x 10~%) [97] for all evaluated regions,
indicating potential long-term cancer risk associated with dietary exposure. The highest
TCR occurred in Eastern Uganda, reaching 0.0831 for children and 0.0322 for adults,
followed by Central Uganda (0.0414 for children and 0.0161 for adults) and Northern
Uganda (0.0394 for children and 0.0153 for adults). Consistent with the non-carcinogenic
assessment, children exhibited higher carcinogenic risk estimates than adults because of
greater dietary intake relative to body weight. Among the evaluated PTEs, Cr and Pb
contributed most strongly to the calculated carcinogenic risk, while As contributed to a
lesser extent depending on the food category and geographical region. The calculated
CR were influenced by the representative regional concentrations, generalized dietary
ingestion rates, assumed complete bioavailability, and toxicological assumptions applied in
the analysis. Of particular importance is the treatment of total chromium as Cr(VI) because
most Ugandan studies did not provide chromium speciation. Since Cr(VI) is substantially
more carcinogenic than Cr(III) [98], this health-protective assumption may considerably
overestimate chromium-related cancer risk where Cr(III) constitutes most of the measured
total chromium.

Although the calculated values are substantially higher than those reported in com-
parable dietary exposure assessments in other regions, where TCR values for food-based
exposure typically fall within the range of 107 to 10~* for vegetables and staple foods in
countries such as China, India, Ghana, and Nigeria, with only localized hotspots exceeding
the upper acceptable limit [99-102]. The present assessment employed representative
midpoint concentrations compiled from heterogeneous datasets, generalized dietary in-
gestion rates, and conservative toxicological assumptions, including the treatment of total
chromium as Cr(VI) for screening purposes. Collectively, these assumptions are intention-
ally health protective and may overestimate actual carcinogenic risk where exposure is
lower or where less toxic chromium species predominate.
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Table 6. Screening-level carcinogenic and total carcinogenic risks associated with PTEs in Ugandan
foodstulffs for children and adults.

Carcinogenic Risk (CR)

Age Group Region cd Cr Ni b An TCR

Central 0.0014 0.0143 0.0102 0.0022 0.0132 0.0414

Eastern 0.0059 0.0351 0.0265 0.0144 0.0011 0.0831

Children Northern 0.0014 0.0333 — 0.0036 0.0012 0.0394
Southwestern 0.0081 0.0039 0.0045 0.0040 0.0005 0.0212

Western 0.0002 0.0002 0.0129 0.0089 0.0010 0.0233

Central 0.0005 0.0056 0.0039 0.0008 0.0051 0.0161

Eastern 0.0023 0.0136 0.0103 0.0056 0.0004 0.0322

Adults Northern 0.0005 0.0129 — 0.0014 0.0005 0.0153
Southwestern 0.0031 0.0015 0.0017 0.0016 0.0002 0.0082

Western 0.0001 0.0001 0.0050 0.035 0.0004 0.0090

“—" indicates that the corresponding concentration was unavailable and was excluded from the TCR calculation.
Values in bold indicate exceedance of the acceptable carcinogenic risk threshold (TCR > 1 x 10~*). The range
1 x 1076 to 1 x 10~ represents the acceptable lifetime cancer risk interval.

Nevertheless, the consistently elevated TCR values identified in hotspot regions indi-
cate that chronic dietary exposure to multiple PTEs warrants continued attention, particu-
larly in areas influenced by mining activities, wastewater irrigation, municipal dumpsites,
and industrial emissions. Rather than representing definitive estimates of population cancer
risk, the calculated CR and TCR values should be interpreted as screening-level indicators
that assist in prioritizing food commodities, geographical hotspots, and contaminants for
detailed exposure assessment, environmental monitoring, and regulatory intervention.
Future investigations incorporating metal speciation, Uganda-specific food consumption
data, probabilistic exposure modelling, and human biomonitoring would substantially
improve characterization of carcinogenic risk under local exposure conditions.

5.3. Regional Hotspot Interpretation

Spatial integration of the occurrence data in (Table 3), representative regional concen-
trations in (Table 4), and screening-level risk estimates in (Tables 5 and 6) identified clear
geographical differences in PTE concentration across Uganda. Eastern Uganda consistently
exhibited the highest cumulative non-carcinogenic (HI) and carcinogenic (TCR) risks, followed
by Central, Northern, Western, and Southwestern Uganda. These regional differences reflect
variations in environmental contamination sources, land-use practices, agricultural activities,
and food production systems rather than uniform nationwide contamination.

Eastern Uganda emerged as the principal contamination hotspot, largely because of
the combined influence of mining activities, municipal dumpsite cultivation, contaminated
livestock production systems, and intensive agriculture. Beef from Soroti contained some of
the highest concentrations of Cd, Cr, Ni, and Pb reported in the reviewed literature, while
vegetables cultivated around the Mbale municipal dumpsite and crops grown adjacent
to the Osukuru phosphate mining area exhibited substantial PTE accumulation. The
convergence of these contamination sources explains the consistently higher EDI, HI, and
TCR values observed for this region, highlighting Eastern Uganda as a priority area for
environmental monitoring and food safety interventions.

Central Uganda also exhibited substantial cumulative screening-level risk, driven by
contamination reported in urban vegetables, commercial rice, street-vended foods, tea, eggs,
and selected livestock products. Kampala and its surrounding districts are affected by dense
traffic, industrial activity, wastewater irrigation, open-air food marketing, and rapid urban
development. These overlapping pressures may expose foods to PTEs during cultivation,
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transportation, processing, and vending. Northern Uganda exhibited moderate screening-
level risk, driven mainly by cereals, fish, and livestock products, whereas Southwestern
Uganda showed contamination largely associated with vegetables and animal-derived foods,
with Cd and Pb contributing most strongly to cumulative exposure. Western Uganda pre-
sented notable localized contamination in fish and root crops, particularly in Kasese, where
mining activities, contaminated sediments, and naturally mineralized geological formations
may influence environmental PTE concentrations. A summary of regional hotspot foods,
priority metals, and relative risk levels is presented in (Table 7). Similar spatial hotspot
patterns have been reported in other regional food contamination studies, where mining
zones [103], urban agriculture near dumpsites [104], and industrial corridors [105] consistently
produce higher dietary exposure compared with background agricultural areas. These find-
ings demonstrate that regional averages can conceal substantial within-region variability. A
region classified as having comparatively moderate overall risk may still contain individual
districts, food commodities, or production systems with severe contamination. Monitoring
programs should therefore prioritize specific source-pathway-food combinations rather than
relying solely on broad regional classifications.

Table 7. Summary of screening-level exposure and risk patterns by region.

Region Principal Hotspot Foods Priority PTEs Children HI Children TCR Screening Priority

Eastern Uganda Beef, dumpsite crops Pb, Cr, Cd, Ni 91.38 0.0831 Very high

Western Uganda Tuber crops, fish Pb, Cd 33.82 0.0233 High, localized

Central Uganda Mk, vegetables, Rice, street Pb, Cd, As, Cr 50.55 0.0414 Very high

oods, eggs

Northern Uganda Cereals, livestock Cd, Ni, Pb 4051 0.0394 High
products, fish

Southwestern Milk, Vegetables, Cd, Pb, Cr 39.01 0.0212 High

street-roasted meats

Screening priority reflects the combined interpretation of PTE occurrence, HI, TCR, affected food commodities,
and evidence of localized contamination sources. It is intended to guide monitoring and should not be interpreted
as a population-level ranking of disease risk.

5.4. Regulatory Compliance with WHO/FAO, Codex, and Ugandan Food Safety Standards

Comparison of the reported PTE concentrations with internationally and nationally
recognized food safety standards revealed frequent exceedances across several food cat-
egories, particularly for Pb and Cd (Section 4; Table 3). The most affected commodities
included leafy vegetables, rice, beef, fish, and street-vended foods, whereas milk generally
exhibited lower contamination except for localized hotspots. These exceedances indicate
that contamination is primarily associated with specific production environments rather
than representing a uniform food safety issue across Uganda.

Leafy vegetables collected from Kampala contained Pb concentrations of ~2.940-
9.500 mg/kg [57], substantially exceeding the WHO/FAO and Ugandan vegetable limit
of 0.30 mg/kg, while dump site-grown vegetables from Mbale contained Pb concentra-
tions of 0.200-1.400 mg/kg [23], and mining-area vegetables from Osukuru reached
35.21-50.24 mg/kg [21], all above the same threshold. Cadmium in vegetables ranged from
0.020 to 0.100 mg/kg [7], exceeding the 0.05 mg/kg WHO/FAO and Ugandan guideline in
several cases. Rice sold in Kampala contained As concentrations of 0.935-2.400 mg/kg [70],
exceeding the Codex and Ugandan limit of 0.20 mg/kg in polished rice, while Cd in rice
(0.431-0.609 mg/kg) exceeded the 0.40 mg/kg cereal limit and Pb (0.696-0.901 mg/kg)
exceeded the 0.20 mg/kg limit. Similarly, beef from Eastern Uganda contained Cd concen-
trations of 0.110-0.980 mg/kg and Pb concentrations of 2.410-10.94 mg/kg [78], exceeding
WHO/FAO and Ugandan meat limits of 0.05 mg/kg and 0.10 mg/kg, respectively. Fish
samples contained Pb concentrations of 20.50-69.40 mg/kg [60], exceeding the 0.30 mg/kg
WHO/FAO and Ugandan guideline. Street-roasted meats also exceeded limits, with Pb
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0.880-3.700 mg/kg and Cd 0.042-0.251 mg/kg [73], surpassing recommended thresh-
olds. In contrast, raw cow milk from Wakiso contained Cd 0.002-0.015 mg/kg and Pb
0.002-0.018 mg/kg [76], below the Ugandan and WHO dairy limits, although localized
contamination in Mbarara showed Pb up to 14.34 mg/kg [20], exceeding the 0.02 mg/kg
dairy guideline.

Although several food commodities complied with guideline values in some regions,
particularly raw cow milk from Wakiso, the marked geographical variability observed
across the reviewed studies demonstrates that compliance cannot be generalized nationally.
Rather, food safety appears to be strongly influenced by localized environmental conditions,
agricultural practices, and post-harvest handling. These findings reinforce the importance
of routine surveillance targeting high-risk food commodities produced within mining areas,
wastewater-irrigated farms, municipal dumpsites, industrial corridors, and urban markets.

From a regulatory perspective, the widespread exceedance of Codex, WHO/FAO,
and Ugandan food safety standards highlights the need to strengthen implementation of
existing environmental and food safety legislation. Improved enforcement of the National
Environment Act, the National Environment (Waste Management) Regulations, relevant
UNBS food standards, and associated regulations governing industrial emissions, wastew-
ater discharge, mining activities, and agricultural production would reduce contaminant
inputs into food systems before they reach consumers. Integrating environmental moni-
toring with routine food safety surveillance would further support early identification of
contamination hotspots and facilitate evidence-based regulatory interventions.

5.5. Integrated Toxicological and Public Health Interpretation

The toxicological significance of the observed contamination patterns indicates that
among the PTEs evaluated, Pb exposure poses the greatest public health concern, partic-
ularly for children consuming contaminated vegetables, beef, fish, and street foods [18].
Chronic Pb exposure has been associated with neurodevelopmental impairment, reduced
cognitive performance, behavioral disorders, and cardiovascular effects [106]. Cd, detected
mainly in cereals, vegetables, and livestock products, may accumulate in the kidneys
and bones, leading to renal dysfunction and skeletal damage following prolonged expo-
sure [15,107]. Elevated Cr concentrations, particularly in mining-influenced areas, also
contributed substantially to the calculated carcinogenic risk; however, because most Ugan-
dan studies reported total chromium rather than chromium speciation, the assumption
that total Cr represents Cr(VI) provides a conservative, health-protective estimate that may
overestimate actual risk [108]. Nickel exposure from vegetables and cereals may contribute
to allergic responses and potential carcinogenic risk under chronic exposure [109]. Arsenic
exposure through rice and fish further contributes to long-term cancer risk and cardiovas-
cular effects [110]. The toxicological significance of the PTEs detected in Ugandan food
systems is summarized in (Table 8). Overall, the screening-level assessment indicates that
foodborne PTE exposure in Ugandan food systems is primarily driven by chronic low-dose
intake rather than acute poisoning events. Children consistently exhibited higher EDI,
THQ, HI, and TCR values than adults because of greater food intake relative to body weight
and increased physiological susceptibility. Although the calculated risks were based on
conservative screening assumptions, they identify Pb and Cd as the dominant contributors
to cumulative dietary exposure and highlight hotspot regions such as Eastern Uganda and
urban vegetable production systems as priorities for monitoring and intervention.
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Table 8. Toxicological implications of PTEs detected in Ugandan foodstuffs.

Metal Major Health Effects Target Organs Major Food Sources (Uganda) Risk Concern Reference

Pb Neurotoxicity, developmental delay ~ Brain, nervous system Vegetables, street foods, beef Very high [106]
Kidney damage, . . . .

Cd bone demineralization Kidney, liver Rice, vegetables, beef High [15]
Carcinogenicity (Cr(VI)), . .. .

Cr oxidative stress Lung, liver Beef, mining-area crops High [108]

Ni Alle'rglc reactions, Skin, lung Vegetables, cereals Moderate [109]
carcinogenic potential

As Cancer, cardiovascular effects Skin, liver Rice, fish High [110]

Priority concern reflects the combined consideration of reported occurrence, frequency of guideline exceedance,
screening-level exposure estimates, toxicological potency, and affected food commodities. It should not be
interpreted as a quantitative ranking of disease burden.

5.6. Remediation and Management Strategies for PTE-Contaminated Food Systems

The contamination patterns identified in this review highlight the need for integrated
management strategies that reduce PTE inputs throughout the food production and distri-
bution chain. Because contamination is concentrated within localized hotspots, mitigation
efforts should prioritize mining-affected areas, wastewater-irrigated farms, municipal
dumpsites, industrial corridors, and high-risk urban markets rather than broad nationwide
interventions. Source control remains the most effective long-term strategy and should
include strengthened regulation of industrial effluents, mining waste disposal, wastewater
reuse, and municipal waste management. In contaminated agricultural areas, remediation
approaches such as biochar application, lime and organic amendments, phytoremediation,
and improved irrigation water management have demonstrated considerable potential
to reduce PTE mobility, plant uptake, and subsequent transfer into the food chain while
maintaining soil productivity [111-114].

Complementary food safety measures are equally important. Routine monitoring
should prioritize high-risk commodities identified in this review, particularly leafy veg-
etables, cereals, livestock products, fish, and street-vended foods produced within con-
tamination hotspots. Adoption of Good Agricultural Practices (GAPs), standardized
monitoring protocols, and improved post-harvest handling should be supported through
stronger coordination among environmental, agricultural, food safety, and public health
institutions [26,40,115]. Future research should focus on nationally representative food
consumption data, metal speciation, bioavailability, biomonitoring, and probabilistic ex-
posure assessment to improve the accuracy of dietary risk characterization and support
evidence-based food safety policies in Uganda.

6. Conclusions and Recommendations

This review synthesizes the available evidence on PTE contamination in foods con-
sumed in Uganda and demonstrates that contamination is highly localized rather than
uniformly distributed nationwide. Elevated concentrations were consistently associated
with mining-influenced agricultural areas, wastewater-irrigated farms, municipal dump-
sites, industrial corridors, contaminated aquatic environments, and urban food markets,
with Pb and Cd emerging as the dominant contaminants across most food categories. The
screening-level exposure assessment further identified children as the most vulnerable
population because of higher dietary intake relative to body weight. At the same time,
vegetables, cereals, livestock products, fish, and street-vended foods represented the princi-
pal dietary exposure pathways, although the dominant food-metal combinations varied
geographically. Eastern Uganda showed the highest overall screening priority, followed by
Central, Northern, Southwestern, and Western Uganda, with each region exhibiting distinct
contamination sources and affected food commodities. However, because the risk estimates
were derived from heterogeneous published datasets using harmonized and conservative
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assumptions, they should be interpreted as comparative screening-level indicators for
identifying priority contaminants, food categories, and contamination hotspots rather than
nationally representative estimates of dietary exposure. Overall, the findings highlight
the need for strengthened food safety surveillance and environmental pollution control
in identified hotspot regions while also exposing important knowledge gaps, including
limited chromium speciation, inconsistent reporting of wet- and dry-weight concentrations,
variability in analytical methodologies, and the absence of nationally representative food
consumption data. Addressing these limitations will improve future exposure assessments
and support more effective evidence-based food safety management in Uganda.

Recommendations and Future Research Priorities
Future research, monitoring, and policy efforts should prioritize the following actions:

e  Targeted surveillance of high-risk food commodities produced within identified con-
tamination hotspots, particularly leafy vegetables, cereals, livestock products, fish,
and street-vended foods.

e  Stronger control of industrial emissions, mining activities, wastewater reuse, and munici-
pal waste disposal to reduce contaminant transfer into agricultural production systems.

e  Standardization of sampling protocols, analytical methods, QA /QC procedures, wet-
and dry-weight reporting, detection limits, and metal speciation to improve compara-
bility among future studies.

e  Development of Uganda-specific food consumption datasets, probabilistic dietary ex-
posure assessments, biomonitoring studies, and geospatial mapping of contamination
hotspots to strengthen future risk characterization and guide evidence-based policy.
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