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Abstract

This current study assessed the toxicity of selected heavy metals in paddy and sediments of non-major production
sites in Southern Peninsular Malaysia, complemented by bibliometric analysis of research trends and health
implications of rice contamination. Paddy (grains, stems, roots) and soil samples were collected from seven
selected sites in the Southern parts of Peninsular Malaysia and analyzed for their heavy metals content. The health
risk assessments were conducted based on estimated daily intake, and the Web of Science database was used for
bibliometric analysis. The results indicated elevated levels of manganese, Mn (0.4 + 0.07), especially in the roots,
compared to other heavy metals. Generally, the heavy metal levels in paddy grains were below FAO/WHO’s
tolerable daily intake levels, indicating minimal non-carcinogenic risks to both adults and children. The
bibliometric analysis indicated a significant increase in related publications, reflecting growing academic interest.
This study highlights the potential of non-major sites to produce rice with lower contamination levels, provides
insights into research trends, and identifies future investigation areas, especially for major production sites and
post-COVID-19 periods. Therefore, this study offers a robust scientific context, identifies research gaps,
benchmarks findings, and guides future research directions, ensuring an in-depth perception on heavy metal
contamination and its health risks.
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Introduction

Rice (Oryza sativa L.) is a key energy source, rich in
complex carbohydrates, moderate protein, and
micronutrients such as vitamin B (Yuan et al., 2017;
Kong et al., 2019; Zulkafflee et al., 2021). Rice is not
only considered as one of the most important foods for
daily consumption globally (Pishgar-Komleh et al.,
2011; Abbas et al., 2011; Fukagawa and Ziska, 2019;
Sen et al., 2020), but it is also the staple food in Asian
countries (OECD and FAO, 2022). Therefore, there is
a rising concern on the detrimental effects of heavy
metals on the consumption of rice as well as to the
environment (Rodriguez et al., 2007).

Khairiah et al. (2013) and Syahariza et al. (2013)
reported massive use of synthetic fertilisers and
agrochemicals containing harmful metals such as
arsenic (As), cadmium (Cd), and lead (Pb) among
paddy farmers to boost their crop yields. These metals
can bioaccumulate, biomagnify and translocate in these
crops (Clemens and Ma, 2016; Kanu et al., 2017;
Zulkafflee et al., 2021; Saeed et al., 2023) leading to
metal toxicity cases if consumed by human (Zulkafflee
et al., 2019; Liu et al., 2022; Sudmoon et al., 2024).
Thus, comprehensive monitoring and mitigation
strategies to improve heavy metal pollution in the
agricultural ecosystem is crucial.

Bibliometric analysis is used in this study to assess the
possible health risks associated with heavy metal
accumulation in rice. The primary objective is to
highlight key results and identify areas that requires
further research. It is a quantitative technique that has
been widely used to discern the academic landscape
surrounding heavy metal contamination in rice
production (Dahlal et al., 2024; Ungureanu et al.,
2023). This analysis evaluates research patterns,
dynamic changes, and organisational structures in
academic literature relevant to a particular discipline
using statistical techniques (Linnenluecke et., 2020;
Wider et al., 2023; Zakaria et al., 2023). The patterns
of publication, citations, authorship, and keyword
frequencies are analysed to understand the scientific
environment, evaluate research outcomes, seek
collaborations, and identify both well-established and
novel themes (Wider et al., 2024; Wider et al., 2023;
Fauzi, 2022). Apart from that, it also offers a brief
synopsis of the evolution of the field, key research, and
possible future paths which are important strategy
formulation resources for academics, legislators, and
organisations.

Current trends can be assessed by using bibliographic
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coupling analysis, which involves looking at studies
with shared references (Chandrakumar et al., 2024).
This process uncovers interrelated research domains,
prevailing themes, methodologies, and noteworthy
contributions. On top of that, this approach may allow
better understanding on the geographical distribution
of studies, isolating specific areas where heavy metal
contamination of rice is a significant issue. This study
also makes use of co-word analysis to map the co-
occurrences of keywords, revealing unexplored
research areas and suggests new research pathways
(Fauzi et al., 2024). Public health, agricultural science,
environmental science, and toxicology are just a few
of the fields that could benefit from interdisciplinary
collaboration, as this analysis shows.

Combining these bibliometric approaches yields a
thorough understanding of the heavy metal research
field as it relates to rice, illuminating prevalent trends
and suggesting future directions for study. Using an
all-encompassing strategy advances our grasp of the
field's status and future research efforts, allowing a
deeper comprehension of health implications on heavy
metal contamination and the issues that surround it.
Previous reported studies in Malaysia emphasized on
main paddy production areas while many non-major
production areas are not well studies (Rahman et al.,
2014; Ruzdi et al., 2018; Zulkafflee et al., 2019). Thus,
the current study focuses on the heavy metal
accumulation in soils and paddies of non-major
producing areas in the southern part of Peninsular
Malaysia. To further assess the possible health risks,
we applied a bibliometric analysis of previously
published research on the topic. By analysing the
impact of prior studies and revealing gaps in the
literature, bibliometric analysis provides a holistic
view of our research trends. In doing so, the result of
the analysis sets a benchmark for our findings, situate
it within the larger scientific discussion and point the
way for further studies on the dangers of heavy metal
contamination to human health. The aim of this study
is to (i) determine concentrations of metals in the
paddy soils and different parts of paddy (root, stalk,
and grain) from selected paddy fields of the southern
part of Peninsular Malaysia; (ii) assess the health risk
of paddy consumption via risk indices; (iii) evaluate
current trends in the study of heavy metal
accumulation in rice and associated health risk
assessments; (iv) determining novel research avenues
concerning the accumulation of heavy metals in rice in
relation of health risks.



Material and Methods

Sample collections

Paddy field samples were collected from non-major
paddy production sites located in the southern part of
Peninsular Malaysia. Samples such as paddy grains,
stems, roots, and the surrounding soil were collected
from eight locations: Bahau (2°48'59.6"N
102°20'55.1"E), Mersing (2°36'11.9"N
102°35'30.0"E), Endau (2°37'50.0"N 103°38'15.1"E),
Kuala Rompin (2°39'51.2"N 103°34'53.3"E), Sungai
Mati  (2°1027.4"N  102°30'35.4"E),  Gemas
(2°36'11.9"N 102°35'30.0"E), Gerisek (2°14'23.9"N
102°40'35.5"E), and  Semerah  (1°53'05.2"N
102°45'53.1"E). For trace metal analysis, all samples
were collected from the specific sites using a wooden
scoop with hands covered with rubber gloves, and
samples were kept using clean, labeled plastic bags.
All samples are collected randomly from each site
with three replications and returned to laboratory for
further analysis preparation.

Samples treatments and metal determination
All the paddy samples, which included paddy grain,
stem, and root, were collected and brought to the
laboratory, where they were separated by hand. All
samples are separated using labeled aluminum foil and
dried at 60°C in the oven to a constant dry weight. All
samples were sent to ALS Technichem (M) Sdn. Bhd.
for heavy metal concentration determination by using
AGILENT - 7700 series, Inductively Coupled Plasma-
mass Spectrometer for As, Cd, Cu, Li, Mn, and Pb.
The detection limit is 1 mg/kg (As, Cd, Cu, Mn, and
Pb) and 5 mg/kg (L1i).

Trace metals data treatment

The Human Risk Assessment (HRA) values, including
hazard quotient (HQ) and hazard index (HI), were
calculated based on the equation presented by USEPA
2012 (Hang et al., 2009). The standard rice Ingestion
Rates (IR) used for adults and children were 600 g/day
and 198.4 g/day, respectively (Praveena and Omar,

2017).
— ADD
HQ = RfD

Where,
ADD = average daily dose;
RfD = reference dose.
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Where,
HI < 1 denotes possible chronic risks;
HI > 1 denotes possible noncancerous risks.

Statistical analysis

Mean calculation was applied to the data from the
metal determination while the significance of
differences among samples of different sites were
determined with ANOVA analysis by using MS Excel
(version 2013, Microsoft, Redmond, WA, USA).

Bibliometric analysis

We utilized the WoS database to conduct a
comprehensive evaluation with close attention on the
SCIE and SSCI (Wider et al., 2024). Many reputable
academic journals from various disciplines, such as
social and natural sciences, via this method and all
articles published up until December 31, 2023, were
excluded from our investigation. The "TOPIC" search
function is used to identify titles, abstracts, and
keywords related to our area of interest. The following
keywords were used to achieve this objective: ("Heavy
Metal Accumulator*" OR "Heavy metal deposit*" OR
"heavy metal*") AND (rice OR paddy OR "paddy
soil" OR "paddy sediment™) AND ("health risk
assessment*" OR "human health risk” OR "average
daily dose*" OR ™"average daily intake*"). Our
analysis was limited to documents written in English
to cater to our primary audience and conform to the
prevailing convention of scientific communication.
Following the application of the inclusion and
exclusion criteria, the screening process retained 505
articles in total.

Results

Comparative analysis of trace metal levels in
paddy plants from southern Malaysia

The provided data originates from eight distinct paddy
fields throughout central to southern Malaysia. The
mean concentration of all heavy metals (Cu, As, Cd,
Pb, Li, and Mn) in the different air-dried paddy parts
from eight different paddy fields was determined and
displayed in Figure 1. Nonetheless, information
regarding metal accumulation in the paddy grain from
Sawah Ring is unavailable due to challenges in
coordinating harvest timing with the local farmers.



Heavy metals in different paddy plant parts
and sediments

Generally, all the mean values for copper (Cu) ranged
from 0.0005 — 0.0794, 0.0011 — 0.0410, 0.0025 —
0.0223, and 0 — 0.0032 mg/kg for roots, stem, grain,
and sediments. The concentration of Cu in roots
(0.0199 + 0.009 mg/kg) was shown to be higher than
other paddy parts and sediments, while samples
collected from Bahau (0.0794 + 0.073 mg/kg) have the
highest record among all locations (P<0.05).

Arsenic (As) mean values ranged from 0.0111 —
0.1320, 0.0005 — 0.0063, 0.0003 — 0.0015, 0 — 0.0155
mg/kg for roots, stem, grain, and sediment. The
concentration of As (0.0389 + 0.014 mg/kg) in roots
showed the highest accumulation than other paddy
parts and sediments, while samples collected from
Gemas (0.132 + 0.045 mg/kg) have the highest record
among all other locations (P<0.05).

Cadmium (Cd) mean values ranged from 0.0003 —
0.0018, 0.0001 — 0.0008, 0.0001 — 0.0006, BDL -
0.00009 mg/kg for roots, stem, grain, and sediment.
Concentration of Cd (0.00074 = 0.0001 mg/kg) in
roots shown the highest accumulation than other
paddy parts and sediments, while samples collected
from Bahau (0.0018 + 0.0007 mg/kg) have the highest
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record among all other locations (P<0.05).

Lead (Pb) mean values ranged from 0.0354 — 0.0743,
0.0004 — 0.0107, 0.0001 — 0.0006, 0.013 — 0.0327
mg/kg for roots, stem, grain, and sediment. The
concentration of Pb (0.0493 £ 0.005 mg/kg) in roots
showed the highest accumulation than other paddy
parts and sediments, while samples collected from
Mersing (0.0743 = 0.0038 mg/kg) have the highest
record among all other locations (P<0.05).

Lithium (Li) mean values ranged from 0.0003 —
0.0111, BDL - 0.0008, BDL — 0.0004, BDL — 0.034
mg/kg for roots, stem, grain, and sediment.
Interestingly, the concentration of Li (0.0038 + 0.0016
mg/kg) in sediments showed the highest accumulation
than other paddy parts and sediments, while samples
collected from Sungai Mati (0.034 = 0.0028 mg/kg)
have the highest record among all other locations
(P<0.05).

Manganese (Mn) mean values ranged from 0.2197 —
0.803, 0.308 — 1.86, 0.1036 — 0.4463, 0.0063 — 0.0908
mg/kg for roots, stem, grain, and sediment.
Surprisingly, Mn concentration (0.934+0.186 mg/kg)
shows the highest accumulation in stem compared to
other paddy parts and sediments, while samples
collected from Sungai Mati (1.86 + 0.336 mg/kg) have
the highest record among all other locations (P<0.05).
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Figure-1. Mean concentrations (mg/kg) of Cu (a), As (b), Cd (c), Pb (d), Li () and Mn (f) in different paddy parts
collected from selected sites of Southern Peninsular Malaysia.

* BDL = Below Detection Level

* The different alphabets on top of the bar represent significant differences at p<0.05.

Human health risk assessment (HRA)
Average daily dose (ADD)

The primary pathway through which humans are
exposed to toxic trace metals is via the consumption
of rice, wherein these metals accumulate within the
grains. Tables 1 and 2 demonstrate the ADD of trace
metals among Malaysian adults and children through
rice consumption, tolerable daily intake (TDI) values,

and maximum allowable concentration (MAC)
values. The TDI values used in this study are Cu, As,
Cd, and Pb were 0.0714, 0.0021, 0.001, and 0.0036
mg/kg (Khanam et al., 2020; Myat Soe et al., 2023).
The pattern of ADD for both consumers is in the
ascending order of Mn > Cu > As > Cd > Pb. All ADD
values (adult and children) for Cu, As, Cd, Pb, and Mn
in paddy grains were lower than the corresponding
TDI and MAC values.

Table-1. The ADD (mg/kg) for heavy metals for adults through consumption of paddy grain from selected sites

of Southern Peninsular Malaysia.

Cu As Cd Pb Mn
Bahau 0.00009 0.0000032 0.0000035 0.0000042 0.0043
Mersing 0.00021 0.0000076 0.0000042 0.0000054 0.0037
Endau 0.00002 0.0000025 0.0000022 0.0000015 0.0029
Kuala Rompin 0.00007 0.0000086 0.0000054 0.0000040 0.0036
Sungai Mati 0.00018 0.0000028 0.0000016 0.0000037 0.0032
Gemas 0.00011 0.0000051 0.0000051 0.0000028 0.0024
Semerah 0.00004 0.0000140 0.0000009 0.0000012 0.0010
TDI (mg/kg) 0.0714 0.0021 0.001 0.0036 N/A
MAC (mg/kg) 20 0.2 0.2 0.2 N/A

TDI: Tolerable daily intake in mg/kg
MAC: Maximum allowable concentration (FAO, 2006) in mg/kg
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Table-2. The ADD (mg/kg) for heavy metals by children through consumption of paddy grain from selected sites

of Southern Peninsular Malaysia.

Cu As Cd Pb Mn
Bahau 0.00011 0.0000034 0.0000037 0.0000045 0.0045
Mersing 0.00023 0.0000081 0.0000044 0.0000057 0.0039
Endau 0.00003 0.0000027 0.0000024 0.0000016 0.0031
Kuala Rompin 0.00008 0.0000091 0.0000058 0.0000042 0.0038
Sungai Mati 0.00020 0.0000030 0.0000017 0.0000039 0.0034
Gemas 0.00012 0.0000054 0.0000054 0.0000029 0.0027
Semerah 0.00004 0.0000149 0.0000010 0.0000013 0.0011
TDI 0.0714 0.0021 0.001 0.0036 N/A
MAC 20 0.2 0.2 0.2 N/A

TDI: Tolerable daily intake in mg/kg

MAC: Maximum allowable concentration (FAO, 2006) in mg/kg

Noncarcinogenic risk

ADD was used to calculate the hazard quotient (HQ),
an indicator that assesses the potential noncarcinogenic
risk to human health. The HQ results for the heavy
metals through consumption of rice-selected paddy
fields in Malaysia by adults and children were presented
in Table 3 and Table 4. The results trend for adults and
children are similar, with the descending order of Mn >
As > Cd > Cu > Ph. According to Tables 4.3 and 4.4,
the HQ for Mn is the highest, in the ranges of 0.0071 —
0.0305 and 0.0075 —0.0323 for both adults and children
as comes after Mn, which ranges from 0.0085 — 0.0468
and 0.0090 — 0.0496 for adults and children. Even

though Mn and As were rated to be the two highest HQ
values, together with other trace metal contaminants,
they still did not exceed 1 and exhibited no obvious
individual risk.

According to Table 3, the hazard index (HI) for both
adults and children showed similar patterns in the
samples collected from Kuala Rompin (adult = 0.0630;
children = 0.0630) followed by Mersing (adult = 0.0626;
children = 0.0664), Semerah (adult = 0.0561; children =
0.0595), Bahau (adult = 0.0484; children = 0.0513),
Gemas (adult = 0.0429; children = 0.0456), Sungai Mati
(adult = 0.0399; children = 0.0423), and Endau (adult =
0.0399; children = 0.0345).

Table-3. Hazard quotient (HQ) & Hazard Index (HI) for adults based on paddy grains consumption at the sampling

sites.
HQ
Cu As Cd Pb Mn Al

Bahau 0.0025 0.0106 0.0035 0.0012 0.0305 0.0484
Mersing 0.0053 0.0255 0.0041 0.0015 0.0260 0.0626
Endau 0.0006 0.0085 0.0022 0.0004 0.0208 0.0326
Kuala Rompin 0.0019 0.0287 0.0054 0.0011 0.0258 0.0630
Sungai Mati 0.0047 0.0096 0.0016 0.0010 0.0229 0.0399
Gemas 0.0028 0.0170 0.0051 0.0008 0.0173 0.0429
Semerah 0.0009 0.0468 0.0010 0.0003 0.0071 0.0561
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Table-4. Hazard quotient (HQ) & Hazard Index (HI) for children based on paddy grains consumption at the
sampling sites.

HQ HI
Cu As Cd Pb Mn
Bahau 0.0026 0.0113 0.0037 0.0013 0.0324 0.0513
Mersing 0.0057 0.0271 0.0044 0.0016 0.0277 0.0664
Endau 0.0006 0.0090 0.0024 0.0005 0.0220 0.0345
Kuala Rompin 0.0021 0.0305 0.0058 0.0012 0.0273 0.0668
Sungai Mati 0.0050 0.0102 0.0017 0.0011 0.0243 0.0423
Gemas 0.0029 0.0181 0.0054 0.0008 0.0183 0.0456
Semerah 0.0009 0.0496 0.0010 0.0004 0.0075 0.0595

Bibliometric Analysis

Publication trend and descriptive analysis

Out of the 505 publications for the selected papers, the
Web of Science (WoS) database found 15,986
citations, of which 14,573 were self-citations. An
average of 31.66 citations were attributed to each
article, resulting in an H-index of 60. The data from
the examination of 505 articles indicates a growing
interest in the body of literature concerning the
accumulation of heavy metals in rice and the
corresponding assessments of health risks. Although
the research field originated in 1997, substantial
contributions did not surface until 2014.
Subsequently, the volume of publications has
exhibited a consistent upward trend, ascending from
10 publications in 2014 to a significantly greater surge
of 99 publications by 2022. Nevertheless, a marginal
decline in the overall quantity of publications is
observed in 2023. The observed trend suggests that

there will probably be a significant surge in academic
attention toward accumulating heavy metals in rice
and evaluating the associated health risks. Figure 2
illustrates the trajectory of article publication and the
corresponding citation counts spanning the period
from 1997 to December 31, 2023.

Bibliographic coupling

The bibliographic coupling analysis's results, which
adhered to a minimum citation threshold of 60,
comprised 60 references. As illustrated in Figure 3,
the network analysis was derived from the references.
Table 5 presents the ranking of the ten most-cited
references according to their total link strength. The
publications of Zakaria et al. (2021); Ali et al. (2020)
and Sharafi et al. (2019b) are particularly noteworthy,
having received 63, 109, and 83 citations,
respectively.
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Figure-2. Citations and publications regarding heavy metal accumulation in rice and the associated health risks

from 1997 to December 31, 2023.
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Table-5. The publications rank highest in terms of total link strength and bibliographic coupling.
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No.

Documents

Citation

Total link
strength

Zakaria Z, Zulkafflee NS, Mohd Redzuan NA, Selamat J, Ismail MR,
Praveena SM, Toth G and Abdull Razis AF, 2021. Understanding potential
heavy metal contamination, absorption, translocation and accumulation in
rice and human health risks. Plants, 10(6): 1070.

63

177

Ali W, Mao K, Zhang H, Junaid M, Xu N, Rasool A, Feng X and Yang Z,
2020. Comprehensive review of the basic chemical behaviours, sources,
processes, and endpoints of trace element contamination in paddy soil-rice
systems in rice-growing countries. Journal of Hazardous Materials, 397:
122720.

109

130

Sharafi K, Yunesian M, Nodehi RN, Mahvi AH and Pirsaheb M, 2019b. A
systematic literature review for some toxic metals in widely consumed rice
types (domestic and imported) in Iran: human health risk assessment,
uncertainty and sensitivity analysis. Ecotoxicology and Environmental
Safety, 176: 64-75.

83

103

Du Y, Chen L, Ding P, Liu L, He Q, Chen B and Duan Y, 2019. Different
exposure profile of heavy metal and health risk between residents near a Pb-
Zn mine and a Mn mine in Huayuan county, South
China. Chemosphere, 216: 352-364.

64

101

Zhuang P, Lu H, Li Z, Zou B and McBride MB, 2014. Multiple exposure and
effects assessment of heavy metals in the population near mining area in
South China. PloS One, 9(4): e94484.

106

89

Sharafi K, Nodehi RN, Yunesian M, Mahvi AH, Pirsaheb M and Nazmara S,
2019a. Human health risk assessment for some toxic metals in widely
consumed rice brands (domestic and imported) in Tehran, Iran: uncertainty
and sensitivity analysis. Food Chemistry, 277: 145-155.

74

85

Liang Y, Yi X, Dang Z, Wang Q, Luo H and Tang J, 2017. Heavy metal
contamination and health risk assessment in the vicinity of a tailing pond in
Guangdong, China. International Journal of Environmental Research and
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By employing bibliographic coupling analysis, it was

publications'

compilations

connected by

the

possible to identify four distinct clusters. These
clusters represent discrete areas of emphasis in the
body of literature pertaining to the accumulation of
heavy metals in rice and the corresponding
assessments of health risks. These clusters represent
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bibliographic coupling method and stemming from a
similar thematic background. A method is used where
the nodes are publications that belong to a certain
cluster, and each node is highlighted with a certain
colour to distinguish each other and to analyse easily
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(Dong et al., 2023). The following are the
classifications and descriptions offered for each
cluster, with an emphasis on the themes that they
encompass:

«Cluster 1 (Red) examines "Environmental Health
Risks from Agricultural Contaminants,” primarily
focusing on heavy metal buildup in agricultural soils
near industrial and mining sites, which enters the food
chain, notably through rice. Studies by Zheng et al.
(2020) underscore this contamination path, while
Praveena  and Omar  (2017) emphasize
bioavailability's role in assessing health risks through
skin contact, inhalation, and ingestion. Increased
environmental policies and food safety standards, as
discussed by Zakaria et al. (2021), are crucial for
managing these risks, with multidisciplinary
approaches involving health risk assessment and
toxicology (Singh et al., 2010; Zhuang et al., 2014).
Cluster 2 (Green) addresses "Environmental Health
Risks from Agricultural Contaminants” focusing on
regional variations in contamination due to farming
practices and geography. Research by Hu et al. (2020)
notes bioaccumulation in crops like rice as a primary
exposure route. Wen et al. (2021) suggests region-
specific prevention strategies, while Qin et al. (2021)
explore technologies for metal extraction from soils.
Efforts to reduce heavy metal phytoavailability are
highlighted by Xiang et al. (2021), and organic
amendments to promote food safety and reduce toxic
uptake (Khan et al., 2018).

*Cluster 3 (Blue) focuses on "Comprehensive
Assessment of Dietary Heavy Metal Exposure and
Human Health Risks," discussing food contamination,
particularly rice, and its global health implications.
Djahed et al. (2018) highlight significant health
hazards, while Ebrahimi-Najafabadi et al. (2019)
improve analytical methods for risk assessment.
Advanced models, like Monte Carlo simulations by
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Pirsaheb et al. (2021), address uncertainties in
exposure, emphasizing the importance  of
interdisciplinary ~ collaboration  to  strengthen
regulations and protect the food supply.

Cluster 4 (Yellow) explores "Heavy Metal Transfer
from Soil to Plants and Human Health Impact,"
focusing on urban areas where crops absorb metals
like Cu and Pb from industrial sites. Studies by Cai et
al. (2019) analyze metal transfer, with Du et al. (2020)
underscoring risks for vulnerable populations like
children. Research from Rahman et al. (2014)
advocates for stricter surveillance and food safety
standards to protect public health, particularly in
regions like China, Bangladesh, and India.

Table 6 summarizes the bibliographic coupling
analysis related to the research on heavy metal
accumulation in rice and related health risk
assessments. The information provided consists of the
labels assigned to each cluster, the total count of
publications within each cluster, and examples of key
publications that represent the thematic focus of each
cluster.

Co-occurrence of keyword

The co-word analysis found that each of the 49
identified keywords had a minimum frequency of 23
occurrences in the literature. The term "rice” was
mentioned 205 times, while the term "cadmium" was
mentioned 180 times. Additionally, the term "heavy
metals" was mentioned 194 times. Table 7 presents a
compilation of the top fifteen keywords that appear
most frequently, emphasizing the main subjects of
focus in studies concerning the research on heavy
metal accumulation in rice and related health risk
assessments.
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Figure-3. Bibliographic coupling

Table-6. Bibliographic coupling clusters

Cluster Cluster label pl\lljlkJJrITi]ct;Ti’o(gs Representative publications
. . Zheng et al. (2020); Praveena and Omar
1 (Red) fr;?]vggﬂgﬁ?&?;nggéing;zﬁts 18 (2017); Zakaria et al. (2021); Singh et
al. (2010); Zhuang et al. (2014).
. . Hu et al. (2020); Wen et al. (2021); Qin
2 (Green) £ Enwron_mental Health R.'Sks 17 et al. (2021); Xiang et al. (2021); Khan
rom Agricultural Contaminants et al. (2018)
Comprehensive Assessment of Djahed et al. (2018); Ebrahimi-
3 (Blue) Dietary Heavy Metal Exposure 14 Najafabadi et al. (2019); Pirsaheb et al.
and Human Health Risks (2021).
Heavy Metal Transfer from Soil . ) .
4 (Yellow) to Plant and Its Implications for 11 Cai etal. (2019); Du et al. (2020);
Rahman et al. (2014).
Human Health

Source: The interpretation of the author by means of VOSviewer

Table-7. The top 15 most frequently used keywords.

Rank | Keyword Occurrences Total link strength
1 Rice 205 1167
2 Cadmium 180 1051
3 Heavy-metals 194 974
4 Soil 138 837
5 Accumulation 119 685
6 Lead 106 659
7 Vegetables 104 619
8 Health risk assessment 101 600
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Figure-4. Co-word analysis.

The network illustrated in Figure 4 displays three
interconnected  clusters of keyword co-
occurrences. Further analysis and discussion of
each cluster's features and thematic focuses shed
light on the interconnected areas of study within
this field.

Cluster 1 (red) examines "Spatial Dynamics of
Heavy Metal Contamination in Rice Cultivation"
to identify contamination hotspots and improve
risk assessment models. Research by Karmakkar
et al. (2024) emphasizes the need to mitigate the
public health risks posed by increasing industrial
activities and agricultural practices in developing
nations like China (Wei et al., 2023). Future
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efforts should prioritize sustainable food systems
and ecosystem protection strategies to address
pollution and its health impacts effectively (He et
al., 2023).

Cluster 2 (green) focuses on "Heavy Metal
Pathways from Environmental Exposure to
Health Outcomes,” detailing the toxicological
implications of heavy metal pollution on human
health, especially from wastewater and mining
(Lin et al., 2023). Pollutants accumulate in
plants, posing risks when consumed (Cui et al.,
2023). This cluster underscores the need for a
multidisciplinary approach involving
environmental science, agriculture, and health to
address the spatial aspects of pollution around
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mining areas, informing policies and legal
frameworks (Liu et al., 2023).

o Cluster 3 (blue) addresses "Arsenic and
Mercury in the Food Chain," specifically their
uptake by rice, which poses dietary risks due to
rice’s capacity to absorb high levels of these
metals (Endah et al., 2023). The cluster reveals
the importance of distinguishing metal speciation
to assess dietary health threats and form
preventive strategies. Future research aims to
inform government policy and improve
agricultural practices to shield populations from
toxic exposure.

o Cluster 4 (yellow) explores "Bioavailability and
Health Impacts of Heavy Metals" in agricultural
systems, focusing on cadmium (Cd) and lead

Asian Journal of Agriculture and Biology

(Pb) in rice, with particular concern over their
bioaccessibility and long-term health effects
(Wang et al., 2023). These metals are associated
with severe health disorders, including kidney
and neurological diseases (Ma et al., 2022).
Research here will likely seek to refine
contamination measurement techniques and
explore remediation methods, addressing health
risks based on dietary exposure patterns and
genetic factors.
Table 8 compiles the insights from the co-word
analysis on human heavy metal studies. It specifies the
title of each cluster, the quantity of keywords that
make up that cluster, and the representative keywords
that encapsulate the fundamental themes of each
cluster.

Table-8. Co-word analysis on heavy metals on humans.

grl]lés(t;z:oﬁ? Cluster label T(lé;]vxk/)grr dc;f Representative Keywords
Agricultural soils, China, contamination, food
Spatial Dynamics of crops, health r?sk assess_ment, hum_an healt_h-
1 (Red) H 14 risk, paddy soils, pollution, potentially toxic
eavy Metal .
elements, source apportionment, source
identification, spatial-distribution
H;__ar ivr%l é/ln ?/tﬁlolr:z:l;\é\gylls Accur_nulation, area, bioz?\ccumulation,
2 (Green) 13 consumption, crops, health risk, heavy metals,
Exposure to Health mine, plants, soils, vegetables, waste-water
Outcomes ' ' ' ' '
Arsenic and Mercury in Arsenic, dieatary-intake, drinking-water,
3 (Blue) the Eood Chain_: _Exp_osure 13 exposure, food, he_avy—mgtal cor_ltamine_ltic_)n,
Risks and Mitigation mercury, Oryza sativa L, rice, soil, speciation,
Strategies trace-elements.
Advancing Understanding
of Heavy Metal Bioaccesibility, bioavailability, cadmium,
4 (Yellow) Bioavailability and Health 9 elements, heavy metal, lead, risk assessment,
Impacts in Agricultural toxic metals.
Systems

Source: The interpretation of the author by means of VOSviewer

Discussion

Generally, Cu, As, Cd, Pb, and Mn accumulation were
found to be high concentrations in the roots of the
paddy plant (Figure 1). According to Zakaria et al.
(2021), it has been observed that the metals within rice
plants tend to accumulate primarily in the roots, as
opposed to other parts such as stalks and grains. The
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roots exhibit the highest As metal uptake in sampling
sites. This study is in line with a case study conducted
in Alor Setar, Kedah, Malaysia, which also found that
the concentration of As (4.62 mg/kg), Cd (0.29
mg/kg), and Pb (1.35 mg/kg) was found to be higher
in roots than in the stem and grain (Looi et al., 2014).
The reason for high As in roots is likely due to the
prevalence of iron plaque on the root surface, which
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results in high As accumulation (Looi et al., 2014). Liu
etal. (2006) explained that oxygen and oxidant release
in the rhizosphere environment stimulates iron plaque
formation-high affinity for As. Apart from Malaysia
cases, studies near Zhengzhou City of China found
that paddy roots tend to accumulate As, Cd, and Hg
from paddy soil, which also aligned with the results
from Liu et al. (2007).

The current study also found higher Cd concentration
in the paddy plants as compared to sediments. These
are similar to the findings of earlier studies (Liu et al.,
2007; Du et al., 2013). It was suggested that the Cd
content in paddy is mainly influenced by its
availability rather than the total soil amount.
According to Du et al. (2013), the pH of the soil shows
a significant positive correlation with the HCL-Cd (Cd
availability) concentration in soil, thus suggesting that
the predominance of acidic soils in Hunan can
potentially increase the mobility of the Cd from soil to
paddy plants. This is supported by Liao et al. (1999),
who proposed that when pH exceeds 6, Cd forms
complexes with certain soil groups, with higher pH
levels resulting in increased Cd fixation. Conversely,
when the pH falls below 6 but remains above the zero-
charge point, Cd predominantly binds to the soil via
electrostatic adsorption. In relation to that, Malaysian
paddy soils are predominantly lower in pH ranging
from 4-5 (Maidin et al., 2023). This may explain the
high concentration of Cd in paddy roots.

As for Cu, a recent study in Perlis has shown that Cu
accumulation is high in root samples collected from
Kurong Anai (transportation hub) (Aziz et al., 2023).
Cu accumulation is almost at the same level in the
roots and grain in Sena (Industrial point). As copper is
a vital nutrient for metabolic processes, it is also
important in root metabolism, leading to its prevalent
concentration in plant roots, which contrasts with
other tissues. Moreover, Cu exhibits a robust affinity
towards the outer membranes, displacing other ions
from exchange sites within the roots (Yusefi-Tanha et
al., 2020). However, there is a disagreement from a
study in India (Singh et al., 2011). It was found that
Cu contents are higher in the cultivated soils than in
different parts of the paddy due to its adsorptive nature
in soil.

Interestingly, Mn content is recorded to be the highest
in paddy shoots compared to other paddy parts and
sediments. One of the key mechanisms to regulate the
acquisition from soil is the uptake by specific
transporters into the cells of the roots (Alejandro et al.,
2020). The same results were shown in a study
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conducted by Yu et al. (2021), stating that two
transporters (OSNRAMP5 & OsMTP9) that are
polarly localized at both exodermis and endodermis of
the paddy roots are the main contributors to high Mn
accumulation in shoots. In addition, a study conducted
in the agricultural area of Jhang, Pakistan, also agreed
with our findings, with the highest concentration of
Mn in paddy shoots.

The current study showed higher Li content in soils is
higher as compared to other paddy parts indicating that
this metal is mostly unavailable for plant uptake.
These results align with Torok et al. (2021), which
found that Li was observed to be high in soil from
certain locations, but due to its low bioconcentration
factor (BCF), it was mostly unavailable for plant
uptake and bioaccumulation. However, the Li uptake,
bioavailability, and accumulation could be impacted
by several factors (moisture, pH, metal content, etc.)
related to soil (Hayyat et al., 2021). Torok et al. (2021)
also discovered that soil samples exhibiting high
nitrogen content were associated with elevated Li BCF
values. However, other elements such as K, Mg, and
Ca may induce synergetic effects on the update of Na
and the antagonistic effects on Li (Torok et al., 2021).
Seven rural non-main paddy production sites in
Malaysia showed Cu, As, Cd, Pb, and Mn levels below
FAO/WHO standards for both adults and children,
indicating no significant health risk. This is consistent
with findings from Omor rice field in Nigeria, where
industrial activity is minimal. The HQ of heavy metals
was less than one, indicating no probable potential
non-carcinogenic health risks from the Omor rice field
(Ihedioha et al., 2021). On the other hand, previous
studies have concluded that heavy metal
contamination in certain locations still poses potential
health risks to the residents (Qu et al., 2012; Sibuar et
al., 2022). According to Sibuar et al. (2022), the HQ
for As was reported to be the highest and exceeded 1.
This proposal presents possible noncarcinogenic
hazards for the local population in Perak,
encompassing both adults and children. However, this
could be attributed to Perak’s past mining activity. This
finding mirrors a prior study indicating that heavy
metal contamination could potentially endanger the
health of nearby residents, particularly those residing
near mining sites (Qu et al., 2012). Another possible
explanation for this phenomenon might be the
different sampling time frames (Pre-Covid-19 & Post-
Covid-19 pandemic). The impact of the COVID-19
lockdown has greatly reduced anthropogenic activities
and, hence, reduced the input of heavy metals. Similar
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findings in South India where the non-carcinogenic
risk (HI>1) has reduced from 93% to 87% (children),
from 87% to 80% (women), and from 80% to 73%
(males), respectively_due to the lock-down effect
(Arainthasamy et al., 2021).

The recent bibliographic coupling in this research area
uses the example of heavy metal contamination from
agricultural practices to underscore an intense focus on
managing and mitigating such risks. Indeed, a
significant part of the research shows the harmful
influence of agricultural contamination combined with
industrial pollution; heavy metals in agricultural soils
affect food safety, mainly for crops like rice. This
needs stringent environmental policies and a
teamwork  approach  integrating  toxicology,
environmental science, and health risk assessments.
Important recent developments for reducing the
phytoavailability of heavy metals in agricultural
systems deal with bioaccumulation and the emphasis
on risk management strategies that are tailor-made to
the spatial heterogeneity of the contamination.
Innovations for reducing the phytoavailability of
heavy metals and increasing soil health with organic
amendments are important. Finally, advancements
within a comprehensive assessment of dietary
exposure to heavy metals relate to analytical
techniques, improvement of risk assessment models
toward global impacts on health, and uncertainties in
exposure management.

These research trends will also mean that the
regulatory requirements, in terms of stringent systems
and necessary international cooperation, need to be in
place to ensure food safety regulations. Because this is
a problem that transcends borders, both monitoring
and mitigation strategies have to be planned to
proactively avert a contamination incident; this points
to an integrative, interdisciplinary approach to
protecting public health from the prevalent risk of
heavy metal contamination.

As summarized into four focused clusters, future
research in environmental health promises to advance
our understanding of heavy metal contamination in
agricultural systems and the subsequent broader
implications for public health. Key areas are spatial
dynamics of contamination in rice cultivation; it
emphasizes the need for advanced risk assessment
models and effective mitigation strategies to combat
food security threats in fast-developing regions.

The other important research areas involve direct
human health impacts due to environmental heavy
metal exposure, in which regional and crop-specific
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studies are important for designing appropriate
interventions. Research aimed at studying arsenic and
mercury in the food chain is in progress; there is a shift
toward speciation studies so that bioavailability and
toxicity can be better understood and eventually used
in setting up food safety regulations.

In addition, new remedial measures and integrated
risk evaluation techniques are being made to
investigate the bioavailability and utilization of toxic
metals, like Cd and Pb, in crops and their related
health effects. These research trends highlight the
need for a combined approach involving
environmental science, toxicology, agriculture, and
public health to address and mitigate the persistent
heavy metal contamination challenges.

Conclusion

Overall, the data showed that roots tend to accumulate
more heavy metals than other paddy parts, with Mn
being the most abundant. Nevertheless, this study's
concentration of heavy metals in the paddy grain is
still below the TDI established by FAO/WHO. Health
risk assessment also revealed no potential for
noncarcinogenic risks in adults and children. The
current study revealed that non-major paddy
production sites have the potential to produce paddy
with low heavy metals contamination, hence securing
the health of the consumers, but also suggested that
there will probably be a significant surge in academic
attention toward the accumulation of heavy metals in
rice and the evaluation of the health risks in the future,
based on the bibliometric analysis of publications in
1997-2023. The integration of metal studies and
bibliometric data in this paper supplement each other
by providing a thorough scientific context, identifying
research gaps, benchmarking our results, and guiding
future research directions. Hence, more findings will
need to focus on Malaysia's major paddy production
site and compare the pre and post-COVID-19
pandemic period.
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