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A B S T R A C T 

Radionuclide contamination of milk and meat remains an important food safety and public health concern because 

environmental contamination, livestock production, food processing, and human exposure are closely interconnected. 

Recent advances have improved understanding of radionuclide transfer in livestock systems, yet information on transfer 

mechanisms, processing effects, regulatory standards, monitoring programs, and mitigation strategies remains fragmented. 

This review integrates recent evidence (2020–2026) within a One Health framework to provide a comprehensive overview of 

radionuclide behavior in milk and meat and its implications for food safety. The review summarizes the biological and 

environmental factors governing radionuclide transfer from contaminated soil and feed into animal products, highlighting 

the influence of radionuclide characteristics, animal species, diet, physiological status, production systems, and 

environmental conditions. Radiocaesium and radiostrontium remain the principal radionuclides contributing to long term 

contamination, whereas radioiodine is primarily associated with the early post-release period. Transuranic elements 

generally exhibit minimal transfer to edible animal products. The review also discusses the effects of dairy and meat 

processing, demonstrating that processing generally redistributes rather than eliminates radionuclides, with the magnitude 

of reduction depending on radionuclide properties and processing methods. Current monitoring programs indicate that most 

milk and meat comply with national and international regulatory limits, although differences in regulatory approaches, 

monitoring strategies, and analytical methods remain among countries. Farm-level interventions, including clean feeding, 

mineral supplementation, selective sorbents, and appropriate pasture management, are consistently identified as the most 

effective measures for reducing radionuclide transfer, while food processing and consumer practices provide additional 

reductions in dietary exposure. Overall, this review highlights the importance of integrating environmental monitoring, 

livestock management, food processing, and regulatory surveillance within a One Health framework to strengthen 

radiological safety of milk and meat. Future research should prioritize harmonized monitoring, probabilistic transfer 

assessment, improved data for underrepresented radionuclides and production systems, and internationally coordinated 

strategies to enhance preparedness and protect public health. 

Keywords: animal products, food processing, milk, One Health, radiological safety, radionuclides, transfer mechanisms, 

veterinary public health. 

INTRODUCTION 

Radionuclides in milk and meat constitute an important food safety and public health concern because of 

persistent environmental contamination arising from nuclear accidents, nuclear weapons testing, and naturally 

occurring radioactive material (NORM) [1]. Since the mid-20th century, radionuclides such as ¹³⁷Cs and ⁹⁰Sr have 

been shown to transfer through terrestrial food chains and accumulate in animal-derived foods, thereby 

contributing to human internal radiation exposure [2]. The Chernobyl and Fukushima nuclear accidents 

substantially expanded global surveillance programs and improved understanding of radionuclide transfer, long 

term environmental persistence, and contamination pathways, leading to the development of regulatory 
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frameworks for food safety worldwide [3]. Because milk and meat are widely consumed dietary staples, 

understanding radionuclide transfer, distribution, and persistence in these products is essential for radiation 

protection, veterinary public health, food safety, and sustainable livestock production [4]. Although long term 

monitoring programs in Japan, Europe, and other regions indicate that radionuclide concentrations in most 

commercial milk and meat remain below regulatory limits, localized contamination persists in certain geographical 

regions, production systems, and food categories [1]. 

Radionuclide transfer to animal-derived foods is influenced by complex interactions among environmental 
contamination, soil characteristics, feed composition, animal physiology, production systems, food processing, 

and regulatory interventions [5]. Despite considerable research, several important knowledge gaps remain. 
Existing studies are highly heterogeneous with respect to radionuclides investigated, livestock species, production 

systems, and analytical methodologies, limiting direct comparison among studies and reducing the applicability 
of generalized transfer parameters. Uncertainties also remain regarding interspecies variation in transfer 

coefficients, radionuclide-specific behavior, the relative contributions of soil-to-plant and feed-to-animal transfer 
pathways, and the effectiveness of mitigation strategies under different environmental and management 

conditions [6]. Furthermore, most published reviews have focused on individual aspects of radionuclide 
contamination, such as environmental transfer, dose assessment, or regulatory monitoring, whereas 

comprehensive integration of transfer mechanisms, food processing, regulatory frameworks, monitoring systems, 
and mitigation strategies remains limited. The available evidence is also geographically imbalanced, with studies 
from temperate and post-accident regions greatly outnumbering those from tropical, monsoonal, and developing 

production systems. Similarly, dairy and beef cattle have received substantially greater research attention than 
sheep, goats, buffaloes, camels, poultry, and aquaculture species. In addition, radiological risk extends beyond 

nuclear power plant accidents to legacy contamination from weapons testing, including the Semipalatinsk Test 
Site [7], and exposure to NORM [8, 9]. These limitations highlight the need for an updated and integrated review 

that synthesizes recent evidence within a One Health framework encompassing environmental, animal, food, and 
human health. 

This review synthesizes current evidence on the mechanisms governing radionuclide transfer to milk and 
meat, evaluates the influence of food processing on radionuclide distribution, examines international regulatory 

standards and monitoring approaches, and summarizes evidence-based mitigation strategies for reducing 
radionuclide contamination throughout the food chain. Particular emphasis is placed on literature published 

between 2020 and 2026 to provide an updated overview of recent scientific advances. The review integrates 
environmental transfer processes, animal physiological factors, food processing redistribution through processing 
factor (Pf) and retention factor (Fr), regulatory frameworks, monitoring strategies, and farm-to-consumer 

mitigation measures within a comprehensive One Health perspective. In addition, emerging factors influencing 
radionuclide transfer, including gut microbiota, chronobiological variation, diverse production systems, and 

climate-related environmental conditions, are discussed to identify current knowledge gaps and future research 
priorities. By consolidating recent evidence across these interconnected disciplines, this review aims to support 

improved risk assessment, radiological surveillance, food safety management, and policy development for the 
protection of animal and human health. 

REVIEW METHODOLOGY 

Search strategy and literature identification 

This review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 
2020 guidelines, adapted for narrative synthesis. Four electronic databases, PubMed, Scopus, Web of Science, 

and Google Scholar, were searched. The database search was supplemented by searches of regulatory 
repositories, including the International Atomic Energy Agency (IAEA), Codex Alimentarius, the World Health 

Organization, relevant national agencies, and manual screening of reference lists. Peer-reviewed articles 
published between January 2020 and May 2026 were prioritized. However, seminal sources published before 

2020 were retained when they remained the primary or authoritative references for foundational transfer 
parameters, post-Chernobyl countermeasure data from 1988 to 1998, physical constants, and current regulatory 

instruments. The search terms combined keywords related to radionuclides, animal products, transfer 
mechanisms, processing, and countermeasures using Boolean operators. No language restrictions were applied. 

Inclusion and exclusion criteria 

Studies were eligible for inclusion if they reported original empirical data or modeling of radionuclide transfer 
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to milk or meat from livestock species, including cattle, goats, sheep, poultry, horses, and aquaculture species, 

and addressed at least one core domain: environmental transfer, animal physiology, food processing, regulation, 

monitoring, or countermeasures. Records were excluded if they did not contain data on animal-derived products, 

were abstracts without accessible full texts, were non-empirical commentaries, or lacked sufficient 

methodological detail to support reproducibility. 

Study selection 

Scientific articles, technical reports, and regulatory documents identified through the literature search were 

compiled, and duplicate records were removed before screening. Titles and abstracts were initially screened 

against the predefined eligibility criteria. The full texts of potentially relevant articles and reports were 

subsequently assessed, and records meeting the eligibility criteria were included in the narrative synthesis. 

Because this was a narrative review conducted using a structured, PRISMA-informed search rather than a formal 

systematic review, stage-specific screening counts were not tabulated. A total of 124 studies and reports met the 

inclusion criteria and were included in the final synthesis. 

Data extraction and quality assessment 

A standardized data extraction form was used to record the publication year, geographical region, 

radionuclide(s), animal species, production system, transfer parameters (Fm, Ff, concentration ratio (CR), and 

aggregated transfer coefficient [Tag]), processing factors (Pf and Fr), regulatory limits, and countermeasure 

effectiveness. Study quality was assessed qualitatively based on the clarity of the methodology, sample size, 

validation of the limit of detection (LOD) and limit of quantification (LOQ), treatment of uncertainty, and relevance 

to real-world conditions. Studies with stronger methodological quality and greater practical relevance were 

prioritized during the synthesis. Formal validated quality assessment instruments, such as those developed by the 

Joanna Briggs Institute (JBI) and the Office of Health Assessment and Translation (OHAT), were not applied, 

consistent with the narrative design of the review. 

Data synthesis and analysis 

Because of substantial heterogeneity in study designs, radionuclides, animal species, production systems, 

analytical methods, and reporting approaches, a meta-analysis was not considered feasible. Therefore, the 

evidence was synthesized narratively and supported by tabular and graphical summaries. Quantitative transfer 

parameters were compiled in tables and reported as ranges and, where available, geometric means. The 

conceptual frameworks presented in Figures 1 and 2 integrate environmental, physiological, processing, and 

regulatory pathways within a One Health framework. 

MECHANISMS: Biochemical and physiological determinants of radionuclide accumulation 

Radionuclide-specific biological behavior 

Radionuclide behavior in livestock is primarily determined by the biochemical mimicry of essential elements, 

which governs their absorption, distribution, retention, and excretion. This review updates conventional analog-

based classifications by incorporating recent livestock-specific evidence from broilers, horses, and cattle, while 

also highlighting the limited understanding of co-contaminant interactions and their potential influence on 

radionuclide transfer. 

¹³⁷Cs behaves as a potassium analog and is distributed predominantly throughout soft tissues, making 

skeletal muscle the principal edible reservoir. In cattle, the transfer of ¹³⁷Cs from feed is greater to meat than to 

milk, with equilibrium transfer coefficients of 0.0062 d kg^-1 and 0.0022 d L^-1, respectively. Approximately 5.7–

7.4% of the daily dietary intake of ¹³⁷Cs is transferred to milk, demonstrating its importance in both meat and dairy 

production systems [10, 11]. 

In contrast, ⁹⁰Sr behaves as a calcium (Ca) analog and accumulates preferentially in mineralized tissues, 

particularly bone. Consequently, only 0.02–0.06% of the daily intake is transferred to muscle, whereas 5.47–6.47% 

is retained in skeletal tissues, reflecting its strong affinity for the mineral component of bone and its long term 

persistence within the animal [10]. 

¹³¹I follows the normal metabolic pathway of stable iodine and is efficiently absorbed and secreted into milk, 

with an equilibrium transfer coefficient of 0.009 d L^-1, which is greater than that reported for ¹³⁷Cs. This rapid 

transfer pathway resulted in milk becoming the principal source of human exposure to ¹³¹I following the Chernobyl 

nuclear accident. However, because of its relatively short physical half-life, radioiodine is primarily considered an 

early-phase radiological hazard [11–13]. 
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In contrast, the actinides ²⁴¹Am and ²³⁹Pu/²⁴⁰Pu exhibit extremely low transfer to edible animal products. 

These radionuclides accumulate predominantly in the liver and, to a lesser extent, mineral-associated tissues, 

resulting in substantially lower contamination of milk and meat than that observed for ¹³⁷Cs and ⁹⁰Sr [14, 15]. 

The principal biological characteristics, target organs, and transfer patterns of the major fallout radionuclides 

associated with milk and meat are summarized in Table 1, based on published experimental and field studies 

involving livestock and other animal models [10–14]. 

Table 1: Comparative behavior of key fallout radionuclides in milk and meat. 

Radionuclide Main biological analog/target Behavior in animals, milk, and meat Typical transfer/levels 

¹³⁷Cs Potassium analog; distributed 

predominantly in soft tissues, 

especially skeletal muscle 

Relatively uniform whole-body 

distribution; efficient accumulation in 

muscle and moderate transfer to milk; 

remains a major concern during long term 

forage contamination 

Cattle: Milk transfer coefficient = 0.0022 d L^-1; meat 

transfer coefficient = 0.0062 d kg^-1; daily transfer to milk 

= 5.72–7.36%; muscle transfer from ration = 2.0–6.37%; 

representative muscle activity concentrations and milk 

concentrations = 0.13–4.07 Bq L^-1 in surveyed 

production systems [10, 11] 

⁹⁰Sr Calcium analog; preferential 

accumulation in bone 

Selective accumulation in skeletal tissues; 

low transfer to muscle and lower transfer 

to milk than ¹³⁷Cs; remains important 

because of long term persistence and 

skeletal retention 

Cattle: Milk transfer = 1.18–1.65% of daily intake; muscle 

transfer = 0.02–0.06%; bone retention = 5.47–6.47%; 

representative activity concentrations: bone = 0.61–12.36 

Bq kg^-1, muscle = <0.01–0.14 Bq kg^-1, milk = 0.02–1.36 

Bq L^-1 [10] 

¹³¹I Stable iodine analog; concentrated 

in the thyroid gland and rapidly 

transferred to milk 

Rapid absorption and secretion into milk; 

principal short-term radionuclide in dairy 

food chains following nuclear releases; 

major contributor to thyroid radiation 

dose in humans 

Cattle: Equilibrium milk transfer coefficient = 0.009 d L^-1 

for iodide, exceeding that of ¹³⁷Cs; approximately 11,000 

milk samples analyzed following the Chernobyl accident 

[11–13] 

²⁴¹Am Actinide; retained primarily in the 

liver and mineral-associated tissues 

Liver is the principal site of accumulation; 

food chain significance is substantially 

lower than that of Cs and strontium 

radionuclides 

Horse study: Maximum TF = 72 ± 22 × 10^-5 d kg^-1 FW in 

the liver following ingestion of leachate-contaminated 

feed; lower transfer observed following soil ingestion [14] 

²³⁹Pu/²⁴⁰Pu Actinides; retained primarily in the 

liver and bone-associated tissues 

Extremely limited transfer to edible soft 

tissues; tissue transfer substantially lower 

than that of ¹³⁷Cs and ⁹⁰Sr under 

comparable feeding conditions 

Horse study: Maximum TF = 31.8 ± 8 × 10^-5 d kg^-1 FW 

in the liver; transfer following soil ingestion was up to 

three orders of magnitude lower than that following 

ingestion of soluble leachate-contaminated feed [14] 

Am = Americium; Bq = Becquerel; CR = Concentration ratio; Cs = Cesium; Fm = Transfer coefficient to meat; Fr = Retention factor; FW = Fresh weight; I = 

Iodine; Pf = Processing factor; Pu = Plutonium; Sr = Strontium; TF = Transfer factor. 

Physiological modifiers of radionuclide transfer 

Radionuclide transfer in livestock reflects the interplay of physiological, dietary, and source-dependent 

processes rather than fixed feed-to-product coefficients. Experimental chronobiological evidence demonstrates 

circadian modulation of tissue retention. Administration of ¹³¹I to mice at midday increased radionuclide retention 

by approximately 9% in the thyroid and 30%–50% in the salivary glands and intestine compared with late-day 

administration [16], highlighting temporal uncertainty that is rarely incorporated into transfer models. Age and 

growth also modify radionuclide kinetics. Young animals exhibit greater uptake per unit of intake, particularly for 

bone-seeking Sr; however, growth dilution may shorten effective half-lives [5, 17, 18]. 

Transfer to milk depends on gastrointestinal absorption, milk yield, and dry matter intake [4, 19], with 

marked variation between high-yielding temperate breeds and lower-yielding tropical production systems [18]. 

Dietary composition and mineral status provide additional mechanistic modulation. Ca suppresses Sr absorption, 

whereas forage-to-concentrate ratios and feed digestibility influence Cs bioavailability and endogenous excretion 

[20]. Soil–plant chemistry and farm management practices further contribute to variability in radionuclide transfer 

[21, 22]. 

Emerging evidence indicates that radiation exposure and changes in the gut microbiota may alter epithelial 

integrity and mineral absorption [23, 24]; however, livestock-specific evidence remains limited. Overall, important 

sources of uncertainty include physiological state, breed, diet, and the bioavailability of radionuclides from 

different sources. 

These observations support a multiscale framework for radionuclide transfer that links molecular processes, 

including competition involving ion channels and nutrient transporters and gut microbiota-mediated modulation 

of mineral absorption, with organ-level kinetics, such as chronobiological variation in retention, and whole-animal 

factors, including breed, age, growth dilution, milk yield, and diet. Chronobiology and the gut microbiome are 

rarely incorporated into conventional transfer models, although both may substantially influence radionuclide 
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retention and absorption. Their integration could improve the accuracy of dose models under changing climatic 

conditions and feeding regimes. Recognizing these modifiers as an emerging research frontier extends earlier 

analog- and coefficient-based descriptions of radionuclide transfer. 

Tissue- and fraction-specific distribution 

Radionuclide distribution in animal products is strongly tissue- and fraction-specific, challenging the use of a 

single transfer coefficient. In wildlife inhabiting nuclear test areas, ¹³⁷Cs preferentially accumulated in skeletal 

muscle, followed by the kidneys and liver, whereas ⁹⁰Sr accumulated primarily in bone [7, 25]. These patterns are 

consistent with the experimentally established potassium analog behavior of Cs and Ca-analog behavior of Sr [19]. 

Controlled studies in broiler chickens have further demonstrated element- and tissue-specific equilibrium times 

and transfer factors (TF) for ¹³⁷Cs and ²⁴¹Am [20], indicating multicomponent kinetics rather than uniform whole-

body burdens. However, extrapolation from wild ungulates to livestock remains uncertain because of differences 

in diet, growth rate, physiological status, and bone turnover. 

In milk, radionuclide partitioning is governed by physicochemical speciation. Casein micelles bind most Zn 

and substantial proportions of Sr analogs, fat globules retain smaller but potentially relevant fractions, and the 

aqueous phase contains Li, B, Rb, and other soluble elements [26]. By analogy, Cs, which behaves similarly to K, 

and Sr, which behaves similarly to Ca, are distributed among the whey, casein, and fat fractions according to their 

ionic properties [6, 27]. This distribution influences radionuclide losses during processing and the resulting 

consumer dose. Nevertheless, quantitative fractionation data remain limited for many radionuclides, particularly 

across different breeds and production systems. 

Cheesemaking promotes the partitioning of radiocesium (r-Cs) into whey, thereby reducing the 

concentration of ¹³⁷Cs in casein-based dairy products. In contrast, ⁹⁰Sr is associated with Ca metabolism and is 

retained primarily in the curd, whereas lipophilic natural radionuclides may become concentrated in milk fat [6]. 

Because fractionation continues after radionuclides leave the animal, the farm-to-fork framework was 

extended to include processing fractionation as a control point (Figure 1). Food processing, therefore, represents 

a manageable One Health intervention point that links environmental contamination and animal physiology to 

consumer exposure [26]. 

Radionuclides released into the environment through atmospheric deposition and the contamination of soil 

and surface water enter livestock production systems primarily through contaminated feed and drinking water. 

Following ingestion, radionuclides undergo gastrointestinal absorption, systemic distribution, and tissue retention 

governed by physiological and biochemical processes. A proportion may be rapidly secreted into milk through the 

mammary gland, whereas longer-term retention may occur in skeletal muscle and other tissues, contributing to 

contamination of meat and edible organs. 

The consumption of contaminated milk and meat therefore represents an important dietary pathway of 

human exposure to radionuclides. 

TRANSPORT: Feed-to-product transfer and modeling approaches 

Definitions and transfer metrics 

Quantitative assessment of radionuclide transfer in livestock production systems relies primarily on feed-to-

product transfer coefficients, including Fm for feed-to-milk transfer (d·L⁻¹) and Ff for feed-to-meat transfer 

(d·kg⁻¹), which are typically calculated under steady-state assumptions. Field data demonstrate substantial 

variability in these parameters. In tropical monsoon production systems, the Fm of stable Sr ranged from 2.2 × 

10⁻³ to 7.2 × 10⁻³ d·L⁻¹, with a site mean of 3.2 × 10⁻³ d·L⁻¹ [18]. In Ugandan grazing systems, plant-to-milk transfer 

ratios for naturally occurring U and Th ranged from 0.05 to 0.17 [28]. These measurements differ from the 

conventions described in IAEA Technical Reports Series No. 472, which distinguishes Fm from simpler CR. Unlike 

Fm, CRs do not incorporate radionuclide intake and may therefore obscure important dietary determinants of 

transfer [18, 29]. 

For meat, Ff varies according to the radionuclide, tissue, animal species, and exposure pathway. In broiler 

chickens, the Ff of ¹³⁷Cs was 1.9 ± 0.3 d·kg⁻¹ for the forage-to-muscle pathway and 0.18 ± 0.05 d·kg⁻¹ for the soil-

to-muscle pathway, whereas the soil-to-muscle Ff of ²⁴¹Am was 7.5 × 10⁻⁵ d·kg⁻¹ [20]. These findings highlight the 

strong influence of source-dependent bioavailability. In horses, the transfer of ²³⁹⁺²⁴⁰Pu, ²⁴¹Am, ¹³⁷Cs, and ⁹⁰Sr 

differed by several orders of magnitude among muscle, liver, and bone [14]. Reported transfer parameters 

frequently span three to four orders of magnitude due to differences among animal species, diets, productivity, 
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soil chemistry, radionuclide speciation, and analytical methodologies. Representative Fm, Ff, and TF values for 

selected radionuclides, animal species, products, and exposure pathways are summarized in Table 2 [14, 18, 20, 

28]. 

 

Figure 1: Conceptual framework illustrating radionuclide transfer from the environment to humans through livestock 

products [26]. 

Table 2: Illustrative Fm, Ff, and TF values for selected radionuclides and animal species. 

Pathway and radionuclide Parameter and typical magnitude Notes 

Grass → cow milk, stable Sr Fm ≈ 2.2 × 10⁻³–7.2 × 10⁻³ d·L⁻¹; site mean = 3.2 × 10⁻³ 

d·L⁻¹ 

Tropical monsoon production system involving field-

grazing cows [18] 

Pasture → cow milk, natural U and Th Transfer ratio: U = 0.07–0.17; Th = 0.05–0.17 Ugandan grazing system; values used for dose 

estimation [28] 

Grass meal → broiler muscle, ¹³⁷Cs Ff ≈ 1.9 ± 0.3 d·kg⁻¹ Long term feeding with grass meal [20] 

Soil → broiler muscle, ¹³⁷Cs Ff ≈ 0.18 ± 0.05 d·kg⁻¹ Lower transfer from soil than from forage [20] 

Soil → broiler muscle, ²⁴¹Am Ff ≈ 7.5 × 10⁻⁵ d·kg⁻¹ Very low uptake by skeletal muscle [20] 

Feed leachate → horse liver, ²⁴¹Am Maximum TF = 72 ± 22 × 10⁻⁵ d·kg⁻¹ FW Preferential accumulation in the liver [14] 

Feed leachate → horse ribs, ⁹⁰Sr Maximum TF = 720 ± 144 × 10⁻³ d·kg⁻¹ FW The highest observed TF occurred in the ribs [14] 

Abbreviations = Ff = Feed-to-meat transfer coefficient; Fm = Feed-to-milk transfer coefficient; FW = Fresh weight; TF = Transfer factor; Th = Thorium; U = 

Uranium. 

Important controversies concern the validity of steady-state assumptions, the use of stable-element analogs, 

and the substitution of transfer coefficients among animal species and production systems. Uncertainty is further 

amplified when CRs are applied without corresponding feed intake data. Table 3 consolidates reported transfer 

parameters across radionuclides and animal species, including geometric means and measures of dispersion 

where available. The compiled values demonstrate the approximately lognormal and multi-order-of-magnitude 

variability of Fm, Ff, and TF, which limits the reliability of single generic transfer values [7, 9, 14, 18, 20, 21, 28, 

30–37]. 

CR, Tag, and Fm/Ff in radionuclide transfer 

The concentration ratio (CR) and Tag are standard radioecological metrics used to quantify radionuclide 
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transfer to milk and meat. CR is defined as the equilibrium ratio of radionuclide activity in an animal product to 

that in feed [18]. Because CR does not require explicit estimation of daily dry matter intake, it is readily applicable 

under field conditions [4]. However, its apparent stability across species depends on near-steady-state exposure 

and relatively consistent diets. Uncertainty therefore increases during transient contamination events and 

seasonal changes in feed composition [4, 18]. 

Table 3: Consolidated feed-to-product transfer parameters for radionuclides in milk and meat across animal species, including 

central tendency and dispersion. 

Radionuclide System, species, product,  

and pathway 

Parameter and central value Range or dispersion Reference 

¹³⁷Cs Cow milk, grass → milk Fm; GM ≈ 2.22 × 10⁻² d·L⁻¹ 1.0 × 10⁻²–3.71 × 10⁻² d·L⁻¹ [30] 

¹³⁷Cs Cow milk, feed → milk Reference Fm ≈ 3.0 × 10⁻³ d·L⁻¹ 5.4 ± 0.5 × 10⁻³ d·L⁻¹; lognormal 

distribution 

[31, 32] 

¹³⁷Cs Cow and sheep milk Sheep milk Fm ≈ 0.06 d·L⁻¹; cow milk  

Fm ≈ 0.003 d·L⁻¹ 

Sheep milk value approximately 20-fold 

greater than the cow milk value 

[32] 

¹³⁷Cs Cattle, sheep, and poultry meat, 

feed → muscle 

Ff: beef = 0.01 d·kg⁻¹; veal = 0.35 d·kg⁻¹; 

sheep = 0.33 d·kg⁻¹; chicken = 1.3 d·kg⁻¹ 

Values span approximately two orders 

of magnitude among species 

[32] 

¹³⁷Cs Broiler muscle, forage → muscle 

and soil → muscle 

Ff = 1.9 ± 0.3 d·kg⁻¹ for forage; 0.18 ± 0.05 

d·kg⁻¹ for soil 

Strongly dependent on the 

contamination source 

[20] 

²⁴¹Am Broiler muscle, soil → meat Ff = 7.5 × 10⁻⁵ d·kg⁻¹ Accumulation occurred predominantly 

in the liver and bone rather than in 

muscle 

[20] 

⁹⁰Sr Cow milk, stable-Sr analog Site GM Fm = 3.2 × 10⁻³ d·L⁻¹ Fm = 2.2 × 10⁻³–7.2 × 10⁻³ d·L⁻¹; soil-to-

grass Fv GM = 1.8, with a range of 0.18–

8.6 

[18] 

⁹⁰Sr Horse ribs and bone Maximum TF = 720 ± 144 × 10⁻³ d·kg⁻¹ FW Strong affinity for bone [14] 

²⁴¹Am Horse liver Maximum TF = 72 ± 22 × 10⁻⁵ d·kg⁻¹ FW Preferential hepatic accumulation [14] 

¹³¹I Cow milk Mean Fm = 6.7 ± 8.7 × 10⁻³ d·L⁻¹; median Fm 

= 4.0 × 10⁻³ d·L⁻¹ 

Equilibrium values = 5.6 × 10⁻³ and 6.3 × 

10⁻³ d·L⁻¹ 

[33, 34] 

¹³¹I Goat and cow milk Goat milk Fm ≈ 2.8 × 10⁻² d·L⁻¹; cow milk Fm 

≈ 3.6 × 10⁻³ d·L⁻¹ 

Goat milk value approximately eightfold 

greater than the cow milk value 

[35, 36] 

¹³¹I Sheep milk Fm ≈ 0.29 ± 0.017 d·L⁻¹; approximately 56% ± 

0.035% of intake secreted 

Approximately one order of magnitude 

greater than values reported for cattle 

[37] 

²³⁹⁺²⁴⁰Pu and 

²⁴¹Am 

Cow, sheep, and goat milk, modeled 

using STS 

≤6.5 × 10⁻² Bq·L⁻¹ for sheep and goats; ≤2.6 × 

10⁻² Bq·L⁻¹ for cows 

Model-derived values indicating very 

low activity concentrations 

[7] 

U and Th Cow milk, pasture → milk Transfer ratio = 0.05–0.17 Estimated dose was approximately 1.5% 

of the applicable limit 

[28] 

⁴⁰K and ²¹⁰Pb Grass → cow milk and milk Transfer parameter = 2 × 10⁻³–4 × 10⁻³ Measurements obtained from a 

phosphate-producing area 

[9] 

²³²Th, ²²⁶Ra, and 

⁴⁰K 

Cow milk, grass → milk TF = 0.45, 0.166, and 0.11 d·L⁻¹, respectively Values were below the corresponding 

global averages 

[21] 

Abbreviations = Bq = Becquerel; CR = Concentration ratio; Ff = Feed-to-meat transfer coefficient; Fm = Feed-to-milk transfer coefficient; Fv = Soil-to-

vegetation transfer factor; FW = Fresh weight; GM = Geometric mean; STS = Standardized transfer scenario; TF = Transfer factor; Th = Thorium; U = Uranium. 

Tag relates radionuclide deposition density, expressed as Bq·m⁻², directly to radionuclide activity in an animal 

product. This metric is particularly useful in extensive livestock and wildlife systems in which feed intake cannot 

be reliably quantified [4, 38]. Although Tag is operationally useful for emergency assessments, it integrates 

multiple processes along the soil–plant–animal pathway. Consequently, Tag may exhibit substantial variability 

among production systems and provides less mechanistic information than intake-based transfer coefficients. 

Classical Fm and Ff coefficients relate radionuclide activity in milk and meat, respectively, to the daily 

radionuclide intake of the animal [4, 7]. No single transfer metric is universally superior, as the appropriate metric 

depends on the exposure scenario, the availability of intake data, and the intended application. The definitions, 

advantages, limitations, and preferred uses of CR, Tag, Fm, and Ff are summarized in Table 4. 

Radionuclide half-lives in milk and meat 

Biological half-life (T₁/₂,biol), ecological half-life (T₁/₂,ecol), and effective half-life (T₁/₂,eff) determine the 

persistence of radionuclides in animal products. T₁/₂,biol describes radionuclide elimination through metabolic 

and physiological processes, excluding physical radioactive decay. T₁/₂,ecol represents the decline in 

environmental radionuclide activity resulting from migration, dilution, changes in bioavailability, and the 

implementation of countermeasures. T₁/₂,eff integrates environmental decline and physical radioactive decay 

according to the following relationship: 1/T₁/₂,eff = 1/T₁/₂,phys + 1/T₁/₂,ecol [39]. 



doi: 10.14202/vetworld.2026.3568-3594 

 

 
3575 

Table 4: Comparison of radionuclide transfer metrics for milk and meat, including their definitions, advantages, limitations, 

and preferred conditions of use. 

Metric Definition Advantages Limitations Preferred use 

CR Equilibrium ratio of radionuclide 

activity in an animal product to that in 

feed; does not explicitly incorporate 

daily dry matter intake 

Applicable under field conditions; 

does not require intake data; may 

show apparent stability across 

species 

Valid primarily under near-steady-state 

conditions and consistent feeding; 

uncertainty increases during transient 

contamination and seasonal changes in 

feed 

Routine monitoring 

under stable dietary and 

equilibrium conditions 

Tag Coefficient relating radionuclide 

deposition density, expressed as 

Bq·m⁻², directly to radionuclide 

activity in an animal product 

Operationally useful for 

emergency assessment; 

applicable when feed intake 

cannot be quantified, including 

extensive livestock and wildlife 

systems 

Integrates multiple soil–plant–animal 

processes, resulting in high cross-system 

variability and limited mechanistic 

transparency 

Post-accident 

assessment, emergency 

response, and evaluation 

of extensive livestock or 

wildlife systems 

Fm and Ff Ratios of radionuclide activity in milk 

or meat to daily radionuclide intake; 

Fm applies to milk and Ff applies to 

meat 

Mechanistically explicit; directly 

links intake with product 

contamination; suitable for dose 

modeling 

Requires reliable intake data; reported 

values commonly span several orders of 

magnitude and may follow lognormal 

distributions, limiting the use of generic 

coefficients 

Mechanistic modeling 

and dose assessment 

when radionuclide intake 

is known 

Abbreviations = Bq = Becquerel; CR = Concentration ratio; Ff = Feed-to-meat transfer coefficient; Fm = Feed-to-milk transfer coefficient; Tag = Aggregated 

transfer coefficient. 

Reported T₁/₂,biol values range from approximately 0.6 to 3.5 d in milk, with approximately 2 d commonly 

reported, and from 3 to 300 d in muscle, with approximately 30 d considered typical [19, 40]. These broad ranges 

reflect multicompartment radionuclide kinetics and substantial differences among animal species, physiological 

states, diets, exposure durations, and metabolic turnover. Considerable variation among production and 

environmental systems remains, particularly for Cs and Sr. Representative biological, ecological, effective, and 

physical half-lives of the principal radionuclides detected in milk and meat are summarized in Table 5 based on 

experimental studies and long term environmental monitoring data [19, 39–44]. 

Table 5: Biological, ecological, effective, and physical half-lives of selected radionuclides in milk, meat, and animal tissues 

Radionuclide Compartment  

or product 

Biological half-life Ecological, effective, or physical half-life Reference 

¹³⁷Cs Cow milk Approximately 2 d; reported range  

= 0.6–3.5 d 

Effective half-life ≈ 9 y in milk based on 25-y pasture 

monitoring; physical half-life ≈ 30 y 

[19, 40, 41] 

¹³⁷Cs Muscle and meat Approximately 30 d; reported range  

= 3–300 d 

Ecological half-life = 8.0 y in chickens; effective half-life 

= 2.6–7.3 y in wild boars; physical half-life ≈ 30 y 

[19, 39, 42] 

⁹⁰Sr Bone Long biological persistence because  

of bone-seeking behavior 

Slow ecological and biological turnover; physical half-

life ≈ 29 y 

[19, 43] 

⁹⁰Sr Milk Several days in the soluble fraction Reported ecological or effective half-life = 308 ± 57 d; 

physical half-life ≈ 10,410 d 

[19, 44] 

Abbreviations = d = Day; T₁/₂,biol = Biological half-life; T₁/₂,ecol = Ecological half-life; T₁/₂,eff = Effective half-life; T₁/₂,phys = Physical half-life; y = Year. 

Production systems and environmental context 

Comparative evidence consistently demonstrates that pasture-based production systems result in greater 

and more rapid radionuclide transfer to milk and meat than controlled indoor feeding systems, although 

substantial variability exists among studies. Reported soil-to-forage TF and forage-to-milk Fm values span several 

orders of magnitude [18, 21, 22], reflecting differences in soil chemistry, plant species, climatic conditions, and 

management practices. Although transfer of naturally occurring U and Th is measurable, the resulting radiation 

doses generally remain approximately 1.5% of established safety limits [28, 45]. In contrast, ¹³⁷Cs and ⁹⁰Sr exhibit 

greater persistence and considerably higher variability among contaminated regions [20, 46]. These differences 

highlight the strong dependence of radionuclide transfer on environmental conditions and limit the application 

of generic transfer coefficients across production systems. 

Indoor production systems generally reduce radionuclide intake through the use of selected and stored feeds 

[18, 19]. Lower ¹³⁷Cs and ⁹⁰Sr concentrations have been reported in stored feeds than in freshly grazed forage, 

although Fm values for Sr may remain comparable with those observed under pasture conditions when similar 

diets are provided [5]. Nevertheless, uncertainty remains due to temporal variations in radionuclide activity, 

heterogeneous feed sources, and incomplete information on feed intake. 

Silvopastoral systems remain poorly characterized with respect to radionuclide transfer [47]. However, 
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higher soil organic matter content and deeper rooting systems may reduce Cs bioavailability by enhancing 

radionuclide retention within the soil profile [48]. Across all production systems, soil characteristics, including clay 

content, organic matter, and exchangeable K, exert a major influence on radionuclide bioavailability. Clay minerals 

and humic substances reduce the mobility of Cs and Ra through adsorption and complex formation [49, 50], 

whereas elevated concentrations of exchangeable K suppress Cs uptake by plants and may influence radionuclide 

desorption dynamics [48, 51]. 

Two production systems represent important priorities for future investigation. First, silvopastoral systems 

integrating trees with pasture may reduce r-Cs bioavailability; however, quantitative transfer parameters for milk 

and meat remain largely unavailable [47, 48]. Second, aquaculture studies have shown that providing 

uncontaminated feed reduces ¹³⁷Cs and ⁹⁰Sr concentrations in fish, although ⁹⁰Sr declines more slowly because of 

continued uptake from water and preferential accumulation in bone [52]. Recent market surveillance in West 

Kazakhstan detected measurable concentrations of toxic elements in freshwater fish while radionuclide activities 

for ¹³⁷Cs and ⁹⁰Sr remained below regulatory limits [53]. Despite the increasing importance of these production 

systems, measured radionuclide transfer data remain scarce. 

Nuclear accidents as natural experiments 

Major nuclear accidents, particularly those at Chernobyl and Fukushima, have provided unique opportunities 

to investigate radionuclide transfer under real environmental conditions. These events generated extensive long 

term datasets that have substantially advanced the development and validation of radionuclide transfer models. 

Following the Chernobyl accident, approximately 11,000 measurements of total beta activity in milk from Belarus 

were used to reconstruct the temporal dynamics of ¹³¹I and ¹³⁷Cs using ecological transfer models. Subsequent 

validation by gamma spectrometry demonstrated the robustness of these models while also highlighting their 

sensitivity to assumptions regarding radionuclide intake [12]. 

Long term monitoring of wildlife populations, including wild boars and bears in Fukushima and wild boars in 

the Chernobyl Exclusion Zone, has enabled the application of nonlinear and mixed-effects models to estimate 

ecological half-lives and seasonal variations in ¹³⁷Cs concentrations within muscle tissue [54, 55]. These datasets 

have served as valuable natural experiments for evaluating radionuclide transfer models under contrasting 

climatic and ecological conditions. Reported ¹³⁷Cs half-lives differed markedly between regions. In wild boars, the 

effective half-life was approximately 7.3 y in Germany compared with approximately 2.6 y in Japan, whereas the 

corresponding ecological half-lives were approximately 10.2 y and 2.8 y, respectively [39]. More than a decade 

after the Fukushima accident, radionuclide concentrations in most food products remain well below regulatory 

limits; however, persistently elevated ¹³⁷Cs concentrations in wild boars continue to represent the so-called "wild 

boar paradox" [1, 56]. 

Despite these advances, important uncertainties remain regarding the extrapolation of radionuclide transfer 

data from wildlife to livestock, the validity of equilibrium assumptions, and the separation of physical radioactive 

decay from ecological processes. Transfer coefficients vary substantially among ecosystems and according to the 

time elapsed since radionuclide deposition, resulting in order-of-magnitude uncertainty in dose assessments. 

Furthermore, differences between forest ecosystems and agricultural production systems remain insufficiently 

harmonized, limiting the broader application of existing radionuclide transfer models. 

Uncertainty and transferability of coefficients 

Uncertainty in radionuclide transfer to milk and meat is substantial, highly context-dependent, and 

represents a major limitation to the application of generic Fm and Ff values. Variability among farms reflects 

differences in soil chemistry, pasture composition, climate, livestock management, and animal physiology. Even 

within the same nuclear-affected region, transfer of Sr to milk differed markedly among villages [18], whereas 

Mediterranean and temperate production systems exhibited systematically different transfer patterns for Cs and 

Sr [57]. Seasonal variation further complicates transfer estimates. In Ukraine, ¹³⁷Cs activity in milk increased from 

less than 2–88 Bq·L⁻¹ during winter housing to 100–350 Bq·L⁻¹ during the grazing season, with approximately 70% 

of samples exceeding regulatory limits during peak grazing periods [58]. These observations demonstrate that 

equilibrium-based transfer coefficients may underestimate the temporal variability associated with changing 

exposure conditions [19]. 

Diet composition represents an additional source of uncertainty. Soil-contaminated forage and soluble 

radionuclide contamination introduced through filtrates produce substantially different Ff values [14, 20], 
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whereas mixed feeding systems alter radionuclide bioavailability and effective transfer to animal products [5, 59]. 

Reported Fm and Ff values commonly span several orders of magnitude and generally follow lognormal 

distributions, supporting the application of stochastic methods and Monte Carlo simulations for uncertainty 

analysis [5, 19]. Furthermore, mechanistic relationships involving the interaction between ⁴⁰K and ¹³⁷Cs, together 

with Ca- and K-dependent partitioning among milk fractions, provide a biological basis for nutrient-stratified 

transfer models that incorporate mineral composition and physiological status [21, 22, 26, 60]. 

Collectively, these findings indicate that radionuclide transfer coefficients should be regarded as context-

specific parameters rather than universal constants. Future transfer models should incorporate environmental 

conditions, dietary composition, seasonal dynamics, and physiological variability to improve predictive accuracy 

and reduce uncertainty in dose assessments. 

The diagram illustrates the hierarchical contributions of environmental contamination, including soil, water, 

and atmospheric deposition; feed-related factors, including feed source, composition, and radionuclide 

bioavailability; and animal physiological processes, including gastrointestinal absorption, metabolism, tissue 

distribution, and lactational secretion, to radionuclide transfer through the food chain. 

The progressively narrowing tornado shape represents the cumulative modification of radionuclide transfer 

as environmental, dietary, and physiological factors interact, ultimately determining radionuclide concentrations 

in milk and meat, as well as the associated internal radiation dose to consumers (Figure 2). 

Probabilistic modeling and uncertainty quantification 

Because radionuclide transfer parameters generally follow lognormal distributions, deterministic point 

estimates fail to adequately represent the upper tail of exposure distributions that is most relevant for dose 

assessment. Consequently, probabilistic approaches provide a more realistic framework for quantifying 

uncertainty. Monte Carlo simulations applied to contaminated meadows in the Narodychi region reported ¹³⁷Cs 

and ⁹⁰Sr activities in milk and muscle as median values, geometric standard deviations, and 90th percentile 

confidence bounds, along with the probability of exceeding established hygienic standards [58, 61]. Similarly, 

compilations of radionuclide transfer data consistently report lognormal rather than fixed transfer coefficients 

[19], and field measurements have demonstrated that Fm values can vary by up to four orders of magnitude 

within a single geographical region [18]. 

These observations support two key recommendations for radionuclide transfer modeling. First, exposure 

models should propagate uncertainty using stochastic methods, sampling lognormally distributed Fm, Ff, and 

radionuclide intake values via Monte Carlo simulations to generate credible confidence intervals for predicted 

radiation doses [5, 19]. Second, sensitivity analyses should identify and rank the principal contributors to model 

uncertainty, including environmental contamination, feed source and radionuclide bioavailability, and 

physiological processes governing radionuclide absorption, metabolism, and tissue distribution (Figure 2). 

Identifying the dominant sources of uncertainty facilitates more efficient data collection and supports the 

prioritization of intervention strategies and countermeasures [54, 59]. 

Because radionuclide transfer from feed-to-animal products alone does not determine the activity ultimately 

consumed by humans, additional modification occurs during food processing and preparation. The following 

section therefore examines the influence of dairy processing, meat processing, and culinary practices on 

radionuclide redistribution. 

PROCESSING: Effects of food processing and culinary practices on radionuclide distribution 

Dairy processing 

To our knowledge, this review provides the first integrated evaluation of the effects of food processing on 

radionuclide redistribution within a One Health framework for risk reduction, directly linking dairy and meat 

processing with downstream implications for consumer radiation exposure. Dairy processing redistributes 

radionuclides based on their physicochemical properties, resulting in systematic yet product-specific changes in 

radionuclide concentrations. Industrial mass-balance studies have demonstrated that lipophilic contaminants 

preferentially partition into cream and butter [62]. In contrast, fission products such as ¹³⁷Cs and ⁹⁰Sr are 

predominantly water-soluble and/or associated with protein fractions, resulting in relatively low radionuclide 

concentrations in cream and butter but higher retention in skim milk and whey fractions [6]. 

Cheesemaking provides the strongest quantitative evidence for radionuclide redistribution during dairy 

processing. Fr for ¹³⁷Cs and ⁴⁰K ranging from 0.07 to 0.34 indicate preferential partitioning of these radionuclides 
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into whey, although considerable variation exists among cheese varieties, milk composition, and animal feeding 

systems [6]. Long term ecological monitoring further indicates that radionuclide concentrations in cheese 

generally reflect those in the source milk but may increase following seasonal dietary changes, particularly during 

winter feeding. Concentrations of alpha-emitting radionuclides, including ²²²Rn, ²²⁶Ra, and ²³⁸U, detected in 

commercial cheeses have generally remained below internationally accepted dose limits [63]. 

 

Figure 2: Conceptual tornado diagram illustrating the relative influence of environmental, dietary, and physiological factors 

on radionuclide transfer to milk and meat. 

Evidence regarding fermented dairy products remains limited and is based largely on indirect observations. 

Current findings suggest that fermentation itself is unlikely to cause substantial radionuclide redistribution beyond 

that resulting from the physical separation of milk fractions; however, quantitative experimental evidence 

remains insufficient. 

Meat processing and culinary treatment 

Meat processing modifies radionuclide distribution through physicochemical partitioning, removal of specific 

tissues, and mass transfer during food preparation. 

Removal of bone and bone marrow reduces exposure to bone-seeking radionuclides such as Sr and Ra. 

During cooking, heat weakens the bone’s mineral matrix and promotes radionuclide release into cooking liquids. 

Consequently, bone-in preparations, including soups and smoked fish products, may result in greater dietary 

radionuclide intake than trimmed meat products. These differences also contribute to methodological uncertainty 

when studies define edible fractions inconsistently [64]. 

Comparative studies have shown that boiling and steaming are generally more effective than grilling for 

removing water-soluble radionuclides such as ¹³⁷Cs. Average residual fractions (Fr) for r-Cs are approximately 0.90 

after grilling, 0.60 after boiling, and 0.50 after steaming, corresponding to radionuclide reductions of 

approximately 11%, 41%, and 47%, respectively [65]. Grilling may increase apparent radionuclide concentrations 

due to dehydration, whereas boiling promotes radionuclide loss through leaching into the cooking water [66–68]. 

In seafood, radionuclide retention decreases progressively as boiling time increases, with particularly low residual 

concentrations reported after 40 min of cooking across several product categories [67]. Nevertheless, the 

effectiveness of cooking depends on the radionuclide involved, food matrix, cooking conditions, and the water-
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to-meat ratio, limiting broad generalization across food products. Studies using comparable muscle portions have 

demonstrated that r-Cs removal closely follows tissue water loss, with reductions in water content negatively 

correlated with both processing coefficients and residual fractions, indicating that soluble Cs is removed together 

with tissue water during cooking [65]. Future investigations should therefore report cooking duration, cooking 

temperature, and water-to-meat ratio to improve reproducibility and facilitate comparison among studies. 

Salting may reduce Cs and Sr concentrations but has relatively limited effects on several activation products 

and transuranic radionuclides. Brining has been shown to reduce Cs concentrations in reindeer meat and beef, 

whereas the effectiveness of smoking depends on radionuclide binding characteristics and whether bones are 

retained during processing [65]. Overall, the effectiveness of culinary processing remains radionuclide-specific 

and highly dependent on processing conditions. 

Processing factors in dose assessment 

Food processing introduces systematic, radionuclide-specific, and process-dependent differences between 

radionuclide concentrations measured in raw animal products and those present in foods at the time of 

consumption. However, these effects remain inconsistently incorporated into ingestion dose models. 

Conventional transfer parameters, including Fm, Ff, and CR, describe radionuclide transfer between pasture and 

animal products under equilibrium conditions [18, 19, 28, 69]. More realistic exposure assessments require 

additional processing-specific parameters, including the processing coefficient (Pf = C_after/C_before) and the Fr 

[6, 19]. 

Comparative studies have demonstrated pronounced radionuclide fractionation during dairy processing. The 

low Fr reported for ¹³⁷Cs and ⁴⁰K in cheese (0.07–0.34) indicates preferential transfer of these radionuclides into 

whey during cheesemaking [6]. Conversely, dehydration processes, such as milk powder production, increase 

radionuclide activity concentrations per unit mass by removing water, thereby increasing the apparent 

concentrations of ⁴⁰K, ²²⁶Ra, and ²³²Th on a dry-mass basis [18, 27, 70, 71]. Similar concentration effects occur 

during the production of dried and cured meat products [19]. In addition, the interval between milking or 

slaughter and consumption allows radioactive decay of short-lived radionuclides, particularly ¹³¹I, thereby reducing 

Pf values in aged dairy and meat products [19, 72]. 

Additional uncertainty arises from water loss during processing, redistribution of radionuclides among 

tissues (e.g., Cs in muscle, Sr in bone, and Am/Pu in bone and liver), and substantial variation in culinary practices 

among regions and cultures [7, 20]. Failure to account for processing effects may bias ingestion dose estimates, 

leading to overestimation for radionuclides that partition into whey during cheesemaking and underestimation 

for dehydrated foods or products containing short-lived radionuclides. 

Representative Pf and Fr describing the effects of dairy and meat processing on radionuclide redistribution 

are summarized in Table 6, based on published experimental studies and food processing investigations [6, 19, 

65, 67, 72–77]. 

REGULATIONS: Standards, monitoring frameworks, and analytical quality control 

International regulatory frameworks 

Because food processing modifies, but does not eliminate, radionuclides, regulatory limits and systematic 

monitoring remain the principal safeguards for protecting consumers. International food safety standards provide 

the basis for national regulatory limits governing ¹³⁷Cs and other radionuclides in milk and meat [78–80]. 

Comparative monitoring studies conducted in China, Sweden, Serbia, and regions affected by the Semipalatinsk 

nuclear test site consistently report concentrations of ¹³⁷Cs and ⁹⁰Sr below Codex Alimentarius or more stringent 

national regulatory limits, with corresponding effective radiation doses considered negligible for consumers [7, 

79, 80]. Serbia's post-Chernobyl regulatory limit of 15 Bq·kg⁻¹ for ¹³⁷Cs, which is more stringent than several 

European Union-derived benchmarks, illustrates differences among national regulatory systems, while long term 

monitoring demonstrates a substantial decline in radionuclide concentrations over time [78]. 

Despite broad international agreement, regulatory harmonization remains incomplete. Transuranic 

radionuclides, including ²⁴¹Am and Pu isotopes, are frequently modeled rather than routinely monitored and are 

not uniformly incorporated into food safety regulations, creating uncertainty in regulatory compliance and risk 

interpretation [7]. Furthermore, spatial heterogeneity and localized legacy contamination challenge the 

assumption of uniform food safety and emphasize the importance of site-specific surveillance programs. 

Process control systems, such as Hazard Analysis and Critical Control Points (HACCP), have demonstrably 
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reduced radionuclide and heavy metal contamination throughout meat-processing chains in contaminated 

regions [81]. Nevertheless, incorporation of radiological criteria into routine food safety audits remains 

inconsistent among countries and production sectors [78, 82]. 

Table 6: Summary of Pf and Fr describing radionuclide redistribution during dairy and meat processing. 

Process or product Radionuclide(s) Pf or Fr Effect (direction or percentage change) Reference 

Cheesemaking (milk → 

curd) 

¹³⁷Cs, ⁴⁰K Fr = 0.07–0.34 Indicates that most radionuclide activity is partitioned 

into the whey fraction 

[6] 

Butter and cream (milk → 

fat fraction) 

¹³⁷Cs, ⁹⁰Sr Low Fr (water-soluble radionuclides 

depleted) 

Cs and Sr preferentially partition into skim milk and 

whey rather than the fat fraction 

[73, 74] 

Boiling of meat and 

seafood 

¹³⁷Cs, ⁴⁰K Fr ≈ 0.60 Approximately 41% removal from meat through 

leaching into broth; approximately 44.6% removal 

from seafood; retention decreases with prolonged 

boiling 

[65, 67] 

Steaming of meat ¹³⁷Cs Fr ≈ 0.50 (range: 0.40–0.70) Approximately 47% removal [65] 

Grilling of meat ¹³⁷Cs Fr ≈ 0.90 (range: 0.70–1.00) Approximately 11% removal; dehydration may 

increase apparent radionuclide concentration 

[65] 

Salting and brining of meat ¹³⁷Cs Reduction of approximately 50%–

86% 

Water-soluble Cs is leached into the brine; removal 

depends on salting protocol 

[75, 76] 

Soy processing (soybean → 

soy milk → tofu/yuba) 

r-Cs Approximately 65% transferred to 

soy milk; 30% retained in okara; 

tofu and yuba retained 21% and 

27%, respectively 

Radionuclide concentration in yuba increased 

approximately 1.7-fold because of water evaporation 

[77] 

Soy processing (residual 

pulp) 

⁹⁰Sr Approximately 64% retained in 

okara 

⁹⁰Sr was quantifiable only in the okara fraction [77] 

Storage and aging of  

foods containing short-

lived radionuclides 

¹³¹I Product activity decreases 

progressively during storage 

The physical half-life of ¹³¹I is 8.03 d; delays between 

production and consumption reduce radionuclide 

activity in stored foods 

[19, 72] 

Abbreviations = Fr = Retention factor; Pf = Processing factor; r-Cs = Radiocesium. 

National regulatory models 

Although international guidance from the Codex Alimentarius promotes harmonized food safety standards, 

individual countries set radionuclide limits based on national dietary habits, agricultural production systems, 

analytical capacity, and risk management policies. In many jurisdictions, regulatory limits are derived from a 

population radiation dose criterion of ≤1 mSv/year, from which permissible activity concentrations for key 

radionuclides, including ¹³⁴Cs, ¹³⁷Cs, ⁹⁰Sr, and Pu isotopes, are calculated using dose conversion coefficients and 

food consumption models [56, 61, 71, 83]. 

Japan employs a category-specific regulatory framework that incorporates a precautionary screening level 

equal to one-quarter of the legal limit. For general foods, this corresponds to a screening threshold of 25 Bq·kg⁻¹, 

with results at or below this value routinely reported as "not detected" [1]. Although this approach provides an 

additional safety margin, it may also create ambiguity because the designation "not detected" reflects an 

administrative reporting threshold rather than the analytical LOD or LOQ. 

Following the Chernobyl accident, regulatory limits adopted within the European Union and Serbia for ¹³¹I 

and the combined activity of ¹³⁴Cs and ¹³⁷Cs in milk and other foods generally ranged from several hundred to a 

few thousand Bq·kg⁻¹ (or Bq·L⁻¹), whereas studies conducted in Kazakhstan have evaluated radionuclide 

concentrations in milk and meat relative to permissible levels established for regions influenced by the 

Semipalatinsk Test Site [7, 78]. 

Long term regional monitoring programs, including those implemented in the Narodychi region of Ukraine, 

integrate probabilistic soil–grass–milk transfer models with regulatory intervention thresholds, such as the PL-

2006 framework, to establish area-specific criteria for pasture management, agricultural restrictions, and 

environmental remediation [61]. These programs illustrate the increasing integration of predictive transfer 

modeling into evidence-based regulatory decision-making. 

Representative national and international regulatory limits for radionuclides in milk and meat are 

summarized in Table 7, based on current international guidance, national regulations, and long term monitoring 

programs [1, 2, 7, 8, 56, 61, 83–85]. 

Key sources of uncertainty arise from differences among countries in analytical detection and reporting 

conventions, radionuclides included within regulatory frameworks (particularly transuranic radionuclides), and 

assumptions regarding food consumption embedded in dose assessment models. Nevertheless, enforcement 
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data consistently demonstrate high compliance despite differing regulatory limits. In Japan, r-Cs concentrations 

in foods remain substantially below regulatory limits [1, 56]. Similarly, in the United Kingdom, only 0.0013% of 

more than one million analyzed food samples exceeded regulatory limits, contributing to the removal of import 

controls in 2024 [85]. Australia and New Zealand continue to apply Codex Alimentarius guideline levels, with milk 

serving as a sentinel food for environmental surveillance [84]. However, important knowledge gaps remain for 

transuranic radionuclides and NORM, which are more frequently estimated through modeling than measured 

directly [7, 8]. 

Table 7: Representative national and international regulatory limits for radionuclides in milk and meat. 

Jurisdiction or standard Product Radionuclide(s) or regulatory basis Regulatory limit or trigger 

Japan (post-Fukushima) General foods Sum of ¹³⁴Cs + ¹³⁷Cs 100 Bq·kg⁻¹ (regulatory limit) [56] 

Japan Milk and infant foods ¹³⁴Cs + ¹³⁷Cs 50 Bq·kg⁻¹ [1, 56] 

Japan Drinking water ¹³⁴Cs + ¹³⁷Cs 10 Bq·L⁻¹ [56] 

Japan Dose-based framework All food radionuclides Design target ≤1 mSv/year from food consumption 

[56] 

European Union Milk and milk products ¹³⁷Cs 370 Bq·kg⁻¹ [2, 83] 

European Union Other food products ¹³⁷Cs 600 Bq·kg⁻¹ [2, 83] 

Poland All food products Radionuclides with half-lives >10 d, 

primarily ¹³⁴Cs and ¹³⁷Cs 

1250 Bq·kg⁻¹ [2] 

Ukraine (PL-2006) Milk and cattle muscle 

(meat) 

¹³⁷Cs and ⁹⁰Sr Product-specific MPLs [61] 

Kazakhstan (Semipalatinsk 

region) 

Cow milk ¹³⁷Cs / ⁹⁰Sr 100 / 25 Bq·L⁻¹ [7] 

Kazakhstan (Semipalatinsk 

region) 

Meat (cattle, sheep, goats, 

and horses) 

¹³⁷Cs / ⁹⁰Sr 200 / 50 Bq·kg⁻¹ [7] 

New Zealand Milk ¹³⁷Cs, ⁹⁰Sr, and ¹³¹I Anthropogenic radionuclide concentrations remain 

well below Codex guideline levels; milk is used as a 

sentinel food for surveillance [84] 

United Kingdom (Commission 

Implementing Regulation (EU) 

2016/6) 

Imported foods Cs 100 Bq·kg⁻¹; only 0.0013% of 1,485 analyzed samples 

exceeded the limit [85] 

IAEA guidance Foods (general) ²¹⁰Pb, ²³⁴U, ²³⁸U, ²²⁶Ra, and ²²⁸Ra 0.1–1 Bq·kg⁻¹ for Ra and Pb radionuclides; 10 Bq·kg⁻¹ 

for U radionuclides [8] 

Abbreviations = Cs = Cesium; IAEA = International Atomic Energy Agency; MPL = Maximum permissible level. 

LOD, LOQ, and measurement uncertainty 

High-purity germanium (HPGe) gamma spectrometry remains the reference analytical method for 

determining ¹³⁴Cs, ¹³⁷Cs, and ⁴⁰K in milk and meat. However, reported LODs and minimum detectable activities 

(MDAs) vary by more than one order of magnitude depending on counting time, sample matrix, detector 

characteristics, and the statistical criteria used for calculation [2, 56, 86]. Several technical reports define the LOD 

as the activity corresponding to a relative standard deviation (RSD) of 30% and the LOQ as that corresponding to 

an RSD of 10%. Under a counting time of 43,200 s, reported values include an LOD of 0.16 Bq·kg⁻¹ and an LOQ of 

0.48 Bq·kg⁻¹ for ¹⁵²Eu, together with MDA values of 1.34, 1.83, and 4.39 Bq·kg⁻¹ for ²²⁶Ra, ²²⁸Ra, and ⁴⁰K, 

respectively [87, 88]. Such methodological differences reduce comparability among laboratories and countries. 

Several studies evaluating ⁹⁰Sr have applied the Currie approach for calculating LOD and LOQ, reporting an 

LOD of 0.011 Bq·kg⁻¹ and an LOQ of 0.024 Bq·kg⁻¹. These methods were validated using certified reference 

materials and interlaboratory proficiency testing, supporting their analytical reliability [89]. Achieving comparable 

regulatory decisions therefore requires harmonized quality assurance and quality control (QA/QC) procedures, 

including standardized Currie-based LOD and LOQ calculations, ISO/IEC 17025 accreditation, routine use of 

certified reference materials, and participation in proficiency testing schemes [81, 89]. 

Analytical methods and quality assurance 

Reliable quantification of radionuclides in milk and meat depends on complementary radiochemical and 

spectrometric methods whose analytical performance underpins regulatory confidence. High-purity germanium 

(HPGe) gamma spectrometry remains the reference technique for determining ¹³⁷Cs and many naturally occurring 

radionuclides in national monitoring programs and has consistently demonstrated compliance with regulatory 

limits since the Chernobyl accident [78, 90, 91]. In contrast, determination of ⁹⁰Sr requires radiochemical 

separation followed by beta counting, where chemical recovery, separation efficiency, and yield correction 
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constitute the principal sources of analytical uncertainty [89, 92, 93]. Comparative investigations have shown that 

matrix effects in samples with high fat or protein concentrations can bias radionuclide measurements unless 

validated microwave ashing or wet-digestion procedures are employed. 

A continuing challenge concerns the distinction between analytical detection capability and regulatory 
decision thresholds. Parameters such as MDA, chemical recovery, counting time, and detector efficiency may 

influence whether samples close to regulatory limits are classified as compliant or non-compliant. Consequently, 
analytical methods should be validated in accordance with ISO/IEC 17025 requirements, including assessment of 

specificity, linearity, recovery, precision, measurement uncertainty, and MDA, to ensure comparability among 
laboratories and provide legally defensible results [81, 89]. 

Cross-system variability also reflects differences in laboratory infrastructure, calibration procedures, 
reference standards, and implementation of QA/QC programs across countries. Integration of radionuclide 

monitoring into HACCP systems, in which ¹³⁷Cs and ⁹⁰Sr are managed as chemical hazards with defined critical 
limits, validated analytical methods, and accredited verification procedures, further strengthens food safety 

governance and enhances confidence in regulatory compliance [81]. 

COUNTERMEASURES: Evidence-based strategies for risk reduction 

Farm-level interventions 

Current evidence consistently supports integrated farm-level countermeasures to reduce radionuclide 

transfer to milk and meat, although their effectiveness varies with radionuclide characteristics, animal species, 
production systems, and environmental conditions. Restricting grazing on contaminated pastures and replacing 

contaminated forage with low-contamination conserved feeds remain among the most effective interventions 
because feed represents the principal pathway for radionuclide intake in livestock [7, 59, 61, 86, 94]. Similarly, 

"clean feeding" for several weeks exploits the biological elimination of radionuclides and substantially decreases 
¹³⁷Cs concentrations in milk and meat. In contrast, reductions in ⁹⁰Sr occur more slowly because of its preferential 
accumulation in bone and continued uptake through alternative pathways, including drinking water in aquatic 

production systems [52]. 
Mineral amendments, including potassium (K), Ca, phosphorus (P), and marl, reduce the absorption of Cs 

and Sr through competitive ion-exchange mechanisms. These amendments have been associated with significant 
reductions in ¹³⁷Cs concentrations in animal products while simultaneously improving soil fertility and animal 

health under acidic, Cs-contaminated conditions [95, 96]. Gastrointestinal sorbents, including ferrocyanides, clay 
minerals, pectin, and phytogenic formulations, further accelerate radionuclide elimination, reducing ¹³⁷Cs and ⁹⁰Sr 

concentrations toward permissible limits and shortening biological half-lives to approximately 15 d [5, 97]. 
Management of soil and feed resources remains fundamental for long term risk reduction. Elevated soil 

concentrations of ¹³⁷Cs have been associated with increased Pb, Cd, and radionuclide accumulation in animal 
products [98], whereas K fertilization has reduced plant uptake of ¹³⁷Cs by approximately 2.7- to 2.9-fold [95]. 

Radioprotective feed formulations containing phytogenic ingredients, such as sea buckthorn (Hippophae 
rhamnoides), Jerusalem artichoke (Helianthus tuberosus), and wormwood (Artemisia absinthium), combined with 
pectin and/or ferrocyanide, have also been shown to reduce radionuclide concentrations in meat and restore the 

¹³⁷Cs/⁹⁰Sr ratio to acceptable levels [97]. Available evidence indicates that the greatest reductions are achieved by 
combining plant-derived additives, selective sorbents, and functional mineral premixes that enhance 

gastrointestinal radionuclide binding and excretion [99, 100]. 
Food preparation can further reduce radionuclide concentrations. Prolonged boiling and stewing of meat 

from contaminated regions significantly decrease ¹³⁷Cs and ⁹⁰Sr concentrations because these radionuclides are 

partially water-soluble and redistribute into cooking liquids during thermal processing [101]. Overall, reduction of 

radionuclide concentrations in milk and meat is achieved primarily through minimizing feed contamination, 

applying mineral amendments and selective sorbents, and optimizing soil and manure management to produce 

uncontaminated feed. Food processing should therefore be regarded as a complementary intervention that 

further decreases residual radionuclide concentrations before consumption. 

Supply chain level measures 

Supply chain interventions complement farm-level countermeasures but require implementation strategies 

tailored to local contamination patterns and production systems. Spatial zoning based on radionuclide deposition 

and the soil–plant–animal transfer pathway is consistently recommended for managing contaminated agricultural 

areas [102]. Public monitoring databases further improve transparency, facilitate regulatory oversight, and 
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strengthen public confidence in food safety systems [78]. In addition, digital traceability technologies, including 

radio-frequency identification, improve batch-level segregation, product tracking, and recall efficiency. However, 

harmonized monitoring indicators and interoperability of cross-border surveillance systems remain 

underdeveloped [103]. 

Processing-based radionuclide redistribution also contributes to supply chain risk management but is 

radionuclide dependent. During cheesemaking, ¹³⁷Cs and ⁴⁰K preferentially partition into whey, resulting in 

relatively low retention in the cheese curd and allowing moderately contaminated milk to be diverted into 

processing streams that reduce radionuclide concentrations in finished products [6]. Likewise, thermal processing 

of meat decreases ¹³⁷Cs and ⁹⁰Sr concentrations to varying degrees and may complement product segregation and 

blending strategies [101]. Nevertheless, debate continues regarding whether radionuclide redistribution during 

processing represents true risk reduction or merely transfers radioactivity into processing by-products that 

require appropriate disposal. 

Operational measures such as directing milk with relatively high ¹³⁷Cs concentrations to butter and cream 

production, sourcing fresh meat from less contaminated regions, and implementing HACCP systems with 

radionuclide-specific critical limits have demonstrated effectiveness when integrated with existing regulatory 

frameworks [78, 81, 102]. Uncertainty nevertheless remains due to heterogeneous contamination, radioactive 

decay over time, and the management of contaminated by-products. From an economic perspective, 

administrative interventions, including zoning, product segregation, diversion, and traceability, generally 

represent the most cost-effective first-line measures. In contrast, long term use of ammonium ferric 

hexacyanoferrate (AFCF; Prussian blue) boluses and sorbent supplementation incurs recurring per-animal costs 

that are justified primarily under conditions of persistent or severe contamination [104, 105]. 

Consumer-level measures 

Risk communication is most effective when recommendations are behavior-oriented, tailored to specific 

audiences, and communicated through trusted information sources [106–108]. However, uncertainty remains 

about the relative effectiveness of narrative versus statistical communication approaches, and increasing reliance 

on social media has raised additional concerns about the credibility of health information. Furthermore, 

substantial demographic differences in risk perception limit the effectiveness of universal communication 

strategies, highlighting the need for standardized methods to evaluate communication outcomes and strengthen 

collaboration among public health, agricultural, and regulatory sectors. 

Targeted nutritional interventions do not directly reduce radionuclide body burdens but may improve 

physiological resilience and reduce susceptibility to adverse health outcomes associated with environmental 

stressors. Consequently, the potential contribution of nutritional resilience to mitigating health impacts under 

chronic radiological exposure warrants further investigation. 

Representative evidence describing the effectiveness, duration, feasibility, and relative cost of farm-, supply 

chain-, and consumer-level countermeasures for reducing radionuclide concentrations in milk and meat is 

summarized in Table 8, based on published experimental studies and field evaluations [6, 52, 65, 95–97, 104–106, 

109–113]. 

KNOWLEDGE GAPS AND RESEARCH PRIORITIES 

Data limitations and modeling challenges 

Despite the availability of several effective countermeasures, major knowledge gaps hinder the optimal 

selection and implementation of these countermeasures. Comparative evidence reveals substantial data 

fragmentation, regional bias, and methodological heterogeneity, all of which limit the robustness and 

transferability of radionuclide transfer models. Comprehensive datasets for major fission products, particularly 

¹³⁷Cs and ⁹⁰Sr, remain incomplete, whereas transuranic radionuclides and minor livestock species are 

underrepresented or assessed using surrogate transfer values [5, 7, 14, 25, 59]. IAEA compilations are dominated 

by temperate production systems, with limited representation of tropical and Mediterranean agroecosystems, 

thereby restricting extrapolation across climates and farming systems [18, 57]. Reported Sr Fm values span 

approximately four orders of magnitude, further illustrating the magnitude of parameter uncertainty [18]. The 

use of stable Cs and Sr analogs may partly overcome analytical constraints associated with low radionuclide 

activity; however, correlations between stable elements and their radioactive counterparts remain incomplete, 

particularly for Sr [57, 114]. 
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Many existing models oversimplify physiological determinants such as age, productivity, and soil ingestion 

and fail to account adequately for scenario-specific radionuclide bioavailability. This limitation is important 

because soil-bound radionuclides may exhibit transfer rates several orders of magnitude lower than those 

associated with soluble or feed-borne contamination [7, 20]. Transfer coefficients themselves may vary by three 

to four orders of magnitude, rendering deterministic dose projections highly unstable [18]. Although mechanistic 

and multicompartment modeling approaches have been developed, their validation across animal species, 

production systems, and climatic regions remains limited [59]. 

Table 8: Effectiveness, duration, feasibility, and relative cost of countermeasures for reducing radionuclide concentrations in 

milk and meat at farm, supply chain, and consumer levels. 

Countermeasure (level) Target 

radionuclide(s) 

Effectiveness (reduction) Duration or onset Cost and feasibility Reference 

Clean feeding or substitution 

with uncontaminated fodder 

(farm; fish production) 

¹³⁷Cs, ⁹⁰Sr Up to approximately 10-fold 

reduction in milk and meat; 

generally 2- to 5-fold reduction 

Rapid response following 

contamination; greatest 

benefit during the first 

year 

Highly cost-effective [52, 105, 

109] 

Hexacyanoferrate (Prussian 

blue/ferrocyanide) powder, 

3-5 g/cow/day (farm) 

¹³⁷Cs Up to 90% reduction in milk Requires continuous 

daily administration 

Inexpensive; effective Cs-

binding agent 

[104, 110, 

111] 

Hexacyanoferrate rumen 

bolus, 30 g single dose (farm) 

¹³⁷Cs 50%-75% reduction Approximately 2 months 

per administration 

Single treatment; easy 

implementation 

[111] 

Hexacyanoferrate salt licks or 

Bifege® (farm) 

¹³⁷Cs Approximately two-fold reduction 

with salt licks; 90%-95% reduction 

with Bifege® 

Approximately 10 d Low cost [111] 

Clay binders (bentonite, Bolus 

alba) (farm) 

Cs Effective but approximately 88-266 

times less effective than AFCF 

Not specified May reduce mineral and 

trace-element availability; 

logistical limitations 

[112] 

Mineral amendments (K 

fertilizers, combined P + K 

fertilization, liming) (soil) 

¹³⁷Cs K fertilization reduces plant uptake 

by approximately 2.7- to 2.9-fold 

Approximately 3 years Cost-effectiveness not 

quantified 

[95, 96, 113] 

Grazing land and pasture 

management (soil) 

¹³⁷Cs Approximately 2.8-fold reduction in 

pasture uptake 

One-time intervention 

with multi-year effect 

High initial cost; declining 

long term benefit 

[113] 

Phytogenic radioprotective 

premixes with pectin and 

ferrocyanide (farm) 

¹³⁷Cs, ⁹⁰Sr Approximately 15% reduction in 

meat; normalization of the ¹³⁷Cs/⁹⁰Sr 

ratio 

Feeding period of 

approximately 3-4 

months 

Potentially sustainable; 

locally sourced 

[97] 

Culinary processing 

(consumer) 

¹³⁷Cs Boiling: approximately 41% 

reduction; steaming: approximately 

47% reduction 

During meal preparation Negligible cost [65] 

Cheese diversion or 

processing-route selection 

(supply chain) 

¹³⁷Cs, ⁴⁰K Fr = 0.07-0.34 during cheesemaking During dairy processing Low cost; utilizes existing 

processing infrastructure 

[6] 

Dietary advice and risk 

communication (consumer) 

All radionuclides Variable reduction in dietary intake Immediate Very low cost per unit of 

avoided radiation dose 

[104, 106] 

Abbreviations = AFCF = Ammonium ferric hexacyanoferrate; Fr = Retention factor; K = Potassium; P = Phosphorus. 

Understudied radionuclides and NORM contexts 

Monitoring and modeling remain disproportionately focused on ¹³⁷Cs and ⁹⁰Sr. In contrast, transuranic 

radionuclides, including ²⁴¹Am and ²³⁹⁺²⁴⁰Pu, are rarely measured directly in milk and meat. Available estimates 

are predominantly model-based, predict very low activity concentrations, and lack harmonized validation and 

systematic market-level surveillance [7]. Beyond the U–Th–Ra decay series, radionuclides such as ²¹⁰Pb and ²²⁶Ra 

have been detected in food systems, but livestock-specific datasets remain sparse and vary substantially among 

countries [8, 79]. Long term datasets integrating NORM with anthropogenic radionuclides are largely restricted to 

regions affected by nuclear accidents, limiting broader comparisons among production systems [12, 115, 116]. 

An additional unresolved issue concerns combined exposure to radionuclides and other environmental 

contaminants. Most studies report single-radionuclide activities and calculate independent dose estimates 

despite the frequent co-occurrence of radionuclides with toxic elements, including Pb and Cd alongside ¹³⁷Cs [98, 

101]. Potential interactions among contaminants and the propagation of uncertainty under mixture exposure are 

rarely quantified. Dietary pathways also differ substantially among regions. In some areas affected by the 

Chernobyl accident, internal exposure to ¹³⁷Cs is driven more strongly by forest-derived foods than by milk or meat 

[117]. This finding further demonstrates that the relative importance of animal products is highly dependent on 
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local dietary practices and environmental conditions. 

Food processing and real-world dietary patterns 

Exposure assessment is further constrained by incomplete characterization of food processing factors and 

actual dietary behaviors. Fermented foods produced in East Africa and Southeast Asia exhibit substantial 

compositional and microbiological variation, while processing conditions are often reported inconsistently [118–

120]. Consequently, available evidence is insufficient to define robust and transferable Pf and Fr values for many 

traditional and fermented animal-derived foods. 

Dietary databases also frequently fail to distinguish adequately among processing intensity, preparation 

methods, and final consumed forms. Misclassification within systems such as NOVA and ultra-processed food 

categories may further obscure the relationship between measured radionuclide concentrations in raw 

commodities and actual consumer exposure. Few dose assessment studies incorporate variability in cooking, 

fermentation, storage, dehydration, or fractionation into probabilistic exposure models. This omission may lead 

to systematic overestimation or underestimation of ingestion doses, depending on the radionuclide and 

processing method. 

Need for baseline monitoring data for milk and meat 

Baseline monitoring is widely recognized as a central component of radiological preparedness, but 

implementation remains inconsistent among countries and regions. Evidence from Germany, Texas, Chernobyl-

affected regions, and Japan demonstrates that pre-incident reference datasets allow statistically defensible 

attribution of contamination and improve comparisons between background and post-accident radiation doses 

[1, 40, 98, 121–123]. However, differences in feeding systems, soil characteristics, climate, animal species, and 

production practices limit the transferability of baseline values across regions. 

Experience from the Chernobyl and Fukushima accidents emphasizes the importance of predefined sampling 

frameworks that specify which commodities should be sampled, where sampling should occur, and how 

frequently samples should be collected [12, 122]. Power-based sample size calculations and prioritization of 

widely consumed sentinel commodities, particularly milk, are also essential. Persistent challenges include 

differences in analytical methods, detection capabilities, reporting thresholds, and laboratory quality assurance. 

High-throughput analytical protocols, including methods developed for ⁹⁰Sr determination in milk, may improve 

consistency and facilitate rapid emergency monitoring [124]. Nevertheless, quantitative uncertainty in baseline 

measurements remains poorly reported, particularly with regard to temporal variability and its propagation into 

emergency dose models. 

Research roadmap: Priorities and actionable recommendations 

Based on the identified evidence gaps, a prioritized research and governance agenda is required. First, well-

designed multispecies transfer studies should be conducted in tropical, Mediterranean, and low-resource 

production systems and should include underrepresented livestock and aquatic species, such as goats, sheep, 

buffaloes, camels, and farmed fish. These studies should generate directly measured values of Fm and Ff under 

clearly defined environmental, dietary, and physiological conditions. 

Second, physiologically based pharmacokinetic and multicompartment models should be developed and 

cross-validated across species, climates, and production systems. Such models should incorporate age, 

productivity, tissue partitioning, soil ingestion, dietary composition, and radionuclide bioavailability. 

Third, probabilistic uncertainty analysis should become the default modeling approach. Transfer coefficients 

and intake parameters should be represented using appropriate probability distributions, particularly lognormal 

distributions, and assessed through Monte Carlo simulation and global sensitivity analysis. 

Fourth, future studies should examine combined exposure to radionuclides, toxic elements, and climate-

related stressors. This includes evaluating how drought, flooding, soil acidification, changing forage composition, 

and altered water availability influence contaminant mobility and transfer. 

Fifth, artificial intelligence and machine learning methods should be evaluated for predictive surveillance, 

spatial risk mapping, anomaly detection, and sampling prioritization. These approaches should complement, 

rather than replace, validated analytical measurements and mechanistic understanding. 

Sixth, an open-access international database should be established for transfer and processing parameters, 

including Fm, Ff, CR, Pf, and Fr. Records should include metadata on animal species, age, production system, diet, 

soil properties, climate, exposure duration, analytical method, and uncertainty. 
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Finally, internationally harmonized baseline monitoring protocols should be developed, with milk used as a 

sentinel commodity where appropriate. These protocols should define target radionuclides, sampling frequency, 

geographical coverage, analytical performance criteria, minimum sample sizes, and procedures for uncertainty 

reporting. Veterinary-led surveillance platforms integrating animal health, food safety, environmental monitoring, 

and public health data would strengthen One Health preparedness and support faster, evidence-based responses 

to future radiological events. 

RADIOLOGICAL SAFETY OF MILK AND MEAT IN THE CONTEXT OF THE ONE HEALTH CONCEPT 

Within the One Health framework, the radiological safety of milk and meat is determined by the 

interconnected environment–animal–human pathway. Radionuclide transfer is highly element-specific. ¹³⁷Cs 

preferentially accumulates in muscle and is readily transferred to milk, whereas ⁹⁰Sr is primarily deposited in bone 

and generally contributes less to edible soft tissues. ¹³¹I can appear rapidly in milk after exposure because of its 

uptake by the thyroid and subsequent secretion, whereas transuranic radionuclides generally exhibit limited 

transfer to milk and meat. However, transfer coefficients vary according to animal species, diet, soil 

characteristics, physiological status, and production system, requiring context-specific assessment rather than 

reliance on universal values. 

Food processing further modifies radionuclide distribution. Cheesemaking reduces the retention of many 

water-soluble radionuclides in curd because a substantial proportion is transferred to whey, whereas dehydration 

concentrates radionuclide activity per unit mass. Boiling and related moist-heat treatments promote leaching of 

water-soluble radionuclides from meat into cooking liquids. These effects should be incorporated into exposure 

assessment because the radionuclide activity present in raw products may differ substantially from that in foods 

as consumed. 

Regulatory systems are generally anchored to dose-based protection criteria, commonly an annual effective 

dose of ≤1 mSv from food consumption, but activity limits and reporting conventions differ among countries. 
Effective risk reduction, therefore, requires coordinated interventions at the farm, supply chain, and consumer 
levels. These include feed and pasture management, mineral supplementation, selective sorbents, processing 

controls, accredited surveillance, traceability, and risk communication. Their integration within a unified One 
Health framework strengthens prevention, monitoring, and response across environmental, veterinary, food 

safety, and public health sectors (Table 9). 

Table 9: One Health synthesis of the environment–animal–human pathway for radionuclides in milk and meat, including 
selected findings from 2020–2026 and major intervention points. 

One Health pillar Key processes and findings from 

2020–2026 

Representative findings or examples Intervention and control points 

Environment (soil–

plant–deposition) 

Atmospheric deposition and soil 

properties, including clay content, 

exchangeable K, and organic 

matter, govern radionuclide 

bioavailability; soil-to-forage 

transfer varies by several orders 

of magnitude 

Soil-to-forage transfer differs markedly among production 

systems; elevated K suppresses r-Cs uptake, whereas clay 

minerals and humic substances immobilize r-Cs and Ra 

K and Ca fertilization; liming; 

deposition-based zoning; pasture 

remediation; sourcing feed from 

uncontaminated land 

Animal (livestock 

physiology and 

transfer) 

Radionuclide transfer is modified 

by species, diet, age, productivity, 

and tissue partitioning 

Feed-to-milk transfer of r-Cs may be greater in sheep than 

in cattle; radioiodine transfer to sheep milk is 

comparatively high; radiostrontium accumulates primarily 

in bone; biological half-life is generally shorter in milk 

than in muscle 

Clean feeding; grazing restrictions; 

mineral amendments; 

gastrointestinal sorbents, including 

ferrocyanides, clays, and pectin 

Human (diet and 

internal dose) 

Milk and meat represent 

important ingestion pathways; 

food processing redistributes 

radionuclide activity; governance 

is generally based on annual 

effective dose criteria 

R-Cs concentrations in foods from Japan remain well 

below regulatory limits; almost all monitored United 

Kingdom import samples complied with regulatory 

requirements; dietary exposure in New Zealand remains 

below Codex guideline levels; cheesemaking transfers 

much of the activity to whey, whereas boiling removes a 

substantial fraction from meat 

Processing and culinary controls; 

regulatory limits and surveillance; 

dietary guidance; audience-specific 

risk communication 

Cross-cutting 

surveillance 

Integrated environmental, 

veterinary, and food monitoring; 

incorporation of radiological 

criteria into HACCP systems; 

R-Cs and radiostrontium can be managed as critical 

hazards within HACCP systems; milk serves as a sentinel 

matrix; baseline datasets improve attribution and post-

incident comparisons 

Intersectoral One Health 

surveillance; harmonized sampling 

and analytical protocols; accredited 

laboratories; transparent, open-
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One Health pillar Key processes and findings from 

2020–2026 

Representative findings or examples Intervention and control points 

establishment of pre-incident 

reference data 

access monitoring databases 

Abbreviations = Ca = Calcium; HACCP = Hazard Analysis and Critical Control Points; K = Potassium; Ra = Radium. 

CONCLUSION 

This review provides a comprehensive synthesis of current evidence on radionuclide transfer to milk and 

meat within a One Health framework, integrating environmental contamination, animal physiology, food 

processing, regulatory oversight, and public health protection. Across the literature, radionuclide transfer was 

shown to be highly radionuclide-specific and strongly influenced by animal species, production system, diet, soil 

characteristics, climatic conditions, and physiological status. Among the radionuclides evaluated, ¹³⁷Cs consistently 

exhibited the greatest transfer to edible tissues, particularly muscle and milk, whereas ⁹⁰Sr accumulated 

predominantly in bone with comparatively limited transfer to edible products. Short-lived radionuclides such as 

¹³¹I rapidly appeared in milk following exposure, while transuranic radionuclides generally displayed minimal 

transfer to milk and meat. Reported transfer parameters (Fm, Ff, CR, and Tag) varied by several orders of 

magnitude, emphasizing that radionuclide transfer cannot be represented adequately by universal coefficients 

and instead requires scenario-specific evaluation. Evidence further demonstrated that food processing 

substantially modifies radionuclide distribution. Cheesemaking preferentially partitions water-soluble 

radionuclides into whey, whereas boiling, steaming, and brining reduce radionuclide concentrations in meat 

through leaching, while dehydration increases activity concentrations on a mass basis. Collectively, these findings 

confirm that realistic exposure assessment must integrate transfer processes, food processing, and consumer 

practices rather than relying solely on environmental contamination or feed-to-animal transfer coefficients. 

From a practical perspective, the review highlights that effective radiological protection of the food chain 

requires integrated interventions operating across the entire environment–animal–human continuum. Farm-level 

measures, including clean feeding, grazing restriction, mineral amendments, selective sorbents, and optimized 

pasture management, consistently reduced radionuclide transfer to animal products. Supply chain interventions, 

including product segregation, processing-based redistribution, traceability systems, and HACCP-based 

monitoring, further strengthened food safety, while consumer-level measures, including evidence-based risk 

communication and appropriate culinary processing, provided additional reductions in dietary exposure. These 

complementary strategies support implementation of a One Health approach in which veterinary medicine, 

environmental science, agriculture, food safety, and public health operate as an integrated system for radiological 

preparedness and response. 

A major strength of this review is its integration of evidence from environmental radioecology, veterinary 

science, food processing, analytical chemistry, regulatory science, and risk assessment into a single One Health 

framework. Unlike previous reviews that focused primarily on radionuclide transfer or environmental 

contamination, this review links radionuclide behavior from environmental deposition through livestock 

production and food processing to consumer exposure and regulatory management. It also synthesizes recent 

evidence (2020–2026), compares the strengths and limitations of different transfer metrics (CR, Tag, Fm, and Ff), 

evaluates probabilistic approaches for uncertainty analysis, and incorporates processing factors (Pf and Fr), 

regulatory frameworks, quality assurance, and evidence-based countermeasures into a unified conceptual model. 

Nevertheless, several limitations remain. Available evidence is dominated by studies of ¹³⁷Cs and ⁹⁰Sr 

conducted in temperate regions following major nuclear accidents, whereas data for tropical and subtropical 

production systems, NORM, transuranic radionuclides, and underrepresented livestock species remain limited. 

Considerable heterogeneity in analytical methods, monitoring strategies, reporting conventions, and transfer 

models restricts direct comparison among studies. Furthermore, many published transfer coefficients are derived 

under equilibrium assumptions that may not adequately represent seasonal variation, heterogeneous 

contamination, changing feeding practices, or evolving environmental conditions. Information on food-processing 

effects, consumer dietary behavior, and combined exposure to radionuclides and other environmental 

contaminants also remains insufficient for comprehensive risk assessment. 

Future research should prioritize the generation of standardized, experimentally measured transfer data 

across diverse livestock species and production systems, particularly in tropical and low-resource regions. 

Development and international validation of physiologically based pharmacokinetic and multicompartment 
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models should be accompanied by routine application of probabilistic uncertainty analyses using Monte Carlo 

simulation and sensitivity analysis. Greater attention should also be directed toward transuranic radionuclides, 

NORM, radionuclide–heavy metal interactions, climate-driven changes in contaminant mobility, and processing-

specific TF. Establishment of internationally harmonized, open-access databases for Fm, Ff, CR, Tag, Pf, and Fr 

values, together with standardized baseline monitoring protocols and integrated veterinary-led surveillance 

systems, would substantially improve preparedness for future radiological emergencies. Emerging technologies, 

including artificial intelligence, machine learning, digital traceability, and real-time environmental monitoring, also 

offer promising opportunities to strengthen predictive surveillance and evidence-based decision-making. 

In conclusion, radiological safety of milk and meat cannot be evaluated solely from environmental 

contamination or radionuclide transfer coefficients but must be considered within an integrated One Health 

framework that encompasses environmental processes, livestock physiology, food processing, regulatory 

oversight, and consumer exposure. Adoption of harmonized monitoring systems, probabilistic risk assessment, 

validated analytical methods, and coordinated interventions across the food production chain will improve the 

accuracy of exposure assessment and strengthen public health protection. As environmental pressures, nuclear 

technologies, and food production systems continue to evolve, implementation of multidisciplinary, evidence-

based One Health strategies will remain essential for ensuring the long term radiological safety of animal-derived 

foods and safeguarding both animal and human health. 

DATA AVAILABILITY 

The data generated during the study are included in the manuscript. 

GENERATIVE AI DECLARATION 

The authors declare that generative artificial intelligence (AI) tools were used solely to improve language, 

grammar, and readability during manuscript preparation. All scientific content and conclusions were developed 

and verified by the authors. The authors take full responsibility for the accuracy, integrity, and originality of the 

work presented, and no AI tool was listed as an author. 

AUTHORS’ CONTRIBUTIONS 

AS, DS, and SA: Conceptualization, literature search, writing – original draft, and supervision. AK, AZ, and KA: 

Literature search and writing – original draft. SS, AA, and BA: Literature analysis, visualization, and writing – review 

and editing. SZ, PA, and VZ: Writing – review and editing and critical revision. AS, SA, and AK: Supervision and 

writing – review and editing. All authors have read and approved the final version of the manuscript. 

ACKNOWLEDGMENTS 

The authors express their gratitude to Shakarim University for its institutional support and assistance in the 

preparation of this manuscript. This research was funded by the Science Committee of the Ministry of Science and 

Higher Education of the Republic of Kazakhstan (Grant No. AP23485629, “Ensuring quality and safety systems of 

meat and milk produced in the adjacent territories to the Semipalatinsk Nuclear Test Site”). 

COMPETING INTERESTS 

The authors declare that they have no competing interests. 

PUBLISHER’S NOTE 

Veterinary World remains neutral with regard to jurisdictional claims in the published institutional 

affiliations. 

REFERENCES 

1. Nakamura K, Chiba S, Kiuchi T, Nabeshi H, Tsutsumi T, Akiyama H, et al. Comprehensive analysis of a decade 

of cumulative radiocesium testing data for foodstuffs throughout Japan after the 2011 Fukushima Daiichi 

Nuclear Power Plant accident. PLoS One. 2022;17(9):e0274070. 

2. Gembal M, Czerski P, Milczarczyk E, Warenik-Bany M. Levels of cesium-137 in food of animal origin in Poland. 

J Vet Res. 2023;67(3):407–14. 



doi: 10.14202/vetworld.2026.3568-3594 

 

 
3589 

3. Panov AV, Ratnikov AN, Sviridenko DG, Isamov NN, Tsygvintsev PN. Remediation of agricultural lands 

exposed to large-scale radioactive contamination (to the 35th anniversary of the Chernobyl NPP accident). 

Russ Agric Sci. 2021;47(4):399–403. 

4. Howard B. Environmental pathways of radionuclides to animal products in different farming and harvesting 

systems. In: Naletoski I, Luckins AG, Viljoen G, editors. Nuclear and radiological emergencies in animal 

production systems, preparedness, response and recovery. Berlin: Springer; 2021. p. 53–105. 

5. Epimakhov V. Modeling the inflow of ¹³⁷Cs and ⁹⁰Sr radionuclides with diet into the body of ruminant animals 

and assessment of the transition into livestock products. Bull Sci Pract. 2025;11(4):272–80. 

6. Muftić E, Gradaščević N, Članjak‐Kudra E, Mujić N. Distribution of radiocaesium (¹³⁷Cs) and radiopotassium 

(⁴⁰K) during the cheese production. Int J Dairy Technol. 2023;76(4):1030–6. 

7. Panitskiy A, Bazarbaeva A, Baigazy S, Polivkina Y, Alexandrovich I, Abisheva M. Bioaccumulation of 

radionuclides in hoofed animals inhabiting the Semipalatinsk Test Site. PLoS One. 2023;18(11):e0294632. 

8. Hofmann P, Achatz M, Fohlmeister J, Schmidt K, Berg T, Sarvan I. Levels of naturally occurring radionuclides 

in foods from the first German total diet study. Sci Total Environ. 2025;965:178653. 

9. Machraoui S, Mandya Purushotham M, Naregundi K, Labidi S. Assessment of radionuclide transfer factors 

and transfer coefficients near phosphate industrial areas of South Tunisia. Environ Sci Pollut Res. 

2019;26(27):28341–51. 

10. Pertsovyi I, Herasymenko V, Shvydenko I, Rozputnii O, Baban V, Skyba V, et al. Influence of daily feeding 

ration of cattle on the transfer of ¹³⁷Cs and ⁹⁰Sr to animal organisms and manure in the agroecosystems of 

Central Forest-Steppe. Agroecol J. 2023;(2):64–73. 

11. Voigt G, Henrichs K, Pröhl G, Paretzke HG. Measurements of transfer coefficients for ¹³⁷Cs, ⁶⁰Co, ⁵⁴Mn, ²²Na, 

¹³¹I and ⁹⁵ᵐTc from feed into milk and beef. Radiat Environ Biophys. 1988;27(2):143–52. 

12. Minenko V, Viarenich K, Zhukova O, Kukhta T, Podgaiskaya M, Khrutchinsky A, et al. Activity concentrations 

of ¹³¹I and other radionuclides in cow’s milk in Belarus during the first month following the Chernobyl 

accident. J Environ Radioact. 2020;220–221:106264. 

13. Salbu B, Mora JC, Vives I Batlle J, Brandt-Kjelsen A, Pettersen MN, Lind OC, et al. Iodine transfer to dairy cow’s 

milk: a revised biokinetic model. J Hazard Mater. 2025;485:136787. 

14. Baigazinov ZhA, Lukashenko SN, Panitsky AV, Kadyrova NZh, Karatayev SS, Mamyrbayeva AS, et al. The 

transfer of ²³⁹⁺²⁴⁰Pu, ²⁴¹Am, ¹³⁷Cs and ⁹⁰Sr to the tissues of horses. J Environ Radioact. 2020;222:106322. 

15. Beresford NA, Howard BJ. An overview of the transfer of radionuclides to farm animals and potential 

countermeasures of relevance to Fukushima releases. Integr Environ Assess Manag. 2011;7(3):382–4. 

16. Andersson CK, Elvborn M, Spetz JKE, Langen B, Forssell-Aronsson EB. Biodistribution of ¹³¹I in mice is 

influenced by circadian variations. Sci Rep. 2020;10(1):15541. 

17. Driesen C, Lerch S, Siegenthaler R, Silacci P, Hess HD, Nowack B, et al. Accumulation and decontamination 

kinetics of PCBs and PCDD/Fs from grass silage and soil in a transgenerational cow-calf setting. Chemosphere. 

2022;296:133951. 

18. Ujwal P, Yashodhara I, Sudeep Kumara K, Ravi PM, Karunakara N. Environmental transfer parameters of 

strontium for soil to cow milk pathway for tropical monsoonal climatic region of the Indian subcontinent. Sci 

Rep. 2022;12(1):7528. 

19. Thiessen KM, Hoffman FO, Bouville A, Anspaugh LR, Beck HL, Simon SL. Parameter values for estimation of 

internal doses from ingestion of radioactive fallout from nuclear detonations. Health Phys. 2022;122(1):236–

68. 

20. Mamyrbayeva AS, Baigazinov ZA, Lukashenko SN, Panitskiy AV, Karatayev SS, Shatrov AN, et al. The transfer 

of ²⁴¹Am and ¹³⁷Cs to the tissues of broilers’ organs. PLoS One. 2020;15(7):e0235109. 

21. Samad AI, Ahmed AH, Ahmad ST. Radioactivity levels, soil-to-grass and grass-to-milk transfer factor of natural 

radionuclides from grazing area in Erbil governorate, Iraq. Appl Radiat Isot. 2024;205:111170. 

22. Yasmint IG, Waris A, Pudjadi E. Assessment of transfer factors for natural radionuclides and radiocesium from 

soil-to-plant and plant-to-cow’s milk on a cattle farm in Lembang. IOP Conf Ser Mater Sci Eng. 

2025;1330(1):012021. 

23. Park M, Choi YY, Lee Y, Cho M. Single radiation exposure induces gut microbiota dysbiosis and decreases 

short-chain fatty acid metabolism and intestinal barrier integrity in mice. Front Cell Infect Microbiol. 

2025;15:1654976. 

24. Yang P, Bai H, Yan T, Xu X, Tang X, Song B, et al. Integrative multi-omics analysis of radionuclide-induced 



doi: 10.14202/vetworld.2026.3568-3594 

 

 
3590 

intestinal injury reveals the radioprotective role of L-citrulline through histone H3-mediated Cxcl3. J Transl 

Med. 2025;23(1):180. 

25. Panitskiy A, Bazarbaeva A, Baigazy S, Alexandrovich I, Larionova N. Radioecological characteristics of Siberian 

roe deer (Capreolus pygargus Pal., 1771) inhabiting locations of nuclear weapon tests. PLoS One. 

2024;19(9):e0308518. 

26. Fantuz F, Ferraro S, Todini L, Spurio R, Fatica A, Marcantoni F, et al. Distribution of selected trace elements 

in the major fractions of donkey milk. J Dairy Sci. 2022;105(8):6422–30. 

27. Duong VH, Nguyen TD, Hegedűs M, Tóth-Bodrogi E, Kovács T. Assessment of ²³²Th, ²²⁶Ra, ¹³⁷Cs, and ⁴⁰K 

concentrations and annual effective dose due to the consumption of Vietnamese fresh milk. J Radioanal Nucl 

Chem. 2021;328(3):1399–404. 

28. Habakwiha V, Oruru B, Tumps Ireeta W. Modeling radionuclide transfer from pasture to milk in Kisoro, south-

western Uganda: radionuclide transfer from pasture to milk. East Afr J Sci Technol Innov. 2023;4(3). 

29. Bituh T, Petrinec B, Hasenay D, Stipičević S. Assessment of ¹³⁷Cs and ⁴⁰K transfer factors in Croatian 

agricultural systems and implications for food safety. Environments. 2025;12(8):269. 

30. Wagh SS, Patra AK, Jaison TJ, Saradhi IV, Kumar AV. Studies on transfer coefficient from grass-to-milk for ¹³⁷Cs 

and ⁴⁰K at Kakrapar Gujarat site, India. Radiat Prot Environ. 2022;45(2):71–5. 

31. Kirchner G. Transport of iodine and cesium via the grass-cow-milk pathway after the Chernobyl accident. 

Health Phys. 1994;66(6):653–65. 

32. Voigt G, Pröhl G, Müller H, Bauer T, Lindner JP, Probstmeier G, et al. Determination of the transfer of cesium 

and iodine from feed into domestic animals. Sci Total Environ. 1989;85:329–38. 

33. Geetha P, Prabhu U, Yashodhara I, Kumara S, Karpe R, Ravi P, et al. Grass to cow milk transfer coefficient 

(Fm) of iodine for equilibrium and emergency situations. Radiat Prot Environ. 2014;37(1):14. 

34. Minenko V, Kukhta T, Trofimik S, Zhukova O, Podgaiskaya M, Viarenich K, et al. Evaluation of ¹³¹I transfer in 

the environment based on the available measurements made in Belarus after the Chernobyl accident. J 

Environ Radioact. 2022;250:106928. 

35. Howard BJ, Wells C, Barnett CL, Howard DC. Improving the quantity, quality and transparency of data used 

to derive radionuclide transfer parameters for animal products. 2. Cow milk. J Environ Radioact. 
2017;167:254–68. 

36. Parache V, Pourcelot L, Roussel-Debet S, Orjollet D, Leblanc F, Soria C, et al. Transfer of ¹³¹I from Fukushima 
to the vegetation and milk in France. Environ Sci Technol. 2011;45(23):9998–10003. 

37. Howard BJ, Beresford NA, Mayes RW, Lamb CS. Transfer of ¹³¹I to sheep milk from vegetation contaminated 
by Chernobyl fallout. J Environ Radioact. 1993;19(2):155–61. 

38. Oloś G, Dołhańczuk-Śródka A. Levels of ¹³⁷Cs in game and soil in Opole Anomaly, Poland in 2012–2020. 

Ecotoxicol Environ Saf. 2021;223:112577. 
39. Berendes O, Steinhauser G. Exemplifying the “wild boar paradox”: dynamics of cesium-137 contaminations 

in wild boars in Germany and Japan. J Radioanal Nucl Chem. 2022;331(12):5003–12. 
40. Fesenko SV, Isamov NN, Emlyutina ES, Karpenko EI, Goryainov VA. Dynamics of ¹³⁷Cs concentrations in cow 

milk in the districts of Bryansk region. Radiatsionnaya Gygiena. 2024;17(3):16–28. 
41. Brimo K, Gonze MA, Pourcelot L. Long term decrease of ¹³⁷Cs bioavailability in French pastures: results from 

25 years of monitoring. J Environ Radioact. 2019;208–209:106029. 

42. Franić Z, Branica G, Petrinec B, Marović G. Long term investigation of ¹³⁷Cs in chicken meat and eggs from 

northwest Croatia. J Environ Sci Health Part B. 2020;55(4):382–7. 

43. Shishkina E, Shuiskaya A, Sharagin P. Bone marrow dosimetry for mice: exposure from bone-seeking ⁸⁹,⁹⁰Sr. 

Radiat Environ Biophys. 2023;62(1):131–42. 

44. Florou H, Savidou A, Chaloulou C. Strontium-90 activity in monthly milk samples from Greece. J Dairy Sci. 

1996;79(9):1679–82. 

45. Alsaffar MS, Kabir NA. Radiological impact of ²²⁶Ra, ²³²Th and ⁴⁰K in fodders from Penang, Malaysia. Appl 

Radiat Isot. 2024;211:111413. 

46. Zhexenayeva A, Duyssembaev S, Saparova G, Zhanar K, Aynur S. Radionuclide migration and organoleptic 

characteristics of beef in the adjacent areas to the former Semipalatinsk nuclear test site. J Anim Behav 

Biometeorol. 2020;8(2):152–9. 

47. Smith MM, Bentrup G, Kellerman T, MacFarland K, Straight R, Ameyaw L, et al. Silvopasture in the USA: a 

systematic review of natural resource professional and producer-reported benefits, challenges, and 



doi: 10.14202/vetworld.2026.3568-3594 

 

 
3591 

management activities. Agric Ecosyst Environ. 2022;326:107818. 

48. Takeda A, Tsukada H, Unno Y, Takaku Y, Hisamatsu S. Effects of organic amendments on the natural 

attenuation of radiocesium transferability in grassland soils with high potassium fertility. J Environ Radioact. 

2020;217:106207. 

49. Rai H, Kawabata M. The dynamics of radio-cesium in soils and mechanism of cesium uptake into higher 

plants: newly elucidated mechanism of cesium uptake into rice plants. Front Plant Sci. 2020;11:528. 

50. Sarap NB, Daković MŽ, Djalovic I, Dolijanović Ž, Prasad PVV, Janković MM. Application and experimental 

substantiation of the radioecological model for prediction in behavior ⁹⁰Sr in cultivated soil-crop system: a 

case study of two experimental agricultural fields. Plants. 2024;13(13):1798. 

51. Huang WH, Chen TC, Lin SC, Chen ZM, Yeh YL. Assessment activity concentrations of rice components (root, 

stem, leaf, and grain) and transfer factors (TF) from paddy soil to rice grain of radionuclides ⁴⁰K, ²²⁶Ra, ²³²Th, 

and ¹³⁷Cs investigation in Taiwan. Agronomy. 2024;15(1):23. 

52. Kashparova O, Teien HC, Pavlenko P, Salbu B, Eide DM, Levchuk S, et al. Clean feed as countermeasure to 

reduce the ⁹⁰Sr and ¹³⁷Cs levels in fish from contaminated lakes. J Environ Radioact. 2023;258:107091. 

53. Zhumabayev A, Nurgaliyev B, Abirova I, Kushmukhanov Z, Ussenov Z, Kozhayeva A, et al. Chemical 

contamination and nutritional degradation of freshwater fish marketed in West Kazakhstan. Vet World. 

2026:1533. 

54. Shuryak I. Quantitative modeling of radioactive cesium concentrations in large omnivorous mammals after 

the Fukushima nuclear power plant accident. Sci Rep. 2021;11(1):10049. 

55. Stäger F, Zok D, Schiller AK, Feng B, Steinhauser G. Disproportionately high contributions of 60 year old 

weapons-¹³⁷Cs explain the persistence of radioactive contamination in Bavarian wild boars. Environ Sci 

Technol. 2023;57(36):13601–11. 

56. Terada H, Iijima I, Miyake S, Ota T, Yamaguchi I, Kodama H, et al. Dietary exposure levels to ¹³⁴Cs, ¹³⁷Cs, ⁹⁰Sr, 

and ²³⁹⁺²⁴⁰Pu in Japan after the Fukushima Daiichi Nuclear Power Plant accident: a duplicate portion study 

for fiscal years 2012–2014. Environ Health Prev Med. 2025;30:48–48. 

57. Guillén J, Beresford NA, Baeza A, Ontalba MA, Corbacho JA. Transfer of radionuclides and stable elements to 

foodstuffs in Mediterranean ecosystems. J Environ Radioact. 2020;223–224:106379. 

58. Kosarchuk OV, Khomutinin YV, Lazarev MM, Illienko VV. Current state of the ¹³⁷Cs milk pollution in 
settlements of Rivne region and village Narodychi Zhytomyr region. Nauk Dopovidi Natsionalnoho 
Universytetu Bioresursiv i Pryrodokorystuvannia Ukrainy. 2024;2024(1/107). 

59. Epimakhov VG, Sarukhanov VYa, Epifanova IE. Factors modifying the transfer of radionuclides from feed-to-
animal products. Vet Zootekhniya Biotekhnologiya. 2024;11(131):105–17. 

60. Wais TY, Namq BF, Najam LA, Othman SQ, Hussein ZA, Al-Taii HA, et al. Investigation of natural radionuclide 
transfer from soil to wheat. Sci Rep. 2025;15(1):35785. 

61. Lazarev MM, Khomutinin YV, Kosarchuk OV, Illienko VV, Pavliuchenko VV, Lazarev DM, et al. The current 
radiological state of natural meadows in the zone of unconditional (mandatory) resettlement of the 

Narodychi united territorial community of the Zhytomyr region and the prospects for their use as a fodder 
base for livestock. Nucl Phys At Energy. 2025;26(2):171–82. 

62. Gradaščević N, Muftić E, Omerbegović A. Transfer of radionuclides into dairy products. Veterinaria. 2023;(Vol 72). 

63. Muneam RR, Abojassim AA. Assessment of health risk of exposure to alpha-emitters in cheese samples 

collected from Iraqi markets. At Indones. 2023;1(1):39–44. 

64. Apsalikova ZS, Amirkhanov KZ, Lipikhina AV. Study of food safety of sheep meat, grown on environmentally 

unfavorable territories. Bull KSAU. 2022;(2):130–8. 

65. Hachinohe M, Fujimoto R, Shinano T, Kotake-Nara E, Hamamatsu S, Kawamoto S. Reduction in the 

radiocesium in meats of the sika deer and wild boar by cooking. J Food Prot. 2020;83(3):467–75. 

66. Bereda G. Toxicological impacts and mitigation strategies of food contaminants: a global perspective and 

comprehensive narrative review. Curr Res Toxicol. 2025;9:100268. 

67. Shen X, Feng Y, Yao Y, Tian F, Dang P, Li Q. Effect of boiling time on radionuclide concentration in seafood. 

Radiat Med Prot. 2025;6(6):343–50. 

68. Živković MP, Alshehri AHD, Abas Abdullah A, Krstić DŽ, Salem FA, Wais TY, et al. Dietary exposure to natural 

and artificial radionuclides through cereal, legume, seed, and nut products: measurement and uptake 

assessment. J Environ Radioact. 2026;291:107860. 

69. Clinquart A, Ellies-Oury MP, Hocquette JF, Guillier L, Santé-Lhoutellier V, Prache S. Review: on-farm and 



doi: 10.14202/vetworld.2026.3568-3594 

 

 
3592 

processing factors affecting bovine carcass and meat quality. Animal. 2022;16:100426. 

70. Pervin S, Kabir MM, Dewan MJ, Khandaker MU, Yeasmin S. Evaluation of radioactivity concentration in farm 

fresh milk and concomitant dose to consumer. Heliyon. 2024;10(9):e30454. 

71. Sarker MSD, Rahman R, Siraz MMM, Khandaker MU, Yeasmin S. The presence of primordial radionuclides in 

powdered milk and estimation of the concomitant ingestion dose. Radiat Phys Chem. 2021;188:109597. 

72. Anspaugh LR, Bouville A, Thiessen KM, Hoffman FO, Beck HL, Gordeev KI, et al. A methodology for calculation 

of internal dose following exposure to radioactive fallout from the detonation of a nuclear fission device. 

Health Phys. 2022;122(1):84–124. 

73. Demott BJ, Cragle RG. Strontium in milk. III. Distribution in cream, skimmilk, cheddar cheese, and whey. J 

Dairy Sci. 1960;43(7):925–30. 

74. Wilson LG, Bottomley RC, Sutton PM, Sisk CH. Transfer of radioactive contamination from milk to commercial 

dairy products. Int J Dairy Technol. 1988;41(1):10–3. 

75. Dvořák P, Kunová V, Kunová J, Beňová K. Radiocesium activity reduction in boar meat by brining. Radiat 

Environ Biophys. 2008;47(1):179–82. 

76. Petäjä E, Rantavaara A, Paakkola O, Puolanne E. Reduction of radioactive cesium in meat and fish by soaking. 

J Environ Radioact. 1992;16(3):273–85. 

77. Nabeshi H, Tsutsumi T, Matsuda R, Teshima R, Akiyama H, Hachisuka A. Behavior of radioactive cesium and 

strontium-90 during processing of soybean into traditional Japanese products. J Food Prot. 

2026;89(2):100688. 

78. Čučulović A, Stanojković J, Nedić O, Popović‐Djordjević J. Radioactivity and food safety in Serbia: Chernobyl 

accident and 4 decades later. Food Saf Health. 2024;2(4):410–3. 

79. Piñero‐García F, Thomas R, Mantero J, Forssell-Aronsson E, Isaksson M. Concentration of radionuclides in 

Swedish market basket and its radiological implications. Food Control. 2022;133:108658. 

80. Tuo F, Zhou Q, Yang B, Peng X, Zhang J, Sun Q. National monitoring for radioactivity in foods — China, 2012–

2019. China CDC Wkly. 2020;2(29):537–40. 

81. Baikadamova A, Yevlampiyeva Y, Orynbekov D, Idyryshev B, Igenbayev A, Amirkhanov S, et al. The 

effectiveness of implementing the HACCP system to ensure the quality of food products in regions with 
ecological problems. Front Sustain Food Syst. 2024;8:1441479. 

82. Iatsyshyn AV, Kovach VO, Lahoiko AM, Gurieiev VO, Humeniuk AA, Semenets-Orlova IA, et al. Radioecological 
monitoring as a key factor in food quality management. IOP Conf Ser Earth Environ Sci. 2024;1415(1):012129. 

83. Mirończuk-Chodakowska I, Kapała J, Kujawowicz K, Sejbuk M, Witkowska AM. Forty years after Chernobyl: 
radiocaesium in wild edible mushrooms from north-eastern Poland and its relevance for dietary exposure 
and food safety. Toxics. 2025;13(7):601. 

84. Pearson AJ, Gaw S, Hermanspahn N, Glover CN. Natural and anthropogenic radionuclide activity 
concentrations in the New Zealand diet. J Environ Radioact. 2016;151:601–8. 

85. Adkin A, Rylands K, Goodman J, Oatway W, Uy FM, Edge J, et al. Quantitative risk assessment of radiocesium 
associated with Japanese foods imported into the United Kingdom. Risk Anal. 2025;45(5):1105–14. 

86. Angeleska A, Crceva Nikolovska R, Dimitrieska Stojkovik E, Stojanovska Dimzoska B, Uzunov R, Angelovska A. 

Determination of radionuclide concentration in milk samples consumed in Republic of North Macedonia and 

population dose rate estimates. J Agric Plant Sci. 2022;20(1):9–16. 

87. John SOO, Olukotun SF, Radebe MM, Mathuthu M. Radiological safety assessment of sugar consumption in 

South Africa—a study of ²²⁶Ra, ²²⁸Ra, and ⁴⁰K levels. Front Public Health. 2025;13:1534383. 

88. Zhang F, Zhao J, Zhang X. Estimation of relative standard deviation related to limit of detection and limit of 

quantitation. In: Mrugalska B, editor. Production management and process control. AHFE International; 

2023. p. 36–40. 

89. Marchesani G, Trotta G, De Felice P, Bortone N, Damiano R, Nicolini M, et al. Fast and sensitive radiochemical 

method for Sr-90 determination in food and feed by chromatographic extraction and liquid scintillation 

counting. Food Anal Methods. 2022;15(6):1521–34. 

90. Malimon Z, Kochetova H, Gusak L, Shuliak S. Radiation situation in the contaminated territories of Ukraine in 

the post-Chornobyl period from 2013 to 2022. One Health J. 2023;1(IV):70–6. 

91. Vićentijević M, Vuković D, Pavlović M, Stanojević S, Slavata B. Produced radionuclides in foods of animal 

origin 2016-2022. In: Book of abstracts. RAD Centre; 2023. 

92. Aslan N, Erol F, Kormalı Ertürün HE. Cherenkov radiation technique for the determination of fission product 



doi: 10.14202/vetworld.2026.3568-3594 

 

 
3593 

⁹⁰Sr in milk. Int J Environ Anal Chem. 2024;104(16):4384–95. 

93. Lee J, Park YS, Lee HJ, Koo YE. Microwave-assisted digestion method using diluted nitric acid and hydrogen 

peroxide for the determination of major and minor elements in milk samples by ICP-OES and ICP-MS. Food 

Chem. 2022;373:131483. 

94. Angelovski L, Crceva Nikolovska R, Uzunov R, Dimzoska Stojanovska B, Blagoevska K, Dimitrieska Stojkovik E, 

et al. Activity concentrations of natural radionuclides in poultry feed in the Republic of North Macedonia. 

Krmiva. 2022;63(1):19–23. 

95. Dmitrievtseva NV, Shepelyuk LN, Pilipaka SM. Accumulation of ¹³⁷Cs by meadow grasses on peat-bog soils of 

the Polissia zone in the Rivne region. Agrochem Soil Sci. 2021;(92):92–7. 

96. Syromiatnykov Y, Yakovlieva A, Dzhasheeva Z, Voinash S, Orekhovskaya A, Vanzha V, et al. Efficiency of 

organo-mineral fertilizers for reducing radionuclide accumulation in agricultural crops on sod-podzolic soils. 

E3S Web Conf. 2025;623:02012. 

97. Dyusembaev ST, Serikova A, Suleimemov ShK, Serikov ZhT, Adilbekov ZhSh. Plants with radioprotective 

properties: current research and application prospects. Her Sci Seifullin Kazakh Agro Tech Res Univ Vet Sci. 

2024;(4(008)):43–50. 

98. Savchuk IM, Romanchuk LD, Yashchuk IV, Kovalyova SP, Bondarchuk LV. Monitoring of heavy metals in fodder 

and animal husbandry products of the Polissia zone of Ukraine. Sci Horiz. 2022;25(6). 

99. Montayeva N, Nagimova G, Kereyev A, Sengaliyev Y, Kozhayeva A, Zakirova F, et al. Effect of Opoka use on 

meat productivity, nutritional, biological value and quality of broiler meat. Int J Vet Sci. 2024. 

100. Nurgaliyev B, Kushmukhanov Z, Kereyev AK, Taubaev U, Sengaliyev Y, Bayantassova S, et al. The efficacy of 

licorice root extract on meat amino acid, fatty acid, vitamin, and mineral composition and productivity of 

quail. Vet World. 2024:1017–25. 

101. Apsalikova Z, Amirkhanov K, Gaptar S, Mukanova A, Yevlampiyeva Y, Kassymov S, et al. Investigation of the 

food safety of lamb meat obtained in ecologically unfavorable territories. Front Sustain Food Syst. 

2024;8:1368206. 

102. Chernysh Y, Chubur V, Ablieieva I, Skvortsova P, Yakhnenko O, Skydanenko M, et al. Soil contamination by 

heavy metals and radionuclides and related bioremediation techniques: a review. Soil Syst. 2024;8(2):36. 
103. Karanth S, Feng S, Patra D, Pradhan AK. Linking microbial contamination to food spoilage and food waste: 

the role of smart packaging, spoilage risk assessments, and date labeling. Front Microbiol. 2023;14:1198124. 
104. Brynildsen LI, Selnaes TD, Strand P, Hove K. Countermeasures for radiocesium in animal products in Norway 

after the Chernobyl accident—techniques, effectiveness, and costs. Health Phys. 1996;70(5):665–72. 
105. Hwang WT, Cho G, Han MH. A methodology for optimization of countermeasures for animal products after 

a nuclear accident and its application. Ann Nucl Energy. 1999;26(17):1537–50. 

106. Baba FV, Esfandiari Z. Theoretical and practical aspects of risk communication in food safety: a review study. 
Heliyon. 2023;9(7):e18141. 

107. Molua CO. Human health risk assessment of radionuclide contamination in drinking water. J Ment Health 
Issues Behav. 2024;(43):7–18. 

108. Orynbekov D, Kalibekkyzy Z, Nurgazezova A, Nurymkhan G, Kassenov A, Yermekov Y. Consumer perception 

of irradiated food products in the Abai Region of Kazakhstan. Foods. 2025;14(9):1625. 

109. Hove K, Strand P, Voigt G, Jones BEV, Howard BJ, Segal MG, et al. Countermeasures for reducing radioactive 

contamination of farm animals and farm animal products. Sci Total Environ. 1993;137(1–3):261–71. 

110. Bräuninger SA. Ammonium iron hexacyanoferrate in veterinary medicine and the Chernobyl disaster: an ion 

exchanger for radiocesium. ChemTexts. 2026;12(1):6. 

111. Ratnikov AN, Vasiliev AV, Alexakhin RM, Krasnova EG, Pasternak AD, Howard BJ, et al. The use of 

hexacyanoferrates in different forms to reduce radiocaesium contamination of animal products in Russia. Sci 

Total Environ. 1998;223(2–3):167–76. 

112. Giese WW. Countermeasures for reducing the transfer of radiocesium to animal derived foods. Sci Total 

Environ. 1989;85:317–27. 

113. Alexakhin RM. Countermeasures in agricultural production as an effective means of mitigating the 

radiological consequences of the Chernobyl accident. Sci Total Environ. 1993;137(1–3):9–20. 

114. Beresford NA, Barnett CL, Gashchak S, Maksimenko A, Guliaichenko E, Wood MD, et al. Radionuclide transfer 

to wildlife at a ‘Reference site’ in the Chernobyl Exclusion Zone and resultant radiation exposures. J Environ 

Radioact. 2020;211:105661. 



doi: 10.14202/vetworld.2026.3568-3594 

 

 
3594 

115. Abzhaliyeva A, Boranbayeva T, Uzyntleuova A, Zarkhanova A, Junisbayeva S. Radiological safety of animal 

products. Scifood. 2025;19:224–36. 

116. Abzhaliyeva AB, Uzyntleuova AD, Aitzhanova TK, Khussainov DM. Determination of the level of radiation 

hazard of the environmental chain for livestock products in Almaty region. Ġylym Ža̋ne Bìlìm. 

2025;80(3):144–53. 

117. Sartayev Y, Matsuu-Matsuyama M, Yamaguchi I, Takahashi J, Gutevich A, Hayashida N. Internal radiation 

exposure from ¹³⁷Cs and its association with the dietary habits of residents from areas affected by the 

Chernobyl nuclear accident, Ukraine: 2016–2018. PLoS One. 2023;18(9):e0291498. 

118. Akabanda F. A compilation of the traditional processing techniques and microbiome in Ghanaian fermented 

milk products. Int J Microbiol Biotechnol. 2025;10(1):11–6. 

119. Anal AK, Perpetuini G, Petchkongkaew A, Tan R, Avallone S, Tofalo R, et al. Food safety risks in traditional 

fermented food from South-East Asia. Food Control. 2020;109:106922. 

120. Tamang JP, Cotter PD, Endo A, Han NS, Kort R, Liu SQ, et al. Fermented foods in a global age: East meets 

West. Compr Rev Food Sci Food Saf. 2020;19(1):184–217. 

121. Fesenko S, Kashparov V, Levchuk S, Khomutinin Yu, Lazarev N, Shubina O, et al. Monitoring in animal breeding 

in response to nuclear or radiological emergencies: Chernobyl experience. J Environ Radioact. 

2021;233:106603. 

122. Haase G, Vagt T, Fritsche J. Monitoring environmental radionuclide activity of the incident-relevant 

radionuclides ¹³⁷Cs und ⁹⁰Sr in animal feed and foodstuffs consumed in Germany. J Consum Prot Food Saf. 

2021;16(1):97–101. 

123. Lee KM, Herrman TJ. Investigation and assessment of natural radioactivity in commercial animal feeds in 

Texas. Food Addit Contam Part A. 2024;41(1):33–44. 

124. Rogliardo Q, Kanellakopoulos A, Corcelle H, Fedel M, Zsely-Schaffter M, Triscone G, et al. High efficiency 

quantification of ⁹⁰Sr contamination in cow milk after a nuclear accident. Appl Radiat Isot. 2025;226:112235. 

******** 

 


