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In recent years, the level of metals in food products has generated public concerns due to anthropogenic activities in the forest regions where most of the cash crops are harvested.  This study evaluated the exposure and health risk of manganese (Mn), zinc (Zn), copper (Cu), iron (Fe) and lead (Pb) in both local and exotic cocoa products. Fifty products were sampled from the market and their metal contents digested and quantified by Atomic Absorption Spectrophotometry. Consumption data was collected from 300 consumers using a semi-structured questionnaire in October, 2016. Probabilistic exposure and risk were quantified using the recommended USEPA protocols based on Monte Carlo Simulations of hazard and cocoa consumption data. The 95th percentile chronic daily intake (CDI) estimates were above the recommended daily dietary limits for the metals. Similarly, the 95th percentile hazard quotients (HQ) of Mn, Zn and Cu in the products were above the acceptable limit of 1. Cancer risk from Pb intake was implicated at exposure levels of the 50th percentile (3.01 x 10-5 to 
1.08 x 10-4) and 95th percentile (1.05 x 10-3 to 2.22 x 10-3) according to a deminimis of 10-6. The results suggested that chronic high consumption of cocoa products could result in lifetime adverse health effect. 
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CHAPTER ONE 
INTRODUCTION 
1.1 	Background 
Contamination of food with metals poses a serious health concern for regulatory bodies in many countries. These metals become available in the environment via natural occurrences such as volcanic activity (WHO, 2010) and anthropogenic activities such as mining, smelting of metal ores, industrial production, use of leaded gasoline and applications of pesticides and fertilizers. They find their ways into food in various ways, ranging from the soil on which the plants grow to the conditions they are subjected to during pre-harvest, harvest and post-harvest periods (Alloway, 1994; Al 
Othman, 2010).  
 
Some metals such as lead are generally considered toxic to humans (ATSDR, 2007), however, others such as manganese, iron, zinc and copper are beneficial to the body for normal physiological and biochemical functions (Lee and Low, 1985). Manganese, for instance, is required for skeletal system development (ATSDR, 2000) and iron is needed in oxygen transport (Underwood, 1977). Zinc is required for protecting the skin and muscles against premature aging, and Copper is required in haemoglobin synthesis (Underwood, 1977). Above threshold levels, however, these essential metals could be toxic and may cause deleterious health effects (Bradl, 2005). High intake of manganese results in brain damage (ATSDR, 2000). Excessive intake of Zinc is implicated in obesity (Fairweather-Tait, 1998).  Excessive iron and copper intake are causes of heart disease (Corbett, 1995) and liver cirrhosis (Graham and Cordano, 1976) respectively, while lead is reported to account for 0.6% of diseases globally (Al Othman, 2010). 
 
1.2 	Problem Statement and justification 
Cocoa products are among some of the most widely consumed food products in the world (Rankin et al., 2005). In recent years, however, metals in cocoa products have generated public concern worldwide after several studies have reported alarmingly high level of metals in these products (Dahiya et al. 2005; Rankin et al., 2005; Giblin, 2010; Ochu et al., 2012; Fidler, 2016).  
Many attributed this phenomenon to the source of the cocoa beans, the principle raw material (Lee and Low, 1985; Dahiya et al., 2005; Rankin et al., 2005) while others identified ingredients, production processes and equipment as possible sources of the contamination (Stahl et al. 2011). 
The cocoa industry in Ghana has been bedeviled with increasing illegal mining activities and use of unauthorized agricultural chemicals in several cocoa growing communities (Ackah, 2012). These activities have been reported as major contributors of high levels of metals in cocoa beans (Lowor and Shiloh, 2013). ). Coupled with this, the local markets in the country have also seen an influx of various brands of cocoa products. Despite these occurrences, cocoa-based studies conducted in the country had only focused on metals in cocoa growing soils and the cocoa beans (Ackah, 2012; Lowor and Shiloh, 2013) leaving the cocoa products unstudied. It is therefore imperative that the metal contents of cocoa products in the country are assessed to assure consumer trust. 
 
1.3 	Objective  
The objective of this work was to assess the dietary exposure and risk of lead, iron, copper, zinc and manganese in imported and locally produced cocoa-based products.  
CHAPTER TWO 
LITERATURE REVIEW 
2.1 	Overview of Cocoa Products 	 
The use of cocoa beans as a raw material for product development has been in existence before 1000 BC as residues found in pottery vessels in ancient South America have a chemical compound found in chocolate (Pohlan and Perez, 2010). Subsequent archaeological evidence in Costa Rica indicates cocoa drink was drunk by Maya traders as early as 400 BC (Pohlan and Perez, 2010). The Mayas and Aztecs used their cocoa beans for the preparation of a brew called “chocolate” (bitter water) that was served at lavish banquets, buried with the dead, and used to anoint newborn babies (OECD, 2007; Pohlan and Perez, 2010). Perhaps, the spread of chocolate and production of other products from cocoa began after Hernando Cortes and his army brought cocoa beans they had received from Aztecs to Spain in 1524. The Spanish refined the recipes by adding sugar and heating the ingredients to improve the taste (Pohlan and Perez, 2010). Cocoa subsequently spread to other parts of the world due to colonization and demand for chocolates (OECD, 2007). In 1815, Van Houten, a Dutchman, set up the first chocolate factory and in 1819, Cailler, a Swiss, produced the first chocolate bar. The 19th and 20th century witnessed a massive enhancement in technologies to better process the cocoa beans into butter and powder and subsequent production of cocoabased confectioneries (OECD, 2007).  
 
Generally, after fermentation, the beans are exported and/or further processed through sorting, cleaning and roasting (at temperature of 120 oC to 149 oC) to develop the needed colour and flavor (ICCO, 2012). The roasted beans are crushed to release the nib from the shell and then winnowed to separate the nib and shell. The nibs are then crushed into a liquor which is then pressed to release the butter (55 – 60%) leaving the butter-free mass or cake, which is converted to cocoa powder (FAO/WHO, 2015). The by-products of the cocoa beans (liquor, butter, cake and powder) are the chocolate industry’s raw materials. Other products such as biscuits, ice-creams, milk products, beverages, etc. are also produced from these by-products (OECD, 2007). 
 
2.2 	Dietary and Health Benefits of Cocoa 
Cocoa has several health benefits which have long been acknowledged by the early consumers (Afoakwa, 2014). Epidemiological evidence suggested that, the Kuna Indian population of the islands of Panama, a population noted for their daily intake of cocoa, have low prevalence of atherosclerosis, type-2 diabetes and hypertension. However, when members of this population migrate to the urban areas on mainland Panama, they lost these health traits due to change in diet (i.e. consumption of less cocoa) (McCullough et al., 2006). Epidemiological evidence from a longitudinal study of the relationship between lifestyle and cardiovascular risk in older men also found that, cocoa intake is inversely related to blood pressure. They revealed that, the mean systolic blood pressure of the highest cocoa intake group was lower than the lowest intake group (Winson and Hurst, 2015). The aforementioned health benefits of cocoa are due to its antioxidant properties. Cocoa contains high concentrations of antioxidants such as flavonoids, epicatechin, catechin and procyanidins (Natsume et al., 2000). Its flavonoids content is greater than even tea and wine and it is also rich in procyanidin flavonoids, comparable with levels in procyanidin-rich apples (Lowor and Shiloh, 2013). Cocoa also contains nitrogenous compounds which include proteins, methylxanthines theobromine and caffeine, which are central nervous system stimulants, diuretics, and smooth muscle relaxants. Cocoa also contains valeric acid which acts as a stress reducer (Manton, 2006).  
 
2.3 	Metals  
Metals are naturally occurring elements having metallic properties such as good thermal and electrical conductivity, and the capability of being permanently moulded or deformed at room room temperature (Kakani and Kakani, 2014). Although metals compose about three fourth of the known elements, the ones which have generated much attention in the food industry are generally classified as heavy metals (Kakani and Kakani, 2014). The term “heavy metals” has been inconsistently defined over the years leading to general confusion regarding the significance of the term. Some authors have defined the term on the basis of density (specific gravity) (Parker, 1989; Lozet, 1991; Morris, 1992; Thornton, 1995), however, at some point in the history of the term, some authors realized that the density is not of great significance in relation to the reactivity of the metal.  
They, accordingly, formulated definitions in terms of atomic mass which brings us closer to the periodic table. These definitions based on mass criterion are, however, unclear and conflicting. For example, whilst Bennet (1986) and Lewis (1993) opted for atomic mass greater than that of sodium (i.e. greater than 23), thus starting with magnesium, Rand et al. (1995) prefer metals of atomic masses greater than 40,  thus starting with scandium. Interestingly, Rand et al. (1995) went on, in what seems to be a contradiction to their earlier definition, to define the term as metals having atomic numbers above 20. Another group of definitions is based on the chemical properties, density for radiation screening, density of crystals, and reaction with dithizone (Hampel and Hawley, 1978; Bates and Jackson, 1987; Stevenson and Wyman, 1991). For the purpose of this study, the researcher would stick to Bennet (1986) and Lewis (1993)’s definition which also, somehow, agrees with Rand et al. (1995)’s second definition of the term.  
 
2.3.1 	Health Benefits of Some Heavy Metals 
Some heavy metals, generally referred to as trace elements, are essential, in small quantities, for human health. For instance, manganese is essential for the development of skeletal system, enzymes activation, energy metabolism, nervous system, immunological system and reproductive hormone. It also serves as an antioxidant that protects cells from free radical attack (ATSDR, 2000; IOM, 2001). Zinc is reported to possess antioxidant properties which help protect the human body against premature aging of the skin and muscles (ATSDR, 2000). Despite being found in plant materials, zinc deficiency can occur as a result of poor diet, alcoholism and malabsorption. Symptoms of zinc deficiency include dwarfism, decline in sense of taste and smell, hypogonadism and dermatitis (Garrow and James, 1993; Dibley, 2001).  
Copper is also essential for haemoglobin synthesis, catalysis of metabolic oxidation and some metalloenzymes activity in human (Schroeder, 1973; Underwood, 1977). Inadequate provision of copper to the human body can result in gastrointestinal disturbance, bone demineralization, depigmentation and depressed growth. Iron on the other hand forms an important component of many proteins and enzymes and is involved in oxygen transport (Dallman, 1987). It also plays a crucial role in the regulation of cell growth and differentiation (Andrews, 1997).  Iron metabolism, however, is unusual; it differs from the metabolism of other metals in that, there is no physiological mechanism for iron excretion and almost 90% of the daily iron needs are obtained from endogenous sources, such as breakdown of red cells. The body also experiences iron losses notably through menstruation in women and injury (Hurrell and Egli, 2010). Deficiency of iron in the body affects oxygen delivery to the cells, resulting in fatigue and weakness, hair loss, decreased ability to concentrate, brittle nails, dizziness, headaches, apathy, depression and decreased immunity (Bhaskaram, 
2001; Haas and Brownlie, 2001). 
 
2.4 	Heavy Metals in Cocoa Products 
In recent years, heavy metals in cocoa products have generated public concern worldwide after several studies have found high levels of these metals in cocoa products. For example, the 1997/1998 New Zealand Total Diet Survey (TDS) stated lead level in chocolate biscuits (15 ng/g) was 3-fold greater than those of cracker (5.2 ng/g) and plain sweet biscuits (5.2 ng/g) (Rankin et al., 2005). Dahiya et al. (2005) also reported the average lead level in cocoa-based chocolates sold in India to be 1.92 µg/g (range: 0.05-8.3 µg/g).  In 2006, a chocolate manufacturer in Oregon, United States of America (USA), recalled a range of organic chocolate bars as they contained high levels of lead. Quite recently as March 2010, chocolate products from Darrel Lea Chocolate Shops Pty Ltd were recalled in Australia, New Zealand, the United Kingdom (UK) and USA as a result of lead levels above the accepted Australian standard. Some of the top chocolate brands in the USA were found to have contained up to 9 times the daily amount of lead allowed in Califonia (Fidler, 2016). A recent study conducted in Nigeria by Rankin et al. (2005) revealed that whilst the average lead concentrations of cocoa beans was 0.5 ng/g, that of processed cocoa and chocolate products found in the local markets went as high as 230 ng/g. These findings were consistent with earlier studies by Onianwa et al. (1999) who reported the average lead content of cocoa powders in Nigeria to be 310 ng/g with a range of 80 - 880 ng/g. A recent study conducted by Ochu et al. (2012) on impounded chocolates and candies imported from overseas and sold in the Nigerian Market found rather high levels of copper (3.0 – 4.2 mg/g), manganese (40.0 – 55.7 mg/g), iron (102.5 mg/g) and zinc (42.5 mg/g) above the daily dietary recommended limits (Ochu et al., 2012).  
 
2.4.1 	Possible Sources of Heavy Metals in Cocoa Products 
There have been several arguments about the sources of high levels of heavy metals in cocoa products. Whilst some studies pointed fingers at farming practices and manufacturing processes as the possible causes (Dahiya et al., 2005; Rankin et al., 2005; Lee and Low, 1985), manufacturers also absolve themselves of accusations by blaming the post-production handling of the finished cocoa products (Stahl et al., 2011). The possible sources of heavy metals in cocoa products can therefore be categorized into agricultural, processing and post-production sources. 
 
2.4.1.1 Agricultural Sources 
Cocoa cultivation is saddled with diverse pest infestations and notable among them is the brown cocoa mirid, Sahlbergella singularis, which is reported to be responsible for 25 to 30% loss in yield annually. Others are the cocoa pod borer, the shoot feeders, mealy bug and the fungus Phytophtora megakarya which account for 30 – 90% of economic losses in cocoa production (Afoakwa, 2014).  
 
The most predominant means of controlling the menace of pest infestation in cocoa farms is by the use of copper-based fungicides of various brands. Usually, when pesticides are applied to crops, only 15% of the applied pesticide is taken by the target while the remaining finds its way into the soil and air. Studies have shown that, 11% of the total copper residue in cocoa beans was absorbed from the applied copper fungicide via the pod due to the ability of copper to easily permeate the cuticle of cocoa pods after application (Aikpokpodion et al., 2013). The copper based fungicides are produced using scrap copper which often contains lead as an impurity. Lead contamination of the soil can also result from the use of lead-acid batteries by some cocoa farmers to control termites on their plantations (Aikpokpodion et al., 2013). According to Mortvedt and Beaton (1995), phosphorus fertilizers are sources of heavy metals in the agricultural system. Similarly, soils that receive repeated applications of inorganic manures exhibit high level of extractable metals which causes an increase in heavy metal concentrations in runoffs (Moore et al., 1998). Some soils, depending on the parent material from which they are formed, may naturally contain some level of heavy metals. Cocoa farms which are also close to contaminated water-bodies as well as to where anthropogenic activities such as mining and smelting of metal ores, industrial production and use of leaded gasoline occur, may also have elevated levels of heavy metals in the soils (Alloway, 1994; Al Othman, 2010).  
 
2.4.1.2 Processing Sources 
For a very long time, cocoa processing technique was very basic: sun-drying of fresh beans and hand-grinding of the beans with a cylinder on a heated, slanting stone. This however changed considerably after the 18th century. Today, cocoa processing involves series of post-harvest activities until the final product is produced (Figure 2.1). The breaking of the cocoa pods and removal of the beans with the hands could be a critical stage in the contamination process, with pesticides getting transferred from the workers to the wet beans (Owusu-Manu, 1997).  
[image: ]
Figure 2.1: Process flowchart for chocolate production. 
Source: Afrane and Ntiamoah (2011) 
 
Subsequent fermentation, drying, transportation and storage may also expose the beans to metals in the air. Processing of the beans to butter, powder, chocolates and other confectionaries involve the use of highly sophisticated equipment. These equipment can be potential sources of heavy metal contamination (Morgan, 1999).  
Another contamination source is the addition of ingredients. Since the year 2000, a European directive has authorised the use of up to a maximum of 5% of six fats (or oils) from plants to replace cocoa butter in chocolate production. These include: illipe, palm oil, sal, shea, kokum gurgi and mango kernels. While this directive has benefitted manufacturers due to the low cost of these products and ease of manufacture (OCED, 2007), it has come with other consequences, one of which is the introduction of heavy metal contaminants in the chocolates. Today, chocolates and other cocoa products are composed of solid constituents whose normal solid concentration is about 60 to 70% sugar, cocoa and milk. Beside these constituents, other ingredients like salts, hydrogenated vegetable oil, emulsifiers and buffering agents are present in cocoa products. All these ingredients could be sources of heavy metals in the products (Ciurea and Lipka, 1992).  
Food additives, such as firming agent, carrier, colouring agent, anticaking agent, buffer, neutralizing agent, dough strengthener, emulsifying agent, stabilizer, thickener, curing agent, leavening agent and texturizer, also provide a significant percentage of daily heavy metal intake. These additives are used in milk, yogurt, preserves, baking soda, sugars, cereals and flours (Pennington, 1987) which often form part of the cocoa product recipes. It has been found that, cattle are often attracted to contaminated plants because of their sweet taste (Giblin, 2010). Thus, heavy metals such as Pb accumulate in cow milk and fatty tissues as cattle feed on grasses and plants which have grown on soils which has unusually high level of lead (Figueroa, 2008; Giblin, 2010). Such milks, when used as raw materials for chocolate and the other cocoa products, will end up contaminating the product. Water used at the plant in washing or rinsing operations as well that which is added as ingredient of the final food product could be another source of heavy metals. This is proven by studies which found incidents of high concentration of heavy metals in ground water (bore well/well water) and municipal water (Multani, 2010; Yokel, 2012). 
 
The final packaging materials of cocoa products may also contribute to heavy metals contamination of the product. Cocoa-based candies which are likely to be consumed by children are often wrapped in colourful packages in order to induce children to purchase them. In a study conducted on candy packages available in South Korea, Kim et al. (2008) found lead, copper, manganese and zinc as high as 6394.1 mg/kg, 529.8 mg/kg, 8.3 mg/kg and 2579.5 mg/kg respectively in these materials. These metals can migrate from the printed surface to the food contact surface through four mechanisms: blocking, rubbing, peeling and diffusion (Bradley et al., 2005).  
 
2.4.1.3 Post-production sources 
Conditions under which cocoa products are transported and retailed are of paramount importance in dealing with product contamination. Elevated temperature, ultraviolet light exposure and lengthy storage time of the products affects the permeability of the packaging materials, thus resulting in the migration of contaminants such as heavy metals into the product (Meiron and Saguy, 2007). Products sold in areas close to possible source of heavy metals emission also stand the risk of being contaminated. Some of these areas include industrial regions where there are factories of batteries, soaps, paints, cosmetics, metal fabrication, plastics, corrugated iron sheets, pharmaceuticals, breweries, tanneries, copper melting plants as well as emissions from power stations (Lenntech, 2004). Heavy metal contamination can also occur when cocoa products are served or heated in any vessel which contains the metals – including vessels decorated with paint or poorly fired ceramic glaze which contains these metals (Giblin, 2010). 
 
2.5 	Exposure and Risk Assessment 
Risk assessment is considered as the characterization of the potential harmful effects of humans as a result of exposure to contaminants (USEPA, 2012). This process entails evaluating toxicity data for substances which humans are exposed to and estimating the numeric potential exposure levels (Lushenko, 2010). There are four main steps involved in risk assessment which are: hazard identification, dose-response assessment, exposure assessment and risk characterization. 
 
2.5.1 	Hazard Identification 
In this step, the various health problems the contaminant could cause are determined by examining the available scientific data about its effect on humans and laboratory animals. These health problems may either be carcinogenic or non-carcinogenic (USEPA, 1992). The USEPA used a weight-of-evidence approach to classify the likelihood of a substance of being a carcinogen and as a result, each substance is placed into one of the five categories presented in Table 2.1. 
 
Table 2.1: USEPA’s carcinogenicity classification of substances 
	Group 
	Category 

	A 
	Human carcinogen 

	 
B 
	Probable human carcinogen 

	
	B1 - limited human evidence 

	
	B2 - sufficient evidence in animals, inadequate/no evidence in humans 

	C 
	Possible human carcinogen 

	D 
	Not classifiable as to human carcinogenicity 

	E 
	Evidence of non-carcinogenicity for humans 


Source: USEPA (1992) 
Lead, for instance, has been classified as a probable carcinogen (Group B2) (USEPA, 1988). Lead has a strong affinity for proteins, thus, it readily binds to haemoglobin and plasma protein which results in the inhibition of red blood cell synthesis. If the bonding capacity is exceeded, lead passes into the bone-marrow, kidneys and liver. Little is known about the excretion of lead once it has been absorbed. Thus, a large percentage of the metal accumulates in the body (ATSDR, 2000). According to Vitaosevic et al. (2007), chronic lead intoxication can adversely affect the central nervous system, kidney, reproductive organs and liver functions. Children, particularly, are more susceptible to the devastating effects of lead because of their more rapid growth rate and metabolism (Castro-Gonzalez and Mendez-Armenta, 2008). Both manganese and copper have not been classified as human carcinogens (Group D) (USEPA, 1988), however, manganese toxicity can damage the human respiratory tract and brain as confirmed through animals’ studies (ATSDR, 2000).  
Similarly, excessive intake of copper can result in brain damage, liver cirrhosis, neurological disorders, demyelization, dermatitis and renal diseases (Lucas 1974; Graham and Cordano, 1976). While the USEPA (1992) could not assess the 
carcinogenicity of zinc and iron due to inadequate information, studies have shown that these two essential elements are also toxic when consumed above threshold limits. Zinc is implicated in elecyrolyte imbalance, anaemia, nausea, birth defects and lethargy (Garrow and James, 1993; Dibley, 2001). Recent epidemiological study has also indicated a link between excessive intake of zinc and obesity and its associated diseases (Singh and Taneja, 2010). Iron toxicity can also result in fatty necrosis of the myocardium, increased capillary permeability, post-arteriolar dilatation, and reduced cardiac output (Greentree and Hall, 1995). Excess intake of iron, especially in men, has been found to be one of the major causes of heart disease and cancer (Corbett, 1995).  
2.5.2 	Dose-Response Assessment 
Dose-response assessment determines the relationship between the magnitude of dose 
(amount of substance) and a corresponding specific biological response (USEPA, 2005). In the case of carcinogenic substances, it is assumed that there is no reference dose (RfD), an estimate of daily exposure to human population that is likely to be without an appreciable risk of adverse effect during a life time (USEPA, 1992). This assumption agrees with the 73rd Joint Food and Agriculture/World Health Organisation Expert Committee on Food Additives (JECFA) findings when the committee reevaluated the previously established provisional tolerable weekly intake (PTWI) for lead through dose-response analyses. It was found that the 0.025 mg/kg body weight PTWI was associated with decrease of at least 3 IQ points in children and an increase in systolic blood pressure of approximately 3 mmHg (0.4 kPa) in adults. Subsequent doseresponse analyses could not indicate any threshold for the key effects of lead (JECFA, 2011).  
In the case of non-carcinogens, it is assumed there is RfD. USEPA is also of the view that RfDs can also be derived for the non-carcinogenic health effects of substances that are also carcinogens (USEPA, 1992). As a result, the 1.4 x 10-4 (Oak Ridge, 1997), 4.0 x 10-2, 3.0 x 10-1, 7.0 x 10-1 and 1.4 x 10-1 mg/kg/day (USEPA, 2011) were estimated as the RfDs for lead, copper, zinc, iron and manganese respectively. While several studies have adopted the USEPA’s RfDs for copper, zinc, iron and manganese, there are quite a number of different RfDs reported for lead. As a result, different studies on risk assessment of lead used different RfDs. For instance, Khan et al. (2008), Wang et al. (2005) and Chen et al. (2014) used 3.5 x 10-3, 4 x 10-3 and 3.6 x 10-3 mg/kg/day respectively. 
 
The United States’ Food and Nutrition Board of the Institute of Medicine (FNB/IOM) after evaluating the toxicity potential of manganese through dose-response studies has specified the upper intake levels for children with ages 1-3 years, 4-8 years, 9-13 years, 14-18 years and 19-30 years as 2 mg/day, 3 mg/day, 6 mg/day, 9 mg/day and 11 mg/day respectively. The FNB/IOM has also established upper manganese intake levels for pregnant and lactating women who are 14 to 18 years as 9 mg/day and adult men and women as 11 mg/day (FNB/IOM (2001). The WHO has equally estimated recommended dietary allowance for manganese as 2 to 5 mg/day/person (which is equivalent to 0.03-0.8 mg/kg/day) (Demirezen and Uruc, 2006). The recommended dietary allowance is the average daily level of intake sufficient to meet the nutrient requirements of nearly all (97%-98%) healthy human beings (Demirezen and Uruc, 
2006). The JECFA also estimated the Provisional Maximum Tolerable Daily Intake 
(PMTDI) of zinc, copper and iron as 1, 0.5 and 0.8 mg/kg body weight respectively (JECFA, 2011).  The PMTDI represents the permissible human exposure due to the natural occurrence of the metal in food (JECFA, 2011).   
 
The slope of the carcinogens dose-response curve is called the potency factor (PF) or the slope factor (SF) and it is defined as the cancer risk per unit dose (USEPA, 1992). 
The SF of lead was determined as 0.0085 (OEHHA, 1997). 
 
2.5.3 	Exposure Assessment 
This is a qualitative and quantitative assessment which helps to obtain a realistic estimate of total human exposure to a hazard, expressed in terms of dose per unit weight (USEPA, 1992). In order to determine the daily exposure of an individual metal, USEPA (1992) proposed, among others, the Chronic Daily Intake (CDI) as the exposure metric. This is calculated using the following equation: 
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Where CDI is the chronic daily intake (mg/kg/d), C is the metal concentration in the product (mg/g), CR is the contact rate (g/day), EF is the exposure frequency (days/year), ED is exposure duration (years), BW is body weight (kg) and AT is average of exposure duration (ED x 365 days/year) 
 
Information required for the estimation of the CDI are usually obtained from food intake diaries, 24 hours’ recall, diet history survey and food frequency questionnaires (FFQs) (Hammerling et al., 2009; Shephard, 2008). Among the aforementioned methods, the most widely used is FFQs. It was used by Ogwok et al. (2014) to determine lead, copper and iron exposure from organ meats consumption in Nigeria. 
Akomea-Frempong (2016) used it to estimate the exposure of inhabitants of Kumasi Metropolis, Ghana, to arsenic, cadmium, lead, mercury and polycyclic aromatic hydrocarbon from the consumption of cabbage and lettuce. Bonah (2014) also used it to estimate arsenic, cadmium, lead and mercury exposure from ready-to-eat locally milled tomato sauce in Ghana. The body weight is usually assessed from literature or an assumed weight of 70kg is used (Williams et al., 2002; Lee et al., 2004) for deterministic analyses. This, however, may result in over-estimating or underestimating the risk for the study population. Some studies, for the sake of accuracy, included the measurement of body weights in the FFQs (Ugwu, 2010).  
 
Many studies determined the metal concentration using one or more of the following assays: Atomic Fluorescence Spectroscopy (AFS), Graphite Furnace Atomic 
Absorption Spectroscopy (GFAAS), Inductively Coupled Plasma-Atomic Emission 
Spectroscopy (ICP-AES) and Inductively Coupled Plasma-Mass Spectroscopy (ICP-
MS) (Melamed, 2005; Iqbal et al., 2016). 
 
2.5.4 	Risk Characterization 
This is the last step in the risk assessment process and it involves bringing all the first three steps together to define an overall risk to a specific population. To determine the risk posed by the ingestion of carcinogen, the lifetime risk of cancer is calculated by the following equation (USEPA, 1999): 
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Where R is the probability of excess lifetime cancer, CDI is the chronic daily intake (mg/kg/d) and SF is the safety factor (mg/kg/d)-1. Risk values higher than 10-6 (1 in a million, a deminimis) are generally considered unacceptable by the USEPA (2000). However, acceptable deminimis may change depending on the national standards and environmental policies and may be pegged as high as 10-4 (WHO, 2004). 
 
To determine non-carcinogenic risk, the hazard quotient (HQ) is calculated when there is only one hazardous substance concerned. However, in the case of multiple hazardous substances in one product, the hazard index (HI), which is the sum of all HQ of the various hazards in the product, is used. Both HQ and HI are calculated using the following equations (USEPA, 1999): 
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Where RfD is the reference dose (mg/kg/d) and HQ1, HQ2 and HQn are the hazard quotients of the hazardous substances in the product. In cases where the HQ and HI values exceed 1, it is assumed there is potential for adverse effect to occur or there is the need for further investigation. The conclusion drawn from risk characterization informs stakeholders about the hazard, whether its level is acceptable or tolerable and the control measures to put in place if it is above acceptable level (Gillespie et al., 
2011). 
 
2.5.4.1 Risk Characterization of Metals 
Several researchers have used the USEPA risk model to estimate risk of various metals in food products. For instance, Iwegbue et al. (2013) used the model to determine the HQ of cadmium in pudding (1.1), doughnut (1.0) and nickel in pudding (1.1), sausage roll (2.9), hot dog (1.0), chin-chin (1.1) and sponge cake (2.2). He also found the HI of these metals to range between 1.7 and 10.1. Similarly, Akomea-Frempong (2016) quantified the carcinogenic risk of arsenic, lead and polycyclic aromatic hydrocarbon (PAH) in raw lettuce and cabbage as 7.90 x 10-5, 6.42 x 10-7 and 4.33 x 10-5 respectively. By using an acceptable risk (deminimis) value of 10-6, he concluded the population was at risk of arsenic and PAH toxicity. He again used the model to estimate the HQ of cadmium and mercury as 6.9 x 10-3 and 3 x 10-4 respectively which were deemed acceptable as the values were less than 1. Wang et al. (2005), however, introduced a correction factor of 10-3 to the USEPA model when estimating the HQ of some heavy metals in vegetables. He multiplied the hazard concentration, duration and frequency of exposure and the body weight of consumers by the factor before dividing with RfD.   
 
2.5.5 	Deterministic vs. Probabilistic Approach 
Depending on the risk assessment’s objectives, risk of exposure to heavy metals may be determined deterministically or probabilistically (stochastically). In the deterministic approach, the exposure and risk are calculated as point estimates (Kirchsteiger, 1999). This approach, however, does not allow the uncertainty associated with to the variables to be deduced. Hence, exposures may be underestimated or overestimated, resulting in an assessment that do not inform risk managers as to whether the population is 
realistically at risk or not (Baugher, 2010).   
 
The probabilistic approach, however, uses probability distributions to represent each variable in the exposure and risk equations. The probabilistic approach can enhance risk estimates by more holistically incorporating available information regarding the range of possible values that an input variable could take and weighing them by their probability of occurrence. More time and effort are required in this approach, hence, computer-based methods such as Monte Carlo simulation are needed (Kirchsteiger, 1999). Li et al. (2011) adopted both approaches when assessing arsenic cancer risk in Chinese food. They found that, the probabilistic approach was better in identifying the most relevant factors of cancer risk and uncertainty analysis and it gave comparatively lower risk values. Nonetheless, despite the limitations associated with the deterministic approach, few researchers still use it due to its relatively clear and simple analysis and decision making process (Kirchsteiger, 1999). For instance, in assessing the health risk of lead, cadmium, chromium, mercury and arsenic in soil-vegetable system in China, Lui et al. (2013) chose the deterministic approach. The results indicated that the soil in the study area was unsuitable for vegetable cultivation and while chromium and lead were the primary metals posing non-cancer risks, cadmium caused the greatest cancer 
risk. 
 
2.5.5.1 Monte Carlo Simulation 	 
Monte Carlo simulation is a computer-based method of analysis which was developed in the 1940s. It has since become the preferred method for obtaining probabilistic approximation to the solution of a mathematical equations or model by using statistical sampling techniques (USEPA, 1997). Three inputs are required for this method, namely, known inputs (averaging time of hazard and exposure duration), uncertainty variables (hazard content, number of times of consumption of medium, mass of medium, exposure frequency, contact rate and body weight)  and decision variables (reference dose or slope factor). The averaging time for carcinogens and noncarcinogens are 70 and 30 years respectively (USEPA, 1992). The exposure duration may be the actual event duration or be assumed to be 70 or 30 years for lifetime chronic consumption of carcinogen or non-carcinogen respectively (USEPA, 1992).  
Kyei (2014), for instance, used the actual exposure duration of one year in his study on risk of acrylamide intake from “koose” consumption. Some researchers (e.g. AkomeahFrempong (2016)), however, classified the exposure duration as uncertainty factor. Uncertainty factors are usually obtained from the population understudy, however, some studies (Lui et al., 2013; Iwegbue et al., 2015) also obtained them from literature.  
Some studies have used FFQ as a tool (Bonah, 2014; Ogwok et al., 2014 and Akomeah-Frempong, 2016) to obtain the uncertainty information from the population during their respective studies. Decision variables are obtained from databases. The distributions for each variable are used as the input distribution for the CDI determination model. During a single trial, values are selected randomly from the defined possibilities (the shape and range of the distribution) for each variable and then the outcome is calculated using the model. However, if a simulation is run for 10,000 trials, 10,000 possible outcomes are created. The probability distribution obtained for the CDI for each substance is used to estimate R, HQ and HI. The main advantage of the Monte Carlo approach is its applicability. There are no restrictions regarding the form of the input distributions and computations are also straightforward (USEPA, 1992).  
 
2.6 	Future Outlook 
This chapter gave an overview of cocoa-based product developments and their health benefits. It went further to review the metals in cocoa products and the possible sources of these metals. The principles and methods underpinning the exposure and risk assessment of these metals were also reviewed. There are identifiable areas in which studies on metals in cocoa have been limited or non-existent. Because Ghana is the hub of cocoa production, most of the cocoa-based studies in the country have focused on metals in cocoa beans and the soils in the cocoa farms with the goal of ensuring the integrity of the beans that are made available to the world market. However, numerous food surveys conducted in other countries have shown high levels of metals such as lead, iron, copper, zinc and manganese in finished cocoa products. Considering the fact that Ghana’s local markets continuously see influxes of imported and locally produced cocoa products, one cannot help but be concerned with the safety of these products in the market. There is therefore the need to assess the dietary exposure of these metals in the cocoa products and estimate their corresponding risks. Findings from this study will provide basis for stakeholders to commit resources to identifying the source of the problem for subsequent mitigation. 
CHAPTER THREE 
MATERIALS AND METHODS 
3.1 	Materials  
All reagents used for the study were of analytical grade. Nitric acid (Univar) was obtained from Ajax Finechem, Australia while perchloric acid (CDH) was obtained from Central Drug House Limited, New Delhi, India. 
 
3.2 	Methods 
3.2.1 	Study Area 
The study area was in Koforidua which is an urban town and capital of Eastern Region, the third most populated region in Ghana with a projected settlement population of 3,028,597 by the year 2016 (Ghana Statistical Service, 2010). The town is located about 85 kilometers north-west of Accra and West of the foothills of the Obuotabiri 
Mountains. Its immediate bordering towns include Effiduase, Ada, Densu Agya, 
Okrase and Ntronan (Figure 3.1). It serves as a commercial centre for the Eastern Region and it is home to many businesses, most of which are into retailing of goods such as food, cosmetic, second-hand clothing and household equipment.  
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Figure 3.1: Map showing study area (Koforidua),  
Source: Town and Country Planning Dept., Koforidua (2016)  
 
3.2.2 	Sample Collection 
A total of 50 different brands of cocoa products, comprising of cookies, candies, icecreams and beverages, were randomly purchased from the open market in Koforidua. Each product was purchased in triplicates and replicates had different manufacturing dates and batch numbers. After acquisition, the ingredients, weight, manufacturer and country of origin of the products were recorded. The samples were stored under the manufacturer’s prescribed storage conditions until the time of analysis. The samples were categorized based on where they were produced. Those produced in the country were categorized as “local” while those imported into the country were categorized as 
“imported”. In all, there were 21 local products and 29 imported products. 
 
3.2.3 	Digestion Procedure 
The solid samples were each homogenized in a Christy and Norris stainless mill (Eco Pellet 120SP, England). Using the method described by Rehman and Husnain (2012) but with slight modification, 1.25 mg (1.25 ml for liquid samples) of each solid sample was weighed and transferred into 350 ml digestion flask. An amount of 12.5 ml of HNO3 (70%v/v) was added and the content which was placed in Tecator Digester (FOSS, Sweden) and  heated at 70 oC for an hour after which  the mixture was then allowed to cool at room temperature..  The mixture was then allowed to cool at room temperature after which 3.75 ml HClO4 (70% v/v) was added and heating continued at 240 oC until white fumes were produced.  The resulting colourless solution was filtered through Whatman No. 42 (125 mm) into 25 ml volumetric flask and made up to the mark with deionized water. 
 
3.2.4 	Determination of Metals  
The metals were analysed with Atomic Absorption Spectrometer (AAS) (Spectra AA 220FS, Australia) as described by Rehman and Husnain (2012). A working range of calibration standards (Fluka analytical, Sigma-Aldrich Chemie GmbH, Switzerland) of manganese (Mn), zinc (Zn), copper (Cu), iron (Fe) and lead (Pb) were prepared and used to optimize the response of the AAS. The calibration standards allowed concentration of the metals to be determined using linear regression. The metals;  Mn, 
Zn, Cu, Fe and Pb were determined at wavelength of 403.1 nm, 213.9 nm, 327.4 nm, 
248.3 nm and 217 nm respectively using acetylene as fuel and air as the support gas. The detection limit for each element was determined and these were 0.005 µgMn/ml, 0.003 µgZn/ml, 0.01 µgCu/ml, 0.005 µgFe/ml and 0.01 µgPb/ml. The digest were aspirated into the spectrometer according to the manufacturer’s guidelines for each metal and each determination was done in triplicates.  
 
3.2.5 	Quality Control and Assurance 
Quality assurance measures were employed during the analysis to validate the accuracy and reliability of the analytical results obtained. Reagent blanks were run to correct sample readings for any contamination of heavy metal in reagents or water used. Calibration standard solutions were analyzed at intervals (1 in every 10 samples) during analyses to monitor and control responses of the AAS. To check analytical precision, randomly chosen samples were measured in triplicate. 
 
3.2.6 	Determination of Dietary Intake 
Consumption data was collected from 300 randomly selected respondents (112 males and 188 females) between the 2nd and 20th October, 2016 using questionnaires and interviews. The details of the study were explained to each respondent and a verbal consent obtained before questionnaires (Appendix A) were administered. Respondents who were proficient in English language filled the questionnaire on their own while the ones with poor literary skills responded to a questionnaire interview carried out in local dialects. Photographs of the products used in the study were attached to each questionnaire/interview schedule, to guide the respondents. Data were collected on quantity of product consumed, frequency of consumption, body weight and sociodemographic factors.  
 
3.2.7 	Data Processing 
Metal content: The actual metal intakes were deduced from the consumption data and loaded into Palisade @Risk 7.5 software (Palisade Corporation, USA). These were fitted to their respective defined distribution (Table 3.1) and run by a first order Monte Carlo simulation at 10,000 iterations. 
 
Table 3.1: Statistical distribution of metals used in risk computation  
	Variable 
	Product 
	Statistical Distribution 

	Manganese 
	Imported 
Local 
	Lognorm(2.606,13.083,Shift(0.021243) 
Expon(1.5198,Shift(0.016274) 

	Zinc 
	Imported 
Local 
	Lognorm(1.6322,12.323,Shift(0.037707) 
Expon(0.79169,Shift(0.041606) 

	Copper 
	Imported Local 
	Lognorm(0.48851,1.542,Shift(0.019048) Expon(0.59136,Shift(0.023906) 

	Iron 
	Imported 
Local 
	Expon(0.41498,Shift(0.0068764) 
Weibull(1.2037,0.66489,Shift(0.055594) 

	Lead 
	Imported 
	Invgauss(0.17151,0.052127,Shift(-
0.0034155) 

	
	Local 
	Expon(0.20987,Shift(0.0025839) 


 
Other Uncertainty factors: The exposure frequency per year was extrapolated by multiplying the data on exposure frequency per week by 52. The result, together with the data on number of times of consumption per day, mass of product taken per day and body weight were simulated at first order Monte Carlo at 10,000 iterations. The various distributions fitted are presented in table 3.2. The contact rate was calculated as the product of the simulated values obtained for the number of times of consumption per day and the mass of product consumed per day. 
Table 3.2: Statistical distribution of uncertainty data for cocoa product 

Statistical Distribution of Uncertainties Input factors 
	
	Imported Products 
	Local Products 

	No. of times of consumption of 
product/day 
	Binomial(3,0.36403) 
	Binomial(5,0.21541) 

	Mass of product (g) 
	Kumaraswamy 
(0.46561,1.9765,0.05,168.92) 
	Expon(41.397,Shift(-0.034054) 

	Exposure 	frequency 
(days/year) 
	Negbin(5,0.059169) 
	Negbin(5,0.054826) 

	Body weight (kg) 
	Kumaraswamy 
(0.74659,1.6213,12.1,114.26) 
	Kumaraswamy 
(0.77634,1.4851,12.1,121.63) 


 
Chronic daily intake (CDI): The CDI was calculated according to the formula below (equation 2.1) (USEPA, 1992), using the distributions of each of the variables. For this study, the exposure duration was for a period of 30 years for non-carcinogens (USEPA, 
1992) (Mn, Zn, Cu, Fe) and 70 years for the carcinogen (Pb) (USEPA, 1992). Similarly, the averaging time was 30 years x 365 (10,950 days) for non-carcinogens and 70 years x 365 (25,550 days) for the carcinogen (USEPA, 1992).  
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Where C is the metal content (mg/g), CR is the contact rate (g/day), EF is the exposure frequency (days/year), ED is the exposure duration (year), BW is the body weight (kg) and AT is the averaging time (days). A Monte Carlo simulation was also run in favour of the CDI at 10,000 iterations.  
 
 
Risk Calculation: The USEPA (1999)’s methods of risk assessment were used. The carcinogenic risk (R) was estimated by multiplying the CDI by a slope factor (cancer risk per unit dose) of 0.0085 (mg/kg/d)-1 (OEHHA, 1997). The non-carcinogenic risk 
(hazard quotient (HQ)) was estimated by dividing the CDI by oral reference dose (RfD). The RfD is an estimate of the daily exposure to the human population (including sensitive sub-groups) that is likely to be without an appreciable risk of deleterious effects during lifetime. In this study, RfD of 0.14 mg/kg/day (Mn), 0.3 mg/kg/day (Zn), 0.04 mg/kg/day (Cu) and 0.7 mg/kg/day (Fe) (USEPA, 2011) were used. Simulations were run for the risks at 10,000 iterations.  
 	 

CHAPTER FOUR 
RESULTS AND DISCUSSION 
4.1 	Results 
4.1.1 	Levels of Heavy Metals in Cocoa Products 
Table 4.1 shows the mean concentration of metals in both imported and locally produced cocoa products. In all, Mn had the highest mean concentration in the imported (23.90 µg/g) and local (29.32 µg/g) products. Generally, the metal distributions in the products showed the order of Mn > Zn > Fe > Cu > Pb. 
 
Table 4.1: Levels of heavy metals (µg/g) in cocoa products 
	Product 
	n 
	Mn 
	Zn 
	Cu 
	Fe 
	Pb 

	Imported 
	29 
	23.90±16.54 
	11.47±2.05 
	5.90±2.13 
	7.90±3.17 
	2.13±0.90 

	 
	 
	2.95-41.88 
	9.34-11.74 
	3.77-8.82 
	4.89-10.87 
	1.07-3.18 

	Local 
	21 
	29.32±12.04 
	14.19±5.99 
	11.40±14.06 
	12.35±7.03 
	3.19±1.34 

	 
	 
	15.37-45.66 
	8.44-26.49 
	2.61-42.29 
	3.57-25.04 
	1.22-4.16 


Values are reported as mean ± standard deviation 
Values in italics represent the range  	 	 
 
4.1.2 	Consumption Pattern 
Tables 4.2 and 4.3 show the distribution of the survey data used in the CDI and risk estimation. Comparatively, the mean intake of the local products (41.36 g) was higher than that of the imported products (26.30 g). The local products were also consumed at higher frequencies than the imported ones. While the 5th, 50th and 95th percentile exposure frequencies (days/year) of the local products were 32, 80 and 160 respectively, those of the imported ones were 30, 74 and 148 respectively. The body weight distribution of respondents who consumed imported products ranged from 13.08 kg (5th percentile) to 93.28 kg (95th percentile) with a mean weight of 43.15 kg. The consumers of the local products also had body weights ranging from 12.27 kg (5th percentile) to 103.22 kg (95th percentile) with a mean weight of 48.82 kg. 
 
 Table 4.2: Statistical distribution of survey data for imported product 
	Input factors 
	
	Statistical Distribution of Uncertainties 

	
	Mean 
	5th Percentile 
	50th Percentile 
	95th Percentile 

	No. of times of consumption of product/day 
	1.09 
	0.00 
	1.00 
	2.00 

	Mass of product (g) 
	26.30 
	0.11 
	12.39 
	99.16 

	Exposure frequency (days/year) 
	79.51 
	30.00 
	74.00 
	148.00 

	Body weight (kg) 
	43.15 
	13.08 
	36.93 
	93.28 


 
Table 4.3: Statistical distribution of survey data for local product 
	Input factors 
	
	Statistical Distribution of Uncertainties 

	
	Mean 
	5th Percentile 
	50th Percentile 
	95th Percentile 

	No. of times of consumption of product/day 
	1.08 
	0.00 
	1.00 
	3.00 

	Mass of product (g) 
	41.36 
	2.09 
	28.66 
	123.96 

	Exposure 	frequency 
(days/year) 
	86.20 
	32.00 
	80.00 
	160.00 

	Body weight (kg) 
	48.82 
	12.27 
	42.84 
	103.22 


 
 
4.1.2 	Chronic Daily Intake 
The Chronic Daily Intake (CDI) of Mn, Zn, Cu, Fe and Pb via imported and local products consumption are shown in Table 4.4. Generally, the CDI of all the studied metals were higher among consumers of local products and the highest ingested metal for the two product categories was Mn.  
 
Table 4.4: Chronic Daily Intake of Mn, Zn, Cu, Fe and Pb via imported and local 
cocoa products 
	Statistic 
	
	Chronic Daily Intake of Metals (x 10-3 mg/kg/day) 
	

	
	Product 
	Mn 
	Zn 
	Cu 
	Fe 
	Pb 

	Mean 
	Imported 
	451 
	322 
	96.1 
	83.1 
	29.6 

	
	Local 
	458 
	245 
	183 
	199 
	55.9 

	5th Percentile 
	Imported 
	0.192 
	0.121 
	0.0812 
	0.118 
	0.0248 

	
	Local 
	3.74 
	2.74 
	1.85 
	3.09 
	0.127 

	50th Percentile 
	Imported 
	29.8 
	15.9 
	10.1 
	14.5 
	3.37 

	
	Local 
	127 
	72.2 
	53 
	66.8 
	12.5 

	95th Percentile 
	Imported 
	1610 
	990 
	397 
	369 
	129 

	
	Local 
	1890 
	1020 
	769 
	815 
	251 


 
 
4.1.3 	Risk Assessment 
The estimated lifetime carcinogenic risks for Pb intake and non-carcinogenic (HQ) risks for Mn, Zn, Cu and Fe intake are shown in Table 4.5. The 50th percentile risk estimates for Pb intake from both imported (3.01 x 10-5) and local (1.08 x 10-4) products were above the acceptable limit of 10-6. Similarly, the 95th percentile risk estimates for Pb intake from both imported (1.05 x 10-3) and local (2.22 x 10-3) products were also above 10-6. In the case of the non-carcinogenic risks, the 95th percentile estimates for the intake of Mn (12.96), Zn (3.03) and Cu (9.93) from the imported products as well as the intakes from the local products (Mn (13.99), Zn (3.48), Cu (19.23) and Fe (1.16)) were above the acceptable limit of 1. A similar high estimate (>1) was observed for the 50th percentile estimate for Cu (1.33) intake from local products. Generally, Copper had the highest HQ values while Fe had the lowest HQ values. The graphical risk distribution of Mn, Zn, Cu, Fe and Pb are shown in 
Figures 4.1 to 4.5 respectively. 
Table 4.5: Lifetime carcinogenic and non-carcinogenic risks in cocoa products 
	 
Statistic 
	
	Risk “HQ” (Non-carcinogenic) (x 10-3) 
	
	Risk (Carcinogenic) 

	
	Product 
	Mn 
	Zn 
	Cu 
	Fe 
	Pb 

	Mode 
	Imported 
Local 
	0.327 
6.43 
	0.104 
8.15 
	0.535 
32.5 
	0.0133 
2.95 
	5.76 x 10-8 
5.60 x 10-8 

	5th Percentile 
	Imported 
Local 
	1.29 
25.2 
	0.392 9 
	2.03 
46.2 
	0.169 
4.42 
	2.31 x 10-7 
9.53 x 10-7 

	50th 
Percentile 
	Imported 
Local 
	201 
914 
	54.2 240 
	253 
1330 
	20.7 
95.4 
	3.01 x 10-5 
1.08 x 10-4 

	95th 
Percentile 
	Imported 
Local 
	12960 
13990 
	3030 
3480 
	9930 
19230 
	530 
1160 
	1.05 x 10-3 
2.22 x 10-3 
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Figure 4.1: Risk (HQ) distribution of manganese from imported and local cocoa 
products 
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Figure 4.2: Risk (HQ) distribution of zinc from imported and local cocoa products 
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Figure 4.3: Risk (HQ) distribution of copper from imported and local cocoa 
products 
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Figure 4.4: Risk (HQ) distribution of iron from imported and local cocoa products 
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Figure 4.5: Risk distribution of lead from imported and local cocoa products 
 
 	 
4.2 	Discussion 
Metals in Cocoa Products 
High concentration of metals in food products have been implicated in numerous health issues such as obesity, brain damage, heart diseases, liver failure, neurological disorders, renal diseases and cancer (Lucas 1974; Graham and Cordano, 1976; Corbett, 1995; ATSDR, 2000; Singh and Taneja, 2010; Ackah, 2012). In this study, the mean levels of Mn in the cocoa products were the highest among all the five studied metals (Table 4.1). These Mn levels (23.90 and 29.32 µg/g for imported and local products respectively) were however, lower than those found in imported chocolates and candies sold in Nigeria (Ochu et al., 2012). While this study found Mn levels in imported and local cocoa products to be 23.90 and 29.32 µg/g respectively, Ochu et al. (2012) reported Mn level in imported chocolate and candy to range from 40,000 to 55,700 µg/g. The high level of Mn in the cocoa products may be due to a possible inclusion of ingredients in the products’ recipe which may be rich sources of Mn (Sager, 2012). Manganese levels in these products may also have been influenced by food processing because Mn is mostly used in alloys and cleansing agents for steel (Duran et al., 2009).  
 
Generally, Mn, Zn, Cu, Fe and Pb levels in the cocoa products reported in this study were lower than those reported by other researchers. For instance, Danquah (2015) reported Cu (52.57 µg/g), Fe (375.03 µg/g) and Zn (83.68 µg/g) in cocoa powder produced in Ghana. Conversely, the Pb level in imported (2.13 µg/g) and local (3.19 µg/g) cocoa products in this study (Table 4.1) were higher than the 0.22 µg/g and 1.34 µg/g reported by Danquah (2015) and Lee and Low (1985) respectively. Similar high level of Pb (2.92 µg/g) in cookies consumed in Southern Nigeria had been reported by 
Iwegbue (2012). Dahiya et al. (2005) had also reported a comparatively higher Pb level of 8.3 µg/g in chocolates sold in India. The source of metals in the cocoa products used in this study could be from the cocoa farms, ingredients or water used (Morgan, 1999; Naqvi et al., 2005). For instance, the municipal water used by most commercial entities in India were found to contain levels of Pb far exceeding the World Health Organisation (WHO) guideline value of 10 µg/L (Multani, 2010). Similar high content of Pb have been found by Multani (2010) in India’s bore wells where as high as 41% samples were unfit for drinking. Cobbina et al. (2015) also reported Pb levels as high as 31 to 250 µg/L in drinking water consumed in Nangodi and Tinga communities in northern Ghana. An ingredient used in most cocoa product recipe, cow milk, was reported to contain Pb as high as 23.1 µg/L (raw milk) and 19.6 µg/L (pasteurized milk) (Rodriguez et al., 1999). Some studies have also suggested processing equipment as possible contributors of metals in cocoa products (Morgan, 1999; Afoakwa, 2014). For instance, ball mills could add Fe to the product and this may be the reason why ball mills over a long period of time decrease in size (Afoakwa, 2014). 
 
Consumption Pattern 
In spite of the fact that this study found relatively higher consumption pattern among the consumers of local cocoa products compared to the imported ones (Tables 4.2 and 4.3), the general exposure to the two product categories was low. The highest exposure level (95th percentile) reported in this study revealed that, out of 365 days, only 5% of the population consumed imported and local products in 148 and 160 days respectively. This gives credence to the finding that, cocoa exporting countries such as Ghana have low consumption levels but process cocoa into byproducts for the industry, as well as importing countries, which process and consume a major share of the production 
(OECD, 2007).  
Chronic Daily Intake 
The mean CDI found in this study (Table 4.4) were higher than those reported for some non-cocoa food products in the subregion. For instance, the intakes of 0.019 (Mn), 0.027 (Zn), 0.0069 (Cu), 0.072 (Fe) and 0.0043 (Pb)  mg/kg/day reported among consumers of 80 g of ready-to-eat foods in Nigeria (Iwegbue, 2013) were lower than the intakes found from ingesting 26.30 g of imported and 41.36 g of local cocoa products in this study. The high intake of Mn observed in this study was expected as 
Mn, generally, had the highest concentration in the cocoa products. 
 
According to WHO, the recommended dietary allowance for Mn is 2 to 5 mg/day/person (which is equivalent to 0.033-0.083 mg/kg/day) (Demirezen and Uruc, 2006). The estimated 95th percentile intake of Mn for imported (1.61 mg/kg/day) and local (1.89 mg/kg/day) products were above the recommended dietary allowance and this suggest high Mn exposure among 5% of the population. The study also found the 95th percentile intake of Zn (1.02 mg/kg/day) from local products to be above the provisional maximum tolerable daily intake (PMTDI) of 1 mg/kg/day established by the Joint Food and Agriculture/World Health Organisation Expert Committee on Food Additives (JECFA) (JECFA, 2011). However, if the Safe Upper Level (SUL) Zn intake of 42 mg/day (equivalent to 0.7 mg/kg/day in a 60 kg adult) specified by the Expert Group on Vitamins and Minerals (EVM) (EVM, 2003) was used, the 95th percentile estimated for the imported products (0.99 mg/kg/day) may also be considered as above the recommended threshold limit. This again suggests 5% of the population may not be safe from Zn toxicity. JECFA’s PMTDI for Cu (0.5 mg/kg/day) was also found to be lower than the 95th percentile intake estimated for local products (0.77 mg/kg/day) while the 95th percentile estimate for the imported category was equally lower than the 
EVM’s (2003) recommended SUL of 0.16 mg/kg/day. 
 
A similar trend was observed in Fe intake where the 95th percentile intake (0.82 mg/kg/day) among local cocoa product consumers was marginally above JECFA’s recommended PMTDI of 0.8 mg/kg/day, thus, raising health concern among these consumers. Despite the fact that the provisional tolerable weekly intake (PTWI) for Pb (0.025 mg/kg/day) was withdrawn in 2010 by JECFA after dose-response assessments showed that it was associated with decrease of at least 3 IQ points in children and an increase in systolic blood pressure of approximately 3 mmHg (0.4 kPa) in adults, in this study, the 0.025 mg/kg/day value was used as an indicative value for comparing results. As observed in the intake of earlier-discussed metals, 5% of the study population for both product categories ingested Pb above the threshold limit. This is quite worrying since vulnerable groups, particularly children, are more susceptible to the devastating effect of Pb because of their more rapid growth rate and metabolism (ATSDR, 2007).  
 
Health Risk Assessment 
Non-cancer risk (HQ) values higher than 1 are generally considered unacceptable by the USEPA (2000). In this study, about 5% of the population may be at risk of noncancer adverse health effects from lifetime (30 years) consumption of the products judging from the high 95th percentile HQ estimates (>1) (Table 4.5). Generally, Cu, compared to Mn, Zn and Fe, presented higher potential for health risk due to its low RfD (0.04 mg/kg/day) (USEPA, 2011). Conversely, the potential health risk posed by of Fe intake was minimal compared to Mn, Zn and Cu due to its high RfD (0.7 mg/kg/day) (USEPA, 2011).  
The USEPA (1999) prescribed a cancer risk threshold limit or deminimis of 10-6 (1 out of 1000,000 people). However, acceptable deminimis may change depending on the national standards and environmental policies (USEPA, 1999). Ghana did not establish any deminimis at the time of the study hence the USEPA’s threshold was used. Cancer risk was implicated at the 50th and 95th percentile exposures in the range of 3 out of 100,000 people to 2 out of 1,000 people who consumed either imported or local cocoa products. These estimates are higher than the deminimis thus deemed unacceptable. The modal risk estimates for both imported (5.76 x 10-8) and local (5.60 x 10-8) products, i.e. five out of hundred million lifetime product consumers were at risk of getting cancer, was deemed acceptable by USEPA (1999). The modal estimate suggested most of the Pb exposures via cocoa consumption in the study population were below the 5th percentile exposure and that majority of the population may be considered safe from the risk of getting cancer. However, since several dose-response analyses conducted by JECFA had still not indicate any threshold limit for Pb which would be considered health protective (JECFA, 2011), any level of Pb exposure must be considered dangerous.  
 	 
CHAPTER FIVE 
CONCLUSION AND RECOMMENDATION 
5.1 	Conclusion 
In summary, the study found quite a substantial proportion (5%) of the population to be chronically exposed to the studied metals above their recommended daily dietary limits proposed by WHO, EVM and JECFA. These findings reflected in the non-carcinogenic risk assessment where risk values showed that 5% of the population might suffer adverse health effects from lifetime consumption of cocoa products. The carcinogenic risk assessment also indicated that, depending on exposure levels, 3 out of 100,000 consumers to 2 out of 1,000 consumers of the products have the probability of contracting cancer over a lifetime and this is considered unacceptable by USEPA standards. The presence of Pb in the cocoa products is quite worrying considering the fact that, there is no threshold limit for the metal. There is therefore the need to develop technologies that will ensure Pb is removed from the products during production stage. It is also recommended that, in making efforts to promote the consumption of cocoa products, authorities must also emphasize the need for people to consume the products in moderation. 
 
5.2 	Recommendations 
Based on the findings from this study, the following recommendations are made: 
i. Further studies should be carried out with the aim of developing technologies that will ensure Pb is removed from the products during production stage. ii. Similar studies should be conducted in other major cities in Ghana in order to arrive at a holistic picture of heavy metals exposure through the consumption of cocoa products in the country. 
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APPENDIX 
APPENDIX-A  FOOD FREQUENCY QUESTIONNAIRES 
This questionnaire is to determine the consumption pattern of cocoa products among consumers in Koforidua. 
 
INSTRUCTION: Please fill this form as honestly as possible. Thank you. 
 
SECTION A: SOCIO-DEMOGRAPHIC INFORMATION 
1. Sex 
		 Male 	    Female 
2. Age (years) 
	
	

	 Under 10     10-20 
	 
	   21-30    31-40 

		    41-50 	    51-60 
3. Physiological condition (if female) 
	 
	   Above 60 

	 Pregnant    Not Pregnant 
	      Lactating 


4. Body weight (Kg)   ……………………………………. 
5. Educational Background: 
		 Non Formal    	 
	  Elementary/J.S.S/MSLC          

	            Vocational                
	  Secondary/Technical Training College       

	            Professional   	 
	  Tertiary        


 	 
SECTION B: KNOWLEDGE OF COCOA PRODUCT CONSUMPTION 
1. Do you consume cocoa products? 
	 Yes 	    No 
2. Which of the cocoa products in SECTION D have you consumed before?  
------------------------------------------------------------------------------------------------ 
------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------ 
 
SECTION C: FREQUENCY OF COCOA PRODUCT CONSUMPTION 
	Name of Product 
	No. 	of 	times 
consumption /day 
	of 
	Quantity /day 
	consumed 
	No. of times of consumption /week 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 

	 
	 
	
	 
	
	 


SECTION D: COCOA PRODUCTS SAMPLED FROM KOFORIDUA 
MARKETS 
 
1. COOKIES 
 
 
 
 
    
 
 
Brownie with 
Hazelnut
 
Brownie (white 
chocolate)
 
Bourbon (Prince)
 
TiO Dobi
 

       	 
   	           
  
 
 

       Tiffany Sugar Free                Storm 	               CRIG Biscuits 
 
2. CANDIES 
    [image: ]                [image: ]                   [image: ]                   [image: ]            Choco Three Color    Golden Tree Pebbles   Chocolate + Biscuit        Sweet Cup 
   
    
   
     
     
 
  
    
 
 
 
 
 
 
 
Hamlet
 
    
 
H&H Choco (3 Colors)        Choco Delight
 
H&H Butterfly 
Chocolate
 

 
     
   
   
 

Top Choco    Maltesers 	    Chocolate        	 M&M’s  	 	  TQ Bar 
       
  
   
     

Kingsbite-Purple   Kingsbite-Red     Kitkat Chunky    Starcup-P   Starcup-G 
      
    
       

    Youpichoco          Bifa Raund    Milo cube      Cocoa Jam 
 
	Other Candies 
	 

	Starch cup Chocolate 
	Starcup (Black foil) 


 
3. ICE-CREAMS 
                 	  
  
   
 
 
    
    
 
 
Sandra Cremello     Sandra Super Vinilla/Chocolate  Fanice Chocolate
 
 
Frosty Bite 
Chocolate
 

  [image: ]            [image: ]              [image: ] 
Sandra Chocolate Moments     Sandra Super Chocolate    	 	FanChoco 
 	 
4. BEVERAGES 
    
 
     
  
       
  
 
   
   
  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cerealplus   
Milo  
  
Richoco   Chocolim   
 
 
 
 
 
 
Alltime       
Milo
 
Vitamilk
 
Vitatop 
ChocLate  
 

 
[image: ]   	   [image: ]            [image: ] 	          [image: ] 
Cocoa Wine  Royale Brown             Gold Cocoa            Vinegar 
    	          	         	      
       	              	 	             	 
APPENDIX-B  A SAMPLE FILLED QUESTIONNAIRE (SECTION C) 
[image: ] 
 	 
APPENDIX-B  RESULTS OF METAL ANALYSIS IN COCOA PRODUCTS (P) 
        B-1 Levels of heavy metals (µg/g) in imported products 
	Sample 
	Mn 
	Zn 
	Cu 
	Pb 
	Fe 

	P1 
	2.69±1.27 
	8.22±0.10 
	3.63±0.34 
	1.33±0.05 
	13.05±0.62 

	P2 
	6.71±2.79 
	10.42±0.05 
	13.37±0.48 
	0.87±0.45 
	11.91±0.16 

	P3 
	2.28±0.65 
	10.33±0.10 
	3.66±0.50 
	1.41±0.25 
	6.85±0.02 

	P4 
	0.89±0.00 
	19.84±0.03 
	3.95±0.45 
	0.71±0.14 
	8.72±0.04 

	P5 
	3.32±1.38 
	6.24±0.14 
	2.49±0.79 
	*BDL 
	9.28±0.09 

	P6 
	1.80±0.00 
	8.68±0.11 
	8.07±0.13 
	*BDL 
	12.60±0.02 

	P8 
	13.78±5.48 
	18.07±0.06 
	9.50±0.77 
	1.80±0.33 
	15.53±0.41 

	P9 
	7.40±2.05 
	17.23±0.04 
	8.80±0.00 
	0.16±0.00 
	13.74±0.02 

	P10 
	22.14±4.70 
	7.94±0.17 
	9.44±0.37 
	6.30±0.45 
	16.82±0.08 

	P11 
	16.07±2.78 
	5.70±0.07 
	5.55±0.29 
	3.67±0.12 
	7.28±0.05 

	P12 
	8.98±1.56 
	10.70±0.05 
	6.42±0.45 
	1.68±0.29 
	11.81±0.07 

	P13 
	18.06±7.95 
	9.69±0.10 
	17.47±0.51 
	3.67±0.29 
	13.45±0.07 

	P14 
	16.74±8.06 
	11.84±0.11 
	16.35±0.27 
	1.60±0.44 
	14.58±0.10 

	P15 
	17.88±4.42 
	14.74±0.08 
	6.72±0.14 
	3.57±0.31 
	15.01±0.06 

	P16 
	*BDL 
	12.00±0.08 
	17.19±0.29 
	2.71±0.20 
	11.48±0.06 

	P17 
	5.83±3.07 
	13.00±0.05 
	8.59±0.46 
	2.30±0.16 
	12.65±0.04 

	P18 
	8.98±1.80 
	18.53±0.16 
	10.42±0.37 
	4.09±0.26 
	5.66±0.05 

	P19 
	57.31±3.53 
	23.14±0.18 
	5.87±0.45 
	4.09±0.48 
	8.57±0.20 

	P20 
	73.21±1.27 
	31.04±1.00 
	4.91±0.08 
	4.27±0.15 
	11.23±0.05 

	P21 
	64.14±3.34 
	11.34±0.06 
	4.39±0.28 
	3.83±0.04 
	4.44±0.03 

	P22 
	60.84±6.31 
	9.82±0.08 
	3.97±0.55 
	2.57±0.11 
	4.67±0.04 

	P23 
	67.29±8.08 
	12.00±0.03 
	5.52±0.12 
	4.52±0.17 
	7.08±0.06 

	P32 
	38.08±2.66 
	10.93±0.07 
	3.81±0.39 
	1.43±0.35 
	5.65±0.08 

	P33 
	40.74±0.95 
	14.54±0.23 
	3.83±0.73 
	2.94±0.11 
	9.81±0.04 

	P34 
	44.25±3.90 
	10.95±0.08 
	4.11±0.52 
	0.15±0.17 
	4.72±0.05 

	P35 
	44.43±2.28 
	10.54±0.12 
	3.35±0.49 
	2.61±0.54 
	1.55±0.02 

	P39 
	20.91±1.57 
	6.67±0.07 
	7.25±0.35 
	1.90±0.25 
	6.14±0.04 

	P40 
	25.45±4.81 
	14.25±0.20 
	5.41±0.50 
	2.20±0.08 
	3.81±0.04 

	P41 
	14.24±4.67 
	7.11±0.18 
	2.84±0.74 
	3.35±0.14 
	4.73±0.09 


Values are reported as mean ± standard deviation 
*BDL = Below detectable limit      
 
 
 
B-2 Levels of heavy metals (µg/g) in local products  
	Levels of heavy metals (µg/g) in local products 
	
	

	Sample 
	Mn 
	Zn 
	Cu 
	Pb 
	Fe 

	P7 
	*BDL 
	13.50±0.12 
	3.84±0.47 
	4.66±0.08 
	8.46±0.07 

	P24 
	6.02±3.17 
	10.80±0.03 
	8.37±0.41 
	0.19±0.12 
	7.27±0.07 

	P25 
	16.73±2.93 
	18.78±0.23 
	10.64±0.30 
	8.17±0.20 
	10.80±0.10 

	P26 
	14.74±1.30 
	23.81±0.12 
	10.28±0.12 
	4.26±0.16 
	14.35±0.05 

	P27 
	10.14±3.71 
	19.46±0.34 
	9.27±0.47 
	0.58±0.18 
	15.30±0.04 

	P28 
	6.75±2.96 
	15.54±0.06 
	9.88±0.52 
	1.50±0.33 
	25.95±0.03 

	P29 
	12.43±1.13 
	10.39±0.01 
	4.95±0.13 
	4.48±2.77 
	13.12±0.07 

	P30 
	29.24±4.57 
	16.79±0.03 
	6.03±0.13 
	4.47±0.35 
	12.19±0.07 

	P31 
	26.91±3.47 
	7.49±0.03 
	7.33±0.05 
	2.38±0.14 
	7.78±0.09 

	P36 
	39.46±4.18 
	5.15±0.19 
	1.27±0.28 
	*BDL 
	2.79±0.04 

	P37 
	56.42±3.89 
	21.27±0.40 
	4.22±0.31 
	1.09±0.61 
	4.60±0.07 

	P38 
	29.05±2.35 
	6.42±0.08 
	1.61±0.15 
	1.87±0.09 
	3.31±0.00 

	P42 
	23.46±3.25 
	10.92±0.12 
	21.32±0.37 
	2.64±0.08 
	11.43±0.11 

	P43 
	20.15±3.30 
	20.71±0.20 
	12.02±0.43 
	3.99±0.14 
	11.58±0.03 

	P44 
	27.99±3.13 
	15.94±0.06 
	5.24±0.75 
	3.96±0.25 
	25.58±0.14 

	P45 
	*BDL 
	10.91±0.05 
	6.68±0.24 
	3.18±0.17 
	9.72±0.09 

	P46 
	11.52±5.55 
	9.85±0.15 
	8.09±0.24 
	3.29±0.26 
	7.77±0.05 

	P47 
	29.09±0.91 
	10.04±0.10 
	10.01±0.30 
	5.03±0.12 
	5.67±0.03 

	P48 
	57.76±6.92 
	26.74±0.84 
	47.68±0.41 
	4.02±0.14 
	17.70±0.09 

	P49 
	33.55±2.12 
	26.25±0.73 
	36.90±0.20 
	4.23±0.08 
	32.38±0.06 

	P50 
	29.09±1.57 
	8.44±0.09 
	2.61±0.18 
	1.22±0.65 
	14.76±1.21 


Values are reported as mean ± standard deviation 
*BDL = Below detectable limit 
 
 
 
 
 
 
 
 
 
APPENDIX-D 	RISK INPUTS 
@RISK Model Inputs for Local Products 
	 Name  
	 Graph  
	
	 Min  
	 Mean  
	 Max  


 
Mass of product consumed (g)
 
-
0.034054
 
41.36295
 
∞
+
 
Exposure freq per year
 
 
0
 
86.19761
 
∞
+
 
Body mass
 
 
12.1
 
48.81615
 
121.63
 
Iron mg
/g
 
 
0.055594
 
0.6805329
 
∞
+
 
Copper content
 
 
 
 
 
0.02391375
 
0.6152793
 
6.23576
 
Manganese mg/g
 
 
 
 
 
0.016321
 
1.536027
 
14.36524
 
Lead mg/g
 
 
 
 
 
0.002592757
 
0.2124465
 
2.016591
 
Zinc mg/g
 
 
 
 
 
0.0416467
 
0.833279
 
7.761521
 

 
 
 
 
 
 
 	 
@RISK Model Inputs for Imported Products 
	Name 
	Graph 
	 Min  
	 Mean  
	 Max  

	Mass of product consumed (g) 
	 
[image: ]
	0.05000009 
	26.29698 
	167.3214 

	Exposure freq per year 
	 
[image: ]
	3 
	79.5094 
	291 

	Body mass 
	 
[image: ]
	12.10015 
	43.15234 
	113.9539 
4.20219 

	Iron mg/g 
	 
[image: ]
	0.006890152 
	0.4218594 
	

	Copper mg/g 
	 
 
 
 
 
 
 
 
 
 
 

 
	0.01940368 
	0.5073096 
	75.70419 

	Manganese (mg/g) 
Lead mg/g 
	
	0.02181946 
-0.000307349 
	2.626452 
0.167992 
	761.5621 
5.239316 
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