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Acrylamide (AA) is an important industrial chemical of occupational concern due to its 

neurotoxicity and probable carcinogenicity; it is also a tobacco burning product and thus 

contributes to health concerns in smokers. More recently it was discovered to be thermally 

generated in the cooking of starch-rich foods, creating a potentially wider public health concern. 

Children and adolescents are a particularly vulnerable group because they consume more 

acrylamide-rich foods compared to adults. In addition, they are still going through important 

developmental stages. This study examines AA and its metabolite glycidamide (GA) using 

hemoglobin adduct biomarkers (HbAA and HbGA respectively) from the U.S. children (6-11) and 

adolescents’ (12-19) National Health and Nutrition Examination Survey’s 2003-04 (n=2814) and 

the 2015-16 (n=697). The study investigated changes in exposure over time and examined the 

contribution of potential modifiers including smoking status, race/ethnicity, poverty-to-income 

ratio, sex, and age. All HbAA and HbGA are reported as pmoL adduct per gram Hb (pmol/G Hb). 

Overall, HbAA biomarkers significantly (p<0.0001) declined from 2003-04, GMs (95% CI) (57.9 

[55.7, 60.1] pmol/G Hb) versus (42.8 [41.4, 44.2] pmol/G Hb) in 2015-16 for all ages, with similar 



 
 

reductions observed in the individual children and the adolescent groups. Smokers had a higher 

burden of HbAA biomarkers than non-smokers, and with a significant reduction in numbers of 

smokers from 2003-04 to 2015-16, this likely contributes to the reduction in overall exposure. 

When non-smokers only were examined, a significant (p<0.0001) decrease in HbAA was still 

observed, from 2003-04 GMs (95% CI) (53.4 [52.0, 54.9] pmol/G Hb) versus (41.2 [40.2, 42.2] 

pmol/G Hb) in 2015-16, suggesting an additional contribution of changes in AA levels in food or 

frequency of high-risk food consumption. Similar statistically significant reductions were seen for 

both children and adolescent groups separately. 

HbGA is a marker of AA biotransformation to GA, which is a more mutagenic metabolite of AA. 

The ratio is of HbAA:HbGA is a phenotypic marker of mutagenic risk. In non-smokers, there was 

a significant (p=0.001) difference in the HbAA:HbGA ratio in children GMs (95% CI) (0.8 [0.8, 

0.8] pmol/G Hb) at 2003-04 and (0.9 [0.9, 1.0] pmol/G Hb) at 2015-16 versus adolescents (1.0 

[1.0, 1.1] pmol/G Hb) at 2003-04 and (1.1 [1.0, 1.2] pmol/G Hb) at 2015-16, respectively, 

suggesting children may be at greater risk to the mutational effects of AA exposure compared to 

adolescents. In multivariate regression analysis of non-smokers only, age and race significantly 

contributed to the HbAA biomarker levels, with higher HbAA in younger age groups and in non-

Hispanic black participants, highlighting a disparity in exposure pattern. 

Overall, AA exposure seems to have reduced from 2003-04 to 2015-16; the reduction is driven by 

both changes in smoking but also diet. The young and non-Hispanic black participants remain at 

highest risk of exposure and potential health effects from exposure to AA.  
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Chapter 1: Introduction & Objectives 

 
1.1 Introduction  

Acrylamide (AA) is an industrial chemical, that is additionally found in tobacco 

smoke and produced by some carbohydrate-rich foods during cooking (Hagmar et al., 

2005; Urban et al., 2006; Becalski et al., 2003; U.S. EPA, 2010, Mojska et al., 2007; 

Stadler et al., 2002; Tareke et al., 2002). AA is a proven human neurotoxin, is 

carcinogenic in animal models, and is a suggested human carcinogen; thus, is both an 

occupational hazard from industry, and a public health concern related to behavior 

and diet (Hagmar et al., 2005; Urban et al., 2006; WHO, 2011). 

 

An age-dependent relationship in levels of AA in blood and urine biomarkers for the 

U.S. population has been reported in U.S children (Vesper et al., 2010; Tran et al., 

2010; Duke et al., 2017); and adults (Vesper et al., 2013; Jain et al., 2015a) with AA 

exposure generally decreasing with increasing age due to food consumption patterns 

and differences in biotransformation processes. However, education about AA 

sources in the diet combined with reductions in tobacco use may have modulated 

overall AA exposure among U.S. children and adolescents over the past decade, 

which could be examined using AA exposure biomarkers, such as AA-hemoglobin 

(HbAA) and metabolite adduct glycidamide (GA)-hemoglobin (HbGA) (WHO, 2011; 

Abt et al., 2019; Barber et al., 2001; Cornelius, 2020; CDC, 2023a).  
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In this study AA and GA adducts in blood of U.S. children (6-11) and adolescents 

(12-19) were analyzed by comparing the first National Health and Nutrition 

Examination Survey (NHANES) survey cycle (SC), 2003-04, to the most recent 

NHANES SC, 2015-16. This study will provide data on exposure levels of HbAA and 

HbGA in U.S. children and adolescents over time and examine whether smoking or 

diet is driving the observed changes. The blood biomarker cotinine will be used to 

identify smokers for both children and adolescents in the study. Potential social 

determinants of these AA biomarkers that will be examined include sex, 

race/ethnicity, and poverty to income ratio (PIR). Changes in HbAA and HbGA 

biomarkers will additionally be examined in smokers and in non- smokers to assess 

differences in the two SCs.  

 

The objective of this thesis is to study AA exposure by smoking status across children 

and adolescents using NHANES measures of HbAA and HbGA for both the 2003-04 

SC and the 2015-16 SC. It is hypothesized that AA exposure in children and 

adolescents has changed from 2003-04 to 2015-16 due to public health interventions 

to reduce AA concentration levels in food and to modify smoking exposures. To test 

this hypothesis, this thesis has three aims:   

 

1.2 Aims  

Aim 1. Provide descriptive data on acrylamide exposure using blood biomarkers 

(HbAA, HbGA, and HbAA:HbGA ratio), as well as cotinine, and children’s and 
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adolescents’ demographic variables (sex, race/ethnicity, and poverty-to-income ratio 

[PIR]) based on both NHANES 2003-04 and NHANES 2015-16 SCs. 

 

Aim 2. Determine if there is a difference in HbAA, HbGA, and HbAA:HbGA ratio in 

smoking and non-smoking children and adolescents between NHANES surveys 

2003-04 and 2015-16. 

 

Aim 3. Examine the determinants of each AA biomarker, by survey, in non-smokers.  
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Chapter 2: Background  

 

2.1 What is AA  

AA is a colorless, odorless, hydrophilic crystalline industrial compound with a 

chemical formula of C3H5NO and a molecular weight of 71.08 grams per mol (g/mol) 

(Figure 1) (Lewis, 2007; HSDB 2009; Kroschwitz, et al., 2004). AA has a melting 

point of 84.5oC and a boiling point of 136oC (Smith et a., 1996). AA is semi-volatile 

and can react violently when melted (Lewis, 2007). It also has high mobility in soil 

and groundwater, and does not bioaccumulate (U.S. EPA, 1994). Due to its 

polymerization properties, AA is commonly used to produce polyacrylamide, for use 

of wastewater treatment, paper pulp production, cosmetic use, and gel electrophoresis 

(Siyam, 2001; Amended, 2005; Yeng et al., 2004; Raymond & Weintraub et al., 

1959). Occupational exposures generally occur through inhalation or skin contact, 

and in the U.S., OSHA has set an airborne permissible level to be an average of 300 

μg/m3 over an 8-hour work shift and NIOSH has set the airborne exposure limit of 30 

μg/m3 over a 10-hour work shift (OSHA, 2022). This exposure level limit also 

considers dermal absorption route. Outside of potential occupational exposures, food 

and tobacco smoke inhalation are estimated to be the main sources of AA exposure 

for the general population (Kenwood et al., 2022; Virk-Baker et al., 2014). 
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Figure 1. Chemical structure of Acrylamide  

 

Note. Reprinted from Krska et al. (2012). Analytical and Bioanalytical Chemistry, 402(1), 139–162 

 

 

2.2 Formation of AA in food and tobacco 

AA was first reported in food by the Swedish National Food Administration and the 

Stockholm University in Sweden (Tareke et al. 2000, 2002; Rosén & Hellenäs et al., 

2002). When naturally occurring asparagine-rich foods, such as potatoes, asparagus, 

coffee, almonds, cereals, breads, and crackers, are heated above 120 oC in conditions 

with humidity below 30%, such as frying, roasting, and baking, they react with 

reducing sugars like fructose and glucose to produce AA (Stadler et al., 2002; 

Becalski et al., 2003; Amrein et al., 2005; Lantz et al., 2006; Mojska et al., 2007; 

Ferrer-Aguirre et al., 2016; U.S. FDA, 2022a; U.S. FDA 2022b). As seen in Figure 2, 

this chemical reaction is known as the Maillard reaction, which is an important 

culinary process that contributes to the flavor, aroma, and color of food (Mottram et 

al., 2002; Stadler et al., 2002; Abt et al., 2019). Furthermore, Becalski et al. (2011) 

studied the presence of AA in simulated plum juice and found that the chemical 

compound formed even under drying conditions, which was defined as being below 

100oC for 24 hours. Together, these findings demonstrate the complexity of AA 

formation from temperature and environmental conditions in certain foods.  
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Figure 2. Acrylamide formation in food via the Maillard Reaction 
 

 

Note. Reprinted from Mottram et al. (2002). Nature, 419(6906), 448–9. 

 

For dietary exposure, the current major food sources of AA are pretzels, which 

contain an average 470 μg/kg, followed by fried potatoes (390 μg/kg), teething 

biscuits (380 μg/kg), corn/tortilla chips (360 μg/kg), and crackers (340 μg/kg) (U.S. 

FDA, 2022b). These foods are consistently consumed more frequently by children 

compared to adults, therefore potentially exacerbating the health effects of AA and its 

metabolite GA.  

 

AA is a well-known contaminant of tobacco smoke and occurs during the combustion 

reaction; cigarette smoke exposure yields range between 1.1 and 2.34 μg/cigarette 

(Smith et al., 2000). Smoking as a source of AA exposure for children and 
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adolescents due to direct inhalation, as well as secondhand smoking contributes to 

AA exposure. This data outline just how influential smoking is on AA exposure and 

how important it is for researchers to measure AA exposure by cotinine levels. 

Additionally, AA can also form in smokeless tobacco products (STP); Mcadam et al. 

(2015) reported AA in Swedish loose and portion snus, US snus, chewing tobacco, 

moist snuff, dry sniff, soft pellet, hard pellet, and plug. The study found that average 

levels of acrylamide by type of STP were not significantly different (p > 0.05) except 

for US snus which had, on average, greater levels but with a wide range of individual 

levels depending on the manufacturer. This finding reveals how manufacturing 

processes are crucial for AA reduction. The authors concluded that consumption of 

STPs is minimal compared with exposure from food consumption or cigarette smoke.  

 

2.3 Toxicokinetics of AA  

Absorption  

AA is a low molecular weight organic compound that is readily absorbed into the 

body through ingestion, inhalation, and dermal exposure (Ramsey et al., 1984; Kadry 

et al., 1999; Sumner et al., 2003; Kroschwitz et al, 2004; Lewis, 2007). Orally 

administered, AA is quickly and extensively absorbed from the gastrointestinal tract; 

Miller et al. (1982) reported that 90% of acrylamide was recovered from tissues and 

bodily fluids of Fischer-344 rats after orally administering 10,000 μg/kg body weight 

of AA.  
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Ramsey et al. (1984) studied rats’ dermal absorption of AA and observed that 25% of 

2,000 or 50,000 μg/kg bw doses of AA was absorbed within 24 hours. This study 

exemplifies how skin acts as a partial barrier against AA absorption. Additionally, 

Frantz et al. (1985) found that for dermal absorption of AA in Fischer 344 rats, 26% 

of a 1% aqueous solution was absorbed within 24 hours, with 35% remaining on the 

skin for potential further absorption.  

 

In some occupational settings, there is a risk for vapor inhalation of AA. Additionally, 

significant AA absorption also occurs through smoking. Sumner et al. (2003) studied 

the biotransformation rate of AA via various exposure routes, including vapor 

inhalation and found that immediately or 24 hours following the 6-hour inhalation 

exposure to 2900 ug/kg of AA, rat blood cells had the highest relative level (~0.1 

μmol/g tissue) of radioactivity compared with all other tissues. Plasma levels were 

higher immediately following exposure termination (0.03 μmol/g tissue) and reduced 

24 hours later (0.004 μmol/g tissue). This study provides valuable insight into how 

AA is readily absorbed via inhalation route of exposure. This study also found that 

56% of the inhaled dose in rats remained in the body 24 hours following exposure 

termination.  

 

Fennel et al. (2005) studied the dermal and oral absorption rates of AA in humans; 

AA was administered orally in an aqueous solution (single dose of 500, 1,000, or 

3,000 μg/kg bw by gavage) or dermally (3 doses of 3,000 μg/kg bw) to sterile male 

volunteers. The authors concluded that dermal uptake was approximately 6.6% of that 
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observed with oral uptake, exemplifying how AA absorption differs on exposure 

route and is more prominent in oral exposure compared to dermal.  

 

Distribution 

AA is widely distributed to all tissues, including the fetus of pregnant animals (Ikeda, 

1985; Schettgen, 2004; Calleman et al.,1996) This is of concern due to the sensitive 

nature of neuronal development during this period of growth. Sumner et al., (2003) 

found that the rank order of relative (μg/g tissue) radioactivity in rats immediately 

following exposure was blood, testes, skin, liver, kidneys, brain, spleen, lungs, and 

epididymis (2003). After 24 hours, the ranking was blood, skin, spleen, lung, liver, 

kidney, brain, testes, epididymis, and fat. AA can also cross the blood-brain barrier 

(Ikeda 1985; Manson et al., 2005); in in utero, infancy and young children, the tight 

junctions of the brain are not fully formed, thus the effects of AA may be magnified. 

AA has also been detected in umbilical cord blood and breast milk in humans (Sörgel 

et al., 2002; Manson et al., 2005). These findings outline how vulnerable children are 

to the effects of AA.  

 

Metabolism  

As seen in Figure 3, AA can undergo phase one and phase two metabolism and is 

primarily metabolized by two pathways: saturable epoxidation by cytochrome P450 

and conjugation with GSH either nonenzymatically or catalyzed by glutathione-S-

transferase (GST) (Dixit et al., 1980; Sumner et al., 1992). During saturable 

epoxidation by cytochrome P450, the highly reactive GA is produced, that is known 
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for its DNA adduct formation, specifically it can bind to deoxyguanosine and 

deoxyadenosine (Kotova et al., 2011). For this reason, measuring GA is also of 

interest in this study. The percentage of AA that is converted to GA varies from 

species to species due to differences in genetic polymorphic enzymes (Settels al., 

2008; Paulsson et al., 2005; Duale et al., 2009; Vesper et al., 2010; Arribas & 

Morales, 2012). GA and metabolites derived from it can account for 33 to 59% of the 

total metabolites excreted in rat and mouse urine, respectively, within 24 hours 

(Toxicology, 2010). This is important from a public health perspective because of 

GA’s high reactivity and its ability to cause DNA mutation, which is associated with 

cancer. Thus, analyzing the HbAA:HbGA ratio allows for a measurement of the rate 

of biotransformation. 

 

Furthermore, during conjugation by glutathione-S-transferase (GST), one of the 

common urinary metabolites produced is the mercapturic acid N-acetyl-S-(2-

carbamoylethyl)-l-cysteine (AAMA) (Sweeney, 2010). GA is also commonly 

conjugated with GSH by GST to produce another mercapturic acid called N-acetyl-S-

(2-carbamoyl-2-hydroxyethyl)-cysteine (GAMA) (Fennel et al., 2005; Sweeney 

2010). Both compounds are then excreted through urine.  
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Figure 3.  

Metabolism of Acrylamide.

 

Note.  Reprinted from Katen & Roman, 2015, Mutation Research, 777, 91–100. 

 

Nicotine’s Effects on AA biotransformation  

Nicotine, a chemical compound notably found in tobacco products, may impact the 

function of certain CYP450 genes, and thus, affect the ability for an individual to 

metabolize AA (Lee et al., 2009). This is important to consider for this study because 

children and adolescents may be exposed to cigarette smoking either directly or 

indirectly. Nicotine appears to affect the function of CYP2E1; Lee et al. (2009) 

studied nicotine exposure on the metabolism of chlorpyrifos in male Sprague-Dawley 

rats and found that the total P450s were not altered by nicotine treatment, but marker 

substrate activities for CYP2E1 were increased 24 hours after a single treatment. 

These findings suggest that nicotine could affect AA metabolism as it uses the same 

P450s. Ferguson et al. (2013) studied the effects of nicotine treatment and its effects 
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on brain activity in African green monkeys and found that nicotine induced CYP2E1 

activity, in particular brain regions, which may contribute to altered drug 

efficacy, neurotoxicity, and metabolic tolerance. However, in a human study 

conducted by Hukkanen et al. (2010), CYP2E1 was not affected by nicotine. These 

differences in studies indicate variation among nicotine metabolism by species and/or 

dose and thus should be cautiously interpreted. 

 

Excretion  

AAMA and GAMA are the more commonly excreted mercapturic acid metabolites of 

AA; approximately 50% of the ingested dose of AA is eliminated in the form of AA-

MA (Boettcher et al., 2006; Fennell et al., 2005). Furthermore, previous studies in 

mice and rats estimated that 40-70% of AA is excreted in urine within 24 hours 

(Hashimoto and Aldridge, 1970; Miller et al., 1982; Sumner et al., 1992).; Sumner et 

al., 2003). 

 

2.4 AA Biomarkers for measurement  

Because they are commonly found in urine, biomarkers of exposure used for 

measuring AA include urinary biomarkers, such as the mercapturic acids AAMA and 

GAMA. This method is often preferred because it is less costly and invasive, but it 

only reflects short term exposure (Ruenz et al., 2016; WHO, 2011). These urine 

biomarkers were not used for this study; rather blood biomarkers were preferred 

because they capture a more integrated measure of typical exposure over months.  
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The hemoglobin adducts of acrylamide (HbAA) and glycidamide (HbGA) are useful 

and frequently utilized measurements for long-term exposure assessment (up to 120 

days) (Fennel et al., 1992). However, because the same level of hemoglobin adducts 

can be produced by a single exposure or a repeated exposure over an extended period 

if the cumulative exposure is the same, this poses a limitation on the reliability of 

using these biomarkers for dose-response modeling, where the amount and frequency 

of AA exposure may more variable (WHO, 2011). This may be a concern for acute 

high dose exposure of AA, such as in occupational settings. However, for children 

and adolescents this is not of great concern, given that they are mostly exposed to AA 

in low chronic amounts from diet, and in some cases, smoking.  

 

2.5 Health Outcomes 

Genotoxicity and Mutagenicity  

AA is an effective clastogen but a weak mutagen, whereas GA is a clastogen and a 

mutagen, which has been demonstrated by the Ames test (Hashimoto and Tanii, 1985; 

WHO, 2011). The most common mutagenicity effects associated with AA exposure 

are DNA adduct formation, such as N7-(2-carbamoyl-2-hydroxyethyl)guanine (N7-

GA-guanine), N3-(2-carbamoyl-2-hydroxyethyl)adenine (N3-GA-adenine), N1-(2-

carboxy-2-hydroxyethyl)deoxyadenosine (N1-GA-dA) and N6-(2-carboxy-2-

hydroxyethyl)deoxyadenosine (N6-GA-dA), the latter being a rearrangement product 

of the N1-GA-dA adduct (Gamboa da Costa et al., 2003; Segerbäck et al., 1995; 

Kotova et al., 2011; Hansen et al., 2018; Benford, 2022)  
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Carcinogenicity 

The Environmental Protection Agency (EPA) has classified AA as a B2 probable 

human carcinogen; this occurs via the mutagenic mode of action where adducts are 

formed in DNA, which can alter the function of these integral structures (Acrylamide, 

2010). Several forms of cancers have been identified as potentially being associated 

with AA exposure. For example, Johnson et al. (1986) found an increase in tumor 

incidences in female mice CNS, oral cavity, uterus, and pituitary and male adrenals at 

doses above 2000 μg/ kg bw/day. However, this far exceeds general exposure for the 

U.S. population.  

 

Neurotoxicity  

Neurological effects, such as ataxia and skeletal muscle weakness of AA have been 

observed in monkeys with repeated exposure as low as 500 μg/kg bw/day 

(McCollister et al., 1964). Liu et al. (2022) recently reported an association between 

chronic AA exposure at a dose of 5000 μg/ kg bw/day for 12 months and an increased 

risk in Sprague Dawley rats developing Parkinson’s disease. Neurological symptoms 

range from gait abnormalities, hands and feet numbness to muscle weakness and 

ataxia (Mariano et al., 2013). The Joint Food and Agriculture Organization 

(FAO)/World Health Organization (WHO) Committee concluded that while adverse 

neurological effects are unlikely at the estimated average exposure, AA can 

exacerbate morphological changes in nerves for individuals with high exposure 

(2011). Neurotoxicity involves mostly the peripheral nervous system, but also affects 

the central nervous system (Mariano et al., 2013). 
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Reproductive Toxicity   

Although the WHO reported no reproductive effects of AA are known in humans, 

there are published peer-reviewed studies that have reported growing evidence for 

reproductive effects (2011). For example, Ma et al. (2011) treated weaning male rats 

with various doses (0, 5000, 15000 or 30000 μg /kg/day) to study reproductive effects 

and found a decrease in luteinizing hormone and an increase in testosterone and 

follicle-stimulating hormone.  

 

Camacho et al. (2012) studied the effects of AA on male Fischer 344 rats and found a 

decrease in testosterone at a dose of 50000 μg/kg bw/day significantly altered the 

histology of Leydig and germ cells. Furthermore, Chu et al. (2020) used the 

NHANES 2003-2004 SC to study the association between AA exposure and sex 

hormones in U.S. males. The authors concluded that a positive association was 

observed between AA exposure and several sex hormones in men, such as inhibin B 

and sex hormone binding globulin, and HbGA was positively associated with Anti-

Mullerian Hormone. However, no relationship was observed between AA exposure 

and other sex hormones, such as testosterone, estradiol, and androstenedione 

glucuronide. 

 

Developmental Toxicity 

Additionally, Park et al. (2021) used zebrafish to study the relationship between AA 

and developmental effects at doses of 10,000, 30,000, 100,000, or 300,000 μg/L and 

found that AA caused developmental effects, such as yolk retention, scoliosis, swim 
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bladder deficiency, and curvature of the body. Significant developmental effects, such 

as body weight decrease have also been observed in Fischer 344 rats at doses as low 

as 1000 μg/kg bw/day (Garey et al., 2005). Furthermore, Huang et al. (2018b) also 

found that AA causes severe cardiac deficits in the developmental stages of zebrafish 

via disordered expression of cardiac genes and a reduction in myocardial and 

endocardial cells, which led to developmental disruptions of the ventricle and atrium, 

along with a lack of differentiation of the atrioventricular canal. Additionally, there is 

also research showing a connection with acrylamide uptake from food during 

pregnancy and low birth weight (Mojska et al., 2020); Duarte-Salles et al. (2013) 

studied the effects of AA intake of pregnant women and found that intake was 

negatively associated with fetal growth.  

 

Other Health Effects 

Although not specific to children and adolescents, several studies have also 

investigated other potential health effects of AA exposure, such as lipid level 

alteration, cardiovascular disease, chronic obstructive pulmonary disease, allergies, 

and depressive symptoms. Using macrophages, dermal cells and zebrafish, Kim et al. 

(2015) investigated the physiological effects of AA on lipoprotein metabolism and 

found that it had an effect that resulted in exacerbation of atherosclerosis. 

Furthermore, Cheang et al. (2021) studied lipid levels and AA among adults over 20 

years of age using NHANES 2013-2016 SC. The study reported having found an 

association between AA and atherosclerotic lipid changes, such as a positive 

correlation with triglycerides, and a negative association between low density 
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lipoprotein-cholesterol. The authors determined that AA and its metabolites may be 

associated with abnormal lipogenesis and fatty acid bioconversion pathways. 

 

In an epidemiological study using NHANES 2003-06 SCs, Zhang et al. (2018) 

analyzed the associations between HbAA. HbGA, and HbAA:HbGA ratios for adults 

≥ 20 years of age and their association with cardiovascular disease (CVD). The 

authors reported that in people exposed to environmental tobacco smoke, HbGA and 

HbAA:HbGA ratios were significantly and inversely associated with the prevalence 

of total CVD after adjusting for several covariates. They concluded that AA 

biomarkers are significantly associated with CVD in smokers and those exposed to 

environmental tobacco smoke but not in nonsmokers. Huang et al. (2018a) also used 

2003-06 NHANES data to measure the relationship between HbAA, HbGA, and 

HbAA:HbGA and CVD mortality among U.S. adults ages ≥ 25 years of age and 

found that HbAA and HbAA:HbGA were inversely associated with all-cause 

mortality and CVD mortality. 

 

Using the NHANES 2013-16 SC, Li et al. (2021) studied the association between 

chronic obstructive pulmonary disease and AA exposure in individuals ages 20-80 

years old and reported that even after adjusting for serum cotinine levels, the 

HbAA:HbGA ratio significantly increased the risk for COPD. However, it is unclear 

how AA ingestion is associated with lung health. Guo et al. (2017) used NHANES 

2005-2006 SC to study AA exposure and its relationship to allergy-related outcomes 

in children (≤ 18 years of age) and adults (≥18 years of age) and observed an 



 

18 
 

association between increased likelihood of eczema and HbAA levels. Additionally, 

HbGA levels were associated with an increased likelihood of itchy rash and eczema.  

 

2.6 Mitigation Efforts for AA Exposure  

Several efforts have been internationally implemented to educate consumers and 

manufacturers about how to reduce AA exposure; this has been accomplished by both 

food industries and government authorities (WHO, 2011; U.S. FDA, 2016). Practices 

that can be modified that may influence glucose, fructose, and asparagine 

concentration and thus affect AA formation include variety selection/genetic 

modification, production practices and environmental conditions (e.g., soil 

temperature, water availability), storage conditions (e.g., temperature), and processing 

practices (Rosen et al., 2018). Additionally, some food additives, such as acids, amino 

acids, divalent cations, and food antioxidants may also help reduce AA concentration 

in food (WHO, 2011).  

 

Efforts to decrease cigarette smoking in the U.S. population have been successful thus 

far; Cornelius et al. (2020) reported that tobacco smoking has decreased from 20.9% 

in 2005 to 12.5% in 2020. This may have a positive effect on reducing child and 

adolescent exposure to both the harmful effects of direct and indirect (e.g., SHS) 

tobacco exposure, and thus reduce AA exposure overall.  
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2.7 Health Equity 

Social determinants of health (SDH) are the conditions in which people are born, 

grow, work, live, and age, and the wider set of forces and systems shaping the 

conditions of daily life, that impact quality of life outcomes and health outcomes 

(WHO, 2023). An individual’s health can be influenced by the demographic variables 

of interest for this thesis, such as age, sex, race/ethnicity, and PIR through 

discrimination, policies implemented, and health inequity. Thus far, research on these 

demographic variables and their association with AA exposure is mostly limited to 

adults in the U.S. Nonetheless, the current research available provides valuable 

insight into potential health disparities and is discussed extensively throughout this 

thesis. Additionally, this thesis expands the current scope of knowledge for this area 

of research by interacting demographic variables with child and adolescent AA and 

GA exposure.  

 

2.8 Demographic Variables  

Age and its association to AA exposure  

Several studies indicate that children are at greater risk for higher AA exposure than 

adults because on average children consume more french fries, cookies, and cereals, 

and these foods are known to be high in AA (Cengiz & Gündüz, 2013; Von 

Mühlendahl & Otto, 2003). Difference in exposure by age, as well as food choices 

outlines the importance these factors have on exposure and thus support the need to 

investigate AA exposure among children and adolescents.  
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Using NHANES 2003-04 SC for people ≥3 years of age, Vesper et al. (2010) 

concluded that for non-smokers the covariate-adjusted geometric mean (GM) (95% 

CI) for HbAA and HbGA levels were highest for children 3-11 years of age (54.5 

[52.4-56.8] pmol/ G Hb; 73.9 [71.3-76.6] pmol/ G Hb respectively) and lowest in 

adults ≥ 60 years HbGA (46.2 [44.3-48.2] pmol/ G Hb; 41.8 [38.7-45.2] pmol/ G Hb 

respectively). The covariate adjusted GMs (95% CI) for HbAA:HbGA ratios were 

also highest among children 3-11 years of age (1.62 [1.39-1.87] pmol/ G Hb), 

whereas adults ≥ 60 years old (0.63 [0.51-0.78] pmol/ G Hb) had the lowest levels. 

These findings may be due to differences in AA metabolism in these age groups; 

metabolism and clearance of drugs in children are higher compared to adults because 

children have a greater liver-to-body weight ratio and more blood flow to the liver 

compared to adults (Gibbs et al., 1997).  

 

Also, using 2003-04 NHANES SC for individuals ≥ three to 85 years of age, Duke et 

al. (2017) reported that children (3-12 years old) had the second highest HbAA levels 

and had significantly higher (p<0.001) HbGA when compared to adolescents, adults, 

and seniors. Also, HbAA:HbGA ratio for children was significantly higher (p<0.001) 

than for adolescents, adults, and seniors. These findings suggest potential differences 

in exposure and in biotransformation processes, with children having greater 

exposure to AA.  
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Sex and its association to AA exposure  

Most recent AA studies interacted with sex have indicated potential genetic 

differences among males and females. However, this topic is still developing, and 

more studies are needed. Thus far, only one study was identified that has investigated 

the interaction between AA exposure and sex for U.S. children (6-11 years old): Jain 

et al. (2015b) found that girls had slightly higher GMs (95% CI) for both AAMA and 

GAMA compared to boys. However, the findings were not statistically significant 

(AAMA, p=0.92; GAMA,p=0.68). More research is needed in this field to conclude. 

For adults, Vesper et al. (2010) found that the GM (95% CI) for HbAA was higher in 

men (51.7 [49.6-53.8] pmol/ G Hb) compared to women (50.3 [49.1-51.5] pmol/ G 

Hb), but the GM (95% CI) for HbGA and HbAA:HbGA were higher in women (53.4 

[48.2-52.1] pmol/ G Hb; 1.07 [1.03-1.13] pmol/ G Hb respectively) compared to men 

(50.1 [50.7-56.3] pmol/ G Hb; 0.97 (0.94-1.02) pmol/ G Hb respectively). Vesper et 

al. (2013) collected data on sex and found that men had statistically significant higher 

GMs (95% CI) for HbAA (65.9 [61.5, 70.5] pmol/ G Hb) compared to women (58.9 

[55.7, 62.2] pmol/ G Hb) (p<0.0001). Differences in these two studies may be due to 

age. However, no research has been published to explore if age affects differences in 

AA exposure by sex.   

 

Furthermore, using NHANES 2003-04 SC, Duke et al. (2017) reported that men had 

higher GMs (95% CI) for HbAA levels (65.4 [61.6-69.4)] pmol/ G Hb) compared to 

women (59.9 [56.6-63.4] pmol/ G Hb) (p<0.001). Additionally, the GMs (95% CI) 

for HbAA:HbGA ratio was significantly higher for women (0.99 [0.95-1.04] pmol/ G 
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Hb) compared to men (0.91 [0.88-0.95] pmol/ G Hb) (p<0.001). Similarly, Huang et 

al. (2018a) also found that men had statistically significant higher levels of HbAA, 

HbGA, and HbAA:HbGA. Zhang et al. (2018) reported a statistically significant trend 

for sex, with males having higher HbAA and females having higher HbGA, and 

HbAA:HbGA ratios. These literature findings indicate a potential for AA exposure 

differences by sex. However, no known differences of AA metabolism have been 

established before for sex and more research is needed to conclude whether there are 

significant differences by sex. This thesis will contribute to this area of AA research 

by studying HbAA and HbGA exposure and interacting it with sex and race/ethnicity.   

 

Race/ethnicity and its association to AA exposure 

Thus far, research on AA exposure and its association with race/ethnicity is still 

emerging. This is an important variable to consider for the U.S. because of its diverse 

cultural make up. Shifting racial/ethnic demographics may affect AA exposure 

outcomes for the U.S. population due to potential genetic differences among 

racial/ethnic groups, as well as variation in consumption of staple food groups and in 

cooking methodologies that are influenced by culture (Preston et al., 2009; Vesper et 

al., 2010).  

 

Differences in AA exposure among racial/ethnic groups were observed by Vesper et 

al. (2013), who found that Non-Hispanic Blacks (NHB) had statistically significantly 

higher levels of GMs (95% CI) for HbAA (66.5 [58.0, 76.2] pmol/ G Hb) compared 

to NHW (63.1 [59.2, 67.3] pmol/ G Hb) and MA (62.7 [59.3, 66.3] pmol/ G Hb) 
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(p<0.0001). The authors concluded that differences in biomarkers by race/ethnicity 

may be indicative of differences in polymorphisms of the genes for cytochrome P450 

(CYP450) 2E1 (CYP2E1) or glutathione S-transferase, which are involved in phase II 

detoxification. Such differences by race/ethnicity have been reported before (Paulsson 

et al., 2005). Duke et al. (2017) also found significant differences in GMs (95% CI) 

for HbGA, with NHW (61.0 [56.7–65.6] pmol/ G Hb) having the highest exposure 

level compared to NHB (53.2 [50.3–56.4] pmol/ G Hb), Hispanic (62.1 [59.4–65.0] 

pmol/ G Hb), and Other (49.7 [42.1–58.7] pmol/ G Hb) (p=0.005). GMs (95% CI) for 

HbAA:HbGA were also significant with Hispanics having the highest ratio (1.07 

[1.00–1.15] pmol/ G Hb) compared to NHW (0.96 [0.92–1.00] pmol/ G Hb), other 

(0.90 [0.83–0.98] pmol/ G Hb), and NHB (0.82 [0.74–0.91] pmol/ G Hb).  

 

Huang, et al. (2018a) reported a statistically significant finding that Non-Hispanic 

Whites (NHW) had the highest HbGA, followed by MA, NHB, and lastly, others. 

One explanation for the observed differences may be that food consumption patterns 

of carbohydrate-rich foods vary among cultures (Vesper et al., 2010). However, more 

dietary research is needed to conclude how AA may vary racial/ethnic groups, and 

this thesis will contribute to further understanding how race/ethnicity influence AA 

exposure by examining exposure among smokers vs. non-smokers. 

 

Socioeconomic status and its association to AA exposure 

The socioeconomic status (SES) variable is of interest because it is known to 

contribute to food insecurity; lower-income families make food-choices based off 
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affordability rather than nutritional value or quality (Pechey & Monsivais, 2016). 

Additionally, those with higher SES live in more affluent communities, and have 

more access to supermarkets and grocery stores and/or transportation; thus, equipping 

them with more food options compared to those with lower SES (USDA, 2009). 

However, no dietary study was found that examines AA-rich food selection and SES.  

 

Furthermore, those with lower SES have higher rates of smoking, putting them at 

greater risk for AA exposure (Garrett et al., 2019). Multiple studies have interacted 

SES with AA exposure: Duke et al. (2017) reported that those with higher income 

had significantly lower GMs (95% CI) for HbAA (p=0.006) and HbGA (p=0.008) 

(61.0 [58.4–63.8] pmol/ G Hb; 58.4 [55.7–61.2] pmol/ G Hb respectively) compared 

to those with lower income (69.1 [62.5–76.5] pmol/ G Hb; 65.9 [60.1–72.2] pmol/ G 

Hb respectively).  Similarly, Vesper et al. (2013), Huang et al. (2018 a) and Zhang et 

al. (2018) also reported similar trends. These studies demonstrate the significance that 

income may play on AA exposure through behavioral and social factors.  

 

2.9 Gaps in Knowledge 

This thesis will fill in the gap in knowledge regarding U.S. child and adolescent 

exposure using the most up-to-date SC 2015-16 and comparing it to the 2003-04 

NHANES SCs, which to our knowledge has not been done before. Additionally, this 

thesis will contribute to the progression of research in AA exposure among children 

and adolescents and how demographic variables may influence the outcome. 
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Chapter 3: Methods  

 
3.1 Sampling  

NHANES is a complex sampling, multistage, probability design conducted every year 

by the CDC’s National Centers for Health Statistics that conducts household 

screening and collects biospecimens from non-incarcerated civilian residents from the 

general U.S. population, including U.S. territories (CDC, 2023b). Oversampling was 

conducted for subgroups of specific public health interest to increase the reliability 

and precision of estimates of health status indicators for these groups. For more 

information about how NHANES conducted sampling, see (CDC, n.d.).  

 

3.2 Biomonitoring Data 

Blood samples from individuals at or over one year of age were collected by trained 

medical technologists and/or phlebotomists (CDC, n.d.). 

 

3.3 Study Population 

The study population consists of individuals ages six through 19 for both SCs. Six 

years of age was the minimum age for this study because it was the youngest age that 

NHANES collected data for HbAA and HbGA specimens from the 2015-16 SC. 

Additionally, participants in this study were only included if they had at least HbAA 

or HbGA reported. Figures 4 and 5 depict the sample selection of both SCs. To obtain 

the sample size, SAS Studio® running SAS 9.4 was used. 
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Figure 4. Flow Diagram Depicting the Eligibility of the 2003-04 Survey 
Cycle 
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Figure 5. Flow Diagram Depicting the Eligibility of the 2015-16 Survey 
Cycle  
 

         
 
 
 
Missing values for blood biomarkers and demographic variables, as provided by 

NHANES for each SC, were represented as a “.” As seen in figure 4, after subsetting 

by age, the total sample size for 2003-04 is 3337. Missing values for each blood 

biomarker for this sample size are as follows: HbAA- 679; HbGA- 622; and cotinine- 

450. For 2015-16, the total sample size is 2648 after also sub setting by age (Figure 
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5). The missing values for blood biomarkers in this sample size are as follows: 

HbAA- 1960; HbGA- 2004; cotinine- 542. For age, sex and race/ethnicity, there were 

no missing values.  

 

For missing values of PIR, an unknown category was created for Tables 7 and 10, as 

well as for later use in the regression analyses. NHANES conducted imputations to 

correct for any true missingness for AA, GA, and cotinine that had a value below the 

LOD (CDC, n.d.). Thus, this research implicitly assumed that any other values that 

were missing at random did not create additional bias in the analysis. 

 

3.4 Limits of Detection  

For the biomarkers of interest, NHANES reported limits of detection (LOD) as 

follows: For the 2003-04 SC, HbAA’s LOD was reported as 3.00 pmol/G Hb. 

HbGA’s LOD was reported as 4.00 pmol/G Hb and cotinine’s (blood biomarker) 

LOD as 0.015 ng/mL for serum (CDC, n.d.). For 2015-16 SC, HbAA’s LOD was 

reported as 3.90 pmol/G Hb. HbGA’s LOD was reported as 4.90 pmol/G Hb and 

cotinine’s LOD as 0.015 ng/mL (CDC, n.d.). To maintain consistency, the highest 

value from both SCs was used as the LOD. For HbAA, participants with values less 

than 3.90 pmol/g Hb were assigned a below LOD imputed value using the formula 

provided by NHANES: LOD/√2. For HbGA, participants with values less than 4.90 

pmol/g Hb were assigned a below LOD imputed value using the formula provided by 

NHANES: LOD/√2. For cotinine, participants with values less than 0.015 ng/mL, 

they were also designated as having values below the LOD. They were assigned an 
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imputed value that was generated using the formula provided by NHANES: LOD/√2. 

A summary of biomarkers below the LOD and the percentage below the limit f can be 

found in Table 1.  

 

Table 1. Number of Samples Below the Limit of Detection by Survey Cycle  
 
SC  Below LOD (n) % Below LOD  
0304 AA 4 0.1 
1516 AA 0 0 
0304 GA 76 2.3 
1516 GA  0 0 
0304 Cotinine  419 15 
1516 Cotinine  231 34 

 

3.5 IRB and Special Procedures  

Since NHANES conducted and collected the data, no IRB approval was needed for 

this thesis. Nonetheless, NHANES study protocols were approved by the National 

Center for Health Statistics research ethics review board; 2003-2004 SC abided by 

protocol #98-12 and 2015-2016 SC followed protocol # 2011-17 (CDC, n.d.). 

Furthermore, NHANES abides by federal law requirements: Public Health Service 

Act, Privacy Act of 1974, and the Confidential Information Protection and Statistical 

Efficiency Act (CDC, n.d.). 
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Chapter 4: Data Handling  

 

4.1 Aim 1 

Aim 1: To provide descriptive data on acrylamide exposure using serum biomarkers 

(HbAA, HbGA, and HbAA:HbGA ratio), plus cotinine, and demographic variables, 

in children and adolescents based on both NHANES 2003-04 and NHANES 2015-16.  

To initially explore the distribution of the population in the SCs, frequency counts 

were run (Table 2 and 3). Continuous demographic variables selected for inclusion in 

this analysis were age and PIR. Age was classified into two groups: children (6-11) 

and adolescents (12-19). Poverty was measured as a continuous ratio variable and 

classified into three categories: below poverty (cutoff), above poverty (cutoff), and 

unknown poverty (missing values).  

 

Histograms and log-transformed histograms were also produced for continuous 

variables of blood biomarker data (HbAA, HbGA, and cotinine) to assess their 

normality and thus determine whether a log-transformation was required ahead of 

statistical analysis (Figures 6-8). To further explore the distributions of the continuous 

variables (HbAA, HbGA, HbAA:HbGA ratio, cotinine, age, and PIR), untransformed 

unweighted means with standard deviations and quartiles, along with weighted means 

with standard errors, were generated for both SCs (Table 2 and 3). Subsequently, a 

log-transformation was used for HbAA, HbGA, and cotinine due to the data’s lack of 

normality. All further analysis utilized this log-transformed data. The weighted GMs 

with standard errors were also generated for all continuous log-transformed variables 
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in both SCs. The log-transformed data was adjusted for both data clustering and 

weighting.  

 

Figure 6. Histograms of HbAA Distribution 
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Figure 7. Histograms of HbGA Distribution    
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Figure 8. Histograms of Cotinine Distribution 
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Table 2. 2003-04 Survey Cycle Descriptive Statistics of Blood Biomarker Data 
and Continuous Demographic Variable for Combined Ages  
 

  HbAA HbGA HbAA:HbGA  Cotinine Age PIR 
Sample Size 
(N) 2658 2715 2559 2769 2814 2692 

Unweighted 
Mean  64.9 70.3 1.5 13.3 13.5 1.9 

SD 38.1 42.8 N/A 53.8 3.8 1.5 
Weighted 
Mean  63.3 72.5 1.3 14.3 12.8 2.4 

SE  1.4 1.9 N/A 2 0.2 0.1 
Weighted 
Geometric 
Mean (95% 
CI)  

57.9 62.2 1 0.2 N/Aa N/Aa 

(55.7, 60.1) (59.2, 65.5) (1.0, 1.0) (0.1, 0.3) 
Quartile         

Minimum 2.8 3.5 0.2 0.001 6 0 
Q1 45.2 46.8 0.8 0.02 11 0.7 

Median 56.6 63 0.9 0.1 14 1.4 
Q3 71.5 83.3 1.2 0.8 17 2.8 

Maximum 499 756 92.2 623 19 5 
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
PIR: Poverty-to-income ratio  
HbAA and HbGA are measured in pmoL/G Hb 
Cotinine is measured in ng/mL 
aGeometric means were only generated for blood biomarkers   
N* All data was reported separately for HbAA and HbGA and for the ratio only where both values 
were present  
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Table 3. 2015-16 Survey Cycle Descriptive Statistics of Blood Biomarker Data 
and Continuous Demographic Variable for Combined Ages  
 

  HbAA HbGA HbAA:HbGA Cotinine Age PIR 
Sample Size (N*) 688 644 635 678 697 629 
Unweighted Mean 47.5 44.9 1.1 4.6 12.1 2.1 
SD 32.9 24.5 N/A 34.5 4 1.5 
Weighted Mean  46.7 44.8 1.1 4.5 12.5 2.5 
SE 1.6 1.2 N/A 1.9 0.2 0.2 
Weighted 
Geometric Mean 
(95% CI)  

42.8 40.8 1.1 0.1 N/Aa N/Aa 
(41.4, 44.2) (39.2, 42.4) (1.0, 1.1) (0.04, 0.1) 

Quartile              
Minimum 14.9 12 0.5 0.01 6 0 

Q1 34.4 31.3 0.9 0.01 9 0.9 
Median 42.1 40.2 1.1 0.03 12 1.7 

Q3 51.5 52.3 1.3 0.1 15 3.1 
Maximum 485 264 2.4 554 19 5 
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
PIR: Poverty-to-income ratio  
HbAA and HbGA are measured in pmoL/G Hb 
Cotinine is measured in ng/mL 
aGeometric means were only generated for blood biomarkers 
N* All data was reported separately for HbAA and HbGA and for the ratio only where both values 
were present  
 
 

Additionally, to explore whether significant differences were observable for 

the weighted GMs (95% CI) by race/ethnicity, income, sex, and age group, ANOVA 

F-statistics were produced for both SCs (Tables 4 and 7). Participant’s race/ethnicity 

was classified into NHB, NHW, Hispanics (Mexican Americans and other 

Hispanics), and Others (Asians and multi-racial individuals). Sex was defined as male 

or female in both SCs, and the same age categories were used as before.  

A Bonferroni post-hoc test was also conducted for race/ethnicity and income 

for 2003-04 SC (Tables 5 and 6) and race/ethnicity for 2015-16 SC (Tables 8) to 

determine what groups were significantly different from each other. For sex and age 

group, unpaired t-tests were implemented to analyze for significant differences 

between the groups in both SCs (Tables 4 and 7). 
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Table 4. 2003-04 Survey Cycle Geometric Means (95% Confidence Intervals) of 
Blood Biomarker Data and Continuous Demographic Variables  
 

  HbAA P-value HbGA P-value HbAA:HbGA P-value 
Ethnicity              

Hispanic  55.8 

0.02 

64.5 

<0.0001 

0.09 

<0.0001 

(53.0, 58.7) (60.3, 69.0) (0.8, 1.0) 

NHW  58.8 64.7 0.9 
(56.6, 61.0) (61.4, 68.3) (0.9, 1.0) 

NHB  58 53.5 1.1 
(54.4, 61.8) (50.8, 56.3) (1.0, 1.2) 

Other  54.6 55.4 1 
(46.1, 64.6) (46.6, 65.9) (0.9,1.2) 

Income              

Above Poverty  57 

0.0007 

62 

0.14 

0.9 

0.46 

(55.4, 58.7) (59.1, 65.0) (0.9, 1.0) 

Below Poverty  60.8 64 1 
(56.3, 65.7) (58.3, 70.1) (0.9, 1.0) 

Unknown 
Poverty 

54.8 56.3 1 
(48.0, 62.6) (47.0, 67.4) (0.9, 1.1) 

Sex             

Male  57.9 

0.84 

61.1 

0.11 

1 

0.07 (55.1, 60.9) (57.8, 64.7) (0.9, 1.0) 

Female  57.8 63.5 0.9 
(55.9, 59.7) (60.1, 67.2) (0.9,1.0) 

Age Group             
Children 58.6 

0.2 

74.2 

<0.0001 

0.8 

<0.0001 (6-11)  (56.2, 61.1) (70.6, 78.1) (0.8, 0.8) 
Adolescents 57.4 55.7 1.1 

(12-19) (54.6, 60.4) (51.6, 60.0) (1.0, 1.1) 
NHW: Non-Hispanic Whites  
NHB: Non-Hispanic Blacks  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/ G Hb 
P-values are generated from an ANOVA F-statistic 
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Table 5. 2003-04 Survey Cycle Estimates for Post-hoc Test to Determine 
Significant Differences Among Race/ethnicity 
 
      HbAA HbGA HbAA:HbGA 
Race      
 Hispanic NHW -0.05 -0.004 -0.04 

 Hispanic NHB -0.04 0.19** -0.22** 
 Hispanic Others 0.02 0.15 -0.14 
 NHW NHB 0.01 0.19** -0.18** 
 NHW Others 0.07 0.16 -0.09 

  NHB Others 0.06 -0.04* 0.09 
NHW: Non-Hispanic Whites 
NHB: Non-Hispanic Blacks  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
*,** for statistical significance at 0.05, 0.01 respectively 
Estimates are differences in log means 
HbAA and HbGA are measured in pmoL/ G Hb 
Tests are based on Bonferroni-corrected p-values 

 

Table 6. 2003-04 Survey Cycle Estimates for Post-hoc Test to Determine 
Significant Differences Among Income Status  
 
  HbAA  
Poverty Status  

-0.06* Above Poverty Below Poverty 
Above Poverty  Unknown Poverty  0.04 
Below Poverty  Unknown Poverty  0.1 

HbAA: Hemoglobin-acrylamide adduct 
* Significant at 0.01 level 
Estimates are differences in log means 
HbAA and HbGA are measured in pmoL/ G Hb 
Tests are based on Bonferroni-corrected p-values 
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Table 7. 2015-16 Survey Cycle Geometric Means (95% Confidence Intervals) of 
Blood Biomarker Data by Demographics for All Ages 
 

  HbAA P-value HbGA P-value HbAA:HbGA P-value 
Ethnicity              

Hispanic  42.9 

0.13 

40.88 

0.22 

1.05 

<0.0001 

(40.9, 44.9) (38.39, 43.54) (1.02, 1.08) 

NHW 41.7 44.5 1 
(39.4, 44.1) (38.2, 45.0) (1.0, 1.1) 

NHB 46.2 37.4 1.2 
(41.9, 51.0) (33.4, 41.9) (1.2, 1.3) 

Other  43.5 41.6 1.1 
 (39.0, 48.6) (36.1, 47.8) (1.0, 1.1) 

Income              

Above Poverty  42.3 

0.47 

40.8 

0.88 

1.1 

0.27 

(40.7, 44.0) (38.9, 42.9) (1.0, 1.1) 

Below Poverty  44.1 41 1.1 
(41.5, 46.9) (38.1, 44.0) (1.0, 1.1) 

Unknown 
Poverty 

43.9 39.6 1.1 
(38.83, 49.7) (32.4, 48.24 (1.0, 1.2) 

Sex             

Male  44.1 

0.03 

42.4 

0.02 

1.1 

0.4 (41.3, 47.0) (39.2, 45.7) (1.0, 1.1) 

Female  41.4 39.2 1.1 
(40.1, 42.8) (37.6, 40.8) (1.0, 1.1) 

Age Group             
Children 43.2 

0.58 

46.6 

<0.0001 

0.9 

<0.001 (6-11)  (41.8, 44.5) (44.9, 48.4) (0.9, 1.0) 
Adolescents 42.5 37.3 1.2 

(12-19) (40.3, 44.8) (34.8, 39.9) (1.1, 1.2) 
NHW: Non-Hispanic Whites 
NHB: Non-Hispanic Blacks  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/ G Hb 
P-values are generated from an ANOVA F-statistic 
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Table 8. 2015-16 Survey Cycle Estimates for Post-hoc Test to Determine 
Significant Differences Among Race/ethnicity  
 
      HbAA:HbGA 
Race    
 Hispanic  NHW  0.02 

 Hispanic NHB -0.16* 
 Hispanic  Others  -0.01 
 NHW NHB -0.18* 
 NHW Others -0.03 

  NHB Others 0.15* 
NHW: Non-Hispanic Whites 
NHB: Non-Hispanic Blacks  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
Estimates are differences in log means 
HbAA and HbGA are measured in pmoL/ G Hb 
* Significant at 0.01 level  
Tests are based on Bonferroni-corrected p-values 

 

4.2 Aim 2 

Aim 2: To determine if there is a difference in acrylamide serum biomarkers (HbAA, 
HbGA, and HbAA:HbGA ratio) in children and adolescents by smoking status 
between 2003-04 and 2015-16 SCs.  
 

Smoking exposure was defined as follows: smoking (cotinine ≥ 10 ng/ mL), SHS 

(cotinine ≥ 1 and <10 ng/ mL) and non-smoking (cotinine<1 ng/ mL). As seen in 

Tables 9 and 10, weighted means, geometric means (95% CI) and sample sizes were 

generated by age for each SC and classified by smoking status for combined age 

groups. ANOVAs and post-hoc tests were then run to determine significant 

differences among the smoking groups and the findings were reported in Tables 11 

and 12.  The same analyses were also conducted for children separately, and 

adolescents separately (Tables 13-18). However, for children, only non-smokers and 

SHS were evaluated in both SCs, given that there were only four participants in the 

2003-04 SC and only one participant in the 2015-16 SC (Table 13 and 14). 
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Furthermore, unpaired t-test were conducted to test significant changes among the 

SCs by HbAA, HbGA, and HbAA:HbGA separately for each age category and are 

reported in Tables 19-24.  

 

Table 9. 2003-04 Survey Cycle Weighted Descriptive Statistics of Blood 
Biomarker Data for Smoking Status and By Combined Age Groups  
 

  Weighted Mean  SE Weighted Geometric Mean (95% CI)  Sample Size (N) 
Smoking      

HbAA* 116.9 7.7 101.6 (88.6, 116.6) 243 
HbGA* 105.3 7.1 92.6 (81.3,105.6) 252 

    HbAA:HbGA* 1.3 0.1 1.1 (1.1, 1.2) 237 
SHS     

HbAA 64.6 2.5 60.9 (56.2, 66.1) 362 
HbGA 76.1 3.5 66.8 (58.8, 75.9) 367 

    HbAA:HbGA 1.4 0.4 0.9 (0.8, 1.1)  352 
Non-smoking     

HbAA 56.5 0.8 53.4 (52.0, 54.9) 2015 
HbGA 67.4 1.6 58.3 (55.9, 60.8) 2051 

HbAA:HbGA 1.3 0.1 0.9 (0.9, 2.0)  1932 
SHS: Secondhand smoking  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/ G Hb 
*At least one smoking group is statistically significant different (p<0.0001) from the other  
N* All data was reported separately for HbAA and HbGA and for the ratio only where both values 
were present  
 
 
Table 10. 2015-16 Survey Cycle Weighted Descriptive Statistics of Blood 
Biomarker Data for Smoking Status and By Combined Age Groups 
 

  Weighted Mean  SE Weighted Geometric Mean (95% CI)  Sample Size (N) 
Smoking       

HbAA* 111.9 30.6 77.9 (47.6, 127.5) 26 
HbGA* 79.9 19.6 59.6 (38.7, 91.7) 27 

HbAA:HbGA* 1.3 0 1.3 (1.2, 1.4) 26 
SHS      

HbAA 61.9 12 52.1 (39.6, 68.6) 52 
HbGA 51.7 8 44.0 (35.0, 55.3) 53 

HbAA:HbGA 1.2 0.1 1.2 (1.1, 1.3)  51 
Non-smoking      

HbAA 43 0.5 41.2 (40.2, 42.2) 591 
HbGA 42.3 0.7 39.6 (38.2, 41.0) 550 

  HbAA:HbGA 1.1 0 1.1 (1.0, 1.1) 544 
SHS: Secondhand smoking  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
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HbAA and HbGA are measured in pmoL/ G Hb 
*At least one smoking group is statistically significantly different (p<0.0001) from the other  
N* All data was reported separately for HbAA and HbGA and for the ratio only where both values 
were present  
 
 
Table 11. 2003-04 Survey Cycle Estimates for Post-hoc Test to Determine 
Significant Differences Among Smoking Status for Combined Age Groups  
 
      HbAA HbGA HbAA:HbGA 
Smoking Status      
 SHS NS 0.13* 0.14* 0.01 

 SHS Smoking  -0.51* -0.33* -0.16* 
  NS Smoking -0.64* -0.46* -0.18* 

SHS: Secondhand smoking  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/ G Hb 
*for statistical significance at 0.01 
Estimates are differences in log means 
 
 
 
Table 12. 2015-16 Survey Cycle Estimates for Post-hoc Test to Determine 
Significant Differences for Smoking Status and by Combined Age Groups 
 
      HbAA  HbGA HbAA:HbGA 
Smoking Status  

    
 SHS NS 0.24* 0.11 0.13* 

 SHS Smoking  -0.40* -0.30* -0.09 
  NS Smoking -0.64* -0.41* -0.22* 

SHS: Secondhand smoking  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/ G Hb 
* for statistical significance at 0.01 
Estimates are differences in log means 
Tests are based on Bonferroni-corrected p-values 
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Table 13. 2003-04 Survey Cycle Weighted Descriptive Statistics of Blood 
Biomarker Data for Smoking Status and by Children Only  
 

  Weighted Mean  SE Weighted Geometric Mean (95% CI)  Sample Size (N) 
Smoking      

HbAA** NDa NDa NDa NDa 
HbGA* NDa NDa NDa NDa 

HbAA:HbGA NDa NDa NDa NDa 
SHS     

HbAA 67.6 3.4 64.6 (58.2, 71.7) 115 
HbGA 87 4.7 81.2 (72.5, 90.9) 116 

HbAA:HbGA 0.9 0 0.8 (0.8, 0.9) 112 
Non-smoking     

HbAA 60.1 1.4 57.1 (54.7, 59.5) 633 
HbGA 79.3 2.3 72.6 (69.2, 76.2) 644 

  HbAA:HbGA 1 0.1 0.8 (0.8, 0.8) 609 
an=4  
SHS: Secondhand smoking  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/ G Hb 
* At least one smoking group is statistically significantly different (P<0.05) from the other  
**At least one smoking group is statistically significantly different (p<0.0001) from the other 
N* All data was reported separately for HbAA and HbGA and for the ratio only where both values 
were present  
 
 
Table 14. 2015-16 Survey Cycle Weighted Descriptive Statistics of Blood 
Biomarker Data for Smoking Status and by Children Only  
  

  Weighted Mean  SE Weighted Geometric Mean (95% CI)  Sample Size (N) 
Smoking      

HbAA* NDa NDa NDa NDa 
HbGA NDa NDa NDa NDa 

   HbAA:HbGA* NDa NDa NDa NDa 
SHS     

HbAA 46.7 1.7 45.8 (42.7, 49.2)  23 
HbGA 47.6 3.4 45.3 (38.8, 52.9) 23 

   HbAA:HbGA 1.1 0.1 1.0 (0.9, 1.2)  23 
Non-smoking     

HbAA 44.7 0.8 43.2 (42.0, 44.5) 285 
HbGA 48.8 0.9 46.7 (45.1, 48.5) 269 

    HbAA:HbGA 1 0 0.9 (0.9, 1.0)  266 
an=1 
SHS: Secondhand smoking  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/ G Hb 
* At least one smoking group is statistically significantly different (P<0.05) from the other  



 

43 
 

N* All data was reported separately for HbAA and HbGA and for the ratio only where both values 
were present  
 
 
 
Table 15. 2003-04 Survey Cycle Weighted Descriptive Statistics of Blood 
Biomarker Data for Smoking Status and by Adolescents Only  
 

  Weighted Mean  SE Weighted Geometric Mean (95% CI)  Sample Size (N) 
Smoking      

HbAA* 118.3 8.2 102.6 (88.7, 118.6) 240 
HbGA* 105.7 7.6 93.3 (81.0, 107.4) 248 

    HbAA:HbGA 1.3 0.1 1.1 (1.1, 1.2)  234 
SHS     

HbAA 62.1 2.7 58.1 (53.2, 63.5) 247 
HbGA 67.2 4.2 56.9 (47.3, 68.4) 251 

    HbAA:HbGA 1.8 0.6 1.1 (0.9, 1.3)  240 
Non-smoking     

HbAA 53.9 0.9 51.0 (49.4, 52.5) 1382 
HbGA 58.9 2.2 49.8 (46.6, 53.2) 1407 

HbAA:HbGA 1.6 0.2 1.0 (1.0, 1.1)  1323 
SHS: Secondhand smoking  
HbAA and HbGA are measured in pmoL/ G Hb 
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
*At least one smoking group is statistically significant different (p<0.0001) from the other  
N* All data was reported separately for HbAA and HbGA and for the ratio only where both values 
were present  
 
 
 
Table 16. 2003-04 Survey Cycle Estimates for Post-hoc Test to Determine 
Significant Differences Among Smoking Status by Adolescents Only  
 
      HbAA HbGA 
Smoking Status     
 SHS NS 0.13* 0.13* 

 SHS Smoking  -0.57* -0.49* 
  NS Smoking -0.70* -0.63* 

SHS: Secondhand smoking  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/G Hb 
* for statistical significance at 0.01  
Estimates are differences in log means 
Tests are based on Bonferroni-corrected p-values  
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Table 17. 2015-16 Survey Cycle Weighted Descriptive Statistics of Blood 
Biomarker Data for Smoking Status and by Adolescents Only  
 

  Weighted Mean  SE Weighted Geometric Mean (95% CI)  Sample Size (N) 
Smoking       

HbAA** 113.4 31.5 78.7 (47.2, 131.0) 25 
HbGA** 80.9 20.2 60.4 (38.6, 94.5)  26 

HbAA:HbGA* 1.3 0  1.3 (1.2, 1.3)  25 
SHS      

HbAA 68.7 16.6 55.2 (37.6, 81.0) 29 
HbGA 53.5 11.1 43.5 (31.5, 60.1) 30 

HbAA:HbGA 1.3 0.1 1.3 (1.2, 1.4)  28 
Non-smoking      

HbAA 41.8 0.8 39.8 (38.2, 41.4)  306 
HbGA 37.7 1.1 35.2 (33.0, 37.4)  281 

HbAA:HbGA 1.2 0 1.1 (1.1, 1.2) 278 
SHS: Secondhand smoking  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/ G Hb 
*At least one smoking group is statistically significantly different (p<0.05) from the other 
**At least one smoking group is statistically significantly different (p<0.0001) from the other  
N* All data was reported separately for HbAA and HbGA and for the ratio only where both values 
were present  
 
 
Table 18. 2015-16 Survey Cycle Estimates For Post-hoc Test to Determine 
Significant Differences Among Smoking Status and By Adolescents Only  
 
      HbAA  HbGA  
Smoking Status     
 SHS NS 0.33** 0.21 

 SHS Smoking -0.35** -0.33* 
  NS Smoking -0.68** -0.54** 
SHS: Secondhand smoking  
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
*,** for statistical significance at 0.05, 0.01 
respectively 
Estimates are differences in log means                        
HbAA and HbGA are measured in pmoL/ G Hb 
Tests are based on Bonferroni-corrected p-values 
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Table 19. Summary Of Unpaired T-tests Comparing HbAA Across Survey 
Cycles for All Smoking Categories and Separated by Age Groups  
 

  Survey Cycle Geometric Means (95% CI) Sample Size (N) 
All Smoking Categories by Age Group       

Combined Age Groups    
 2003-04 57.9 (55.7, 60.1) 2658 

 2015-16 42.8 (41.4, 44.2) 688 
T-Statistic 22.72   

P-Value <0.0001   
Children 

 
   

2003-04 58.6 (56.2, 61.1) 769  
2015-16 43.2 (41.8, 44.5) 323 

T-Statistic 17.6   
P-value <0.0001 

 
 

Adolescents     
2003-04 57.4 (54.6, 60.4) 1889 

 2015-16 42.5 (40.3, 44.78) 365 
T-Statistic 16.3   

P-value <0.0001     
HbAA: Hemoglobin-acrylamide adduct 
HbAA is measured in pmoL/ G Hb 
 

Table 20. Summary of Unpaired T-tests Comparing HbGA Across Survey 
Cycles for all Smoking Categories and Separated by Age Groups  
 

  Survey Cycle Geometric Means (95% CI) Sample Size (N) 
All Smoking Categories by Age Group       

Combined Age Groups      

 2003-04 
 

62.24 (59.18, 65.45) 2715  
 2015-16 40.76 (39.15, 42.43) 644  

                              T-Statistic 22.29    
                           P-value  <0.0001     
Children 

 
     

2003-04 74.2 (70.6, 78.1) 784   
2015-16 46.6 (44.9, 48.4) 303  

            T-Statistic 19.8    
                           P-value  <0.0001 

 
  

Adolescents        
2003-04 55.7 (51.6, 60.0) 1931  

 2015-16 37.3 (34.8, 39.8) 341  
            T-Statistic 15.55    

        P-value  <0.0001    
HbGA: Hemoglobin-glycidamide adduct 
HbGA is measured in pmoL/ G Hb 
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Table 21. Summary Unpaired T-tests Comparing HbAA:HbGA Across Survey 
Cycles for all Smoking Categories and Separated by Age Groups  
  

  Survey Cycle Geometric Means (95% CI) Sample Size (N) 
All Smoking Categories by Age Group      

Combined Age Groups     2003-04 1.1 (1.1, 1.2) 2559 

 2015-16 1.3 (1.2, 1.4) 635 
T-Statistic -8.03   

P-value  <0.0001   
Children     

 2003-04 0.8 (0.8, 0.8) 742 
 2015-16 0.9 (0.9, 1.0) 300 

T-Statistic -8.38   
P-value  <0.0001   

Adolescents    
 2003-04 1.1 (1.0, 1.1) 1817 

 2015-16 1.2 (1.1, 1.2) 335 
T-Statistic -4.92   

P-value  <0.0001     
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/ G Hb 
 
 
Table 22. Summary of Unpaired T-tests Comparing HbAA Across Survey 
Cycles for Nonsmoking Status and Separated by Age Groups  
 

  Survey Cycle Geometric Means (95% CI) Sample Size (N) 
Nonsmoking Status by Age Group      

Combined Age Groups      2003-04 53.4 (52.0, 54.9) 2015 
 2015-16 41.2 (40.2, 42.2) 591 
           T-Statistic 21.3   
              P-value  <0.0001   

Children      2003-04 57.1 (54.7, 59.5) 633 
 2015-16 43.2 (42.0, 44.5) 285 

T-Statistic 14.8   
              P-value  <0.0001   

Adolescents    
 2003-04 51.0 (49.4, 52.5) 1382 

 2015-16 43.2 (42.0, 44.5) 306 
T-Statistic 15.6   

              P-value  <0.0001     
HbAA: Hemoglobin-acrylamide adduct 
HbAA is measured in pmoL/ G Hb 
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Table 23. Summary Unpaired T-tests Comparing HbGA Across Survey Cycles 
for Nonsmoking Status and Separated by Age Groups  
 

  Survey Cycle Geometric Means (95% CI) Sample Size (N) 
All Smoking Categories by Age Group       

Combined Age Groups        2003-04 58.3 (55.9, 60.8) 2051 
 2015-16 39.6 (38.2, 41.0) 550 

T-Statistic 18.82   
P-value  <0.0001   

Children     
 2003-04 72.6 (69.2, 76.2) 644 
 2015-16 46.7 (45.1, 48.4) 269 

T-Statistic 17.27   
P-value  <0.0001   

Adolescents    
 2003-04 49.8 (46.6, 53.2) 1407 
 2015-16 35.2 (33.0, 37.4) 281 

T-Statistic 12.63   
P-value  <0.0001     

HbGA: Hemoglobin-glycidamide adduct 
HbGA is measured in pmoL/ Hb 

 

Table 24. Summary Unpaired T-tests Comparing HbAA:HbGA Across Survey 
Cycles by Nonsmoking Status and Separated by Age Groups  
 

  Survey Cycle Geometric Means (95% CI) Sample Size (N) 
Nonsmoking Status by Age Group      

Combined Age Groups       2003-04 0.9 (0.9, 1.0)  1932 
 2015-16 1.0 (1.0, 1.1)  544 

T-Statistic -7.27   
P-value  <0.0001   

Children      2003-04 0.8 (0.8, 0.8)  609 
 2015-16 0.9 (0.9, 1.0)  266 

T-Statistic -7.24   
P-value  <0.0001   

Adolescents    
 2003-04 1.0 (1.0, 1.1)  1323 

 2015-16 1.1 (1.1, 1.2)  278 
T-Statistic -4.24   

P-value  <0.0001     
HbAA: Hemoglobin-acrylamide adduct 
HbGA: Hemoglobin-glycidamide adduct 
HbAA and HbGA are measured in pmoL/ G Hb 
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4.3 Aim 3  

Aim 3: To examine the determinants of each acrylamide biomarkers, in each survey 
separately, in non-smokers only.  
 
Univariate regressions were conducted for HbAA, HbGA, and HbAA:HbGA for each 

demographic variable separately, in each survey cycle separately, and for non-

smokers only. All age groups were analyzed together, and then separated by age 

group (children only vs. adolescents only). Variables examined include race, sex, and 

PIR. The tables can be found in the appendices. A multivariate regression model was 

then built, and results are presented in Table 25-27. 

 

Table 25. Nonsmoking Multivariate Regressions for HbAA Exposure by Age 
Categories and Demographic Controls by Year  
 

NHB: Non-Hispanic Blacks 
PIR: Poverty-to-income ratio  
Reference groups were defined as NHW, male, and above* poverty 
NHW: Non-Hispanic Whites  
Regression Coefficients presented with standard errors in parentheses 
*, ** for statistical significance at 0.05, 0.01 respectively 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cohorts  Significant Variables Nonsignificant variables N R2 
0304 All Ages  Age (-0.02**) Sex, Ethnicity, PIR 2015 0.04 
0304 Children  Age (-0.02*) Sex, Ethnicity, PIR 633 0.01 
0304 Adolescents  Age (-0.01*) Sex, Ethnicity, PIR 1382 0.02 
1516 All Ages  Age (-0.01*) Sex, Ethnicity, PIR 591 0.03 
1516 Children  NHB (0.12*) Age, Sex, PIR 285 0.05 
1516 Adolescents    Age, Sex, Ethnicity, PIR 306 0.02 
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Table 26.  Nonsmoking Multivariate Regressions for HbGA Exposure  
by Age Categories and Demographic Controls by Year  
 

Cohorts Significant Variables Nonsignificant variables N R2 

0304 all Ages 

Age (-0.05**), Sex 
(0.08*), NHB  

(-0.16**), Others  
(-0.18*) 

PIR 2015 0.09 

0304 Children Age (-0.03**), NHB  
(-0.23**) Sex, PIR 644 0.06 

0304 Adolescents Sex (0.17**), NHB  
(-0.11*), Others (-0.27) Age, PIR 1407 0.03 

1516 All Ages Age (-0.04**), NHB  
(-0.17**) Sex, PIR 550 0.18 

1516 Children Age (-0.04**), NHB  
(-0.13*) Sex, PIR 269 0.09 

1516 Adolescents NHB (-0.16*) Age, Sex, PIR 281 0.05 
NHB: Non-Hispanic Blacks 
PIR: Poverty-to-income ratio  
Reference groups were defined as NHW, male, and above* poverty 
NHW: Non-Hispanic Whites  
Reference groups were defined as NHW, male, unknown poverty 
Regression Coefficients presented with standard errors in parentheses 
*, ** for statistical significance at 0.05, 0.01 respectively 
 
 
 
Table 27. Nonsmoking Multivariate Regressions for HbAA:HbGA Exposure  
by Age Categories and Demographic Controls by Year   

 
Cohorts  Significant Variables  Nonsignificant variables  N R2 

0304 All Ages  Age (0.03**), NHB 
(0.16**), Others (0.15*)  Sex, PIR 193

2 0.06 

0304 Children  NHB (0.22**) Age, Sex, PIR 609 0.06 

0304 Adolescents  Sex (-0.12*), NHB 
(0.11*) Age, PIR 132

3 0.02 

1516 All Ages  Age (0.03**), NHB 
(0.17**) Sex, PIR 544 0.21 

1516 Children  

Age (0.03**), Sex 
(0.10**), Hispanic 

(0.09**), NHB (0.24**), 
Others (0.07*), Above 

Poverty (0.07**) 

  266 0.21 

1516 Adolescents  NHB (0.12*) Age, Sex, PIR 278 0.06 
PIR: Poverty-to-income ratio  
Reference groups were defined as NHW, male, and above* poverty 
NHW: Non-Hispanic Whites  
Reference groups were defined as NHW, male, unknown poverty 
Regression Coefficients presented with standard errors in parentheses 
*, ** for statistical significance at 0.05, 0.01 respectively  
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Chapter 5:  Results and Discussion 

 
5.1 Aim 1 

This aim is providing simple descriptive data of the two SCs, and subsequent aims 

will go into more statistical analyses. For combined age groups, GMs (95% CI) 

values for HbAA, HbGA, and cotinine were lower in 2015-16 SC (42.8 [41.4, 44.2] 

pmol/G Hb, 40.8 [39.2, 42.4] pmol/G Hb, 0.1 [0.04, 0.1] pmol/G Hb respectively) 

compared to the 2003-04 SC (57.9 [55.7, 60.1] pmol/G Hb, 62.2 [59.2, 65.5] pmol/G 

Hb, 0.2 [0.1, 0.3] pmol/G Hb respectively), suggesting a decline in AA and smoke 

exposure (Tables 2 and 3). These findings are consistent with published research that 

smoking and AA exposure from select foods have decreased for the U.S. population 

(WHO, 2011; U.S. FDA, 2016; Abt et al., 2019; Cornelius, 2020; CDC, 2023a). The 

GMs (95% CI) for HbAA:HbGA ratio increased by 10 % in 2015-16 compared to 

2003-04, suggesting that there was probably an increase in HbAA to HbGA. 

However, these observed changes may be due to the variability in biotransformation 

of AA among individuals in the two studies.  

 

Statistically significant differences in the GMs (95% CI) for HbAA (p=0.02), HbGA 

(p<0.0001), and HbAA:HbGA (p<0.0001) for the 2003-04 SC were observed by 

race/ethnicity (Table 4). A Bonferroni post-hoc test for this SC revealed that 

Hispanics had 19% higher HbGA concentration, and a 22% lower HbAA:HbGA ratio 

than NHB (p≤0.01) (Table 5). NHW had 19% greater HbGA and a 18% lower 

HbAA:HbGA than NHB (p≤0.01). Lastly, NHB had 4% less HbGA than Others 
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(p≤0.05). For 2015-16, only significant differences in race/ethnicity were found for 

the HbAA:HbGA ratio (p<0.0001) (Table 7). Furthermore, a Bonferroni post-hoc test 

revealed differences among racial groups; Hispanics had 16% less HbAA:HbGA than 

NHB (p≤0.01). NHW had 18% less HbAA:HbGA than NHB (p≤0.01) (Table 8). 

Additionally, NHB had 15% more HbAA:HbGA than Others (p≤0.01).  

 

Differences in HbAA for race have been similarly reported in previous research and 

may be explained by food consumption patterns influenced by culture, and 

differences in HbGA and HbAA:HbGA may be indicative of variability in 

polymorphisms of genes for CYP2E1 or of the genes for glutathione S-transferase, 

which are involved in phase II detoxification of AA and GA (Garte et al., 2001; 

Paullson et al., 2005; Vesper et al., 2010).  

 

For 2003-04, only HbAA was significantly different for income categories 

(p=0.0007) (Table 4); upon running the Bonferroni post-hoc test, those above poverty 

had 6% less HbAA than those below poverty (p≤ 0.01) (Table 6). Potential 

differences in AA exposure by PIR may be explained by consumption patterns that 

are driven by SES; low-income households consume less refined grains and less 

fruits, vegetables, and wholegrains (Pechey et al., 2016). Additionally, smoking is 

also driven by SES, with lower income individuals having higher rates of smoking 

(Garrett et al., 2019).  For this thesis, the 2015-16 SC did not reveal a statistically 

significant difference between PIR classifications for HbAA, HbGA or 



 

52 
 

HbAA:HbGA, and therefore this variable may not significantly influence AA 

outcomes for this study population (Table 7).  

 

In the 2003-04 SC no significant differences were found by sex (Table 4). However, 

for the 2015-16 SC, HbAA GMs (95% CI) values for males (44.1[41.3, 47.0] pmol/G 

Hb) were significantly higher compared to females (41.4 [40.1, 42.8] pmol/G Hb) 

(p=0.03) (Table 10). Furthermore, HbGA GM (95% CI) values were also 

significantly higher for males (42.4 [39.2, 45.7] pmol/G Hb)) compared to females 

(39.2 [37.6, 40.8] pmol/G Hb) (p=0.02) (Table 7). Although no particular research 

has determined that health disparities or genetic variations exist among AA exposure 

by sex, there have been multiple studies that have found differences in AA and GA 

exposure for this variable; specifically men tending to have higher AA exposure and 

women having higher GA and HbAA:HbGA (Vesper at al., 2010; Duke al., 2017; 

Huang et al., 2018a; Guo et al., 2017; Li et al., 2021). However, there is variability 

among these studies and therefore more research is needed.  

 

For age group, a t-test was also conducted for both SCs: For the 2003-04, children 

had significantly higher HbGA GMs (95% CI) (74.2 [70.6, 78.1] pmol/G Hb) than 

adolescents (55.7[51.6, 60.0] pmol/G Hb) (p <.0001) (Table 4). HbAA:HbGA ratios 

was also significantly higher in 2003-04 SC for adolescents (1.1 [1.0, 1.1] pmol/G 

Hb) compared to children (0.8 [0.8, 0.8] pmol/G Hb) (p<0.0001).  For 2015-16 SC, 

children (46.6 [44.9, 48.4] pmol/G Hb) had significantly higher HbGA levels than 

adolescents (37.3 [34.8, 39.9] pmol/G Hb) (p<0.0001) (Table 7). Additionally, 
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HbAA:HbGA ratios were also significantly higher in this SC for adolescents (1.2 

[1.1, 1.2] pmol/G Hb) compared to children (0.9 [0.9, 1.0] pmol/G Hb) (p<0.001).  

These findings suggest that children are producing more GA than adolescents, and 

this could be due to a greater capacity to use the GA-forming pathway in children 

compared to adolescents. This is concerning because of GA’s more pronounced DNA 

reactivity and adduct-forming abilities compared to AA (Barber et al., 2001).  

 

5.2 Aim 2  

As seen in Tables 9 and 10, for combined age groups, the HbAA GMs (95% CI) 

decreased in smoking, SHS, and non-smoking in 2015-16 (77.9 [47.6, 127.5] pmol/G 

Hb, 52.1 [39.6, 68.6] pmol/G Hb, 41.2 [40.2, 42.2] pmol/G Hb respectively) 

compared to 2003-04 (101.6 [88.6, 116.6] pmol/G Hb, 60.9 [56.2, 66.1] pmol/G Hb, 

53.4 [52.0, 54.9] respectively). The HbGA GM (95% CI) also decreased in smoking, 

SHS, and non-smoking in 2015-16 (59.6 [38.7, 91.7] pmol/G Hb, 44.0 [35.0, 55.3] 

pmol/G Hb, 39.6 [38.2, 41.0] pmol/G Hb respectively) compared to 2003-04 (92.6 

[81.3,105.6], 66.8 [58.8, 75.9], 58.3 [55.9, 60.8] pmol/G Hb respectively). These 

findings are also consistent with previous research discussed in this thesis suggesting 

that AA has decreased because of a decrease in smoking, as well as consumption of 

AA-rich foods (WHO, 2011; U.S. FDA, 2016; Abt et al., 2019; Cornelius, 2020; 

CDC, 2023a). Furthermore, there appeared to be an increase in the HbAA:HbGA 

ratio GMs (95% CI) for smoking, SHS, and non-smoking in 2015-16 (1.3 [1.2, 1.4] 

pmol/G Hb, 1.2 [1.1, 1.3] pmol/G Hb, 1.1 [1.0, 1.1] pmol/G Hb respectively) 

compared to 2003-04 (1.1 [1.1, 1.2] pmol/G Hb, 0.9 [0.8, 1.1] pmol/G Hb, 0.9 [0.9, 
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2.0] pmol/G Hb respectively) suggesting more HbAA is produced in the body than 

HbGA in the most recent SC compared to 2003-04. Currently, there is no research to 

suggest biotransformation of AA could be changing so more studies are needed to 

conclude.  

 

Additionally, Tables 9 and 10, show that at least one smoking group was significantly 

different for HbAA, HbGA, and HbAA:HbGA in both SCs (p<0.001); in 2003-04, 

SHS had 13% more HbAA and 14% more HbGA than non-smokers; SHS had 51% 

less HbAA, 33% less HbGA, and 16% less HbAA:HbGA than smokers; Non-

smokers had 64% less HbAA, 46% less HbGA, and 18% less HbAA:HbGA than 

smokers (Table 11). For 2015-16, SHS had 24% more HbAA, and 13% more 

HbAA:HbGA than NS; SHS had 40% less HbAA, 30% less HbAA, and 9% less 

HbAA:HbGA than smokers; NS had 64% less HbAA, 41% less HbGA, and 22% less 

HbAA:HbGA than smokers (Table 12). These differences in AA exposure by 

smoking status showcase the importance of reducing smoke exposure to also decrease 

AA exposure and the harmful effects associated with this chemical.  

 

For children, the GMs (95% CI) of HbAA and HbGA for SHS and non-smoking were 

45.8 [42.7, 49.2] pmol/G Hb, 45.3 [38.8, 52.9] pmol/G Hb respectively for 2015-16 

compared to 64.6 [58.2, 71.7] pmol/G Hb, 81.2 [72.5, 90.9] pmol/G Hb respectively 

in 2003-04 (Tables 13 and 14), suggesting a decline, which is also consistent with 

literature that AA has decreased due to both smoking and diet (WHO, 2011; Abt et 

al., 2019; U.S. FDA, 2016; Cornelius, 2020; CDC, 2023a). However, there was a 



 

55 
 

slight increase in the HbAA:HbGA ratio GMs (95% CI) for SHS and NS groups in 

2015-16 (1.0 [0.9, 1.2] pmol/G Hb, 0.9 (0.9, 1.0) pmol/G Hb respectively) compared 

to 2003-04 (0.8 [0.8, 0.9] pmol/G Hb, 0.8 [0.8, 0.8] pmol/G Hb respectively).  

 

Additionally, an unpaired t-test revealed a significant difference in SHS and non-

smoking categories for HbAA (p<0.0001) and HbGA (p<0.05), but not for 

HbAA:HbGA in the 2003-04 SC (Table 13). In the 2015-16 SC, there was only a 

statistically significant difference among SHS and NS for HbAA (p<0.05), but not for 

HbGA, and HbAA:HbGA (Table 14). These findings suggest that the method used to 

classify participants by smoking status is not as pronounced for this study population 

and findings should be carefully interpreted.  

 

For the adolescent’s smoking category, there was a decrease in the GMs (95% CI) of 

HbAA and HbGA in 2015-16 (78.7 [47.2, 131.0] pmol/G Hb, 60.4 [38.6, 94.5] 

pmol/G Hb respectively) compared to 2003-04 (102.6 [88.7, 118.6] pmol/G Hb, 93.3 

[81.0, 107.4] pmol/G Hb respectively) (Table 17 and 15 respectively). HbAA and 

HbGA GMs (95% CI) also decreased in 2015-16 for SHS (55.2 [37.6, 81.0] pmol/G 

Hb, 43.5 [31.5, 60.1] pmol/G Hb respectively) compared to 2003-04 (58.1[53.2, 63.5] 

pmol/G Hb, 56.9 [47.3, 68.4] pmol/G Hb respectively). Lastly, HbAA and HbGA 

GMs (95% CI) decreased in 2015-16 for NS (39.8 [38.2, 41.4] pmol/G Hb, 35.2 

[33.0, 37.4] pmol/G Hb respectively) compared to 2003-04 SC (51.0 [49.4, 52.5] 

pmol/G Hb, 49.8 [46.6, 53.2] pmol/G Hb respectively).  
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Furthermore, for the 2003-04 SC, an ANOVA revealed a significant difference in at 

least one smoking category for both HbAA and HbGA (p<0.0001) (Table 15). A 

Bonferroni post-hoc test found that for the 2003-04 SC, SHS had 13% more HbAA 

and HbGA than NS (Table 16); SHS had 57% less HbAA and 49% less HbGA than 

smokers; and NS had 70% less HbAA and 63% less HbGA than smokers. These 

findings were expected given that smoking is known to increase AA exposure.  

 

For the 2015-16 SC, an ANOVA also confirmed significant differences in at least one 

smoking category for both HbAA and HbGA (p<0.0001) (Table 17); SHS had 33% 

more HbAA than NS; SHS had 35% less HbAA and 33% less HbGA than smokers; 

and NS had 68% less HbAA and 54% less HbGA than smokers (Table 18).  

 

Tables 19 and 20 confirmed a significant decrease of HbAA and HbGA for all 

smoking categories in combined age groups, children separately, and adolescents 

separately in 2015-16 SC compared to 2003-04 SC via an unpaired t-test (p<0.0001). 

These findings are consistent with current research suggesting that AA exposure has 

decreased in the U.S. population due to a decrease in concentration of exposure from 

select food sources and a decrease in smoking (WHO, 2011; U.S. FDA, 2016; Abt et 

al., 2019; Cornelius, 2020; CDC, 2023a). For NS, a significant decrease was also 

observed for HbAA and HbGA in the 2015-16 unpaired t-test compared to 2003-04 

(p<0.0001) (Tables 22 and 23). These findings also support the current research that 

AA has been decreasing due to dietary changes for the U.S. population due to robust 

campaigns aimed at food manufacturers and consumers to prevent the development of 
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AA in foods (Abt et al., 2019; U.S. FDA, 2016; Cornelius, 2020). Additionally, a 

statistically significant increase in HbAA:HbGA (p<0.0001) was also observed for all 

smoking and NS categories in combined age groups, children separately, and 

adolescents separately in 2015-16 compared to the 2003-04 SC (p<0.001) (Table 21 

and 23). These findings call for more research as no studies have been published to 

explore and suggest emerging biological changes in humans for AA 

biotransformation.  

 

5.3 Aim 3  

For the univariate regression analysis, HbAA was not greatly influenced by the 

demographic variables of interest (Tables A1-A3). For HbGA, there were more 

demographic variables that appeared to significantly influence exposure.  However, 

the r2 values were relatively low, even among statistically significant variables. As 

seen in Table 25, the most common significant variable among nonsmokers’ HbAA 

exposure for both SCs was age; for all ages in 2003-04 SC, HbAA decreased by 2% 

as age increased (p≤0.01); for 2003-04 children in 2003-04 SC, HbAA decreased by 

2% as age increased (p≤0.05); for 2003-04 adolescents, HbAA decreased by 1% as 

age increased (p≤0.05); for all ages in 2015-16, HbAA decreased by 1% as age 

increased (p≤0.05).  For HbGA, a similar trend was observed (Table 26); for all ages 

in 2003-04 SC, HbGA decreased by 5% as age increased (p≤0.01); for children in 

2003-04 SC, HbGA decreased by 3% as age increased (p≤0.01); for all ages in 2015-

16 SC, HbGA decreased by 4% as age increased (p≤0.01); for children HbGA 

decreased by 4% as age increased (p≤0.01). The HbAA:HbGA ratio in 2003-04 SC 
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increased by 3% (p≤0.01) with increasing age for all ages; for 2015-16 SC, it also 

increased by 3% with increasing age for all ages and children (p≤0.01). Age appears 

to have the most influence on AA exposure outcomes; this finding is also aligned 

with previous research that children have higher exposure to AA through diet and 

when expressed on a bodyweight basis (Gibbs et al., 1997; Cengiz & Gündüz, 2013; 

Von Mühlendahl & Otto, 2003). However, the relationship between age and 

biomarker levels is commonly significant but weak in this study, given the r2 values.  

 

Race/ethnicity was another variable that appeared to, at times, influence exposure, 

particularly for NHB participants; in 2015-16 SC, NHB children had 12% more AA 

than NHW (p≤0.01) (Table 25). For HbGA, NHB had 16% less than NHW in 2003-

04 SC (p≤0.01) (Table 26); NHB children in 2003-04 SC had 23% less HbGA than 

NHW (p≤0.01); NHB adolescents had 11% less HbGA than NHW (p≤0.05); for all 

ages in 2015-16 SC, NHB had 4% less HbGA than NHW (p≤0.01); NHB children 

had 4% less HbGA than NHW (p≤0.05) in 2015-16 SC; and NHB adolescents had 

16% less HbGA than NHW (p≤0.05). For HbAA:HbGA, NHB appeared to 

commonly have higher ratios than NHW (Table 27). In the 2003-04 SC, NHB had 

16% higher HbAA:HbGA ratios than NHW for all ages (p≤0.01); NHB children also 

had 22% higher HbAA:HbGA ratios than NHW (p≤0.01); NHB adolescents also had 

11% higher HbAA:HbGA ratios than NHW (p≤0.05); NHB had 17% higher 

HbAA:HbGA ratios than NHW (p≤0.01) for 2015-16 SC all ages; and lastly, NHB 

children had 24% higher HbAA:HbGA ratios than NHW (p≤0.01) in the 2015-16 SC. 

These findings suggest potential differences in biotransformation of AA by 
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race/ethnicity, which have been studied before; the frequency of GSTM1 null 

individuals is higher in Caucasians and Asians (42–60%) than in Africans (16–36%) 

(Garte et al., 2001). The GSTM1 enzyme metabolizes epoxides, and is expressed in 

many organs, such as the liver, testis, adrenals, and white blood cells (Paullson et al., 

2005).  

 

Overall, demographic variables do not appear to significantly influence HbAA 

exposure, except for age, where younger ages appear to have more AA exposure 

compared to older ages, even when controlling for smoking. However, HbAA 

exposure appears to be driven mostly by diet and smoking habits. The variability in 

findings for HbGA and HbAA:HbGA among groups are consistent with previous 

research studies that suggest interindividual differences, rather than demographics, 

drives exposure outcomes. In conclusion, AA exposure in the U.S. population has 

decreased from 2015-16 compared to 2003-04, and this can be attributed to a decrease 

in smoking and education about AA in food since its discovery in food in 2002.  

 

5.4 Overall Conclusions  

Overall, combined age groups, children, and adolescents experienced a decline in 

HbAA GMs (95% CI) in 2015-16 (42.8 [41.4, 44.2] pmol/G Hb; 43.2 [41.8, 44.5] 

pmol/G Hb; 42.5 [40.3, 44.78] pmol/G Hb respectively) compared to 2003-04 (57.9 

[55.7, 60.1] pmol/G Hb; 58.6 [56.2, 61.1] pmol/G Hb; 57.4 [54.6, 60.4] pmol/G Hb 

respectively) (p<0.0001). These findings are consistent with current research 

suggesting that AA exposure has decreased in the U.S. population due to a decrease 



 

60 
 

in concentration of exposure from select food sources and a decrease in smoking. For 

the non-smoking groups, a significant decrease in HbAA GM (95% CI) was also 

observed for combined age groups, children, and adolescents in 2015-16 (41.2 [40.2, 

42.2] pmol/G Hb; 43.2 [42.0, 44.5] pmol/G Hb; 43.2 [42.0, 44.5] pmol/G Hb; 

compared to 2003-04 (53.4 [52.0, 54.9] pmol/G Hb; 57.1 [54.7, 59.5] pmol/G Hb; 

51.0 [49.4, 52.5] pmol/G Hb) (p<0.0001). These findings also support the current 

research that AA has been decreasing due to dietary changes for the U.S. population.  

 

Additionally, a statistically significant increase in HbAA:HbGA (p<0.0001) was also 

observed for all smoking and NS categories in combined age groups, children 

separately, and adolescents separately in 2015-16 compared to the 2003-04 SC 

(p<0.001). No studies have been published to explore and suggest emerging 

biological changes in AA biotransformation, therefore more research is needed. 

However, there was a significant difference (p=0.001) in non-smoking children (0.8 

[0.8, 0.8] pmol/G Hb at 2003-04 and (0.9 [0.9, 1.0] pmol/G Hb at 2015-16 versus 

adolescents (1.0 [1.0, 1.1] pmol/G Hb at 2003-04 and (1.1 [1.0, 1.2] pmol/G Hb at 

2015-16, respectively, suggesting children may be at greater risk to health effects 

associated with AA exposure compared to adolescents. Furthermore, higher levels of 

HbAA and HbGA were observed in children compared to adolescents at both time 

points, despite smoking being far less frequent, highlighting the role of diet. In a 

multivariate regression analysis of non-smokers only, age and race significantly 

contributed to the HbAA biomarker levels, with higher HbAA in younger age groups 

and in non-Hispanic black populations, highlighting a disparity in exposure pattern. 
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In conclusion, AA exposure appears to have reduced from 2003-04 to 2015-16; the 

reduction is driven by both changes in smoking and diet. The young and non-

Hispanic blacks remain at highest risk of exposure and potential health effects from 

exposure to AA. 

 

5.5 Strengths and Weaknesses  

This thesis contributed to AA research by updating current literature and filling in 

gaps in knowledge regarding the two SC comparisons. This was accomplished by 

using the most up-to-date data SC to analyze if AA exposure levels have changed for 

children and adolescents since the chemical’s discovery in foods in 2002. This is 

critical because these findings measured the success of reducing AA exposure among 

this vulnerable population, along with determining areas of improvement. These 

findings may guide public health researchers and government agencies in future 

studies, policy making, and targeted outreach efforts for populations at highest risk.  

Additionally, the use of blood biomarkers (HbAA, HbGA, and cotinine) were a 

strength of this study because HbAA and HbGA measure long-term exposure, and 

cotinine is an objective marker of smoking status.   

 

Weaknesses of this paper include the small sample sizes from the 2015-2016 SC that 

only surveyed a small population of people for the AA biomarkers, although 

NHANES provided a special survey weight to allow for the calculation of population 

estimates. Additionally, this thesis has omitted variable bias caused by the lack of 
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dietary data, occupational, and environmental exposure data, which can all serve as 

confounders and/or effect modifiers.  

 

Another weakness of this paper is the lack of a robust imputation methodology, which 

would require a detailed understanding of the paradata associated with the survey. 

The strategy implemented in this study assumes that the missingness in AA and GA 

values is random and therefore does not bias the estimation. However, a more 

detailed look at the missing values would be necessary to make this claim with 

certainty. As discussed in the study, non-response bias from missing data is an 

important source of survey error and should be carefully considered (NHANES, 

2018).   

 

Lastly, collapsing Mexican Americans with Other Hispanics to create the Hispanic 

category introduces bias in that this category is very broad; Mexican Americans and 

Other Hispanics’ food consumption patterns vary greatly. Cuisine for these 

racial/ethnic groups is influenced by regional origin, as well as other racial/ethnic 

backgrounds, such as African, European, Indigenous, and Asian heritage, and/or as a 

blend of two or more of these races. Additionally, the “Other” category presented by 

NHANES, which comprises Asians and multiracial individuals, who are also of a 

diverse ethnic background, is too broad as well; lack of distinctions among these 

groups decreases the reliability of the results. Lastly, the classification of PIR is 

problematic because the below and above poverty categories are too broad. 

Researchers may benefit from creating more subcategories.  
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Appendices 

 
Table A1. Nonsmoking Univariate Regressions for HbAA Exposure by Age 
Categories and by Year  
 
Cohorts  Significant  Nonsignificant    N 
AA 0304 All Ages     

Gender   0.2382 2015 
Race/ethnicity   0.6642 2015 

Age 0.0001  2015 
Poverty  0.1477 2015 

AA 0304 Children     
Gender   0.7764 633 

Race/ethnicity   0.7912 633 
Age 0.0071  633 

Poverty  0.9320 633 
AA 0304 Adolescents     

Gender   0.1340 1382 
Race/ethnicity   0.6309 1382 

Age  0.0698 1382 
Poverty  0.2196 1382 

AA 1516 All Ages     
Gender   0.4557 591 

Race/ethnicity   0.4649 591 
Age 0.0110  591 

Poverty  0.9866 591 
AA 1516 Children     

Gender   0.3141 285 
Race/ethnicity   0.4674 285 

Age  0.1019 285 
Poverty  0.2966 285 

AA 1516 Adolescents     
Gender   0.0804 306 

Race/ethnicity   0.6575 306 
Age  0.4285 306 

Poverty  0.5743 306 
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Table A2. Nonsmoking Univariate Regressions for HbGA Exposure by Age 
Categories and by Year  
 
Cohorts  Significant Nonsignificant N 
GA 0304 All Ages      

Gender  0.0378  2051 
Race/ethnicity  0.0004  2051 

Age <0.0001  2051 
Poverty   0.1525 2051 

GA 0304 Children      
Gender    0.2148 644 

Race/ethnicity  0.003  644 
Age 0.0094  644 

Poverty   0.2586 644 
GA 0304 Adolescents      

Gender  0.0047  1407 
Race/ethnicity  0.0263  1407 

Age   0.4023 1407 
Poverty   0.3814 1407 

GA 1516 All Ages      
Gender    0.2752 550 

Race/ethnicity    0.619 550 
Age <.0001  550 

Poverty   0.6989 550 
GA 1516 Children      

Gender    0.2112 269 
            Race/ethnicity    0.9326 269 

Age 0.0004  269 
Poverty   0.2227 269 

GA 1516 Adolescents      
Gender    0.6059 281 

Race/ethnicity    0.7322 281 
Age   0.2497 281 

Poverty   0.2046 281 
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Table A3. Nonsmoking Univariate Regressions for HbAA:HbGA Exposure by 
Age Categories and by Year  
 
Cohorts  Significant Nonsignificant N 
AA:GA 0304 All Ages      

Gender    0.1995 1932 
Race/ethnicity  0.0009  1932 

Age <.0001  1932 
Poverty   0.2562 1932 

AA:GA 0304 Children       
Gender    0.2555 609 

Race/ethnicity  0.0063  609 
Age   0.0667 609 

Poverty   0.3948 609 
AA:GA 0304 Adolescents       

Gender  0.0198  1323 
Race/ethnicity  0.0133  1323 

Age   0.587 1323 
Poverty   0.6502 1323 

AA 1516 All Ages       
Gender    0.1839 544 

Race/ethnicity  0.0035  544 
Age <.0001  544 

Poverty   0.6756 544 
AA:GA 1516 Children       

Gender  0.0064  266 
Race/ethnicity    0.054 266 

Age 0.0044  266 
Poverty   0.9571 266 

AA:GA 1516 Adolescents       
Gender    0.5226 278 

Race/ethnicity    0.0619 278 
Age   0.3127 278 

Poverty 0.0226   278 
 

 
 
 
 
 



 

66 
 

Bibliography 

Abt, E., Robin, L. P., McGrath, S., Srinivasan, J., DiNovi, M., Adachi, Y., & Chirtel,  

S. (2019). Acrylamide levels and dietary exposure from foods in the united 

states, an update based on 2011-2015 data. Food Additives & Contaminants. 

Part a, Chemistry, Analysis, Control, Exposure & Risk Assessment, 36(10), 

1475–1490. https://doi.org/10.1080/19440049.2019.1637548 

Acrylamide. Environmental Protection Agency. (2010).  

https://cfpub.epa.gov/ncea/iris/iris_documents/documents/subst/0286_summar

y.pdf#nameddest=woe 

Amended final report on the safety assessment of polyacrylamide and  

acrylamide residues in cosmetics. (2005). International Journal of Toxicology, 

24 Suppl 2, 21–50. 

Amrein, T. M., Andres, L., Schönbächler Barbara, Conde-Petit Béatrice, Escher, F.,  

& Amadò Renato. (2005). Acrylamide in almond products. European Food 

Research and Technology, 221(1-2), 14–18. https://doi.org/10.1007/s00217-

005-1156-x 

Arribas-Lorenzo, G., & Morales, F. J. (2012). In Recent insights in acrylamide as  

carcinogen in foodstuffs. In J.C Fishbein (Ed), Advances in molecular 

toxicology. (Chapter 5, pp. 163–193). Elsevier Science & Technology. 

https://doi.org/10.1016/B978-0-444-59389-4.00005-7 

 

 

 

https://doi.org/10.1080/19440049.2019.1637548
https://doi.org/10.1007/s00217-005-1156-x
https://doi.org/10.1007/s00217-005-1156-x
https://doi.org/10.1016/B978-0-444-59389-4.00005-7


 

67 
 

Barber, D. S., Hunt, J. R., Ehrich, M. F., Lehning, E. J., & LoPachin, R. M. (2001).  

Metabolism, toxicokinetics and hemoglobin adduct formation in rats 

following subacute and subchronic acrylamide dosing. Neurotoxicology, 

22(3), 341–353. https://doi.org/10.1016/S0161-813X(01)00024-9 

Becalski, A., Lau, B. P.-Y., Lewis, D., & Seaman, S. W. (2003). Acrylamide in  

foods: Occurrence, sources, and modeling. Journal of Agricultural and Food 

Chemistry, 51(3), 802–8. https://doi.org/10.1021/jf020889y 

Becalski, A., Brady, B., Feng, S., Gauthier, B. R., & Zhao, T. (2011). Formation of  

acrylamide at temperatures lower than 100°C: the case of prunes and a model 

study. Food additives & contaminants. Part A, Chemistry, analysis, control, 

exposure & risk assessment, 28(6), 726–730.  

Benford, D., Bignami, M., Chipman, J. K., Ramos Bordajandi, L., & European Food  

Safety Authority (EFSA). (2022). Assessment of the genotoxicity of 

acrylamide. Efsa Journal. European Food Safety Authority, 20(5), 07293. 

https://doi.org/10.2903/j.efsa.2022.7293 

Boettcher, M. I., Bolt, H. M., Drexler, H., & Angerer Jürgen. (2006). Excretion of  

mercapturic acids of acrylamide and glycidamide in human urine after single 

oral administration of deuterium-labelled acrylamide. Archives of Toxicology, 

80(2), 55–61. https://doi.org/10.1007/s00204-005-0011-y 

Calleman, C. J. (1996). The metabolism and pharmacokinetics of acrylamide: 

implications for mechanisms of toxicity and human risk estimation. Drug 

Metabolism Reviews, 28(4), 527–90.  

https://doi.org/10.1016/S0161-813X(01)00024-9
https://doi.org/10.1021/jf020889y
https://doi.org/10.2903/j.efsa.2022.7293


 

68 
 

Camacho, L., Latendresse, J. R., Muskhelishvili, L., Patton, R., Bowyer, J. F., 

Thomas, M., & Doerge, D. R. (2012). Effects of acrylamide exposure on 

serum hormones, gene expression, cell proliferation, and histopathology in 

male reproductive tissues of fischer 344 rats. Toxicology Letters, 211(2), 135–

143. https://doi.org/10.1016/j.toxlet.2012.03.007 

Cengiz, M. F., & Gündüz, C. P. B. (2013). Acrylamide exposure among Turkish 

toddlers from selected cereal-based baby food samples. Food and Chemical 

Toxicology, 60, 514–519. https://doi.org/10.1016/j.fct.2013.08.018 

Centers for Disease Control and Prevention. (n.d.). NHANES questionnaires, 

datasets, and related documentation. Centers for Disease Control and 

Prevention. https://wwwn.cdc.gov/nchs/nhanes/Default.aspx  

Centers for Disease Control and Prevention. (2023a). Fast facts and fact sheets.  

https://www.cdc.gov/tobacco/data_statistics/fact_sheets/fast_facts/  

Centers for Disease Control and Prevention. (2023b). National Health and Nutrition 

Examination Survey (NHANES) - Health, United States. Centers for Disease 

Control and Prevention. https://www.cdc.gov/nchs/hus/sources-

definitions/nhanes.htm  

Cheang, I., Liao, S., Zhu, X., Lu, X., Zhu, Q., Yao, W., Zhou, Y., Zhang, H., & Li, X.  

(2021). Association of acrylamide hemoglobin biomarkers with serum lipid  

levels in general us population: nhanes 2013-2016. Ecotoxicology and  

Environmental Safety, 214, 112111–112111.  

https://doi.org/10.1016/j.ecoenv.2021.112111 

 

 

https://doi.org/10.1016/j.toxlet.2012.03.007
https://doi.org/10.1016/j.fct.2013.08.018
https://doi.org/10.1016/j.ecoenv.2021.112111


 

69 
 

Chu, P.-L., Liu, H.-S., Wang, C., & Lin, C.-Y. (2020). Association between  

acrylamide exposure and sex hormones in males: nhanes, 2003-2004. Plos 
One,  

15(6), 0234622.  

https://doi.org/10.1371/journal.pone.0234622 

Cornelius ME, Loretan CG, Wang TW, Jamal A, Homa DM. Tobacco Product Use 

Among Adults. (2020). MMWR Morb Mortal Wkly Rep 2022;71:397-405.  

Dixit, R., Mukhtar, H., Seth, P. K., & Murti, C. R. (1980). Binding of acrylamide  

with glutathione-s-transferases. Chemico-Biological Interactions, 32(3), 353–9. 

Duale, N., Bjellaas, T., Alexander, J., Becher, G., Haugen, M., Paulsen, J. E., 

Frandsen, H., Olesen, P. T., & Brunborg, G. (2009). Biomarkers of human 

exposure to acrylamide and relation to polymorphisms in metabolizing genes. 

Toxicological Sciences: An Official Journal of the Society of Toxicology, 

108(1), 90–9. https://doi.org/10.1093/toxsci/kfn269  

Duarte-Salles, T., von Stedingk, H., Granum, B., Gützkow, K. B., Rydberg, P., 

Törnqvist, M., Mendez, M. A., Brunborg, G., Brantsæter, A. L., Meltzer, H. M., 

Alexander, J., & Haugen, M. (2013). Dietary acrylamide intake during 

pregnancy and fetal growth-results from the norwegian mother and child cohort 

study (moba). Environmental Health Perspectives, 121(3), 374–9. 

https://doi.org/10.1289/ehp.1205396 

Duke, T. J., Ruestow, P. S., & Marsh, G. M. (2017). The influence of demographic, 

physical, behavioral, and dietary factors on hemoglobin adduct levels of 

acrylamide and glycidamide in the general U.S. population. Critical Reviews in 

https://doi.org/10.1289/ehp.1205396


 

70 
 

Food Science and Nutrition, 58(5), 700–710. 

https://doi.org/10.1080/10408398.2016.1215289  

Ferguson, C. S., Miksys, S., Palmour, R. M., & Tyndale, R. F. (2013). Ethanol self-

administration and nicotine treatment induce brain levels of cyp2b6 and cyp2e1 

in african green monkeys. Neuropharmacology, 72, 74–81. 

https://doi.org/10.1016/j.neuropharm.2013.04.022 

Fennell, T. R., Sumner, S. C., & Walker, V. E. (1992). A model for the formation and 

removal of hemoglobin adducts. Cancer Epidemiology, Biomarkers & 

Prevention: A Publication of the American Association for Cancer Research, 

Cosponsored by the American Society of Preventive Oncology, 1(3), 213–9. 

Fennell, T. R., Sumner, S. C. J., Snyder, R. W., Burgess, J., Spicer, R., Bridson, W. 

E., & Friedman, M. A. (2005). Metabolism and hemoglobin adduct formation 

of acrylamide in humans. Toxicological Sciences: An Official Journal of the 

Society of Toxicology, 85(1), 447–59. 

Ferrer-Aguirre, A., Romero-González Roberto, Vidal José Luis Martínez, & Frenich, 

A. G. (2016). Simple and fast determination of acrylamide and metabolites in 

potato chips and grilled asparagus by liquid chromatography coupled to mass 

spectrometry. Food Analytical Methods, 9(5), 1237–1245. 

https://doi.org/10.1007/s12161-015-0304-6 

Frantz, S. W., Dryzga , M. D., Freshour, N. L., & Watanabe , P. G. (1985). In Vivo/In 

Vitro Determination of Cutaneous Penetration of Residual Monomer from 

Polyacrylamides. The Toxicologist, and Official Publication of the Society of 

Toxicology, 5(39).  

https://doi.org/10.1016/j.neuropharm.2013.04.022


 

71 
 

Gamboa da Costa, G., Churchwell, M. I., Hamilton, L. P., Von Tungeln, L. S., 

Beland, F. A., Marques, M. M., & Doerge, D. R. (2003). Dna adduct formation 

from acrylamide via conversion to glycidamide in adult and neonatal mice. 

Chemical Research in Toxicology, 16(10), 1328–37. 

Garey, J., Ferguson, S. A., & Paule, M. G. (2005). Developmental and behavioral 

effects of acrylamide in fischer 344 rats. Neurotoxicology and Teratology, 

27(4), 553–63. 

Garrett, B. E., Martell, B. N., Caraballo, R. S., & King, B. A. (2019). Socioeconomic 

differences in cigarette smoking among sociodemographic groups. Centers for 

Disease Control and Prevention. Retrieved January 1, 2023, from 

https://www.cdc.gov/pcd/issues/2019/18_0553.htm  

Garte, S., Gaspari, L., Alexandrie, A. K., Ambrosone, C., Autrup, H., Autrup, J. L., 

Baranova, H., Bathum, L., Benhamou, S., Boffetta, P., Bouchardy, C., 

Breskvar, K., Brockmoller, J., Cascorbi, I., Clapper, M. L., Coutelle, C., Daly, 

A., Dell'Omo, M., Dolzan, V., Roelandt, L. (2001). Metabolic gene 

polymorphism frequencies in control populations. Cancer Epidemiology, 

Biomarkers & Prevention: A Publication of the American Association for 

Cancer Research, Cosponsored by the American Society of Preventive 

Oncology, 10(12), 1239–48. 

Gibbs, J. P., Murray, G., Risler, L., Chien, J. Y., Dev, R., & Slattery, J. T. (1997). 

Age-dependent tetrahydrothiophenium ion formation in young children and 

adults receiving high-dose busulfan. Cancer Research, 57(24), 5509–16. 



 

72 
 

U.S. Food and Drug Administration. (2016). Guidance for Industry; Acrylamide in 

Foods. https://www.fda.gov/media/87150/download 

Guo, J., Yu, D., Lv, N., Bai, R., Xu, C., Chen, G., & Cao, W. (2017). Relationships 

between acrylamide and glycidamide hemoglobin adduct levels and allergy-

related outcomes in general us population, NHANES 2005-2006. 

Environmental Pollution (Barking, Essex: 1987), 225, 506–513. 

https://doi.org/10.1016/j.envpol.2017.03.016 

Hagmar, L., Wirfält Elisabet, Paulsson, B., & Törnqvist Margareta. (2005).  

Differences in hemoglobin adduct levels of acrylamide in the general 

population with respect to dietary intake, smoking habits and gender. Mut.res. 

-Genetic Toxicology and Environmental Mutagenesis, 580(1), 157–165. 

https://doi.org/10.1016/j.mrgentox.2004.11.008  

Hansen, S. H., Pawlowicz, A. J., Kronberg, L., Gützkow, K. B., Olsen, A.-K., &  

Brunborg, G. (2018). Using the comet assay and lysis conditions to 

characterize dna lesions from the acrylamide metabolite glycidamide. 

Mutagenesis, 33(1), 31–39. https://doi.org/10.1093/mutage/gex036 

Hashimoto, K., & Aldridge, W. N. (1970). Biochemical studies on acrylamide, a 

neurotoxic agent. Biochemical Pharmacology, 19(9), 2591–2604. 

https://doi.org/10.1016/0006-2952(70)90009-2  

Huang, M., Jiao, J., Wang, J., Chen, X., & Zhang, Y. (2018a). Associations of 

hemoglobin biomarker levels of acrylamide and all-cause and cardiovascular 

disease mortality among u.s. adults: national health and nutrition examination 

https://doi.org/10.1093/mutage/gex036


 

73 
 

survey 2003-2006. Environmental Pollution, 238, 852–858. 

https://doi.org/10.1016/j.envpol.2018.03.109 

Huang, M., Jiao, J., Wang, J., Xia, Z., & Zhang, Y. (2018b). Exposure to acrylamide 

induces cardiac developmental toxicity in zebrafish during cardiogenesis. 

Environmental Pollution, 234, 656–666. 

https://doi.org/10.1016/j.envpol.2017.11.095  

Hukkanen, J., Jacob, P., Peng, M., Dempsey, D., & Benowitz, N. L. (2010). Effects of 

nicotine on cytochrome p450 2a6 and 2e1 activities. British Journal of 

Clinical Pharmacology, 69(2), 152–159. https://doi.org/10.1111/j.1365-

2125.2009.03568.x 

Ikeda, G. J., Miller, E., Sapienza, P. P., Michel, T. C., King, M. T., & Sager, A. O. 

(1985). Maternal-foetal distribution studies in late pregnancy. ii. distribution 

of [1- 14c] acrylamide in tissues of beagle dogs and miniature pigs. Food and 

Chemical Toxicology, 23(8), 757–761. https://doi.org/10.1016/0278-

6915(85)90271-6 

Jain, R. B. (2015a). Distributions of selected urinary metabolites of volatile organic 

compounds by age, gender, race/ethnicity, and smoking status in a 

representative sample of u.s. adults. Environmental Toxicology and 

Pharmacology, 40(2), 471–479. https://doi.org/10.1016/j.etap.2015.07.018 

Jain, R. B. (2015b). Levels of selected urinary metabolites of volatile organic 

compounds among children aged 6-11 years. Environmental Research, 142, 

461–470. https://doi.org/10.1016/j.envres.2015.07.023 

https://doi.org/10.1111/j.1365-2125.2009.03568.x
https://doi.org/10.1111/j.1365-2125.2009.03568.x
https://doi.org/10.1016/j.etap.2015.07.018
https://doi.org/10.1016/j.envres.2015.07.023


 

74 
 

Johnson, K. A., Gorzinski, S. J., Bodner, K. M., Campbell, R. A., Wolf, C. H., 

Friedman, M. A., & Mast, R. W. (1986). Chronic toxicity and oncogenicity 

study on acrylamide incorporated in the drinking water of fischer 344 

rats. Toxicology and Applied Pharmacology, 85(2), 154–68. 

Kadry, A. M., Friedman, M. A., & Abdel-Rahman, M. S. (1999). Pharmacokinetics of 

acrylamide after oral administration in male rats. Environmental Toxicology 

and Pharmacology, 7(2), 127–133. https://doi.org/10.1016/S1382-

6689(99)00005-8 

Katen, A. L., & Roman, S. D. (2015). The genetic consequences of paternal 

acrylamide exposure and potential for amelioration. Mutation Research, 777, 

91–100. https://doi.org/10.1016/j.mrfmmm.2015.04.008 

Kenwood, B. M., Zhu, W., Zhang, L., Bhandari, D., & Blount, B. C. (2022). Cigarette 

smoking is associated with acrylamide exposure among the u.s. population: 

nhanes 2011-2016. Environmental Research, 209. 

https://doi.org/10.1016/j.envres.2022.112774 

Kotova, N., Jurén, T., Myöhänen, K., Cornelius, M., Abramsson-Zetterberg, L.,  

Backman, J., Menzel, U., Rydberg, P., Kronberg, L., Vähäkangas, K., & 

Segerbäck, D. (2011). ³²p-hplc analysis of n1-(2-carboxy-2-

hydroxyethyl)deoxyadenosine: a dna adduct of the acrylamide-derived 

epoxide glycidamide. Toxicology Letters, 207(1), 18–24. 

https://doi.org/10.1016/j.toxlet.2011.08.007 

 

 

https://doi.org/10.1016/S1382-6689(99)00005-8
https://doi.org/10.1016/S1382-6689(99)00005-8
https://doi.org/10.1016/j.mrfmmm.2015.04.008
https://doi.org/10.1016/j.toxlet.2011.08.007


 

75 
 

Kim, S.-M., Baek, J.-M., Lim, S.-M., Kim, J.-Y., Kim, J., Choi, I., & Cho, K.-H.  

(2015). Modified lipoproteins by acrylamide showed more atherogenic 

properties and exposure of acrylamide induces acute hyperlipidemia and fatty 

liver changes in zebrafish. Cardiovascular Toxicology, 15(4), 300–308. 

https://doi.org/10.1007/s12012-014-9294-7 

Kroschwitz, J. I., & Seidel, A. (2004). Kirk-othmer encyclopedia of chemical  

technology (5th ed.). Wiley-Interscience. 

Krska, R., Becalski, A., Braekevelt, E., Koerner, T., Cao, X.-L., Dabeka, R., 

Godefroy, S., Lau, B., Moisey, J., Rawn, D. F. K., Scott, P. M., Wang, Z., & 

Forsyth, D. (2012). Challenges and trends in the determination of selected 

chemical contaminants and allergens in food. Analytical and Bioanalytical 

Chemistry, 402(1), 139–162. https://doi.org/10.1007/s00216-011-5237-3 

Lantz, I., Ternité Ruediger, Wilkens, J., Hoenicke, K., Guenther, H., & van der 

Stegen, G. H. D. (2006). Studies on acrylamide levels in roasting, storage and 

brewing of coffee. Molecular Nutrition & Food Research, 50(11), 1039–1046. 

https://doi.org/10.1002/mnfr.200600069 

Lee, S., Busby, A. L., Timchalk, C., & Poet, T. S. (2009). Effects of nicotine 

exposure on in vitro metabolism of chlorpyrifos in male sprague-dawley 

rats. Journal of Toxicology and Environmental Health. Part A, 72(2), 74–82. 

https://doi.org/10.1080/15287390802477288 

Lewis RJ. (2007). Acrylamide. In: Hawley's condensed chemical dictionary. 15th ed. 

Hoboken, NJ: John Wiley & Sons, Inc., 19-20. 

https://doi.org/10.1007/s12012-014-9294-7
https://doi.org/10.1007/s00216-011-5237-3


 

76 
 

Li, Z., Sun, J., & Zhang, D. (2021). Association between acrylamide hemoglobin 

adduct levels and depressive symptoms in us adults: nhanes 2013-2016. 

Journal of Agricultural and Food Chemistry, 69(46), 13762–13771. 

https://doi.org/10.1021/acs.jafc.1c04647 

Liu, Y., Wang, Y., Zhang, X., Jiao, Y., Duan, L., Dai, L., & Yan, H. (2022). Chronic 

acrylamide exposure resulted in dopaminergic neuron loss, neuroinflammation 

and motor impairment in rats. Toxicology and Applied Pharmacology, 451. 

https://doi.org/10.1016/j.taap.2022.116190 

Ma, Y., Shi, J., Zheng, M., Liu, J., Tian, S., He, X., Zhang, D., Li, G., & Zhu, J. 

(2011). Toxicological effects of acrylamide on the reproductive system of 

weaning male rats. Toxicology and Industrial Health, 27(7), 617–27. 

https://doi.org/10.1177/0748233710394235 

Manson, J., Brabec, M. J., Buelke-Sam, J., Carlson, G. P., Chapin, R. E., Favor, J. B., 

Fischer, L. J., Hattis, D., Lees, P. S. J., Perreault-Darney, S., Rutledge, J., 

Smith, T. J., Tice, R. R., & Working, P. (2005). Ntp-cerhr expert panel report 

on the reproductive and developmental toxicity of acrylamide. Birth Defects 

Research. Part B, Developmental and Reproductive Toxicology, 74(1), 17–

113. 

Mariano, M., Marco, V., Luisa, V., Valentina, P., Giulia, M., & Manuela, P. (2013). 

Neurotoxicity of acrylamide in exposed workers. International Journal of 

Environmental Research and Public Health, 10(9), 3843–3854. 

https://doi.org/10.3390/ijerph10093843 

 

https://doi.org/10.3390/ijerph10093843


 

77 
 

McAdam, K., Kimpton, H., Vas, C., Rushforth, D., Porter, A., & Rodu, B. (2015).  

The acrylamide content of smokeless tobacco products. Chemistry Central 

Journal, 9(1), 1–14. https://doi.org/10.1186/s13065-015-0132-1 

McCollister, D. D., Oyen, F., & Rowe, V. K. (1964). Toxicology of 

acrylamide. Therapie Der Gegenwart, 103, 172–81. 

Miller, M. J., Carter, D. E., & Sipes, I. G. (1982). Pharmacokinetics of acrylamide in 

fisher-334 rats. Toxicology and Applied Pharmacology, 63(1), 36–44. 

https://doi.org/10.1016/0041-008x(82)90024-2  

Mojska, H., Gielecińska, I., & Szponar, L. (2007). Acrylamide content in heat-treated  

carbohydrate-rich foods in poland. Roczniki Panstwowego Zakladu 

Higieny, 58(1), 345–9. 

Mojska, H., Gielecińska, I., Jasińska-Melon, E., Winiarek, J., & Sawicki, W. (2020).  

Are aama and gama levels in urine after childbirth a suitable marker to assess 

exposure to acrylamide from passive smoking during pregnancy? -a pilot 

study. International Journal of Environmental Research and Public 

Health, 17(20). https://doi.org/10.3390/ijerph17207391  

Mottram, D. S., Wedzicha, B. L., & Dodson, A. T. (2002). Acrylamide is formed in  

the maillard reaction. Nature, 419(6906), 448–9. 

Occupational Safety and Health Administration. Department of Labor.  (2022). 

Acrylamide. Retrieved from https://www.osha.gov/chemicaldata/686  

 

 

 

https://www.osha.gov/chemicaldata/686


 

78 
 

Park, J.-S., Samanta, P., Lee, S., Lee, J., Cho, J.-W., Chun, H.-S., Yoon, S., & Kim,  

W.-K. (2021). Developmental and neurotoxicity of acrylamide to zebrafish. 

International Journal of Molecular Sciences, 22(7). 

https://doi.org/10.3390/ijms22073518  

Paulsson, B., Rannug, A., Henderson, A. P., Golding, B. T., Törnqvist, M., &  

Warholm, M. (2005). In vitro studies of the influence of glutathione 

transferases and epoxide hydrolase on the detoxification of acrylamide and 

glycidamide in blood. Mutation Research, 580(1–2), 53–9. 

Pechey, R., & Monsivais, P. (2016). Socioeconomic inequalities in the healthiness of  

food choices: exploring the contributions of food expenditures. Preventive 

Medicine, 88, 203–9. https://doi.org/10.1016/j.ypmed.2016.04.012 

Preston, A., Fodey, T., Douglas, A., & Elliott, C. T. (2009). Monoclonal antibody  

development for acrylamide-adducted human haemoglobin; a biomarker of 

dietary acrylamide exposure. Journal of Immunological Methods, 341(1-2), 

19–29. https://doi.org/10.1016/j.jim.2008.10.003 

Ramsey, J, JD Young and SJ Gorzinski (1984). Acrylamide: Toxicodynamics in the  

Rat. Midland, MI, Dow Chemical Company.  

Raymond, S., & Weintraub, L. (1959). Acrylamide gel as a supporting medium for  

zone electrophoresis. Science, 130(3377), 711–711. 

Rosén, J., & Hellenäs, K.-E. (2002). Analysis of acrylamide in cooked foods by liquid  

chromatography tandem mass spectrometry. The Analyst, 127(7), 880–2. 

 

 

https://doi.org/10.1016/j.jim.2008.10.003


 

79 
 

Rosen, C., Sun, N., Olsen, N., Thornton, M., Pavek, M., Knowles, L., & Richard  

Knowles, N. (2018). Impact of agronomic and storage practices on acrylamide 

in processed potatoes. American Journal of Potato Research : The Official 

Journal of the Potato Association of America, 95(4), 319–327. 

https://doi.org/10.1007/s12230-018-9659-8 

Ruenz, M., Bakuradze, T., Eisenbrand, G., & Richling, E. (2016). Monitoring urinary  

mercapturic acids as biomarkers of human dietary exposure to acrylamide in 

combination with acrylamide uptake assessment based on duplicate diets. 

Archives of Toxicology, 90(4), 873–81. https://doi.org/10.1007/s00204-015-

1494-9 

Schettgen, T., Rossbach, B., Kütting, B., Letzel, S., Drexler, H., & Angerer, J. (2004).  

Determination of haemoglobin adducts of acrylamide and glycidamide in 

smoking and non-smoking persons of the general population. International 

Journal of Hygiene and Environmental Health, 207(6), 531–539. 

https://doi.org/10.1078/1438-4639-00324 

Schettgen, T., Kütting, B., Hornig, M., Beckmann, M. W., Weiss, T., Drexler, H., &  

Angerer, J. (2004). Trans-placental exposure of neonates to acrylamide--a pilot 

study. International Archives of Occupational and Environmental Health, 77(3), 

213–6. 

Segerbäck, D., Calleman, C. J., Schroeder, J. L., Costa, L. G., & Faustman, E. M.  

(1995). Formation of n-7-(2-carbamoyl-2-hydroxyethyl)guanine in DNA of 

the mouse and the rat following intraperitoneal administration of 

[14c]acrylamide. Carcinogenesis, 16(5), 1161–5. 

https://doi.org/10.1007/s00204-015-1494-9
https://doi.org/10.1007/s00204-015-1494-9
https://doi.org/10.1078/1438-4639-00324


 

80 
 

Settels, E., Bernauer, U., Palavinskas, R., Klaffke, H. S., Gundert-Remy, U., &  

Appel, K. E. (2008). Human cyp2e1 mediates the formation of glycidamide 

from acrylamide. Archives of Toxicology, 82(10), 717–27. 

https://doi.org/10.1007/s00204-008-0296-8  

Siyam, T. (2001). Development of acrylamide polymers for the treatment of waste  

water. Designed Monomers and Polymers, 4(2), 107–168. 

Smith EA, Prues SL, Oehme FW (1996). Environmental degradation of  

Polyacrylamides. Effects of artificial environmental conditions: temperature, 

light, and pH. Ecotoxicology and Environmental Safety, 35:121–135. 

Smith, C. J., Perfetti, T. A., Rumple, M. A., Rodgman, A., & Doolittle, D. J. (2000).  

“iarc group 2a carcinogens” reported in cigarette mainstream smoke. Food 

and Chemical Toxicology, 38(4), 371–383. https://doi.org/10.1016/S0278-

6915(99)00156-8 

Sörgel, F., Weissenbacher, R., Kinzig-Schippers, M., Hofmann, A., Illauer, M., Skott,  

A., & Landersdorfer, C. (2002). Acrylamide: increased concentrations in 

homemade food and first evidence of its variable absorption from food, 

variable metabolism, and placental and breast milk transfer in humans. 

Chemotherapy, 48(6), 267–74. 

Stadler, R. H., Blank, I., Varga, N., Robert, F., Hau, J., Guy, P. A., Robert, M.-C., &  

Riediker, S. (2002). Acrylamide from maillard reaction products. Nature, 

419(6906), 449–50. 

 

 

https://doi.org/10.1007/s00204-008-0296-8


 

81 
 

Sumner, S. C., MacNeela, J. P., & Fennell, T. R. (1992). Characterization and  

quantitation of urinary metabolites of [1,2,3-13c] acrylamide in rats and mice 

using 13c nuclear magnetic resonance spectroscopy. Chemical Research in 

Toxicology, 5(1), 81–9. 

Sumner, S. C. J., Williams, C. C., Snyder, R. W., Krol, W. L., Asgharian, B., &  

Fennell, T. R. (2003). Acrylamide: a comparison of metabolism and 

hemoglobin adducts in rodents following dermal, intraperitoneal, oral, or 

inhalation exposure. Toxicological Sciences: An Official Journal of the 

Society of Toxicology, 75(2), 260–70. 

Sweeney, L. M., Kirman, C. R., Gargas, M. L., Carson, M. L., & Tardiff, R. G.  

(2010). Development of a physiologically-based toxicokinetic model of 

acrylamide and glycidamide in rats and humans. Food and Chemical 

Toxicology: An International Journal Published for the British Industrial 

Biological Research Association, 48(2), 668–85. 

https://doi.org/10.1016/j.fct.2009.11.049 

Toxicology Review of Acrylamide. Environmental Protection Agency. (2010).  

https://cfpub.epa.gov/ncea/iris/iris_documents/documents/toxreviews/0286tr.p

df  

Tareke, E., Rydberg, P., Karlsson, P., Eriksson, S., & Törnqvist, M. (2000).  

Acrylamide: a cooking carcinogen? Chemical Research in Toxicology, 13(6), 

517–22. 

 

 

https://cfpub.epa.gov/ncea/iris/iris_documents/documents/toxreviews/0286tr


 

82 
 

Tareke, E., Rydberg, P., Karlsson, P., Eriksson, S., & Törnqvist, M. (2002). Analysis  

of acrylamide, a carcinogen formed in heated foodstuffs. Journal of 

Agricultural and Food Chemistry, 50(17), 4998–5006. 

Tran, N. L., Barraj, L. M., Murphy, M. M., & Bi, X. (2010). Dietary acrylamide  

exposure and hemoglobin adducts-national health and nutrition examination 

survey (2003-04). Food and Chemical Toxicology, 48(11), 3098–3108.  

https://doi.org/10.1016/j.fct.2010.08.003 

Urban, M., Kavvadias, D., Riedel, K., Scherer, G., & Tricker, A. R. (2006). Urinary  

mercapturic acids and a hemoglobin adduct for the dosimetry of acrylamide 

exposure in smokers and nonsmokers. Inhalation Toxicology, 18(10), 831–

839. https://doi.org/10.1080/08958370600748430  

U.S. Department of Agriculture. (2009). Economic Research Service. Access to  

affordable and nutritious food: Measuring and understanding food deserts and 

their consequences. 

https://www.ers.usda.gov/webdocs/publications/42711/12698_ap036fm_1_.pd

f?v=41055  

U.S. Environmental Protection Agency. (1994). Office of Pollution Prevention and 

Toxics. Chemicals in the environment, acrylamide. U.S. Environmental 

Protection Agency, Office of Pollution Prevention and Toxics. 

U.S. Environmental Protection Agency. (2010). Acrylamide.  

 https://cfpub.epa.gov/ncea/iris/iris_documents/documents/subst/0286_summar

y.pdf 



 

83 
 

U.S. Food and Drug Administration. (2022a). Survey data on acrylamide in food. 

https://www.fda.gov/food/chemical-contaminants-food/survey-data-

acrylamide-food 

U.S. Food and Drug Administration. (2022b). Survey data on acrylamide in food: 

Total diet study results. https://www.fda.gov/food/chemical-contaminants-

food/survey-data-acrylamide-food-total-diet-study-results/ 

Vesper, H. W., Caudill, S. P., Osterloh, J. D., Meyers, T., Scott, D., & Myers, G. L. 

(2010). Exposure of the u.s. population to acrylamide in the national health 

and nutrition examination survey 2003-2004. Environmental Health 

Perspectives, 118(2), 278–83. https://doi.org/10.1289/ehp.0901021  

Vesper, H. W., Sternberg, M. R., Frame, T., & Pfeiffer, C. M. (2013). Among 10 

sociodemographic and lifestyle variables, smoking is strongly associated with 

biomarkers of acrylamide exposure in a representative sample of the U.S. 

population. The Journal of Nutrition, 143(6), 995. 

https://doi.org/10.3945/jn.112.173013 

Virk-Baker, M. K., Nagy, T. R., Barnes, S., & Groopman, J. (2014). Dietary 

acrylamide and human cancer: a systematic review of literature. Nutrition and 

Cancer, 66(5), 774–90. https://doi.org/10.1080/01635581.2014.916323 

Von Mühlendahl, K. E., & Otto, M. (2003). Acrylamide: More than just another food 

toxicant? European journal of pediatrics, 162(7-8), 447–448. 

https://doi.org/10.1007/s00431-003-1206-y 

 



 

84 
 

World Health Organization. (2011). Safety Evaluation of Certain Contaminants in 

Food. 

https://iris.who.int/bitstream/handle/10665/44520/9789241660631_eng.pdf?se

quence=1 

World Health Organization. (2023). Social Determinants of Health. World Health 

Organization. https://www.who.int/health-topics/social-determinants-of-

health#tab=tab_1  

Zhang, Y., Huang, M., Zhuang, P., Jiao, J., Chen, X., Wang, J., & Wu, Y. (2018).  

Exposure to acrylamide and the risk of cardiovascular diseases in the national 

health and nutrition examination survey 2003-2006. Environment 

International, 117, 154–163. https://doi.org/10.1016/j.envint.2018.04.047 

Yeng, W. S., Tahir, P. M., Chiang, L. K., Yunus, W. M. Z. W., & Zakaria, S. (2004).  

Sago starch and its acrylamide modified products as coating material on 

handsheets made from recycled pulp fibers. Journal of Applied Polymer 

Science, 94(1), 154–158. https://doi.org/10.1002/app.20793 


