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ACADEMIC ABSTRACT 

 

An estimated 20.5% of adolescents ages 12 – 19 years were obese (≥95th percentile of 

BMI-for-age) in 2011 – 2014. Consumption of added sugars (AS) has been linked with adverse 

effects on weight and cardiovascular disease risk factors. Approximately 16% of adolescents’ 

calories come from AS, of which sugar-sweetened beverages (SSB) are a major contributor. 

However, the relationship between AS/SSB intake and obesity is controversial, partly due to 

limitations in self-reported dietary data. Objective dietary intake biomarkers may circumvent this 

problem. The δ13C biomarker for AS intake is based upon the fact that C4 plants– major source 

for sugar production in the United States – have elevated δ13C values compared to C3 plants, 

which includes most fruits and vegetables. The δ13C value of blood, which is influenced by diet, 

has been established as a valid, reliable, and sensitive biomarker, but when compared to self-

reported AS intake. This investigation evaluated the sensitivity and reliability of the δ13C 

biomarker, assessed with fingerstick blood samples, in adolescents using a controlled feeding, 

crossover design. Fingerstick δ13C values significantly changed by -0.05‰ and +0.03‰ after 

subjects completed the 5% and 25% AS diets, respectively (F(1, 30) = 18.828, p < 0.001). High 

reliability was found between two consecutive fingerstick δ13C values on the low (ICC = 0.996) 

and high (ICC = 0.997) AS diets. Thus, fingerstick δ13C may be a sensitive and reliable indicator 

of AS intake in adolescents. Future investigations should develop an equation to estimate AS 

intake based on fingerstick δ13C.
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GENERAL AUDIENCE ABSTRACT 

 

 Approximately one-fifth of adolescents 12 – 19 years old were obese in 2011 – 2014. A 

diet high in added sugars (AS), which are sugars that do not naturally occur in a food product, is 

associated with increased weight and higher risk for cardiovascular, or heart, disease. About 16% 

of adolescents’ calories come from AS, and a major source of AS intake is sugary beverages. 

Because people tend to inaccurately report what they eat and drink, researchers are interested in 

biomarkers to objectively estimate dietary intake. The δ13C biomarker measures carbon isotope 

ratios. Since most of the sugar produced in the United States comes from corn, sugarcane, and 

sorghum – which have a higher δ13C content compared to most fruits and vegetables – δ13C 

could indicate AS intake. Studies have reported that the δ13C value of whole blood, which is 

influenced by diet, is valid, reliable, and sensitive, but when compared to self-reported AS 

intake. This investigation evaluated the sensitivity and reliability of whole blood δ13C, sample 

using fingersticks, in adolescents consuming controlled diets so that AS intake was known. 

Fingerstick δ13C values significantly changed after subjects completed the low and high AS diets 

(F(1, 30) = 18.828, p < 0.001). High reliability was found between two consecutive fingerstick 

δ13C values on the low (ICC = 0.996) and high (ICC = 0.997) AS diets. Thus, fingerstick δ13C 

may be a sensitive, reliable indicator of AS intake in adolescents. Future studies should develop 

an equation to estimate AS intake based on fingerstick δ13C.
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CHAPTER 1: LITERATURE REVIEW 

 

Health Consequences of Obesity in Adolescents 

 

Obesity is a major public health concern that affects not only adults but also younger 

populations, like adolescents. Data from 2011 – 2014 showed that an estimated 20.5% of 

adolescents ages 12 – 19 years were obese (1), defined as ≥95th percentile of body mass index 

(BMI)-for-age by the Centers for Disease Control and Prevention (CDC) (2). The prevalence of 

obesity in adolescents has approximately doubled from 1988 – 1994 (1) and quadrupled since 

1963 (3), although rates in this group have stabilized since 2005 – 2006 (1). 

 The cardio-metabolic damage associated with obesity can manifest during adolescence. 

Adolescents whose rate of weight gain exceeded the median for their age group had the highest 

risk for abnormal fasting insulin, systolic blood pressure (SBP), and high-density lipoprotein 

cholesterol (HDL-c) as adults (4). Increased BMI has been linked (r=0.48) to the percentage of 

the intimal surface of the carotid and aortic arteries of youth that contain fatty streaks and fibrous 

plaques, which increases risk for atherosclerosis, coronary heart disease, and subsequent cardiac 

events (e.g., myocardial infarction) that lead to morbidity and mortality (5). The relationship 

between BMI and arterial damage was stronger in children with elevated SBP, low-density 

lipoprotein cholesterol (LDL-c), and triglycerides (TG), which are independently influenced by 

obesity (5). In fact, 37%, 49%, and 61% of normal, overweight, and obese adolescents from 

1999 – 2008 had at least one cardiovascular disease (CVD) risk factor (6). Likewise, another 

study concluded that the rate of weight gain in adolescence and childhood body size/adiposity 

affected large arterial stiffness and intima-media thickness, respectively (7). This 

pathophysiology is associated with cardio- and cerebrovascular events, although research in 

young populations is limited (8, 9). Also, the prevalence of metabolic syndrome is higher in 
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overweight and obese children (10, 11), which can result in type 2 diabetes (12). Earlier onset of 

type 2 diabetes in life may lead to more rapid progression of secondary CV and renal disease 

(12). Other consequences of obesity include decreased respiratory function (13) and an increased 

risk of developing mood disorders (14). 

Additionally, those adolescents who are obese tend to remain obese into adulthood (BMI 

≥30 kg/m2), the latter of which is correlated with comorbidities like CVD (15), hypertension (15, 

16), and type 2 diabetes (17). Both BMI and subcutaneous fat measurements taken in childhood 

hold moderate to strong associations with corresponding values in adulthood (4, 7, 18, 19). It has 

been reported that for every additional 1 kg/m2/year in maximum BMI velocity during 

adolescence, the risk of BMI > 25 kg/m2 as an adult doubled and tripled for females and males, 

respectively (19). Worse, only a small proportion of obese adolescents improved weight status as 

an adult (7, 20). Therefore, reducing obesity rates in this group could impact health in 

adolescence and subsequent decades. 

Added Sugars: Intake Patterns and Their Role in Obesity 

 Although obesity is a multifactorial problem (21, 22), consumption of added sugars (AS) 

has been suggested as a contributor (23-25). Added sugars are defined as: “...sugars and syrups 

added to foods during processing or preparation (26).” Although sugars inherent to foods (e.g., 

milk or fruit) and AS are chemically the same, the former are excluded from this definition, 

because, in general foods with AS are less nutrient dense and contain more calories than those 

without AS (26). Despite the recent decline in AS intake among adolescents (27), data indicated 

that approximately 16% of their daily calories came from AS (27, 28), which exceeded that of 

other age groups (29). Of this, sugar-sweetened beverages (SSB) comprised about 33 – 60% of 
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AS intake (27-30) and provided roughly 22% of empty calories (31). Specifically, soda was the 

primary source of AS in children aged 9 – 18 years (31).   

Longitudinal research established a concurrent, positive trend between the large rise in 

AS consumption over the past few decades, specifically high fructose corn syrup (HFCS), and 

obesity rates (32). In one study, researchers calculated that a young adult’s risk of obesity rose by 

52% for every additional 40 g of AS (~12 fl oz soda) he/she consumed, although this association 

became non-significant after adjusting for energy intake (33). Similarly, each 12 fl oz serving of 

SSB that youth drank predicted a change in BMI by +0.06 kg/m2/year (34). BMI, fat mass, and 

waist circumference increased by 0.4 kg/m2, 0.5 kg, and 0.9 cm, respectively for every 10 g/day 

of SSB (~3 fl oz) (35). Among normal weight preschoolers, each fluid ounce of fruit drink or 

soda consumed led to an estimated +4% risk of being overweight two years later (consider mean 

reported intake of ~20 fl oz SSB) (36). Furthermore, in obese youth serum cortisol was 

positively correlated with visceral adipose tissue deposition in high AS consumers (>10% 

calories) but not low AS consumers (37). Adolescents in the highest tertile of fructose 

consumption had abnormal SBP, fasting glucose, homeostatic model assessment of insulin 

resistance, and C-reactive protein values compared to their peers in the lower tertiles, albeit 

visceral adipose tissue attenuated the relationship (38). Adverse changes in TG, HDL-c, and 

waist circumference were associated with SSB consumption independent of BMI (39), indicating 

that even normal weight individuals should be mindful of SSB intake. Finally, AS intake 

remained an independent risk factor for metabolic syndrome after accounting for total energy 

intake and BMI z-score (11). Thus, AS and SSB are linked with undesirable changes in weight 

status and CVD risk factors, which as discussed previously contribute to morbidity and 

mortality.  
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Studies have shown that people did not compensate well for calories ingested in liquid 

form, perhaps because satiety cues were not triggered, leading to energy imbalance and weight 

gain (40, 41). Specifically, fructose can down-regulate leptin signaling (via hyperinsulinemia), 

induce dopamine transmission, and reduce ghrelin levels, all of which affect appetite regulation 

and result in excess caloric intake (24). Fructose also promotes dyslipidemia, hepatic lipid 

deposition, and both hepatic and systemic insulin resistance (24). This is important as the two 

most common forms of AS in the United States (US) are sucrose (50% fructose) and HFCS (27). 

Meanwhile, when SSB were replaced with water or milk favorable changes in BMI, waist 

circumference, and subcutaneous fat occurred (42). Substituting SSB with non-caloric versions 

also reduced BMI especially among adolescents with BMI > 25.6 kg/m2 (43). This body of 

research has prompted professional organizations to establish limits for AS intake. The American 

Heart Association (AHA) stressed that children ages 2 to 18 years should restrict AS intake to 

≤25 g/day, equivalent to 100 kcal or ~6 teaspoons (44). This is consistent with the AHA’s 

guidelines for AS intake in adult women (45). Additionally, both the 2015 Dietary Guidelines for 

Americans (DGA) and the World Health Organization (WHO) recommended that AS intake 

should be <10% of total calories and ideally <5% (WHO) (46, 47).  

Self-Reported Dietary Data and Need for Biomarkers 

 Despite the aforementioned research, controversy exists as to whether obesity can be 

attributed to intake of AS/SSB (25, 48, 49). Part of the attenuation in this relationship could be 

due to the use of self-reported dietary data, which are especially challenging to acquire from 

pediatric populations. Generally, the ability to self-report intake does not emerge until 12 years 

of age (50). Even then, adolescents may have insufficient knowledge of food preparation 

methods (50, 51). Plus, a significant portion of adolescents’ snack consumption occurred away 
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from home and their eating patterns were highly variable (52). Thus, although adolescents have 

more cognitive skills than younger children, they still may not be able to accurately recall food 

intake (53, 54). Finally, they have perceived recording food intake as burdensome (55) or have 

been reluctant to comply with authority figures (e.g. study personnel) (50). 

Rates of underreporting and overreporting dietary intake varied widely among studies but 

a recent review stated that only ~50% of youth aged 4 – 18 years were plausible reporters (51). 

In several studies that compared self-reported energy intake to estimated energy requirements, 

under-reporting ranged from 10.3% to 34% and over-reporting from 8.8% to 16% (56-60). 

Additionally, out of fifteen studies that validated dietary assessment methods in children using 

doubly labeled water, eight of them demonstrated significant misreporting in energy intake (61).  

Moreover, underreporting may be selective for foods containing AS. Among Australian 

children 9 to 16 years, sugar, cakes and buns, SSB, and confectionery were recalled in smaller 

portions and less frequently by under-reporters than plausible reporters (58). A similar study in 

French children found that under-reporters had more than two-fold lower reported intake of 

pastries, cakes, ice cream, chocolate, sugar, confectionery, and SSB (59). American girls who 

under-report listed comparable intakes of core foods (e.g., fruits, vegetables, milk) to their 

accurately reporting peers, yet the quantities of noncore foods (e.g., pastries, dairy desserts, 

sodas) were significantly different (60).  

Thus widespread, “...systematic bias and differential misreporting in dietary intake 

assessments [...] may attenuate, or even reverse, the directions of the associations under study 

(56).” Although multiple, non-consecutive recalls are recommended in study design (61, 62), the 

assumption that error will “average out” over repeated recalls may not be valid since those who 

misreport dietary intake would be expected to do so on subsequent interviews (50, 63). 
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Consequently, researchers have recognized the need for objective dietary intake biomarkers to 

either substitute or complement recall data (63-66), especially for AS (67). 

A biomarker is defined by the National Institutes of Health as, “A characteristic that is 

objectively measured and evaluated as an indicator of normal biological processes, pathogenic 

processes, or pharmacologic responses to a therapeutic intervention (68).” There are three classes 

of nutritional biomarkers: recovery, concentration, and predictive. Recovery biomarkers have a 

direct relationship between dietary intake and laboratory values; examples include urinary 

sodium (69) and doubly labeled water (70) for sodium and energy intake, respectively. 

Concentration biomarkers, such as serum carotenoids for fruit/vegetable intake (71), can predict 

health outcomes but are highly affected by metabolic processes and so may not correlate directly 

with intake. Finally, predictive biomarkers are, “sensitive, stable, time-dependent, and show a 

dose-response relationship with intake,” but must be calibrated to correct biases associated with 

individual factors (72). Two recently developed predictive biomarkers for AS are reviewed 

below: δ13C and urinary sucrose/fructose. 

δ13C: A Proposed Biomarker for Added Sugars Intake 

 Scientists have used δ13C for decades to characterize ecological systems and the diet of 

prehistoric humans (73, 74), but since 2006 it has been investigated as a stable carbon isotope 

biomarker to assess AS intake (75). It is defined as the ratio of 13C to 12C isotopes in a substance. 

Isotopes are atoms of the same element that have different atomic mass due to their number of 

neutrons; 13C has one more neutron than 12C (76). To calculate δ13C: 

 δ13C = ((Rsample -  Rstandard)/Rstandard) x 1000‰, with R = ratio of 13C to 12C (76) 

Units are expressed as “permil” (‰) to make the small scale of these numbers easier to 

comprehend. The reference standard for δ13C is Vienna Pee Dee Belemnite (VPDB), a limestone 
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material, whose δ13C value is ~0.0112 (76). Therefore, as biological specimens contain less 13C 

than VPDB, most results are reported as negative values (76). Since 13C has a heavier atomic 

mass than 12C it participates in chemical reactions at a different rate resulting in “fractionation” 

or preferential uptake of carbon isotopes in biological tissues (76).  

 Plants metabolize CO2 via photosynthesis. There are three physiological variants of this 

process, two of which (i.e., C3 and C4) are relevant. In the C3 pathway, the enzyme ribulose 

biphosphate carboxylase-oxygenase (rubisco) converts CO2 into phosphoglycerate, a substrate 

for the Calvin cycle which ultimately becomes glucose. In C4 plants, CO2 is first transformed 

into oxaloacetate by the enzyme phosphoenolpyruvate carboxylase (PEP carboxylase); from 

oxaloacetate, malate is formed which is then cleaved into pyruvate and CO2. At this point, 

photosynthesis continues as in C3 plants (74). These precursory reactions in C4 plants serve as 

an evolutionary mechanism to maximize photosynthetic efficiency in low CO2 conditions and 

high temperatures (77). An unintentional consequence is that C3 plants uptake less 13C than C4 

plants. That is, in C3 plants δ13C ranges from about -24 to -32‰ while in C4 plants its value lies 

around -11 to -19‰ (74). While many foods (e.g. grapes, citrus fruits) are C3 plants, the primary 

crops for sugar production - corn, sugarcane, and sorghum - are C4 plants (74). Thus the δ13C of 

human tissue, which is influenced by diet, can indicate AS intake. 

 Because the total carbon pool of a living human cannot be measured, a measurement 

which is possible in animal studies (78), investigators have characterized how the δ13C value of 

different tissue types reflects the δ13C content of the diet. Bone is durable with slow turnover 

rate. Bone, collagen, and enamel from fossils maintained a record of dietary δ13C even tens of 

millions of years after death (78, 79). One study determined that bone collagen turnover rate in 

adults was 1.5 – 4%/year depending on age and sex; in children ages 10 to 15 years, this rate was 
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10 – 30%/year (80). Enamel, which is >95% mineral and contains apatite crystals, does not 

reform once ameloblasts disappear (81). The δ13C of apatite, bone cholesterol, and collagen all 

reflected dietary δ13C, although apatite best encompassed whole diet δ13C since the carbon in 

apatite is sourced from blood bicarbonate (78, 82). Therefore, bone tissues could capture long-

term dietary intake. Yet, collecting samples would be too invasive for standard human clinical 

research (74). Plus, as tooth enamel forms within the first 3 to 7 years of life (83), it would be 

unsuitable for tracking dietary δ13C in older populations. Finally, the slow turnover time means 

that δ13C of these tissues would not be sensitive in populations with highly dynamic dietary 

habits (e.g., adolescents).  

 In contrast, hair and fingernails are minimally invasive to collect and require no special 

storage conditions (74). The tissues from which hair and fingernails originate are highly 

vascularized (84, 85) so these structures would be exposed to the carbon isotopes in blood. Once 

hair/fingernails exit from the skin tissue turnover stops (84, 86). The disulfide bond of keratin, a 

class of proteins present in both hair and nails, fortifies these tissues to withstand enzymes, 

hydrolysis, and microbial degradation (84, 87). Hair grows at ~1 cm/28 days (84, 86, 88), while 

1 cm of fingernail takes approximately 3 months to produce (89). These resilient, elongating 

tissues could register dietary intake over weeks or months. Yet, when dietary δ13C was 

manipulated to increase by 8.5 – 9.9‰, hair δ13C value never reached a steady state and it 

remained elevated by 0.3 – 0.5‰ even when subjects reverted to baseline dietary habits. From 

this it is estimated that hair δ13C value would achieve steady state after 2.3 – 4 months (88). 

Similarly, another study determined that it took about four months for dietary changes to appear 

in hair δ13C value (86). There is a non-significant difference of +0.21‰ in fingernail δ13C value 

relative to hair δ13C value (89). Although fingernail δ13C value has established long-term, 
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geographical patterns in the diet (90), its utility in quantifying shorter-term, more variable eating 

habits is less clear. This is due to how nails grow, as the dietary timeframe of interest to 

researchers would not correspond to the portion that is available to sample (74, 89). Finally, not 

all human subjects would have hair or nail samples long enough for analysis. Urine/feces are also 

non-invasive and need little preparation before analysis. They are sensitive to dietary δ13C; both 

urinary and fecal δ13C detected changes in dietary protein source (meat versus fish) when whole 

blood δ13C did not (91). Yet, researchers and participants may perceive these samples as high 

burden to collect (74). Additionally, urinary and fecal δ13C value was validated as a biomarker 

for dietary protein, not for AS intake. 

 Blood may be the most promising specimen type. With its many constituents, scientists 

can study different timescales: plasma glucose can detect changes in dietary δ13C over hours 

(92), while that of red blood cell (RBC) alanine is estimated at months (93). Whole blood δ13C 

value can differentiate between high and low AS consumers (94, 95). However, there is also 

concern that whole blood δ13C value is biased towards the δ13C value of dietary protein due to 

the numerous proteins in blood (93), although dietary carbohydrate can be a substrate for non-

essential amino acid (NEAA) synthesis (74). This is problematic if whole blood δ13C value is 

intended to be specific for AS intake.  

Therefore, specific blood components have been isolated. RBC have a lifespan of ~120 

days (96), while the average circulating RBC in normal and diabetic subjects was ~38 to 60 days 

old (97); in theory, RBC could track dietary intake over weeks or months. Yet, although RBC 

δ13C value distinguished between “traditional” and “market” foods in an American Indian 

population (the latter included foods containing corn/sugar cane) (98), further research revealed 

that RBC δ13C value held stronger associations to commercial meat intake than total sugar intake 
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(99). Another specific blood component is RBC alanine. The carbon from glucose, and thus δ13C 

of dietary carbohydrate, is a substrate for alanine as it is a NEAA. The premise is that RBC 

alanine δ13C value would have greater validity, compared to the δ13C values of other tissues, as a 

biomarker for AS since it would limit confounding factors, like the δ13C of dietary protein. As 

hypothesized, not only was RBC alanine δ13C value not associated with animal protein intake but 

it also held moderate to strong correlations with SSB, AS, and total sugar reported intake (r = 

0.70, 0.59, and 0.57, respectively, p≤0.0001 for all) (93). However, to isolate RBC alanine from 

whole blood requires additional time and resources (93). Plus, a person’s nitrogen balance and 

carbohydrate intake could influence an individual’s propensity for RBC alanine δ13C value to 

derive from dietary protein versus carbohydrate, as alanine can be synthesized endogenously or 

be absorbed from dietary protein (100). Plasma glucose has also been studied since it largely 

comes from dietary carbohydrate (74). In fact, non-carbohydrate precursors (i.e., amino acids 

diverted into gluconeogenesis) represented only a small portion of blood glucose even after an 

overnight fast and consumption of a high protein, low-carbohydrate diet (101). Yet, plasma 

glucose δ13C value sampled daily at 0800 hours did not change over a 7 day controlled feeding 

period and only reflected δ13C value of a recent, same-day meal (92). The gene/environment 

interactions that determine ability to maintain glucose homeostasis are complex (102), which 

could introduce individual factors that would influence the validity of plasma glucose δ13C value 

as an AS biomarker. 

 Several studies specifically validated δ13C as a biomarker for AS intake in adults. RBC 

and hair δ13C value explained ~52%, 47%, and 34% of the variance in total sugar, AS, and SSB 

intake, respectively, reported by the Yup’ik people (103). In healthy US adults, whole blood δ13C 

value held moderate associations with AS (g) (r=0.365, p≤0.001), soft drinks (g) (r=0.270, 
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p≤0.05), and total SSB (r=0.345, p≤0.001) quantified in food intake records and a beverage 

questionnaire (94). A 0.32‰ difference in whole blood δ13C value existed between high 

(>5/week) and low (<1/week) SSB consumers; furthermore, it was also associated with higher 

waist circumference, BMI, and waist-to-hip ratio even when self-reported intake was not (95). A 

1‰ increase in RBC alanine δ13C value corresponded to a 23% increase in SSB intake (1 serving 

= 8 fl oz) (93). In an 18-month behavioral intervention that targeted SSB consumption, a 

decrease by one 12-oz serving/day tended to reduce whole blood δ13C value by 0.12‰ (104). But 

plasma glucose δ13C value was limited to estimating the % of carbohydrate derived from C4 

plants for breakfast and total daily intake (R2=0.89, 0.90; p≤0.001 for both) (92). Only two 

studies have been conducted in children. AS intake, which was estimated by an equation to 

predict AS intake from hair δ13C value, was positively associated with carious dental surfaces in 

children; this same association failed to appear when self-reported dietary data was the 

independent variable (105). Meanwhile, a cross-sectional study in 326 US children 6 – 18 years 

demonstrated the validity and reliability of fingerstick blood δ13C value to detect AS and SSB 

consumption (r=0.29 and 0.35, respectively; p≤0.001) based on 24-hour recall data (106). 

 There are several strengths of the δ13C biomarker for AS intake. First, δ13C quantifies 

most AS intake, which is important since researchers differentiate AS from natural sugars (26) 

and the 2015 DGA specify an upper limit for AS consumption (46). Corn is the source for over 

75% of sugar sold and 99% of the sugar in SSB in America (76); ~78% of AS in the American 

diet originate from C4 plants (74). Another advantage of δ13C is that several specimen types, as 

previously mentioned, can be analyzed. In particular, both hair and blood collected via 

fingerstick are non-invasive sampling methods that do not require special collection or storage 

protocol. Whole blood captures dietary intake from a few weeks while hair reflects a time period 



12 

 

of a couple months (67, 74). These sample types would be attractive for large nutrition 

epidemiology studies (67).  

There are a few limitations of δ13C, however. First, δ13C cannot assess sweeteners from 

C3 plants: examples include honey, maple syrup, sweetened juices (from concentrate), and most 

significantly, beet sugar (75). Additionally, non-sweetener corn and meat consumption are 

potential confounders. Animal feed has δ13C value from -14 to -11‰ (74), which subsequently 

affects the δ13C of chicken and beef raised on corn versus grass (107). Meanwhile, marine 

mammals have δ13C from -20 to -17‰ (76) which is significant in populations whose diets are 

seafood-based like the Japanese (108) and native Arctic tribes, e.g. Yup’ik (99). Thus, there is a 

need to account for animal protein consumption so that the results of the δ13C biomarker are only 

explained by AS intake. This might be accomplished by using δ15N as a co-variate to quantify 

dietary protein. Like δ13C, δ15N is the ratio of 15N to 14N isotope in a substance. Although δ15N 

levels are influenced by an animal’s diet, fractionation results in a higher proportion of excreted 

nitrogen as 14N so that tissues are enriched in 15N; studies have analyzed δ15N to determine the 

trophic level of an organism. It is especially useful in indicating seafood intake (76). A dual-

isotope model (δ13C and δ15N) increased the variability in AS intake explained by δ13C from 3% 

to 33% and for SSB from 5% to 31% in Yup’ik individuals (99). Yet, in a sample of American 

adults δ15N did not increase R2 in a model that predicted AS intake with δ13C and age as 

variables (109). This highlights a challenge in using δ13C: any model derived from this 

biomarker would have to be customized to geographical and/or ethnic populations. Meat and 

dairy products have different δ13C values between countries like the US and Germany potentially 

due to agricultural practices (108). Additionally, hair δ13C values from German, American, and 

Japanese citizens confirmed the significant difference in δ13C of their protein from diet (108). As 
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Nash eloquently states, “...these equations will require calibration in each target population, 

because both the isotopic ecology of the diet and underlying dietary patterns driving tissue 

isotope ratios will differ by population (99).” One other consideration is the cost associated with 

analyzing samples via natural abundance stable isotope mass spectrometry (NA-SIMS), although 

the recent innovation of cavity ring-down spectroscopy, with improvements, will be cheaper, 

bypass the need for trained personnel, and even be portable (110). Thus δ13C analysis may be 

more feasible for clinicians and researchers in the future (67).  

24-Hour Urinary Sucrose/Fructose (24uSF) 

 A small fraction of the sucrose and fructose processed by the digestive tract appears in 

the urine, which can then estimate AS intake. Normally, the enzyme sucrase cleaves sucrose into 

fructose and glucose within the duodenum. Yet, in healthy humans intact sucrose can cross from 

the intestinal lumen to circulation where it is then excreted in urine (111, 112). Only a small 

fraction of sucrose does this (~0.07%) via non-mediated diffusion (111). Fructose is also 

excreted in urine following ingestion of sucrose (112). First, fructose enters the enterocyte from 

the intestinal lumen via GLUT5 and then from the enterocyte into circulation through GLUT2; 

both are facilitated transporters (113). Any fructose not metabolized by the liver (50-70%), 

kidneys (20%), adipose/skeletal tissue, or reabsorbed by GLUT5 in the S3 proximal tubule cells 

of the kidneys (114) then appears in urine. An equation to calculate total sugars intake* from the 

mean of multiple 24-hour urine collections (24uSF) has been developed by Tasevska et al.:  

 M*
ij = Mij - 1.67 - 0.02 x Si + 0.71 x Ai,  

where Mij is the log-transformed, calibrated sugars biomarker; S = 0 for men and 1 for

 women; and A is the log-transformed age in years (115) 
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 24uSF has been investigated by multiple researchers. Initial work compared sucrose, 

fructose, and glucose intake in both a habitual and low-sugar diet, as recorded in a food diary, to 

excretion in urine spot samples. Strong correlations existed between sucrose intake and sucrose 

and fructose excretion in urine (r=0.7, 0.82 and p≤0.01, 0.05, respectively). Additionally, all 

three sugars were present in urine in significantly smaller amounts on the low-sugar diet versus 

baseline (116). Yet, neither glucose nor sucrose intake were related to glucose excretion which is 

expected due to tight metabolic control of glucose in healthy subjects (116). 24uSF was also 

validated in a two-part controlled feeding study. In the first part, participants followed a low (63 

g/d), medium (143 g/d), and high (264 g/d) sugar diet for 10 days each, completing 4 urine 

collections per diet period (117). Although sucrose and fructose excretion significantly increased 

in a dose-response relationship (Wilks’ Lambda=0.082, 0.077 respectively and p≤0.001 for 

both), there was significant intra- and inter-subject variability (117). For the second part, subjects 

adhered to a 30-day controlled diet and completed daily urine collections (117). In both studies 

24uSF was strongly associated with total sugar (r=0.84) and sucrose (r=0.77) intake and 

explained ~72% variability in total sugars intake (117). Only one study has been conducted in a 

pediatric population, which compared 3-day dietary records to urinary fructose (118). The 

correlation between total sugar intake and fructose excretion was moderate (r=0.43, p≤0.001) but 

weak for AS intake (r=0.23, p≤0.01). Also, natural sugars explained more variability in fructose 

excretion (partial r2=15.3%) than AS (partial r2=5.5%) (118). Yet, this study only included pre-

pubertal children and so the results might not be generalizable to adolescents. Two major studies 

have quantified measurement error in dietary reporting using 24uSF. In the OPEN study, the 

measurement error associated with food frequency questionnaire data was 30% and with 24-hour 

recalls 16-20%, compared to 24uSF (115). Another study, NPAAS, found similar results where 
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the ratio of self-reported total sugars to 24uSF was ~0.5 (119). Additionally, people in the 

highest vs. lowest quartile for urinary sucrose:fructose had a 2.44 odds ratio for obesity (120); 

this odds ratio was 1.54 for people in the highest versus lowest quintile of urinary sucrose whose 

BMI were tracked over a three year period (121). For both studies these trends were reversed 

when self-reported intake was used instead (120, 121). Thus, 24uSF shows promise in estimating 

total sugars intake and predicting health outcomes (e.g., obesity) associated with intake, albeit to 

date research in this field has used small sample sizes and studied primarily one population (UK 

adults) (122).  

 This approach has a few advantages but also challenges in implementation. First, as 

sucrose and fructose are present in a variety of plant foods, 24uSF can capture intake of 

numerous sweeteners used by different populations (e.g. HFCS, beet sugar, honey). Yet, it 

cannot discriminate between natural versus added sugars, which as mentioned previously is 

important to scientists and government agencies (46, 67). Although 24uSF was correlated with 

added (r=0.84, p≤0.001) but not natural (r=0.43, p≤0.144) sugar intake, investigators conceded 

that either faster uptake of extrinsic sugars or their greater contribution to diet could have 

influenced these results (123). Secondly, urine is a non-invasive sampling method (67), but 

specimens must be preserved (e.g. boric acid, ≤ 2 g/L) and completeness of the sample, assessed 

via para-aminobenzoic acid (PABA) tablets, is important (117). Results from two studies have 

been questioned due to use of refrigeration rather than preservative, which may have led to 

degradation of sucrose and fructose in the samples (122). Also, participants may perceive 

multiple 24-hour urine collections as burdensome and from a researcher’s perspective this is only 

feasible for small-scale studies (67). Since urine only captures recent dietary intake (122), it 

would be difficult to study long-term dietary patterns or changes in sugar intake. Medical and 
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lifestyle factors of the subject also affect results. Disaccharide enzyme deficiency or altered 

gastrointestinal permeability due to disease (e.g., celiac disease, gastroenteritis) elevates urinary 

sucrose (111). Use of non-steroidal anti-inflammatory drugs, proton pump inhibitors, or alcohol 

increase gastrointestinal permeability while smoking decreases it (122). Also, the simultaneous 

presence of glucose significantly improves fructose absorption (114). Despite the hypothesis that 

obesity, by making the small intestine more permeable, would result in higher 24uSF, BMI did 

not affect either urinary sucrose or fructose levels when subjects followed a controlled diet (124). 

Finally, the sensitivity of the biomarker is questionable since there is high individual variability 

even with known AS intake, based on the controlled feeding study conducted by Tasevska et al. 

On their low and medium sugar diets (9.5% and 21.8% of kcal), the coefficient of variation for 

sucrose and fructose excretion was ~30% and 20% respectively and increased to ~60% for both 

sugars on the high sugar diet (40.2% of kcal) (117). As subjects lived in a metabolic suite and 

followed each diet for 10 days, compliance to the diet is likely not a confounding factor.  

Summary: Validity, Reliability, and Sensitivity of δ13C and 24uSF Biomarkers 

Each approach to objectively quantifying AS intake has its strengths and limitations, 

some common to both methods (see Table 1). The δ13C biomarker has been validated as a 

biomarker of AS and SSB intake using only a short-term controlled feeding approach (92) and 

comparison to self-reported data (93-95, 99, 103-105). A major issue, however, with δ13C is the 

lack of long-term controlled feeding studies, which are needed to truly validate δ13C as an AS 

biomarker. 

The large difference in mean δ13C value of corn and cane sugar (-10 to -13‰) versus 

fruits and vegetables (-24 to -32‰) (74) means that AS intake is readily distinguishable from 

natural sugars in the diet. Meat consumption, especially from corn-fed animals (107), is a 
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potentially confounding factor. Models using δ15N as a co-variate have been useful in certain 

Native populations (98, 99), yet did not affect associations between δ13C and AS consumption in 

the general US population (109). Additionally, the δ13C biomarker demonstrates reliability across 

multiple sample collections as samples tested in triplicated using NA-SIMS in a study by 

Hedrick et al. had an intra-reliability coefficient of ±0.039‰ (125). The sensitivity of δ13C to 

dietary change depends upon the specimen type used for analysis. The average of plasma glucose 

δ13C value taken at multiple time points on day seven of three controlled feeding periods had a 

strong association (r = 0.90) with the percent of AS of each of the diets (92). For whole blood 

samples δ13C can distinguish between high and low AS consumers as defined by tertiles or 

servings/day of SSB (94, 95). Based on these studies, plus knowledge about blood component 

physiology (96, 97) and turnover time of δ13C in mammalian blood (73), it is estimated that 

blood is sensitive to dietary change within a few weeks to a month (74).  

Although 24uSF has been validated as a biomarker for total sugars intake (122), its lack 

of specificity for AS is a limitation. Since the test assesses sucrose and fructose excretion, which 

is found in both AS and natural sugars (26), 24uSF would not be able to distinguish between the 

two. Researchers have also conceded that the amount of AS versus natural sugars in the diet (as 

%) or differences in carbohydrate absorption rate due to food composition (e.g., SSB) can 

influence the correlation between 24uSF and AS intake (123). In pre-pubertal children, 24uSF 

had weak correlations with AS intake and higher associations to natural sugars (118), but the 

study’s methodology has been called into question (122). Finally, the high intra- and inter-

subject variability in 24uSF, even on a controlled diet (117), diminishes the ability to state that 

24uSF is either valid or reliable. 24uSF can distinguish between different levels of AS in the diet 
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(116, 117); however, its sensitivity to dietary changes requires multiple 24-hour urine collections 

(115) which introduces problems with participant burden and compliance (67). 

The utility of δ13C and 24uSF as biomarkers of AS intake has been investigated for 

approximately the past decade. Both have established associations between AS/total sugars and 

health outcomes (i.e., obesity, dental caries) that failed to appear when self-reported AS intake 

data were used (95, 105, 120, 121). Yet, as predictive biomarkers they are subject to individual 

metabolic/health characteristics that could influence specimen values (74, 122). Unlike self-

reported dietary data, neither biomarker can determine the specific foods/beverages contributing 

to AS intake, which is important information for policymakers when formulating policy to 

regulate the food environment (63, 64). Finally, both require specialized lab equipment for 

analysis (76, 117), which creates some barrier for these biomarkers to be implemented widely in 

research or in the clinical setting where inexpensive and rapid measures are required.   
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Table 1: Strengths and limitations of the δ13C and 24uSF biomarkers for AS intake 

 
 

 Strengths Limitations 

δ13C Biomarker ● Targets AS specifically 

(e.g., HFCS) 

● Samples can be obtained 

non-invasively (e.g., hair, 

fingerstick blood) and 

require no special storage 

methods 

● Can track both short and 

long-term AS intake 

patterns depending on 

tissue type 

● Does not include non C4 

sources of AS (e.g., beet 

sugar) 

● Other dietary components 

(i.e., corn, meat) are 

potential confounders 

● Predictive models must be 

specific for each 

population 

Urinary Sucrose/Fructose ● Encompasses consumption 

of AS from C3 plants (e.g., 

beet sugar) 

● Sampling method (urine) 

minimally invasive 

● Unable to differentiate 

natural vs. added sugars 

● Higher subject burden to 

perform multiple urine 

collections  

● High intra-subject 

variability even with 

known AS intake 

● Intestinal permeability 

affected by genetic, 

medical, and lifestyle 

factors 

Both ● Circumvents inaccuracies 

in self-reported data 

● Research has been 

conducted for both 

biomarkers 

● Predictive biomarkers - do 

not directly correlate with 

intake 

● Cannot determine specific 

food/beverages consumed 

(e.g., sweets vs. SSB) 

● Specialized equipment 

needed to analyze samples 

 

Justification for the Present Study 

 To date, only three studies have assessed the validity of either the δ13C or the 24uSF 

biomarker in children or adolescents, none of which utilized a controlled feeding study design 

(105, 106, 118). The results from studies conducted in adults are not necessarily generalizable to 
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adolescents because the differences in metabolism between adolescents and adults could 

influence biomarker values. Adolescence is marked by large increases in height and weight plus 

sex-specific changes in body composition (126); thus, tissue turnover time would be expected to 

be more rapid due to growth. A rodent model demonstrated that tissues with faster metabolic 

rates reflected changes in dietary δ13C values quicker (127); the same occurred in growing 

shrimp larvae (128). Additionally, there is a positive correlation between metabolic rate/gram 

body weight and turnover time of δ13C in mammalian blood (73). Therefore, fingerstick blood 

δ13C value may be even more sensitive in adolescents than adults due to differences in tissue 

turnover rates. There are also no studies to date that have directly compared the validity, 

reliability, and sensitivity of the δ13C and 24uSF biomarkers against each other. Finally, it is well 

known that reported intake may not reflect actual intake, yet most studies to date have validated 

these biomarkers against self-reported data. Therefore, the correlations seen in these studies 

might not reflect the true validity of the δ13C biomarker (63, 129). To create a model for δ13C to 

estimate AS intake, the exact relationship between AS intake and biomarker values needs to be 

known, which can be achieved through a controlled diet study design (129). For this study, a diet 

duration of seven days for each diet was chosen, as the δ13C biomarker is known to change in 

response to dietary intake relatively quickly. Plus, only a minimum of two urine samples (i.e., 48 

hours) are needed to establish 24uSF values. 

 The results from this research could influence public health research. Fingerstick δ13C 

value, due to its non-invasiveness, could be easily sampled for such large-scale studies as the 

National Health and Nutrition Examination Survey (NHANES) (67). For example, the δ13C  

biomarker was collected from a sub-set of participants enrolled in the Atherosclerosis Risk in 

Communities (ARIC) study (95). Additionally, δ13C could also be used as an objective measure 
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by clinicians to identify high AS consumers and track the effects of interventions targeting AS 

intake (95, 130).  

 This study tested the sensitivity and reliability of the δ13C proposed biomarker of AS 

intake, assessed with fingerstick blood samples, in adolescents using a controlled feeding, 

crossover design. A secondary objective was to compare the validity of the δ13C value, assessed 

in fingerstick blood samples, to that of urinary sucrose/fructose in this population. The 

hypothesis was that fingerstick δ13C would be a sensitive and reliable indicator of actual AS 

intake. 
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CHAPTER 2: ASSESSMENT OF FINGERSTICK δ13C IN ADOLESCENTS 

ABSTRACT 

Background: Approximately 16% of adolescents’ daily calories come from added sugars (AS), 

and sugar-sweetened beverages (SSB) contribute significantly to AS intake. Consumption of AS 

and SSB have been linked with adverse effects on adolescents’ weight and cardiovascular 

disease risk factors. Objective dietary intake biomarkers for AS, such as the δ13C proposed 

biomarker of AS and SSB intake, could clarify the relationship between AS/SSB intake and 

obesity. To date, only two studies have assessed the δ13C biomarker in children or adolescents; 

neither utilized a controlled feeding study design. 

 

Objective: It was hypothesized that fingerstick δ13C values would be a sensitive and reliable 

indicator of actual AS intake in adolescents. 

 

Design: Subjects (n=32, age 15.3 years, 53.1% F), using a crossover design, completed one of 

two seven-day controlled feeding periods. The controlled diets were equal in macronutrient 

composition except for AS content (5% or 25% of calories). Diets were isocaloric to ensure that 

participants remained weight stable. Subjects consumed either the 5% or 25% AS diet first 

depending on a randomly assigned diet sequence. After a four-week washout, participants 

completed the second feeding period. During each controlled feeding period, a fasting fingerstick 

blood sample was collected daily.  

 

Results: Fingerstick δ13C values significantly changed by -0.05‰ and +0.03‰ after subjects 

completed the 5% and 25% AS diets, respectively (F(1, 30) = 18.828, p < 0.001). High reliability 

was demonstrated between day 7 and 8 δ13C values on the 5% (ICC = 0.996) and 25% (ICC = 

0.997) AS diets. After excluding outliers (n=4), mean δ13C difference on the 25% AS diet 

increased to +0.04‰ with no change in reliability. 

 

Conclusions: These results support use of fingerstick δ13C to indicate AS intake in adolescents. 

Future investigations could investigate the development of an equation to estimate AS intake 

based on fingerstick δ13C values. 

 

INTRODUCTION 

Obesity affects a significant proportion of adolescents. Data from 2011 – 2014 estimated 

that 20.5% of adolescents ages 12 – 19 years were obese (1), defined as ≥95th percentile of body 

mass index (BMI)-for-age (2), which is an increased prevalence compared to previous decades 

(1, 3). Obesity in this age group is associated with cardio-metabolic damage during adolescence 

that can persist into adulthood (4-7, 10, 11). Additionally, those adolescents who are obese tend 
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to remain obese into adulthood (BMI ≥30 kg/m2) (4, 7, 18, 19). Thus, addressing reducing 

obesity rates in this group is an important public health endeavor. 

Consumption of added sugars (AS) has been suggested as one contributor to obesity (23-

25). Added sugars are defined as: “...sugars and syrups added to foods during processing or 

preparation (26).” Approximately 16% of adolescents’ daily caloric intake come from AS (27, 

28). Of this, sugar-sweetened beverages (SSB) comprise about 33 – 60% of AS intake (27-30). 

Studies have associated consumption of AS/SSB in youth with undesirable changes in weight 

status (33-36) and changes in cardiovascular disease (CVD) risk factors (11, 37-39). Yet, there is 

debate about the role of AS/SSB in the etiology of obesity (25, 48, 49), partly due to limitations 

of self-reported dietary data. The difficulty in acquiring dietary recalls from pediatric populations 

(50-55) and misreporting of dietary intake (51, 56-61), especially for foods containing AS (58-

60), has resulted in a need for objective dietary intake biomarkers (63-67). Researchers have 

developed δ13C and urinary sucrose/fructose biomarkers for AS intake.  

The δ13C biomarker is based on the differential accumulation of 13C to 12C isotopes in 

plant tissues (76). Specifically, C4 photosynthesis contains additional chemical reactions than the 

C3 pathway that unintentionally results in elevated 13C content in C4 plants (74). The primary 

crops for sugar production in the United States – corn, sugarcane, and sorghum – are C4 plants 

(74). Thus, the δ13C of human tissue, which is influenced by diet, can indicate AS intake. 

Although δ13C has been analyzed in bone/enamel (78, 82), hair/fingernails (86, 88, 90), and 

urine/feces (91), blood may be the most promising specimen type. There have been significant, 

positive correlations between AS intake and the δ13C value of plasma glucose (92), red blood cell 

(RBC) alanine (93), RBCs (103), and whole blood (94, 95, 104). The δ13C biomarker has been 

validated as a biomarker of AS and SSB intake using only a short-term controlled feeding 
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approach (92) and in comparison to self-reported data (93-95, 99, 103-105). Meanwhile, the 24-

hour urinary sucrose/fructose (24uSF) biomarker estimates AS intake based on the amount of 

intact sucrose (111, 112) and fructose (112, 114) excreted in urine. This biomarker has been 

validated against both self-reported sugars intake (116, 118) and controlled feeding data (117). It 

has also been used to quantify measurement error in dietary recalls (115, 119) and to predict 

health outcomes (e.g., obesity) associated with intake (120, 121).  

The current study addressed some of the unanswered questions regarding δ13C and 

24uSF. First, only three studies have assessed the validity of either biomarker in children or 

adolescents, none of which utilized a controlled feeding approach (105, 106, 118). The results 

from studies conducted in adults are not necessarily generalizable to adolescents. Animal studies 

have reported that tissues with a higher metabolic rate also have a higher δ13C turnover rate (73, 

127, 128); it would be expected that adolescence, a time of growth (126), would induce faster 

tissue turnover time. Therefore, fingerstick blood δ13C value may be even more sensitive in 

adolescents than adults due to differences in tissue turnover rates. There are also no studies to 

date that have directly compared the validity, reliability, and sensitivity of the δ13C and 24uSF 

biomarkers against each other. Finally, to create a model that estimates AS intake based on 

biomarkers the exact relationship between AS intake and biomarker values needs to be known, 

which can be achieved through a controlled diet study design (129).  

This study tested the sensitivity and reliability of the δ13C proposed biomarker of AS 

intake, assessed with fingerstick blood samples, in adolescents using a controlled feeding, 

crossover design. It also compared the validity of the δ13C value, assessed in fingerstick blood 

samples, to that of urinary sucrose/fructose in this population. The hypothesis was that 

fingerstick δ13C would be a sensitive and reliable indicator of actual AS intake. 
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METHODS 

Subjects and Study Design 

 The Virginia Tech Institutional Review Board (IRB) approved study protocol, as 

documented in IRB #15-222 (see Appendix A). Thirty-two adolescents were recruited from the 

local campus community between June 2015 and July 2016, through flyers, e-mail ads, and word 

of mouth. Participants and their parents provided informed assent and consent before beginning 

the study. To be eligible, adolescents had to be between the ages of 12 to 18 years; have a BMI 

percentile <95% per the CDC’s BMI-for-age growth charts (2); deny any food allergies, 

intolerances, or aversions; and be willing to follow a controlled diet.  

 Subjects completed twenty-four visits over approximately two months (Figure 1). At the 

first four visits, research assistants gathered demographic data, conducted four 24-hour dietary 

recalls, established habitual physical activity level, took anthropometric measurements, and 

collected two fingerstick blood samples. Next, using a crossover design, participants were 

randomized into one of two seven-day controlled feeding periods. The controlled diets were 

equal in macronutrient composition except for AS content (see Controlled Diet Development and 

Delivery, Methods). Subjects consumed either the low or high AS diet first depending on their 

randomly assigned diet sequence, A or B (A being 5% AS first, B being 25% AS first). This 

counterbalanced the study design so that the order in which subjects completed the diets would 

not affect the change in δ13C values observed across each controlled feeding period. Personnel 

measured subjects’ weight and collected a fasting fingerstick blood sample each morning of the 

seven-day feeding period. On days 6 and 7 of the feeding period, subjects completed a 24-hour 

urine collection (48 hours total). Following the diet, subjects completed a four-week washout 

period to allow them to revert to their baseline dietary habits. In this timeframe, participants met 
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with researchers to complete four additional 24-hour dietary recalls. Finally, participants 

completed a second seven-day feeding period with all procedures remaining the same as the first 

time, except for being given the alternate diet. Subjects received $500 compensation and a results 

packet describing their reported dietary intake. Figure 1 outlines the overall study design while 

Table 2 specifies which measurements were taken at each visit.
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Figure 1: Study Protocol 
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Menstrual Calendar (females only) 
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Weight 
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Weight 
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24-hour urine collection (S22 & 23) 
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(daily visits) 

Feeding Period 1 

Sessions 5-11 
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Table 2: Study Measures  

 

  

Baseline 

Visits First Feeding Study Period 

Washout 

Period Second Feeding Study Period 

Measure                                      

Visit # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Informed Consent X                                               

Health history questionnaire X                                               

Menstrual Calendar X       X             X       X                 

PAQ-A X                             X                 

24-hour dietary recall X X X X                 X X X X                 

Height X                             X                 

Weight X X X X X X X X X X X X X X X X X X X X X X X X 

Fingerstick 1   2   3 4 5 6 7 8 9 10         11 12 13 14 15 16 17 18 

Breakfast at lab         X X X X X X X           X X X X X X X   

Process returned cooler           X X X X X X X           X X X X X X X 

24-hour urine collection                   X X                     X X   

Compensation                       X                       X 

Results Packet                                               X 
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Controlled Diet Development and Delivery 

 

 A low and a high AS diet (5% and 25% of calories from AS, respectively) was developed 

for the present study. Each diet consisted of a three-day rotating menu with a seven-day feeding 

period and contained several calorie levels to meet a subject’s estimated energy needs (EEN) 

(see Establishing EEN, Methods), ranging from 1,500 to 3,500 kcal. If a subject’s EEN exceeded 

this range, research assistants combined calorie levels. For example, one participant received 

food portions from the 3,000 kcal and 1,500 kcal diets to provide a total of 4,500 kcal/day. 

Subjects received two optional snack modules, each 150 kcal, daily while on the diet to prevent 

energy deficits that could stem from errors in estimating energy needs or from variation in daily 

activity level. These modules, created for both low and high AS diets, met the same dietary 

targets as the overall diet. 

 A list of foods popular among children was used for menu planning (131), in order to 

provide foods acceptable and palatable to this population. These foods were entered in standard 

portions in nutrition analysis software (Nutrition Data System for Research [NDS-R] 2013, 

University of Minnesota, Minneapolis, MN) and then the amounts were adjusted to meet the total 

daily energy intake dietary targets of the controlled diets (Table 3). The proportion of 

carbohydrate, fat, and protein as % of total energy intake (kcal) fell within the acceptable 

macronutrient distribution ranges prescribed for children 4 to 18 years of age (26). For AS, the 

WHO conditionally recommends they be limited to 5% of daily caloric intake (47) while the 

Institute of Medicine (IOM) states that if AS exceed 25% of total calories, the diet is not likely to 

support adequate intake of essential nutrients (26). These values are set as the target amounts of 

AS for the low and high AS diets, respectively. AS intake from a liquid versus solid matrix is 

associated with faster and greater absorption by the digestive system (111), which could affect 
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the association of 24uSF with AS intake (123). The specific percentages chosen corresponded 

with the percentage of AS consumed from liquid and solid sources by US adults (132). Finally, 

protein sources were specified as meat consumption, specifically from corn-fed animals, is 

known to influence δ13C biomarker values (107). Again, specific percentages were selected to 

match protein intake patterns consumed by US adults (133). Both the low and high AS diets, and 

all calorie levels within, met the same dietary targets except for AS content. The specific foods 

on both diets matched closely to minimize a difference in compliance between the two feeding 

periods (see Appendix B). After finalizing the diets, research assistants went to a local grocery 

store to ensure that items available for purchase corresponded in nutritional composition to the 

foods that were entered into NDS-R.  

Table 3: Dietary targets for low and high added sugars diets 

 
 

Nutrient Target Value 

Total energy, kcal Varies: 1,500-3,500 

Carbohydrate, % of kcal 55% 

Total added sugar, % of kcal 5% or 25% 

  Liquid added sugar, % of AS 33% 

  Solid added sugar, % of AS 67% 

Fat, % of kcal 30% 

Protein, % of kcal 15% 

  Animal Protein, % of protein 42% 

  Dairy Protein, % of protein 20% 

  Vegetable/other protein, % of protein 38% 
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 Subjects followed either a 5% or 25% AS isocaloric diet, as described above. On the 

first day of each controlled feeding period, research assistants reviewed general diet instructions 

with subjects and their parents. Each morning, personnel took subjects’ weight (kg) and a fasting 

fingerstick blood sample. Monitoring weight ensured that subjects received appropriate calories 

and served as one indicator of compliance to the diet. Subjects ate breakfast in the dining 

laboratory to allow observation of at least one meal but they ate remaining meals and snacks for 

the day, provided in a cooler, outside of the lab. They also received two snack modules, three 

Splenda packets, and three bottles of water each day, all of which were optional.  

Prep sheets specified what foods trained research assistants should prepare. Scales 

(Practum 5101-S1, Santorius, Bohemia, NY) allowed staff to weigh foods (g) to a target weight 

(± 0.9 g). Staff also recorded a “food + container weight” for any food placed in plastic storage 

containers. Upon receiving coolers the next day, personnel subtracted “returned weight” (i.e., 

weight of the empty containers) from the “food + container weight” to calculate how much food 

the subject actually consumed as yet another measure of compliance.  

Several quality controls were put into place to minimize incidents, such as subjects 

receiving incorrect diets. First, prep sheets were color-coded green (5% AS) or red (25% AS), 

which this was important given the foods shared between the two diets. Secondly, the assigned 

diet and calorie level were printed on each sheet. Brand names were listed by each food to ensure 

the correct product was prepared. Finally, all personnel who prepared food initialed their names 

to emphasize accountability. 

 

 

 



32 

 

Description of Measures 

 Anthropometric Measurements, Health History, and Menstrual Calendar 

Anthropometric measurements were obtained before each seven-day feeding period 

(visits 1 and 16); at the initial visit, BMI percentile (2) was calculated to confirm subject 

eligibility. Weight was monitored daily during both controlled feeding periods as an indicator of 

1) meeting caloric needs and 2) compliance to the diet. Height was measured to the nearest 0.1 

centimeter without shoes using a wall-mounted stadiometer (Seca Model 216, Seca, Chino, CA) 

and body weight in light street clothing without shoes to the nearest 0.1 kg with a scale (Scale-

Tronix 5002, Welch Allyn, Skaneateles Falls, NY). All participants completed a demographic 

and health history questionnaire at the initial visit (e.g., medication use). Females were asked to 

track their menstrual period on a calendar throughout the study so that each feeding period would 

be scheduled during the same phase of their menstrual cycle, to the extent possible. 

 Physical Activity and Energy Needs 

Participants self-reported physical activity using the Physical Activity Questionnaire for 

Adolescents (PAQ-A) (134). The PAQ-A has been validated against other self-report measures 

of physical activity and against accelerometer data (134). Strengths of the PAQ-A include its 

feasibility (minimal cost, quick to administer and score) plus its use of aids to help participants 

remember their physical activity (e.g., incorporating school events like PE classes) (135). Age- 

and gender-specific equations from the IOM (136), combined with the activity factor derived 

from the PAQ-A, predicted the caloric needs of each subject.   

Usual Dietary Intake 

 During the baseline and washout periods (visits 1-4 and 13-16, respectively) subjects 

completed a total of eight, non-consecutive 24-hour recalls with trained personnel and with the 
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assistance of food intake booklets. The authors incorporated multiple 24-hour recalls into study 

design as one interview cannot capture habitual dietary intake (61, 62). Subjects reported two 

recalls from a weekend day to account for difference in dietary intake between the weekday 

versus weekend (62). Although subjects had the capacity to self-report intake (50) most parents 

accompanied their children to assist (e.g., reporting details of a recipe). Researchers employed 

the United States Department of Agriculture’s Multi-Pass Method used in NHANES (137) to 

standardize prompting. Finally, food recalls were analyzed using NDS-R to determine habitual 

macronutrient composition and AS intake.  

 Fingerstick Blood Sampling for δ13C 

 In the baseline phase of the study, subjects provided two blood samples via fingersticks 

(MedLance Plus Universal Lancet, HTL-Strefa, Ozorków, Poland), without regard to fasting 

(n=29 non-fasted), to establish baseline values for δ13C. Each morning of both controlled feeding 

periods, after participants fasted for twelve hours, researchers performed fingersticks to monitor 

change in δ13C values. Fingerstick blood samples were collected using sterilized binder-free 

glass microfiber filters (Whatman, type GF/D, 2.5 cm diameter, Whatman, Inc., Piscataway, NJ), 

and were allowed to air-dry for fifteen to thirty minutes. Next, they were shipped to the Jahren 

Laboratory (then affiliated with the University of Hawaii – Manoa) for measurement of δ13C 

value via NA-SIMS. This process has been previously described (94). Each sample was tested in 

triplicate and the mean of these results was reported. There was an analytical uncertainty of 

±0.046‰ with each sample measurement for the entire sample (n=32). Once outliers (n=3) and 

non-compliant (n=1) subjects were excluded from analysis (see Statistical Analyses), this 

analytical uncertainty decreased to ±0.036‰. 
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Urinary Sucrose/Fructose Excretion 

On days 6 and 7 of each controlled feeding period, subjects completed a 24-hour urine 

collection. Two 3 L containers (Simport™ Scientific Urine Collection URISAFE™ Containers, 

Simport™ Scientific B350-5, Beloeil, QC, Canada) were given per collection day. Subjects were 

instructed to record start and stop times, if any samples were missed and why, and their plain 

water intake throughout the day. While PABA can be administered to confirm compliance (138), 

PABA was not utilized in this investigation due to concerns that its carbon content would 

interfere with planned urinary δ13C measurements. Each container included 6.75 mL of thymol 

(10% thymol in MeOH) to prevent bacterial growth since these microorganisms, in their energy 

metabolism, would compromise assessment of urinary sucrose/fructose (122). 

 Upon receiving specimens, samples were gently inverted in the container 2-3 times and 

total urine volume was determined to the nearest 10 mL using a 1,000 mL graduated cylinder. A 

urine collection was considered complete based on the following criteria: a) reported complete or 

only missing one collection, b) ≥0.1 mmol/kg/day creatinine excreted (139), and c) reported to 

reflect a collection time period between 20-28 hours. Urinary sucrose/fructose were time-

adjusted to 24 hours (in separate calculated variables) for data analysis. 

Approximately 8 mL of urine, 2 mL per cryotube, was stored in four cryotubes 

(Fisherbrand™ Externally and Internally Threaded Cryogenic Storage Vials, Fisher Scientific, 

Pittsburgh, PA) within cryogenic vial storage boxes (Fisherbrand™ Cryogenic Vial Storage 

Boxes, Fisher Scientific, Pittsburgh, PA) at -80 ℃ until ready for analysis of urinary sugars. The 

methodology used for the urinary sucrose and fructose assays was adapted from that of Camilleri 

et al. (140). Urine was thawed and a 25 μL sample was added to 10 μL of an internal standard 

(19.94 mg/mL 13C 6 -glucose in water/acetonitrile [98:2]). Next, the mixture was diluted with 
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500 μL each of water and dichloromethane. Then, vials were vortexed for five seconds, left to 

incubate for thirty minutes at room temperature, and were centrifuged (3 min, 17,000 x g). 

Afterwards, 100 μL supernatant was diluted with 900 μL acetonitrile/water (85:15). From this, 5 

μL was analyzed by ultra-performance liquid chromatography tandem mass spectrometer 

(UPLC-MS/MS) paired with Waters MassLynx v4.1 software. Urinary sugars were calculated 

based on standard curves that were developed for sucrose and fructose. These curves were 

created after dissolving 1.0056 g sucrose and 1.0217 g of fructose, separately, in 25 mL water 

and then performing twelve series of dilutions. 

Statistical Analyses 

All data was entered and analyzed using SPSS (SPSS v. 24.0 for Windows, SPSS Inc., 

Chicago, IL). Descriptive statistics (mean ± SD; frequencies) were reported for subject 

demographics (sex, age, race/ethnicity, height, weight, BMI, and BMI percentile), self-reported 

dietary intake and controlled dietary intake variables (total calorie intake [kcal]; carbohydrate, 

protein, and fat intake [g and % of kcal]; AS intake [g and % of kcal]; sodium [mg/day]), dietary 

compliance (returned food weigh-back data [[consumed/provided] x 100, expressed as %] and 

urinary sodium [[actual excretion/predicted excretion] x 100, expressed as %]), δ13C fingerstick 

values, and urinary sucrose/fructose excretion.  

Sensitivity was evaluated using a repeated measures ANOVA (RM-ANOVA) between 

Day 1 and Day 8 fingerstick δ13C values of each diet condition. A post-hoc, paired sample t-test 

was planned if a statistically significant effect was found. Reliability was assessed between Day 

7 and Day 8 fingerstick δ13C values, within each diet condition, using intra-class correlation 

(ICC). Finally, paired sample t-tests were done to determine whether baseline fingerstick δ13C 

values were significantly different from Day 1 fingerstick δ13C value on the low and high AS 
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diets. This indicated whether the washout period was adequate for participants’ fingerstick δ13C 

values to revert to baseline after their first assigned diet condition. Paired sample t-tests were 

also conducted to test if demographic and dietary intake data differed from baseline to washout; 

whether dietary variables differed between self-reported intake and controlled diets; and whether 

urinary sugars excretion significantly differed between the 5% and 25% AS diets. All statistical 

tests were set with an a priori significance of α = 0.05. All statistical analyses related to the δ13C 

biomarker were repeated with the removal of four subjects for outliers (n=3) or for non-

compliance (n=1) to the diet, for a final sample of n=28 (henceforth referred to as “subsequent 

analyses”). 

RESULTS 

 

Descriptive Statistics 

 Fifty-eight participants were screened for eligibility. Of these, 25 were excluded for 

failing to meet eligibility criteria (n=11), declined to participate (n=3), or for other reasons, e.g., 

repeatedly failed to keep scheduled appointments (n=11). Additionally, one subject discontinued 

the study after non-compliance to the study diet. Thus, thirty-two adolescents completed the 

controlled feeding study (Figure 2). Subjects’ demographic characteristics, anthropometric 

measurements, PAQ-A scores, and EEN are listed in Table 4.  

Most of the sample were non-Hispanic White (97%) and female (53%); the average age 

was 15.3 years. Of 17 female participants, 15 were menstruating; this was monitored so that both 

controlled feeding periods occurred during the same phase of a participant’s menstrual cycle, to 

the extent possible. However, there were scheduling limitations (n=5) plus subjects who had 

irregular menstrual cycles (n=4), so menstrual phase was only controlled for six subjects. Based 

on height and weight the average BMI percentile was 47.0%, indicative of a normal weight 
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status (2). Mean PAQ-A score was 2.1, which was considered “low active” on a five-point scale 

(135). Average EEN was 2,903 kcal/d, although caloric needs ranged from 1,938 kcal/d to 4,745 

kcal/d. This large range stems from differences in physical activity level, height, weight, gender, 

and age of participants (136).  

Anthropometric measurements, the PAQ-A, and EEN were re-assessed at visit 16, during 

the month-long washout period of the study. Weight (57.5 ± 10.0 kg), PAQ-A score (2.1 ± 0.6), 

and EEN (2929 ± 706 kcal/d) did not significantly differ from baseline to washout. However, 

height statistically significantly increased by 0.4 ± 0.7 cm, on average, between baseline and 

washout (p = 0.001).  
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Figure 2: CONSORT diagram 
 

  
Assessed for eligibility (n=58) 

Excluded (n=25) 

➢ Not meeting inclusion criteria (n=11) 

• BMI > 95th percentile (n=5) 

• Food allergy/intolerance/dietary 

restriction (n=6) 

➢ Declined to participate due to time 

commitment (n=3) 

➢ Other reasons (n=11) 

Discontinued participation (n=0) 

Discontinued participation (n=1) 

➢ Non-compliant with study diet 

(n=1) 

 

Discontinued participation (n=0) 

 

Discontinued participation (n=0) 

 

Analyzed (n=32) 

➢ Excluded from analysis (n=4) 

 

Controlled 

Feeding 

Phase 1 

Analysis 

Controlled 

Feeding 

Phase 2 

 

Randomized (n=33) 

Enrollment 

Sequence A1 (n=18) Sequence B2 (n=15) 

1Sequence A = 5% AS diet in controlled feeding phase 1 and 25% AS diet in phase 2 
2Sequence B = 25% AS diet in controlled feeding phase 1 and 5% AS diet in phase 2 
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Table 4: Baseline demographic characteristics of the study sample (n=32)  

 

   

 Mean ± SD n (%) 

Sex 

Female, n 

Male, n 

 

̶ 

̶ 

 

17 (53) 

15 (47) 

Race/Ethnicity 

Non-Hispanic White, n 

Non-Hispanic Black, n 

Hispanic, n 

Other/unknown, n 

 

̶ 

̶ 

̶ 

̶ 

 

31 (97) 

̶ 

̶ 

1 (3) 

Age, y 15.3 ± 1.6 ̶ 

Education 

Middle school (grades 6 – 8) 

High school (grades 9 – 12)   

 

̶ 

̶ 

 

10 (31) 

22 (69) 

Height, cm 167.5 ± 9.6 ̶ 

Weight, kg 57.2 ± 10.2 ̶ 

BMI, kg/m2 20.2 ± 2.1 ̶ 

BMI percentile1, % 47.0 ± 25.1 ̶ 

PAQ-A2 score 2.1 ± 0.6 ̶ 

Estimated energy needs3, kcal/d 2903 ± 715 ̶ 

1BMI percentile is based upon BMI-for-age growth charts, CDC (2).  
2Physical Activity Questionnaire for Adolescents (PAQ-A) (134). Scores can range from 1 to 5, 

with 5 indicating “high physical activity.” 
3Calculated using IOM age- and gender-specific equations, with PAQ-A to determine physical 

activity level. 

 

Subjects’ average self-reported dietary intake at baseline and washout is provided in 

Table 5. There were no significant differences in total energy, macronutrient (as g/d and % of 

kcal/d), total sugars, AS (as g/d and % of kcal/d), or sodium intake between baseline and 

washout (all p > 0.05).   
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Table 5: Dietary characteristics of self-reported diet, 5% added sugars diet, and 25% added 

sugars diet (n=32) 

 

  

 Baseline1 Washout1 5% AS Diet2 25% AS Diet2 

Calories, kcal/d 

Total fat, g/d 

Fat as % of kcal/d 

Total carbohydrate, g/d  

Carbohydrate as % of kcal/d 

Total protein, g/d 

Protein as % of kcal/d 

Total sugars, g/d  

Added sugars, g/d  

Added sugars as % of kcal/d 

Sodium intake, mg/d 

2519 ± 5773 

98.5 ± 26.9 

34.4 ± 3.3 

317.3 ± 69.3 

50.8 ± 3.6 

91.1 ± 26.0 

14.9 ± 2.6 

127.3 ± 33.1 

76.0 ± 25.6 

12.2 ± 3.3 

3820.4 ± 1123.4 

2475 ± 605 

94.1 ± 23.9 

33.8 ± 4.4 

312.8 ± 91.5 

50.3 ± 4.9 

94.4 ± 28.4 

15.8 ± 3.3 

133.5 ± 48.1 

77.2 ± 35.7 

12.4 ± 4.4 

3757.3 ± 1310.0 

2763 ± 624 

92.4 ± 20.9 

30.3 ± 0.2 

377.6 ± 85.8* 

54.0 ± 0.2 

105.3 ± 23.3* 

15.7 ± 0.1 

158.2 ± 38.0* 

34.5 ± 7.9* 

5.0 ± 0.0* 

3550.9 ± 691.4 

2755 ± 617 

92.4 ± 20.9 

29.9 ± 0.2 

378.6 ± 85.5* 

54.9 ± 0.1 

102.1 ± 22.0* 

15.2 ± 0.2 

214.0 ± 50.4* 

171.9 ± 38.7* 

25.0 ± 0.1* 

3657.4 ± 723.9 
1Self-reported data derived from four 24-hour recalls. 
2Indicates mean quantities that were provided to subjects. 
3Reported as mean ± SD. 
*Significant difference from baseline, p < 0.05. 

AS = added sugars.  

 

Controlled Feeding Periods and Dietary Compliance 

 Estimated energy requirements were ~383 kcal/d higher than subjects’ baseline self-

reported energy intake (p = 0.001). As intended, the two diets differed in AS content. The 5% AS 

diet had ~41.4 g/d less AS (p < 0.001), a ~7.2% decrease of kcal from AS (p < 0.001), than 

baseline. However, the 5% AS diet had ~30.9 g/d more total sugars (p < 0.001). Meanwhile, the 

25% AS diet contained ~86.7 g/d more total sugars (p < 0.001), ~95.9 g/d AS (p < 0.001), and 

~12.7% kcal as AS (p < 0.001) from baseline. Both the 5% and 25% AS diets were higher in 

carbohydrate (~60.3 g/d, p <0.001; ~61.4 g/d, p < 0.001) and protein (~14.2 g/d, p = 0.004; ~11.0 

g/d; p = 0.015) than self-reported intake. 

 Weight stability and returned food were used to assess compliance to the controlled 

feeding periods. Weight did not significantly differ from day 1 to day 8 on either the 5% (paired-
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t(31) = -0.511, p = 0.613) or 25% AS diets (paired-t(31) = -0.153, p = 0.879). Based on returned 

food, compliance was 98.5 ± 0.01% to the 5% AS diet and 97.9 ± 0.02% to the 25% AS diet. 

δ13C Biomarker: Sensitivity and Reliability 

 A total of 18 fingerstick δ13C samples were collected throughout the study. Samples were 

taken at baseline without regarding to fasting, while eight were collected on each diet condition 

after a twelve-hour fast. The fingerstick δ13C values from baseline and during the controlled 

feeding periods are reported in Table 6. On the 5% AS diet, subjects’ fingerstick δ13C values 

decreased (i.e., became more negative), whereas throughout the 25% AS diet fingerstick δ13C 

values increased (i.e., became more positive).  

Table 6: Fingerstick δ13C values at baseline and on the 5% and 25% added sugars diets (n=32) 

 

 

Baseline 1, ‰ -19.72 ± 0.501 

Baseline 2, ‰ -19.72 ± 0.50 

Average baseline2, ‰ -19.72 ± 0.50 

   

 5% AS Feeding Period 25% AS Feeding Period 

Day 1, ‰ -19.70 ± 0.49 -19.74 ± 0.51 

Day 2, ‰ -19.70 ± 0.49 -19.66 ± 0.56 

Day 3, ‰ -19.71 ± 0.50 -19.73 ± 0.50 

Day 4, ‰ -19.71 ± 0.49 -19.71 ± 0.50 

Day 5, ‰ -19.73 ± 0.48 -19.74 ± 0.50  

Day 6, ‰ -19.72 ± 0.47 -19.71 ± 0.50 

Day 7, ‰ -19.75 ± 0.46 -19.71 ± 0.50 

Day 8, ‰ -19.75 ± 0.46* -19.71 ± 0.49* 
1Values are reported as mean ± SD. 
2The mean of baseline 1 and baseline 2 fingerstick δ13C values. 
*Significant difference from Day 1, p < 0.05. 

 

Quality Control 

Paired sample t-tests were conducted to ensure that the month-long washout period was 

adequate for participants’ fingerstick δ13C values to revert from Day 8 on their first assigned diet 

condition back to their baseline values. There was no statistically significant difference between 
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mean fingerstick δ13C values from baseline and Day 1 fingerstick δ13C values on the 5% AS diet 

(p = 0.110) or the 25% AS diet (p =0.330). Additionally, there was no significant difference 

between the Day 1 fingerstick δ13C values of the 5% and 25% AS diets (p = 0.052). There was 

no difference in δ13C value according to assigned sequence (A or B). Results did not change 

upon subsequent analyses except that Day 1 fingerstick δ13C values on the 25% AS diet were 

significantly lower by 0.05‰ than Day 1 values on the 5% AS diet (p = 0.031). 

Sensitivity 

Based on the RM-ANOVA, a significant diet by time effect was detected between Day 1 

and Day 8 δ13C values for both the 5% and 25% AS diets (F(1, 30) = 18.828, p < 0.001). The 

effect remained significant upon subsequent analysis (F(1,26) = 16.592, p < 0.001). There was a 

significant mean decrease between Day 1 and Day 8 δ13C values of 0.05‰ on the 5% AS diet 

(paired-t(31) =  4.083, p < 0.001). This was unchanged in subsequent analysis. On the 25% AS 

diet, Day 8 δ13C value was, on average, 0.03‰ higher compared to Day 1 δ13C value (paired-

t(31) = -2.163, p = 0.038). The mean change slightly increased to 0.04‰ upon subsequent 

analysis (paired-t(27) = -2.174, p = 0.039). Effect size was the same for the entire sample and 

after subsequent analysis, η2
p = 0.39.  

Reliability 

Reliability of the fingerstick δ13C biomarker was assessed with ICC. Since this was a 

controlled feeding study, the environmental conditions were manipulated to deliberately affect 

δ13C values between Day 1 and Day 8. Therefore, within each diet condition only Day 7 and Day 

8 values were used to assess test-retest reliability. A high degree of reliability was found between 

Day 7 and Day 8 δ13C values on the 5% AS diet. The average measure ICC was 0.996 with a 

95% confidence interval from 0.993 to 0.998 (F(31, 31) = 272.329, p < 0.001). Similarly, a high 
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degree of reliability was also found between Day 7 and Day 8 δ13C values on the 25% AS diet. 

The average measure ICC was 0.997 with a 95% confidence interval from 0.993 to 0.998 (F(31, 

31) = 283.001, p < 0.001). A high degree of reliability was maintained, 0.996 for the 5% AS diet 

and 0.995 for the 25% AS diet, in subsequent analyses.  

24-Hour Urinary Sucrose/Fructose 

 Urinary sugars excretions are reported in Table 7. The urinary total sugars excretion was 

1.15% and 1.35% of total sugars provided on the 5% and 25% AS diets, respectively. However, 

due to technical problems with the standards used for this analysis, this test will be repeated. 

Table 7: Urinary fructose, sucrose, and total sugars excretion on the 5% and 25% added sugars 

diets (n=32) 

 

 

 5% AS Feeding Period 25% AS Feeding Period 

Urinary fructose1, mg/d 1198.9 ± 574.72 2005.8 ± 1491.0 

Urinary sucrose1, mg/d 615.4 ± 289.3 878.8 ± 845.6 

Urinary total sugars1,mg/d 1814.3 ± 669.6 2884.7 ± 2251.8 
1Average urinary excretion from day 6 and day 7 24-hour urine collections. Values were 

calculated by multiplying the urinary sugar concentrations (mg/mL) by total urine volume 

(mL/d) collected by subjects.  
2Reported as mean ± SD. 
3Intake of sugars on the 5% added sugars diet: 44.9 ± 11.9 mg/d (fructose), 41.6 ± 9.3 mg/d 

(sucrose), and 158.2 ± 38.0 mg/d (total sugars). 
4Intake of sugars on the 25% added sugars diet: 38.3 ± 9.7 mg/d (fructose), 113.5 ± 25.2 mg/d 

(sucrose), and 214.0 ± 50.4 mg/d (total sugars). 

 

Subjects excreted, on average, an additional 806.9 mg/d fructose (p = 0.003) and 1070.3 

mg/d total sugars (p =0.010) on the 25% AS diet compared to the 5% AS diet; these differences 

were statistically significant. Although urinary sucrose excretion was, on average, 263.4 mg/d 

higher on the 25% diet than the 5% AS diet, this difference was not statistically significant (p = 

0.083). Compared to the 5% AS diet, the 25% AS diet contained an additional ~71.9 g/d sucrose 

(p < 0.001) and 55.8 g/d total sugars (p <0.001), but 6.7 g/d less fructose (p < 0.001).  
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DISCUSSION 

 

 Only two studies have previously assessed the δ13C biomarker in youth. Chi et al. 

analyzed δ13C from hair samples to estimate AS intake based on previous studies in the Yup’ik 

people (105). Meanwhile, MacDougall et al. concluded that fingerstick δ13C values were a valid 

and reliable biomarker of AS intake based upon cross-sectional data (106). However, both 

studies utilized self-reported dietary data. Results from the current study, based on the RM-

ANOVA, indicated that the biomarker was sensitive to detect changes in AS intake on the 

controlled versus baseline diets due to the significant difference in fingerstick δ13C values from 

baseline. Furthermore, the change in fingerstick δ13C exceeded the measurement error of 

±0.036‰ for the 5% and 25% AS diets (n=28). However, for the full sample (n=32) the change 

in fingerstick δ13C exceeded measurement error (±0.046‰) only for the 5% AS diet. These 

changes occurred within the timeframe established for δ13C turnover in mammalian blood, which 

is 17 to 25 days (73). This differs from results obtained in the controlled feeding study conducted 

by Cook et al., which saw no change in fasting plasma glucose δ13C values after a seven-day 

controlled feeding period (92). But, like other reports in the literature (99, 106), there was high 

test-retest reliability between fingerstick δ13C in the current study. 

 A nutritional biomarker should demonstrate validity, reliability, and sensitivity to dietary 

intake in order to be useful (141). In a review by Hedrick et al., only two biomarkers currently in 

development were judged to have met these criteria: 24uSF for total sugars intake and plasma 

alkylresorcinol for whole grain intake (141). Previous studies have also established fingerstick 

δ13C as a valid and reliable biomarker of AS intake (94, 95, 104, 106, 125), but the current study 

was the first to establish its sensitivity to changes in known dietary AS intake. Sensitivity is one 

aspect of criterion validity, defined as, “[…] the extent to which the biomarker correlates with 
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the specific disease […]” (142). Because the RM-ANOVA and paired sample t-tests between 

Day 1 and 8 showed a significant difference in fingerstick δ13C values over each controlled 

feeding period, sensitivity in response to changes in dietary AS intake from baseline was 

demonstrated, and thus the validity of fingerstick δ13C as a biomarker of AS intake was 

supported. Reliability is also important as it is necessary, albeit not sufficient, to establish 

biomarker validity (143). When assessing reliability using Cronbach’s α, values > 0.70 indicate 

high reliability (143). As Cronbach’s α in this investigation exceeded 0.95 for both controlled 

diets, the fingerstick δ13C biomarker exhibited high reliability. Like the current study, the 24uSF 

biomarker is considered sensitive to changes in dietary sugars intake (117). Yet, the reliability of 

fingerstick δ13C observed in this study is higher than that of 24uSF, which had an ICC of 0.67 in 

a controlled feeding study (117). 

The higher urinary sugars excretion observed on the 25% AS diet was expected given the 

higher sucrose and total sugars content relative to the 5% AS diet. But, urinary fructose/sucrose 

excretion data far exceeded results seen in adults of ~42.9 mg/d and ~79.2 mg/d total urinary 

sugars excretion with 143 g/d and 264 g/d total sugars intake (117). It also was not consistent 

with previous data reported for pre-pubertal children, who excreted an average of 20 mg/d 

fructose when self-reported AS and total sugars intake was ~60 g/d and ~96 g/d, respectively 

(118). Since technical problems with the assays may have influenced the results, this data were 

not evaluated further.  

Subjects’ self-reported dietary intake at baseline was compared to both data from the 

What We Eat in America (WWEIA) survey of NHANES and recommendations from the 2015 – 

2020 DGA. Total energy, fat, carbohydrate, protein, and sodium intake were higher in both sexes 

compared to WWEIA data (144). Yet, macronutrient intake as a percentage of calories was 
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comparable (145). One explanation for this difference is that several high school athletes (n=15) 

participated in the study. Since physical activity influences EEN (136), high physical activity 

would increase macronutrient and caloric needs. As the sample contained no obese adolescents, 

the higher energy intake was unlikely due to exceeding EEN. Participants’ habitual diet fell 

within calorie levels and Acceptable Macronutrient Distribution Ranges, but exceeded 

Recommended Dietary Allowances for carbohydrate and protein intake, set by the 2015 – 2020 

DGA (46). Total sugars consumption in the present study matched data for males (138.6 g/d 

versus 139 g/d) but was slightly higher for females (117.3 g/d versus 99 g/d) surveyed in 

WWEIA (144). Both males and females consumed ~12% of calories from AS, which is lower 

than the ~16% reported in the literature (27, 28). Yet, participants exceeded the recommended 

limits for AS consumption, which are <10% of calories (46). Finally, the discrepancy between 

EEN and self-reported caloric intake at baseline might be explained by under-reporting during 

dietary recalls, which is common among this population (51, 61). 

 This investigation has several strengths. Foremost, it was the first controlled feeding 

study to test the fingerstick δ13C biomarker in adolescents. This allowed the ability to test for 

correlations between known AS intake and whole blood δ13C values. Control over subjects’ 

dietary intake also ensured control for other dietary confounders, such as non-sweetener corn and 

corn-fed meat consumption (74, 107). Secondly, this study collected whole blood via 

fingersticks, which have been argued as a minimally invasive method for collecting tissue 

samples (67, 74). Third, the study incorporated a cross-over design, so that subjects served as 

their own controls, to minimize any potential effect of metabolic differences on the biomarker. 

The four-week washout period ensured that subjects began each controlled diet with the same 

baseline fingerstick δ13C values. Finally, compliance to the controlled diet was high. Weigh-back 
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data estimated ~98% compliance to provided food on the 5% and 25% AS diets; additionally, 

subjects were weight stable, which implied that they were consuming a controlled diet which met 

their energy requirements. 

However, there were also limitations to this research. The study assessed the biomarker 

in a small sample (n=32) that was ethnically homogenous and excluded obese adolescents, which 

limits its generalizability. Also, the δ13C content of the diets was not quantified in this study. 

Some foods contained sweeteners that were derived from C3 plants (e.g., beet sugar, honey, 

maple syrup) and are included in AS calculations in NDS-R. Yet, since the δ13C biomarker can 

only assess AS intake from C4 plants, AS intake from C3 sources would not have been detected 

in the fingerstick blood samples (74). Also, variation of δ13C within plant matter may be as high 

as 5‰ (78); it is possible that subjects could have received diets with different  δ13C content 

based on the time of the year in which they were enrolled.  

In conclusion, fingerstick δ13C values changed significantly in response to known dietary 

AS intake within seven days in a white, normal-weight adolescent sample. Results from this 

study, which are strengthened due to the controlled feeding study design, help support the 

conclusions regarding the δ13C biomarker based on cross-sectional, self-reported data. This 

biomarker could be an objective indicator of AS intake that would be useful for research 

regarding AS/SSB intake and obesity/cardiovascular health outcomes. Once portable mass 

spectrometer technology developments are refined (110), the fingerstick δ13C biomarker could be 

a rapid, simple measure of AS intake in large-scale nutrition epidemiology studies (e.g., 

NHANES) or for clinicians who wish to estimate AS intake in their patients/clients (67). 
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CHAPTER 3: SUMMARY AND FUTURE DIRECTIONS 

 

 This study assessed the sensitivity and reliability of fingerstick δ13C values to known 

dietary AS intake over a seven-day period using a controlled feeding, cross-over design in 

adolescents. There was a significant increase of ~0.03‰ from baseline on the 25% AS diet and a 

significant decrease of ~0.05‰ from baseline on the 5% AS diet. Yet, the change in fingerstick 

δ13C values only exceeded measurement error of ±0.046‰ for the 5% AS diet. However, once 

outliers (n=3) and non-compliant subjects (n=1) were removed from analysis, mean δ13C change 

on the 25% AS diet increased to ~0.04‰ while measurement error decreased to ±0.036‰. 

Therefore, fingerstick δ13C was considered sensitive to known AS intake. Reliability of 

fingerstick δ13C was confirmed between fingerstick δ13C measurements within the separate diet 

conditions. 

 The present study has laid a foundation for future work in δ13C and AS research. First, 

fingerstick δ13C values from this study plus data from a previous cross-sectional study (106) 

could be used to develop an equation for predicted AS intake, which could then be compared to 

actual AS intake (e.g., Bland-Altman plot). Secondly, future studies could assess the δ13C values 

of individual blood components (e.g., plasma glucose, RBC, RBC alanine) in this population 

against self-reported or actual AS intake. Their validity, reliability, and sensitivity could then be 

compared to that of whole blood δ13C based on data from the present study or from cross-

sectional data (106). Third, a larger sample size would aid in making sub-group comparisons. 

For example, high physical activity has been associated with a faster turnover rate of δ13C in hair 

for adults, albeit the study that produced these findings had an extremely small sample size (88). 

Additionally, cross-sectional data has indicated that fingerstick δ13C differs between normal-

weight and obese, but not overweight, adolescents (106). More studies that sample non-White 
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children/adolescents are also needed considering that there are differences in AS intake patterns 

by race/ethnicity in youth (28) and that previous studies have seen a difference in tissue δ13C 

value among populations that differ in national origin/ethnicity (99, 108). Determining how 

physical activity level, BMI/body fat percentage, race/ethnicity, and sex may affect the δ13C 

biomarker in adolescents is important to create accurate equations to estimate AS intake. Fourth,  

future studies could utilize a longer controlled feeding period in order to examine the validity of 

the δ13C biomarker after reaching a steady state value. Researchers might also study the effects 

of physical activity on δ13C turnover rates by administering different levels of exercise, with a 

standard controlled diet for all subjects, as the intervention. Finally, there is a need to correlate 

the δ13C biomarker not only with AS intake, but also clinical outcomes such as inflammation, 

metabolic syndrome, type 2 diabetes, and CVD.   
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APPENDIX B: Sample Low and High AS Diets, 2000 kcal/d 

 

5% AS Diet, Days 1/4/7 Cycle Menu, 2000 kcal/d 
Foods Quantities (g) Added Sugar/Sweetener Source 

BREAKFAST 
Quick cooking plain oatmeal 29 g  
Blueberries (frozen) 158 g  
Whole milk 265 g  
Banana (ripe/fresh) 120 g  

AM SNACK 
String cheese (regular fat) 25g  

LUNCH 
White bread 76 g High fructose corn syrup 
Sugar-free jams/preserves 15 g Polydextrose, maltodextrin, sucralose 

Peanut butter 22 g Sugar, molasses (≤2%) 
Baby carrots (raw) 70 g  
Ranch dressing, low-calorie 
 

32 g Corn syrup, sugar 
Orange juice (ready to drink) 318 g  
Hi-C Orange Lavaburst 72 g High fructose corn syrup 

PM SNACK 
Strawberries (fresh, edible portion) 200 g  

Nature Valley Apple Crisp 
Granola Bar 

21 g Sugar, yellow corn flour, brown 
sugar syrup 

DINNER 
Chicken breast (after cooking) 102 g  
Barbecue sauce (commercial) 18 g Sugar, high fructose corn syrup, corn syrup 

Minute Instant Rice 125 g  
Butter (unsalted) 18 g  
Green beans (from frozen) 130 g  
Iceberg lettuce (shredded) 90 g  
Baby carrots (raw) 70 g  
Ranch dressing, low calorie 
 

32 g Corn syrup, sugar 
Splenda packets 3 g (3 packets) Dextrose, maltodextrin, sucralose 

Bottled water 3 – 16.9 fl oz bottles  

NUTRIENT ANALYSIS OF 2000 KCAL, 5% AS, DAY 1 

NUTRIEN
T 

TARGET 5% AS ACTUAL 5% AS 
Total Energy 2000 kcals 2007 kcals 
Protein 15% 75.00 g 15.64% 78.46 g 
Carbs 55% 275.00 g 54.77% 274.79 g 
Fat 30% 66.67 g 29.60%  66.00 g 
Total AS 5% of kcals 25.00 g 5.01% 25.13 g 
Liquid AS 33% of AS 8.33 g 33.34% 8.38 g 
Solid AS 67% of AS 16.67 g 66.66% 16.75 g 
Animal Protein 42% of prot 31.50 g 40.18%  31.53 g 
Dairy Protein 20% of prot 15.00 g 19.57% 15.36 g 
Vegetable/other Protein 38% of prot 28.50 g 40.11% 31.47 
Sodium 1946 mg 
Fiber 30.57 g 
Saturated Fat 23.34 g 



67 

 

25% AS Diet, Days 1/4/7 Cycle Menu, 2000 kcal/d 
Foods Quantities (g) Added Sugar/Sweetener Source 

BREAKFAST 
Maple and brown sugar 
oatmeal 

42 g Sugar, brown sugar 

Dried cranberries 57 g Sugar 

Whole chocolate milk (prepared 
from dry mix w/ whole milk) 

245 g Sugar 

AM SNACK 
String cheese (regular fat) 28 g  

LUNCH 
White bread 86 g High fructose corn syrup 
Reduced sugar jelly 23 g Sugar 
Peanut butter 28 g Sugar, molasses (≤2%) 
Baby carrots (raw) 

 
 

80 g  
Ranch dressing, reduced calorie 33 g Corn syrup, sugar 

Hi-C Orange Lavaburst 258 g High fructose corn syrup 
PM SNACK 

Nature Valley Sweet & Salty Nut 
Granola Bar – Dark Chocolate, 
Peanut, and Almond 

35 g Sugar, corn syrup, dark 
chocolate chunks (sugar), tapioca syrup, 

fructose, rice maltodextrin 
DINNER 

Chicken breast (after cooking) 102 g  
Barbecue sauce 15 g Sugar, high fructose corn syrup, corn syrup 

Green beans (from frozen) 120 g  

Dinner roll 28 g High fructose corn syrup, dextrose (≤2%), 

corn 

flour (≤2%) Butter (regular, unsalted) 12 g  
Iceberg lettuce (shredded) 90 g  
Baby carrots (raw) 80 g  
Ranch dressing, low calorie 35 g Corn syrup, sugar 
Bottled water 3 – 16.9 fl oz bottles  

 

  

 

NUTRIENT ANALYSIS OF 2000 KCAL, 25% AS, DAY 1 

NUTRIEN
T 

TARGET 25% AS ACTUAL 25% AS 
Total Energy 2000 kcals 2006 kcals 
Protein 15% 75.00 g 15.35% 76.95 g 
Carbs 55% 275.00 g 54.86% 275.07 g 
Fat 30% 66.67 g 29.79% 66.38 g 
Total AS 25% of kcals 125.00 g 24.93% 124.98 g 
Liquid AS 33% of AS 41.67 g 33.33% 41.66 g 
Solid AS 67% of AS 83.33 g 66.67% 83.33 g 
Animal Protein 42% of prot 31.50 g 40.97% 31.53 g 
Dairy Protein 20% of prot 15.00 g 19.48% 14.99 g 
Vegetable/other Protein 38% of prot 28.50 g 39.41% 30.33 g 
Sodium 2614 mg 
Fiber 23.96 g 
Saturated Fat 23.50 g 


