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ABSTRACT

Misreporting of added sugar intake has been the major criticism of studies linking high added sugar consumption to adverse health outcomes.
Despite the advancement in dietary assessment methodologies, the bias introduced by self-reporting can never be completely eliminated. The
search for an objective biomarker for total added sugar intake has therefore been a topic of interest. In this article, the reasons this search may be a
wild goose chase will be outlined and discussed. The limitations and inability of the 2 candidate biomarkers, namely urinary sucrose and fructose
and δ13C isotope, which are based on the 2 only possible ways (i.e., difference in metabolism and plant sources) to identify added sugar based
on current knowledge in human physiology and food and nutritional sciences, are discussed in detail. Validation studies have shown that these 2
candidate biomarkers are unlikely to be suitable for use as a predictive or calibration biomarker for total added sugar intake. Unless advancement in
our understanding in human physiology and food and nutritional sciences leads to new potential ways to distinguish between naturally occurring
and added sugars, it is extremely unlikely that any accurate objective added sugar biomarker could be found. It may be time to stop the futile effort
in searching for such a biomarker, and resources may be better spent on further improving and innovating dietary assessment methods to minimize
the bias introduced by self-reporting. Adv Nutr 2020;11:1429–1436.
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Introduction
Added sugars are commonly defined as sugars added to foods
during production or cooking (1). The potential negative
effects of excessive added sugar intake on health outcomes
have been a hot topic of research in recent years. Studies
have linked high added sugar consumption to overweight
and obesity (2), as well as various chronic diseases such
as metabolic syndrome (3) and cardiovascular diseases
(4, 5). Individuals who consume a high proportion of energy
from added sugars were also reported to have poorer diet
quality (6–12). Health care professionals have long been
recommending added sugar intake to be limited, as they are
considered empty calories with little nutritional importance.
Building upon the growing body of evidence, the World
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Health Organization (WHO) updated their quantitative
guidelines on sugar intake in 2015, which focused on “free
sugars,” defined as added sugars plus natural sugars found
in honey, syrups, and fruit juices (13). The new guidelines
recommend that free sugar intake should contribute <10%
of the total energy intake of the diet, with a further reduction
to <5% of total energy for additional health benefits (13).

Although the majority of studies point to positive asso-
ciations between added sugars and adverse health outcomes
as outlined above, some researchers argue that misreporting
in self-reported dietary assessment methods may have biased
the added sugars-disease relation in nutritional epidemio-
logical studies, potentially attenuating the associations ob-
served (14). Unarguably, most dietary assessment methods,
especially those commonly used such as FFQs and 24-h
recalls, are prone to misreporting (15), where food high in
added sugars such as sugar-sweetened beverages and snacks
are commonly underreported (16, 17). This could be due to
memory bias, inability to estimate portion size accurately, or
social desirability bias (18).

Researchers have therefore been searching for methods
to estimate/measure added sugar intake which are not
affected by underreporting, and biomarkers are proposed as a
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TABLE 1 Top 3 types of added sugars used in different countries

Countries Most frequently used Second most frequently used Third most frequently used

Australia (36) Cane sugar (sucrose) Glucose syrups Glucose
Brazil (37) Cane sugar (sucrose) Maltodextrin Glucose syrup
Canada (34) Cane sugar (sucrose) Glucose Corn syrup
United States (35) Corn syrup Sorghum sugar (sucrose rich) Cane sugar (sucrose)

potential solution. It is not uncommon to see researchers list
the development and use of a biomarker for added sugars
to be a main point of improvement for future studies, e.g.
(19), citing its ability to objectively reflect dietary added
sugar intake, thus eliminating or at least minimizing the
error introduced by misreporting. Nonetheless, there is little
discussion on whether such a biomarker indeed exists.
Therefore, in this article, the reasons the search for an
objective total added sugar intake biomarker may be a wild
goose chase will be outlined and discussed. Since recent
studies have shifted from examining the association between
foods and beverages high in added sugars (e.g., sugar-
sweetened beverages) and health outcomes to that based on
total added sugar intake, in order to inform quantitative
added sugar intake guidelines, this article will focus on
biomarkers for total added sugar intake rather than that for
foods high in added sugars.

Characteristics of a Good Biomarker
Biomarkers of food/nutrient intake are biomolecules in the
body that reflect the dietary intake and/or metabolism of
the food/nutrient of interest (20). Ideally, a good biomarker
should allow researchers to predict/estimate the true intake
without the need of self-report, usually via a regression
equation (e.g., predicted true intake = β1 × biomarker con-
centration + β2 × age + β3 × sex + constant). Nonetheless,
at the very least, a biomarker of a nutrient should show good
correlation (where r = 0.5 to 0.7 is considered acceptable)
(21) or dose-response relation with the true intake, enabling
its use for validating and calibrating self-reported intake,
which is prone to misreporting (20, 22). Biomarkers should at
least be able to correctly classify individuals into high versus
low (and possibly non) consumers. It is important to note that
due to the complexity and high interindividual variability
in digestion, absorption, and human metabolism (22), it is
virtually impossible to find a food/nutrient biomarker with
perfect correlation (i.e., r = 1) to dietary intake.

Dietary Sources and Types of Added Sugars in
the Human Diet
The major dietary sources of added/free sugars in various
populations have been previous reported (23–33). Generally
speaking, the majority of dietary added/free sugars in a
typical diet come from sugar-sweetened beverages, grain-
based desserts, and confectionery. Although some of these
have rather simple compositions that are mostly plant-
based, e.g., sugar-sweetened beverages; others have more

complicated compositions made of plant- and animal-based
ingredients, e.g., cake and biscuits.

Several studies to date have examined the types of
added sugars used in the food supply in various countries
(34–37). A summary of the top 3 types of added sugars used
in these countries is provided in Table 1. All of these top
added sugar contributors were either single or a mixture of
monomers of glucose or fructose, or sucrose (table sugar)
which is a disaccharide consisting of 2 units: glucose and
fructose. The other commonly used added sugars in the
food supply include lactose (glucose + galactose), molasses
(glucose + fructose), honey (mainly fructose, glucose, and
maltose with other disaccharides), rice or starch syrup
(glucose), and fruit juice concentrates (glucose + fructose)
(Table 2). Current food science knowledge suggests there is
no structural difference between naturally occurring forms
of these sugars and the forms used in the abovementioned
sweetening agents, especially when some of the sugar-
producing crops can be used as food themselves (e.g., corn)
and in that case the sugars they contain are considered
naturally occurring.

An Overview of Digestion, Absorption, and
Metabolism of Dietary Sugars; and the Possible
Existence of Metabolism/Metabolite-Based
Added Sugar Biomarkers
Most nonmonosaccharide dietary sugars undergo some form
of digestion before being absorbed into the bloodstream for
further metabolism, which involves breaking down the di-
or oligosaccharide molecules into their constituent monosac-
charide units. These units could be glucose, fructose, or
galactose. Glucose and galactose are readily absorbed into the
body with the help of sodium-dependent and -independent
glucose transporters, whilst fructose is absorbed with the as-
sistance of the fructose transporter type 5 (GLUT5; 38). Once
in the body, galactose is metabolized via the Leloir pathway
into glucose for further metabolism via the glycolytic path-
way (39), or into D-xylulose for use in the pentose phosphate
pathway. In some rare situations disaccharides such as
sucrose could “leak” into the bloodstream via nonmediated
passive diffusion through the intact intestinal wall (40, 41),
but there is high intra- and interindividual variation (41).
For example, the gut lining of some individuals may allow
more sucrose molecules to pass through than others, and the
permeability of the gut lining to sucrose molecules may also
be affected by the health condition of the individuals, e.g.
healthy compared with during gut infection. The amount of
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TABLE 2 Chemical composition of commonly used added sugars and their natural source

Added sugars Chemical composition of sugar Natural sources

Sucrose/table sugar Sucrose (1 glucose + 1 fructose) 1Sugarcane, beets
High-fructose corn syrup Fructose (42–55%) and glucose 1Corn
Lactose Lactose (1 glucose + 1 galactose) Dairy products
Glucose Glucose Wheat, 1corn
Fructose Fructose Wheat, 1corn, fruits
Corn syrup Maltose and oligoglucose 1Corn
Molasses Sucrose (1 glucose + 1 fructose) and invert sugar (1 glucose + 1

fructose)

1Sugarcane, beets

Honey Fructose, glucose, maltose (glucose + glucose), and other
disaccharides

Beehives

Starch/glucose syrup Glucose, oligoglucose, and dextrin Rice, wheat, potatoes, barley, cassava, 1corn
Maltodextrin Glucose oligomer and/or polymer Wheat, 1corn
Fruit juice concentrates Varying proportions of glucose, fructose, and sucrose Fruits

1Plants using the C4-pathway for sugar synthesis.

sucrose that appears in the urine is therefore not uniformly
correlated to the intake of total sugars in different individuals.
Nonetheless, there is no known human biochemical pathway
that utilizes sucrose, and as such it will need to be broken
down into glucose and fructose for further metabolism or
remain intact and be excreted in the urine.

Urinary excretion of sucrose and fructose have recently
been proposed to be a good biomarker for total sugar intake
(41, 42). However, its potential as an objective and accurate
added sugar biomarker is likely low given the correlation
between total sugar and added sugar intake may not always
follow a linear pattern. Individuals with high total sugar
consumption could either have a high intake of natural
sugars (e.g. from fruits), a high intake of high added sugar
foods, or both. Using data of the first 24-h recall from
the adult respondents of the 2011–2012 Australian Health
Survey dataset (unweighted n = 6228 adults after excluding
energy misreporters) (32), it was observed that although
the correlation between total sugar and added sugar intake
was found to be 0.85 (Figure 1A), the proportion of total
sugars as added sugars ranged widely from 0 to 100% (IQR:
28.7–64.4%) with a roughly normal distribution (Figure 1B).
Due to the chemical indistinguishability between naturally
occurring and added forms of the same sugar molecule, this
limitation seems insurmountable.

Once absorbed into the blood, the main biochemical
pathways involved in glucose and fructose metabolism are
glycolysis, glycogenesis, and de novo fatty acid synthesis
(43), where glucose and fructose enter these pathways at
different points. However, since naturally occurring glucose
and fructose (and their corresponding disaccharide and
oligosaccharide forms) and those found in sweetening
agents are chemically identical, there is no reason to
expect them to be metabolized differently in the human
body, which disproves the existence of a biomarker based
on sugar metabolism/metabolites, although the existence
of a biomarker for high added sugar foods (rather than
added sugars per se) based on metabolites of other
unique constituents of those foods (e.g., cola-flavoring for

cola-based soft drinks) could not be completely ruled out
(44).

Biomarkers Based on Distinguishing Between
Naturally Occurring and Added Sugars According
to Their Natural Source
Another way to distinguish between naturally occurring and
added sugars is to examine their natural sources (Table 2)
using an isotope-based method (45–53). In brief, it was
proposed that since certain types of crops used to produce
sweeteners (e.g., corn for high-fructose corn syrup) utilize
the C4-pathway for sugar synthesis compared with the C3-
pathway used by plants, which are used as food high in
naturally occurring sugars (e.g., fruits) (45, 54), and that
the δ13C isotope is more readily incorporated in the sugar
molecules in the C4-pathway than the C3-pathway (45), it
may be possible to develop a biomarker based on the δ13C
isotope, which is rather stable and could be found in various
types of tissue or blood samples such as hair and RBCs
from fingerstick blood (47, 55). While acknowledging certain
limitations which are discussed below, proponents of the
isotope-based method claim that it is promising and should
be further developed and improved.

A main limitation of this isotope-based method is that it
will theoretically only work for added sugars from corn- and
sugarcane-based sweeteners; and it cannot reflect the intake
of other added sugars produced from wheat or other plants
(Table 2). Although sugarcane- and corn-based sweeteners
account for the majority of sweeteners used in the food
supply, this proportion varies between countries, as reflected
by the top type of sweeteners used in different countries
shown in Table 1. Furthermore, data from the USA, where
the use of corn-based sweeteners is common, suggest that
the contribution of corn-based sweeteners to total sweetener
intake dropped from 50.8% to 43.2% between 2008 and 2018,
whereas that contributed by refined sugars (sugarcane- and
sugar beets-based) increased from 48.0% to 55.1% in the
same period (56). Nonetheless, even in countries where the
main sweeteners used are corn- and/or sugarcane-based, the
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FIGURE 1 (A) Scatterplot of total sugar vs. added sugar intake;
and (B) distribution of proportion of total sugars as added sugars of
adult respondents of the 2011–2012 Australian Health Survey (32).
The line of best fit and R2 in panel A were calculated using simple
linear regression between x and y values. Panel A showed that
there was great variability in the proportion of total sugars as
added sugar across the spectrum of total sugar intake; and panel B
illustrated that the distribution of proportion of total sugars as
added sugar roughly follows a normal distribution.

δ13C isotopic method is still unable able to reflect 100% of
total added sugar intake.

Second, as the proponents themselves have acknowl-
edged, there are other food sources of δ13C-isotope in a
typical diet, such as meat from animals fed corn-based diets,
marine foods, and different forms of corn used as foods, e.g.,
fresh/canned corn, cornflakes (49). They performed studies
(49, 57) attempting to correct for the meat/marine source
of δ13C using a nitrogen isotope (δ15N) which is found in
protein but not sugar; however, the results were mixed. In

1 study (57), the R2 between the reported and predicted
added sugar intake based on δ13C alone was only 0.03,
suggesting 97% of the variance in the self-reported added
sugar intake was unexplained by the δ13C isotope-based
biomarker. Adding δ15N in the regression model improved
the R2 to 0.33, which means two-thirds of the variation
in the self-reported added sugar intake were still due to
other factors not addressed by the isotope-based equation. In
another population (49), adding δ15N in the regression model
only marginally improved the R2 from 0.09 to 0.11. Although
the accuracy of the self-reported added sugar intake in
reflecting true intake is uncertain, such magnitude of error
does not appear to be fully attributable to this limitation.

Third, the metabolic fates of the glucose and fructose
moieties from C3 and C4 sugars are theoretically the same,
thus their concentration in various tissues and the blood is
highly unpredictable. Glucose entering the blood can either
be immediately transported to various parts of the body
for energy production via the glycolytic pathway and Kreb’s
cycle (58), where the δ13C in these glucose molecules are
quickly lost as CO2; or for glycogen and fat production (58)
in varying proportion depending on the condition when
the glucose influx occurs, e.g., during exercise compared
with resting. Fructose is quickly metabolized in the small
intestine to glucose (which is then metabolized in the same
way as described above) and organic acids when the dosage
is low. In high consumption, fructose is transported to the
liver for conversion into triacylglycerol via de novo fatty
acid synthesis (59). δ13C in the liver, muscles, and adipose
tissues are therefore more likely to be able to reflect usual
added sugar intake from corn or sugarcane sources as these
organs contain glycogen and/or triacylglycerol molecules.
Nonetheless, the procedures of sampling tissues from these
organs are highly invasive and may be risky (22), and
the amount stored is highly dependent on the individuals’
energy balance which has high interindividual variability.
On the other hand, once glucose or fructose enter the
glycolytic pathway, the intermediate molecules could also
be used to synthesize nonessential amino acids for protein
synthesis and ribose for RNA and DNA synthesis (60),
therefore some of the δ13C from C4 sugars may end up in
these biomolecules in different tissues and cells, allowing
its detection using less invasive samples such as hair or
blood (55). However, a big assumption of this approach is
that the interindividual variability in the metabolic fate of
dietary glucose and fructose moieties is low, which is unlikely
(22).

Fourth, the precision of the method also appears to be
suboptimal for an objective biomarker. Further examination
of the data of the study by Hedrick et al. which attempted
to correct for δ15N (49) raised additional concerns about the
robustness of the statistical analyses behind the validation
of the δ13C isotope-based method. Using data generated
from reverse-engineering the scatterplot (using WebPlot-
Digitizer https://apps.automeris.io/wpd/) in the article (49)
to illustrate the point, with the understanding that it may
have introduced minor errors in the process, the original
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FIGURE 2 (A) Replot of data where both axes have the same
scale; and (B) scatterplot of nonnatural logged values. Data were
obtained from reverse-engineering of Figure 2 in Hedrick et al. (49)
(n = 106, Southwest Virginian adults). The lines of best fit and R2

values were calculated using simple linear regression between x
and y values. It was evident from the graphs that the predicted
added sugar intake varied within a much smaller range (∼50 to
100 g/d) compared with the reported added sugar intake (∼10 to
250 g/d).

scatterplot where the x- and y-axes are drawn in the same
scale (Figure 2A), the nonnatural logged version of the scat-
terplot (Figure 2B) and a Bland–Altman plot (Figure 3) were
produced. All 3 plots raised substantial concerns regarding
the precision of the isotope-based method, especially the
Bland–Altman plot which showed there is an increasing
trend of underestimation of added sugar intake by the δ13C
isotope-based method at higher intakes. The mean ± SD
absolute difference between the predicted and self-reported

value was 34.7 ± 33.7 g/d (range 0.4–169 g/d). Compared
with the mean ± SD self-reported added sugar intake of
81.9 ± 51.5 g/d, this magnitude of error (>40%) seems
unacceptably high. Using the median self-reported intake as
the cut-point for classifying respondents as high and low
consumers, the isotope-based method has a sensitivity and
specificity of only 61.0% and 53.2%, respectively (Table 3).
In fact, the study by MacDougall et al. (51) also reported
that δ13C only has a specificity of 38% in discriminating
between low and high consumers, although with a slightly
better sensitivity of 83%. These data suggest that the δ13C
isotopic biomarker is likely to grossly misidentify either low
or high added sugar consumers, or both.

Last but not least, using the predicted added sugar value
from the δ13C isotope-based biomarker to examine the added
sugars-disease relation could also be problematic. To further
illustrate the point, a mock dataset based on the reverse-
engineered dataset from Hedrick et al. (49) was created with
the association between self-reported added sugar intake and
disease prevalence as outlined in Table 4. Results from simple
binary logistic regression using the first quartile of added
sugar intake as the referent group revealed that the significant
dose-dependent association obtained using the self-reported
added sugar intake became nonsignificant when predicted
added sugar intake was used as the exposure, which is highly
concerning.

Taking all the above together, it appears that the δ13C
isotope-based biomarker is unlikely to be usable as a stand-
alone biomarker for studies linking total added sugar intake
(based on absolute, quantiles, or as high compared with low
intake) to diseases without introducing substantial errors.
Its inability to account for noncorn- or sugarcane-based
added sugar intake and nonsugar sources of δ13C are the
main caveats. With the magnitude of error reported in the
literature thus far and as demonstrated above, it also appears
to be unsuitable as a biomarker for calibrating self-reported
intake.

Implications and Conclusions
As Potischman nicely put it in her article published in 2003
(22), “for some purposes, dietary data can be more appropriate
than biomarker data.” The assessment of total added sugar
intake clearly falls into this category. Although it may sound
pessimistic, having considered the points raised above, it
may be time for researchers to cease the obsession and futile
effort in finding an accurate and objective biomarker for
total added sugar intake, as the only 2 possible ways (i.e.,
difference in metabolism and plant sources) to distinguish
between naturally occurring and added sugars based on the
current knowledge and evidence in human physiology and
food and nutritional sciences have been shown to be unable
to accurately reflect total added sugar intake.

In fact, the margins of error reported in studies thus
far, and their limitations as discussed above suggest that
improvements to make these 2 ways work is unlikely
to be achievable. Total added sugar intake biomarkers
based on sugar metabolism/metabolites are theoretically
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FIGURE 3 Bland–Altman plot of data obtained from reverse-engineering of Figure 2 in Hedrick et al. (49) (n = 106, Southwest Virginian
adults). The solid horizontal line represents the mean difference between the predicted and reported added sugar intake, and the 2
dotted horizontal lines represent the upper and lower limits of agreement (mean difference ± 1.96 × SD). The line of best fit and R2 were
generated using simple linear regression between x and y values. Results indicated there is a significant increase in underestimation as
added sugar intake increases.

nonexistent due to the chemical indistinguishability between
the naturally occurring and added forms of the same sugars.
The δ13C isotope-based biomarker would need to adequately
address the high interindividual variability of dietary sources

of C and N (possibly also O and H) and the metabolism
of sugars, distinguish between δ13C from corn-based
sweeteners and those in corn used as food, as well as improve
the biomarker’s specificity to a wide range of sugars used as

TABLE 3 Specificity and sensitivity of the δ13C isotope-based method in discriminating low added sugar consumers from high added sugar
consumers (n = 106, Southwest Virginian adults)1

Self-reported added sugar intakes, n

Low High

Isotope-based estimate of
added sugar intake, n

Low 36 22
High 23 25

1Calculated from reverse-engineered data from Hedrick et al. (49). The sensitivity and specificity of the δ13C isotope-based method are 61.0% and 53.2%, respectively.
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TABLE 4 Illustrative example based on 1binary logistic regression examining the added sugar-disease relation based on self-reported
added sugar intake compared with added sugar intake estimated by the δ13C isotope-based equation (n = 106, Southwest Virginian adults)

Quartiles of added sugar intake

Q1 (ref) Q2 Q3 Q4 Ptrend

Self-reported
n (case) 29 (8) 28 (10) 31 (15) 28 (16) —
Median (range) added sugar intake, g/d 36.5 (13.5–45.6) 56.0 (45.9–67.9) 79.3 (68.3–98.5) 156.5

(104.8–256.4)
—

OR (95% CI) 1.00 1.46 (0.47, 4.48) 2.46 (0.84, 7.22) 3.50 (1.16, 10.58) 0.016
δ13C isotope-based

n (case) 29 (12) 29 (13) 29 (11) 29 (13) —
Median (range) added sugar intake, g/d 55.7 (44.8–60.8) 64.3 (61.6–68.8) 73.7 (69.2–77.3) 86.5 (77.3–108.3) —
OR (95% CI) 1.00 1.15 (0.41, 3.26) 0.87 (0.30, 2.48) 1.15 (0.41, 3.26) 0.933

1Calculated from a mock dataset generated based on the reverse-engineered data from Hedrick et al. (49).

added sugars, all of which seems to be impossible based on
the current understanding of food and nutritional science.

There also does not seem to be a logical biomarker that
could distinguish between the sugars eaten as refined/added
sugars and those eaten as part of the same sugar-producing
plants used as foods, such as sugars in corn. Although it may
be technically possible to develop biomarkers for foods high
in added sugars based on other characteristic constituent(s)
of these items, in studies where the research question relates
to total added/free sugar intake, which are required to inform
future development of quantitative sugar intake guidelines,
such biomarkers are unable to stand-alone without the need
for total added/free sugar intake estimated via self-report or
other methods.

It should also be noted that the δ13C isotope-based
method is technically unable to estimate/predict free sugar
intake, as sugars from whole fruits and their counterparts
from fruit juices essentially came from the same types
of plants that utilize the C3 pathway, thus nullifying the
theoretical basis of the isotope-based method. Given that the
WHO guidelines on sugar consumption now refer to free
sugars rather than added sugars (13), the utility of an isotope-
based added sugar biomarker is further limited. Resources
may be better spent on improving or innovating dietary
assessment methods to minimize the bias introduced by
misreporting.
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