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ABSTRACT
Background: The carbon isotope ratio (CIR) is a proposed biomarker for added sugar (AS) intake in the United States;

however, because the CIR is also associated with meat intake in most populations the need for specificity remains. The

CIR of amino acids (AAs) has the potential to differentiate sugars from meat intakes, because essential AAs must derive

from dietary protein whereas certain nonessential AAs can be synthesized from sugars.

Objectives: We tested whether serum CIR-AAs in combination with participant characteristics could meet a

prespecified biomarker criterion for AS intake in the Nutrition and Physical Activity Assessment Study Feeding Study

(NPAAS-FS) of the Women’s Health Initiative, a population in which the whole-serum CIR was not associated with AS

intake.

Methods: Postmenopausal women (n = 145) from Seattle, WA, were provided with individualized diets that

approximated their habitual food intakes for 2 wk. Dietary intakes from consumed foods were characterized over the

feeding period using the Nutrition Data System for Research. The CIR of 7 AAs—Ala, Gly, Val, Leu, Ile, Pro, and Phe—

were measured in fasting serum collected at the end of the 2-wk feeding period, using gas chromatography–combustion

isotope ratio mass spectrometry. Biomarker models were evaluated using regression R2 ≥ 0.36 as a major biomarker

criterion, based on the benchmark R2 values of well-established recovery biomarkers in the NPAAS-FS.

Results: AS intake was associated with CIR-Ala (ρ = 0.32; P < 0.0001). A model of AS intake based on CIR-Ala, CIR-Gly,

CIR-Ile, smoking, leisure physical activity, and body weight met the biomarker criterion (R2 = 0.37). Biomarker-estimated

AS intake was not associated with meat or animal protein intake.

Conclusions: Results support serum CIR-AAs in combination with participant characteristics as potential biomarkers

of AS intake in US populations, including those with low AS intake. The Women’s Health Initiative is registered at

clinicaltrials.gov (NCT00000611). J Nutr 2020;150:2764–2771.

Keywords: added sugar, dietary biomarker, amino acid carbon isotope ratios, controlled feeding study, Nutrition

and Physical Activity Study Feeding Study (NPAAS-FS)

Introduction
Consumption of added sugars (ASs) and sugar-sweetened
beverages (SSBs) contributes to the etiology of multiple chronic
diseases, including obesity (1, 2), diabetes (3, 4), cardiovascular
disease (5–7), and some cancers (7–9). Policy initiatives and

public health interventions targeting AS require accurate
quantification of dietary intake, which can be hampered by
random and systematic error associated with methods of self-
reported dietary assessment (10–13). An objective biomarker
could be used to circumvent these issues, potentially identifying
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patterns of systematic error in dietary data, enabling the
generation of biomarker-calibrated estimates of AS/SSB intake
(14). Such calibrated dietary estimates often reveal stronger
diet-disease associations than were previously observed using
uncalibrated dietary measures (14–18).

The carbon isotope ratio (CIR) has potential as a biomarker
of AS intake because it is elevated in corn and sugar cane, which
supply 70% of caloric sweeteners (ASs) and nearly all SSBs in
the United States (19–21). However, due to the widespread use
of corn to feed livestock in the United States (22–24), the CIR
is also associated with meat and/or animal protein, often more
strongly than with AS/SSB (25–27). The consistent association
of the CIR with animal protein/meat intake is a major limitation
of the CIR as a candidate biomarker for AS.

A potential way to improve a stable isotope biomarker of
AS intake is to use the CIR of a suite of molecules that can
differentiate intake of AS from intake of animal protein/meat.
Amino acids (AAs) are promising candidates in this regard.
The CIR of the nonessential AA (NEAA) Ala was associated
with AS/SSB intake in an Alaska Native cohort (28), likely due
to the synthesis of Ala from glucose via the glucose-Ala cycle
(29–31). In contrast, essential AAs (EAAs) must derive from
dietary protein and thus are likely to reflect the CIR of animal
protein/meat. Analysis of AA CIR by gas chromatography–
combustion isotope ratio mass spectrometry provides data on
multiple AAs, including Ala and several EAAs (32, 33), thus
potentially providing a tool to discriminate AS from animal
protein/meat intakes. Despite the potential of AA CIR as
a biomarker of AS based on the Alaska Native study, this
approach has yet to be evaluated in other US populations,
particularly those with modest or low AS intake.

This study evaluated a biomarker of AS intake based on
serum AA CIR and participant characteristics in the Nutrition
and Physical Activity Assessment Study Feeding Study (NPAAS-
FS), an ancillary study of the Women’s Health Initiative
(WHI) designed to develop and evaluate dietary biomarkers
in 153 postmenopausal women (34). Each participant was
provided a personalized diet for 2 wk that approximated usual
intake, providing dietary control while preserving typical intake
distributions for the population. Our primary hypothesis was
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that a model of added sugar intake based on serum AA CIR and
participant characteristics could meet biomarker criteria for AS
intake in the NPAAS-FS study.

Methods
Study participants and design
The NPAAS-FS, an ancillary study of the WHI Extension study,
was designed to evaluate dietary biomarkers in postmenopausal
women within the context of their habitual diet. The NPAAS-FS was
implemented from 2011 to 2013 in Seattle, WA, with biospecimens
and data being investigated through the present, and included 153
WHI Extension study participants. The NPAAS-FS was approved by
the Fred Hutchinson Institutional Review Board in accordance with
the Declaration of Helsinki, with additional oversight from the WHI
Observational Study Monitoring Board. The WHI program is registered
at clinicaltrials.gov as NCT00000611. Stable isotope biomarkers of diet
were evaluated in the NPAAS-FS under approved ancillary study WHI
AS423, of which AA CIRs were primary outcome variables in addition
to the whole serum CIR, nitrogen isotope ratio (NIR), and the sulfur
isotope ratio (SIR), which were reported previously (26).

A complete description of NPAAS-FS study procedures has been
previously published, including recruitment, consent, and the details
of participant visits [Supplemental Figure 1 (34)]. Briefly, following
written informed consent each participant completed a 4-d food
record that was reviewed carefully by research dietitians and used to
design an individualized 2-wk experimental diet that approximated
the participant’s habitual intake. All foods were prepared in the Fred
Hutchinson Prevention Center Human Nutrition Laboratory (HNL),
and all meal components were entered into the Nutrition Data System
for Research (NDS-R; Nutrition Coordinating Center, version 2010;
University of Minnesota). Participants visited the HNL 2–3 times/wk
to consume a study meal on site, pick up foods for the next 2–3 d, and
have body weight measured. Uneaten foods were returned to the HNL,
where they were weighed and recorded. Participants were instructed
to maintain their daily life and eat only study foods prepared by the
HNL during the 2-wk feeding period. One exception was that alcohol
was not provided as part of the study foods and beverages. Those who
consumed alcohol provided their own and reported type and volume on
study reporting forms. Participants completed a daily menu checklist to
record consumption of all study foods and beverages (and nonstudy
foods if applicable).

At the beginning and end of the 2-wk feeding period, participants
provided a fasting blood specimen, and height and weight were
measured by trained staff. Participants completed lifestyle question-
naires regarding smoking status, medication use, dietary supplement
use, and leisure physical activity (LPA). Other variables (age, race,
education) were extracted from the WHI database. Fasting blood
samples were processed to serum and stored at −80◦C. Serum aliquots
were subsequently shipped on dry ice to the University of Alaska
Fairbanks for stable isotope analysis. In this study, serum samples
taken at the end of the feeding study were analyzed, because these best
reflected diet provided during the study period.

In addition to total energy and macronutrient intakes, we examined
the intakes of specific foods that have been demonstrated to have
elevated CIR in previous studies (35). These included 4 variables
characterizing dietary intake of sugars [total sugars, ASs, SSBs,
and “nonadded” sugars (calculated as total − ASs)], 6 variables
characterizing intake of animal-derived foods (animal protein, red meat,
poultry, fish/seafood, eggs, and dairy), and 1 variable characterizing corn
intake (corn products). We note that ASs by definition include all sugars
added to foods during preparation or processing, not only those deriving
from corn or sugar cane.

The following dietary intake variables were extracted from the
NPAAS-FS “consumed” NDS-R files over the period of dietary intake:
total energy (kilocalories per day), carbohydrate (grams per day),
fat (grams per day), protein (grams per day), animal protein (grams
per day), total sugar (grams per day), and AS (grams per day).
Additional constructed variables were created from the NPAAS-FS
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“consumed” NDS-R food components including: corn products, SSBs,
red meat, fish/seafood, poultry, eggs, and dairy, with each dietary
component coded as 0 or 1 for each new variable. Detailed coding
inclusion/exclusion criteria are presented in Supplemental Table 1.
Briefly, “red meat” included beef, pork, lamb, and liver; “fish/seafood”
included fish and shellfish; “dairy” included animal milk and all milk-
derived products such as cream, butter, cheese, and yogurt; and “corn
products” included whole corn, popcorn, corn chips, corn tortillas,
corn cereals, and corn oil. If a category was the second or third
ingredient listed in a commercial food component it was coded as 0.5;
for example, some breakfast cereals were coded 0.5 for “corn products”
(26). Coding variables were multiplied by grams of intake, summed
over each participant, and divided by the number of days of intake to
generate daily intake in grams per day for each participant for each
new food category. For components that included beverages (dairy and
SSBs), we subtracted grams of water from grams of intake.

AA extraction and derivatization
Serum AAs (free and bound) were extracted from samples collected
at the end of the 2-wk feeding period using protocols described by
Walsh et al. (33). Serum (50–100 μL) was hydrolyzed with 1 mL
6 N HCl (110◦C, 20 h), and hydrolysates were lipid-extracted using
n-hexane/dichloromethane (6:5 v:v). An “external” standard mixture
of 12 AAs with known δ13C values (0.05 mM each in 0.1 M HCl)
was prepared alongside each batch of serum samples. An “internal”
standard, norleucine (Nle), was added to both samples and external
standards (33). Sample hydrolysates and external standards were dried
at room temperature under a gentle stream of dinitrogen, resuspended
in 200 μL 0.1 N HCl, and stored at −20◦C. A 100-μL aliquot of
each hydrolyzed sample and external standard was transferred into
a GC vial with a fixed 300-μL insert, and AAs were derivatized
to methoxycarbonyl methyl esters (MCMEs) as described in detail
elsewhere (33), allowing them to be separated and measured in a GC
system. AA-MCME derivatives were stored at −20◦C.

Analysis of AA CIRs
AA-MCME CIRs were measured by using gas chromatography–
combustion isotope ratio mass spectrometry (GC-CIRMS), using
a Thermo Trace gas chromatograph, the GC-IsoLink combustion
interface, the Conflo VI gas interface, and a Delta-V isotope ratio mass
spectrometer (Thermo Fisher Scientific) at the Alaska Stable Isotope
Facility at the University of Alaska Fairbanks. Each sample was injected
and measured in duplicate, and the external standard was injected and
measured before and after every 3 samples. The AA-MCMEs were
injected in splitless mode at 250◦C and separated on a DB-23 capillary
column (Agilent Technologies; 30 m × 0.25 mm internal diameter;
0.25 μm film thickness) at a constant flow rate of 1.2 mL/min under the
following temperature program: 50◦C (hold 2 min), 120◦C at 15◦C/min
(hold 3 min), 150◦C at 6◦C/min (hold 10 min), 200◦C at 6◦C/min (hold
5 min), 250◦C at 6◦C/min (hold 20 min). The separated AA-MCMEs
were completely oxidized to carbon dioxide and introduced into the
isotope ratio mass spectrometer via the GC-IsoLink and Conflo IV
interfaces (Thermo Fisher Scientific, Inc).

The CIR-AAs were expressed as δ13C values in permil (‰)
abundance of 13C relative to an international standard [Vienna PeeDee
Belemnite (V-PDB); 13C/12C = 0.0112372], as follows:

δ13C =
((

13C/12Csample −13 C/12CV−PDB

)
/13C/12CV−PDB

)

×1000� (1)

The measured δ13C value of each AA-MCME peak was normalized
relative to the internal standard (Nle-MCME) in ISODAT, the Thermo
analytical software package (33). To account for the nonanalyte carbon
added to AA-MCMEs during derivatization, measured sample AA-
MCME δ13C values were corrected to underivatized AA δ13C values
using an arithmetic procedure based on the external standard, for which
the relation between measured, derivatized AA-MCME δ13C values and

known, underivatized AA δ13C values could be characterized for each
AA (36).

In this article, we present the δ13C values of 3 NEAAs—Ala,
Gly, and Pro—and 4 EAAs—Ile, Leu, Phe, and Val—based on good
chromatographic separation and reproducibility as assessed using blind
duplicates (10% of analyses). Analytical error was estimated as ±1.3‰
(Ala), ±2.0‰ (Gly), ±0.8‰ (Ile), ±0.8‰ (Leu), ±0.6‰ (Phe), ±0.9‰
(Pro), and ±0.9‰ (Val), respectively, by propagating measurement error
of the samples and external standards as described elsewhere (37).
These estimates agreed very well with the average absolute values of
the difference between blind duplicates for each AA: 1.2‰, 2.1‰, 0.6‰,
0.6‰, 0.9‰, 0.8‰, and 0.7‰, respectively.

Statistical analysis
All statistical analyses were performed using JMP version 11 (SAS
Institute). Because stable isotope ratios reflect diet over periods longer
than 2 wk (38) we excluded from dietary analyses participants (n = 6)
who were found in a previous study to have whole-serum stable isotope
ratios (including the CIR, NIR, and SIR) that were not stable over
the 2 wk of dietary control, suggesting that those participants were
not in isotopic equilibrium with the diet provided (26). Our criterion
for exclusion was a difference in CIR, NIR, or SIR between pre- and
postfeeding samples that exceeded the mean difference by ≥3 IQR
widths, <4% of 153 participants (26). We described the participant
characteristics and the range of the AA CIRs across tertiles of AS intake
by using medians (±IQR). Differences across tertiles were analyzed by
either a Kruskall–Wallis or a χ 2 square test.

We examined associations between dietary intake variables and AA
CIRs measured in postfeeding serum samples using Spearman rank
correlation (ρ), with 95% CIs estimated using Fisher z-transformation.
We used a significance level of P = 0.005, based on Bonferroni
adjustment to account for the number of comparisons made with each
potential biomarker [k = 11, where k refers to the number of dietary
comparisons made for each biomarker (39)]. Stable isotope biomarkers
were evaluated for their associations with intakes of sweeteners [total
sugar (grams per day), AS (grams per day), “nonadded” sugar (total
sugar − AS, grams per day), and SSBs (grams per day)], animal-
derived foods [animal protein (grams per day), fish/seafood (grams
per day), red meat (grams per day), poultry (grams per day), eggs
(grams per day), and dairy (grams per day)], and corn products (grams
per day).

We regressed AS intake on multiple CIR-AAs (P = 0.05) to evaluate
potential biomarkers. To evaluate whether including participant
characteristics improved biomarker associations, the regression analyses
were extended by considering the inclusion of age, race, BMI, body
weight, current smoking status (yes or no), dietary supplement use (yes
or no), LPA (Metabolic Equivalent Task hour per week (MET-h/wk) ),
and alcohol consumption (grams per day). Both BMI and body weight
were considered because they represent different, although related,
characteristics (adiposity compared with body size). A backward-
selection procedure (P = 0.10) was applied to exclude noncontributing
factors from final models. Outliers were identified using Mahalanobis
distance >4.0 and excluded from analyses (n = 2 for AS only).
Normality of residuals was evaluated using the Shapiro–Wilk test.

We used R2 = 0.36 as the primary criterion for biomarker evaluation
based on the performance of well-established recovery biomarkers in the
NPAAS-FS, following other NPAAS-FS publications (26, 34, 40).

Results

The demographic, lifestyle, and dietary characteristics of the
145 participants included in this study across tertiles of AS
intake are shown in Table 1. As previously reported, NPAAS-
FS participants were mostly white (95%), had a median
age of 75 (73, 78) y, and 60% were overweight or obese
(BMI ≥25 kg/m2) (34). NPAAS-FS participants who had
higher AS intakes engaged in less self-reported LPA; otherwise,
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TABLE 1 NPAAS-FS participant characteristics and dietary intake in the complete study sample and by tertile of added sugar intake1

Added sugar intake, g/d

Characteristics Complete sample Tertile 1 (<38.7) Tertile 2 (38.7–56.4) Tertile 3 (>56.4) P2

n 145 48 49 48
Age, y 75 (73, 78) 75 (73, 78) 76 (73, 79) 75 (71, 77) 0.35
Race,3 white (n) 138 45 46 47 0.56
BMI, kg/m2 26 (24, 29) 25 (22, 28) 26 (24, 28) 27 (24, 30) 0.20
Body weight, kg 68 (61, 76) 66 (58, 78) 68 (60, 76) 70 (62, 78) 0.32
Leisure physical activity, MET-h/wk 12 (5, 24) 13 (4, 27) 16 (10, 25) 8 (4, 16) 0.007
Current smokers (n) 3 0 1 2 0.36
Macronutrient intake

Energy intake, kcal/d 1871 (1735, 2076) 1818 (1644, 2040) 1858 (1758, 1985) 1900 (1794, 2183) 0.02
Carbohydrate, g/d 216 (188, 241) 184 (155, 213) 210 (190, 234) 238 (218, 271) <0.0001
Fat, g/d 78 (70, 89) 76 (68, 92) 80 (71, 87) 79 (71, 89) 0.90
Protein, g/d 79 (68, 90) 79 (69, 88) 79 (66, 90) 76 (67, 90) 0.83

Food group intake, g/d
Total sugar 98 (80, 117) 78 (64, 91) 97 (88, 108) 121 (103, 137) <0.0001
Added sugar 48 (35, 63) 29 (23, 35) 48 (43, 52) 69 (63, 79) <0.0001
Total sugar − added sugar 49 (38, 61) 49 (35, 61) 49 (39, 61) 49 (39, 63) 0.97
SSB 4 (4, 10) 4 (4, 5) 4 (4, 6) 9 (4, 27) 0.0003
Animal protein 49 (41, 59) 53 (42, 59) 47 (39, 36) 49 (43, 59) 0.95
Red meat 43 (23, 64) 48 (27, 67) 40 (23, 66) 42 (22, 65) 0.79
Fish/seafood 33 (18, 49) 36 (20, 49) 32 (15, 55) 30 (14, 42) 0.40
Poultry 34 (21, 52) 30 (18, 45) 37 (22, 60) 36 (21, 51) 0.20
Egg 20 (13, 35) 23 (16, 41) 19 (12, 30) 17 (11, 26) 0.10
Dairy 58 (39, 77) 44 (33, 67) 55 (38, 78) 67 (55, 81) 0.002
Corn products 2 (0, 14) 1 (0, 13) 1 (0, 12) 6 (0, 19) 0.21

1Data are presented as median (IQR) unless otherwise noted. MET-h, Metabolic Equivalent Task hour; NPAAS-FS, Nutrition and Physical Activity Assessment Study Feeding
Study (n = 145); SSB, sugar-sweetened beverage.
2Differences across tertiles of added sugar intake were assessed with either a χ2 square test (race, current smokers) or a Kruskal–Wallis test (all other variables). P < 0.05 was
considered significant.
3Race included 95% white and 5% nonwhite/race unknown (3 African American, 1 American Indian/Alaska Native, 1 Asian/Pacific Islander, and 2 race unknown).

participant characteristics were similar across tertiles of AS
intake. The highest tertile of AS intake consumed more energy
and carbohydrate relative to the lowest tertile, whereas fat and
protein consumption did not differ by AS tertile. Intakes of
total sugars, SSBs, and dairy increased by tertile of AS, whereas
intake of “nonadded” sugars and other dietary factors did not.
Measurements of AA CIRs in the study population and by tertile
of AS are presented in Table 2; CIR-Ala increased by tertile
of AS, whereas CIR-Gly exhibited a marginally nonsignificant
decrease (P = 0.07).

Associations of feeding study dietary intakes with CIR-
AAs are presented in Table 3. Among the NEAAs, CIR-Ala
was significantly associated with intakes of AS (ρ = 0.32; P
< 0.0001), dairy (ρ = 0.26; P = 0.002), and animal protein
(ρ = 0.23; P = 0.0049). CIR-Gly was inversely associated
with total sugar intake (ρ = −0.24; P = 0.004), and had a
nonsignificant inverse association with added sugar intake (ρ
= −0.22; P = 0.009) and a nonsignificant association with
animal protein intake (ρ = 0.23; P = 0.006) using a Bonferroni-
corrected α of 0.005. CIR-Pro was associated with animal
protein intake (ρ = 0.31; P = 0.0002). The CIRs of all 4 EAAs
(Val, Ile, Leu, Phe) were associated with red meat intake, with
associations ranging from ρ = 0.26 to 0.33 (all P < 0.0003).
Three CIR-EAAs were also associated with animal protein
intake (Val, Leu, Phe), with associations ranging from ρ = 0.31
to 0.39 (all P < 0.0001). None of the CIR-EAAs were associated
with total sugar or AS intake, and no CIR-AAs were associated
with SSBs, poultry, or corn product intake. With the exception
of CIR-Ala, associations of sugars with CIR-AAs were inverse,

whereas associations of animal-based foods with CIR-AAs were
positive.

A biomarker model of AS intake based on CIR-AA and
participant characteristics is presented in Table 4. The initial
model included 3 CIR-AAs (Ala, Gly, and Ile) and achieved
R2 = 0.32, which improved to R2 = 0.37 with the inclusion
of body weight, LPA, and current smoking.

Similarly to AS intake, biomarker-estimated AS intake was
associated with intakes of total sugar, SSBs, and dairy (Table 5)
in addition to carbohydrate (ρ = 0.33 (0.18, 0.47), P < 0.0001).
Biomarker-estimated AS intake was not associated with any
other dietary factors, including animal protein, red meat, and
eggs (Table 5), the factors associated with whole serum δ13C
values in the NPAAS-FS. In addition, there was no association
of biomarker-estimated AS intake with intake of corn products.

Discussion

This study examined dietary associations with the CIRs of
individual serum AAs in 145 mostly white, postmenopausal
women participating in the NPAAS-FS and estimated AS
intake using CIR-AAs and participant characteristics. CIR-
Ala was significantly positively associated with AS intake,
whereas other CIR-AAs tended to have inverse associations
with intakes of AS, total sugar, and SSBs. CIR-AAs tended
to have positive associations with intakes of animal protein
and animal-derived foods, especially red meat. A model of AS
intake based on CIR-Ala, CIR-Gly, CIR-Ile, and participant
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TABLE 2 NPAAS-FS whole-serum CIR and serum amino acid CIRs in the complete study sample and by tertile of added sugar
intake1

Added sugar intake, g/d

Characteristics Complete sample Tertile 1 (<0.38.7) Tertile 2 (38.7–56.4) Tertile 3 (>56.4) P2

CIR of whole serum, ‰3 − 19.9 (−20.4, −19.6) − 20.0 (−20.3, −19.6) − 20.0 (−20.5, −19.6) − 19.9 (−20.3, −19.6) 0.60
CIRs of serum NEAAs, ‰

Alanine − 20.8 (−21.8, −19.8) − 21.3 (−22.1, −20.4) − 20.7 (−21.8, −19.8) − 20.2 (−21.1, −19.4) 0.0004
Glycine − 9.4 (−11.2, −7.3) − 9.1 (−10.4, −6.4) − 9.3 (−11.3, −7.4) − 10.2 (−11.6, −7.9) 0.07
Proline − 17.0 (−17.7, −16.3) − 16.9 (−17.5, −16.5) − 17.0 (−17.7, −16.3) − 17.1 (−17.7, −16.3) 0.93

CIRs of serum EAAs, ‰

Isoleucine − 21.2 (−21.9, −20.6) − 21.1 (−21.9, −20.3) − 21.2 (−21.7, −20.5) − 21.3 (−22.1, −20.7) 0.74
Leucine − 26.2 (−26.7, −25.7) − 26.2 (−26.7, −25.5) − 26.2 (−27.0, −25.7) − 26.3 (−26.8, −25.7) 0.57
Phenylalanine − 25.5 (−26.0, −25.1) − 25.5 (−26.0, −25.1) − 25.5 (−26.0, −25.2) − 25.6 (−26.0, −25.1) 0.85
Valine − 23.9 (−24.5, −23.1) − 23.9 (−24.5, −23.0) − 23.7 (−24.6, −23.0) − 24.1 (−24.4, −23.3) 0.76

1Data are presented as median (IQR). CIR, carbon isotope ratio; EAA, essential amino acid; NEAA, nonessential amino acid; NPAAS-FS, Nutrition and Physical Activity
Assessment Study Feeding Study (n = 145).
2Differences across tertiles of added sugar intake were assessed with a Kruskall–Wallis test; P < 0.05 was considered significant.
3CIR is expressed as δ13C values; δ13C = (Rsample/Rstandard − 1) × 1000‰, where R = 13C/12C and the standard is Vienna Pee Dee Belemnite (V-PDB).

characteristics met the criterion for an acceptable biomarker
used by the NPAAS-FS (R2 = 0.36), which was chosen based
on the performance of well-established recovery biomarkers
for protein and energy in the NPAAS-FS (R2 = 0.43 and 0.53,
respectively) (34). Importantly, biomarker-estimated AS intake
was not associated with animal protein or red meat intake,
the primary determinants of whole serum CIR in the NPAAS-
FS (26). These findings suggest that CIR-AAs have promise as
improved and more specific isotopic biomarkers for AS intake.

There are multiple dimensions to the validation of dietary
intake biomarkers, as recently outlined by Dragsted and col-
leagues (41). Among these, “plausibility” requires a biological
explanation for why the biomarker reflects intake of a specific
food or nutrient (26, 28). Our data suggest that AA CIRs can
differentiate AS intake from animal protein/red meat intake
because they have differing patterns of dietary association, with
the CIR of Ala reflecting primarily AS intake, whereas the
CIRs of other AAs, particularly EAAs, reflect primarily animal
protein/meat intake. The observation that CIR-Ala reflects
dietary AS to a greater extent than dietary animal proteins
suggests significant synthesis of Ala from glucose, the CIR of
which reflects dietary added sugars (42). This is consistent with
the activity of the glucose-Ala cycle in humans (29–31), which
has been estimated to account for 40% of the blood Ala pool,
and studies showing near complete Ala synthesis from sugars
in some insect taxa (43, 44). The biomarker of AS intake
also included CIR-Gly, which was inversely associated with AS
and associated with animal protein, and CIR-Ile, which was
associated with red meat intake. Finally, certain participant
characteristics contributed to biomarker-estimated AS intake,
including body weight, LPA, and smoking status, although we
note that very few individuals in the study were current smokers
(n = 3; 2%). It is plausible that body weight and LPA could alter
the relation between consumed AS and CIR-AAs given their
relation with energy metabolism; in particular, the metabolism
of carbohydrate during exercise and mobilization of AAs for
gluconeogenesis (45, 46), but further study is needed.

Another factor contributing to the validation of dietary
biomarkers is “robustness,” or whether the biomarker performs
similarly in the context of different diets and different study
settings (41). CIR-AAs (NEAAs only) were previously evaluated
as biomarkers of sugars intake in a cross-sectional study of
68 Alaska Native people, for whom diet was assessed using

multiple (4) 24-h recalls (28). In the Alaska Native study, RBC
CIR-Ala was significantly associated with SSBs, AS, and total
sugars intake (Pearson r = 0.70, 0.59, and 0.57, respectively)
(28). These stronger associations likely reflect the higher intakes
of SSBs (1.4 servings/d) and AS (74 g/d) in the Alaska Native
cohort relative to the NPAAS-FS, and the higher proportion
of total sugars deriving from AS (83%), because naturally
occurring sugars in fruit, dairy, and other foods (“nonadded”
sugars) do not have elevated CIRs. Although the biomarker
approach was not identical in the 2 studies, in part because the
Alaska Native study did not report dietary associations of EAAs,
these studies demonstrate the potential for biomarkers based
on CIR-AAs to capture usual AS/SSB intake in widely different
study populations and dietary contexts. The present study was
the first evaluation of a CIR-AA biomarker of AS intake in a
population with relatively low AS intake, for which there was
no association of AS intake with the whole-sample (serum) CIR
(26).

Dietary associations of the CIR-EAAs were similar to those
of the whole-serum CIR in the NPAAS-FS (26): red meat intake
was associated with all CIR-EAAs (Ile, Leu, Phe, Val), whereas
animal protein intake was associated with the CIR of both EAAs
(Val, Leu, and Phe) and NEAAs (Ala and Pro). Similar to our
findings for the whole-serum CIR, poultry was not associated
with any of the CIR-AAs, despite having a similar CIR to red
meat in some studies (23, 24, 47). Intake of poultry was lower
and less variable than that of red meat in the NPAAS-FS, which
could attenuate biomarker associations. Alternatively, poultry
sold in the Seattle area might have a lower CIR than red meat,
as has been reported elsewhere (22, 48). Analysis of CIR-AAs by
GC-CIRMS did not offer a significant advantage over whole-
serum CIR for evaluating animal protein or red meat intake
in the NPAAS-FS study, because association strengths were of
similar magnitude (Pearson correlation coefficients = 0.3–0.4)
(26). Similar to the whole-serum CIR, there was no association
of CIR-AA with corn product intake, although corn product
intake was very low in the NPAAS-FS.

It has been proposed that 24-h urinary sucrose and fructose
(uSF) could also be objective biomarkers of sugars intake (49–
51), as could sucrose and fructose in spot urine samples (52,
53). The CIR and uSF offer different strengths and limitations
as biomarkers of sugars intake; for example, uSF reflects daily
intake and would be responsive to recent changes in intake,
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TABLE 4 Biomarker model of added sugar intake based on
serum amino acid CIRs and participant characteristics in the
NPAAS-FS1

Model terms β ± SE P R2

Intercept 134 ± 32 <0.0001 0.37
CIR-Ala 8.78 ± 1.22 <0.0001
CIR-Gly − 3.11 ± 0.58 <0.0001
CIR-Ile − 3.19 ± 1.40 0.02
Smoking 21.17 ± 9.13 0.02
Body weight 0.20 ± 0.11 0.09
LPA − 0.16 ± 0.09 0.09

1Model includes amino acid CIR and participant characteristics that remained
significant on the basis of a backward-selection process (P = 0.1). CIR, carbon
isotope ratio; LPA, leisure physical activity; NPAAS-FS, Nutrition and Physical Activity
Assessment Study Feeding Study (n = 145).

whereas blood CIR (and we assume, blood AA CIRs) reflects
intake over weeks to months (27), potentially better capturing
usual intake. Urine is less invasive to collect than blood
but potentially more burdensome for participants, particularly
when a 24-h collection is desired. A potential avenue of future
investigation would be to examine how the biomarkers perform
in combination, because they would be expected to have
independent errors. There is no reason to expect the CIR of
blood metabolites to affect the rate of sucrose and fructose
excretion, or vice versa. Thus, it could be valuable to explore
the efficacy of these biomarkers in combination.

Strengths of this study include the study design of the
NPAAS-FS, which allowed biomarker relations to be evaluated
in the context of the typical habitual diets of the study
population while offering the dietary control of a controlled
feeding study. Molecular stable isotope ratios as measured by
GC-CIRMS are a novel type of dietary biomarker, and to
our knowledge, this study is the first to evaluate a model
of dietary intake based on molecular stable isotope ratios in
a controlled feeding study. A limitation of this study is that
the study population of postmenopausal women consumed
relatively low AS and very low SSBs relative to the general
US population, potentially underestimating the diet-biomarker
relations in other US populations. Additionally, the sample was
not diverse, being predominantly white and highly educated.
Next steps will include evaluation of CIR-AAs in populations

TABLE 5 Associations of biomarker-estimated added sugar
intake with consumed food groups in the NPAAS-FS1

Dietary intake ρ (95% CI) P

Total sugar 0.45 (0.31, 0.57) <0.0001∗

Added sugar 0.59 (0.47, 0.68) <0.0001∗

Total sugar − added sugar 0.02 (−0.14, 0.18) 0.81
SSB 0.32 (0.17, 0.46) <0.0001∗

Animal protein 0.01 (−0.15, 0.18) 0.87
Red meat − 0.05 (−0.21, 0.12) 0.59
Fish/seafood − 0.12 (−0.27, 0.05) 0.16
Poultry 0.10 (−0.07, 0.25) 0.25
Egg − 0.04 (−0.20, 0.13) 0.67
Dairy 0.27 (0.11, 0.41) 0.0011∗

Corn products 0.13 (−0.04, 0.28) 0.13

1Associations are presented as Spearman’s ρ, 95% CI (Fisher’s z transformed).
∗Significant using a Bonferroni-corrected α of 0.0045 (α = 0.05 corrected for 11
comparisons). NPAAS-FS: Nutrition and Physical Activity Assessment Study Feeding
Study (n = 145); SSB, sugar-sweetened beverage.
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with broader intake distributions and greater demographic
diversity, to examine generalizability. The time to 50% turnover
of CIR in plasma is estimated to be ∼2.5 wk (38); therefore,
the 2-wk period of dietary control was likely short relative
to the residence time of serum CIR-Ala. This could have
attenuated diet-biomarker relations, although participants who
exhibited isotopic change over the feeding period were excluded
as described in the Methods. The dietary database used is
incomplete for certain foods, because exact ingredients and
compositions are proprietary. This could affect the reliability
of consumed intake estimates in the NPAAS-FS. Finally, a
general limitation of all CIR-based biomarkers of AS intake
is that the CIR is elevated in corn and sugar cane but not
with other sources of AS, including beet sugar, honey, and
maple syrup. Corn and sugar cane are “C4 plants,” and share
photosynthetic adaptations that alter their CIR relative to other
plants consumed as food (35). Although beet sugar, honey,
and maple syrup contribute much less to total US AS intake
than corn syrup and cane sugar in combination (19, 21), their
consumption will cause some error in biomarker estimates.

In summary, this study demonstrated that serum CIR-AAs
and participant characteristics correlated well with AS intake in
a controlled feeding study of US postmenopausal women, the
NPAAS-FS. The model estimated AS intake to the R2 criterion
set by the performance of well-established recovery biomarkers
of energy and protein intake in the NPAAS-FS, despite low levels
of AS intake relative to other US populations. This was the first
evaluation of a CIR-AA biomarker of AS intake in the context of
a controlled feeding study and a more mainstream US diet than
the Alaska Native population in which it was first proposed
and reported (28). Unlike the whole-serum CIR, biomarker-
estimated AS intake using CIR-AAs was not associated with
red meat or animal protein intake in the NPAAS-FS (26),
indicating biomarker specificity. Further evaluations are needed
in US populations, including those with greater variability in AS
intake and in more diverse populations. These findings highlight
the potential for the CIR of serum AAs to provide an objective
biomarker for AS intake in US populations, and ultimately help
to clarify associations with chronic disease risk.
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