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Purpose of review

We review the literature on the use of stable isotope ratios at natural abundance to

reveal information about dietary habits and specific nutrient intakes in human hair protein

(keratin) and amino acids. In particular, we examine whether hair isotopic compositions

can be used as unbiased biomarkers to provide information about nutritional status,

metabolism, and diseases.

Recent findings

Although the majority of research on the stable isotope ratio analysis of hair has focused

on bulk protein, methods have been recently employed to examine amino acid-specific

isotope ratios using gas chromatography or liquid chromatography coupled to an

isotope ratio mass spectrometer. The isotopic measurement of amino acids has the

potential to answer research questions on amino acid nutrition, metabolism, and disease

processes and can contribute to a better understanding of the variations in bulk protein

isotope ratio values. First results suggest that stable isotope ratios are promising as

unbiased nutritional biomarkers in epidemiological research. However, variations in

stable isotope ratios of human hair are also influenced by nutrition-dependent nitrogen

balance, and more controlled clinical research is needed to examine these effects in

human hair.

Summary

Stable isotope ratio analysis at natural abundance in human hair protein offers a

noninvasive method to reveal information about long-term nutritional exposure to

specific nutrients, nutritional habits, and in the diagnostics of diseases leading to

nutritional stress and impaired nitrogen balance.
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Introduction

Hair as a medium to analyze toxic and organic substances

such as heavy metals, heroin, and other drugs has been a

focus of research for over the past 30 years [1]. However,

the analyses of the stable isotope ratios (2H/1H, 13C/12C,
15N/14N, 18O/16O, and 34S/32S) of hair protein have only

recently been recognized to provide information about

dietary habits and the metabolic status of prehistoric and

modern humans, eating disorders, forensic medicine,

geographical location, and wildlife dietary ecology [2–

6,7�,8,9�,10–14]. The vast majority of this research has

been focused on bulk protein isotopic analysis at natural

abundance, but recent advances in isotope ratio mass

spectrometry (IRMS) now allow the measurement of

individual compounds such as amino acids. As amino

acids represent the fundamental compounds of hair

protein, they have the potential to provide powerful
1363-1950 � 2010 Wolters Kluwer Health | Lippincott Williams & Wilkins
new insights into the dietary, physiological, and environ-

mental patterns of humans.
Hair as an ideal medium for isotopic analysis
As the fibrous protein structure of hair (keratin) is extre-

mely resistant to degradation, it can preserve isotopic

information over thousands of years, thus making it

possible to reconstruct dietary and physiological con-

ditions of ancient human populations. In this respect,

it is surprising that it was not until the late 1990s that hair

was recognized as a superior material to study the dietary

history of modern and archaeological humans [2,15].

Hair is an ideal medium for stable isotope ratio analysis

in modern clinical nutritional studies for the following

reasons. First, hair can be noninvasively sampled in

humans by cutting or minimally invasively sampled

by pulling from the scalp. Second, hair protein is
DOI:10.1097/MCO.0b013e32833c3c84
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metabolically inert after it is synthesized, and thus, can

record a long-term dietary history of physiological con-

ditions or exposures. Important in our context, hair has

been found to be isotopically representative of the body

protein pool, and its isotopic composition was found to

reflect those of the dietary protein sources in addition to

metabolic and environment influences [2–4,8,9�,10–

12,15]. Human scalp hair grows at a rate of approximately

1 cm per month, and thus, the isotopic signatures may be

recorded linearly along the length of a hair by segmental

analysis [16]. However, only about 85% of the hair of an

adult is in the growing phase (anagen), whereas the remain-

ing is in a resting phase (telogen) following a transition

stage for completion of keratinization [1,16]. Recent iso-

topic information may be lost by cutting, as the hair follicles

are located about 3 mm below the surface of the skin.

Nevertheless, different growth rates and proportions of

anagen/telogen hairs are known for anatomically different

parts of the body as well as for differences based on race,

sex, age, and health [1,15,16]. Atmospheric contami-

nations, cosmetic treatments, and graying were shown

not to affect stable isotope ratios in hair if washed appro-

priately to remove lipid and shampoo residues, but dying

and bleaching may subtly alter the isotopic ratios [2,15,16].
Measurement of hair isotopic values
The preferred method to measure stable isotope ratios at

natural abundance in human hair is the highly sensitive

and precise continuous flow IRMS. Development of

IRMS systems has been an active area of research for

the past 30 years, but commercially available instruments

were first available in the early 1990s, which spurred an

increase in applications to medical and nutritional

research. The reader is directed toward several reviews

that summarize the present state of instrumentation,

technologies, practical demands, and research appli-

cations involving IRMS [17–24].

The most common interfaces used to introduce samples

on-line into the IRMS are elemental analyzers that

oxidize samples at approximately 10008C (elemental

analyzer-IRMS) or IRMS systems that pyrolize samples

at approximately 14008C (thermoconversion/elemental

analyzer-IRMS) for the determination of bulk organic

material d13C, d15N, and d34S or d2H and d18O values,

respectively. Due to the very small differences in natural

isotopic composition between molecules or small vari-

ations of the heavier isotope in the presence of large

amounts of the lighter isotope, a special d-notation is used

due to convention designating the isotopic abundance as

parts per 1000 (per mil) deviation from an international

standard: dsample (%) ¼ [(Rsample/Rstandard)� 1]� 103,

where Rsample is the measured isotope ratio of the sample

and Rstandard for the isotope ratio of the respective inter-

national standard [17,18,22,25].
Improved instrumentation has facilitated measurements

of H and O isotopes and their analyses in hair have now

become routine in some laboratories [6,7�,26–28].

Recently, a new method has been introduced enabling

longitudinal measurements of d34S values in single hair

strands based on a laser ablation system coupled to a

multicollector inductively coupled plasma mass spec-

trometer (MC-ICP-MS) specific for sulfur-containing

amino acids cysteine and methionine [29]. MC-ICP-

MS can also be employed alternatively to IRMS for

d13C [30]. However, this bulk analysis does not allow

for detailed investigations of specific pathways and turn-

over rates of the specific amino acids.

Advances in IRMS technology now allow on-line com-

pound-specific isotope analyses (CSIAs) of individual

amino acids so that natural isotopic signatures can be

examined at the molecular level. Previous off-line

methods were time-consuming and required large sample

sizes to study only some of the proteinogenic amino acids

[31]. Recent techniques that couple the IRMS with gas

chromatography and a combustion interface (GC-C-

IRMS) for d13C and d15N or with a pyrolysis interface

(GC-P-IRMS) for d2H and d18O now permit the on-line

measurement of amino acids. However, accuracy and

precision must be improved [32]. This is complicated

by the fact that gas chromatographic separation is a major

challenge as peaks must be baseline separated to achieve

precise and accurate stable isotope ratio measurements

[17,22]. In addition, amino acids must be derivatized (to

make them volatile), which is problematic as this intro-

duces additional carbon atoms, which also interferes with

the precision and accuracy of the d13C measurements. To

minimize such potential problems, derivatives as N-acet-

ylmethyl esters with a relatively high analyte-to-derivative

carbon ratio may be used. Analytical errors of amino acid

d13C values have been detected with decreasing analyte-

to-derivative carbon ratios ranging from�0.6 to�1.1% for

leucine and glycine, respectively [33,34]. For comparison,

bulk d13C measurements generally have a precision below

0.2%. Empirically determined amino acid-specific correc-

tion factors are absolutely necessary to correct for the

additional derivatization carbon and for possible fraction-

ation introduced by the derivatization process [35,36].

Catalyst poisoning to the GC-C-IRMS combustion

furnace may result in incomplete formation of reaction

products when using silicone-containing derivatives as

tert-butylmethylsilation or trifluoroacetyl isopropyl esters

in addition to capillary column damage. It has been

reported that nonquantitative reactions, the formation of

by-products, instability of derivatives, and chromato-

graphic resolution problems may result in significant

errors. Nevertheless, acidic conditions during protein

hydrolysis or subsequent derivatization can lead to destru-

ction of several amino acids (amides) [17,33,34,37].
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Summarizing, the method with which one has to select a

dervatization agent should be according to the specific

analysis involved and is particularly dependent on the

amino acids and isotopes of interest. We have established

and adapted a reliable method ford13C andd15N analysis of

individual amino acids by GC-C-IRMS and applied it in

previous metabolic and nutritional studies [18,35,38]. It

involves the use of N-pivaloyl-i-propyl ester, which has

either no or limited isotopic effects, introduces only a

limited amount of derivatization carbon, does not damage

excessively the combustion system, and satisfactorily sep-

arates individual amino acids accessible by this derivatiza-

tion method. Unfortunately, the method is unsuitable for

amide nitrogen, arginine, and cysteine (the most abundant

amino acid in human hair) [18,32,35,38]. Methods have

been reported describing highly precise intramolecular

d15N measurements of amino acids, which can be of

interest for amides, arginine, and lysine. However, the

methods require either time-consuming enzymatic or

chemical treatments of off-line separated amino acids

and have not been applied routinely in human studies

[39,40].

Liquid chromatography coupled to IRMS (LC-IRMS)

has been recently developed to study d13C values in a

variety of biological molecules. This technique does not

require derivatization and best realizes the belief that

‘the best derivatization for isotopic analysis is no deriva-

tization at all’ [23,41]. Modern LC-IRMS systems pass

separated amino acids eluted with carbon-free inorganic

mobile phases directly into a commercially available

Thermo Scientific LC IsoLink (Bremen, Germany)

[42]. Smith et al. [43] were the first to report a robust

and reliable LC-IRMS method to measure natural abun-

dance amino acid-specific d13C values in human hair.

With this method, 13 amino acids were baseline separ-

ated which is an essential prerequisite for precise and

accurate CSIA. Future developments are directed toward

improvement of chromatographic conditions to achieve

better resolution and baseline separation of critical amino

acid pairs (isoleucine and leucine, cystine and methion-

ine) in hair and increasing sample throughput (currently

4 h:15 min per sample). Raghavan et al. [44] also obtained

baseline resolution of 13 of the 18 protein-bound amino

acids in human hair and validated the use of LC-IRMS on

archaeological hair samples. Unfortunately, there are no

reported applications of hair d18O and d2H CSIA of

protein-bound amino acids. However, relationships

between amino acid-specific d18O and d2H values and

diet and metabolism of amino acids have to be expected,

and is an area of future research [7�,27].
Hair d-values can reflect the food consumed
A fundamental aspect to the use of stable isotope ratio

analysis in medical and nutritional studies is the finding
that there is a correlation between d-values of 15N, 13C,

and 34S of consumer tissues, including human hair keratin,

with those of the food consumed [3,45–47]. Investiga-

tions in dietary reconstruction of archaeological speci-

mens and in wildlife dietary ecology are based on

this correlation. For example, the isotopic data of bone

collagen show that the Neanderthals were top-level

carnivores and obtained all of their dietary protein from

large herbivores [48]. A sequential analysis of tail hair

d-values of northern Kenyan elephants provided a weekly

record of diet and water resources correlating with satellite-

based measurements of the vegetation occupied [49]. It is

also accepted that the d-values of 2H and 18O reflect the

water ingested and which is also contained in local food

and this provides information about geographical location

and/or travel [6,7�,27,28,50].

In addition, it has been found that the d-values of con-

sumer tissue proteins are higher relative to diet proteins

by some per mil (%) value and this is known as trophic

level effect [8,51,52]. The resulting slight enrichments of

the heavy isotope of consumer tissue protein pools,

including hair compared with those of food proteins

are well documented for 15N, 13C, and 34S and can be

quantified by a discrimination factor D¼ dhair� ddiet.

D15Nhair�diet values in the range of 4–5% have been

reported, but were found to be lower for D13C and D34S

(1–2%) [2,8,13,51,53–55]. However, these discrimi-

nation factors appear not to be constant and vary accord-

ing to species, tissue, age, growth rate, protein content of

diets, and protein turnover rate, and can decrease with

increasing d-values of diets [44,54].

Consequently, various food proteins can differ signifi-

cantly in their isotopic composition [3,8,56]. Animal-

derived and marine-based dietary protein sources

generally have greater stable isotope abundances

(d15N, �2–3%; d13C, �10%) than those derived from

plants [3,47,57]. This also can be shown by CSIA (Fig. 1).

These isotopic differences between dietary protein

sources and amino acids occur because of fractionation

in metabolic pathways as a result of kinetic isotope effects

of enzymatic reactions associated with bond-breaking

and formation in the biosynthesis of organic compounds

and in metabolism. Examples of the resulting isotope

discriminations are well documented for d13C (type of

carbon fixation reaction during photosynthesis resulting

in so-called C3 or C4 plants with median d13C values of

�27 or �14%, respectively [3,58]), and for d15N (amino

acid transamination is suggested to be responsible for the

relatively 15N depleted nitrogen excretion pool compared

to body protein pool with a difference of about 10%
[59,60]).

However, less is known about diet-related changes in hair

d2H and d18O values. The interpretation here is more
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Figure 1 Comparison of amino acid-specific d15N values of wheat gluten, pork fillet (Germany), and hair of young German women

consuming 200g pork fillet per day in addition to their habitual diet for 4 weeks
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complicated because H and O can derive both from

drinking water and diet. Recent data based on analysis

of human hair samples and mass-balance modeling

suggest a trophic level effect on d2H values, primarily

reflecting a mixing of 2H-enriched water and 2H-

depleted food H in the body rather than fractionation

during biosynthesis. Although hair d2H and d18O values

were mostly controlled by variations in water isotope

ratios, first data suggest influences related to dietary

composition, especially in marine-based diets such as

in hair samples from Inuit [6,7�,27].
Hair d-values as biomarkers of long-term
nutritional exposure
Based on the previous studies, we and others assumed

that the d-values of hair can be used as unbiased bio-

markers to evaluate nutritional exposure [32,57,61].

Although detailed and controlled research in this area

has only just begun, the first results support the potential

of stable isotope ratios, particularly when using hair as a

long-term recorder (Table 1) [2,3,6,7�,9�,32,45,47,55–

57,62–64]. Benefits or health risks of nutrient intake

are commonly predicted using self-reporting methods,

which can be biased by under-reporting or over-reporting,

which is a frequently observed phenomenon in dietary

recall methods (discussed in [57,63]). Previous publi-

cations have demonstrated that bulk hair d-values are

specific and sensitive in reflecting particular eating habits

and nutrient intake associated with important clinical
outcomes such as diabetes and metabolic syndrome,

and this is essential for the appropriate development of

biomarkers [65,66]. However, stable isotope ratio analysis

has not been used in large-scale epidemiological studies.

Another limitation of these early studies is the use of

relatively small sample populations. Nevertheless, the

power was sufficient to detect highly significant corre-

lations between d-values and nutrient intakes [9�,57].

However, the investigations were not extended to the

CSIA level. Nonetheless, there is a need for adequate and

controlled dietary intervention studies in humans to

investigate the association between d-values and nutri-

tional exposure [32,55]. Although some of such investi-

gations were performed with animals [10,13,67], there

have been very few studies in this area involving humans

[32,55].
Hair d-values as a diagnostic tool in disease
Since the pioneering work of Schoenheimer and

Rittenberg in the 1930s proving the theory of a dynamic

equilibrium in proteins and lipids, stable isotope ratios

have been used as tracers in nutrition and biomedicine

[68,69]. However, only a few isotopic studies at natural

abundance have examined metabolic state and diseases

in humans (Table 2) [11,12,52,55,60,70–74]. Previous

work by Fuller et al. [72,73] was the first to demonstrate

in humans that the d15N values in bulk hair protein can

be used to track changes in nitrogen balance during

anabolic (pregnancy) and catabolic (morning sickness)
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Table 1 Human stable isotope ratio studies of hair and other tissues supporting the evidence of d-values as biomarkers of specific

nutrient intake in relation to suggested health benefits or risks

d-Values, sample Main outcomes, background, and link to disease risk discussed Reference

15N, hair, bulk Correlation with animal protein and meat intake (no correlation with 13C) in a group
of 28 Oxford residents.

[2]

15N, 13C, hair, bulk Clear distinction of food preference groups: omnivores, ovo-lacto-vegetarians,
and vegans;

[45]

Correlation with animal protein consumption in 38 residents of Okehampton area,
SW England.

15N, 13C, hair, bulk and
amino acid CSIA

Clear distinction of food preference groups: omnivores, ovo-lacto-vegetarians, and
vegans using 126 samples selected of a population-based cross sectional
study in Germany.

[3,32,57]

High predictability of animal protein and meat consumption in bulk values and first
results on CSIA of amino acid and its feasibility for predicting animal protein intake;

Intervention with additional meat consumption and meat omission failed to modify
d-values within 4 weeks in young woman, suspected to be caused by adaptations
to high-protein intake;

Higher amino acid-specific d15N and lower d13C values after both additional meat
consumption and meat omission remain to be explained;

Background: suspected risk of high protein and meat consumption with cancer,
diabetes, and metabolic syndrome components, and benefit in weight-reducing diets
and in conservation of lean body mass.

15N, 13C, hair, bulk Abrupt change of ‘‘German’’ diet to C4 (about þ9% d13C) and marine-based
(about þ2% d15N) diet;

[55]

Significant increases in d-values within 28 days in all four participants.
15N, 13C, 34S, bulk,
fingernails

Significantly enriched in 82 North Greenland Inuit compared to 32 Danes living in
Denmark based on high marine food consumption.

[47]

Background: lower risk of marine-based diet with high v-3 fatty acid content for ischemic
heart diseases.

15N, 13C, red blood
cells, bulk

Significant enrichment in 15N, but depletion in 13C in 12 elders compared to 14 younger
Alaskan natives consistent with higher intake of marine food in elders and market
(corn-based) food in younger participants.

[62]

15N, hair, red blood
cells, bulk

Strong correlation with the v-3 fatty acids, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) content, in red blood cell membranes based on intake in
144 Yup’ik Eskimos;

[9�,56]

Background: EPA and DHA have been suspected to protect against diabetes and other
metabolic syndrome components.

13C, plasma glucose Randomized, single-blinded, cross-over study of five participants consuming diets with
5, 16, or 32% carbohydrate (CHO) energy from C4 sugars;

[63]

Reflection of changes in the fraction of dietary CHO derived from cane sugar and high
fructose corn syrup (HFCS);

Directly proportional to the relative C4 caloric sweetener content of a previous meal;
Background: high intake of high fructose corn syrup (HFCS) and refined sugars may
contribute to excessive energy intake and risk for obesity and metabolic syndrome
components.

13C, in serum retinol Decreasing values in a group (n¼20) increasing vegetable consumption to promote
weight loss compared to a group (n¼17) with caloric (fat) reduction.

[64]

d13C-Retinol changes reflect the vitamin A source in the diet and can be used as a
biomarker for increased dietary provitamin A vegetable intake;

Background: test of guidelines for vegetable and fruit intake.
2H, 18O, hair, bulk Dominant control of environmental water d-values; [6,7�]

Secondary influences of a marine-based diet;
Reconstruction of geographic movements of individuals.

15N, hair,
phenylalanine

Negative correlation with consumption of low-energy drinks and food due to an
increased intake of aspartame, a significant source of phenylalanine;

Petzke KJ,
unpublished

Background: lower risk for metabolic syndrome components.

CSIA, compound-specific isotope analysis.
physiological states. These important isotopic discoveries

at the bulk protein level suggest that the individual

amino acids in the bulk protein may also fractionate

in unique patterns that can be used to better understand

and diagnose perturbations in human nitrogen balance.

Therefore, the measurement of stable isotope ratios may

have the potential for not only objectively describ-

ing nutritional exposure but also diagnosing diet-related

diseases.
Equilibrium time of hair d-values after
exposure

A question that remains to be resolved is how fast can

dietary or physiological exposures exhibit influences on

human hair d-values? Previous studies have shown that

hair d15N and d13C values may change rapidly by 1–2%
during 4-weeks starvation, the recovery phases from

anorexia nervosa [12], and during nutritional stress as a
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Table 2 Human stable isotope ratio studies supporting the evidence of d-values as a tool in metabolic state and disease detection

d-Values Main outcomes Reference

15N, bone collagen, Elevated values in Nubian female mummies with osteopenia. [70]
15N, hair, bulk Positive correlation of patients with dementia cognitive scores and fish intake,

but negative correlation with eating beans;
[71]

Negative correlation with plasma homocysteine in controls but not in patients.
15N, hair, bulk,
and AA CSIA

Lower d-values in patients with cirrhosis compared to healthy participants; [60]
Positive correlation with gamma-glutamyl transpeptidase in patients with cirrhosis.

15N, hair, bulk Increasing values during weight loss, nutritional stress, and negative nitrogen balance in pregnant women; [72,73]
Negative correlation with weight gain and anabolic state.

15N, 13C, hair, bulk Increase during breast-feeding and decrease after weaning in infants due to trophic effects. [52]
15N, 13C, hair, bulk Recording of weight loss during prolonged starvation and eating disorders; [12,74]

Increase in d15N in negative N balance and BMI;
Increase in d13C during diet therapy with increasing BMI;
Suggested influence of dietary protein consumption resulting in decreased catabolic state and higher BMI.

15N, 13C, hair, bulk Development of an algorithm that provides sensitivity and specificity of 80% in making
diagnoses of individuals with anorexia and bulimia nervosa;

[11]

Clear distinction between individuals with anorexia or bulimia.
15N, 13C, hair, bulk Accelerated change in isotopic composition during dietary change period with higher physical activity level. [55]

AA, amino acid; CSIA, compound-specific isotope analysis.
result of nausea and vomiting from morning sickness in

pregnant women [73]. An exponential approach of the

d2H and d18O values to a new location suggested a 95%

turnover after 3 months of arrival in a new city with

dissimilar d-values of drinking water [27]. When d13C

values in hair were extrapolated after a change in dietary

exposure as a result of moving between the UK and USA,

a period of 2.3–4.0 months was calculated for the velocity

of exchange of d13C to a new steady state [46]. This

period was found to be in accordance with those reported

for complete exchange of the body carbon pool [55].

Furthermore, a faster exchange rate (1.3–3.2 times)

was demonstrated for d15N. Interestingly, a higher
Figure 2 Plots of d15N against d13C values of leucine, threonine, glu

pork fillet (Germany), and hair of young German women after consum

4 weeks These results cover the spectrum of d-values to be expect
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physical activity level significantly accelerated this iso-

topic exchange [55]. O’Connell and Hedges [2] detected

equilibrium over the first 5 months of measuring d15N

values in hair of an individual who changed from an

omnivorous to a vegan diet, followed by a slower ongoing

equilibration up to 1 year after the change. Con-

sequently, the d-values of hair can only report in

the long-term about nutritional exposures or pathophy-

siological histories. Various physiological factors are

suspected to exert a significant influence on isotopic

equilibration time in humans. For the interpretation

of the results, it is important to consider the rate of

protein turnover and the protein intake level with its
tamic acid (aN), and glycine selected of wheat gluten (C3 plant),

ing 200g pork fillet per day in addition to their habitual diet for

ed in human nutrition studies

Glu Hair

GlyHairPork
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14). Note that each amino acid has its characteristic pool of d-values.
based on trophic and physiological effects. Reproduced with permission



538 Assessment of nutritional status and analytical methods
consequences on modifications in splanchnic amino acid

metabolism and partitioning. Unfortunately, this could

have contributed to the fact that a suspected change in

hair d-values was not observed after a 4-week exposure to

drastically modified meat intakes in a nutritional inter-

vention study [32]. Finally, mathematical models used in

animal ecology [13] have not been adapted for human

hair research to describe the dynamics of isotopic incorp-

oration and of dietary and physiological factors known to

influence these dynamics with one exception on hair d2H

and d18O values [7�].
First applications of compound-specific
isotope analysis to human hair
Unfortunately, published reports of hair amino acid-

specific d-values are still uncommon in nutritional

and medical studies, currently encompassing our own

studies [3,32,57,60] and those from modern and archae-

ological human hair samples [43,44,46]. However, inves-

tigations at the CSIA level are essential to understand

the role of dietary exposure or physiological influences

on hair stable isotope ratios, particularly when justifying

their use as a diagnostic tool and in epidemiological

research. Previous research could detect distinct differ-

ences and changes in amino acid-specific hair d15N and

d13C values [3,32,43,60]. These changes are suspected

to depend on protein turnover rates, influences of

pathophysiological metabolic changes, and metabolic

adaptations related to differences in habitual protein

consumption, in addition to effects due to various

isotopic signatures of dietary macronutrients. As the

amount of data in this area of research is still limited,

satisfactory explanations of the effects of dietary

exposures, for example, with meat or meat-free diets

are difficult at the moment [32]. However, first results

are consistent with the specificity of individual amino

acids in metabolic characteristics, partitioning, and

degrees of indispensability (Figs 1 and 2).
Conclusion
We conclude that based on current advances in IRMS

methods, human hair protein stable isotope ratio analysis

can contribute new and important information to epide-

miological and clinical nutritional studies. Research in

the area of human hair stable isotope ratios is currently

limited in number and is predominantly based on bulk

protein analysis. Early research in this field supports the

usefulness of human hair d-values as biomarkers of nutri-

tional exposure and as a diagnostic tool for metabolic

states and diseases. However, there is a significant need

for more research to better understand the relationships

between nutritional exposure and physiological factors in

modulating the d-values. Application of natural CSIA on

amino acid will certainly reveal important and novel
insights into these relationships and provide further

improvement in precision, accuracy, and feasibility.
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