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KEY POINTS

e There has been considerable interest recently in the concept of sweat biomarkers, which is generally defined as the use of sweat as a non-
invasive alternative to blood analysis to provide insights into human physiology, health, and performance.

e However, application of sweat diagnostics in sports science has been limited to date. Correlations between sweat and blood have not been
established for most constituents. Sweat electrolyte concentrations are not a valid biomarker for real-time assessment of hydration status (i.e.,

fluid balance) per se.

e Using sweat as a biomarker is challenging because sweat composition is not only influenced by extracellular solute concentrations, but also
mechanisms of secretion and/or reabsorption, sweat flow rate, byproducts of sweat gland metabolism, skin surface contamination, and sebum

secretions, as well as methodological and inter-individual factors.

e \Well-controlled, adequately powered studies are needed to determine the relation between sweat and blood solute concentrations, which will help
inform the potential utility of sweat diagnostics as a non-invasive tool for real-time hydration, nutrition, and physiological monitoring in athletes.

INTRODUCTION

The primary purpose of sweating is thermoregulation, as evaporation of
sweat from the skin surface is the most effective means to liberate heat
from the body during exercise. While sweat is largely salt (sodium
chloride, NaCl) water, it also contains many other dissolved solutes,
such as vitamins, trace minerals, metabolites, cytokines, and other
compounds. The types of solutes in sweat are comparable to the blood
(albeit at different concentrations) because extracellular fluid serves as
the precursor fluid to primary sweat that is initially secreted into the
eccrine glands (Cage & Dobson, 1965). As a result, there is significant
interest in the utility of sweat beyond its role in body temperature
regulation. In the past ~5 years there has been a surge in research
investigating the potential of sweat to serve as a diagnostic tool or
biomarker — i.e., a non-invasive alternative to blood analysis to provide
insights into human physiology, health, or performance.

Much of the recent research on sweat biomarkers has been driven by
technological advances in materials, mechanics, and microsystem
designs, thus enabling in situ collection and analyses of sweat
chemistry. However, the concept and practice of sweat diagnostics is
not new. Perhaps the best example of a sweat biomarker is the
association between high sweat chloride concentration and cystic
fibrosis, which was first recognized nearly seven decades ago (Di
Sant'Agnese et al,, 1953). However, apart from the use of sweat
chloride to diagnose cystic fibrosis, the application of sweat biomarkers
has been limited to date. This is because several questions about
mechanisms of sweat solute secretion and methodological challenges
remain. Therefore, the purpose of this Sports Science Exchange article
is to review: 1) basic mechanisms determining sweat composition; and

2) evidence for the use of sweat as a proxy for blood solute
concentrations. The aim is to help elucidate which, if any, sweat
constituents have potential as a biomarker for real-time hydration and
nutrient status and physiological monitoring in athletes, identify gaps in
the literature, and inform the direction of future research.

SWEAT GLAND TYPES, STRUCTURE, AND FUNCTION

Sweat glands are classified into three main types: eccrine, apocrine,
and apoeccrine (Figure 1). Eccrine glands secrete an aqueous solution
comprised mostly of NaCl and are the most ubiquitous gland type (~2—
4 million across most of the body surface). Apocrine glands are limited
primarily to the axilla, breasts, face, and scalp and produce viscous,
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Figure 1. Sweat glands (eccrine, apocrine, and apoeccrine) and
sebaceous glands. Reproduced with permission from Baker, 2019.



lipid-rich sweat containing proteins, sugars, and ammonia (Montagna &
Parakkal, 1974a). Apoeccrine glands produce salt-water secretions but
are only found in the axillary region. While not a sweat gland, sebaceous
glands are present over much of the body surface, particularly the
scalp, forehead, and face, where they secrete a viscous, lipid-rich fluid
(Montagna & Parakkal, 1974b). Eccrine gland secretions are generally
the most relevant to the sweat biomarker discussion since most studies
measure sweat from the arms, chest, back, or legs. Still, some studies
collect sweat from the face/forehead and therefore secretions from
apocrine and sebaceous glands would also contribute to sweat
composition. Both sebaceous and apocrine glands are under hormonal
control and their secretions are thought to function as pheromones.
Sebum may also have antibacterial and antifungal properties (Strauss
etal., 1983).

The anatomical structure of the eccrine sweat gland consists of two
main functional components: a secretory coil and a duct, both made up
of a simple tubular epithelium (Figure 2). During exercise, a large
amount of heat is produced by the contracting muscles as a byproduct
of metabolism. The resultant increase in body temperature is sensed by
central and skin thermoreceptors, which subsequently stimulate the
onset of eccrine sweating primarily via the sympathetic cholinergic
system. Eccrine sweat glands also respond to exercise-related stimuli
such as central command, the exercise pressor reflex, osmoreceptors,
and possibly baroreceptors (Shibasaki & Crandall, 2010). Upon
stimulation, clear cells of the secretory coil secrete primary sweat,
which is nearly isotonic to blood plasma with respect to sodium (Na®),
chloride (CI), and potassium (K*) (Costill, 1977). The primary function
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of the eccrine duct is reabsorption of Na* and CI- ions, resulting in a
hypotonic final sweat excreted onto the skin surface (Sato, 1977)
(Figure 2).

OVERVIEW OF SWEAT COMPOSITION

The approximate concentrations of some of the more commonly
researched sweat constituents are shown in Figure 3. Although sweat
contains a mixture of many solutes, Na* and CI- are by far the most
concentrated, ranging from 10 to 90 mmol/L (Barnes et al., 2019).
Substances present at lower millimolar concentrations include lactate,
urea, ammonia, bicarbonate, and potassium. Most other constituents
are measured on a micromolar (calcium, magnesium, iron, zinc, Copper,
ascorbic acid, glucose, uric acid, and individual amino acids) or even
smaller scale (nanomolar: thiamine, cortisol; picomolar: cytokines).
Approximations for corresponding blood plasma concentrations are
also shown in Figure 3. Few constituents have similar concentrations
in sweat and blood (e.g. K*). Some solutes are relatively dilute in sweat
because of reabsorption in the duct (Na*, CI-, bicarbonate) or limitations
in transport across/between cells of the eccrine gland (e.g., ascorbic
acid, glucose, cytokines, cortisol, uric acid). When solutes appear in
final sweat at higher concentrations than that of blood, the additional
solute could be derived from the skin (e.g., urea, ammonia, amino
acids, some trace minerals) or the eccrine sweat glands (e.g., lactate,
urea, ammonia). The next section will describe physiological
mechanisms and other factors that determine the constituent
concentrations measured in final sweat.
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Figure 2. lllustration of eccrine sweat gland structure and location within the skin (A), a close-up view of the secretory coil and duct (B), and
mechanisms of sodium and chloride reabsorption in the duct (C). Na*, sodium; K*, potassium; Cl-, chloride; NaCl, sodium chloride; CFTR, cystic fibrosis
transmembrane conductance regulator; ENaC, epithelial sodium channel. Reproduced with permission from Baker, 2019.

N



<1x10-° mmol/L

Amino Acids
Uric Acid
Glucose

1x102

Magnesium

Calcium
Bicarbonate
Potassium
Ammonia
Urea
Lactate

Chloride

Sodium
90 mmol/L

REVIEW OF THE LITERATURE

Sodium, Chloride, and Potassium

Mechanisms. The [Na*] and [CI] of final sweat are determined by the
rate of ion reabsorption in the duct relative to the rate of ion secretion in
the clear cells of the secretory coil. Na*, CI-, and K* are secreted into
the secretory coil via the Na*-K+-2CI- cotransport model. Reabsorption
of Na* and CI- in the duct involves passive influx of Na* through
epithelial Na* channels (ENaC) of the luminal cells, followed by active
transport of Na* (via Na*-K*-ATPase) through the basal cells of the
eccrine duct (Sato, 1977). CI- reabsorption is largely passive via
movement through cystic fibrosis transmembrane conductance
regulator (CFTR) channels of both the luminal and basal cells (Figure 2).
Na+-K*-ATPase activity and CFTR channel abundance play important
roles in determining final sweat [Na*] and [CI7]. Na*-K*-ATPase activity
is influenced by hormonal control of circulating aldosterone (Sato &
Dobson, 1970). Resting (genomic) plasma aldosterone concentration is
influenced by heat acclimation, fitness, and diet, while non-genomic
factors (e.g., exercise and dehydration) stimulate acute changes in
circulating aldosterone (Yoshida et al., 2006). CFTR availability is
reduced with defects in CFTR genes (cystic fibrosis) (Quinton, 1999)
and there is evidence that healthy individuals with salty sweat may also
exhibit lower abundance of CFTR channels (Brown et al., 2011). The
rate of Na* and CI- reabsorption is also flow dependent, such that there
is a direct relation between sweating rate and final sweat [Na*] and
[CIF]. As sweating rate increases the rate of Na+ and CI- secretion in
primary sweat increases proportionally more than the rate of Na* and
CI- reabsorption along the duct, and therefore leads to higher final
sweat [Na*] and [CI"] (Buono et al., 2008).

Evidence as a Biomarker. Because of the multitude of factors
impacting ductal Na* and CI- reabsorption rates, sweat electrolyte
concentrations can vary considerably within and between athletes.
Therefore, sweat testing is recommended to determine individualized
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Figure 3. Concentrations of select
constituents in sweat (left picture)
and blood plasma (right picture).
Where possible, values were obtained
from studies that took measures to
prevent epidermal contamination
(e.9., pre-rinsed skin, removed initial
sweat, and/or analyzed cell-free
sweat). Note that this figure shows
approximate concentrations on a
millimolar to picomolar scale for the
purpose of relative comparisons.
More precise ranges are provided in
the text and Baker and Wolfe, 2020.
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sweating rates and sweat electrolyte concentrations so that athletes
can follow personalized fluid replacement strategies. Several valid
methods for sweat testing have been previously described, ranging
from laboratory-based to more practical field methods (Baker SSE
#161). Sweat testing in this traditional sense helps determine an
athlete’s risk for significant fluid and electrolyte losses. However, the
utility of sweat [Na*], [CI], and [K*] as a biomarker per se in sports
applications is questionable. This is due in part to the lack of correlation
between sweat and blood [Na+], [CI7], and [K*] (Klous, de Ruiter, et al.,
2021). Even though primary sweat is isotonic with the blood, the rate of
reabsorption of Na* and CI~in the eccrine duct is independent of plasma
electrolyte concentrations. For example, acute increases in exercise
intensity alone can result in significant increases in final sweat [Na*]
(Buono et al., 2008) without a change in plasma [Na*] (Klous, de Ruiter,
et al., 2021). Furthermore, genomic factors impacting resting plasma
aldosterone play a more important role in determining final sweat [Na‘]
than plasma [Na*] (McCubbin et al., 2019; Yoshida et al., 2006).

It has been suggested that sweat electrolyte concentrations can be
used as a hiomarker to detect dehydration. However, as discussed
above, sweat [Na*] and [CI-] can vary substantially and a change in
hydration status is only one of many factors that may play a small role
in this variability. Sweat [Na*], [CI], and [K*] have been shown to
increase (Morgan et al., 2004), decrease (Armstrong et al., 1985), or
not change (Walsh et al., 1994) in response to dehydration during
exercise and/or heat stress. Furthermore, studies have demonstrated
significant changes in sweat [Na*], [CI], and/or [K*] in response to
variations in exercise intensity (Baker et al., 2019), environment
(Dziedzic et al., 2014), or diet (McCubbin et al., 2019) despite limited
changes in hydration status during exercise. Taken together, while
sweat testing is useful for quantifying NaCl losses during exercise,
sweat electrolyte concentrations are not valid biomarkers of hydration
status (i.e., fluid balance) per se.
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Trace Minerals and Vitamins

Mechanisms. Few studies have investigated mechanisms of sweat
secretion for micronutrients other than Na*, CI-, and K*. Furthermore,
measurement of certain minerals in sweat is often confounded by skin
surface contamination, as cell-rich sweat calcium (Ca?), iron (Fe*),
magnesium (Mg?"), and zinc (Zn) concentrations are > 2-fold higher
than that of cell-poor sweat (Baker & Wolfe, 2020). Studies that have
taken measures to collect cell-poor sweat suggest that final sweat trace
elements and vitamin concentrations are similar to or less than blood
plasma concentrations (Figure 3). The secretion of some elements in
primary sweat is influenced by how bound versus free fractions of
minerals cross the lipid bilayer membrane of clear cells in the secretory
coil of the eccrine gland. Charged ions such as free Ca®* and Mg?* are
hydrophilic but small, so they may be secreted readily via a paracellular
route. By contrast, protein-bound fractions of these elements may not
be as readily available for secretion or may occur at a slower rate. This
may explain why [Ca?*] and [Mg?] of cell-poor sweat are more similar
to ionized than to total plasma [Ca*] and [Mg*] concentrations
(Gibinski et al., 1974). The vitamins ascorbic acid and thiamine are
large polar molecules and therefore may enter the secretory coil through
a paracellular route, but more research is needed to elucidate secretion
mechanisms.

Evidence as a Biomarker. There is interest in the potential of
wearable sweat sensors for non-invasive measurement of micronutrient
status for personalized nutrition, which could be useful in detecting
nutritional deficiencies/insufficiencies and supporting dietary behavior
change. However, few well-controlled, adequately powered studies
have compared trace mineral and vitamin concentrations in sweat
versus blood. (Mickelsen & Keys, 1943; Vellar, 1968; Zhao et al.,
2021). Interestingly, the only significant correlation reported for trace
minerals was between cell-free sweat [Fe*] and serum [Fe**], albeit
the correlation coefficient was small (r = 0.37) (Vellar 1968a). Some
have found a significant change in sweat [Fe*"] and [Zn*] associated
with dietary intake (Milne et al., 1983; Prasad et al., 1963), but these
studies included patient populations with known mineral deficiencies or
involved controlled interventions designed to deplete and subsequently
replete mineral stores of healthy subjects. It is unclear if sweat tests
would be sensitive enough to detect smaller fluctuations in micronutrient
status. Preliminary data collected with novel wearable biosensors
suggest that sweat ascorbic acid, Zn*, Ca*, and Fe* concentrations
increase after oral supplementation in healthy individuals (Kim et al.,
2022; Zhao et al., 2021). However, the results suggest a general trend
of increased concentrations rather than a linear relation with intake
(Kim et al., 2022). Oral administration of ascorbic acid, Zn?*, Ca®, and
Fe?* yield large initial peaks in sweat concentrations (1-2 hours after
intake), followed by gradual decreases in sweat concentrations (Kim et
al,, 2022; Zhao et al., 2021). More work is needed to determine the
utility of sweat as a biomarker for trace mineral and vitamin status.
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Metabolites

Mechanisms. Sweat secretion and Na* reabsorption are active
processes and the main avenue of energy production for sweat gland
function is oxidative phosphorylation of plasma glucose and glycogen
(Sato, 1977; Sato & Dobson, 1973). Thus, byproducts of sweat gland
metabolism can have an impact on final sweat composition. For
example, there is general agreement that at least some of the lactate in
sweat originates from lactate production by the eccrine gland.
Subsequently lactate may be transported out of clear cells via
monocarboxylate transport proteins (Baker & Wolfe, 2020). Sweat
lactate concentration (5-40 mmol/L) typically exceeds that of blood
lactate (0.5-2 mmol/L at rest, up to 15-25 mmol/L during exercise),
especially at the onset of initial sweating or when flow rates are low.
Sweat lactate concentration decreases as sweating rate increases,
possibly because of dilution (Buono et al., 2010).

While glucose is present in sweat, the exact mechanisms of secretion
are unclear. Most studies suggest that blood glucose is the primary
source of sweat glucose. However, glucose concentrations in sweat are
100 times lower than blood (Boysen et al., 1984), likely because its
large size and polarity limit the passage of glucose into the lumen of the
eccrine gland. For example, some glucose secretion may occur
paracellularly, but tight junctions limit large molecule transport.
Transcellular movement of glucose into sweat may occur via glucose
transporters (GLUT2, and sodium-dependent glucose transporters
SGLT3 and SGLT4) (Baker & Wolfe, 2020), but more research is needed
to elucidate mechanisms.

As many as 26 different amino acids have been found in sweat on the
skin surface, but concentrations can be > 3x that of blood (Dunstan et
al., 2016). Some of the sweat amino acid content may originate from
the plasma, with transfer into the secretory coil influenced by molecular
weight, polarity, or ligand binding, among other factors (Baker & Wolfe,
2020; Gitlitz et al., 1974). The non-plasma source of amino acids in
sweat is likely skin natural moisturizing factors (NMFs) and epidermal
proteins (Mark & Harding, 2013). In support of this, several studies
have reported a decline in sweat amino acid concentration as exercise
duration or sweating rate increase, suggesting possible flushing of skin
NMFs or dilution of amino acid concentration occurring with greater
sweat volumes (Dunstan et al., 2016; Gitlitz et al., 1974).

Bicarbonate is present in most body fluids and plays an important role
in acid—base balance. Secretory mechanisms are unclear but may
involve bicarbonate/Cl~ channels (Best2) in the dark cells and
bicarbonate/CI~ exchangers in luminal cells of the secretory coil (Cui &
Schlessinger, 2015; Quinton & Reddy, 1989). Sweat bicarbonate (0.5-5
mmol/L) is lower than concentrations in the blood (22-29 mmol/L).
This is because bicarbonate is reabsorbed in the eccrine duct, possibly
via CFTR combined with H* secretion and bicarbonate/CI- exchangers
in luminal cells, which also leads to acidification of final sweat (Choi et
al.,, 2001). As such, the rate of bicarbonate secretion and reabsorption
in the eccrine gland determines the pH of final sweat. In addition, much
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like Na* and CI-, bicarbonate reabsorption is inversely related to
sweating rate. Therefore, lower sweat flow rates are associated with a
lower bicarbonate concentration and lower pH of final sweat (Kaiser et
al., 1974).

Evidence as a Biomarker. There is significant interest in sweat
lactate and other metabolites in sweat as a more practical and non-
invasive alternative to blood sampling. For example, plasma lactate
concentration is often used as a biomarker to help determine anaerobic
threshold, which is used as an important metric to monitor training
status and design workout regimens for athletic performance. However,
there is currently little to no evidence of a correlation between sweat
and blood metabolites, including lactate, glucose, amino acids, and
bicarbonate, in healthy individuals at rest or during exercise (Baker &
Wolfe, 2020; Buono et al., 2010; Klous, de Ruiter, et al., 2021). For
example, an increase in blood lactate concentration during exercise has
been associated with a decrease (Ament et al., 1997; Klous, de Ruiter,
et al., 2021) or no change (Alvear-Ordenes et al., 2005; Green et al.,
2000) in corresponding sweat lactate concentration.

Some studies did not report correlation results but observed the change
in sweat metabolite concentration after manipulation of blood
concentrations via substrate ingestion. Exercise-induced sweat
bicarbonate concentration did not differ after ingestion of sodium
bicarbonate compared with placebo, but sweat pH was significantly
higher in the sodium bicarbonate ingestion trial (Patterson et al., 2002).
Significant increases in sweat glucose concentrations were observed in
response to infusion and ingestion of a glucose bolus, which caused an
increase in blood glucose from 60 to 360 mg/dl (Boysen et al., 1984).
However, it is unclear if smaller changes in blood glucose would elicit
measurable concomitant changes in sweat glucose.

The lack of correlation between sweat and blood metabolite
concentrations is perhaps not surprising given the known effects of
reabsorption in the duct (bicarbonate), limitations in transport (glucose),
and other factors (skin-derived amino acids or gland-derived lactate)
discussed previously. While some preliminary data collected with novel
wearable devices have reported significant correlations between sweat
and blood for glucose and lactate, interpretation of results is difficult
due in part to methodological issues, low sample size, or unclear/
incomplete analysis and reporting of results (for review see Baker &
Wolfe, 2020). It has been suggested that incorporating algorithms to
calibrate for individual differences and account for blood-sweat time
lag, among other factors, may help improve the correlations. However,
well-designed clinical trials are needed to support these hypotheses.
Until then, the utility of sweat analysis as a proxy for blood metabolite
monitoring remains questionable.

Nitrogenous Wastes

Mechanisms. Nitrogenous wastes such as urea, uric acid, and
ammonia are end-products of nitrogen metabolism in the liver. Removal
of nitrogenous waste is critical for proper body function and occurs
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primarily through urination. The principal compound formed from the
oxidation of protein is urea, which is a small polar molecule that easily
crosses the glandular wall and cell membrane (Komives et al., 1966).
Reported sweat urea concentrations (4-12 mmol/L) are often higher
than that of plasma (2.5-7 mmol/L), suggesting possible contributions
from non-plasma sources. The increased urea in sweat is hypothesized
to originate from urea in the epidermis (Brusilow, 1967) or urea
production stemming from the split of arginine to ornithine and urea via
arginase activity in the eccrine gland or skin (Sato et al., 1989). Indeed,
research has shown that sweat-to-blood urea ratios decrease to near
unity after profuse sweating, which is thought to flush away metabolites
such as urea that originate from the skin and gland itself (Komives et
al., 1966). Recent evidence of urea transporter (subtypes UT-A1 and
UT-B1) expression in the secretory coil and duct of the eccrine gland
suggests there may also be an active mechanism of urea excretion
through sweat, possibly accounting for increased sweat urea with end-
stage renal disease (Xie et al., 2017). Uric acid is a byproduct of purine
metabolism, which is related to adenosine triphosphate (ATP) turnover
and degradation during exercise. While uric acid appears in sweat,
mechanisms of secretion into the eccrine gland are unknown. Studies
have shown that sweat uric acid concentrations are ~10 times lower
than that of blood (Huang et al., 2002; Yang et al., 2020). This is
possibly because of limited transport across cellular membranes owing
to uric acid’s large molecular size.

Ammonia is a waste formed mostly through bacteria in the intestines
during protein digestion and used as substrate in the urea cycle. Like
urea, ammonia is a small polar molecule, and its secretion may occur
through passive diffusion via transcellular or paracellular transport. In
addition, ammonia is typically found in higher concentrations in sweat
(1-8 mmol/L) than in blood (0.01-0.03 mmol/L). While exact underlying
mechanisms for the elevated concentrations are unclear it has been
suggested that final sweat could be impacted by ammonia production
within the eccrine gland via the breakdown of urea and/or ammonia
formation in the skin (Brusilow & Gordes, 1968; Nose et al., 2005), as
well as the plasma ammonia (Czarnowski et al., 1992).

Evidence as a Biomarker. Blood ammonia concentration increases
with physical strain and muscular activity and elevations in urea are
associated with protein catabolism. Therefore, it is thought that sweat
ammonia and urea may be useful markers of exercise-related metabolic
stress. Pharmacologically-induced sweat ammonia concentration has
been shown to increase, concomitant with elevated blood ammonia
concentrations, after oral ingestion of ammonium chloride (Czarnowski
et al., 1992). However, in an exercise study, increased blood ammonia
concentration resulting from increased work rates led to a significant
decrease in sweat ammonia concentration (Ament et al., 1997).
Moreover, there is limited evidence of a correlation between sweat and
blood ammonia, urea, or uric acid concentrations (Yang et al., 2020),
especially in a context relevant to healthy athletes (Huang et al., 2002;
Klous, de Ruiter, et al., 2021). One study did find significant sweat-
blood correlations when using exercise (rugby match) and sauna bathing
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(pre- and post-match) to stimulate sweating, but ammonia and urea
concentrations in sweat only accounted for 7% and 45% of the variation
in respective blood concentrations (Alvear-Ordenes et al., 2005). More
well-controlled correlation studies in a sports context are needed.

[t has been suggested that thermal sweating may serve as a useful
avenue to excrete uric acid and urea in times of increased production
and elevated serum concentrations. Sweat uric acid concentrations have
been higher in gout patients versus healthy subjects (Yang et al., 2020).
However, total sweat uric acid losses in healthy subjects, including after
prolonged exercise-heat stress, are very low (< 5-10%) compared with
the amount typically excreted via urination (Huang et al., 2002).

Stress and Immune Markers

Mechanisms. Cortisol acts as the main glucocorticoid hormone
produced by the adrenal cortex and is released in response to
psychological and physiological stimuli. Approximately 90% of the
endogenous hormone is bound to carriers, while the remaining 5-10%
is free cortisol. Unbound cortisol is thought to diffuse readily into cells
due to their lipid-rich cell membrane. Thus, it follows that passive
diffusion is likely the mechanism by which free cortisol is secreted into
the eccrine gland. This may also explain why cortisol concentration in
sweat is ~100 times lower than that of blood, as the bound fractions of
cortisol are not secreted as readily as free cortisol (Jenkins et al., 1969).

Cytokines have pleotropic effects crucial to endocrine, autocrine, and
paracrine cell signaling related to inflammation, immune response, and
infection. Their large molecular weight would seem to preclude secretion
into eccrine sweat; however, several studies have detected interleukin
(IL)-1a or IL-1B, IL-6, IL-8, IL-10, IL-31, tumor necrosis factor (TNF)-a,
and transforming growth factor (TGF)-B in sweat (Didierjean et al.,
1990; Marques-Deak et al., 2006; Sato & Sato, 1994). It is possible
that sweat cytokines are at least partially derived from circulating
stores, as some studies have found no statistical differences between
sweat and plasma concentrations at rest (Marques-Deak et al., 2006).
However, it seems that cytokines may also originate from the sweat
gland itself since cytokines are innately expressed in eccrine glands.
For example, the eccrine gland has been shown to express
immunohistochemical activity of various cytokines (IL-1a, IL-1B, IL-6,
IL-8, IL-31, TGF-B, and TNF-a) as well mRNA encoding from in situ
hybridization studies (IL-1a, IL-18, IL-8, TNF-a) (Baker & Wolfe, 2020).
Furthermore, elevated sweat cytokine concentrations during exercise
and thermal stress (Didierjean et al., 1990; Sato & Sato, 1994) would
indicate stress-induced cytokine secretion rather than origination from
the blood. Nonetheless, more research is needed to elucidate potential
mechanisms of cytokine transport from the plasma as well as production
by the eccrine glands.

Evidence as a Biomarker. Like salivary cortisol, there is interest in
using sweat cortisol as a non-invasive biomarker for monitoring stress
and circadian-related disorders to aid in the prevention of disease or
acceleration of recovery. Sweat cortisol follows a diurnal pattern (Kim
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et al., 2020) and concentrations have been shown to be similar to
salivary cortisol concentrations (Russell et al., 2014; Torrente-Rodriguez
et al., 2020). However, only one study has compared cortisol
concentrations in sweat versus blood. In a pilot study, a wearable device
was used to measure sweat cortisol during exercise and a cold pressor
test designed to induce physical stress. When all data were pooled (8
subjects, 4 data points each) there was a significant correlation between
sweat and serum (r=0.87) and sweat and saliva cortisol concentrations
(=0.78) (Torrente-Rodriguez et al., 2020). More research is needed,
however, to determine the utility of sweat cortisol as a biomarker in
sport applications.

There is interest in the potential of sweat cytokines to serve as non-
invasive biomarkers to monitor immune system function or local skin
inflammation. Cytokine concentrations of samples collected during
passive (insensible) sweating have been shown to be higher in patients
with major depressive disorder (Cizza et al., 2008) and influenza/cold
symptoms (Jagannath et al., 2021) versus healthy controls. In addition,
two studies from the same laboratory (Cizza et al., 2008; Marques-
Deak et al., 2006) have reported significant correlations between
cytokine concentrations (IL-1a, IL-18, TNF-a, IL-6, IL-8, TGF-B)
measured in insensible sweat (collected over a 24-hr period) and
plasma samples (collected toward the end of the sweat collection
period). However, more work is needed to corroborate these findings
and determine the utility of sweat cytokines as biomarkers in athlete
health and wellness.

CHALLENGES

Because extracellular fluid is the precursor fluid for primary sweat, it
follows that many components of the blood plasma are also found in
final sweat. However, there are several other factors dictating solute
concentrations of final sweat collected from the skin surface, which
generally fall into one of three categories: non-plasma sources,
methodological, and intra/interindividual factors.  As discussed
previously, some substances do not originate from precursor sweat
(i.e., extracellular fluid/plasma), but instead enter the sweat gland
because of production by the eccrine gland or appear in final sweat on
the skin surface via contact with keratinocytes. These non-plasma
sources of sweat content are illustrated in Figure 4.

The methodological factors that influence sweat flow rate and
composition include the mode of sweat stimulation, type of sweat
collection system, and region of sweat collection (Figure 4). While many
wearable sensor studies collect sweat during active sweating (i.e.,
exercise), as discussed above there is also interest in sweat biomarker
monitoring during rest/recovery. Thus, some wearables are designed
for collection of microliter volumes of fluid during passive sweating;
either chronic insensible losses or acute stimulation via an integrated
cholinergic agent (e.g., carbachol, pilocarping, etc.). However, sweating
rates during exercise can be 2-3 times higher than that of passive
sweating. The method of sweat stimulation can also impact sweat
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Skin surface contamination

Figure 4. Potential non-plasma
sources and methodological factors
impacting the composition of final
sweat collected from the skin surface.
Reproduced with permission from
Baker and Wolfe, 2020.
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cortisol, amino acids, potassium, urea, ammonia) Regional differences in sweating rate and
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Sweat collection system may
create a microenvironment
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temperature and wettedness
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. left on skin after
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Residual sweat in duct —(
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Secretions from sebaceous glands (lipids) and
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Method of sweat gland stimulation (passive heat,
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electrolyte, trace mineral, and metabolite concentrations. For example,
sweat metabolite concentrations are typically higher with active versus
passive sweating, but interpretation of these results is difficult since the
data are confounded by differences in sweating rates and other study
limitations (for review see Baker & Wolfe, 2020).

Sensor studies have employed a wide range of approaches to collect
sweat, including adhesive patches, temporary tattoos, wrist bands, off-
body fingertip sensors, nose pads on glasses, and textiles. It is unknown
how the device/material itself could influence sweat flow rate and sweat
composition by creating a microclimate localized to the covered skin
surface. Studies suggest that the effect of standard collection techniques
on skin microclimate varies depending upon the duration of application
and ambient temperature. Skin temperature is more likely to be elevated
(compared with noncovered skin) when absorbent patches are worn for
longer durations (e.g., 60 min) or in temperate environments (Klous,
Folkerts, et al., 2021). Higher skin temperature would be expected to
result in elevated sweating rate. By contrast, elevated skin wettedness
from wearing an occlusive covering for a prolonged period of time may
lead to hidromeiosis, a condition that causes a gradual decline in
sweating rate (Collins & Weiner, 1962). Finally, it is well known that there
are significant regional differences in sweat distribution and composition.
Studies have reported ~3-6 fold differences in sweating rate and ~2-4
fold differences in electrolyte, trace mineral, lactate, amino acid, and
bicarbonate concentrations across the body (Baker & Wolfe, 2020).

Interindividual factors, such as heat acclimation status, diet, disease,
medication, tattoos, sex, age/maturation, among others, may have

further effects on sweat solute concentrations that could confound
interpretation of results depending upon the biomarker and application
of interest. However, the impact of these factors is largely unknown for
most constituents with perhaps the exception of Na* and ClI-, as
discussed above. It is also important to note that changes in exercise
intensity or environmental conditions that elicit changes in sweating
rate are likely to impact final sweat composition (particularly Na*, CI-,
lactate, urea, and bicarbonate) (Baker & Wolfe, 2020). Finally, there is
a high degree of interindividual variability for many biomarkers
discussed, even when measured in the blood, (e.g., cortisol). Thus,
baseline measures and considerations for time lag from circulation to
sweat may also need to be considered for interpretation of results.

CONCLUSION

Despite recent technological advances in wearable devices and
considerable interest in using sweat as a non-invasive alternative to
blood, the application of sweat diagnostics in sports science has been
limited to date. This is at least partly because noise in the measurement
of sweat composition and its independency from blood concentrations
can make it challenging to know whether to interpret changes in sweat
constituent concentration as physiologically meaningful. The utility of
sweat as a biomarker may depend upon the precision required for the
desired application — e.g., detecting large differences in nutrient status
via sweat may be more feasible than small, real-time changes in blood
metabolite concentrations. Furthermore, there are still key technical
challenges in the field of wearable sweat sensing such as handling a

~



wide range of flow conditions, analytical sensitivity, miniaturization, and
energy/memory requirements for continuous operation. Future studies
should address important gaps in the literature and account for key
methodological factors to elucidate the potential utility of sweat as a
proxy for blood and/or as a biomarker for physiological/nutritional status.

PRACTICAL APPLICATIONS
e Measuring sweat electrolyte concentrations is useful for
quantifying NaCl losses as a consequence of sweating during
exercise, but not as a hiomarker for real-time assessment of
hydration status (i.e., fluid balance) per se.

e Trace mineral and vitamin concentrations in sweat generally
increase after oral administration, but there are few well-
controlled studies comparing sweat vs. blood.

e There is little to no evidence of a correlation between sweat
and blood metabolites, nitrogenous wastes or stress and
immune markers, especially in healthy individuals at rest or
during exercise.

e Some preliminary data collected with novel wearable devices
have reported significant correlations between sweat and
blood for glucose and lactate after incorporating algorithms
to calibrate for individual differences and account for blood-
sweat time lags. However, well-designed clinical trials are
needed to corroborate these findings.

e (Concentrations of sweat constituents are at least partially
independent of blood concentrations because of ductal
reabsorption (Na*, Cl-, bicarbonate) or production by the
eccrine glands (e.g., lactate, urea, ammonia, cytokines) or
skin (e.g., urea, ammonia, amino acids, Ca?*, Fe*).

e |nfuture research it is important to use sweat stimulation
methods that are fit for the intended question and application
of the data (e.g., local or whole body, pharmacological or
thermal, resting 24-h vs. acute exercise).

Authors are employed by the Gatorade Sports Science Institute, a
division of PepsiCo R&D. The views expressed are those of the authors
and do not necessarily reflect the position or policy of PepsiCo, Inc.
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