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Abstract This review provides a critical overview of the

literature published in the area of lactate in human sweat

between 1934 and the present. The first section summarizes

the relevant pieces of literature, the second evaluates the

literature across a range of topics and the third presents

potential applications for sweat lactate measurements. Key

factors that may affect sweat lactate are discussed in detail

in the second section of this review. Both acetylcholine and

catecholamine hormonal signals can trigger sweating

independently of one another; differences in sweat output

and lactate concentrations are compared. The primary

triggers for sweating, exercise and heat are also compared,

with exercise-induced sweating being further examined

with respect to the exercise intensity. This review examines

the significant variations in sweat lactate between bodily

sites as well the relationship to physiological parameters

such as gender, age and physical fitness, along with the

effect of climate adaptation on sweat lactate concentrations.
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Introduction and literature summary

Sweating is a vital part of human thermoregulation. Sweat

is not just simple water but contains many dissolved

components such as salts and other compounds, one of

which is lactate. Many researchers have investigated sweat

to see if its constituents could reflect the physiological

conditions of the subject. We undertook this review to

determine what indications exist for utilising sweat lactate

to detect a number of physiological conditions. The subject

of lactate in sweat, whilst only comprising a small part of

sweat gland research, has been the focus of much research

within the last century. This section aims to provide the

reader with a summary of the key books and research that

have shaped our understanding of lactate in human sweat

over time. Many of the pieces are only dealt with briefly as

they are discussed more extensively in subsequent sections.

There are several potential clinical applications for the

analysis of lactate in sweat. One early hypothesis was that

it could be used to monitor factors such as physical per-

formance or restricted oxygen level since lactate is a

product of anaerobic metabolism. It was proposed that

determination of sweat lactate would offer a non-invasive

alternative to blood lactate measurements; however, it

appears that there is very poor correlation between blood

and sweat lactate levels. Another proposed clinical appli-

cation is as a measure of restricted blood flow such as

pressure ischemia. Pressure ischemia can lead to such

clinical consequences as decubitus ulcers (bedsores), and

an early diagnosis of this condition before symptoms

develop would be highly beneficial. There have also been

some studies into using sweat lactate as a marker for cystic

fibrosis (since that also leads to a reduction in available

oxygen). Another potential application is in the detection

of conditions that lead to excessive sweating such as Frey’s

syndrome or panic disorder. However, only a few studies

have been performed on these other applications.

Yas Kuno’s book The Physiology of Human Perspiration

published in 1934 makes an ideal starting point for this

review as it comprehensively presents the knowledge of
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sweat at the time [1]. Discussing lactic acid, the author

hypothesizes that the sweat glands may act as secretory

organs for blood lactic acid during intense work. It was also

reported in the book for the first time that sweat rate falls in

response to arterial occlusion; this is thought to be due to

reduced glycolytic ATP production within the sweat glands.

Whitehouse was the first to observe that the first mea-

surement often contained more lactate than subsequent

measurements; a common feature found in subsequent

studies of sweat lactate [2]. Also, the author found that

sweat lactate concentration was significantly higher than,

and unaffected by, a rising blood lactate concentration, and

concluded that sweat lactate must be regarded as a normal

metabolic product of the sweat gland. Regional variations

in sweat composition [3] were reported, with a wide vari-

ation being reported across the five sites measured (torso,

face, thigh, axilla and arm), from 16 mM on the face to

over 30 mM on the thigh.

Sweat lactate output decreased in subjects as they

became acclimatised to heat [4, 5], as well as demon-

strating that lactate output increased in arm sweat when the

arm had been occluded. The authors compared arm-bag

sweat with whole body sweat composition [5] and showed

that sweat and blood lactate were unrelated through

strenuous exercise [6]. Finally, the authors also extensively

investigated the origin and relationship of sweat lactate to

skin temperature, rate and duration of sweating [6].

In 1956, Yas Kuno published his second book on the

subject of human sweat [7]. On the topic of sweat lactate, it

is mentioned that sweat lactate appeared not to be filtered

from the blood but produced in the glands. It is also

reported that sweat lactate concentration was initially high

and then falls when sweating becomes profuse. Isolated

human eccrine sweat glands produced lactate in vitro and

furthermore would increase the rate of lactate production in

the presence of physiological concentrations of glucose [8].

The author compares the amount of lactate produced per

sweat gland in vitro and in vivo (thermal sweating),

showing that they correspond closely and therefore

strengthening the hypothesis that lactate in sweat is a

by-product of sweat gland metabolism.

Tracer studies [9] which involved injecting either
14C-labelled lactate or glucose and measuring the amount

recovered gave evidence that sweat glands produce all of

the excreted lactate and do not excrete blood lactate. In

1974, it was found that the adrenergic sweat rate is between

five and ten times lower than the cholinergic sweat rate, but

that lactate concentration was not found to significantly

vary between the methods of stimulation [10]. Glucose

utilisation by sweat glands during fasting was studied and it

was found that lactate concentration in sweat dropped to a

steady state of 19 % below a control after 3 days of fasting,

whilst circulatory glucose dropped by 30–40 % [11]. This

is strong evidence for the hypothesis that sweat glands rely

entirely on glucose metabolism to function and have

preferential access to glucose over other organs such as the

brain or muscle when glucose is in short supply.

In 1977, Kenzo Sato wrote a well-cited article on the

physiology of sweat secretion [12]. On the topic of energy

metabolism, four different potential routes are highlighted,

all of which involve the degradation of glucose. The author

concludes that the most likely route of energy metabolism

is oxidative phosphorylation of plasma glucose, with gland

glycogen stores contributing minutely. Lactate excretion is

accounted for purely as a by-product of the glycolytic

activity within the sweat gland. The relationship between

sweat rates and lactate concentrations is outlined, stating

that they are generally inversely proportional.

Two studies compared lactate concentrations in ther-

mally induced sweat from children with and without cystic

fibrosis (CF) and found no difference in sweat lactate

between the groups [13, 14]. A small, proof of principle,

study was performed to establish whether sweat lactate

monitoring would be a viable method for detecting pres-

sure damage in soft tissue and concluded that sweat lactate

is technically feasible as a monitoring method for pressure

ischemia, although only if the sweat is collected from the

area of interest [15]. A study on the effect of peripheral

arterial occlusive disease on sweat lactate from the calf

found that, consistent with other studies on ischemia, sweat

rate was significantly lowered and sweat lactate concen-

tration was significantly raised in the diseased group in

comparison to the control group [16]. It was hypothesized

that, as tissue oxygen perfusion is lower, the sweat glands

increasingly rely on anaerobic glycolysis for energy and

that this results in reduced output and greater sweat lactate

concentration. The use of sweat analysis to detect soft

tissue breakdown following pressure ischemia was inves-

tigated by a research group from Oxford [17]. Further work

was published and the findings of these studies are dis-

cussed later in greater detail [17–20].

Between 2000 and 2004, a research group from the

USA, led by Matt Green, published five research articles

with a common theme of investigating sweat lactate. The

first and arguably most important study provided the most

compelling evidence that blood lactate and sweat lactate

are not related [21]. Further articles investigated whether

there were differences in sweat lactate between genders

[22], whether differences exist between younger and mid-

dle-aged men [23] as well as between men with high and

low aerobic fitness [24], and investigated the response of

the sweat glands to environmental temperature [25].
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Critical evaluation of literature by subject

Variations in sweat lactate depending on stimulus

Sweating is initiated by the hypothalamus, in response to a

rise in core body temperature, by sending a signal via the

sympathetic nervous system. In contrast to normal sym-

pathetic postganglionic neurons which release norepi-

nephrine, the neurons that terminate within sweat glands

release acetylcholine, which then activates muscarinic

receptors [12, 26]. Atropine, a competitive muscarinic

acetylcholine receptor, has been shown to completely block

thermoregulatory sweating [27]. Whilst acetylcholine is the

primary neurotransmitter, the sweat gland is known to be

innervated by both cholinergic and adrenergic nerve ter-

minals [28]. Sweating can be stimulated in vivo and in

vitro using both a-adrenergic and b-adrenergic agonists,

although sweat production volume is much lower than

when stimulated by cholinergic means [10].

As shown by the atropine study discussed above,

adrenergic sweating (in response to epinephrine) is not a

significant component of thermal sweat. Isolated sweat

gland studies have shown that sweat production can be

stimulated in vitro using epinephrine; lactate concentration

of the adrenergic sweat was found to be similar to cho-

linergic sweat [8, 29]. There is evidence that, whilst neu-

rogenic sweat is exclusively stimulated by acetylcholine,

given a high enough concentration of circulating adrena-

line, there will be a sweating response [30].

A number of studies on the effect of pilocarpine sweat

stimulation on sweat lactate [31–33] found that stimulation

of sweat using pilocarpine before exercise did not change

the sweat lactate concentration during exercise in compar-

ison to a control group. Restimulation with pilocarpine

20 min after an initial dose also preserved both sweat

quantity and lactate concentrations over 30 min, whereas

both declined in the control group, suggesting that even

without exercise the sweat glands are capable of maintaining

high sweat lactate concentrations ([20 mM) after 30 min.

The effect of induced metabolic alkalosis on sweat

found that sweat pH increased significantly when

NaHCO3
- was ingested prior to exercise [34]. Sweat lac-

tate did increase but did not reach significance (p = 0.08).

The authors suggested that the change in pH is caused by a

change in reabsorptive duct function.

Other authors investigated the effect of hyperoxia, in the

context of jet pilots, on sweat composition in males [35].

Concentration of sweat constituents were compared during

heat stress for subjects breathing in normal air and 100 %

oxygen and found a significant (p \ 0.05) decrease in

lactate concentration and a significant (p \ 0.01) increase

in sweat loss when the subjects were breathing 100 %

oxygen.

Sweat lactate variation between modes of stimulation

Sweating is a physiological response to a number of stimuli

such as the environmental conditions, physical exercise and

a person’s emotional state. In this section, we will discuss

whether there are any differences in sweat lactate con-

centrations depending on the stimulation method, focussing

on the difference between thermally and exercise induced

sweating since very little has been published on lactate

within emotionally induced sweat. Further comparison will

be drawn between exercise-induced sweat where the pro-

tocols had multiple exercise intensities.

Comparison between individual studies is made difficult

by subject and protocol variations which have been shown

to greatly affect the reported lactate concentrations. There

are a number of articles that, whilst not directly comparing,

make use of multiple stimulation methods and are therefore

best suited to highlight any potential differences that may

exist.

Sweat lactate variation with exercise intensity

A number of articles present data on sweat lactate con-

centration for exercising subjects but are not suitable for

assessing variation with exercise intensity since they

examine sweat lactate under a single mode of exercise [36,

37]. A number of studies were identified that employed

protocols suitable for comparing sweat stimulated by

endurance and exhaustive exercise with in some cases this

being the explicit hypothesis of a study. In some studies, it

was not stated whether the protocol was intended to result

in entirely aerobic respiration or exceed the aerobic

capacity of the subject; in those cases, we made the

assessment ourselves based on factors such as respirometry

data, blood lactate concentration and heart rates. The cri-

teria used for categorisation was whether the exercise

protocol employed by the authors of the research was likely

to have caused the rise in blood lactate traditionally asso-

ciated with exercise beyond the individuals’ lactate

threshold. It is now known that blood lactate is not the

cause of muscle fatigue per se, but remains an important

indicator of oxygen-independent metabolism in muscles

[38].

A total of nine studies were identified to provide a useful

comparison, of which four present evidence that exercise

intensity has no significant effect on sweat lactate con-

centration, while the other five present evidence that a

significant relationship exists. For clarity, the two opposing

cases will be discussed in turn, starting with those that

present a significant relationship.

A three-subject study utilized a sedentary, a fit and a

very fit subject (determined by their VO2max) to investigate

whether a difference in sweat rate and lactate concentration
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exists across three modes of sweat stimulation: external

heat load, constant exercise and incremental exercise [39].

In the incremental exercise test, which was classed as

anaerobic, the sweat lactate concentration for all three

subjects did not exhibit the classic decay observed in the

constant exercise trials; the sweat lactate concentration

remained constant and no significant difference (p [ 0.05)

was shown between the first and last measurements for the

anaerobic exercise. Dilution due to sweat rate was unlikely

to be the contributing factor for this difference between the

constant and incremental exercise protocols, since sweat

rates were comparable between the tests for the sedentary

and very fit individual, and only the fit individual showed a

large difference in sweat rate. The authors hypothesize that

the difference in sweat lactate concentration between the

constant and incremental exercise is that an increase in

blood epinephrine levels during the more strenuous incre-

mental exercise could have a vasoconstrictive effect on the

sweat glands, and thereby lead to an increase on the reli-

ance of anaerobic glycolysis. However the small sample

size of this study is a concern.

A recent study also suggested a relationship between

sweat lactate concentration and exercise intensity [40];

although in contrast to the previously discussed study, this

study presents an inverse relationship. The study protocol

had subjects (n = 8) performing three successive 30-min

exercise bouts on a treadmill at 60, 70 and 80 % of their

respective maximum age-predicted heart rates (HRmax).

Since all subjects were able to complete the full 30-min

bouts, this would suggest that even the highest intensity

was not exhaustive; nonetheless, exercise intensity varied

from easy to strenuous. Sweat lactate concentrations were

significantly (p \ 0.05) higher at 60 % HRmax compared

with at 70 and 80 % HRmax and no significant difference

was observed between 70 and 80 % HRmax. The authors

also calculated the lactate excretion rate to compensate for

sweat dilution at the higher intensities and found that,

whilst no significant difference was observed between 70

and 80 % HRmax, both were significantly (p \ 0.05)

greater than at 60 % HRmax. These results show that at

greater exercise intensities the subjects sweated a greater

amount of a more dilute sweat, resulting in a greater total

amount of lactate being excreted in comparison to exercise

at a lower intensity. It is also possible that exercise inten-

sity did not contribute to this trend and that this trend

would have been observed when exercising for a total of

90 min at a steady intensity.

Evidence for a strong relationship between blood and

sweat lactate concentrations was presented following a

single subject study in which a volunteer cycled for 10 min

at various work-loads [41, 42], elicitating a range of heart

rate response from 109 to 165 bpm, which suggests that at

the lightest work-load the exercise was fairly light and that

at the highest work-load was close to exhaustive. A sig-

nificant (p \ 0.01) increase in sweat lactate was observed

from the lowest to the highest work-load. Regression

analysis showed a relationship between blood and sweat

lactate (r = 0.88). However, these results were only

obtained on a single subject. Earlier work by the same

group analysed sweat samples from football players,

walkers and table tennis players whilst they performed

their respective sports [43]. The sweat lactate results

showed that walkers (aerobic) had the lowest concentration

of sweat lactate, followed by football players (anaerobic)

and then table tennis players (anaerobic), who had the

greatest concentration. The variability in sweat collection

protocols between groups makes comparison difficult.

Research by a group that had developed a novel lactate

biosensor [44] involved an undisclosed number of

untrained subjects performing a 3,000 m endurance run

and an exhaustive stair sprint. The average sweat lactate

concentration for the endurance exercise was 43.7 mM and

for the exhaustive exercise was 115.8 mM. The stair sprint

only lasted 5 min whilst the endurance exercise lasted

roughly 15 min; it is therefore likely that the difference in

sweat lactate is due to the initially high sweat lactate

concentration that is commonly observed rather than the

difference in intensity, as initially high concentrations are

observed in most studies of sweat lactate. However, no

extensive validation studies appear to have been carried out

on the biosensor.

A group of three articles from the same research group

on sweat lactate using identical methodologies and uti-

lising common results will be discussed collectively.

These works attempted to establish whether high or low

blood lactate concentrations had an effect on sweat lactate

concentrations [21], whether gender differences existed in

sweat lactate [22], and finally compared younger and

middle-aged males [23]. The exercise protocol used in the

studies comprises a constant load and an interval cycling

trial, with both starting with a 15-min warm-up followed

by a 15 min rest. The constant load trial involved the

subject cycling at 40 % VO2max for 30 min and the

interval trial involves cycling at 80 % VO2max for two

15-min bouts with a 1 min rest in between. Blood lactate

concentrations were significantly (p \ 0.05) raised in the

interval cycling trials in comparison with the constant load

trials. Sweat lactate concentrations showed no significant

difference at any time point between the two trials. Sweat

rates, derived from whole body weight difference before

and after exercise, were also not seen to differ signifi-

cantly between constant and interval trials. All three

studies show that two trials that elicited significantly dif-

ferent blood lactate responses showed no differences in

sweat rates due to equated work volume or sweat lactate

concentrations.
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Sweat lactate and ammonia concentrations changed with

incremental cycling exercise [45] where the subjects

(n = 10) were required to cycle until exhaustion as the

work-load increased every 3.5 min, thereby encompassing

both endurance and exhaustive exercise. Blood lactate

measurements showed that subjects exceeded the lactate

threshold before terminating the exercise bout. The sweat

lactate response showed the typical decay curve and then

reached a plateau despite exercise intensity increasing; at

the start of exercising, the average lactate concentration

was 31 mM compared with 12.1 mM at the point of

exhaustion. This agreed with the earlier wide-ranging study

on the lactate content in sweat [6] which included a small

study into the effect of increasing blood lactate concen-

tration on sweat lactate concentration. No difference in

sweat lactate levels were observed between two trials,

despite the latter significantly raising blood lactate.

In conclusion, there is still some ambiguity as to whe-

ther exercise intensity has a significant effect on sweat

lactate concentration. Studies have shown sweat lactate

rising [41–44], remaining level [39] and decreasing [21–23,

40, 45] in response to increased exercise intensity.

Generally, it seems to be accepted that blood lactate is not

cleared by the sweat glands and that raised blood lactate

levels do not affect sweat lactate. Also, the rate of sweating

has a marked effect, in that, as the intensity of exercise

increases, this will lead to higher sweating rates with

concurrent dilution of lactate. Therefore, some studies are

limited in interpretation in that, if sweat rate is not moni-

tored, then variations in sweat rate on the lactate concen-

tration cannot be determined.

Thermally versus exercise induced sweat

The sweat lactate concentrations for three subjects exhibited

a similar trend between an external heat load and a constant

exercise trials—an initially high concentration (around

20 mM lactate) that decays over time. The regression trend

lines were both found to be highly significant (p \ 0.001)

and no significant difference was observed between the

slopes of the two tests; however, the small sample size must

be a concern [39]. As described earlier, a small proof of

principle study demonstrated average sweat lactate con-

centration for a heating trial of 22.1 mM, for an endurance

exercise it was 43.7 mM and for an exhaustive exercise trial

a concentration of 115.8 mM was observed.

Studies aimed at investigating sweat lactate, urea and

ammonia in highly trained rugby players before and after a

match have been reported [46]. The subjects (n = 15) had

sweat and plasma samples taken before and during the

match, as well as 24, 48 and 72 h after the match; with the

exception of the sample during the match, the sweat sam-

ples were taken during a 60-min sauna session (81 �C and

87 % humidity). The sweat lactate concentration of the

sweat samples showed no significant differences between

the samples obtained during the match (exercise) and any

of the other samples (thermal). When corrected for sweat

rate, the authors claim that secretion rates were signifi-

cantly (p \ 0.05) different in the samples following the

match compared with the match sample; no significant

difference was seen between the pre-match and the match

sample. A significant correlation was observed however

between sweat rate and sweat lactate concentration

(r = 0.52, p \ 0.01).

Others sought to establish links between D-lactate,

L-lactate, pyruvate and methylglyoxal in blood, urine and

sweat before and after exercise [47]. Instead of compen-

sating for sweat rate, they reported concentrations in rela-

tion to sodium ions as well as the actual concentrations.

These authors found a significant increase in sweat lactate

when comparing sweat induced by exercise or thermal

stimulation. Conversely, there was a significant decrease in

the concentration in relation to sodium ions. Although a

rise in sweat lactate in response to exercise was reported,

only one measurement was made and so development over

time cannot be assessed.

The sweat lactate response for subjects cycling at either

18 or 30 �C [25] did show how temperature can affect

sweat response, although this does not compare sweat

obtained by either thermal or exercise. Subjects cycled on

different occasions for 60 min at 18 or 30 �C wet bulb

globe temperature. It was found that at 30 �C the subjects

sweated significantly (p \ 0.05) more than at 18 �C,

1,382 ± 335 and 611 ± 311 ml h-1 respectively. Sweat

lactate concentration was significantly (p \ 0.05) higher at

18 �C compared with 30 �C at all sampling times. Cor-

recting for sweat rates showed that total lactate excretion at

30 �C was significantly (p \ 0.05) higher than at 18 �C,

14.7 ± 3.4 and 9.1 ± 3.4 mmol, respectively, demon-

strating that, at higher environmental temperatures, the

internal heat load of the subjects will rise much more

quickly and therefore lead to a greater sweat rate of more

dilute sweat.

In summary, there have not been many studies which

allow a useful comparison of sweat lactate concentrations

from thermally- or exercise-induced sweating to be made.

The best evidence is presented in the study by Fellmann

et al. which shows no significant difference in sweat lactate

between thermally-induced or endurance exercise-induced

sweat [39].

Sweat lactate variation among body regions

Most of the research that has been described in this review

has relied on sweat collection from specific parts of the

body, but site selection criteria appears to be largely based

J Physiol Sci (2012) 62:429–440 433

123



on the convenience of collection. The literature specifically

testing and discussing site variability of sweat lactate is

very limited, although some literature compares sweat

output without investigating lactate [48, 49].

A more detailed article on the topic of sweat composi-

tion variation was not published until 2000 [50]. The

authors compared the sweat composition of 10 males at 11

various sites of the body (forehead, chest, scapula, abdo-

men, lower back, upper arm, forearm, hand, thigh, calf and

foot), as well as the whole body using a wash-down tech-

nique, and found that sweat lactate variation among indi-

viduals at any site on the body was very high. They also

found that regional variations were significant whereas, in

contrast, they found whole-body sweat lactate concentra-

tions to be fairly consistent. If this is truly indicative of

sweat gland function, then this could significantly affect the

design of future studies and calls into question the validity

of comparing studies with one another. For example, this

study found that the forehead and foot sweat lactate con-

centrations were 6.50 ± 2.06 and 12.99 ± 2.39 mM,

respectively. The reliability of the results are questioned by

the authors themselves since they point out that whole-

body sweat lactate concentration was found to be

5.87 ± 0.66 mM and every regional sample exceeded this.

Using proportional means designed to estimate whole-body

sweat composition from either four or eight regional

measurements, it was shown that all composition values

were overestimated. In the case of sweat lactate concen-

tration, the formulas predicted 8.45 ± 1.83 mM (mean of 8

sites of lactate measurements) and 8.14 ± 2.00 mM (mean

of 4 sites of lactate measurement); both very much higher

than the 5.87 ± 0.66 mM that was measured for the whole

body. The authors suggested that the wash-down technique

could be the source of error. In this case, the wide variation

found among regional sites would still be valid. Another

potential source of discrepancy is that water will be lost via

evaporation, thereby increasing apparent lactate concen-

tration. A previous article by this research group studied

the regional variations in sweat rate and the onset times of

the 11 sites [51].

Earlier work measured sweat lactate concentration at

five different sites (torso, face, thigh, axilla and arm) [3],

demonstrating variation among the sites from 16 mM on

the face to over 30 mM on the thigh, compared to the

results of the previously discussed study which reported

6.50 ± 2.06 and 8.52 ± 2.95 mM for the forehead and the

thigh, respectively. The magnitudes of the values are very

different, but both studies show a greater concentration at

the thigh compared to the facial region. No comparison

was made with whole-body concentrations, but this does

support the hypothesis that regional variations do exist.

Whole-body sweat was compared with that obtained

using an arm bag [5], in order to validate arm-bag

collection as a valid experimental technique. The study

also examined the effects of acclimatisation on sweat

composition. The results showed that arm-bag sweat was

much more highly concentrated than whole-body sweat for

all metabolites, including lactate. As the author concludes,

this does not necessarily reflect physiological differences

since this could be due to hindered evaporation and sub-

sequent heating of the arm beyond the environmental

temperature. In any case, this study strongly precludes the

use of arm-bag sweat as a valid means of measuring sweat

composition.

Research on the use of sweat analysis to investigate

pressure ischemia included a trial measuring lactate con-

centration and total lactate amount from four sites on the

body [18]. Two sites were around the hip region (ischium

and sacrum), with measurements of both concentration and

amount of lactate indicating these sites to be very similar

but significantly lower than sweat lactate concentrations at

the forearm and calf (p \ 0.05). Correcting for sweat rate

showed that the lactate amount secreted was actually

lowest in the calf and highest in the forearm, with the

difference between the two being significant (p \ 0.05).

Inter-individual physiological variability

Effects of gender, age and fitness level

In general, the literature describes research that was per-

formed using exclusively male subjects; only one article,

which presented research on females alone [52], and a

handful of articles utilising a mixed group of subjects were

found. The majority conclusion from the literature is that

gender does not affect lactate concentration. There is evi-

dence that sweat rate is increased in males and therefore

total lactate output is higher. It is known that women in

general have a lower sweat rate than men, with some

authors stating that this corresponds with greater sweating

efficiency; i.e., women require less sweat output to effec-

tively regulate their core temperature [53, 54].

The most comprehensive study of gender differences in

sweat lactate was written by Green et al. [21] and utilized

six men and six women with both groups being of a similar

age, body fat and VO2max. In both steady state and interval

exercise, they found no difference between genders in

sweat lactate concentration or blood lactate concentration.

This study found that men sweat significantly more and

therefore produce a greater total lactate amount than

women (p \ 0.05).

A study on the effect of age and gender on sweat

composition found no significant differences in sweat lac-

tate concentration between men (n = 8) and women

(n = 8) or boys (n = 18) and girls (n = 15) whilst
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performing using two 10-min bouts of moderate exercise in

a hot environment (42 �C and 20 % relative humidity)

[55]. The ages of the participants were 10.5 ± 1.8 years

for girls, 9.9 ± 1.5 years for boys, 21.5 ± 0.7 years for

women and 23.4 ± 2.0 years for men. Total sweat lactate

was found to be higher in men than women and higher in

girls than boys, although neither difference reached sig-

nificance. After the first bout, there were significantly

(p \ 0.05) higher sweat lactate concentrations in the chil-

dren compared to their adult equivalents; this difference

was not significant in the second bout. Correcting for body

weight and time showed that all four groups were not

significantly different; however, a more suitable correction

would have been for body surface area. The total amount of

lactate lost through sweat from both bouts was significantly

lower in the children compared to the adults (p \ 0.05);

this is to be expected since the adults produced far greater

quantities of sweat, again demonstrating that maturity has

an effect on sweat gland metabolism.

Another study presented separate results for male and

female participants [56], but no statistical treatment was

applied when comparing the gender differences. Results

were published as the median and range for the various age

groups within the genders. Without the raw data or appro-

priate statistical treatments, it is impossible to say whether

these results show a significant difference between genders.

The age brackets were spaced 10 years apart at 6–15,

16–25, 26–35, 36–45 and 46–55 years old; unfortunately,

the 6- to 15-year-old bracket would encompass children of

varying physical maturity including some which are likely

to be almost fully developed; this distinctly limits this

study’s application to the hypothesis that physical maturity

affects sweat lactate. Also, the cut-off points are somewhat

arbitrary, since if there is a spread of ages across each group

then it will become harder to demonstrate significant dif-

ferences between adjoining groups; when there is a clear

separation between groups, then comparisons between them

are more meaningful. The sweat lactate concentration

results show that the lowest age bracket had a significantly

lower sweat lactate concentration than the 16- to 25-year-

old bracket (p \ 0.02 for males, p \ 0.05 for females). For

males, there was also a significant rise in sweat lactate

concentration in the 26- to 35-year-old bracket compared to

those either side (p \ 0.02). The authors explain that they

found sweat lactate concentration to be highly dependent on

sweat gland activity, suggesting that children’s low sweat

lactate concentration is due to their low sweat gland

activity. They fail to relate sweat lactate concentration with

sweat rate which could be expected to balance these dif-

ferences, i.e. a child may sweat less and therefore produce

less lactate, but still have a similar sweat lactate concen-

tration to an adult. Again, this appears to demonstrate that

eccrine gland metabolism varies with age.

A small study (2 male and 2 female subjects), focused

on measurement of lactate in sweat in response to heat and

moderate exercise [57], showed no differences between the

genders in sweat lactate concentration. Females sweat less

volume and have more sweat glands per surface area than

males, therefore the lack of difference in lactate concen-

tration could indicate differences in eccrine gland

metabolism.

It is well known that apocrine sweat production is

dependent on pubertal development; it is also known that

children in general sweat less than adults. To test whether

there are differences in sweat gland metabolism in children

depending on their physical maturity, 36 boys were graded

into either prepubertal (n = 16), midpubertal (n = 15) or

late pubertal (n = 5) groups and their sweat in response to

moderate exercise in heat (42 �C and 18 % relative

humidity) was tested [58]. Their results show a significant

rise in sweat rate as physical maturity increases as well as

showing that sweat lactate concentration was initially

higher in the least mature group in comparison to the most

mature. Correcting for lactate excretion rate per gland

showed a significant difference between the groups with

the lactate excretion rate per gland increasing with physical

maturity (p = 0.08), thereby demonstrating that eccrine

gland metabolism is related to age.

A comparison of sweat lactate [23] involved six younger

men (25.8 ± 1.5 years) and six middle-aged men

(51.5 ± 3.8 years) with similar VO2max, height, weight,

body fat percentage and surface area. They completed both

a constant load and an interval exercise with both blood

and sweat being analysed. Results showed no significant

differences between the groups in sweat rate, total lactate

excretion or sweat lactate concentration for either exercise,

with the authors concluding that there are minimal differ-

ences in sweat gland metabolism between these age groups.

The effect of physical fitness on sweat gland metabolism

is of particular interest since it indicates whether sweat

glands can be trained to work more efficiently and could

potentially provide a metric to quantify fitness. Also, heat

acclimatisation could have an effect, leading to increased

sweating and decreased lactate concentrations. Fitness is

difficult to quantify in itself since there are many different

forms of fitness such as endurance (aerobic), sprinting

ability (anaerobic) and strength (anaerobic). Fitness can be

summarised as adaptation to the physical challenges in

which one participates. A commonly used metric for

quantifying aerobic fitness is VO2max, a measure of the

peak oxygen consumption of an individual; as fitness

increases, so too does VO2max. This measure is biased

towards endurance, i.e. aerobic, fitness, as it reflects the

body’s ability to effectively deliver and use oxygen.

It is well established that with increased physical fitness

there is an increase in sweating protection. It follows that
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sweat composition may also vary with physical fitness. The

literature appears to be split on whether physical fitness sig-

nificantly affects sweat lactate concentration or total output.

Four articles were identified as relevant to the discussion of

relating sweat lactate with fitness; three of which claim to

support the hypothesis that fitness affects sweat lactate.

A three-subject study (sedentary, fit and very fit by

VO2max) [39] utilized exercise at constant relative maximal

aerobic power and exercise at increasing workloads. Sweat

rate was positively correlated with fitness across all both

workloads. The mean sweat lactate concentration during

the increasing work load study showed a significant inverse

relationship with fitness level (p \ 0.001 significant dif-

ference between sedentary and both fit and very fit,

p \ 0.025 significant difference between fit and very fit).

A later study of 22 males aimed to investigate the effect

of physical training on exercise-induced sweating [41, 42].

The subjects were graded as either sedentary (S) or trained

(T) by measurements of their VO2max (S = 33.4 ±

5.4 ml min-1 kg-1, T = 60.1 ± 6.1 ml min-1 kg-1, p \
0.001 significant difference). The exercise protocol for

stimulating sweating was a bout on a bicycle ergometer set

at a constant load of 3 kpm for 10 min at work rates of

900 kpm min-1; the authors state that this was not maxi-

mal aerobic power for any of the subjects, and in fact

utilising a standard workload means that means fit and less

fit subjects exert a different percentage of their maximal

capacity. The results showed that sweat rate was signifi-

cantly higher (p \ 0.05) in sedentary individuals compared

with trained subjects. This is most likely due to the exercise

protocol not being strenuous enough to cause a significant

rise in internal heat load for the trained individuals and

therefore not eliciting a large sweating response. Whilst the

exercise protocol was the same for all subjects, the degree

of stress would have been very different; it is for this

reason that most studies use relative protocols. The dif-

ference between the two groups is highlighted in blood

lactate, in which the sedentary group showed a significant

increase (p \ 0.001) over the trained group. A significant

difference (p \ 0.001) is also shown in sweat lactate; the

sedentary group had a higher sweat lactate concentration

in comparison to the trained group (37.5 ± 7.9 and

24.5 ± 4.9 mM, respectively). However, lactate levels

could well be affected by the amount of sweating, since

higher levels of sweating can lead to a dilution of lactate.

Using regression analysis, the authors demonstrated the

following significant relationships: a positive relationship

between blood lactate and sweat lactate (r = 0.646,

p \ 0.01), a negative relationship between VO2max and

sweat lactate (r = 0.547, p \ 0.01), and a negative rela-

tionship between sweat rate and VO2 max (r = 0.463,

p \ 0.05). Whilst these relationships may show a signifi-

cant physiological difference in sweat lactate depending on

fitness level, it is also possible that it is a reflection of the

exercise protocol employed, i.e. as discussed above, the

trained group most likely did not experience as great an

internal heat load.

A different study compared the sweat rate, total lactate

secretion and sweat lactate concentration of ten women [52],

five of whom were classified as sedentary and the other five

as active depending on their VO2max results (41.0 ± 1.62 and

51.2 ± 3.20 ml kg-1 min-1, respectively). The exercise

protocol employed for sweat stimulation was a 60-min bout

at 70 % of the subjects VO2max on a friction-braked cycle

ergometer in a laboratory held at between 17 and 21 �C dry

bulb and 11 and 21 �C wet bulb. Sweat collection was

achieved using a full body wash-down protocol using known

quantities of distilled water so that sweat volume could be

calculated. The results showed that, in agreement with

common observation, the active group sweated significantly

(p \ 0.05) more than the sedentary group. Blood lactate in

the sedentary group rose consistently throughout the proto-

col, whereas it levelled off after 15 min in the active group;

this most likely shows the improved lactate clearing mech-

anism of the active subjects compared to the sedentary

subjects. Sweat lactate concentration in the sedentary group

was significantly (p \ 0.05) higher than the active group

(100.4 ± 32.37 vs. 42.6 ± 14.08 mM, respectively);

these are much higher concentrations than normally seen

in studies of sweat lactate. Total sweat lactate amount was

also significantly (p \ 0.05) greater in the sedentary

group compared to the active group (50.2 ± 6.61 vs.

29.8 ± 5.03 mmol, respectively). The results showed that

sweat rate and lactate concentration were inversely corre-

lated (r = -0.79, p \ 0.01). Regression analysis showed

that blood lactate concentration was not significantly corre-

lated with the rate of sweat lactate excretion; \1 % of the

variance in sweat lactate secretion between subjects could be

accounted for by changes in blood lactate concentration. The

authors make a number of hypotheses as to why an inverse

relationship was observed between sweat rates and lactate

excretion, including increased reabsorption of lactate or

decreased reabsorption of water at the sweat gland, improved

blood flow at the surface of the skin leading to more aero-

bically produced sweat, and improved metabolic efficiency

of the sweat gland. Previous workers have concluded that,

even despite the relatively high lactate concentration, the

majority of sweat gland metabolism is aerobic [12]. The

hypothesis the authors concluded with was that active sub-

jects may have lower circulating catecholamine levels dur-

ing exercise leading to sweat that has lower lactate levels.

The most recent study [25] comparing sweat lactate

concentrations in subjects of varying fitness was comprised

of 13 young males, split into two groups depending on the

VO2peak achieved during a trial [C58 ml kg-1 min-1

(n = 6) and B49 ml kg-1 min-1 (n = 7)]. Given the trial
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protocol employed in this study, VO2peak is analogous to

the VO2max test used in other studies. The exercise protocol

for stimulating sweating was a 60-min bout of cycling on a

cycle ergometer set at a resistance designed to achieve

exercise intensity at 90 % of the subject’s ventilatory

threshold. The results showed that males with high aerobic

fitness had a significantly (p \ 0.05) higher sweat rate

compared to those with low aerobic fitness, consistent with

common observation. No significant (p [ 0.05) difference

in sweat lactate concentration between the two groups was

observed at any time interval.

In conclusion, the degree to which physical fitness

affects sweat lactate is still unclear. Limited evidence is

presented for an inverse relationship between sweat lactate

and physical fitness. This relationship may become clearer

if total sweat rates are taken into account, since high sweat

rates tend to lead to dilution of lactate; however, total rates

were not recorded for some studies. However, in many

cases, total sweat rate was not recorded.

Effect of climate adaptation on sweat lactate

Research into the effect of acclimatisation on lactate con-

tent in sweat is very limited. Studies on thermoregulatory

responses to hot climates have shown that in general

acclimatised individuals can sustain higher sweat rates than

non-acclimatised individuals [48, 59, 60]. It follows that,

with changes to sweat gland metabolism, changes to sweat

composition may also be seen.

Early work presented results that showed a distinct

reduction in lactic acid concentration over the space of

20 days of acclimatisation in a male subject [4]. The

authors presented this as analogous to trained muscles

working more efficiently. However, these results were

obtained using an arm-bag, which they later showed to not

truly reflect whole-body concentrations [5]. Three years

later, a much more detailed article was published by the

same group which showed different results [6], i.e. that

sweat lactate concentration does not vary with acclimati-

sation or changes in sweat rate, although total lactate out-

put was dependent on sweat output, both of which

increased with acclimatisation. After 13 days of acclima-

tisation, a subject’s arm-bag sweat lactate concentration

fell from 24.4 to 12.3 mM with the whole-body sweat

lactate concentration falling from 9.4 to 8.1 mM.

Potential applications for sweat lactate measurements

Detection of pressure ischemia

Pressure ischemia describes the condition of reduced

oxygen perfusion in tissue due to an applied force. This can

in turn lead to decubitus ulcers if perfusion remains low for

an extended period of time. This is a critical condition

within hospitals and care homes for the elderly or disabled,

since patients are often not capable of making positional

adjustments to relieve the ischemia themselves. Currently,

nurses or care assistants are making manual checks of

common pressure points to detect the early signs of decu-

bitus, so allowing steps to be taken to prevent them from

developing.

It has been shown that reduced oxygen tissue perfusion

lowers sweat rate [1] and raises sweat lactate in an occlu-

ded arm [4, 61]. Initial studies into the measurement of

sweat composition as a diagnostic marker for pressure

ischemia presented results that showed small pressure

indentation resulted in similar sweat composition to a

whole occluded arm [15], demonstrating that local tissue

oxygen perfusion was the critical factor and not just blood

oxygenation per se.

A series of articles [17–20] show that sweat lactate is

potentially a very useful early warning indicator of pressure

ischemia. An indentation study showed significant

(p \ 0.01) elevation in sweat lactate. Short-term occlusion

of an arm did not yield a significant rise, suggesting that it

takes time for oxygen perfusion of the sweat gland to affect

sweat output to measureable levels. Short-term (around

50 min) sitting in a wheelchair or lying down also did not

significantly raise sweat lactate. A subsequent study inves-

tigated much longer collection times, but only in three sub-

jects, one of which had cerebral palsy and a history of

decubitus. After 9 h, they found that the two control patients,

neither of which had exerted pressure on the collection site,

had significantly lower sweat lactate than the cerebral palsy

sufferer who was sat in a stationary position for the entire

duration. A further study, comprised of 11 debilitated sub-

jects, found that basal sweat lactate in the unloaded state was

significantly higher for the debilitated group than able-bod-

ied controls. Furthermore, sweat lactate rose significantly in

these patients when loading was applied to the sites. Finally,

a study was performed on able-bodied subjects in which

varying loads were applied to their backs; a significant cor-

relation between applied load and sweat lactate concentra-

tion being found. Currently, the monitoring of sweat lactate

would appear to be a potential application for the prevention

of developing decubitus. Publications by the European

Pressure Ulcer Advisory Board (EPUAB) have concluded

that this is a research area of interest [62, 63]. They also

mention that a biosensor suitable for detecting sweat lactate

at the pressure sites in situ would be beneficial.

Tissue perfusion

The effect of peripheral arterial occlusive disease on sweat

lactate from the calf [16] showed, consistent with other
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studies on ischemia, that sweat rate was significantly

lowered and that sweat lactate concentration was signifi-

cantly raised in a diseased group in comparison to a control

group. It is hypothesised that, as tissue oxygen perfusion is

lower, the sweat glands increasingly rely on anaerobic

glycolysis for energy and that this results in reduced output

and greater sweat lactate concentration.

Currently, there are no simple diagnostic tools for

monitoring tissue perfusion in patients where this is a

concern. We strongly believe that continuous monitoring of

sweat lactate could yield vital data about the extent of

tissue perfusion and crucially detect whether a patient’s

condition is deteriorating or improving, thereby allowing

clinicians to adapt treatment with greater speed.

Diagnosis of cystic fibrosis

Cystic fibrosis is characterised by increased sodium and

chloride sweat concentrations; this forms the basis of

newborn early screening programs. Since cystic fibrosis

impairs lung function, it is conceivable that this condition

could lead to decreased oxygenation, especially during

exercise and an increase in anaerobic metabolism leading

to higher lactate levels. Should this reduced oxygenation

affect sweat gland metabolism, patients could display

increased sweat lactate. Only two studies appear to have

been carried out, showing that there are no significant

differences in sweat lactate between cystic fibrosis patients

and control subjects. One study exposed 6 cystic fibrosis

and 11 normal children (5 months to 14 years old) to

external thermal load (45 �C) and analysed sweat taken

from the forehead [13]. Total lactate was shown to increase

with sweat rate, but there was no significant difference

between the two groups. In another study, examination of

single sweat glands from healthy individuals and cystic

fibrosis patients showed similar levels of lactate and

bicarbonate production at similar sweat rates [14].

Alternative to blood lactate measurements

Blood lactate is of critical importance in the field of sports

science as well as medicine. Determination of blood lactate

is by necessity invasive and therefore difficult to perform

continuously. A non-invasive alternative would in this

context be very well received within both the sports science

and medical communities. However, the overwhelming

majority of the literature indicates that that blood and sweat

lactate concentration are independent of one another since

lactate within sweat is entirely a by-product of sweat gland

metabolism, and evidence from a wide variety of studies

can be used to support this view [8, 21, 40, 45, 46].

Other applications

Two other potential applications of sweat lactate have been

identified but no follow-up work performed. One applica-

tion is the use of sweat composition as a diagnostic marker

of panic disorder (PD) [64]. This is a paroxysmal neuro-

psychiatric disorder characterised by recurring severe panic

attacks. Current diagnosis is purely based on psychological

factors as described in the American Psychiatric Associa-

tions’ diagnostic manual [65]. Significant differences

were observed between patients with active PD (n = 10)

compared with both patients in remission (n = 9) and

control subjects (n = 11) in sweat lactate concentration

(p \ 0.05), sweat glucose concentration (p \ 0.001) and

sweat magnesium concentration (p \ 0.05). Significant

differences between patients with active PD and patients

with PD in remission were observed between sweat sodium

concentration (p \ 0.01), sweat potassium concentration

(p \ 0.05) and sweat chloride concentration (p \ 0.05); it

is possible that these would be useful as indicators for

successful treatment. The authors did not find any signifi-

cant difference in blood parameters of the three groups and

proposed that sweat analysis could potentially be used to

diagnose panic disorder.

Application of sweat lactate measurements towards the

diagnosis of Frey’s Syndrome has been proposed and a

biosensor developed for this purpose [66, 67]. Frey’s

Syndrome is characterised by increased sweating around

the jaw in response to food stimuli (gustatory sweating). It

is either congenital or more often brought on by a full

parotidectomy (the removal of the parotid gland). Tradi-

tional diagnosis is the use of iodine and starch to visualise

sweating. The authors suggest that this is subjective and

that lactate measurements of the skin would be a more

quantitative measure. Samples from 12 patients with Frey’s

syndrome were analysed using biosensors for lactate and

amino acids [66]. The levels of lactate could be success-

fully measured using the biosensor (the amino acid bio-

sensor was too insensitive). They conclude that it is

possible to detect increased sweating associated with

Frey’s Syndrome using their methodology, but that no

additional information regarding the severity of the con-

dition could be obtained. This appears to be the only study

made on this topic.

Concluding remarks

In this review, we have attempted to describe many of the

factors that affect sweat lactate concentration. It appears

that there are several important conclusions that can be

drawn. The first is that the actual collection of the sweat is

important, with both the sites of the body used and the
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methods of collection having major effects on measured

lactate concentrations. There appears to be very little effect

of factors such as age or gender on the concentration of

lactate, whereas there is some evidence that factors such as

fitness and the type of exercise have significant effects. One

potential application of sweat lactate determination would

be if it were possible to use it as a non-invasive method of

determining blood lactate; however, many studies unfor-

tunately indicate that there is no correlation and the level of

sweat lactate is simply a function of sweat gland metabo-

lism. A number of other potential applications have been

described, one of which is the possible use of sweat lactate

as an early indicator of ischemic decubitus.
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