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Abstract

Purpose Accurately measuring sweat sodium concentration ([Na*t]) in the field is advantageous for coaches, scientists, and
dieticians looking to tailor hydration strategies. The MX3 hydration testing system is a new portable analyser that uses pre-
calibrated biosensors to measure sweat [Na™]. This study aimed to assess the validity and reliability of the MX3 hydration
testing system.

Methods Thirty-one (11 females) recreationally active participants completed one experimental trial. During this trial, par-
ticipants exercised at a self-selected pace for 45 min in a warm environment (31.5 +0.8 °C, 63.2 + 1.3% relative humidity).
Sweat samples were collected from three measurement sites using absorbent patches. The samples were then analysed for
sweat [Na*] using both the MX3 hydration testing system and the Horiba LAQUAtwin-NA-11. The reliability of the MX3
hydration testing system was determined following two measurements of the same sweat sample.

Results The mean difference between measurements was 0.1 mmoL-L™" (95% limits of agreement (LoA): —9.2, 9.4). The
analyser demonstrated a coefficient of variation (CV) of 5.6% and the standard error of measurement was 3.3 mmoL-L~".
When compared to the Horiba LAQUAtwin-NA-11, there was a mean difference of — 1.7 mmoL-L™! (95% LoA: — 0.25?,
0.25X) and the CV was 9.8%.

Conclusion The MX3 hydration testing system demonstrated very good single-trial reliability, moderate agreement and a
very good CV relative to the Horiba LAQUAtwin-Na-11. To further validate its performance, the MX3 hydration testing
system should be compared with analytical techniques known for superior reliability and validity.
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Abbreviations Introduction

cv Coefficient of variation

LoA  Limit of agreements During exercise in hot and/or humid environmental condi-
[Na™] Sodium concentration tions, whole-body sweating leads to the loss of several elec-
RPE  Rating of perceived exertion trolytes including sodium, chloride, and potassium (Sawka
USG  Urine-specific gravity and Montain 2000; Périard et al. 2021). Sodium in particu-

lar, is purported to be key for maintaining plasma osmolal-
ity and regulating fluid movement between the intra- and
extra-cellular compartments (Baker and Wolfe 2020). The
concentration of sweat sodium ([Na*]) has been documented
to vary significantly between individuals, ranging from as
low as 10 mmoL-L™! to exceeding 100 mmoL-L~! (Baker
et al. 2022; Sawka et al. 2007). The variability in sweat
composition is associated with several factors such as exer-
cise intensity (Baker et al. 2022), acclimation status (Kirby
54 Julien D. Périard and Convertino 1986), sex (Lobeck and Huebner 1962) and

TJulien.Periard @canberra.edu.au dietary sodium intake (Allsopp et al. 1998). Consequently,
it is recommended that athletes adopt personalised hydration
strategies, often incorporating sodium replenishment, so as
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to reduce the risk of exercise-induced hypohydration, heat
cramps, and decrements in exercise performance (Sawka
et al. 2007).

When measuring sweat [Nat], the whole-body wash-
down technique is proposed to provide the greatest accuracy
(Baker 2017). However, this technique is most appropriate
in a laboratory environment when individuals are sweat-
ing passively or during stationary cycling (Shirreffs and
Maughan 1997). Accordingly, there has been an increase in
demand for local sweat [Na*] measurement techniques that
can be conducted in the field as surrogates for the whole-
body washdown technique. Current field techniques include
absorbent patches and compact analysers capable of accu-
rately and reliably measuring local sweat [Na*] (Goulet
et al. 2012; Dziedzic et al. 2014). Such analytical techniques
allow coaches, athletes, and occupational workers to meas-
ure sweat [Na'] and tailor hydration strategies to suit the
specific needs of individuals whilst remaining in the field.

A new compact analyser on the market is the MX3
hydration testing system. The MX3 system has previously
been used to assess hydration status via salivary osmolality
(Faidah et al. 2021). More recently, MX3 have adapted the
analyser so that the device can also measure sweat [Na*]
using pre-calibrated biosensors for ease of use. A unique
element of the MX3 system is the link to an associated soft-
ware program where each analyser measurement is docu-
mented and allows users to create an athlete profile and track
repeated measurements. This tracking is proposed to aid
coaches, scientists, and dieticians to individualise hydration
strategies. However, an independent validation of the MX3
sweat [Na*] analyser has yet to be undertaken. Therefore,
the aim of this study was to determine the validity and reli-
ability of the MX3 hydration testing system when measur-
ing sweat [Na™]. The accuracy of the system was compared
to the Horiba LAQUAtwin-Na-11, another portable sweat
[Na'] analyser designed to be used in the field that has been
shown to be reliable with acceptable relative and absolute
validity (Goulet et al. 2017).

Methods
Participants

Thirty-one (11 females) recreationally active adults vol-
unteered for this study (McKay et al. 2022). Participants’
mean age, height, and weight were 28+ 7 yr, 175+ 8 cm
and 73.5 + 12.0 kg, respectively. All participants completed
a single trial between June and September (i.e. southern
hemisphere winter/early spring in Canberra, Australia) and
as such, were assumed to be non-heat acclimatised (Brown
et al. 2022). All participants provided informed consent prior
to participating in this study, which was approved by the

@ Springer

University of Canberra Research Ethics Committee (Project
ID: 12199) and conformed to the Declaration of Helsinki.

Experimental procedure

On arrival at the laboratory, participants exercise clothing
was weighed and they then provided a urine sample to assess
urine-specific gravity (USG: PEN-Urine S.G.; Atago Co.
Ltd., Tokyo, Japan). If USG was > 1.025, participants were
provided with 5 mLekg™! of water to consume ~30 min
before the commencement of exercise. Height and body
mass (wearing the clothes that had been weighed) were
then measured with a wall-mounted stadiometer (Seca 220,
Germany) and digital scale (KW Industrial platform scales,
Atweigh, Victoria, Australia), respectively. Thereafter, par-
ticipants were fitted with a heart rate monitor chest strap
(HRM Dual, Garmin Ltd, Olathe, Kansas, USA) and three
absorbent patches (5 X7 cm; Tegaderm, 3 M, USA). The
three absorbent patches were fitted to the left ventral fore-
arm, upper back (superior to the right scapula,~ 15 cm lat-
eral of the vertebral column) and middle of the right thigh
(anterior).

Participants then entered an environmental chamber set
to warm conditions (31.5+0.8 °C, 63.2+1.3% relative
humidity) without artificial convection (i.e. no fanning)
and mounted a motorised treadmill (Pulsar 3p, H/P/Cos-
mos, Nussdorf-Traunstein, Germany). They then completed
45 min of running at a self-selected speed equivalent to 11
(“Light”) on the 6-20 rating of perceived exertion (RPE)
scale (Borg 1982) for the first 5 min, then at a speed equiv-
alent to 13 (“Somewhat hard”) on the RPE scale for the
remaining 40 min. Treadmill speed was adjusted throughout
the run by the participants to maintain the prescribed RPE.
Environmental conditions and heart rate were monitored
throughout the trial. On the completion of exercise, partici-
pants were weighed, after which their clothes were weighed
separately, and whole-body sweat loss was calculated (Cheu-
vront and Kenefick 2017).

Sweat sample analysis and preparation

Before fitting the patches, the three sites were cleaned with
deionised water and wiped dry to remove any potential
sample contaminants. When necessary, sites were shaved
to remove hair and then rinsed and dried before the place-
ment of the patches. Following preparation of the skin sites,
each patch was put in place and pressed firmly on the skin
for~5 s. On completion of the trial, participants left the
environmental chamber and sat resting on a chair before
patches were removed using sterilised tweezers. The patches
were immediately placed into a 5 mL syringe and analysed
using both portable sodium analysers (MX3 Diagnostics
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Inc., Melbourne, Australia; LAQUAtwin-Na-11, Horiba
Advanced Techno, Co., Ltd., Kyoto, Japan). All sweat sam-
ples were analysed in a temperate environment (~22 °C).

MX3 hydration testing system

The MX3 hydration testing system is a portable (~ 160 g,
214 mm X 45 mm X 25 mm), battery operated (Type Single
Cell rechargeable, Li-Po, 3.7 V, 1100mAh) analyser, capa-
ble of being used for hydration status testing based on sali-
vary osmolarity and for sweat [Na*] analysis. The portable
system uses pre-calibrated biosensor strips to determine
sweat [Na*]. Each sample was measured by tapping the
pre-calibrated biosensor strip directly on to the sweat sam-
ple that had been transferred into a tray (4.5 cmx4.5 cm).
This procedure was completed in triplicate before the port-
able system provided an average (in mgeL~!) of the three
strips. Each single measurement (i.e. one strip) took~ 10 s
and the average value was calculated within the application
immediately following a successful measurement from the
third strip. When one of the three biosensor strips recorded
a value outside the acceptable range of the other two, lead-
ing to a CV of > 10%, the analyser prompted a fourth, and
potentially fifth sample to be recorded. To determine sys-
tem reliability, a further three pre-calibrated biosensor strips
were used to generate a second average. This process was
completed for each of the samples from the three absorbent
patch sites.

Horiba LAQUAtwin-Na-11

The LAQUAtwin-Na-11 was calibrated using instructions
provided by the manufacturer, as published previously (Gou-
let et al. 2017). Once turned on, the sensor was cleaned using
deionised water and then wiped using a sterile gauze. There-
after, a two-point calibration was performed using 150 and
2000 ppm standards. The sensor was then cleaned again
using deionised water and a sterile gauze. This cleaning
procedure was repeated following each sample placed onto
the sensor directly from the syringe, and the entire calibra-
tion process was repeated before each trial. Sample meas-
urements were recorded when the displayed value met the
stability criteria of the analyser and a “smiley face” icon
appeared. The Horiba LAQUAtwin-Na-11 is the updated
version of a previously validated sweat [Na*] analyser (Hor-
iba B-722 LAQUAtwin; Goulet et al. (2017)).

Statistical analyses

All analyses were conducted in R statistical software (v
4.2.1) (R Core Team 2022). As the typical reporting of
sweat [Na*] is in mmoL-L™!, the measurements from both
analysers were converted from mgeL ™! to mmoL-L~! before

any analysis. The reliability of the MX3 hydration testing
system was evaluated using the duplicate values from each
of the three sites and determined using the mean difference,
coefficient of variation (CV), standard error of the meas-
urement, intraclass correlation coefficient, and 95% limit of
agreements (LoA).

The validity of the MX3 Hydration testing system was
evaluated using measurements from the LAQUAtwin-Na-11
of sweat collected from the same absorbent patch. Valid-
ity of the MX3 hydration testing system was determined by
calculating the mean difference, CV, 95% LoA, and concord-
ance correlation with the LAQUAtwin-Na-11 measurement.
Analyses were conducted using the ‘SimplyAgree’ package
(Caldwell 2022). On visual inspection of the data compar-
ing the two analysers, the error appeared to increase as the
measured value increased, which suggested that the data
were heteroscedastic. As such, before the validity analysis,
data was log-transformed, the LoA were calculated, and then
transformed back to their original scale (i.e. mmoL-L™!) for
ease of interpretation by taking the anti-logs (Euser et al.
2008). To further aid the interpretation of the LoA, data are
provided in a ratio scale and as a function of the mean X
(Bland and Altman 1996; Euser et al. 2008). The CV was
interpreted as: very good (< 10%), good (10-20%), accept-
able (20-30%), and not acceptable (>30%) (Walters et al.
2021). The concordance correlation coefficient was inter-
preted as: poor (<0.90), moderate (0.90-0.95), substantial
(0.95-0.99) and almost perfect (>0.99) (McBride 2005).
Data were visualised as correlation and Bland—Altman plots
using the ‘ggplot2’ package (Wickham 2016).

Results

Participant pre-exercise USG was 1.014 +0.008. Dur-
ing exercise, mean heart rate was 165 + 10 beatssmin™!
(range: 146—184 beatsemin™'). Participants ran an average
of 6.9+ 1.3 km (range: 4.1-9.3 km) and whole-body sweat
loss was 0.87 +£0.34 L (range: 0.32-1.85 L).

Reliability

The reliability of the MX3 hydration testing system is shown
in Table 1 and Fig 1 A. Across the three measurement sites,
the mean difference between the first and second measure-
ments was 0.1 mmoL-L™! (95% LoA:—9.2, 9.4; Fig. 1B).
The CV was 5.6% and the standard error of the measurement
was 3.3 mmoL-L~". The highest sweat [Na*] measurements
were from the back, which was also the site with the largest
CV (6.6%) and lowest intraclass coefficient (0.958). Dupli-
cate measurements using the Horiba LAQUAtwin-Na-11
were completed for 55 sweat samples, but insufficient sweat
prevented duplicate measurements for the remaining 26

@ Springer



European Journal of Applied Physiology

Table 1 Reliability of the MX3 hydration testing system for measuring sweat [Na*]

All sites Arm Back Thigh
Variable Measure- Measure- Measure- Measure- Measure- Measure- Measure- Measurement 2
ment 1 ment 2 ment 1 ment 2 ment 1 ment 2 ment 1
No. of sam- 91 91 30 30 31 31 30 30
ples
Mean+SD 59.2+21.8 59.2+214 56.7+23.4 57.4+23.1 68.3+22.1 68.0+22.0 52.4+16.5 51.8+15.6
(mmoL-L™)
Range 21.8-123.6 21.8-124.9 21.8-123.6 21.8-124.9 24.5-107.9 27.5-108.7 23.6-90.4 24.5-87.3
(mmoL-L™")
Mean dif- 0.1 -0.7 0.3 0.7
ference
(mmoL-L™)
95% LoA -9.2,94 —-8.3,6.8 —12.5,13.0 -56,7.0
SEM 3.3 2.7 4.5 2.3
(mmoL-L™")
CV (%) 5.6 4.8 6.6 4.4
ICC (r) 0.976 0.986 0.958 0.980
CV coefficient of variation, /CC interclass correlation coefficient, LoA Limits of Agreement, SD standard deviation, SEM standard error of meas-
urement
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Fig. 1 Correlation (sold line) plot between the first and second meas-
urement from the MX3 hydration test system across all sites (A);
dashed line represents the line of identity. Bland—Altman plot show-

samples. The Horiba LAQUAtwin-Na-11 demonstrated a
mean difference between measurements of 0.5 mmoL-L ™!
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MX3 sweat [Na'] (mmoL-L™")

Mean MX3 sweat [Na*] (mmoL-L™)

ing the mean difference (thick black dashed line) and the 95% limits
of agreement (thin black dashed lines) of the first and second read-
ings from the MX3 hydration test system (B)

(95% LoA:—6.6,7.6), a CV of 4.2% and a standard error of
the measurement of 2.5 mmoL-L~".
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Validity

A comparison of sweat [Na*] between the MX3 hydration
testing system and Horiba LAQUAtwin-Na-11 is shown
in Table 2 and Fig. 2A and B. Across all sites, the mean
difference between the MX3 hydration testing system and
Horiba LAQUAtwin-Na-11 was — 1.7 mmoL-L~! (95%
LoA:—0.25X, 0.25X), and a CV of 9.8%. Sweat [Na*]
measurements from the back demonstrated the least agree-
ment with a mean difference of — 5.1 mmoL-L~'. For sweat
[Na*] measurements, the MX3 hydration testing system
determined to be under 60 mmoL-L™" (n=350), the mean
difference to the Horiba LAQUAtwin-Na-11 was —2.1

(95% LoA:—12.1, 8.0) with a CV of 8.3%. However, for
sweat [Na™] measurements, the MX3 hydration testing sys-
tem determined to be greater than 60 mmoL-L~! (n=41),
the mean difference to the Horiba LAQUAtwin-Na-11
was — 1.3 mmoL-L™! (95% LoA: —23.0, 20.4) with a CV
of 9.7%. For sweat [Na*] measurements, the MX3 hydra-
tion testing system determined to be under 60 mmoL-L ™!,
there was a 0.862 concordance correlation coefficient
between the two analysers. For sweat [Na'] measurements,
the MX3 hydration testing system determined to be greater
than 60 mmoL-L~!, there was a 0.724 concordance cor-
relation coefficient with the Horiba LAQUAtwin-Na-11.

Table 2 Comparison of the MX3 hydration test system with the Horiba LAQUAtwin-Na-11 for measuring sweat [Na*]

MX3-Horiba
Variable All sites Arm Back Thigh
No. of samples 91 30 31 30
Mean difference (mmoL-L™) -1.7 3.7 -5.1 -3.7
Ratio 95% LoA 0.76, 1.26 0.87,1.33 0.73,1.18 0.77, 1.13
95% LoA as function of the mean X -0.25X, 0.25X -0.21X, 021X -0.24X, 0.24X -0.19X, 0.19X
CV (%) 9.8 8.5 9.5 7.2
CCC (r) 0.926 0.946 0.884 0.921
CCC concordance correlation coefficient, CV coefficient of variation, LoA Limits of Agreement
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Fig.2 Correlation (solid line) plots between the MX3 hydration
testing system and the Horiba LAQUAtwin-Na-11 across the three
measurement sites for sweat [Na.*] (A); dashed line represents the
line of identity. Bland—Altman plots showing the mean difference

Mean MX3 and Horiba sweat [Na®] (mmoL-L’1)

(thick black dashed line) and the 95% limits of agreement (thin black
dashed lines) between the MX3 hydration testing system and the Hor-
iba LAQUAtwin-Na-11 (B)
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Discussion

The aim of this study was to test the reliability and valid-
ity of the MX3 hydration testing system, a new, portable
sweat [Na*] analyser. The reliability of the MX3 hydration
testing system was determined by measuring sweat sam-
ples collected from three measurements sites in duplicate
following a 45 min treadmill run in a warm environment.
The validity of the analyser was then established by com-
paring it to that of the Horiba LAQUAtwin-Na-11 (Gou-
let et al. 2017). Our results show that the MX3 hydration
testing system has high single-trial reliability for measur-
ing sweat [Na*t], with a mean difference of 0.1 mmoL-L™!
(95% LoA:—9.2, 9.4) between duplicate measures of 91
independent sweat samples. In addition, the MX3 hydra-
tion testing system had a 5.6% CV, which is deemed to
be ‘very good’ (Walters et al. 2021), and the standard
error of the measurement was 3.3 mmoL-L~!. The MX3
hydration testing system demonstrated a smaller mean
difference than the Horiba LAQUAtwin-Na-11 in their
respective validity study of a previous version; however,
the Horiba LAQUAtwin-Na-11 demonstrated a smaller
CV (2.6%) (Goulet et al. 2017). Importantly, given the
small difference and very good CV between the first and
second measurement of sweat [Na™], the MX3 hydration
testing system can be deemed reliable to detect changes in
sweat [Na™] during repeated measures in the same partici-
pant. Moreover, 95% LoA of the MX3 hydration testing
system suggests that it is sufficiently accurate to detect
adaptations associated with both heat acclimatisation
(i.e.~ 15 mmoL-L~!; Brown et al. (2023)) and heat accli-
mation (i.e. ~22 mmoL-L™!; Tyler et al. (2016)), as well
as changes in sweat [Na*] associated with the develop-
ment of hyponatremia (i.e. ~25 mmoL-L~!; Montain et al.
(2006)). This is an important consideration for coaches
and researchers wanting to use a portable analyser to eval-
uate within participant changes or adaptations (e.g. pre- vs.
post-heat acclimation).

Compared to the Horiba LAQUAtwin-Na-11, the
MX3 hydration testing system provided measures yield-
ing a mean difference in sweat [Na*] of — 1.7 mmoL-L~!
(95% LoA:—0.25X, 0.25X), in addition to a CV of 9.8%.
In the previously published validation trial of a Horiba
LAQUAtwin analyser, there was a mean difference of 1.3
mmoL-L™!, a CV of 3.9% and standard error of the esti-
mate of 3.8 mmoL-L~' compared to a high performance
ion chromatograph (Goulet et al. 2017). As shown in
Fig. 2Aand 2B, the reported difference between meas-
urements from the two analysers appeared to be greater
after ~60 mmoL-L~!, which is supported by the differ-
ences in concordance correlation coefficient between
the analysers above and below 60 mmoL-L™! (i.e. 0.862
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vs 0.724). This may indicate an inherent error (i.e. het-
eroscedasticity) in the MX3 hydration testing system at
higher sweat [Na™]. However, it is important to note that
for measurements > 1000 ppm (i.e. ~44 mmoL-L™!), the
Horiba LAQUAtwin-Na-11 rounds out measurements
to the nearest 100 ppm (i.e. ~4 mmoL-L™"). This likely
introduces measurement bias and is potentially a reason
as to why the MX3 hydration testing system and Horiba
LAQUAtwin-Na-11 appeared to agree less at a higher
sweat [Na'] (Fig. 2A, B).

The natural within-subject variation of sweat [Na']
is~15% (Baker 2017). To account for this variation, some
researchers choose to categorise sweat [Nat] (Dziedzic
et al. 2014) using established clinical diagnostic criteria
(i.e. high, moderate, low) (Wescor Incorporated 2014).
If the measurements of sweat [Na*] in the current study
were categorised using this criterion, the MX3 hydration
testing system and the Horiba LAQUAtwin-Na-11 would
disagree on the categorisation of 22 (~24%) of the sweat
samples. As such, despite what appears to be good reli-
ability of both the MX3 hydration testing system and the
Horiba LAQUAtwin-Na-11, due to the inherent variability
in their measurements, practitioners should not use analys-
ers interchangeably (Goulet et al. 2017).

In conclusion, the MX3 hydration testing system dem-
onstrated very good single-trial reliability for measuring
sweat [Na'], evidenced by a CV of 5.6% and a mean dif-
ference of 0.1 mmoL-L™! (95% LoA:—-9.2,9.4). However,
the CV is higher than the CV reported for the Horiba
LAQUAtwin-Na-11 (2.6%) (Goulet et al. 2017) and the
CV of the Horiba LAQUAtwin-Na-11 calculated during
the current study (4.2%). The concordance correlation
coefficient, a measure of both precision and accuracy, indi-
cates that the MX3 hydration testing system has moderate
agreement according to predetermined criteria (McBride
2005) with the Horiba LAQUAtwin-Na-11 for measuring
sweat [Na*]. In addition, the CV between the two analys-
ers (9.8%) can be interpreted as ‘very good’ (Walters et al.
2021). However, given the 95% LoA (- 0.25X, 0.25X)
between the MX3 hydration testing system and Horiba
LAQUAtwin-Na-11, we recommend further research com-
paring the MX3 hydration testing system to an analytical
technique with superior reliability and validity (i.e. ion
chromatographer) to demonstrate the robustness of its
validity (e.g. Goulet et al. (2017)). Notwithstanding, it
appears that the MX3 hydration testing system provides a
reliable and valid analytical technique for measuring sweat
[Na™] in field and laboratory settings for those intending to
investigate acute responses and chronic adaptations.

Acknowledgements The authors would like to thank the participants
for their effort and both Josh Elliot and Kevin John for their assistance
in data collection.



European Journal of Applied Physiology

Author contributions HB, BC and JP conceived and designed the
project. HB conducted data collection and analysed the data. HB com-
pleted initial drafting of the manuscript, which was reviewed and edited
by BC and JP. All authors approved the final version of the submitted
manuscript.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions.

Data availability Data available from the corresponding author on
reasonable request.

Declarations

Conflict of interest MX3 Diagnostics provided two portable sodium
analysers to our laboratory for research use. MX3 Diagnostics were
not involved in study design, data collection, analysis, interpretation of
results, or manuscript preparation.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Allsopp A, Sutherland R, Wood P, Wootton S (1998) The effect of sodium
balance on sweat sodium secretion and plasma aldosterone concen-
tration. Eur J Appl Physiol Occup Physiol 78:516-521. https://doi.
org/10.1007/s004210050454

Baker LB (2017) Sweating rate and sweat sodium concentration in
athletes: a review of methodology and intra/interindividual vari-
ability. Sports Med 47(Suppl 1):111-128. https://doi.org/10.1007/
540279-017-0691-5

Baker LB, Wolfe AS (2020) Physiological mechanisms determining
eccrine sweat composition. Eur J Appl Physiol 120:719-752. https://
doi.org/10.1007/s00421-020-04323-7

Baker LB, De Chavez PJD, Nuccio RP, Brown SD, King MA, Sopefia
BC, Barnes KA (2022) Explaining variation in sweat sodium con-
centration: effect of individual characteristics and exercise, environ-
mental, and dietary factors. J Appl Physiol. https://doi.org/10.1152/
japplphysiol.00391.2022

Bland JM, Altman DG (1996) Measurement error proportional to the
mean. BMJ 313(7049):106. https://doi.org/10.1136/bm;j.313.7049.
106

Borg GA (1982) Psychophysical bases of perceived exertion. Med Sci
Sports Exerc 14:377-381. https://doi.org/10.1249/00005768-19820
500000012

Brown HA, Topham TH, Clark B, Smallcombe JW, Flouris AD, Ioannou
LG, Telford RD, Jay O, Périard JD (2022) Seasonal heat acclimatisa-
tion in healthy adults: a systematic review. Sports Med 52(9):2111-
2128. https://doi.org/10.1007/s40279-022-01677-0

Brown HA, Topham TH, Clark B, Ioannou LG, Flouris AD, Smallcombe
JW, Telford RD, Jay O, Périard JD (2023) Quantifying exercise
heat acclimatisation in athletes and military personnel: a system-
atic review and meta-analysis. Sports Med. https://doi.org/10.1007/
s40279-023-01972-4

Caldwell AR (2022) SimplyAgree: an R package and jamovi module for
simplifying agreement and reliability analyses. ] Open Source Softw
7(71):4148. https://doi.org/10.21105/joss.04148

Cheuvront SN, Kenefick RW (2017) CORP: Improving the status quo
for measuring whole body sweat losses. J Appl Physiol (1985)
123(3):632-636. https://doi.org/10.1152/japplphysiol.00433.2017

Dziedzic CE, Ross ML, Slater GJ, Burke LM (2014) Variability of
measurements of sweat sodium using the regional absorbent-patch
method. Int J Sports Physiol Perform 9(5):832-838. https://doi.org/
10.1123/ijspp.2013-0480

Euser AM, Dekker FW, Le Cessie S (2008) A practical approach to
Bland-Altman plots and variation coefficients for log transformed
variables. J Clin Epidemiol 61(10):978-982. https://doi.org/10.
1016/j.jclinepi.2007.11.003

Faidah N, Soraya GV, Erlichster M, Natzir R, Chana G, Skafidas E,
Hardjo M, Ganda 1J, Bahar B (2021) Detection of voluntary dehy-
dration in paediatric populations using non-invasive point-of-care
saliva and urine testing. J Paediatr Child Health 57(6):813-818.
https://doi.org/10.1111/jpc.15325

Goulet ED, Dion T, Myette-Coté E (2012) Validity and reliability of the
Horiba C-122 compact sodium analyzer in sweat samples of ath-
letes. Eur J Appl Physiol 112:3479-3485. https://doi.org/10.1007/
s00421-012-2331-y

Goulet ED, Asselin A, Gosselin J, Baker LB (2017) Measurement of
sodium concentration in sweat samples: comparison of 5 analytical
techniques. Appl Physiol Nutr Metab 42(8):861-868. https://doi.org/
10.1139/apnm-2017-0059

Kirby CR, Convertino V (1986) Plasma aldosterone and sweat sodium
concentrations after exercise and heat acclimation. J Appl Physiol
61(3):967-970. https://doi.org/10.1152/jappl.1986.61.3.967

Lobeck CC, Huebner D (1962) Effect of age, sex, and cystic fibrosis
on the sodium and potassium content of human sweat. Pediatrics
30(2):172-179. https://doi.org/10.1542/peds.30.2.172

McBride G (2005) A proposal for strength-of-agreement criteria for Lin’s
concordance correlation coefficient. NIWA Client Rep 45:307-310

McKay AK, Stellingwerff T, Smith ES, Martin DT, Mujika I, Goosey-
Tolfrey VL, Sheppard J, Burke LM (2022) Defining training and
performance caliber: a participant classification framework. Int J
Sports Physiol Perform 17(2):317-331. https://doi.org/10.1123/
ijspp.2021-0451

Montain S, Cheuvront S, Sawka M (2006) Exercise associated
hyponatraemia: quantitative analysis to understand the aetiology. Br
J Sports Med 40(2):98. https://doi.org/10.1136/bjsm.2005.018481

Périard JD, Eijsvogels TMH, Daanen HAM (2021) Exercise under heat
stress: thermoregulation, hydration, performance implications, and
mitigation strategies. Physiol Rev 101(4):1873-1979. https://doi.org/
10.1152/physrev.00038.2020

R Core Team (2022) R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. Vienna Austria.
http://www.r-project.org/index.html

Sawka MN, Montain SJ (2000) Fluid and electrolyte supplementation for
exercise heat stress. Am J Clin Nutr 72(2 Suppl):564S-572S. https://
doi.org/10.1093/ajcn/72.2.564S

Sawka MN, Burke LM, Eichner ER, Maughan RJ, Montain SJ, Stachen-
feld NS (2007) American college of sports medicine position stand.
Exercise and fluid replacement. Med Sci Sports Exerc 39(2):377—
390. https://doi.org/10.1249/mss.0b013e31802ca597

Shirreffs S, Maughan R (1997) Whole body sweat collection in humans:
an improved method with preliminary data on electrolyte content.
J Appl Physiol 82(1):336-341. https://doi.org/10.1152/jappl.1997.
82.1.336

Tyler CJ, Reeve T, Hodges GJ, Cheung SS (2016) The effects of heat
adaptation on physiology, perception and exercise performance in
the heat: a meta-analysis. Sports Med 46(11):1699-1724. https://
doi.org/10.1007/s40279-016-0538-5

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s004210050454
https://doi.org/10.1007/s004210050454
https://doi.org/10.1007/s40279-017-0691-5
https://doi.org/10.1007/s40279-017-0691-5
https://doi.org/10.1007/s00421-020-04323-7
https://doi.org/10.1007/s00421-020-04323-7
https://doi.org/10.1152/japplphysiol.00391.2022
https://doi.org/10.1152/japplphysiol.00391.2022
https://doi.org/10.1136/bmj.313.7049.106
https://doi.org/10.1136/bmj.313.7049.106
https://doi.org/10.1249/00005768-19820500000012
https://doi.org/10.1249/00005768-19820500000012
https://doi.org/10.1007/s40279-022-01677-0
https://doi.org/10.1007/s40279-023-01972-4
https://doi.org/10.1007/s40279-023-01972-4
https://doi.org/10.21105/joss.04148
https://doi.org/10.1152/japplphysiol.00433.2017
https://doi.org/10.1123/ijspp.2013-0480
https://doi.org/10.1123/ijspp.2013-0480
https://doi.org/10.1016/j.jclinepi.2007.11.003
https://doi.org/10.1016/j.jclinepi.2007.11.003
https://doi.org/10.1111/jpc.15325
https://doi.org/10.1007/s00421-012-2331-y
https://doi.org/10.1007/s00421-012-2331-y
https://doi.org/10.1139/apnm-2017-0059
https://doi.org/10.1139/apnm-2017-0059
https://doi.org/10.1152/jappl.1986.61.3.967
https://doi.org/10.1542/peds.30.2.172
https://doi.org/10.1123/ijspp.2021-0451
https://doi.org/10.1123/ijspp.2021-0451
https://doi.org/10.1136/bjsm.2005.018481
https://doi.org/10.1152/physrev.00038.2020
https://doi.org/10.1152/physrev.00038.2020
http://www.r-project.org/index.html
https://doi.org/10.1093/ajcn/72.2.564S
https://doi.org/10.1093/ajcn/72.2.564S
https://doi.org/10.1249/mss.0b013e31802ca597
https://doi.org/10.1152/jappl.1997.82.1.336
https://doi.org/10.1152/jappl.1997.82.1.336
https://doi.org/10.1007/s40279-016-0538-5
https://doi.org/10.1007/s40279-016-0538-5

European Journal of Applied Physiology

Walters SJ, Campbell MJ, Machin D (2021) Medical statistics: a textbook
for the health sciences. John Wiley & Sons

Wescor Incorporated (2014) Sweat check sweat conductivity analyzer
model 3120: Instruction/Service Manual. United States of America:
Wescor Incorporated

Wickham H (2016) ggplot2: Elegant graphics for data analysis. ggplot2.
Springer-Verlag, New York

@ Springer

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Reliability and validity of the MX3 portable sweat sodium analyser during exercise in warm conditions
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Participants

	Experimental procedure
	Sweat sample analysis and preparation
	MX3 hydration testing system
	Horiba LAQUAtwin-Na-11
	Statistical analyses

	Results
	Reliability
	Validity

	Discussion
	Acknowledgements 
	References


