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Abstract

Since assessing aerobic capacity is key to enhancing swimming performance, a
simple and widely applicable technology should be developed. Therefore, we aimed
to noninvasively visualize real-time changes in sweat lactate (sLA) levels during
swimming and investigate the relationship between lactate thresholds in sweat (sLT)
and blood (bLT). This prospective study included 24 university swimmers (age:
20.7 s + 1.8 years, 58% male) who underwent exercise tests at incremental speeds
with or without breaks in a swimming flume to measure heart rate (HR), bLT, and
sLT based on sLA levels using a waterproof wearable lactate sensor attached to the
dorsal upper arm on two different days. The correlation coefficient and Bland-
Altman methods were used to verify the similarities of the sLT with bLT and per-
sonal performance. In all tests, dynamic changes in sLA levels were continuously
measured and projected onto the wearable device without delay, artifacts, or
contamination. Following an initial minimal current response, with increasing speed
the sLA levels increased substantially, coinciding with a continuous rise in HR. The
speed at sLT strongly correlated with that at bLT (p < 0.01 and r = 0.824). The
Bland-Altman plot showed a strong agreement (mean difference: 0.08 £ 0.1 m/s).

This prospective study achieved real-time sLA monitoring during swimming, even
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1 | INTRODUCTION

In swimming, as in other sports, assessing aerobic capacity is
important. Aerobic capacity has been associated with performance
(Hering & Stepan, 2021; Puccinelli et al., 2020) and is often used as a
benchmark for training intensity (Baldassarre et al., 2017; Skorski
et al, 2012). Among several definitions and indexes, the maximal
lactate steady state (MLSS) has been widely used as the gold stan-
dard tool for measuring aerobic capacity in swimming (Pelarigo
et al., 2017). In contrast, MLSS has a major limitation in that it re-
quires frequent 30-min constant load tests (Beneke, 2003; Pelarigo
et al., 2017, 2018), making regular assessments of MLSS difficult.
Therefore, evaluating aerobic capacity during swimming simply and
feasibly is preferable. Previously, studies have reported different
methods assessing the anaerobic threshold (AT), such as measuring
the lactate threshold (LT) and ventilatory threshold (VT), during
swimming as alternatives to the MLSS for measuring the aerobic
capacity (Nikitakis & Toubekis, 2021; Pelarigo et al., 2017, 2018). The
most common technique involves measuring the LT using blood
lactate. However, collecting the blood sample requires stopping the
activity and may not accurately reflect the actual physical function
level during swimming. Moreover, the measurement of VT can
accurately assess respiratory metabolism (Ribeiro et al, 2015).
However, measurement is impractical and can only be conducted by a
group of experts because of the size and high cost of the necessary
equipment and required expertise needed to conduct these mea-
sures. Therefore, there is an urgent need to develop a simple and
accurate method for determining AT during swimming using incre-
mental loading exercises in the water.

Methods to visualize the lactate dynamics of sweat during ex-
ercise on land in a noninvasive, simple, and real-time manner have
been previously reported (Katsumata et al, 2021; Okawara
et al., 2022a, 2022b; Seki et al., 2021). Furthermore, sweat LT (sLT)
assessed using sLA dynamics is consistent with LTs calculated from
blood samples (bLT) and VT (Seki et al., 2021).

Therefore, this study aimed to examine whether LT estimated
from sLA levels obtained from participants during a non-intermittent

with vigorous movement. The sLT closely approximated bLT; both were subse-

quently validated for their relevance to performance.

aerobic fitness, assessment, endurance, metabolism, technology

e A new technique using a wearable device can measure sweat lactate (sLA) levels during
swimming without artifacts or contamination.

e |actate threshold assessed using sLA dynamics is consistent with that calculated from blood

e The current novel measurement method is expected to promote a personalized training

regimen and simultaneous multi-person measurements.

incremental swimming exercise could replace the conventional LT
measurement using blood lactate (bLA) levels during an intermittent
incremental swimming exercise and to evaluate the usability and
validity of sLT obtained from participants during a non-intermittent

incremental swimming exercise.

2 | MATERIALS AND METHODS

All applicable institutional and governmental regulations concerning
the ethical use of human volunteers were followed throughout this
study. The study protocol was conducted in compliance with the
ethical guidelines for medical and health research involving human
participants and was approved by the Ethics Committees of the
university's School of Medicine (approval no. 20180357) prior to the
investigation. Written informed consent was obtained from all
the study participants for participation and publication of the find-
ings. There was no patient or public involvement.

Participants were recruited from the university's swimming
teams between May and September 2022; 24 swimmers aged be-
tween 19 and 28 years volunteered to participate in this study. The
swimmers were beginner- to middle- or higher-level swimmers. All
swimmers were free from musculoskeletal injury or cardiorespiratory
diseases.

The sample size was calculated using the IBM SPSS Statistics
28.0 (IBM). According to the results of a previous study (Seki
et al.,, 2021), the correlation between sLT and bLT in healthy volun-
teers is approximately 0.7. Based on this value, the minimum required
sample size was 20 with a power of 95%. Considering dropouts, the
sample size was set at 24 as previously described (Seki et al., 2021).

In this prospective study, two distinct exercise testing protocols
were conducted in the same order, each involving incrementally
increasing speed in water. These tests were performed on two
different days in a swimming flume with an adjustable flow speed
(SM-40, JAPAN AQUA TEC CO., LTD) located at a gym and univer-
sity in Tokyo. The tests were scheduled to avoid periods of compe-
tition or events that would cause exhaustion. To allow for recovery
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from the first test, the two tests were scheduled to take place at least
48 h apart from each other (resulting in an average interval of
14 days between the two tests). In addition, participants were asked
to refrain from intense load fatigue during the 24 h prior to the start
of the test. Both tests were conducted at the same time of day when
possible to minimize circadian effects. To ensure consistency, the
front crawl swimming style was standardized for all participants. The
flowchart of the study protocol is shown in Figure 1. First, an in-
cremental exercise test with breaks in test 1 was conducted to
determine the blood LT speed (bLT-speed) by the bLA level, which is
currently practiced. Additionally, since sLA can be measured with or
without a break, sLA was also monitored in test 1, and the sLA
threshold speed (sLT-speed) was also evaluated. Next, as test 2, an
incremental exercise test without breaks was conducted on a sepa-
rate day to determine the sLT-speed by sLA measurement. On both
test days, a fixed chest strap heart rate (HR) monitor (Polar H10N,
Polar Japan) was attached to continuously measure the HR at 1 Hz. A
wearable sLA device (Grace Imaging Inc.) was attached to the
swimmer's dorsal upper arm to measure sLA levels. For the sLA de-
vice, waterproof tape (3M™ Tegaderm™ Film Roll, 3M Japan
Limited) was applied so that the device was completely covered to
achieve stability and waterproofing by overlapping three sheets each
along the long axis and the circumference of the upper arm. Prior to
exercise testing, the swimmers performed preparatory exercises,
such as stretching, on land. The swimmers then entered the swim-
ming flume and swam for 60 s at +0.2 m/s of the starting speed of
the exercise testing, as a warm-up exercise, which was repeated. A
60-s rest was allowed between the two warm-up exercises. There-
after, exercise testing was performed up to the speed at which the
exercise could be maintained. The stop criteria for the exercise were

determined by the swimmers themselves or when the examiner

determined that the swimmers could not resist the water flow and
would be pushed toward the back of the swimming flume. Previous
studies have reported that the LT speed of national-level top swim-
mers is approximately 1.2-1.5 m/s (Carvalho et al., 2020; Pelarigo
et al., 2018; Ribeiro et al, 2015), and the initial flow speed was
adjusted according to the individual swimming ability to reach LT
within 3-5 min after the start of exercise (0.6-0.9 m/s). Specifically,
the initial flow speed was 0.9 m/s for the top male swimmers, 0.8 m/s
for the top female swimmers and middle level male swimmers with
competition experience, 0.7 m/s for the middle level female swim-
mers and beginner level male swimmers, and 0.6 m/s for the beginner
level female swimmers. In test 1, the flow speed was increased by
0.1 m/s per minute and a 60-s rest at 2-min intervals was incorpo-
rated. The bLA levels were then measured at each 60-s rest using a
blood lactate analyzer (Lactate Pro 2; ARKRAY, Inc.), with blood
drawn from the fingertips. In test 2, the flow speed was increased by
0.1 m/s per minute as in test 1 without the 60-s rest interval.

The bLA level was measured by puncturing the fingertips using a
puncture device (NIPRO LS Lancet 28G, NIPRO CORPORATION)
and gently squeezing the puncture site to obtain a capillary blood
sample during each rest period in test 1. The volume of blood
required for a single blood lactate measurement was 0.3 uL. After the
blood droplet was estimated to have the required volume, the tip of
the sensor of the blood lactate analyzer was placed on the droplet
and the measurement was performed. The bLT was determined ac-
cording to a graph-based method previously described (Faude
et al,, 2009). The individual data points corresponding to bLA levels
measured every 2 min were connected with a line and visually
inspected by two experienced researchers, who independently
determined the point at which the levels rose from the baseline. In
case of disagreement between the two researchers, a third

Test 1

to determine blood and sweat lactate threshold

Test 2

to determine sweat lactate threshold

Exercise protocol

* Incremental load with rest

(A : measurement point at blood lactate)

mm il
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Speed

150y

Measurement

* Blood lactate (every two minutes)
» Sweat lactate (continuous)
* Heart rate (continuous)

Exercise protocol
* Incremental load

Speed

0 1 3 5 7 9 11 Time [min]
Measurement

» Sweat lactate (continuous)
* Heart rate (continuous)

Visit 1

Visit 2

FIGURE 1 Flowchart of the study protocol.
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researcher was consulted to resolve the difference by independently
determining the bLT. The three researchers then jointly agreed on
the bLT. The speed at which the bLT was reached was recorded as
the bLT-speed. In cases where the bLT point corresponded with the
60-s rest period, the speed immediately preceding the rest period
was recorded as the bLT-speed.

The sLA level was measured using a wearable device consisting
of a disposable sensor chip and a sensor, which quantified the lactate
concentration as an electric current value (Seki et al, 2021). The
sensor chip generates the current value proportional to the lactate
concentration by catalyzing the enzymatic immobilization on its
surface to oxidize lactate, which reduces hydrogen peroxide. A pre-
vious in vitro study has shown that the sLA sensor responds linearly
to increasing lactate concentrations, particularly in the range of O-
5 mmol/L, which is optimal for determining the LT (Seki et al., 2021).
Data were recorded continuously at a sampling frequency of 1 Hz for
mobile applications using a Bluetooth connection. The application
used in this study was originally designed and programmed by Grace
imaging Inc. (Tokyo, Japan), which also developed the sLA sensor
device. The recorded data were converted to moving average values
over 13-s intervals and individually underwent zero corrections using
the baseline value. The sLT was defined as the first significant in-
crease in the sLA level above the baseline based on graphical plots
and Change Finder scores calculated by the Change Finder algorithm
(Seki et al., 2021) by three researchers in consultation. Then, the
speed at which the sLT was reached was used in the analysis as the
sLT-speed.

Data are presented as mean (standard deviation and standard
error: SD and SE). The Shapiro-Wilk test was used to examine the

normality of the data distribution. Then, a paired t-test was per-
formed to compare the sLT-speed with the bLT-speed in test 1. The
water temperature in the swimming flume between tests 1 and 2 was
also compared using a paired t-test. One-way analysis of variance
(ANOVA) with the Bonferroni test for post hoc analysis was applied
to the sLA and bLA levels and the HR to clarify the transitional
feature over time. Additionally, the relationship between the sLT-
speed in test 1 and bLT-speed in test 1 was investigated using
Pearson's correlation coefficient test. Furthermore, the Bland-
Altman technique was applied to verify the similarities among the
different LT speed determination methods. As a secondary analysis, a
correlation analysis was performed to examine the relationship be-
tween the sLT-speed in test 2 and bLT-speed in test 1. The Bland-
Altman plots of the sLT-speed in test 2 and bLT-speed in test 1
were also confirmed. Statistical analyses were performed using the
IBM SPSS Statistics 28.0 (IBM Corp.), and the level of statistical

significance was set at 0.05.

3 | RESULTS
Twenty-four participants met the inclusion criteria, completed the
study protocol, and were included in the analysis. The participants
were 14 men and 10 women with a mean age of 20.7 (SD: 1.8 and SE:
0.4) years, height of 169.7 (SD: 7.9 and SE: 1.6) cm, and body weight
of 62.2 (SD: 8.2 and SE: 1.7) kg. Participants had 9.6 (SD: 7.4 and SE:
1.5) years of swimming experience.

Figure 2 demonstrates the sLA and bLA levels during the incre-
mental swimming exercise in test 1. Dynamic changes in the sLA level
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FIGURE 2 Imaging of the lactate in the sweat and blood during the incremental swimming exercise. Representative graphs of the sweat

and blood lactate and heart rate during exercise with a step protocol swimming are shown (test 1).
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during the exercise tests were continuously measured and monitored
(even underwater) on the smartphone device connected to a wear-
able sLA sensor device via Bluetooth without delay. During the
warm-up and the start of swimming with an incremental speed,
the lactate biosensor registered a negligible current response due to
the absence of sweat. In the middle of the incremental speed in-
crease, a drastic rise in the sLA level occurred, which was consistent
with the conversion point in the bLA level from a steady state to an
increase (Figure 2 and Table 1). Contrary to the results of the sLA,
the HR gradually increased from the initiation of the incremental-
speed swimming exercise to the end of exercise in test 1, although
the HR fell during each rest period for blood sampling (Figure 2 and
Table 1). Because sLT determination was not possible due to the
suppression of continuous perspiration by resting, the test 1 data
from four participants were excluded from analysis. Despite vigorous
upper arm movement in the front crawl at individual peak swimming
speeds, no artifacts from the sLA data and no water contamination in
the waterproof area around the biosensor chip were observed in any

participant after the test (Supplementary Video).

In test 1, the final speed and HR were 1.39 (SD: 0.14 and SE:
0.03) m/s and 172 (SD: 12 and SE: 3) beats per minute (bpm), respec-
tively, whereas in test 2, the values were 1.35 (SD: 0.15 and SE: 0.03) m/
sand 179 (SD: 15 and SE: 3) bpm. The final bLA level in test 1 was 7.4
(SD: 3.2 and SE: 0.7) mmol/L. The water temperature in the swimming
pool was 30.8°C (SD: 0.8 and SE: 0.2) in test 1 and 30.6°C (SD: 0.6 and
SE: 0.1) in test 2 with no significant difference (p = 0.41).

In 20 participants in test 1, the mean sLT-speed was 1.22 m/s
(SD: 0.16, SE: 0.04, and range: 1.00-1.60), and the mean bLT-speed
was 1.15 m/s (SD: 0.12, SE: 0.03, and range: 0.90-1.30). A paired t-
test revealed no significant difference between the sLT-speed and
bLT-speed (p = 0.09, Figure 3). As shown in Figure 4, the sLT-speed
strongly correlated with the bLT-speed (p < 0.01 and r = 0.824). The
Bland-Altman plot visually demonstrated a negative fixed error be-
tween the sLT-speed and bLT-speed (sLT-speed > bLT-speed), as
evidenced by the range of the limit of agreement for these variables
(Figure 5). Additionally, the 95% confidence interval (Cl) of the dif-
ference between the sLT-speed and bLT-speed and the significant

correlation between the difference and mean in these two values

TABLE 1 Transition of sweat and blood lactate level and heart rate over time during incremental swimming exercise with and

without rest.

Test 1 (incremental exercise test with breaks)

Rest Warm-up
Flow speed, m/s 0 0.87

(0/0) (0.14/0.03)
HR, bpm 87.9 101.1

(14.3/3.2)°%¢ (10.7/2.4)%¢
bLA, mmol/L 2.8 2.5

(0.9/0.2)¢ (0.6/0.1)¢
SLA, pA 391 3.81

(0.72/0.16)¢ (0.69/0.15)°

Test 2 (incremental exercise test without breaks)

Rest Warm-up
Flow speed, m/s 0 0.87

(0/0) (0.14 / 0.03)
HR, bpm 925 106.6

(15.8/3.5)*“¢
sLA, uA 3.76 3.62
(0.55/0.12)¢

(14.4 / 3.2)%¢

(0.53/0.11)¢

bLT sLT Final
1.15 1.22 1.39
(0.12/0.03) (0.16/0.04) (0.14 / 0.03)
134.3 141.6 172.1
(16.5/3.7)P¢ (19.5 / 4.4)P¢ (12.2/2.7)P<4
2.8 - 74
(1.1/0.2)¢ (3.2/0.7)P€
383 3.66 5.48
(1.40/0.31)° (1.03/0.23)° (1.92 / 0.43)
bLT sLT Final
- 1.13 1.22
(0.15 / 0.03) (0.16/0.04)
- 146.5 178.2
(18.7/4.2)> (14.5/3.2)>4
. 414 6.55
(1.36/0.30)° (2.54/0.57)

Note: Transition of blood lactate (bLA) and sweat lactate (sLA) and heart rate (HR) in test 1 (incremental exercise test with breaks) and test 2
(incremental exercise test without breaks) are shown. Data are presented as mean (standard deviation/standard error). One-way ANOVA with post-hoc
test showed that bLA and sLA increased immediately after each threshold, whereas HR increased gradually.

2Versus warm-up (p < 0.05).
bVersus warm-up (p < 0.01).
“Versus bLT (p < 0.01).
dVersus sLT (p < 0.01).
®Versus Final (p < 0.01).
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FIGURE 4 Scatter plot of the speed at the blood lactate
threshold and sweat lactate threshold in incremental exercise test
without breaks (test 1). In this scatter plot, speed at the sweat
lactate threshold was highly correlated with speed at the blood
lactate threshold (Pearson correlation coefficient = 0.824 and

p < 0.01).

showed systematic errors. Furthermore, when the sLT-speed and
bLT-speed were compared separately for men (n = 12) and women
(n = 8), the results were similar (Figures S3, S4, S5, and S6).

In the incremental exercise test without breaks (test 2), it was
possible to determine sLT in all 24 participants (representative data
are shown in Figure S1 and averaged data in Table 1). The sLT-speed
detected in test 2 strongly correlated with the bLT-speed in test 1 as
shown in Figure 6 (p < 0.001 and r = 0.868). Moreover, the Bland-
Altman plot between the sLT-speed in test 2 and bLT-speed in test

1 ruled out the existence of any systematic error (Figure 7). Addi-
tionally, the Bland-Altman plot between the sLT-speed in tests 1 and
2 demonstrated the negative fixed error (sLT-speed in test 1 > test 2,
Figure S2).

4 | DISCUSSION

This prospective study provided novel evidence that a waterproof
wearable sLA sensor is effective in measuring continuous and real-
time sLA values during swimming exercise tests. The most striking
result was that the sLT approximated the bLT, which was tradition-
ally adopted to estimate swimming performance and plan training
strategies; this was verified with strong statistical power. This inno-
vative method of measuring the sLT is expected to enable the
noninvasive estimation of the transitional point in metabolism during
swimming (Figure 8).

Generally, sLA is considered a byproduct of sweat gland meta-
bolism through perspiration. In the sLA sensor used in this study,
lactate oxidase immobilized on the sensor chip reacts with lactate in
the sweat (Seki et al., 2021). Therefore, sweating is an essential
requirement for detecting sLA. There are two mechanisms of
sweating, thermogenic and non-thermogenic sweating, which are
modulated by various internal and external factors (Baker, 2019).
Among the various factors, the environment, including the air tem-
perature and humidity, and metabolism mainly affect sweating dur-
ing exercise on land (Baker, 2017). In contrast, the immersion water
temperature directly affects perspiration during swimming, and
higher temperatures promote perspiration through increased meta-
bolic expenditure (McMurray & Horvath, 1979). Compared with
previous reports of certified sweat during swimming (Maughan
et al, 2009), the higher water temperature in the present study
(average of 30.8°C) may have resulted in more sweating. Other
evidence of warranted sweating was the participant's physical
response to incremental increases in the water speed. Generally,
greater exercise intensity is likely to promote sweating through the
increased requirement of sweat evaporation for heat balance
(Baker, 2017). In the current study, with an increase in swimming
speed, the HR gradually rose until exercise termination, peaking at
142 bpm (SD: 20 and SE: 4) at sLT and finally 172 bpm (SD: 12 and
SE: 3) (Table 1). These values were higher than previously reported
sweating thresholds (Torii et al., 1995), which supports the occur-
rence of sweating in the present experiment. Nonetheless, the dif-
ficulty of accurately confirming sweating underwater with currently
available technology hindered confirmation of the actual timing of
sweating in this study. Meanwhile, although the water temperature
used by swimmers for training is even lower than that in the
swimming flume used in the present experiment (25-28°C), perspi-
ration is presumed to still occur in those conditions because the
incremental evaporative demand for heat balance is provoked by the
incremental swimming load (McMurray & Horvath, 1979). Hence,
the proposed method is also expected to be effective for noninvasive

estimation of the transitional point in metabolism under the
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In this scatter plot, speed at the sweat lactate threshold obtained in
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coefficient = 0.868 and p < 0.001).

conditions normally used for swimming practice. Nevertheless,
further verification is needed to determine the practical applications
of the method.

Another important consideration is that the application of
wearable biosensors for swimming has several problems, including

artifacts and water contamination, caused by the swimming motion.
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FIGURE 7 Bland-Altman plot of the speed at sweat lactate
threshold in incremental exercise test without breaks (test 2) and
blood lactate threshold in incremental exercise test with breaks
(test 1). This graph shows no systematic error in the speed at sweat
lactate threshold in incremental exercise test without breaks (test
2) and blood lactate threshold in incremental exercise test with
breaks (test 1).

As shown in Supplementary Video, in general, the front crawl at a
higher speed enhances the stroke rate (Figueiredo et al., 2013), which
evokes a high impact at the water surface. Therefore, although the
attachment of the sensor to the upper arm used in the present study,
as in previous studies (Katsumata et al., 2021; Okawara et al.,, 2022a,

2022b), might raise concerns, artifacts were not observed in the
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FIGURE 8 Schematic of the lactate sensing during swimming.

present study (Figure 2 and Figure S1). In addition, no water
contamination was observed around the sensor. Although the torso
and forehead are advantageous locations because they do not usually
cause artifacts during exercise (Havenith et al., 2008; Okawara
et al., 2022a, 2022b), application to these points is likely to induce
high perspiration and will lead to simultaneous dilution of the analyte
(Ament et al., 1997; Derbyshire et al., 2012). Hence, the attachment
of sensors to these body parts may make it difficult to interpret the
results, particularly in well-trained athletes with low sweating
thresholds (Baker, 2019). In addition, the fact that these potential
sources of measurement errors did not affect the results even in
conditions of high impact surface swimming and strong water flow
suggests that this method could successfully be applied to free
swimming, despite the turning and wall pushing movements involved
in that type of swimming. Therefore, the current finding that the
sensor attached to the upper arm enabled measurement without
dilution or artifacts, even at high speeds, strongly implies that
wearable biosensors for analytes in sweat could be useful during
swimming.

Unlike on land, the previously reported methods of estimating
AT in swimming required intermittent exercise test protocols for the
collection of analytes. One possible reason for this is that in a specific
water-covered environment, various limitations, including the sensor
portability, waterproofed device performance, and preservation of
analytes, disturb reliable and validated bioinformation sensing. To
address these limitations, Reeder et al. attempted to analyze sweat
using a waterproof sensor in water; however, they did not refer to
practical applications to estimate AT (Reeder et al., 2019). Therefore,
the present study applied a novel sLA measurement technique to the
real-time assessment of AT during swimming.

Originally, sLA levels were reported to not reflect bLA levels

during land-based exercise (Baker & Wolfe, 2020). However, the

Mobile device

application of the inflection point in sLA analysis has demonstrated
good capability of detecting AT on land (Katsumata et al., 2021; Seki
et al.,, 2021), and the current study enabled real-time assessment of
AT in water with the advantage of no interruptions. Understand-
ably, the biological response and information derived from inter-
mittent exercise differ from those in continuous exercise (Combes
et al.,, 2018; Nicolo et al., 2014). Thus, a new measurement method
that does not require exercise interruptions to collect analytes en-
ables the evaluation of more practical bioinformation during swim-
ming. Notably, the sLT-speed in test 2 (without interruption) was
significantly lower than that in test 1 (with interruption). This
beneficial, continual sensing is attributed to the ultraviolet lamp
coating on the sensor chip, as this coating prevents the rapid
response of lactate oxidase and prompts longer responsiveness. In
addition, continual sensing facilitated the determination of the in-
flection point in the sLA. Over the years, several concepts and
methods have been applied to determine the bLT (Faude
et al, 2009). Nonetheless, most of these had reciprocal problems.
For instance, infrequent blood sampling complicates the identifica-
tion of the inflection point, whereas frequent sampling was deemed
too invasive. In contrast, continuous sLA sampling yields noninva-
sive and simple sLT measurements; this method has shown excellent
reliability in determining sLA (Okawara et al., 2023). For several
years, MLSS or bLT, both with a favorable association with swim
performance, have contributed to the planning of individualized
training regimens (Hering & Stepan, 2021; Puccinelli et al., 2020).
Considering the limitations of these traditional indicators, the ability
of the sLT to estimate performance is valuable for improving
training strategies in swimming. Furthermore, the advantages of a
single, noninvasive, and simple measurement may facilitate repeated
AT evaluations at shorter intervals. Frequent AT assessments may

promote the development of ideal regimens for personalized
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training with appropriate loads that alter physical performance,
thereby contributing to further improvements in swimming perfor-
mance. In addition, not requiring the manual collection of analytes
in AT assessments to facilitate simultaneous multi-person mea-
surements is also valuable for athletes and coaches. Meanwhile, the
sLT-speed obtained from the exercise test in the flume in the cur-
rent study is not necessarily applicable to free-swimming conditions
directly, as an exact match between the flow speed in the flume and
the speed achieved by the athlete during free swimming is unlikely.
However, considering that physiological measurements obtained
in the flume have been validated in previous reports (Nagle
et al., 2023; Ruiz-Navarro et al, 2020), the sLT-speed obtained
using the present methodology could be a useful indicator of aer-
obic capacity for athletes and coaches following the application of a
formula for conversion. Further research is needed to determine the
appropriate conversion algorithm. With the recent introduction of
hypoxic training to swimming (Trincat et al., 2017), future swimming
activities are expected to include a wide range of environmental
conditions. Progress has also been made in the application of the
current method of AT estimation using sLA to a range of environ-
mental conditions including hypoxia (Okawara et al., 2023). Hence,
further studies focused on different participant backgrounds and
environments are required, which could ultimately provide benefits
for coaches and athletes in the future.

The findings of this study should be interpreted in light of the
following limitations. First, the participation of swimmers with a
wide range of performances resulted in findings representative of
the general population; therefore, the influence of a selection bias
could not be completely excluded. However, these heterogeneous
participant characteristics, including sex and performance, suggest
the possibility of the broader application of this measurement
technology for general swimmers. This is also suggested by the
similar results obtained in the cases of either male or female
swimmers in this study. Second, potential contamination with sweat
evoked by the high temperature and humidity of the flume room
might have resulted in higher than anticipated resting bLA values
before immersion. However, this would not have affected the
determination of the bLT. Third, because water temperature affects
human physiological responses (Wilcock et al, 2006), the water
temperature of the measurement environment may have affected
the results. Additionally, the feasibility of applying this measurement
technology to an AT evaluation performed in a normal pool requires
further investigation to ensure its widespread practical application.
Finally, since the protocol for test 1 involved the measurement of
blood lactate every 2 min during the swimming motion, one must
consider that the actual blood lactate levels during the first minute
of swimming were unknown, and therefore, the point of bLT defined
in this study was an estimate. Regardless, we strongly believe that
this method of estimating the LT using sLA is useful and that it
overcomes the major disadvantages of previous estimation methods
using blood lactate, which require stopping the swimming motion for
the measurement.

5 | CONCLUSION

This study achieved real-time monitoring of sLA levels using a
waterproof wearable sensor during swimming with vigorous arm
movements. The simple and noninvasive method introduced in the
study provided sLT measurements that approximated those of bLT
obtained during incremental swimming exercise.
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