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Abstract

This study investigated whether heat acclimation (HA) could improve rowing performance
in temperate conditions in national-level rowers. Using a parallel-group design, eleven
rowers (3 female, 8 male, age: 2113 years, height: 182.3+6.8cm, mass: 79.2+9.0kg,
\'/Ozpeak: 61.4+5.1ml-kg-min"") completed either a HA intervention (HEAT, n = 5) or acted
as controls (CON, n = 6). The intervention replaced usual cross-training sessions and
consisted of an hour of submaximal cycling or rowing ergometry in either 34+0°C for
HEAT or 14+1°C for CON daily over two five-day blocks (10 sessions total), separated by
72h. Participants performed the ‘10+4’ test that consists of 10-min submaximal rowing
and a 4-min time-trial (TT) in temperate conditions (20+0°C) before and after the interven-
tion. Heat acclimation following the 10-session intervention was evidenced by large signif-
icant (p<0.05) decreases in maximum tympanic temperature (d =-1.68) and rate of
perceived exertion (RPE) (d = -2.26), and a large significant increase in sweat loss (d =
0.91). Large non-significant (p>0.05) decreases were seen in average tympanic tempera-
ture (d =-3.08) and average heart rate (d = -1.53) in HEAT from session 2 to session 10 of
the intervention. Furthermore, a large significant increase was seen in plasma volume (d
= 3.74), with large significant decreases in haemoglobin concentration (d =-1.78) and
hematocrit (d = -12.9). Following the intervention, large non-significant increases in respi-
ratory exchange ratio (d = 0.87) and blood lactate (d = 1.40) as well as a large non-signifi-
cant decrease in RPE (d =-1.23) were seen in HEAT during the 10-min submaximal
rowing. A large significant decrease in peak heart rate (d =-2.27), as well as a large non-

significant decrease in relative \'/O2peak (d =-0.90) and large non-significant increases in

respiratory exchange ratio (d = 1.18), blood lactate concentration (d = 1.25) and power
output (d = 0.96) were seen in HEAT during the 4-min TT. This study suggests that a 10-
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session HA intervention may elicit HA in national-level rowers, with potential to improve 4-
min TT performance in temperate conditions.

Introduction

Heat acclimation (HA) is the repeated exposure to high environmental temperatures to cause
favourable physiological and perceptual adaptations that may not be achievable when exercis-
ing in cool and temperate conditions alone. Adaptions such as plasma volume (PV) expansion,
lower heart rate (HR) [1], decreased rating of perceived exertion (RPE) [2] and reduced core
temperature during exercise [2] are signs of HA thought to enhance exercise economy [3,4],
increase maximal oxygen uptake (VO,, ) [5,6], and increase power at lactate threshold [5].
All of which may improve athletic performance in both hot [7,8] and cool environments
[5,6,9].

Rowing athletes appear to be a cohort that could benefit from HA, as VO, [10-12],
power output at VO,, _[10,11] and power output at a blood lactate concentration of 4mmol-1
'[10] are all favourable adaptions of HA that are highly correlated with rowing performance.
However, to date, literature surrounding the effectiveness of HA on rowing performance is
scarce, with to the authors’ knowledge, only one study having examined the impact of HA
directly on rowing performance [8]. Garrett and colleagues [8] found that HA (90 min-d* for
5 days) caused a 4.5% plasma volume (PV) expansion measured at rest, lower HR (-14 bpm)
and rectal temperature (-0.3°C) at the completion of 20 minutes of submaximal rowing, along
with a quicker time to complete 2000m (-4s, -1.5%) in hot conditions (35°C). Garrett et al. [8]
suggested the PV expansion led to lower HR and core temperature, and improved cardiovas-
cular stability, during the 2000m row, which resulted in greater power output and faster times.
Although the findings of Garrett et al. [8] are promising, not all rowing events are held in hot
environments. For example, prestigious events such as the Oxford and Cambridge boat race
and the Head of the Charles regatta are held in spring and autumn months when average max-
imum daily temperatures are commonly 12-19°C [13,14]. Furthermore, Australian national
rowing team laboratory performance tests are completed in temperate conditions (20°C).
Therefore, the effect of HA on rowing performance in cool or temperate climates warrants
investigation in order to benefit well-trained rowing athletes looking to improve performance
in either temperate-condition competition or selection criteria events.

The topic of HA as an ergogenic aid in cool and temperate conditions has been previously
debated. Minson and Cotter [15] support the use for HA in cool and temperate conditions,

max

2max

suggesting physiological adaptations such as PV-induced improvements in VO,__ as potential
mechanisms for improvement. Minson and Cotter [15] present the findings from Lorenzo
etal. [5] to illustrate the potential of HA on cool environments. Lorenzo et al. [5] showed that
HA could improve VO,, _and 60-min cycling time-trial performance in highly-trained
cyclists in both hot (35°C) and cool environments (13°C). Nybo and Lundby [16] on the other
hand, suggest that evidence for the use of HA to improve performance in cool and temperate
conditions is limited, pointing to two control-matched studies [17,18] that show no relation-
ship between PV expansion and performance and/or no significant improvement in time-trial
performance in cool or temperate conditions following HA. Furthermore, Nybo and Lundby
[16] suggest that the positive relationship seen between HA-induced PV expansion and perfor-
mance is more likely in untrained individuals in comparison to well-trained and elite athletes,
as elite athletes already possess many adaptations consistent with HA, such as increased PV,
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cardiac output and stroke volume [19]. Given the current debate, research that adds to the lit-
erature surrounding the effect of HA on temperate-condition performance in well-trained aer-
obic athletes would be of benefit.

Previous studies have found HA benefits performance in cooler environments only when
exercise is prescribed at either an absolute exercise intensity during HA [5,6,20], or when HA
is an additional training stimulus during [21] or after training [9], thereby increasing physio-
logical load. This suggests an increase in training stress plays an important role in the perfor-
mance improvements following HA [21,22]. Exercising in the heat is more stressful than
performing the same exercise in cool or temperate environments because numerous physio-
logical systems must function at a higher capacity to dissipate heat to avoid hyperthermia
while maintaining central blood volume [23] and muscular power [24]. Therefore, a protocol
that increases training load/stress in a rowers current training program may be a useful strat-
egy for the practitioner to elicit performance gains in cool or temperate conditions. Heat accli-
mation is one of the only training modalities that enables an athlete to increase cardiovascular
strain without a subsequent increase in mechanical load by way of increased force or power
output. This has been demonstrated as both a maintenance of mechanical load (power output)
with a concomitant increase in HR at 35°C compared to 13°C [5], and a maintenance of HR
with 30% lower mechanical load in the heat compared to cool [25]. Given two of the most
common sites of injury in rowing are the lumbar spine and ribs [26], and that rib stress [27]
and lumbar spine compressive forces [28] are positively correlated to increases in rowing han-
dle power output, thus increased mechanical load, a method such as HA that allows a relative
increase in intensity without a subsequent increase in force production would be highly valu-
able in well-trained rowers.

The aim of this study was to investigate the effect of HA on temperate condition rowing
performance in national-level rowing athletes. We hypothesised that a HA intervention con-
sisting of regular submaximal training prescribed via absolute intensity in the heat would elicit
greater physiological and perceptual adaptations during submaximal and maximal intensity
rowing when compared to performed in cool-temperate conditions. Ultimately, such adapta-
tions would lead to improved 4-min TT rowing ergometer performance in a temperate envi-
ronment (20°C), whilst minimising additional mechanical stress to the athlete.

Materials and methods
Experimental approach to problem

This investigation utilised a 10-session parallel-group study design, whereby national-level
rowers were allocated to perform either rowing or cycling ergometer exercise in either 34°C
(HEAT) or 15°C (CON) for 60-min. A 30-min TT was conducted before the intervention,
whilst the ‘10+4’ test, the tests used by the Australian Rowing team at the time of the study
[29], were conducted before (baseline) and after the intervention to determine rowing perfor-
mance in temperate conditions. Physiological, perceptual and blood measures consistent with
HA were collected during the intervention period. Performance (average power output), per-
ceptual and physiological measures, including gas analysis were collected during the ‘10+4’. A
schematic diagram of the intervention design can be seen in Fig 1.

Participants

Twelve well-trained rowers were recruited for this study, of which eleven (3 female, 8 male,
age: 21 + 3 years, height: 182.3 + 6.8cm, mass: 79.2 + 9.0kg, VO, ., 61.4 + 5.lmlLkg.min"")

2peak*
completed the entire intervention. Participants were allocated to a HA group [HEAT, n=5 (4
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Fig 1. Schematic of training program during a 10-session heat acclimation intervention in national-level rowers. PPO: 4-min rowing ergometer time-trial

average power output.

https://doi.org/10.1371/journal.pone.0273909.g001

male, 1 female), mass: 81.3 + 6.0kg, VO, ,: 62.4 + 5.2ml kg " -min"!, 4-min PO: 4.71W.kg™']

2peak*
or control group [CON, n = 6 (4 male, 2 female), mass: 77.4 + 11.2kg, VOQPeak: 60.6 +5.4ml-kg”
"min"', 4-min PO: 4.70W kg ']. Groups were matched by rowing competition class (e.g.,
heavyweight men, heavyweight female, etc.) and 30-min time-trial (TT) performance. All sub-
jects had competed at a national level within the past year. Due to illness, one female HEAT
participant withdrew from the study. Participants provided written informed consent and the
study was approved by the Institutional Human Research Ethics Committee (Ethics no.

H0013872), which conformed to the recommendations of the Declaration of Helsinki.

Procedures

Intervention. This study was undertaken in Tasmania during August (average maximum
daily temperature was 14 + 2°C) [30]. Athletes were in their respective state-level competitive
season, approximately four weeks prior to their first national time trial selection commitment.
All participants were required to continue normal on-water training sessions as prescribed by
the Tasmanian Institute of Sport rowing coach. The intervention replaced regular afternoon
cross-training sessions of similar duration and intensity, with all intervention sessions occur-
ring between 3:00-6:00pm. Prescribed training can be seen in Fig 1.

The interventions consisted of two 5-day periods separated by 72h. During each 5-day
period, participants either rowed or cycled on ergometers (Concept 2, Morrisville, Vermont,
USA and Wattbike pro, Nottingham, UK, respectively) for 60-min/day. Exercise intensity was
prescribed at 45-55% of average power output (PO,,.) achieved in the baseline 4-min TT (‘4’),
with specific absolute intensities prescribed for each session (Fig 1). HEAT exercised in an
environmental chamber set to 34°C (34 + 0°C, 55 + 4% RH), whereas CON exercised in ambi-
ent conditions inside team rowing sheds (14 + 1°C, 57 + 6% RH).

Rowing sessions consisted of five 10-min blocks, each separated by 1-min of passive recov-
ery, and a final 5-min row. Cycle sessions consisted of 60-min cycling at a constant absolute
intensity relative to a corresponding rowing intensity calculated using the formula, which was
developed from previous test data from our laboratories:

Cycle power (W) = 103.3(0.0112 x rowing power output + 0.8028) — 99.8

This formula was created by regression equation between power output and submaximal

VO, for rowing and cycling lab testing, conducted on Tasmanian Institute of Sport athletes
(unpublished data). All participants followed the intervention schedule as seen in Fig 1.
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Water (2.5ml-kg ™" of body mass) was provided to each participant during intervention ses-
sions with the instruction to consume it all during exercise. Body mass was measured before
and after exercise in order to estimate sweat loss. It was assumed that body mass loss (g)
equated to sweat loss (ml). Water intake was adjusted for when determining sweat loss. Tym-
panic temperature (tymp) (Thermoscan, Braun GmbH, Kronberg, Germany) was measured
before exercise (before entering the heat chamber for HEAT), and every 5-min during cycling
and following each 10-min interval during rowing. Tymp was the preferred means of tempera-
ture measurement in order to reduce the amount of invasion and discomfort required with
other measurement strategies such as rectal or oral methods. HR was recorded (Polar, Oulu,
Finland) at 5-min intervals and RPE was recorded every 10-min and immediately post exercise
for both exercise modalities. RPE presented is the average of the recorded time points for each
session. PO,y was recorded for every 5-10-min rowing interval and every 60-min of cycling,
with the final average output recorded at the end of the session presented. Physiological data
was compared between Session 2 and Session 10 of the intervention in order to determine if
HA occurred. Session 2 and Session 10 were utilised as this allowed comparison of the same
prescribed exercise modality and intensity. Given this study was conducted within the national
institute setting, with specific goals and structure of cross-training sessions, the intervention
schedule was determined to be best for the overall structure of the participants training plan.
The authors were confident that the changes between session 1 and session 2 would be mini-
mal as literature suggests heat acclimation adaptations such as plasma volume expansion, HR
and changes in core temperature usually takes >3 days to present [31], therefore, allowing an
opportunity to investigate whether HA occurred whilst not imposing on the preferred training
plan of the head coach.

Testing methods. All testing procedures were conducted in accordance with Rowing
Australia national testing protocols [29]. Both groups completed a 30-min TT prior and the
‘10+4’ rowing ergometer test prior to and following the exercise intervention. The 30-min TT
was performed at local rowing club sheds (in 14.0°C), after a self-regulated warm up, 9 to 10
days before the ‘10+4’. Participants performed the ‘10+4” within 5 days either side of the inter-
vention in a controlled 20°C laboratory. The ‘10+4’ involved participants rowing for 10-min at
95% of 30-min TT PO,y (the ‘10°), resting for 5-min, completing a self-selected warm-up,
then performing a 4-min TT (the ‘4’).

During the ‘10+4’, open circuit spirometry (TrueOne 2400, Parvomedics, Sandy, UT, USA)
was used to determine: average VO, and average respiratory exchange ratio (RER) for the
final 4-min of the ‘10’, VOQPeak (the highest 15s average) during the ‘4’, and average RER for
the final minute of the ‘4. Carbohydrate oxidation and fat oxidation were calculated from
open circuit spirometry via the following equations; CHO oxidation = (4.21 x VCO,)-(2.962 x
VOQ); Fat oxidation = (1.695 x V),)-(1.701 x VCOQ) [32]. HR (Polar, Oulu, Finland) was mea-
sured continuously throughout the ‘10+4’ to determine the average HR for the final 4-min of
the ‘10" and HR,eqk (the highest measured HR) during the ‘4’. Blood lactate (BLA) was mea-
sured (Lactate Pro, Arkray KDK, Japan) before and after the ‘10°, and immediately and 2-min
post the ‘4, in finger prick samples (5uL) [33]. Maximal BLA was determined as the higher of
the two post- ‘4’ measurements. Body mass (while wearing a rowing suit) was measured to
+20g before and after each ‘10+4’ to estimate sweat loss. All participants completed a familiari-
sation of the ‘10+4’ in a 20°C laboratory one week before baseline ‘10+4’ testing and were
familiar with the 30-min TT as it was part of their regular monitoring. All testing was per-
formed on rowing ergometers (Concept II Morrisville, Vermont, USA).

Changes in plasma volume (PV) were calculated from haematocrit (Hct) and haemoglobin
concentration ([Hb]) using the mathematical equation developed by Dill and Costill [34], with
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previous unpublished data from our laboratories calculating a technical error of 4% for this
measure. All finger prick samples (100 uL) were measured before exercise, after sitting pas-
sively for 10-min. Finger prick samples were collected 5-days prior to the intervention and
then on Day 9 of the intervention for CON and day 10 for HEAT. [Hb] and Hct were deter-
mined from the average of duplicates using a HemoCue® Hb 20 (Hemocue AB, Angelholm,
Sweden) and the capillary centrifuge method (12,000 rpm for 5-min), respectively. The differ-
ence in collection days was due to unavoidable differences in the availability of CON compared
to HEAT. Based on results of previous 10-day acclimation literature [5], it was assumed the
one day time difference would have minimal effect of Hct and [Hb], whilst the pre-interven-
tion measures were taken on the same day of the baseline ‘10+4’ to allow for as little interrup-
tion to the athletes schedule. It was assumed that given the level of athlete and consistency of
training that minimal differences would be seen between pre- and Day 1 of the intervention.

Statistical analyses

All data were assessed for normality of distribution using the Shapiro-Wilk test via statistical
software (Graphpad, Prism 9, version 9.2.0). Data are presented as mean * standard deviation
(£ SD). Data that failed the Shapiro-Wilk test for normality were log-transformed before anal-
ysis to reduce bias arising from non-uniformity in error [35]. Statistical significance was set at
p<0.05, while effect size (Cohen’s d) is the predominant statistic variable used for assessing
change, in line with recommendations from recent American Statistician journal editorials
and American Association of Statistics position statement [36,37]. Cohen’s d (d) were calcu-
lated using the standard deviation of the mean difference for within-group changes, whilst
between-group changes were calculated using the square root of average variance for between-
group changes. Both between-group and within-group comparisons were calculated with 95%
confidence limits [95% CL], with the following threshold values employed: <0.2 as trivial,
>0.2 as small, >0.5 as moderate, >0.8 as large. Mixed-effects analyses were performed on all
longitudinal data. Post-hoc testing was performed for changes between time points and inde-
pendent sample t-tests were used for between-group changes. Statistical analyses were per-
formed using Graphpad Prism 9 (version 9.2.0).

Results
Evidence of heat acclimation

Physiological and perceptual adaptations consistent with HA occurred in HEAT but not CON.
When comparing within-group changes in HEAT from Session 2 to Session 10 of the interven-
tion, large significant decreases were found in tymp,,,, RPE and sweat loss, with large non-
significant decreases seen in average HR and tymp,y. (Table 1). No significant changes were
seen in CON, however, small to moderate non-significant effects were seen in average HR,
tyMpPaye> tyMpPmax, RPE (Table 1). When changes were compared between groups, large signifi-
cant decreases were seen in tymp,ye, tympmay and RPE, whilst average HR and sweat loss
showed moderate and large non-significant changes, respectively, in HEAT when compared to
CON. Group x time interactions and main effects for group and time can be seen in Table 1.
HEAT showed a large significant increase in PV, as well as large significant decreases in
Hct and [Hb] (Fig 2A). No significant changes in blood adaptations were seen in CON, with
trivial changes seen in PV and [Hb], and a small non-significant decrease seen in Hct. When
changes were compared between groups, there was a large significant increase in PV, a large
significant decrease in Hct, as well as a large non-significant decrease in [Hb] in HEAT when
compared to CON (Fig 2). Group, time and group x time interactions can be seen in Fig 2(B).
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Table 1. Comparison of physiological and perceptual measures taken during Session 2 and Session 10 of a heat acclimation intervention in well-trained rowers.

HEAT CON Main effects/

Interactions

Session 2 | Session 10 | Within-group Session 2 | Session 10 | Within-group Between-group | Group | Time | Group

change change change P=) |[(p=) |x
(Mean [95% CL]) (Mean [95% CL]) (Mean [95% CL]) Time
(p=)
Average Power (W) 187 £26 | 200+ 32 | 12[0;25] 175+39 | 175+38 |0[-12;11] 13 [-10; 35] 040 | 0.14 | 0.12
d =0.68 [0.00; d=-0.11 [-3.91; d =1.03[-0.79;
1.37] 3.69] 2.85]
p=0.05 p=0095 p=0.19
Average HR (bpm) 149 £ 10 143+9 | -6[-13;1] 132+ 10 130+ 8 | -2[-8;5] -5 [-13; 4] 0.02 0.09 0.29
d=-153[-321; d=-020[-057 |d=-069[-0.65;
0.15] 0.97] 2.03]
p=0.07 p=0.82 p=027
Average Tympanic 379+0.1| 37.5+0.1 | -0.4 [-0.7; 0.0] 36.8+0.1 | 37.1+0.2 | 0.3 [-0.0;0.6] -0.6 [-1.1; -0.2] 0.001 | 0.73 0.02
Temperature d=-3.08[-6.17; d=0.61[-0.10; d=-1.86[-3.23;
Q) 0.01] 1.31] -0.48]
p=0.05 p=0.08 p=0.02
Maximum Tympanic 38.8+0.4 | 38.0+0.3 | -0.9[-1.4;-04] 373+£0.6| 37.6 £ 0.2 | 0.4 [-0.1;0.8] -1.2 [-1.9; -0.5] 0.0002 | 0.12 | 0.003
Temperature d=-1.68[-2.64; d=0.75[-0.21: d=-2.49[-3.89;
(§©) -0.72] 1.71] -1.09]
p =0.003 p=0.11 p =0.003
RPE (AU) 13+1 1M+1 | -2[-3-1] 9+1 10+1 |0[1;2] 3[-4;-1] 0.002 | 0.08 | 0.01
d=-2.26[-3.76; d=0.27 [-0.49; d=-1.87[-3.20;
-0.76] 1.03] -0.54]
p=0.01 p =045 p =001
Sweat loss 1.3+£0.3 1.6 £0.6 |0.3[0.0;0.6] 0.7+03 | 0.6+0.3 |-0.0[-0.3;0.2] 0.4 [-0.1; 0.8] 0.06 0.11 0.07
(L) d=0.91[0.11; d=-0.10 [-1.38; d=1.30[-0.22-
1.71] 1.18] 2.82]
p=0.03 p=0.86 p=0.08

Note: Values are mean + SD. 95% CL: 95% confidence limit. HR: Heart rate. bpm: Beats per minute. RPE: Rate of perceived exertion. AU: Arbitrary units.

https://doi.org/10.1371/journal.pone.0273909.t001

10-min submaximal rowing test

When changes were compared within-group from pre- to post-intervention in HEAT, a large
significant increase was seen in power output, with trivial to large non-significant changes
seen for all other variables. A large significant decrease in BLA was seen in CON, with trivial to
large non-significant changes seen for all other variables. No significant changes were seen
when comparing changes between groups pre- to post-intervention, with small to large non-
significant differences seen across all variables. Group x time interactions and main effects for
group and time can be seen in Table 2.

4-min Max TT

There were small non-significant differences between groups in both 4-min TT PO (d = 0.28
[-0.99; 1.55], p = 0.65) and VO2peak (d=0.33[-0.93; 1.59], p = 0.59) at the start of the interven-
tion. When changes were compared within-group from pre- to post-intervention in HEAT,

PLOS ONE | https://doi.org/10.1371/journal.pone.0273909  September 1, 2022 7/17


https://doi.org/10.1371/journal.pone.0273909.t001
https://doi.org/10.1371/journal.pone.0273909

PLOS ONE

Heat acclimation improves rowing performance

HEAT PV -

CON PV -

HEAT Hb -

CON Hb +

HEAT Hct{ F—o—

CON Hct +

L]

19.0 [10.3; 27.8]%, p = 0.001

1.9 [-5.7; 9.6%, p = 0.58

74[-145;-0.2]%, p = 0.04

-0.2 [-6.5; 6.2]%, p = 0.95

-12.9 [-16.2; -9.7]%, p = <0.0001

1.6 [4.8; 1.6]%, p = 0.29

18 15 12 -9 -6

Effect Size
B
PV - ()
Hb A e
Hct - e+

3 0 3 6 9 12 15 18

16.7[5.4; 27.91%, p = 0.01

-7.1[-16.4; 2.21%, p = 0.11

-11.8 [-16.4; -7.2]%, p = 0.001

-18 15 12 -9 -6

Main effects/ Interactions

PV

group (p =0.20)

time (p = 0.003)

group x time (p =0.01)

3 0 3 6 9

Effect Size

Hb

group (p =0.13)

time (p =0.11)

group x time (p = 0.13)

12 15 18

Hct

group (p = 0.93)

time (p = <0.0001)

group x time (p = 0.0003)
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Fig 2. Within-group (A) and between-group (B) comparison of change in blood parameters pre—post a 10-day heat
acclimation protocol in national-level athletes. Shaded area represents trivial change. Percentage change and p-values
are reported on the right-hand side for each variable. Main effects and interaction are reported below.

https://doi.org/10.1371/journal.pone.0273909.g002

large significant changes were seen in HR . and relative VO with large non-significant

opeak>
changes seen in average power output, RER, RPE, and BLA (Table 3). No significant changes
were seen from pre- to post-intervention in CON, with small to large non-significant effects
seen across the six variables measured (Table 3). When differences in change were compared
between groups, HEAT showed a large significant decrease in HR,e.x, whilst average power,

relative VOzpeak, RER and BLA all showed large non-significant changes when compared to

Table 2. Comparison of physiological and perceptual measures of national-level rowing athletes taken during a 10-min submaximal rowing test performed at 95%
of 30-min time-trial average power output, before (Pre) and after (Post) a 10-session heat acclimation intervention.

Average Power
W)

HR
(bpm)

Vo,
(ml~kg'1'min'l)

RER

RPE
(AU)

BLA
(mmol-L™)

CHO oxidation
(gL

Fat oxidation (g-L°
1
)

Pre

277 + 37

171 £ 10

525%5.1

0.96 +0.03 | 0.98 £ 0.03

59+2.0

46+1.0

0.3+0.1

HEAT CON Main effects/
Interactions
Post Within-group Pre Post Within-group Between-group Group |Time | Group
difference difference differences P=) |(p=) |x
(Mean [95% CL]) (Mean [95% CL]) (Mean [95% CL]) Time
p=
279 +39 | 2[0;4] 265453 | 265+53 | 0[-2;2] 21[-1; 6] 0.66 | 0.08 | 0.08
d =0.83[0.14; 1.52] d =0.00 [-0.80; 0.80] | d =1.21[-0.51;3.00]
p =0.02 p=1.00 p=0.14
169+8 |-2[-7;3] 183+9 184+8 | 1[-3;6] -3[-10; 3] 0.03 [0.75 |0.29
d=-049[-1.62; d=0.231[-0.63;1.09] | d=-0.69 [-2.03; 0.66]
0.63] p=0.57 p=028
p=035
53.0+4.0 | 0.5[-1.2;2.1] 543+32 | 542+3.5 | -0.2[-1.7; 1.3] 0.6 [-1.8; 3.1] 0.53 0.79 |0.52
d =0.23 [-0.59; 1.05] d=-0.15[-1.31; d=0.39 [-1.14; 1.92]
p=0.54 1.01] p=0.56
p=0.78
0.03 [-0.01; 0.06] 0.94 £ 0.05 | 0.94 £ 0.03 | -0.01 [-0.04; 0.03] 0.03 [-0.02; 0.08] 0.16 0.37 [0.18
d =0.73 [-0.30; 1.76] d=-0.15[-1.07- d =0.87 [-0.50; 2.24]
p=0.06 0.77] p=0.18
p=0.52
14+1 -1[-3;1] 13+2 15+1 2 [0; 3] -3 [-651] 0.29 0.65 |0.03
d=-043[-1.13; d=0.85[-0.01;1.71] | d=-1.23 [-2.68;0.23]
0.28] p =0.052 p=0.09
p=022
59+23 |0.0[-1.4;1.4] 73+1.8 54+12 |-1.9[-3.4;-0.5] 1.9 [-0.2; 4.1] 0.69 0.06 |0.06
d =0.00[-0.79; 0.79] d=-1.15 [-2.00; d =1.40[-0.12; 2.92]
p =100 -0.30] p=0.07
p=0.01
51+0.9 |0.5[-0.2;1.1] 42+1.3 41+1.1 |-0.1[-0.7;0.5] 0.6 [-0.3; 1.5] 0.33 0.43 |0.18
d =0.68 [-0.32; 1.67] d=-0.19 [-1.12; d =0.66 [-0.34; 1.67]
p=0.15 0.75] p=0.17
p =0.66
0.2+0.1 |-0.1[-0.3;0.1] 04+04 0.4+0.2 |0.0[-0.2;0.2] -0.2 [-0.5; 0.2] 0.17 0.54 |0.30
d=-0.64[-188; d=0.13[-0.72; 0.98] | d = -0.66 [-1.99; 0.67]
0.60] p=0.93 p=029
p =047

Note: Values are mean + SD. 95% CL: 95% confidence limits. HR: Heart rate. bpm: Beats per minute. \'/'OZ: Oxygen uptake. RER: Respiratory exchange ratio. RPE: Rate

of perceived exertion. BLA: Blood lactate. CHO oxidation: Carbohydrate oxidation. AU: Arbitrary units.
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Table 3. Comparison of physiological and perceptual measures of national-level rowing athletes taken during a 4-min time trial, before (Pre) and after (Post) a

10-session heat acclimation intervention.

HEAT
Pre Post Within-group

differences
(Mean [95% CL])

Average 383 + 51 387 +53 |4[-4;13]

Power d =0.83[-0.87; 2.52]

(W) p=0.30

HR e 186 + 6 182+7 |-4[-7;-2]

(bpm) d = -1.34 [-2.09; -0.58]
p =0.003

Relative VO, | 62452 | 60.9£50 | -1.5[-2.6;-03]

(mlvkg’l-min’ d=-1.12[-2.02; -0.22]

b p=0.02

Absolute 5.1+0.6 49+0.6 |-0.14[-0.23.; -0.04]

Vo, d=-1.53 [-2.61;-0.45]

(L-min™) p=001

RER 1.09 +0.03 | 1.12 + 0.04 | 0.03 [0.00; 0.07]

d=2.261[-0.21;4.73]
p =0.06

RPE 19+ 0 20+1 | 1[052]

(AU) d =1.79 [-0.08; 3.66]
p=0.06

BLA 175+1.8 | 18.6+1.9 |1.[-0.5;2.7]

(mmol-L™) d =127 [-0.63; 3.18]
p=0.17

Pre

364+79

190 +7

60.6 £ 5.5

4.7+1.0

1.07 £ 0.07

18.1+1.6

Post

360 £ 78

191+7

60.2+54

4.7+0.9

1.06 = 0.09

17.1£2.8

CON

Within-group
differences
(Mean [95% CL])

-4(-12;4)
d=-0.38[-1.13;0.37]
p=0.28

1[-1;3]
d=0.79 [-0.74; 2.32]
p=0.27

0.4 [-1.5;0.7]
d =-0.41 [-1.46; 0.64]
p=0.40

-0.07 [-0.16; 0.02]
d=-0.70 [-1.58; 0.18]
p=0.11

-0.01 [-0.04; 0.03]
d =-0.20 [-0.92; 0.52]
p=0.59

0[0; 1]
d =0.32 [-0.42; 1.06]
p=035

-0.9 [-2.4; 0.6]
d=-0.46 [-1.19;0.28]
p=0.19

Between-group
differences
(Mean [95% CL])

8 [-3; 20]
d =0.96 [-0.36; 2.29]
p=0.13

-6 [-10; -2]
d=-2.27[-3.91; -0.64]
p=0.02

-1.0 [-2.7; 0.6]
d =-0.90 [-2.34; 0.54]
p=0.19

-0.07 [-0.20; 0.06]
d =-0.69 [-2.05; 0.66)
p=0.28

0.04 [-0.01; 0.09]
d=1.18 [-0.17;2.53]
p=0.08

1[-2;4]
d =0.49 [-0.67; 1.65]
p=0.35

2.0 [-0.1;4.2]
d =1.25 [-0.09; 2.59]
p=0.06

Main effects/
Interactions
Group |Time |Group
P=) |(p=) |x
Time
(p=)
0.57 0.97 0.15
0.13 0.06 0.01
0.71 0.03 0.17
0.53 0.006 |0.28
0.31 0.27 0.08
0.03 0.0496 | 0.38
0.70 0.87 0.07

Note: Values are mean + SD. 95% CL: 95% confidence limits. HR: Heart rate. Bpm: Beats per minute. VOZ: Oxygen uptake. RER: Respiratory exchange ratio. RPE: Rate

of perceived exertion. BLA: Blood lactate.

https://doi.org/10.1371/journal.pone.0273909.t003

CON (Table 3). Group x time interactions and main effects for group and time can be seen in
Table 3. Individual changes can be seen for all 4-min variables in Fig 3.

Discussion

The aim of the current study was to firstly investigate if a 10-session HA protocol could induce
favourable physiological and perceptual adaptations during submaximal and maximal rowing.
Secondly, if these adaptations ultimately improve 4-min TT performance within temperate
conditions in national-level rowers. Following a 10-session (60-min/session) HA protocol,
HEAT elicited numerous physiological adaptations consistent with HA, including large
changes in blood parameters such as PV, Hb and Hct, along with increased sweat loss,
decreased tympanic temperature and decreased HR at a prescribed absolute intensity in hot
conditions. When comparing HEAT to CON during the ‘10+4 rowing ergometer test in tem-
perate conditions (20°C), HEAT showed large non-significant increases in RER and BLA, and
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Fig 3. Percent change in average power output (A) relative peak oxygen uptake; VO, (B), peak heart rate; HReqi. (C), rating of
perceived exertion; RPE (D), respiratory exchange ratio; RER (E) and blood lactate; BLA (F) pre—post a 10-day heat acclimation in
national-level rowers. Group data are presented as mean + SD. Statistical significance (p >0.05) is denoted by the symbol (*). Effects
are illustrated via letters, with the following used to identify the magnitude of change; S (small), M (medium), L (large). Bolded
letters and numerals represent between-group changes whilst non-bolded represent within-group changes.

https://doi.org/10.1371/journal.pone.0273909.9003

a large non-significant decrease in RPE when rowing at 95% of 30min TT PO. When HEAT
and CON were compared during the 4-min TT component of the ‘10+4’, HEAT showed a
large significant decrease in HRc.x, large non-significant decreases in RPE and VO2p€ak and
large non-significant increases in RER and PO. The findings of this study suggest that a 10-ses-
sion HA exposure can enhance physiological and perceptual training adaptations in national-
level rowers and, although not reaching statistical significance, HA may have the potential to
improve 4-min TT performance.

Debate continues as to whether HA can improve exercise performance in temperate condi-
tions. Opposing views on this topic were put forward in a 2016 cross talk debate, with Minson
and Cotter [15] arguing in favour of HA, whilst Nybo and Lundby [16] proposed not enough
evidence was available to support the use of HA to improve performance in temperate condi-
tions. Since this debate, further evidence has arisen for both sides of the argument. McCleave
etal. [20] and Rendell et al. [38] suggest that HA can improve temperate-condition TT perfor-
mance in well-trained endurance athletes, whilst Neal et. al [39] found HA to improve lactate
threshold but not TT performance in well-trained cyclists. Furthermore, Zurawlew et. al [40]
found similar findings to those of Keiser [17] and Karlsen [18]; that despite HA, increased TT
performance was seen in hot but not temperate conditions. The current study further adds to
literature pertaining to the impact of HA on exercise performance, with our findings suggest-
ing that a 10-session HA protocol can elicit many signs of HA and has the potential to improve
short-duration (4-min) rowing TT performance in temperate conditions (20°C).

The large increase (d = 0.96) in 4-min PO in HEAT when compared to CON in the current
study supports the use of HA as a potential ergogenic aid for exercise performance in temper-
ate conditions, specifically short-duration rowing TT performance. Although not statistically
significant (p = 0.13), performance effects of HA ranged from -3W to 20W. Given that a divi-
sion of 3 has been suggested when converting rowing ergometer power improvement to sec-
onds [41], the effects of HA on performance when comparing HEAT to CON ranged from ~1s
slower through to ~7s faster in our study. As the first four positions of the 2021 Olympic men’s
heavyweight Single Scull A Final were separated by no more than 2.3s in total (first place;
6:40.45, fourth place; 6:42.73) [42], the potential performance benefits of HA appear to out-
weigh the negatives from a practitioner perspective. It is worth highlighting that an improve-
ment in rowing ergometer performance does not necessarily mean that an on-water
improvement will be seen, as other factors such as technique, conditions and body mass may
all effect on-water performance. However, significant (p<0.05) correlations have previously
been shown between rowing ergometer performance and world ranking in elite-level rowers;
heavyweight men (r = 0.72), lightweight men (r = 0.78), heavyweight female (r = 0.75) and
lightweight female (r = 0.68) [43]. Furthermore, Nevill et al. [44] has shown a significant rela-
tionship exists between rowing ergometer performance and on-water time (r = 0.54), with
even stronger associations when bodyweight is accounted for (r = 0.77). The combination of
both Mikuli¢ et al. [43] and Nevill et al.’s [44] findings suggest rowing ergometer improve-
ments are important and reflective of the athletes on-water capability, with our findings
highlighting HA as a potential ergogenic aid to improve rowing ergometer performance.

The only other study [8] to investigate the effect of HA on rowing ergometer performance
was performed in hot conditions (35°C). Garrett and colleagues [8] found a 4s improvement
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in 2000m rowing performance in elite-level rowers following 5 x 90-min heat exposures.
When converted to average power output [41], this improvement would equate to approxi-
mately 12W. In comparison, the improvement seen in our study in HEAT when compared to
CON was 8W. The improvements in rowing performance seen in the Garrett et al. study [8]
were accompanied by a 14 bpm decrease in HR at the completion of a 20-min submaximal
rowing test, and 4.5% increase in PV from pre- to post intervention, with Garrett et al. [8] sug-
gesting that PV expansion assisted the 2000m TT improvement seen in their study.

One of the proposed mechanisms for improved performance in temperate conditions fol-
lowing HA is a PV expansion associated increased VO, . In our study, HA induced a PV
expansion of 19% in HEAT, while [Hb] and Hct fell by 7% and 13%, respectively. Given
VO
[Hb], at some point PV expansion and the consequent hemodilution can be large enough that
O, carrying capacity is reduced [45]. For example, Coyle et al. [45] found that a 7-10% PV
by 4%. Whereas, a
PV expansion of ~17% elicited much greater hemodilution (11%) and did not improve VO
[45]. Therefore, the 1.5 mlkg '.min™' decrease in VOQPe&k (d =-1.12) seen in HEAT in our
study could potentially be explained by the 19% PV expansion (d = 3.74) and 1.1 g.L”' hemodi-
lution (d = -1.78) observed following the intervention. As rowing TT performance is highly
correlated with VO 10-12], the 1.0 mLkg ".min"" decrease in VO2peak in HEAT when com-
pared to CON (d = -0.90) theoretically has the potential to negatively impact rowing perfor-

improvements are likely dependant on the interaction between PV expansion and

2max

expansion elicited only moderate hemodilution (4%) and increased VO

2max

2max

2max [

mance. Interestingly, the non-significant decrease in VOzpealk was accompanied by a large
significant decrease in HR,eqi. This decrease in HR o may be a result of the large PV expan-
sion seen in the HEAT, theoretically leading to an increase in stroke volume and a subsequent
maintenance of cardiac output with a decreased HR. However, as both stroke volume and car-
diac output were not measured during our study, further research is required to substantiate
this proposed mechanism. Nevertheless, the large significant and non-significant decreases in
HRpeax and VOZP&ak, respectively, did not appear to negatively affect 4-min PO in the national-
level rowers in our study, with HEAT showing potentially large improvements in rowing per-
formance. Therefore, potential improvements in 4-min PO seen following HA in our study
may possibly be explained by physiological and perceptual variables other than VOzpeak.
Further possible explanations for the improvement seen in 4-min TT performance in
HEAT during our study include greater anaerobic energy utilisation during the ‘10 + 4’ or the
greater relative intensity performed by HEAT during the intervention sessions. The large
increase in RER and BLA during the 4-min TT combined with the moderate increase and
decrease in carbohydrate oxidation and fat oxidation respectively during the 10-min submaxi-
mal work effort, suggest that an increased utilisation of the anaerobic energy system may have
occurred. Given anerobic energy system contribution has been shown to account for approxi-
mately 21-30% of energy supply during 2000m rowing ergometer TT’s [46] and as much as
50-60% in 1000m rowing ergometer T'T’s [47], greater anaerobic energy utilisation has the
potential to improve performance in short-duration all-out efforts. As the distance rowed dur-
ing the 4-min TT in this study would sit somewhere between these two distances (1000-
2000m), an increased ability to produce high levels of anerobic glycolysis could potentially
account for the large improvements seen in HEAT when compared to CON. However, the fact
that HEAT exercised at ~10% greater relative intensity than CON during the intervention can-
not be disregarded and may have contributed to the greater 4-min TT performance seen.
While possible, it would seem unlikely that a ~10% greater relative intensity over a 10-day
period would have a large effect on national-level athletes TT performance due to the athletes
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already high levels of aerobic fitness. Nevertheless, as neither the measurement of energy sys-
tem contribution nor the effect of relative versus absolute intensity prescription were primary
aims of the study, coupled with dietary intake not stringently controlled during the 24h pre-
ceding performance testing, further research into these areas would be worthwhile.

Despite the promising results of the present study, the authors acknowledge the small sam-
ple size used in this study as a limitation. This was due to the limited availability of national-
level rowers, which were selected for this study to ensure our findings were applicable to high-
level athletes. Therefore, future HA rowing studies involving greater participants to allow
clearer interpretations of findings would be of significant value. The authors also acknowledge
the limitations of tympanic temperature, with opposing findings regarding the efficacy of tym-
panic temperature to determine change in core temperature [48-52]. For example, Easton
et al. [50] and Huggins et al. [53] have shown tympanic temperature to underestimate core
temperature during exercise by 0.9-1.1°C. In contrast, a recent study by Fenemor et al. [48]
showed no significant difference between core temperature recordings assessed via tympanic
temperature or ingestible core temperature pills, with a mean bias of 0.1°C and a CV of 1.0%.
Given this conflicting evidence, the authors suggest that caution should be taken when using
tympanic temperature to determine changes in core temperature. However, tympanic temper-
ature measurements may provide an indication of temperature change within the athletes in a
less invasive method than either rectal or ingestible core temperature pills. The authors also
recommend that tympanic temperature should not be used in isolation to ascertain whether
heat acclimation occurred, but its use in conjunction with other physiological and perceptual
measures such as HR, RPE and sweat loss may assist with such inferences.

In conclusion, our study adds a novel perspective on the effectiveness of HA to improve
rowing performance in temperate conditions. Our study shows that a 10-session HA protocol
may elicit HA and has the potential to improve temperate-condition 4-min TT performance
in national-level rowers.

Acknowledgments

The authors thank the coaches and athletes for volunteering to take part in the study. The
authors also thank the Tasmanian Institute of Sport for the use of training and monitoring
equipment. Christopher Minson is supported by the Wu Tsai Human Performance Alliance,
the Joe and Clara Tsai Foundation, and the Kenneth M. and Kenda H. Singer Endowed
Professorship.

Author Contributions

Conceptualization: Calvin P. Philp, Cecilia M. Kitic, James W. Fell, Martin Buchheit, Christo-
pher T. Minson, John R. Gregory, Greig Watson.

Data curation: Calvin P. Philp, Denis C. Visentin, Cecilia M. Kitic, James W. Fell, John R.
Gregory, Greig Watson.

Formal analysis: Calvin P. Philp, Nathan W. Pitchford, Denis C. Visentin, James W. Fell, Mar-
tin Buchheit, Greig Watson.

Investigation: Calvin P. Philp, John R. Gregory, Greig Watson.

Methodology: Calvin P. Philp, Cecilia M. Kitic, James W. Fell, Martin Buchheit, Christopher
T. Minson, John R. Gregory, Greig Watson.

Project administration: Calvin P. Philp, Nathan W. Pitchford, Cecilia M. Kitic, John R. Greg-
ory, Greig Watson.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273909  September 1, 2022 14/17


https://doi.org/10.1371/journal.pone.0273909

PLOS ONE

Heat acclimation improves rowing performance

Resources: John R. Gregory.

Supervision: Nathan W. Pitchford, Denis C. Visentin, Cecilia M. Kitic, James W. Fell, John R.
Gregory, Greig Watson.

Validation: Calvin P. Philp, Nathan W. Pitchford, Denis C. Visentin, Greig Watson.
Visualization: Calvin P. Philp.

Writing - original draft: Calvin P. Philp, Nathan W. Pitchford, Denis C. Visentin, Cecilia M.
Kitic, James W. Fell, Greig Watson.

Writing - review & editing: Calvin P. Philp, Nathan W. Pitchford, Denis C. Visentin, Cecilia
M. Kitic, James W. Fell, Martin Buchheit, Christopher T. Minson, John R. Gregory, Greig
Watson.

References

1.  Wyndham CH, Rogers GG, Senay LC, Mitchell D. Acclimization in a hot, humid environment: cardiovas-
cular adjustments. J Appl Physiol. 1976; 40(5):779-85. https://doi.org/10.1152/jappl.1976.40.5.779
PMID: 931906

2. Garrett AT, Goosens NG, Rehrer NJ, Patterson MJ, Harrison J, Sammut |, et al. Short-term heat accli-
mation is effective and may be enhanced rather than impaired by dehydration. Am J Hum Biol. 2014; 26
(3):311-20. https://doi.org/10.1002/ajhb.22509 PMID: 24469986

3. Sawka MN, Pandolf KB, Avellini BA, Shapiro Y. Does heat acclimation lower the rate of metabolism elic-
ited by muscular exercise? Aviation, Space, And Environmental Medicine. 1983; 54(1):27-31. PMID:
6830554

4. Bass DE, Buskirk ER, lampietro PF, Mager M. Comparison of blood volume during physical condition-
ing, heat acclimatization and sedentary living. J Appl Physiol. 1958; 12(2):186-8. https://doi.org/10.
1152/jappl.1958.12.2.186 PMID: 13525258

5. Lorenzo S, Halliwill JR, Sawka MN, Minson CT. Heat acclimation improves exercise performance. J
Appl Physiol. 2010; 109(4):1140-7. https://doi.org/10.1152/japplphysiol.00495.2010 PMID: 20724560

6. Sawka MN, Young AJ, Cadarette BS, Levine L, Pandolf KB. Influence of heat stress and acclimation on
maximal aerobic power. Eur J Appl Physiol Occup Physiol. 1985; 53(4):294-8. https://doi.org/10.1007/
BF00422841 PMID: 4039255

7. Sunderland C, Morris JG, Nevill ME. A heat acclimation protocol for team sports. Br J Sports Med.
2008; 42(5):327-33. https://doi.org/10.1136/bjsm.2007.034207 PMID: 18460609

8. Garrett AT, Creasy R, Rehrer NJ, Patterson MJ, Cotter JD. Effectiveness of short-term heat acclimation
for highly trained athletes. Eur J Appl Physiol. 2012; 112(5):1827-37. https://doi.org/10.1007/s00421-
011-2153-3 PMID: 21915701

9. Scoon G, Hopkins W, Mayhew S, Cotter J. Effect of post-exercise sauna bathing on the endurance per-
formance of competitive male runners. J Sci Med Sport. 2007; 10(4):259-62. https://doi.org/10.1016/j.
jsams.2006.06.009 PMID: 16877041

10. Ingham SA, Whyte GP, Jones K, Nevill AM. Determinants of 2,000 m rowing ergometer performance in
elite rowers. Eur J Appl Physiol. 2002; 88(3):243—6. https://doi.org/10.1007/s00421-002-0699-9 PMID:
12458367

11.  Cosgrove MJ, Wilson J, Watt D, Grant SF. The relationship between selected physiological variables of
rowers and rowing performance as determined by a 2000 m ergometer test. J Sports Sci. 1999; 17
(11):845-52. https://doi.org/10.1080/026404199365407 PMID: 10585164

12. Kramer JF, Leger A, Paterson DH, Morrow A. Rowing performance and selected descriptive, field, and
laboratory variables. Can J Appl Physiol. 1994; 19(2):174—84. https://doi.org/10.1139/h94-013 PMID:
8081321

13. AccuWeather Boston, MA 2016 [Available from: https://www.accuweather.com/en/us/boston-ma/
02108/month/348735?monyr=8/01/2017.

14. Daily Weather Summary 2019 [Internet]. 2019 [cited 02/03/2021]. Available from: https://digital.nmla.
metoffice.gov.uk/IO_bb594473-b9e4-49c2-a751-6913210eb63f/.

15. Minson CT, Cotter JD. CrossTalk proposal: Heat acclimatization does improve performance in a cool
condition. The Journal of Physiology. 2016; 594(2):241-3. https://doi.org/10.1113/JP270879 PMID:
26668072

PLOS ONE | https://doi.org/10.1371/journal.pone.0273909  September 1, 2022 15/17


https://doi.org/10.1152/jappl.1976.40.5.779
http://www.ncbi.nlm.nih.gov/pubmed/931906
https://doi.org/10.1002/ajhb.22509
http://www.ncbi.nlm.nih.gov/pubmed/24469986
http://www.ncbi.nlm.nih.gov/pubmed/6830554
https://doi.org/10.1152/jappl.1958.12.2.186
https://doi.org/10.1152/jappl.1958.12.2.186
http://www.ncbi.nlm.nih.gov/pubmed/13525258
https://doi.org/10.1152/japplphysiol.00495.2010
http://www.ncbi.nlm.nih.gov/pubmed/20724560
https://doi.org/10.1007/BF00422841
https://doi.org/10.1007/BF00422841
http://www.ncbi.nlm.nih.gov/pubmed/4039255
https://doi.org/10.1136/bjsm.2007.034207
http://www.ncbi.nlm.nih.gov/pubmed/18460609
https://doi.org/10.1007/s00421-011-2153-3
https://doi.org/10.1007/s00421-011-2153-3
http://www.ncbi.nlm.nih.gov/pubmed/21915701
https://doi.org/10.1016/j.jsams.2006.06.009
https://doi.org/10.1016/j.jsams.2006.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16877041
https://doi.org/10.1007/s00421-002-0699-9
http://www.ncbi.nlm.nih.gov/pubmed/12458367
https://doi.org/10.1080/026404199365407
http://www.ncbi.nlm.nih.gov/pubmed/10585164
https://doi.org/10.1139/h94-013
http://www.ncbi.nlm.nih.gov/pubmed/8081321
https://www.accuweather.com/en/us/boston-ma/02108/month/348735?monyr=8/01/2017
https://www.accuweather.com/en/us/boston-ma/02108/month/348735?monyr=8/01/2017
https://digital.nmla.metoffice.gov.uk/IO_bb594473-b9e4-49c2-a751-6913210eb63f/
https://digital.nmla.metoffice.gov.uk/IO_bb594473-b9e4-49c2-a751-6913210eb63f/
https://doi.org/10.1113/JP270879
http://www.ncbi.nlm.nih.gov/pubmed/26668072
https://doi.org/10.1371/journal.pone.0273909

PLOS ONE

Heat acclimation improves rowing performance

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Nybo L, Lundby C. CrossTalk opposing view: Heat acclimatization does not improve exercise perfor-
mance in a cool condition. J Physiol. 2016; 594(2):245-7. https://doi.org/10.1113/JP270880 PMID:
26667955

Keiser S, Fliick D, Huppin F, Stravs A, Hilty MP, Lundby C. Heat training increases exercise capacity in
hot but not in temperate conditions: a mechanistic counter-balanced cross-over study. American Jour-
nal of Physiology—Heart and Circulatory Physiology. 2015.

Karlsen A, Racinais S, Jensen MV, Ngrgaard SJ, Bonne T, Nybo L. Heat acclimatization does not
improve VO2max or cycling performance in a cool climate in trained cyclists. Scand J Med Sci Sports.
2015; 25:269-76. https://doi.org/10.1111/sms.12409 PMID: 25943678

Rowland T. Endurance athletes’ stroke volume response to progressive exercise: a critical review.
Sports Med. 2009; 39:687+. https://doi.org/10.2165/00007256-200939080-00005 PMID: 19769416

McCleave EL, Slattery KM, Duffield ROB, Saunders PU, Sharma AP, Crowcroft SJ, et al. Temperate
Performance Benefits after Heat, but Not Combined Heat and Hypoxic Training. Med Sci Sports Exerc.
2017; 49(3):509-17. https://doi.org/10.1249/MSS.0000000000001138 PMID: 27787334

Buchheit M, Voss SC, Nybo L, Mohr M, Racinais S. Physiological and performance adaptations to an
in-season soccer camp in the heat: associations with heart rate and heart rate variability. Scand J Med
Sci Sports. 2011; 21(6):e477-85. https://doi.org/10.1111/j.1600-0838.2011.01378.x PMID: 22092960

Racinais S, Buchheit M, Bilsborough J, Bourdon PC, Cordy J, Coutts AJ. Physiological and Perfor-
mance Responses to a Training Camp in the Heat in Professional Australian Football Players. Int J
Sports Physiol Perform. 2014; 9(4):598-603. https://doi.org/10.1123/ijspp.2013-0284 PMID: 24088292

Rowell LB, Marx HJ, Bruce RA, Conn RD, Kusumi F. Reductions in cardiac output, central blood vol-
ume, and stroke volume with thermal stress in normal men during exercise. The Journal Of Clinical
Investigation. 1966; 45(11):1801-16. https://doi.org/10.1172/JCI105484 PMID: 5926447

Abbiss CR, Burnett A, Nosaka K, Green JP, Foster JK, Laursen PB. Effect of hot versus cold climates
on power output, muscle activation, and perceived fatigue during a dynamic 100-km cycling trial. J
Sports Sci. 2010; 28(2):117-25. https://doi.org/10.1080/02640410903406216 PMID: 20391088

Philp CP, Buchheit M, Kitic CM, Minson CT, Fell JW. Does Short-Duration Heat Exposure at a Matched
Cardiovascular Intensity Improve Intermittent Running Performance in a Cool Environment? Int J
Sports Physiol Perform. 2016:1-23.

Thornton J, Vinther A, Wilson F, Lebrun C, Wilkinson M, Ciacca S, et al. Rowing Injuries: An Updated
Review. Sports Med. 2017; 47(4):641-61. https://doi.org/10.1007/s40279-016-0613-y PMID:
27577685

Warden SJ, Rath DA, Morris HG, Hodges PW, Gutschlag FR. Rib bone strain and muscle activity in the
etiology of rib stress fractures in rowers. Med Sci Sports Exerc. 2003; 35:S61-S.

Morris FL, Smith RM, Payne WR, Galloway MA, Wark JD. Compressive and shear force generated in
the lumbar spine of female rowers. Int J Sports Med. 2000; 21(7):518-23. https://doi.org/10.1055/s-
2000-7409 PMID: 11071056

Rice AJ. Information for Coaches and Scientists. 2013-2016 Australian Rowing Team Ergometer Pro-
tocols 2015 [3.0:[Available from: https://www.rowingaustralia.com.au/wp-content/uploads/2015/02/
2013-2016-National-Rowing-Ergometer-Protocols-V3.0.pdf.

Daily Maximum Temperature—Hobart (Ellersie Road) http://www.bom.gov.au/jsp/ncc/cdio/
weatherData/av?p_nccObsCode=122&p_display_type=dailyDataFile&p_startYear=2014&p_c=-
17682854808&p_stn_num=094029 Accessed 29/01/2022 [Internet]. Bureau of Meteorology, Common-
wealth of Australia, Melbourne, 2014. [cited 02/03/2021]. Available from: http://www.bom.gov.au/jsp/
ncc/cdio/weatherData/av?p_nccObsCode=122&p_display_type=dailyDataFile&p_startYear=2019&p_
¢c=-1480502967&p_stn_num=086038.

Périard JD, Racinais S, Sawka MN. Adaptations and mechanisms of human heat acclimation: Applica-
tions for competitive athletes and sports. Scand J Med Sci Sports. 2015; 25:20-38. https://doi.org/10.
1111/sms.12408 PMID: 25943654

Jeukendrup A, Wallis G. Measurement of substrate oxidation during exercise by means of gas
exchange measurements. Int J Sports Med. 2005; 26(S 1):S28-S37. https://doi.org/10.1055/s-2004-
830512 PMID: 15702454

Péronnet F, Massicotte D. Table of nonprotein respiratory quotient: an update. Canadian journal of
sport sciences = Journal canadien des sciences du sport. 1991; 16(1):23-9. PMID: 1645211

Dill D, Costill DL. Calculation of percentage changes in volumes of blood, plasma, and red cells in dehy-
dration. J Appl Physiol. 1974; 37(2):247-8. https://doi.org/10.1152/jappl.1974.37.2.247 PMID: 4850854

Hopkins W, Marshall S, Batterham A, Hanin J. Progressive statistics for studies in sports medicine and
exercise science. Medicine Science in Sports Exercise. 2009; 41(1):3. https://doi.org/10.1249/MSS.
0b013e31818cb278 PMID: 19092709

PLOS ONE | https://doi.org/10.1371/journal.pone.0273909  September 1, 2022 16/17


https://doi.org/10.1113/JP270880
http://www.ncbi.nlm.nih.gov/pubmed/26667955
https://doi.org/10.1111/sms.12409
http://www.ncbi.nlm.nih.gov/pubmed/25943678
https://doi.org/10.2165/00007256-200939080-00005
http://www.ncbi.nlm.nih.gov/pubmed/19769416
https://doi.org/10.1249/MSS.0000000000001138
http://www.ncbi.nlm.nih.gov/pubmed/27787334
https://doi.org/10.1111/j.1600-0838.2011.01378.x
http://www.ncbi.nlm.nih.gov/pubmed/22092960
https://doi.org/10.1123/ijspp.2013-0284
http://www.ncbi.nlm.nih.gov/pubmed/24088292
https://doi.org/10.1172/JCI105484
http://www.ncbi.nlm.nih.gov/pubmed/5926447
https://doi.org/10.1080/02640410903406216
http://www.ncbi.nlm.nih.gov/pubmed/20391088
https://doi.org/10.1007/s40279-016-0613-y
http://www.ncbi.nlm.nih.gov/pubmed/27577685
https://doi.org/10.1055/s-2000-7409
https://doi.org/10.1055/s-2000-7409
http://www.ncbi.nlm.nih.gov/pubmed/11071056
https://www.rowingaustralia.com.au/wp-content/uploads/2015/02/2013-2016-National-Rowing-Ergometer-Protocols-V3.0.pdf
https://www.rowingaustralia.com.au/wp-content/uploads/2015/02/2013-2016-National-Rowing-Ergometer-Protocols-V3.0.pdf
http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p_nccObsCode=122&p_display_type=dailyDataFile&p_startYear=2014&p_c=-1768285480&p_stn_num=094029
http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p_nccObsCode=122&p_display_type=dailyDataFile&p_startYear=2014&p_c=-1768285480&p_stn_num=094029
http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p_nccObsCode=122&p_display_type=dailyDataFile&p_startYear=2014&p_c=-1768285480&p_stn_num=094029
http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p_nccObsCode=122&p_display_type=dailyDataFile&p_startYear=2019&p_c=-1480502967&p_stn_num=086038
http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p_nccObsCode=122&p_display_type=dailyDataFile&p_startYear=2019&p_c=-1480502967&p_stn_num=086038
http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p_nccObsCode=122&p_display_type=dailyDataFile&p_startYear=2019&p_c=-1480502967&p_stn_num=086038
https://doi.org/10.1111/sms.12408
https://doi.org/10.1111/sms.12408
http://www.ncbi.nlm.nih.gov/pubmed/25943654
https://doi.org/10.1055/s-2004-830512
https://doi.org/10.1055/s-2004-830512
http://www.ncbi.nlm.nih.gov/pubmed/15702454
http://www.ncbi.nlm.nih.gov/pubmed/1645211
https://doi.org/10.1152/jappl.1974.37.2.247
http://www.ncbi.nlm.nih.gov/pubmed/4850854
https://doi.org/10.1249/MSS.0b013e31818cb278
https://doi.org/10.1249/MSS.0b013e31818cb278
http://www.ncbi.nlm.nih.gov/pubmed/19092709
https://doi.org/10.1371/journal.pone.0273909

PLOS ONE

Heat acclimation improves rowing performance

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wasserstein RL, Schirm AL, Lazar NA. Moving to a World Beyond “p < 0.05”. The American Statistician.
2019; 73(sup1):1-19.

Wasserstein RL, Lazar NA. The ASA Statement on p-Values: Context, Process, and Purpose. The
American Statistician. 2016; 70(2):129-33.

Rendell RA, Prout J, Costello JT, Massey HC, Tipton MJ, Young JS, et al. Effects of 10 days of separate
heat and hypoxic exposure on heat acclimation and temperate exercise performance. American Journal
Of Physiology Regulatory, Integrative And Comparative Physiology. 2017; 313(3):R191-R201. https:/
doi.org/10.1152/ajpregu.00103.2017 PMID: 28592459

Neal RA, Corbett J, Massey HC, Tipton MJ. Effect of short-term heat acclimation with permissive dehy-
dration on thermoregulation and temperate exercise performance. Scand J Med Sci Sports. 2016; 26
(8):875-84. https://doi.org/10.1111/sms.12526 PMID: 26220213

Zurawlew MJ, Walsh NP, Fortes MB, Potter C. Post-exercise hot water immersion induces heat accli-
mation and improves endurance exercise performance in the heat. Scand J Med Sci Sports. 2016; 26
(7):745-54. https://doi.org/10.1111/sms.12638 PMID: 26661992

Schabort EJ, Hawley JA, Hopkins WG, Blum H. High reliability of performance of well-trained rowers on
a rowing ergometer. J Sports Sci. 1999; 17(8):627-32. hitps://doi.org/10.1080/026404199365650
PMID: 10487463

2020 OLYMPIC GAMES REGATTA [Internet]. World Rowing. [cited 29/01/2022]. Available from:
https://worldrowing.com/event/2020-olympic-games-regatta.

Mikuli¢ P, Smoljanovi¢ T, Bojani¢ |, Hannafin J, Matkovi¢ B. Relationship between 2000-m rowing
ergometer performance times and World Rowing Championships rankings in elite-standard rowers. J
Sports Sci. 2009; 27(9):907—13. https://doi.org/10.1080/02640410902911950 PMID: 19629840

Nevill AM, Beech C, Holder RL, Wyon M. Scaling concept |l rowing ergometer performance for differ-
ences in body mass to better reflect rowing in water. Scand J Med Sci Sports. 2010; 20(1):122-7.
https://doi.org/10.1111/j.1600-0838.2008.00874.x PMID: 19210670

Coyle EF, Hopper MK, Coggan AR. Maximal oxygen uptake relative to plasma volume expansion. Int J
Sports Med. 1990; 11(2):116-9. https://doi.org/10.1055/s-2007-1024774 PMID: 1692570

Secher NH. Rowing. In, Shephard RJand Astrand PO(eds), Endurance in sport, Oxford, Blackwell Sci-
entific Publications, 1992, p 563-569. 1992.

Nurjaya D, Ma’'mun A, Rusdiana A. Prediction of 2000 Meters Indoor Rowing Performance Using a 100
Meters Sprint, 60 Second Sprint and 6000 Meter Test. 2019.

Fenemor SP, Gill ND, Sims ST, Beaven CM, Driller MW. Validity of a Tympanic Thermometer and Ther-
mal Imaging Camera for Measuring Core and Skin Temperature during Exercise in the Heat. Measure-
ment in Physical Education & Exercise Science. 2020; 24(1):49-55.

Postma CT, Wahjudi J, Kamps JA, de Boo T, van der Meer JW. [Measurement of the body temperature
of adults by rectal digital thermometer and the infrared tympanic thermometer: equally good results in
the department of internal medicine]. Ned Tijdschr Geneeskd. 1997; 141(19):942—6. PMID: 9340540

Easton C, Fudge BW, Pitsiladis YP. Rectal, telemetry pill and tympanic membrane thermometry during
exercise heat stress. J Therm Biol. 2007; 32(2):78—86.

Yeoh WK, Lee JKW, Lim HY, Gan CW, Liang W, Tan KK. Re-visiting the tympanic membrane vicinity
as core body temperature measurement site. PLoS One. 2017; 12(4):e0174120. https://doi.org/10.
1371/journal.pone.0174120 PMID: 28414722

Doyle F, Zehner WJ, Terndrup TE. The effect of ambient temperature extremes on tympanic and oral
temperatures. The American journal of emergency medicine. 1992; 10(4):285-9. https://doi.org/10.
1016/0735-6757(92)90003-g PMID: 1616513

Huggins R, Glaviano N, Negishi N, Casa DJ, Hertel J. Comparison of rectal and aural core body temper-
ature thermometry in hyperthermic, exercising individuals: a meta-analysis. J Athl Train. 2012; 47
(3):329-38. https://doi.org/10.4085/1062-6050-47.3.09 PMID: 22892415

PLOS ONE | https://doi.org/10.1371/journal.pone.0273909  September 1, 2022 17/17


https://doi.org/10.1152/ajpregu.00103.2017
https://doi.org/10.1152/ajpregu.00103.2017
http://www.ncbi.nlm.nih.gov/pubmed/28592459
https://doi.org/10.1111/sms.12526
http://www.ncbi.nlm.nih.gov/pubmed/26220213
https://doi.org/10.1111/sms.12638
http://www.ncbi.nlm.nih.gov/pubmed/26661992
https://doi.org/10.1080/026404199365650
http://www.ncbi.nlm.nih.gov/pubmed/10487463
https://worldrowing.com/event/2020-olympic-games-regatta
https://doi.org/10.1080/02640410902911950
http://www.ncbi.nlm.nih.gov/pubmed/19629840
https://doi.org/10.1111/j.1600-0838.2008.00874.x
http://www.ncbi.nlm.nih.gov/pubmed/19210670
https://doi.org/10.1055/s-2007-1024774
http://www.ncbi.nlm.nih.gov/pubmed/1692570
http://www.ncbi.nlm.nih.gov/pubmed/9340540
https://doi.org/10.1371/journal.pone.0174120
https://doi.org/10.1371/journal.pone.0174120
http://www.ncbi.nlm.nih.gov/pubmed/28414722
https://doi.org/10.1016/0735-6757%2892%2990003-g
https://doi.org/10.1016/0735-6757%2892%2990003-g
http://www.ncbi.nlm.nih.gov/pubmed/1616513
https://doi.org/10.4085/1062-6050-47.3.09
http://www.ncbi.nlm.nih.gov/pubmed/22892415
https://doi.org/10.1371/journal.pone.0273909

