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Errors of Measurement for Blood Parameters and Physiological and
Performance Measures After the Decay of Short-Term Heat Acclimation

Andrew T. Garrett1,2, Nancy J. Rehrer2, Mark J. Patterson3, Andrew J. Simpson1, and
James D. Cotter2

1University of Hull, UK
2University of Otago, New Zealand

3Defence Science Technology Organisation (DSTO), Australia

Abstract

Introduction: It is important to determine the accuracy of measurements relative to potential treatment effects, with time intervals
between tests. Purpose: The aim of this study was to assess the error of measurement for blood parameters and physiological and
performance measures after the decay of short-term heat acclimation. Methods: Ten trained males (mean ¡ SD: age 28 ¡ 7 years; body
mass 74.6 ¡ 4.4 kg; 4.26 ¡ 0.37 L min21; peak power output (PPO) 329 ¡ 42 W) completed an exercising heat stress test at baseline,
the second day after acclimation, and then during decay at 1, 2, 3, and 5–6 weeks. CoV (95% CI), SE (95% CI), and Pearson’s r were used
for analysis of blood volume (blood, plasma, red cell volume, mean hemoglobin mass); plasma (aldosterone, arginine vasopressin, total
protein, albumin, sodium); physiological measures (rectal temperature, cardiac frequency); and performance (exercise performance
capacity, PPO). Results: The CoV (95% CI), SE (95% CI), and r with a 1-week interval for blood volume was 2.3% (1.6 to 4.3; 1.9 [1.3 to
3.4 mL kg21]; r 5 0.93; n 5 10). After 2 weeks and 5–6 weeks this had increased to 4.9% (3.4 to 9.3; 3.8 [2.6 to 7.0 mL kg21]; r 5 0.76;
n 5 9) and 5.5% (3.6 to 12.8; 4.5 [2.9 to 10.0 mL kg21]; r 5 0.65; n 5 7) respectively. Conclusions: Blood volume and physiological
measures demonstrated the least error one week apart but error increased thereafter. Plasma concentrations and performance markers had
the greatest error with repeat measures after one week. Therefore, for greater reliability and low measurement error, measures should be
taken no more than one week apart in repeated experimentation.

Keywords: blood volume, standard error, reliability

Introduction

Physiological and biological outcome measures are a cornerstone of sport and exercise science research. Humans often
exhibit a wide range of responses to environmental stressors (Hecksteden et al., 2015, 2018; Hopkins, 2015). This
variability is a composite of individual physiological differences and measurement errors. A comprehensive understanding
of the variability and reproducibility of outcome measures is important for research design (Hayden et al., 2004) and to
better understand confidence in the data generated. Providing details regarding the range of reliability and validity statistics
in combination with descriptive statistics has been proposed (Bland & Altman, 1986, 2003; Brunton et al., 2000; Currell &
Jeukendrup, 2008).

Measurement error can be determined from the typical (standard) error of measurement expressed as a coefficient of
variation (CoV) (Petersen et al., 2001; Poulsen et al., 1998) and is typically used for reliability of dependent measures
(Hopkins et al., 1999, 2009, 2001). It is equivalent to the standard deviation of an individual’s repeated measurements,
expressed as a percentage of the mean test score. It is also informative to report an absolute measure of variability, such as
typical error or standard error (SE) (Hopkins et al., 2001).

The CoV has been reported as a useful measure of reliability in sport and exercise (Hopkins, 2000; Hopkins et al., 2001).
A reliable method will have small measurement error and is a prerequisite of validity (Johnstone et al., 2012a, 2012b,
2012c), the extent to which a test actually measures what it intends to measure (Gore et al., 2005). The within-subject
variance and the measurement reproducibility used for repeated measures are useful for establishing the internal quality
control of a study (Hopkins, 2000). We have previously reported the reliability of blood, plasma, red cell volume, and mean
hemoglobin mass as CoV (Garrett et al., 2009).

The measurement of blood volume is an important marker of adaptation to heat stress conditions (Sawka et al., 2000), yet
the reliability of this and other physiological outcomes over repeated measures has received little interest in the literature.
The reliability of the carbon monoxide (CO) rebreathing technique for the measurement of blood volume (a technique used
in the current study) is ,2.5%, from findings in a meta-analysis of 346 estimates of error measurement for several blood
parameters (Gore et al., 2005). Adjusted for 1 day between trials and expressed as CoV, they reported mean errors for mean
hemoglobin mass (2.2%; 90% confidence interval 1.4 to 3.5%) and red cell volume (6.7%; 3.4 to 14%).
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Furthermore, Gore and colleagues (2005) reported that
blood measures even with the smallest error, e.g., the CO
rebreathing technique, showed some increase in error with
increasing time between trials. For example, Eckfeldt and
colleagues (1994) reported within-subject variability
expressed as CoV, 14 days apart, in serum for sodium
(0.6%), albumin (2.8%), and total protein (2.5%). They
recorded the CoV for the measurement techniques used for
the same samples analyzed at least one week apart for
sodium (1.0%), albumin (2.6%), and total protein (2.4%).
The within-subject variability may strongly influence
clinical interpretation of repeated laboratory tests and
increase internal quality control (Eckfeldt et al., 1994).

An acceptable reliability boundary for CoV (,10%) for
exercise performance capacity has been cited in some
papers, though this is not accepted unanimously in the
literature (Atkinson & Nevill, 1998; Currell & Jeukendrup,
2008). Therefore, a reliability study must be designed to
obtain an acceptable precision of within-subject variation
and should take into account the possibility of greater
variability in a sample of participants with a wider range of
ability (Hopkins et al., 1999). Furthermore, the difference
between within-subject variation and repeated measures
should be shown as confidence intervals, as they are useful
for evaluating the limits for internal quality control of a
study (Hopkins, 2000; Hopkins et al., 2009).

There is often measurement error in repeated exercise
performance tests associated with biological test–retest
variation and the type of assessment undertaken. Therefore,
reliability of power in tests of physical performance affects
the precision for assessment of study participants and
random error in a performance test should be minimized by
the choice of test (Hopkins et al., 2001). For example,
performance tests that are based on physiological measures
(e.g., _VO2 peak) have been shown to produce a random error
of ,2–3% in the measure of power output (Paton &
Hopkins, 2001) and this error is a mixture of ergometer
error and biological test–retest variation.

In summary, the determination of the error of measure-
ment over time, within one longitudinal study, for blood
volume, plasma, physiological measures, and performance
measures has received limited attention in the literature.
Therefore, the aim of this work was to calculate the error of
measurement for blood volume, plasma, physiological
measures, and performance measures after the decay of
short-term (5-day) heat acclimation, at intervals of 7–9,
14–16, 22–23, and 41–49 days.

Method

Participants

Participants were 10 volunteers from the University of
Otago. They were male, moderately well trained, and in the
age range of 18–37 years (mean ¡ SD: age 28 ¡ 7 years;
body mass 74.6 ¡ 4.4 kg; _VO2 peak 4.26 ¡ 0.37 L min21;

and peak power output (PPO) 329 ¡ 42 W). This
determination of moderately well-trained status was based
on the _VO2 peak data and all participants actively trained
3–4 days per week. All participants provided written infor-
med consent that detailed the purposes of the study and
were in good health and asymptomatic from cardiovascular
dysfunction. The University of Otago Human Ethics
Committee granted ethical approval (Approval #02/035).

Experimental Design and Overview

Ten participants repeated the same exercising heat stress
test (HST) administered one week before and the second
day after acclimation and then on days 9, 16, 23, and
42–49. This ensured that the reliability of dependent
measures calculated in this study was free from the
effectiveness of the heat acclimation protocol undertaken
(Garrett et al., 2011). The data from this study have
previously been reported by the authors in studies to
investigate the induction and decay of heat acclimation for
moderately trained athletes (Garrett et al., 2009, 2014) and
highly trained athletes (Garrett et al., 2012). Therefore, this
work analyses secondary data. In brief, the HST involved
participants cycling at 40% PPO for a duration of
90 minutes (35 C̊, 60% RH, with a wind speed , 0.5
m s21). They then rested for 10 minutes before commen-
cing a ramp protocol (2% PPO each 30 s) to volitional
fatigue, or a rectal temperature (Tre) >39.5 C̊. Participants’
plasma, physiological, and performance parameters were
measured at rest and in response to the HST. Heat
acclimation consisted of 90-minute exposure on 5 con-
secutive days (40 C̊, 60% RH), using controlled hyperther-
mia (Tre of 38.5 C̊), with no fluid intake allowed during
acclimation bouts.

Participants were fully informed (verbally and in writing)
of the pre-experimental and daily procedures, and asked to
refrain from strenuous exercise for 24 hours prior to each
HST. They were advised to consume a meal high in
carbohydrate and remain fully hydrated the evening before
and immediately after the HST. The detail for standardized
nourishment was based on the feedback from a 3-day
nutritional diary, carried out as part of the familiarization
procedures. This involved the participants reporting in a
diary their typical timing and food consumption over a
3-day period. The participants were asked to use this for
each HST throughout the study to ensure consistency in
nutritional and fluid intake. They were asked to refrain
from alcohol and caffeine consumption on the day of the
HSTs and days 1 to 5 of the acclimation sessions.
Information from the physical activity and nutrition diaries
was not analyzed in the study and was used to provide
consistency for each of the subjects prior to each visit to the
laboratory.

On arrival at the environmental chamber before the
HSTs participants consumed 250 mL of a 4% carbohydrate
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(CHO) fluid to increase the likelihood that they would
begin in a euhydrated state (Armstrong et al., 1994, 1997;
Popowksi et al., 2001). Fluid osmolality was between 240
and 270 mmol kg21, as measured using a vapor pressure
osmometer (Model 5520 Vapro, Wescor, USA). At
approximately 15-minute intervals during HSTs, 150 mL
of 4% CHO solution was consumed, for a total consumption
of 900 mL in 90 minutes. To monitor hydration status,
whole body sweat rate (mL h21) was calculated using
measurements of pre- and post-exercise nude body mass
using scales (¡20 g; Wedderburn Scales, Teraka Seiko,
Tokyo, Japan), calibrated to an accuracy of 0.1 kg with
calibrated masses. Sweat was toweled off before post-
exercise body mass was recorded. Furthermore, urine
samples were obtained before and after HST and acclimation
bouts. Using fresh urine samples, urine specific gravity and
urine color were measured using a calibrated refractometer
(Uricon-N, urine specific gravity refractometer, Atago Co.,
Tokyo, Japan) and urine color chart (Armstrong et al., 1998,
1994) respectively. Urine volume was recorded and urine
osmolality was analyzed after the experiment. Nominal fluid
replacement (100 mL) was given immediately before the
acclimation bouts to limit participants’ perception of fluid
deprivation and no fluid was consumed during the bout itself
(Garrett et al., 2009, 2012, 2014).

Blood volume was measured one week before the pre-
acclimation HST and the first day after acclimation,
followed by days 8, 15, 22, and 41–48 using the CO
rebreathing technique (Burge & Skinner, 1995). This
technique uses mean values for total hemoglobin [Hb],
pre- and post-CO-rebreathing [HbCO], and hematocrit
[Hct] to calculate absolute blood and plasma volumes.
Fluid regulatory measures (aldosterone and arginine
vasopressin [AVP]) were recorded on day one and day
five of the acclimation regime.

Data Analysis

Reliability of dependent measures was calculated using
the CoV (95% CI), SE (95% CI), and Pearson product
moment correlation (r) of the corresponding depen-
dent variable measures. Resting blood volume (BV), plasma
volume (PV), red cell volume (RCV), and mean hemoglobin

mass (MHb) were measured at baseline followed by days 8,
15, 22, and 41–48. Plasma, physiological, and performance
measures at rest and end-exercise were calculated at intervals
from 9 to 16 days, 9 to 23 days, and baseline to 42–49 days
respectively. Plasma measures were aldosterone [aldo]p,
AVP [AVP]p, total protein [TP]p, albumin [alb]p, and
sodium [Na+]p. The physiological measures were rectal
temperature (Tre) and cardiac frequency (fc). Performance
measures were exercise performance capacity and PPO. The
reliability of dependent measures protocol is shown in
Figure 1.

Results

All 10 participants completed the baseline and 2- and
9-day HSTs. Seven participants completed the post 16, 23,
and 42–49 days. Blood and plasma volume was measured
from all ten participants for baseline, 1, 8, and 14 days.
Nine participants were measured for 22 days and seven at
41–48 days.

Reliability of Dependent Measures

In the present study, it had been established that by
9 days and thereafter post-acclimation, the measured depen-
dent variables under investigation had returned to baseline
pre-acclimation values, apart from the fc and exercise
performance variables. Therefore, the reliability of depen-
dent measures after 7, 14, and 42–49 days was calculated
using the CoV (95% CI), SE (95% CI), and r of the
corresponding dependent variable measures from baseline
versus 9 to 16, 9 to 23, and 42–49 days post-acclimation
respectively. The SE reflects the change in two variables.
Because the fc and exercise performance variables had a later
return to baseline after 16 days post-acclimation, the
reliability of dependent measures for these variables, after
a 7-day interval, was calculated on the corresponding
dependent variable measures from baseline versus 16 to 23
days post-acclimation. As a consequence there are no 14-day
reliability data available for fc and exercise performance, but
baseline to 42–49 days interval was calculated the same as
for the other dependent measures.

Figure 1. Experimental design for the reliability of dependent measures at 1, 2, and 5–6 weeks relative to 0-week baseline post-acclimation.
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Blood Volume

Reliability of BV, PV, RCV, and MHb at intervals of 7,
14, and 42–49 days relative to baseline is shown in Table 1.

Low CoV and SE and strong relationships between trials
were recorded for BV, PV, RCV, and MHb when measured
7 days apart. However, CoVs and SEs for BV, PV, RCV,
and MHb were substantially higher when measured after
14 days and especially 42–49 days.

Plasma Measures

Reliability of plasma measures post-acclimation was
determined at intervals of 7 (Table 2), 14 (Table 3), and
42–49 (Table 4) days relative to baseline. It is important to
take into account the intra-assay CoVs for [aldo]p (9.9%),
[AVP]p (5.6%), and [cortisol]p (12.1%) when determining
the reliability of the fluid-regulatory and stress hormones.

Physiological Measures

At rest and after 90 minutes of exercise, both Tre and fc
recorded low CoV and SE, after a 7-day interval. Further-
more, there was moderate to strong relationships within all
of these parameters, between repeated reliability trials.
Similar findings were reported for CoVs and SEs of Tre and
fc at rest and after 90 minutes of exercise, for 14 days.
However, greater CoV and SE were evident, relative to
baseline, for Tre and fc after 90 minutes of exercise, for
42–49 days (Table 5).

Performance Measures

Reliability of exercise performance and power output
was measured at intervals of 7 and 42–49 days relative to
baseline. Results are shown in Table 6.

Table 2
Reliability of plasma measures at 7 days relative to baseline.

Dependent variable n CoV (95% CI) (%) SE (95% CI) r

[aldo]p rest 7 76.4 (63.7 to 438.4) 95.3 (61.4 to 209.7 pg mL21) 0.23
[aldo]p 90 minutes 7 20.5 (14.1 to 57.1) 77.7 (50.1 to 171.1 pg mL21) 0.84
[AVP]p rest 7 24.9 (17.4 to 72.9) 1.2 (0.7 to 2.5 pmol L21) 0.92
[AVP]p 90 minutes 7 42.7(31.7 to 155.9) 2.9 (1.9 to 6.5 pmol L21) 0.69
[cortisol]p rest 7 26.6 (18.7 to 79.8) 2.5 (1.6 to 5.5 mg dL21) 0.40
[cortisol]p 90 minutes 7 31.9 (22.9 to 102.1) 4.6 (2.9 to 10.0 mg dL21) 0.45
[TP]p rest 7 3.9 (2.5 to 8.9) 0.3 (0.2 to 0.6 mg mL21) 0.81
[TP]p 90 minutes 7 4.6 (3.0 to 10.7) 0.4 (0.2 to 0.8 mg mL21) 0.54
[alb]p rest 7 5.4 (3.6 to 12.7) 0.5 (0.3 to 0.8 mg mL21) 0.54
[alb]p 90 minutes 7 2.8 (1.8 to 6.3) 0.1 (0.1 to 0.3 mg mL21) 0.56
[Na+]p rest 7 2.1 (1.3 to 5.3) 2.9 (1.8 to 7.1 mmol L21) 0.18
[Na+]p 90 minutes 7 0.4 (0.2 to 1.0) 0.6 (0.4 to 1.4 mmol L21) 0.95

Note. CoV, coefficient of variation; 95% CI of CoV, 95% confidence interval of coefficient of variation; r, Pearson product moment correlation.

Table 1
Reliability of blood volume, plasma volume, red cell volume and mean hemoglobin mass at intervals of 7, 14, and 42–49 days relative to baseline.

Dependent variable and time interval n CoV (95% CI) (%) SE (95% CI) r

7 days
BV 10 2.3 (1.6 to 4.3) 1.9 (1.3 to 3.4 mL kg21) 0.93
PV 10 2.9 (2.1 to 5.7) 1.3 (0.9 to 2.4 mL kg21) 0.92
RCV 10 2.8 (2.0 to 5.3) 1.1 (0.7 to 2.0 mL kg21) 0.89
MHb 10 2.8 (2.0 to 5.3) 0.4 (0.3 to 0.7 mmol) 0.86
14 days
BV 9 4.9 (3.4 to 9.3) 3.8 (2.6 to 7.0 mL kg21) 0.76
PV 9 5.2 (3.9 to 10.8) 2.4 (1.7 to 4.4 mL kg21) 0.74
RCV 9 4.3 (3.0 to 8.2) 1.5 (1.1 to 2.8 mL kg21) 0.80
MHb 9 4.6 (3.2 to 9.3) 0.6 (0.4 to 1.1 mmol) 0.75
42–49 days
BV 7 5.5 (3.6 to 12.8) 4.5 (2.9 to 10.0 mL kg21) 0.65
PV 7 7.2 (4.7 to 17.1) 3.2 (2.1 to 7.0 mL kg21) 0.57
RCV 7 4.3 (2.8 to 9.9) 1.6 (1.1 to 3.6 mL kg21) 0.77
MHb 7 5.0 (3.2 to 13.1) 0.7 (0.4 to 1.6 mmol) 0.61

Note. CoV (95% CI), coefficient of variation and 95% confidence interval; SE (95% CI), standard error and 95% confidence interval; r, Pearson product
moment correlation.
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Discussion

In this study we calculated the variation of measurement
for blood volume, plasma, physiological, and performance
measures following short-term heat acclimation. The CoVs
and SEs tended to be higher for the plasma (Tables 2–4)
and exercise performance measures (Table 6), especially

the plasma hormone concentrations of aldosterone, AVP,
and cortisol. There was considerably lower variability in
the blood volume parameters (Table 1) and physiological
measures of Tre and fc (Table 5). Generally, measures even
with the smallest error showed some increase in error with
increasing time between trials. For example, the CoV for
BV was 2.3% with a 7-day interval between repeated tests.

Table 3
Reliability of plasma measures at 14 days relative to baseline.

Dependent variable n CoV (95% CI) (%) SE (95% CI) r

[aldo]p rest 7 49.8 (37.8 to 199.4) 99.4(64.1 to 219.0 pg mL21) 0.67
[aldo]p 90 minutes 7 23.5 (16.4 to 67.9) 80.2 (51.7 to 176.5 pg mL21) 0.87
[AVP]p rest 7 59.1 (46.4 to 267.7) 3.7 (2.4 to 8.2 pmol L21) 0.67
[AVP]p 90 minutes 7 60.7 (47.9 to 260.8) 4.3 (2.8 to 9.4 pmol L21) 0.69
[cortisol]p rest 7 22.4 (15.5 to 63.8) 2.4 (1.5 to 5.2 mg dL21) 0.65
[cortisol]p 90 minutes 7 20.0 (13.8 to 55.4) 2.0 (1.3 to 4.4 mg dL21) 0.87
[TP]p rest 7 4.8 (3.2 to 11.2) 0.3 (0.2 to 0.7 mg mL21) 0.57
[TP]p 90 minutes 7 1.9 (1.2 to 4.2) 0.1 (0.1 to 0.3 mg mL21) 0.92
[alb]p rest 7 5.7 (3.7 to 13.3) 0.2 (0.2 to 0.5 mg mL21) 0.47
[alb]p 90 minutes 7 3.5 (2.3 to 8.1) 0.2 (0.1 to 0.4 mg mL21) 0.52
[Na+]p rest 7 1.9 (1.2 to 4.7) 2.6 (1.6 to 6.3 mmol L21) 0.42
[Na+]p 90 minutes 7 0.8 (0.5 to 1.9) 1.1 (0.7 to 2.7 mmol L21) 0.81

Note. CoV, coefficient of variation; 95% CI of CoV, 95% confidence interval of coefficient of variation; r, Pearson product moment correlation.

Table 4
Reliability of plasma measures at 42–49 days relative to baseline.

Dependent variable n CoV (95% CI) (%) SE (95% CI) r

[aldo]p rest 5 39.0 (24.7 to 327.5) 72.1 (40.1 to 269.0 pg mL21) 0.94
[aldo]p 90 minutes 5 22.2 (14.2 to 89.4) 82.7 (49.6 to 237.8 pg mL21) 0.83
[AVP]p rest 5 5.9 (3.1 to 44.4) 0.1 (0.1 to 0.6 pmol L21) 0.99
[AVP]p 90 minutes 5 51.7 (34.1 to 588.4) 2.7 (1.5 to 10.0 pmol L21) 0.46
[cortisol]p rest 5 25.0 (16.2 to 105.3) 1.7 (-2.3 to 5.6 mg dL21) 0.32
[cortisol]p 90 minutes 5 15.8 (9.9 to 57.4) 2.7 (1.6 to 7.6 mg dL21) 0.55
[TP]p rest 5 4.1 (2.5 to 12.3) 2.9 (1.7 to 8.3 mg mL21) 0.55
[TP]p 90 minutes 5 1.1 (0.7 to 3.2) 0.9 (0.5 to 2.4 mg mL21) 0.89
[alb]p rest 5 8.3 (5.1 to 26.9) 0.4 (0.2 to 1.1 mg mL21) 0.05
[alb]p 90 minutes 5 5.7 (3.5 to 17.8) 0.3 (0.2 to 0.7 mg mL21) 0.60
[Na+]p rest 5 2.3 (1.4 to 6.9) 3.3 (2.0 to 9.4 mmol L21) -0.49
[Na+]p 90 minutes 5 0.4 (0.3 to 1.3) 0.6 (0.4 to 1.8 mmol L21) 0.91

Note. CoV, coefficient of variation; 95% CI of CoV, 95% confidence interval of coefficient of variation; r, Pearson product moment correlation.

Table 5
Reliability of rectal temperature and cardiac frequency measurements at intervals of 7, 14, and 42–49 days relative to baseline.

Dependent variable and time interval n CoV (95% CI) (%) SE (95% CI) r

7 days
Tre rest 7 0.7 (0.4 to 1.5) 0.3 (0.2 to 0.6 C̊) 0.36
Tre 90 minutes 7 0.4 (0.2 to 0.8) 0.1 (0.1 to 0.3 C̊) 0.89
fc 90 minutes 7 5.6 (3.7 to 13.1) 7 (5 to 13 b min21) 0.91
14 days
Tre rest 7 0.4 (0.3 to 0.9) 0.2 (0.1 to 0.3 C̊) 0.80
Tre 90 minutes 7 0.4 (0.3 to 0.9) 0.2 (0.1 to 0.4 C̊) 0.90
42–49 days
Tre rest 6 0.4 (0.3 to 1.1) 0.2 (0.1 to 0.4 C̊) 0.82
Tre 90 minutes 6 1.4 (0.9 to 2.7) 0.5 (0.4 to 1.0 C̊) 0.20
fc 90 minutes 6 9.1 (5.9 to 25.1) 13 (8 to 33 b min21) 0.46

Note. CoV (95% CI), coefficient of variation and 95% confidence interval; SE (95% CI), standard error and 95% confidence interval; r, Pearson product
moment correlation.
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However, after 14 and 42–49 days, this had increased to
4.9% and 5.5% respectively (Table 1).

Low 7-day measurement errors (CoVs and SEs) were
recorded for BV, PV, RCV, and MHb indicating that the CO
rebreathing technique used in this study (Burge & Skinner,
1995) was reliable. This is supported by data presented in the
meta-analysis on blood volume by Gore and colleagues
(2005). Furthermore, the CoV for the measurement of BV in
the 7-day reliability trial (2.3%; n 5 10) was lower than the
CoV reported in pilot testing (2.9%; n 5 6).

In the present study, the low measurement error recorded
for RCV (2.8%; 95% CI 2.0 to 5.3%) and MHb (2.8; 2.0 to
5.3%) compares favorably with similar findings reported by
Gore and colleagues (2005). Indeed, Gore and colleagues
(2005) found that blood measures even with the smallest
error, such as the CO rebreathing technique, showed some
increase in error with increasing time between trials. This is
further illustrated in the present study, with progressive
increases in CoV and SEs for BV, PV, RCV, and MHb after
7, 14, and 42–49 days. For example, the treatment effect for
PV that would need to be evident to reveal a difference in
experimentation is after 7 (3.0%), 14 (5.3%) and 42–49
(7.3%) days apart. This has implications for monitoring and
interpreting change in blood parameters. For example, a PV
measure with a large error of 7.3% (42–49 days apart) is
only useful for determining a change of that magnitude and
not accurate enough in a clinical setting (Gore et al., 2005).
Therefore, an important application of the current research
is the accuracy of measurements relative to potential
treatment effects with various time intervals between tests.

There tended to be higher CoVs in the plasma and
exercise performance measures. This may reflect the large
biological within-person and methodological variability of
plasma measures (Eckfeldt et al., 1994). Furthermore, to
the authors’ knowledge, information on the reproducibility
in the heat of the fluid-electrolyte hormones (aldosterone
and AVP), under investigation in the present study, appears
incomplete in the literature and requires further attention.
The performance test used in this study, based on
physiological measures (e.g., _VO2 peak), has been shown to
produce a random error that includes a mixture of ergometer
error and biological test–retest variation (Hopkins et al.,

1999; Paton & Hopkins, 2001). Therefore, the random error
in a performance test should be minimized by the choice of
test reported by Hopkins and colleagues (2001).

This work demonstrated low between-trial variation of
exercise fc and Tre and this is similar to results of previous
reliability investigations in hot (Hayden et al., 2004) and
cool (Becque et al., 1993; Wilmore et al., 1998) conditions.
Furthermore, the expected low variation in Tre was similar
to findings in previous reports (Barnett & Maughan, 1993;
Hayden et al., 2004). However, to the authors’ knowledge,
quantifying the reproducibility of exercise fc and Tre in the
heat has surprisingly received limited attention in the
literature. Of the information available on the reliability of
repeated measures in heat stress, the reproducibility of
fc, Tre, and �Tsk has been determined by Hayden and col-
leagues (2004). Seven male participants cycled for 60
minutes at 29.5% peak work rate, on three separate
occasions, one week apart, in hot environmental conditions
(36 C̊, 60% RH). They found that there were no between-
trial differences evident for fc, Tre, and �Tsk reporting mean
CoVs of 0.3 ¡ 0.2%, 0.7 ¡ 0.6% and 3.9 ¡ 1.7% respec-
tively. However, they reported that fc tended to be greater in
the first trial (P 5 0.08) and suggested that although this
may imply a heat acclimation effect, they concluded that it
was more likely that the reduced fc reflected greater
familiarity of the participants with the experimental
procedures. They further reported that the observed CoV
for fc reliability during exercise in a hot environment
(Hayden et al., 2004) was similar to those reported in cooler
conditions (Becque et al., 1993; Wilmore et al., 1998).
Furthermore, Wilmore and colleagues (1998) found high
reproducibility of cardiovascular variables (e.g., fc), from
four different laboratories, using the same techniques and
equipment, as a CoV below 9% and interclass correlations
over 0.80. These variables were measured with the same
participants, on three separate occasions, separated by at
least 4–10 days, using a submaximal protocol (Bouchard et
al., 1995). Under heat stress conditions (35 C̊, 60% RH),
Barnett and Maughan (1993) recorded an unaltered
between-trial Tre response, separated at weekly intervals.
They further suggested that no PV expansion had occurred
between trials and there was no significant difference in

Table 6
Reliability of performance measurements at intervals of 7 and 42–49 days relative to baseline.

Dependent variable and time interval n CoV (95% CI) (%) SE (95% CI) r

7 days
Time to exhaustion 7 13.7 (9.2 to 35.3) 93.0 (59.9 to 204.7 s) 0.73
Power output 7 7.9 (5.2 to 19.1) 22.8 (14.7 to 50.3 W) 0.58
42–49 days
Time to exhaustion 5 17.1 (10.8 to 63.3) 99.3 (59.5 to 285.3 s) 20.40
Power output 5 5.3 (3.2 to 16.3) 13.8 (8.3 to 39.8 W) 0.92

Note. CoV (95% CI), coefficient of variation and 95% confidence interval; SE (95% CI), standard error and 95% confidence interval; r, Pearson product
moment correlation.
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serum Na+ concentration, although no CoVs were reported
for all these variables.

There are several limitations worthy of discussion here.
Firstly, participants were male and moderately trained;
therefore, generalizations to females and populations who
are either highly trained or not trained should be made with
caution. Further, whilst the sample size included herewith
was modest, it is in line with our previous published
research in the field (Garrett et al., 2009, 2012, 2014)
making these data a valid reference sample. Due to the
small sample size, however, a degree of caution should be
made when interpreting the inferential statistics (i.e.,
Pearson correlation coefficients). To begin to address the
issue of small sample size in this field of research, the
authors have opted to make their data open (supplementary
material). We propose future research is required for both
males and females, across a range of athletic abilities and
conducted in a larger cohort.

Conclusion

An important application of this work is for researchers
interested in the accuracy of measurements relative to
potential treatment effects with various time intervals
between tests. For example, it supports the use of the CO
rebreathing technique, for monitoring changes in blood
volume parameters of moderately trained participants,
taken ideally no more than seven days apart. This is
further supported in the present study by the technique’s
relative ease of handling and the safety for participants with
repeated measures. Therefore, the CO dilution technique
(Burge & Skinner, 1995) used in this study gave a reliable
measure of blood volume repeated after seven days with
moderately trained participants but showed some increase
in measurement error with increasing time between trials
thereafter.
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