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Abstract

HR-VO, relationships.

data from a previous study.

1, both between and within the exercise modalities.

Background: The heart rate (HR) method enables estimating oxygen uptake (VO,) in physical activities. However,
there is a paucity in knowledge about the interchangeability of this method when applied to cycling, walking and
running. Furthermore, with the aim of optimization, there is a need to compare different models for establishing

Methods: Twenty-four physically active individuals (12 males and 12 females) participated. For each participant,

two models of HR-VO, relationships were individually established in ergometer cycling, level treadmill walking and
running. Model 1 consisted of five submaximal workloads, whereas model 2 included also a maximal workload. Linear
regression equations were used to estimate VO, at seven intensity levels ranging between 25 and 85% of heart rate
reserve (HRR). The estimated VO, levels were compared between the exercise modalities and models, as well as with

Results: A high level of resemblance in estimated VO, was noted between running and cycling as well as between
running and walking, with both model 1 and model 2. When comparing walking and cycling, the VO, levels for given
intensities of %HRR were frequently slightly higher in walking with both models (range of significant differences:
5-12%). The variations of the estimated individual VO, values were reduced when using model 2 compared to model

Conclusion: The HR method is optimized by more workloads and wider ranges. This leads to overall high levels of
interchangeability when HR methods are applied in ergometer cycling, level treadmill walking and running.
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Background

Applying the heart rate (HR) method for interpreting
oxygen uptake (VO,) in human physical activities can be
beneficial for educational purposes, health promotion
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and disease prevention as well as from research perspec-
tives. This is since our understanding of physical activi-
ties’ effects on morbidity, premature mortality and weight
control as well as physical performance is largely related
to intensities relative to the maximal oxygen uptake (e.g.
[1, 2]), energy expenditure (e.g. [3, 4]) and MET hours
(e.g. [5])-

The HR method is based on the linear relationship
between HR and VO, with increasing workload under
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steady state conditions, which was established already in
the early twentieth century [6, 7]. Since the HR-VO, rela-
tionships differ between individuals, especially depend-
ing on sex, age, body weight and fitness level (e.g. [8—10]),
the relationships need to be determined individually. In
that way, individual levels of VO, can, in principle, be
estimated by HR monitoring for a wide range of intensi-
ties (with individual exceptions at very low and very high
intensities [11-13]). Given the estimated VO, levels, the
energy costs can then be calculated based on caloric coef-
ficients ([14], p. 104).

A number of studies have used the HR method for esti-
mating oxygen uptake in both humans [13, 15] and ani-
mals [16]. However, in order for the HR method to be
used for the purposes mentioned above, it needs to be
well methodologically developed. Issues of importance
for enhancing this approach are: (1) reproducibility, (2)
methods for establishing HR-VO, relationships, (3) valid-
ity under various applied conditions during both pro-
longed constant and intermittent exercise, (4) external
validity in terms of interchangeability between different
dynamic exercise modalities, and (5) external validity in
various groups of individuals.

It is only recently that the reproducibility of the HR
method has been systematically studied. These exami-
nations, evaluating sedentary activities and treadmill
walking [17] as well as ergometer cycling [18, 19], have
demonstrated a good reproducibility with minor rela-
tive mean differences between test and retest. However,
at the individual level, there is a variation that prompts
stabilizing the establishment of HR-VO, relationships.
This requires further investigations. Possibilities in this
respect may include more workloads and wider ranges
when establishing the HR-VO, relationships.

With regard to the interchangeability of the HR
method between different forms of physical exercise, it
has long been known that dynamic exercise using smaller
muscle groups, compared to larger, induce a higher heart
rate at a given level of VO, [20-22]. If instead focusing
on various dynamic exercises with only large muscle
groups involved, the question of interchangeability is still
a rather unexplored research area.

For various reasons, ergometer cycling is a valuable
point of departure in this respect. This is because dif-
ferent workloads of ergometer cycling induce known
mean levels of VO, at steady state [23—25]. This enables
the HR method to be used in education as well as in
health promotion and disease prevention when a high
level of accuracy is not critical. Furthermore, regardless
of whether the HR-VO, relationships are established
through measurements or estimations of VO,, applica-
tion of the HR method in field conditions is helpful for
studies using larger groups of participants. This is since

Page 2 of 14

mobile metabolic measurement systems are both costly
and technically complicated to use, and can be sensitive
to ambient conditions [26, 27].

Given this background, it would be particularly valu-
able if the HR method, based on ergometer cycling, is
interchangeable with other common forms of dynamic
exercise that involve large muscle groups, such as walk-
ing and running. To our knowledge, Olsson, Salier
Eriksson [28], is the only study that has systematically
examined this in relation to level walking on treadmill.
Although there was a general concordance in estimated
mean levels of VO, for given percentages of heart rate
reserve (%HRR), there were indications of a reduced
individual variation when a maximal workload was
added to three submaximal levels of exercise. Indeed,
this indicated that varying the ways of establishing
HR-VO, relationships can lead to different degrees of
methodological optimization. In the present study, we
have therefore developed the HR method to include
more submaximal workloads (five vs three), and in
combination with maximal workloads and wider meas-
urement ranges. The potential optimizing effects will
be evaluated through comparisons within the results of
the present study as well as with Olsson, Salier Eriks-
son [28]. Finally, we extend the question about inter-
changeability through also examining level running on
treadmill.

Methods

Participants

Twenty-four healthy and physically active individuals
(12 men and 12 women) participated in the study. Most
of them were recruited among the students at the Swed-
ish School of Sport and Health Sciences, GIH, Stock-
holm, Sweden. Others were recruited through various
training groups of recreational runners. The inclusion
criteria were: man or woman between 20 and 45vyears,
healthy and injury free, familiar to cycling, walking and
running, and performing endurance training regularly, at
least 30 min twice a week, during at least the year prior
to the study. Anthropometric characteristics and resting
HR values for the participants are given in Table 1. Prior
to the study, they were informed about the research pro-
ject and their rights as participants. This information,
as well as a health declaration, were sent to them before
their start in the study. At the first occasion, a written
informed consent of participation was signed of all par-
ticipants, and they certified themselves to be healthy for
participation. An ethical approval to conduct the study
was obtained from the Ethics Committee North of the
Karolinska Institute at the Karolinska Hospital (Dnr
03-637), Stockholm, Sweden.
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Table 1 Anthropometric characteristics and resting HR
Participants Age Height Weight BMI HRrest

(n) (years) (m) (kg) (kg-m~2) (beats-min~")
Women 12 294 £ 8.1 1.66 £ 0.07 60.0+53 218+ 16 497 £69
Men 12 288+79 1.83 £0.09 80.8+£93 239411 514 +6.1
All 24 291+78 1.75£0.12 704+ 129 229417 506+ 6.5

Values are presented as mean + standard deviation (SD)

Study design, standardization and experimental
procedures

The experimental procedures consisted of four differ-
ent test occasions on the equal amount of days. The first
occasion, always conducted in the morning, was a pre-
test and included measurements of the resting HR and
the resting metabolism (data not used). HR was collected
continuously while the subject rested in supine position
on a treatment table for 30 min. After this measurement,
a familiarization of trying out the equipment followed
through performing submaximal exercise in ergometer
cycling, level treadmill walking and running. During the
three subsequent occasions, the various exercise modali-
ties were performed in a randomized order. The cycling
and running occasions, included both submaximal and
maximal workloads, while the walking included only sub-
maximal workloads. In most cases, the time of the day
when these three sessions were performed varied within
two hours for each participant. All four test occasions
were initially scheduled at 5-7day intervals. However,
due to illness for some participants, this interval became
8+ 5days (mean=+SD). All measurements took place in
a laboratory with well-controlled ambient conditions
(room temperature 18-21°C).

The participants were instructed to keep the following
standardization procedures prior to the measurements.
Before all occasions, they were asked to refrain from vig-
orous exercise 24h preceding the tests. They were also
asked to avoid stress, to travel to the laboratory in a man-
ner that was not physically strenuous and to cancel the
tests if they had either fever, an infection or a cold. Before
the first occasion, they were instructed to be fasting in
the morning (only water allowed) and refrain from eating
at least 8 hours before the test. Prior to the subsequent
occasions, instructions were to refrain from eating, con-
suming coffee, tea and energy drinks, smoking and taking
snuff during 1 hour before the tests. Ingestions of heavier
meals were allowed at least 3 hours before the tests.

All four occasions started with measurements of body
weight (without shoes, but typically with shorts and
t-shirts), while the body height was only measured at the
first occasion. The measurements from the first occa-
sion were used as baseline values (Table 1). The other

measurements of weight were used to describe VO,
in relation to body weight when performing the vari-
ous exercise modalities (Additional file 1: Table S1-S3).
At the last three occasions, a measurement of the rest-
ing HR followed in a standardized procedure, while the
participant rested in supine position on a treatment table
for ten minutes. The HR values during the last 5 minutes
were averaged. In this way, each occasion was initiated in
the same manner, and the individual day-to-day variation
could been observed. These intra-individual HR varia-
tions were mainly small (absolute median difference: 3.9
beats-min~'). However, for six individuals their largest
differences were between 10.0-15.8 beats-min~'. This
variation was regarded as acceptable.

The submaximal workloads for the three various exer-
cise modalities, were performed with continuous meas-
urements of HR and VO,, and continued until steady
state had been reached for two consecutive minutes. This
was normally attained after 5 minutes. The criterion for
steady state was that HR was within 2-3 beats-min™".
Rating of perceived exertion (RPE), according to Borg’s
RPE scale 6-20 [29], was assessed separately for legs and
breathing, at the end of each submaximal workload. The
maximal cycle ergometer and treadmill tests were per-
formed until voluntary exhaustion occurred. HR and VO,
were measured continuously, while RPE for both legs and
breathing, respectively, were assessed directly after the
tests. In order to ensure that the maximal tests attained
their purposes, at least two of the following three criteria
were met by each participant: 1) a plateau in VO, despite
increasing exercise intensity (defined as a VO, increment
of <150ml-min~'), 2) a respiratory exchange ratio of
>1.10, and 3) a RPE rating of >17 [30-32].

Ergometer cycling

The cycle exercise included 5—6 uninterrupted submaxi-
mal workloads and a maximal test. For all participants,
the first five submaximal workloads were: 50, 75, 100,
125 and 150 W. Only these five submaximal workloads
have been used in the present study. However, some par-
ticipants continued and finished a 6th workload, at either
175 or 200 W. The decision on whether the last workload
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would be 150, 175 or 200 W, was primarily due to HR and
RPE at 150 W. If HR was >170 beats-min~! or if RPE,
either legs or breathing, was >17, the submaximal phase
was ended after 150 W. When HR was between 150 and
169 beats-min~! or that RPE, either legs or breathing,
was between 15 and 16, 175W was in general chosen as
the last workload. If HR was < 150 beats-min~ ' and RPE,
both legs and breathing, was <15, then 200 W was in all
cases chosen as the final workload. Throughout all sub-
maximal workloads, the participants sat in an upright
position with their hands laying relaxed on the handle-
bars, while using a cycling cadence of 50 revolutions per
minute (rpm) in accordance with earlier studies [23-25].
After the submaximal exercise, approximately 10min of
rest followed before the maximal test. During the last 2
minutes of this period, the participant started to cycle
at a light resistance (about 7.4N) using a self-chosen
cadence.

The maximal cycling test was carried out through three
different protocols, all using a cadence of 80rpm. Proto-
cols 1, 2 or 3 were used if the last submaximal workload
had been 150, 175 or 200W, respectively. The starting
level was 60 W in all protocols, but during the first min-
ute, each protocol used a varying schedule. Protocol 1
kept constant resistance. The 2nd protocol increased by
40W after the first 20s and then by 20 W after the next
20s. The 3rd protocol increased by 40, 20 and 40 W after
each period of 15s. After the first minute, all protocols
increased by 40 W, thereafter the resistance increased by
20 W every continued minute until exhaustion ended the
test.

Treadmill walking

Five submaximal workloads of uninterrupted level (incli-
nation 0.0°) walking were used at the following speeds: 3,
4,5,6,and 7km-h™ 1,

Treadmill running

Six submaximal workloads of uninterrupted level run-
ning and a maximal test were performed. The submaxi-
mal speeds were set at: 6,7, 8, 10, 12 and 13 or 14km-h™ 1,
However, only the first five submaximal workloads have
been used in the present study. After the submaximal
workloads, about 10 min of rest followed before the max-
imal test. During the last few minutes of this period, the
participant walked at a slow pace (about 4km-h~1) on the
treadmill.

The maximal running test was performed through
constant speed and successive increments of inclination
every full minute. During the first minute, the inclination
was set to 0.0°, after 1 minute it was increased to 1.0°,
and then by 0.5° every minute until the test was ended.
The constant running speed (12.740.9km-h™') was
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individually selected for each participant. The selection
of speed was based on the participants’ general perceived
exertion during the submaximal exercise. In agreement
with each participant, an individual speed corresponding
to approximately 15 on the RPE scale was chosen.

Equipment and preparations

Cycle ergometer and treadmill

The cycle exercise was performed on a manually braked
Monark pendulum cycle ergometer 828E (Monark Exer-
cise AB, Vansbro, Sweden). Prior to the study, service and
calibration procedures were undertaken according to the
manufacturer’s advice. Immediately before each phase of
submaximal as well as maximal exercise, the scale was
zeroed while the participant sat on the saddle with the
feet resting on the surface between the pedals. A digital
metronome (DM70 Seiko S-Yard Co. Ltd., Tokyo, Japan)
was used to maintain correct cycling cadence. At regu-
lar intervals of 1 minute, the work rate was controlled by
checking the cadence and the braking force as indicated
by the pendulum position. The treadmill exercises were
carried out on a RL2500E treadmill (Rodby Innovation
AB, Viange, Hagby, Sweden). Preceding the study, both
the speed and the inclination were carefully controlled.

Stationary metabolic system

A stationary metabolic gas analysis system with a mix-
ing chamber, Jaeger Oxycon Pro® (Carefusion GmbH,
Hoechberg, Germany), was used during all metabolic
measurements. This system has been shown to be valid
and reliable [27, 33]. It was switched on around 30min
preceding data collection and calibrations were made
prior to each individual test occasion, according to the
manufacturer’s recommendations. A high precision
gas, composed of 15.00% O, and 6.00% CO, (accuracy:
O, £0.04% and CO, +0.1%) (Air Liquid AB, Kung-
sidngen, Sweden), was used for calibration. In all tests,
the participants wore a face mask, ORO-NASAL (Hans
Rudolph Inc., Kansas City, MO, USA) with a lightweight
non-rebreathing 3-way valve (Innovision A/S, Odense,
Denmark). The valve was connected to a lightweight
tube, 1.8 m long, (Innovision A/S, Odense, Denmark) for
leading the exhaled air into the mixing chamber.

Heart rate monitor

The HR measurement was performed using a Polar
RS400 monitor and the associated Polar WearLink trans-
mitter (Polar Electro, Kempele, Finland).

Data processing and statistical analyses

All HR and VO, values were saved in mean values of
15s for data processing. For determination of the rest-
ing HR, the average of the last 5 minutes from the rest
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. Fig. 1 Average measurement positions for the establishments of

a 5= Cycling individual HR-VO, relationships. Five submaximal positions (symbols
with connected lines) were used to establish the HR-VO, relationships
for both model 1 and model 2, whereas maximal positions (separated
symbols) were used only for model 2. The figure is based on the
individual values of all males (n =12) and all females (n=12),

° separately. a Cycling, b walking, and ¢ running

measurement at the first occasion was used. For all sub-
maximal workloads, paired HR and VO, values in the
last, of the two consecutive minutes at steady state, have
been used. In accordance with Howley, Bassett [31], the
I T T T T T T 1 maximal HR and VO, values were calculated by averaging
60 80 100 120 140 160 180 200 the minute with highest continuous paired values. In the
1 calculation of percentages of heart rate reserve (%HRR)
during exercise, both the resting and maximal values
b Walking were used in the equation; ((“exercise HR” - HRrest) -
54 (HRmax - HRrest)™!) - 100. Furthermore, the calculated
" relative exercise intensities for ergometer cycling, in
44 terms of HRmax, HRR and VO,max, have been based on
I the maximal cycling values. Conversely, the values from
34 the maximal treadmill test were used to describe the rela-
tive intensities for both walking and running.

2+ For application of the HR method, two different mod-
l el els of HR-VO, relationships were individually established
.I':,,/'/. for each of the three exercise modalities. These relation-
ships were based on paired HR and VO, values from
five submaximal workloads (model 1), plus one maxi-
I T T T T T T 1 mal workload (model 2), and were calculated as linear
60 80 100 120 140 160 180 20 regression equations. The HR-VO, relationship in model
1 2 for cycling, was based on the maximal cycling values,
while the HR-VO, relationships for walking and running,
R . respectively, were based on the values from the maximal

c unning . o . .

5- treadmill test. The individual regression equations were
then applied as parts of HR methods for estimating VO,
4- using individually derived HR values based on seven lev-
- els of %HRR according to the American College of Sports
34 .«"’ ° Medicine (ACSM) classification of exercise intensity [34].

" o The intensity levels, 25 and 35%HRR (very light to light),

2- .—’:/'/./'/. 45 and 55%HRR (moderate), and 65, 75 and 85%HRR

’ (vigorous), were selected to cover a wide and commonly

14 used intensity range for physical activity. For this deter-

m Men mination of individual HR values, in terms of %HRR, the

0- e  Women maximal HR values from the treadmill test were always
T T T T T T T 1 used.

60 80 100 120 140 160 180 20 Exercise mode differences were calculated in both
1 absolute and relative terms for the constituents of
regression equations (y-intercept, slope and r?) and
the VO, estimations in both model 1 and model 2.
Confidence intervals (CI) of 95% were calculated for
all these differences as well as the absolute values. In
the calculations of the relative differences, cycling
was used as the reference value in the comparisons

HR beats-min”

VO, L-min™"

HR beats-min”

VO, L-min "

HR beats-min”
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Table 2 Estimation of VO, with model 1 and exercise mode comparisons
Exercise intensity
Very light - light Moderate Vigorous
25%HRR 35%HRR 45%HRR 55%HRR 65%HRR 75%HRR 85%HRR
HR (beats-min~") 84.1+62 976+63 111.0£65 1244468 1379472 1513477 164.7£82
Estimation of Cycling? 0.88+0.31 1.25£040 1.62+£049 1.98+£0.59 235+£0.69 272+£0.79 3.09+£0.89
VO, (L-min~") (075t01.01)  (1.08t0142) (141t0182) (1.74t0223) (206t0264) (239t03.05)  (2.71to0346)
Walkingb 0.96£0.35 1.344+042 1.724+0.50 2.10+£0.58 248+0.67 2.86+£0.76 3.25£0.85
(0.81t0 1.10) (1.16to0 1.51) (15110 1.93) (1.86 t0 2.35) (220t02.77) (254t03.19) (289t03.61)
Running® 1.00+0.35 1.34£0.40 1.69+046 203+£052 2374058 2724065 3.06+0.72
(0.85t0 1.15) (1.17t0 1.51) (14910 1.88) (1.81 t0 2.25) (213t0262) (24410 2.99) (2.76 t0 3.36)
Absolute Walk vs Cyc  0.08+0.19 0.09+0.19 0.10+0.22 0.12+0.26 0.13£031 0.14+£037 0.16+£043
differences (—=0.00t00.16) (0.01t00.17) (0.01t0 0.20) (0.01t00.23) (—0.00t00.26) (—0.011t00.30) (—0.021t00.34)
(L-min~T) RunvsCyc 0.12+0.18*  0.10£0.15% 007+£0.15 004+£0.18 002+022 —0014+027 —003+033
(0.05 t0 0.20) (0.03t00.16) (0.011t00.13) (—003t00.12) (—007t00.11) (=0.12t00.11) (=0.17t00.11)
RunvsWalk 0.04+0.21 0.00+0.18 —0.03£0.17 —0.07£020 —0.11+0.25 —0.15+0.32 —0.19+0.38
(=0.05t00.13) (—=007t00.08) (—=0.11t00.04) (—0.16t00.01) (—0.22to (—0.28to (=035t0
—0.00) —0.02) —0.03)
Relative Walkvs Cyc 11.5+£290 86+180 75+£144% 69+13.1% 6.6+ 128% 6.3+128% 62+129
differences (=0.7t0237) (10to16.2) (1.5t013.6) (14t012.5) (1.2t012.0) 09t0 11.7) (0.7t011.6)
(%) RunvsCyc 150+21.9% 8.7 £13.3** 54+£99% 34485 21482 1.1+£82 04+84
(5.8t0243) (3.1t0 14.3) (1.3t09.6) (—0.2t0 7.0) (—14t05.5) (—23t0456) (—3.2t04.0)
RunvsWalk 7.9+287 1.7+£151 —-09+£110 —24+100 —33+102 —39+108 —44+£114
(—42t020.1) (—=4.7t08.1) (—561t037) (—6.6101.9) (—761t01.0) (—851t00.6) (—=921t004)

Values are based on all participants’ (n = 24) individual regression equations (Additional file 2: Table S4) and presented as mean 4 SD and (95% Cl).

Significance of exercise mode differences: *P <0.05, **P <0.01

Calculation of the absolute differences: Walk vs Cyc = b-a, Run vs Cyc = c-a, and Walk vs Run = c-b.
Calculation of the relative differences: Walk vs Cyc=((b-a) - a~") - 100, Run vs Cyc=((c-a) -a~ ") - 100, and Walk vs Run=((c-b) - b~") - 100.

with walking and running, while walking was used as
the basis when comparing with running. The absolute
and relative exercise mode differences were evaluated
jointly for all participants with the one-sample t-test,
since no systematic variations were seen between the
sexes when analysed with an independent t-test. A
Bonferroni post-hoc test ([35], p. 377) was applied
since all values in the exercise mode comparisons were
analysed twice. Instead of dividing the level of signifi-
cance with the number of comparisons, the P-values
obtained were multiplied by two. This allowed P <0.05
to be used as the significance level.

Linear regression lines, based on all participants indi-
vidually estimated VO, values between 25 and 85%HRR,
were used to illustrate mean VO, for all exercise modali-
ties in both models. The corresponding regression
equations were calculated. All participants’ individu-
ally estimated VO, values were also graphically pairwise
compared between all exercise modalities and models
in scatter plots, and with linear regressions equations.
The statistical analyses have been performed using the
Statistical Package for the Social Sciences (IBM SPSS

Statistics, 25 and 26, Chicago, IL, USA). Figures were cre-
ated in GraphPad Prism® 8 software package (GraphPad
Software Inc., San Diego, CA, USA). Values are given as
mean £ SD, unless otherwise stated.

Results

Measurement positions for the establishments of HR-VO,
relationships

The measurement positions from the submaximal and
maximal workloads that were used to establish the indi-
vidual HR-VO, relationships for ergometer cycling,
treadmill walking and running are illustrated in Fig. 1 as
mean values for males and females, separately. For fur-
ther details on the workloads performed, such as relative
exercise intensities of HR and VO, as well as RPE levels,
see Additional file 1 (Table S1-S3).

Regression equations

For application of the HR method, individual linear
regression equations were created for both model 1
(based on only submaximal workloads) and model 2
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Table 3 Estimation of VO, with model 2 and exercise mode comparisons

Exercise intensity

Very light - light Moderate Vigorous
25%HRR 35%HRR 45%HRR 55%HRR 65%HRR 75%HRR 85%HRR
HR (beats-min~") 84.1+£62 976+63 111.0£65 1244+638 1379472 151377 164.7+8.2
Estimation of Cycling® 0.84+0.35 123041 1.61+£049 2.00+0.58 2391067 2.78+0.76 3.17+0.85
VO, (L-min~") (069t0098)  (1.05t0140) (141t0182)  (1.76t0225)  (211t0267) (2461t03.10) (2.811t03.53)
Walkingb 0.95£0.37 1.34£044 1734051 2.12+£0.59 2524067 291£0.76 330£0.84

(0.80to 1.11) (1.16t0 1.53) (15210 1.95) (1.87 10 2.38) (22310 2.80) (259103.23) (2.94 10 3.66)
Running® 0.864+0.34 1254039 1.64£0.46 2034+054 2424062 2814071 3214+079
(0.72 t0 1.00) (1.08 to 1.41) (14510 1.83) (1.81102.26) (2.16 10 2.69) (252103.11) (2.87 10 3.54)

Absolute Walkvs Cyc 0.11£0.23 0.12+£0.21* 0.12+0.19* 0.12+0.17** 0.12+£0.17*% 0.13£0.17** 0.13+0.18**
differences (0.02t00.21) (0.03t0 0.20) (0.04 t0 0.20) (0.05t00.19) (0.05t00.19) (0.06 t0 0.20) (0.05 t0 0.20)
(L-min~T) RunvsCyc 0.02+0.20 002+0.17 0.03+£0.15 0.03+0.14 003+£0.13 003+0.14 0.04+£0.16
(—0.06t00.11) (—0.05t00.10) (—0.04t00.09) (—0.03t00.09) (—0.03t00.09) (—0.03t00.09) (—0.03t00.10)
RunvsWalk —0.09+0.27 —0.09+£0.23 —0.09+£0.20 —0.09+£0.17* —0.09+£0.14** —0.0940.12** —0.0940.09***
(=0.21t00.02) (—0.19t00.01) (=0.18to0 (—=0.17 to (—=0.15to (—=0.14 to (—=0.13to
—0.071) —0.02) —0.03) —0.04) —0.05)
Relative Walkvs Cyc 226£522 11.8+£23.3% 84414.3% 6.7 £10.1%* 57+79% 50£6.7% 46+£6.1%*
differences (0.5t044.6) (19t021.6) (2.3t0 14.4) (24t011.0) (24109.0) (22t07.9) (20t0 7.1)
(%) RunvsCyc 65+276 35+150 2.74+99 23+74 20+6.1 19+£56 18+£54
(=52t018.1) (—28t099) (—1.5t06.9) (—09to54) (—06t04.6) (—=05t04.2) (—0.5t04.1)
RunvsWalk —53+4299 —494+179 —424+118 —3.7+80 —32455% —294+38* —2.642.5%**

(=179t073) (=125t027) (=92t007) (=717t0—03) (=56t0—-09) (—45to—13) (=37t0—15)

Values are based on all participants’ (n = 24) individual regression equations (Additional file 2: Table S5) and presented as mean 4 SD and (95% Cl)
Significance of exercise mode differences: *P <0.05, **P <0.01, ***P <0.001

Calculation of the absolute differences: Walk vs Cyc = b-a, Run vs Cyc = c-a, and Walk vs Run=c-b

Calculation of the relative differences: Walk vs Cyc=((b-a) - a~") - 100, Run vs Cyc=((c-a) - a~ ') - 100, and Walk vs Run = ((c-b) - b~") - 100

Model 1 Model 2
a 4+ b 44
34 34
£ £ 1
£ £
I 21 3 27
o~ N
o o
> >
14 14
] ] —— Cycling
0- o4 Walking
----- Running
I 1 ) 1 T L) 1 I ) ] ) ) ] 1
25 35 45 55 65 75 85 25 35 45 55 65 75 85
%HRR %HRR
Fig. 2 Linear regression lines for the estimated VO,. The figure is based on the individual VO, values of all participants (n=24) and the seven
intensity levels between 25 and 85%HRR. (@) Model 1 and (b) model 2. For regression equations and r’-coefficients, see Table 4
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Table 4 Linear regression equations for the estimated VO,

y-intercept (95% Cl)  slope (95% Cl) 2

Model 1: Cycling  —0.042 (—=0.316to 0.0368 (0.0322 to 0.594
0.231) 0.0415)

Model 1: Walking  0.004 (—0.265 to 0.0381 (0.0335 to 0617
0.274) 0.0427)

Model 1: Running 0.141 (—0.096 to 0.0343 (0.0303 to 0.628
0.378) 0.0384)

Model 2: Cycling  —0.135 (—0.403 to 0.0389 (0.0343 to 0.629
0.133) 0.0435)

Model 2: Walking  —0.027 (—0.299 to 0.0391 (0.0345 to 0.625
0.244) 0.0438)

Model 2: Running —0.120 (= 0.370 to 0.0391 (0.0349 to 0.663
0.130) 0.0434)

The linear regression equations are based on the individual VO, values of all
participants (n =24) and the seven intensity levels between 25 and 85%HRR (cf.
Fig. 2)

(based on both submaximal and maximal workloads) for
each of the three exercise modalities. When studying the
absolute and relative exercise mode differences of all par-
ticipants with both models, there were only three exer-
cise mode differences in y-intercepts and slopes. With
regard to the r’-coefficients, no mode differences were
noted in model 1, while in model 2 all differences were
significant, but of a minor degree. Both the absolute val-
ues of the regression coefficients as well as the modality
comparisons can be found in Additional file 2 (Table S4
and S5).

Application of HR methods

Interchangeability between the exercise modalities

The estimated mean VO, levels, when applying the HR
method at 25-85%HRR for ergometer cycling, tread-
mill walking and running are presented for model 1 in
Table 2 and for model 2 in Table 3. Absolute and rela-
tive VO, differences between the exercise modalities
are given in pairwise comparisons as measures of the
interchangeability.

In the comparison of walking vs cycling, the VO, lev-
els were frequently slightly higher for walking in both
models. Significant relative differences of 6.3—-7.5% were
noted at 45-75%HRR in model 1 (Table 2), whereas
differences of 4.6-11.8% were noted between 35 and
85%HRR in model 2 (Table 3).
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Fewer, and mostly minor, but significant differences
were noted in the comparisons of running vs cycling
as well as of running vs walking. The VO, levels were
5.4-15.0% higher for running as compared to cycling at
25-45%HRR in model 1 (Table 2). In model 2, the VO,
levels were 2.6-3.2% lower for running compared to
walking at 65—-85%HRR (Table 3).

Illustrations of these estimated mean VO, levels at
25—-85%HRR are given in linear regression lines in Fig. 2,
and are further described through regression equations
(Table 4).

Optimization of interchangeability between the exercise
modalities

Pairwise exercise mode comparisons of the estimated
individual VO, values are illustrated in Fig. 3, and
described with linear regression equations (Table 5). In
all three modality comparisons, the visually observed
spreading of values was smaller in model 2 compared to
model 1 (Fig. 3). Furthermore, numerically; (1) higher
r’-coefficients, (2) y-intercepts closer to y=0, (3) slopes
closer to the lines of identity, and (4) narrower 95% CI for
both y-intercepts and slopes, were noted in model 2 com-
pared to model 1 (Table 5).

Optimization within each exercise modality

When comparing the two models within each of the three
exercise modalities, it is notable that the r’-coefficients
of the linear relationships between %HRR and VO, were
somewhat numerically higher for all modalities in model
2 compared to model 1 (Table 4). At the same time, the
model comparisons of individual VO, values within each
exercise modality, separately, illustrate overall minor
individual variations (Fig. 4). This is also indicated by the
corresponding r-coefficients (range: 0.937-0.993) as well
as by the y-intercepts and slopes with their 95% CI, which
included or were close to the lines of identity (Table 6).

Discussion

The studied interchangeability of HR methods when
estimating oxygen uptake for ergometer cycling, level
treadmill walking and running was undertaken at sub-
maximal levels between 25 and 85% of HRR, according
to the ACSM classification of exercise intensities [34]. An
overall good interchangeability of the HR methods was

(See figure on next page.)

Fig. 3 Exercise mode comparisons for the estimated individual VO, values. The figure is based on the individual VO, values of all participants
(n=24), ranging between 25 and 85%HRR. Line of identity = solid line and the linear regression =dashed line. Walking vs cycling; (@) model 1 and
(b) model 2, running vs cycling; (c) model 1 and (d) model 2, and running vs walking; (€) model 1 and (f) model 2. For regression equations and

r’-coefficients, see Table 5
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Table 5 Linear regression equations for the exercise mode
comparisons of the estimated individual VO, values

y-intercept (95% slope (95% Cl) 2
Cl)

Model 1:Walk & Cyc  0.178 (0.077 to 0.970 (0924 to 0913
0.279) 1.016)

Model 2: Walk & Cyc  0.138 (0.073 to 0.992 (0.963 to 0.965
0.202) 1.021)

Model 1: Run & Cyc  0.276 (0.209 to 0.883 (0.853 to 0.952
0.344) 0.914)

Model 2: Run & Cyc  0.093 (0.040 to 0.968 (0.944 to 0.975
0.145) 0.992)

Model 1: Run & Walk 0.218 (0.136 to 0.862 (0.826 to 0.933
0.300) 0.897)

Model 2: Run & Walk 0.004 (—0.060 to 0.955 (0.928 to 0.967
0.067) 0.982)

The linear regression equations are based on the individual VO, values of
all participants (n=24), ranging between 25 and 85%HRR (cf. Figure 3).
Walk =walking, Cyc=cycling, and Run=running

noted between the various exercise modalities, although
the VO, levels for walking were frequently slightly higher
(5-12%) compared to cycling.

Another part of this study evaluated if various forms of
establishing HR-VO, relationships can optimize HR meth-
ods. For this purpose, two different models of HR-VO,
relationships were constructed. Model 1 used five submax-
imal workloads, whereas model 2 also included a maximal
workload. With this aim of optimization, systematic com-
parisons have also been made between the present study
and Olsson, Salier Eriksson [28] that used only three sub-
maximal workloads to establish the HR-VO, relationships
(for more details, see Additional file 3). The overall results
from these analyses indicate that the inclusions of more
workloads (both submaximal and maximal), and in com-
bination with wider measurement ranges, reduce the indi-
vidual variations when using HR methods. This increased
stability in the HR-VO, relationships makes the HR meth-
ods more accurate. Note, however, that these analyses of
optimization strategies are based on pairwise numerical
comparisons. Due to the low number (two or three) of
possible comparisons, there has been no basis for statisti-
cal analyses. Moreover, it cannot be ruled out that the dif-
ferences observed between the two studies (cf. Additional
file 3) may, at least partly, be due to that various groups of
participants have been used. Therefore, it would be valu-
able to also evaluate issues of optimization through intra-
individual comparisons.

Interchangeability between the exercise modalities

The interchangeability between running and cycling as
well as running and walking was essentially good in both
models. This is in line with our interpretations ([28],
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S1 Discussion) of earlier studies [36, 37]. Although, the
comparison of running and cycling in model 1 dem-
onstrated three rather high relative differences (range:
5.4-15.0%), they were located at low exercise intensities
(25-45%HRR) (Table 2), and are therefore of no practi-
cal importance as they refer to abnormally used inten-
sities for running. However, since the HR method also
enables estimations from running to cycling, caution
should be considered at the lower intensities.

In the comparisons of walking and cycling, slightly
higher mean VO, levels were frequently noted for walking
in both models (model 1: 6.3-7.5%; model 2: 4.6—11.8%)
(Tables 2 and 3). Therefore, these differences can be com-
pensated in an application of HR methods. In our previ-
ous study, only two small differences were noted (3.7 and
4.4%) [28]. The different outcomes are probably mainly
due to the reduction of individual variations within the
HR methods of this study (see Additional file 3). Support
for the present results comes from linear regression anal-
yses, performed by us, of mean HR and VO, data in an
earlier study by Grimby and Séderholm [38]. In general,
higher VO, estimations (on average 8%) for level tread-
mill walking compared to ergometer cycling were noted
when HR methods were applied at four fixed HR values
between 100 and 145 beats-min~'. These overall results
contradict our previous interpretations ([28], S1 Discus-
sion) which indicated that only HR methods based on
treadmill exercise using inclination overestimate VO,
compared to ergometer cycling. Instead, this might also
be the case for level treadmill walking.

Possible reasons for the deviations in oxygen pulse (VO,/
HR) for level treadmill walking compared to ergometer
cycling could be a slightly modified arteriovenous oxygen
difference or a modified stroke volume due to a different
peripheral resistance or end-diastolic volume. A tenta-
tive explanation for why it is walking that these deviations
are observed for, can be related to differences in exercise
intensity levels. This is since it has long been known that
the stroke volume increases gradually from low intensities
up to about 40-50% of VO,max during exercise [39], and
in some cases it continues to increase slightly over the full
range up to maximal intensity [40, 41]. When studying the
present submaximal intensity ranges in relation to VO,max
for all participants, it is interesting to note that the average
range for walking (16—-37%) never exceeds 40% of VO,max,
and it is of a clearly lower intensity spectrum compared to
both cycling (27-62%) and running (42-75%) (Additional
file 1: Table S1-S3). This indicates that the different inten-
sity ranges may play a role in the deviations in oxygen pulse
for walking. On the other hand, the arteriovenous oxygen
difference has also been shown to increase more rapidly
between low intensities and up to about 40% of VO,max
than compared to higher relative intensities [39, 42]. This
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Fig.4 Model comparisons for the estimated individual VO, values.
The figure is based on the individual VO, values of all participants
(n=24), ranging between 25 and 85%HRR. Line of identity = solid
line and the linear regression =dashed line. (a) Cycling, (b) walking,
and (c) running. For regression equations and rz-coefﬁciems, see
Table 6

means that the increase in arteriovenous oxygen difference,
combined with the increased stroke volume, may lead to
similar increases in oxygen pulse at lower and higher exer-
cise intensities. Still, minor differences in these relations
might remain, and might thereby explain the small differ-
ences noted between walking and cycling.

Optimization of interchangeability between the exercise
modalities
In all exercise mode comparisons of individual VO, val-
ues, a reduced individual variation was observed when
the submaximal HR-VO, relationships (model 1) were
extended with a maximal workload (model 2) (Table 5;
Fig. 3). These indications of stabilization, from model 1 to
model 2, were also noted in Olsson, Salier Eriksson [28].
A reduction of individual VO, variation was also
observed when comparing the use of three submaximal
workloads in Olsson, Salier Eriksson [28] with the pre-
sent use of five submaximal points and a wider range for
walking (Additional file 3: Table S6; Fig. S2 and S3). Thus,
it seems that an extension of the measurement ranges,
through inclusion of additional submaximal and/or a
maximal point, reduces the individual variations. This in
turn optimizes the HR method by becoming more accu-
rate when evaluating results at the group level, and as a
likely consequence, more significant exercise mode dif-
ferences were detected between walking and cycling in
the present study compared to Olsson, Salier Eriksson
[28].

Optimization within each exercise modality
The HR method can also be optimized within each
exercise modality. This was mirrored in the linear rela-
tionships between %HRR and VO, through somewhat
numerically higher r’-coefficients in model 2 compared
to model 1 (Table 4). The spreadings and the regression
coefficients of the model comparisons of the individ-
ual VO, values within each exercise modality (Table 6;
Fig. 4), confirm that there are only small variations
between the two models. From that perspective, the
submaximal relationships (model 1) are sufficient when
using HR methods within the same form of exercise as
they are established.

When comparing the present results of the model com-
parisons of individual VO, values in walking with Olsson,
Salier Eriksson [28], that used fewer submaximal workloads
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Table 6 Linear regression equations for the model comparisons of the estimated individual VO, values

y-intercept (95% Cl) slope (95% Cl) r?
Cycling: Model 1 &2 0.000 (—0.060 to 0.060) 1.010 (0.983 to 1.037) 0.970
Walking: Model 1 & 2 0.050 (—0.041 t0 0.141) 0.987 (0.948 to 1.026) 0.937
Running: Model 1 &2 —0.212 (= 0.243 to —0.180) 1.106 (1.092 to 1.120) 0.993

The linear regression equations are based on the individual VO, values of all participants (n = 24), ranging between 25 and 85%HRR (cf. Fig. 4)

and a narrower range, the individual variation was clearly
reduced (Additional file 3: Table S7; Fig. S4b and S5b). The
corresponding analyses for cycling showed already a low
degree of individual variation in the previous study [28],
and it did not become further reduced in the present study
(Additional file 3: Table S7; Fig. S4a and S5a). We interpret
that the different outcomes in cycling and walking, respec-
tively, are primarily dependent on the differences in widths
of the measurement ranges (see Additional file 3: Fig. S1).

External validity

The present results need to be viewed from a perspective
of external validity. First of all, the participants exam-
ined were mostly students in physical education and
health, and trained aerobically (VO,max running: 59.1
and 50.4mL - min~! - kg~! in males and females, respec-
tively) (Additional file 1: Table S3). Whether the present
results are applicable to other groups of participants (e.g.
older or less trained individuals) need to be evaluated.
However, notably, the findings in our previous study [28],
based on a group of middle-aged active commuters, are
in several ways similar to the present study. This indicates
that the findings might be reproducible in physically
active individuals with different ages.

Furthermore, all data collection was conducted under
standardized conditions in a laboratory. A natural conse-
quential question is therefore whether the present results
can be applied under field conditions. Indications that
this is possible are demonstrated in a recently published
study [43]. It showed that HR methods, based on ergom-
eter cycling in a laboratory, can be valid at a group level
for estimating intensity spectrums of VO, during cycle
commuting in field. On the other hand, it is currently
unexplored whether HR methods’ interchangeability
between different exercise modalities in laboratory con-
ditions are applicable in field exercises. For future appli-
cation of the HR method, further studies of these issues
of external validity are therefore suggested.

Practical application

Although further studies on the external validity are rec-
ommended, the results of the present study should be
interpreted as a basis for future research in exercise physi-
ology. The new added values of interchangeability and

methodological optimization strategies make an already
well-established method more adaptable and accurate, and
therefore, a powerful alternative to other tools for meas-
uring physical responses of human activities. In addition,
the present results facilitate applications of HR methods in
contexts of health education and promotion as well as dis-
ease prevention. This is since our findings allow HR meth-
ods to be individually established on a cycle ergometer,
and then applied through estimating VO, during different
physical activities in field with only HR measurements.

A final aspect that is worth recalling is that the present
HR methods were applied to estimate VO, at a wide range
of exercise intensity levels (25-85% of HRR). It is important
to note that the VO, values obtained are based on calcula-
tions from measured values, but, theoretically estimated for
the three different exercise modalities. This means that esti-
mations of VO, levels, in the cases of walking and running,
have been made that are not practically applicable, i.e. at
high and low VO, levels, respectively. However, with regard
to the present aim of interchangeability, these results are
still valuable since the HR method can be applied from both
directions, e.g. from walking to running, and vice versa.

Conclusion

This study has demonstrated an overall good inter-
changeability of HR methods when estimating VO, for
ergometer cycling, level treadmill walking and running, at
mean levels ranging between 25 and 85% of HRR. How-
ever, the VO, levels for walking were frequently slightly
higher (about 5-12%) as compared to cycling, which can
be compensated for as a part of the HR method. Finally,
both the use of additional submaximal workloads (five vs
three) over wider ranges as well as the inclusion of maxi-
mal workloads, generally indicated a stabilizing effect on
the HR-VO, relationships, thereby increasing the inter-
changeability, and optimizing the HR methods.
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minute; VO,/HR: Oxygen pulse.
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