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Abstract 

Background: The purpose of the present study was to examine the ability of a submaximal cycling test to detect 
longitudinal changes in maximal oxygen uptake  (VO2max) and examine the conformity between changes in meas‑
ured and estimated  VO2max over a time span of 5–8 years.

Methods: A total of 35 participants (21 men and 14 women), aged 29 to 63 years, performed the Ekblom‑Bak (EB) 
submaximal cycle test for estimation of  VO2max and a maximal treadmill running test for direct measurement of 
 VO2max. The baseline tests were conducted between 2009 and 2012, and the follow‑up tests were completed 5 
to 8 years later. Pearson’s coefficient of correlation (r) and paired sample t‑test were used to analyse the association 
between change in measured and estimated  VO2max. Random and systematic errors between the measured and 
estimated  VO2max were evaluated using Bland‑Altman plots. Repeated measures ANOVA were used to test differ‑
ences between changes over time.

Results: There was no significant change in mean measured  VO2max between baseline and follow‑up (p = 0.91), 
however large individual variations were noted (− 0.78 to 0.61 L/min). The correlation between individual change in 
measured and estimated  VO2max was r = 0.75 (p < 0.05), and the unstandardised B‑coefficient from linear regression 
modelling was 0.88 (95% CI 0.61 to 1.15), i.e., for each litre of change in estimated  VO2max, the measured value had 
changed 0.88 L. The correlation between baseline and follow‑up errors (the difference between estimated‑measured 
 VO2max at each occasion) was r = 0.84 (p < 0.05). With regard to the testing procedure, repeated measures ANOVA 
revealed that there was no significant difference between the group who exercised at the same work rates at baseline 
and follow‑up (n = 25), and those who required a change in work rate (n = 10).

Conclusions: The EB test detected a change in  VO2max with reasonably good precision over a time span of 5–8 
years. Further studies are needed to evaluate if the test can be used in clinical populations and in subjects with differ‑
ent medications.
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Background
  Cardiorespiratory fitness is an expression of the capac-
ity of the pulmonary and circulatory systems and can be 
assessed through measurement of maximal oxygen con-
sumption  (VO2max).  VO2max is the highest possible 

rate of oxygen consumption during a physically intense 
whole-body activity, and an important factor for many 
types of physical performance. It has also been linked 
to several health-related outcomes, with a low capac-
ity being strongly associated with increased risk for 
cardiovascular disease, the metabolic syndrome, a nega-
tive influence on cognitive function, and more recently, 
severe Covid-19 [1–5]. In a scientific statement from 
the American Heart Association, the inclusion of meas-
urement of  VO2max in clinical practice is urged for to 
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provide the clinicians with vital possibilities to improve 
patient risk management and health [6]. Though, golden 
standard for  VO2max assessment includes direct meas-
urements of  VO2max performed with expensive labora-
tory equipment and require a maximal physical effort 
from the subject. This limits the assessment of  VO2max 
in the general population or in large scale settings, and 
therefore submaximal exercise tests are commonly used. 
Many of these submaximal tests are executed on cycle 
ergometers [7–10].

One of the first and most popular submaximal cycle test 
is the Åstrand test, where the prediction of  VO2max is 
based on the steady-state heart rate (HR) response to one 
single work rate [9]. More recently, the Ekblom-Bak test 
(EB test) was presented, which estimates  VO2max from 
the relation between change in HR (∆HR) in response to 
an increase in work rate (power output, PO) from a low, 
standard work rate to a higher, individually chosen work 
rate (ΔHR/ΔPO) [10]. The estimation of  VO2max from 
the revised EB test is derived from sex-specific prediction 
equations, which include age, ∆HR/∆PO, ∆PO, and HR 
at standard work rate as independent variables [11].

Not only the absolute level of  VO2max, but also longi-
tudinal intra-individual change in  VO2max, is highly rel-
evant to assess. For example, a decline in  VO2max over 
time has been linked to incident hypertension [12], stroke 
[13] and dementia [14]. The importance of assessing car-
diorespiratory fitness in clinical practice is well known 
[6], and the possibility to evaluate the effect of training 
programme in general population or in athletes is highly 
relevant for motivation and performance. However, it is 
largely unknown to what extent longitudinal changes in 
 VO2max can be accurately detected via submaximal cycle 
ergometer tests. A rather limited ability to capture long-
term changes in cardiorespiratory fitness by the Åstrand 
test was reported in a 20-year follow-up study of cardi-
orespiratory fitness in healthy adults [15]. In children, an 
enhanced  VO2max was indicated with the Åstrand test 
after a training period, even though no actual change in 
measured  VO2max was present [16].

The use of the EB test to detect changes in  VO2max 
over time has not yet been evaluated. Therefore, the aim 
of the present study was to examine the ability of a sub-
maximal cycling test to detect longitudinal changes in 
 VO2max by evaluating the relation between the meas-
ured and estimated changes in  VO2max over a period of 
5 to 8 years.

Methods
The subjects were recruited based on records from a 
previous study, conducted between year 2009 and 2012 
(baseline) [10]. The aim of that study was to develop the 
EB test and its associated prediction equation in a mixed 

population regarding sex, age, and fitness status. The 
main inclusion criteria for participating in the present 
study (follow-up) was the availability of complete data 
from the baseline study on at least one valid submaximal 
cycle test and one valid measurement of  VO2max from 
a maximal treadmill test. Exclusion criteria were smok-
ing, use of snuff, and medication with β-stimulating or 
β-blocking agents. At follow-up in 2017, a total of 38 sub-
jects, fulfilling the inclusion criteria, visited the Åstrand 
laboratory at the Swedish School of Sports and Health 
Sciences (Stockholm, Sweden). Test preparations as well 
as tests were performed at the same way in the present 
follow-up study as in the previous baseline study. The 
participants were requested to refrain from vigorous 
physical activity the day before the test and on the test 
day, and to not consume a heavy meal less than 3 h before 
the test.  All subjects were fully informed of the study 
details before the first visit at the laboratory and pro-
vided written informed consent before start of the tests. 
At follow-up, one of the volunteers was excluded due to 
use of β-blocking agents, one subject failed to achieve a 
valid  VO2max measurement (see criteria below), and one 
was diagnosed with a serious disease, giving a total of 35 
included subjects.

Height and body mass were measured to the near-
est 0.1 cm and 0.1 kg, respectively, with the participants 
wearing light clothing. Resting blood pressure and HR 
were measured with conventional methods after 10 min 
of supine rest. The physical tests comprised of a submax-
imal EB test and a maximal treadmill test (described in 
detail below). All recordings of HR were performed with 
the HR monitor RS400 (Polar Electro, Kempele, Finland). 
The respiratory breath-by-breath measurements were 
made with the computerised metabolic system Oxycon 
Pro (Jaeger, Hoechberg, Germany). HR and ventilatory 
variables were measured continuously during the physical 
tests. Before each test, ambient temperature, humidity, 
and barometric pressure were measured. The inspira-
tory flowmeter and gas analysers were calibrated with the 
built-in, automated calibration procedures, including 
control of low and high flow and gas analyse calibration 
with high-precision gases (15.00 ± 0.01%  O2 and 6.00 ± 
0.01%  CO2, Air Liquide, Kungsängen, Sweden) and ambi-
ent indoor air.  The study was approved by the Ethical 
Review Board in Stockholm, ref. no. 2016/175-31/2.

Submaximal cycle test
All submaximal tests in the previous baseline and the 
present follow-up study were conducted on a Monark 
cycle ergometer model 828E (Monark Exercise AB, Vans-
bro, Sweden). All ergometers are carefully calibrated at 
the factory [17], and the calibration is regularly checked 
by experienced staff at the laboratory. Zeroing of the 
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scale was performed while the subject sat on the sad-
dle with the feet on the frame between the pedals and 
hands on the handlebars. The saddle was set to the same 
height at baseline and follow-up tests, and the handlebar 
was individually adjusted to each subject. Thereafter, the 
subject was verbally and visually introduced to the Borg 
RPE scale® for ratings of perceived exertion (RPE) [18]. 
The lowest and the highest rating of the scale is 6 and 
20, representing no exertion and maximal exertion. The 
RPE scale® along with written instructions had also been 
sent to all participants before the first visit at the labo-
ratory. The instructions state that the subject should rate 
the overall exertion, i.e., try to combine the central exer-
tion as well as the exertion in legs/arms. Before each test, 
all subjects were asked to rate the current RPE for rest-
ing or sitting to verify their understanding of the scale. 
The participants then performed an EB test with a con-
stant pedal frequency of 60 revolutions per min (rpm). 
The protocol of the EB test is described in detail else-
where [10, 11]. The test started with 4 min of cycling at 
the standard work rate with a resistance of 0.5 kilopond 
(kp), ~ 30 watts (W). The second submaximal work rate 
was individually chosen to obtain an RPE of ~14 and the 
test was terminated if the subject rated a perceived exer-
tion higher than 16 [10]. The selection of the higher work 
rate was based on the subjects self-reported physical sta-
tus and training habits. HR and  VO2 were recorded as the 
mean of the last minute for each work rate. The estimated 
 VO2max were calculated using the sex-specific EB pre-
diction equations, previously shown to have good validity 
and reliability in mixed populations [11, 19].

Maximal test
The  VO2max was measured during treadmill running. All 
subjects had a short rest after the cycle test, followed by 
an individually adjusted warm-up session on the tread-
mill. The warm-up session comprised of ~ 5–10  min 
running at a comfortable speed, followed by ~ 1  min of 
uphill running at an incline of 4–5°. Safe stopping tech-
nique was also explained to the subject. The procedure 
was practiced under controlled forms.  The warm-up 
was followed by a brief rest (≤ 5 min), sometimes includ-
ing intake of small amounts of water, some pre-condi-
tioning stretching, or other individual preparation that 
the subject wished for. All maximal test protocols were 
individually designed. The tests started at 1° incline and 
the same speed as the subject felt comfortable with dur-
ing the warm-up (a speed that corresponded to approxi-
mately 60–65% of estimated maximal capacity). Speed 
and/or inclination was increased every minute in steps of 
1 km/h or 1°, until subjects reported maximal exhaustion. 
All test protocols were individually designed, and the 
workloads were selected to elicit a total exercise time of 

5–8 min before exhaustion occurred. All researchers that 
conducted the tests had years of experience of maximal 
treadmill testing, and the changes in speed or inline were 
determined individually for each subject in order to reach 
as high  VO2 as possible. All maximal tests were accom-
panied by extensive verbal encouragement. Criteria for 
inclusion of the  VO2max measurement were a “levelling 
off” in  VO2 despite an increase of speed or incline, with 
support of a respiratory exchange ratio (RER) ≥ 1.10, 
RPE ≥ 17, maximal HR within ± 15 beats per minute 
(bpm) from age-predicted maximum, and a work time ≥ 
5 min. The test was included in the statistical analysis if 
levelling off was present in conjunction with at least 3 out 
of 4 of the other criteria. Determination of “levelling off” 
was done according to visual inspection of the  VO2-curve 
with a clear levelling off or decline in  VO2 despite 
increase in speed or velocity.  VO2max was defined as the 
highest recorded oxygen uptake during 30 consecutive 
seconds, derived from the mean of the six highest con-
secutive 5 s epochs.

Statistics
The assumption of normality was confirmed for all vari-
ables, using the skewness test for normality. The con-
tinuous descriptive characteristics were summarised as 
means with standard deviation (SD). Paired sample t-test 
was used to compare the subject characteristics and 
measured and estimated  VO2max between the baseline 
and the follow-up test.

The Pearson’s coefficient of correlation (r), linear 
regression, and paired sample t-test were used to analyse 
the association between change in measured and esti-
mated  VO2max, and similarly to evaluate the association 
between the error in the EB test estimation (i.e., the dif-
ference between measured and estimated  VO2max) from 
the baseline and the follow-up test.

Random and systematic errors between the measured 
and estimated  VO2max were evaluated using Bland-Alt-
man plots showing mean differences and limits of agree-
ment (LoA) [20, 21]. Repeated measures ANOVA were 
used to test differences between changes over time. Addi-
tional analyses were made to evaluate the measurement 
error in subjects with changed or unchanged individual 
work rate, and increased or decreased  VO2max, respec-
tively. Furthermore, bivariate correlations were per-
formed between change in measured  VO2max and the 
individual variables in the EB test prediction equation.

Statistical significance was set at p < 0.05 and con-
fidence intervals to 95% (95% CI) for all analyses. The 
magnitude of the correlation was interpreted using the 
recommendations suggested by Hinkle, where an r of 
0.90 to 1.00 (− 0.90 to − 1.00) represents a very high cor-
relation and 0.70 to 0.90 (− 0.70 to − 0.90) represents a 
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high correlation [22]. The statistical analyses were con-
ducted using IBM SPSS Statistics for Windows, version 
24.0 (IBM Corp., Armonk, N.Y., USA).

Results
Characteristics of the baseline and follow-up samples 
are presented in Table 1. In total, 21 men and 14 women 
were included. The mean time between tests was 6.4 
years, ranging from 5.2 to 8.1 years. The females were 
41.4 (10.2) years old at baseline, and 47.1 (10.6) years 
old at follow-up. The corresponding values for men were 
43.7 (11.8) years old at baseline, and 49.3 (11.5) years old 
at follow-up. Women had a non-significant increase in 
mean body mass, from 61.3 to 62.4 kg (p = 0.08), ranging 
from − 3 kg to + 5.3 kg. Mean body mass among the men 
was almost unchanged, 81.0 kg at baseline and 80.8 kg at 
follow-up (p = 0.76), with individual changes ranging 
from −  4.5 to +  5.1  kg. The mean HR at the standard 
work rate of 30  W was unchanged between tests, how-
ever with large individual differences. Ten subjects had a 
decrease of 10  bpm or more (the greatest decrease was 
23 bpm) and three subjects had an increase of ≥ 8 bpm 
(the greatest increase was 12 bpm) in the follow-up test 
compared to the baseline test. Maximal HR during test 
was significantly lower at follow-up, average drop of 
3.8  bpm, with no significant difference between sexes 
(− 2.7 bpm for the women and − 4.5 bpm for the men, 
p = 0.05 and < 0.01, respectively). However, 10 of 38 sub-
jects had an unchanged maximal HR (± 2 bpm), while in 
four cases it had dropped by as much as 10 to 13 bpm. 

Furthermore, four of the subjects had an increased maxi-
mal HR by 3 bpm.

Change in measured versus estimated  VO2max
There was a strong correlation between change in meas-
ured and change in estimated  VO2max from baseline 
test to follow-up test (r = 0.75, p < 0.05), (Fig. 1). Linear 
regression analysis showed a significant unstandardised 
B-coefficient of 0.88 (95% CI: 0.61 to 1.15), indicating 
that for each litre of change in estimated  VO2max, the 
measured value had changed 0.88  L. The largest indi-
vidual decrease in measured and estimated  VO2max 
was −  0.78  L/min and −  0.67  L/min, respectively. The 
corresponding values for the largest individual gain in 
measured and estimated  VO2max was 0.61  L/min and 
0.62 L/min, respectively. There was no significant change 
in mean measured  VO2max from baseline to follow-up 
(−  0.01, 95% CI −  0.10 to 0.08), whereas the estimated 
 VO2max was significantly lower at follow-up (−  0.08, 
95% CI − 0.16 to − 0.00).

Change in estimation error of  VO2max
There was a strong correlation between the estimation 
errors at the first test and at the follow-up test (Fig.  2), 
with a correlation of 0.84 (p < 0.05). When expressed as 
dichotomous change (i.e., increase in measured  VO2max 
versus decrease in measured  VO2max), subjects who 
increased measured  VO2max had a significant change in 
estimation error (− 0.17 L/min, 95% CI − 0.24 to − 0.10, 
p = 0.01), while those who decreased measured  VO2max 

Table 1 Subject characteristics at baseline test and follow‑up test

All values are presented as means with standard deviation (SD)

VO2, Oxygen uptake; HR, heart rate; beats/min, beats per minute; ΔHR/ΔPO, change in heart rate/change in power output

*p-value for difference between baseline test and follow-up test
a Measurements of  VO2 at standard work rate was conducted in a subsample of the baseline tests, and the value was missing for nine of the re-recruited subjects in 
the present study
b One subject had a missing maximal HR registration due to technical difficulties with the heart rate monitor during the final stages of the maximal running test

Baseline test Follow-up test n p-value *

Age (years) 42.8 (11.1) 48.4 (11.0) 35 < 0.001

Height (cm) 177.0 (10.5) 176.8 (10.4) 35 0.21

Body Mass (kg) 73.1 (12.3) 73.5 (12.3) 35 0.48

Measured  VO2max (L/min) 3.65 (0.91) 3.64 (0.89) 35 0.91

Measured  VO2max (mL/kg/min) 49.7 (8.2) 49.5 (8.4) 35 0.76

Estimated  VO2max (L/min) 3.56 (0.93) 3.47 (0.91) 35 0.05

Estimated  VO2max (mL/kg/min) 48.5 (9.0) 47.2 (8.9) 35 0.04

VO2 at standard work rate (L/min) 0.82 (0.11) 0.81 (0.18) 26a 0.84

HR at standard work rate (bpm) 82.4 (12.2) 81.9 (11.7) 35 0.62

Maximal HR (bpm) 184.8 (14.6) 181.0 (14.4) 34b < 0.001

ΔHR/ΔPO 0.41 (0.12) 0.39 (0.12) 35 0.08
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had a small and non-significant change in estimation 
error (− 0.01 L/min, 95% CI − 0.06 to 0.04, p = 0.77).

The overall mean difference between estimated and 
measured  VO2max at baseline was − 0.09 (95% CI − 0.20 
to 0.02) L/min at baseline and − 0.17 (95% CI − 0.29 to 
− 0.05) L/min at follow-up. The agreement of measure-
ments is presented in the Bland-Altman plot (Fig. 3). The 
mean change in the error was − 0.08 L/min (LoA − 0.43 
to 0.28 L/min). Thus, at the follow-up test, subjects were 
slightly more under-estimated than at the first test.

Additional analyses
At the follow-up test, all subjects were asked about 
their current physical status in line with the recom-
mended test procedure for the EB test and 71% of the 
subjects were evaluated to be capable of exercising at 
the same high work rate for the EB test as was used at 
baseline. Of the remaining subjects, 11% (4/35) cycled 
at a work rate that was 0.5 or 1.0 kp lower, and 17% 
(6/35) cycled at a work rate that was 0.5 or 1.0 kp higher 
than in the first test. The subjects who were tested at 
the same work rate displayed a significantly larger error 
at the follow-up test (mean error − 0.05 ± 0.31 L/min 

at the first test and − 0.15 ± 0.35 L/min at the second 
test, p = 0.01). The group with changes in the higher 
work rate displayed almost identical errors at both test 
occasions (baseline and follow-up errors of −  0.20 ± 
0.30 L/min and − 0.20 ± 0.31 L/min, respectively, p = 
0.87). However, repeated measures ANOVA revealed 
that there was no significant difference between groups. 
The mean HR for subjects that exercised on the same 
high work rate during both tests was significantly lower 
at follow-up, with values of 133.3 (14.6) bpm at baseline 
and 129.6 (13.9) bpm at follow-up. The correspond-
ing values for the group with a different high work rate 
was 123.5 (18.8) at baseline and 123.2 (10.3) bpm at 
follow-up.

The bivariate correlations between change in meas-
ured  VO2max and the individual variables in the EB 
test prediction equation showed that the change in 
∆HR at standard work rate (r = − 0.42, p = 0.01) and 
change in ∆PO (r = 0.43, p = 0.01) were related to 
change in measured  VO2max. Changes in the variables 
∆HR/∆PO (r = − 0.27, p = 0.11) and age (r = − 0.23, p 
= 0.19) had no significant correlation to the change in 
measured  VO2max.

Fig. 1 Change between the baseline test and the follow‑up test in measured  VO2max (y‑axis) and estimated  VO2max from the EB test (x‑axis). Solid 
line: correlation. Dashed line: Line of identity. r = Pearson’s coefficient of correlation,  R2 = coefficient of determination, 95% CI 95% confidence 
interval
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Discussion
The main finding of this study was that the EB test can be 
used to detect a change in  VO2max over a time span of 5 
to 8 years. There was a strong and significant correlation 

between changes in measured and changes in estimated 
 VO2max values (r = 0.75, p < 0.05). Furthermore, the 
estimation errors (i.e., the difference between measured 
and estimated  VO2max) seems to be rather constant over 

Fig. 2 Error at the baseline test (y‑axis) and error at the follow‑up test (x‑axis). Solid line: correlation. Dashed line: Line of identity. r = Pearson’s 
coefficient of correlation,  R2 = coefficient of determination, 95% CI 95% confidence interval

Fig. 3 Bland Altman plots, including limits of agreement, for estimated and measured  VO2max (L/min) at the baseline tests (left) and at the 
follow‑up tests (right). Mean  VO2max = (estimated + measured)/2. Black line: mean difference. Dashed line: ± 1.96 * SD
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time (r = 0.84, p < 0.05). This means that anyone being 
overestimated at the first test, will also be so at the sec-
ond test. As the measurement error (misclassification) 
was relatively constant over time, individual characteris-
tics rather than temporary and/or environmental factors 
seem to contribute to the error.

Previous studies that have investigated whether longi-
tudinal changes in  VO2max can be accurately detected 
via submaximal cycle ergometer tests are scarce. In one 
study by Åstrand et al., all subjects demonstrated signifi-
cantly lower values of measured  VO2max in 1970 than in 
1949, with a mean decrease of 22% in women and 20% in 
men. These changes was not possible to detect accurately 
with the submaximal Åstrand test [15]. The mean change 
in maximal HR was − 15 bpm for women and − 12 bpm 
for men, whereas some subjects had a rather unchanged 
value, and others displayed as much as 25–30 beats lower 
maximal HR. The mean HR at a given submaximal work-
load was higher at follow-up, but with large inter-individ-
ual differences. The explanation for these differences in 
submaximal HR responses could not be related to differ-
ences in  VO2max (i.e., there was no correlation between 
decrease in maximal HR and decline in  VO2max) or 
maximal HR (i.e., there was no correlation between 
change in maximal HR and HR at submaximal work rate. 
Consequently, it was not possible to accurately determine 
the change in measured  VO2max through the submaxi-
mal Åstrand test and the associated nomograms [9, 23]. 
In contrast to the present study, those subjects were more 
homogenous regarding sex and physical fitness, and there 
was a considerably longer period between tests (the sub-
jects were between 20 and 33 years old at baseline, and 
between 41 and 54 years old at follow-up).

The estimations of  VO2max from submaximal exer-
cise tests are often based on the rather linear relation-
ship between HR and  VO2, as well as HR and workload, 
with increasing exercise intensity. Cycling is a commonly 
used activity for submaximal exercise testing, since this 
work mode has relatively small inter-individual varia-
tions in work efficiency and because the mechanical effi-
ciency is rather constant in mixed populations, even in 
populations that have never used or even seen a bicycle 
or cycle ergometer before [24]. Still, the assumption of 
a relatively static work efficiency (energy cost/VO2 con-
sumption for produced W) has been questioned. It has 
been shown that higher body mass results in a higher 
energy consumption for a given rate of work [25]. In the 
previously mentioned study by Åstrand et  al., the sub-
jects displayed almost no differences in efficiency (meas-
ured as  O2 uptake for a certain rate of work) in 1949 and 
1970. The only exception from this observation was for 
the work rate of 200 W, where the men had a higher  VO2 
in 1970 compared to 1949 (2.84  L/min and 2.67  L/min, 

respectively). However, the sample comprised of healthy, 
physically fit and normal weight individuals, who had the 
same body mass on both test occasions. In a subsample 
in the present study, the  VO2 uptake at the standard work 
rate was unchanged, and both changes in body mass 
and  VO2 at the standard work rate were unrelated to the 
change in the estimation error, indicating similar work 
efficiency (data not shown).

The underpinning theory of HR-based exercise tests 
is often that a decrease in HR at a given submaximal 
workload is related to a positive training adaptation. A 
submaximal exercise test may be an efficient and easily 
accessible method to assess cardiac autonomic activity 
and to track changes in maximal aerobic capacity [26–
28]. However, several factors contribute to the overall 
uncertainty in the interpretation of the HR response to 
a submaximal workload, and thereby contributes to the 
misclassification of  VO2max from submaximal tests. Sev-
eral of these factors are of extra importance for the meas-
urement error in a test where the results are derived from 
the steady state HR at one single work rate, for example 
the Åstrand test. Environmental conditions, dehydra-
tion, ingestion of food and beverage and emotional stress 
may have an impact on a single HR measurement, as well 
may different medications alter the HR response to sub-
maximal exercise. For example, treatment with chemo-
therapy induces autonomic dysfunctions [29] which may 
influence HR response to submaximal work, especially at 
lower levels of exercise [30]. Also in the normal popula-
tion, it has been shown that intra-individual variations 
in submaximal HR is greater at lower exercise intensities 
than at higher intensities [31]. In contrast to the Åstrand 
test, the EB test is a two-point test (HR measurements at 
two work rates) with a prediction equation that includes 
the variable ΔHR/ΔPO (slope). This may counteract some 
of the measurement errors caused by the above-men-
tioned external factors and variations in HR response to 
a given rate of work, attenuating any misclassification at 
both a single test and at repeated tests.

The variations in  VO2max over time can be due to 
naturally occurring factors such as the consequence of 
aging, as well as changes in exercise habits and other 
health-related aspects. Since submaximal tests generally 
are used in larger-scale settings (even epidemiological 
studies) it is important to study the ability to capture lon-
gitudinal changes (>5 years) in  VO2max. However, this 
is not quite the same thing as experimentally increasing 
 VO2max during a short period of intense aerobic train-
ing since the former type of study must take age-related 
changes into account. The ability of the test to detect 
training induced increases in  VO2max was not inves-
tigated in the present study. Stroke volume increases 
as a consequence of aerobic training and the increased 
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oxygen transport is the primary explanation to increased 
 VO2max, so it is reasonable to hypothesise that the dif-
ference in HR between two work rates will be less pro-
nounced. Furthermore, an altered arterio-venous  O2 
difference  (avO2diff), either because of training or aging, 
may also alter the relation between  VO2 and HR.

Regarding the choice of individual high work rate for 
repeated tests, p-values revealed a significant change in 
estimation error for the group that was tested with the 
same work rate at baseline and follow-up tests. However, 
no difference was found between groups with repeated 
measures ANOVA. These findings indicate that there is 
no need to keep the same higher work rate between tests 
to procure a good estimation. As part of the testing pro-
cedure, subjects were asked about their current physical 
status to select a correct higher work rate, resulting in 
both lowered and increased load compared to the base-
line test. However, there was no significant difference 
between groups and there is no support to the recom-
mendation to use the same individually chosen higher 
work rate when monitoring an individual over time. 
Every test and measurement can be assessed and judged 
for the specific test occasion. This approach is prefer-
able with repeated tests over time (≥ 5 years), where the 
subject exhibits a change in physical capacity and con-
sequently needs another individually chosen high work 
rate.

It has been suggested that the inclusion of cardiorespi-
ratory fitness measurement in routine clinical practice is 
mandatory to provide an optimal approach for stratify-
ing patients according to risk [6]. Submaximal exercise 
tests are highly important to provide  VO2max values for 
risk prediction when direct measurements are not feasi-
ble. The development of valid and reliable submaximal 
cycle test, for example the EB test, has high relevance for 
coaches, researchers and clinicians. The present study 
showed that there was no significant change in the esti-
mation error for subjects with a decrease in  VO2max over 
time, which allows follow-up measurements to detect a 
decline in cardiorespiratory fitness and implementation 
of physical activity and training. However, evaluating 
long term changes in clinical populations or for train-
ing induced changes should be done with caution as this 
needs to be studied further.

This study has several limitations. The relatively small 
sample size made it impossible to conduct more detailed 
analyses in different subgroups, for example individuals 
with a pronounced change in body mass and/or body 
composition. It is important to examine the influence of 
these aspects since the test may be used in association 
with a weight loss- or training programme. The sample 
size may also limit the utilisation of BA-plots as a sam-
ple size of approximately 50 subjects is recommended 

in these analyses [32]. However, as this is not an exact 
requirement, and we have no extreme outliers in or sam-
ple, we believe our results to be reliable. A common issue 
in studies involving maximal testing is the selection bias, 
often including more fit individuals than in the general 
population. In the recruitment phase of the present study, 
individuals with a self-reported currently high training 
status were more willing to participate in the follow-up 
tests than those with a self-reported reduction in fitness 
level. The preponderance of well-trained subjects may 
eventually limit the accuracy of the prediction equation 
in the general population, where the normal physiologi-
cal response to aging is a lowered  VO2max.

Conclusions
The EB test can well capture the actual changes in 
 VO2max during a follow-up of 5 to 8 years. On an indi-
vidual level, the misclassification in  VO2max from the 
EB test is relatively constant over time. However, future 
studies are needed to assess the ability to detect training 
induced increases in  VO2max as well as to evaluate if the 
test can be used to detect change in clinical populations, 
in subjects with different medications and in children 
and adolescents.

Abbreviations
ANOVA: Analysis of variances; bpm: Beats per minute; EB test: The Ekblom‑Bak 
test; HR: Heart rate; kp: Kilopond; LoA: Limits of agreement; PO: Power output; 
RPE: Rate of perceived exertion; rpm: Revolutions per minute; VO2: Oxygen 
uptake; VO2max: Maximal oxygen uptake; ΔHR: The difference in HR between 
the high and low work rate; ΔHRmax: The change in maximal heart rate; ΔPO: 
The difference in work rate between the high and low work rate.

Acknowledgements
Thanks to Olga Tarassova for the help with figure formatting.

Authors’ contributions
EEB, FB and ÖE designed the study. EEB and FB performed the baseline and 
follow‑up measurements. FB and ÖE analysed the data. FB, TB and ÖE wrote 
the paper. All authors contributed to the interpretation of the data and criti‑
cally revised all versions of the manuscript. All authors read and approved the 
final manuscript.

Funding
This research received financial funding from the research grant no. 
AF9220914, received from the Swedish Armed Forces’ Research Authority. 
Author Elin Ekblom Bak was funded by the Swedish Central Association for the 
Promotion of Athletics (SCIF).

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All procedures performed in the study involving human participants were 
in accordance with the ethical standards of the institutional and/or national 
research committee and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards.  The study design was 
approved by the Regional Ethics Committee in Stockholm (ref. number 



Page 9 of 9Björkman et al. BMC Sports Science, Medicine and Rehabilitation          (2021) 13:156  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

2013/1634‑32). All subjects were fully informed of the study details before the 
first visit at the laboratory and provided written informed consent before start 
of the tests.

Consent for publication
Not applicable.

Competing interests
All authors declare that they do not have any conflict of interest.

Author details
1 Department of Physical Activity and Health, The Swedish School of Sport 
and Health Sciences, P.O Box 5626, 114 86 Stockholm, Sweden. 2 School 
of Health and Welfare, Dalarna University, 791 88 Falun, Sweden. 

Received: 1 June 2021   Accepted: 7 December 2021

References
 1. Blair SN, Kampert JB, Kohl HW, Barlow CE, Macera CA, Paffenbarger RS 

Jr., et al. Influences of cardiorespiratory fitness and other precursors on 
cardiovascular disease and all‑cause mortality in men and women. JAMA. 
1996;276(3):205–10.

 2. Kodama S, Saito K, Tanaka S, Maki M, Yachi Y, Asumi M, et al. Cardiores‑
piratory fitness as a quantitative predictor of all‑cause mortality and 
cardiovascular events in healthy men and women: a meta‑analysis. JAMA. 
2009;301(19):2024–35.

 3. Zaccardi F, O’Donovan G, Webb DR, Yates T, Kurl S, Khunti K, et al. 
Cardiorespiratory fitness and risk of type 2 diabetes mellitus: a 23‑year 
cohort study and a meta‑analysis of prospective studies. Atherosclerosis. 
2015;243(1):131–7.

 4. Themanson JR, Hillman CH. Cardiorespiratory fitness and acute aerobic 
exercise effects on neuroelectric and behavioral measures of action 
monitoring. Neuroscience. 2006;141(2):757–67.

 5. Ekblom‑Bak E, Väisänen D, Ekblom B, Blom V, Kallings LV, Hemmings‑
son E, et al. Cardiorespiratory fitness and lifestyle on severe COVID‑19 
risk in 279,455 adults: a case control study. Int J Behav Nutr Phys Act. 
2021;18(1):135.

 6. Ross R, Blair SN, Arena R, Church TS, Després JP, Franklin BA, et al. Impor‑
tance of assessing cardiorespiratory fitness in clinical practice: a case for 
fitness as a clinical vital sign: a scientific statement from the American 
Heart Association. Circulation. 2016;134(24):e653–99.

 7. Sjöstrand T. Changes in the respiratory organs of workmen at one ores‑
melding work. Acta Med Scand. 1947;196:687–99.

 8. Golding LA, Myers CR, Sinning WE. Y’s way to physical fitness. 3rd ed. 
Champaign: Human Kinetics; 1989.

 9. Astrand PO, Ryhming I. A nomogram for calculation of aerobic capac‑
ity (physical fitness) from pulse rate during sub‑maximal work. J Appl 
Physiol. 1954;7(2):218–21.

 10. Ekblom‑Bak E, Bjorkman F, Hellenius ML, Ekblom B. A new submaximal 
cycle ergometer test for prediction of VO2max. Scand J Med Sci Sports. 
2014;24(2):319–26.

 11. Bjorkman F, Ekblom‑Bak E, Ekblom O, Ekblom B. Validity of the 
revised Ekblom Bak cycle ergometer test in adults. Eur J Appl Physiol. 
2016;116(9):1627–38.

 12. Holmlund T, Ekblom B, Börjesson M, Andersson G, Wallin P, Ekblom‑Bak 
E. Association between change in cardiorespiratory fitness and incident 
hypertension in Swedish adults. Eur J Prev Cardiol. 2021;28(13):1515–22.

 13. Prestgaard E, Mariampillai J, Engeseth K, Erikssen J, Bodegard J, Liestol 
K, et al. Change in cardiorespiratory fitness and risk of stroke and death. 
Stroke. 2018:STROKEAHA118021798.

 14. Tari AR, Nauman J, Zisko N, Skjellegrind HK, Bosnes I, Bergh S, et al. Tem‑
poral changes in cardiorespiratory fitness and risk of dementia incidence 
and mortality: a population‑based prospective cohort study. Lancet 
Public Health. 2019;4(11):e565‑e74.

 15. Astrand I, Astrand PO, Hallback I, Kilbom A. Reduction in maximal oxygen 
uptake with age. J Appl Physiol. 1973;35(5):649–54.

 16. Stewart KJ, Gutin B. The prediction of maximal oxygen uptake before and 
after physical training in children. J Hum Ergol (Tokyo). 1975;4(2):153–62.

 17. Monark Exercise AB, Manual 828E Vansbro, Sweden: MONARK EXERCISE 
AB, Vansbro, Sweden; 2017. Available from: https:// sport‑ medic al. monar 
kexer cise. se/ wp‑ conte nt/ uploa ds/ 2017/ 10/ Monark_ 828E_ Manual_ EN. 
pdf.

 18. Borg G. Perceived exertion as an indicator of somatic stress. Scand J 
Rehabil Med. 1970;2(2):92–8.

 19. Bjorkman F, Eggers A, Stenman A, Bohman T, Ekblom B, Ekblom O. Sex 
and maturity status affected the validity of a submaximal cycle test in 
adolescents. Acta Paediatr. 2018;107(1):126–33.

 20. Bland JM, Altman DG. Statistical methods for assessing agree‑
ment between two methods of clinical measurement. Lancet. 
1986;1(8476):307–10.

 21. Bland JM, Altman DG. Measuring agreement in method comparison 
studies. Stat Methods Med Res. 1999;8(2):135–60.

 22. Mukaka MM. Statistics corner: a guide to appropriate use of correlation 
coefficient in medical research. Malawi Med J. 2012;24(3):69–71.

 23. Astrand I. Aerobic work capacity in men and women with special refer‑
ence to age. Acta Physiol Scand Suppl. 1960;49(169):1–92.

 24. Ekblom B, Gjessing E. Maximal oxygen uptake of the Easter Island popula‑
tion. J Appl Physiol. 1968;25(2):124–9.

 25. Berry MJ, Storsteen JA, Woodard CM. Effects of body mass on exercise 
efficiency and VO2 during steady‑state cycling. Med Sci Sports Exerc. 
1993;25(9):1031–7.

 26. Borresen J, Lambert MI. Autonomic control of heart rate during and after 
exercise: measurements and implications for monitoring training status. 
Sports Med. 2008;38(8):633–46.

 27. Buchheit M, Chivot A, Parouty J, Mercier D, Al Haddad H, Laursen PB, et al. 
Monitoring endurance running performance using cardiac parasympa‑
thetic function. Eur J Appl Physiol. 2010;108(6):1153–67.

 28. Scharhag‑Rosenberger F, Meyer T, Walitzek S, Kindermann W. Time course 
of changes in endurance capacity: a 1‑yr training study. Med Sci Sports 
Exerc. 2009;41(5):1130–7.

 29. Peel AB, Thomas SM, Dittus K, Jones LW, Lakoski SG. Cardiorespiratory 
fitness in breast cancer patients: a call for normative values. J Am Heart 
Assoc. 2014;3(1):e000432.

 30. Mijwel S, Cardinale D, Ekblom‑Bak E, Sundberg CJ, Wengstrom Y, 
Rundqvist H. Validation of 2 submaximal cardiorespiratory fitness tests in 
patients with breast cancer undergoing chemotherapy. Rehabil Oncol. 
2016;34(4):137–43.

 31. Davies CT. Limitations to the prediction of maximum oxygen intake from 
cardiac frequency measurements. J Appl Physiol. 1968;24(5):700–6.

 32. De Vet HC, Terwee CB, Mokkink LB, Knol DL. Measurement in medicine: 
a practical guide. Practical guides to biostatistics and epidemiology. 
Cambridge: Cambridge University Press; 2011.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://sport-medical.monarkexercise.se/wp-content/uploads/2017/10/Monark_828E_Manual_EN.pdf
https://sport-medical.monarkexercise.se/wp-content/uploads/2017/10/Monark_828E_Manual_EN.pdf
https://sport-medical.monarkexercise.se/wp-content/uploads/2017/10/Monark_828E_Manual_EN.pdf

	The ability of a submaximal cycle ergometer test to detect longitudinal changes in VO2max
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Submaximal cycle test
	Maximal test
	Statistics

	Results
	Change in measured versus estimated VO2max
	Change in estimation error of VO2max
	Additional analyses

	Discussion
	Conclusions
	Acknowledgements
	References


