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Introduction
Blood pressure response (BPR) to exercise testing has been recog-
nized for its potential to uncover otherwise undetectable cardio-

vascular (CV) pathology and future CV risk in two different settings: 
routine clinical investigations of the general population [1, 2], and 
in pre-participation screenings of athletes [3–5]. Hence, knowledge 
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Abstrac t

Workload-indexed blood pressure response (wiBPR) to exercise 
has been shown to be superior to peak systolic blood pressure 
(SBP) in predicting mortality in healthy men. Thus far, however, 
markers of wiBPR have not been evaluated for athletes and the 
association with vascular function is unclear. We examined 95 
male professional athletes (26 ± 5 y) and 30 male controls (26 ± 4 
y). We assessed vascular functional parameters at rest and wiBPR 
with a graded bicycle ergometer test and compared values for 
athletes with those of controls. Athletes had a lower pulse wave 
velocity (6.4 ± 0.9 vs. 7.2 ± 1.5 m/s, p = 0.001) compared to con-
trols. SBP/Watt slope (0.34 ± 0.13 vs. 0.44 ± 0.12 mmHg/W), SBP/
MET slope (6.2 ± 1.8 vs. 7.85 ± 1.8 mmHg/MET) and peak SBP/
Watt ratio (0.61 ± 0.12 vs. 0.95 ± 0.17 mmHg/W) were lower in 
athletes than in controls (p < 0.001). The SBP/Watt and SBP/MET 
slope in athletes were comparable to the reference values, where-
as the peak SBP/Watt-ratio was lower. All vascular functional pa-
rameters measured were not significantly correlated to the wiBPR 
in either athletes or controls. In conclusion, our findings indicate 
the potential use of the SBP/Watt and SBP/MET slope in pre-par-
ticipation screening of athletes. Further, vascular functional pa-
rameters, measured at rest, were unrelated to the wiBPR in ath-
letes and controls.
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of what constitutes a normal or abnormal blood pressure response 
(BPR) to exercise is a crucial component of the cardiovascular eval-
uation.

Though, studies investigating the BPR to exercise delivered in-
consistent results with some studies indicating a lower cardiovas-
cular risk with a lower maximum systolic blood pressure (SBP) [2] 
and other studies suggesting exactly the opposite [6, 7]. In conclu-
sion, the clinical impact of blood pressure response (BPR) during 
exercise still remains a controversial issue [8–10], and the Europe-
an Society of Cardiology states in its latest guideline that there is 
currently no consensus on normal BPR during exercise [11].

Therefore a call to re-evaluate guidelines for BPR to exercise has 
recently been made, intended to stimulate research into establish-
ing more reliable markers of BPR [12]. At the same time, novel 
markers of vascular function have emerged whose feasibility for 
acquisition at rest via noninvasive oscillometric devices could sim-
plify clinical assessment in uncovering functional impairment 
[13, 14]. Functional vascular impairment might lead to an exagger-
ated BPR to exercise even in the absence of hypertension at rest 
[15, 16]. Further, arterial stiffness predicted an exaggerated BPR in 
young individuals [17], indicating that vascular functional assess-
ment might provide additional information for cardiovascular risk 
classification.

Acknowledging these discoveries, Hedman et al. investigated a 
workload-indexed BPR (wiBPR), expressed as the slope of systolic 
blood pressure in response to workload (SBP/MET slope) [6], and 
demonstrated that currently proposed thresholds for BPR to exer-
cise did not align well with observations in their middle-aged pop-
ulation. The 10 mmHg/MET benchmark that has been discussed to 
constitute a normal increase [18] was far in excess of the 5 mmHg/
MET and 10 mmHg/MET observed by Hedman et al. [6] to repre-
sent the 50th and 95th percentile in their study’s low-risk sub-pop-
ulation. Moreover, a SBP/MET slope  > 6.2 mmHg/MET was associ-
ated with a 27 % higher risk of mortality over 20 years in males com-
pared with those with a SBP/MET slope  < 4.3 mmHg/MET [6].

These findings underscore that current threshold recommen-
dations for BPR to exercise lack clinical utility. Further, these obser-
vations highlight the need for the development of normative val-
ues of wiBPR for athletes’ pre-participation evaluation. We have 
shown that male athletes present with a mean SBP/MET slope of 
5.4 mmHg/MET and that those with the lowest SBP/MET slope also 
displayed the lowest maximum SBP and the highest performance 
level [19]. Consistent with these results, we recently demonstrat-
ed that the resistance index, as a direct physical marker of global 
vascular resistance, was able to predict maximum power output in 
elite athletes [20].

Therefore, we now investigated vascular function and the newly 
introduced markers of wiBPR, specifically SBP/W slope and peak 
SBP/W ratio [21] in a cohort of professional male athletes and male 
controls. The peak SBP/W ratio represents the ratio of peak SBP to 
maximum achieved watts (W) in response to bicycle ergometer, 
whereas the SBP/W slope reflects the increase of SBP per W incre-
ment and thus the steepness of SBP in relation to workload, with 
higher values representing a steeper increase [21].

We hypothesized that athletes would display an enhanced vas-
cular function compared to controls with measureable differences 
at rest. Further, we anticipated finding a lower wiBPR in athletes 

compared to controls and to recently published normative values 
[21] as a result of this enhanced vascular function. In addition, we 
expected to find significant correlations of vascular functional pa-
rameters with the wiBPR in athletes and controls.

Materials and Methods

Study design
The study was conducted as a cross-sectional, single-center pilot 
study as part of the routine pre-season medical monitoring pro-
gram of the first German handball division. Data were collected in 
the second half of July in the years 2017–2019 after a six-week com-
petition-free interval. Competitive team handball is classified as 
high-intensity mixed sports with a high load for the cardiovascular 
system. It is characterized by requiring the repetition of high-in-
tensity activities with brief recovery periods. Players need the abil-
ity to perform repeated maximal or near-maximal intensities such 
as sprinting, jumping, and changing of directions throughout the 
match.

Age-matched male controls were recruited as volunteers and 
included in the study when they participated in sports activi-
ties  < 1 hour per week.

All participants received a clear explanation of the study and 
provided their written informed consent. Further, they filled out a 
questionnaire regarding health status, medication, nutrition sup-
plementation, amount of training, and history of training (pre-par-
ticipation questionnaire of the European Federation of Sports Med-
icine Associations). Only healthy individuals free of underlying car-
diovascular diseases, risk factors, and medication were included. 
The local ethics committee approved the study protocol. The study 
was performed in accordance with the ethical standards in sport 
and exercise science research [22].

Study population
The participants were 95 healthy male professional handball play-
ers of the first German division and 30 healthy male controls. All 
participants included were Caucasians, non-smokers, and none 
took medication or multivitamin supplements. Age, height, weight, 
and body mass index were determined. Body surface area was cal-
culated using the formula of DuBois and DuBois [23].

Exercise testing and assessment of blood pressure, 
heart rate and performance
All individuals were subjected to a physical examination and 12-
lead electrocardiogram (ECG). Further, all participants underwent 
a standardized progressive maximal cycling ergometer test with 
concurrent automatic brachial BP measurement (Schiller AG, Baar, 
Switzerland) and 12-lead ECG recording. The cuff used for meas-
urement was adjusted to the individual’s arm circumference. The 
first BP measurement was performed on the right arm in a sitting 
position on the ergometer after a resting period of 5 min (resting 
BP). The participants were instructed to let their right arm hang 
loosely during BP measurements, when possible. The exercise test 
protocol of the athletes started with a load level of 100 W after a 
2-min warm-up period that was conducted with 50 W. Controls 
started with 50 W after a warm-up period conducted with 25 W. 
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Loads were increased by 50 W in athletes and 25 W in controls every 
2 min until exhaustion, which was defined as the participant’s in-
ability to maintain the load for 2 min. If participants could not com-
plete the last 2-min stage, the individual maximum workload was 
calculated depending on the percentage duration of the last stage. 
Further, the rating of perceived exertion (RPE, Borg) was evaluated 
every 2 minutes, but not used as a termination criterion. Next, the 
load was decreased to 25 W for 2 min of active recovery that was 
followed by a 3-min cool-down period at rest. The test concluded 
with a final ECG recording and brachial BP measurement. BP was 
measured at every stage during test and recovery periods, includ-
ing at the maximum workload. Each BP measurement was record-
ed automatically with the corresponding time, heart rate, and 
workload. The calculated maximum heart rate was determined with 
the formula validated for cycling ergometries ((208–(age * 0.7)). 
However, the predicted maximum heart rate was not used as a ter-
mination criterion.

Increases in systolic and diastolic BP were calculated from peak 
and baseline (resting) values. Pulse pressure was calculated as SBP–
DBP at rest and during exercise. In addition, mean BP was deter-
mined as: DBP + (SBP–DBP)/3. MET values were estimated using 
the following formula validated for cycling ergometers: MET =  
(((Watt * 1.8 * 6.12)/kg)) + 7)/3.5 [18]. The ΔSBP was calculated as 
(maximum SBP–resting SBP) and was indexed by the increase in 
MET from rest (ΔMET calculated as peak MET–1) to obtain the SBP/
MET slope [6]. The peak SBP/W ratio was determined as peak SBP/
peak workload in W [21]. The SBP/W slope was calculated as the 
ratio of the difference in SBP from the first to the last BP measure-
ment during exercise over the difference in workload in W between 
these two measures (last SBP–first SBP)/(last W–first W) [21].

Non-invasive assessment of peripheral and central 
blood pressure and pulse pressure waveforms
We used the non-invasive vascassist2 device (isymed GmbH, Butz-
bach, Germany) to acquire pulse pressure waveforms by means of 
oscillometry. The device uses a validated model [14, 24] of the ar-
terial tree, which replicates an individual’s acquired pulse pressure 
waves. The vascular evaluation was carried out before exercise test-
ing in a room with a comfortable and stable temperature of 22  °C 
and a lack of external stress influences. After a 15-min rest period, 
measurements were performed in a supine position using four con-
ventional cuffs adapted to the upper arm and forearm circumfer-
ences of the participants. Both radial and brachial pulse pressure 
waves were acquired simultaneously on both arms with step-by-
step deflation of the cuffs and analyzed. Brachial and radial BP, cen-
tral blood pressure (CBP), aortic pulse wave velocity (PWV), aug-
mentation index at a heart rate of 75 bpm (Aix@75), resistance 
index (R), total vascular resistance, stroke volume, cardiac output, 
and ejection duration were calculated.

Statistical analysis
Descriptive analyses were carried out on all study variables for the 
total sample and separated by athletes and controls. All data are 
presented as mean ± standard deviation (SD). The Shapiro–Wilk 
test was used to determine normal distribution. Between-group 
comparisons were made using independent sample t tests. Bivari-
ate relations were analyzed using the Spearman correlation coeffi-

cient. Pearson’s product-moment correlation coefficient was used 
to determine linear correlations between vascular functional pa-
rameters and exercise test results. Statistical significance was set 
at p  < 0.05 (two-tailed) for all measurements. Relationships be-
tween wiBPR and vascular functional parameters were explored 
using bivariate correlation and multiple linear regression analysis. 
All statistical analyses were performed using the SPSS statistical 
software (IBM SPSS Statistics for Macintosh, Version 25.0; IBM 
Corp., Armonk, NY, USA).

Results

Cohort characteristics
A total of 125 male participants, 95 athletes and 30 healthy, age-
matched controls, were included in the study. Athletes were taller 
and heavier and displayed a greater body surface area than controls 
(▶Table 1); however, age (p = 0.292) and body mass index were 
not different between groups (p = 0.206). The mean resting heart 
rate was lower in athletes than in controls (57 ± 10 vs. 70 ± 14 bpm, 
p < 0.001). Further clinical characteristics, anthropometric data, 
and specific training data are displayed in ▶Table 1. As expected, 
we found a significant correlation of age with history of profession-
al training (r =  0.956, p <  0.001) in athletes.

Blood pressure and vascular function at rest
The mean resting brachial SBP and the mean brachial BP was lower 
in athletes than in controls. None of the participants displayed a 
BP  > 140/90 mmHg. Athletes had a significantly lower diastolic CBP, 
mean CBP and PWV compared with controls, whereas systolic CBP, 
Aix@75, resistance index (R), and total vascular resistance were not 
different between the groups. In contrast, the central pulse pres-
sure was higher in athletes than in controls. Detailed data are pre-
sented in ▶Table 2.

Heart rate and blood pressure response to exercise
The test duration between athletes and controls was not different 
(1060 ± 100 vs. 1005 ± 150 sec, p = 0.102). All participants achieved 
a maximum heart rate above the threshold of 85 % of the individu-
al calculated maximum heart rate with significant differences be-
tween the two groups (athletes 94.4 ± 5.1 % vs. controls 98.6 ± 4.7 %, 
p < 0.001). In consequence, maximum heart rate during the exhaus-
tive exercise test was significantly lower in athletes than in controls 
(179.4 ± 9.8 vs. 187.1 ± 9.9 bpm, p < 0.001). However, the rating of 

▶Table 1	 Clinical characteristics of athletes (n = 95) and controls (n = 30)

Athletes
n = 95

Controls
n = 30 p value 

Mean SD Mean SD

Age (years) 25.6 5 26.2 4.4 0.292

Height (cm) 188.5 7.2 183.8 6.2 0.002

Weight (kg) 91.5 10.7 85.1 8.3 0.003

Body mass index (kg/m2) 25.7 2 25.17 1.9 0.206

Body surface area (m2) 2.18 0.16 2.08 0.12 0.001

Training history (years) 9.85 4.95 0.03 0.18  < 0.001

Training per week (hours) 17.45 3.1 0.5 0.2  < 0.001
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perceived exertion was not different between the groups (18.5 ± 1.1 
vs. 19.2 ± 0.9 Borg scale, p = 0.065).

The heart rate, SBP, DBP, mean brachial BP, and pulse pressure 
were significantly lower in athletes compared to controls ( < 0.001) 
at 100, 150 and 200 W workload. All controls completed the 150 W 
stage, 22 (66 %) accomplished the 200 W stage, 8 (26 %) the 250 W 
stage, and 1 (3 %) achieved the 300 W stage. All athletes (95) com-
pleted the 250 W stage, 86 (82 %) the 300 W stage, 48 (46 %) the 
350 W stage, 21 (20 %) the 400 W stage, and 5 athletes (5 %) ac-
complished more than the 450 W stage, respectively.

Despite the differences throughout the stages of the graded ex-
ercise test, the maximum SBP (200 ± 20 vs. 197 ± 19 mmHg, 
p = 0.358), maximum DBP (84.7 ± 7.1 vs. 86.4 ± 10.1 mmHg, 
p = 0.391), mean brachial BP (123.5 ± 9 vs. 123.3 ± 11.6 mmHg, p =  
0.893) and maximum pulse pressure (115.4 ± 19.8 vs. 110.6 ±  
13.6 mmHg, p = 0.211) were not different between athletes and 
controls at the individual peak exercise. ΔSBP and Δpulse pressure 
were higher in athletes, but ΔDBP and Δmean brachial BP were not 
different between groups. The complete data set is presented in 
▶Table 3. In addition, the blood pressure responses at each stage 
are depicted in ▶Figure 1. Further, ▶Figure 2 shows the SBP ac-
cording to the achieved maximum workload.

Maximum SBP was positively correlated with resting SBP 
(r = 0.241, p = 0.019) and maximum DBP (r = 0.234, p = –0.022). In 
addition, resting SBP was negatively associated with R (r = –0.289, 
p = 0.005).

Workload-indexed blood pressure responses
Athletes achieved a significantly higher absolute workload than con-
trols with a correspondingly higher relative workload and MET. All 
markers of a workload-adjusted BPR were significantly lower in ath-
letes than in controls: SBP/MET slope (6.2 ± 1.8 vs. 7.85 ± 1.8 mmHg/
MET, p < 0.001); SBP/W slope (0.35 ± 0.13 vs. 0.44 ± 0.12 mmHg/W, 
p < 0.001) and the peak SBP/W ratio (0.61 ± 0.12 vs. 0.95 ±  
0.17 mmHg/W, p < 0.001) (▶Table 3). The respective percentiles 
for the BP increase and the wiBPR for athletes are displayed in 
▶Table 4.

All vascular functional parameters, measured at rest, were not 
significantly correlated to SBP/MET slope, the peak SBP/W ratio, or 
the SBP/W slope in either athletes or controls.

Regression analyses of the influence of the hemodynamic data 
of athletes and controls on different markers of workload-indexed 
blood pressure response

We performed multivariate regression analyses to explore possi-
ble linear associations across the vascular functional parameters 
measured at rest with the workload- indexed markers of BPR. We 
used brachial systolic BP, brachial diastolic BP, central systolic and di-
astolic BP, mean central BP, central pulse pressure, PWV, Aix@75 
bpm, R and total vascular resistance as predictors of the regression 
model and, separately, the SBP/MET slope, the peak SBP/W ratio, and 
SBP/W slope as continuous dependent variables in both athletes and 
controls. All evaluated regression models were unable to predict the 
markers of workload- indexed BPR in both groups and neither of the 
evaluated vascular functional parameters at rest were found to be 
independent determinants of the workload-indexed BPR.

Discussion
The present study represents the first analysis of vascular function 
and the newly introduced workload-adjusted markers of BPR, such 
as SBP/MET slope, SBP/W slope, and peak SBP/W ratio, to a maxi-
mum exercise test in professional athletes and sedentary controls.

Our main findings are that 1) athletes displayed a significantly lower 
wiBPR than did sedentary controls despite a higher achieved absolute 
and relative workload; 2) all markers of wiBPR were markedly lower in 
athletes, although the absolute values of maximum SBP were not dif-
ferent between athletes and controls; 3) further, despite a lower PWV 
and lower mean CBP at rest, all other vascular markers measured at 
rest, including total vascular resistance and resistance index, were not 
different between athletes and sedentary controls; 4) none of the 
measured markers of vascular function were able to predict the wiBPR 
in either athletes or controls; 5) in athletes, the SBP/Watt and the SBP/
MET slope, but not the peak SBP/W ratio, were comparable to the re-
cently published reference values for bicycle ergometers.

▶Table 2	 ▶Results of vascular evaluation in athletes (n = 95) and controls (n = 30)	

Athletes
n = 95

Controls 
n = 30 p value

Mean SD Mean SD

Brachial systolic BP (mmHg) 123 10.2 129 11.5 0.013

Brachial diastolic BP (mmHg) 76 7 78 8.5 0.196

Mean brachial BP (mmHg) 91.8 6.8 95.1 8 0.053

Pulse pressure at rest (mmHg) 46.8 10 50.4 11.3 0.098

Heart rate at rest (bpm) 57.2 10.3 70.1 13.6  < 0.001

Mean aortic blood pressure (mmHg) 76 10 82 9.8 0.005

Central systolic BP (mmHg) 99 8 102 9.3 0.052

Central diastolic BP (mmHg) 63 9.7 69 9.3 0.003

Central pulse pressure (mmHg) 38 6.6 34 6.4 0.019

Aortic pulse wave velocity (m/s) 6.4 0.92 7.2 1.5 0.001

Augmentation index @75 bpm ( %)  − 18.6 10 − 16 10 0.38

Resistance index 16.4 6.3 17.7 7.4 0.346

Total vascular resistance (dyn * sec/cm5) 1336 298 1267 333 0.294
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▶Table 3	 ▶Results of vascular evaluation and exercise testing in athletes (n = 95) and controls (n = 30).

Athletes
n = 95

Controls
n = 30 p value

Mean SD Mean SD
Rest
Brachial systolic BP (mmHg) 123 10.2 129 11.5 0.013
Brachial diastolic BP (mmHg) 76 7 78 8.5 0.196
Mean brachial BP (mmHg) 91.8 6.8 95.1 8 0.053
Pulse pressure at rest (mmHg) 46.8 9.9 50.4 11.3 0.098
Heart rate at rest (bpm) 57.2 10.3 70.1 13.6  < 0.001
100 Watts
Brachial systolic BP (mmHg) 138 14.1 159 17.6  < 0.001
Brachial diastolic BP (mmHg) 76 7.3 80.8 7.7 0.005
Mean brachial BP (mmHg) 97.2 7.4 107.2 9.5  < 0.001
Pulse pressure (mmHg) 62.6 14.6 79.1 14.7  < 0.001
Heart rate (bpm) 105.2 11.8 129.4 16.5  < 0.001
150 Watts
Brachial systolic BP (mmHg) 155.4 15.6 178.4 17.5  < 0.001
Brachial diastolic BP (mmHg) 77.5 8.7 83.4 7  < 0.001
Mean brachial BP (mmHg) 103.5 9.3 115.1 9.1  < 0.001
Pulse pressure (mmHg) 77.9 14.1 95 14.7  < 0.001
Heart rate (bpm) 123.8 13.2 156.2 18.6  < 0.001
200 Watts
Participants 95 (100 %) 22 (66 %)

Brachial systolic BP (mmHg) 168.7 17.9 193 19.3  < 0.001
Brachial diastolic BP (mmHg) 80.6 11.6 88.3 9.3  < 0.001
Mean brachial BP (mmHg) 110 10.8 122.3 10.8  < 0.001
Pulse pressure (mmHg) 89.3 16.2 102.7 13.9  < 0.001
Heart rate (bpm) 143.7 13.8 177.1 17.7  < 0.001
250 Watts
Participants 95 (100 %) 8 (26 %)
Brachial systolic BP (mmHg) 181.6 18.8 195.1 12.4 0.012
Brachial diastolic BP (mmHg) 83.8 11.4 85.7 7.3 0.716
Mean brachial BP (mmHg) 116.4 12.8 123.5 14.1 0.024
Pulse pressure (mmHg) 97.1 14.3 112.8 12.1 0.001
Heart rate (bpm) 162.1 15.3 183.6 10.9  < 0.001
Peak exercise
Time (sec) 1060 100 1005 150 0.102
Rating of perceived exertion (Borg scale) 18.5 1.1 19.2 0.9 0.065
Maximum heart rate (bpm) 179.4 9.8 187.1 9.9  < 0.001
Max. heart rate ( % of calculated max. heart rate) 94.4 5.1 98.6 4.7  < 0.001
Absolute workload (watts) 339.2 64 211 35.2  < 0.001
Relative workload (watts/kg) 3.73 0.8 2.5 0.44  < 0.001
Peak energy expenditure (MET) 13.9 2.5 9.9 1.4  < 0.001
Maximum systolic brachial BP (mmHg) 200.4 20.1 197 18.1 0.358
Maximum diastolic brachial BP (mmHg) 84.7 7.1 86.4 10.1 0.391
Mean brachial BP (mmHg) 123.5 9 123.3 11.6 0.893
Maximum pulse pressure (mmHg) 115.4 19.8 110.6 13.6 0.211
Changes from baseline
Δ systolic brachial BP (mmHg) 77 20 68 14 0.004
Δ diastolic brachial BP (mmHg) 8.8 9.3 7.5 6.5 0.395
Δ mean brachial BP (mmHg) 31.7 10.2 28.2 7.8 0.09
Δ pulse pressure (mmHg) 68.6 18.4 60.1 12.5 0.021
Workload- indexed blood pressure response
SBP/MET slope (mmHg/MET) 6.20 1.8 7.85 1.8  < 0.001
SBP/Watt slope (mmHg/Watt) 0.34 0.13 0.44 0.12  < 0.001

Peak SBP/Watt- ratio (mmHg/Watt) 0.61 0.12 0.95 0.17  < 0.001

The SBP/Watt-slope was calculated as: (increase in systolic blood pressure (SBP) from first to last SBP measure during exercise) / (the increase in 
workload (watts) between those two measures). The peak SBP/Watt ratio was calculated as: (SBP at peak measure during exercise / (the workload 
(watts) at last SBP). The SBP/MET slope was calculated as follows: (Peak SBP – first SBP)/ (peak MET – 1 MET). BP, blood pressure; MET, metabolic 
equivalent of task; SBP, systolic blood pressure; SD, standard deviation.
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▶Table 4	 Systolic blood pressure response to exercise in athletes (n = 95).

Rest 100 W 150 W 200 W 250 W SBP/MET slope SBP/W slope Peak 
SBP/W-ratio (mmHg) (mmHg) (mmHg) (mmHg) (mmHg) (mmHg/MET) (mmHg/W)

10th percentile 110 122 136 143 158 3.88 0.19 0.46

20th percentile 113 127 143 152 165 4.56 0.24 0.52

30th percentile 117 132 149 161 170 5.11 0.275 0.55

40th percentile 120 135 152 165 174 5.57 0.29 0.57

50th percentile 124 140 156 168 180 5.95 0.32 0.59

60th percentile 125 143 160 174 187 6.47 0.35 0.61

70th percentile 128 147 165 180 191 7.12 0.385 0.65

80th percentile 132 152 169 184 198 8.0 0.44 0.72

90th percentile 136 159 175 190 206 8.8 0.49 0.77

▶Fig. 2	 Systolic blood pressure response according to peak workload in athletes and controls.
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Our study provides the first comparison of the newly introduced 
markers of workload-indexed BPR to exercise in male professional ath-
letes and age-matched controls.Recently, Hedman et al. [21] report-
ed age- and sex-specific reference equations for workload-indexed 
systolic BPR during bicycle ergometry for the general population. The 
SBP/W slope, reflecting the increase of SBP per W increment and thus 
the steepness of SBP in relation to workload, was introduced and sug-
gested to deliver additional data for risk classification.

The BPR to exercise in men is characterized by an increase in car-
diac output and by an increase in total peripheral resistance [25] 
and therefore less influenced by fitness levels. Hence, the values of 
the SBP/W slope in our male athletes were comparable (0.34 ± 0.12 
vs. 0.33 ± 0.11 mmHg/W) to the proposed reference values of the 
general population, whereas the SBP/W slope of our healthy con-
trol group (0.44 ± 0.12 mmHg/W) was markedly higher [21].

In contrast to the aforementioned, the absolute values of the 
peak SBP/W ratio in our cohort of professional athletes were lower 
compared to the published reference values [21] (0.61 ± 0.12 vs. 
0.73 ± 0.11 mmHg/W), whereas the control group exceeded the 
normative 95th percentile (0.95 ± 0.17 mmHg/W) [21]. Given that 
our athletes had significantly greater cardiorespiratory fitness (CRF) 
than the participants of the Hedman study, it is tempting to spec-
ulate that CRF affects the peak SBP/W ratio. Hence, the peak SBP/W 
ratio of athletes might be lower compared to that of controls, as 
athletes usually achieve higher workloads. In consequence, these 
results raise the question whether athletes might need different 
thresholds for the peak SBP/Watt ratio.

The ACSM recommendations [18] propose a normative SBP/
MET slope of 10 mmHg/MET. However, in our cohort, the mean 
SBP/MET slope was 6.2 mmHg/MET for athletes and 7.85 mmHg/
MET for controls. In other observations a median of 6.4 mmHg/MET 
in a normal population [6] and 5.4 mmHg/MET in an athletic pop-
ulation [19] were reported. Of note and in line with the aforemen-
tioned, the 95th percentile of the SBP/MET slope in our examined 
athletes was 9.42 mmHg/MET and 10.3 mmHg/MET in our control 
group, respectively [18]. In conclusion, our findings clearly indicate 
that the ACSM threshold of 10 mmHg/MET [18] represents an 
upper limit and not an average normal increase.

The healthy, but sedentary control group of our study exceed-
ed the normative values of all measured markers of wiBPR, which 
suggests an increased cardiovascular risk. Therefore, preventive in-
terventions to avoid the development of arterial hypertension and 
cardiovascular disease should be established in this group.

Taken together, our data emphasize the need to use wiBPR in-
stead of absolute values, as the maximum SBP was not different be-
tween athletes and controls. Reliable and validated reference val-
ues for athletes should be established to define an exaggerated BPR 
in these cohorts in order to identify athletes at risk of developing 
arterial hypertension.

So far, our studies delivered reference values for the SBP/MET 
slope in an athletic population of  > 200 professional male athletes 
in total [19]. These results are in line with the proposed normative 
values that were derived from 285 healthy males in this age cohort 
[21]. To this end, the aforementioned data concerning the SBP/
MET slope are promising [6].

Hedman et al. [21] and others [26] hypothesized that total pe-
ripheral vascular resistance contributes to BPR and physical perfor-

mance. Hence, our previous study [20] revealed the impact of the 
resistance index (R) on physical performance in athletes. However, 
in the current study, neither R nor global vascular resistance at rest 
was different between athletes and controls, and consequently they 
were not able to predict the wiBPR in athletes. Moreover, measur-
ing of PWV was proposed to provide additional information for car-
diovascular risk classification as it predicted an exaggerated BPR in 
normotensive individuals [17]. The PWV of 6.4 m/s measured in 
our athletes is in line with other studies [20, 27] and meta-analyses 
[28]. Athletes performing predominantly aerobic exercise are like-
ly to display a lower PWV than sedentary individuals [28, 29], rep-
resented by our control group. Further, aerobic exercise training 
was shown to reverse age-related aortic stiffness [30]. Thus, in our 
study, all vascular functional parameters were not able to predict 
the wiBPR in both groups. The difference of our findings to the 
aforementioned study [17] might be explained with our investigat-
ed study cohort of professional athletes, who displayed a low PWV. 
Further, Haarala et al. [17] did not present their data separately for 
males and females, which limits comparison to our own results.

Hence, it may be speculated that resistance index and global 
vascular resistance differ during exercise conditions and lead to the 
detected difference in the wiBPR with athletes displaying a higher 
arterial vasodilator reserve. Unfortunately, vascular resistance 
could not be measured during exercise to substantiate this hypoth-
esis. Taken together, these results highlight the problems inherent 
with the use of non-invasive devices that evaluate vascular func-
tion via oscillometry [13]. These validated methods deliver reliable 
results at rest, but owing to the measurement technique, not dur-
ing an exhaustive exercise test [13].

As total vascular resistance at rest and maximum SBP were not 
different between athletes and controls, our data indicate the im-
portance of vascular function and total vascular resistance during 
exercise for the BPR to exercise.

Limitations and strengths
Our study has a few limitations. The number of participants limited 
its power to uncover potential correlations between the wiBPR pa-
rameters measured and markers of cardiac and vascular function 
other than CBP, PWV, total vascular resistance, and brachial BP. In ad-
dition, the number of included athletes precludes the determination 
of reference values. The focus on professional male handball players 
limits extrapolation of the results to other sport disciplines and to 
female athletes. Further, the different ramp grading of the exercise 
testing between athletes and controls may have affected our results.

However, we did include a homogeneous cohort of experienced 
elite athletes and controls of the same age without cardiovascular 
disease and free of medication. Further, the rigid design of meas-
uring vascular function and accomplishing an exhaustive and stand-
ardized exercise test in both groups must be mentioned, which 
strengthens our analysis.

Conclusions
In conclusion, our findings may aid clinicians and exercise physiol-
ogists in interpreting the BPR to exercise and provide a basis for fu-
ture research on the prognostic impact of exercise BPR. Especially 
the SBP/MET slope might already be used in male athletes to de-
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termine wiBPR to exercise [6, 19]. Vascular functional parameters 
were not correlated to the wiBPR in either athletes or controls de-
spite their potential to detect occult cardiovascular impairment.
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