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Abstract

Purpose Weight lifting training has gained much popularity in recent years and is frequently used in non-professional and
professional settings. However, little is known about the acute effects of a highly intensive weight lifting exercise (clean and
jerk) on the hemodynamic reaction.

Methods 18 non-professional experienced weight lifters were recruited. Hemodynamic parameters were obtained and meas-
ured at baseline (T1), after warming up (T2), and after a highly intensive clean and jerk exercise (90-95% of personal best;
T3). Further, 15 (T4), and 30 min (T5) post-exercise measurements were conducted. Evaluated parameters were heart rate
(HR) (b/min), peripheral and central systolic and diastolic blood pressure (pSysBP, pDiaBP, cSysBP, cDiaBP) (mmHg),
pulse wave velocity (PWV) (m/s), and double product (DP).

Results All hemodynamic values increased from T1 up to T3 with significantly higher values measured at T3 compared
to T1 and T2. Values of measured parameters at T3 were as follows: HR: 94.4 +15.6 b/min, pSysBP: 147.1 +15.9 mmHg,
pDiaBP: 87.4+12.2 mmHg, cSysBP: 129.3 +13.8 mmHg, cDiaBP: 89.9 +12.8 mmHg, and: 5.8 +0.5 m/s, DP: 14053 +3669.
Post-exercise (T4, T5), all values returned to baseline levels.

Conclusions Results indicate that a highly intensive weight lifting exercise led to an acute increase of blood pressure and an
acute stiffening of the arteries. Yet, increases were moderate and did not reach disproportionately high levels and returned
to baseline levels within 15 min post-exercise. Hence, no negative acute effects of a maximum weight lifting exercise on
the hemodynamic system are observed.
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Introduction

Hypertension is one of the leading diseases in the west-
ern world (ESH/ESC Task Force for the Management of
Arterial Hypertension 2013) and there is evidence that
the measurement of the central blood pressure and arterial
stiffness is better related to future cardiovascular events
compared to the conventional blood pressure (BP) meas-
urement (McEniery et al. 2014; Karras et al. 2012).

Several studies have demonstrated that endurance train-
ing programs lead to decreased arterial stiffness, central
and peripheral BP, an improved arterial compliance and,
thus, a better vascular health (Ashor et al. 2014). However,
the effects of acute and long-term resistance training (RT)
on the vascular system are not fully understood (Braith and
Stewart 2006). Cross-sectional studies demonstrated that
resistance-trained men have stiffer arteries, higher periph-
eral BP and central BP compared to their sedentary age-
matched peers (Miyachi et al. 2003; Bertovic et al. 1999).
Also in high-performance sports, athletes performing
strength-dominant sports show a higher arterial stiffness
and higher BP values compared to athletes who perform
endurance-dominated sports (Saka et al. 2016).

Weight lifting (WL) which is performed in recreational
and non-professional leisure settings has gained increased
popularity in recent years. Also, in other sport categories
(e.g. volleyball and basketball (Holmberg 2013)), WL ses-
sions are increasingly often implemented in regular train-
ing schedules, as it was shown to improve athleticism, e.g.
vertical jump performance (Arabatzi et al. 2010; Otto et al.
2012). It was further suggested that athletes with expe-
rience in WL might also exhibit greater confidence and
aggressiveness in their approach to competitive sports and
that these athletes possess a more complete understanding
of athletic lifestyle (Takano 2013).

However, little is known about the acute effects of a
WL regimen on the hemodynamic system. Therefore, this
study aims to evaluate the acute effects of WL on periph-
eral and central BP and arterial stiffness in experienced,
non-professional weight lifters.

Methods
Study participants

18 subjects (16 male, 2 female) participated in this study.
To be included in the study, participants had to fulfill the
following criteria: active in non-professional WL for at
least 2 years, being able to conduct a one-time clean and
jerk maneuver with a weight that equals 100% of the body
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weight in proper form, a regular resistance/WL training
load of at least three sessions per week, non-smoker, age
20-30 years, no regular consumption of any drugs, no
cardiovascular disease conditions such as heart failure,
ischemic cardiopathy, and further diseases such as renal
insufficiency or diabetes mellitus. Consumption of caffeine
and alcohol was prohibited 24 h prior to the testing. The
study and the protocols used were approved by the ethics
committee of the German Sport University Cologne. These
protocols are in line with the Declaration of Helsinki. Par-
ticipants gave written informed consent to participate in
the study. Characteristics of the study participants are dis-
played in Table 1.

Study design

All measurements and exercises were conducted in a gym
in an extra room to provide a quiet and secluded environ-
ment at the same time of the day (between 8 and 11 a.m.).
A schematic overview of the study design can be found in
Fig. 1. On the day of the test, recruited participants were
asked to remain calm in a sitting position for 10 min. In this
time, participants filled out a questionnaire about their train-
ing history. This information is provided in Table 1. Having
sat for 10 min, the first measurement of the hemodynamic
parameters was conducted in a seated position (T1). This
hemodynamic measurement and the measurements that
followed at all other time points took approximately 60 s
with marginal deviation. Then participants conducted a
submaximal warm-up program for 20 min with a bar (20-
kg Eleiko bar, Eleiko, AB, Halmstad, Sweden) without and
with additional disks (Eleiko Olympic disks, Eleiko, AB,
Halmstad, Sweden). The warm-up routine started with only
the bar (20 kg). Participants conducted three sets with five

Table 1 Anthropometric, training and performance characteristics of
the participants

Mean + stand-
ard deviation

Men/women 16/2

Age (years) 242+19
Height (cm) 179.8+7.9
Weight (kg) 84.4+11.3
Experience weight lifting (years) 2.1+0.9
Regular training (session/week) 4.6+0.9
Regular training volume (h/session) 23+1.5
Specific weight lifting training (session/week) 24+0.9
Specific weight lifting training volume (h/session) 1.6+0.6
Max. clean and jerk (kg) 106.9+21.5
Clean and jerk weight at T3 (kg) 99.2+19.5

Data are presented as means + standard deviation
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Fig.1 Schematic overview of the weight lifting (clean and jerk) regi-
men. AS arterial stiffness, BP blood pressure

repetitions of hang power cleans, front squats and shoulder
press with 1-min rest between the sets. After that, they did
three sets with three repetitions of the full range of motion
of the clean and jerk exercise. They started with 50% of
their planned final clean and jerk weight and increased the
weight 10-15% in each set. Between the sets, the pause was
set to 2 min.

The second hemodynamic measurement started 15 s after
finishing the last exercise of the warm-up routine in a seated
position. The final weight was set to 90-95% of the indi-
vidual’s maximum clean and jerk weight which was reported
by the participants in the above-mentioned questionnaire.
Having completed the final clean and jerk exercise, the
hemodynamic measurement started 15 s after the exercise
was finished and participants were in a seated position (T3).
Following this highly intensive clean and jerk exercise, par-
ticipants were asked to remain quiet in a sitting position.
Hemodynamic measurements were conducted 15 (T4) and
30 (T5) min post-exercise. During these measurements, par-
ticipants were also in a seated position.

Measurement of arterial stiffness parameters

All measurements were performed using a Mobil-O-Graph
device (IEM, Stollberg, Germany) with a novel transfer
function-like algorithm, using brachial cuff-based wave-
form recordings. For central systolic pressure, calculation
and other measures of arterial stiffness, an integrated transfer

function (ARCSolver algorithm) was used (Weber et al.
2011; Wassertheurer et al. 2010). First, the device measures
the peripheral BP. After 30 s of pause, the device measures
further hemodynamic parameters which are presented in the
software output. The parameters that were evaluated were
heart rate [HR (b/min)], systolic [pSysBP (mmHg)] and
diastolic peripheral BP [pSysBP (mmHg)], systolic [cSysBP
(mmHg)] and diastolic central BP [cSysBP (mmHg)] and
pulse wave velocity [PWV (m/s)]. PWV was shown to be the
most reliable measure of arterial stiffness (O’Rourke et al.
2002; Kim et al. 2007). Compared to the invasive measure-
ment of the central systolic pressure and established radial
tonometry with inbuilt generalized transfer function, the
ARCSolver algorithm showed good agreement (Weber et al.
2011; Wassertheurer et al. 2010). Further, the double prod-
uct (DP, also known as rate pressure product) was calculated
by multiplication of pSysBP and HR (Fletcher et al. 1979)
and serves as valid predictor of myocardial workload and
myocardial oxygen consumption during exercise (Picon et al.
2018). All hemodynamic measurements were conducted fol-
lowing the recommendations of the ESH/ESC Task Force
for the Management of Arterial Hypertension (ESH/ESC
Task Force for the Management of Arterial Hypertension
2013). Hence, participants were at rest in a sitting position in
a quiet room with adequate temperature. Cuffs were chosen
depending on upper-arm circumference, and the cuffs were
at the same level of the heart during all measurements.

Data analyses

All descriptive data are expressed as means + standard devi-
ation. After checking for normality of distribution using the
Shapiro—Wilk test, a one-way repeated measured analysis
of variance (ANOVA) was conducted to evaluate the effects
of a maximum WL regimen on the different hemodynamic
measures when measured before (T1), after the warm-up
(T2), immediately after the final weight lift (T3), 15 min
after the final weight lift (T4) and 30 min after the final
weight lift (T5). If a significant time effect was observed,
Bonferroni post hoc analyses were conducted to detect sig-
nificant differences between time points.

Results

The employed weight for the clean and jerk exercise at T3
was a mean of 99.2 kg (4 19.5) which equaled 92.9% (£3.1)
of the participant’s maximum clean and jerk performance
and 117.1% (+15.4) of the participant’s body weight. Mean
values with standard deviation of the measured hemody-
namic parameters are illustrated in Fig. 2 and exact p values
of the pairwise comparisons of the statistical analyses are
provided as supplementary material 1.
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Fig.2 a Peripheral blood pressure (pBP) measured throughout the
training regimen. Black lines indicate systolic peripheral blood pres-
sure and gray lines indicate diastolic peripheral blood pressure. Data
are presented as means with +standard deviation. *p <0.05 vs. T3.
b Central blood pressure (cBP) measured throughout the training
regimen. Black lines indicate systolic central blood pressure and gray
lines indicate diastolic central blood pressure. Data are presented
as means with +standard deviation. *p <0.05 vs. T3. ¢ Pulse wave

Measured HR (b/min) values were as follows: T1: 70.1
(£10.1); T2: 85.8 (£13.8); T3: 94.4 (£15.6); T4: 78.8
(£9.5); and T5: 75.6 (£9.5). Statistical analyses revealed
a time effect for HR (p <0.001) and post hoc analyses
showed that HR measured at T3 differed significantly from
all other time points. Further, HR measured at T2 differed
significantly from T1 and T5. No further differences were
detected between any other time points. Statistical analy-
ses revealed a time effect for pSysBP (p =0.003) and post
hoc analyses showed that pSysBP measured at T3 dif-
fered significantly from T1, T2 and TS, respectively. The
other pairwise comparisons revealed no further significant
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velocity (PWV) measured throughout the training regimen. Data
are presented as means with +standard deviation. *p <0.05 vs. T3.
d Heart rate (HR) measured throughout the training regimen. Data
are presented as means with +standard deviation. *p <0.05 vs. T3,
#p<0.05 vs. T2. e Double product (DP) measured throughout the
training regimen. Data are presented as means with +standard devia-
tion. *p <0.05 vs. T3, #p <0.05 vs. T2

differences. Measured pSysBP [mmHg] values were as fol-
lows: T1: 134.1 (£14.5); T2: 140.0 (£17.2); T3: 147.1
(£15.9); T4: 133.4 (£ 14.1); and T5: 129.9 (+19.6). Statis-
tical analyses revealed a time effect for pDiaBP (p <0.001)
and post hoc analyses showed that pDiaBP measured at
T3 differed significantly from all other time points. No
further significant differences between time points were
observed. pDiaBP [mmHg] values were T1: 76.2 (+10.9);
T2:79.9 (+£10.4); T3: 87.4 (£12.2); T4: 77.3 (+10.5); and
T5: 76.9 (+£8.9). Statistical analyses revealed a time effect
for cSysBP (p <0.001) and post hoc analyses showed that
cSysBP measured at T3 differed significantly from all other
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time points. Pairwise comparisons of the other time points
did not reveal any further significant differences. Measured
cSysBP [mmHg] values were as follows: T1: 114.3 ( 12.6);
T2: 117.1 (£13.2); T3: 129.3 (+13.8); T4: 113.4 (+12.0);
and T5: 111.2 (+13.6). Statistical analyses revealed a time
effect for cDiaBP (p =0.005) and post hoc analyses showed
that cDiaBP measured at T3 differed significantly from all
other time points, while no further significant difference was
detected between other time points. Exact cDiaBP [mmHg]
values were T1: 78.1 (x10.5); T2: 82.7 (x11.0); T3: 89.9
(+12.8); T4: 79.5 (+10.6); and T5: 78.6 (+9.2). Statisti-
cal analyses revealed a time effect for PWV (p =0.005) and
post hoc analyses showed that PWV measured at T3 dif-
fered significantly from T1 and T2, respectively. No further
significant differences between time points were observed.
Measured PWV [m/s] values for each time point were as
follows: T1: 5.4 (+0.5); T2: 5.6 (+0.6); T3: 5.8 (+0.5);
T4: 5.4 (£0.4); and T5: 5.3 (£0.6). Measured DP values
were as follows: T1: 9394 (+1770); T2: 12,122 (+3130);
T3: 14,053 (£3669); T4: 10,532 (+1750); and T5: 9861
(£2185). Statistical analyses revealed a time effect for DP
(»<0.001) and post hoc analyses showed that DP measured
at T3 differed significantly from all other time points. Fur-
ther, T2 differed significantly from T1 and T5. No further
difference was detected between other time points.

Discussion

To the best of our knowledge, this is the first study present-
ing the hemodynamic effects of an acute highly intensive
Olympic WL exercise (clean and jerk) in WL-experienced
non-professional participants. Due to trending sports such as
CrossFit® that use WL elements, WL has become more and
more popular since the last half of the twentieth century. WL
is a whole body strength training and WL movements are far
more complex and much more intensive compared to con-
ventional resistance training (Hikkinen et al. 1987). Hence,
results from studies examining the effects of conventional
RT on arterial stiffness might be different.

In the present study, BP, HR, DP, and arterial stiffness
increased from baseline values (T1) throughout the warm-
up phase (T2) and reached highest values after the clean and
jerk lift (T3). This is observed for PWV, pSysBP, pDiaBP,
cSysBP, cDiaBP, HR, and DP with significantly higher val-
ues measured at T3 in all these parameters compared to T1
and T2. This increase in aortic and peripheral BP and arte-
rial stiffness was observed in previous studies following RT
programs (DeVan et al. 2005; Kingsley et al. 2016; Yoon
et al. 2010).

Systolic BP values measured immediately after the highly
intensive clean and jerk lift are not dangerously high with a
mean pSysBP of 147.1 mmHg (+15.9) and mean cSysBP

of 129.3 mmHg (+ 13.8). These mild increases are in line
with the moderate increases of a mean HR of 94.4 b/min
(£15.6) and a mean DP of 14,053 (£ 3669). Also, PWV
values do not increase much with a mean of 5.8 m/s (+0.5).
Of note is the fact that the measurements started 15 s after
finishing the exercise and lasted for 60 s. Hence, the meas-
ured parameters were recorded approximately 75 s after
finishing the exercise. Therefore, this recovery time of the
cardiac and hemodynamic system needs to be considered.
A further explanation for this moderate increase might be
that the study participants only conducted one very intensive
clean and jerk lift. It was previously shown by Nitzsche et al.
that acute resistance training regimens with higher volumes
and lower intensity lead to a higher vascular response. This
response was marked by a greater increase of central BP
and a stronger stiffening of the arteries. In the group that
performed the low-intensity and high-volume RT, cSysBP
increased to 133.4 mmHg (+17.2) and PWYV increased to
5.97 m/s (£0.65). In contrast, in the high-intensity and
low-volume group, cSysBP increased to only 118.1 mmHg
(x£12.7) and PWYV increased to 5.48 m/s (+0.5) (Nitzsche
et al. 2016). This study group used the same device to meas-
ure hemodynamic values as the present study (Mobil-O-
Graph, IEM, Stollberg, Germany). However, in the present
study, participants conducted a warm-up that included sev-
eral repetitions with lower weight. Yet, the comparison of
the values of the above-mentioned study indicates that the
acute increase of the maximum clean and jerk exercise is
most likely lower than a low-intensity and high-volume RT.
The very high intensity of the exercise probably led to very
high increases of NO, as it was shown that a high-intensity
RT goes along with higher NO levels compared to low-inten-
sity RT leading to a more moderate rise in BP. Higher blood
flow and sheer stress to the endothelium during intensive
exercise activate the endothelial NO synthase and in turn
the release of NO leading to vasodilatation (Giizel et al.
2007). This might be one reason why the increases in BP
are in a moderate range compared to results of other stud-
ies that used more repetitions and lower weights (Nitzsche
et al. 2016).

Central and peripheral diastolic BP values also increased
and were significantly higher at T3 compared to T1 and T2.
The reasons for this increase in diastolic BP remain elusive
as studies show that the diastolic BP usually remains unaf-
fected or slightly decreases after an acute RT (Carpio-Rivera
et al. 2016; Wickwire et al. 2009). It can only be speculated
that the high absolute muscle activation primarily in the
lower body might lead to a higher restriction in the arterial
vascular bed and thus to a higher diastolic BP. It was previ-
ously observed that an acute lower body resistance training
led to significantly higher central and peripheral diastolic
BP increases compared to an upper body resistance training
(Tomschi et al. 2018). However, it was also shown that a
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lower body RT did lead to altered peripheral diastolic BP
responses compared to an upper body RT (Li et al. 2015).
In the present study, 15 (T4) and 30 min (T5) after the exer-
cise, pDiaBP and cDiaBP approach the pre-values with sig-
nificantly lower values compared to T3. This decrease after
the acute exercise was also observed in the aforementioned
study (Tomschi et al. 2018). This allows the conclusion that
no negative time-delayed effects occur after the maximum
clean and jerk lift.

The increase of the measured hemodynamic parameters
seems to be only transient as they decrease to baseline levels
15 (T4) and 30 (T5) minutes after the exercise. This decrease
to baseline levels after finishing physical exercises was also
observed in other studies (Tomschi et al. 2018; Miiller et al.
2015; Ketelhut et al. 2016). Some studies also report that BP
levels decrease even under baseline values which is observed
in normotensive and hypertensive subjects (Senna et al.
2018; Kenney and Seals 1993). This “post exercise hypo-
tension” phenomenon (Chen and Bonham 2010) is prob-
ably caused by several complex mechanisms including the
sympathetic nervous system, baroreceptors, the release of
nitric oxide, the decline of HR, and other yet-to-be explored
mechanisms. In the present study, the participants’ HR and
DP also decrease along with BP values but do not fall below
baseline values. Besides, BP and arterial stiffness values
measured up to 30 min post-exercise do not significantly fall
below the baseline values. The above-mentioned study of
Miiller et al. showed that central and peripheral systolic BP
and arterial stiffness decreased under the values measured
before the sub-maximal 3000 m run (Miiller et al. 2015).
Furthermore, a marathon run led to significant post-exercise
decreases in peripheral and central systolic BP but no change
in arterial stiffness (Vlachopoulos et al. 2010). Simio et al.
reported that resistance training acutely resulted in hypoten-
sive effects as the systolic BP was decreased up to 40 min
after a 6RM session, a conventional 12 repetition session,
and a circuit RT session (Siméo et al. 2005).

The participants’ baseline pSysBP values are slightly
elevated in the present study, even though the measurement
took place when participants were in a calm mode and had
sat for 10 min. Cross-sectional studies report that strength
-trained athletes possess a slightly elevated blood pressure
and have a higher prevalence of hypertension than other ath-
letes (e.g. endurance-trained athletes) (Berge et al. 2015).

This study has some limitations that are of note. Volume
changes due to sweating were not evaluated which might
have influenced BP. Further, subjects were allowed to drink
after the maximum clean and jerk exercise (T3). The meas-
urement method used in this study does not allow an analysis
during dynamic work. The measurement time of BP and
arterial stiffness took about 60 s and a measurement dur-
ing the weight lifting exercise was, therefore, not possible.
Hence, it is important to note that the extent of the values
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of the examined parameters does not reflect the exact value
during dynamic work. Measurements with a catheter would
strongly affect performance, safety and motivation of the
participants. Therefore, the employed non-invasive method
is a suitable way to quantify BP and arterial stiffness imme-
diately after the physical exercise.

Conclusion

The results of the present study show that a WL regimen
with a warm-up phase and a high-intensity clean and jerk
exercise (90-95% of participant’s personal best) does not
lead to disproportionately high acute increases in HR, DP,
peripheral and central BP or a strong stiffening of the arter-
ies in experienced non-professional weight lifters. Besides,
no delayed negative effects are observed up to 30 min fol-
lowing the maximum clean and jerk exercise as all measured
hemodynamic parameters return to baseline levels 15 min
post-exercise. Hence, no negative acute effects of such
weight lifting can be reported. Yet, future studies should
aim to evaluate the long-term effects of weight lifting inter-
ventions on the cardiovascular and hemodynamic system.
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