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Abstract

1 Abstract
OBJECTIVES: Whole-body vibration (WBV) training has become a popular training mode in
the past few years and is nowadays applied in various fields like sports, rehabilitation and
preventive medicine. WBV training has been shown to improve peripheral perfusion and
may elicit muscle deoxygenation. We hypothesized that the superposition of WBV to
resistance exercise would add a pro-angiogenic stimulus to the training and we aimed to find
a novel training mode that concurrently induces muscle hypertrophy and capillary growth in
order to improve muscle performance. METHODS: A six-week training study including 26
healthy males was conducted in a randomized two-group parallel design, in which one group
performed resistance exercise (RE) and the other group resistance exercise with
superimposed whole-body vibrations (RVE). Subjects trained 2-3 times per week, concluding
16 training sessions. The training consisted of squatting exercise and calf raises performed
with heavy loads that were set at 80% of the one-repetition maximum. During the initial and
final exercise sessions of the 6-week intervention, measurements were performed at rest,
during and acutely after exercise. Blood volume and tissue oxygenation were determined in
gastrocnemius

via

near

infrared

spectroscopy.

Angiogenic

markers

(matrix

metalloproteinase -2 and -9, vascular endothelial growth factor (VEGF) and endostatin) were
measured in serum via ELISA and the proliferative effect upon human umbilical vein
endothelial cells was determined in vitro. Finally, long-term effects of the trainings on
muscle morphology were determined in soleus biopsies. RESULTS: Our data are to our
knowledge the first to describe transient increases of circulating angiogenic markers after
resistance exercise. VEGF levels were acutely higher in the RE group, which supposedly
provoked increased proliferation of endothelial cells in vitro. Furthermore, acute increases in
circulating endostatin were higher in the RE group after the six-week training intervention.
These effects were elusive in the RVE group. Despite differences in acute VEGF levels,
capillary growth in soleus muscle was not different between groups. However, total blood
volume and exercise hyperemia was increased after six weeks of RVE training.
CONCLUSIONS: Our data indicate the pro-angiogenic stimulus of RE is not increased by
superimposing WBV to the training. While structural adaptations in muscle tissue were
similar in both groups, regular RVE training seems to influence the functional state of small
arterioles and potentially capillaries, enhancing muscle perfusion and post-exercise
hyperemia.
1
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2 Introduction
2.1 Skeletal muscle plasticity
Skeletal muscle is a plastic tissue that has unique abilities to adapt its structural properties to
alterations in demand, such as exercise training, unloading and hypoxia [1]. Generally,
skeletal muscle plasticity acts according to the principle ‘form follows function’, which is the
essence of the law of nature described by Aristotle in 350 B.C. [2]. Phenotypic adaptations in
skeletal muscle induced by physical exercise are determined by contraction mode,
magnitude of loading, contraction duration, contraction velocity and the number of muscle
contractions performed [3]. For example, a training stimulus inducing high-frequent
repetitions with low training loads like endurance exercise will induce adaptations towards
fatigue resistant muscles (i.e. increases in oxidative capacity and capillarity) [4], whereas
resistance exercise performed with heavy loads and comparably few repetitions will induce
adaptations in the trained muscles that enable increased force production via muscle
hypertrophy [5]. It would be desirable to find a training mode that combines both, i.e.
concurrently stimulating muscle hypertrophy and capillarization. The present thesis focuses
on capillary growth induced by resistance training with and without superimposed wholebody vibrations as well as on acute and long-term effects upon skeletal muscle
microcirculation. Hence, the following introduction will give insights into how muscle
perfusion is regulated acutely during exercise and furthermore present an overview on
angiogenic stimuli and factors inducing capillary growth in skeletal muscle.

2.2 Mechanical and metabolic stimuli inducing vascular adaptations
Resting skeletal muscle has a relatively low oxygen consumption and a poor perfusion rate,
ranging from 1-4ml blood·min-1 per 100g muscle tissue [6]. When skeletal muscle transits
from a resting to an exercising state, oxygen consumption can increase 20-50 fold,
depending on intensity and duration of the exercise [7]. It is suggested that muscle
contractions per se elevate tissue perfusion through the so-called ‘muscle pump’ function
which increases the capillary-venous pressure gradient in the vascular bed of skeletal
muscles [8]. However, perfusion induced by the muscle pump is not sufficient to meet the
increased metabolic demand and oxygen consumption of active skeletal muscles. Hence,
arteries and arterioles have the ability to dilate, resulting in exercise-induced increases in
2
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muscle perfusion (hyperemia) in skeletal muscle, enabling perfusion rates of 50-100ml
blood·min-1 per 100g muscle tissue [6,9]. This locally stimulated vasodilation results from the
complex interplay between neural, mechanical and metabolic stimuli. Activity of the
sympathetic nervous system is elevated during exercise [10,11], mediating alpha-adrenergic
vasoconstriction (i.e. reduction in vessel diameter) in resistance arteries and arterioles of
inactive skeletal muscles and peripheral organs like spleen and gastrointestinal tract [7]. This
mechanism ensures redistribution of blood flow to active skeletal muscles [12–14], where
systemic vasoconstriction is exceeded by locally stimulated vasodilation [9].
Mechanical forces derived during shortening and relaxation of myocytes exposes blood
vessels to tensile forces, acting from the abluminal side on the vasculature [15]. Also,
extravascular pressure increases during muscle contractions, causing a transient decrease in
capillary radius [16]. Furthermore, exercise-induced dilation of arteries and arterioles results
in increased blood cell velocity and capillary hydrostatic pressure within the
microvasculature of active skeletal muscles. Increased blood cell velocity and / or a
decreased capillary radius in turn leads to elevated shear stress (τ) which is acting on
endothelial cells (ECs), according to the formula τ = η (4*VBC / R), where τ is shear stress, η is
blood viscosity, VBC is blood cell velocity, and R is capillary radius. A decrease in vessel
diameter and / or elevated hydrostatic pressure (P) increases capillary wall tension (T)
following La Place’s law T = P*R. Wall tension and shear stress are thought to be the basic
hemodynamic forces acting on endothelial cells during exercise that induce vascular
adaptations such as capillary growth, see Fig. 1 [17].
Moreover, elevated muscle activity leads to increases in metabolic rate and oxygen
consumption, resulting in decreased partial oxygen pressure (PO2) and hypoxia in muscle
tissue [18]. Oxygen delivery to the tissue is essential since muscle cells have limited stores of
oxygen and an enduring under-supply of oxygen causes tissue atrophy. The human body has
developed multiple oxygen-sensitive mechanisms to induce vascular adaptations that are
based upon hypoxia or ischemia, when metabolic rate exceeds oxygen delivery [19], see
paragraph 2.4.2.2.
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Figure 1. Summary of metabo
metabolic and mechanical stimuli arising from repeated
re
muscle
contractions during physical
ysical exercise.
ex
For more information see text above.
abov According to
Brown & Hudlicka, 2003 [17].

2.3 Mechanisms of exercise
exerci hyperemia
Skeletal muscle perfusion is determined
det
by the contractile state of vascular smooth muscle
(VSM) cells, which are localized
ocalized in a circular manner around the endothelium
othelium of arteries and
arterioles [20,21]. The mechanisms
mechani
of VSM contraction and metabolites
bolites that
t
induce VSM
relaxation, i.e. dilation of resistance
resi
arteries and arterioles, willll be introduced
int
in the
following paragraph.

2.3.1 Control of vascular
ular smo
smooth muscle contraction
The contractile state of VSM cells is determined by cytosolic
lic free calcium (Ca2+)
concentrations [20]. Increased
creased Ca2+ concentrations favor the formation
formatio of the Ca2+calmoduline (CaM) complex,
plex, wh
which activates myosin light chain kinase
se (MLC
(MLCK), which in turn
phosphorylates regulatory
ry sites on the myosin light chain, leading to
o the for
formation of crossbridges between actin and myo
myosin, thereby inducing vasoconstriction [22
22,23]. Myosin light
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chain kinase action is opposed by myosin light chain phosphatase (MLCP), which dephosphorylates the myosin light chain and induces vasorelaxation [20,21]. Key regulatory
mechanisms leading to vasoconstriction or vasorelaxation act via modulating intracellular
Ca2+ concentrations, Ca2+ sensitivity, or via modulation of MLCK and MLCP activity [24] and
are regulated mainly via ion channels and via cyclic nucleotide signaling in VSM cells [25].
Potassium (K+) channels modulate intracellular Ca2+ concentrations and play a central role in
the control of microvascular tone. In VSM, opening of K+ channels and K+ outward flux leads
to membrane hyperpolarisation and subsequent closure of voltage-driven Ca2+ channels,
resulting in VSM contraction [26]. Main metabolites and mechanisms involved in locally
stimulated vasorelaxation in exercise hyperemia are depicted in Fig. 2 and will be introduced
in the following paragraph.

2.3.2 Vasoactive Substances
Muscle activity induces myocytes and ECs to produce vasoactive substances like
prostaglandines, adenosine, nitric oxide (NO) [25,27] and lactate [28]. The latter is a
metabolite produced by skeletal muscle upon anaerobic generation of adenosine
triphosphate (ATP) [29]. These substances diffuse to the adjacent vascular smooth muscle
cells and induce vasodilation: prostaglandines and adenosine activate adenylyl cyclase,
whereas NO and lactate activate guanylyl cyclase [25]. This results in increases of
intracellular levels of cyclic adenosine monophosphate (cAMP) or cyclic guanine
monophosphate (cGMP), respectively. Subsequently, activation of downstream cGMP or
cAMP-dependent effector kinases occurs, influencing MLCP and MLCK activity and cytosolic
Ca2+ concentrations, thereby inducing vasorelaxation [24]. Increased cAMP or cGMP
concentrations have furthermore been described to induce vasorelaxation via activation of
K+ channels, thereby causing membrane hyperpolarization [26]. The so-called endothelial
derived hyperpolarization factor (EDHF) induces VSM hyperpolarization and vasodilation via
yet not completely understood mechanisms [30], possibly involving K+ channels [31].
In addition, neural stimulation of muscle contractions induces a spillover of the
neurotransmitter acetylcholine (AcH) at neuromuscular endplates, which has also a
vasorelaxing effect, possibly via NO release from ECs [32]. Furthermore, with every
contraction/relaxation cycle, K+ is lost to the extracellular space [33,34], inducing
vasorelaxation [35,36]. Moreover, increased oxygen consumption in active skeletal muscle
implicates decreased venous PO2, which is thought to provoke ECs to release vasodilatory
5
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factors [37]. Adenosine triphos
triphosphate is also considered being a potent vasodilator [38],
which increases in blood
d and int
interstitial fluid during exercise [39,40].. It is thought
t
that ATP
is released by ECs [41,42],, by sympathetic
sy
nerve terminals [41] and by red blood
b
cells (RBC)
in response to mechanical
cal deformation
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[42]. Finally, ATP induces vasodilatio
asodilation via activation
of P2Y purinergic receptors
ors on vascular
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ECs, inducing subsequent release
ease of vvasodilators such
as NO, prostaglandins (PGs) aand EDHF [43]. Of note, erythrocytes
ytes also
als influence the
contraction state of arterioles
rioles via NO release [25].
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mechanisms involved in
exercise-induced dilation
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vascular smooth muscle. When Ca2+ concentratio
centrations are high, the
2+Ca Calmoduline (CaM) complex activates myosin light chain kinasee (MLCK),
(MLCK which in turn
activates myosin light chain
ain (ML
(MLC), leading to smooth muscle contraction.
ction. This
Th mechanism is
opposed by myosin light
ht chain phosphatase (MLCP), which deactivates
ivates M
MLC and induces
vasorelaxation. Mechanisms
ms that induce vasodilation act via modulating Ca2+ concentrations and
MLCP and MLCK activity.
y. Smooth
Smoo muscle relaxation can be induced
ed via cyclic nucleotide
production by adenylyl- or guanylyl
gua
cyclases. Substances like Prostagland
staglandines (PG’s) and
adenosine activate adenylyl
ylyl cyclase,
cyc
whereas nitric oxide (NO) and lactate aacitivate guanylyl
cyclase. Vasoactive substances
ances ar
are derived from (A) active skeletal muscle
scle and (B) endothelium
or (C) erythrocytes. Endothelial
othelial cells (ECs) produce the endothelial-derived
derived hyperpolarizing
factor (EDHF), which induces
uces vasodilation
vaso
via smooth muscle membrane
ne hyper
hyperpolarization. The
‘?’ indicates that the mechanism
chanisms of EDHF-mediated vasodilation are to date mostly unsolved
but are thought to involvee increas
increases in extracellular K+. Reduced partial oxygen
gen pressure (PO2) in
the blood can induce ECss to secrete
secr
vasoactive substances. Likewise, erythrocytes
erythroc
can produce
vasoactive NO and ATP. Acetylch
Acetylcholine (AcH) is spilled over at neuromuscular
uscular endplates, which
can induce NO production
n in ECs.
ECs See text above for more information.
n. Modified
Modif
from Clifford
and Hellsten (2004) and Puetz
uetz et aal. (2007) [24,25].
6

Introduction
2.3.2.1 NO-mediated vasorelaxation
NO is a gaseous, easily diffusible radical [44], which has a half-life of only a few seconds [45].
NO is synthesized from the amino acid L-arginine involving molecular oxygen [46],
Nicotinamide Adenine Dinucleotide Phosphate Hydrogen (NADPH) and the cofactors
Tetrahydrobiopterin (BH4) and flavin mononucleotide cofactor (FMN) [47]. The formation of
NO is catalyzed by nitric oxide synthases (NOS). To date, three types of NOS have been
described: endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS). In
humans, nNOS is expressed in both fibre types of skeletal muscle, whereas eNOS is
expressed in the endothelium [48]. Previous studies have shown that NO is not only involved
in regulation of skeletal muscle blood flow during and in recovery from exercise [49–51] but
also in adjustment of basal vascular tone in skeletal muscle [25]. Red blood cells are capable
of performing enzymatic and non-enzymatic release of NO. In the former, NO disposal is
accomplished through shear stress–induced activation of RBC-NOS and in the latter, NO
release is induced in association with oxygen release and via reduction of circulating nitrite
to NO by deoxygenated hemoglobin [52]. Vascular endothelial growth factor (VEGF) is an
important stimulator of endothelial NO production and is capable to induce eNOS activation
and gene expression [53]. It is commonly accepted that physical exercise elevates
intravascular shear stress [54] and it has been shown that physical exercise activates RBCNOS activity [55] and has a beneficial effect upon RBC deformability [56]. Furthermore,
increased shear stress stimulates eNOS-mediated NO production in the endothelium [57,58].
Various studies have shown that shear stress affects eNOS mRNA and protein expression
[27,59–61] and endothelium-dependent dilation was increased in soleus muscle feed
arteries after an exercise intervention in rats [62].

2.4 Mechanisms of capillary growth
Vasculogenesis and angiogenesis are the two fundamental processes through which blood
vessels are formed [63,64]. Vasculogenesis describes the de novo formation of blood vessels
through differentiation of endothelial precursor cells (‘angioblasts’ in embryos and
‘endothelial progenitor cells’ in adults) into ECs, which assemble and form a primary vascular
plexus. The term angiogenesis describes the outgrowth of new capillaries from pre-existing
blood vessels and more generally, angiogenesis includes processes involved in growth and
remodeling of a primitive network to form a complex vascular network [64,65], see Figure 3.
7
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It is well established that both
b
vasculo- and angiogenesis occur
ccur du
during embryonic
development [64]. Formation
ation of new blood vessels in adult organisms
isms was for a long time
thought to be restricted to angio
angiogenesis, whereas recent findings describe
escribe the
th occurrence of
postnatal vasculogenesis [66
66,67]. Blood vessel growth in adult organis
organisms is found in
pathological conditions such aas wound healing, ischemia or cancer,, but also in nonpathological conditions as a re
response to specific physiological situations
ituations like endocrine
changes, e.g. in the female
ale repro
reproductive organs or in the placenta [68,69] or in muscle tissue
as an adaptation to physical
sical training
train [70].

Figure 3. Formation of blood vessels.
ve
Angioblasts differentiate into endoth
endothelial cells, which
assemble and form a primiti
primitive network, the capillary plexus,
s, in a process called
vasculogenesis. This primitive
imitive network
n
matures through differentt modes of growth: via
development and outgrowth
owth of capillary sprouts (sprouting angiogenesis)
nesis) or via longitudinal
splitting of a pre-existing
ng capill
capillary (intussusceptive angiogenesis).. By further
furt
maturation,
including the recruitment
nt of smo
smooth muscle cells (SMC) and the constructio
nstruction of a basement
membrane, a vascular network
ork composed of arteries, capillaries and veins
vein is established.
Modified from Carmeliett & Collen,
Colle 2000 [71].

2.4.1 Angiogenesis
There are two processes
ses thro
through which angiogenesis may occur,
ur, nam
namely via capillary
sprouting or via intrussusceptio
usception, i.e. longitudinal splitting of a pre-existin
existing capillary [19].
While sprouting angiogenesis
enesis provides
pr
vascular supply to tissue areas
eas prev
previously devoid of
blood vessels, intussusceptive
ceptive ggrowth allows the new-formation of capillaries
capilla
in parts of
tissue areas where capillaries
llaries already
alr
exist, see Figure 3.
Sprouting angiogenesis
In the current models of sprou
sprouting angiogenesis, capillary formation
on is de
described to begin
with the activation of capillary
apillary ECs
E and proteolytic degradation of the
he basem
basement membrane
surrounding the capillary [72
72]. The resulting extension of the extracellula
tracellular matrix (ECM)
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enables sprout formation – i.e. ECs migrating into the interstitial matrix, where they
proliferate towards an angiogenic stimulus such as VEGF [73]. Recent developments have
shown that angiogenic sprouts are composed of so-called endothelial tip- and stalk cells [74].
Filopodia on tip cells express a large amount of VEGF receptors (VEGFR2) [75,76] and secrete
proteolytic enzymes, so-called matrix metalloproteinases (MMP’s), which digest the ECM
[77]. Thus, these tip cells make the ECM accessible and via sensing of a VEGF gradient, the
sprout is guided towards the angiogenic stimulus [78]. Stalk cells follow behind and
proliferate, enabling the capillary sprout to elongate [74]. As the capillary sprout fuses with
another sprout, a premature capillary lumen is formed and matures through further EC
proliferation, by recruitment of pericytes and through the reconstruction of a basement
membrane [79,80].
Splitting- or intussusceptive angiogenesis
Intussusceptive angiogenesis, also called splitting angiogenesis, describes a process in which
interstitial tissue invades existing blood vessels from the luminal side, thus splitting a single
capillary into two [81]. This type of angiogenesis is thought to be a very effective process,
which requires less remodelling of the extracellular matrix compared to sprouting
angiogenesis [82]. The mechanisms underlying intussusceptive angiogenesis are less well
understood compared to sprouting angiogenesis.

2.4.2 Exercise-induced angiogenesis
Time course and extent of capillary growth varies according to the type of training
performed. Generally, angiogenesis in skeletal muscle in response to exercise is thought to
result from a complex interplay of various stimuli involving metabolic stimuli and the
presence of a variety of growth factors [83] and mechanical forces acting on the
microvasculature [84]. Yet, there is inconclusive evidence about which of the factors is
initiating or maintaining capillary growth.
2.4.2.1 Mechanical stimulation of angiogenesis during exercise
As introduced in Figure 1, shear stress and wall tension are the main mechanical factors
acting on the microvasculature, which have been implicated in inducing capillary growth
[17]. Brown and colleagues [17] provided elegant rat models designed to decipher the
angiogenic stimulus of intraluminal shear stress elevations versus increases in wall tension
through elevated extraluminal forces. The essence of these studies was that elevated shear
9
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stress induces blood vessel growth via capillary splitting and intussusceptive growth,
including VEGF-associated EC proliferation but very little involvement of MMP’s [85],
whereas elevation of extraluminal forces induces capillary growth via proliferation and
sprouting under involvement of both MMPs and VEGF [86]. In summary, MMP’s were
exclusively up-regulated by extravascular forces, whereas VEGF seems to be involved in both
modes of capillary growth. Despite these findings, it is to date still unclear, which mode of
capillary growth is induced by which type of physical exercise.
2.4.2.2 Metabolic stimulation of angiogenesis during exercise
Nitric oxide is activated by various stimuli derived during exercise, as overviewed in section
2.3.2.1 Endothelial NOS and its bioactive product NO are well-established pro-angiogenic
agents [87,88], triggering EC proliferation and differentiation via cGMP-mediated activation
of mitogen activated protein kinase (MAPK) and inducing basic fibroblast growth factor (FGF2) expression [89].
As introduced in section 2.2, skeletal muscle activity leads to decreased PO2. Hypoxia is a
strong angiogenic stimulus which can induce the expression of the EC mitogen VEGF directly
[90] or indirectly via the transcription factor hypoxia-inducible factor-1 alpha (HIF1α) [91].
HIF1α furthermore influences the transcription of VEGF receptor 1 (VEGFR1) [92], as well as
iNOS [93]. Other examples for hypoxia-modulated angiogenic factors are transforming
growth factor-beta (TGFß) [94], FGF-2 [95], placental growth factor (PlGF)[96], angiopoietin
(Ang) -1 and -2 [90], and endostatin [97].
The nucleotide adenosine is found in all cells and is formed by stepwise dephosphorylation
of adenosine triphosphate (ATP). Exercise-induced hypoxia favors the production of
adenosine, which acts as both a vasoactive substance and as a pro-angiogenic factor, being
capable of inducing EC proliferation and –migration under hypoxic conditions in vitro [98,99]
and blood vessel growth in vivo [100], possibly via VEGF [101].

2.4.3 Angiogenic factors
2.4.3.1 Vascular endothelial growth factor (VEGF)
The VEGF gene family consists of six members: VEGF-A, VEGF -B, -C -D, and -E and placental
growth factor (PIGF) [102]. VEGF-A is a potent angiogenic factor and EC mitogen as well as a
major regulator of EC function, being capable to stimulate EC differentiation, proliferation,
migration, and survival, vascular permeability and NO production [103–106]. VEGF-A was
10
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measured in serum after exercise in the present thesis and therefore, the following
paragraph will focus on this family member.
The VEGF-A gene is organized in eight exons and seven introns [107] and is expressed in
various cell types, e.g. ECs, vascular smooth muscle cells, macrophages, fibroblasts as well as
cardiac and skeletal muscle cells [90]. Via alternative splicing, five different VEGF-A protein
isoforms are generated, containing 121 to 206 amino acids (VEGF-A121-206) [107]. Heparansulfate proteoglycanes residing within the extracellular matrix are thought to function as an
extracellular storage modality for VEGF-A isoforms possessing a heparin binding motif [108].
The different VEGF-A isoforms have differential affinities to heparin sulfate. In contrast, the
shortest isoform VEGF-A121 does not bind to heparin and is therefore freely diffusible while
the largest isoforms VEGF-A189 and VEGF-A206 are tightly bound to heparin-containing
proteoglycanes. VEGF-A165 is the predominant isoform and has intermediate properties,
which means that upon secretion, a significant fraction remains associated to the cell
membrane and extracellular matrix [108]. This enables the establishment of extracellular
VEGF-A pools of which bioavailability is triggered upon ECM degradation [109]. Furthermore,
VEGF-A can stimulate the production and secretion of matrix degrading enzymes such as the
matrix metalloproteinases in endothelial and smooth muscle cells and thus facilitating EC
migration and tube formation [110]. VEGF-A is EC-specific where its tyrosine kinase receptors
VEGFR-1 and VEGFR-2 are expressed [111] and VEGF binding promotes EC survival via
activation of phosphatidylinositol-3 kinase (PI3K) and Akt [112]. EC proliferation is induced
mainly via Phospholipase C (PLC) - MAPK pathway. VEGF is furthermore known to induce NO
production via activation of eNOS through phosphorylation by AKT or via calcium influx
induced by PLC [113].
Previous research reveals that VEGF-A is activated upon elevated shear stress perturbation
[114], muscle stretch [115] and hypoxia [116] and furthermore, VEGF-A has been shown to
be essential for exercise-induced angiogenesis in skeletal muscle [117,118]. Exercise leads to
increases of VEGF-A protein concentrations [119] and mRNA [119–121] both within skeletal
muscle fibres and also in interstitial cells between the muscle fibres [120,121]. VEGF-A is
released by active skeletal muscle [122] and serum levels of VEGF-A were shown to be
unaffected [123], decreased [119,124] or elevated [125,126] after endurance-type exercise.
So far, serum levels of VEGF-A induced by resistance exercise have not been tested, and this

11

Introduction
task was one aim of the present thesis. In the following, VEGF-A will be referred to as simply
“VEGF”.
2.4.3.2 Matrix Metallo Proteinases (MMP)
The family of zinc- and calcium-dependent enzymes known as MMPs are extracellular
proteinases that play important physiological roles in extracellular matrix remodeling during
development, tissue remodeling, angiogenesis and during pathological conditions such as
wound healing, inflammatory disease and tissue invasion by tumors [127]. Major
characteristics of MMPs are that (i) they are synthesized as zymogenes, which are activated
upon proteolytic removal of an amino-terminal propeptide [128]; (ii) the presence of the cofactor zinc in the active site is essential for their activity; (iii) MMP activity is inhibited by
specific inhibitors of metalloproteinases and (iv) MMPs collectively degrade all major
components of the ECM [129]. Several subclasses of MMPs have been described including
collagenases, gelatinases, membrane-type metalloproteinases and stromelysins [129]. The
present thesis deals with the effect of exercise on serum levels of gelatinases. Therefore, the
following passage will focus on this subclass.
The gelatinase subgroup has two members, namely MMP-2 /gelatinase A [130] and MMP-9
/ gelatinase B [131]. MMP-2 and -9 are expressed in a large variety of tissues, MMP-2 being
produced by chondrocytes, fibroblasts, keratinocytes and monocytes [130] and MMP-9 by
e.g. keratinocytes, monocytes and leukocytes [132]. Of note, both gelatinases are produced
in ECs and are thought to play a vital role in initiating angiogenesis [133,134]. The
importance of MMPs in the angiogenic process has been underlined by several studies
showing that inhibition of MMP activity disrupted angiogenesis [135–138]. The proteases
MMP-2 and -9 seem to play a crucial role in the formation of new capillaries in skeletal
muscle [139,140] and their plasma concentrations were significantly elevated in serum after
endurance exercise [133,141–144]. MMPs have also been implicated in the release of
growth factors such as VEGF [145], transforming growth factor beta (TGFß) or FGF [146].
Previous in vitro research reveals that MMP-9 is more prone to release VEGF compared to
MMP-2 [145]. Moreover, MMP-2 has shown to increase the bioavailability of insulin-like
growth factor (IGF) through proteolysis of the IGF binding protein and might therefore be
involved in anabolic stimulation of skeletal muscle [147,148].
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Upon ECM cleavage, bioactive degradation products are generated which have signaling
properties [149,150]. One of these factors is the angiogenic factor endostatin which will be
introduced in the following paragraph.
2.4.3.3 Endostatin
Endostatin corresponds to the C-terminal fragment of the non-collagenous (NC1) domain of
type XVIII collagen [151] and is proteolytically released by proteases like cathepsins, elastase,
MMP-2 and -9 [149,152]. Endostatin has a strong affinity to heparan sulfate proteoglycans,
which determines its localization at capillary basement membranes [153]. Endostatin was
first identified in murine hemangioendothelioma cells as an ‘endogenous inhibitor of
angiogenesis’ and it has been shown that endostatin inhibits primary and metastatic tumor
growth in animal models [154–156]. To date, the role of endostatin in the angiogenic
process is not clear due to its complex signaling functions and because both pro-angiogenic
and anti-angiogenic characteristics have been described [157].
The anti-angiogenic effect of endostatin may be exerted via its interaction with integrin
α5β1, resulting in inhibition of matrix adhesion and signaling [158], involving down
regulation of MAPK and focal adhesion kinase (FAK) pathways [188]. Moreover, endostatin
inhibits EC proliferation and –migration via competitive inhibitory binding to VEGFR2 [159]
and suppression of Wnt signaling [160]. Endostatin has also been shown to inhibit EC
proliferation via inducing cell cycle arrest and down regulation of cyclin D1 [189]. In addition,
endostatin action has been attributed to induce EC apoptosis, possibly via reducing antiapoptotic proteins [159].
Studies performed by Schmidt and colleagues (2004) reveal that endostatin can elicit promigratory and pro-proliferative effects on ECs and that the pro- or anti-angiogenic effect of
endostatin is determined by its concentration and the proliferation status of ECs [157].
Isolated ECs and endothelial progenitor cells from hemangiomas showed increased
adhesion, proliferation and migratory activity in response to endostatin treatment [161].
Moreover, endostatin was shown to increase NO release from ECs in vitro a[162] and local
levels of endostatin may therefore be crucial for regulation of peripheral vascular tone.
These studies collectively reveal that endostatin might function as an angiogenic modulator
rather than an anti-angiogenic agent [157].
Collagen turnover has been reported to be increased by physical exercise [163] and previous
studies reveal that endostatin seems to play a role in exercise-induced adaptations, as serum
13
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3 Purpose of the Thesis
The training study Molecular and functional Effects of Vibration Exercise (‘EVE’) was
conducted within the scope of the present thesis. The study was designed to evaluate effects
of resistance exercise with and without superimposed whole-body vibrations (WBV) on the
microvasculature of skeletal muscle. The underlying idea was derived from the field of
aerospace medicine where vibration training in combination with resistance exercise has
proven to prevent disuse-induced adaptations in skeletal muscle, such as myofibre atrophy
[166,167] and capillary loss [168–170]. Hence, WBV is currently being considered as a
potential training modality for human space flight [171]. WBV training is nowadays
commonly applied in various fields like sports, preventive medicine and rehabilitation
[171,172] and has been described to improve neuromuscular performance [173–175].
Whole-body vibration exercise has also been shown to moderately increase metabolic
activity and ATP consumption [176–179] and to elicit muscle deoxygenation [180,181].
Previous studies reveal that the mechanical stimulus of WBV increases blood viscosity [182]
and may have beneficial effects upon peripheral perfusion as blood flow velocity was
increased in skeletal muscle during and immediately after termination of WBV [183,184] .
Increased viscosity and blood flow may all result in an elevated shear stress in the
microvasculature of skeletal muscle [172,182], as overviewed in section 2.2..
Based on the finding that shear stress and hypoxia are able to induce angiogenesis
[19,185,186] and inspired by a previous study showing increased circulating VEGF
concentrations upon WBV exposure during cycling exercise [164], we hypothesized that the
superposition of a WBV stimulus to resistance exercise would add a pro-angiogenic stimulus
to the training. To test this hypothesis, 26 healthy male subjects were subjected to a 6-week
training intervention, in which 13 subjects performed resistance exercise (RE) and 13
subjects performed resistive vibration exercise (RVE). High resistance training has in previous
studies been shown to decrease capillary density probably as a result of fibre hypertrophy
with insufficient angiogenesis [187]. Hence, we aimed to find a novel training mode that
concurrently increases muscle strength and induces capillary growth to optimize the flux of
oxygen and nutrients to the muscle and thereby improve muscle performance in terms of
power output and endurance capacity.
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The present thesis is organized as follows:
•

Paper 1 outlines the study design, feasibility and demands of the study as well as
cardiovascular adaptations to the two training regimes.

•

Paper 2 highlights changes in circulating concentrations of the angiogenic factors
MMP-2, MMP-9, VEGF and Endostatin and their effect upon EC proliferation. We
hypothesized that superposition of WBV to resistance exercise would enhance
circulating concentrations of pro-angiogenic factors acutely after training, which
would induce more pronounced EC proliferation in vitro.

•

The purpose of Manuscript 1 was to evaluate acute and long-term effects of the
training interventions upon skeletal muscle microcirculation and capillary growth in
calf muscles. We hypothesized that (i) superposition of WBVs to RE would induce
muscle deoxygenation and increase exercise-induced hyperaemia compared to
training without WBV and (ii) that this effect would lead to more pronounced longterm adaptations in the RVE group, leading to increased capillarity and improved
perfusion of skeletal muscle.

16

References
References

1. Fluck M, Hoppeler H (2003) Molecular basis of skeletal muscle plasticity--from gene
to form and function. Rev Physiol Biochem Pharmacol 146: 159-216.
2. Aristotle (1882) On the parts of animals. London: Keragan Paul, Trench & Co.
3. Fluck M (2006) Functional, structural and molecular plasticity of mammalian skeletal
muscle in response to exercise stimuli. J Exp Biol 209: 2239-2248.
4. Pette D (2002) The adaptive potential of skeletal muscle fibers. Can J Appl Physiol 27:
423-448.
5. Newton RU, Hakkinen K, Hakkinen A, McCormick M, Volek J, Kraemer WJ (2002)
Mixed-methods resistance training increases power and strength of young and older
men. Med Sci Sports Exerc 34: 1367-1375.
6. Wesche J (1986) The time course and magnitude of blood flow changes in the human
quadriceps muscles following isometric contraction. J Physiol 377: 445-462.
7. Korthuis RJ (2011) Skeletal Muscle Circulation. In: Morgan and Claypool Life Sciences,
editors. Skeletal muscle circulation. San Rafael (CA).
8. Sheriff D (2005) Point: The muscle pump raises muscle blood flow during locomotion.
J Appl Physiol 99: 371-372.
9. BARCROFT H, DORNHORST AC (1949) The blood flow through the human calf during
rhythmic exercise. J Physiol 109: 402-11, pl.
10. Buckwalter JB, Clifford PS (1999) alpha-adrenergic vasoconstriction in active skeletal
muscles during dynamic exercise. Am J Physiol 277: H33-H39.
11. Hamann JJ, Buckwalter JB, Valic Z, Clifford PS (2002) Sympathetic restraint of muscle
blood flow at the onset of dynamic exercise. J Appl Physiol 92: 2452-2456.
12. Andersen P, Saltin B (1985) Maximal perfusion of skeletal muscle in man. J Physiol
366: 233-249.
13. Davis MJ (1993) Myogenic response gradient in an arteriolar network. Am J Physiol
264: H2168-H2179.
14. Mellander S (1989) Functional aspects of myogenic vascular control. J Hypertens
Suppl 7: S21-S30.
15. Ellis CG, Mathieu-Costello O, Potter RF, MacDonald IC, Groom AC (1990) Effect of
sarcomere length on total capillary length in skeletal muscle: in vivo evidence for
longitudinal stretching of capillaries. Microvasc Res 40: 63-72.
16. Slaaf DW, Oude Egbrink MG (2002) Capillaries and flow redistribution play an
important role in muscle blood flow reserve capacity. J Mal Vasc 27: 63-67.
17

References
17. Brown MD, Hudlicka O (2003) Modulation of physiological angiogenesis in skeletal
muscle by mechanical forces: involvement of VEGF and metalloproteinases.
Angiogenesis 6: 1-14.
18. Baechle TR, Earle RW, Wathen D (2000) Resistance Training. In: Baechle TR, Earle RW,
Champaign I, editors. Essentials of strength training and conditioning. Human Kinetics
Publishers. pp. 395-425.
19. Hudlicka O (1991) What makes blood vessels grow? J Physiol 444: 1-24.
20. Pfitzer G (2001) Invited review: regulation of myosin phosphorylation in smooth
muscle. J Appl Physiol 91: 497-503.
21. Somlyo AP, Somlyo AV (1994) Signal transduction and regulation in smooth muscle.
Nature 372: 231-236.
22. He WQ, Peng YJ, Zhang WC, Lv N, Tang J, Chen C, Zhang CH, Gao S, Chen HQ, Zhi G,
Feil R, Kamm KE, Stull JT, Gao X, Zhu MS (2008) Myosin light chain kinase is central to
smooth muscle contraction and required for gastrointestinal motility in mice.
Gastroenterology 135: 610-620.
23. Isotani E, Zhi G, Lau KS, Huang J, Mizuno Y, Persechini A, Geguchadze R, Kamm KE,
Stull JT (2004) Real-time evaluation of myosin light chain kinase activation in smooth
muscle tissues from a transgenic calmodulin-biosensor mouse. Proc Natl Acad Sci U S
A 101: 6279-6284.
24. Puetz S, Lubomirov LT, Pfitzer G (2009) Regulation of smooth muscle contraction by
small GTPases. Physiology (Bethesda ) 24: 342-356.
25. Clifford PS, Hellsten Y (2004) Vasodilatory mechanisms in contracting skeletal muscle.
J Appl Physiol 97: 393-403.
26. Jackson WF (1998) Potassium channels and regulation of the microcirculation.
Microcirculation 5: 85-90.
27. Balligand JL, Feron O, Dessy C (2009) eNOS activation by physical forces: from shortterm regulation of contraction to chronic remodeling of cardiovascular tissues.
Physiol Rev 89: 481-534.
28. Chen YL, Wolin MS, Messina EJ (1996) Evidence for cGMP mediation of skeletal
muscle arteriolar dilation to lactate. J Appl Physiol 81: 349-354.
29. Gladden L.B. (1996) Lactate transport and exchange during exercise. In: Bethesda
MD, editors. Handbook of Physiology. Exercise: Regulation and integration of
multiple systems. Am. Physiol. Soc. pp. 614-648.
30. Nagao T, Vanhoutte PM (1992) Hyperpolarization as a mechanism for endotheliumdependent relaxations in the porcine coronary artery. J Physiol 445: 355-367.
31. Edwards G, Dora KA, Gardener MJ, Garland CJ, Weston AH (1998) K+ is an
endothelium-derived hyperpolarizing factor in rat arteries. Nature 396: 269-272.
18

References
32. Matsukawa K, Shindo T, Shirai M, Ninomiya I (1993) Nitric oxide mediates cat
hindlimb cholinergic vasodilation induced by stimulation of posterior hypothalamus.
Jpn J Physiol 43: 473-483.
33. Hnik P, Vyskocil F, Kriz N, Holas M (1972) Work-induced increase of extracellular
potassium concentration in muscle measured by ion-specific electrodes. Brain Res
40: 559-562.
34. KJELLMER I (1961) The role of potassium ions in exercise hyperaemia. Med Exp Int J
Exp Med 5: 56-60.
35. Green S, Langberg H, Skovgaard D, Bulow J, Kjaer M (2000) Interstitial and arterialvenous [K+] in human calf muscle during dynamic exercise: effect of ischaemia and
relation to muscle pain. J Physiol 529 Pt 3: 849-861.
36. Joyner MJ, Wilkins BW (2007) Exercise hyperaemia: is anything obligatory but the
hyperaemia? J Physiol 583: 855-860.
37. Saito Y, Eraslan A, Lockard V, Hester RL (1994) Role of venular endothelium in control
of arteriolar diameter during functional hyperemia. Am J Physiol 267: H1227-H1231.
38. Collins DM, McCullough WT, Ellsworth ML (1998) Conducted vascular responses:
communication across the capillary bed. Microvasc Res 56: 43-53.
39. Gonzalez-Alonso J, Olsen DB, Saltin B (2002) Erythrocyte and the regulation of human
skeletal muscle blood flow and oxygen delivery: role of circulating ATP. Circ Res 91:
1046-1055.
40. Hellsten Y, Maclean D, Radegran G, Saltin B, Bangsbo J (1998) Adenosine
concentrations in the interstitium of resting and contracting human skeletal muscle.
Circulation 98: 6-8.
41. Brain KL, Jackson VM, Trout SJ, Cunnane TC (2002) Intermittent ATP release from
nerve terminals elicits focal smooth muscle Ca2+ transients in mouse vas deferens. J
Physiol 541: 849-862.
42. Sprague RS, Ellsworth ML, Stephenson AH, Lonigro AJ (2001) Participation of cAMP in
a signal-transduction pathway relating erythrocyte deformation to ATP release. Am J
Physiol Cell Physiol 281: C1158-C1164.
43. Ralevic V, Burnstock G (1998) Receptors for purines and pyrimidines. Pharmacol Rev
50: 413-492.
44. Mayer B, Hemmens B (1997) Biosynthesis and action of nitric oxide in mammalian
cells. Trends Biochem Sci 22: 477-481.
45. Moncada S, Higgs EA (1991) Endogenous nitric oxide: physiology, pathology and
clinical relevance. Eur J Clin Invest 21: 361-374.
46. Palmer RM, Ashton DS, Moncada S (1988) Vascular endothelial cells synthesize nitric
oxide from L-arginine. Nature 333: 664-666.
19

References
47. Govers R, Rabelink TJ (2001) Cellular regulation of endothelial nitric oxide synthase.
Am J Physiol Renal Physiol 280: F193-F206.
48. Gossrau R (1998) Caveolin-3 and nitric oxide synthase I in healthy and diseased
skeletal muscle. Acta Histochem 100: 99-112.
49. Duffy SJ, Castle SF, Harper RW, Meredith IT (1999) Contribution of vasodilator
prostanoids and nitric oxide to resting flow, metabolic vasodilation, and flowmediated dilation in human coronary circulation. Circulation 100: 1951-1957.
50. Dyke CK, Proctor DN, Dietz NM, Joyner MJ (1995) Role of nitric oxide in exercise
hyperaemia during prolonged rhythmic handgripping in humans. J Physiol 488 ( Pt 1):
259-265.
51. Gilligan DM, Panza JA, Kilcoyne CM, Waclawiw MA, Casino PR, Quyyumi AA (1994)
Contribution of endothelium-derived nitric oxide to exercise-induced vasodilation.
Circulation 90: 2853-2858.
52. Cosby K, Partovi KS, Crawford JH, Patel RP, Reiter CD, Martyr S, Yang BK, Waclawiw
MA, Zalos G, Xu X, Huang KT, Shields H, Kim-Shapiro DB, Schechter AN, Cannon RO,
III, Gladwin MT (2003) Nitrite reduction to nitric oxide by deoxyhemoglobin
vasodilates the human circulation. Nat Med 9: 1498-1505.
53. Servos S, Zachary I, Martin JF (1999) VEGF modulates NO production: the basis of a
cytoprotective effect? Cardiovasc Res 41: 509-510.
54. Green DJ, Maiorana A, O'Driscoll G, Taylor R (2004) Effect of exercise training on
endothelium-derived nitric oxide function in humans. J Physiol 561: 1-25.
55. Suhr F, Brenig J, Muller R, Behrens H, Bloch W, Grau M (2012) Moderate exercise
promotes human RBC-NOS activity, NO production and deformability through Akt
kinase pathway. PLoS One 7: e45982.
56. Yalcin O, Bor-Kucukatay M, Senturk UK, Baskurt OK (2000) Effects of swimming
exercise on red blood cell rheology in trained and untrained rats. J Appl Physiol 88:
2074-2080.
57. Pohl U, Holtz J, Busse R, Bassenge E (1986) Crucial role of endothelium in the
vasodilator response to increased flow in vivo. Hypertension 8: 37-44.
58. Pohl U, Lamontagne D (1991) Impaired tissue perfusion after inhibition of
endothelium-derived nitric oxide. Basic Res Cardiol 86 Suppl 2: 97-105.
59. Ranjan V, Xiao Z, Diamond SL (1995) Constitutive NOS expression in cultured
endothelial cells is elevated by fluid shear stress. Am J Physiol 269: H550-H555.
60. Uematsu M, Ohara Y, Navas JP, Nishida K, Murphy TJ, Alexander RW, Nerem RM,
Harrison DG (1995) Regulation of endothelial cell nitric oxide synthase mRNA
expression by shear stress. Am J Physiol 269: C1371-C1378.

20

References
61. Woodman CR, Muller JM, Laughlin MH, Price EM (1997) Induction of nitric oxide
synthase mRNA in coronary resistance arteries isolated from exercise-trained pigs.
Am J Physiol 273: H2575-H2579.
62. Woodman CR, Price EM, Laughlin MH (2005) Shear stress induces eNOS mRNA
expression and improves endothelium-dependent dilation in senescent soleus muscle
feed arteries. J Appl Physiol 98: 940-946.
63. Carmeliet P (2000) Mechanisms of angiogenesis and arteriogenesis. Nat Med 6: 389395.
64. Risau W (1997) Mechanisms of angiogenesis. Nature 386: 671-674.
65. Folkman J (1971) Tumor angiogenesis: therapeutic implications. N Engl J Med 285:
1182-1186.
66. Ribatti D, Vacca A, Nico B, Roncali L, Dammacco F (2001) Postnatal vasculogenesis.
Mech Dev 100: 157-163.
67. Schmidt A, Brixius K, Bloch W (2007) Endothelial precursor cell migration during
vasculogenesis. Circ Res 101: 125-136.
68. Folkman J (1995) Angiogenesis in cancer, vascular, rheumatoid and other disease.
Nat Med 1: 27-31.
69. Shintani S, Murohara T, Ikeda H, Ueno T, Honma T, Katoh A, Sasaki K, Shimada T, Oike
Y, Imaizumi T (2001) Mobilization of endothelial progenitor cells in patients with
acute myocardial infarction. Circulation 103: 2776-2779.
70. Hudlicka O, Brown M, Egginton S (1992) Angiogenesis in skeletal and cardiac muscle.
Physiol Rev 72: 369-417.
71. Carmeliet P, Collen D (2000) Transgenic mouse models in angiogenesis and
cardiovascular disease. J Pathol 190: 387-405.
72. Hudlicka O (1998) Is physiological angiogenesis in skeletal muscle regulated by
changes in microcirculation? Microcirculation 5: 7-23.
73. Hudlicka O, Brown M, Egginton S (1992) Angiogenesis in skeletal and cardiac muscle.
Physiol Rev 72: 369-417.
74. Carmeliet P, De SF, Loges S, Mazzone M (2009) Branching morphogenesis and
antiangiogenesis candidates: tip cells lead the way. Nat Rev Clin Oncol 6: 315-326.
75. Gerhardt H, Golding M, Fruttiger M, Ruhrberg C, Lundkvist A, Abramsson A, Jeltsch
M, Mitchell C, Alitalo K, Shima D, Betsholtz C (2003) VEGF guides angiogenic
sprouting utilizing endothelial tip cell filopodia. J Cell Biol 161: 1163-1177.
76. Ruhrberg C, Gerhardt H, Golding M, Watson R, Ioannidou S, Fujisawa H, Betsholtz C,
Shima DT (2002) Spatially restricted patterning cues provided by heparin-binding
VEGF-A control blood vessel branching morphogenesis. Genes Dev 16: 2684-2698.
21

References
77. van Hinsbergh V, Koolwijk P (2008) Endothelial sprouting and angiogenesis: matrix
metalloproteinases in the lead. Cardiovasc Res 78: 203-212.
78. Horowitz A, Simons M (2008) Branching morphogenesis. Circ Res 103: 784-795.
79. Ausprunk DH, Folkman J (1977) Migration and proliferation of endothelial cells in
preformed and newly formed blood vessels during tumor angiogenesis. Microvasc
Res 14: 53-65.
80. Paku S, Paweletz N (1991) First steps of tumor-related angiogenesis. Lab Invest 65:
334-346.
81. Caduff JH, Fischer LC, Burri PH (1986) Scanning electron microscope study of the
developing microvasculature in the postnatal rat lung. Anat Rec 216: 154-164.
82. Djonov V, Schmid M, Tschanz SA, Burri PH (2000) Intussusceptive angiogenesis: its
role in embryonic vascular network formation. Circ Res 86: 286-292.
83. Adair TH, Gay WJ, Montani JP (1990) Growth regulation of the vascular system:
evidence for a metabolic hypothesis. Am J Physiol 259: R393-R404.
84. Brown MD, Hudlicka O (2003) Modulation of physiological angiogenesis in skeletal
muscle by mechanical forces: involvement of VEGF and metalloproteinases.
Angiogenesis 6: 1-14.
85. Zhou A, Egginton S, Hudlicka O, Brown MD (1998) Internal division of capillaries in rat
skeletal muscle in response to chronic vasodilator treatment with alpha1-antagonist
prazosin. Cell Tissue Res 293: 293-303.
86. Zhou AL, Egginton S, Brown MD, Hudlicka O (1998) Capillary growth in overloaded,
hypertrophic adult rat skeletal muscle: an ultrastructural study. Anat Rec 252: 49-63.
87. Rudic RD, Shesely EG, Maeda N, Smithies O, Segal SS, Sessa WC (1998) Direct
evidence for the importance of endothelium-derived nitric oxide in vascular
remodeling. J Clin Invest 101: 731-736.
88. Yu J, deMuinck ED, Zhuang Z, Drinane M, Kauser K, Rubanyi GM, Qian HS, Murata T,
Escalante B, Sessa WC (2005) Endothelial nitric oxide synthase is critical for ischemic
remodeling, mural cell recruitment, and blood flow reserve. Proc Natl Acad Sci U S A
102: 10999-11004.
89. Ziche M, Morbidelli L (2000) Nitric oxide and angiogenesis. J Neurooncol 50: 139-148.
90. Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J (2000) Vascularspecific growth factors and blood vessel formation. Nature 407: 242-248.
91. Carmeliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans K, Dewerchin M, Neeman
M, Bono F, Abramovitch R, Maxwell P, Koch CJ, Ratcliffe P, Moons L, Jain RK, Collen D,
Keshert E (1998) Role of HIF-1alpha in hypoxia-mediated apoptosis, cell proliferation
and tumour angiogenesis. Nature 394: 485-490.
22

References
92. Gerber HP, Condorelli F, Park J, Ferrara N (1997) Differential transcriptional
regulation of the two vascular endothelial growth factor receptor genes. Flt-1, but
not Flk-1/KDR, is up-regulated by hypoxia. J Biol Chem 272: 23659-23667.
93. Melillo G, Musso T, Sica A, Taylor LS, Cox GW, Varesio L (1995) A hypoxia-responsive
element mediates a novel pathway of activation of the inducible nitric oxide synthase
promoter. J Exp Med 182: 1683-1693.
94. Falanga V, Qian SW, Danielpour D, Katz MH, Roberts AB, Sporn MB (1991) Hypoxia
upregulates the synthesis of TGF-beta 1 by human dermal fibroblasts. J Invest
Dermatol 97: 634-637.
95. Endoh M, Pulsinelli WA, Wagner JA (1994) Transient global ischemia induces dynamic
changes in the expression of bFGF and the FGF receptor. Brain Res Mol Brain Res 22:
76-88.
96. Khaliq A, Dunk C, Jiang J, Shams M, Li XF, Acevedo C, Weich H, Whittle M, Ahmed A
(1999) Hypoxia down-regulates placenta growth factor, whereas fetal growth
restriction up-regulates placenta growth factor expression: molecular evidence for
"placental hyperoxia" in intrauterine growth restriction. Lab Invest 79: 151-170.
97. Wu P, Yonekura H, Li H, Nozaki I, Tomono Y, Naito I, Ninomiya Y, Yamamoto H (2001)
Hypoxia down-regulates endostatin production by human microvascular endothelial
cells and pericytes. Biochem Biophys Res Commun 288: 1149-1154.
98. Ethier MF, Chander V, Dobson JG, Jr. (1993) Adenosine stimulates proliferation of
human endothelial cells in culture. Am J Physiol 265: H131-H138.
99. Meininger CJ, Schelling ME, Granger HJ (1988) Adenosine and hypoxia stimulate
proliferation and migration of endothelial cells. Am J Physiol 255: H554-H562.
100. Adair TH, Montani JP, Strick DM, Guyton AC (1989) Vascular development in chick
embryos: a possible role for adenosine. Am J Physiol 256: H240-H246.
101. Adair TH, Cotten R, Gu JW, Pryor JS, Bennett KR, McMullan MR, McDonnell P,
Montani JP (2005) Adenosine infusion increases plasma levels of VEGF in humans.
BMC Physiol 5: 10.
102. Ferrara N, Henzel WJ (1989) Pituitary follicular cells secrete a novel heparin-binding
growth factor specific for vascular endothelial cells. Biochem Biophys Res Commun
161: 851-858.
103. Cross MJ, Dixelius J, Matsumoto T, Claesson-Welsh L (2003) VEGF-receptor signal
transduction. Trends Biochem Sci 28: 488-494.
104. Ferrara N (1999) Molecular and biological properties of vascular endothelial growth
factor. J Mol Med (Berl) 77: 527-543.
105. Petrova TV, Makinen T, Alitalo K (1999) Signaling via vascular endothelial growth
factor receptors. Exp Cell Res 253: 117-130.
23

References
106. Zachary I (2001) Signaling mechanisms mediating vascular protective actions of
vascular endothelial growth factor. Am J Physiol Cell Physiol 280: C1375-C1386.
107. Houck KA, Ferrara N, Winer J, Cachianes G, Li B, Leung DW (1991) The vascular
endothelial growth factor family: identification of a fourth molecular species and
characterization of alternative splicing of RNA. Mol Endocrinol 5: 1806-1814.
108. Park JE, Keller GA, Ferrara N (1993) The vascular endothelial growth factor (VEGF)
isoforms: differential deposition into the subepithelial extracellular matrix and
bioactivity of extracellular matrix-bound VEGF. Mol Biol Cell 4: 1317-1326.
109. Schlessinger J, Lax I, Lemmon M (1995) Regulation of growth factor activation by
proteoglycans: what is the role of the low affinity receptors? Cell 83: 357-360.
110. Wang H, Keiser JA (1998) Vascular endothelial growth factor upregulates the
expression of matrix metalloproteinases in vascular smooth muscle cells: role of flt-1.
Circ Res 83: 832-840.
111. Wittekindt C, Hess A, Bloch W, Sultanie S, Michel O (2002) Immunohistochemical
expression of VEGF and VEGF receptors in nasal polyps as compared to normal
turbinate mucosa. Eur Arch Otorhinolaryngol 259: 294-298.
112. Fujio Y, Walsh K (1999) Akt mediates cytoprotection of endothelial cells by vascular
endothelial growth factor in an anchorage-dependent manner. J Biol Chem 274:
16349-16354.
113. Bates DO, Harper SJ (2002) Regulation of vascular permeability by vascular
endothelial growth factors. Vascul Pharmacol 39: 225-237.
114. Milkiewicz M, Brown MD, Egginton S, Hudlicka O (2001) Association between shear
stress, angiogenesis, and VEGF in skeletal muscles in vivo. Microcirculation 8: 229241.
115. Rivilis I, Milkiewicz M, Boyd P, Goldstein J, Brown MD, Egginton S, Hansen FM,
Hudlicka O, Haas TL (2002) Differential involvement of MMP-2 and VEGF during
muscle stretch- versus shear stress-induced angiogenesis. Am J Physiol Heart Circ
Physiol 283: H1430-H1438.
116. Shweiki D, Itin A, Soffer D, Keshet E (1992) Vascular endothelial growth factor
induced by hypoxia may mediate hypoxia-initiated angiogenesis. Nature 359: 843845.
117. Amaral SL, Linderman JR, Morse MM, Greene AS (2001) Angiogenesis induced by
electrical stimulation is mediated by angiotensin II and VEGF. Microcirculation 8: 5767.
118. Wagner PD, Olfert IM, Tang K, Breen EC (2006) Muscle-targeted deletion of VEGF and
exercise capacity in mice. Respir Physiol Neurobiol 151: 159-166.

24

References
119. Rullman E, Rundqvist H, Wagsater D, Fischer H, Eriksson P, Sundberg CJ, Jansson E,
Gustafsson T (2007) A single bout of exercise activates matrix metalloproteinase in
human skeletal muscle. J Appl Physiol 102: 2346-2351.
120. Richardson RS, Wagner H, Mudaliar SR, Saucedo E, Henry R, Wagner PD (2000)
Exercise adaptation attenuates VEGF gene expression in human skeletal muscle. Am J
Physiol Heart Circ Physiol 279: H772-H778.
121. Gustafsson T, Knutsson A, Puntschart A, Kaijser L, Nordqvist AC, Sundberg CJ, Jansson
E (2002) Increased expression of vascular endothelial growth factor in human skeletal
muscle in response to short-term one-legged exercise training. Pflugers Arch 444:
752-759.
122. Hiscock N, Fischer CP, Pilegaard H, Pedersen BK (2003) Vascular endothelial growth
factor mRNA expression and arteriovenous balance in response to prolonged,
submaximal exercise in humans. Am J Physiol Heart Circ Physiol 285: H1759-H1763.
123. Makey KL, Patterson SG, Robinson J, Loftin M, Waddell DE, Miele L, Chinchar E,
Huang M, Smith AD, Weber M, Gu JW (2013) Increased plasma levels of soluble
vascular endothelial growth factor receptor 1 (sFlt-1) in women by moderate exercise
and increased plasma levels of vascular endothelial growth factor in
overweight/obese women. Eur J Cancer Prev 22: 83-89.
124. Gu JW, Gadonski G, Wang J, Makey I, Adair TH (2004) Exercise increases endostatin in
circulation of healthy volunteers. BMC Physiol 4: 2.
125. Czarkowska-Paczek B, Bartlomiejczyk I, Przybylski J (2006) The serum levels of growth
factors: PDGF, TGF-beta and VEGF are increased after strenuous physical exercise. J
Physiol Pharmacol 57: 189-197.
126. Kraus RM, Stallings HW, III, Yeager RC, Gavin TP (2004) Circulating plasma VEGF
response to exercise in sedentary and endurance-trained men. J Appl Physiol 96:
1445-1450.
127. Birkedal-Hansen H (1993) Role of matrix metalloproteinases in human periodontal
diseases. J Periodontol 64: 474-484.
128. Murphy G, Stanton H, Cowell S, Butler G, Knauper V, Atkinson S, Gavrilovic J (1999)
Mechanisms for pro matrix metalloproteinase activation. APMIS 107: 38-44.
129. Woessner JF, Jr. (1991) Matrix metalloproteinases and their inhibitors in connective
tissue remodeling. FASEB J 5: 2145-2154.
130. Sato H, Seiki M (1993) Regulatory mechanism of 92 kDa type IV collagenase gene
expression which is associated with invasiveness of tumor cells. Oncogene 8: 395405.
131. Wilhelm SM, Collier IE, Marmer BL, Eisen AZ, Grant GA, Goldberg GI (1989) SV40transformed human lung fibroblasts secrete a 92-kDa type IV collagenase which is

25

References
identical to that secreted by normal human macrophages. J Biol Chem 264: 1721317221.
132. Hibbs MS, Hasty KA, Seyer JM, Kang AH, Mainardi CL (1985) Biochemical and
immunological characterization of the secreted forms of human neutrophil
gelatinase. J Biol Chem 260: 2493-2500.
133. Collen A, Hanemaaijer R, Lupu F, Quax PH, van LN, Grimbergen J, Peters E, Koolwijk P,
van H, V (2003) Membrane-type matrix metalloproteinase-mediated angiogenesis in
a fibrin-collagen matrix. Blood 101: 1810-1817.
134. Itoh T, Tanioka M, Yoshida H, Yoshioka T, Nishimoto H, Itohara S (1998) Reduced
angiogenesis and tumor progression in gelatinase A-deficient mice. Cancer Res 58:
1048-1051.
135. Moses MA (1997) The regulation of neovascularization of matrix metalloproteinases
and their inhibitors. Stem Cells 15: 180-189.
136. Schnaper HW, Grant DS, Stetler-Stevenson WG, Fridman R, D'Orazi G, Murphy AN,
Bird RE, Hoythya M, Fuerst TR, French DL, . (1993) Type IV collagenase(s) and TIMPs
modulate endothelial cell morphogenesis in vitro. J Cell Physiol 156: 235-246.
137. Seandel M, Noack-Kunnmann K, Zhu D, Aimes RT, Quigley JP (2001) Growth factorinduced angiogenesis in vivo requires specific cleavage of fibrillar type I collagen.
Blood 97: 2323-2332.
138. Haas TL, Milkiewicz M, Davis SJ, Zhou AL, Egginton S, Brown MD, Madri JA, Hudlicka O
(2000) Matrix metalloproteinase activity is required for activity-induced angiogenesis
in rat skeletal muscle. Am J Physiol Heart Circ Physiol 279: H1540-H1547.
139. Berceli SA, Jiang Z, Klingman NV, Schultz GS, Ozaki CK (2006) Early differential MMP-2
and -9 dynamics during flow-induced arterial and vein graft adaptations. J Surg Res
134: 327-334.
140. Genersch E, Hayess K, Neuenfeld Y, Haller H (2000) Sustained ERK phosphorylation is
necessary but not sufficient for MMP-9 regulation in endothelial cells: involvement of
Ras-dependent and -independent pathways. J Cell Sci 113 Pt 23: 4319-4330.
141. Suhr F, Brixius K, de MM, Bolck B, Kleinoder H, Achtzehn S, Bloch W, Mester J (2007)
Effects of short-term vibration and hypoxia during high-intensity cycling exercise on
circulating levels of angiogenic regulators in humans. J Appl Physiol 103: 474-483.
142. Koskinen SO, Heinemeier KM, Olesen JL, Langberg H, Kjaer M (2004) Physical exercise
can influence local levels of matrix metalloproteinases and their inhibitors in tendonrelated connective tissue. J Appl Physiol 96: 861-864.
143. Koskinen SO, Hoyhtya M, Turpeenniemi-Hujanen T, Martikkala V, Makinen TT, Oksa J,
Rintamaki H, Lofberg M, Somer H, Takala TE (2001) Serum concentrations of collagen
degrading enzymes and their inhibitors after downhill running. Scand J Med Sci
Sports 11: 9-15.
26

References
144. Suhr F, Rosenwick C, Vassiliadis A, Bloch W, Brixius K (2010) Regulation of
extracellular matrix compounds involved in angiogenic processes in short- and longtrack elite runners. Scand J Med Sci Sports 20: 441-448.
145. Belotti D, Paganoni P, Manenti L, Garofalo A, Marchini S, Taraboletti G, Giavazzi R
(2003) Matrix metalloproteinases (MMP9 and MMP2) induce the release of vascular
endothelial growth factor (VEGF) by ovarian carcinoma cells: implications for ascites
formation. Cancer Res 63: 5224-5229.
146. Chetty C, Lakka SS, Bhoopathi P, Rao JS (2010) MMP-2 alters VEGF expression via
alphaVbeta3 integrin-mediated PI3K/AKT signaling in A549 lung cancer cells. Int J
Cancer 127: 1081-1095.
147. Fowlkes JL, Thrailkill KM, Serra DM, Suzuki K, Nagase H (1995) Matrix
metalloproteinases as insulin-like growth factor binding protein-degrading
proteinases. Prog Growth Factor Res 6: 255-263.
148. Coppock HA, White A, Aplin JD, Westwood M (2004) Matrix metalloprotease-3 and -9
proteolyze insulin-like growth factor-binding protein-1. Biol Reprod 71: 438-443.
149. Suhr F, Brixius K, Bloch W (2009) Angiogenic and vascular modulation by extracellular
matrix cleavage products. Curr Pharm Des 15: 389-410.
150. Suhr F, Brixius K, Bloch W (2009) Angiogenic and vascular modulation by extracellular
matrix cleavage products. Curr Pharm Des 15: 389-410.
151. Heljasvaara R, Nyberg P, Luostarinen J, Parikka M, Heikkila P, Rehn M, Sorsa T, Salo T,
Pihlajaniemi T (2005) Generation of biologically active endostatin fragments from
human collagen XVIII by distinct matrix metalloproteases. Exp Cell Res 307: 292-304.
152. Felbor U, Dreier L, Bryant RA, Ploegh HL, Olsen BR, Mothes W (2000) Secreted
cathepsin L generates endostatin from collagen XVIII. EMBO J 19: 1187-1194.
153. Miosge N, Sasaki T, Timpl R (1999) Angiogenesis inhibitor endostatin is a distinct
component of elastic fibers in vessel walls. FASEB J 13: 1743-1750.
154. Bloch W, Huggel K, Sasaki T, Grose R, Bugnon P, Addicks K, Timpl R, Werner S (2000)
The angiogenesis inhibitor endostatin impairs blood vessel maturation during wound
healing. FASEB J 14: 2373-2376.
155. O'Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G, Lane WS, Flynn E, Birkhead JR,
Olsen BR, Folkman J (1997) Endostatin: an endogenous inhibitor of angiogenesis and
tumor growth. Cell 88: 277-285.
156. Yamaguchi N, nand-Apte B, Lee M, Sasaki T, Fukai N, Shapiro R, Que I, Lowik C, Timpl
R, Olsen BR (1999) Endostatin inhibits VEGF-induced endothelial cell migration and
tumor growth independently of zinc binding. EMBO J 18: 4414-4423.
157. Schmidt A, Addicks K, Bloch W (2004) Opposite effects of endostatin on different
endothelial cells. Cancer Biol Ther 3: 1162-1166.
27

References
158. Wickstrom SA, Alitalo K, Keski-Oja J (2002) Endostatin associates with integrin
alpha5beta1 and caveolin-1, and activates Src via a tyrosyl phosphatase-dependent
pathway in human endothelial cells. Cancer Res 62: 5580-5589.
159. Dhanabal M, Ramchandran R, Waterman MJ, Lu H, Knebelmann B, Segal M,
Sukhatme VP (1999) Endostatin induces endothelial cell apoptosis. J Biol Chem 274:
11721-11726.
160. Kang HY, Shim D, Kang SS, Chang SI, Kim HY (2006) Protein kinase B inhibits
endostatin-induced apoptosis in HUVECs. J Biochem Mol Biol 39: 97-104.
161. Khan ZA, Melero-Martin JM, Wu X, Paruchuri S, Boscolo E, Mulliken JB, Bischoff J
(2006) Endothelial progenitor cells from infantile hemangioma and umbilical cord
blood display unique cellular responses to endostatin. Blood 108: 915-921.
162. Wenzel D, Schmidt A, Reimann K, Hescheler J, Pfitzer G, Bloch W, Fleischmann BK
(2006) Endostatin, the proteolytic fragment of collagen XVIII, induces vasorelaxation.
Circ Res 98: 1203-1211.
163. Kovanen V, Suominen H (1989) Age- and training-related changes in the collagen
metabolism of rat skeletal muscle. Eur J Appl Physiol Occup Physiol 58: 765-771.
164. Suhr F, Brixius K, de MM, Bolck B, Kleinoder H, Achtzehn S, Bloch W, Mester J (2007)
Effects of short-term vibration and hypoxia during high-intensity cycling exercise on
circulating levels of angiogenic regulators in humans. J Appl Physiol 103: 474-483.
165. Brixius K, Schoenberger S, Ladage D, Knigge H, Falkowski G, Hellmich M, Graf C,
Latsch J, Montie GL, Prede GL, Bloch W (2008) Long-term endurance exercise
decreases antiangiogenic endostatin signalling in overweight men aged 50-60 years.
Br J Sports Med 42: 126-129.
166. Blottner D, Salanova M, Puttmann B, Schiffl G, Felsenberg D, Buehring B, Rittweger J
(2006) Human skeletal muscle structure and function preserved by vibration muscle
exercise following 55 days of bed rest. Eur J Appl Physiol 97: 261-271.
167. Salanova M, Schiffl G, Puttmann B, Schoser BG, Blottner D (2008) Molecular
biomarkers monitoring human skeletal muscle fibres and microvasculature following
long-term bed rest with and without countermeasures. J Anat 212: 306-318.
168. Ferretti G, Antonutto G, Denis C, Hoppeler H, Minetti AE, Narici MV, Desplanches D
(1997) The interplay of central and peripheral factors in limiting maximal O2
consumption in man after prolonged bed rest. J Physiol 501 ( Pt 3): 677-686.
169. Prior SJ, McKenzie MJ, Joseph LJ, Ivey FM, Macko RF, Hafer-Macko CE, Ryan AS (2009)
Reduced skeletal muscle capillarization and glucose intolerance. Microcirculation 16:
203-212.
170. Sunnerhagen KS, Svantesson U, Lonn L, Krotkiewski M, Grimby G (1999) Upper motor
neuron lesions: their effect on muscle performance and appearance in stroke
patients with minor motor impairment. Arch Phys Med Rehabil 80: 155-161.
28

References
171. Rittweger J (2010) Vibration as an exercise modality: how it may work, and what its
potential might be. Eur J Appl Physiol 108: 877-904.
172. Mester J, Kleinoder H, Yue Z (2006) Vibration training: benefits and risks. J Biomech
39: 1056-1065.
173. Bogaerts A, Delecluse C, Claessens AL, Coudyzer W, Boonen S, Verschueren SM
(2007) Impact of whole-body vibration training versus fitness training on muscle
strength and muscle mass in older men: a 1-year randomized controlled trial. J
Gerontol A Biol Sci Med Sci 62: 630-635.
174. Bosco C., Cardinale M., Tsarpela O, Colli R, Tihanyi J, Duvillard Sv, Viru A (1998) The
influence of whole body vibration on jumping performance. Biol Sport 19: 183-187.
175. Bosco C, Colli R, Introini E, Cardinale M, Tsarpela O, Madella A, Tihanyi J, Viru A
(1999) Adaptive responses of human skeletal muscle to vibration exposure. Clin
Physiol 19: 183-187.
176. De GP, Lance JW, Neilson PD (1966) Differential effects on tonic and phasic reflex
mechanisms produced by vibration of muscles in man. J Neurol Neurosurg Psychiatry
29: 1-11.
177. Hagbarth KE, Eklund G (1966) Tonic vibration reflexes (TVR) in spasticity. Brain Res 2:
201-203.
178. Matthews PB (1966) The reflex excitation of the soleus muscle of the decerebrate cat
caused by vibbration applied to its tendon. J Physiol 184: 450-472.
179. Zange J, Haller T, Muller K, Liphardt AM, Mester J (2009) Energy metabolism in
human calf muscle performing isometric plantar flexion superimposed by 20-Hz
vibration. Eur J Appl Physiol 105: 265-270.
180. Mileva KN, Naleem AA, Biswas SK, Marwood S, Bowtell JL (2006) Acute effects of a
vibration-like stimulus during knee extension exercise. Med Sci Sports Exerc 38: 13171328.
181. Yamada E, Kusaka T, Miyamoto K, Tanaka S, Morita S, Tanaka S, Tsuji S, Mori S,
Norimatsu H, Itoh S (2005) Vastus lateralis oxygenation and blood volume measured
by near-infrared spectroscopy during whole body vibration. Clin Physiol Funct
Imaging 25: 203-208.
182. Yue Z, Kleinöder H, de Marées M, Speicher U, Mester J (2007) On the Cardiovascular
Effects of Whole-Body Vibration Part II. Lateral Effects: Statistical Analysis. Studies in
Applied Mathematics 119: 111-125.
183. Kerschan-Schindl K, Grampp S, Henk C, Resch H, Preisinger E, Fialka-Moser V, Imhof H
(2001) Whole-body vibration exercise leads to alterations in muscle blood volume.
Clin Physiol 21: 377-382.
184. Lythgo N, Eser P, de GP, Galea M (2009) Whole-body vibration dosage alters leg
blood flow. Clin Physiol Funct Imaging 29: 53-59.
29

References
185. Hudlicka O, Brown M, Egginton S (1992) Angiogenesis in skeletal and cardiac muscle.
Physiol Rev 72: 369-417.
186. Jensen L, Bangsbo J, Hellsten Y (2004) Effect of high intensity training on
capillarization and presence of angiogenic factors in human skeletal muscle. J Physiol
557: 571-582.
187. Tesch PA, Thorsson A, Kaiser P (1984) Muscle capillary supply and fiber type
characteristics in weight and power lifters. J Appl Physiol 56: 35-38.
188. Wickstrom SA, Alitalo K, Keski-Oja J (2003) Endostatin associates with lipid rafts and
induces reorganization of the actin cytoskeleton via down-regulation of RhoA activity.
J Biol Chem 278: 37895-37901.
189. Hanai J, Gloy J, Karumanchi SA, Kale S, Tang J, Hu G, Chan B, Ramchandran R, Jha V,
Sukhatme VP, Sokol S (2002) Endostatin is a potential inhibitor of Wnt signaling. J Cell
Biol 158: 529-539.

30

Paper 1 Implementation of EVE-Study

4 Human studies
4.1 Paper 1: ‘Randomized controlled study on Resistive Vibration
Exercise (EVE Study): Protocol, Implementation and Feasibility’

Åsa Beijer1,2, André Rosenberger1,3, Tobias Weber1,2, Jochen Zange1, Francisca May1, Eckhard
Schoenau4, Joachim Mester3, Wilhelm Bloch2, Joern Rittweger1,5
1

German Aerospace Center, Institute of Aerospace Medicine and Space Physiology, 51147

Cologne, Germany; 2German Sport University Cologne, Department of Molecular and
Cellular Sport Medicine, Cologne, Germany; 3German Sport University Cologne, Institute of
Training Science and Sports Informatics, Cologne, Germany; 4Children’s Hospital, University
of Cologne, Cologne, Germany; 5Institute for Biomedical Research into Human Movement
and Health, Manchester Metropolitan University, Manchester, United Kingdom

Journal of Musculoskeletal and Neuronal Interactions 2013; 13(2): 147-156

31

Paper 1 Implementation of EVE-Study

Abstract
Objectives: A training intervention comparing resistance exercise with or without wholebody vibration (WBV) was conducted to compare acute and chronic effects on functional
and molecular parameters.
Methods: A six-week training intervention was performed including 26 healthy males (26
years, SD=4). Two groups were analyzed in a parallel design performing either resistive
exercise (RE, n=13) or resistive vibration exercise (RVE, n=13) training with weekly increasing
vibration frequencies (20-40Hz). Resting and exercising blood pressure and heart rate were
measured before and after the 6-week intervention.
Results: Both training interventions decreased resting systolic blood pressure (P = 0.003).
Resting diastolic blood pressure was significantly decreased only in the RVE group (P = 0.01).
Exercising diastolic blood pressure was significantly decreased during the final training
(P<0.001) with no additional effect of superimposed vibrations. Resistance exercise with
superimposed vibrations evoked back pain to a higher degree than resistance exercise alone
when training at frequencies above 30Hz (P<0.01).
Conclusions: These data suggest positive effects of resistance exercise upon cardiovascular
health and vascular responsiveness and a further beneficial effect of superimposed
vibrations in decreasing resting diastolic blood pressure. Finally, development of back pain
may be fostered by superimposed vibrations to high training loads, particularly at higher
frequencies.
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INTRODUCTION
Regular performance of aerobic exercise is commonly known to have beneficial effects upon
cardiovascular health such as decreases in heart rate and ambulatory blood pressure [1,2].
However, studies on cardiovascular adaptations to resistance exercise remain inconclusive.
In the early 1980’s, resistance exercise was believed to cause hypertension [3]. However,
other studies showed that resting blood pressure was decreased by a resistance training
intervention [4,5] whereas other studies showed no effect upon resting blood pressure in
normotensive individuals [6–8]. The divergence in the reported effects indicates the need for
further investigations in the field of cardiovascular adaptations to resistance exercise. Here
we report acute and long-term responses of blood pressure and heart rate to a resistance
training intervention performed with and without superimposed vibrations. Whole-body
vibration (WBV) training has become increasingly popular during the past two decades and is
nowadays applied in various fields like sport, rehabilitation and in clinical settings. Previous
studies have made a great effort to describe physiological effects of whole-body vibration
and have been reviewed elsewhere [9,10]. Unfortunately, many of the reported vibrationinduced effects vary from study to study, which may derive from discrepancies in the applied
training protocols, subject heterogeneity and divergence in the duration of the
interventions. Furthermore, training supervision and diet control were neglected in many of
the studies, and there was likewise no uniformity in the control conditions: studies either
lacked a control group or compared their results to a passive control group; only few studies
applied an exercise control condition [10]. Also, there is a lack of consistency in the way of
reporting the results, as highlighted in the recommendations of the international society of
musculoskeletal and neuronal interactions [11]. Many of the potential benefits of wholebody vibration may thus not have been clearly demonstrated. To the best of our knowledge,
no study has yet compared acute effects of a specific exercise to its long-term adaptations.
However, and considering that exercise is usually conducted regularly and over a longer
period of time, it is pertinent to ask whether long-term training alters acute responses and if
superimposed vibrations promote a beneficial training effect. Here we present the design,
feasibility and demands of a conducted study that allows investigation of the adaptation of
acute responses during exercise to a long-term training intervention. Acute functional
parameters (cardiovascular responses, neuromuscular activation, oxygen consumption,
muscle perfusion and oxygenation) are complemented with investigations of acute
33

Paper 1 Implementation of EVE-Study
responses on circulating factors in serum as well as acute and long-term responses within
muscle tissue. The various measurements within a single training study using an exercising
control group will hopefully provide a broader insight into the effects of the vibration
stimulus per se. The present article focuses on acute and long-term cardiovascular responses
as well as feasibility and demands of the training.

MATERIAL AND METHODS
Study design:
The EVE study (“Molecular and functional Effects of resistive Vibration Exercise”) was
conducted in a two-group parallel design and was carried out in compliance with the
Declaration of Helsinki following approval by the Ethics Committee of the Northern Rhine
medical association (Ärztekammer Nordrhein) in Düsseldorf (application no. 2010-174). After
providing a written informed consent, 28 healthy male subjects were included into the study
and stratified according to their vertical jumping height into two matched groups with
comparable neuromuscular fitness, using the maximum vertical jump height as an indicator
[12]. A coin was then tossed to determine which group would perform either resistive
vibration exercise (RVE) or resistive exercise (RE) only. The study was conducted in two
campaigns due to feasibility reasons: the first campaign with 12 subjects took place between
October 2010 and March 2011, the second campaign with 16 subjects took place between
May and October 2011.

Participants and group design
Healthy, male subjects were targeted who were recreationally physically active (exercised 23 times per week). Any competitive sports, participation in strength training during the past
six months, smoking, diabetes as well as any current medication were considered as
exclusion criteria. Subject recruitment involved a telephone questionnaire checking for
general suitability (224 applicants), a medical screening comprising a short medical history,
blood analysis (involving a complete blood count and investigation of clinical parameters creatinin, urea, protein, albumin, SGOT, SGPT, γGT, Lipase, alk. phosphatase, electrolytes,
glucose, C-reactive protein and haematological parameters: PTT, aPTT, Quick, INR), as well
as a urine test checking for glucose, protein and urobilinogen. Finally, a stress
electrocardiogram on a cycling ergometer and a training familiarisation were performed. The
medical screening involved 60 applicants out of which 28 were included in the study. The
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subject’s anthropometric data at baseline are given in Table 1, and no statistically significant
group difference was found (P > 0.08).

RE group
(n = 13)

RVE group
(n = 13)

P - value

Age [yrs]

23.4 (± 1.4)

24.3 (± 3.3)

0.52

Body mass [kg]

75.0 (± 4.7)

74.7 (± 6.9)

0.08

Height [m]

1.79 (± 0.05)

1.8 (± 0.1)

0.31

BMI

23.4 (± 1.4)

23.5 (± 2.1)

0.11

CMJ height [cm]

42.2 (± 4.6)

41.7 (± 2.2)

0.97

Maximal performance on cycle
ergometer test
[W / kg body weight]

3.3 (± 0.3)

3.3 (± 0.4)

1.00

Table 1. Anthropometric data of EVE subjects at baseline. BMI: Body Mass Index., CMJ:
Counter movement jump. There was no difference between the two groups.

Training design:
The present study was designed to compare acute and long-term effects of two training
interventions: Resistive Exercise (RE) and Resistive Vibration Exercise (RVE). Subjects trained
for six weeks, 2-3 times per week with additional weights. In order to align the squatting
movement, the weights were put on a guided barbell (PTS Dual action Smith, Hoist, U.S.A). A
vibration platform (Galileo® Fitness, Novotech, Germany) was placed underneath, as
illustrated in Figure1A. The subjects in the RVE group performed the resistive exercise
training protocol with simultaneous side-alternating whole-body vibrations, whereas
subjects of the RE group trained with the same setting, without superimposed vibrations.
We aimed to test physiological responses at 40Hz side-alternating vibration, which has not
been tested before. Preliminary testing yielded that this is challenging for people not
acquainted with whole-body vibration. We therefore decided to initially set the vibration
frequency to 20 Hz and to increase the vibration frequency throughout the study to
eventually arrive at 40Hz.
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Figure 1. (A) Illustration of the training
tr
device. A guided barbell with a vibrat
vibration plate placed
underneath, embedded
d into a custom-built frame. (B) Illustration
ration of
o the exercise
movements. Squats (left)
t) and ca
calf raises (right).

Estimation of training
ng load
The individual training load
oad was set at 80% of the subjects One-Repetition
etition Maximum
M
(1-RM),
which was estimated in
n the familiarisation
fa
session four weeks prior
rior to th
the first training,
applying the method off Baechl
Baechle and Earle [13] and performing squats
quats in a non-vibrating
condition.
Briefly, the guided barbell
ell was initially loaded with weights corresponding
ponding to the subject’s
body weight plus 20kg and subje
subjects were asked to perform as manyy squats as possible. The
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corresponding % of the 1-RM was evaluated according to Baechle and Earle [13]. An example
is illustrated in Figure 2: if the barbell was loaded with 90kg and the subject’s maximum
number of repetitions was 5, which corresponds to 87% of the 1-RM, the training load was
adjusted to 85kg.

Figure 2. Determination of training load. Left: calculation of the performed % of the OneRepetition. Maximum (1-RM) according to the number of concluded repetitions (adapted
from Baechle and Earle). Right: example for estimation of training load at 80 % the 1-RM.

Training protocol
The training was supervised by a graduated exercise scientist throughout the study and two
spotters were standing left and right of the guided barbell providing subject security. A
metronome guided the training rhythm to provide standardisation of the movement. Squats
were performed dynamically with 2 sec. eccentric and 2 sec. concentric phase; calf raises
were performed with 1 sec. eccentric and 1 sec. concentric phase (Figure 1B). Each training
session included a warm-up with the unloaded barbell (15kg), which consisted of two sets;
each set with 10 squats and 15 heel raises. The actual training was performed in three sets:
the first two sets comprised 8 squats and 12 calf raises; in the third set, as many squats and
calf raises as possible were performed (Figure 3A). Immediately after completion of the last
set of squats, each subject’s perceived exertion was rated via the Borg RPE Scale [14].
Altogether, the subjects concluded 16 training sessions in a period of 6 weeks (week 1-2: two
sessions per week; week 3-6: three sessions per week). Both training regimens differed only
in the vibration component.
Increase of training load and vibration frequency during the 6-week intervention
The number of squats in the third set was used to readjust the training weight to 80% of the
1-RM for the following training. When the number of squats in the third set was equal to 8,
the training weight remained unchanged for the subsequent training. When the subjects
performed more or less than 8 repetitions, the training weight was recalculated, i.e.
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increased or decreased for the next training. However, the top limit for weight increases
was set at 10kg in order to guarantee steady weight increments. The RVE group started the
training with 20Hz vibration with weekly increments by 5Hz; during the last two weeks,
vibration frequency was set at 40Hz. A schematic overview of the incremental study design is
displayed in Figure 3B.

Figure 3. (A) Training design. After a warm-up, subjects performed three sets of squats and
calf raises. The first two sets included 8 squats and 12 calf raises, in the third set, a maximum
number of squats and calf raises was performed. (B) Increase of of training intensity over the
6-week training intervention. Left: increase of training load for both intervention groups.
Right: increase of vibration frequency in the resistive vibration exercise (RVE) group. 1-RM:
One-Repetition Maximum.

Diet
During the initial and final training sessions, subjects ate a standardised breakfast two hours
before training (two wheat bread rolls with butter and jam). During the long-term training
intervention, subjects were asked to abstain from food two hours before every training
session and to drink a protein energy drink (Fresubin® protein energy drink, Fresenius Kabi,
Germany) one hour prior to training.
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Measurements
The present study was designed to characterize the acute and long-term effects of resistive
exercise and superimposed vibrations on both functional and molecular levels. An overview
of the measurements with the corresponding time points is depicted in Figure 4.
Determination of daily physical activity
The Freiburg Questionnaire [15] was applied to assess the subject’s daily physical activities.
Subjects filled the questionnaire one week prior to and three days after the 6-week training
intervention.
Blood pressure and heart rate at rest and during exercise
Resting heart rate and blood pressure were recorded after 20 minutes in horizontal position
with an automated sphygmomanometer (Medicus pc, Boso, Germany). Exercise blood
pressure was measured during each break between the sets and immediately after training
termination by a medical doctor using a manual sphygmomanometer. Heart rate was
measured manually by an exercise scientist.
Rating of perceived exertion (RPE)
The Borg RPE scale[14] was used for the assessment of the perceived exertion of the
training. Within 20sec after the last set of squats, subjects provided their individual RPE.
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Figure 4. Overview of the EVE-Study design. BDC (Baseline Data Collection) was performed
during 4 weeks prior to the initial training; follow- up measurements were performed 3, 4
and 90 days (d) after the final training. MRS: Magnetic Resonance Resonance Spectroscopy,
MVC: Maximal Voluntary Contraction, MRI: Magnetic Resonance Imaging, EMG:
Electromyography, NIRS: Near-Infrared Spectroscopy.

Statistical analyses
Statistical analyses were performed using STATISTICA 10 for Windows (Statsoft, Tulsa,
Oklahoma, USA, 1984-2010). For estimation of differences in training load increments, rating
of perceived exertion, blood pressure and heart rate, a repeated measures ANOVA was
applied with time (initial vs. final) and intervention (resistive exercise vs. resistive vibration
exercise) as factors; Tukey’s test was used for post-hoc testing. For estimation of daily
physical activity (Freiburg Questionnaire), a paired, two-sided Student’s t-test was
performed to compare physical activity before and after of the 6-week training intervention;
an unpaired, two-sided t-test was performed to test differences between the two
intervention groups. For estimation of vibration-induced back pain, a chi-square analysis was
performed. Values are given as means ± standard deviation, statistical significance was set at
P < 0.05.
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RESULTS
Freiburg Questionnaire of physical activity
Daily physical activities like walking, biking, stair climbing, activity at work, sleeping and
weekly sportive physical activity did not differ before and after the 6-week training
intervention (P – values between 0.12 and 0.96) and did not differ between the two
intervention groups (P – values between 0.32 and 0.75).

Important events during the study
When training at frequencies above 30Hz, eight of the RVE subjects complained about back
pain. In one of the subjects, back pain was the cause for dropping out of the study. The
sudden onset of back pain in the drop-out subject was caused by an incident during training.
The impression of the personal trainer and his assistants present during that exercise session
was that the incident resulted from training with poor body balance, which led to bending of
the back. An independent orthopaedic surgeon diagnosed a facet joint syndrome L1-2, which
did not implicate sensory or motor deficits. The back pain lasted for seven days after the
incident and was ranked by the subject to an intensity of 8 using a scale ranging from 0 to
10, where 0 indicated “no pain” and 10 indicated “severe, unbearable pain”. The subject had
demonstrated questionable commitment before that event, which reinforced the decision
was made to exclude him from the further participation.
Back pain reported by the other seven subjects that completed the study successfully was
assessed via a questionnaire. All seven subjects reported low back pain without
radiculopathy. One subject complained about pain during training, whereas the majority (6
out of 7 subjects) perceived back pain after training termination. The duration of the pain
varied: two subjects reported acute pain until 1-2 hours after training, and four subjects
reported pain until 2-3 days after training. The pain intensity estimated by the subjects
ranged from 3 to 7 and was on average 4.4 (SD=1.4), using a 0-10 scale (as described above).
None of the subjects had to take analgetics to relieve the pain. There were only two cases of
back pain in the RE group: one subject complained about local neck pain at the site of weight
application, the other subject complained about “light” muscle tenderness in the lumbar
spine. Statistical analyses revealed that resistive vibration exercise at frequencies of 30 Hz
and above caused back pain in a higher number of cases than resistive exercise alone (Chivalue < 0.01); details are listed in Table 2.
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Furthermore, four subjects in the RVE group complained about a training-induced headache
with an onset after the second training set, out of which one subject dropped out after four
weeks of training because of a headache that was reproducibly generated by the
combination of vibration, application of the bar bell and calf raises. A post-hoc medical check
revealed the absence of the physiological lordosis of the cervical spine as a likely explanation
for this reaction.

Training week

Back Pain

Headache

Vibration
Frequency

RVE

RE

RVE

RE

1

20 Hz

-

-

-

-

2

25 Hz

-

-

-

-

3

30 Hz

3

1

1

-

4

35 Hz

1

1

2

-

5, 6

40 Hz

4

-

Sum

8**

2

3

0

Table 2. Important events during the study. Numbers of subjects are indicated perceiving
headache or back pain in the respective training week. RE: resistive exercise group; RVE:
resistive vibration exercise group. **Higher compared to RE group (chi-value<0.01).

Conduct of exercise: missed training sessions
In the RVE group, four subjects completed all 16 training sessions and nine subjects missed a
single training session. In the RE group, ten subjects completed all 16 training sessions and
three subjects missed a single training session.

Increase of training load
The training loads were comparable between the two groups at the initial training (RVE: 81.5
± 7.7 kg, RE: 75.2 ± 6.5 kg; P = 1.0) and increased over time in both groups (P < 0.001).
Compared to the initial training, the increase in training load over the six-week training
intervention was significantly higher in the RE group and accounted for 59.8 ± 17.3 %,
compared to 46.9 ± 19.0 % in the RVE group (time * intervention: P < 0.001). As the weight
increase was more pronounced in the RE group, post-hoc analyses reveal that RE subjects
trained with significantly higher training loads compared to the RVE group in trainings 13 to
16 (P < 0.01). During the final training, the RE group trained with 130.2 ± 18.5 kg and the RVE
group trained with 110.2 ± 15.8 kg (P = 0.003), see Figure 5.
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Figure 5. Training load increase during the 6-week training intervention. Bars indicating 2040Hz refer to the applied vibration frequency in the RVE group. Training loads increased over
time in both groups (time effect: P<0.001). The training load increase was more pronounced
in the Resistive Exercise group and after the 13th training session, the RE group trained with
significantly higher training loads (*P<0.01).

Rating of Perceived Exertion (RPE)
The perceived exertion of the initial training was rated as “hard” according to the Borg RPE
scale, and there was no difference between groups: 15.5 ± 1.6 (RE) vs. 15.9 ± 1.3 (RVE), P =
0.52, see Figure 6. RPE data derived during the 6-week training reveal that superimposed
vibrations did not alter RPE as there was no significant group effect (P = 0.73). However,
there was an overall increase in RPE over time (P = 0.048). Post-hoc analyses showed that
the RPE was higher during training 9-16 when compared to training 1-4 (P < 0.05). During the
last training, RPE accounted for 15.9 in the RE group and 16.38 in the RVE group. Of note,
RPE during the last training was comparable between groups (P = 0.15), although the RE
group trained with significantly higher training loads (P = 0.003). Furthermore, there was no
correlation between RPE and heart rate (R= -0.13; R2 = 0.017; P = 0.42) as previously
described for endurance exercise[16].
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Figure 6. Rating of the training’s perceived exertion. The subjects in both groups rated the
perceived exertion (RPE) of the training to “hard” and there was no difference between the
Resistive Exercise (RE) and Resistive Vibration Exercise (RVE) groups. RPE was significantly
higher in trainings 9-16 compared to trainings 1-4 (*P < 0.05).

Cardiovascular parameters at rest
Resting Systolic Blood Pressure (SBP) and Diastolic Blood (DBP) pressure were both
decreased from pre levels during the follow-up measurement after 6 weeks of training (SBP:
P = 0.003; DBP: P = 0.001) with no significant differences between the two groups (SBP: P =
0.06; DBP: P = 0.5) as depicted in Table 3. Post-hoc analyses revealed that the decrease of
DBP was more pronounced in the RVE group as this group depicted significant decreases (P =
0.01), whereas the decrease of DBP did not reach significance in the RE group (P = 0.055).
Resting heart rate (HR) remained unaffected by the training intervention in both groups (P =
0.14), see Table 3.
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Rest
RE

Group
Variable

RVE

RVE

Post

Initial

Final

Initial

Final

SBP [mmHg] 126 ± 8 118 ± 11**

122 ± 4

113 ± 9**

147 ± 18

143 ± 13

147 ± 13

142 ± 18

DBP [mmHg] 71 ± 9

65 ± 11 **

71 ± 6

62 ± 8**

81 ±8

72 ± 9 ***

82 ± 7

74 ± 10***

52 ± 7

56 ± 8

54 ± 7

125± 17

127 ± 15

126 ± 21

131 ± 23

55 ± 9

Post

RE

Pre

HR [bpm]

Pre

During Training

Table 3. Cardiovascular parameters at rest (left) and during exercise (right). Stars indicate
significant difference (time effect) within the same group: *P<0.05; **P<0.01; ***P<0.001.
Pre and Post refer to resting values before and after 6 weeks of training; Initial and Final
Training refer to the first and last exercise session of the 6-week training intervention. SBP:
systolic blood pressure; DBP: diastolic blood pressure; HR: heart rate.

Cardiovascular parameters during exercise
Blood pressure and heart rate measured within single training sessions were comparable
between sets (P > 0.28) and therefore, data of the three sets were pooled for further
analysis. There was a trend of decreased systolic blood pressure during exercise after 6
weeks of training in both groups, which however failed to reach the level of significance (P =
0.052). Diastolic blood pressure during exercise was significantly decreased in both groups (P
< 0.001). As a result of the decreased DBP with unaltered SBP, exercise pulse pressure (=SBPDBP) was significantly increased in both groups after 6 weeks of training (P = 0.04). Six weeks
of training did not alter exercise heart rate in neither of the groups (P = 0.39), see Tab.3.
Exercise blood pressure and exercise heart rate did not differ when comparing RE to RVE
(SBP: P = 0.9; DBP: P = 0.6; HR: P = 0.5).

DISCUSSION
Feasibility
The incremental design of the training was reflected by an increase in Borg RPE over time
(Fig. 6), as the training was perceived as significantly “harder” in training sessions 9-16
compared to training sessions 1-4. The subject’s daily physical activities were comparable
between the two groups and did not change over the duration of the study (Freiburg
Questionnaire). These data indicate that the obtained results from the EVE study actually
derive from the training intervention itself and were not induced by external factors.
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While vibration frequency was increased on a weekly basis, the RVE group trained at equal
or higher training loads compared to the previous week. Only in four cases out of 52
individual increases in vibration frequency (= 4 frequency increases * 13 subjects), training
loads had to be decreased due to an increase in vibration frequency when training with
frequencies above 35Hz. When training with frequencies between 20 and 30Hz,
superimposed vibrations were well tolerated. However, data from the present study suggest
that the risk of low back pain is substantially increased when performing resistance exercise
with superimposed vibrations and frequencies above 30Hz (see Tab.2). Seven out of thirteen
subjects that concluded the study successfully complained about low back pain, which would
probably be classed as uncomfortable, but not severe. The back pain might either derive
from the vibration itself, or from the way that the guided bar-bell was employed, which was
always with a certain reclination toward the back. This could have increased the amount of
instability in the movement when training with high vibration stimulation. This lack of
stability might have caused the training incident that led to the drop-out of one subject in
the RVE group. However, it remains unknown whether the vibration component was actually
the cause for the training incident.

Demands
Increase of training load with and without superimposed vibrations
There was no difference between the two groups concerning One-Repetition Maximum or
jump height at the beginning of the study, indicating two groups with comparable muscular
performances. As expected, training loads were increased over time. However, after the
13th training session, when RVE subjects trained with 40Hz simultaneous vibrations, the
increase of training weight was hampered (Fig. 5) compared to the group training without
vibrations. In the end of the study, the RE group trained at 18% higher training loads
compared to the RVE group. It is known that sinusoidal vibrations engender increases in
peak foot acceleration to the power of two [10], and thus, increases in vibration frequency
lead to pronounced elevations of musculoskeletal forces. We conclude from our data that
the increase of training weight (external training load) might be hampered by vibrationinduced elevation of musculoskeletal forces (internal training load) and the combination of
the two add up to the total muscle loading during RVE. This idea is supported by the Rating
of Perceived Exertion data, which indicate that training at lower weights with 40Hz WBV was
perceived equally demanding as training without vibrations and higher weights.
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Chronic cardiovascular adaptations at rest
There is strong evidence supporting beneficial effects of endurance exercise upon
cardiovascular health such as decreases in blood pressure and heart rate [1,2]. However,
limited data are available on the effect of long-term resistance exercise training in healthy,
recreationally active people. Resistance exercise has been reported to have beneficial effects
in obese subjects as well as in people with metabolic syndrome or hypertension [17–19].
Previous studies involving healthy young males show that resting systolic and diastolic blood
pressures were decreased by a resistance training intervention [8,20]. Another study shows
a 4% decrease in resting systolic with no change in diastolic blood pressure [5]. Results from
the present study show that resting systolic and diastolic blood pressures were both
decreased by 7 to 12 % after only six weeks of training and there were no alterations in
resting heart rate. Our data support the view that high-resistance exercise is beneficial for
cardiovascular health. Further, our data suggest that superimposed vibrations might be
additionally beneficial as diastolic blood pressure was significantly decreased only in the RVE
group.

Chronic adaptations of the acute cardiovascular responses to resistance
exercise
It has been shown that body builders have lower systolic and diastolic blood pressures and
heart rates during resistance exercise compared to recreationally active people [21].
Previous studies have reported that resistance training results in adaptations that hamper
the acute training-induced increases in heart rate and blood pressure [22,23]. In the current
study, we found that 6 weeks of resistive exercise decreased diastolic blood pressure during
exercise whereas systolic blood pressure and heart rate were unaltered compared to the
initial training. This decrease in diastolic blood pressure might derive from increased
vasodilation during exercise and thus, the applied training interventions in the current study
seem to have improved vascular responsiveness. This idea is supported by previous studies
showing that WBV increases blood flow velocity after vibration termination [24,25],
indicating vibration-induced dilation of feeding arteries. Our data reveal that only exercising
diastolic blood pressure was decreased after 6 weeks of training, whereas systolic blood
pressure remained unaltered, yielding increases in pulse pressure (=SBP-DBP). As pulse
pressure is known to be proportional to stroke volume [26], there is evidence that the
resistive exercise intervention conducted in this study increased cardiac stroke volume and
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maybe cardiac output. There was, however, no additional effect of superimposed vibrations,
neither during the first training nor after 6 weeks of training.

Summary and Conclusion
In summary, both training interventions were feasible and the incremental training design
was reflected by an increase in RPE. Superposition of vibrations to resistive exercise for
some reasons hampered the increase of training load when training at frequencies above
35Hz. Furthermore, our data show that 6 weeks of resistance exercise decreased resting
blood pressure (systolic and diastolic) as well as exercising diastolic blood pressure. We
conclude that WBV in combination with high-resistance exercise is well tolerated when
training with frequencies below 35Hz. However, when training with 35Hz and above, this
exercise type seems to foster back pain and to reduce training performance. It is possible
that training with side-alternating vibration above 30 or 35Hz may elicit sub-optimal results.
Thus, it might not be recommendable to use these high frequencies combined with
resistance exercise, at least not for non-athletes. Finally, our data also demonstrate a
beneficial effect upon arterial blood pressure.
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Abstract
Knowledge about biological factors involved in exercise-induced angiogenesis is to date still
scanty. The present study aimed to investigate the angiogenic stimulus of resistance exercise
with and without superimposed whole-body vibrations. Responses to the exercise regimen
before and after a 6-week training intervention were investigated in twenty-six healthy male
subjects. Serum was collected at the initial and final exercise sessions and circulating levels
of matrix metalloproteinases (MMP) -2 and -9, Vascular Endothelial Growth Factor (VEGF)
and endostatin were determined via ELISA. Furthermore, we studied the proliferative effect
of serum-treated human umbilical vein endothelial cells in vitro via BrdU-incorporation
assay. It was found that circulating MMP-2, MMP-9, VEGF and endostatin levels were
significantly elevated (P<0.001) from resting levels after both exercise interventions, with
higher post-exercise VEGF concentrations in the resistance exercise (RE) group compared to
the resistive vibration exercise (RVE) group. Moreover, RE provoked increased endothelial
cell proliferation in vitro and higher post-exercise circulating endostatin concentrations after
6 weeks of training. These effects were elusive in the RVE group. The present findings
suggest that resistance exercise leads to a transient rise in circulating angiogenic factors and
superimposing vibrations to this exercise type might not further trigger a potential signaling
of angiogenic stimulation in skeletal muscle.
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INTRODUCTION:
There is growing evidence that physical activity is a potent stimulator of angiogenesis in
skeletal and cardiac muscle [1]. Endurance training is thought to increase capillarity in
skeletal muscle [2], whereas high resistance training has been shown to decrease capillary
density [3], most likely as a result of fibre hypertrophy with insufficient angiogenesis.
Knowledge about the exact mechanisms of blood vessel growth is to date still scanty. In the
current models of sprouting angiogenesis, capillary formation involves two essential steps,
namely (i) degradation of the extracellular matrix (ECM) surrounding the capillary and (ii)
activation, migration and proliferation of capillary endothelial cells [4].
ECM breakdown is mediated by a family of zinc- and calcium-dependent enzymes, the matrix
metalloproteinases (MMP) [5]. The proteases MT1-MMP, MMP-2 and -9 seem to play a
crucial role in the formation of new capillaries in skeletal muscle [6] and previous studies
reveal that their serum concentrations are significantly elevated after endurance exercise
[7]. Furthermore, members of the MMP-family are known to release endostatin by
proteolytic cleavage of the C-terminal NC1 domain of Collagen XVIII [8]. To date, the role of
endostatin in the angiogenic process is not clear due to its complex signaling functions. As
both pro-angiogenic [9] and anti-angiogenic [10] characteristics have been described for
endostatin, it has been considered to function as an angiogenic modulator [11]. Endostatin
seems to play a crucial role in exercise-induced angiogenesis, as serum concentrations were
acutely elevated after endurance exercise [12,13]. However, other studies have reported
decreased serum concentrations of endostatin as an adaptation to long-term endurance
training [7].
Endothelial cell activation, migration, and proliferation is mediated by Vascular Endothelial
Growth Factor (VEGF), a potent endothelial cell mitogen [14]. VEGF has been shown to be
activated upon elevated shear stress perturbation [15], muscle stretch [16] and hypoxia [17].
Additionally, VEGF has been reported to be essential for exercise-induced angiogenesis in
skeletal muscle [18]. The findings of a previous study evaluating the effects of endurance
exercise with and without whole-body vibrations revealed that circulating VEGF was
specifically increased in the group where vibrations were superimposed to the exercise
stimulus [13].Of note, it has been suggested that the mechanical stimulus of whole-body
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vibration (WBV) increases shear stress at the walls of blood vessels [19], leads to increases in
blood flow velocity after vibration termination [20] and can elicit muscle de-oxygenation
[21]. Based on the finding that shear stress and hypoxia are able to induce angiogenesis [4],
we hypothesized that the superposition of a vibration stimulus to resistance exercise would
add a pro-angiogenic stimulus to the exercise. It would be desirable to find a novel training
mode that concurrently increases muscle strength and induces capillary growth to optimize
the flux of oxygen and nutrients to the muscle and thus improve muscular performance. In
order to investigate the pro-angiogenic stimulus of the exercises, we determined serum
concentrations of the angiogenic factors MMP-2, MMP-9, VEGF and endostatin at rest and in
response to resistance exercise and resistive vibration exercise. Additionally, we performed
in vitro assays to evaluate the proliferative property of exercise-serum treated endothelial
cells.

MATERIAL AND METHODS
Ethics statement
Twenty-six healthy, recreationally active male subjects (26±0.8 years) were included into the
study after providing a written informed consent. The study was conducted in compliance
with the Declaration of Helsinki following approval by the Ethics Committee of the Northern
Rhine medical association (Ärztekammer Nordrhein) in Düsseldorf (application no. 2010174).

Study design and subject characteristics
The present EVE study (“molecular and functional Effects of Vibration Exercise”) was
conducted in a stratified, randomized two-group parallel design. A detailed description of the
exercises and study design has been published elsewhere [22]. Any competitive sports,
participation in strength training during the past six months, smoking, diabetes as well as any
current medication were considered as exclusion criteria. Subjects were stratified into two
matched groups according to their maximum jumping height, forming two groups with
comparable neuromuscular fitness [23]. A coin was then tossed to randomly assign the
groups to one of the two training interventions: resistance exercise or resistive vibration
exercise. The subjects anthropometric data at baseline are given in Table 1, and no
statistically significant group difference was found (P > 0.11).
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RE group
(n = 13)

RVE group
(n = 13)

P - value

Age [yrs]

23.4 (± 1.4)

24.3 (± 3.3)

0.52

Body mass [kg]

75.0 (± 4.7)

74.7 (± 6.9)

0.08

Height [m]

1.79 (± 0.05)

1.8 (± 0.1)

0.31

BMI

23.4 (± 1.4)

23.5 (± 2.1)

0.11

CMJ height [cm]

42.2 (± 4.6)

41.7 (± 2.2)

0.97

Maximal performance on cycle
ergometer test
[W / kg body weight]

3.3 (± 0.3)

3.3 (± 0.4)

1.00

Table 1. Anthropometric data of EVE subjects at baseline. BMI: Body Mass Index., CMJ:
Counter movement jump. There was no difference between the two groups. Values are
means ± SD

Training design
The present study was designed to compare acute and long-term effects of two training
interventions: resistance exercise (RE) and resistive vibration exercise (RVE). Participants
trained 2-3 times per week for six weeks (completing 16 exercise sessions), with each session
lasting 9min. Participants trained with weights on a guided barbell (PTS Dual action Smith,
Hoist, U.S.A). The individual training load was set at 80% of their One-Repetition-Maximum
(1-RM), which was determined according to the method described by Baechle and Earle [24].
The exercise consisted of squats (with each 2 sec. eccentric and 2 sec. concentric phase) and
heel raises (with each 1 sec. eccentric and 1sec. concentric phase), divided by a 1-min break.
Movement rhythm was guided by a metronome. Each exercise session consisted of a warmup composed of two sets with each 10 squats and 15 heel raises with the unloaded barbell
(15kg) as training weight. The actual exercise was carried out in three sets: first and second
sets were composed of 8 squats (= 32sec. per set) and 12 calf raises (=24sec. per set) and in
the third set, maximum number of repetitions for squats and calf raises were performed.
The subjects in the RVE group performed the resistance exercise protocol with simultaneous
side-alternating whole-body vibrations (Galileo® Fitness, Novotech, Germany) with a 6mm
peak-to peak displacement, whereas subjects in the RE group trained with the same setting,
without superimposed vibrations.
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The training followed an incremental training design with regards to weight and vibration
frequency. Training weights were increased over time according to the subjects’ individual
training progressions, as described previously [22]. In brief, the number of squats in the 3rd
set was used as a reference to re-determine the subjects’ individual 80% of the 1-RM for the
following training, using the method described by Baechle and Earle [24]. Training weights in
the RE group increased from 75.2 ± 1.8kg during the initial exercise to 130.2 ± 5.1kg during
the final exercise. Weight increase was significantly smaller the RVE group, which increased
from 81.5 ± 2.1kg during the initial exercise to 110.2 ± 4.4kg during the final exercise.
Training weight increase was hampered by training with vibration frequencies above 35Hz,
as discussed in the methodological paper on the training design previously published [22].
Vibration frequencies were increased from 20Hz in the first week to 40Hz during the last two
weeks with 5-Hz weekly increments. The reason for the increase in vibration frequency was
that we aimed to test physiological responses when exercising at 40Hz side-alternating WBV,
which to the best of our knowledge has not been tested in any other study. Pilot testing
revealed that resistance exercise with 40Hz side-alternating WBV is more challenging for
people not accustomed to WBV, suggesting that it could potentially elicit greater effects
than lower vibration frequencies, but also that one must envision problems when embarking
directly on such high a frequency. Thus, in order to prevent problem-related drop-out from
the RVE group and thus a study bias, we decided to initially set the vibration frequency to
20Hz and to gradually increase the vibration frequency to 40Hz.

Serum collection
Venous blood samples were collected at the initial and final exercise sessions of the 6-week
training intervention as illustrated in Figure 1. On that day, subjects had a standardised
breakfast (two wheat bread rolls with butter and jam) two hours before exercise. Blood was
collected one hour prior to exercise (Rest) and +2min, +5min, +15min, +35min and +75min
after exercise through a short catheter into serum monovettes (Sarstedt, Nümbrecht,
Germany) from the cephalic vein, allowed to clot for 10 minutes, centrifuged at 3000 rpm at
4°C (Heraeus Multifuge 1S-R, Thermo Scientific, Waltham, MA, USA), distributed into small
tubes and immediately frozen at -20°C until analysis.

ELISA analyses
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Serum levels of MMP-2 (free pro- and active MMP-2 [ng/ml]), MMP-9 (92 kDa pro- MMP-9
and 82 kDa active MMP-9 isoforms [ng/mL]), VEGF (total VEGF, [pg/ml]) and endostatin
(total endostatin, [ng/ml]) were detected in double determinations using Enzyme-linked
Immunosorbent Assay (ELISA) kits (R&D Systems, Wiesbaden, Germany) according to the
manufacturer’s instructions.

Figure 1: Study Design. Serum was collected at the initial and final exercise sessions of a 6week training intervention. Time points of serum collection were 1 hour prior to exercise
(Rest) and 2, 5, 15, 35 and 75 minutes after exercise termination. Serum concentrations of
angiogenic markers (MMP-2, MMP-9, VEGF and endostatin) were determined for all serum
samples, BrdU incorporation assay was performed with the serum samples indicated with
(*): Rest, +2min and +75min.

Cell lines and culture conditions
Human Umbilical Vein Endothelial Cells (HUVEC, #C-12200, PromoCell, Heidelberg, Germany)
were cultured at 37°C and 5% CO2 in basal medium with added growth supplements
(Endothelial Cell Growth Medium KIT, #C-22110, PromoCell, Heidelberg, Germany). Prior to
incubation with human serum and 5-Bromo-2-Deoxyuridine (BrdU), cells were split into 96well plates (Detach Kit, #C-41210, PromoCell, Heidelberg, Germany) and cultured in
starvation medium (i.e. basal medium with only 0.5% Fetal Calf Serum as growth
supplement) for 24 hours. BrdU incubation was performed in conditioned medium (i.e. basal
medium containing 2% of human serum providing growth and proliferation factors). Sera
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obtained from pre- and post-training (Rest, +2min and +75min post) at each initial and final
exercise sessions were used for generating the conditioned medium, see Figure 1.

BrdU incorporation assay
Samples were incubated with BrdU for 20 hours and detection of BrdU incorporation was
performed in double determinations via ELISA (BrdU Cell Proliferation Assay Kit, #6813, Cell
Signaling Technology, Danvers, MA, USA) according to the manufacturer’s instructions.

Statistical Analyses
Statistical analyses were performed using STATISTICA 10 for Windows (Statsoft, Tulsa,
Oklahoma, USA, 1984-2010). The acute effect of either resistive exercise (RE) or resistive
vibration exercise (RVE) on serum concentrations of the angiogenic factors MMP-2, MMP-9,
VEGF and endostatin was determined via repeated measures ANOVA with time (Rest vs.
+2min, +5min, +15min, +35min, +75min after training) and training status (initial vs. final
training session) as factors. BrdU incorporation data were normalised to fold increases from
resting levels (i.e. absorption of cells incubated with serum derived +2min and +75min after
exercise divided by absorption of cells incubated with serum at Rest). A repeated ANOVA was
performed with time (+2min vs. +75min) and training status (initial vs. final training) as
factors. Tukey’s test was used for post-hoc testing. Values are given as means ± SEM.
Statistical significance level was set at P < 0.05.

RESULTS
Resting levels
Resting levels of the circulating angiogenic factors MMP-9, VEGF and endostatin were
comparable before and after the 6-week training intervention (P > 0.19) and there were no
significant differences in resting levels between the two groups (P > 0.68), as shown in Table
2. Resting levels of MMP-2 measured at the final exercise session differed between groups
with the RVE group depicting higher values than the RE group (RVE: 193.0±8.71ng/mL vs. RE:
172.0±8.5ng/mL, P < 0.001), which had not been the case at the initial exercise session (P =
0.37).
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RE

RVE

Initial exercise Final exercise Initial exercise Final exercise
MMP-2 [ng/ml]

181 ± 9

172 ± 8

186 ± 6

193 ± 8###

MMP-9 [ng/ml]

231 ± 17

218 ± 19

203 ± 21

224 ± 35

VEGF [pg/ml]

234 ± 53

242 ± 50

211 ± 37

216 ± 38

Endostatin [ng/ml]

102 ± 4

99 ± 5

105 ± 3

103 ± 4

Table 2. Resting levels of angiogenic markers measured at the initial and final exercise
sessions of the 6-week training intervention. ###Significant difference (P < 0.001) between
the groups at the final exercise. RE: resistance exercise, RVE resistive vibration exercise
MMP: Matrix metalloproteinase, VEGF: Vascular Endothelial Growth Factor. Values are
means ± SEM.

Effect of Resistance Exercise upon angiogenic factors
MMP-2, MMP-9, VEGF and endostatin were all significantly increased from resting levels
after both resistive exercise and resistive vibration exercise (time effect: P < 0.001) and all
factors depicted maximum concentrations two minutes after exercise termination. In the
following, relative increases from resting levels are given for the maximum concentrations
that were measured at the time point +2min.
MMP-2
Acute effect: In the RE group, MMP-2 levels were increased from resting levels by 8% (SEM =
2%, P = 0.001) two minutes after the initial training and decreased by 5% (SEM = 1%, P =
0.035) at the time point +75min. In the RVE group, on the contrary, MMP-2 levels were not
significantly elevated from resting levels after the initial training (P = 0.9), and were
decreased by 8% (SEM = 2%, P = 0.01) at the time point +75min (Fig. 2A). There were no
significant differences between RE and RVE groups at the initial training (P = 0.99).
Long-term effect: In the RE group, there were no significant differences in the time courses
when comparing initial and final training sessions (P = 0.99) as depicted in Fig. 2B(i). At the
final training of the RVE group, however, the acute MMP-2 response was generally elevated
over the time course of the initial training (time*intervention effect: P = 0.049), see Figure
4B(ii). Post-Hoc testing revealed that MMP-2 concentrations were significantly higher at the
time points +2min (P = 0.028), +15min (P = 0.019) and +75min (P = 0.015) in the RVE group
compared to the same time point at the initial training. While MMP-2 was not elevated from
resting levels in the RVE group after the initial training of the 6-week training intervention,
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MMP-2 concentrations were significantly elevated by 8% (SEM = 2%, P = 0.02) two minutes
after the final training. Due to the RVE-specific increases in MMP-2 concentrations, clear
group differences were apparent at the final exercise session with the RVE group depicting
significantly higher MMP-2 concentrations compared to the RE group at rest and after
exercise (RE vs. RVE: P < 0.01).
MMP-9
Acute effects: MMP-9 was elevated from resting levels 2-15min after exercise (time effect: P
< 0.001). The MMP-9 increase after the initial exercise accounted for 71±19% in the RE group
and 74±16%) in the RVE group with no significant differences between groups (RE vs. RVE:
initial exercise: P = 0.439; final exercise: P = 0.35), see Fig. 3A.
Long-term effects: There was no effect of the 6-week training intervention upon the acute
MMP-9 response in serum (initial vs. final exercise: RE: P = 0.44; RVE: P = 0.98), see Figure
3B.
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Endostatin
Acute effects: Serum levels of endostatin were increased from resting levels 2-15min after
both RE and RVE (time effect: P < 0.001). After the initial training, endostatin levels were
elevated by 17±3% in the RE group and by 22±4% in the RVE group with no significant
differences between groups (P = 0.85), see Figure 4A.
Long-term effects: After the final exercise, endostatin concentrations in the RE group were
uniformly greater than concentrations after the initial exercise (time * intervention effect: P
< 0.001, see Figure 4B(i). This long-term effect was not seen in the RVE group (time *
intervention effect: P = 0.991), see Figure 4B(ii).
VEGF
Acute effects: In the RE group, VEGF was elevated from resting levels 2-15min after the initial
exercise (time effect: P < 0.001). In the RVE group, the response differed as this group
showed elevated VEGF concentrations only at the time point +2min (time effect: P < 0.001).
VEGF concentrations were significantly higher in the RE group with a 41±16% increase from
resting levels compared to the RVE group, which showed a 33±7% increase at the time point
+2min (P = 0.014). Significantly higher VEGF concentrations in the RE group compared to the
RVE were also detected at the remaining time points 5-75min after exercise termination (Pvalues between 0.02 and 0.004), see Figure 5A.
Long-term effects: There were nonsignificant changes in the responses to the exercises after
6 weeks of training, (initial vs. final exercise: RE: P = 0.520; RVE: P = 0.814, see Figure 5B) and
VEGF concentrations after the final exercise were also higher in the RE group compared to
the RVE group (RE vs. RVE: P- values between 0.01 and 0.005).
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Endothelial Cell Proliferation
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DISCUSSION
To test our hypothesis that superimposing whole-body vibrations to resistance exercise
would add a pro-angiogenic stimulus to the training, we evaluated serum concentrations of
angiogenic markers in vivo and their proliferative capacity upon endothelial cells in vitro. Our
data indicate that resistance exercise leads to a transient increase of circulating angiogenic
markers. Post-exercise serum concentrations of VEGF were higher in the resistance exercise
(RE) group compared to the resistive vibration exercise (RVE) group. Additionally, the RE
group provoked increased endothelial cell proliferation in vitro and showed higher exerciseinduced endostatin concentrations. Both effects were elusive in the RVE group.
MMPs
Degradation of the vascular basement membrane is an initial step in angiogenic sprout
formation and allows endothelial cells to migrate into the interstitial matrix in order to form
a premature capillary lumen. Matrix metalloproteinases are crucial for extracellular matrix
degradation and are thought to be essential for physiological angiogenesis [25]. MMPs have
furthermore been implicated in the release and bioavailability of growth factors [26,27] and
play a role in initiating endothelial cell migration and proliferation [28]. Our data show
elevated serum MMP-2 levels two minutes after resistance exercise. In the group where
whole-body vibrations were superimposed to the exercise, MMP-2 was not elevated after an
initial exercise bout but showed an adaptation to long-term training; after 6 weeks of RVE,
MMP-2 was elevated above resting levels and concentrations were higher (at rest and postexercise) compared to the group that had trained without vibrations. This might be a
compensatory adaptation to the initial lack of MMP-2. Beyond initiating capillary growth,
MMP-2 has furthermore been shown to increase the bioavailability of insulin-like growth
factor (IGF) through proteolysis of the IGF binding protein [26,27]. If this is the case, the
observed increases in circulating levels of MMP-2 after six weeks of RVE might reflect an
increased IGF-associated anabolic stimulation.
The presented MMP-9 data showed a prolonged increase compared to MMP-2 and MMP-9
was elevated from resting levels until 15min after both exercise regimes with no detectable
long-term effect. A previous study measuring serum MMP-9 concentration pre and post
eight weeks of resistance training vs. eight weeks of callisthenic training report an increase in
the acute MMP-9 response after eight weeks of training only in the callisthenic group [29]. A
study on downhill running showed no acute changes in serum MMP-2 but increased serum
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MMP-9 levels immediately after exercise [30]. Running step tests increased plasma MMP-2
one hour post-exercise whereas plasma MMP-9 was increased immediately after exercise
with decreased resting MMP-9 levels after six months of training [7].
Together with the present findings, these data suggest that MMP-responses to acute and
long-term training interventions highly depend on workload, volume and contraction form of
the exercise. The exposure to different mechanical stimuli seems to foster extracellular
matrix remodeling in divergent ways, revealing a potential role of MMPs in initiating
training-specific muscle adaptations. A limitation of the procedure is that the available
antibodies do not differentiate between the active and pro-enzyme forms of MMPs and we
did not measure serum concentrations of tissue inhibitors of metalloproteinases. Therefore,
increased MMP-2 and MMP-9 immunoreactivity does not necessarily indicate an increased
enzymatic activity.
Endostatin
Our data show that circulating endostatin was elevated from resting levels 2-15min after a
bout of resistance exercise with no additional effect of superimposed vibrations. Previous
studies report prolonged elevations of circulating endostatin compared to the time curves
we observed: elevations in plasma from 1h [31] until 6h post exercise [12] have been
reported after endurance exercise. After 90min of cycling exercise, Suhr and colleagues [13]
found endostatin to be elevated in plasma 0-60min after exercise termination and
superimposing vibrations to this exercise type shortened the elevation from baseline levels
to 0min after exercise, which is an effect of superimposed vibration we did not observe in
the present study.
Although we did not see any long-term adaptations in basal endostatin levels, as previously
reported for endurance training [7], the response was altered after the 6-week training
intervention. Endostatin concentrations in serum were acutely higher after 6 weeks of
training and this adaptation was specific for the RE group. Thus, superimposed vibrations
seemed to inhibit this biological adaptation to long-term training. Due to endostatin’s
complex signaling functions, it is not a simple task to interpret the physiological impact of
elevated endostatin concentrations after exercise. Initially, endostatin was described as an
anti-angiogenic protein [10] capable of inducing apoptotic signals in endothelial cells [32]
and to inhibit EC migration, -proliferation and tube formation [33]. Conversely, it was later
shown that endostatin has both pro- and anti-angiogenic functions depending on its
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concentration and the proliferation status of endothelial cells [11]: towards the running
opinion, Schmidt and colleagues [11] showed that endostatin concentrations of 50ng/mL
induced EC proliferation and migration with no induction of apoptosis; whereas
concentrations of 1000ng/mL and above had the contrary effect. Based on these data, the
endostatin concentrations we reported in the present study (90-140ng/mL) lie close to the
concentrations that were considered as a pro-angiogenic range. Thus, the observed increase
in endostatin response after 6 weeks of training (RE only) might reflect a pro-angiogenic
long-term training adaptation, which is inhibited by superimposed vibrations.
The acutely elevated endostatin levels seem to have a critical function during exercise. As
recently demonstrated by our group, endostatin induces the release of the vasodilator NO in
endothelial cells [34]. The acute exercise-dependent endostatin release therefore seems to
be essential to activate signaling pathways that result in peripheral vasodilation and
consequently improves oxygen delivery to working skeletal muscles to maintain the muscle
performance capacity.
VEGF
The process of endothelial cell proliferation is mediated mainly by Vascular Endothelial
Growth Factor (VEGF), a potent endothelial cell mitogen [14]. Exercise leads to increases of
VEGF protein in muscle tissue [31] and VEGF has shown to be essential for exercise-induced
angiogenesis in skeletal muscle [18]. VEGF serum concentrations were shown to be
decreased [12,31] or elevated [35] after endurance-type exercise. Our data are to our
knowledge the first that reveal acute increases of circulating VEGF immediately after
resistance-type exercise. We could show that VEGF was elevated in serum 2-15 minutes
after resistance exercise, whereas superposition of vibrations to the exercise shortened this
response to only two minutes after exercise and provoked significantly lower VEGF
concentrations compared to the group that trained without vibrations. As we did not
measure VEGF expression in muscle tissue, this finding gives rise to multiple possible
explanations. First, decreased circulating VEGF could indicate that more VEGF is still held and
active in the tissue and has not been washed out into the blood. Second, reduced circulating
VEGF upon vibration exposure could indicate that whole-body vibrations in some way
prevented VEGF secretion or release in muscle tissue, which would indicate that
superimposing vibrations would not be beneficial for a potential activation of angiogenic
signaling in skeletal muscle. Third, VEGF is produced in many cell types and the increased
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circulating VEGF might also derive from a systemic exercise effect which is not related to
muscle tissue and could indicate enhanced endothelial regeneration, which would reflect a
beneficial effect of resistance exercise that was inhibited by superimposed vibrations.
In a previous study in our lab, the effect of high-intensity cycling exercise with and without
whole-body vibrations was evaluated and this study revealed contrary results considering
vibration exposure: plasma VEGF levels were only increased in the group where vibrations
were superimposed to the exercise stimulus [13]. As previous studies reveal that WBV
increase the shear stress in blood vessels [19], Suhr and colleagues concluded that vibrationinduced increases in shear stress-stimulated VEGF release as described by Milkiewicz and
colleagues [15]. This explanation does not seem to be applicable in the present study, as our
data reveal the contrary, i.e. reduced VEGF upon vibration exposure. Thus, whole-body
vibration stimulation seems to have differential effects according to the mode it is applied.
In the case of endurance cycling exercise, superimposed vibrations might be beneficial for
promoting angiogenesis (reflected by increases in VEGF), whereas our data reveal that the
contrary seems to be the case for resistance exercise. As exercise times in the
aforementioned study (90min) were much longer compared to the present study (9min), it
might well be that the initial effects of the exercises are comparable but the measured VEGF
kinetics may differ due to the time shift in the measurements.
It is well known that levels of angiogenic markers differ according to the type of blood
product in which they were measured (serum vs. plasma). Previous studies were
inconsistent in the type of blood product used and this might contribute to discrepancies
between studies.
Endothelial cell proliferation
One limitation of measuring angiogenic markers in serum is that their site of action resides
within the muscle tissue itself and we determine merely the ‘wash-out’ in serum.
Consequently, we sought to investigate whether and in which manner elevated serum
concentrations would possibly influence endothelial cells in vitro, because this model is wellestablished to test general defined reactions of endothelial cells in vitro that might reflect in
vivo situations.
As all factors showed maximum concentrations +2min after exercise and were back at
resting levels +75min after exercise, we chose to treat human umbilical vein endothelial cells
(HUVEC) with serum derived from these time points. We found that endothelial cells
70

Paper 2 Angiogenic effects of resistance exercise and WBV
incubated with serum derived +2min after RE showed increased proliferation compared to
cells incubated with serum derived+75min after exercise. This effect was not seen in the RVE
group. VEGF was the only angiogenic factor that showed group-specific differences after
exercise (see Figure 5A). VEGF serum concentrations were higher +2min after RE
([352±104pg/mL] after initial- and [369±107pg/mL] after final exercise) compared to +2min
after RVE ([280±50pg/mL] after initial- and [268±43pg/mL] after final exercise), which may
be an explanation for the group-specific differences in cell proliferation. The recommended
VEGF concentration for HUVEC culture is 500pg/mL (Endothelial Cell Growth Medium KIT,
#C-22110, PromoCell, Heidelberg, Germany), which lie close to the VEGF concentrations we
measured in the RE group. However, there are various additional factors that were not
measured in the present study that, however, could have influenced HUVEC proliferation,
i.e. basic Fibroblast Growth Factor [36], epidermal growth factor (EGF) or heparin-binding
EGF-like growth factor [37].
Thus, our data, with certain limitations, reveal that superimposed whole-body vibrations to
resistance exercise leads to decreased endothelial cell proliferation, probably due to
decreased release or expression of VEGF. Considering long-term adaptations, we did not find
any differences in HUVEC proliferation when comparing initial and final exercise sessions.
Despite acutely higher endostatin levels during the final exercise in the RE group and higher
MMP-2 concentrations in the RVE group, these effects were not reflected by increased cell
proliferation during the final exercise.
Comparison of Time curves:
When comparing the time curves of MMP-9 with VEGF and endostatin, it seems that the
exercise-induced increase of MMP-9 is paralleled by VEGF and endostatin. First, all factors
were increased 2-15min after exercise and second, all three factors show increased mean
concentrations after 6 weeks of training (although only significant for endostatin), see Figure
3B(i), 4B(i) and 5B(i). Conversely, the factor MMP-2 showed different kinetics as it was
elevated only for two minutes after exercise and the long-term adaptation that was seen for
MMP-2 in the RVE group was specific for MMP-2 and did not affect any of the other factors.
In sum, these observations indicate that MMP-9, VEGF and endostatin seem to be
interdependent, whereas MMP-2 seems to be differentially regulated. Our data are in line
with previous observations in cell culture which showed that MMP’s are capable of inducing
VEGF release [38]. Moreover, the presented data confirm a previous finding in which the
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authors described that MMP-9 was more prone to release VEGF compared to MMP-2 in vitro
and that that MMP-2 regulation occurred independently of VEGF signaling [28]. The parallel
increase of MMP-9 and endostatin confirms that endostatin is proteolytically released by
MMP`s, as described previously [8] and our data hint to MMP-9 playing a larger part in this
release compared to MMP-2, at least after bouts of resistance exercise.

Summary and Conclusion
In summary, our data show that RE leads to transient increases in circulating pro-angiogenic
markers and furthermore, endothelial cell proliferation in vitro is increased by factors in
serum obtained acutely after RE. Superimposing vibrations to resistance exercise decreases
post-exercise circulating VEGF concentrations, which supposedly results in reduced
endothelial cell proliferation in vitro. Six weeks of RE increased endostatin concentrations
acutely after exercise, which is considered as a pro-angiogenic adaptation which was
prevented by training with superimposed vibrations. In other words, the presented data
suggest that superimposing a vibrations stimulus to resistance exercise might not be
beneficial for triggering angiogenic-inducing signaling pathways in skeletal muscle.
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Abstract
Whole-body vibration (WBV) training is today commonly practiced and previous research
has suggested that it enhances peripheral circulation. Here we investigated muscle
morphology and acute microcirculatory responses before and after a six-week training
intervention applying resistive exercise (RE) and resistive vibration exercise (RVE) in 26
healthy males in a randomized, controlled parallel-design study. Total haemoglobin (tHb)
and tissue oxygenation index (TOI) were measured in gastrocnemius muscle (GM) with near
infrared spectroscopy (NIRS), whole-body oxygen consumption (VO2) was measured via
spirometry and skeletal muscle morphology was determined in soleus (SOL) muscle biopsies.
Our data reveal that training-induced muscle deoxygenation was similar in both RE and RVE
groups (P = 0.76), although VO2 was higher in the RVE group. The RVE group showed an
increased reactive hyperaemia in GM (P = 0.007) and increased blood volume (P < 0.01) after
six weeks of training. The number of capillaries around fibres was increased after six weeks
training in both groups (P < 0.001) with no specific effect of superimposed WBV (P = 0.61).
The present findings suggest an increased blood volume and vasodilator response in
gastrocnemius muscle as an adaptation to long-term WBV exposure combined with resistive
exercise which was not observed after resistive exercise alone. We conclude that RVEtraining has a specific effect on the vasodilator capacity of small arterioles and possibly
capillaries. This effect might be advantageous for muscle thermoregulation and the delivery
of oxygen and nutrients to exercising muscle.
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INTRODUCTION
Whole-body vibration (WBV) was first applied in the training of athletes in 1985 and has
received increasing scientific interest since [1]. Nowadays, WBV training is applied in various
fields like sports, preventive medicine and rehabilitation [2,3]. Resistive exercise combined
with WBV has been demonstrated to effectively attenuate disuse-induced muscle
adaptations [4,5] such as reductions in fibre cross-sectional areas and capillary loss [6–8].
Consequently, resistive exercise combined with WBV is currently being considered as a
potential training modality for future long-term human space missions [40].
While occupational exposure to high-frequency vibrations in the hand has been reported to
induce vasospasm and tissue damage [9], brief exposures to low-frequency vibrations in
healthy people acutely increases muscle perfusion and blood flow velocity during [10] and
immediately after termination of WBV [11]. Furthermore, WBV is thought to increase blood
viscosity within small vessels, resulting in increased total peripheral resistance followed by a
compensatory dilation of arterioles [12]. Increased blood viscosity and elevated blood flow
may both result in elevated shear stress in the microvasculature of skeletal muscle. This is
significant as elevated shear stress can induce angiogenesis [13,14]. In support of this, it has
been shown that WBV increases serum concentrations of pro-angiogenic vascular
endothelial growth factor [15]. The angiogenic stimulus is potentially enhanced when
combined with squatting, via eliciting muscle deoxygenation [16,17] which is also being
considered as pro-angiogenic stimulation [18].
In the present study, we therefore hypothesized that superimposing whole-body vibration to
resistive exercise would be a more potent pro-angiogenic stimulus than resistive exercise
(RE) alone. More specifically, we hypothesized 1) that RE with superimposed WBV (RVE)
depicts a more larger muscle deoxygenation and exercise-induced hyperaemia than RE alone
and 2) that this effect would lead to more pronounced long-term adaptations, such as
increased capillarity and blood volume in SOL after an exercise period of 6 weeks of RVE
compared to RE. This study is to our knowledge the first to evaluate acute responses of WBV
superimposed upon resistive exercise before and after a long-term training intervention with
concurrent morphological analyses in muscle tissue. Our aim was to design a novel training
approach that simultaneously stimulates muscle hypertrophy as well as capillarization to
ensure optimal flux of oxygen and nutrients to the muscle in order to improve muscle
performance.
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MATERIAL AND METHODS
Study design
After comprehensive medical examinations, twenty-six recreationally active, healthy male
subjects (age: 26 yrs (SD 4); height: 1.79 m (SD 0.04); body mass: 74.7 kg (SD 7.7); body mass
index: 23.3 kg·m-2 (SD 1.96)) were included into this randomized controlled training study. All
subjects provided written informed consent before participation in the study. The study was
conducted in a two-group parallel design, in which one group performed resistive exercise
(RE) and the other group resistive exercise with simultaneous whole-body vibrations
(Resistive Vibration Exercise: RVE). The study was carried out in compliance with the
Declaration of Helsinki following approval by the Ethics Committee of the Northern Rhine
medical association (Ärztekammer Nordrhein in Düsseldorf, application no. 2010-174).

Training design
A detailed description of the study and training design has been published elsewhere [18]. In
brief, a training session was composed of a warm-up (two sets with each 10 squats and 15
calf raises with a 15-kg barbell) followed by the resistive exercise that consisted of three sets
of squats and calf raises with a loaded barbell, separated by a one-minute break. The rhythm
of the squats and calf rises was guided by a metronome. The squats consisted of a 2-s
eccentric and 2-s concentric phase, and the calf raises of a 1-s eccentric and a 1-s concentric
phase. First and second sets were composed of each 8 squats (= 32 sec) and 12 calf raises (=
24 sec) and in the third set, squats and calf raises were performed until exhaustion. Training
weights were determined four weeks prior to the study and set at 80% of the OneRepetition Maximum and accounted for 75.2kg (SD 6.5) in the RE group and for 81.5 kg (SD
7.7) in the RVE group with no difference between groups (P = 1.0). The subjects in the RVE
group performed the resistive exercise protocol with simultaneous side-alternating wholebody vibrations with a 6-mm peak-to peak displacement (Galileo® Fitness, Novotech,
Germany), whereas subjects in the RE group trained without superimposed vibrations.

Long-term study design
Participants concluded 16 exercise sessions in a period of 6 weeks (week 1-2: two training
sessions per week; week 3-6: three training sessions per week). Training weights and
vibration frequencies were progressively increased during the 6-week period. Vibration
frequencies in the RVE group were increased from 20 Hz in the first week to 40 Hz during the
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last two weeks with 5-Hz weekly increments. Training load was adjusted after each exercise
session according to the subjects’ individual training progressions applying the method
described by Baechle and Earle [19] and using the number of repetitions performed in the
third set of squats as a reference. So, if the subject completed eight repetitions in the third
set, training load remained unchanged for the subsequent training session. If the
participants conducted more or less than eight repetitions, training load was recalculated,
i.e. increased or decreased, respectively, for the subsequent training session. The increase in
training load over the 6-week intervention was 59.8 % (SD 17.3) in the RE group, which
trained with 130.2 kg (SD 18.5) during the final exercise session. Training load was only
increased by 46.9 % (SD 19.0) in the RVE group, which was significantly smaller compared to
the RE group (time * intervention: P < 0.001). During the final training, RVE subjects trained
with 110.2 kg (SD 15.8). Increase of training load in the RVE group was probably hampered
by training with vibration frequencies above 35 Hz during the last two weeks, as discussed in
the methodological paper previously published [20].

Near Infrared Spectroscopy
Near Infrared Spectroscopy (NIRS) utilizes differential absorption properties of oxygenated
and deoxygenated haemoglobin and myoglobin at 760 and 840 nm [21–23]. NIRS is a useful
technique to continuously evaluate tissue oxygenation index (TOI) and total haemoglobin
(tHb) content in resting and exercising skeletal muscle [21]. The NIRS device used in this
study was custom-built at the Rhein-Ahr Campus (University of Applied Sciences, Koblenz,
Germany) and the mode of operation has been published elsewhere [24]. During the first
and final training session of the 6-week intervention, NIRS data were collected at a
frequency of 0.4 Hz. The NIRS optode was fixed above the lateral gastrocnemius muscle
(GM) of the right leg and the distance to malleolus medialis and tibia edge was documented
to ensure that the optodes were placed at the same location during the follow-up
measurement. Prior to training, 5-min baseline data were collected while the subject was
seated with a knee angle of 90°. Markers in the recorded files indicated baseline, warm-up,
squats and calf raises. A typical data set is illustrated in Figure 1.
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Figure 1. Illustration of NIRS dat
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dicate marker
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sq
exercise
(Sq) and calf raises (CR),
), respectively.
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Data processing:
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Figure 2. Illustration off the extracted
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single set of calf raises followed by a rest period
pe
in standing
position (‘Break’) collected
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Acute study evaluating the effect of different vibration frequencies upon NIRS
data
An acute training study including four healthy male subjects (age: 27.5 yrs (SD 7.0); height:
1.82 m (SD 0.05); body weight: 78.7 kg (SD 7.6), body mass index: 23.8 (SD 2.0)) was
conducted in a cross-over design to evaluate the effect of two different vibration
frequencies (20 Hz and 40 Hz) on GM deoxygenation during training and reactive
hyperaemia after training. The two training sessions were separated by one week and the
weights lifted were 85 ± 11 kg. The training conditions were identical to those applied in the
long-term study with the only difference that the third set was composed of 8 squats and 12
calf raises. NIRS data were captured as described above.

Spirometry
Whole-body oxygen consumption (VO2) during training was measured via spirometry with a
portable spirometer (OxyconTM Mobile, CareFusion, Rolle, Switzerland). Measurements were
performed at the initial and final exercise sessions of the 6-week training intervention. VO2
data during calf raises were normalized to the subjects’ body weight and are presented in
[ml/kg(BW)], where BW is body weight. For the present paper, mean values for the three sets
were calculated in order to compare whole-body oxygen consumption with local oxygen
consumption that were measured via NIRS.

Soleus muscle morphology
Collection of muscle biopsies
Soleus muscle (SOL) biopsies were collected one week before the initial exercise and 3 days
after the final exercise session. Biopsies were taken after an overnight fast (≥ 8 hours) from
the lateral side of the SOL muscle, approximately 1 cm below the belly of the lateral
gastrocnemius muscle. The disinfected skin surface area was anesthetized with 1.5 to 2 ml of
2% lidocaine solution and a 10-mm incision through skin and muscle fascia was made.
Muscle samples were taken with a Weil–Blakely rongeur (Gebrüder Zepf Medizintechnik,
Tuttlingen, Germany) and snap frozen while agitating rapidly in liquid nitrogen and stored at
-80°C for further analyses.
Histological Methods
Transverse 10-µm muscle sections were cut in a cryostat at -20°C, transferred to microscope
slides, dried for 30 minutes and stored at -80°C until analysis. For histochemical analyses,
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sections were thawed and dried for 10 minutes at room temperature, fixed for 10 min in
pre-cooled acetone (-20°C), blocked for one hour in 5% Bovine Serum Albumin (BSA: #
A9418, Sigma-Aldrich, St. Luis, US) dissolved in Tris Buffered Saline (TBS: TRIS-HCl [0.05 M],
NaCl [0.6 M], pH 7.6). Then they were co-incubated over night with primary antibodies
against Myosin Heavy Chain Type I (#A4840, Developmental Studies Hybridoma Bank, Iowa
City, US) and Caveolin-1 (#SP5142P, Acris, San Diego, US). After incubation with appropriate
biotinylated secondary antibody (DakoCytomation, Glostrup, Denmark) and Horseradish
Peroxidase (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) for each hour each; the final
reaction was carried out using 3,3`-diaminobenzidine (DAB) solution (phosphate buffer [0.09
M], pH 7.4, DAB [2.2 mM], ammonium chloride [7.03 mM], nickel sulphate [0.93 mM], ß-Dglucose [10.44 mM] and glucose oxidase [24 nM]). After dehydration, sections were
embedded in Entellan (#107960, Merck, Darmstadt, Germany) and mounted with a cover
slip.
Analysis of stained sections:
Stained biopsy sections were photographed with a USB-Monochrome camera with a
1280x960 pixel chip (ICX205AL, Sony Corporation, Tokyo, Japan) using a light microscope
(Axio Scope.A1, Carl Zeiss Microscopy GmbH, Göttingen, Germany). Areas in the muscle
section with perpendicularly cut fibres (i.e. circular or polygonal in shape) were chosen for
analysis and areas with longitudinally or obliquely cut fibres were avoided. Images were
analysed by the same operator using the custom-made ‘Histometer’ software (Version 1.3d),
which was implemented as plugin into the ImageJ image processing software (ImageJ 1.46r,
National Institute of Health, US). The following morphological parameters were calculated:
capillary density (CD; capillaries⋅mm-2) as the overall number of capillaries divided by the
area of the region of interest (ROI); capillary-to-fibre ratio (C:F ratio) as the overall number
of capillaries divided by the overall number of fibres; capillaries around fibres (CaF) as the
number of capillaries surrounding a fibre (distance between capillary and fibre < 20 pixels ≙
9.3 µm); fibre cross sectional areas (FCSA) [µm2]; smallest fibre diameters (DiaMin) as the
smallest diameter of each fibre crossing the centre of gravity [µm]; fibre type distribution as
the relative distribution of type I and type II fibres. The average number of fibres analysed
per section was 106 (SD 51), depending on size, shape and quality of the section.
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Statistical Analyses
Statistical analyses were performed using STATISTICA 10 for Windows (Statsoft, Tulsa,
Oklahoma, USA, 1984-2010). For NIRS and morphological data, a repeated-measures ANOVA
was applied with time as within-subject factor (pre vs. post exercise) and intervention as
between-subject factor (resistive exercise vs. resistive vibration exercise). Tukey’s test was
used for post-hoc testing. For evaluation of the effect of different vibration frequencies in
the acute study, a two-sided, paired Student’s T-test was performed. Values are given as
means ± SD; delta values are given in per cent change from baseline. Statistical significance
was set at P < 0.05.

RESULTS
Levels of tHb and TOI in GM were comparable between the three sets of calf raises at
Minduring (tHb: P = 0.42; TOI: P = 0.52) and at MaxPost (tHb: P = 0.14; TOI: P = 0.50). Therefore,
values of the three sets per training were lumped together as means and used for further
analysis.

Angiogenic stimuli during exercise
Deoxygenation during training
TOI, a marker of muscle oxygenation, decreased in GM during calf raises by -35.0 % (SD 24.5)
in the RE group and by -37.2 % (SD 26.7) in the RVE group during the initial training. The
training response did not differ significantly between RVE and RE groups (initial training: P =
0.76; final training: P = 0.31) nor was there a detectable long-term adaptation of the acute
responses to the 6-week training intervention (RE: P = 0.89; RVE: P = 0.23), see Figure 3A.
Reactive Hyperaemia as an indicator of increased shear stress
An increase in tHb over baseline is indicative for reactive hyperaemia. There was an overall
effect of group, which suggested that the RVE group exhibited a larger reactive hyperaemia
than the RE group (P = 0.007). This difference seems to be induced by increased reactive
hyperaemia in the RVE group after the 6-week intervention, reflected by a trend in the
group*time interaction (P = 0.094), see Figure 3B.
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Figure 3. Evaluation of deoxygenation and reactive hyperaemia. RE: resistive exercise, RVE:
resistive vibration exercise, n = 13. (A) Deoxygenation during calf raises (∆TOI: tissue
oxygenation index) was comparable between the two groups (P = 0.79) and training types (P
= 0.5). (B) reactive hyperaemia after calf raises (∆tHb: total Haemoglobin) were assessed as
relative changes from baseline. The RVE group depicted higher hyperaemia compared to the
RE group (** group effect: P = 0.007) with a trend towards an enhanced hyperaemic
response after 6 weeks of RVE (time*intervention effect: (#)P = 0.094).
The effect of different vibration frequencies on hypoxia and reactive hyperaemia
As the subjects trained with 20 Hz vibration during the initial training and with 40 Hz
vibration during the final training, the results in Figure 3 do not allow discrimination
between the effect of different vibration frequencies and long-term training adaptations. To
rule out the bias induced by training at different frequencies, we conducted a post-hoc acute
study including four subjects to test the impact of these different frequencies on TOI and
tHb. We observed that no significant difference in GM deoxygenation (P = 0.31) or reactive
hyperaemia (P = 0.36) during 20-Hz and 40-Hz calf raises, see Figure 4.
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Tissue Oxygenation Index
The RE and RVE groups responded comparably to the trainings as there was no significant
difference between groups (P > 0.43) in GM. Although the RE group showed decreased TOI
during the final training compared to the initial training (P = 0.024), this effect has to be
treated with caution as the group*time interaction revealed no difference between groups
(P = 0.33), see Figure 6.

Figure 6: Tissue Oxygenation Index (TOI) in gastrocnemius muscle during and after calf
raises. Data points represent mean TOI values (±SD) measured at the initial training (black)
and final training (grey) of a 6-week training intervention with (A) resistive exercise (RE) or
(B) resistive vibration exercise (RVE), n = 13. Minduring: minimum values during calf raises,
MaxPost: maximum values acutely after calf raises. TOI levels were unaffected by the 6-week
training intervention (P > 0.43)
Whole-body oxygen consumption during calf raises
The RVE group had a higher whole-body oxygen consumption (VO2) during calf raises
compared to the RE group, as represented by a significant group effect (P < 0.001).
Furthermore, there was a long-term adaptation to the 6-week training intervention and VO2
was higher in both groups during the final training compared to the initial training
(intervention effect: P = 0.0018) with similar adaptations in both groups (time*intervention
effect: P = 0.69), see table 1.
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VO2 [ml/kg (BW)]

VO2 [ml/kg (BW)]

Initial Training

Final Training

RE

18.4 ± 6.5

21.2# ± 3.0

RVE

22.0 ± 3.5

∗

∗#

25.5 ± 2.6

Table 1. Whole-body oxygen consumption during calf raises. Values represent consumed
volume of oxygen (VO2) per body mass (kg(BW); BW: body weight) and are calculated as
means of three sets of calf raises. The RVE group had a higher whole-body oxygen
consumption compared to the RE group (group effect: *P < 0.001). Both groups showed
increased VO2 after the 6-week training intervention (intervention effect: #P = 0.0018) with
no significant time*intervention effect (P = 0.69).

Capillarity and morphology in SOL pre and post the 6-week training intervention
After both 6 weeks of RE and RVE, the mean number of capillaries around a fibre was
significantly increased (P < 0.001) in SOL. The absence of a significant intervention * time
interaction (P = 0.27) indicates that this response was similar in both groups. The capillary-to
fibre ratio and capillary density did not differ significantly between groups or before and
after training (Table 2).
Group

RE

RVE

CaF pre

4.77 ± 1.30

4.91 ± 1.26

CaF post

5.66 ± 1.30

5.44 ± 0.79

P- values

Time effect: P < 0.001; Group effect: P = 0.89; Interaction effect: P = 0.27

CD pre

309.2 ± 87.7

297.2 ± 71.9

CD post

357.3 ± 12.9

337.8 ± 73.1

P- values

Time effect: P = 0.081; Group effect: P = 0.61; Interaction effect: P = 0.87

C:F ratio pre

3.76 ± 0.89

5.10 ± 2.79

C:F ratio post

4.04 ± 0.95

4.080 ± 0.85

P- values

Time effect: P = 0.39; Group effect: P = 0.77; Interaction effect: P = 0.82

Table 2. Capillarity in soleus muscle pre- and post the 6-week training intervention. CaF:
capillaries around fibres; CD: capillary density; C:F ratio: capillary-to fibre-ratio; RE: resistive
exercise, RVE: resistive vibration exercise. The number of capillaries around fibres was
significantly increased by the 6-week training interventions.
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The size of the fibres in SOL was similar in both groups and neither size nor fibre type
composition were significantly changed after either intervention (Table 3).

RE

Group
Muscle fibre Type

RVE

Type I

Type II

Type I

Type II

FCSA pre [µm^2]

10187 ± 3291

16102 ± 8230

9920 ± 2977

11865 ± 3530

FCSA post [µm^2]

11278 ± 62211

17271 ± 10039

9804 ± 3084

12965 ± 3699

0.93

0.97

0.99

0.99

DiaMin pre [µm]

56.77 ± 8.39

69.67 16.04

62.56 ± 8.26

67.88 10.31

DiaMin post [µm]

57.47 ± 8.36

72.83 16.71

60.71 ± 6.21

69.54 7.55

0.99

0.91

0.53

0.99

Fibre type distribution pre [%]

75.35 ± 12.81

24.65 ± 12.81

69.11 ± 16.54

30.98 ± 16.54

Fibre type distribution post [%]

74.52 ± 14.38

25.48 ± 14.38

71.24 ± 15.68

28.76 ± 15.68

0.99

0.99

0.99

0.99

P-values (pre vs. post)

P-values (pre vs. post)

P- values (pre vs. post)

Table 3. Morphological data in soleus muscle pre and post the 6-week training intervention.
FCSA: fibre cross-sectional area, DiaMin: minimum fibre diameter RE: resistive exercise, RVE:
resistive vibration exercise. Morphological parameters were not changed by the 6-week
training intervention.
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DISCUSSION
The main observation in the present study is that a 6-week training program with wholebody vibrations superimposed on resistance exercise (RVE) results in a larger reactive
hyperaemia and increased blood volume in GM compared to 6 weeks of resistance exercise
(RE) only. Despite these findings, muscle oxygenation is similar in both conditions. While this
could imply a better perfusion of the RVE- than RE-trained muscles, the capillary bed in SOL
was not differentially affected by the two training programs. Thus, despite the higher
reactive hyperaemia, and hence albeit increased mechanical stress acting on endothelial
cells during RVE, the vibration training regime was not sufficient to augment structural
adaptations in terms of capillary formation in SOL.
RVE does not aggravate muscle deoxygenation compared to RE
Previous studies show that WBV moderately increases muscle activity [29–31] and ATP
consumption [32]. In line with this it has been reported that WBV can induce muscle
deoxygenation and serve as a training stimulus [33,34]. Based on these reports we
hypothesized that WBV superimposed on resistance exercise would result in a more
pronounced deoxygenation of the muscle than resistance exercise only. In contrast to our
expectation, we observed that gastrocnemius oxygenation was decreased similarly by shortduration exercise (~ 24 s) performed with heavy loads with or without WBV. This finding is in
line with previous studies, which likewise showed no vibration specific effect upon tissue
oxygenation in vastus lateralis and GM muscles during static squats [35] or during isometric
contractions of the calf muscle [36]. The reason for the differential effects of WBV may be
the training settings, which differed between studies: Mieva et al. [37] and Yamada et al.
[38] applied lower vibration frequencies (10 and 15 Hz, respectively) and measured in vastus
lateralis muscle. Furthermore, the two studies applied different training modes and
durations of WBV exposure. Thus, WBV stimulation may have differential effects according
to the way it is applied. Taken together, the available evidence suggests that superimposing
WBV on resistance exercise does not enhance deoxygenation induced training adaptations.
We found that whole-body oxygen consumption (VO2) was 16 % higher in the RVE than in
the RE group during the final training (Table 1), even though the RE-trained subjects were
able to lift significantly larger weights than the RVE group. It is not immediately clear how
this can be explained, but it does suggest that the metabolic work at the end of the
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intervention is larger in the RVE than RE group despite the lower training loads. From these
data, one would expect the RVE group to have more pronounced muscle deoxygenation
after the 6-week intervention than the RE groups. This was, however, not the case; the
decrease in TOI was similar in both groups during calf raises. An accentuated decrease in TOI
is most likely prevented by a concomitant improvement in muscle perfusion as reflected by
the higher tHb after 6 weeks RVE, during calf raises that was not observed for the RE group.
Six-week RVE intervention increases blood volume and dilation capacity of arteries in GM
The increased reactive hyperaemia after training and the increased blood volume at baseline
after 6 weeks RVE may be due to capillary proliferation. At first glance the increase in the
mean number of capillaries around SOL fibres supports this notion, but there are two
problems with this interpretation. First, similar increases were seen after 6 weeks of RE and
RVE, and probably more important is the observation that the capillary density was not
significantly changed. Under the assumption that adaptations were similar in SOL and GM
muscles (assessed by both biopsy and NIRS in this study), the augmented tHb levels in the
RVE group are thus probably not associated with increased capillarity but could be derived
from an increased number of perfused capillaries, which hints to a functional adaptation.
The perfusion of the capillary bed controlled by arterioles [39] and the measured increase in
tHb might thus derive from increased vasodilation of feeding arteries and arterioles. An
increased perfusion would mean an increased flow through the feeding artery. Weber and
colleagues (2012) demonstrated, however, in the participants of the present study that
while 6 weeks of RE and RVE increased the diameter of the superficial femoral artery (SFA),
there was no additional effect of superimposed WBV and flow-mediated dilation (FMD) was
unaltered by the training intervention [40]. An explanation for this conundrum could be that
WBV might lead to increased vasodilator capacity of small arterioles downstream of the SFA.
This assumption is supported by Yamada and colleagues, who linked the augmented blood
flow induced by WBV to an increased dilation capacity of small arterioles, while dilation
capacity of conduit arteries was unaltered [41]. Thus, our data might reflect a redistribution
of the blood flow due to an improved vasodilator capacity in resistance arteries of the lower
leg, but not the thigh (SFA). A possible explanation might be that accelerations during WBV
decrease with increasing distance from the vibration platform due to damping properties of
the muscles and tendons [42]. WBV has been reported to increase intraluminal shear stress
in blood vessels [2,43]. Various studies have shown that shear stress affects endothelial
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nitric oxide synthase (eNOS) mRNA and protein expression [44–47] and shear stress
furthermore activates NOS in red blood cells (RBC) [48]. It is therefore tempting to speculate
that the observed increases in tHb in the present study derived from WBV-induced increases
in shear stress, which subsequently increased expression and activation of eNOS and
potentially RBC-NOS, thereby increasing NO-mediated vasodilation. Another possible
explanation might thus be structural adaptation in capillary diameters i.e. that the capillary
radius was increased after training intervention upon increased NO production as it has been
observed in rat soleus muscles that the luminal diameter of capillaries is reduced after
hindlimb suspension (Kano et al. 2000). Another potential explanation for the increased
blood volume in GM after 6 weeks of RVE might be related to the so-called ‘tonic vibration
reflex’, which elicits a high frequency of action potentials at neuromuscular endplates upon
vibration exposure [49]. This might increase acetyl choline spillover at neuromuscular
endplates, which is known to be a potent vasodilator [50]. Furthermore, with each action
potential, potassium is released from skeletal muscle, which also has vasodilating properties
[51]. However, these interpretations are hypothetical and remain to be clarified in future
studies.
It is interesting to note that resting tHb and reactive hyperaemia after training were higher
after six weeks of RVE than RE. Yet, TOI and deoxygenation was the same in both conditions.
Thus, our data indicate that adaptations induced by 6 weeks of RVE increase oxygen demand
of the tissue. As discussed above, WBV-induced dilation may over time change the functional
status, but not the morphology of the microvasculature, where there is a redistribution of
blood to the vibrated muscles. One possible explanation could be that this increased flow
and commensurate increase in oxygen extraction even during rest (as the TOI is the same) is
due to repair of tissue damage induced by vibration. However, there is no evidence that
WBV superimposed on resistance exercise does cause damage [52]. It remains unknown
what causes this increased oxygen demand and flow, even at rest, after 6 weeks RVE. One
explanation could be a higher basal tone of the muscle.
SOL morphology
Our morphological data in SOL indicate that six weeks of RE or RVE did not induce any fibre
type shift or hypertrophy. The absence of hypertrophy in SOL has been confirmed via
magnetic resonance imaging measuring muscle volume pre and post training intervention
within the same study (unpublished observations).
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Study limitations
Morphological and functional data in the present study were captured in different muscles
(SOL and GM, respectively). The underlying reason was that preliminary testing revealed that
NIRS measurements in SOL muscle during WBV were not feasible and therefore data were
captured in GM. Biopsies were however only available from SOL, which had been considered
for other measurements in the study protocol and a post-hoc decision was made to
determine SOL morphology. However, we expect that an intervention-specific adaptation
would not be limited to certain muscles and we therefore assume that the increases in SOL
capillarity, which we observed after 6 weeks of training with no group-specific effect, can be
transferred from SOL to GM muscle.

Summary and Conclusion
In summary, our data indicate that a whole-body vibration stimulus superimposed to
resistive exercise does not accentuate muscle deoxygenation during a training session but at
the same time increases whole-body oxygen consumption. Also morphological adaptations
in the microvasculature after six weeks resistance exercise were similar after 6 weeks of
resistance exercise with or without whole body vibrations. Yet, total blood content in the
gastrocnemius muscle was specifically enhanced in the group that performed resistive
exercise with superimposed WBV, and so was reactive hyperaemia. We therefore conclude
that RVE-training has a specific effect on the functional state of small arterioles and possibly
capillaries and that a potential explanation for this could imply shear-stress induced chronic
increases in NO-mediated vasodilation of small arterioles.
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5 Primary Findings of the Thesis and Conclusion
We could show in paper 1 that resistance exercise combined with superimposed whole-body
vibrations (WBV) at frequencies between 20 and 30Hz was well tolerated. However, training
with vibration stimuli of 40Hz hampered the increase of training load compared to the group
that trained without WBV and additionally, seven out of thirteen subjects complained about
low back pain when performing resistance exercise with 35-40Hz vibration. These results
allow the recommendation that side-alternating WBV above 35Hz should not be applied in
combination with heavy training loads, as it might reduce training performance and foster
back pain. Furthermore, resting systolic and diastolic blood pressures were decreased in
both groups after the six-week resistance training intervention. It is commonly accepted that
endurance exercise has beneficial effects upon cardiovascular health [1,2]. Conversely,
studies on cardiovascular adjustments to long-term resistance exercise remain inconclusive.
Previous studies show increased [3] or decreased [4] resting blood pressure in resistancetrained athletes and resistance exercise has also shown to be effective to decrease blood
pressure in obese and hypertensive subjects [5–7]. However, limited data are available in
healthy recreationally active people and our findings reveal that resistance exercise
potentially exerts a beneficial effect to the heart.

To test the hypothesis that the superposition of WBVs to resistance exercise adds a proangiogenic stimulus to the training, we evaluated serum concentrations of the angiogenic
markers MMP-2, MMP-9, VEGF and endostatin in exercise-trained human subjects and
determined their proliferative capacity upon endothelial cells in vitro (paper 2). The data
show that both RE and RVE induced transient increases in circulating pro-angiogenic markers
which all depicted maximum concentrations two minutes after exercise. This is a novel
finding as previous studies evaluated the effect of endurance exercise on these markers [8–
14]. According to our hypothesis, we would have expected higher post-exercise VEGF
concentrations in the RVE group. Contrarily, our data reveal that the superposition of WBV
to resistance exercise decreases circulating post-exercise VEGF concentrations and this
effect supposedly results in reduced EC proliferation in vitro. Post-exercise endostatin
concentrations were elevated after six weeks of RE, which according to Schmidt and
colleagues (2004) can be considered a pro-angiogenic training adaptation as endostatin
concentrations that we measured (ranging from 90-140 ng/mL) lie close to concentrations
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that were shown to induce EC proliferation and migration [15]. This training adaptation was
inhibited by training with superimposed WBV.
From the VEGF and endostatin data in paper 2, one would suggest that superimposing WBV
to RE might not be beneficial for promoting angiogenesis in skeletal muscle. The data in
manuscript 1, however, do not confirm this conclusion, as capillarity in soleus muscle did not
adapt differently to the six-week training interventions RE and RVE. Hence, higher VEGF
concentrations in serum after RE may be related to a systemic training effect, e.g. increased
endothelial cell regeneration rather than reflecting angiogenic events occurring in muscle
tissue. As the serum was taken pre and post training, another possible explanation might be
that VEGF concentrations were comparable or even higher in the RVE during training and
that the time curve might have been shifted to the left by WBV stimulation.
Another interesting finding in paper 2 was that resting and post-exercise MMP-2 levels were
increased by the six-week RVE intervention. As MMP’s have multiple functions in the body,
this finding does not necessarily reflect increased angiogenic stimulation in muscle tissue but
might for example indicate increased IGF-associated anabolic stimulation upon long-term
WBV exposure, as MMP-2 has been shown to increase IGF bioavailability via degradation of
the IGF binding protein [16,17].

The main observation in Manuscript 1 is that a six-week training program with WBV
superimposed on resistance exercise results in a larger hyperaemic response and increased
blood volume in gastrocnemius muscle compared to six weeks of resistance exercise only.
Despite these findings, muscle oxygenation is similar in both conditions. While this could
imply a better perfusion of the RVE- than RE-trained muscles, the structure of the capillary
bed was not differentially affected by the two training programs. These data indicate that
regular exposure to WBV in combination with resistance exercise influences the functional
state of small arterioles and potentially capillaries, possibly via shear-stress induced chronic
increases in NO- mediated vasodilation. Hence, WBV-induced dilation may over time change
the functional status, but not the morphology of the microvasculature.

We conclude that the superposition of WBV to RE acutely decreases circulating
concentrations of angiogenic factors (VEGF and endostatin), which supposedly does not
influence capillary growth in skeletal muscle as we saw similar adaptations in skeletal muscle
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morphology in both groups after six weeks of training. Functional measurements indicate
that six weeks of RE training with superimposed WBV increases skeletal muscle perfusion.
Hence, WBV may influence the functional state of small arterioles and potentially capillaries
but does not induce additional capillary growth. The mechanisms leading to increased
muscle perfusion remain unknown and represent an interesting target for future
investigations.
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6 Appendix
6.1 Abstract (German) / Zusammenfassung
Hintergrund: Ganzkörper-Vibrationstraining (‚Whole-Body Vibration‘, WBV) ist in den letzten
Jahren zu einer beliebten Trainingsmethode geworden und findet heutzutage in vielen
Bereichen

Anwendung,

z.B.

in

Fitnessstudios

oder

in

der

Rehabilitations-und

Präventionsmedizin. Bisherige Studien zeigen, dass WBV u.a. einen positiven Effekt auf die
Durchblutung hat und eine Deoxygenierung der vibrierten Muskeln herbeiführen kann. Die
dieser Arbeit zu Grunde liegende Hypothese ist, dass Ganzkörpervibrationen in Kombination
mit konventionellem Widerstandstraining einen zusätzlichen angiogenen Stimulus erzeugen.
Ziel war es, eine neue Trainingsmethode zu entwickeln und wissenschaftlich zu überprüfen,
die gleichzeitig Hypertrophie und Kapillarwachstum im Muskel induziert und dadurch
Muskelleistung im Sinne von Maximalkraft und Ermüdungswiderstandsfähigkeit verbessert.
Methoden: Eine sechswöchige Trainingsstudie mit 26 gesunden Männern wurde im ParallelDesign durchgeführt. Eine Gruppe trainierte mit konventionellem Widerstandstraining
(‚resistive exercise‘: RE), während die andere Gruppe ein Widerstandstraining kombiniert mit
Ganzkörpervibrationen (‚resistive vibration exercise‘: RVE) absolvierte. Die Probanden
trainierten 2-3 Mal pro Woche. Das Training bestand aus Kniebeugen und Zehenständen,
welche mit hohen Zusatzgewichten durchgeführt wurden (80% des One-Repetition
Maximums). Funktionelle Messungen wurden während des ersten und letzten Trainings der
sechswöchigen Intervention durchgeführt: jeweils vor, während und direkt nach dem
Training. Muskeldurchblutung und Oxygenierung im Gastrocnemius Muskel wurden mit NahInfrarot Spektroskopie gemessen. Desweiteren wurden die Angiogenesemarker Matrix
Metalloproteinase -2 and -9, Vascular Endothelial Growth Factor (VEGF) und Endostatin im
Serum via ELISA gemessen und deren Effekt auf Endothelzellen (human umbilical vein
endothelial cells) wurde in vitro bestimmt. Außerdem wurden Langzeit-Anpassungseffekte
auf die Morphologie des Soleus Muskels bestimmt.
Ergebnisse: Nach dem Widerstandstraining konnten wir eine Erhöhung der gemessenen
Angiogenesemarker im Serum feststellen. VEGF-Konzentrationen und EndothelzellenProliferation waren in der RE Gruppe höher im Vergleich zur der RVE Gruppe. Außerdem
wurde nach der 6-wöchigen Trainingsintervention in der RE Gruppe eine erhöhte EndostatinKonzentration direkt nach dem letzten Training gemessen, während solch ein Effekt in der
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RVE

Gruppe

ausblieb.

Morphologische

Daten

zeigen,

dass

die

strukturellen

Muskelanpassungen zwischen beiden Gruppen vergleichbar waren, obwohl sich die
funktionelle Muskeldurchblutung der RVE Gruppe erhöhte.
Schlussfolgerungen: Die Daten zeigen, dass der Zusatz von Ganzkörpervibrationen zu
konventionellem Widerstandstraining den pro-angiogenen Stimulus des Trainings nicht
erhöht.

Es

wurde

gezeigt,

dass

zwischen

den

beiden

Gruppen

strukturelle

Muskelanpassungen vergleichbar sind. Dennoch scheinen Ganzkörpervibration, wenn sie in
Kombination mit Widerstandstraining appliziert werden, die Dilatationsfähigkeit von
Arteriolen und eventuell auch von Kapillaren zu beeinflussen was sich in der erhöhten
funktionellen Muskeldurchblutung widerspiegelt.
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Abstract
Objectives: A training intervention comparing resistance exercise with or without whole-body vibration (WBV) was conducted
to compare acute and chronic effects on functional and molecular parameters. Methods: A six-week training intervention was
performed including 26 healthy males (26 years, SD=4). Two groups were analyzed in a parallel design performing either resistive
exercise (RE, n=13) or resistive vibration exercise (RVE, n=13) training with weekly increasing vibration frequencies (20-40Hz).
Resting and exercising blood pressure and heart rate were measured before and after the 6-week intervention. Results: Both
training interventions decreased resting systolic blood pressure (P=0.003). Resting diastolic blood pressure was significantly decreased only in the RVE group (P=0.01). Exercising diastolic blood pressure was significantly decreased during the final training
(P<0.001) with no additional effect of superimposed vibrations. Resistance exercise with superimposed vibrations evoked back
pain to a higher degree than resistance exercise alone when training at frequencies above 30Hz (P<0.01). Conclusions: These
data suggest positive effects of resistance exercise upon cardiovascular health and vascular responsiveness and a further beneficial
effect of superimposed vibrations in decreasing resting diastolic blood pressure. Finally, development of back pain may be fostered
by superimposed vibrations to high training loads, particularly at higher frequencies.
Keywords: Resistive Vibration Exercise, WBV, Blood Pressure, One-Repetition, Maximum, Training

Introduction
Regular performance of aerobic exercise is commonly
known to have beneficial effects upon cardiovascular health
such as decreases in heart rate and ambulatory blood pressure1,2.
However, studies on cardiovascular adaptations to resistance
exercise remain inconclusive. In the early 1980’s, resistance
exercise was believed to cause hypertension3. However, other
studies showed that resting blood pressure was decreased by a
resistance training intervention4,5 whereas other studies showed
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no effect upon resting blood pressure in normotensive individuals6-8. The divergence in the reported effects indicates the need
for further investigations in the field of cardiovascular adaptations to resistance exercise. Here we report acute and long-term
responses of blood pressure and heart rate to a resistance training intervention performed with and without superimposed vibrations. Whole-body vibration (WBV) training has become
increasingly popular during the past two decades and is nowadays applied in various fields like sport, rehabilitation and in
clinical settings. Previous studies have made a great effort to
describe physiological effects of whole-body vibration and
have been reviewed elsewhere9,10. Unfortunately, many of the
reported vibration-induced effects vary from study to study,
which may derive from discrepancies in the applied training
protocols, subject heterogeneity and divergence in the duration
of the interventions. Furthermore, training supervision and diet
control were neglected in many of the studies, and there was
likewise no uniformity in the control conditions: studies either
lacked a control group or compared their results to a passive
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control group; only few studies applied an exercise control condition10. Also, there is a lack of consistency in the way of reporting the results, as highlighted in the recommendations of
the international society of musculoskeletal and neuronal interactions11. Many of the potential benefits of whole-body vibration may thus not have been clearly demonstrated. To the best
of our knowledge, no study has yet compared acute effects of
a specific exercise to its long-term adaptations. However, and
considering that exercise is usually conducted regularly and
over a longer period of time, it is pertinent to ask whether longterm training alters acute responses and if superimposed vibrations promote a beneficial training effect. Here we present the
design, feasibility and demands of a conducted study that allows investigation of the adaptation of acute responses during
exercise to a long-term training intervention. Acute functional
parameters (cardiovascular responses, neuromuscular activation, oxygen consumption, muscle perfusion and oxygenation)
are complemented with investigations of acute responses on
circulating factors in serum as well as acute and long-term responses within muscle tissue. The various measurements within
a single training study using an exercising control group will
hopefully provide a broader insight into the effects of the vibration stimulus per se. The present article focuses on acute
and long-term cardiovascular responses as well as feasibility
and demands of the training.

Material and methods
Study design
The EVE study (“Molecular and functional Effects of resistive Vibration Exercise”) was conducted in a two-group parallel design and was carried out in compliance with the
Declaration of Helsinki following approval by the Ethics Committee of the Northern Rhine medical association (Ärztekammer Nordrhein) in Düsseldorf (application no. 2010-174).
After providing a written informed consent, 28 healthy male
subjects were included into the study and stratified according
to their vertical jumping height into two matched groups with
comparable neuromuscular fitness, using the maximum vertical jump height as an indicator12. A coin was then tossed to determine which group would perform either resistive vibration
exercise (RVE) or resistive exercise (RE) only. The study was
conducted in two campaigns due to feasibility reasons: the first
campaign with 12 subjects took place between October 2010
and March 2011, the second campaign with 16 subjects took
place between May and October 2011.
Participants and group design
Healthy, male subjects were targeted who were recreationally physically active (exercised 2-3 times per week). Any
competitive sports, participation in strength training during the
past six months, smoking, diabetes as well as any current medication were considered as exclusion criteria. Subject recruitment involved a telephone questionnaire checking for general
suitability (224 applicants), a medical screening comprising a
short medical history, blood analysis (involving a complete
148

Age [yrs]
Body mass [kg]
Height [m]
BMI
CMJ height [cm]
Maximal performance
on cycle ergometer test
[W/kg body weight]

RE group
(n = 13)

RVE group
(n = 13)

P-value

23.4 (± 1.4)
75.0 (± 4.7)
1.79 (± 0.05)
23.4 (± 1.4)
42.2 (± 4.6)
3.3 (± 0.3)

24.3 (±3.3)
74.7 (±6.9)
1.79 (±0.05)
23.5 (±2.1)
41.7 (±2.2)
3.3 (± 0.4)

0.52
0.08
0.31
0.11
0.97
1.00

Table 1. Anthropometric data of EVE subjects at baseline. BMI: Body
Mass Index, CMJ: Counter movement jump. There was no difference
between the two groups.

blood count and investigation of clinical parameters -creatinin,
urea, protein, albumin, SGOT, SGPT, γGT, Lipase, alk. phosphatase, electrolytes, glucose, C-reactive protein and haematological parameters: PTT, aPTT, Quick, INR), as well as a
urine test checking for glucose, protein and urobilinogen. Finally, a stress electrocardiogram on a cycling ergometer and a
training familiarisation were performed. The medical screening involved 60 applicants out of which 28 were included in
the study. The subject’s anthropometric data at baseline are
given in Table 1, and no statistically significant group difference was found (P>0.08).
Training design
The present study was designed to compare acute and longterm effects of two training interventions: Resistive Exercise
(RE) and Resistive Vibration Exercise (RVE). Subjects trained
for six weeks, 2-3 times per week with additional weights. In
order to align the squatting movement, the weights were put
on a guided barbell (PTS Dual action Smith, Hoist, U.S.A). A
vibration platform (Galileo® Fitness, Novotech, Germany) was
placed underneath, as illustrated in Figure1A. The subjects in
the RVE group performed the resistive exercise training protocol with simultaneous side-alternating whole-body vibrations, whereas subjects of the RE group trained with the same
setting, without superimposed vibrations. We aimed to test
physiological responses at 40 Hz side-alternating vibration,
which has not been tested before. Preliminary testing yielded
that this is challenging for people not acquainted with wholebody vibration. We therefore decided to initially set the vibration frequency to 20 Hz and to increase the vibration frequency
throughout the study to eventually arrive at 40 Hz.
Estimation of training load
The individual training load was set at 80% of the subjects
One-Repetition Maximum (1-RM), which was estimated in
the familiarisation session four weeks prior to the first training,
applying the method of Baechle and Earle13 and performing
squats in a non-vibrating condition.
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Figure 1. (A) Illustration of the training device. A guided barbell with a vibration plate placed underneath, embedded into a custom-built frame.
(B) Illustration of the exercise movements. Squats (left) and calf raises (right).

Figure 2. Determination of training load. Left: calculation of the performed % of the One-Repetition. Maximum (1-RM) according to the
number of concluded repetitions (adapted from Baechle and Earle). Right: example for estimation of training load at 80 % of the 1-RM.
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Figure 3. (A) Training design. After a warm-up, subjects performed three sets of squats and calf raises. The first two sets included 8 squats and
12 calf raises, in the third set, a maximum number of squats and calf raises was performed. (B) Increase of training intensity over the 6-week
training intervention. Left: increase of training load for both intervention groups. Right: increase of vibration frequency in the resistive vibration
exercise (RVE) group. 1-RM: One-Repetition Maximum.

Briefly, the guided barbell was initially loaded with weights
corresponding to the subject’s body weight plus 20 kg and subjects were asked to perform as many squats as possible. The
corresponding % of the 1-RM was evaluated according to
Baechle and Earle13. An example is illustrated in Figure 2: if
the barbell was loaded with 90 kg and the subject’s maximum
number of repetitions was 5, which corresponds to 87% of the
1-RM, the training load was adjusted to 85 kg.
Training protocol
The training was supervised by a graduated exercise scientist throughout the study and two spotters were standing left
and right of the guided barbell providing subject security. A
metronome guided the training rhythm to provide standardisation of the movement. Squats were performed dynamically
with 2 sec. eccentric and 2 sec. concentric phase; calf raises
were performed with 1 sec. eccentric and 1 sec. concentric
phase (Figure 1B). Each training session included a warm-up
with the unloaded barbell (15 kg), which consisted of two sets;
each set with 10 squats and 15 heel raises. The actual training
was performed in three sets: the first two sets comprised 8
squats and 12 calf raises; in the third set, as many squats and
calf raises as possible were performed (Figure 3A). Immediately after completion of the last set of squats, each subject’s
perceived exertion was rated via the Borg RPE Scale14. Altogether, the subjects concluded 16 training sessions in a period
of 6 weeks (week 1-2: two sessions per week; week 3-6: three
150

sessions per week). Both training regimens differed only in the
vibration component.
Increase of training load and vibration frequency during the
6-week intervention
The number of squats in the third set was used to readjust the
training weight to 80% of the 1-RM for the following training.
When the number of squats in the third set was equal to 8, the
training weight remained unchanged for the subsequent training.
When the subjects performed more or less than 8 repetitions,
the training weight was recalculated, i.e. increased or decreased
for the next training. However, the top limit for weight increases
was set at 10 kg in order to guarantee steady weight increments.
The RVE group started the training with 20 Hz vibration with
weekly increments by 5 Hz; during the last two weeks, vibration
frequency was set at 40 Hz. A schematic overview of the incremental study design is displayed in Figure 3B.
Diet
During the initial and final training sessions, subjects ate a
standardised breakfast two hours before training (two wheat
bread rolls with butter and jam). During the long-term training
intervention, subjects were asked to abstain from food two
hours before every training session and to drink a protein energy drink (Fresubin® protein energy drink, Fresenius Kabi,
Germany) one hour prior to training.
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Figure 4. Overview of the EVE-Study design. BDC (Baseline Data Collection) was performed during 4 weeks prior to the initial training; follow-up measurements were performed 3, 4 and 90 days (d) after the final training. MRS: Magnetic Resonance Spectroscopy, MVC: Maximal
Voluntary Contraction, MRI: Magnetic Resonance Imaging, EMG: Electromyography, NIRS: Near-Infrared Spectroscopy.

Measurements
The present study was designed to characterize the acute
and long-term effects of resistive exercise and superimposed
vibrations on both functional and molecular levels. An
overview of the measurements with the corresponding time
points is depicted in Figure 4.
Determination of daily physical activity
The Freiburg Questionnaire15 was applied to assess the subject’s daily physical activities. Subjects filled the questionnaire
one week prior to and three days after the 6-week training intervention.
Blood pressure and heart rate at rest and during exercise
Resting heart rate and blood pressure were recorded after
20 minutes in horizontal position with an automated sphygmomanometer (Medicus pc, Boso, Germany). Exercise blood

pressure was measured during each break between the sets and
immediately after training termination by a medical doctor
using a manual sphygmomanometer. Heart rate was measured
manually by an exercise scientist.
Rating of perceived exertion (RPE)
The Borg RPE scale14 was used for the assessment of the
perceived exertion of the training. Within 20 sec after the last
set of squats, subjects provided their individual RPE.
Statistical analyses
Statistical analyses were performed using STATISTICA 10
for Windows (Statsoft, Tulsa, Oklahoma, USA, 1984-2010).
For estimation of differences in training load increments, rating of perceived exertion, blood pressure and heart rate, a repeated measures ANOVA was applied with time (initial vs.
final) and intervention (resistive exercise vs. resistive vibration
151
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Training
week

Vibration
Frequency

Back
RVE

Pain
RE

Headache
RVE
RE

1
2
3
4
5,6

20 Hz
25 Hz
30 Hz
35 Hz
40 Hz

3
1
4

1
1
-

1
2
-

-

Sum

8**

2

3

0

Table 2. Important events during the study. Numbers of subjects are
indicated perceiving headache or back pain in the respective training
week. RE: resistive exercise group; RVE: resistive vibration exercise
group. **Higher compared to RE group (chi-value<0.01).

exercise) as factors; Tukey’s test was used for post-hoc testing.
For estimation of daily physical activity (Freiburg Questionnaire), a paired, two-sided Student’s t-test was performed to
compare physical activity before and after of the 6-week training intervention; an unpaired, two-sided t-test was performed
to test differences between the two intervention groups. For
estimation of vibration-induced back pain, a chi-square analysis was performed. Values are given as means ± standard deviation, statistical significance was set at P<0.05.

Results
Freiburg Questionnaire of physical activity
Daily physical activities like walking, biking, stair climbing,
activity at work, sleeping and weekly sportive physical activity
did not differ before and after the 6-week training intervention
(P-values between 0.12 and 0.96) and did not differ between
the two intervention groups (P-values between 0.32 and 0.75).
Important events during the study
When training at frequencies above 30 Hz, eight of the RVE
subjects complained about back pain. In one of the subjects,
back pain was the cause for dropping out of the study. The sudden onset of back pain in the drop-out subject was caused by
an incident during training. The impression of the personal
trainer and his assistants present during that exercise session
was that the incident resulted from training with poor body
balance, which led to bending of the back. An independent orthopaedic surgeon diagnosed a facet joint syndrome L1-2,
which did not implicate sensory or motor deficits. The back
pain lasted for seven days after the incident and was ranked
by the subject to an intensity of 8 using a scale ranging from
0 to 10, where 0 indicated “no pain” and 10 indicated “severe,
unbearable pain”. The subject had demonstrated questionable
commitment before that event, which reinforced the decision
was made to exclude him from the further participation.
Back pain reported by the other seven subjects that completed the study successfully was assessed via a questionnaire.
All seven subjects reported low back pain without radiculopa152

thy. One subject complained about pain during training,
whereas the majority (6 out of 7 subjects) perceived back pain
after training termination. The duration of the pain varied: two
subjects reported acute pain until 1-2 hours after training, and
four subjects reported pain until 2-3 days after training. The
pain intensity estimated by the subjects ranged from 3 to 7 and
was on average 4.4 (SD=1.4), using a 0-10 scale (as described
above). None of the subjects had to take analgetics to relieve
the pain. There were only two cases of back pain in the RE
group: one subject complained about local neck pain at the site
of weight application, the other subject complained about
“light” muscle tenderness in the lumbar spine. Statistical
analyses revealed that resistive vibration exercise at frequencies of 30 Hz and above caused back pain in a higher number
of cases than resistive exercise alone (Chi-value<0.01); details
are listed in Table 2.
Furthermore, four subjects in the RVE group complained
about a training-induced headache with an onset after the second training set, out of which one subject dropped out after
four weeks of training because of a headache that was reproducibly generated by the combination of vibration, application
of the bar bell and calf raises. A post-hoc medical check revealed the absence of the physiological lordosis of the cervical
spine as a likely explanation for this reaction.
Conduct of exercise: missed training sessions
In the RVE group, four subjects completed all 16 training
sessions and nine subjects missed a single training session. In
the RE group, ten subjects completed all 16 training sessions
and three subjects missed a single training session.
Increase of training load
The training loads were comparable between the two groups
at the initial training (RVE: 81.5±7.7 kg, RE: 75.2±6.5 kg;
P=1.0) and increased over time in both groups (P<0.001).
Compared to the initial training, the increase in training load
over the six-week training intervention was significantly
higher in the RE group and accounted for 59.8±17.3 %, compared to 46.9±19.0 % in the RVE group (time * intervention:
P<0.001). As the weight increase was more pronounced in the
RE group, post-hoc analyses reveal that RE subjects trained
with significantly higher training loads compared to the RVE
group in trainings 13 to 16 (P<0.01). During the final training,
the RE group trained with 130.2±18.5 kg and the RVE group
trained with 110.2±15.8 kg (P=0.003), see Figure 5.
Rating of perceived exertion (RPE)
The perceived exertion of the initial training was rated as
“hard” according to the Borg RPE scale, and there was no difference between groups: 15.5±1.6 (RE) vs. 15.9±1.3 (RVE),
P=0.52, see Figure 6. RPE data derived during the 6-week
training reveal that superimposed vibrations did not alter RPE
as there was no significant group effect (P=0.73). However,
there was an overall increase in RPE over time (P=0.048).
Post-hoc analyses showed that the RPE was higher during
training 9-16 when compared to training 1-4 (P<0.05). During
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Figure 5. Training load increase during the 6-week training intervention. Bars indicating 20-40Hz refer to the applied vibration frequency
in the RVE group. Training loads increased over time in both groups
(time effect: P<0.001). The training load increase was more pronounced
in the Resistive Exercise group and after the 13th training session, the
RE group trained with significantly higher training loads (*P<0.01).

Figure 6. Rating of the training’s perceived exertion. The subjects in
both groups rated the perceivedexertion (RPE) of the training to
“hard” and there was no difference between the Resistive Exercise
(RE) and Resistive Vibration Exercise (RVE) groups. RPE was significantly higher in trainings 9-16 compared to trainings 1-4
(*P<0.05).

Rest
Group
Variable
SBP [mmHg]
DBP [mmHg]
HR [bpm]

During Training

RE

RVE

RE

RVE

Pre

Post

Pre

Post

Initial

Final

Initial

Final

126 ± 8
71 ± 9
55 ± 9

118 ± 11**
65 ± 11
52 ± 7

122 ± 4
71 ± 6
56 ± 8

113 ± 9**
62 ± 8**
54 ± 7

147 ± 18
81 ±8
125± 17

143 ± 13
72 ± 9 ***
127 ± 15

147 ± 13
82 ± 7
126 ± 21

142 ± 18
74 ± 10***
131 ± 23

Table 3. Cardiovascular parameters at rest (left) and during exercise (right). Stars indicate significant difference (time effect) within the same group:
*P<0.05; **P<0.01; ***P<0.001. Pre and Post refer to resting values before and after 6 weeks of training; Initial and Final Training refer to the first
and last exercise session of the 6-week training intervention. SBP: systolic blood pressure; DBP: diastolic blood pressure; HR: heart rate.

the last training, RPE accounted for 15.9 in the RE group and
16.38 in the RVE group. Of note, RPE during the last training
was comparable between groups (P=0.15), although the RE
group trained with significantly higher training loads
(P=0.003). Furthermore, there was no correlation between
RPE and heart rate (R=-0.13; R2=0.017; P=0.42) as previously
described for endurance exercise16.
Cardiovascular parameters at rest
Resting Systolic Blood Pressure (SBP) and Diastolic Blood
(DBP) pressure were both decreased from pre levels during
the follow-up measurement after 6 weeks of training (SBP:
P=0.003; DBP: P=0.001) with no significant differences between the two groups (SBP: P=0.06; DBP: P=0.5) as depicted
in Table 3. Post-hoc analyses revealed that the decrease of

DBP was more pronounced in the RVE group as this group depicted significant decreases (P=0.01), whereas the decrease of
DBP did not reach significance in the RE group (P=0.055).
Resting heart rate (HR) remained unaffected by the training
intervention in both groups (P=0.14), see Table 3.
Cardiovascular parameters during exercise
Blood pressure and heart rate measured within single training sessions were comparable between sets (P>0.28) and
therefore, data of the three sets were pooled for further analysis. There was a trend of decreased systolic blood pressure during exercise after 6 weeks of training in both groups, which
however failed to reach the level of significance (P=0.052).
Diastolic blood pressure during exercise was significantly decreased in both groups (P<0.001). As a result of the decreased
153
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DBP with unaltered SBP, exercise pulse pressure (=SBP-DBP)
was significantly increased in both groups after 6 weeks of
training (P=0.04). Six weeks of training did not alter exercise
heart rate in neither of the groups (P=0.39), see Table 3. Exercise blood pressure and exercise heart rate did not differ when
comparing RE to RVE (SBP: P=0.9; DBP: P=0.6; HR: P=0.5).

Discussion
Feasibility
The incremental design of the training was reflected by an
increase in Borg RPE over time (Figure 6), as the training was
perceived as significantly “harder” in training sessions 9-16
compared to training sessions 1-4. The subject’s daily physical
activities were comparable between the two groups and did
not change over the duration of the study (Freiburg Questionnaire). These data indicate that the obtained results from the
EVE study actually derive from the training intervention itself
and were not induced by external factors.
While vibration frequency was increased on a weekly basis,
the RVE group trained at equal or higher training loads compared to the previous week. Only in four cases out of 52 individual increases in vibration frequency (=4 frequency
increases * 13 subjects), training loads had to be decreased due
to an increase in vibration frequency when training with frequencies above 35 Hz. When training with frequencies between 20 and 30 Hz, superimposed vibrations were well
tolerated. However, data from the present study suggest that
the risk of low back pain is substantially increased when performing resistance exercise with superimposed vibrations and
frequencies above 30 Hz (see Table 2). Seven out of thirteen
subjects that concluded the study successfully complained
about low back pain, which would probably be classed as uncomfortable, but not severe. The back pain might either derive
from the vibration itself, or from the way that the guided barbell was employed, which was always with a certain reclination toward the back. This could have increased the amount of
instability in the movement when training with high vibration
stimulation. This lack of stability might have caused the training incident that led to the drop-out of one subject in the RVE
group. However, it remains unknown whether the vibration
component was actually the cause for the training incident.
Demands
Increase of training load with and without superimposed
vibrations
There was no difference between the two groups concerning
One-Repetition Maximum or jump height at the beginning of
the study, indicating two groups with comparable muscular
performances. As expected, training loads were increased over
time. However, after the 13th training session, when RVE subjects trained with 40 Hz simultaneous vibrations, the increase
of training weight was hampered (Figure 5) compared to the
group training without vibrations. In the end of the study, the
RE group trained at 18% higher training loads compared to the
RVE group. It is known that sinusoidal vibrations engender in154

creases in peak foot acceleration to the power of two10, and
thus, increases in vibration frequency lead to pronounced elevations of musculoskeletal forces. We conclude from our data
that the increase of training weight (external training load)
might be hampered by vibration-induced elevation of musculoskeletal forces (internal training load) and the combination
of the two add up to the total muscle loading during RVE. This
idea is supported by the Rating of Perceived Exertion data,
which indicate that training at lower weights with 40 Hz WBV
was perceived equally demanding as training without vibrations and higher weights.
Chronic cardiovascular adaptations at rest
There is strong evidence supporting beneficial effects of endurance exercise upon cardiovascular health such as decreases
in blood pressure and heart rate1,2. However, limited data are
available on the effect of long-term resistance exercise training
in healthy, recreationally active people. Resistance exercise
has been reported to have beneficial effects in obese subjects
as well as in people with metabolic syndrome or hypertension17-19. Previous studies involving healthy young males show
that resting systolic and diastolic blood pressures were decreased by a resistance training intervention8,20. Another study
shows a 4% decrease in resting systolic with no change in diastolic blood pressure5. Results from the present study show
that resting systolic and diastolic blood pressures were both
decreased by 7 to 12 % after only six weeks of training and
there were no alterations in resting heart rate. Our data support
the view that high-resistance exercise is beneficial for cardiovascular health. Further, our data suggest that superimposed
vibrations might be additionally beneficial as diastolic blood
pressure was significantly decreased only in the RVE group.
Chronic adaptations of the acute cardiovascular responses
to resistance exercise
It has been shown that body builders have lower systolic
and diastolic blood pressures and heart rates during resistance
exercise compared to recreationally active people21. Previous
studies have reported that resistance training results in adaptations that hamper the acute training-induced increases in
heart rate and blood pressure22,23. In the current study, we found
that 6 weeks of resistive exercise decreased diastolic blood
pressure during exercise whereas systolic blood pressure and
heart rate were unaltered compared to the initial training. This
decrease in diastolic blood pressure might derive from increased vasodilation during exercise and thus, the applied
training interventions in the current study seem to have improved vascular responsiveness. This idea is supported by previous studies showing that WBV increases blood flow velocity
after vibration termination24,25, indicating vibration-induced dilation of feeding arteries. Our data reveal that only exercising
diastolic blood pressure was decreased after 6 weeks of training, whereas systolic blood pressure remained unaltered, yielding increases in pulse pressure (=SBP-DBP). As pulse pressure
is known to be proportional to stroke volume26, there is evidence that the resistive exercise intervention conducted in this
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study increased cardiac stroke volume and maybe cardiac output. There was, however, no additional effect of superimposed
vibrations, neither during the first training nor after 6 weeks
of training.

8.

Summary and Conclusions
9.
In summary, both training interventions were feasible and
the incremental training design was reflected by an increase
in RPE. Superposition of vibrations to resistive exercise for
some reasons hampered the increase of training load when
training at frequencies above 35 Hz. Furthermore, our data
show that 6 weeks of resistance exercise decreased resting
blood pressure (systolic and diastolic) as well as exercising diastolic blood pressure. We conclude that WBV in combination
with high-resistance exercise is well tolerated when training
with frequencies below 35 Hz. However, when training with
35 Hz and above, this exercise type seems to foster back pain
and to reduce training performance. It is possible that training
with side-alternating vibration above 30 or 35 Hz may elicit
sub-optimal results. Thus, it might not be recommendable to
use these high frequencies combined with resistance exercise,
at least not for non-athletes. Finally, our data also demonstrate
a beneficial effect upon arterial blood pressure.

10.

11.

12.
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