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Abstract Recent studies are reviewed, concerning the
in vivo wall stiffness of arteries and arterioles in healthy
humans, and how these properties adapt to iterative incre-
ments or sustained reductions in local intravascular pres-
sure. A novel technique was used, by which arterial and
arteriolar stiffness was determined as changes in arterial
diameter and flow, respectively, during graded increments
in distending pressure in the blood vessels of an arm or a
leg. Pressure-induced increases in diameter and flow were
smaller in the lower leg than in the arm, indicating greater
stiffness in the arteries/arterioles of the leg. A 5-week
period of intermittent intravascular pressure elevations in
one arm reduced pressure distension and pressure-induced
flow in the brachial artery by about 50 %. Conversely, pro-
longed reduction of arterial/arteriolar pressure in the lower
body by 5 weeks of sustained horizontal bedrest, induced
threefold increases of the pressure-distension and pressure-
flow responses in a tibial artery. Thus, the wall stiffness
of arteries and arterioles are plastic properties that read-
ily adapt to changes in the prevailing local intravascular
pressure. The discussion concerns mechanisms underly-
ing changes in local arterial/arteriolar stiffness as well as
whether stiffness is altered by changes in myogenic tone
and/or wall structure. As regards implications, regulation
of local arterial/arteriolar stiffness may facilitate control of
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arterial pressure in erect posture and conditions of exagger-
ated intravascular pressure gradients. That increased intra-
vascular pressure leads to increased arteriolar wall stiffness
also supports the notion that local pressure loading may
constitute a prime mover in the development of vascular
changes in hypertension.
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Introduction

For decades, it has been recognized that the mechanical
properties of peripheral blood vessels play key roles in
circulatory control, both in physiological and pathological
conditions (for reviews see Folkow and Neil 1971; Folkow
1982, 1990; Dobrin 1983; Intengan and Schiffrin 2000), a
fact that, one way or the other, is also acknowledged in sev-
eral of the articles included in the present thematic series
of reviews on arterial pressure regulation (see for instance:
Ichinose et al. 2013; Joyner and Limberg 2013; Padilla
et al. 2013). Notwithstanding, until recently, firm data have
been scarce regarding the issues discussed in the present
review, namely, the in vivo stiffness—and its inverse, dis-
tensibility—of precapillary vessels in humans, and in par-
ticular how this property adapts to iterative increments or
sustained reductions in local intravascular pressure.
Because the luminal cross-sectional area of the arterioles
determines flow resistance, it is evident that the passive
elastic recoil and myogenic tone of precapillary vessels
constitute important elements in the control of arterial pres-
sure. It is perhaps less obvious whether, or in what man-
ner, changes in the prevailing transmural pressure will, in
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turn, affect the tone and/or structure, and hence the elas-
tic recoil, of these vessels. In healthy humans, sustained
changes in arterial and arteriolar wall tension occur regu-
larly, not only as a consequence of systemic alterations of
arterial pressure, such as in connection with altered level
of physical or mental stress, but also due to local pressure
changes induced by the gravitoinertial force field. Thus, in
erect posture, gravitational pull causes marked hydrostatic
pressure components in dependent blood vessels. In a pilot
flying a high-performance aircraft, the force vector acting
in the head-to-foot direction may be increased several-fold,
resulting in greatly exaggerated intravascular pressure gra-
dients (Burton and Whinnery 2008). The force vector act-
ing along longitudinally-oriented vessels may, by contrast,
be abolished or minimized by assuming a horizontal body
position or, more drastically, by exposure to microgravity.
Conceivably, such long-lasting or reoccurring alterations of
local transmural pressure will influence the pressure-disten-
sion relationships of arteries and arterioles.

To establish the pressure-distension relationships in
human peripheral blood vessels, changes in diameter and/
or flow should be investigated across a wide range of dis-
tending pressures. The concept that the mechanical prop-
erties of vascular walls adapt to cope with changes in the
pressure load is not novel (for reviews see Folkow 1982,
1990; Dobrin 1983; Intengan and Schiffrin 2000), but
due to the practical problems associated with accurately
measuring vascular flow and diameter responses to graded
changes in the distending pressure in vivo, information is
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Fig.1 The cartoons depict the experimental set-ups employed to
induce graded increments of the distending (transmural) pressure in
the vascular beds of an arm or a leg. The subject is positioned inside
a hyperbaric chamber with the test limb extended to the outside via
a hole in the chamber door. As chamber pressure is raised, distend-
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scarce regarding arterial/arteriolar pressure-distension rela-
tionships in humans. The present review is largely based on
a series of experimental studies (Eiken et al. 2008, 2011,
2012; Eiken and Kélegard 2001, 2004, 2011; Gustafsson
et al. 2013), three of which have been summarized previ-
ously (Kolegard 2010). In these studies, the pressure disten-
sion of arteries and arterioles in the extremities of healthy
humans were examined using a technique described in
detail elsewhere (Eiken and Kolegard 2001, 2004). Briefly,
the subject is positioned inside a hyperbaric chamber with
either an arm or a lower leg (test limb) protruding to the
outside via a hole in the chamber door (Fig. 1). The test
limb is sealed to the door hole slightly distally of the axilla,
or proximally of the knee, by use of a short, loose-fitting,
self-sealing sleeve. As chamber pressure is elevated, pres-
sure increases in tissues enclosed in the chamber and is
also transmitted to the blood vessels of the test limb outside
the chamber. However, pressure in the extravascular tissues
of the protruding test limb is similar to ambient pressure
outside the chamber. In this manner, the distending (trans-
mural) pressure in the test-limb vasculature can be elevated
to any desired level, and distension of arteries can be deter-
mined directly using ultrasonographic techniques, whereas
arteriolar distension can be determined indirectly via meas-
urement of pressure-induced changes in flow by means of
ultrasound/Doppler techniques. Distending pressure of the
test-limb arteries can be established by measuring arterial
pressure, relative to ambient pressure outside the chamber,
either in the test limb or in an arm or a finger inside the
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ing pressure in the arteries and arterioles of the test limb increases
in direct proportion to the applied pressure, in the these examples by
100 mmHg from normal atmospheric pressure (760 mmHg); see also
in the text under “Introduction”
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chamber, whereas, the average arteriolar distending pres-
sure of the test limb is not readily determined. Therefore, in
the following also arterial flows are treated as functions of
arterial pressure, assuming that peak arteriolar distending
pressure at the upstream end of the arterioles, corresponds
to arterial distending pressure.

In this connection, it should be noted that in vivo disten-
sibility of human conduit arteries are commonly approxi-
mated by tracking dynamic changes in the vessel diam-
eter during the course of a pulse-pressure wave (Nichols
2005; Cinthio et al. 2010). Such measurements can readily
be performed in vivo, in healthy individuals as well as in
patients, and their estimates may, under certain conditions,
serve as markers of arterial distensibility, and hence these
techniques constitute useful tools to evaluate various car-
diovascular pathologies, including risk prediction of coro-
nary disease and of mortality in hypertensive patients (cf.
Laurent et al. 2001; Nichols 2005; Kips et al. 2012). Nev-
ertheless, they do not reveal the true distension of periph-
eral arteries and arterioles during marked static increases
of local transmural pressure; as evident from the following
sections, these relationships describe non-linear functions
with significant arterial/arteriolar distension occurring only
at markedly elevated transmural pressures. In our experi-
ence, it is not fruitful to apply techniques based on analyses
of conduit artery diameter changes during pulse-pressure
waves in a supine resting human, to study how interven-
tions, comprising iterative increments or sustained reduc-
tions of static transmural pressures, affect local distensibil-
ity of arteries and arterioles.

Arterial pressure-distension and pressure-flow
relationships in the arm compared to in the leg

In erect posture, gravity-dependent hydrostatic pressure
components exert substantial influence on local arterial
pressure, so that in a normotensive adult, diastolic pres-
sure is 70-100 mmHg higher in the tibial arteries, at ankle
level, than in the distal brachial arteries. To test the hypoth-
esis that arterial and arteriolar stiffness adapts to meet the
long-term demands imposed by the local hydrostatic pres-
sure (cf Folkow 1982; Dobrin 1983), pressure-distension
and pressure-flow relationships were compared in arm and
leg arteries of 10 healthy individuals (Eiken and Koélegard
2004; Fig. 2). Brachial and radial artery diameters, as well
as the brachial artery flow, remained virtually unaltered at
slight to moderate elevations of the distending pressure,
whereas at markedly elevated pressures (>160—170 mmHg)
the diameters and flows increased substantially in the
arm arteries. Tibial artery diameter and flow, on the other
hand, did not show any significant changes at elevations
of the distending pressure up to about 275 mmHg (Fig. 2).
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Fig. 2 Relative change in the lumen diameter (upper panel) of
the brachial artery, radial artery and posterior tibial artery, and of
the change in flow (lower panel) in the brachial and posterior tibial
arteries as functions of distending pressure. Values are means (SD).
n = 10 for upper panel and n = 7 for lower panel. Adapted from
Eiken and Kolegéard (2004)

Greater pressure-distension and pressure-flow responses in
the arm than in the lower leg are compatible with the notion
that the in vivo stiffness of arteries and arterioles will
adapt to cope with the local pressure perturbations associ-
ated with everyday life in erect posture. That precapillary
vessels in the legs are stiffer than those in the arms is also
suggested by the combined results from studies in which
changes in skin blood flow were approximated in the hand
(Coles and Greenfield 1956) and toes (Coles 1957) using a
calorimetric method, and from a study on regional differ-
ences in arterial pulse-wave velocity (McDonald 1968).

A central question is whether the differences between
the arm and leg vessels as regards pressure-distension rela-
tionships are attributable to functional or structural features.
It is well established from experiments on animals that sus-
tained arterial pressure loading initially leads to increased
myogenic tone in small arteries and arterioles; depending
on the magnitude and duration of the pressure load, this
functional adjustment may be followed by structural wall
changes, manifesting themselves as increased passive
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recoil (for reviews see Folkow 1982, 1990). It remains to
be established whether the iterative gravity-dependent pres-
sure elevations in leg arteries/arterioles associated with a
normal ambulatory life style are sufficient to affect not only
the myogenic tone but also the elastic recoil properties of
the vessels.

Similar in vivo non-linear pressure-diameter and pres-
sure-flow relationships, as those found for the brachial and
radial arteries (Fig. 2), have also been observed in animals,
the shapes of the curves being typical for arteries with
preserved myogenic tone (Folkow et al. 1970a, b; Folkow
1982). The flat portion of the curve, at low distending pres-
sures, represents the phase during which arterial/arteriolar
lumen diameters are maintained via autoregulation of the
myogenic tone of the vessel walls (cf. Folkow and Siverts-
son 1968; Folkow et al. 1970a, b, Folkow 1982); at high
distending pressures, where the myogenic tone is not suf-
ficient to prevent an increase in diameter, the slopes of the
pressure-distension curves are predominantly determined
by the elastic recoil properties of the wall (cf. Folkow and
Sivertsson 1968; Folkow et al. 1970a, b; Folkow 1982), as
depicted schematically in Fig. 3. Considering the afore-
mentioned pressure-diameter and pressure-flow relation-
ships (Fig. 2) in this perspective, it appears clear that the
arteries and arterioles of the lower leg are characterized by
a considerably higher myogenic tone than those of the arm.
In the experiments by Eiken and Kdélegard (2004), the dis-
tending pressure was not elevated sufficiently to reveal the
gains for the pressure increments in tibial artery diameter
and flow, but subsequent experiments (Eiken et al. 2008),
showed that also the gain for the pressure-induced increase
in diameter was greater in the brachial artery than in the
tibial artery (Table 1), which might suggest that not only
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Fig. 3 Principles for the analyses of threshold and gain of the
pressure-diameter and pressure-flow relationships explained in the
text. The pressure-distension curves (and pressure-flow curves; not
depicted) can be described by identifying the pressure threshold and
gain (slope) of the curve. n = 8. Values are from Eiken and Kélegard
(2001)
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Table 1 Pressure-diameter relationships in the brachial and poste-
rior tibial arteries in terms of the pressure thresholds and gains for the
pressure-induced diameter increments

Brachial artery Tibial artery

Diameter
Threshold (mmHg) 168 £ 19%** 250 £ 31
Gain (A %/mmHg) 0.35 & 0.19%* 0.21 £0.16

** Denotes difference (p < 0.01) between brachial and tibial artery.
n = 10. Values are based on results obtained from Eiken et al.
(2008). Values are mean + SD

the myogenic tone but also the passive elastic recoil is
higher in the leg arteries/arterioles.

There seem to be no other experimental studies deter-
mining in vivo regional differences in arterial and arteriolar
elastic recoil properties in humans, whereas there are sev-
eral studies supporting the notion that the myogenic tone
in precapillary vessels is higher in the leg than in the arm.
For instance, the relative increase in arterial flow following
local infusion of vasodilators is greater in the arm than in
the leg (Newcomer et al. 2004), and sympathetically-medi-
ated vasoconstrictor responses are more pronounced in the
legs than in the arms (Pawelczyk and Levine 2002). Like-
wise, endothelium-dependent vascular reactivity is greater
in the leg than in the arm (Nishiyama et al. 2008).

It appears that both arterial and arteriolar pressure dis-
tension in the arm occur at about 160-180 mmHg (Fig. 2),
i.e. at magnitudes prevailing in the lower leg in erect pos-
ture. Thus, it seems reasonable to assume that the high wall
stiffness in the leg arterioles serves to prevent a drop in
local peripheral resistance upon a change in body position
from recumbent to upright, and hence constitutes an impor-
tant adaptation to life in erect posture.

That the capacity of leg arterioles to withstand transmu-
ral pressure elevations plays an important role in the control
of arterial pressure under conditions of increased hydrostatic
pressure gradients, is also supported by findings from experi-
ments in a human-use centrifuge; during exposure to gradu-
ally increasing gravitoinertial (G) load in the head-to-foot
direction, individuals with high stiffness in lower-leg arteri-
oles maintain arterial pressure at heart level more efficiently,
and hence tolerate substantially higher G loads, than do indi-
viduals with low stiffness in the arterioles of the lower legs
(Eiken et al. 2012). Analyses of thresholds and gains of the
pressure-diameter and pressure-flow relationships (see text
above and Fig. 3), suggest that the inter-group differences in
precapillary stiffness are attributable mainly to differences in
local myogenic tone, and only to a lesser degree to differ-
ences in passive elastic recoil (Eiken et al. 2012).

Notably, the observation that the stiffness in arter-
ies and arterioles is higher in the legs than in the arms
in healthy individuals, does not give any indication as to
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whether these properties are plastic or if lifelong exposure
to gravity-induced local pressure perturbations is required
to induce such differences. It also remains to be established
whether inter-individual differences in the pressure-disten-
sion relationships of arteries and arterioles are permanent
or are the result of differences in the prevailing pressure or
other conditioning factors.

Arterial pressure-distension and pressure-flow
relationships as affected by repeated increments
of transmural pressure

The notion that the wall stiffness of precapillary resist-
ance vessels increases in response to sustained or iterated
elevations of arterial pressure was introduced more than a
century ago by Ewald (1877), who based his theory on the
arteriolar media hypertrophy observed in patients suffer-
ing from Brights disease. Ever since, it has repeatedly been
postulated that such a mechanism may play a pivotal role in
the development of primary hypertension (for reviews see
Pickering 1977; Folkow 1982, 1990; Intengan and Schiffrin
2000). Indeed, cross-sectional studies have shown evidence
to suggest, indirectly (Folkow et al. 1958) and directly
(Turnbull 1915; Aalkjaer et al. 1987; Prewitt et al. 2002),
that individuals suffering from chronic hypertension exhibit
increased wall thickness-to-lumen ratio in small arteries
and resistance vessels, structural changes that will increase
the flow resistance for any given smooth muscle activity
(Folkow et al. 1958; Folkow and Sivertsson 1968; Folkow
1990). In a physiological context, a mechanism by which
the stiffness of resistance vessels increase in response to
markedly increased pressure loading may serve to protect
the capillary beds and venules from downstream propaga-
tion of excessive arterial pressure elevations. That changes
in the prevailing transmural pressure may also affect the in
vivo mechanical properties of precapillary resistance ves-
sels, is supported by experimental findings on animals, that
long-term intravascular pressure elevations increase local
blood-flow resistance (for reviews see Folkow 1982, 1990;
Intengan and Schiffrin 2000; Zhang 2001).

As regards humans, on the other hand, information has
until recently been scarce concerning how experimental
manipulation of prevailing arterial pressure influence the
in vivo pressure-distension relationships in precapillary
vessels. To investigate whether arterial and/or arteriolar
distension in healthy humans will decrease in response to
iterative increments in local intravascular pressure, 11 indi-
viduals were subjected to a 5-week vascular pressure-habit-
uation regimen (Eiken and Kolegéard 2011). The pressure in
the blood vessels of one arm was elevated during 40-min
“habituation sessions”, executed 3 times/week. During
the first week, the pressure elevation was 65 mmHg. It

was then incremented in steps of 10 mmHg every week to
105 mmHg during the last week. The habituation regimen
reduced pressure distension and pressure-induced flow in
the brachial artery by 46 and 49 %, respectively (Fig. 4),
effects that were completely reversed 4 weeks after the
subjects finished the regimen and reassumed their normal
daily routines. These findings demonstrate that intermit-
tent, moderate intravascular pressure elevations over a few
weeks are sufficient to markedly increase arterial and arte-
riolar stiffness in healthy humans. That the cumulated time
of elevated pressure comprised merely 1 % of the 5-week
habituation period, suggests that wall stiffness is deter-
mined by brief high-pressure episodes rather than the aver-
age pressure in the arteries/arterioles, and that the mecha-
nisms regulating wall stiffness are remarkably sensitive to
such episodic pressure elevations.

The mechanisms underlying pressure-induced incre-
ments in the wall stiffness of precapillary vessels are as yet
not fully understood. It is clear that humoral mechanisms
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Fig. 4 Relative change in the lumen diameter (upper panel) and flow
(lower panel) in the brachial artery as functions of distending pres-
sure, in the control artery (unhabituated arm) before and after the
5-week pressure-habituation regimen and in the pressure-habituated
artery following the pressure habituation. Values are means (SD).
n = 11 for upper panel and n = 7 for lower panel. Adapted from
Eiken and Kolegéard (2011)
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Table 2 Pressure-diameter and pressure-flow relationships in the
brachial and posterior tibial arteries in terms of pressure thresholds
for diameter and flow increments, assumed to represent arterial and

arteriolar distension thresholds, as well as the gains for the pressure-
induced increments in these variables, as affected by 5 weeks of pres-
sure habituation (PH) and bedrest (BR), respectively

Brachial artery

Brachial artery after

Tibial artery before Tibial artery after

before 5 weeks PH 5 weeks PH 5 weeks BR 5 weeks BR
Diameter
Threshold (mmHg) 190 £+ 26 199 + 23 250 + 31 220 + 37*
Gain (A %/mmHg) 0.31 £0.17 0.15 £ 0.10* 0.21 £0.16 0.33 £0.18*
Flow
Threshold (mmHg) 185 £ 20 202 +41* 234 £ 16 230 +£ 21
Gain (ml/mmHg) 6.31+3.6 2.8 £2.6% 0.43 £ 0.35 0.83 + 0.56*

* Denotes difference (p < 0.05) between before and after pressure habituation and bedrest, respectively. Threshold and gain values are based on
results obtained from Eiken et al. (2008) and in Eiken and Kolegérd (2011). Values are mean &+ SD

cannot account for the habituation effects since pressure
distension decreases in the vasculature of the pressure-
habituated arm but not in that of the unhabituated control
arm (Eiken and Kolegard 1999, 2011). A principal question
is whether iterative pressure loading increases the stiffness
of local precapillary vessels by (1) increased smooth mus-
cle tone resulting from increased myogenic responsiveness
or increased local release of vasoactive substances, or by
(2) increased passive elastic recoil resulting from altered
structure of the vessel walls.

This was explored using the analysis technique
described previously (Fig. 3) to determine whether the
reduced pressure distension of arteries and arterioles,
induced by the pressure-habituation regimen (Eiken and
Kolegard 2011), consisted in elevation of the pressure
threshold at which distension commenced or in attenu-
ation of the gain for pressure distension. Although there
were upward shifts of the thresholds, the reduced disten-
sions at high pressures were predominantly attributable
to blunted pressure-distension gains (Table 2). This might
suggest that the 5-week habituation not only increased
myogenic tone in arteries and arterioles but also induced
structural changes in the walls of these vessels. Based on
the time course for pressure-induced structural changes
in the resistance vessels of rodents, it has been estimated
that in humans, significant changes in such vessels would
be apparent after several weeks and fully developed after
a few months of pressure loading (Folkow 2010). That
conventional ultrasound images did not detect any media
hypertrophy or increased wall thickness-to-lumen ratio of
the pressure-habituated brachial artery (Kolegard 2010),
does not exclude that structural changes contributed to
the increased arterial/arteriolar stiffness. Such imaging
techniques might not detect minor changes in the intima-
media thickness (cf. Schmidt and Wendelhag 1999); thus,
in the aforementioned experiments, changes less than
about 0.1 mm, corresponding to 20 % of the arterial wall
thickness, might have passed undetected (Kolegéard 2010).

@ Springer

In addition, arterial ultrasound images are not capable of
indicating if, or to what extent, repeated pressure expo-
sures affect arteriolar wall thickness. Because flow is
proportional to the fourth power of the lumen radius, an
average concentric increase in arteriolar wall thickness of
merely 12-13 % would suffice to explain the flow reduc-
tion induced by the pressure-habituation regimen. Finally,
increased elastic recoil of a vascular wall may not be
solely due to hypertrophy. Resistance vessels of hyper-
tensive individuals commonly exhibit signs of eutrophic
remodelling, characterized by increased wall thickness-
to-lumen ratio with unaffected wall thickness and reduced
lumen area (Folkow 1982; Mulvany 2002). Increased
elastic recoil may also be a consequence of rearrange-
ment of extracellular protein structures in the wall, includ-
ing increased collagen-to-elastin ratio (Intengan et al.
1999a), and altered attachment of fibrillar components to
the smooth muscle cells (Intengan and Schiffrin 2001).
In vitro experiments and in vivo experiments in animals
suggest that the pressure-induced changes in arterial/arte-
riolar wall structure develop in a sequential order. Depend-
ing on the magnitude and duration of the pressure load-
ing, eutrophic remodelling may be followed by changes in
fibrillar protein content/arrangement and by hypertrophy
(Intengan et al. 1999b; Fridez et al. 2003). The pressure
stimulus needed to induce such changes in human vessels
is as yet not known.

Several substances that may be released locally in
peripheral vascular beds in response to pressure-induced
increase in shear stress or tension of the vessel walls (cf.
Osol et al. 2002; Dekker et al. 2005) are capable both of
acutely increasing the myogenic tone and of inducing
long-term structural changes. Thus, elevation of pressure
in the blood vessels of an arm by 90-150 mmHg induces
local intravascular release of Angiotensin II (Ang-II) and
endothelin-1 (ET-1) (Gustafsson et al. 2013), both being
potent acute vasoconstrictors (Miyauchi and Masaki
1999; Mehta and Griendling 2007) as well as capable of
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stimulating smooth muscle growth and increase the media
thickness-to-lumen ratio (Boonen et al. 1993; Moreau
et al. 1997; Miyauchi and Masaki 1999; Dao et al. 2001;
Mahmud and Freely 2002). The fact that typically only
fractions of locally produced Ang-II and ET-1 spill over
into the blood stream (Campbell 1987; Yoshimoto et al.
1991; Hilgers et al. 1998) suggests that the observed pres-
sure-induced local intravascular release (Gustafsson et al.
2013) indeed reflected biologically relevant production of
these substances in the pressurized vasculature. It appears
that in humans, transient intravascular pressure increments
may induce long-lasting local elevations of Ang-II and
ET-1, and it can hence be assumed that repetitive pressure
elevations may have cumulative effects on the local induc-
tion and release of Ang-II and ET-1 (Gustafsson et al.
2013).

Presumably, other local mechanisms are also involved
in the adaptation of vascular wall stiffness to sustained, or
iterative, changes in the intravascular pressure. Gravity-
dependent changes in vascular responsiveness in long-term
tail-suspended rats appear to be associated with altered
availability of nitric oxide (NO) (Jasperse et al. 1999;
Vaziri et al. 2000). Likewise, it has been shown that local
NO-mediated dilatation of precapillary vessels is reduced
in hypertensive patients (Muiesan et al. 2009). By contrast,
in the study by Eiken and Kolegard (2011) flow-mediated
vasodilatation was unaffected by the pressure habituation.
This does, however, not exclude the possibility that the
habituation regimen affected NO function, since the tech-
nique employed (Coretti et al. 2002) might not be suffi-
ciently sensitive to detect minor changes in NO-dependent
dilatory capacity (Sorensen et al. 1995). Notably, in the
study by Gustafsson et al. (2013) the local vascular pres-
sure provocation also led to a delayed plasma reduction of
vascular endothelial growth factor A (VEGF-A), a potent
vasodilator that is linked to the endothelial NO system;
NO constitutes a downstream factor in the VEGF-A path-
way as well as an upstream activator of VEGF-A expres-
sion (Tsurumi et al. 1997; Ziche et al. 1997). Considering
that increased blood flow, resulting in increased vascular
shear stress, is known to stimulate local release of both NO
and VEGF-A (Baum et al. 2004), it may seem contradic-
tory that marked regional elevations of vascular pressure
and flow decreased plasma VEGF-A (Gustafsson et al.
2013). It is known, however, that the bioavailability of NO
is reduced by Ang-II (Mehta and Griendling 2007). Con-
sequently, it might be speculated that, under conditions of
markedly increased vascular wall tension, any shear stress-
induced stimulation of VEGF-A expression and NO release
are counteracted by local production of Ang-II. The inter-
play between local vasodilatory and vasoconstrictor mech-
anisms is, however, largely unknown.

Arterial pressure-distension and pressure-flow
relationships as affected by long-term sustained
reductions of transmural pressures

The observation that the stiffness in arteries and arterioles
is higher in the legs than in the arms in healthy individuals
(Eiken and Kolegard 2004), does, as mentioned, not indi-
cate if these differences are permanent or whether regular
local pressure elevations, induced by assuming erect pos-
ture, or otherwise, are required to preserve the high stift-
ness in dependent vessels. To challenge the hypotheses that
arterial and arteriolar stiffness will decrease in response
to prolonged recumbency, and that such changes will be
especially pronounced in the lower legs, 10 healthy sub-
jects were exposed to 5 weeks of sustained bedrest in the
horizontal position (Eiken et al. 2008). Bedrest increased
pressure distension threefold in the tibial artery (Fig. 5) and
merely by about a third in the brachial artery (Eiken et al.
2008). Also the pressure-induced increase in tibial artery
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Fig. 5 Relative change in the lumen diameter (upper panel) and flow
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flow was 2.8 times greater after bedrest, whereas the bra-
chial artery flow response was unaffected by bedrest. The
results indicate that elimination of the hydrostatic pressure
gradients that act along the blood vessels in erect posture
markedly increases pressure distension in arteries and arte-
rioles of the legs, and that the higher wall stiffness observed
in dependent arteries is not inherent but an acquired feature
that needs to be maintained by regular exposures to grav-
ity-induced pressure loading. Presumably, such reduction
of the stiffness in precapillary vessels of the lower body
contributes to the orthostatic intolerance occurring after a
prolonged period in the recumbent position (Fortney et al.
1996). It should be noted that prolonged bedrest reduces
the wall stiffness also in leg veins (Kolegard et al. 2009).
Reduced stiffness in dependent veins may lead to excess
pooling of blood in the lower body and hence to curtailed
cardiac stroke volume when assuming erect posture. Thus,
venous deconditioning may also contribute to the orthos-
tatic intolerance following prolonged bedrest (Kolegard
et al. 2009).

That the bedrest-induced decrements in lower-leg arte-
rial/arteriolar stiffness was predominantly due to increased
gain of the pressure-distension relationship, but only mar-
ginally attributable to a reduced threshold for pressure dis-
tension (Table 2), may suggest that the bedrest regimen led
to structural changes in the walls of dependent arteries and
arterioles (cf. Folkow and Sivertsson 1968; Folkow et al.
1970a, b; Folkow 1982). In a subsequent 5-week bedrest
study, the intravascular pressure perturbations of daily
life in an ambulatory upright posture were rather crudely
mimicked in one lower leg by intermittently, throughout
the bedrest, exposing the leg to a subatmospheric pressure
of 90 mmHg (Eiken et al. 2011). It was found that local
release of ET-1, induced by marked elevations of the trans-
mural pressure, was less in the vasculature of the lower
leg that had remained recumbent and inactive during the
bedrest than in the pressure-conditioned vasculature of the
contralateral leg. These results suggest that local down-
regulations of the synthesis, and/or impaired release, of
vasoactive substances take part in reducing wall stiffness
of arteries and arterioles in response to reduced pressure
loading. That fifteen 40-min exposures, during the 5-week
bedrest, to a transmural pressure similar to that encountered
in erect posture, constitutes a sufficient stimulus to prevent
drops in arterial and arteriolar stiffness, complements the
results from the pressure-habituation study (Eiken and
Kolegérd 2011), and underlines that the mechanisms reg-
ulating wall stiffness are highly sensitive to intermittent
pressure elevations.

That bedrest reduced the pressure resistance of depend-
ent arteries and arterioles (Eiken et al. 2008) is in good
agreement with several experimental studies on rodents, in
which the effect of local intravascular pressure unloading
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on the mechanical properties of precapillary vessels
has been studied by surgically ligating selected arteries
(Folkow et al. 1971, for review see Folkow 1982) or by
suspending the animals with their back body and hindlimbs
elevated (for review see Zhang 2001, 2013). Presumably,
abolishing gravity-dependent hydrostatic pressure gradients
in the circulatory system by exposure to microgravity will
have similar effects on dependent arteries/arterioles. It can
also be assumed that reduced stiffness in dependent resist-
ance vessels contributes to the orthostatic intolerance expe-
rienced by astronauts after long-duration space missions
(cf. Buckey et al. 1996). It is, therefore, somewhat surpris-
ing that Tuday et al. (2007) concluded that microgravity
exposure leads to an overall increase in arterial stiffness
that may contribute to the microgravity-induced orthostatic
intolerance. Overall arterial stiffness was approximated by
tracking dynamic changes in the diameter of the proximal
aorta during the course of a pulse-pressure wave, while
the subject was positioned supine (Tuday et al. 2007). It
remains to be investigated how prolonged exposure to
microgravity affects regional differences in the pressure-
distension relationships of precapillary vessels.

Plasticity of precapillary vessel stiffness; implications
for circulatory control in healthy individuals and for
the pathogenesis of primary hypertension

Evidence reviewed in the previous sections of this article,
suggests that in healthy humans, the in vivo stiffness of
peripheral arteries and arterioles constitutes highly plas-
tic properties that adapt to cope with demands imposed by
changes in the prevailing pressure, and that such adapta-
tions are regulated by local mechanisms. The readiness by
which the pressure-distension relationships of arteries and
arterioles adapt to changes in the prevailing pressure, does
per se suggest that precapillary wall stiffness constitutes a
salient component of arterial pressure regulation, a notion
that is corroborated by specific evidence. Thus, the obser-
vations that precapillary stiffness is higher in the lower leg
than in the arm, and that the stiffness of the arm vessels
does not suffice to preserve lumen diameters upon exposure
to static distending pressures of the magnitude encountered
by lower-leg vessels in erect posture (Eiken and Kolegard
2004), suggest that the elevated stiffness in leg vessels acts
to regulate total blood-flow resistance and, therefore, to
preserve pressure in central arteries in upright body posi-
tions. That a period of sustained recumbency reduces stiff-
ness in dependent arteries and arterioles (Eiken et al. 2008)
suggests that, even after life-long adaptation to intravascu-
lar pressure gradients associated with erect posture, pre-
capillary vessels need regular exposure to such gradients
to maintain their pressure resistance characteristics. Hence,



Eur J Appl Physiol (2014) 114:499-509

507

decreased stiffness in dependent arteries/arterioles may
contribute to the orthostatic intolerance observed in patients
who have been bedridden for extended time periods (Lath-
ers and Charles 1994; Fortney et al. 1996; Feldstein and
Weder 2012), as well as in astronauts/cosmonauts returning
to Earth’s gravity force field after prolonged spaceflights
(Lathers and Charles 1994; Buckey et al. 1996).

That the adaptability of arterial/arteriolar stiffness con-
stitutes an important factor in arterial pressure regulation
is further suggested by the observation that the pressure
resistance in precapillary leg vessels appears to markedly
influence an individual’s capacity to maintain adequate
arterial pressure at the head level, when dependent arter-
ies/arterioles are exposed to critical distending pressures
(i.e. >250 mmHg) during gradually increasing gravitoiner-
tial load in the head-to-foot direction (Eiken et al. 2012).
However, it remains to be established whether the relation-
ship between the tolerance to high-G loads and the stiff-
ness in dependent arteries/arterioles is causal; it is tempting
to speculate that local arterial and arteriolar adaptation to
the prevailing pressure load, contributes to the well recog-
nized increase in G tolerance following repeated high-G
exposures, i.e. G training (for review see Burton and Smith
1996).

That intermittent, moderate pressure elevations in the
arm vessels, cumulatively amounting to a mere fraction
of the total time period during which such pressure eleva-
tions are executed, induce marked stiffness increments in
local precapillary vessels (Eiken and Kolegard 2011), sug-
gests that arterial/arteriolar stiffness is determined by the
brief episodes of increased pressure loading rather than by
the average local intravascular pressure. The finding that
increased intraarteriolar pressure leads to increased flow
resistance reveals a positive feedback loop that, under con-
ditions during which the pressure elevations are systemic
rather than local, may constitute a prominent feature in
the pathogenesis of primary hypertension, and is consist-
ent with the notion that local pressure load acts as a prime
mover in the development of vascular changes in hyperten-
sion (cf Folkow 1982, 1990, 2004; Dobrin 1983; Intengan
and Schiffrin 2000). Nevertheless, whichever the mecha-
nisms are that govern pressure-induced long-term incre-
ments in arterial and arteriolar stiffness, it appears that they
are efficiently counteracted during physical exercise. Even
though both dynamic and static muscular exercise induce
marked, sustained arterial pressure elevations, chronic exer-
cise does not induce hypertension. By contrast, regular aer-
obic training clearly reduces the risk of developing primary
hypertension (for review see Hamer 2006). It remains to be
elucidated if, and in what manner, aerobic exercise differs
from other conditions associated with temporary eleva-
tions of arterial pressure, as regards how pressure-induced
local vascular production of vasoconstrictors capable of

stimulating smooth muscle growth, interact with local and
systemic long-term vasodilatory mechanisms.

Acknowledgments The authors would like to acknowledge the
remarkable scientific contribution by the late Bjorn Folkow, within
the field of circulatory control dealt with in the present review paper.
During the preparation of the manuscript, it was a pleasure to re-read
selected articles from his massive list of scientific publications, that
spans over eight! decades from the 1940:ies until 2011.

Conflict of interest The authors have no conflict of interest to
declare.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.

References

Aalkjaer C, Heagerty AM, Petersen KK, Swales JD, Mulvany MJ
(1987) Evidence for increased media thickness, increased neu-
ronal amine uptake, and depressed excitation-contraction cou-
pling in isolated resistance vessels from essential hypertensives.
Circ Res 61:181-186

Baum O, Da Silva-Azevedo L, Willerding G, Wockel A, Planitzer G,
Gossrau R, Pries AR, Zakrezevicz A (2004) Endothelial NOS is
main mediator for shear stress-dependent angiogenesis in skeletal
muscle after prazosin administration. Am J Physiol Heart Circ
Physiol 287:H2300-H2308

Boonen HC, Daemen MJ, Eerdmans PH, Fazzi GE, van Kleef
EM, Schiffers PM, De Mey JG (1993) Mesenteric small artery
changes after vasoconstrictor infusion in young rats. J Cardiovasc
Pharmacol 22:388-395

Buckey JC Jr, Lane LD, Levine BD, Wagenpaugh DE, Wright SJ,
Moore WE, Gaffney FA, Blomqvist CG (1996) Orthostatic intol-
erance after spaceflight. J Appl Physiol 81:7-18

Burton RR, Smith AH (1996) Adaptation to acceleration environ-
ments. In: Fregly MJ, Blatteis CM (eds) Handbook of physiol-
ogy: Environmental Physiology. Sect 4, vol II. Oxford University
Press, New York, pp 943-970

Burton RR, Whinnery JE (2008) Biodynamics: sustained accelera-
tion. In: DeHart RL (ed) Fundamentals of aerospace medicine,
3rd edn. Williams & Wilkins, Baltimore, pp 201-260

Campbell DJ (1987) Circulating and tissue angiotensin systems. J
Clin Invest 79:1-6

Cinthio M, Jansson T, Ahlgren AR, Lindstrom K, Persson HW (2010)
A method for arterial diameter change measurements using ultra-
sonic B-mode data. Ultrasound Med Biol 36:1504-1512

Coles DR (1957) Heat elimination from the toes during exposure to
subatmospheric pressures. J Physiol 135:171-181

Coles DR, Greenfield ADM (1956) The reactions of the blood ves-
sels of the hand during increases in transmural pressure. J Physiol
131:277-289

Coretti MC, Anderson TJ, Benjamin EJ, Celermajer D, Charbon-
neau F, Creager MA, Deanfield J, Drexler H, Gerhard-Herman
M, Herrington D, Vallance P, Vita J, Vogel R (2002) Guidelines
for the ultrasound assessment of endothelial-dependent flow-
mediated vasodilation of the brachial artery; a report of the inter-
national brachial artery reactivity task force. ] Am Coll Cardiol
39:257-265

Dao HH, Martens FM, Lariviere R, Yamaguschi N, Cernacek P,
de Champlain J, Moreau P (2001) Transient involvement of

@ Springer



508

Eur J Appl Physiol (2014) 114:499-509

endothelin in hypertrophic remodeling of small arteries. J Hyper-
tens 10:1801-1812

Dekker RJ, van Thienen JV, Rohlena J, de Jager SC, Elderkamp YW,
Seppen J, de Vries CJ, Biessen EA, van Berkel TJ, Pannekoek H,
Horrevoets AJ (2005) Endothelial KLF2 links local arterial shear
stress levels to the expression of vascular tone-regulating genes.
Am J Pathol 167:609-618

Dobrin PB (1983) Vascular mechanics. Handbook of physiology. Car-
diovasc Syst I 3:65-102

Eiken O, Kolegard R (1999) Pain in the arms induced by markedly
increased intravascular pressure decreases after repeated expo-
sures to moderately increased pressures. J Gravit Physiol 6:35-36

Eiken O, Kolegéard R (2001) Relationship between arm pain and disten-
sion of arteries and veins caused by elevation of transmural pressure
in local vascular segments. Aviat Space Environ Med 72:427-431

Eiken O, Kolegard R (2004) Comparison of vascular distensibility in
the upper and lower extremity. Acta Physiol Scand 181:281-287

Eiken O, Kolegard R (2011) Repeated exposures to moderately
increased intravascular pressure increases stiffness in human
arteries and arterioles. J Hypertens 29:1963-1971

Eiken O, Kolegird R, Mekjavic IB (2008) Pressure-distension rela-
tionship in arteries and arterioles in response to 5 wk of horizon-
tal bedrest. Am J Physiol Heart Circ Physiol 295:H1296-H1302

Eiken O, Mekjavic I, Kounalakis S, Kolegard R (2011) Stiffness in
leg arteries/arterioles is reduced by prolonged bedrest. Aviat
Space Environ Med 82:357

Eiken O, Mekjavic 1B, Sundblad P, Kélegard R (2012) G tolerance
vis-a-vis pressure-distension and pressure-flow relationships of
leg arteries. Eur J Appl Physiol 112:3619-3627

Ewald CA (1877) Ueber die verinderungen kleiner Gefésse bei Mor-
bus Brightii und die darauf beziiglichen Theorien. Virchows Arch
71:453-499

Feldstein C, Weder AB (2012) Orthostatic hypotension: a common,
serious and under recognized problem in hospitalized patients. J
Am Soc Hypertens 6:27-39

Folkow B (1982) Physiological aspects of primary hypertension.
Physiol Rev 62:347-504

Folkow B (1990) “Structural factor” in primary and secondary hyper-
tension. Hypertension 16:89-101

Folkow B (2004) Pathogenesis of structural vascular changes in
hypertension. J Hypertens 22:1231-1234

Folkow B (2010) Cardiovascular remodeling in rat and human: time
axis, extent and in vivo relevance. Physiology 25:264-265

Folkow B, Neil E (1971) Circulation. Oxford University Press, New
York, London, Toronto

Folkow B, Sivertsson R (1968) Adaptive changes in “reactivity”” and
wall/lumen ratio in the cat blood vessels exposed to prolonged
transmural pressure difference. Life Sci 7:1283-1289

Folkow B, Grimby G, Thulesius O (1958) Adaptive structural changes
of the vascular walls in hypertension and their relation to the con-
trol of the peripheral resistance. Acta Physiol Scand 44:255-272

Folkow B, Hallback M, Lundgren Y, Weiss L (1970a) Background of
increased flow resistance and vascular reactivity in spontaneously
hypertensive rats. Acta Physiol Scand 80:93-106

Folkow B, Hallbick M, Lundgren Y, Weiss L (1970b) Structurally
based increase of flow resistance in spontaneously hypertensive
rats. Acta Physiol Scand 79:373-378

Folkow B, Gurevich M, Hallbiack M, Lundgren Y, Weiss L (1971) The
hemodynamic consequences of regional hypotension in sponta-
neously hypertensive and normotensive rats. Acta Physiol Scand
83:532-541

Fortney SM, Schneider VS, Greenleaf JE (1996) The physiology of
bed rest. Handbook of physiology, environmental physiology,
sect. IV, vol 2. Oxford Univ. Press, pp 889-939

Fridez P, Zulliger M, Bobard F, Montorzi G, Miyazaki H, Hayashi
K, Stergiopulos N (2003) Geometrical, functional, and

@ Springer

histomorphometric adaptation of rat carotid artery in induced
hypertension. J Biomech 36:671-680

Gustafsson T, Kolegard R, Sundblad P, Norman B, Eiken O (2013)
Elevations of local intravascular pressures release vasoactive sub-
stances in humans. Clin Physiol Funct Imaging 33:38—44

Hamer M (2006) The anti-hypertensive effects of exercise: integrating
acute and chronic mechanisms. Sports Med 36:109-116

Hilgers KF, Bingener E, Stumpf C, Muller DN, Schmieder RE, Veel-
ken R (1998) Angiotensinases restrict locally generated angioten-
sin II to the blood vessel wall. Hypertension 31:368-372

Ichinose M, Maeda S, Kondo N, Nishiyasu T (2013) Blood pressure
regulation II: what happens when one system must serve two
masters—oxygen delivery and pressure regulation? Eur J Appl
Physiol (E-pub ahead of print, 12 July)

Intengan HD, Schiffrin EL (2000) Structure and mechanical prop-
erties of resistance arteries in hypertension: role of adhesion
molecules and extracellular matrix determinants. Hypertension
36:312-318

Intengan HD, Schiffrin EL (2001) Vascular remodeling in hyperten-
sion: roles of apoptosis, inflammation, and fibrosis. Hypertension
38:581-587

Intengan HD, Deng LY, Li JS, Schiffrin EL (1999a) Mechanics and
composition of human subcutaneous resistance arteries in essen-
tial hypertension. Hypertension 33:569-574

Intengan HD, Thibault G, Li JS, Schiffrin EL (1999b) Resist-
ance artery mechanics, hypotension and extracellular compo-
nents in spontaneously hypertensive rats: effects of angiotensin
receptor antagonism and converting enzyme inhibition. Circ
100:2267-2275

Jasperse JL, Woodman CR, Price EM, Hasser EM, Laughlin MH
(1999) Hindlimb unweighting decreases ecNOS gene expression
and endothelium-dependent dilation in rat soleus feed arteries. J
Appl Physiol 87:1476-1482

Joyner MJ, Limberg JK (2013) Blood pressure regulation: every
adaptation is an integration? Eur J Appl Physiol. (E-pub ahead of
print, 05 April)

Kips JG, Vermeersch SJ, Reymond P, Boutouyrie P, Stergiopulos N,
Laurent S, Van Bortel LM, Segers P (2012) Ambulatory arte-
rial stiffness index does not accurately assess arterial stiffness. J
Hypertens 30:574-580

Kolegiard R (2010) Distensibility in arteries, arterioles and veins
in humans: adaptation to intermittent or prolonged change in
regional intravascular pressure. Doctoral Thesis, KTH, Royal
Institute of Technology TRITA-STH Report 2010:5, p 43

Kolegéard R, Mekjavic IB, Eiken O (2009) Increased distensibility in
dependent veins following prolonged bedrest. Eur J Appl Physiol
106:547-554

Lathers CM, Charles JB (1994) Orthostatic intolerance hypoten-
sion in patients, bed rest subjects, and astronauts. J Clin Pharma-
col 34:403-417

Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L,
Ducimetiere P, Benetos A (2001) Aortic stiffness is an independ-
ent predictor of all-cause and cardiovascular mortality in hyper-
tensive patients. Hypertension 37:1236-1241

Mahmud A, Freely J (2002) Effect of angiotensin II receptor block-
ade on arterial stiffness: beyond blood pressure reduction. Am J
Hypertens 15:1092-1095

McDonald DA (1968) Regional pulse-wave velocity in the arterial
tree. J Appl Physiol 24:73-78

Mehta PK, Griendling KK (2007) Angiotensin II cell signaling: phys-
iological and pathological effects in the cardiovascular system.
Am J Physiol Cell Physiol 292:C82-C97

Miyauchi T, Masaki T (1999) Pathophysiology of endothelin in the
cardiovascular system. Annu Rev Physiol 61:391-415

Moreau P, dUscio LV, Shaw S, Takase H, Barton M, Luscher TF
(1997) Angiotensin II increases tissue endothelin and induces



Eur J Appl Physiol (2014) 114:499-509

509

vascular hypertrophy: reversal by ET(A)-receptor antagonist. Cir-
culation 96:1593-1597

Muiesan ML, Salvetti M, Paini A, Agabiti-Rosei E (2009) Prognostic
significance of flow-mediated dilatation of the brachial artery in
hypertensive patients; possible role of central blood pressure. J
Hypertens 27:903-904

Mulvany MJ (2002) Small artery remodelling and significance in the
development of hypertension. News Physiol Sci 17:105-109

Newcomer SC, Leuenberger UA, Hogeman CS, Handly BD, Proctor
DN (2004) Different vasodilator responses of human arms and
legs. J Physiol 556:1001-1011

Nichols WW (2005) Clinical measurement of arterial stiffness
obtained from noninvasive pressure waveforms. Am J Hypertens
18:35-105

Nishiyama SK, Wray DW, Richardson RS (2008) Sex and limb-spe-
cific reperfusion and vascular reactivity. Am J Physiol Heart Circ
Physiol 295:H1100-H1108

Osol G, Brekke JF, McElroy-Yagge K, Gokina NI (2002) Myogenic
tone, reactivity, and forced dilatation: a three-phase model of in
vitro arterial myogenic behaviour. Am J Physiol Heart Circ Phys-
iol 283:H2260-H2267

Padilla J, Jenkins NT, Laughlin MH, Fadel PJ (2013) Blood pressure
regulation VIII: resistance vessel tone and implications for a pro-
atherogenic conduit artery endothelial cell phenotype. Eur J Appl
Physiol (E-pub ahead of print 17 July)

Pawelczyk JA, Levine BD (2002) Heterogenous responses of human
limbs to infused adrenergic agonists: a gravitational effect? J
Appl Physiol 92:2105-2113

Pickering GW (1977) Personal views on mechanisms of hypertension.
In: Genest J, Koiw E, Kuchel Q (eds) Hypertension. McGraw-
Hill, New York, pp 598-606

Prewitt RL, Rice DC, Dobrian AD (2002) Adaptation of resistance
arteries to increase in pressure. Microcirculaion 9:295-304

Schmidt C, Wendelhag I (1999) How can the variability in ultrasound
measurement of intima-media thickness be reduced? Studies

of interobserver variability in carotid and femoral arteries. Clin
Physiol 19:45-55

Sorensen KE, Celermajer DS, Spiegelhalter DJ, Georgakopoulos D,
Robinson J, Thomas O, Deanfield JE (1995) Non-invasive meas-
urement of human endothelium dependent arterial responses:
accuracy and reproducibility. Br Heart J 74:247-253

Tsurumi Y, Murohara T, Krasinski K, Chen D, Witzenbichler B,
Kearney M, Couffinhal T, Isner JM (1997) Reciprocal relation
between VEGF and NO in the regulation of endothelial integrity.
Nat Med 3:879-886

Tuday EC, Meck JV, Nyhan D, Shoukas AA, Berkowitz DE (2007)
Microgravity-induced changes in aortic stiffness and their role in
orthostatic intolerance. J Appl Physiol 102:853-858

Turnbull HM (1915) Alterations in arterial structure, and their relation
to syphilis. Quart J Med 8:201-254

Vaziri ND, Ding Y, Sangha DS, Purdy RE (2000) Upregulation of
NOS by simulated microgravity, potential cause of orthostatic
intolerance. J Appl Physiol 89:338-344

Yoshimoto S, Ishizaki Y, Mori A, Sasaki T, Takakura K, Murota S
(1991) The role of cerebral microvessel endothelium in regula-
tion of cerebral blood flow through production of endothelin-1. J
Cardiovasc Pharmacol 17:5S260-S263

Zhang LF (2001) Vascular adaptation to microgravity: what have we
learned? J Appl Physiol 91:2415-2430

Zhang LF (2013) Region-specific vascular remodeling and its preven-
tion by artificial gravity in weightless environment. Eur J Appl
Physiol (E-pub ahead of print, 24 March)

Ziche M, Morbidelli L, Choudhuri R, Zhang HT, Donnini S, Granger
HJ, Bicknell R (1997) Nitric oxide synthase lies downstream
from vascular endothelial growth factor-induced but not basic
fibroblast growth factor-induced angiogenesis. J Clin Invest
99:2625-2634

@ Springer



	Blood pressure regulation V: in vivo mechanical properties of precapillary vessels as affected by long-term pressure loading and unloading
	Abstract 
	Introduction
	Arterial pressure-distension and pressure-flow relationships in the arm compared to in the leg
	Arterial pressure-distension and pressure-flow relationships as affected by repeated increments of transmural pressure
	Arterial pressure-distension and pressure-flow relationships as affected by long-term sustained reductions of transmural pressures
	Plasticity of precapillary vessel stiffness; implications for circulatory control in healthy individuals and for the pathogenesis of primary hypertension
	Acknowledgments 
	References


