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We examined the peripheral hemodynamic response to passive arm postural changes in young men and women. Radial artery
pulse waveforms were captured using applanation tonometry in 20 men (age 27 ± 2 yrs, BMI 25 ± 1 kg/m2 ) and 20 women (age
27 ± 2 yrs, BMI 23±1 kg/m2 ). Arm position was maintained at either heart level or supported 14 cm above/below heart level in a
randomized fashion. Systolic augmentation index (sAIx) and diastolic augmentation index (dAIx) were used as estimates of pressure
from wave reflections arriving in systole and diastole, respectively. A novel reservoir-wave separation technique was used to obtain
arterial reservoir pressure (pressure generated by arterial capacitance). Women showed a significant reduction in radial diastolic
pressure-time integral (DPTI) (𝑃 < 0.05) and reservoir pressure (𝑃 < 0.05), with no change in peripheral sAIx (𝑃 > 0.05) or
dAIx (𝑃 > 0.05) when moving the arm from below to above heart level. Conversely, men showed an attenuated change in radial
DPTI (𝑃 > 0.05) concomitant with significant increases in reservoir pressure (𝑃 < 0.05), sAIx (𝑃 < 0.05), and dAIx (𝑃 < 0.05).
Gravity-mediated changes in regional hemodynamics produced by passive arm postural shifts are sex specific. Men demonstrate
less change in regional diastolic pressure concomitant with increased augmentation index and arterial reservoir pressure.

1. Introduction
There are well established sex differences in blood pressure
(BP) regulation. While hypertension affect more young men,
hypotension and subsequent orthostatic intolerance affects
more young women [1]. Although numerous mechanisms
have been put forth (autonomic, hormonal, etc.), none fully
explain sex differences in BP and its regulation [2]. Sex differences in the hemodynamic response to changes in hydrostatic
pressure gradients [3, 4] have been implicated as an important
factor contributing to sex differences in orthostatic tolerance
[1]. Gravity is an often neglected factor that contributes to
the genesis of pressure in the systemic circulation. According
to the hydrostatic theory, liquid in a tube exerts pressure on
the vessel wall and this is influenced by the density of the
fluid, the height of the column/vertical displacement between

two points in the tube, and the acceleration of the fluid
medium due to gravitation effects [5]. Recently it has been
suggested that hydrostatic effects cannot be the sole arbitrator
of pressure changes in the systemic circulation with postural
shifts in vivo and additional consideration should be given to
dynamic vascular mechanical properties [6].
Pulse waveform analysis may provide novel insight into
the passive effects of gravity on vascular-hemodynamic interactions in men and women. Across the human lifespan, BP
waveform morphology transitions from one indicative of a
wave transmission-reflection model to a more Windkessellike model [7, 8]. According to wave transmission-reflection
theory, the BP waveform is an amalgam of forward and
backward travelling waves. Although pressure from wave
reflections is known to attenuate forward blood flow, it
augments incident wave pressure and may thus be involved
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with BP regulation during a postural perturbation (i.e.,
preventing a precipitous drop during changes in transmural
pressure) [9]. There are well established sex differences
in pressure from wave reflections at rest [10] and during
perturbation [11]. It is possible that sex differences in pressure
from wave reflections [10, 12–14] contribute to hemodynamic
(dys)regulation during a gravitational perturbation, but this
has not been explicitly investigated.
The Windkessel theory holds that as the left ventricle
ejects blood into an elastic artery the vessel expands during
systole and then recoils during diastole, converting intermittent pulsatile flow to a more laminar smooth flow. Thus
the systolic component of the Windkessel ensures optimal
input transmission of flow, the diastolic component ensures
adequate transfer of flow (i.e., runoff), and both components
ensure buffering of excessive pressure and flow pulsatility.
Moreover, the Windkessel modulates the interaction of forward and backward travelling waves affecting confluence
augmentation [15, 16]. Sex differences in systemic arterial
reservoir pressure remain poorly investigated [17], but potential sex differences with age have been reported with women
experiencing larger increases in reservoir pressure across the
human lifespan [18]. How mild gravitational perturbations
such as limb postural shifts affect regional pressure produced
by the arterial Windkessel (i.e., reservoir pressure) in men
and women has yet to be explored.
The purpose of the present study was (1) to explore the
passive effects of gravity on regional pressure from wave
reflections and arterial reservoir pressure in young men and
women and (2) to explore potential sex differences in BP wave
morphology due to the passive effects of gravity. Systemic perturbations commonly used to explore hemodynamic responsiveness to hydrostatic pressure gradients such as head-up tilt
and lower body negative pressure result in robust changes
in the neural and hormonal profile [19, 20]. Given that
pressure from wave reflections and arterial reservoir pressure
are sensitive to changes in vascular autonomic modulation
and heart rate (HR), we employed a mild hydrostatic manipulation (single limb postural change) that has previously
been shown to introduce a regional transmural pressure
gradient without altering systemic BP, sympathetic activity,
HR, venoarteriolar reflexes, or vascular resistance [21–26].
This allowed us to perform a detailed examination of a
fairly passive and isolated/segmental hemodynamic response
devoid of numerous potential confounders of pressure from
wave reflections and reservoir pressure. We hypothesized
that women would have an attenuated change in pressure
from wave reflections and reservoir pressure during mild arm
postural shifts compared to age-matched men.

2. Methods
2.1. Subjects. Twenty healthy men and twenty healthy women
volunteered to participate in this study. Exclusion criteria
included self-reported (from a health history questionnaire)
hypertension, diabetes mellitus, hyperlipidemia, severe pulmonary disease, neurological disease, and peripheral artery
disease. Participants were not taking any medications known
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to alter cardiovascular (CV) function. Two participants were
habitual cigarette smokers (1 male, 1 female). Exclusion of
these 2 participants did not alter overall results and therefore
they were not excluded from data analyses. For the female
participants, there was no standardization for the timing
of measurements relative to menstrual cycle phase. Female
participants were not taking oral contraceptives. This study
was approved by the Institutional Review Board of Syracuse
University, and all subjects provided written informed consent before study initiation.
2.2. Experimental Design. Measures were made in a dimly
lit, temperature controlled room. All subjects refrained from
strenuous exercise for 24 h before testing and all testing
was completed in the postprandial state (average 4 ± 1
hours) with participants abstaining from caffeine >6 hours.
Following written consent participants filled out a healthy
history questionnaire and a previously validated physical
activity questionnaire [27]. This was followed by a brief familiarization period. Height and weight were then measured in
all participants using a wall-mounted ruler and electronic
scale, respectively.
Participants were allowed to rest in the supine position
for 10 minutes prior to study onset. We employed a mild
arm postural manipulation that has previously been shown
to provoke gravity-mediated changes in regional transmural
pressure without altering systemic autonomic status, systemic
blood pressure, and heart rate, important confounders of
wave reflection and reservoir pressures [21–24, 28]. All
measures were made with the participants right arm slightly
abducted (∼45∘ ). The right wrist was either elevated or
lowered 14 cm above/below heart level and approximated at
right atrial level or half the distance between the midsternum and exam table/midaxillary and 4th intercostal space.
This arm positioning theoretically creates a difference in
regional perfusion pressure of approximately 21 mmHg [29,
30]. Based on pilot work and previous published suggestions,
the arm below displacement height was selected to minimize
shoulder deflection and thus maximize participant comfort
[21]. The arm above condition was then selected to match
this hydrostatic column displacement. The arm and wrist
were supported at all times with foam blocks. Participants
completed the 3 conditions (below heart level, heart level,
and above heart level) in a randomized fashion. In response
to arm manipulation there may be dynamic/rapid changes
in vascular and hemodynamic variables that occur 1–5 s
after initial change in limb position due to venous emptying
followed by a more sustained response/plateau in vascular
and hemodynamic properties (30–60 s after change in arm
position) [26, 31, 32]. Therefore five minutes were afforded
from onset of arm position change to time of radial pulse
wave analysis (PWA) measurement in an attempt to capture
data during more steady state pressure-flow conditions [21].
2.3. Hemodynamics. Brachial BP was measured with participants in the supine position using an automated oscillometric cuff (Panasonic Ew3109, Secaucus, NJ) [33]. BP
measurements were made in duplicate in the right arm
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Figure 1: Sample ensemble-averaged radial pressure waveform.
Systolic augmentation index (sAIx) was calculated as the ratio
of amplitude of the late systolic shoulder (𝑃2 ) the primary wave
pressure peak (𝑃1 ) expressed as a percentage (𝑃2 /𝑃1 ∗ 100). Diastolic
augmentation index (dAIx) was calculated as (𝑃3 −𝑃4 )/(PP)∗100. 𝑃3
is the peak diastolic pressure in diastole associated with the dicrotic
notch. 𝑃4 corresponds to a point on a straight line passing through
the onset of the incisura of the dicrotic notch and tangential to
the natural monoexponential decay of the late diastolic waveform.
𝑑𝑃/𝑑𝑡max was taken as the slope (maximal first derivative) of the
maximum rate of pressure rise in systolic pressure per unit time.
The slope of the late diastolic decay (𝜏, tau) was calculated as the
final two-thirds of the diastolic time interval/(lnESP − lnDP).

following established guidelines [34]. If these values deviated
by more than 5 mmHg, additional measurement was conducted and repeated until two consecutive measures were
within 5 mmHg. Reliability of BP measures in our lab using
this approach was assessed in 9 young adults under resting
conditions (following overnight fast) on two separate days
(average 4 days apart; range 2–7 days apart). The intraclass
correlation coefficient was 0.96.
2.4. Radial Pulse Wave Analysis. Radial artery pressure waveforms were obtained in the right wrist (same arm being
posturally manipulated) with participants in the supine position from a 10-second epoch using applanation tonometry
(SphygmoCor, AtCor Medical, Sydney, Australia). Radial BP
was derived by calibrating the radial pulse wave against
brachial mean blood pressure (MBP) and diastolic blood
pressure (DBP) given that MBP and DBP are consistent
throughout the arterial tree. For MBP, a form factor of 0.4
was used as the “one-third” rule may underestimate true
MBP [35]. This form factor also more closely conforms to the
contour of the radial pulse wave in young adults [36]. Pulse
pressure (PP) was calculated as systolic blood pressure (SBP)DBP. Brachial-to-radial PP amplification was calculated as
radial PP/brachial PP.
Systolic augmentation index (sAIx) was calculated as the
ratio of amplitude of the late systolic shoulder (𝑃2 , pressure
attributable to wave reflections) the primary wave pressure
peak (𝑃1 ) expressed as a percentage (Figure 1, 𝑃2 /𝑃1 ∗ 100).
Diastolic augmentation index (dAIx) was calculated as (𝑃3 −
𝑃4 )/(PP) ∗ 100 [37, 38]. 𝑃3 is the peak diastolic pressure in
diastole (peak convexity) associated with the dicrotic notch
whose amplitude is influenced by diastolic wave reflections

[37, 38]. 𝑃4 corresponds to a point on a straight line passing
through the onset of the incisura of the dicrotic notch and
tangential to the natural monoexponential decay of the late
diastolic waveform that represents the contour of the diastolic
waveform devoid of the dicrotic notch/wave reflections [37,
38].
The systolic pressure-time integral (SPTI, the area under
the systolic portion of the aortic pressure wave) and the
diastolic pressure time index (DPTI, the area under the
diastolic portion of the aortic pressure wave) were quantified
to examine systolic-to-diastolic shifts in the proportion of
pressure comprising the overall pressure waveform. The
slope (maximal first derivative) of the maximum rate of
pressure rise in systolic pressure per unit time (𝑑𝑃/𝑑𝑡max ) was
taken as a measure of systolic Windkessel vascular coupling
given that it is influenced by left ventricular contractility
and flow ejection velocity, forward wave pressure (input
impedance), and regional compliance. The slope of the radial
diastolic decay (𝜏) was calculated as the final two-thirds of
the diastolic time interval/(lnESP − lnDBP), where lnESP
is the natural log of end systolic pressure and lnDBP is
the natural log of diastolic blood pressure, and taken as a
crude proxy of diastolic Windkessel vascular coupling given
that it is the product of arterial compliance and vascular
resistance/terminal impedance [39].
All measurements were made in duplicate, and the mean
value was used for subsequent analysis. If device quality index
did not exceed 90%, a third measure was performed and
the two highest quality recordings were used for analyses.
Reliability of BP waveform morphology in our lab using
this technique was assessed in 9 young adults under resting
conditions (following overnight fast) on two separate days
(average 4 days apart; range 2–7 days apart). Measures
were made in duplicate and the average value used for
reliability analysis. The intraclass correlation coefficient for
peripheral sAIx and dAIx (which encompasses all major
pressure components of the radial waveform) was 0.93 and
0.90, respectively.
In order to further examine the regional Windkessel function, we applied a novel reservoir-wave separation technique
to the radial pressure waveform to obtain reservoir pressure
(pressure attributable to the capacitance function of the radial
artery) and excess wave pressure (pressure attributable nonspecifically to forward and backward travelling waves). When
inflow exceeds outflow, the vessel is distended causing a rise
in pressure. This arterial reservoir pressure was calculated by
separating the aforementioned radial pressure waves into 2
components by iteration of the following equation and by
fitting a monoexponential function to the falling pressure
during diastole [15, 40]:
𝑃reservoir − 𝑃∞
𝑡



= 𝑒−(𝑎+𝑏)𝑡 ∫ [𝑎𝑃 (𝑡 )+𝑏𝑃∞ ] 𝑒(𝑎+𝑏)𝑡 𝑑𝑡 +(𝑃𝑑 −𝑃∞ ) 𝑒−(𝑎+𝑏)𝑡 .
0

(1)

The excess wave pressure (pressure attributed to forward
and backward travelling waves) was derived by the subtraction of arterial reservoir pressure from total pressure [41].
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These waveform components provide information that is
incremental to systolic and diastolic pressure-time integrals.
All of the reservoir and excess wave pressures are quoted with
diastolic pressure subtracted. 𝑃reservoir is reservoir pressure,
𝑃∞ is the asymptotic pressure, 𝑃𝑑 is the measured diastolic
pressure at 𝑡 = 0, 𝑏 = 1/𝑅𝐶, where 𝑅 = resistance and 𝐶 =
compliance of the system, and 𝑎 is a rate constant that can be
determined by fitting during the diastolic period. A sample
waveform with all hemodynamic variables is presented in
Figure 1.
2.5. Statistical Analyses. Baseline sex comparisons for descriptive variables were made with analysis of variance
(ANOVA) for continuous variables and chi-square tests for
categorical variables. All variables were compared over time
using an ANOVA with repeated measures (sex-by-condition
comparison). If a significant interaction was detected, post
hoc comparisons were made by 𝑡-test. A Bonferroni adjustment was made for multiple comparisons. Pearson and Spearman correlation coefficients were used to assess relationships
between variables of interest. All data are reported as
means ± standard error of the mean (SE). Significance was
set a priori as 𝑃 < 0.05. All statistical analyses were made
using statistical package for the social sciences (IBM SPSS v.
19.0).

3. Results
There were no sex differences in age (men 27 ± 2 years versus
women 27 ± 2 years, 𝑃 = 0.87). Men were significantly taller
(178 ± 1 cm versus 165 ± 1 cm) and had greater body mass
(80±2 kg versus 65±2 kg) than women (𝑃 < 0.05). There were
no significant differences in body mass index (men 25 ± 1
versus women 23±1, 𝑃 > 0.05) or total physical activity levels
(men 4742 ± 490 versus 4053 ± 824 METS-minutes/week, 𝑃 >
0.05).
Arm manipulation resulted in similar changes across sex
in, MBP, brachial and radial SBP, brachial and radial PP and
radial SPTI (Tables 1 and 2, 𝑃 < 0.05 for time effects; 𝑃 > 0.05
for sex-by-condition interactions). Arm manipulation had no
effect on PP amplification, 𝑑𝑃/𝑑𝑡max , excess wave pressure,
ejection duration, or HR (Tables 1 and 2, 𝑃 > 0.05 for
condition effects). Change in the contour of the radial pulse
waveform with change in arm position varied considerably by
sex (Figure 2).
A significant sex-by-condition interaction was detected
for radial DPTI (Table 2, 𝑃 < 0.05). Women had a lessened
increase in radial DPTI with arm below heart level (𝑃 <
0.05) and a significant reduction in radial DPTI with the
arm above heart level (𝑃 < 0.05). A significant sex-bycondition interaction was detected for both sAIx and dAIx
(𝑃 < 0.05). There was a significant reduction in sAIx (𝑃 <
0.05) and a nonsignificant reduction in dAIx (𝑃 > 0.05)
with arm below heart level in men. There was a significant
increase in sAIx (𝑃 < 0.05) and a significant increase in dAIx
(𝑃 < 0.05) when moving the arm above heart level in men.
There were no significant changes in sAIx or dAIx in women
across conditions (𝑃 > 0.05). A significant sex-by-condition
interaction was detected for reservoir pressure (Figure 3, 𝑃 <
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0.05). There were slight reductions in reservoir pressure with
the arm below heart level in men (𝑃 > 0.05) with a significant
increase with the arm above heart level (𝑃 < 0.05). There
were slight increases in reservoir pressure with the arm below
heart level in women (𝑃 > 0.05) with significant reductions
occurring when moving the arm above heart level (𝑃 < 0.05).
Across conditions when transitioning from below to
above heart level, change in DPTI was associated with change
in sAIx (𝑟 = 0.65, 𝑃 < 0.05) and change in dAIx (𝑟 = 0.36,
𝑃 < 0.05) and inversely associated with change in reservoir
pressure (𝑟 = −0.42, 𝑃 < 0.05) in men only. Change in
radial SPTI was inversely associated with change in 𝑑𝑃/𝑑𝑡max
(𝑟 = −0.43, 𝑃 < 0.05) and change in dAIx (𝑟 = 0.34,
𝑃 < 0.05) in men only. Across conditions when transitioning
from below to above heart level change in radial DPTI was
inversely associated with change in 𝜏 (𝑟 = −0.64, 𝑃 < 0.05) in
women only. Change in radial SPTI was inversely associated
with change in 𝜏 (𝑟 = −0.44, 𝑃 < 0.05) in women only. For
both sexes across conditions, change in reservoir pressure was
associated with change in sAIx (𝑟 = 0.32, 𝑃 < 0.05) and
change in dAIx (𝑟 = 0.37, 𝑃 < 0.05).

4. Discussion
Gravity is known to have a profound effect on BP. For every
centimeter of vertical displacement, it has been estimated that
BP is altered by approximately 0.77 mmHg and this effect
is deemed to be predominantly hydrostatic [42]. According
to hydrostatic theory, the pressure at any given point in a
fluid-containing tube depends on the magnitude of the force
imposed on the tube (i.e., gravity), the density of the liquid
contained within the tube, and the vertical displacement of
the tube relative to “heart level.” This theory largely ignores
the dynamic nature of arterial mechanical properties [6]
and potential contributions of arterial reservoir pressure and
pressure from wave reflections to hemodynamic modulation.
The present study set out to explore changes in the
radial pulse wave contour with arm position manipulation in
order to gain insight into gravity-induced effects on regional
BP in men and women. Our findings suggest that gravity
has a disparate effect on regional hemodynamics in men
and women. When moving the arm from below to above
heart level, men demonstrate an increase in pressure from
wave reflections and reservoir pressure. Conversely women
experience a reduction in reservoir pressure and no change in
pressure from wave reflections. Changes in arterial reservoir
pressure and pressure from wave reflections were associated
with changes in diastolic pressure in men only. Thus changes
in arterial reservoir pressure and pressure from wave reflections may contribute to regional hemodynamic (in)stability
when a vessel is exposed to passive hydrostatically mediated
pressure gradients and this is sex specific.
Using passive arm manipulation, we noted that men and
women had similar changes in forward wave pressure (𝑃1
height), excess wave pressure, and 𝑑𝑃/𝑑𝑡 suggesting similar
incident pressure wave transmission into the radial artery.
However, there were prominent sex differences in pressure
from wave reflections arriving during both systole (sAIx)
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Figure 2: Sample radial pressure waveforms for women (a) and men (b) with the arm supported below heart level and above heart level.
Table 1: Brachial and radial blood pressure in men and women.
Variable
Brachial SBP, mmHg
Men
Women
Brachial DBP, mmHg
Men
Women
Brachial PP, mmHg
Men
Women
Radial SBP, mmHg
Men
Women
Radial DBP, mmHg
Men
Women
Radial PP, mmHg
Men
Women
MBP, mmHg
Men
Women
PP amplification
Men
Women

Below heart

Neutral

Above heart

Condition effect

123 ± 2
115 ± 2

116 ± 2
109 ± 2

111 ± 2
104 ± 2

<0.001

0.840

76 ± 1
72 ± 1

70 ± 2
69 ± 2

69 ± 1
66 ± 1

<0.001

0.167

47 ± 2
43 ± 2

46 ± 2
40 ± 2

44 ± 2
39 ± 2

<0.001

0.409

144 ± 3
129 ± 3

134 ± 4
123 ± 4

128 ± 3
115 ± 3

<0.001

0.497

76 ± 1
71 ± 1

70 ± 1
69 ± 1

69 ± 1
65 ± 1

<0.001

0.051

68 ± 3
57 ± 3

64 ± 4
54 ± 4

59 ± 4
51 ± 3

<0.001

0.702

94 ± 1
89 ± 1

88 ± 1
85 ± 1

86 ± 1
82 ± 1

<0.001

0.173

1.45 ± 0.04
1.34 ± 0.04

1.38 ± 0.05
1.33 ± 0.05

1.33 ± 0.06
1.34 ± 0.06

0.310

0.258

Sex-by-condition interaction

Data are mean ± SEM.

and diastole (dAIx) in men and women when moving the
arm from below to above heart level. It is interesting to
note that increases in pressure from wave reflections with
arm elevation were first reported by Johannes von Kries
approximately 120 years ago. von Kries noted that in the
normal individual an anacrotic pulse (i.e., pulse waveform
with a clear inflection point on the ascending limb) may

be obtained by raising the arm [43]. In this position, the
reflection of the pulse wave from the periphery was thought
to be favored and the “anacrotic wave” simply a quickly
reflected wave [43]. In men, change in both sAIx and dAIx
was associated with change in regional diastolic pressures.
This is significant as men were better able to maintain regional
diastolic pressure during arm elevation than women. Thus
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Table 2: Hemodynamic parameters derived from the radial pressure waveform in men and women.

Variable
sAIx, %
Men
Women
dAIx, %
Men
Women
𝑃1 -DBP, mmHg
Men
Women
SPTI, auc
Men
Women
DPTI, auc
Men
Women
𝑑𝑃/𝑑𝑡max , mmHg s−1
Men
Women
Excess pressure, mmHg
Men
Women
𝜏, mmHg ms−1
Men
Women
Ejection duration, ms
Men
Women
Heart rate, bpm
Men
Women

Below heart

Neutral

Above heart

Condition effect

Sex-by-condition interaction

39 ± 3
51 ± 3

43 ± 4
52 ± 4

50 ± 4
53 ± 4

0.001

0.014

24 ± 1
22 ± 1

26 ± 2
22 ± 2

31 ± 2
22 ± 2

0.020

0.038

68 ± 3
57 ± 3

64 ± 4
54 ± 4

60 ± 4
53 ± 4

0.006

0.338

2202 ± 75
2244 ± 75

2080 ± 71
2100 ± 71

2024 ± 66
2000 ± 66

<0.001

0.387

3529 ± 79
3172 ± 79

3219 ± 87
3033 ± 87

3241 ± 68
2742 ± 68

<0.001

0.024

1079 ± 61
883 ± 61

1043 ± 71
872 ± 77

979 ± 75
908 ± 76

0.596

0.282

39 ± 2
30 ± 2

37 ± 3
29 ± 3

35 ± 3
29 ± 3

0.109

0.680

187 ± 12
144 ± 12

172 ± 9
157 ± 9

161 ± 15
184 ± 14

0.358

0.048

321 ± 5
340 ± 5

323 ± 5
342 ± 5

323 ± 5
338 ± 5

0.481

0.759

63 ± 3
64 ± 3

63 ± 2
63 ± 2

62 ± 2
63 ± 2

0.294

0.576

Data are mean ± SEM.

gravity-induced changes in pressure from wave reflections
may contribute to regional hemodynamic modulation during
passive upper limb postural shifts.
There were prominent sex differences in regional arterial
reservoir pressure during arm postural shifts. Unlike what
was seen in women, men experienced an increase in arterial
reservoir pressure when moving the arm from below to
above heart level and this was associated with regional
changes in diastolic pressure. When arterial inflow into
a vessel exceeds outflow capacity, there is an increase in
volume which distends the vessel causing radial expansion.
This distension generates pressure (i.e., reservoir pressure)
[15]. Thus reservoir pressure is proportional to the instantaneous difference between input and terminal impedance and
transverse impedance/arterial compliance [15]. Our findings
suggest that this regional arterial reservoir is affected by
gravitational effects and may contribute to localized pressure
regulation in men and women produced by passive arm
postural shifts. Men generate more pressure from the arterial

reservoir during reductions in transmural pressure and this
is associated with preservation of diastolic pressures.
Previous work from Davies et al. has noted that AIx
is strongly influenced by the arterial reservoir [15]. This is
consistent with present findings as we noted an association between change in reservoir pressure and change in
sAIx and dAIx in both sexes. While pulse wave velocity
and heart rate affect timing of wave reflection arrival, the
arterial reservoir may influence wave reflection magnitude
and subsequent augmentation [16]. The arterial reservoir
may be an important modulator of sex differences in the
hemodynamic response to hydrostatically mediated changes
in transmural pressure. Reductions in regional blood pressure
in women in response to limb postural shifts may be mediated
by disparate changes in the arterial reservoir coupled with
blunted pressure modulation from wave reflections.
The majority of reservoir pressure in the systemic circulation is expected to be generated by large elastic central arteries. However, a small regional effect may exist.
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Figure 3: Changes in reservoir pressure with arm manipulation in
women (white bars) and men (black bars). A significant sex-bycondition interaction was detected (𝑃 = 0.001).

Reservoir pressure obtained from invasive and noninvasive
pressure recordings of the aorta/carotid has been estimated
to be approximately 25–45 mmHg (less DBP) in younger
middle aged adults [15, 18, 44]. We noted resting values
of approximately 14 mmHg obtained from radial pressure
waveforms suggesting differences between central elastic and
peripheral muscular arteries. Moreover, changes in reservoir
pressure with arm manipulation were small (∼2-3 mmHg).
It is unlikely that subtle arm manipulation produced systemic changes in large artery function and central reservoir
pressure. Indeed, when manipulating height of the left arm
while capturing radial pressure waves in the right wrist at
heart level in a subset of participants (𝑛 = 4), we noted
no change in BP in the right brachial artery and no change
in the contour of the right radial pressure wave (no change
in any parameter measured). Thus we believe our findings
to suggest the presence of a small regional reservoir effect.
However small, it may still affect the contour of the regional
pressure wave (Figure 1) and thus segmental hemodynamics.
The resting caliber of an artery depends on the balance
between passive (pressure-induced) expansion and active
contraction/wall tension. In response to changes in hydrostatic pressure with passive changes in arm position, this
balance is influenced by complex changes in vascular tone,
compliance, elastic modulus, viscoelasticity, and stress-strain
(i.e., hysteresis and vascular creep) [45, 46]. With the arm
above heart level, women experienced an increase in 𝜏, a term
that is heavily influenced by arterial compliance. Change in 𝜏
was associated with change in diastolic pressure in women
only. Increases in arterial compliance would be expected to
result in reductions in reservoir pressure and pressure from
wave reflections. Thus gravity-mediated changes in arterial
compliance could contribute to sex differences in peripheral
hemodynamics in vivo. There may also be sex differences
in the physical composition of the radial artery [47] and
this altered matrix combined with differential interactions
of elastin, collagen, and smooth muscle could influence
hemodynamic reactivity to postural limb shifts.

Sex differences in the vascular and hemodynamic
response to changes in hydrostatic pressure gradients produced via systemic orthostatic challenges have been well
documented [3, 4] and this attenuated local autoregulatory
vascular responsiveness has been implicated in predisposition to orthostatic hypotension in women [3, 4]. In response
to gross systemic perturbations such as standing, head-up tilt,
or lower body negative pressure, young women demonstrate a
disproportionate propensity toward inability to maintain BP
[22, 48]. During head-up tilt, there is a generalized increase in
systemic DBP in healthy young men [49]. Conversely, it has
been noted that change in DBP during upright tilt in women
is only 29% of that seen in men [49]. In response to changes
in transmural pressure with lower body negative pressure
(LBNP), women have a significantly greater reduction in
DBP compared to men [3]. Changes in pressure from wave
reflections and reservoir pressure during postural shifts
have logically been implicated in the BP response to these
maneuvers but not specifically examined [9, 20, 37, 50].
During head-up tilt, there are reductions in wave reflection magnitude despite increases in peripheral vascular
resistance [20, 50]. This finding has been recapitulated
using LBNP [19]. In men, increases in muscle sympathetic
nerve activity (MSNA) are associated with increases in total
peripheral resistance (TPR) [51], increases in pressure from
wave reflections [52], and greater coherence with oscillations
in DBP [53]. Conversely, in women, increases in MSNA
are not associated with TPR [51], inversely associated with
pressure from wave reflections [52], and weakly associated
with oscillations in DBP [53]. Our findings build upon these
observations and suggest a sex-specific role for wave reflections in affecting regional hemodynamics during passive
limb postural shifts. Inability to maintain BP in response to
changes in transmural pressure in women may be partially
related to inability to augment pressure from wave reflections.
More research will be needed to explore sex differences in
arterial reservoir pressure and wave reflections in response
to postural shifts.
Limitations to this study should be noted. We did not
control for menstrual phase. After accounting for change
in heart rate, menstrual cycle does not appear to influence
the contour of the pulse waveform [54–56], although this
is not a universal finding [57]. Although menstrual phase
may influence autonomic neural control of BP and its
regulation/reactivity, the current arm position manipulation
was selected as it produces modest and passive regional
vascular/hemodynamic effects independent of hormonal
modulation and sympathetic nerve traffic. Therefore, we do
not believe that the passive hemodynamic effects witnessed
herein are confounded by hormonal influences secondary to
the menstrual cycle. Additional research is needed to explore
the effect of menstrual cycle on BP response to changes in arm
position.
In conclusion, passive gravitational effects produce disparate changes in arterial reservoir pressure and pressure
from wave reflections in men and women and these changes
are associated with regional BP. With reductions in transmural pressure from arm elevation, men are better able
to preserve diastolic pressure and this may be related to
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increased arterial reservoir pressure and pressure from wave
reflections. Women are less successful maintaining regional
diastolic pressure and this may be due to reductions in arterial
reservoir pressure coupled with inability to increase pressure
from wave reflections. Future research is needed to examine
the contribution of these novel hemodynamic indices to BP
regulation during systemic orthostatic challenge.
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