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Wave reflections, arterial stiffness, heart rate
variability and orthostatic hypotension

Dai-Yin Lu1,2, Shih-Hsien Sung1,2,3, Wen-Chung Yu1,2, Hao-Min Cheng2,4, Shao-Yuan Chuang5

and Chen-Huan Chen2,3,4,6

Increased arterial stiffness and wave reflections are independently associated with orthostatic hypotension (OH). This study

investigated whether heart rate variability (HRV) is also involved in the modulation of orthostatic blood pressure (BP) change.

A total of 429 subjects (65.1±16.4 years, 77.4% men) were enrolled in this study. OH was defined as a X20mmHg

decrease in brachial systolic blood pressure (SBP) or a X10mmHg diastolic blood pressure (DBP) decrease upon standing.

Measurements of carotid–femoral pulse wave velocity (cf-PWV) and the amplitude of the reflected pressure wave from a

decomposed carotid pressure wave (Pb) were obtained by carotid tonometry in the supine position. The power spectrum from a

5-min recording of an electrocardiogram at rest was analyzed to provide components in the high frequency (HF) and low

frequency (LF) ranges. Subjects with OH (n¼59, 13.8%) had significantly higher cf-PWV and Pb and significantly lower LogHF

and LogLF than those without OH (n¼370). The cf-PWV, Pb, LogHF and LogLF were significantly associated with postural SBP

and DBP changes. Furthermore, cf-PWV but not Pb was significantly associated with LogHF and LogLF. Multivariate analysis

showed that Pb (odds ratio (OR) per 1 s.d. 1.65, 95% confidence interval (CI) 1.282–2.137; P¼0.003) and LogHF (OR

0.628, 95% CI 0.459–0.860, P¼0.004), but not cf-PWV (OR 1.279, 95% CI 0.932–1.755, P¼0.128), were significant

independent determinants of OH. Increased wave reflections may predispose OH independently of arterial stiffness and HRV. In

contrast, increased arterial stiffness may cause OH through the modulation of HRV.
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INTRODUCTION

Maintaining blood pressure (BP) during postural changes is impor-
tant for vital organ perfusion and becomes more difficult with
advancing age, partly because of the age-related decline in baroreflex
sensitivity (BRS).1 Excessive decreases in BP during the transition
from the supine to the upright posture, or orthostatic hypotension
(OH), may indicate a failure in the baroreflex function or its
interaction with hemodynamic or humoral factors.1 OH is common
in the elderly, is associated with cardiovascular disease2 and is
predictive of ischemic stroke and transient ischemic attack.3,4 In the
elderly, OH has been identified as an independent predictor of falls5,6

and mortality.7 Understanding the underlying mechanisms for OH is
crucial for the prevention and management of its adverse
consequences.
Aging is associated with increased arterial stiffness and arterial wave

reflections, both of which are recognized as major determinants of BP
and predictors of incident hypertension.8,9 In the elderly, arterial
stiffening enhances BP liability and may cause an excessive decrease in
BP associated with the volume shift upon standing.10 Moreover,

arterial stiffening may contribute to the age-associated reduction in
BRS, as the arterial stretch over segments with the baroreceptors is a
key determinant in baroreflex activation.1 In a large elderly study
population, arterial stiffness assessed by carotid–femoral pulse wave
velocity (cf-PWV) was associated with impaired BRS and orthostatic
BP changes.11 In contrast, only a few, small studies have suggested an
increase in wave reflections assessed by carotid augmentation index
(cAI) as a risk factor for OH12 or syncope.13 Moreover, the link
between wave reflections and baroreflex modulation has never been
evaluated.
Spectral analysis evaluating heart rate variability (HRV) has widely

been used as a noninvasive technique for examining the sympathetic
and parasympathetic nervous outflows to the heart.14 Efferent vagal
activity is a major contributor to the high-frequency (HF) power
components in the HRV in the frequency domain,14 and HF may
indicate efferent cardiovagal sensitivity of the baroreflex.1 Recently,
the low-frequency (LF) power components in HRV have also been
shown to correlate with the baroreflex function.15 Thus, power
spectral analysis of HRV may provide a means to evaluate the
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ability to modulate autonomic outflows via the baroreflex.15,16

However, the link between arterial stiffness and wave reflections to
baroreflex modulation has never been evaluated. Therefore, the main
purpose of the present study was to investigate whether the
association of arterial stiffness and wave reflections with OH
involves the modulation of HRV.

METHODS

Study population
The present cohort was selected from among the previously reported study of

613 participants.17 Among them, 429 subjects had analyzable HRV data and

comprised the subjects for this study (Table 1). The investigation conformed to

the principles outlined in the Declaration of Helsinki, and an informed consent

approved by our institutional review board was obtained from every subject

before enrollment.

Study protocol
All participants underwent comprehensive assessments for arterial stiffness,

wave reflections and postural BP changes as described in our previous work.18

The medical history, demographics and list of prescribed medications were

recorded for each subject. Fasting blood samples were collected for hemoglobin

and serum creatinine measurements. The estimated glomerular filtration rate

(eGFR) was calculated by using a modified Modification of Diet in Renal

Disease equation based on the Chinese population.19

Participants refrained from smoking or drinking beverages containing

caffeine or alcohol for 24h before the study and were studied under supine

resting conditions in a quiet, temperature-controlled room. After resting for

10min, a commercially available device (VP-2000; Colin, Komaki, Japan)

incorporating four pressure cuffs and two tonometric probes was used to

obtain the supine brachial systolic blood pressure (SBP) and diastolic blood

pressure (DBP) from both arms, the heart rate and pressure waveforms from

the right common carotid and right femoral arteries simultaneously.20,21 Pulse

pressure was the difference between the SBP and the DBP, and the mean

arterial blood pressure (MAP) was computed as the DBPþ 1/3 pulse pressure.

The BP and heart rate measurements were repeated 3min after standing up.

The BP value from the same arm at a higher supine brachial SBP was used for

the present study. Orthostatic BP changes were calculated as the BP after

standing minus the BP in the supine position. OH was defined as a drop of

X20mmHg in SBP or a drop of X10 mmHg in DBP.22

Measures of arterial stiffness and wave reflections
The cf-PWV was calculated from the traveling distance and the foot-to-foot

pulse transit time between the right carotid and right femoral arteries.23 The

inflection point originating from the wave reflection on the upstroke or

downstroke of the carotid pressure waveform was identified by finding the

zero-crossing timings of the fourth derivative of the pressure waveform.24 The

cAI and carotid augmented pressures (cAP) were calculated accordingly.25 The

carotid pressure waveform was also separated into its forward and backward

components to calculate the transit time-independent parameter of wave

reflection intensity using the validated triangulation method.25,26 Pf and Pb

were the amplitudes of the forward and backward pressure waves,

respectively.25

Measures of HRV
After resting for at least 10min in the supine position, a 5-min segment of

ECG signal provided by an oscillometric device (VP-2000; Colin) was

transmitted to a personal computer for storage and analysis. The sampling

frequency for the ECG signal was 1000Hz. R-waves were detected and the

beat-to-beat RR intervals were determined. Sinus pause and atrial or

ventricular arrhythmias were deleted. Short, missing or noisy segments were

interpolated by linear splines. If the percentage of deletion was X5%, the

patient was excluded from the study. The beat-to-beat RR intervals were

resampled at 4Hz into an evenly spaced time series to generate a power

spectrum with the fast Fourier transformation.27 The areas under the spectral

peaks ranging 0.04–0.15Hz, 0.15–0.40 and Hz 0.01–0.40Hz (including the

Table 1 Characteristics of the study population

OH (�), n¼370 OH (þ ), n¼59 P-value

Age, years 64.63±16.54 68.10±15.49 0.132

Male gender, n (%) 283 (76.5) 49 (83.1) 0.341

Smoking, n (%) 187 (50.5) 37 (62.7) 0.110

Comorbidities

Hypertension, n (%) 242 (65.4) 45 (76.3) 0.134

Diabetes, n (%) 87 (23.7) 21 (35.6) 0.068

CVA, n (%) 20 (5.4) 5 (8.5) 0.366

CAD, n (%) 146 (39.5) 23 (39.0) 1.000

CHF, n (%) 80 (21.6) 21 (35.6) 0.024

Old MI, n (%) 56 (15.1) 8 (13.6) 0.905

Drugs

CCB, n (%) 103 (27.8) 16 (27.1) 1.000

b-Blocker, n (%) 156 (42.2) 33 (55.9) 0.066

a-Blocker, n (%) 63 (17.0) 18 (30.5) 0.023

RAS blockade, n (%) 193 (52.2) 35 (59.3) 0.377

Diuretics, n (%) 113 (30.5) 27 (45.8) 0.030

Other drugs, n (%) 238 (64.3) 45 (76.3) 0.099

Number of drugs used 2.32±1.92 3.19±2.05 0.002

Body mass index, kg m�2 24.80±3.71 24.63±4.14 0.747

eGFR, ml min�1 per 1.73 m�2 70.39±42.85 53.11±35.28 0.003

Hemoglobin, g dl�1 12.74±1.82 12.01±1.92 0.006

Supine

SBP, mmHg 127.82±18.23 143.67±24.11 o0.001

DBP, mm Hg 74.45±10.31 81.32±13.41 0.002

MAP, mm Hg 92.24 ±11.99 102.10±15.22 o0.001

Heart rate, beats per min 65.59±11.41 67.71±11.39 0.184

Standing

SBP, mmHg 129.44±20.38 123.69±22.81 0.049

DBP, mm Hg 77.68±12.77 70.27±13.42 o0.001

MAP, mm Hg 94.93±13.83 88.08±14.92 0.001

Heart rate, beats per min 71.75±13.07 71.73±13.75 0.990

SBP change, mm Hg 1.62±10.19 �19.97±13.28 o0.001

DBP change, mmHg 3.23±8.27 �11.05±9.38 o0.001

MAP change, mmHg 2.69±7.62 �14.03±7.55 o0.001

Heart rate change, b.p.m. 6.16±7.07 4.02±8.00 0.034

Arterial function

cf-PWV, m s�1 11.57±4.36 14.34±6.11 o0.001

cAI 0.23±0.18 0.28±0.16 0.031

cAP, mm Hg 10.12±8.83 14.48±9.95 0.001

Pb, mmHg 16.61±5.53 18.35±6.13 0.028

Heart rate variability

VLFa, ms2 75.86±4.47 51.29±4.68 0.067

LFa, ms2 52.48±4.37 33.11±5.50 0.027

HFa, ms2 67.61±4.17 34.67±4.90 0.001

TPa, ms2 251.19±3.39 158.49±3.98 0.008

LF/HF ratio 1.28±1.44 1.61±1.81 0.120

Abbreviations: CAD, coronary artery diseases; cAI, augmentation index; cAP, augmentation
pressure; CCB, calcium channel blocker; cf-PWV, carotid–femoral pulse wave velocity;
CHF, congestive heart failure; CVA, cerebral vascular accident; DBP, diastolic blood pressure;
eGFR, estimated glomerular filtration rate; HF, high-frequency component of the heart rate
variability power spectrum; LF, low-frequency component of HRV; MAP, mean arterial blood
pressure; MI, myocardial infarction; OH, orthostatic hypotension; Pb, amplitude of the reflected
pressure wave from a decomposed carotid pressure wave; RAS, renin–angiotensin system;
SBP, systolic blood pressure; TP, total power of the heart rate variability power spectrum;
VLF, very low frequency component of HRV.
aGeometric mean and s.d.
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very LF range 0.01–0.04Hz) were categorized as LF and HF components and

total power (TP), respectively.

Statistical analysis
The mean values, s.d. and percentages were used to describe the characteristics

of the participants in the study. Because the frequency domain indices of HRV

had a markedly skewed distribution, the log transformation was utilized to

permit parametric statistical comparisons that assumed a normal distribution.

Student’s t-test and the w2 test were used for comparisons between subjects

with and without OH. Uni- and multivariate logistic regression analyses were

performed to examine the associations between arterial stiffness, wave

reflections and HRV with OH. Stepwise linear regression analysis was

performed to examine the determinants of postural BP changes and HRV.

A P-value of o0.05 was considered to be statistically significant, and all

statistical analyses were performed using SPSS (Statistical Package for the

Social Sciences) 17.0 software (SPSS, Chicago, IL, USA).

RESULTS

A total of 59 subjects with OH were identified among the 429 eligible
participants (mean age 65.1±16.4 years, 77.4% men; Table 1).
Subjects with OH had more comorbidities (more heart failure, lower
eGFR and lower hemoglobin) and a higher number of prescribed
medications (more a-blockers and diuretics) than subjects without
OH (Table 1).
Subjects with OH had significantly higher supine SBP, DBP and

MAP and significantly lower standing SBP, DBP and MAP when
compared with subjects without OH (Table 1). The heart rates were
similar between subjects with and without OH in both supine and

standing positions, although increases in heart rate after standing
were more pronounced in subjects without OH (P¼ 0.034).
Subjects with OH had increased arterial stiffness (significantly

higher cf-PWV) and wave reflections (significantly higher cAI, cAP
and Pb) and decreased logHF and logLF when compared with
subjects without OH (Table 1).

Predictors of OH
Higher supine SBP, DBP, MAP, cf-PWV, cAI, cAP and Pb and lower
logLF, logHF, logTP, eGFR and hemoglobin levels significantly
correlated with the occurrence of OH (Table 2). In a multivariate
logistic regression model with cf-PWV, Pb, logHF, eGFR and
hemoglobin as independent variables, Pb and logHF, but not
cf-PWV, were significant independent predictors of OH (Table 2).
Even after adjusting for the use of a-blockers, diuretics and the
presence of heart failure, Pb and logHF but not cf-PWV remained as
independent predictors of OH. (Table 2) In addition, Pb was still a
significant independent predictor when logHF was replaced with
logLF in the model (Supplementary Table S1).

Correlates of orthostatic change of brachial SBP
Supine brachial SBP, DBP, MAP, logHF, logLF, logTP, cf-PWV, cAI,
cAP and Pb were significantly correlated with the orthostatic change
in brachial SBP (Table 3). In a stepwise linear regression model with
Pb, logHF and cf-PWV as independent variables, logHF and Pb, but
not cf-PWV, were significant independent correlates of postural
change of brachial SBP (Table 3). The correlations of logHF and Pb

Table 2 Determinants of orthostatic hypotension (OH): uni- and multivariate analyses

Model 1 Model 2 Model 3

Variable OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Supine blood pressures

SBP, 1 s.d. 19.8mm Hg 2.150 (1.625–2.844) o0.001

DBP, 1 s.d. 11.0mmHg 1.804 (1.364–2.384) o0.001

PP, 1 s.d. 14.4mm Hg 1.774 (1.365–2.306) o0.001

MAP, 1 s.d. 12.9mmHg 2.125 (1.596–2.830) o0.001

Arterial function

cf-PWV, 1 s.d. 4.7 m s�1 1.664 (1.295–2.136) o0.001 1.358 (0.975–1.892) 0.070 1.404 (0.978–2.017) 0.066

cAI, 1 s.d. 18.2% 1.436 (1.035–1.993) 0.031

cAP, 1 s.d. 9.1 mm Hg 1.629 (1.228–2.160) 0.001

Pb, 1 s.d. 5.6 mm Hg 1.655 (1.282–2.137) o0.001 1.670 (1.193–2.338) 0.003 1.744 (1.241–2.449) 0.001

Heart rate variability

logLF, 1 s.d. 0.66 ms2 0.744 (0.571–0.969) 0.028 — — — —

logHF,1 s.d. 0.63 ms2 0.640 (0.487–0.842) 0.001 0.646 (0.471–0.887) 0.007 0.646 (0.462–0.902) 0.010

logTP, 1 s.d. 0.55 ms2 0.705 (0.543–0.915) 0.009

LF/HF ratio, 1 s.d. 1.50 1.204 (0.950–1.527) 0.125

Other variables

Age, 1 s.d. 16.4 years 1.249 (0.935–1.669) 0.133

eGFR, 1 s.d. 42.3mlmin�1 0.581 (0.404–0.836) 0.003

Hemoglobin, 1 s.d. 1.8g dl�1 0.673 (0.504–0.898) 0.007

Abbreviations: cAI, carotid augmentation index; cAP, carotid augmented pressure; cf-PWV, carotid–femoral pulse wave velocity; CI, confidence interval; DBP, diastolic blood pressure;
eGFR, estimated glomerular filtration rate; HF, high-frequency component of HRV; HRV, heart rate variability; LF, low-frequency component of HRV; MAP, mean arterial blood pressure;
OR, odds ratio; Pb, amplitude of the decomposed carotid backward pressure; PP, pulse pressure; SBP, systolic blood pressure; TP, total power of the heart rate variability power spectrum.
Model 1: crude ratio.
Model 2: accounting for age, estimated glomerular filtration rate (eGFR) and hemoglobin.
Model 3: model 2þ use of diuretics, a-blocker, b-blocker, diabetes, hypertension and heart failure.
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with SBP changes persisted when the use of diuretics and a-blockers
and comorbidities were put into the model (Table 3).

Correlates of HRV
Significant correlates for logHF, logLF and logTP included eGFR,
hemoglobin, supine and standing heart rates and cf-PWV (Table 4).
In addition, age, standing SBP, DBP and MAP were also significant
correlates for logLF. In stepwise regression analyses, cf-PWV remained

a significant independent correlate for logHF, logLF and logTP. In
contrast, none of the wave reflections indices were a significant
correlate for logTP, logHF and logLF (Table 5).

DISCUSSION

The major findings of the present study include: (1) subjects with OH
were characterized by high supine BP, increased arterial stiffness,
increased wave reflections and decreased HF and LF; (2) increased
arterial stiffness contributed to postural SBP change and OH via the
modulation of HRV; and (3) increased wave reflections contributed to
postural SBP change and OH, independent of arterial stiffness and
HRV. These results demonstrate the joint roles of vascular aging and
decreased HF and LF in the pathogenesis of OH. Furthermore,
increased wave reflections predispose OH independently of arterial
stiffness and HRV.

Table 3 Correlates of the postural systolic blood pressure change: uni- and multivariate analyses

Model 1 (model r2¼0.061) Model 2 (model r2¼0.071)

Variable r Partial r2 Standardized coefficients P-value Partial r2 Standardized coefficients P-value

Pb, mmHg 0.184** 0.034 0.199 o0.001 0.034 0.234 o0.001

LogHF, ms2 �0.158** 0.027 �0.165 0.001 0.027 �0.180 o0.001

cf-PWV, m s�1 0.127** — — — — — —

Hypertension �0.002 0.010 �0.108 0.036

Variables not selected for the stepwise regression analysis

Age, years �0.007

eGFR, mlmin�1 per 1.73 m2 �0.058

Hemoglobin, g dl�1 �0.032

Supine SBP, mmHg 0.254**

Supine DBP, mm Hg 0.187**

Supine MAP, mmHg 0.237**

LogLF, ms2 �0.125**

LogTP, ms2 �0.123*

cAP, mmHg 0.177**

cAI 0.095*

Abbreviations: cAI, carotid augmentation index; cAP, carotid augmented pressure; cf-PWV, carotid–femoral pulse wave velocity; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration
rate; HF, high-frequency component of the heart rate variability power spectrum; LF, low-frequency component of the heart rate variability power spectrum; MAP, mean arterial blood pressure;
Pb, amplitude of the decomposed carotid backward pressure; PP, pulse pressure; SBP, systolic blood pressure; TP, total power of the heart rate variability power spectrum.
Model 1: accounting for Pb, logHF and cf-PWV.
Model 2: model 1þ use of diuretics, a-blocker, b-blocker, diabetes, hypertension and heart failure.
*Po0.001.
**Po0.05.

Table 4 Correlation coefficients for the heart rate variability power

spectrum variables

Variable logTP logHF logLF

Age, years �0.082 �0.066 �0.127*

eGFR, mlmin�1 0.122** 0.108** 0.134*

Hemoglobin, g dl�1 0.167* 0.119** 0.204*

Supine SBP, mmHg �0.013 �0.007 0.037

Supine DBP, mm Hg �0.044 �0.085 0.030

Supine MAP, mm Hg �0.032 �0.052 0.036

Supine HR, beats per min �0.385* �0.458* �0.357*

Standing SBP, mmHg 0.064 0.092 0.113**

Standing DBP, mm Hg 0.084 0.075 0.139*

Standing MAP, mmHg 0.083 0.092 0.141*

Standing HR, beats per min �0.280* �0.368* �0.243*

cf-PWV, m s�1 �0.150* �0.128* �0.136*

cAI �0.009 0.012 0.016

cAP, mmHg 0.029 0.050 0.029

Pb, mmHg 0.047 0.094 0.054

Abbreviations: cAI, carotid augmentation index; cAP, carotid augmented pressure; cf-PWV,
carotid–-femoral pulse wave velocity; DBP, diastolic blood pressure; eGFR, estimated glomerular
filtration rate; HF, high-frequency component of the heart rate variability power spectrum; HR,
heart rate; LF, low-frequency component of the heart rate variability power spectrum; MAP,
mean arterial blood pressure; Pb, amplitude of the decomposed carotid backward pressure;
SBP, systolic blood pressure; TP, total power of the heart rate variability power spectrum.
*Po0.001.
**Po0.05.

Table 5 Determinants of the heart rate variability power spectrum

variables by multivariate stepwise regression analysis

Variable

logTP (model

r2¼0.060)

logHF (model

r2¼0.053)

logLF (model

r2¼0.088)

Age, years — — —

eGFR, ml min�1 — — —

Hemoglobin, g dl�1 0.028* 0.016** 0.042*

Standing SBP, mmHg 0.014* 0.022* 0.028*

cf-PWV, m s�1 0.018** 0.015** 0.018**

Abbreviations: cf-PWV, carotid–femoral pulse wave velocity; eGFR, estimated glomerular
filtration rate; HF, high-frequency component of the heart rate variability power spectrum; LF,
low-frequency component of the heart rate variability power spectrum; SBP, systolic blood
pressure; TP, total power of the heart rate variability power spectrum.
Values are partial r2.
*Po0.001.
**Po0.05.
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Increased supine wave reflections and OH
A previous study has shown that in 155 communities with residents
aging 69±7 years, the supine cAI was significantly higher in 9 subjects
with OH than in the 146 subjects without OH (44±12% vs.
30±15%, P¼ 0.012).12 In 10 patients with autonomic failure
(61±14 years old), the supine cAI (heart rate adjusted) was also
significantly higher than in 14 controls (32.4±13.0% vs. 23.1±8.7%,
P¼ 0.05).28 Because cAI is dependent on the reflection transit time
and the magnitude of the wave reflections, the observed cAI increase
in patients with OH or autonomic failure did not necessarily indicate
an increase in the magnitude of the wave reflections. In contrast, Pb is
a transit time-independent index of the magnitude of wave
reflections.29 The present study clearly demonstrated that the
magnitude of wave reflections in the supine position was
significantly increased in patients with OH, independent of
increases in cf-PWV or the reflection transit time.
The causes for increased wave reflections in subjects with OH

remain debatable. An early return of the reflection pressure wave
caused by an enhanced arterial stiffness may play a role in causing
increased cAI in patients with OH.12 In patients with autonomic
failure, relative hypervolemia secondary to daytime renal
hypoperfusion, using excessive amounts of salt and the chronic use
of fludrocortisone, may be responsible for the increased cAI.28

Alternatively, arterial aging is associated with endothelial dysfunction,
and the resulting increased vascular tone in the small arteries may
contribute to the increased wave reflection in patients with OH.
The cAI was markedly reduced in subjects with OH (�18±10%)

and slightly reduced in subjects without OH (�6±14%, P¼ 0.008)
after standing.12 Similarly, cAI was markedly reduced in patients
(�100.9±78.1 percentage change) and moderately reduced in the
controls (�45.4±55.8 percentage change) after a 601 head-up
tilting.28 Both studies demonstrated a strong association between
postural changes in cAI and BP.12,28 Thus, a reduction in cAI after
standing appears to be a common observation in subjects with or
without OH. Although we did not measure wave reflections after
standing, we speculate that substantial decreases in the magnitude of
wave reflections must have also occurred concomitantly with a
significant decrease in MAP in patients with OH.

Arterial stiffness, wave reflections and BRS
Subjects with OH have a stiffer aorta.17,30 The cf-PWV was
independently associated with OH in a population-based study of
3362 subjects aged X55 years,30 and cf-PWV was shown to be an
independent determinant of impaired BRS in a follow-up study.11

Our previous study also demonstrated that both arterial stiffness and
wave reflections are independent determinants of orthostatic SBP
change.17 Increased arterial stiffness impairs the ‘cushioning’ effects of
the arterial tree with subsequently increased volume-sensitive BP
variations31 and increased BP variability, both of which may
contribute to orthostatic BP fall.32

The present study affirms that arterial stiffness appears to be an
independent determinant of decreased HF and LF that may be
associated with impaired BRS.1,15,16 This outcome is consistent with
findings that arterial stiffness correlates with declined sympathetic
BRS in elderly men and women.11,33 This phenomenon is likely
because of the fact that the baroreceptors are located in the arterial
wall and that their function may become impaired when the
mechanical property of the arterial wall changes with age.34

In the present study, we reconfirmed that increased cf-PWV is
associated with postural SBP change and the presence of OH.
However, the associations were of borderline significance when age,

eGFR, hemoglobin, use of diuretics, a-blocker, b-blocker, smoking,
diabetes, hypertension and heart failure were accounted for. In our
previous study with a larger sample size (total 613 subjects, 100
subjects with OH), cf-PWV and Pb separately were significantly
associated with the orthostatic SBP change and were significant
predictors of OH in both univariable and multivariable analyses.17

Moreover, we demonstrate for the first time that increased wave
reflections may predispose OH independent of arterial stiffness and
HRV. The dissociation of arterial stiffness with wave reflections in
response to postural change has been recognized.28 In healthy
individuals, head-up tilting caused a small decrease in cAI despite
an increase in vascular tone and cf-PWV.28 The gravity-related
increase in hydrostatic pressure in the lower abdominal aorta with
head-up tilting may cause a 20–30% increase in cf-PWV.35 Severe
autonomic failure is equivalent to severely reduced BRS. In these
patients, head-up tilting caused a 30.4% reduction in systemic
vascular resistance, 45.2% fall in aortic SBP, 100.9% reduction in
cAI but only a 27.7% reduction in cf-PWV. These data suggest that
reduction in systemic vascular resistance due to reduced BRS alone
does not fully account for the orthostatic fall in SBP; reduction in
wave reflections but not arterial stiffness may independently
contribute further to the fall in SBP.
It has been recognized that measuring BP in the sitting (standing)

or supine position produces different measurements.36 In the sitting
or standing position, the right atrium level is the midpoint of the
sternum or the fourth intercostal space.36 In the supine position with
the arm resting on the bed, the cuff is below the level of the right
atrium.36 In the sitting position with the arm hanging down, the cuff
position is even lower than the heart level.36 When the arm position is
meticulously adjusted so that the cuff is at the level of the right atrium
in both positions, the SBP has been reported to be 8mmHg higher in
the supine than the upright position.36 We have also measured the
vertical distance between the center of the cuff and the sternal angle in
both positions in 10 subjects (7 male, average age 55.3±18.8 years,
height 165.9±9.7 cm and body mass index 25.2±5.2 kgm�2). The
average distance was 8.4±2.8 cm in the supine position and
12.8±3.7 cm in the upright position, with a difference of 4.3±

3.6 cm that might add 3.2±2.6mmHg to standing BP because of the
effect of hydrostatic pressure.36 In the present study, we followed the
guidelines for BP measurement36 and the definition of OH.22 Even
after correcting for the measured standing BP with the estimated
hydrostatic pressure, the population with OH remained unchanged.

Study limitations
We did not measure the changes in heart rate associated with the
increase and decrease of BP, or the rate of entry of the sympathetic
neurotransmitter, noradrenaline, into the cardiac venous drainage
(cardiac noradrenaline spillover). Both methods are considered to be
the gold standards for the measurement of cardiovagal and sym-
pathovascular outflows of the BRS, respectively. The baroreceptors are
located in the carotid sinus and aortic arch13 that are within the range
of the cf-PWV. Moreover, of the 429 participants, direct measurement
of the common carotid artery distensibility was available in
57 subjects. Carotid artery distensibility was significantly associated
with cf-PWV (r¼ 0.380, P¼ 0.004), logHF (r¼ 0.303, P¼ 0.022),
logLF (r¼ 0.327, P¼ 0.013) and logTP (r¼ 0.281, P¼ 0.034). These
results may support the link between arterial stiffness and modulation
of HRV and BRS. Future studies are needed to reconfirm the
relationship between arterial wave reflection and the cardiovagal
BRS and to investigate whether increased wave reflections will affect
the sympathovascular outflow.
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CONCLUSIONS

Increased wave reflections may predispose OH independently of
arterial stiffness and HRV. In contrast, increased arterial stiffness
may cause OH through the modulation of HRV.
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