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Abstract
Aims: The renal systolic time intervals (STIs), including renal pre-ejection period (PEP), renal ejection
time (ET), and renal PEP/renal ET measured by renal Doppler ultrasound, were associated with poor
cardiac function and adverse cardiac outcomes. However, the relationship between renal hemodynamic
parameters and arterial stiffness in terms of brachial-ankle pulse wave velocity (baPWV) has never been
evaluated. The aim of this study was to assess the relationship between renal STIs and baPWV.
Methods: This cross-sectional study enrolled 230 patients. The renal hemodynamics was measured
from Doppler ultrasonography and baPWV was measured from ABI-form device by an oscillometric
method.
Results: Patients with baPWV ≧ 1672 cm/s had a higher value of renal resistive index (RI) and lower
values of renal PEP and renal PEP/ET (all P< 0.001). In univariable analysis, baPWV was significantly
associated with renal RI, renal PEP, and renal PEP/renal ET (all P< 0.001). In multivariable analysis, renal
PEP (unstandardized coefficient β = -3.185; 95% confidence interval = -5.169 to -1.201; P = 0.002) and
renal PEP/renal ET (unstandardized coefficient β = -5.605; 95% CI = -10.217 to -0.992; P = 0.018), but not
renal RI, were still the independent determinants of baPWV.
Conclusion: Our results found that renal PEP and renal PEP/renal ET were independently associated
with baPWV. Hence, renal STIs measured from renal echo may have a significant correlation with arterial
stiffness.
Key words: Systolic time intervals, renal Doppler, arterial stiffness, blood pressure, brachial-ankle pulse wave
velocity

Introduction
The vascular stiffness estimated by a
non-invasive measurement is a widely used clinical
indicator for cardiovascular mobility and mortality
[1,2]. In general, the brachial-ankle pulse wave
velocity (baPWV) measured from a simple ABI-form
device represents arterial stiffness and is associated
with adverse cardiovascular events in patients with
diabetes, coronary artery disease, hypertension,
chronic kidney disease, end stage renal disease, atrial
fibrillation, and so on [3-7]. The baPWV combined

with other atherosclerotic indicators, such as
ankle-brachial index, or carotid intima-media
thickness
increase
accuracy
of
estimated
macro-vascular damage and adverse cardiovascular
outcomes [8-10].
Association of baPWV and consequence of
micro-vascular injury like renal function deterioration
have been studied in patients with arterial
hypertension, chronic kidney disease, and atrial
fibrillation [4,5,9]. In fact, renal micro-vascular disease
http://www.medsci.org
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is usually evaluated by a renal Doppler. Renal
resistant index (RI) calculated as (peak systolic
velocity – minimum diastolic velocity)/peak systolic
velocity from Doppler wave form is a popular and
useful hemodynamic tool for examination of renal
arteriole injury and parenchyma pathological change
[11,12]. Although high value of baPWV is associated
with increased arterial stiffness, decreased estimated
glomerular filtration rate (eGFR), and increased rate
of renal function decline, the correlation between
baPWV and renal RI is not always significant in
previous studies [8,13]. Recently, we found renal
systolic time intervals (STIs), including pre-ejection
period (PEP), ejection time (ET), and PEP/ET, were
significantly associated with left ventricular systolic
function and adverse cardiac outcomes [14,15]. Renal
PEP was measured from the initiation of the
electrocardiographic QRS to the foot of the intra-renal
arterial Doppler wave from. The physiologic meaning
of renal PEP is the time duration from the beginning
of left ventricular depolarization to the foot of
intra-renal pulse. Because pulse wave velocity (PWV)
is inversely correlated with time duration, we
hypothesized that renal STIs were potentially
associated with baPWV [14,16], so the aim of our
study was to investigate the relationship between
renal STIs and baPWV.

Methods
Study subjects and design
Based on this observational study, we enrolled
230 participants in a local regional hospital in Taiwan.
Detailed inclusion and exclusion criteria have been
described in our previous study [14]. In the present
study, our patients received echocardiographic, renal
Doppler, and baPWV examination.

Ethics statement
The study methods were carried out in
accordance with the approved guidelines, and the
study protocols were approved by the Institutional
Review Board committee of the Kaohsiung Medical
University Hospital (KMUHIRB-E(II)-20180149).
Written informed consent was obtained from all
subjects.

Renal Doppler ultrasonography study
Renal RI, renal PEP, and renal ET were measured
from a CX50 machine (Philips Compact Xtreme
System, USA) and measurement protocol was
mentioned in our previous study [14,15]. Briefly, renal
PEP was measured from the initiation of QRS to the
beginning of renal arteriole Doppler wave form and
renal ET was measured from the beginning to the
dicrotic notch of renal arteriole Doppler wave form.
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Three measurements were acquired from each
kidney, and the mean value for right and left kidney
was recorded for further analysis.

Assessment of blood pressure and baPWV
Blood pressure and baPWV measurements were
obtained after ultrasonic examination with the patient
in the supine position and after a rest period of at least
10 minutes. Blood pressure and baPWV were
automatically measured by an ABI-form device
(VP1000; Colin Co. Ltd., Komaki, Japan) designed by
an oscillometric method that simultaneously detects
brachial and tibial waveforms in both the arms and
ankles [4]. The blood pressure and baPWV were
measured twice in each patient. Bilateral values of
blood pressure and baPWV were obtained in both
arms, and the mean value was used for further
analyses.

Collection of demographic, medical, and
laboratory data
Baseline medical history and laboratory test
values were collected from medical records. The eGFR
was calculated by the equation used in the
Modification of Diet in Renal Disease study [17].

Statistical analysis
Baseline data were presented as percentage or
mean ± standard deviation. The relationship between
two continuous variables was analyzed by Pearson’s
correlation. Different groups were analyzed by
Chi-square test for categorical variables or by
independent t-test for continuous variables. For basic
multivariable model, the significant variables in
univariable analysis except renal RI, renal PEP, and
renal PEP/renal ET were selected by stepwise
multiple linear regression to identify the determinants
of baPWV. The relationship among clinical variables,
renal Doppler parameters, and baPWV were analyzed
by four multivariable models, i.e. basic model, basic
model plus renal RI, basic model plus renal PEP, and
basic model plus renal PEP/renal ET. A P value less
than 0.05 was considered statistically significant.
Statistical analysis was performed using SPSS version
18.0 (SPSS Inc., Chicago, IL, USA).

Results
Table 1 shows the comparison of baseline
characteristics between two groups divided by
median value of baPWV (1672 cm/s) in all 230
participants. There was a significant difference in age,
gender, diabetes mellitus, systolic blood pressure,
diastolic blood pressure, heart rate, body mass index,
eGRF, chronic kidney disease, hemoglobin, renal RI,
renal PEP, and renal PEP/renal ET between groups.
http://www.medsci.org
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Figure 1 shows the scatter plots between baPWV and
renal RI (Figure 1a), baPWV and renal PEP (Figure
1b), baPWV and renal ET (Figure 1c), and baPWV and
renal PEP/renal ET (Figure 1d). Table 2 shows the
determinants of baPWV according to univariable
analysis in all study participants. Advanced age,
diabetes mellitus, cerebrovascular disease, increased
systolic blood pressure, diastolic blood pressure and
renal RI, and decreased body mass index, eGFR,
hemoglobin, renal PEP, and renal PEP/renal ET were
associated with baPWV.
Table 1. Comparison of baseline characteristics according to
median value of brachial artery pulse wave velocity

Clinical characteristics
Age (year)
Male gender (%)
Diabetes mellitus (%)
Hypertension (%)
Coronary artery disease (%)
Cerebrovascular disease (%)
Congestive heart failure (%)
Systolic blood pressure
(mmHg)

baPWV < 1672
cm/s
n = 115

baPWV ≧ 1672
cm/s
n = 115

P
value

58.8 ± 11.2
71.3
28.7
73.0
17.4
7.0
16.5
126.3 ± 15.4

69.5 ± 10.8
52.2
35.7
73.0
15.7
15.7
16.5
141.8 ± 19.0

<0.001
0.003
0.259
1.000
0.723
0.037
1.000
<0.001

Diastolic blood pressure
(mmHg)
Heart rate (min-1)
Body mass index (kg/m2)
Total cholesterol (mg/dL)
eGFR (mL/min/1.73 m2)
Chronic kidney disease (%)
Glucose (mg/dL)
Hemoglobin (g/dL)
Medications
ACEI use (%)
ARB use (%)
β-blocker use (%)
CCB use (%)
Diuretics use (%)
Renal Doppler ultrasound
Renal RI
Renal PEP (ms)
Renal ET (ms)
Renal PEP/renal ET
ABI-form device
baPWV (cm/s)
ABI

baPWV < 1672
cm/s
n = 115
73.3 ± 10.2

baPWV ≧ 1672
cm/s
n = 115
78.6 ± 11.9

P
value

67.1 ± 10.7
26.9 ± 3.7
196.5 ± 42.7
64.7 ± 20.5
29.0
118.2 ± 36.2
13.9 ± 2.1

70.6 ± 12.5
25.9 ± 3.9
189.4 ± 42.9
56.0 ± 20.3
51.9
126.6 ± 50.2
13.0 ± 1.7

0.020
0.046
0.246
0.002
0.001
0.180
0.002

21.7
43.5
47.0
46.1
27.0

14.8
43.5
40.9
45.2
38.3

0.172
1.000
0.425
1.000
0.091

0.67 ± 0.09
132.2 ± 23.8
299.5 ± 33.0
0.45 ± 0.11

0.71 ± 0.08
114.7 ± 19.9
307.1 ± 39.5
0.38 ± 0.11

<0.001
<0.001
0.118
<0.001

1451.2 ± 146.7
1.17 ± 0.10

2056.3 ± 398.4
1.16 ± 0.10

<0.001
0.529

<0.001

Abbreviations. ABI, Ankle brachial index; ACEI: angiotensin converting enzyme
inhibitor; ARB: angiotensin II receptor blocker; baPWV, brachial pulse wave
velocity; eGFR: estimated glomerular filtration rate; ET, ejection time; ms,
millisecond; PEP, pre-ejection period; PEP, pre-ejection period; RI, resistive index.

Figure 1. The scatter plot between brachial artery pulse wave velocity (baPWV) and renal resistive index (RI) (a), baPWV and renal pre-ejection period (PEP) (b),
baPWV and renal ejection time (ET) (c), and baPWV and renal PEP/renal ET in all study patients.
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Table 2. Determinants of brachial artery pulse wave velocity by
univariable analysis in all patients

Clinical characteristics
Age (per 1 year)
Male gender
Diabetes mellitus
Hypertension
Coronary artery disease
Cerebrovascular disease
Congestive heart failure
Systolic blood pressure (per
1 mmHg)
Diastolic blood pressure (per
1 mmHg)
Heart rate (per 1 min-1)
Body mass index (per 1
kg/m2)
Total cholesterol (per 1
mg/dL)
eGFR (per 1 mL/min/1.73
m2)
Chronic kidney disease
Glucose (per 1 mg/dL)
Hemoglobin (per 1 g/dL)
Medications
ACEI use
ARB use
β-blocker use
CCB use
Diuretics use
Renal Doppler ultrasound
Renal RI (per 0.01)
Renal PEP (per 1 ms)
Renal ET (per 1 ms)
Renal PEP/renal ET (per
0.01)
ABI-form device
ABI

Unstandardized 95% confidence
coefficient β
interval

P value

15.549
81.726
127.555
14.946
2.383
268.683
126.509
13.179

(11.468, 19.630)
(-31.960, 195.412)
(9.927, 245.184)
(-110.106, 139.999)
(-147.052, 151.818)
(96.961, 440.404)
(-22.012, 275.029)
(10.798, 15.560)

<0.001
0.158
0.034
0.814
0.975
0.002
0.095
<0.001

16.272

(11.877, 20.666)

<0.001

9.679
-17.263

(5.107, 14.252)
(-31.623, -2.902)

<0.001
0.019

-0.530

(-1.945, 0.884)

0.461

-5.421

(-8.039, -2.803)

<0.001

239.557
0.882
-54.564

(129.269, 349.886)
(-0.509, 2.273)
(-84.587, -24.542)

<0.001
0.213
<0.001

-81.048
44.650
-12.808
14.299
114.880

(-224.303, 62.208)
(-67.148, 156.449)
(-124.621, 99.005)
(-97.101, 125.699)
(-2.553, 232.312)

0.266
0.432
0.822
0.801
0.055

14.550
-7.436
1.072
-11.265

(8.230, 20.871)
(-9.585, -5.287)
(-0.444, 2.588)
(-15.891, -6.640)

<0.001
<0.001
0.165
<0.001

-3.780

(-9.217, 1.618)

0.168

Abbreviations as in Table 1.

Table 3. Determinants of brachial artery pulse wave velocity by
four models of multivariable analyses in all patients

Basic model (R2 = 0.579)
Systolic blood pressure (per 1
mmHg)
Age (per 1 year)
Heart rate (per 1 min-1)
Cerebrovascular disease
Diastolic blood pressure (per 1
mmHg)
Diabetes mellitus
Basic model + RI (R2 = 0.579)
Renal RI

Unstandardized 95% confidence
coefficient β
interval

P value

7.868

(4.498, 11.237)

<0.001

14.898
9.745
127.089
6.598

(11.040, 18.757)
(5.756, 13.735)
(5.461, 248.716)
(0.624, 12.572)

<0.001
<0.001
0.041
0.031

89.160

(1.082, 177.238)

0.047

-7.987

(-775.412,
759.438)

0.984

(-5.169, -1.201)

0.002

(-10.217, -0.992)

0.018

Basic model + renal PEP (R2 =
0.601)
Renal PEP
-3.185
Basic model + renal PEP/renal
ET (R2 = 0.592)
Renal PEP/renal ET
-5.605

Abbreviations. ET, ejection time; PEP, pre-ejection period; PEP, pre-ejection period;
RI, resistive index.

Table 3 shows the determinants of baPWV in
four multivariable models. In the basic multivariable

model (R-squared = 0.579), systolic blood pressure,
age, heart rate, cerebrovascular disease, diastolic
blood pressure, and diabetes mellitus were
significantly associated with baPWV. Additionally,
renal PEP (unstandardized coefficient β = -3.185; 95%
CI = -5.169 to -1.201; P = 0.002) and renal PEP/renal
ET (unstandardized coefficient β = -5.605; 95% CI =
-10.217 to -0.992; P = 0.018) were independently
associated with baPWV in the model consisting of the
basic model plus renal PEP (R-squared = 0.601) and
basic model plus renal PEP/renal ET (R-squared =
0.592) respectively. However, renal RI (P = 0.984) was
not significantly associated with baPWV in the model
consisting of basic model plus renal RI (R-squared =
0.579).

Discussion
This is the first study investigating the
relationship between renal STIs and baPWV. The
main finding of our study was renal PEP and renal
PEP/renal ET measured from renal Doppler were
significantly associated with baPWV in the
multivariable analysis.
The PWV reflects vascular stiffness and severity
of atherosclerosis [18]. The PWV increase is associated
with increment of propagation speed of the arterial
wave and vascular stiffness [16]. According to the
biomechanical model of the Moens-Korteweg
equation, PWV2 = Eh/2rp, where E = elastic Young’s
modulus, h = wall thickness, r = vascular radius,
and p = blood density, the PWV increases as vascular
wall thickness increases and/or luminal diameter
decreases [19]. The baPWV, carotid-femoral PWV,
and aortic PWV measured from different
non-invasive instruments were useful parameters of
atherosclerosis and could be used to predict prognosis
in general clinical practice [20]. Because PWV is
calculated as the transmission distance of arterial
pulse wave divided by its transmission time, its value
is inversely proportional to pulse wave transmission
time. Because renal PEP was measured as the
transmission time from the initiation of QRS to the
beginning of renal arteriole Doppler wave form, the
renal PEP and its combination index, renal PEP/renal
ET, should have a significantly negative correlation
with PWV. In fact, we found renal PEP and renal
PEP/renal ET were negatively associated with
baPWV in our present study.
Renal RI measured from non-invasive Doppler
ultrasound has been widely used to evaluate
intra-renal hemodynamics for decades [21]. Renal RI
is also a good prognostic indicator of renal function
deterioration and cardiovascular mortality [22-24].
Recently, renal RI was also found to be correlated to
the severity of carotid atherosclerosis and target organ
http://www.medsci.org

Int. J. Med. Sci. 2018, Vol. 15
damage in patients with hypertension [25-27].
Although renal RI chiefly reflected a local renal
vascular resistance, its value was reported to be
influenced by systemic blood pressure [26,28,29].
Several studies investigating the relationship between
PWV and renal RI found renal RI was only correlated
to PWV in univariable analysis, but the relationship
disappeared in multivariable analysis [13,28,30,31].
Hashimoto et al. ever evaluated the relationship
among central aortic blood pressure, aortic PWV, and
renal RI in 133 patients with essential hypertension
[28]. They demonstrated that aortic PWV was
significantly correlated to renal RI in a multivariable
model, but the significant correlation disappeared
after adjusting aortic pulse pressure. Ohta et al.
observed a relationship among arterial stiffness, renal
pulsatility index, and RI measured from main renal
arteries and inter-lobar arteries in 245 patients with
diabetic nephropathy [31]. They found that PWV was
significantly correlated to the renal pulsatility index
and RI measured from the main renal arteries and
inter-lobar arteries in univariable analysis, but PWV
was only significantly correlated with the renal RI
measured from main renal arteries (β = 0.004, P =
0.044), not measured from inter-lobar arteries (β =
0.003, P = 0.072) in multivariable analysis. In our
present study, we consistently demonstrated renal RI
was significantly associated with baPWV in
univariable analysis, but this association became
insignificant in multivariable analysis. Although
systemic and renal vascular diseases share common
atherosclerotic risk factors, the speed and degree of
atherosclerotic change in systemic and renal vascular
territories may be different. Hence, the association
between renal RI and baPWV only existed in the
univariable analysis, but not in the multivariable
analysis in the present study.

Study limitations
There were some limitations in our study. First,
the chronological change and relationship between
arterial stiffness and renal Doppler parameters were
limited in this cross-sectional observation study.
Second, we did not measure renal RI from main renal
arteries, so we could not evaluate the relationship
between baPWV and hemodynamics of main renal
arteries. Finally, most of our patients received
antihypertensive treatment for their chronic
conditions. For ethical reasons, we did not withdraw
their medications, so the influence of antihypertensive
agents on our findings could not be excluded.

Conclusions
Our results found that renal PEP and renal
PEP/renal ET were independently associated with
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baPWV. Hence, renal STIs measured from renal echo
may have a significant correlation with arterial
stiffness.
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