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Abstract

The progression of chronic kidney disease (CKD) inverts the arterial stiffness gradient. However, central hemodynamic
pressure profiles in CKD have not been fully examined. A cross-sectional study was performed to assess the relationship
between the CKD stage and central hemodynamic processes. The study enrolled 2020 hypertensive patients who had
undergone echocardiography and measurement of their serum creatinine levels. Radial tonometry was applied to all patients
to measure central blood pressure. Patients were classified according to six CKD stages based on their estimated glomerular
filtration rate. Central (PP2) and brachial pulse pressure (PP) were elevated at stages 3a and 3b, respectively. Diastolic blood
pressure (DBP) was higher at stage 1 compared to the other stages. The left ventricular mass index was greater at CKD
stages 3b—5 than that at stage 1. Either PP or PP2 was sensitive for detecting the presence of left ventricular hypertrophy
(LVH). Age, weight, pulse rate, brachial blood pressure, and antihypertensive medication differed among the six stages.
Pulse amplification (PA) adjusted for these confounders was the lowest in CKD stages 3a and 3b. The present observations
support that cardiovascular risk is higher in CKD stages 3b and later. Our findings indicate that PA is inverted in CKD stages
4 and 5. The present results suggest that aortic stiffening and the subsequent elevation in PA during CKD progression relate
to a reduction in the ability of PP2 to predict LVH.

Introduction

Central hemodynamic processes play a crucial role in aging
and hypertension. The age-related increment of peripheral
arterial stiffness compared to aortic stiffness is related to an
increase in the reflection wave and pulse pressure (PP)
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without a reversal of the arterial stiffness gradient [1]. An
increased reflection wave mainly accounts for the elevated
PP in systolic hypertension. A previous meta-analysis
demonstrated that an augmentation index predicts cardio-
vascular (CV) outcomes [2]. In addition, central PP (PP2)
predicted CV events more strongly than brachial PP [3].
The Anglo-Scandinavian Cardiac Outcomes Trial Conduit
Artery Function Evaluation study indicated that anti-
hypertensive medications that preferentially reduce central
systolic blood pressure (SBP) rather than peripheral SBP
resulted in favorable CV outcomes in hypertensive patients
[4]. Our previous data indicated that compared to non-
vasodilator antihypertensive medications (NVD), vasodi-
lator antihypertensive agents (VD) preferentially reduced
central SBP rather than peripheral SBP [5]. Thus, there is an
emerging consensus that the definition of central hemody-
namic terms should be introduced in the guidelines for
hypertension and CV risk [6].

However, the Framingham Heart Study (FHS) provided
diverse results. An age-related increase in aortic stiffness
compared with peripheral arterial stiffness was associated
not only with increases in the forwarding wave amplitude
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and PP but also with a reversal in the arterial stiffness
gradient [7], thereby suggesting that aortic stiffness over-
comes peripheral arterial stiffness in aging. An elevated PP
was primarily attributable to a reduced effective diameter of
the proximal aorta and elevated characteristic impedance
during systolic hypertension [8]. Thus, the augmentation
index, PP2, and PP amplification were not related to CV
events in the FHS [9]. In addition, reduced aortic diameter
and aortic wall stiffness were shown to account for sex
differences in PP in the elderly population [10]. Further-
more, in the FHS, aortic stiffness, central forwarding wave
amplitude, and wave reflection were associated with future
SBP, PP, and incident hypertension [11], which supports
that aortic stiffness is a precursor to, rather than the result
of, hypertension.

These discrepant findings lead to the possibility that
some factors that were not appreciated in previous studies
simultaneously confound central hemodynamic measure-
ments and contribute to CV outcomes. Chronic kidney
disease (CKD) is recognized as a strong CV risk factor [12].
Indeed, an independent graded association was observed
between a reduced estimated glomerular filtration rate
(eGFR) and the risk of death, CV events, and hospitaliza-
tion in a large community-based population [13]. CKD
patients are exposed to non-traditional as well as to Fra-
mingham (traditional) CV risk factors [14]. Of importance,
London et al. demonstrated that aortic aging differs between
non-CKD and CKD patients [15]. Although the diameter of
the ascending aorta remained constant during aging in CKD
patients, it increased over time in the population without
CKD. It is known that the arterial stiffness gradient is
inverted in CKD progression. However, central hemody-
namic pressure profiles in CKD have not been fully
examined. Here, we present a cross-sectional analysis that
assessed whether CKD is associated with abnormal central
hemodynamics, including pulse amplification (PA), among
patients with hypertension as a common and under-
appreciated pre-existing medical cause.

Methods

Initially, we enrolled Japanese hypertensive patients who
had visited our offices and were stable on antihypertensive
medications for at least 3 months. Seven major centers and
their related facilities comprised the participating clinics for
the Antihypertensives and Blood pressure of Central artery
study in Japan (ABC-J study) [5, 16]. Then, the number of
enrolled patients was increased with the aid of cooperative
doctors (Appendix) to ensure statistical power (ABC-J II).
A main objective of the ABC-J II study was to assess CV
outcomes [17]. The study was approved by our local ethical
committee and complied with the Declaration of Helsinki
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(registered at UMIN 000002966). Patient enrollment began
in 2010 using the following inclusion criteria: age >35
years as well as a diagnosis of hypertension that was treated
with stable antihypertensive therapy. Patients with valvular
heart disease, severe arrhythmia, or on dialysis were
excluded from the study. In addition, if the attending phy-
sicians believed that the patients were unsuited for this
study, they were not enrolled. In 2011, patient enrollment
was closed, and the baseline data were fixed. In 2013, the
observations were completed. However, the data from the
follow-up study have not yet been published [17]. There-
fore, we used the baseline data for this cross-sectional
analysis.

For all patients, brachial SBP and diastolic blood pres-
sure (DBP) were measured using oscillometric methods
(HEM-9000AI, Omron Healthcare, Kyoto, Japan) in a sit-
ting position after at least a 5-min rest [18]. Radial tono-
metry was automatically performed to obtain the pulse
waveform by applying multiple tonometers on the wrist and
assessing the second peak of SBP (SBP2) on the same
occasion as the BP measurement. The algorithm of
HEM9000AI was used to determine SBP2 by calculating
the second maximum of the fourth derivative of the radial
waveform [19]. The calibration of the waveform was per-
formed with the SBP and DBP as the peak and bottom of
the radial pressure waveform, respectively. Using the data
from ABC-J and the other studies, Herbert et al. demon-
strated that SBP2 measured using HEM-9000AI was almost
identical to central SBP, which was estimated using the
SphygmoCor system [20]. Brachial PP and PP2 were
determined as SBP—DBP and SBP2—DBP, respectively.
The difference in DBP between central and brachial arteries
is negligible [18]. Thus, PA was defined as PP/PP2.

A full medical history was obtained. According to our
previous report on central hemodynamics, antihypertensive
medication was categorized into VD and NVD [5]. While
VD comprises angiotensin receptor blockers, angiotensin
converting enzyme inhibitors, calcium channel blockers,
and alpha-adrenergic blockers, NVD consisted of beta-
adrenergic blockers and diuretics. Diabetes (DM) was
diagnosed when patients exhibited a hemoglobin Alc level
26.5%, fasting blood glucose level 2126 mg/dl, post-
prandial blood glucose level 2200 mg/dl, and results from
an oral 75-g glucose tolerance test that indicated hyper-
glycemia. Patients taking glucose-lowering drugs and/or
insulin were also considered to have DM. Dyslipidemia
(HL) was diagnosed when fasting high-density lipoprotein
cholesterol was lower than 40 mg/dl, or triglyceride and
low-density lipoprotein cholesterol exceeded 150 and 140
mg/dl, respectively [20]. Patients who took lipid-lowering
drugs were also considered as having HL. Left ventricular
mass index (LVMI) or left ventricular hypertrophy (LVH)
was considered an intermediate phenotype of CV risk [21,
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22]. Among baseline data of the ABC-J II study, 2020
patients were selected because their serum creatinine level
was measured, and they underwent echocardiography.
Using the MDRD equation for the Japanese population, the
eGFR (ml/min/1.73 m2) was calculated, and patients were
divided into six groups according to a revised CKD
classification [23].

Laboratory data, including echocardiography findings,
such as left ventricular end-diastolic diameter (LVEDA),
posterior wall thickness (PWT), and interventricular septal
thickness (IVST), were obtained from medical records and
used for analysis when they were measured on the same day
or within 3 months of radial tonometry. Body surface area
was assessed from body weight and height. LVMI was
calculated using the following equation: [24]

[0.8 x 1.04 x {(LVEDd + PWT + IVST)’
—~LVEDd’} + 0.6]/BSA.

Data were expressed as the mean + SD. Statistical ana-
lyses were performed using analysis of variance (ANOVA)
followed by Dunnett’s test (CKD stage 1 was used as the
reference value), the ;(2 test with Yates’s correction, and
regression analyses and receiver operation curve (ROC)
analyses, whenever appropriate; SPSS version 21 (IBM,
New York, NY, USA) was used for data analysis. To per-
form ROC analysis, continuous variables were converted
into nominal ones. LVH was determined when LVMI was
greater than 115 and 95 g/m” in male and female patients,
respectively [25]. Written informed consent was not
obtained from participants due to the observational nature
of this study. Statistical significance was assumed when
p <0.05.

Results

Table 1 summarizes the baseline characteristics of enrolled
patients. For clarity, only the means were reported.
Regarding age, weight, antihypertensive medications, and
hemodynamic profiles, there were differences across the six
groups (p < 0.001 for all by ANOVA). The patients at CKD
stages 2—4 were older than those at stage 1 (p <0.05). The
body weight of patients at CKD stages 4-5 were less than
that of patients at stage 1 (p <0.01). Compared to stage 1,
more VD and NVD anti-hypertensive medications were
prescribed for CKD stages 3b—5 and stages 3a—5 patients (p
< 0.05 for each), respectively. SBP at stage 1 was higher
than that at stages 3a—4, and DBP at stage 1 was higher than
that at stages 2—-5. The second peak of SBP and PA were
similar among all CKD stages according to ANOVA
results. Accordingly, the blood pressure of patients enrolled
in this study was well controlled throughout all CKD stages.
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Table 1 Patient backgrounds
CKD stages 1 2 3a 3b 4 5
Patient number 211 1051 430 152 71 105
Age (y/o) 59 65*%  68* 69* 65* 62
Sex (male, %) 50 56 53 52 66 59
Diabetes (%) 28 26 28 28 30 33
Dyslipidemia (%) 41 48 52 54 37 37
Height (cm) 159 159 159 159 160 159
Weight (kg) 62 62 63 61 59* 58*
VD (class) 1.47 150 1.59 1.84% 1.93*% 2.17*
NVD (class) 041 044 077 0.85% 0.62* 0.71*
SBP (mmHg) 138 136 134*%  133*  135% 140
DBP (mmHg) 81 76%  74* 72% 73% 73%
PP (mmHg) 57 59 59 61* 62* 68*
SBP2 (mmHg) 127 125 124 122 123 127
PP2 (mmHg) 46 48 49% 51* 50%* 55%
PR (bpm) 74 70*%  68* 68* 70%* 72

Pulse amplification 1.27 1.27 1.25 1.24 1.25 1.29

Age, weight, vasodilator (VD), non-vasodilator antihypertensives
(NVD), blood pressures, and pulse rate (PR) differed among six
groups. For the other abbreviations see text. Asterisk indicates
significant difference from stage 1. Only mean values were expressed
for clarity

Although PP2 at stages 3a—5 was higher than that at stage 1,
PP at stage 3b and later was higher than that at stage 1.
Thus, PP2 was significantly elevated in the earlier stages of
CKD than PP. Pulse rate (PR) was lower at CKD stages 2—4
than at stage 1.

There were differences in patient clinical characteristics,
such as age, weight, antihypertensive use, pulse rate, and
blood pressure, across the six groups. Because these factors
may alter PA, they were adjusted to compare PA. To
decrease multicollinearity, SBP was used as a variable for
blood pressure. Multiple regression analysis for PA was
performed (Table S1), which may have decreased insig-
nificant variables for adjustments, thereby keeping the
analyses conservative. Accordingly, PA was adjusted uti-
lizing beta coefficients for weight, SBP, PR, and VD anti-
hypertensive use. Surprisingly, compared to CKD stage 1
(Fig. 1a), the adjusted PA at CKD stages 3a and 3b was
lower (p <0.05 for each). However, the adjusted PA at
CKD stage 1 was similar to that at CKD stages 4 and 5.
Similar trends were seen when PA was adjusted for all
variables shown in Table S1 (Fig. 1b). Thus, CKD pro-
gression inverted PA.

From the echocardiography data, the ABC-J II study
mined PWT, IVST, and LVEDd to assess the stress
experienced by the heart. As shown in Fig. 2, PWT and
IVST at CKD stage 1 were smaller than those at stages 3b—5
(p <0.05 for all). Only at stage 5 was LVEDd greater than
that at stage 1 (p < 0.01), thereby supporting that fluid status
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Fig. 1 The adjusted pulse amplification and CKD stages are shown.
The PA was adjusted for weight, vasodilator antihypertensive use,
pulse rate, and blood pressure (a), or for six variables by adding age
and non-vasodilator antihypertensive use (b). Asterisk indicates a
significant difference from stage 1

was maintained until CKD progressed to stage 4. In contrast
to CKD stages 2—4, PR at CKD stage 5 was similar to that
at CKD stage 1. Compared to stage 1, LVMI increased for
CKD stages 3b—5 (p < 0.05 for all). To detect factors con-
tributing to LVMI, simple regression was performed. As
described in Table 2, many variables in the patients’ back-
grounds exhibited significant correlations. To render sta-
tistics more conservative, any independent variables
possessing r > 0.1 were selected. They included sex, eGFR,
SBP, PP, VD, NVD, SBP2, and PP2. Then, these variables
were used as independent variables for multiple regression.
The analyses demonstrated that LVMI was strongly related
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to sex (male) and eGFR, rather than hemodynamic factors
(Table 2). To ascertain the above analyses, stepwise
regression was performed for all independent variables used
for simple regression analyses. Again, eGFR was selected
as a single significant contributor for LVMI (R =0.39,
F=34, df (16,2003), f=-0.49, t=—12, p<0.0001).
Although it is difficult to determine directionality using a
cross-sectional study, our data provided evidence that
incremental changes in LVMI are associated with the pro-
gression to CKD stage 3b.

ROC analysis was performed to detect significant pre-
dictors of LVH in treated hypertension. In the enrolled 2020
patients, 1136 showed LVH (56%). Among the independent
variables, PP (AUC: 0.592+0.014, p<0.01) and PP2
(AUC: 0.597+0.014, p<0.01) exhibited the strongest
prognostic ability (Table 3). The cut-off value for PP to
detect LVH was 60 mmHg (sensitivity: 54%; selectivity:
60%), and that for PP2 was 46 mmHg (sensitivity: 59%;
selectivity: 55%) (Fig. 3).

Discussion

Physiologically, elastic arteries temporally store approxi-
mately 50% of the stroke volume during the systolic period
before subsequent flow to the periphery in the diastolic
phase [1]. The latter maintains diastolic blood flow and
pressure to sufficiently perfuse the coronary arteries. The
high compliance of elastic arteries, such as the thoracic
aorta, facilitates both the Windkessel effect and transmis-
sion, as well as slows the pulse wave velocity (PWYV). This
results in the late arrival of the reflection wave at the
ascending aorta in very late systole or even diastole, thereby
reducing the summative effects of reflection and forwarding
waves on central SBP. The left ventricle is exposed to
central SBP. As a mechanical stress, the central SBP is a
driving force for remodeling of the left ventricle and large
arteries, such as the ascending aorta and carotid arteries.
The FHS indicated that LVH is a strong risk factor for
coronary heart disease, heart failure, and CV death [22].
Our results indicated that LVMI at CKD stages 3b—5 was
elevated, compared to that at CKD stage 1. This is con-
sistent with the observation that CV mortality is higher in
patients at CKD stages 3b and later if, indeed, LVH is a
strong risk factor for CV illness [21, 22]. Hypertensive
patients at CKD stages 3b—5 were commonly characterized
as having a high PP and PP2 as well as using three or more
antihypertensive medications, which supports the notion
that CKD hides behind resistant hypertension as a common
and underappreciated pre-existing medical cause in treated
hypertension.

Advanced CKD (stages 4-5) appears to be a typical
clinical example of arterial impedance mismatch (Fig. S1).
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Fig. 2 The left ventricular mass
index (LVMI) and CKD stages
are shown. Both posterior wall
thickness (a: PWT) and
interventricular septal thickness
(b: IVST) at CKD stages 3b—5
were greater than those at stage
1. The left ventricular end- 1 2
diastolic diameter (c: LVDd) at
CKD stage 5 was larger than
that at stage 1. The LVMI (d) at
CKD stages 3b—5 was greater
than that at stage 1. Asterisk
depicts a significant difference
from stage 1

d

200

LVMI

0
CKD stage

Patient number

Investigators described the relations between arterial stiff-
ness and CKD [26, 27]. Briet et al. reported that, although
carotid stiffness is similar between CKD and hypertensive
patients, aortic stiffness in CKD patients is higher than that
in hypertensive patients without CKD [28]. Marked
reductions in aortic compliance could account for both high
PA and diastolic hypotension in advanced CKD. Therefore,
ventricular—vascular coupling is disrupted [29], which is
consistent with high CV mortality in this population. Our
data suggest that advanced CKD is related to both LVH and
elevated PA through afterload mismatch [1, 30]. The stiff-
ness gradient disappears or inverts in CKD progression
[20]. Thus, proximal aortic stiffening inadequately reduces
PP in CKD, which accounts for a high prevalence of
microvascular as well as macrovascular diseases of the
brain and kidney in this patient population [31]. The for-
warding wave pressure increases as aortic compliance is
progressively diminished in the patients with advanced
CKD. Thus, the relative contribution of reflection pressure
to central SBP may shrink, thereby increasing PA in CKD
stages 4—5. Accordingly, to our knowledge, the present data
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constitute the novel demonstration that PA is elevated in
advanced CKD patients.

Various clinical studies have reported that the left ven-
tricular mass (LVM) showed a better correlation to PP2 than
to PP [21]. Indeed, the present data depicted that although
PP at CKD stage 3b was higher than that at CKD stage 1,
PP2 at CKD stage 3a was already greater than that at CKD
stage 1. Furthermore, our data suggest that PP2 is an early
marker for a decrease in arterial compliance rather than for
PP in treated hypertension. These observations support the
notion that arterial compliance is diminished at CKD stage
3 and later, even in well-treated hypertension. However, our
data showed that PP2 and PP similarly predicted LVH in
treated hypertension. Although the reasons for this dis-
crepancy are not readily apparent, it may possibly be due to
differing patient profiles. Indeed, high-risk patients were
enrolled in the present study, as over 50% of patients pos-
sessed LVH. In addition, CKD patients are exposed to non-
traditional, as well as Framingham (traditional), CV risk
factors. Non-classical CV risk factors, such as calcium
phosphate abnormalities, are common in advanced CKD
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Table 2 Regression analysis to

df(8,201 i), p< OjOOOI
Mean + SD R P s T P

Sex (male, %) 55 0.24 <0.0001 10.8 6.2 <0.0001

Age (y/o) 66+ 11 0.03 0.13

Height (cm) 159+9 0.06 <0.01

Weight (kg) 62+11 0.07 <0.01

DM (%) 27 0.06 <0.01

HL (%) 45 0.02 0.42

eGFR (ml/min) 64 +23 0.29 <0.0001 —0.446 —12.2  <0.0001

SBP (mmHg) 135+ 16 0.16 <0.0001 —2.24 -0.35 0.72

DBP (mmHg) 76 £12 0.05 <0.05

PP (mmHg) 60+ 14 0.22 <0.0001 2.87 0.46 0.65

SBP2 (mmHg) 125+ 18 0.11 <0.0001 2.35 0.37 0.71

PP2 (mmHg) 49+ 15 0.16 <0.0001 —2.44 -0.39  0.70

PA 1.26 +0.37 0.01 0.79

PR (bpm) 7012 0.07 <0.01

VD (class) 1.60.6 0.25 <0.0001 1.81 0.94 0.34

NVD (class) 0.60.6 0.15 <0.0001 —1.93 —-1.14  0.25

Sex, estimated glomerular filtration rate (eGFR), brachial systolic blood pressure (SBP), brachial pulse

pressure (PP), central systolic blood pressure (SBP2), and central pulse pressure (PP2) showed good

correlations with LVMI in simple regression. Only gender and estimated glomerular filtration rate (eGFR)

manifested significant correlations to LVMI in multiple regression. For the other abbreviations, see text
Table 3 ROC analysis for LVH Variable AUC

Age (y/o) 0.462

Sex (male, %) 0.547

Height (cm) 0.445

Weight (kg) 0.506

Diabetes (%) 0.502

Dyslipidemia (%) 0.534

eGFR (ml/min/m?) 0.429

Systolic BP (mmHg) 0.560

Diastolic BP (mmHg) 0.476

Central systolic BP 0.563

(mmHg)

Pulse pressure (mmHg) 0.590

Central pulse pressure 0.596

(mmHg)

Pulse amplification 0.450

Pulse rate (betas/min) 0.440

AUC area under curve, eGFR estimated glomerular filtration rate, BP
blood pressure. Central pulse pressure and eGFR exhibited the largest
and smallest AUC, suggesting that central blood pressure and eGFR
were the strongest positive and inverse predictor for LVH, respectively

SPRINGER NATURE
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Fig. 3 The receiver operation curve analysis for left ventricular
hypertrophy (LVH) is shown. Central (PP2) and brachial pulse pres-
sures (PP) exhibited a strong predictive ability for the presence of
LVH. Cut-off values for PP and PP2 in detecting LVH were 60 and 46
mmHg, respectively

and possibly underlie aortic remodeling [15]. Collectively,
these results indicate that although BP control is important
for LVM regression [32], aortic compliance progressively
decreases despite feasible BP control once kidney dys-
function develops (Table 1). Additionally, the results sug-
gest that aortic stiffening and the subsequent elevation in
PA during CKD progression relate to a reduction in the
ability of PP2 to predict LVH.

The study has limitations. First, we did not take digital
records of radial pulse wave forms from all enrolled
patients. Thus, waveform analysis using differing algo-
rithms was not available. Second, only echocardiographic
data for diastole were taken from patient medical records in
the mother ABC-J 1II study, as LVH was the focus [22].
Although systolic function data such as ejection fraction
may affect central hemodynamics, they were not available
in this analysis. However, all patients were stable hyper-
tensive patients without congestive symptoms [24]. Third, a
cross-sectional study is not suitable for assessing causal
relationships. Cohort studies similar to the FHS, which did
not appreciate kidney function, may confound the inter-
pretation of data, partly due to the inseparable and complex
features of aging and CKD, which progress simultaneously.
Fourth, although the study was a multicenter study, all
enrolled patients were Japanese who were shorter in height,
thereby potentially biasing patient selection [8]. Fifth,
Wassertheuer et al. reported that PA was reduced in
advanced CKD [33]. However, they compared unadjusted
PA among 128 enrolled patients. Finally, PWV data were

not available in this study. Although carotid-femoral PWV
is supposed to be the gold standard of the aortic stiffness
index, it does not consider ascending aortic stiffness or even
aortic arch stiffness. The traveling time of the pulse wave
from the heart to the carotid arteries may exceed that from
the heart to the aortic arch.

In summary, the present observations indicate that LVMI
is increased in CKD stages 3b—5. Furthermore, our results
are consistent with the reversal of the arterial stiffness
gradient in advanced CKD and provide the first evidence for
abnormalities in the central hemodynamic pressure profile
among these patients. Of importance, aortic stiffening in
advanced CKD inadequately reduces PP, further deterior-
ating microvascular as well as macrovascular beds in the
brain and kidney. Taken together, these findings suggest
that CKD stage 3b (i.e., eGFR) as well as PP or PP2 come
of age as an index for timely CV screening and
interventions.
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