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Pulse pressure amplification (PPA) reflects large artery
function. Its contribution in chronic kidney disease (CKD)
remains uncertain. The authors assessed PPA in CKD
progression in patients with CKD stage 2 to 4 (n=128) and
89 controls (follow-up: 42 months). PPA was reduced in
CKD patients as compared with control patients and
associated with decline in renal function. Sixteen renal
endpoints, defined by 50% loss of renal function or start of
renal replacement therapy, were detected. In Cox regression
analysis, PPA, estimated glomerular filtration rate, and

proteinuria predicted renal endpoints. Patients with CKD
stage 4 and low PPA had the highest risk for developing renal
endpoints (unadjusted 8.1; 2.4–27.7 and adjusted for age and
proteinuria 5.6; 1.5–21.9, log-rank P<.001). Taken together,
PPA is reduced in CKD and is associated with declining renal
function. In addition, low PPA predicts renal endpoints in
severe CKD. Furthermore, this study emphasizes the role of
systolic blood pressure as a major determinant of PPA. J Clin
Hypertens (Greenwich). 2014;16:401–405. ª2014 Wiley Peri-
odicals, Inc.

Unlike mean and diastolic pressures, which are fairly
constant within large arteries, systolic pressures signif-
icantly vary along the vascular bed.1 This change in
pulsatile behavior is attributed to changes in arterial
properties as well as end organ function.2 Beyond
anatomical and age-related causes,3 pathophysiological
modifications of the arterial impedance are the major
determinants of alterations in pulse wave shape, mag-
nitude, and velocity.4,5 Arterial stiffening and subse-
quent hypertensive end organ damage are strongly
related to adverse cardiovascular outcome.4,5 In partic-
ular, chronic kidney disease (CKD) represents a pathol-
ogy affecting all of the above-mentioned anatomical and
functional organs. Although in end-stage renal disease
(ESRD) the consequence of arterial stiffening is well
documented,6,7 its relation to the development towards
ESRD, clinically well characterized by the emerging
levels of CKD, remains unclear.8–10

Furthermore, arterial stiffness as measured by pulse
wave velocity (PWV) is a structural and therefore slow
indicator4 of vessel condition, although the pathogenesis
is likely paralleled by an early functional impairment
that cascades a set of additional processes leading to
ventricular and arterial remodeling. Therefore, the
investigation of early markers of stiffness-related func-
tional impairments and arterial pulsatility, such as pulse
pressure amplification (PPA) as a ratio between aortic

and brachial pulse pressures,11 may provide additional
insights into the development of CKD and cardiovas-
cular disease. This work focuses in cross-sectional
analysis on the relationship between PPA with CKD
and in prospective analysis on the predictive values of
PPA with respect to renal endpoints and mortality.

METHODS

Design and Patients
From November 2008 to December 2010, 135 patients
with CKD stages 2 to 4 and 89 controls were prospec-
tively included in this study on the basis of reduced
estimated glomerular filtration rate (GFR; Modification
of Diet in Renal Disease equation, GFR ≤60 mL/min per
1.73 m2). Enrolled patients were 18 years or older and
had not been on dialysis or received a kidney transplant.
Pregnant women were excluded. Diabetic nephropathy
was identified in 39 patients, tubulointerstitial nephrop-
athy in 26 patients, nephroangiosclerosis in 26 patients,
polycystic kidney disease in 3 patients, primary glomer-
ulonephritis in 36 patients, and undetermined nephrop-
athy in 5 patients. The patients underwent a work-up
including medical interview, clinical examination, blood
samples, and evaluation of central blood pressure (BP)
and aortic PWV (aPWV). The protocol was approved by
the local ethics committee, and all patients gave written
informed consent.

Central Hemodynamics
All patients were studied in a quiet room with a
controlled temperature of 22�1°C. BP was monitored
every 3 minutes with an oscillometric method (Mobil-
O-Graph 24-hour Pulse Wave Analysis [PWA] Monitor,
IEM, Stolberg, DE). The PWA monitor incorporates the
ARCSolver (Austrian Institute of Technology, Vienna,
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Austria) algorithms. This is a novel method for the
determination of central hemodynamics based on oscil-
lometric BP measurement with a common cuff and
provides measurements of arterial stiffness surro-
gates.12–14 Several groups validated the arterial stiffness
parameters provided by the ARCSolver algorithm inva-
sively and noninvasively with respect to accuracy,
reproducibility, and feasibility.15–22

Using a common upper arm BP measurement, the
PWA recordings were carried out at a diastolic pressure
level for approximately 10 seconds using a conventional
brachial BP and a high-fidelity pressure sensor. After
digitalization, the signal processing was performed
using a 3-level algorithm. In the first step, the single
pressure waves were verified for their plausibility by
testing the position of minima and the corresponding
wavelengths. During the second stage, all single pressure
waves were compared with each other to identify
artifacts.

Thereafter, an aortic pulse wave was generated by
means of a generalized transfer function. Its extreme
values were aortic systolic BP (aSBP) and diastolic BP
(aDBP). Subsequently, aortic pulse pressure (aPP) was
derived as the difference of aSBP minus aDBP, as
defined by peripheral measurements. PPA was then
calculated as brachial pulse pressure (bPP) divided by
aortic pulse pressure (PPA = bPP/aPP). From a mecha-
nistic viewpoint, PPA was largely influenced by the
relationship of vascular impedance between central and
peripheral vessels and its pathophysiological change,
which affects both forward and backward traveling
waves as well as their timing and superimposition.23

We collected blood and urine samples to determine
the levels of serum plasma creatinine with an isotope
dilution mass spectrometry standardized modified
kinetic Jaffe colorimetric method, hemoglobin, trigly-
ceride, high-density lipoprotein and low-density lipo-
protein cholesterol, urinary albumin, and creatinine.

Prospective Analysis
In prospective follow-up, 135 CKD patients were
enrolled. Renal endpoint was defined as a decline of
50% from baseline and/or start of renal replacement
therapy. Additionally, all-cause mortality was deter-
mined. The median follow-up was 42 months. Ten
patients were lost during the follow-up period. Sixteen
patients reached the renal endpoints during follow-up
and 13 patients died.

Statistical Analysis
Analysis of variance with post-hoc Bonferroni correction
or the Kruskal-Wallis test were applied to compare CKD
groups with controls and to analyze sex differences. The
arterial parameters of interest were entered in a stepwise
regression analyses. Logistic regression analysis was
performed using age, eGFR, aPWV, and PPA as variables.
Patients were categorized according to CKD stage 2 to 4
and to the median of PPA.24 Cox regression analysis and
Kaplan-Meier survival analysis with log-rank test was

performed for renal endpoints and mortality for these
categorized groups. The assumption of normality of
continuous covariates was verified before analysis. Sta-
tistical analysis was performed with SPSS 19 software
(SPSS Inc, IBM Corporation, Armonk, NY).

RESULTS
The cross-sectional characteristics of the populations at
baseline are presented in Table I. CKD patients were
older and consisted of fewer women than control
patients. In addition, CKD patients had higher brachial
and central systolic BP (SBP) and PP. CKD patients
more often had diabetes. Blood cholesterol was subse-
quently significantly lower in CKD patients. With
respect to arterial function, augmentation index and
aPWV were still significantly increased in CKD patients
after adjustment for confounding factors such as age
and mean arterial pressure, whereas PPA was reduced as
compared with control patients.

In patients with CKD stage 2 to 4 of the determined
parameters, PPA and hemoglobin level were associated
with a decline in renal function. In addition, PPA was
associated with age (r=�0.31), sex (r=0.31), heart rate
(r=0.35), central SBP (r=�0.48), brachial SBP
(r=�0.21), and total cholesterol (r=�0.25). Aortic
PWV (r=�0.17), eGFR (r=0.02), and glycated hemo-
globin (r=�0.05) were not associated with PPA.

In stepwise linear regression analysis of PPA in CKD
patients, we determined age, female sex, heart rate, and
central SBP as determinants of PPA, whereas in controls,
age was the determining factor (Table II).

During the prospective follow-up period, 16 com-
bined renal endpoints were recorded. According to the
univariate Cox regression analysis, we determined
proteinuria, eGFR, and PPA as significant predictors
of renal endpoints. Mortality did not interfere with the
effect of PPA on renal endpoints. To assess whether
eGFR and PPA interact, we performed Cox regression
analysis for interaction for continuous and categorized
measures of renal function (CKD stage) and PPA
(median). We observed in both circumstances significant
interaction between both factors (Table III).

Next, we analyzed the relative risk for developing
renal endpoints unadjusted and adjusted for age and
proteinuria (Table IV). Severe CKD (stage 4), but not
mild to moderate CKD (stage 2 or 3), predicted
unadjusted and adjusted renal endpoints. PPA catego-
rized according to its median did not reach significance.
However, the combination of CKD categorized as
severe vs mild to moderate and PPA categorized
according to the median identified the subgroup of
patients with severe CKD and low PPA as a group for
significantly increased risk to reach renal endpoints.
Patients with severe CKD with PPA above the median
had significantly lower risk to reach renal endpoints
similar to patients with CKD stage 2 or 3. This
remained significant after adjustment for age and
proteinuria. Kaplan-Meier curves confirmed this result
with a log-rank P<.001 (Figure).
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DISCUSSION
PPA reflects an early marker of arterial stiffness related
to functional impairments and arterial pulsatility.11,25

We followed the idea that arterial stiffness influences the
development of CKD and in this line PPA may deter-
mine CKD progression as a functional marker of arterial
stiffness. Keeping this in mind, the major finding of this
study, and to our knowledge the first time reported, is

that reduced PPA in CKD, stratified for CKD stage 2 to
4, is significantly associated with renal function and
predicts renal endpoints.

In cross-sectional analysis, PPA was lower in patients
with CKD as compared with controls. Stratification
according to CKD stages demonstrated a decline in PPA
with advancing CKD. The decrease of PPA with
declining renal function was neither affected by age

TABLE I. Main Clinical Characteristics in Patients With CKD 2 to 4 and Control Patients

Controls CKD Total CKD 2 CKD 3 CKD 4

No. 89 128 36 55 37

Age, y 49.0�13.9 60.0�14.9 64.5�10.4 57.7�14.9 62.2�16.2

Female,% 49 41 55 41 35

BMI, kg/m2 27.6�5.3 27.4�5.3 26.8�5.6 28.0�5.6 26.6�4.7

Diabetes, % 25 44 68 36 46

HbA1c,% 6.0�1.2 6.1�0.9 6.6�1.0 6.0�0.8 5.9�0.8

eGFR, mL/min 103.4�6.5 42.6�18.2 75.9�10.0 43.9�9.0 24.0�4.1

Cholesterol, mg/dL 210.1�47.9 202.8�57.7 201.7�48.1 204.1�68.1 201.3�43.0

SBP, mm Hg 126.9�15.6 136.0�18.7 137.8�16.4 135.5�17.5 135.9�22.1

DBP, mm Hg 83.4�10.6 78.1�11.5 75.6�7.5 79.4�10.3 76.7�14.6

PP, mm Hg 43.4�11.7 58.9�16.8 63.3�13.5 56.2�16.1 59.2�18.9

aSBP, mm Hg 115.7�13.9 126.0�19.2 126.6�13.5 125.4�16.8 126.7�25.6

aDBP, mm Hg 85.1�10.9 79.9�11.2 77.6�6.8 81.0�10.2 78.7�14.3

aPP, mm Hg 30.4�8.7 46.9�18.1 49.0�12.2 44.5�15.7 48.0�23.9

Heart rate, beats per min 75.5�12.6 66.7�11.0 69.2�9.3 66.4�11.2 65.7�11.4

AIx,% 15.7�14.2 24.9�11.6 27.9�7.6 24.8�11.4 23.0�13.7

CF PWV, m/s 7.6�1.9 10.0�2.7 9.9�2.0 9.8�2.9 10.5�2.7

PPA, % 1.44�19 1.25�0.21 1.30�0.14 1.25�0.17 1.22�0.21

Hemoglobin, g/dL 13.9�1.4 12.7�1.6 13.0�1.5 12.8�1.3 11.8�1.8

Abbreviations: aDBP, aortic diastolic blood pressure; AIx, augmentation index; aPP, aortic pulse pressure; aSBP, aortic systolic blood pressure; BMI,

body mass index; CF PWV, carotid-femoral pulse wave velocity; CKD, chronic kidney disease; DBP, diastolic blood pressure; eGFR, estimated

glomerular filtration rate; HbA1c, glycated hemoglobin; PP, pulse pressure; PPA, pulse pressure amplification; SBP, systolic blood pressure.

Bold values indicate P<.05 vs control.

TABLE II. Stepwise Linear Regression Analysis of Pulse Pressure Amplification in Patients With Chronic Kidney
Disease (a) and Control Patients (b)

Parameters In/Out R2 Increment% Beta Coefficient Lower CI Upper CI P Value

(a)

Central SBP In 16 �0.324 �0.495 �0.171 <.001

Heart rate In 10 0.296 0.240 0.770 <.001

Female In 6 �0.255 �15.559 �3.827 .001

Age In 5 �0.238 �0.493 �0.099 .004

eGFR Out

aPWV Out

R2=0.37

(b)

Age In 7 �0.271 �0.641 �0.071 .015

Central SBP Out

Heart rate Out

Female Out

eGFR Out

aPWV Out

R2=0.07

Abbreviations: aPWV, aortic pulse wave velocity; CI, confidence interval; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure.
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nor by mean arterial pressure, which are typical
determinants of structural arterial stiffness and there-
fore point to an interaction between renal worsening
and structural arterial stiffness. Although the CKD
cohort had a median age of 60 years, the observed PPA
level was comparable with recently published findings of
levels of PPA in elderly populations aged 80 years and
older.3,21,25

As a result of the elevated cardiovascular morbidity
and mortality in CKD, several authors suggested a role
of accelerated vascular aging in CKD.26–28 Therefore, in
this cohort, CKD may be interpreted as a factor of
vascular aging, and therefore PPA likely represents an
early functional marker,29 which, in CKD stage 2 to 4,
is linked to renal function via aortic pulse pressure.
Following this, we further determined the factors
involved in reduced PPA in CKD to identify processes
potentially involved in vascular aging. Apart from the
nonmodifiable factors age and sex, we identified central
SBP as a potential origin of reduced PPA.

Prospective follow-up identified PPA as a new pre-
dictive factor for progressive renal disease. We detected

an interaction between renal and large artery function in
these CKD patients. This interaction had its clinical
relevance particularly in patients with severe CKD
(stage 4). Here, we demonstrated that patients with
severe CKD and low PPA had the highest risk for
developing renal endpoints, whereas patients with
severe CKD but PPA above the median had low risk
for developing renal endpoints similar to patients with
mild to moderate CKD (stage 2 or 3). Kaplan-Meier
analysis confirmed this finding, as approximately half of
these patients reached a renal endpoint, whereas all
other groups had comparable endpoints.

STUDY LIMITATIONS AND STRENGTHS
The limitation of this study is the small cohort size
reflecting two centers and the small number of end-
points. Furthermore, the heterogeneity of renal disease
is a limitation with this sample size. In addition, as a
result of the heterogeneity of renal disease, numerous
factors are involved in CKD progression, which are not
covered in this study. Other factors such as the use of
renin-angiotensin inhibitors are difficult to assess as the

TABLE III. Univariate Cox Regression Analysis of Renal Endpoint (a) and Cox Regression for Interaction Between
Renal Function and PPA (b)

Parameter Regression Coefficient SE P Value

(a)

Age 0.012 0.013 .36

Sex 0.263 0.415 .52

aPWV 0.009 0.101 .89

eGFR �0.037 0.011 .001

Proteinuria 0.002 0.001 <.001

PPA �3.390 1.682 .04

(b)

eGFR-PPA �0.044 0.015 0.003

Categorized CKD-PPA 2.099 0.625 0.001

Abbreviations: aPWV, aortic pulse wave velocity; eGFR, estimated glomerular filtration rate; SE, standard error. Categorized chronic kidney disease

(CKD) contains CKD stage 2 to 4 and categorized PPA is stratified according to the median of pulse pressure amplification (PPA).

TABLE IV. Renal Endpoints According to CKD and PPA

Prognostic Variable Patients, No. Renal Endpoints, No. (%) OR (95% CI) Adjusteda OR (95% CI)

CKD (v2 7.4) 128 16

CKD 2 36 1 (3) 1.0 1.0

CKD 3 55 6 (11) 2.8 (0.8–9.5) 2.1 (0.6–7.5)

CKD 4 37 9 (25) 5.6 (1.6–19.8) 3.8 (1.1–14.2)

PPA (v2 4.3) 128 16

PPA ≥25 63 5 (8) 1.0 1.0

PPA <25 65 11 (18) 2.5 (0.9–7.0) 2.0 (0.6–6.4)

CKD and PPA (v2 28.7) 128 16

CKD 2 or 3 and PPA ≥25 49 4 (8) 1.0 1.0

CKD 2 or 3 and PPA <25 45 3 (7) 0.7 (0.1–3.2) 0.3 (0.1–3.0)

CKD 4 and PPA ≥25 17 1 (6) 0.5 (0.1–5.3) 0.6 (0.1–5.5)

CKD 4 and PPA <25 17 8 (47) 8.1 (2.4–27.7) 5.6 (1.5–21.9)

Abbreviation: CI, confidence interval; CKD, chronic kidney disease; OR, odds ratio; PPA, pulse pressure amplification. Bold values indicate P<.05 vs

control.
aAdjusted for age and PCR.

404 The Journal of Clinical Hypertension Vol 16 | No 6 | June 2014

CKD and PPA | Wassertheurer et al.



majority of CKD patients receive these drugs. However,
the strength of the study is the follow-up period of
42 months.

CONCLUSIONS
PPA was shown to be strongly reduced in CKD patients,
to be associated with renal function, and to predict renal
endpoints in severe CKD in a prospective follow-up.
The determination of PPA may reflect an easy method to
address the role of arterial stiffness in CKD progression
as it incorporates the important information of SBP.
Multicenter studies are needed to confirm this result and
to address whether the increase in PPA may protect
against CKD progression.

Funding: S. W. is the inventor of a patent that is partly used in the ARCSolver
method. The other authors report no conflicts of interest.
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FIGURE. Kaplan-Meier curve for renal endpoint-free survival.
Probability of renal endpoint-free survival decreases significantly
(log-rank test P<.001) with advanced chronic kidney disease (CKD)
stage 4 and pulse pressure amplification (PPA) <25. By contrast,
CKD patients stage 4 with a PPA ≥25 or CKD patients stage 2 or 3
with PPA<25 or PPA ≥25 demonstrate a significantly higher renal
endpoint-free survival (v2 28.7, log-rank P<.001).
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