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ORIGINAL ARTICLE

Arterial stiffness and decline of renal function
in a primary care population

Bernard J van Varik1,2, Liv M Vossen1,2, Roger J Rennenberg1, Henri E Stoffers3, Alfons G Kessels4,
Peter W de Leeuw1,2 and Abraham A Kroon1

Arterial stiffness is an important pathophysiological factor linking cardiovascular disease and kidney disease. Controversy exists

as to whether arterial stiffness causes renal function decline, or kidney dysfunction leads to stiffening or whether the association

is mutual. We aimed to investigate the longitudinal association between arterial stiffness and annual rate of renal function

decline. We prospectively investigated in a primary care population whether carotid-femoral pulse wave velocity (PWV) was

associated with estimated glomerular filtration rate (eGFR) and annual decline in eGFR in participants aged ⩾40 years without

overt kidney disease. Baseline data on PWV and eGFR were available for 587 participants; follow-up measurements with a mean

duration of 5.6 years were available for 222 patients. PWV, female gender and mean arterial pressure were independently

associated with eGFR at baseline, although age confounded this association. More importantly, baseline PWV, age and eGFR

were independent predictors of renal function decline. Stratification for age showed that the effect of PWV on rate of eGFR

decline was amplified with advancing age. On the other hand, baseline eGFR did not determine annual change in PWV,

suggesting a unidirectional association between arterial stiffness and eGFR. Arterial stiffness amplifies age-related renal function

decline, suggesting that arterial stiffness plays a causal role in the development of renal damage, at least at later stages of

age-related renal function decline, possibly through impaired renal autoregulation and increased arterial blood pressure

pulsatility.

Hypertension Research (2017) 40, 73–78; doi:10.1038/hr.2016.113; published online 8 September 2016
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INTRODUCTION

Patients with cardiovascular diseases such as atherosclerosis and
hypertension often develop renal damage that sometimes progresses
to chronic kidney disease. However, even in the absence of
cardiovascular disease, kidney function progressively declines with
advancing age.
In both cardiovascular disease and aging, the stiffness of the arterial

wall increases that leads to a rise in systolic blood pressure (SBP)
together with a fall in diastolic blood pressure (DBP), causing
pulse pressure (PP) to widen.1,2 The question remains of whether
arterial stiffness is an independent pathophysiological mechanism in
age-related renal function decline in addition to advancing age.
Studies assessing the association between arterial stiffness and

renal function provided conflicting results.3–5 However, many of
these studies have been performed in specific populations such as
established kidney disease or renal transplant recipients, did not
evaluate arterial stiffness using standard measurement techniques or
have been cross-sectional in design, making it difficult to assess a
cause-and-effect relationship.

Therefore, we aimed to longitudinally evaluate in a primary care
population without overt kidney disease whether arterial stiffness,
measured as the carotid-femoral pulse wave velocity (cfPWV), is
associated with annual rate of renal function decline and whether this
effect is independent of age.

METHODS

The present study was based on 587 participants of the HIPPOCRATES project
who consented to vascular stiffness measurements. The project is an ongoing
study designed to investigate the role of hypertension, target organ damage and
cardiovascular risk in a single primary care population located in Kerkrade in
the south of the Netherlands. Details of this study have been published
previously.6 The present study was conducted in two phases: a baseline,
cross-sectional phase and a follow-up phase that commenced at least 3 years
after the baseline phase was completed. A randomly selected part of eligible
participants from the baseline phase were invited for follow-up vascular
measurements. Patients were eligible for follow-up measurement if they had
not experienced a cardiovascular event such as myocardial infarction or stroke
and were willing to undergo vascular measurements. Participants provided
written informed consent. The study was conducted in accordance with the
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Declaration of Helsinki and was approved by the Maastricht Medical Ethics
Committee.

Clinical measurements
Clinical baseline and follow-up visits were performed at the general practice. At
baseline, we interviewed participants about smoking and alcohol consumption
and obtained a complete medical and family history. We collected data on
baseline cardiovascular medication use from the computerized information
system of the general practice. Patients were treated by their general practitioner
according to standard clinical practice. Physicians were at liberty to change
medication when clinically required during the course of the study. We
measured height, weight, waist and hip circumference at each study visit. Body
mass index was calculated as weight divided by squared height. We measured
blood pressure and heart rate three times using an aneroid sphygmomanometer
after the patient had been seated for at least 10 min. Hypertension was defined
as systolic blood pressure 4140 mm Hg and/or diastolic blood pressure
490 mm Hg or being on antihypertensive medication, according to the 2013
guidelines of the European Society of Hypertension.7 Mean arterial pressure
(MAP) was calculated using the formula: MAP= [(2×DBP)+SBP]/3.
We obtained fasting blood samples to determine serum concentrations of
creatinine, glucose, total cholesterol, low-density lipoprotein cholesterol,
high-density lipoprotein cholesterol and triglycerides. Diabetes was defined as
a fasting serum glucose concentration of ⩾ 6.5 mmol l− 1 and/or use of insulin
or antidiabetic medication.

Arterial stiffness measurements
As marker for arterial stiffness we measured cfPWV, a method considered to be
the gold standard marker of arterial stiffness.8 We measured PWV two times:
once at baseline and once at follow-up. Measurements were performed using a
Complior device (Alam Medical, Vincennes, France) that determines the transit
time of the pulse wave propagation between two sensors placed on the skin
over the common carotid artery and common femoral artery.8 We measured
the direct distance between both sensors using a tape measure and was
multiplied by 0.8 as was recommended by van Bortel et al.9 The cfPWV was
then calculated by dividing the adjusted distance by the transit time. We
averaged four consecutive measurements to reduce measurement variability.
Before investigation, participants had been resting in a supine position for
15 min in a quiet room with dimmed lights. Certified operators performed all
PWV measurements. In our laboratory, the reproducibility of PWV measure-
ments is excellent and comparable to that in literature.10 The intraclass
correlation coefficient for intraobserver variability was 0.93 (Po0.001), and
for interobserver variability was 0.92 (Po0.001) Annual change in PWV was
calculated as the absolute difference between PWV at follow-up and baseline,
divided by the number of years of follow-up time.

Creatinine measurements and estimation of glomerular
filtration rate
Until February 2007, baseline serum creatinine levels were determined using the
Jaffe method on Roche diagnostic systems. Thereafter, follow-up assays were
done with an enzymatic method on a Roche Modular PPE analyzer (Roche
Analytics, Almere, The Netherlands). Based on internal laboratory validation
measurements, in order to compare baseline (Jaffé-based) creatinine measure-
ments to follow-up enzymatic creatinine measurements, all baseline creatinine
values were corrected by the formula: corrected baseline creatinine= (baseline
creatinine× 1.06)− 25.11 We estimated glomerular filtration rate (eGFR) using
the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration)
equation.12 Patients with a baseline eGFR of o30 ml min− 1 per 1.73 m2 were
excluded from analysis, as were patients with primary kidney disease as
manifested by a nephritic urinary sediment or nephrotic proteinuria. We
calculated annual change in eGFR by subtracting baseline eGFR from the eGFR
measured at the time of the follow-up vascular measurement and dividing it by
the follow-up duration in years.

Statistical analysis
Statistical analyses were performed using Statistical Package for the Social
Sciences (SPSS) statistical software, version 20.0 (SPSS, Chicago, IL, USA).

Data were analyzed after examination of distribution and skew using
appropriate statistical tests. A P-value of o0.05 was considered statistically
significant. Data are expressed as means± s.d., unless indicated otherwise.
To compare baseline and follow-up measurements, we used paired sample
Student’s t-test for continuous data, paired sample Wilcoxon signed rank test
for non-normally distributed data and the McNemar test for dichotomous data.
The main outcome (annual change in eGFR) was analyzed using multivariable
linear regression, correcting for confounders such as age, gender, MAP, body
mass index, total cholesterol, serum glucose levels, smoking (pack years), use of
different groups of antihypertensive medication and use of statins.13 We did not
adjust for PP as this is also a marker of arterial stiffness. In addition to baseline
values of confounders, we adjusted for annual change in PWV, annual change
in blood pressure and baseline eGFR. As studies have shown that arterial
stiffness may have a different effect on the rate of progression of eGFR with
advancing age, we performed a sliding mean analysis to assess whether age
affects the correlation between PWV and annual change in eGFR.3,5 In
addition, we performed a subgroup analysis using 62 years as a cutoff value.

Power calculation
For cross-sectional analysis we calculated that with a power of 90% and α 5%
the minimal detectable difference in mean eGFR was 2.5 ml min− 1 per 1.73 m2

with the 587 participants of the baseline cohort. For follow-up measurements,
to detect a minimal annual change in eGFR of 0.6 ml min− 1 per 1.73 m2 with a
power of 90% and a two-sided α of 5%, at least 154 participants would be
needed.

RESULTS

Cross-sectional association of baseline PWV and eGFR
The baseline HIPPOCRATES study cohort consisted 587 participants.
Table 1 shows the baseline characteristics of the studied population.
In linear regression analysis cfPWV was significantly and inversely
associated with eGFR. In addition to cfPWV, female gender and MAP
were associated with eGFR. In a model adjusting also for age, however,
cfPWV was no longer independently associated with eGFR (β − 0.41;
95% confidence interval − 0.99 to 0.18; P= 0.173).

Longitudinal association between baseline PWV and annual
decline of eGFR
In total, 222 participants from the baseline study cohort consented to
follow-up vascular measurements (see Figure 1). This group was
comparable with the one studied at baseline (Table 1). The mean
duration of follow-up was 5.6 years (range 3.4–7.7 years). During that
time, eGFR significantly fell by 11.6 ml min− 1 per 1.73 m2; the average
annual rate of eGFR change was − 2.0± 1.9 ml min− 1 per 1.73 m2.
Mean cfPWV decreased by 0.6 m s− 1 per year. Baseline cfPWV was
significantly and independently associated with annual decline in
eGFR in both univariable (β − 0.22; 95% confidence interval − 0.33
to − 0.11; P= 0.007) and multivariable adjusted regression models
(β − 0.18; 95% confidence interval − 0.30 to − 0.06; P= 0.004;
Table 2). Standardized coefficients indicated that both PWV
(β − 0.22) and baseline age (β − 0.31) were strong determinants of
annual change in eGFR, responsible for respectively 8% and 7% of
variation in the total model (total adjusted R2= 0.35). There was no
significant collinearity between baseline age and baseline PWV.
There was no significant interaction between baseline age and baseline
PWV. A three-dimensional plot of the linear regression equation
representing the mutual association between baseline PWV, baseline
age and annual decline in eGFR is shown in Figure 2. It demonstrates
that with increasing baseline age, the rate of decline in eGFR rises. If in
addition to age the baseline PWV increases, the rate of eGFR decline is
even greater. To further clarify this association between age, PWV and
annual decline in eGFR, we performed a sliding mean analysis to
investigate whether the correlation between baseline PWV and annual
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change in eGFR was stronger with advancing age. Figure 3 shows that
from the age of ∼ 62 years, the correlation between PWV and annual
change in eGFR becomes stronger (see also Supplementary Figure S1).
As several studies have demonstrated that chronic kidney disease is
associated with development of arterial stiffness, we analyzed whether
this was also the case in the present study. However, neither baseline
nor annual change in eGFR were predictive of annual changes
in PWV.

DISCUSSION

In the present study, we show that arterial stiffness is inversely
associated with eGFR in cross-sectional analysis, but is confounded by
age. Our data confirm in a primary care population previous studies
that have shown a similar effect.3,14 More importantly, we demon-
strated that longitudinally both baseline PWV and baseline age were
strong determinants of annual rate of decline in eGFR. As eGFR was
not predictive for changes in PWV, our data support the hypothesis
that arterial stiffness is an important mechanism in the development
of age-related renal function decline. This is a new finding as the
association between vascular disease and kidney function has long
been primarily attributed to arterial hypertension and changes in
vascular resistance.15 Interestingly, PWV decreased over time in our
data. This may reflect a treatment effect, as it has been demonstrated
that several antihypertensive drugs have a lowering effect on aortic
stiffness, independent of blood pressure.16,17

Several prospective follow-up studies evaluated the role of arterial
stiffness and renal function in various populations with varying results,
and hence the role of arterial stiffness in the pathophysiology still
remains debated.18,19 For instance, in a study by Upadhyay et al.20 in
1,675 patients with mild-to-moderate kidney disease, baseline arterial
stiffness was not associated with incident CKD (o60 ml min− 1 per
1.73 m2) or eGFR. Similarly, in a study by Briet et al.,21 no association
was found between cfPWV and eGFR or incidence of end-stage renal
disease. However, in a study by Chen et al.22 in patients with CKD
stages 3–5, brachial-ankle PWV was independently predictive of
decline in eGFR, progression to dialysis and mortality. These
differences in outcome could be explained by differences in the
duration of follow-up, the underlying cause of kidney disease or by the
possibility that other mechanisms may be more dominant at relatively
late stages of CKD than in earlier stages. In the study performed by
Tomiyama et al.23 in healthy Japanese employees aged 33–47 years, a
higher baseline brachial-ankle PWV was significantly associated with
increased decline in eGFR. A meta-analysis by Sedaghat et al.24 showed
that PP and PWV were predictive of incident chronic kidney disease,
defined as a eGFR of o60 ml min− 1. In a study among HIV-infected
patients, the presence of chronic kidney disease was associated with a
higher central blood pressure, greater augmentation index as well as
higher PWV compared with HIV patients without CKD, supporting
the association between central artery stiffness and renal damage.25

Age as confounder
As confirmed by the cross-sectional analysis of our data, age has been
known to be a strong confounder of the cross-sectional association
between arterial stiffness and renal function. Because of this close
interrelationship, it has been proposed that age is the main determi-
nant of eGFR. However, in this way age is used as unmodifiable risk
factor, where it also can be regarded as a ‘container’ consisting of
multiple different and specific physiological mechanisms. These
include stiffening of the arteries, widening of arterial PP, endothelial
dysfunction and others.26 Therefore, when studying the mechanisms
that are responsible for age-related renal function decline, adjusting for
age attenuates the effect of individual mechanisms occurring with
(vascular) aging. This could explain why some studies failed to
demonstrate an independent association.
Nevertheless, in our study age and baseline PWV remained

significant predictors even after multivariable adjustment, showing
that PWV contributes to rate of renal function decline, in addition to
normal aging. Moreover, we found this effect mainly occurs above the
age of ∼ 62 years, suggesting that PWV seems to act as an amplifier of
the age-related decline in renal function. This suggests that the renal

Table 1 Baseline characteristics of the cross-sectional and follow-up

study cohorts

Cross-sectional

cohort (N=587)

Follow-up cohort

(N=222)

Age (years) 62±11 58±9

No. of females (%) 304 (52) 111 (50)

Weight (kg) 78.3±14.3 78.5±14.9

Body mass index (kg m−2) 27.9±4.5 27.8±4.7

Smoking (pack years) 14±19 12.7±19

Systolic BP (mm Hg) 145±22 143±21

Diastolic BP (mm Hg) 83±10 84±10

MAP (mm Hg) 104±12 103±12

No. of hypertensives (%) 392 (66.8) 153 (68.9)

Heart rate (b.p.m.) 65±12 64 ± 11

Total cholesterol (mmol l−1) 5.6±1.1 5.5±1.1

LDL cholesterol (mmol l−1) 3.4±1.0 3.3±0.9

HDL cholesterol (mmol l−1) 1.5±0.5 1.5±0.4

Triglycerides (mmol l−1) 1.6±0.9 1.5 ± 0.9

No. of patients with hyperlipidemia (%) 121 (20.6) 31 (19.3)

No. of patients with diabetes (%) 71 (12.1) 20 (8.8)

Glucose (mmol l−1) 5.7±1.5 5.6±1.4

Serum creatinine (μmol l−1) 54±14 72 ± 16

eGFRa (ml min−1 per 1.73 m2) 105±14 91±14

Carotid-femoral PWV (m s−1) 9.1±2.0 13.4±2.4

No. of patients using antihypertensive medication
Diuretics (%) 97 (16.5) 31 (14.4)

β-Blockers (%) 121 (20.6) 40 (19.4)

Calcium channel blockers (%) 45 (7.7) 16 (8.1)

ACE inhibitors (%) 92 (15.7) 38 (18.0)

ARB (%) 30 (5.1) 10 (4.5)

Other class of antihypertensives (%) 4 (0.7) 1 (0.5)

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker;
BP, blood pressure; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; MAP, mean arterial pressure; PWV, pulse wave velocity.
aCalculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula.

Figure 1 Flowchart of the study.
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microcirculation of elderly people is more vulnerable to the damaging
hemodynamic effects of arterial stiffness than in younger people. This
could reflect an impaired blood pressure buffering capacity of the
vascular wall, caused by arterial stiffening, that occurs mainly with
advancing age. Indeed, Mitchell et al.2,27,28 demonstrated that central
arterial hemodynamics significantly change from the age of ∼ 60 years
as a result of arterial stiffening and, thereby, contribute to increased
blood pressure pulsatility.

Mechanism of arterial stiffness-related renal damage
Increased stiffening of the arterial vasculature reduces the pressure
buffering capabilities of the vascular wall.2 This results in an increased
speed of both the forward traveling pulse wave as well as in earlier

pulse wave reflection that augments systolic pressure. Because DBP
falls with arterial stiffening, the resulting increased central PP
contributes to a highly pulsatile flow in the aorta and its branching
arteries, including the renal vessels.2,28 Normally, the glomeruli and
renal microcirculation are protected against blood pressure variations
by autoregulation of the vascular tone in afferent and efferent
arterioles. The development of hypertensive renal damage would
indicate that this autoregulation is somehow disturbed. Although the
precise mechanisms are not fully clear, there is evidence from animal
models that sustained exposure to increased blood pressure pulsatility
induces microvascular remodeling such as fibrosis that in turn blunts

Table 2 Determinants of annual change in eGFR after follow-up

(N=222)

β s.e. 95% CI P-value

Model A (crude, R2=0.07)
Baseline carotid-femoral PWV −0.22 0.06 −0.33; −0.11 0.007

Model B (R2=0.28)
Baseline carotid-femoral PWV −0.31 0.07 −0.43; −0.18 o0.001

Baseline eGFR −0.06 0.01 −0.07; −0.04 o0.001

Model C (R2=0.35)
Baseline carotid-femoral PWV −0.18 0.06 −0.30; −0.06 0.004

Baseline eGFR −0.07 0.01 −0.08; −0.05 o0.001

Baseline age −0.07 0.02 −0.10; −0.03 o0.001

Abbreviations: 95% CI, 95% confidence interval; eGFR, estimated glomerular filtration rate;
PWV, pulse wave velocity.
Model A: crude model.
Model B: analysis adjusted for carotid-femoral PWV, gender, body mass index (BMI), total serum
cholesterol, serum glucose levels, smoking pack years, mean arterial pressure (MAP), annual
change in PWV, baseline eGFR, annual change in MAP and use of renin–angiotensin blockers
(angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor blocker (ARB)).
Model C: Model B+age.

Figure 2 Age, pulse wave velocity (PWV) and annual decline in estimated glomerular filtration rate (eGFR). Three-dimensional plot of the linear regression
equation between baseline PWV, baseline age and annual decline in eGFR.

Figure 3 Correlation between baseline pulse wave velocity (PWV) and annual
change in estimated glomerular filtration rate (eGFR). Plot describing the
association between baseline age and Pearson’s correlation between baseline
PWV and annual change in eGFR. Each data point represents the mean of
50 observations. Every consequent data point differs from the previous by
one observation.
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renal autoregulation.29 Indeed, in vitro the myogenic response is
mainly determined by systolic blood pressure.30 In this way, the
torrential pulsatile flow is transmitted to the vulnerable renal micro-
vasculature, eventually causing either barotrauma or damage through
reduced renal perfusion and oxidative stress.27,31 In support of this,
Fesler et al.32 showed in human data that the amplitude of wave
reflection was associated with increased glomerular pressure. In
another study, they showed that baseline PP as a marker of stiffness
was predictive of renal function decline in patients treated for essential
hypertension, in line with our present findings.33

Study limitations and strengths
This study has some limitations. First, renal function was estimated
based on creatinine measurements using the Jaffé method at baseline
but using an enzymatic measurement method at follow-up. This was
caused by a transition of measurement method in the clinical
biochemical laboratory during the course of the study. As the Jaffé
method generally overestimates creatinine values compared with
enzymatic assays, we corrected the baseline Jaffé values based on
internal validation measurements. This resulted in a mean correction
factor of 0.78± 0.1, which corresponds to a previously reported
correction factor of 0.8, suggesting that change in eGFR may have
been reliably assessed in our study.11 Moreover, with lower levels of
serum creatinine and, hence, higher eGFR, the association between
arterial stiffness and decline in eGFR may have been even larger
without this adjustment.
Second, we did not measure urinary albumin excretion in a

quantitative way. It has been demonstrated that urinary albumin
excretion is a sensitive marker of renal microvascular dysfunction.34

We did obtain semi-quantitative information about urinary albumin
excretion that provided an estimate of the presence of microalbumi-
nuria. Although greater PWV levels tended to be associated with more
microalbuminuria at follow-up, this association was not statistically
significant and limited by the test method (urinary test-strip).
Therefore, the study aimed to assess change in eGFR as this marker
is commonly used in clinical practice as measure for kidney disease.
Third, we unfortunately had little influence on the use of cardio-
vascular medication during the follow-up period. Patients were treated
by their physicians according to standard medical practice, adjusting
medication as required. Although we evaluated which medication
participants were currently using at the follow-up visit, not all changes
in medication between baseline and follow-up were adequately
recorded. We analyzed whether drugs had any effect, but no
conclusive information could be obtained. However, this realistically
reflects a primary care situation in which patients were not limited to a
specific treatment.
Our study also has several strengths. First of all, it is a prospective

follow-up study in a primary care population. Therefore, the results of
our study closely reflect the situation observed in common clinical
practice instead of being focused on a specific patient group.
Furthermore, arterial stiffness was assessed using the gold standard
of noninvasive arterial stiffness measurement, the cfPWV. PWV
strongly correlates with cardiovascular outcome, and reflects aortic
stiffness more accurately than other markers of arterial stiffness such
as PP that only partly reflect arterial compliance.8,35

CONCLUSION

We demonstrated that cfPWV amplifies age-related decline in eGFR
during long-term follow-up. In addition, we found this association to
be unidirectional, supporting the hypothesis that arterial stiffness is an
important factor in the development of renal damage, possibly

through deleterious effects of altered hemodynamics. Future research
should be aimed at investigating the effects of arterial stiffness on renal
microcirculation in more detail. As arterial stiffness seems to play such
a key role in the development of age-related kidney function decline,
treating arterial stiffness may become an increasingly important
therapeutic goal. In recent years, ambulatory methods of measuring
arterial stiffness have been developed that may prove useful in further
investigating the interrelationship between arterial stiffness, altered
hemodynamics and chronic kidney disease.36
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