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The authors examined the association between estimated
glomerular filtration rate (eGFR), calculated using the
Chronic Kidney Disease Epidemiology Collaboration creat-
inine-cystatin C equation, and hemodynamics in 556 nor-
motensive or never-treated hypertensive patients without
kidney disease (mean age, 46 years). Hemodynamic vari-
ables were recorded using pulse wave analysis and whole-
body impedance cardiography. The mean eGFR was 98 mL/
min/1.73 m2 (range, 64–145 mL/min/1.73 m2 and one third
of the patients had values below 92, while none had
proteinuria. In linear regression analyses adjusted for differ-
ences in age, weight:height ratio, low-density lipoprotein

cholesterol, and sex, significant associations were found
between lower eGFR and higher systolic (P=.001) and
diastolic blood pressure (P<.001) and higher systemic
vascular resistance (P=.001). There was no association
between eGFR and cardiac output or extracellular volume.
In the absence of clinical kidney disease, lower eGFR was
associated with higher blood pressure and systemic vascu-
lar resistance. Therefore, early impairment in kidney function
may be involved in the pathogenesis of essential hyperten-
sion. J Clin Hypertens (Greenwich). 2014;16:722–728.
ª 2014 Wiley Periodicals, Inc.

The kidney plays a central role in the regulation of
blood pressure (BP) through control of extracellular
volume and renal perfusion pressure. Putative renal
mechanisms in the pathogenesis of hypertension include
reduced nephron mass and glomerular filtration rate
(GFR), impaired tubular sodium handling, activation of
the renin-angiotensin-aldosterone system, increased
sympathetic tone, and increased endothelin release.1

However, the association between mild impairment of
renal function, which could precede overt clinical
chronic kidney disease (CKD), and hypertension is not
well established.

Early impairment in kidney function may predict
incident hypertension in patients without CKD or
cardiovascular disease, independent of traditional risk
factors.2,3 In participants of the US National Health and
Nutrition Examination Survey (NHANES) 1999–2002,
mild reduction in kidney function in the absence of
clinically recognized CKDwas associated with hyperten-
sion in women but not in men.4 An association between
mild reduction in GFR and elevated systolic BP has also
been reported in elderly people.5 In patients with coro-
nary artery disease, early impairment in kidney function,
as judged by elevated serum cystatin C levels, was
associated with higher systolic BP, even when creati-

nine-based measures indicated normal kidney function.6

Several studies have shown an association between
decreased renal function and increased arterial stiffness,
an effect partially independent of the level of BP.7,8

Creatinine-based measures are rather insensitive
markers of mild reduction in GFR (values >60 mL/
min),6 whereas cystatin C may more precisely detect
early impairment of kidney function.9 In addition,
increased cystatin C concentration is a predictor of
cardiovascular risk.6,10 However, an equation including
both serum cystatin C and creatinine concentrations
may provide the most accurate value for estimated GFR
(eGFR).11–14

The association of kidney function with hemodynam-
ics has not been studied in patients without prevalent
cardiovascular diseases other than hypertension and not
using antihypertensive medication. We tested the
hypothesis of whether a mild decrease in eGFR, eval-
uated using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) creatinine-cystatin C for-
mula,11 is associated with the hemodynamic determi-
nants of BP. Normotensive and never-treated
hypertensive patients in this cross-sectional study were
without previously diagnosed diabetes, coronary artery
disease, renal insufficiency, and peripheral or cerebro-
vascular disease.

PATIENTS AND METHODS

Study Population
This study is part of an ongoing investigation on
hemodynamics (the Haemodynamics in Hypertension
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[DYNAMIC] study, clinical trial registration number
NCT01742702). Volunteers were recruited from
announcements in Tampere University Hospital, Uni-
versity of Tampere, Varala Sports Institute, and orga-
nizations that provide occupational healthcare in the
surrounding area. The participants were screened from
a group of 830 individuals. All patients underwent
interview, clinical examination, and anthropometric
measurements by a medical doctor. Lifestyle habits
and medical history were recorded. Smoking was
calculated as pack-years. The use of alcohol was
evaluated as consumption of standard drinks (~12 g of
absolute alcohol) per week. Seated office BP was
measured using a manual sphygmomanometer after at
least 5 minutes of rest.15

Exclusion criteria were use of medications with any
influence on hemodynamics (such as b2-adrenoreceptor
agonists for asthma), presence of diabetes mellitus or
clinical CKD (eGFR <60 mL/min/1.73 m2 or protein-
uria), history of cardiovascular disease, and laboratory
findings indicating secondary hypertension. Excluding
elevated BP, the majority of patients did not have
chronic medical conditions or require regular medica-
tions. Seventy of 275 women used hormones (contra-
ception or hormone replacement therapy) and 96 were
postmenopausal. Only 14 patients used statins (four
women), one patient used ezetimib, 15 had hypothy-
roidism treated to euthyroidism with stable thyroxin
treatment (one man), 17 were taking inhaled corticos-
teroids for asthma, and 21 used antidepressants. The
final study group consisted of 556 patients (aged 20–
72 years, 282 men).

Laboratory Analyses
Blood samples were collected after fasting overnight.
Urine protein excretion was assessed using dipstick
screening and measurement of overnight urine albumin
excretion (nephelometric BN Prospec System; Siemens
AG, Erlangen, Germany). Blood cell count and hemat-
ocrit level were determined using ADVIA 120 or 2120
(Bayer Health Care, Tarrytown, NY) and other labora-
tory values using Cobas Integra 700/800 (F. Hoffmann-
LaRoche Ltd, Basel, Switzerland).

Tonometric Radial Artery Recordings
Radial BP and pulse wave form were determined by the
use of an automatic tonometric sensor (Colin BP-508T;
Colin Medical Instruments Corp, San Antonio, TX) and
recorded using the SphygmoCor PWMx system (AtCor
Medical, West Ryde, Australia). Radial BP was cali-
brated by brachial measurements at the onset of each
recording.

Whole-Body Impedance Cardiography
The CircMon device (JR Medical Ltd, Tallinn, Estonia)
was used to determine heart rate (HR), stroke index
(stroke volume/body surface area), cardiac index (car-
diac output/body surface area), systemic vascular resis-
tance index (SVRI), aortic to popliteal pulse wave

velocity (PWV), and extracellular fluid volume.16–19 The
description and repeatability of the method have been
published elsewhere.16–19 SVRI was calculated from
radial tonometric BP and cardiac index measured by the
CircMon device. With CircMon, cardiac output shows
good agreement with the thermodilution method,17

while stroke volume shows good correlation with values
obtained using 3-dimensional ultrasound.18

Hemodynamic Recordings
Before the recordings, patients were advised to abstain
from caffeine-containing products, smoking, and heavy
meals for at least 4 hours and from alcohol for at least
24 hours. While the patients were resting in a temper-
ature-controlled laboratory for 10 minutes, a tonomet-
ric sensor for pulse wave analysis was fixed on the left
radial pulse, a brachial cuff for BP calibration on the
right upper arm, and electrodes for whole-body imped-
ance cardiography on the body surface.16,18–21 Beat-to-
beat hemodynamic data were captured for 5 minutes
with the patient in the supine position, and mean values
of the last 3 minutes were used in the analysis when the
signal was most stable. The repeatability and reproduc-
ibility of the method is good.19

Statistical Analyses
GFR was estimated using the CKD-EPI creatinine-
cystatin C equation.11 Stepwise linear regression analy-
ses were used to investigate factors independently
associated with hemodynamic variables and sex, age,
waist:height ratio (WHtR), body mass index (BMI),
hemoglobin, plasma uric acid, C-reactive protein, total
cholesterol, triglyceride, high-density lipoprotein (HDL)
cholesterol, low-density lipoprotein (LDL) cholesterol,
fasting glucose levels, smoking, and alcohol consump-
tion were tested. Total and normalized extracellular
volumes, given as extracellular volume balance by the
CircMon software, were used in the analyses. In the
final analyses, age, sex, WHtR, and LDL cholesterol
level were included as independent variables in the
multivariate models with eGFR. WHtR was chosen
instead of BMI, since WHtR is considered a better
determinant of cardiovascular risk factors.22 Analyses
were also performed separately for sexes.
The patients were subsequently divided into tertiles

according to eGFR values (ranges, 64–91, 92–104, and
105–145 mL/min/1.73 m2). Data were analyzed using
two-way analysis of variance, and the Bonferroni
correction was applied in the post-hoc analyses. SPSS
21.0 for Windows software (IBM SPSS, Armonk, NY)
was used. The results were presented as means and
standard deviations (SDs) or 95% confidence intervals
(CIs), and P<.05 was considered statistically significant.

RESULTS

Study Population
The mean age of patients was 46 years, and 282 (51%)
of the 556 participants were men (Table I). The average
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levels of creatinine (74 lmol/L), cystatin C (0.84 mg/L),
and eGFR (99 mL/min/1.73 m2) were within the nor-
mal range. Because of sex-related differences in the
associations between hemodynamic variables and eGFR
(see below), the values were also calculated separately
for men and women. Most variables were not signifi-
cantly different between men and women, but men had
higher BMI, WHtR, plasma creatinine, and triglyceride
levels and lower HDL cholesterol and consumed more
alcohol than women (Table I).

Hemodynamics at Rest
As observed previously,21 BP values in the laboratory
were lower than those in the office (P<.001 for both
systolic and diastolic BP) (Table II). Based on the
laboratory measurements, 166 of 556 participants
(30%) were either hypertensive (BP ≥140/90 mm Hg)
or had high-normal BP (BP ≥130/85 mm Hg).15 Systolic
and diastolic BP, cardiac index, SVRI, PWV, and

extracellular volume balance were not significantly
different between men and women, but men had slightly
lower HR (Table II).

BP and Hemodynamic Variables in Linear
Regression Analyses
In stepwise linear multivariate regression analysis includ-
ing all study patients, the variables that showed a
significant independent association with systolic and
diastolic BP were eGFR, age, WHtR, plasma LDL
cholesterol level, and sex (Table III). The variables that
were associated with SVRI were eGFR, age, and WHtR
(Table IV). No relationship was observed between eGFR
and HR, cardiac index, PWV, or extracellular volume
balance (not shown). The other laboratory variables
(hemoglobin, plasma sodium, potassium, C-reactive
protein, uric acid, fasting glucose, triglycerides, and
HDL cholesterol), smoking, and alcohol intake were not
significantly related with hemodynamic variables.

In analyses performed separately for sexes, WHtR
was related with systolic BP in men, while age had a
borderline significant influence (Table III). In men,
eGFR, age, WHtR, LDL cholesterol, and alcohol
consumption (P=.029) were associated with diastolic
BP. In women, eGFR and LDL cholesterol were asso-
ciated with systolic and diastolic BP, WHtR was
significantly associated with systolic BP, and age had a
borderline significant effect (Table III). In both sexes,
eGFR and WHtR were independently associated with
SVRI (Table IV). In men, age and WHtR were associ-
ated with PWV, whereas in women, eGFR, age, and
WHtR were associated with PWV.

BP and Hemodynamic Variables in Tertiles of eGFR
Systolic and diastolic BPs were different in subjects in all
eGFR tertiles after unadjusted analyses. When the
analyses were adjusted for differences in age, WHtR,
LDL cholesterol, and sex, higher systolic and diastolic
BPs were still observed in subjects in the tertiles with the
lowest and intermediate eGFR when compared with
those in the highest eGFR tertile (Figure 1).

No differences were found in cardiac index, PWV,
and extracellular water volume between eGFR tertiles in
analyses adjusted for differences in age, WHtR, LDL
cholesterol, and sex (and also for body weight in
analyses of extracellular water volume). However, the
tertiles with the lowest and intermediate eGFR showed
higher SVRI than the tertile with the highest eGFR
(Figure 2).

DISCUSSION
We investigated the relationship of eGFR with the level
of BP and hemodynamic profile in normotensive and
hypertensive subjects without clinically recognized CKD
who did not use medications with direct cardiovascular
actions. The combined CKD-EPI creatinine and cystatin
C formula was applied to evaluate renal function, since
several recent studies support the view that this equation
provides the most accurate value for eGFR.11–14,23,24

TABLE I. Clinical Characteristics and Laboratory
Test Results

All

(N=556)

Men

(n=282)

Women

(n=274)

Age, y 46 (12) 46 (12) 45 (12)

BMI, kg/m2 26.7 (4.3) 27.4 (4.0) 25.9a (4.5)

Waist:height ratio 0.53 (0.07) 0.55 (0.07) 0.52a (0.08)

Alcohol, standard

drinks per wk

5 (6) 7 (7) 3a (4)

Current smokers, % 12 13 11

Office blood pressure,

mm Hg

Systolic 140 (21) 146 (21) 135 (20)

Diastolic 89 (12) 92 (12) 85 (12)

Creatinine, lmol/L 74 (13) 82 (11) 65a (9)

Cystatin C, mg/L 0.84 (0.15) 0.88 (0.14) 0.7 (0.14)

Estimated GFR,

mL/min/1.73 m2

99 (15) 98 (15) 99 (14)

Hemoglobin, g/L 144 (12) 152 (8) 136 (9)

C-reactive protein,

mg/L

0.8 (0.5–1.9) 0.8 (0.5–1.5) 1.0 (0.5–2.2)

Sodium, mmol/L 140 (2) 141 (2) 140 (2)

Potassium, mmol/L 3.8 (0.3) 3.9 (0.3) 3.8 (0.3)

Uric acid, lmol/L 305 (76) 348 (66) 259 (57)

Fasting plasma

Total cholesterol,

mmol/L

5.2 (1.0) 5.3 (1.1) 5.0 (1.0)

Triglycerides,

mmol/L

1.3 (1.0) 1.5 (1.2) 1.0a (0.6)

HDL cholesterol,

mmol/L

1.6 (0.4) 1.4 (0.3) 1.8a (0.4)

LDL cholesterol,

mmol/L

3.0 (1.0) 3.3 (1.0) 2.8 (0.9)

Glucose, mmol/L 5.4 (0.6) 5.6 (0.6) 5.3 (0.6)

Abbreviations: BMI, body mass index; GFR, glomerular filtration rate;

HDL, high-density lipoprotein; LDL, low-density lipoprotein. Values

are expressed as mean (standard deviation). aP<.05 women vs men.
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The present results suggest an independent association
between lower eGFR and higher BP, and increased
systemic vascular resistance was the hemodynamic
alteration that was related to elevated BP.
The prevalence of hypertension is known to be

inversely associated with the level of kidney function.25

In NHANES III, an almost linear relationship was found
between the prevalence of arterial hypertension and the
level of eGFR, as assessed using the creatinine-based
Modification of Diet in Renal Disease equation.25

Already mild reduction in renal function has been
implicated in the pathogenesis of primary hypertension,
as significant associations have been found between
higher serum cystatin C concentrations and the inci-
dence2,3 and prevalence4 of hypertension among the
general population. However, several previous studies
examining the relationship between BP and kidney
function have included patients medicated with BP-
lowering drugs and other agents with direct cardiovas-
cular actions.4,26–28

Renal mechanisms may predispose to the develop-
ment of hypertension via several pathways.1 Structural

and hemodynamic changes in the kidney may lead to
defective sodium excretion and increased volume
load.1,29 In line with this view, extracellular fluid excess
has been found in patients who are in the early stages of
manifest CKD.26 In the present study, eGFR was
inversely associated with BP, but BP was not associated
with cardiac output or extracellular fluid volume,
suggesting that hyperkinetic hemodynamics or volume
retention did not explain the relationship between
higher BP and lower eGFR. Endothelium-mediated
vasodilatation has been reported to be impaired in
patients with mild renal insufficiency and uncompli-
cated essential hypertension.30 Such a mechanism can be
expected to lead to a rise in peripheral arterial
resistance. In the present study, eGFR was inversely
associated with systemic vascular resistance, implying
that altered regulation of the arterial tree may have been
the pathophysiological process that elevated BP.
Several studies have found evidence of increased

large arterial stiffness in patients with CKD, usually
documented by the measurement of PWV.6–8,31 In the
present study, eGFR was associated with PWV and

TABLE III. Significant Explanatory Variables for Systolic and Diastolic BP in Linear Regression Analysis

Systolic BP

All (R2=0.28) Men (R2=0.13) Women (R2=0.32)

B Beta P Value B Beta P Value B Beta P Value

Constant 109 108 119

eGFR �0.23 �0.17 <.001 �0.11 �0.10 .161 �0.36 �0.25 <.001

Age 0.23 0.14 <.001 0.21 0.14 .050 0.23 0.13 .055

WHtR 46 0.17 .004 50 0.19 .004 42 0.16 .007

LDL cholesterol 2.9 0.14 .001 1.5 0.08 .18 4.6 0.20 .001

Male sex 7.2 0.18 <.001

Diastolic BP

All (R2=0.29) Men (R2=0.25) Women (R2=0.23)

B Beta P Value B Beta P Value B Beta P Value

Constant 71 66 79

eGFR �0.21 �0.23 <.001 �0.18 �0.21 .001 �0.24 �0.27 <.001

Age 0.15 0.14 .004 0.19 0.18 .008 0.10 0.09 .23

WHtR 23 0.13 .003 34 0.18 .003 14 0.09 .16

LDL cholesterol 2.1 0.15 <.001 1.6 0.13 .025 2.7 0.18 .006

Male sex 4.6 0.17 .001

Abbreviations: BP, blood pressure; eGFR, estimated glomerular filtration rate; LDL, low-density lipoprotein; WHtR, waist:height ratio. Bold values

indicate significance.

TABLE II. Hemodynamic Measurements

All Men Women

Systolic blood pressure, mm Hg 134 (104–171) 139 (112–171) 129 (101–165)

Diastolic blood pressure, mm Hg 78 (57–101) 81 (59–104) 75 (55–98)

Heart rate, beats per min 63 (62–64) 62 (61–63) 64 (63–65)

Cardiac index, L/min/m2 2.91 (2.19–3.79) 2.94 (2.21–3.79) 2.88 (2.18–3.76)

Systemic vascular resistance index, dyn*s/cm5*m2 2624 (1700–3665) 2703 (1815–3685) 2542 (1652–3655)

Pulse wave velocity, m/s 8.47 (6.03–12.43) 8.92 (6.27–12.97) 8.00 (5.93–10.80)

Extracellular volume balance 1.09 (0.93–1.26) 1.06 (0.92–1.20) 1.11 (0.96–1.27)

Values are expressed as mean (95% confidence interval).
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systolic BP in women but not in men even in the
absence of kidney disease. However, men showed
higher levels of triglycerides and adiposity and lower
HDL cholesterol than women. Obesity, dyslipidemia,
and atherosclerosis contribute to both the develop-
ment of hypertension and arterial aging,15 and these
factors may have overshadowed the influence of the
prevailing renal function on PWV in men. It is
noteworthy that the Framingham Heart Study did
not find a correlation between arterial stiffness and
mild to moderate CKD.32

STUDY STRENGTHS AND LIMITATIONS
The strengths of this study are that detailed hemody-
namic information was captured in a relatively large
number of participants (n=556) and that patients
taking medications with direct cardiovascular influ-
ences were excluded. However, our study has limita-
tions, and the observational design does not allow
conclusions about causal relationship. As GFR was
estimated, all associations of kidney function with the
hemodynamic profile must be interpreted with caution.
Hemodynamic recordings were performed on a single

FIGURE 1. Systolic blood pressure (BP) (A) and diastolic BP (B) depicted in tertiles of estimated glomerular filtration rate (eGFR). Median (thick
line inside box), 25th to 75th percentile (box), range (whiskers), and outliers (circles). P values for unadjusted analyses, and P values adjusted for
differences in age, waist:height ratio, low-density lipoprotein cholesterol, and sex.

TABLE IV. Significant Explanatory Variables for SVRI and PWV in Linear Regression Analysis

SVRI

All (R2=0.21) Men (R2=0.16) Women (R2=0.25)

B Beta P Value B Beta P Value B Beta P Value

Constant 2033 1756 2468

eGFR �8.5 �0.20 <.001 �5.2 �0.12 .049 �12.2 �0.28 <.001

Age 6.5 0.13 .012 6.8 0.13 .057 5.8 0.11 .13

WHtR 2023 0.24 <.001 2098 0.21 <.001 1974 0.25 .001

Male sex 90 0.07 .057

PWV

All (R2=0.46) Men (R2=0.43) Women (R2=0.45)

B Beta P Value B Beta P Value B Beta P Value

Constant 2.058 0.300 4.279

eGFR �0.009 �0.07 .100 �0.002 �0.03 .812 �0.017 �0.14 .015

Age 0.078 0.46 <.001 0.086 0.48 <.001 0.067 0.46 <.001

WHtR 6.323 0.24 <.001 8.882 0.28 <.001 4.539 0.21 <.001

Male sex 0.684 0.17 <.001

Abbreviations: SVRI, systemic vascular resistance index; eGFR, estimated glomerular filtration rate; WHtR, waist:height ratio; PWV, pulse wave velocity.

Bold values indicate significance.
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occasion, and white-coat hypertension and masked
hypertension may have influenced the results.15 PWV
was recorded using the whole-body impedance cardi-
ography method, and hard end-point data on the
significance of arterial stiffness measured using this
approach are lacking. Finally, the measurement of
extracellular water volume was based on a single-
frequency 30-kHz alternating current, and this method
may not as accurately evaluate body water content as
multifrequency impedance systems.33 However, the
single-frequency method has been found to be valid
in extracellular fluid volume analyses in healthy

patients in whom the extracellular to intracellular
water ratio remains in the normal range.33

CONCLUSIONS
We examined healthy normotensive subjects and
patients with prehypertension or newly discovered
primary hypertension who were free of other cardio-
vascular or kidney diseases. Lower eGFR was associated
with higher BP, and the related hemodynamic pattern
was increased peripheral vascular resistance without
changes of cardiac index, corresponding to the “classi-
cal” picture of primary hypertension.15,34 It seems

FIGURE 2. Cardiac index (A), systemic vascular resistance index (SVRI) (B), pulse wave velocity (C), and volume of extracellular water (D)
depicted in tertiles of estimated glomerular filtration rate (eGFR). Median (thick line inside box), 25th to 75th percentile (box), range (whiskers),
and outliers (circles). P values for unadjusted analyses, and P values adjusted for differences in age, waist:height ratio, low-density lipoprotein
cholesterol, and sex (and weight in analyses of extracellular water).
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feasible to calculate creatinine and cystatin C–based
eGFR in all patients with hypertension, as early
impairment in kidney function may be involved in the
pathogenesis of primary hypertension.
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