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Abstract
Background. Insulin resistance is associated with in-
creased sympathetic and reduced parasympathetic activity.
Resting heart rate reflects autonomic activity. Therefore,
we examined the associations of resting heart rate with in-
sulin resistance, cardiovascular events and mortality in the
moderate chronic kidney disease (CKD) population.
Methods. Four hundred and sixty participants with MDRD
GFR <60 ml/min/1.73 m2 in the limited access Atheroscle-
rosis Risk in Communities (ARIC) study database were
divided into four resting heart rate groups: <60, 60–74,
75–89 and ≥90/min. The prevalence of metabolic syndrome
at baseline across the groups was examined. Time to cardio-
vascular composite (myocardial infarction or fatal coronary
artery disease event or stroke or coronary revascularization
procedure) and time to all-cause death were examined in
multivariate Cox models.
Results. The prevalence of metabolic syndrome in the <60,
60–74, 75–89 and ≥90/min groups were 41, 44, 69 and
82% (P < 0.001), respectively. In a multivariate Cox model
adjusted for demographics, comorbidity, haemoglobin and
physical activity, compared to the 60–74/min group, the
hazard ratios of cardiovascular composite in <60, 75–89
and ≥90/min groups were 1.27 (95% CI 0.75–2.16), 1.79
(95% CI 1.07–2.99) and 1.37 (95% CI 0.54–3.44), respec-
tively. In a similar model, the hazard ratios of death were
1.47 (95% CI 0.85–2.53), 3.11 (95% CI 1.93–5.02) and
3.97 (95% CI 1.99–7.94), respectively.
Conclusions. Resting heart rate is associated with
metabolic syndrome in moderate CKD. Higher resting heart
is associated with increased mortality and possibly cardio-
vascular events in this population. Interventional studies to
examine whether a target resting heart rate of 60–74/min
improves cardiovascular outcomes and survival in moderate
CKD are warranted.
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Introduction

Visceral adiposity is associated with several metabolic de-
rangements including insulin resistance [1], inflammation
[2,3], endothelial dysfunction [4] and dyslipidaemia [5].
Visceral adiposity [6] and its metabolic consequences of hy-
perinsulinaemia [7] and hyperleptinaemia [8,9] are associ-
ated with increased sympathetic and/or reduced parasympa-
thetic activity [10,11]. Furthermore, increased sympathetic
activity might contribute to insulin resistance [12]. Thus,
alterations in autonomic activity might both be a cause and
a consequence of insulin resistance.

Higher resting heart rate might reflect increased sym-
pathetic and/or reduced parasympathetic activity. Earlier
studies suggest that high resting heart rate, even within the
normal range (<100 beats/min), is a predictor of mortal-
ity in the general population [12–15]. Recently, it has been
suggested that in the general population, elevated resting
heart rate should be considered as an independent risk fac-
tor of cardiovascular events, and maintaining resting heart
rate substantially below the traditionally defined tachycar-
dia threshold of 90 or 100 beats/min might be desirable
[16]. However, the associations between resting heart rate
and clinical outcomes are poorly defined in the chronic kid-
ney disease (CKD) population, and there are no data in this
population on whether resting heart rate is associated with
insulin resistance. Therefore, we examined in the limited
access, public use Atherosclerosis Risk in Communities
(ARIC) study dataset, the hypothesis that resting heart rate
is associated with metabolic syndrome and predicts car-
diovascular outcomes and mortality in the moderate CKD
population.

Subjects and methods

Study population

The ARIC Study is a large-scale, National Heart Lung Blood Institute
(NHLBI) sponsored, long-term prospective study that measured the asso-
ciations of established and suspected coronary artery disease (CAD) risk
factors with atherosclerosis in a cohort of men and women aged 45–64
years in four US communities. A total of 15 792 participants were included
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in the baseline data collection. With 1987–89 as the baseline, follow-up
examinations were conducted approximately every 3 years along with
annual telephone interviews [17].

Assessment of baseline characteristics in ARIC study

Information on age, gender and race was based on self-report. Prevalent
coronary artery disease was defined as a reported history of physician-
diagnosed heart attack, cardiovascular surgery, coronary angioplasty or
evidence of previous myocardial infarction on electrocardiogram. Con-
gestive heart failure was defined as history of leg swelling associated with
either orthopnoea or paroxysmal nocturnal dyspnoea. Peripheral vascular
disease was defined as the presence of intermittent claudication or the
absence of posterior tibialis pulse. History of physician-diagnosed stroke,
chronic lung disease and malignancy were defined as prevalent cere-
brovascular disease, lung disease and malignancy, respectively. Smoking
and alcohol use were categorized as never, current and past.

The participants were asked to bring all medications taken during the
study period to the clinic for examination, and the names of medications
including beta blockers, calcium channel blockers, digoxin, diuretics and
angiotensin-converting enzyme inhibitors were recorded.

Baecke physical activity questionnaire is a 16-item self-administered
questionnaire that assesses physical activity in the domains of work, sport
and leisure time. Items are scored on a five-point scale ranging from
‘Never’ to ‘Always’ or ‘Very Often’. Each response is given a numerical
score. The physical activity score for each domain was calculated from
these numerical scores [17].

Trained technicians measured blood pressure in the sitting position
three times by using a random-zero sphygmomanometer, and the average
of last two readings was used.

Resting heart rate was obtained from a standard supine 12-lead resting
electrocardiogram and 2-min rhythm strip that was recorded at baseline
after a 12-h fast followed by a light snack and at least 1 h after smoking
or ingestion of caffeine.

Anthropometry measures

Height was measured to the nearest centimetre using a metal rule attached
to a wall and a standard triangular headboard. Weight was measured in
pounds using a beam balance with the subject standing in a scrub suit and
no shoes. Body mass index (BMI) was calculated as weight in kilograms
divided by height in meters squared. Waist circumference was determined
by the horizontal measurement of maximum girth at the umbilicus.

Laboratory data

The participants were asked to fast for 12 h before the clinical examina-
tion. Processed fasting blood samples were quickly frozen at −70◦C until
analysis, which was performed within a few weeks.

The ARIC Central Laboratories measured serum glucose by using
the hexokinase method, serum creatinine by an alkaline picrate colori-
metric assay (Coulter Diagnostics, Hialeah, FL, USA), serum insulin by
a radio-immuno assay (Cambridge 125I Insulin Kit, Cambridge Medical
Diagnostics, Inc., Billerica, MA, USA), plasma von Willebrand factor
by an ELISA (American Bioproducts Co., Diagnostica Stago, NJ, USA)
and plasma fibrinogen by the thrombin-time titration method. Enzymatic
methods were used to measure plasma total cholesterol and triglycerides.
High-density lipoprotein (HDL) cholesterol was measured after dextran–
magnesium precipitation of non-HDL lipoproteins. Low-density lipopro-
tein (LDL) cholesterol values were calculated from these measurements.
The coefficients of variation% ranged from 1.3 to 6% for these assays.
Laboratories in each study community performed white blood cell counts
by using cell counters, and haemoglobin values were measured using the
cyanomethaemoglobin method.

Definition of CKD

Estimated glomerular filtration rate (eGFR) was calculated from the
four-variable Modification of Diet in Renal Disease (MDRD) equation
[eGFR = 186.3 × serum creatinine−1.154 × age−0.203 × 0.742 if female ×
1.21 if black] [18]. Serum creatinine concentration was calibrated with
Cleveland Clinic measurement standards by the subtraction of 0.24 mg/dl
[19]. Those with eGFR >150 ml/min/1.73 m2 were excluded [19]. CKD
was defined as eGFR <60 ml/min/1.73 m2, and non-CKD was defined
as eGFR ≥60 ml/min/1.73 m2.

Definition of metabolic syndrome

The National Cholesterol Education Program Adult Treatment Panel III
(NCEP-ATP III) considered metabolic syndrome present if any three of
the following five conditions were present [20]: abdominal obesity (waist
circumference ≥102 cm in men and 88 cm in women), elevated serum
triglycerides (≥150 mg/dl after 12-h fasting), reduced levels of serum HDL
cholesterol (<40 mg/dl in men and <50 mg/dl in women), hypertension
(systolic blood pressure ≥130 mmHg or diastolic blood pressure ≥85
mmHg or use of antihypertensive medications or a self-reported history of
hypertension) and insulin resistance (fasting glucose ≥110 mg/dl or use
of anti-diabetic agents or self-reported history of diabetes).

In addition, the homeostatic model assessment of insulin resistance
(HOMA-IR) was calculated by the following formula: [fasting serum
insulin (mmol/l) × fasting serum glucose (µU/ml)]/22.5 [21].

Follow-up of cardiovascular events and mortality

The follow-up included annual telephone interviews (to identify hospital-
izations and deaths), examinations every 3 years in 1990–92, 1993–95 and
1996–98 and survey of death certificates and discharge lists from local
hospitals. Out-of-hospital deaths were traced by using death certificate
data and, in most cases, an interview with next of kin and questionnaires
completed by the patients’ physicians. Coroner reports and autopsy reports
were obtained, when available, for use in validation. The follow-up data
until 1998 are used in the current analyses.

ARIC study definition of coronary events

An ARIC Morbidity and Mortality Classification Committee reviewed
and adjudicated all potential clinical CAD events that occurred during
the follow-up [22]. Hospitalized definite/probable myocardial infarction
(MI) was defined by the ARIC Morbidity and Mortality Classification
Committee based upon the presence or the absence of cardiac pain, ECG
findings and enzymes using published criteria. Further, this committee de-
fined definite fatal CAD event as the lack of evidence to diagnose definite
fatal MI and the absence of another lethal non-atherosclerotic or non-
cardiac atherosclerotic process with either one or both of the following:
history of chest pain within 72 h of death and history of ever having had
chronic ischaemic heart disease in the absence of valvular heart disease
or non-ischaemic cardiomyopathy. Coronary revascularization procedures
were identified from hospital admissions.

ARIC study definitions of ischaemic stroke

Using symptoms, diagnostic procedures performed and autopsy evidence,
cases were classified as definite stroke, probable stroke, possible stroke of
undetermined type or no stroke by the computer algorithm and by a physi-
cian reviewer [22]. Another physician adjudicated differences between the
computer and physician diagnoses.

Statistical methods

Predictor variable. For statistical analyses, resting heart rate was subdi-
vided into four clinically defined categories as follows: the resting heart
rate <60, resting heart rate 60–74, resting heart rate 75–89 and resting
heart rate ≥90/min. These categorical groups were used to examine the
relationship between baseline heart rate and baseline descriptive data and
follow-up outcomes. Recognizing that categorical cut-offs could affect
the results, we also examined the spline curves (as described below) to
examine the associations of heart rate with outcomes.

Baseline data. Baseline characteristics across the resting heart rate
groups were examined using the chi-squared test for categorical variables
and the Kruskal–Wallis test for continuous variables.

Examination of cardiovascular events and mortality

Definition of composite cardiovascular outcome. Based on the ARIC
study classification of events, we defined a composite cardiovascular
outcome as the first occurrence of any one of the following events:
definite/probable MI or definite/probable fatal CAD event, or defi-
nite/probable incident stroke or the performance of a coronary revas-
cularization procedure.

The participants were censored at the first occurrence of cardio-
vascular composite, death, loss to follow-up or on 31 December 1998.
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Table 1. Associations of resting heart rate with demographics and clinical characteristics in CKD (N = 460)

Characteristic <60/min (N = 116) 60–74/min (N = 226) 75–89/min (N = 90) ≥90/min (N = 28) P-value

Age (year) 56 + 6 57 + 6 57 ± 5 57 ± 6 0.58
Black race (%) 22 24 31 39 0.13
Male gender (%) 40 36 39 21 0.32
Coronary artery disease (%) 13 9 17 4 0.15
Cerebrovascular disease (%) 9 8 14 18 0.14
Peripheral vascular disease (%) 7 5 5 7 0.79
Congestive heart failure (%) 16 17 26 43 0.004
Diabetes mellitus (%) 12 25 33 68 <0.001
Malignancy (%) 8 6 4 18 0.12
Lung disease (%) 4 6 11 18 0.04
Current or past smoking (%) 61 62 50 57 0.27
Current or past alcohol use (%) 70 73 63 57 0.18
eGFR, ml/min/1.73 m2 51 ± 10 51 ± 12 49 ± 13 45 ± 15 0.03
Beta blockers (%) 40 17 16 7 <0.001
Calcium channel blockers (%) 13 9 10 10 0.76
ACE inhibitors (%) 7 9 16 14 0.14
Diuretics (%) 45 38 46 64 0.04
Digoxin (%) 2 4 7 7 0.21
Haemoglobin (g/dl) 13.5 ± 1.7 13.4 ± 2.0 13.3 ± 2.3 12.8 ± 2.3 0.43
Work index 2.0 ± 1.0 1.8 ± 0.9 1.7 ± 0.9 1.7 ± 0.9 0.03
Sport index 2.4 ± 0.9 2.3 ± 0.8 2.1 ± 0.7 2.1 ± 0.6 0.14
Leisure index 2.3 ± 0.6 2.3 ± 0.6 2.1 ± 0.6 2.1 ± 0.5 0.01

Cox proportional hazards regression analysis was used to examine the
association of the time to the composite cardiovascular outcome with the
resting heart rate category. The resting heart rate group of 60–74/min
was used as the reference group as heart rate of <60/min is considered
abnormal. First, a basic Cox regression model was fitted without
covariate adjustment to obtain unadjusted hazard ratios, and then the Cox
model was expanded by adding covariates to adjust for demographics
(age, gender and race), baseline comorbidities (coronary artery disease,
congestive heart failure, peripheral vascular disease, cerebrovascular
disease, diabetes mellitus, lung disease, malignancy, smoking and alcohol
use), haemoglobin, physical activity indices and baseline eGFR. These
covariates were specified prior to the analysis, based on clinical and
biological considerations as factors that may act as confounders for the
effects of heart rate on subsequent cardiovascular events and mortality. In
these models, examination of scaled Shoenfeld residuals and evaluation
of interaction terms between baseline factors and follow-up time showed
no evidence of violations of proportional hazards assumptions.

For graphical presentations, we modified the above Cox-regression
analyses by using a 4-degree of freedom natural cubic regression spline
basis matrix [23], with internal knot points at the heart rate tertiles, to
model the relationship between mortality and heart rate as a continuous
variable while allowing for the possibility of nonlinearity. Because the
cubic splines provided smooth functions over the range of the pulse rates
in the dataset, the results are relatively insensitive to the selection of the
knot points. This analysis was run with and without adjustment for the
covariates listed above to depict unadjusted and adjusted hazard ratios,
using the median heart rate of 67 beats/min as the reference.

Examination of all-cause mortality

The participants were censored at death, loss to follow-up or on 31 De-
cember 1998. The above analyses were repeated with time to death from
any cause as the outcome.

Sensitivity analyses

As medications could potentially affect the heart rate, the above analy-
ses were repeated, adding medications (beta blockers, diuretics, calcium
channel blockers, ACE inhibitors and digoxin) to the models.

Because the presence of diabetes could modify the relationships be-
tween heart rate and outcomes, the associations of heart rate with the CV
composite and all-cause mortality were examined in the subgroup without
diabetes (n = 341). Since only nine individuals without diabetes had a
heart rate of ≥90/min, three heart rate groups <60/min (n = 170), 60–

74/min (n = 102) and ≥75/min (n = 69) were used for this sensitivity
analysis.

All analyses were carried out using STATA version 11 or S-Plus version
7.0. Two-sided P-values and 95% confidence limits are provided without
adjustment for multiple comparisons.

Results

We included 460 ARIC participants with CKD (defined as
eGFR <60 ml/min/m2) in this analysis. The mean (±SD)
age of the CKD cohort was 57 ± 6 years, 26% were
African American and 36% were men. The mean resting
heart rate was 68 ± 11/min and the mean eGFR was 50 ±
12 ml/min/1.73 m2.

Associations of resting heart rate with baseline
demographic, clinical, nutritional and metabolic
characteristics

Associations of resting heart rate with baseline characteris-
tics are summarized in Tables 1 and 2. Higher resting heart
rate was associated with the greater prevalence of conges-
tive heart failure (Table 1). Even more striking was the
higher prevalence of diabetes mellitus with higher resting
heart rate (12% in the lowest resting heart rate group versus
68% in the highest resting heart rate group). The use of beta
blockers was significantly more in patients with lower heart
rate, and diuretic use was higher in the higher resting heart
rate group. On the other hand, increased physical activity
was associated with lower heart rate.

Higher heart rate was associated with the greater preva-
lence of metabolic syndrome in the entire CKD cohort and
the non-diabetic subgroup (Figure 1). Furthermore, higher
resting heart rate was associated with higher fasting serum
glucose and insulin levels (Table 2). In addition, higher rest-
ing heart rate was associated with higher white blood cell
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Table 2. Associations of resting heart rate with nutritional and metabolic characteristics in CKD (N = 460)

Characteristic <60/min (N = 116) 60–74/min (N = 226) 75–89/min (N = 90) ≥90/min (N = 28) P-value

BMI (kg/m2) 28.1 ± 5.0 28.6 ± 5.0 29.6 ± 6.3 31.4 ± 6.9 0.07
Waist circumference (cm) 98 ± 14 100 ± 14 104 ± 15 106 ± 16 0.02
Serum glucose (mg/dl) 107 ± 26 117 ± 56 154 + 104 182 + 103 <0.001
Serum insulin (uU/l) 14 ± 13 21 ± 41 44 + 105 66 + 102 <0.001
Log HOMA 0.93 ± 0.88 1.18 ± 0.89 1.58 ± 1.05 2.28 ± 1.43 <0.001
Serum triglycerides (mg/dl) 143 ± 87 149 ± 89 212 + 172 181 + 117 <0.001
Serum HDL (mg/dl) 49 ± 18 50 ± 18 46 ± 15 46 ± 15 0.58
Serum LDL (mg/dl) 145 ± 42 144 ± 42 144 ± 42 167 ± 71 0.60
Plasma fibrinogen (mg/dl) 316 ± 64 334 ± 88 354 ± 79 392 ± 95 <0.001
Plasma vWF (% standard) 143 ± 61 143 ± 64 154 ± 63 190 ± 73 <0.001
White blood cell count (1 × 103/µl) 6.7 ± 6.3 6.4 ± 2.2 6.9 ± 1.9 8.3 ± 2.8 <0.001
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Fig. 1. Prevalence of metabolic syndrome in resting heart rate groups.
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Fig. 2. Unadjusted associations of resting heart rate with cardiovascular
composite.

count (marker of inflammation), plasma fibrinogen (marker
of thrombotic tendency) and plasma von Willebrand factor
(marker of endothelial function) as shown in Table 2.

Association of resting heart rate with cardiovascular
events

There were 2.89 cardiovascular events per 100 years of
follow-up (a total of 110 cardiovascular events over 3797
years of follow-up). The associations of heart rate as a
continuous variable with cardiovascular events are shown

Heart  Rate
Adjusted for demographics, comorbidity, physical activity, GFR and haemoglobin
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Fig. 3. Adjusted associations of resting heart rate with the cardiovascular
composite.

in Figures 2 and 3. Compared to the 60–74/min group,
resting heart rate in the 75–89/min group was associated
with statistically significant 1.79-fold higher hazard of the
composite cardiovascular outcome (Table 3) but not in the
≥90/min group.

Association of resting heart rate with mortality

There were 3.12 deaths per 100 years of follow-up (a total
of 126 deaths over 4033 years). The association of resting
heart rate with death is summarized in Table 4 and Figures 4
and 5. There appears to be a J-shaped association of resting
heart rate with death (Figures 4 and 5) when heart rate was
used as a continuous variable. Compared to the 60–74/min
group, resting heart rate in the < 60/min group was asso-
ciated with statistically non-significant increased hazard of
death (Table 4). However, compared to the reference group,
resting heart rate groups of 75–89/min and ≥90/min were
associated with statistically significant 3.11- and 3.97-fold
higher hazards of death (Table 4), respectively.

Sensitivity analyses

When adjusted for medications (beta blockers, calcium
channel blockers, diuretics, ACE inhibitors and digoxin
use) in addition to demographics, comorbidity, physical
activity, GFR and haemoglobin and using 60–74/min as
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Fig. 4. Unadjusted associations of resting heart rate with all-cause mor-
tality.

Table 3. Association of resting heart rate with the composite cardiovas-
cular outcome in CKD

Resting heart Unadjusted hazard Adjusteda hazard
rate ratio (95% CI) ratio (95% CI)

<60/min 1.20 (0.76–1.90) 1.27 (0.75–2.16)
60–74/min Reference Reference
75–89/min 1.77 (1.10–2.84) 1.79 (1.07–2.99)
≥90/min 1.29 (0.55–3.02) 1.37 (0.54–3.44)

aAdjusted for age, gender, race, coronary artery disease, cerebrovascu-
lar disease, peripheral vascular disease, congestive heart failure, diabetes
mellitus, lung disease, malignancy, smoking, alcohol use, physical activity
(work, leisure and sports indices) and haemoglobin.

Table 4. Association of resting heart rate with death in CKD

Unadjusted hazard Adjusteda hazard
Resting heart ratio (95% CI) ratio (95% CI)

<60/min 1.16 (0.72–1.87) 1.47 (0.85–2.53)
60–74/min Reference Reference
75–89/min 2.55 (1.66–3.93) 3.11 (1.93–5.02)
≥90/min 3.44 (1.92–6.17) 3.97 (1.99–7.94)

aAdjusted for age, gender, race, coronary artery disease, cerebrovascu-
lar disease, peripheral vascular disease, congestive heart failure, diabetes
mellitus, lung disease, malignancy, smoking, alcohol use, physical activity
(work, leisure and sports indices) and haemoglobin.

the reference group, none of the other heart rate groups
were significantly associated with cardiovascular events but
heart rate groups 75–89 and ≥90/min were associated with
increased mortality: hazard ratio (HR) 3.16, 95% CI (1.94–
5.14) and HR 3.64, 95% CI (1.86–7.12), respectively.

Since there were only nine participants without diabetes
who had a heart rate of ≥90/min, these participants were
included in the ≥75/min group. In Cox models adjusted for
above covariates including medications, compared to 60–
74/min group, the other heart rate groups were not signif-
icantly associated with cardiovascular events. In a similar
model, <60/min group was not associated with increased
mortality (HR 1.14, 95% CI 0.55–2.39) but ≥75/min group
was (HR 2.21, 95% CI 1.08–4.51).
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Fig. 5. Adjusted associations of resting heart rate with all-cause mortality.

Discussion

In the general population, higher resting heart rate is asso-
ciated with worse outcomes [13–15,24–26]. The results of
this study indicate that higher resting heart rate is associated
with increased risk of cardiovascular events and mortality
in the CKD population. Of note, this phenomenon is seen
within the ‘normal’ heart rate < 100/min. Thus, the rest-
ing heart rate does not need to be abnormally high to be
associated with cardiovascular events and mortality.

To our knowledge, there are no prior data on the asso-
ciations between resting heart rate with insulin resistance,
cardiovascular events and mortality in the moderate CKD
population. In individuals with eGFR <75 ml/min/1.73 m2

and documented prior myocardial infarction with a left ven-
tricular ejection fraction of <30%, Chonchol et al. [27]
reported that the higher resting heart rate (>80/min) was
a risk factor for sudden death. In contrast, our study ex-
amined community dwelling adults with moderate CKD
(eGFR < 60 ml/min/1.73 m2), and the results suggest that
resting heart rate ≥75/min predicts mortality in that popu-
lation. Furthermore, the association of higher resting heart
rate with mortality was also present in non-diabetic CKD.

As shown in Table 1, beta blockers were associated with
lower heart rate whereas diuretics were associated with
higher heart rate. However, when further adjusted for medi-
cation use, high heart rate was still associated with increased
mortality.

The mechanisms for increased mortality with higher rest-
ing heart rate at the upper limit of normal range are not
clear. Higher catecholamine levels in dialysis patients are
associated with increased risk of death [28] and they may
play a similar role in patients with CKD. Further studies
will be needed to examine whether interventions that result
in decreased sympathetic activation, as evidenced by rest-
ing heart rate at the lower range of normal, are associated
with improvement in cardiovascular outcomes in the CKD
population.

The results of our study further support the hypoth-
esis that resting heart rate is associated with metabolic
syndrome. Higher resting heart rate was associated with
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higher body mass index, waist circumference and greater
prevalence of abdominal obesity. Higher resting heart
rate was also associated with insulin resistance, higher
white blood cell count (marker of inflammation), plasma
fibrinogen (marker of thrombotic tendency) and plasma
von Willebrand factor (marker of endothelial function)
(Table 2).

The strengths of this study include very careful data col-
lection in the ARIC study such as measurement of resting
heart rate with electrocardiogram and cardiovascular out-
comes data. The major limitations of this study include
those of all observational studies that use existing data.
The observational nature of the study limits inference be-
yond associations. Resting heart rate categorization was
done based on the initial examination only. Nevertheless,
this limitation enhances rather than diminishes the impor-
tance of resting heart rate. The fact that the predictive power
of resting heart rate remained independently of multivari-
able adjustment indicates the robustness of the association
with mortality. Categorization of resting heart rate into four
groups could limit the inferences on the functional rela-
tionship between the heart rate and outcomes; however,
to address this issue we used heart rate as a continuous
variable in spline regression, which also suggests that high
resting heart rate is associated with increased mortality.
Resting heart rate was associated with increased cardiovas-
cular events in some models but not others in this study. This
might reflect the smaller number of cardiovascular events
in this cohort and larger studies are warranted to address
this issue. Furthermore, atrial fibrillation is not adequately
coded in the public access ARIC cohort. Therefore, we were
unable to perform a subgroup analysis for this and other
arrhythmias.

In summary, we conclude that resting heart rate is associ-
ated with metabolic syndrome and predicts cardiovascular
outcomes and mortality in the CKD population. Further
studies will be needed to examine whether interventions
that target sympathetic activation can lead to improved out-
comes in the CKD population.
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Abstract
Objective. In patients with chronic kidney disease (CKD),
aortic calcification is more frequent and severe and it is
also predictive of adverse cardiovascular outcome. The aim
of the present study was to characterize aortic calcification
in renal compared with non-renal patients.
Methods. Aortas of 31 patients with advanced CKD and
of 31 age-and gender-matched controls were obtained at
autopsy. Calcium and phosphorus content in the aorta
was quantitated using x-ray analysis. The expression of
calcification-promoting and calcification-inhibiting pro-
teins was assessed using immunohistochemistry.
Results. The calcium and phosphorus content of the aorta
was higher in CKD patients than in controls. Even in non-
calcified aortic specimens of CKD, staining for Msx-2,
BMP-2, bone sialo-protein, TNF-α and nitrotyrosine was
significantly more marked compared to controls. The same
proteins were immunodetected in calcified aortic speci-
mens of both CKD and controls. In contrast, staining for
transglutaminase-2 and Fetuin A was significantly reduced
in CKD. Higher expression of cbfa-1 and Pit-1 was ob-
served in all calcified aortas with no difference between
CKD and controls. The expression of TNF-α, phospho-
p38 and Msx-2 was correlated to the intensity of up-
regulation of BMP-2 and osteoblastic transdifferentiation
by VSMC even in non-calcified areas of the aortas of
CKD.
Conclusion. The expression of markers characteristic for
calcification is not different in calcified aorta of CKD pa-
tients compared to controls, but in CKD patients, evidence
of inflammation, transformation to an osteoblastic pheno-

type and reduced expression of transglutaminase are also
found even in non-calcified aorta.

Keywords: arterial calcification; cbfa-1; chronic kidney disease;
osteoblastic transdifferentiation; TNF-α

Introduction

In individuals with chronic kidney disease (CKD), the risk
of death from cardiovascular (CV) causes is substantially
elevated and even greater than the risk of progression to
end-stage renal disease [1]. In dialyzed patients, CV mor-
tality is 15–30 times higher compared with the general
population [2,3], but the CV risk is increased not only in
end-stage CKD, but even in the earliest stages of CKD
[4].

CKD is characterized by accelerated atherosclerosis
and particularly by more pronounced vascular calcifica-
tion [5–7]. Both progressive circumscript calcification of
atherosclerotic plaques and diffuse calcification of the me-
dia of central arteries (Mönckeberg sclerosis) are observed.
Calcified atherosclerotic plaques of CKD patients are more
susceptible to rupture [7].

Many recent experimental studies addressed the patho-
genetic mechanisms underlying arterial calcification in
uraemia. Furthermore, clinical studies defined the extent
and progression of aortic and coronary calcification. In ad-
dition to intimal calcification, calcification of the media is
characteristic for CKD patients; its sequelae are increased
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