
10. Fisher WA, Rosen RC, Mollen M et al. Improving the sexual quality
of life of couples affected by erectile dysfunction: a double-blind, ran-
domized, placebo-controlled trial of vardenafil. J Sex Med 2005; 2:
699–708

11. Cappelleri JC, Rosen RC. The Sexual Health Inventory for Men
(SHIM): a 5-year review of research and clinical experience. Int J
Impot Res 2005; 17: 307–319

12. McHorney CA, Ware JE Jr, Lu JF et al. The MOS 36-Item Short-
Form Health Survey (SF-36): III. Tests of data quality, scaling as-
sumptions, and reliability across diverse patient groups. Med Care
1994; 32: 40–66

13. Koçyiğit H, Aydemir Ölmez N et al. Kısa form-36 (SF-36)’nın Türkçe
versiyonunun güvenirliği ve geçerliliği. İlaç ve Tedavi Dergisi 1999;
12: 102–106

14. Lew-Starowicz M, Gellert R. The sexuality and quality of life of he-
modialyzed patients—ASED multicenter study. J Sex Med 2009; 6:
1062–1071

15. Mittal SK, Ahern L, Flaster E et al. Self-assessed physical and mental
function of haemodialysis patients. Nephrol Dial Transplant 2001;
16: 1387–1394

16. Lopes AA, Bragg-Gresham JL, Satayathum S et al. Worldwide Dial-
ysis Outcomes and Practice Patterns Study Committee. Health-related
quality of life and associated outcomes among hemodialysis patients of
different ethnicities in the United States: the Dialysis Outcomes and
Practice Patterns Study (DOPPS). Am J Kidney Dis 2003; 41: 605–615

17. Mapes DL, Lopes AA, Satayathum S et al. Health-related quality of life
as a predictor of mortality and hospitalization: the Dialysis Outcomes
and Practice Patterns Study (DOPPS). Kidney Int 2003; 64: 339–349

18. Rosas SE, Joffe M, Franklin E et al. Association of decreased quality
of life and erectile dysfunction in hemodialysis patients. Kidney Int
2003; 64: 232–238

19. Doggrell S. Do vardenafil and tadalafil have advantages over silde-
nafil in the treatment of erectile dysfunction? Int J Impot Res 2007;
19: 281–295

20. Guay AT, Perez JB, Jacobson J et al. Efficacy and safety of sildenafil
citrate for treatment of erectile dysfunction in a population with as-
sociated organic risk factors. J Androl 2001; 22: 793–797

21. Yeniçerioglu Y, Kefi A, Aslan G et al. Efficacy and safety of silde-
nafil for treating erectile dysfunction in patients on dialysis. BJU Int
2002; 90: 442–445

22. Chen J, Mabjeesh NJ, Greenstein A et al. Clinical efficacy of silde-
nafil in patients on chronic dialysis. J Urol 2001; 165: 819–821

23. McMahon CG. High dose sildenafil citrate as a salvage therapy for
severe erectile dysfunction. Int J Impot Res 2002; 14: 533–538

24. Moore RA, Derry S, McQuay HJ. Indirect comparison of interven-
tions using published randomised trials: systematic review of PDE-5
inhibitors for erectile dysfunction. BMC Urol 2005; 5: 18

25. Carson CC, Hatzichristou DG, Carrier S et al. Patient Response with
Vardenafil in Sildenafil Non-Responders (PROVEN) Study Group.
Erectile response with vardenafil in sildenafil nonresponders: a multi-
centre, double-blind, 12-week, flexible-dose, placebo-controlled erec-
tile dysfunction clinical trial. BJU Int 2004; 94: 1301–1309

26. Morales A, Gingell C, Collins M et al. Clinical safety of oral silde-
nafil citrate (VIAGRA) in the treatment of erectile dysfunction. Int J
Impot Res 1998; 10: 69–73

27. Porst H, Rosen R, Padma-Nathan H et al. The efficacy and tolerabil-
ity of vardenafil, a new, oral, selective phosphodiesterase type 5 in-
hibitor, in patients with erectile dysfunction: the first at-home clinical
trial. Int J Impot Res 2001; 13: 192–199

Received for publication: 3.2.10; Accepted in revised form: 12.4.10

Nephrol Dial Transplant (2010) 25: 3733–3741
doi: 10.1093/ndt/gfq234
Advance Access publication 29 April 2010

Abnormal nocturnal heart rate variability response among chronic
kidney disease and dialysis patients during wakefulness and sleep

Maria-Eleni Roumelioti1, Reena Ranpuria1, Martica Hall2, John R. Hotchkiss3, Chris T. Chan4,
Mark L. Unruh1 and Christos Argyropoulos1

1Renal-Electrolyte Division, University of Pittsburgh Medical Center, A909 Scaife Hall, 3550 Terrace Street, Pittsburgh, PA 15261,
USA, 2Western Psychiatric Institute and Clinic University of Pittsburgh, Medical Center, 3811 O’Hara Street, Pittsburgh, PA 15213,
USA, 3Critical Care Medicine, University of Pittsburgh Medical Center, A909 Scaife Hall, 3550 Terrace Street, Pittsburgh, PA 15261,
USA and 4Division of Nephrology, Department of Medicine, University of Toronto, Suite RFE 3-805, 190 Elizabeth Street, Toronto,
ON M5G 2C4, Canada

Correspondence and offprint requests to: Maria-Eleni Roumelioti; E-mail: mar127@pitt.edu

Abstract
Background. Dialysis patients and patients with chronic
kidney disease (CKD) experience a substantial risk for
abnormal autonomic function and abnormal heart rate
variability (HRV). It remains unknown whether HRV
changes across sleep stages in patients with different sever-
ity of CKD or dialysis dependency. We hypothesized that

high-frequency (HF) HRV (vagal tone) will be attenuated
from wakefulness to non-rapid eye movement (NREM)
and then to rapid eye movement (REM) sleep in dialysis
patients as compared to patients with CKD.
Methods. In-home polysomnography was performed in 95
patients with stages 4–5 CKD or end-stage renal disease
(ESRD) on haemodialysis (HD) or peritoneal dialysis
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(PD). HRV was measured using fast Fourier transform of
interbeat intervals during wakefulness and sleep. Low-
frequency (LF) and HF intervals were generated. Natural
logarithm HF (LNHF) and the logarithm LF/HF ratio
(sympathovagal tone) were analysed by multivariable
quantile regression and generalized estimating equations.
Results. Of the 95 patients, 63.2% (n = 60) was male,
35.8% (n = 34) was African American and 20.4% (n =
19) was diabetic. Average age was 51.6 ± 15.1 (range
19–82). HRV variables were significantly associated with
diabetic status, higher periodic limb movement indices and
lower bicarbonate levels. Patients with advanced CKD did
not differ from dialysis patients in their inability to in-
crease vagal tone during sleep. During wakefulness, fe-
male gender (P = 0.05) was associated with the increases
in the vagal tone.
Conclusions. Patients with CKD/ESRD exhibit dysregula-
tion of the autonomic nervous system tone manifesting as
a failure to increase HRV during wakefulness and sleep.
Different patient characteristics are associated with
changes in HRV at different sleep stages.

Keywords: chronic kidney disease; haemodialysis; heart rate variability;
peritoneal dialysis; polysomnography

Introduction

In healthy subjects, the normal heart rate is generated by
action potentials in the cells of the sinoatrial node at a fairly
constant frequency. This frequency is modulated by many
factors that add variability to the heart signal at different
frequencies throughout the day [1,2]. Low-frequency var-
iability (LF; 0.04–0.15 Hz) reflects changes in cardiac
sympathetic (and possibly parasympathetic) nerve activi-
ty [3,4], while high frequencies (HF; 0.15–0.4 Hz) are
primarily modulated by cardiac nerve parasympathetic
activity [5].

Sleep is intimately involved in the autonomic regulation
of arterial pressure and heart rate. Past studies in healthy
participants have shown that non-rapid eye movement
(NREM) sleep is characterized by vagal (parasympathetic)
predominance leading to reductions in arterial pressure and
heart rate, while rapid eye movement (REM) sleep is asso-
ciated with increased sympathetic activity [6,7] resulting in
relative tachycardia and hypertension. Hence, cardiac va-
gal tone increases from wakefulness to NREM sleep
[8,9], while sympathetic activity increases significantly
during REM sleep [8] in the general population. These
changes result in a high beat-to-beat variation in heart rate,
which is considered a marker of a functionally efficient au-
tonomic control. Abnormal fluctuations in the continuous
cycling of NREM and REM sleep phases may be associ-
ated with marked changes in normal patterns of heart rate
variability (HRV), with potential adverse consequences in-
cluding hypertension, myocardial infarction and sudden
cardiac death [7].

Despite the association of abnormal patterns of HRV
with an increased risk of sudden cardiac death in cardiac

disorders [ischaemia, chronic heart failure (CHF), valvular
disease], stroke and diabetes [10–13], determinants of such
patterns have not been established in patients with renal
impairment. Previous studies that have directly assessed
autonomic outflow (microneurography) have documented
an abnormal sympathetic overactivation in awake subjects
with renal dysfunction and end-stage renal disease (ESRD)
[14,15]. It remains unknown whether vagal or sympathetic
influences predominate across sleep stages in patients with
chronic kidney disease (CKD) or ESRD with dialysis de-
pendency. Furthermore, the impact of abnormal sleep pat-
terns [16] and sleep disorders on HRV remains relatively
underexplored in patients with renal dysfunction. Based
on the underlying risk of sudden death in ESRD [17], in-
cidence of cardiomyopathy in ESRD and dysautonomia
[18], and influence of dialysis on HRV [19], we hypothe-
sized that dialysis patients would have significantly less
high-frequency HRV (reflecting vagal output) compared
to CKD patients in wakefulness. Furthermore, we hypoth-
esized that the expected increase in the HF component dur-
ing the transition from wakefulness to NREM sleep will be
attenuated in dialysis patients as compared to those with
CKD stages 4 and 5. Finally, we examined the extent to
which demographic characteristics, laboratory values, co-
morbidity, use of medications and polysomnography
(PSG) outcome variables were associated with decrements
in HRV in our population of CKD and dialysis patients.

Materials and methods

Study population

Patients were enrolled from local dialysis units, outpatient nephrology
clinics and the Thomas E. Starzl Transplant Institute in Western Pennsyl-
vania between April 2004 and November 2006. Patients were eligible to
participate if they were older than 18 years, had an estimated GFR
<30 mL/min/1.73 m2 or were on maintenance dialysis (either haemodia-
lysis, HD or peritoneal dialysis, PD). Patients were excluded from the
study, if they had: craniofacial abnormalities, actively treated sleep ap-
noea, active malignancy, active infection (e.g. pneumonia), active coro-
nary artery disease (CAD) (e.g. unstable angina, myocardial infarction
within the last 6 months), advanced cirrhosis, active alcohol abuse, de-
mentia or treatment-refractory psychiatric disease leading to inability to
provide informed consent. All inclusion/exclusion criteria were confirmed
by interview and ascertained by reviewing the patients' medical records.
The study was approved by the University of Pittsburgh Investigation Re-
view Board (IRB protocol numbers: 312047, 501068, 604042), and all
participants provided informed consent.

Data collection and validation

Baseline data collection included a brief standardized health interview and
a self-completed questionnaire, assessment of current use of beta-blockers
and other medication use (anti-depressants, sleep-inducing agents,
opioids), blood pressure and anthropometric measurements. The self-
completed questionnaire (administered before or at the time of the base-
line examination) provided information on age, gender, race and body
mass index (BMI). For this report, race was categorized as African Amer-
ican or European American. Depression, diabetes and cardiovascular dis-
ease (CVD) were categorized as separate confounders. Laboratory data
were collected from patient’s medical records, and the most recent values
available (in the last 3 months) to the time of study were used. Such data
included serum levels of haemoglobin, albumin, calcium, phosphorus and
bicarbonate. Furthermore, serum levels of creatinine were collected for
the CKD population in order to estimate the GFR, and the most recent
Kt/V was obtained (an indicator of dialysis adequacy) for both dialysis
groups from their dialysis records.
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Selection of covariates

The selection of covariates was guided by factors found to be associated
with changes on HRV in the general population and included: (i) Demo-
graphics: age, gender and race [20–22]; (ii) Anthropometrics: obesity
[23]; (iii) Disease and dialysis treatment-related factors: a number of stud-
ies have examined clinical (mode of dialysis, delivered dose of dialysis)
and laboratory (haemoglobin, serum albumin, serum creatinine, serum
phosphorus and calcium, serum bicarbonate) factors [24]; (iv) Psychiatric
disorders: Depression has also been inconsistently reported to be associ-
ated with an overall reduction in total HRV [25,26]; (v) Comorbidity: Di-
abetes has been linked to decreased HRV, while CVD morbidity and
mortality have also been linked to decreased HRV [27,28]; (vi) Use of
medications (beta-blockers, anti-depressants, sleep-inducing agents and
opioids): Numerous large-scale randomized trials have shown that pro-
longed beta-blocker administration in chronic heart failure patients signif-
icantly improved their long-term prognosis, presumably due to a decrease
in sympathetic activity and in HRV [29–32]. Antidepressant agents can
cause electrophysiological changes of cardiac function leading to ventric-
ular arrhythmias and sudden death. However, antidepressants have also
protective effects on the heart through their capacity to modulate cardiac
autonomic mediated physiological responses [33]; (vii) PSG outcome
variables included [periodic limb movements index (PLMI), apnoea–
hypopnoea index (AHI), arousal index (AI), total sleep time (TST),
sleep efficiency, stages of sleep (stage 1, 2, 3 and 4, REM)]: Sleep
apnoea may directly or indirectly (through sleep arousal) increase
HRV [34]. In previous studies of patients without renal dysfunction,
periodic limb movements have been associated with an excessive sleep
fragmentation and abnormal HRV [35,36].

Sleep assessment and HRV measurement

One night of in-home PSG recording was performed using an ambulatory
Compumedics Siesta monitor (Charlotte, North Carolina). Trained PSG
technologists scored sleep records using standard sleep stage scoring cri-
teria for each 20-s epoch, and standard definitions were used to identify
apnoeas and hypopnoeas as previously described [37]. Each study was
separated into stages of NREM and REM sleep. Four contiguous minutes
of each study representing wakefulness, NREM sleep and REM sleep
were analysed.

Frequency domain measures of HRV were calculated using fast Fourier
transform-based power spectral analysis of interbeat intervals during sleep
(Mindware®, Ghanna, OH) [38]. Each participant’s EKG record was vi-
sually inspected in 2-min epochs to identify ectopic beats and arrhyth-
mias. If over nine arrhythmias or a 10-sec pause was noted in an
epoch, the epoch was excluded. The entire record was excluded if there
were nine or more arrhythmic beats in over 50% of the record. Power was
calculated for the low-frequency (LF) band (0.04–0.15 Hz Eq) and the
high-frequency (HF) band (0.15–0.40 Hz Eq). Analyses for this report
focus on the HF band, as a marker of vagal (parasympathetic) activity,
and the LF/HF ratio, as an indicator of sympathovagal tone. Both HRV
variables were transformed prior to analyses (natural logarithm) due to
skewness of the retrieved data and are presented as natural logarithm of
HF (LNHF) and natural logarithm of LF/HF ratio (log LF/HF).

Definitions and assessments

Adequate HDwas defined as a thrice-weekly in-centre HDwith single-pool
Kt/V (spKt/V) >1.4 or urea reduction ratio (URR) >65% for the last
3 months prior to enrolment. Adequacy of PD was assessed by the patient’s
weekly Kt/V. Kidney function in CKD patients was estimated by the Mod-
ification of Diet in Renal Disease (MDRD) equation [39]. Diabetes was
defined by self-reporting and by current use of insulin or oral hypoglycae-
mic agents. CVD was defined as an affirmative response to physician di-
agnosed heart failure, previous myocardial infarction or heart attack, or
previous coronary artery bypass or angioplasty. PLMI, AHI and AI were
defined as the number of periodic leg movements, the number of ap-
noeas–hypopnoeas and the number of arousals per hour of sleep, respec-
tively. Sleep efficiency (SE) was defined as the percentage of time in bed
spent sleeping, while parameters of sleep architecture represented the per-
centage of TST spent in stage 1, stage 2, stages 3–4 and REM sleep.

Depression was assessed using the Patient Health Questionnaire
(PHQ) [40], which is an established questionnaire that covers symptoms
of major depressive disorder, as well as subsyndromal variants.

Statistical analysis

Non-parametric statistics (e.g. medians and interquartile ranges) were used
to describe the continuous variables. For categorical variables, numbers of
patients and their percentages are reported. Equality of the summary mea-
sures or percentages of patients for a particular risk factor were tested by
chi-square test for categorical variables and Mann–Whitney U-test for
continuous variables. The corresponding P-values are reported.

The association between HRV variables and covariates was analysed
both with methods for repeated measures data as well as with methods
for non-repeated outcomes. The first approach acknowledges the correla-
tion among HRV variables obtained in a particular patient at the different
stages (wakefulness, NREM and REM sleep stage) when assessing the
influence of predictors on the HRV response. The second approach anal-
yses the HRVoutcome variables separately at each stage of sleep. Due to
the non-normal distribution of the outcome variables, we utilized gener-
alized estimating equations (GEE) [41,42] and quantile regression for the
repeated and non-repeated measures analyses, respectively [43]. Univari-
ate quantile regression modelling was used in order to select covariates
(P-value ≤ 0.05) for multi-variable GEE and quantile regression models.
Quantile regression allowed us to look for differential associations at the
extremes (extremely low or extremely high) and the typical HRV re-
sponses. For the purpose of comparing the effects of predictors on differ-
ent ranges of the outcome variable, we designated the first, middle and
upper three deciles as low, middle and upper, respectively. All analyses
were performed in R v2.9.1 and SPSS v15.0.

Results

Study population

Overall, 95 patients were assessed, and their characteristics
by treatment status are shown in Table 1. Twenty-seven pa-
tients (28.4%) had stages 4 and 5 CKD, and 68 (71.6%)
were dialysis dependent (ESRD). Fifty-six individuals with
ESRD (82.3%) were receiving a thrice-weekly in-centre
HD, and 12 (17.7%) were using PD. The median age of
the whole population was 51 (25th and 75th percentile:
42, 63), 64.2% (n = 60) were male, 64.2% (n = 61) were
European American and 20.4% (n = 19) were diabetic.
There were more men in the non-dialysis-dependent CKD
group compared to the dialysis group (70.4% vs. 60.3%).
A statistically significant differencewas observed for the se-
rum levels of phosphorus (P = 0.05), TST (P = 0.01) and SE
(P = 0.01) between advanced CKD and dialysis patients. For
the HD population, the average spKt/V was 1.63 (±0.3). For
the PD population, the average weekly Kt/V was 1.98
(±0.6). For the CKD group, the average MDRD-measured
estimated glomerular filtration rate (eGFR) [39] was 16.5
(±3.9) mL/min/1.73 m2.

Changes of HRV components in wakefulness and
throughout sleep

In Figure 1 (and Supplementary Videos 1 and 2), the HRV
outcome variables are shown for all three stages. There
appears to be a positive correlation between these outcome
variables and no obvious relationship to dialysis dependen-
cy (quantified in the next section). Medians and interquar-
tile ranges of the measured HRV components (LF/HF and
HF) for both study groups in wakefulness, NREM and
REM sleep are summarized in Table 2. There were no sta-
tistically significant differences of the HRV components
among the two groups in wakefulness, NREM and REM
sleep stage (Table 2).
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Predictors of overall HRV variables during sleep

We used GEE models adjusted for age, gender, diabetes,
dialysis dependency, CVD, haemoglobin, bicarbonate,
AHI and PLMI as well as use of beta-blocking agents.
Out of the original 95 patients, 85 had complete informa-
tion for covariates and HRV outcome variables in all three
stages. In GEE regression models, presence of diabetes,
higher bicarbonate levels and lower PLMI scores were as-
sociated with higher sympathovagal balance (Table 3). Di-
abetes and bicarbonate scores had opposite effects on vagal
tone (Table 4). These findings persisted after adjusting for
the interaction between stage and dialysis dependency (not
shown).

HRV changes during wakefulness and sleep

There was no statistically significant interaction between
stage and dialysis dependency in GEE regressions for either
HRVoutcome variable (not shown). Compared to wakeful-
ness, we observed a statistically significant reduction in the
sympathovagal balance during NREM sleep (P = 0.017) and
an increase in REM sleep (P = 0.013). There was no statis-
tically significant change in the vagal tone among the three
stages (not shown). All GEE models estimated a positive
correlation between the two HRV outcome variables and
the three stages (Table 5) confirming the graphical assess-
ments (Figure 1 and Supplementary Videos 1 and 2).

Predictors of HRV variables at specific stages

In order to assess the significance of dialysis treatment and
other selected covariates across the range of the HRV com-
ponents at the three stages, we examined the deciles from
10% to 90% adjusting for the same covariates as in the
GEE models. The effects of diabetes and PLMI in quantile
regression models are shown in Figure 2A and B, and are
discussed further below. In each figure, the influence of
one specific covariate (diabetes or PLMI) on the two
HRV variables studied during the three stages is shown
with the interrupted line. An association is considered sta-
tistically significant for a particular quantile of the re-
sponse if the associated confidence interval (grey-shaded
area) does not include zero (solid horizontal line).

Diabetes (Figure 2A). During wakefulness and NREM
sleep, presence of diabetes was associated with statistically
significant reductions in vagal tone but not in the sym-
pathovagal balance. The reduction in vagal tone during
wakefulness was consistent throughout the range of vagal
tone but was much higher for patients with vagal tone
scores in the upper quantiles. During REM sleep, presence
of diabetes was associated with reductions in sympathova-
gal balance that weakened in patients with responses in the
upper two deciles. The effect of diabetes on vagal tone
weakened with the magnitude of the vagal tone variable.

Table 1. Overall and by treatment group study population characteristics

All (n = 95) CKD (n = 27) Dialysis (n = 68) P-value

Age 51 (42, 63)) 47 (40, 59) 52 (43, 66.5) 0.25
Males 60 (64.2%) 19 (70.4%) 41 (60.3%) 0.36
Whites 61 (64.2%) 21 (77.8%) 40 (58.8%) 0.08
BMI 27.3 (24, 31) 28.4 (25.7, 32.4) 27.3 (23.3, 30.5) 0.15
Diabetes 19 (20.4%) 5 (18.5%) 14 (21.2%) 0.77
CVD 22 (23.7%) 4 (14.8%) 18 (27.3%) 0.2
Depression 11 (11.8%) 4 (14.8%) 7 (10.6%) 0.57
Haemoglobin (g/dL)a 11.6 (11.1, 12.6) 11.5 (11.0, 12.5) 11.7 (11.2, 12.9) 0.21
Albumin (g/dL) 3.9 (3.6, 4.1) 3.9 (3.6, 4.1) 3.9 (3.6, 4.2) 0.87
Bicarbonate (mEq/L)b 23.3 (21.3, 25.5) 22.6 (20.8, 25.5) 23.5 (21.3, 25.6) 0.41
Calcium (mg/dL)c 9.1 (8.7, 9.4) 9.1 (8.6, 9.6) 9.1 (8.8, 9.4) 0.95
Phosphorus (mg/dL)c 4.8 (4.2, 6.1) 4.5 (3.9, 5.2) 4.9 (4.3, 6.2) 0.05
PLMI 3.1 (0.9, 6.6) 3.5 (1.8, 5.9) 2.7 (0.6, 6.9) 0.23
AHI 11 (4.0, 29.7) 7.7 (3.0, 22.4) 12.8 (5.2, 32.0) 0.15
AI 8.4 (3.0, 25.9) 6.3 (1.8, 18.7) 9.9 (3.8, 27.9) 0.20
TST (mins) 337.3 (259.3–401) 382 (328.3–442.7) 321.5 (207.7–395.7) 0.01
Sleep efficiency (%) 76.7 (62.3–85.3) 82.6 (74.05–85.7) 72.1 (59.4–84.1) 0.01
Stage 1 (%TST) 10.8 (16.6–6.3) 12.3 (8.7–19.2) 9.3 (6.1–16.3) 0.1
Stage 2 (%TST) 55.5 (46.6–63.1) 54.6 (45.5–60.3) 56.1 (48.3–64.6) 0.78
Stage 3 and 4 (%TST) 9.9 (3.6–19.8) 10.5 (5.6–19.1) 9.7 (2.5–21.4) 0.34
REM (%TST) 19.5 (14.2–25.1) 21.5 (18.1–26.1) 18.2 (11.9–24.1) 0.1
Beta-blockers 46 (49%) 12 (44%) 34 (51%) 0.58
Anti-depressantsd 15 (16.5%) 6 (23.1%) 9 (13.8%) 0.29
Sleep-inducing medicationse 14 (14.7%) 2 (7.4%) 12 (17.6%) 0.2
Opiates 1 (5.3%) 1 (3.7%) 4 (5.9%) 0.66

n, number of participants; CKD, chronic kidney disease; BMI, body mass index; CVD, cardiovascular disease; PLMI, periodic limb movement index;
AHI, apnoea–hypopnoea index; AI, arousal index.
aHaemoglobin and albumin in g/dL may be converted to g/L by multiplying by 10.
bBicarbonate in mEq/L may be converted to mmol/L by multiplying by 1.0.
cCalcium and phosphorus in mg/dL may be converted to mmol/L by multiplying by 0.25 and 0.323, respectively.
dAnti-depressants include selective serotonin reuptake inhibitors (SSRIs), serotonin–norepinephrine reuptake inhibitors (SNRIs), tricyclic anti-depres-
sants and other anti-depressants.
eSleep-inducing medications include benzodiazepines and antihistamines.
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Fig. 1. A. Three-dimensional scatter plot of the logarithm of the LF/HF ratio of the HRV in wakefulness, NREM and REM sleep stage. Responses of
patients with chronic kidney disease are coloured black, while responses of dialysis patients are coloured white. B. Three-dimensional scatter plots of
the logarithm of the HF (LNHF) component of the HRV in wakefulness, NREM and REM sleep stage. Responses of patients with chronic kidney
disease are coloured black, while responses of dialysis patients are coloured white.
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PLMI (Figure 2B). PLMI was associated with higher sym-
pathovagal balance responses duringNREMsleep and lower
vagal tone responses but only at the extremely high values
(over the normal, middle to upper quantiles).

Female gender. Vagal tone was higher in women (vs. men)
during wakefulness but not during NREM or REM sleep.
The association between vagal tone and gender was quanti-
tatively more important in the middle deciles of the re-
sponse, but there was no effect for patients with low or
higher responses.

Bicarbonate. Higher bicarbonate levels were associated
with consistent decreases in the sympathovagal balance
and higher vagal tone components, but the results were
not consistently statistically significant.

None of the other covariates entered in the quantile re-
gression models (BMI, presence of CVD and enrolment
age) expressed consistent association patterns with HRV
variables during the sleep stages.

Discussion

These findings confirm that patients with ESRD have in-
creased sympathetic tone in wakefulness and that this find-
ing extends to patients with advanced CKD (stages 4–5).

Furthermore, in this study of HRV in individuals with ad-
vanced CKD or ESRD dependent on dialysis, we did not
observe the physiologic pattern of an increase in parasym-
pathetic tone upon transitioning from wakefulness to
NREM sleep. While abnormal HRV has been well de-
scribed in patients with renal impairment, the disruption
of normal physiologic patterns of increased HRV during
sleep is a novel finding that may shed further light on
the risk of cardiovascular events and sudden cardiac death
in this population.

Previous studies have demonstrated abnormal HRV re-
sponses in patients undergoing HD [6,44] as well as trans-
plant recipients [11] with findings broadly similar to the
ones we report here, i.e. a reduction in the vagally modu-

Table 2. HRV outcomes for both study groups during wakefulness, NREM and REM sleep stages

All CKD Dialysis Normative values [45] P-value

W LF/HF ratio 3.4 (1.5, 5.9) 3.1 (2.1, 5.6) 3.4 (1.1, 6.9) 1.5–2.0 0.96
W HF (nu) 30.3 (9.4, 143.4) 60.1 (13.3, 214.5) 26.6 (8.7, 119.5) 29 (±3) 0.13
NREM LF/HF ratio 2.2 (0.8, 6.9) 2.3 (0.9, 6.7) 2.1 (0.8, 7.4) 1.5–2.0 0.95
NREM HF (nu) 22.6 (8.5, 109.9) 21.3 (8.1, 175.1) 24.6 (8.5, 104.1) 29 (±3) 0.79
REM LF/HF ratio 4.7 (1.6, 13) 7.0 (1.2, 13) 4.2 (2.0, 13) 1.5–2.0 0.88
REM HF (nu) 24.2 (7.0, 115.2) 24.2 (7.0, 115.2) 20.8 (7.0, 115.2) 29 (±3) 0.92

HF is expressed in normalized units (nu). Normative values are listed in the guidelines from the Task Force of the European Society of Cardiology and
the North American Society of Pacing and Electrophysiology [45]. Results are presented as medians and 25th and 75th interquartiles (in parenthesis).
CKD, chronic kidney disease; W, wakefulness; HF, high frequency; LF, low frequency; LNHF, natural logarithm of HF; NREM, non-rapid eye move-
ments; REM, rapid eye movements.

Table 3. General estimation equation results for the association between
baseline characteristics and Ratio of LF/HF in the study population

Coefficient Standard error P-value

Intercept 2.30 1.50 0.09
Age −0.01 0.01 0.23
Female gender −0.37 0.24 0.11
BMI −0.01 0.03 0.83
Diabetes −0.96 0.37 0.01
Cardiovascular disease −0.02 0.33 0.96
Haemoglobin 0.13 0.09 0.11
Bicarbonate −0.07 0.04 0.04
Dialysis dependency 0.12 0.24 0.60
PLMI 0.04 0.02 0.01
AHI 0.00 0.00 0.91
Beta-blockers −0.03 0.24 0.89

BMI, body mass index; PLMI, periodic limb movement index; AHI, ap-
noea–hypopnoea index.

Table 4. General estimation equations results for the association between
baseline characteristics and LNHF in the study population

Coefficient Standard error P-value

Intercept 1.18 2.87 0.66
Age −0.01 0.01 0.67
Female gender 0.37 0.37 0.30
BMI 0.04 0.04 0.35
Diabetes −1.46 0.44 <0.001
Cardiovascular disease −0.47 0.52 0.33
Haemoglobin −0.07 0.16 0.69
Bicarbonate 0.10 0.06 0.04
Dialysis dependency −0.14 0.40 0.71
PLMI −0.03 0.03 0.36
AHI 0.00 0.01 0.48
Beta-blockers −0.05 0.41 0.89

BMI, body mass index; PLMI, periodic limb movement index; AHI, ap-
noea–hypopnoea index.

Table 5. Pairwise correlations between HRV outcome variables

Outcome variable NREM REM

Ratio (log) Wakefulness 0.42 (0.08)a 0.33 (0.11)a

NREM 0.47 (0.09)a

LNHF Wakefulness 0.55 (0.08)a 0.46 (0.11)a

NREM 0.78 (0.07)a

HRV, heart rate variability; NREM, non-rapid eye movement; REM, rapid
eye movement; LNHF; natural logarithm of HF.
aCorrelations reported as general estimation equations estimate (standard
error).
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Fig. 2. A. Panel of the multivariable quantile regression coefficient plots of the HRV outcomes during wakefulness, NREM and REM sleep stage for
diabetes. Quantile regression was carried out for all deciles between the 10th and the 90th (x-axis). In each plot of this panel, the coefficients obtained
by the quantile regression are plotted in the y-axis. The black dotted line represents the point estimates of the coefficient of each covariate of the model.
The grey-shaded area depicts a 95% pointwise confidence band. The results of quantile regression are considered statistically significant if this band
excludes zero (solid black horizontal line). B. Panel of the multivariable quantile regression coefficients plots of the HRVoutcomes during wakefulness,
NREM and REM sleep stage for PLMI. Quantile regression was carried out for all deciles between the 10th and the 90th (x-axis). In each plot of this
panel, the coefficients obtained by the quantile regression are plotted in the y-axis. The black dotted line represents the point estimates of the coefficient
of each covariate of the model. The grey-shaded area depicts a 95% pointwise confidence band. The results of quantile regression are considered
statistically significant if this band excludes zero (solid black horizontal line).
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lated (HF) component of the HRV as well as the balance
between sympathetic and parasympathetic effects (LF/HF
ratio). However, these investigations did not control for the
effects of different sleep stages. In contrast, our analysis
controlled for sleep stage, allowing detailed analysis of au-
tonomic regulation as reflected by power spectral analysis
within different sleep stages. By adjusting for the modulat-
ing effect of sleep stage on HRV, we demonstrated that an
abnormal nocturnal HRV is a feature of both advanced
CKD and ESRD.

Nevertheless, abnormal HRV response is not uniformly
observed in patients with renal impairment as some would
be classified within the normal range according to the
present guidelines [45]. However, more recent studies
[46] point out the need to reach a new consensus towards
a normative range for HRV indices [47]. In this report, we
highlight several important predictors of abnormal HRV
responses, namely diabetes, PLMI, female gender and se-
rum bicarbonate levels. Diabetes can cause severe auto-
nomic dysfunction, while cardiac (parasympathetic)
autonomic activity is blunted even before clinical symp-
toms of diabetic neuropathy become evident [48]. In our
population, diabetes was associated with a marked reduc-
tion in vagal tone during wakefulness and NREM sleep
followed by a partial increase during transition to REM
sleep. Even during REM sleep, diabetics exhibited an ab-
normal (reduced) sympathovagal balance likely reflecting
cardiac autonomic neuropathy [49]. In our patient popula-
tion, a high PLMI score was associated with predominance
of sympathetic over vagal tone (high LF/HF ratio) and a
drop in HRV. In previous reports, periodic limb move-
ments have been associated with increased cardiovascular
morbidity and mortality in patients with ESRD [50–52]. It
is well known that patients with CKD also exhibit a sus-
tained overactivity of the sympathetic nervous system,
which is likely caused by neurohormonal mechanisms
arising in the failing kidney, increased levels of angioten-
sin II and possibly asymmetrical dimethylarginine. This
overactivity is related to hypertension and cardiovascular
events, and is a predictor of mortality [53]. Our data sug-
gest that a high PLMI score may be a clinically useful
marker for sympathetic activity predominance. Screening
patients with CKD or ESRD for PLMI could then be used
to refer patients for a more direct assessment of their sym-
pathetic activity, e.g. by measurements of norepinephrine,
microneurography in sympathetic muscle nerve fibres, and
power spectral analysis of heart rate and blood pressure
variability [53]. A higher bicarbonate level appears to ex-
ert a protective role and is associated with a modest linear
improvement in HRV variables suggesting that meticulous
attention to acidosis could partially normalize the patterns
of HRV variability in the CKD/ESRD population.

The findings of this manuscript should be interpreted in
light of the following limitations. First, this is a cross-
sectional study and therefore unable to distinguish causal
direction of the link between decreased HRVand advancing
CKD. A longitudinal follow-up is needed to better charac-
terize the natural history of HRV in patients with progressive
CKD. Second, the lack of a healthy control group may cer-
tainly be perceived as a limitation of our work. Finally,
chronic health conditions have been defined by self-report

or self-report and medication use (i.e. insulin or oral hypo-
glycaemics). However, previous work has demonstrated that
patients with ESRD are relatively good at reporting condi-
tions such as diabetes and CVD [10].

In conclusion, autonomic dysregulation during normal
wake/sleep was indentified among patients with CKD
and ESRD. This dysregulation was manifested both during
wakefulness and as a failure to increase the parasympathet-
ic aspect of the HRV in the transition from wakefulness to
NREM and REM sleep. Sympathetic overactivity has been
identified in numerous clinical conditions with many del-
eterious pathological consequences on the vasculature (e.g.
vascular hypertrophy), metabolism (e.g. insulin resistance)
and cardiac function (e.g. increased incidence of arrhyth-
mia) [54]. Abnormal patterns of HRV during sleep stage
transitions are a logical candidate marker of sympathetic
overactivity and possibly higher risk of cardiac-related
deaths in CKD and ESRD.

Supplementary data

Supplementary data is available online at http://ndt.
oxfordjournals.org.
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