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Abstract 

The notion has been advanced that a single ratio, spectral power of the 

heart period time series in the lower frequencies centered around .1 Hz (LF) 

divided by the power in the higher frequencies centered around the respiratory 

frequency (HF), may capture variation in cardiac sympathetic control. Here we 

tested in 24-hr ambulatory recordings whether the LF/HF ratio was correlated 

with the pre-ejection period (PEP), an established measure of cardiac 

sympathetic control. The LF/HF ratio did not show the expected correlation to 

PEP, neither within- nor between-subjects. The average within-subject 

correlation across an average of 56 separate periods during the ambulatory 

recording was -.11. Between-subject correlations for LF/HF and PEP, computed 

separately for sleep, sitting and physical activity, were not significant. In 

contrast, LF power showed high within- (mean r > .73) and between- (.81 < r < 

.90) subject correlation to HF power. We conclude that the evidence to support 

the LF/HF ratio as a potential marker of cardiac sympathetic control in 

epidemiology-scaled research may be currently insufficient. 

 



Comparison of LF power and PEP 

 

 73

Introduction 

Activity of the sympathetic nervous system may be paramount to the 

detrimental effects of stress on cardiovascular health (Hjemdahl, 1990; Kamarck 

& Lovallo, 2003; Palatini & Jullius, 2004; Schwartz et al., 1992). As a 

consequence, cardiovascular psychophysiologists need reliable and valid 

strategies to measure sympathetic nervous system activity in humans. The golden 

standard is the direct recording of action potentials from superficial sympathetic 

nerves in the muscles and the skin (Wallin et al., 1975; Wallin, 1981). Apart from 

direct recording of nerve activity, measurement of spillover of the post-

ganglionic neurotransmitter norepinephrine using radioactive tracers (Esler et 

al., 1988) can be used as an alternative index of sympathetic nerve activity. The 

advantage of norepinephrine spillover is that it can be measured on an organ to 

organ basis, which allows separate measurement of, for instance, renal, lung or 

cardiac sympathetic activity (Esler, 2000). Less invasive measurements of 

norepinephrine in arterial and venous blood are also possible, as are 

measurements of the excretion of norepinephrine and its metabolites in urine, 

but concerns have been raised about differences in intraneuronal vesicular 

storage and leakage, re-uptake, extraneuronal clearance and urinary 

filtration/secretion that may (severely) distort the relation between actual 

sympathetic nervous system activity and plasma and urine norepinephrine 

concentrations (Eisenhofer et al., 2004; Esler et al., 1990; Goldstein et al., 1983; 

Goldstein, 1995; Hjemdahl, 1990).  

Invasive measures are extremely valuable for basic research on 

physiological and pathophysiological mechanisms involving the sympathetic 

nervous system. When research moves to an epidemiological scale the expense 

and invasiveness of these methods becomes prohibitive. Furthermore, invasive 

measures like muscle sympathetic nerve activity or regional norepinephrine 

spillover restrict research to the confines of a hospital or laboratory setting. This 

precludes examination of individual differences in sympathetic activity in a 

natural setting, for instance during sleep or during job-related activities with a 

substantial mental and emotional load. Nonetheless, it is autonomic control 

during these naturalistic conditions that may have the largest clinical relevance. 

It would be extremely valuable, therefore, to have non-invasive, unobtrusive 

measures of sympathetic nervous system activity. In response to this need, 

Pagani and coworkers have advanced the notion that a single ratio, spectral 

power of the heart period time series in the lower frequencies centered around 
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.1 Hz (LF) divided by the power in the higher frequencies centered around the 

respiratory frequency (HF), may capture changes in sympathovagal balance: the 

ratio of sympathetic to vagus nerve traffic to the heart (Pagani et al., 1986; 

Pagani et al., 1991; Pagani et al., 1997; Pagani & Malliani, 2000 ; Malliani et al., 

1991; Malliani et al., 1998; Montano et al., 1994).  

The idea behind the LF/HF ratio is that the LF power is sensitive to both 

vagal and sympathetic activity, whereas the HF power is sensitive to vagal 

activity only. Increases in sympathetic activity should increase the absolute LF 

power, but because these are often paired to reciprocal decreases in vagal 

activity, an actual decrease in LF power may be observed. The LF/HF ratio aims 

to correct this by taking parallel decreases in vagal activity into account. 

Although it is accepted that the ratio is sensitive to both vagal and sympathetic 

activity, it is considered to be relatively more sensitive to the latter. Hence it 

may be used as an index of cardiac sympathetic control, even if imperfect. Since 

inter beat intervals require nothing more complicated than a three-lead ECG 

recording, spectral power derived LF/HF ratio’s can be obtained in ambulatory 

paradigms in huge numbers of subjects at very modest costs. By this virtue alone, 

LF/HF ratio would enable psychophysiological examination of cardiac autonomic 

control in large-scale samples, including those of the sizes needed for genetic 

research (Lander & Kruglyak, 1995; Welcome Trust Case Control Consortium, 

2007). This is a very attractive perspective, but the usefulness of the LF/HF ratio 

is ultimately determined by its validity, which has been the subject of continued 

controversy.  

This controversy is best illustrated by the critical appraisal of the LF/HF 

ratio by dr Eckberg in 1997 (Eckberg, 1997) followed by responses of many 

equally authorative experts in the field of autonomic nervous system physiology 

(Malik & Eckberg, 1998; Malliani et al., 1998; Sleight & Bernardi, 1998). As 

testified by the Point: Counterpoint section in a 2006 issue of the Journal of 

Applied Physiology this controversy has continued unabated for 10 years 

(Bernardi & Sleight, 2006; Billman, 2006; Burnley et al., 2006; Cerutti, 2006; 

Cohen & Tan, 2006; Eckberg, 2006; Elstad & Toska, 2006; Evans, 2006; Julien, 

2006; Laude, 2006; Malliani, 2006; Parati et al., 2006; Piepoli, 2006; Taylor & 

Studinger, 2006). The strongest concern about the validity of the LF/HF ratio is 

provided by the studies that directly compare it against invasive measures of 

sympathetic activity, like peroneal muscle nerve activity or cardiac 

norepinephrine spillover. Although some studies did report a correlation of these 
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measures to the LF/HF ratio (Pagani et al., 1997), most studies did not find this 

correlation across a range of clinical contexts, as reviewed in (Grassi & Esler, 

1999). A typical example is provided by a study of Kingwell and colleagues 

(1994). In 52 healthy subjects, no significant correlation of LF (absolute or 

normalized) was found at rest to either peroneal sympathetic nerve activity or to 

cardiac norepinephrine spillover, arguably the closest thing to a gold standard for 

cardiac sympathetic nerve activity.  

It must be noted that the studies above suffered from two major 

shortcomings, as a natural consequence of the invasive procedures required. 

First, they were often performed in artificial laboratory conditions with little 

ecological validity, e.g. within-subject variance in sympathetic activity was 

usually induced by infusion of nitroprusside or phenylephrine (Pagani et al., 

1997; Saul et al., 1990) and secondly they were mostly performed on small 

sample sizes that required the correlations to be in the .60 - .80 range to be 

considered “significant”. It is unlikely, however, to assume that LF/HF reflects 

cardiac sympathetic control that closely. Whereas HF power relatively purely 

reflects cardiac vagal control over the heart (Task Force of the European Society 

of Cardiology the North American Society of Pacing, 1996) it is fully 

acknowledged that LF power is influenced by both sympathetic and vagal 

activity. Hence the LF/HF ratio is unlikely to yield a perfect indicator of cardiac 

sympathetic control, but it may still retain sufficient explanatory and predictive 

power to be useful in epidemiology scaled research. 

 Here we compare the LF/HF ratio to an alternative measure of cardiac 

sympathetic control, the pre-ejection period (PEP) which can be non-invasively 

obtained by thoracic impedance cardiography (Cacioppo et al., 1994a; Sherwood 

et al., 1990). Changes in PEP reliably index changes in β-adrenergic inotropic 

drive to the left ventricle as shown in laboratory studies manipulating β-

adrenergic tone by epinephrine infusion (Mezzacappa et al., 1999; Schachinger et 

al., 2001; Svedenhag et al., 1986), amyl nitrite inhalation (Nelesen et al., 1999), 

adrenoceptor blockade (Harris et al., 1967; Schachinger et al., 2001; Winzer et 

al., 1999), exercise (Krzeminski et al., 2000; Miyamoto et al., 1983; Smith et al., 

1989a), or emotional stress (Berntson et al., 1994; Newlin & Levenson, 1979; 

Sherwood et al., 1986). Since the PEP can be non-invasively obtained by thoracic 

impedance cardiography (Cacioppo et al., 1994a; Sherwood et al., 1990) a 

number of devices are now available for ambulatory recording of the PEP 

(Cybulski, 2000; Nakonezny et al., 2001; Sherwood et al., 1998; Willemsen et al., 
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1996). Previous ambulatory recordings have shown daytime and sleep PEP values 

to be reliable characteristics with high test-retest correlations (r = .90) across a 

few days (Vrijkotte et al., 2004) as well as good temporal stability (r = .75) over 

a period of 3.3 years (Goedhart et al., 2006) and substantial heritability (57%) 

(Kupper et al., 2006). 

To support the LF/HF ratio as a measure of cardiac sympathetic control, it 

should show a negative correlation to the PEP such that longer PEPs are 

associated with lower LF/HF ratios. Under the assumption that most homeostatic 

challenges lead to reciprocal changes in sympathetic and vagal activity, more 

specific predictions are that PEP is negatively correlated to LF power and 

positively to HF power. Since we appreciate that the LF/HF ratio is at best an 

imperfect measure of cardiac sympathetic control, data were collected in a 

relatively large sample and by ambulatory recordings in naturalistic settings, 

which yields a large number of repeated measures within-subjects. This way the 

study was sufficiently powered to detect systematic within- and between-subject 

correlations between PEP and the HRV measures, even when these correlations 

would be of low to moderate strength. 

 

Methods 

Subjects 

Participants were all registered with the Netherlands Twin Register (NTR). 

They came from families that participated in a linkage study searching for genes 

influencing personality and cardiovascular disease risk, which is described 

elsewhere (Boomsma et al., 2000). Out of the 1332 twins and siblings who 

returned a DNA sample (buccal swabs) for the linkage study, 816 were also 

willing to participate in cardiovascular ambulatory monitoring. Reasons for 

exclusion were pregnancy, heart transplantation, pacemaker and known ischemic 

heart disease, congestive heart failure, or diabetic neuropathy. Data in this study 

come from 65 of these subjects (20 male, 45 female) that were tested twice 

separated by a minimum of 2 years and 1 month and a maximum of 4 years and 8 

months (mean 3 years and 4 months). At the first test day the age ranged from 

18-62 year (mean = 30.7, S.D. = 9.7). The Ethics Committee of the Vrije 

Universiteit approved of the study protocol and all subjects gave written consent 

before entering the study. No payment was made for participation, but all 

subjects received an annotated review of their ambulatory heart rate and blood 

pressure recordings. 
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Procedure 

Subjects were invited to participate in the study by letter and 

subsequently phoned by the researchers to receive additional information on the 

study, and to make an appointment for 24-hr ambulatory monitoring. The first 

ambulatory measurement took place during a representative workday (or a day 

with representative housekeeping chores for those who were not employed). The 

second ambulatory measurement day took place during a comparable (work) day 

for most of the subjects, but 17 subjects would only participate if the repeated 

measurement was scheduled on a leisure day. On the day preceding monitoring 

and on the monitoring day itself subjects were asked to refrain from vigorous 

leisure time exercise or heavy physical work. Subjects were visited at home 

between 7.00 –10.00 a.m. and fitted with the Vrije Universiteit Ambulatory 

Monitoring System (de Geus et al., 1995; Riese et al., 2003; Willemsen et al., 

1996). The VU-AMS produced an audible alarm approximately every 30 min (± 10 

min randomized) to prompt the subject to fill out an activity diary. Participants 

were instructed to write down a chronological account of posture, physical 

activity, physical load, location and social situation during the last 30 min period. 

Diary prompting was disabled during sleep. The following day the participants 

were visited again between 7.00 –10.00 a.m. to detach and collect the 

equipment. Recording continued during sleep but this failed in 12 nights (4 in 

males, 8 in females; 6 on the first test day, 6 on the second test day).  

 

Ambulatory recording  

The VU-AMS recorded the ECG and the impedance cardiogram (ICG) 

continuously during a 24-hr period (daytime and sleep) through six disposable, 

pregelled Ag/AgCl electrodes. Using the activity diary entries in combination 

with a visual display of an inbuilt vertical accelerometer signal, the entire 24-hr 

recording was divided into fixed periods. These periods were coded for posture 

(e.g. lying, sitting, standing), ongoing activity (e.g. desk work, eating/drinking, 

meetings, watching TV), physical activity (no, light, medium and heavy), location 

(e.g. work, home, outside) and social situation (e.g. alone, with colleagues, with 

friends). The full coding scheme is provided in the appendix. The coded periods 

were never shorter than 5 min or longer than 1 hr. If periods lasted more than 1 

hr (as during sleep), they were divided into multiple periods of maximally 1 hr 

(e.g. sleep1, sleep2, etc). An average of 27 coded periods was created per 
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subject with an average duration of 30 min. The 15 most frequently used coded 

periods across all subjects are shown in Table 1.  

 

Table 1 The 15 most frequent label combinations during 24-hr monitoring. 

 
 

In impedance cardiography, a high frequency alternating current is 

introduced across the thorax by two electrodes. Two inner and parallel 

electrodes measure the basal thorax impedance (Z0) and the change in 

impedance of the enclosed thorax column (dZ) which is largely a function of 

aortic blood flow. The ICG signal is obtained as the first derivative of the 

pulsatile changes in transthoracic impedance (dZ/dt) ensemble averaged with 

reference to the R-wave (Muzi et al., 1985). In this study, ensemble averaging 

was done across all beats in an entire coded period. Validity of this large-scale 

ensemble averaging (LSEA) strategy has been outlined in detail by Riese et al. 

(2003). For every large-scale ensemble average three time points were scored in 

the ensembled averaged ICG: the upstroke or B-point, the dZ/dt(min) point and 

the incisura or X-point. The PEP was defined as the interval from the R-wave 

peak from the ECG, minus a fixed interval of 48 ms to the B-point, which signals 

the opening of the aortic valves (Lozano et al., 2007; Sherwood et al., 1990; 

Willemsen et al., 1996). From the ECG and the dZ, we obtained the IBI time 

series and respiration signal (de Geus et al., 1995; Goedhart et al., 2007). 

Automatic identification and correction of artifacts in the IBI data was verified by 

visual inspection of the corrected time series.  

In keeping with PEP scoring, LF and HF powers were computed across the 

entire coded period. To do so we used a Wavelet approach rather than the more 

common Fourier approach. Computation of IBI powers by Fourier analysis 
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assumes that the data show at least weak stationarity (Weber et al., 1992). 

Stationarity of time series may be interpreted as having a stable mean and 

variance over time. In ambulatory studies and/or for analysis of relatively long 

data segments (up to 1 hr), the assumption of stationarity is likely to be violated. 

Wavelet decomposition does not have a stationarity assumption (Houtveen & 

Molenaar, 2001). Uniformly spaced samples were created by interpolation of the 

IBI data using a Wavelet interpolation algorithm. Next, Discrete Wavelet 

Transformation (DWT) was performed using a cardinal cubic spline function as 

base (see Houtveen & Molenaar, 2001 for more information regarding this 

procedure). This method results in identical power values for stationary 

relatively short coded periods (e.g. 7 min of quiet reading) as compared to 

Fourier transformation, but it is superior for our relatively longer and non-

stationary coded periods (e.g. first hour of sleep). Three heart rate variability 

measures were extracted from the Wavelet analyses. The VLF power was 

computed as the variance in the .0078125 - .0625 HZ window, LF power as the 

variance in the .0625 - .125 Hz window, and HF as the variance in the .125 - .5 

Hz window. Note that the size of a frequency window always doubles after each 

Wavelet decomposition step. Since the DWT (like Fourier) suffers from aliasing 

effects at both ends, the first and last 40 data points (2.5 s) of the time series 

were excluded from the derivation of the variances. 

When increased cardiac sympathetic control is paired to decreased vagal 

control, the resulting tachycardia is usually accompanied by a marked reduction 

in total spectral power. When the spectral components are expressed in absolute 

units (ms2), the changes in total power influence LF and HF in the same direction 

and prevent the appreciation of the fractional redistribution of the energy. This 

information is regained when LF and HF are expressed as a ratio, but 

alternatively LF and HF can be measured in normalized units (nu), which 

represent the relative value of each power component in proportion to the total 

power minus the VLF component (Malliani et al., 1991). Although it has been 

suggested that LFnu and LF/HF ratio can be considered equivalent carriers of 

information (Burr, 2007) we will present full data on absolute LF, LFnu, and 

LF/HF ratio for completeness. To obtain LFnu, the LF power was divided by the 

sum of the LF and HF power.  

Respiration rate was obtained from the thoracic impedance signal (Z) 

which was passed through a FIR band-pass filter with a low and high cut-off of .1 

and .4 Hz (attenuation of the signal in the stop bands of at least 20 dB) to obtain 
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the dZ changes due to respiration. The continuous dZ signal was visually 

inspected and segments free of artifacts due to prolonged breath holding or 

sighing were selected. Interactive scoring of the peaks and troughs in these 

segments yielded the respiratory frequencies and amplitudes on a breath-to-

breath basis. These were averaged to yield a single mean respiratory rate for 

each coded period. Validity of assessing the respiration by impedance 

cardiograph in comparison to respiratory belts and spirometry is detailed in 

Houtveen et al. (2005). 

 

Statistical analyses 

MIXED ANOVA (SPSS version 14.0) was used to test for mean effects of sex, 

test day, and ambulatory condition on PEP and the HRV measures, using age as a 

covariate. To avoid unbalanced cell sizes, these analyses used the aggregated 

means over all coded periods that fell within three main ambulatory conditions: 

nighttime sleep, sitting during the day, and mild physical activity 

(standing/walking). Temporal stability was assessed by intraclass correlation, 

computed separately for these ambulatory conditions (sleep, sitting and mild 

physical activity). The main analyses tested the Pearson correlations between 

the heart rate variability parameters (LF, HF, LF/HF ratio, and LFnu) and PEP 

both between-subjects and within-subjects. Within-subject correlations used 

each of the coded periods separately. Between-subject correlations were 

computed separately on the aggregated means across the three main ambulatory 

conditions (sleep, sitting and mild physical activity). Where appropriate, the 

effects of sex and age were first removed in these between-subject analyses by 

using partial correlations. In both within-subject and between-subject 

correlations, RR was regressed on HF to obtain a residual score that indicates the 

(within- or between-) deviation of the observed RSA taken the observed RR. This 

score (HFres) was used as an additional measure of high frequency fluctuations 

that is less dependent on concurrent changes in respiratory behavior.  

 

Results 

Table 2 presents the untransformed means and standard deviations for PEP 

and the HRV measures separately during sleep, awake sitting and mild physical 

activity. Because the LF/HF ratio and the LF, HF, and LFnu power distributions 

were skewed, their natural logarithms were used in all further analyses. 
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Table 2 Means (SDs) of PEP and HRV measures separately for the two test days in males 

(N = 20) and females (N = 44).  

Sex Condition Day PEP (ms) LF (ms2) HF (ms2) LF/HF LFnu 

Males Sleep 1 107.54  

(11.15) 

1452.54  

(1039.00) 

1241.49  

(1239.50) 

1.67  

(.81) 

58.54  

(10.52) 

  2 105.83  

(13.94) 

1500.84  

(1542.25) 

1288.14  

(1655.50) 

1.89  

(1.09) 

60.29  

(13.17) 

 Sitting 1 95.71  

(11.86) 

1125.75  

(744.02) 

855.18  

(1118.91) 

2.24  

(1.14) 

64.38  

(11.34) 

  2 97.64  

(14.46) 

1121.29  

(764.93) 

837.96  

(1010.55) 

2.11  

(1.00) 

63.45  

(9.38) 

 Mild physical activity 1 96.00  

(10.93) 

882.86  

(495.58) 

631.34  

(704.17) 

2.07  

(1.02) 

62.71  

(11.32) 

  2 100.03  

(14.38) 

908.55 

(516.60) 

584.60  

(477.85) 

2.05  

(.85) 

63.18  

(7.84) 

Females Sleep 1 104.42  

(11.84) 

830.79  

(592.76) 

1008.25  

(944.79) 

1.09  

(.50) 

48.20  

(10.71) 

  2 108.31  

(12.92) 

733.35  

(542.29) 

723.40  

(657.78) 

1.22  

(.49) 

51.54  

(9.65) 

 Sitting 1 98.22  

(12.71) 

649.98  

(387.25) 

580.84  

(435.79) 

1.52  

(.51) 

57.12  

(6.55) 

  2 96.88  

(12.73) 

602.58  

(385.75) 

481.25  

(379.36) 

1.60 

(.54) 

58.15  

(7.91) 

 Mild physical activity 1 99.76  

(12.31) 

601.31  

(317.97) 

554.95  

(477.56) 

1.52  

(.57) 

56.54  

(9.49) 

  2 99.02  

(13.03) 

557.15  

(303.66) 

380.61  

(248.68) 

1.87  

(.76) 

60.86  

(8.26) 

 

Mixed ANOVA showed a significant effect of ambulatory condition on PEP 

(F(2,315.2) = 44.66, p < .001), LF power (F(2,314.9) = 5.13, p = .01), LF/HF ratio 

(F(2,313.9) = 17.28, p < .001), LFnu power (F(2,314.2) = 23.05, p < .001) and HF 

power (F(2,314.7) = 19.03, p < .001). Significance derived entirely from the 

difference between sleep values and daytime values. PEP was significantly longer 

during sleep than during either sitting or mild physical activity, whereas heart 

rate variability in all frequencies was largest during sleep. Values did not 

significantly differ between sitting and mild physical activity. Notably, LF/HF 
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ratio and LFnu power were also lowest during sleep in keeping with the longer 

PEP. A significant effect of test day was found on HF power (F(1,314.8) = 6.62, p 

= .01) only. HF power was significantly higher during the first test day compared 

to the second. A significant effect of sex was found on LF power (F(1,343.2) = 

48.11, p < .001), LFnu power (F(1,318.4) = 24.80, p < .001), HF power (F(1,357.9) 

= 11.52, p = .00), and the LF/HF ratio (F(1,323.8) = 16.15, p = .00). Females had 

lower power in the entire frequency range tested and significantly lower LF/HF 

ratios. Absence of sex*condition interactions suggest that this was not specific to 

any one of the ambulatory conditions but found throughout the entire recording. 

Because of the sex effect on the HRV measures, the temporal stability for 

PEP and all HRV measures is given separately for males and females (Table 3). 

Good temporal stability for LF, HF and LFnu powers and the LF/HF ratio was 

found over an average period of 3 years and 4 months during sitting and sleep. 

Physical activity, which is inherently less comparable across repeated test days, 

produced lower estimates.  

 

Table 3 Temporal stability of PEP and HRV measures across a period of 3.3 years. 

Sex Condition N PEP LF HF HFres LF/HF LFnu 

Males Sleep 16 .71 .88 .87 .86 .68 .68 

 Sitting 20 .76 .83 .93 .92 .78 .79 

 Mild physical activity 20 .67 .66 .88 .86 .68 .65 

Females Sleep 36 .72 .74 .75 .74 .57 .68 

 Sitting 44 .82 .77 .72 .72 .59 .56 

 Mild physical activity 44 .80 .53 .43 .41 .46 .38 

Correlations significant at p <.05 are in bold. 

  

Tables 4A (females) and 4B (males) show the within-subject correlations 

across the two 24-hr measurements of PEP and the HRV measures. Across males 

and females, the average within-subject correlation between PEP and LF power 

was .30, between PEP and the LF/HF ratio -.11, and between PEP and HF power 

.33. For PEP and the LF/HF ratio, only 20 out of 64 subjects showed a significant 

correlation in the expected (negative) direction. When using normalized LF 

power, 45 subjects failed to show a significant correlation to PEP in the expected 

direction. For absolute LF power, the expected negative correlation reached 

significance only in a single subject (#19).  
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In contrast, 38 subjects showed a significant positive correlation between PEP 

and LF power and 39 subjects showed a significant positive correlation between 

PEP and HF power. Mean showed a significant positive correlation between PEP 

and HF power. Mean within-subject correlations between LF and HF power were 

unanimously high (LF and HF, r = .73) Here, non-significant correlations were 

nearly absent (exception are subjects #2, #12, #31 and #44). Correction for 

within-subject changes in respiration barely influenced this correlation (LF and 

HFres, r = .72). 

Because PEP has a known sensitivity to changes in pre- and afterload, 

changes in posture across the measurement day (supine, sitting, standing) might 

have attenuated the correlations between PEP and the LF/HF ratio. When the 

within-subject correlations were recomputed across coded periods with fixed 

posture (sitting or standing) correlations remained non-significant for PEP and 

LF/HF as well as PEP and LFnu.  
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Table 5 shows the between-subject correlations separately within each of 

the three main ambulatory conditions for both test days. Partial correlations 

were computed controlling for the effect of sex and age. During sleep, none of 

the correlations between PEP and the HRV measures were significant. During 

sitting and physical activity on day 2 a significant correlation between PEP and LF 

power was found, but the direction was opposite to the expectation. Between-

subject correlation for LF and HF all exceed .79 in all three conditions on both 

test days, indicating high overlap between the two measures of HRV. Again, 

partialling out respiration rate barely affected the LF-HF correlation. 

 

Table 5 Between-subject correlations between PEP and HRV measures. 

Condition Day N PEP-

LF 

PEP-

HF 

PEP-

HFres 

PEP-

LFHF 

PEP-

LFnu 

LF- 

HF 

LF-

HFres 

Sleep 1 58 .26 

(.19) 

.17 

(.10) 

.16 

(.08) 

.12 

(.17) 

.11 

(.16) 

.87 

(.89) 

.86 

(.89) 

2 57 .22 

(.24) 

.18 

(.16) 

.16 

(.13) 

.02 

(.08) 

.03 

(.10) 

.89 

(.91) 

.90 

(.91) 

Sitting 1 64 .24 

(.25) 

.24 

(.19) 

.23 

(.18) 

-.13 

(.-04) 

-.09 

(-.01) 

.87 

(.88) 

.84 

(.85) 

2 64 .38 

(.39) 

.35 

(.34) 

.34 

(.32) 

-.14 

(-.12) 

-.07 

(-.05) 

.90 

(.90) 

.89 

(.89) 

Mild 

physical  

activity 

1 64 .18 

(.22) 

.29 

(.27) 

.27 

(.25) 

-.27 

(-.21) 

-.27 

(-.22) 

.81 

(.81) 

.79 

(.79) 

2 64 .35 

(.35) 

.32 

(.31) 

.29 

(.27) 

-.13 

(-.11) 

-.05 

(-.03) 

.88 

(.85) 

.88 

(.84) 

In brackets: correlations after partialling out age and sex. Correlation significant at .01 

level. Correlation significant at .05 level. 
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Figure 1 combines the within- and between-subject observations on PEP 

and LF/HF in a single plot for illustrative purposes. It is clear that the expected 

negative relation between these variables was not observed. 

 
Figure 1 Scatterplot of the PEP and the LF/HF ratio for all subjects in all conditions. 

 

Discussion 

The notion has been advanced that a single ratio, spectral power of the 

heart period time series in the lower frequencies centered around .1 Hz (LF) 

divided by the power in the higher frequencies centered around the respiratory 

frequency (HF), may capture differences in cardiac sympathetic control (Furlan 

et al., 2005; Furlan et al., 2006; Pagani et al., 1986; van de Borne et al., 2001). 

Here we tested in prolonged ambulatory recordings whether the LF/HF ratio was 

correlated within- and between-subjects with the PEP, a measure of cardiac 

sympathetic control based on the beta-adrenergic effects on contractility. 

Increased cardiac sympathetic control is associated with increases in 

contractility, which is reflected in decreases in PEP. Hence, a negative 

correlation was expected between PEP and the LF/HF ratio, such that shorter 

PEPs would be associated with larger LF/HF ratios. This is indeed what was found 

in the only study that previously addressed the relation between PEP and LF/HF 

ratio (Burgess et al., 2004). A significant correlation of -.31 was found in nine 

young males during sleep (no daytime recordings were made).  
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The results of the present study did not confirm our expectations. The 

LF/HF ratio did not show the expected negative correlation to PEP. The average 

within-subject correlation across an average of 56 separate periods during the 

ambulatory recording was only -.11. Forty-four out of 64 subjects failed to show 

a significant correlation with PEP in the expected direction. Between-subject 

correlations for LF/HF and PEP, computed separately for sleep, sitting and 

physical activity, were not significant. The use of normalized LF power instead of 

the LF/HF ratio to index cardiac sympathetic control yielded nearly identical 

results. 

The most parsimonious conclusion from these results is that PEP and LF/HF 

do not measure the same physiological phenomenon; they appear to be “two 

sides of a different coin”. The important question then becomes which of the 

two actually measures cardiac sympathetic control. A strong argument in favor of 

the PEP is that it shows the expected reciprocal behavior to HF power, such that 

longer PEPs are associated with higher HF power. HF power is seen mainly as an 

index of cardiac vagal control, at least when independent effects of respiratory 

behavior of HF power are taken into account (Kollai & Mizsei, 1990; Ritz & 

Dahme, 2006). Although co-activation and co-inhibition can all occur (Berntson et 

al., 1996; Salomon et al., 2000) the majority of subjects may show reciprocal 

behavior of vagal and sympathetic cardiac control across the majority of 

ambulatory conditions, because the bulk of mental, emotional, and physical 

stressors require the heart rate to speed up and contractility to increase, 

whereas a return to resting states will be characterized by slower heart rate in 

parallel to decreased contractility. The LF/HF power failed to show a similar 

reciprocal behavior to HF as the PEP. 

To demonstrate the validity of either LF/HF ratio or PEP as indices of 

sympathetic control many studies have employed within-subject manipulations 

known to increase cardiac sympathetic activity like mental stress and exercise. A 

brief review of this literature supports both LF/HF ratio and PEP as potential 

measure of cardiac sympathetic control, but PEP is seen to perform better than 

LF power. Mental stress, for instance, increases the LF power in some studies 

(Guasti et al., 2005; Langewitz & Ruddel, 1989) but not in all (Hoshikawa & 

Yamamoto, 1997; Tulen et al., 1999). In contrast, PEP is systematically seen to 

decrease in response to mental or emotional stress (Berntson et al., 1994; de 

Geus et al., 2007; Houtveen et al., 2005; Kupper et al., 2006; Newlin & 

Levenson, 1979; Sherwood et al., 1986). Furthermore, cardiac sympathetic 
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activation induced by exercise has evoked a decrease in LF power rather than the 

expected increase, even when correcting for an overall decrease in power by 

using LF in normalized units (Ahmed et al., 1994; Arai et al., 1989; Dewey et al., 

2007; Hayano et al., 1991; Perini et al., 1990). The PEP performs better here, 

because systematic and dose-dependent shortening of the PEP is seen during 

exercise (Houtveen et al., 2002; Krzeminski et al., 2000; Miyamoto et al., 1983; 

Smith et al., 1989a; Svedenhag et al., 1986). 

PEP also seems to track decreases in cardiac sympathetic control better 

than the LF/HF ratio. Acute β-adrenergic blockade does not give rise to the 

expected reduction in LF power (Pagani et al., 1986) and may even cause an 

increase in LF power (Jokkel et al., 1995). Blockade can result in a net decrease 

in the LF/HF ratio, but this appears mainly due to an increase in HF power 

(Cogliati et al., 2004). Sympathetic blockade by segmental thoracic epidural 

anesthesia during rest or tilt had no effect on absolute or normalized LF (Hopf et 

al., 1995). In keeping with the idea that LF power is also strongly influenced by 

vagal activity, several studies have shown that cholinergic blockade by atropine 

causes a substantial reduction or even elimination of both LF and HF fluctuations 

(Akselrod et al., 1981; Alcalay et al., 1992; Jokkel et al., 1995; Koh et al., 1994; 

Pomeranz et al., 1985) which makes the behavior of the LF/HF ratio rather 

unpredictable. In contrast, acute β-receptor blockade always prolongs PEP 

(Cacioppo et al., 1994a; Harris et al., 1967; Schachinger et al., 2001; Winzer et 

al., 1999), whereas PEP is hardly affected by atropine (Cacioppo et al., 1994a; 

Martinsson et al., 1991). 

The only condition where LF power is more well-behaved than the PEP is 

during orthostatic challenge. Head up tilting is accompanied by an increase in 

muscle sympathetic nerve activity (Cooke et al., 1999; Furlan et al., 2000; Saito 

et al., 1997; Shoemaker et al., 2001) and noradrenergic spillover (Esler et al., 

1988; Furlan et al., 2000; Laszlo et al., 2001). Head-up tilt systematically 

increases the LF/HF ratio (Furlan et al., 2000; Kamiya et al., 2005; Montano et 

al., 1994; Mukai & Hayano, 1995; Pagani et al., 1986; Pagani et al., 1991) 

although these effects of tilt seem to be mainly driven by a decrease in HF power 

rather than an increase in LF power (Montano et al., 1994; Mukai & Hayano, 

1995). In contrast, a paradoxical lengthening of PEP is seen when subjects go 

from supine to standing (Houtveen et al., 2005) and head-up tilting from supine 

to upright is also known to systematically increase PEP (Chan et al., 2007; Frey & 

Kenney, 1979; Lewis et al., 1977; Ovadia et al., 1995). The failure of the PEP to 
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correctly index changes in sympathetic activity across postural change is due to 

the large effects on pre- and afterload effects induced by these postural 

changes, as explained in detail in Houtveen et al. (2005). Remarkably, PEP was 

still seen to be systematically prolonged during sleep compared to standing 

activities (see Table 1), which confirms similar findings in other studies (Kupper 

et al., 2006; Vrijkotte et al., 2004). This suggests that the decrease in 

sympathetic activity during sleep is strong enough to overcome confounding of 

the PEP by pre- and afterload. Nonetheless, during postural changes LF/HF ratio 

is clearly more indicative of the expected changes in cardiac sympathetic control 

than the PEP. Taken the differential effects of posture on PEP and the LF/HF 

ratio, the absence of a significant within-subject correlation between these 

measures could be simply due to the confounding effects of posture. However, 

when we recalculated the correlations between PEP and the LF/HF ratio 

separately for supine, sitting, and standing activities, they were still all non-

significant. 

In defense of the LF/HF ratio, it must be noted that, perhaps as a side 

effect of its ease of measurement, it has received more rigorous testing as a 

sympathetic index than the PEP. We cannot rule out that similar scrutiny of the 

PEP would detect many occasions where it fails to index changes in cardiac 

sympathetic control. For instance, we found no studies that compared changes in 

PEP with changes in MSNA or spillover. A second limitation of the present study is 

that it only compared PEP to the LF/HF ratio in heart rate variability. It is well 

known that the two oscillatory components observed in the heart rate can also 

be detected in mean arterial blood pressure and in peroneal MSNA (Cogliati et 

al., 2004; Pagani & Malliani, 2000). It remains possible that PEP is associated 

with the LF/HF ratio’s in these measures such that lowered sympathetic cardiac 

control (longer PEP) is associated with decreases in the LF power of blood 

pressure or even muscle nerve activity. These measures are very hard to measure 

in an ambulatory setting, however, which would compromise their practical use 

in large-scale studies.   

In conclusion, we find that in ambulatory data the PEP and LF/HF ratio are 

uncorrelated between-subjects and correlated in the ‘wrong’ direction within-

subjects. Of these two measures, only PEP shows the expected reciprocal 

relation to HF power, a proxy measure of cardiac vagal control, and it covaries 

more systematically with the expected changes in cardiac sympathetic control in 

response to mental and physical stressors, at least when the analyses are 
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stratified for posture. The predictive power of LF and HF power for 

cardiovascular disease is beyond question (Bigger et al., 1993; Dekker et al., 

2000; Tsuji et al., 1996) as is the usefulness of HRV recordings. However, the 

evidence to support ambulatory LF power, either absolute or normalized, as a 

potential measure of cardiac sympathetic control may be insufficient.  



Comparison of LF power and PEP 

 

 91

 

 



 

 

92  

 


