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Abstract

This article evaluates the suitability of low frequency (LF) heart rate variability (HRV) as an index of sympathetic cardiac
control and the LF/high frequency (HF) ratio as an index of autonomic balance. It includes a comprehensive literature
review and a reanalysis of some previous studies on autonomic cardiovascular regulation. The following sources of
evidence are addressed: effects of manipulations affecting sympathetic and vagal activity on HRV, predictions of group
differences in cardiac autonomic regulation from HRV, relationships between HRV and other cardiac parameters, and the
theoretical and mathematical bases of the concept of autonomic balance. Available data challenge the interpretation of
the LF and LF/HF ratio as indices of sympathetic cardiac control and autonomic balance, respectively, and suggest that
the HRV power spectrum, including its LF component, is mainly determined by the parasympathetic system.

Descriptors: Heart rate variability, Low frequency, High frequency, Sympathetic cardiac control, Autonomic balance,
Baroreflex

Analysis of heart rate variability (HRV) in the frequency domain is
a widely used tool in the investigation of autonomic cardiovascular
control. Three oscillatory components are usually differentiated in
the spectral profile (Berntson et al., 1997; Task Force, 1996): (a)
the high frequency (HF) band (0.15 to 0.40 Hz), which reflects
effects of respiration on heart rate (HR), also referred to as respi-
ratory sinus arrhythmia (RSA); (b) the low frequency (LF) band
(0.04 to 0.15 Hz), which represents oscillations related to regula-
tion of blood pressure and vasomotor tone including the so-called
0.1 Hz fluctuation; and (c) the very low frequency (VLF) band
(< 0.04 Hz), which is thought to relate, among other factors, to
thermoregulation and kidney functioning.

Massimo Pagani’s group (e.g., Malliani, Pagani, Lombardi, &
Ceruttti, 1991; Montano et al., 2009; Pagani et al., 1986) presented
a model in which HRV analysis is applied to evaluate the balance
between the two branches of the autonomic nervous system (ANS),
that is, autonomic balance. The model comprises three core state-
ments: (1) Power of the HF component can be taken as an index of
cardiac parasympathetic tone; (2) the LF component is a marker of
cardiac sympathetic outflow; and (3) sympathovagal balance may
be assessed as the LF/HF ratio, which is usually interpreted as
reflecting the relative sympathetic contribution to the control of
HR.

Broad evidence supports vagal origin of the HF component (cf.
Berntson et al., 1997). In contrast, the interpretation of the LF band
is controversial (Eckberg, 1997; Goldstein, Bentho, Park, &
Sharabi, 2011; Malpas, 2002). Most of the evidence linking LF
oscillations to sympathetic outflow stems from studies investigat-
ing effects of orthostatic tilt. Passive tilt is accompanied by an
increase in LF and a decrease in HF oscillations, implying an
increase in the LF/HF ratio. Moreover, the magnitude of tilt incline
correlates with LF and HF power (Montano et al., 1994). Nonethe-
less, assumptions of the Pagani group have frequently been chal-
lenged, and many have suggested that the LF component represents
both sympathetic and vagal influences (e.g., Berntson et al., 1997;
Japundzic, Grichois, Zitoun, Laude, & Elghozi, 1990; Randall,
Brown, Raisch, Yingling, & Randall, 1991; Task Force, 1996).
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To quantify HRV as a reliable marker of autonomic cardiac
control, Pagani and colleagues recommended the use of normal-
ized units (Malliani et al., 1991; Malliani, Pagani, & Lombardi,
1994; Montano et al., 2009). Conditions associated with sympa-
thetic activation produce a decrease in total HRV power (includ-
ing the LF component), whereas during vagal activation the
opposite occurs. These authors claimed that when spectral com-
ponents are expressed in absolute units (ms2), changes in total
spectral power lead to distortion of the estimation of LF and HF
power. This may be avoided by using the LF/HF ratio or normal-
ized units, especially when addressing sympathetic cardiac tone.
Normalized units (nu) are obtained by dividing the power of a
given component (LF or HF) by the total power minus the VLF
power.

Application of indices derived from HRV has become very
popular, as it opens a wide range of possibilities for the easy and
noninvasive investigation of autonomic function in humans. Altera-
tions in HRV are associated with various cardiovascular diseases
and have proved to be a useful diagnostic and prognostic tool (e.g.,
Thayer & Lane, 2007). However, use of the LF band and the LF/HF
ratio as sympathetic indices is debatable regardless of adjustment
for total power (Eckberg, 1997; Goldstein et al., 2011; Kleiger,
Stein, & Bigger, 2005; Malliani, Pagani, Montano, & Mela, 1998;
Malpas, 2002; Parati, Mancia, Di Rienzo, & Castiglioni, 2006;
Taylor & Studinger, 2006). Surprisingly, despite evidence to the
contrary, these measures are still extensively used to index sympa-
thetic tone. It is particularly striking that often quoted authors (e.g.,
Staud, 2008) as well as experts from biomedicine (e.g., Acharya,
Joseph, Kannathal, Lim, & Suri, 2006) and software designers
(e.g., Niskanen, Tarvainen, Ranta-aho, & Karjalainen, 2004) con-
tinue to propagate its use without taking contrary findings into
account.

Interpretation of the LF and VLF bands as sympathetic indi-
cators may partly be based on definitions of the HRV components
given in early publications (e.g., Akselrod et al., 1981, 1985;
Mulder, 1985), which differ from current definitions (Berntson
et al., 1997; Task Force, 1996). In the early works, HRV compo-
nents were defined in “high” (around respiration rate), “mid”
(around 0.10 Hz) and “low” (around 0.04 Hz) frequency ranges,
and the authors postulated that sympathetic outflow contributes to
the low frequency, whereas the high and mid frequency compo-
nents were supposedly under parasympathetic control. However,
what earlier authors labeled the “low” frequency component is
now referred to as VLF range, and the LF band as it is currently
defined was not regarded as a sympathetic index at all.

The objective of this article is to critically review the state of
research regarding the use of the LF band and the LF/HF ratio as
indices of cardiac sympathetic activity. We review the available
literature including evidence for and against this interpretation,
together with a reanalysis of some of our own studies related to this
topic. We concentrate on the application of HRV in the field of
psychophysiology rather than physiology and biomedicine, for
which comprehensive reviews are already available (Eckberg,
1997; Goldstein et al., 2011; Kleiger et al., 2005; Malpas, 2002).
The report is organized into six parts: (a) effects of sympathetic and
vagal blockade on HRV, (b) effects of manipulations raising sym-
pathetic outflow, (c) effects of pharmacological manipulations of
cardiovascular regulation, (d) predictions of group differences in
cardiac autonomic regulation from HRV, (e) relationships between
HRV indices and other cardiac parameters, and (f) theoretical back-
ground and mathematical bases of the normalization procedure and
the LF/HF ratio.

Effects of Sympathetic-Vagal Cardiac Blockade on HRV

If HR fluctuations in the LF range are specifically mediated by
sympathetic outflow, pharmacological (b-adrenergic) blockade
should decrease LF power while the HF band remains unchanged.
In contrast, vagal blockade should selectively reduce the magnitude
of the HF component. Yet, available evidence does not support
these assumptions. In their pioneering study on dogs, Akselrod
et al. (1981) found that the parasympatholytic agent glycopyrrolate
eliminated HRV above 0.06 Hz and markedly reduced spectral
power below this value. Sympathetic blockade with propranolol
tended to inconsistently diminish HRV around 0.04 Hz, whereas
selective blockade of the renin-angiotensin system increased vari-
ability in this range. Summarizing animal research, Akselrod et al.
(1985) concluded that lower frequency fluctuations (below
0.10 Hz) are mediated by both sympathetic and vagal influences,
whereas higher frequency fluctuations are controlled solely by the
parasympathetic system. In humans, Pomeranz et al. (1985)
observed that atropine administration in a supine position during
metronome breathing reduced LF power by 84%. The authors
concluded that, at least in a supine position and under the condition
of controlled respiration, LF power is almost completely deter-
mined by the parasympathetic system (cf. also Malliani et al.,
1991). Taylor, Carr, Myers, and Eckberg (1998) found that
b-adrenergic blockade had no significant effect on VLF and LF
oscillations, but increased HF power. Blockade of the rennin-
angiotensin system slightly increased VLF power. In addition, atro-
pine administration almost completely eliminated HRV and
reduced VLF power by 92%. The authors concluded that although
the VLF band is to some degree influenced by the rennin-
angiotensin system, all HRV rhythms relate to parasympathetic
outflow. In contrast, Cogliati et al. (2004) showed that b-adrenergic
blockade with atenolol reduced the LF band and increased the HF
band. Here, however, HRV was expressed in normalized units.

Further evidence challenging the assumptions of the
Pagani group is pharmacological studies suggesting that the LF
component is mainly mediated by cholinergic—not adrenergic—
mechanisms (Houle & Billman, 1999; Jokkel, Bonyhay, & Kollai,
1995; Koh, Brown, Beightol, Ha, & Eckberg, 1994; Langewitz
et al., 1991; Zhong, Jan, Ju, & Chon, 2006).

The following results were obtained by reanalysis of a study of
our own on HRV effects of pharmacological vagal and sympathetic
blockade. Six healthy participants were assessed twice in a seated
position. They received atropine (0.03 mg/kg i.v.) on Day 1 and the
b1-selective b-blocking agent metroprolol (10–15 mg i.v.) on Day 2
or vice versa. Before and after drug application, cardiovascular
parameters were obtained at rest and during a memory search and
counting task. HRV was analyzed by means of fast Fourier trans-
formations (FFT) using the software Kubios HRV (version 2;
Niskanen et al., 2004). Drug effects on the three frequency bands
are shown in Table 1, and Figures 1 and 2 display corresponding
spectral profiles. Atropine administration was followed by HRV
decrease in all three frequency bands (all ps < .05). This held true
for the baseline (reductions of 94.7%, 98.7%, and 99.8% for VLF,
LF, and HF oscillations, respectively) and task periods (reductions
of 93.5%, 98.7%, and 99.4%, for VLF, LF, and HF oscillations,
respectively). As can be seen in Figures 1 and 2, HRV in the entire
spectrum almost disappeared. The administration of the b1-blocker
showed only slight effects on HRV. During task execution HRV
increased somewhat. This is consistent with former observations
that b-blockers may raise vagal activity and overall HRV (Reyes
del Paso, Langewitz, Robles, & Pérez, 1996; Taylor et al., 1998)
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including LF HRV (Cook et al., 1991; Jokkel et al., 1995). The
latter effect was actually interpreted as indicating that LF consti-
tutes a marker of vagal activity (Cook et al., 1991). Montano et al.
(1994) stated that for the assessment of sympatholytic action of

b-adrenergic blocking agents, HRV has to be expressed in normal-
ized units or in terms of the LF/HF ratio. In our study, however,
metoprolol did not significantly alter LFnu (from 47 � 10 to
52 � 20 during baseline and from 52 � 20 to 47 � 11 during cog-
nitive load), HFnu (from 53 � 10 to 48 � 19 during baseline and
from 48 � 20 to 53 � 11 during cognitive load) and the LF/HF
ratio (from 0.95 � 0.36 to 1.14 � 0.39 during baseline and from
1.75 � 2.04 to 0.93 � 0.38 during cognitive load).

Studies using nonpharmacological blockade procedures also
raise doubts about the sympathetic origin of the HF band. Hopf,
Skyschally, Heusch, and Peters (1995) and Introna et al. (1995)
investigated the effects of preganglionic cardiac sympathetic
blockade by segmental thoracic epidural anesthesia in humans.
Both in a supine position and during tilt, LF and HF spectral power
remained unchanged. Similarly, partial cardiac sympathetic dener-
vation by means of bilateral thoracic sympathectomy affected
neither LF power nor the LF/HF ratio (Noppen et al., 1996;
Tedoriya, Sakagami, Ueyama, Thompson, & Hetzer, 1999).

In sum, existing studies do not yield evidence of specific effects
of sympathetic blockade on HRV in the LF band, thus contradicting
the assumption of a sympathetic origin of this component. On the
contrary, data support the notion that all HRV components are
predominantly under vagal control.

Effects of Manipulations Raising Sympathetic Outflow

Assuming that the LF component of the HRV spectrum reflects
sympathetic cardiac tone, one may expect interventions that
increase sympathetic activity to also increase LF power. Physical
exercise is a powerful intervention for this purpose. Rimoldi et al.
(1992) reported a series of studies performed on dogs and humans
in which moderate levels of exercise (e.g., treadmill run) were
applied. When expressed in absolute units, exercise produced a
marked decrease in both LF and HF power, but when expressed in
normalized units, exercise led to an increase in LF and decrease in
HF power. However, most other studies indicated that exercise does
not enhance HRV in the LF band but tends to reduce it (Arai et al.,
1989; Perini, Orizio, Baselli, Cerutti, & Veicsteinas, 1990). This
holds true for absolute as well as normalized values (Warren, Jaffe,
Wraa, & Stebbins, 1997). Myocardial ischemia is another efficient
manipulation for stimulating sympathetic activity. Rimoldi et al.
(1990) reported an increase in normalized LF power during tran-
sient coronary artery occlusion in conscious dogs. To evoke ven-
tricular arrhythmias in dogs, Houle and Billman (1999) induced a

Table 1. Means and Standard Deviations (in Parentheses) of HRV Parameters Before and After Pharmacological Blockade

BL (pre drug) Task (pre drug) BL (post drug) Task (post drug) h2 (LB), h2 (Task)

IBI
Atropine 938 (126) 871 (122) 563 (29) 550 (38) .906, .870
b-blocker 876 (136) 845 (134) 1129 (155) 1109 (156) .980, .992

VLF
Atropine 266 (273) 77 (44) 14 (23) 5 (2) .494, .752
b-blocker 332 (579) 102 (105) 266 (156) 123 (75) .018, .062

LF
Atropine 555 (421) 152 (122) 7 (7) 2 (1) .675, .643
b-blocker 642 (1052) 305 (283) 509 (293) 366 (279) .031, .254

HF
Atropine 547 (531) 175 (71) 1 (1) 1 (1) .559, .876
b-blocker 578 (789) 206 (82) 502 (322) 443 (364) .011, .342

Note. BL = baseline, IBI = interbeat interval, VLF = very low frequency, LF = low frequency, HF = high frequency. Effect sizes for the comparison pre–post
drug (h2 BL, h2 Task) are also shown.

Figure 1. Spectral profiles during baseline periods.

Figure 2. Spectral profiles during task (memory search and counting)
periods. Note: Because of reduced HRV during mental stress, the scale
range of this figure is smaller than that of Figure 1.

LF HRV and sympathetic cardiac tone 3



2-min coronary occlusion after physical exercise. They observed a
marked increase in HR mediated by sympathetic activation. None-
theless, LF power decreased. Further studies also showed that
experimentally induced heart failure is associated with decreased
LF power (Watson, Hood, Ramchandra, McAllen, & May, 2007).

Passive orthostatic tilt is a common procedure to increase
cardiac sympathetic activity. Montano et al. (1994) reported that
tilt incline was accompanied by an increase in LF and a decrease in
HF oscillations (although no means or statistical results were pro-
vided), and they claimed that various studies documented rises in
normalized LF power and the LF/HF ratio during this procedure.
Mukai and Hayano (1995) found that LF power increased progres-
sively with tilt angle, but peaked at 30°. However, during high-level
tilt (30–90°) both the interbeat interval (IBI) and HF power
decreased progressively with tilt angle. Furlan et al. (2000) found
that tilt incline was accompanied by a decrease in absolute and
normalized HF HRV, whereas LF HRV increased only when
expressed in normalized units. Critical reviews of the orthostatic
tilt literature (Eckberg, 1997; Goldstein et al., 2011) led to the
conclusion that this maneuver is not associated clearly with
increased LF power, at least when expressed in absolute units (cf.
also Hopf et al., 1995; Peles et al., 1995; Piccirillo, Fimognari,
Viola, & Marigliano, 1995; Vicek, Radikova, Penesova,
Kvetnansky, & Imrich, 2008; Wallin et al., 1992).

Psychophysiological studies commonly use psychological chal-
lenges such as mental arithmetic, attention and memory tasks,
shock avoidance, or video games to induce sympathetic activation.
In the Malliani et al. (1991) review, a study is reported in which
stress induced by mental arithmetic increased the LF and reduced
the HF bands. However, like the aforementioned manipulations,
most available studies on the effects of mental stress showed reduc-
tions of both HF and LF oscillations (e.g., Bernardi et al., 2000;
Duschek, Muckenthaler, Werner, & Reyes del Paso, 2009; Mulder,
1985, 1988; Sloan et al., 1996; van Roon, 1998). Given the con-
sistency of this effect, some authors proposed that the reduction in
HR oscillations around 0.1 Hz can be taken as an index of mental
effort/load (Mulder, 1988; van Roon, Mulder, Althaus, & Mulder,
2004).

Duschek, Muckenthaler, et al. (2009) assessed various param-
eters of cardiovascular autonomic control in 60 healthy young
subjects while they accomplished a letter cancellation test. This
task elicited a significant increase in sympathetic drive as indexed
by reduction of pulse transit time (PTT). All three HRV compo-
nents were significantly diminished during task execution (from
170 � 158 to 49 � 40 ms2, h2 = .407, for VLF, from 467 � 436
to 180 � 132 ms2, h2 = .323, for LF, and from 519 � 813 to
103 � 101 ms2, h2 = .238, for HF, all ps < .0001). In another study
the effect of a 3-min serial arithmetic subtraction task on auto-
nomic cardiovascular control was evaluated in 50 individuals with
chronically low blood pressure (Duschek, Heiss, Schandry, &
Reyes del Paso, 2009a). Again, during cognitive load HRV
decreased in all three frequency bands (from 187 � 193 to
34 � 36 ms2, h2 = .393, for VLF, from 431 � 475 to 189 �
153 ms2, h2 = .246, for LF, and from 416 � 555 to 85 � 115 m2,
h2 = .305 for HF, all ps < .0001).

In a study conducted to evaluate baroreflex activity as a function
of physical fitness 20 regular physical exercisers and 20 sedentary
young participants accomplished a computerized mental calcula-
tion task (Martín-Vazquez & Reyes del Paso, 2010). Table 2 dis-
plays HRV for a 5-min baseline and an 8-min task period. All three
HRV components decreased markedly during task execution (all
ps < .001 and h2s > .3). One may conclude that, taken together,

situations associated with sympathetic stimulation decrease LF
HRV instead of increasing it and that this effect is widely inde-
pendent of the type of manipulation applied.

Effects of Pharmacological Manipulations of
Cardiovascular Regulation

From the hypothesis that LF HRV is a marker of cardiac sympa-
thetic activity, it can be deduced that pharmacological manipula-
tions inducing reflex increase in sympathetic outflow enhance the
LF component and that manipulations reducing sympathetic
drive diminish LF power. Pagani et al. (1997) found that during
nitroprusside-induced hypotension the LF component increased,
whereas phenylephrine-induced hypertension led to a relative
reduction in LF and a relative increase in HF power. Rimoldi et al.
(1990) reported in conscious dogs that sympathetic stimulation
by nitroglycerin-induced hypotension was accompanied by an
increase in LF when expressed in normalized units. However, these
results have not been confirmed in other studies. Ahmed, Kadish,
Parker, and Goldberger (1994) observed that cardiac b-adrenergic
stimulation by means of isoprenaline infusion decreased LF power
instead of increasing it. In a study by Saul et al. (1991), the reflex
decrease in cardiac sympathetic activity induced by the pressor
a-adrenergic effect of phenylephrine was not accompanied by any
changes in the LF band.

Our research on pharmacological treatment of chronically low
blood pressure yielded information about effects of drugs that
affect cardiovascular regulation of HRV (Duschek, Heiss, et al.,
2009a; Duschek, Heiss, Schandry, & Reyes del Paso, 2009b). The
a-adrenergic agonist midodrine, which is frequently used in anti-
hypotensive treatment, causes vasoconstriction and thus increases
of total peripheral resistance and blood pressure. As observed in
our studies, application of this drug is followed by marked
enhancement of baroreceptor reflex sensitivity (BRS) and HR
deceleration, suggesting that midodrine induces a counter-
regulatory autonomic response to blood pressure elevation consist-
ing of increased vagal and decreased sympathetic activity. By this
means, blood pressure is returned to an initial value or an individual

Table 2. Means and Standard Deviations (in Parentheses) of HRV
Parameters of Physically Active (A) and Sedentary (S) Participants
in the Martín-Vázquez and Reyes del Paso (2010) Study during
Baseline and a Mental Arithmetic Task

Baseline Task F(1,39) p h2

IBI
A 820 (93) 753 (76) 5.86 .020 .283
S 733 (126) 690 (100)

VLF
A 279 (218) 172 (114) 3.75 .060 .183
S 191 (133) 93 (58)

LF
A 1035 (774) 632 (406) 8.50 .006 .238
S 580 (388) 330 (214)

HF
A 1016 (1295) 598 (740) 4.61 .039 .128
S 295 (218) 193 (149)

Note. HRV was analyzed by means of adaptive autoregressive models
following algorithms by Bianchi, Mainardi, Melonni, Chierchiu, and
Cerutti (1997). IBI = interbeat interval, VLF = very low frequency,
LF = low frequency, HF = high frequency; F, p, and h2 values of the
ANOVA for group comparisons.
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set point. Taking into account the classic assumptions outlined
above, one may hypothesize that midodrine should enhance HF
HRV and reduce LF HRV. Midodrine administration (0.4 mg/kg
body weight) in 25 individuals with chronic hypotension induced
an overall increase in HRV for the three components. The changes
in the VLF and HF bands, but not that in the LF band, reached
significance (from 147 � 80 to 395 � 583 ms2, p = .047, h2 =
0.155, for VLF, from 365 � 279 to 574 � 645 ms2, p = .114,
h2 = 0.101, for LF, and from 303 � 226 to 645 � 805 ms2,
p = .044, h2 = 0.159 for HF).

To conclude, results of studies in which reflex modifications in
sympathetic drive are induced do not support the assumption that
LF oscillations are modulated by sympathetic outflow.

Predictions of Group Differences in Cardiac Autonomic
Regulation on the Basis of HRV

Considering the hypothesized sympathetic origin of LF HRV,
known group differences in sympathetic outflow should be
reflected in different magnitudes of this component. Patients suf-
fering from congestive heart failure show increased cardiac sym-
pathetic tone. Nonetheless, several studies have demonstrated
reduced LF power in this population (Adamopoulos et al., 1992;
Vesalainen et al., 1999). Van de Borne, Montano, Pagani, Ron, and
Somers (1997) found lower LF HRV in patients with congestive
heart failure than in controls. Cooley et al. (1998) reported attenu-
ated or even absent LF oscillations related to this disease. Moak
et al. (2007) studied HRV in patients with chronic autonomic
failure, comparing patients with and without sympathetic denerva-
tion (indicated by 6-[18F] fluorodopamine-derived radioactivity or
norepinephrine spillover). They found no group differences in LF
power and no relationship between LF power and any sympathetic
index. Nevertheless, Guzzetti et al. (1988) reported higher LF and
lower HF power in patients with hypertension compared to
matched normotensive controls, but only when expressed in nor-
malized units.

Regular physical exercise enhances resting cardiac vagal activ-
ity, reduces sympathetic drive (Forcier et al., 2006), and increases
sensitivity of the cardiac baroreflex (Martín-Vazquez & Reyes del
Paso, 2010). We reanalyzed our data on the relationship between
baroreflex function and physical fitness by examining differences
in HRV between a group of 20 sedentary subjects and 20 regular
exercisers. Classical assumptions would predict lower LF power
and higher HF power in the exercisers. Table 2 displays the HRV
parameters for both groups. The exercisers showed greater power
in all three bands. Moreover, the difference most pronounced was
for the LF band.

Chronic low blood pressure is most likely associated with
increased vagal tone and decreased cardiac sympathetic influences
(Duschek, Dietel, Schandry, & Reyes del Paso, 2008; Duschek,
Heiss, et al., 2009a, 2009b). Considering the LF band as a sympa-
thetic index, one would expect reduced LF and increased HF power
in this condition. We reanalyzed the Duschek et al. (2008) data
examining HRV parameters in 35 hypotensive and 32 normotensive
individuals. During resting conditions, hypotensives, in compari-
son with normotensives, displayed both increased IBI (862 � 94
vs. 790 � 111 ms, p = .006, h2 = .110) and increased overall HRV,
although the increase in the HF component did not reach signifi-
cance (1556 � 1047 vs. 1083 � 681 ms2, p = .032, h2 = .068 for
VLF, 1230 � 1005 vs. 803 � 479 ms2, p = .030, h2 = .069 for LF,
and 1202 � 1818 vs. 815 � 782 ms2, p = .26, h2 = .024 for HF).

As in the aforementioned studies, these data suggest that the mag-
nitude of LF oscillations does not predict group differences in
sympathetic cardiac control.

Relationships between HRV Indices and
Other Cardiac Parameters

A critical issue concerning the suitability of the LF band as a
sympathetic index regards its associations with other valid meas-
ures of cardiac sympathetic control. Plasma levels of epinephrine
and norepinephrine are recognized indicators of general sympa-
thetic activity. Sloan et al. (1996) analyzed the relationship of HRV
with these parameters during rest and mental stress. None of the
HRV components was related to catecholamine level. Similarly,
Saul et al. (1991) found no association between plasma norepine-
phrine and LF HRV (in absolute or normalized units) at rest.
Cardiac norepinephrine spillover (rate of entry of norepinephrine
into the cardiac venous drainage) is believed to be one of the best
indicators of b-adrenergic outflow. Studies investigating the asso-
ciation of this index with LF power and the LF/HF ratio did not
reveal positive results (Alvarenga, Richards, Lambert, & Esler,
2006; Baumert et al., 2009; Kingwell et al., 1994; Moak et al.,
2007).

Further research addressed the relationship between HRV and
muscle sympathetic nerve traffic. Saul et al. (1991) found no asso-
ciation between these parameters when they were assessed at rest.
However, after nitroprusside infusion (which leads to reflex-
induced increases in sympathetic activity and decreases in vagal
activity) a significant correlation between sympathetic nerve activ-
ity (in bursts/min) and LF nu power arose in 4 out of 10 subjects.
After phenylephrine infusion (which leads to reflex-induced
decreases in sympathetic activity and increases in vagal activity) no
association was found for any of the HRV indices. Pagani et al.
(1997) were unable to demonstrate associations between muscle
sympathetic nerve traffic in bursts/minutes and LF power both in
absolute and normalized units. When sympathetic activity was
expressed by burst amplitude, a significant correlation with LF
power (but only in normalized units) and HF power (in absolute
and normalized units) arose.

Studies performed with patients suffering from conditions asso-
ciated with increased sympathetic activity (e.g., congestive heart
failure and pulmonary hypertension) revealed no or even negative
correlations between LF oscillations and muscle sympathetic nerve
traffic (Adamopoulos et al., 1992; Kingwell et al., 1994; McGowan
et al., 2009; Notarius et al., 1999). Neuroimaging techniques such
as positron emission tomography and single photon emission com-
puted tomography provide for quantitative assessment of innerva-
tion of the left ventricular myocardium. These methods were
applied in a number of studies investigating the linkage of LF and
the LF/HF ratio with sympathetic innervation. None of them,
however, revealed positive results (Haensch, Lerch, Jorg, &
Isenmann, 2009; Moak et al., 2007; cf. Goldstein et al., 2011, for a
review).

It also seemed worthwhile to examine associations of LF oscil-
lations with IBI and other cardiodynamic indices that are thought to
be influenced by the sympathetic system. Tables 3 and 4 display the
results of reanalyses of studies that provide evidence on this issue.
Table 3 also includes data taken from a very recent study in which
54 young participants performed a 15-min simple time reaction
task after a 5-min baseline period (Duschek, Wörsching, & Reyes
del Paso, 2013). Exclusively positive correlations between IBI and
HRV in the three frequency bands arose. The positive linear
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association between LF power and IBI is definitely incongruent
with the assumption of a sympathetic origin of the LF band.
No systematic linkage between HRV and PTT—an index of
b1-adrenergic influences on myocardial contractibility—was found
(Table 3). The only significant association contradicted the expec-
tations in the sense that LF power correlated positively with PTT
assessed during letter cancellation as well as time reaction tasks. In
the physical exercise study (Martín-Vázquez & Reyes del Paso,
2010), we used impedance cardiography in order to assess pre-
ejection period (PEP), one of the most reliable and valid noninva-
sive indicator of b1-cardiac adrenergic influences (McCubbin,
Richardson, Langer, Kizer, & Obrist, 1983; Sherwood et al., 1990).
No associations were found between HRV and PEP (Table 4). In
another study we compared patients suffering from fibromyalgia
with matched healthy controls in parameters of autonomic
cardiovascular control (Reyes del Paso, Garrido, Pulgar,
Martín-Vázquez, & Duschek, 2010). Again, the reanalysis of these
data revealed no associations between PEP and HRV (Table 4).

It has been argued that left ventricular ejection time (LVET)
constitutes a specific indicator of chronotropic sympathetic tone
(Uijtdehaage & Thayer, 2000). Given its inverse relationship with
sympathetic tone, one may predict negative correlations between
LVET and LF power. In the physical exercise study
(Martín-Vázquez & Reyes del Paso, 2010) correlations between
LVET and the three HRV components were .57, .46, and .40 for
baseline and .50, .46, and .48 for cognitive load, respectively, for
VLF, LF, and HF (all ps < .05). In the chronic pain study (Reyes del
Paso, Garrido, et al., 2010), correlations were .15, .48, and .47 for
baseline and .20, .24, and .51 for cognitive load, respectively, for
VLF, LF, and HF (ps < .05 for HF during baseline and cognitive
load and for LF during baseline). In the framework of the Uijtde-
haage and Thayer hypothesis, the positive associations of LF oscil-
lations with LVET clearly contradict the assumption of its
sympathetic origin.

Some authors have suggested that the LF component constitutes
a specific index of baroreceptor gain in mediating oscillations in

blood pressure and vasomotor activity (Goldstein et al., 2011;
Moak et al., 2007). We assessed BRS in our studies using sequence
analysis in the time domain (Reyes del Paso, González, &
Hernández, 2010). Tables 3 and 4 show associations between BRS
and the three frequency bands revealed by our reanalyses. Signifi-
cant correlations between BRS and the three components were
obtained, which contradicts the assumption of a specific relation-
ship between the LF band and baroreflex function. In all above
mentioned studies we found associations in the same direction
between the three HRV components and other parameters of car-
diovascular control. It is therefore very unlikely that any of the
components represent specific influences of different branches of
the ANS on heart activity.

Theoretical Background and Mathematical Bases of
the Normalization Procedure and the LF/HF Ratio

The concept of autonomic balance and its mathematical expression
is based on the traditional doctrine of autonomic reciprocity.
According to this doctrine, the sympathetic and parasympathetic
branches of the ANS are subjected to reciprocal central nervous
control in the sense that increased activation of one system is
accompanied by inhibition of the other. This implies that auto-
nomic control can be regarded as a continuum extending from
parasympathetic to sympathetic dominance. This view, however,
seems rather simplistic. The two branches of the ANS are not
algebraically additive. Instead they interact in a dynamic fashion
and either reciprocity or coactivation of both branches may occur
(Berntson, Cacioppo, & Quigley, 1993). In this manner, variability
of cardiovascular signals reflects the complex interplay between
perturbations of cardiovascular function and the dynamic responses
of multiple regulatory systems. Complex interactions between the
sympathetic and vagal determinants of HR were shown in the
framework of the concept of accentuated antagonism (Levy &
Zieske, 1969; Uijtdehaage & Thayer, 2000), which emphasizes

Table 3. Correlations of HRV Parameters Obtained by Fast
Fourier Transformations with Interbeat Interval (IBI), Pulse
Transit Time (PTT), and Baroreflex Sensitivity (BRS) Recorded
during Baseline (BL) and Cognitive Load (Task) in the Duschek,
Muckenthaler, et al. (2009; Panel A, n = 60) and Duschek et al.
(2013; Panel B, n = 54) Studies

IBI VLF LF HF

Panel A
IBI-BL .543* .268+ .291+

IBI-Task .005 .212 .541*
PTT-BL .149 .154 .009 .051
PTT-Task .224 .161 .370* .173
BRS-BL .723* .583* .234 .587*
BRS-Task .749* .141 .202 .696*
Panel B
IBI-BL .360* .179 .531*
IBI-Task -.054 .368* .540*
PTT-BL .440* .129 .170 .020
PTT-Task .562* -.104 .310+ .149
BRS-BL .738* .438* .223 .814*
BRS-Task .808* -.025 .425* .707*

Note. VLF = very low frequency, LF = low frequency, HF = high
frequency.
+p < .05.
*p < .01.

Table 4. Correlations of HRV Parameters Obtained by the
Autoregression Technique with Interbeat Interval (IBI), Pre-
Ejection Period (PEP), and Baroreflex Sensitivity (BRS) in the
Physical Exercise Study (cf. Table 2) by Martín-Vázquez and Reyes
del Paso (2010; Panel A, n = 40) and in the Chronic Pain Study by
Reyes del Paso, Garrido, et al. (2010; Panel B, n = 64)

IBI VLF LF HF

Panel A
IBI-BL .672* .563* .563*
IBI-Task .729* .664* .688*
PEP-BL .081 .133 -.061 -.097
PEP-Task .120 -.076 -.106 -.110
BRS-BL .688* .484* .738* .768*
BRS-Task .724* .617* .461* .762*
Panel B
IBI-BL .252+ .527* .584*
IBI-Task .244 .282+ .339*
PEP-BL .198 .098 .077 .049
PEP-Task .180 .059 .028 .065
BRS-BL .688* .370* .738* .768*
BRS-Task .506* .311+ .521* .455*

Note. BL = baseline, Task = mental arithmetic, VLF = very low frequency,
LF = low frequency, HF = high frequency.
+p < .05.
*p < .01.
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vagal predominance of HR control. In fact, effects of sympathetic
activation are suppressed when strong vagal activity simultane-
ously occurs, whereas vagal deceleration effects are augmented
during high sympathetic background levels.

In the concept of autonomic space (Berntson et al., 1993;
Berntson, Cacioppo, Quigley, & Fabro, 1994), functional states of
the ANS are described in a two-dimensional space bound by sym-
pathetic and parasympathetic axes. In this space, multiple modes of
autonomic control can be characterized. These comprise (a) a
coupled reciprocal mode, in which activities of the two branches
are inversely related; (2) a coupled nonreciprocal mode, in which
activities of both branches are positively correlated (coactivation);
and (3) an uncoupled mode, in which activity changes of the two
divisions occur independently of one another. The assumptions of
the Pagani group may only hold under the assumption that the ANS
is working in a reciprocal mode most of the time, which is unlikely
to be the case (see Berntson, Cacioppo, & Quigley, 1991, for a
review).

Pagani and colleagues chose normalized LF and HF power and
the LF/HF ratio as mathematical expression of HRV. As summa-
rized above, in most studies supporting their theory these transfor-
mations were applied (cf. Montano et al., 2009). Their model is
supported mainly by the effects of orthostatic tilt (head-up tilt
increases sympathetic and inhibits vagal activity). In the Montano
et al. (1994) study, absolute LF power was widely unrelated to the
magnitude of tilt (r = .17), whereas HF power correlated signifi-
cantly with tilt incline (r = -.41). In contrast, tilt highly correlated
with LF and HF power expressed in normalized units (r = .78 and
-.72, respectively, for LFnu and HFnu) and with the LF/HF ratio
(r = .68). Normalization procedures thus lead to a nearly linear
relation between LFnu and tilt angle. However, as can be seen in
their figures, the close associations for LFnu and the LF/HF ratio
resulted from the inclusion of HF in the equation applied to
compute LFnu and the LF/HF ratio. The effects of tilt on the
transformed measures are therefore mainly due to the reduction in
HF as tilt angle increases.

Regarding the transformation of LF and HF into normalized
units, one should take into account that VLF, LF, and HF power
accounted for almost the complete spectral power density (SPD).
Therefore, computing normalized LF and HF is widely restricted to
building a ratio between both parameters. The formula LFnu = LF/
SPD - VLF, for example, is roughly equivalent to LFnu = LF/LF +
HF. This holds completely true when the area of interest in SPD is
defined in the range between 0.0 and 0.40 Hz. The reciprocal
relationship between LF and HF power when they are normalized
or expressed as a ratio makes them dubious indices. We view these
mathematical transformations in a hypothetical example. Table 5
displays hypothetical data of LF, HF, VLF, SPD, LFnu, HFnu, and
the LF/HF ratio for 10 cases. A hypothetical dependent variable
ranging from 1 to 10 is also included. In this example, correlations
of the absolute HRV components with the dependent variable are
r = -.078 and r = .996 for LF and HF, respectively. Correlations
with the dependent variable for normalized units are r = -.601
(LFnu) and r = .601 (HFnu). The correlation between the LF/HF
ratio and the dependent variable is r = -.561. The normalized com-
ponents are inversely related to one another, and they show equal
correlations (but of opposite directions) with a third variable.
Knowing the power value of one component (LFnu or HFnu), one
can perfectly deduce the value of the other. Given the inherent
reciprocity of HRV expressed in normalized units or as the LF/HF
ratio and the fact that the example shows no association between
LF (in absolute units) and the dependent variable, the transforma-

tions produce artificially high correlations. This may lead to the
wrong conclusion that a variable is related to sympathetic cardiac
tone such as in the case of tilt angle in the Montano et al. (1994)
study. In our pharmacological blockade study, atropine administra-
tion increased LFnu (from 49 � 15 to 87 � 12 for baseline and
from 44 � 12 to 75 � 23 for mental load), decreased HFnu (from
50 � 14 to 13 � 12 for baseline and from 56 � 12 to 25 � 23 for
mental load), and produced a very strong increase in the LF/HF
ratio (from 1.15 � 0.71 to 11.89 � 6.52 for baseline and from
0.87 � 0.42 to 7.47 � 8.35 for mental load). In this context of
small residual HRV (i.e., nearly constant HR) the suggested trans-
formations can lead to substantial distortion of the data and thus
wrong conclusions.

Conclusions

Evidence presented in this article challenges the suitability of the
LF component of HRV as an index of cardiac sympathetic control
and the LF/HF ratio as an index of sympathovagal balance. Critical
points may be summarized as follows: (a) Vagal blockade reduces
LF power by more than 90%, whereas sympathetic blockade does
not produce significant effects; (b) physiological and psychological
manipulations that markedly raise sympathetic outflow do not
increase LF power, but often reduce it; (c) pharmacological
manipulations inducing reflex changes in sympathetic cardiac tone
do not affect the LF component in the predicted form; (d) group
differences in sympathetic autonomic control cannot be predicted
from LF oscillations; (e) there are no associations between LF
power and valid indicators of sympathetic cardiac control; and (f)
normalization of the power components and computation of the
autonomic balance as the LF/HF ratio are based on the physiologi-
cal assumption of autonomic reciprocity, which is not supported by
the current state of research. Furthermore, these mathematical
transformations can lead to distortion of the data, making the
applied indices dubious.

In contrast to the thesis of the Pagani group, the expression of
the LF component of HRV is most likely to be determined mainly
by the parasympathetic nervous system. Baroreflex control of HR
may play an important role in this (Saul et al., 1991). The barore-
flex continuously adjusts HR to blood pressure fluctuations through
changes in vagal efferent activity (Reyes del Paso et al., 1996;
Wesseling & Settles, 1985). On the basis of the observation of a
strong resemblance of variations in HR and blood pressure at

Table 5. Hypothetical Database Displaying HRV Indices Together
with a Dependent Variable (DV) for 10 Subjects

Subject SPD VLF LF HF LF/HF LFnu HFnu DV

1 21 5 10 6 1.67 63 38 1
2 20 4.50 9 6.50 1.38 58 42 2
3 25 6 12 7 1.71 63 37 3
4 19.20 3 9 7.20 1.25 56 44 4
5 25.50 5 13 7.50 1.73 63 37 5
6 19 3 8 8 1 50 50 6
7 29.50 6 15 8.50 1.76 64 36 7
8 21 5 7 9 0.78 44 56 8
9 29.50 6 14 9.50 1.47 60 40 9

10 21 5 6 10 0.60 38 63 10

Note. SPD = spectral power density in the range 0 to 0.40 Hz, that is, total
power; VLF = very low frequency; LF = low frequency; HF = high fre-
quency. Normalized units were multiplied by 100.
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0.1 Hz, some authors have postulated that oscillations in this range
reflect the vagal component of the baroreflex (Mulder, 1985).
Wesseling and Settels argued that 0.01 Hz HRV relates to the
“eigenfrequency” of the baroreflex in the sense that this component
represents its preferred frequency or a resonance phenomenon
within the baroreflex loop. Several studies documented positive
correlations between BRS and LF power (Goldstein et al., 2011;
Moak et al., 2007; Rahman, Pechnik, Gross, Sewell, & Goldstein,
2011). However, this association is far from being specific in the
sense that BRS also correlates with other components of the fre-
quency spectrum, in particular the HF band (Reyes del Paso et al.,
1996; Reyes del Paso, Hernández, & González, 2004). This fits
with the assumption that the overall density of the HRV spectrum
can be regarded an index of baroreceptor gain (Sleight et al., 1995).

Oscillations in the vasomotor system (around 0.1 Hz) and its
expression on HR through a resonance phenomenon have been
suggested to be the origin of the LF component (de Boer,
Karemaker, & Strackee, 1985; Mulder, 1988; van Roon et al.,
2004). Another relevant mechanism in determining LF HRV power
may be the existence of direct rhythmic central influences (Cooley
et al., 1998; Hayano, Yasuma, Okada, Mukai, & Fujinami, 1996).
As shown by Cooley et al., the presence of dominant LF oscilla-
tions in HR independent of any blood pressure variability suggests
that the LF band is a fundamental property of central autonomic
outflow.

The conclusion that the HRV spectrum including its LF com-
ponent is predominantly determined by vagal activity underlines
the vast importance of the parasympathetic system in cardiac regu-
lation. At rest, during low to moderate levels of stress, and even in
the first steps of physical exercise, HR is mainly subject to para-
sympathetic control (Levy & Zieske, 1969; Robinson, Epstein,

Beiser, & Braunwald, 1966). In psychophysiological research, HR
recording for subsequent analysis of HRV commonly takes place
under these conditions. On this account and considering the con-
clusions of this revision, the suitability of HRV analysis is
restricted to the estimation of parasympathetic influences on HR,
whereas further interpretations of spectral components as extra-
vagal have to be regarded as misleading. Finally, it is necessary to
take into account the fact that although HRV is mainly modulated
by vagal influences, it does not follow directly that HRV can be
taken as an index of vagal tone. This is another debatable question
that is beyond the objective of this article (for reviews, see Eckberg,
1997; Grossman, Karemaker, & Wieling, 1991; Ritz, 2009).

Finally, the fact that all HRV components predominantly relate
to vagal control does not imply that they provide the same infor-
mation about autonomic regulation. As described in our review, the
three HRV components do not present the same correlations with
other variables. One should distinguish between the physiological
mechanisms involved in generating each HRV component and the
final autonomic pathway by which these mechanisms are expressed
at the sinus node. Although the final pathway is predominantly
vagal, each HRV component provides information about different
physiological control mechanisms. HF oscillations relate to respi-
ratory influences, LF oscillations provide information about blood
pressure control mechanisms such as the modulation of vasomotor
tone, and VLF power is related to kidney functioning and ther-
moregulation (Berntson et al., 1997; Task Force, 1996; Taylor
et al., 1998; van Roon et al., 2004). By this means, HRV also gives
information about sympathetic mechanisms (e.g., vasomotor tone
fluctuations, rennin-angiotensin system) that manifest themselves
in resonant phenomena through cholinergic oscillations in the sinus
node.
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