
JRRDJRRD Volume 50, Number 3, 2013

Pages 449–454
Heart rate variability and phantom pain in male amputees: Application 
of linear and nonlinear methods

Elena Sarabia Cachadiña, PhD;1* Pablo Granados García, MSci;1 S. C. Tonon Da Luz, PhD;2 Rebeca Goya Este-
ban, MSci;3 Óscar Barquero Pérez, MSci;3 J. Naranjo Orellana, PhD;1 F. J. Berral de la Rosa, PhD1

1Department of Sports, University Pablo de Olavide, Seville, Spain; 2Department of Physical Therapy, University of 
Estado do Santa Katarina, Florianopolis, Brazil; 3Department of Signal Theory and Communications, University Rey 
Juan Carlos, Fuenlabrada, Madrid, Spain

Abstract—Phantom-limb pain (PLP) is a phenomenon that
may appear among people with amputation. Some studies
reveal that 70% of people with amputation experience PLP
years postamputation. There is a lack of scientific evidence
about the cause of PLP. It has been hypothesized that the auto-
nomic nervous system (ANS) could be involved in the mecha-
nism that triggers PLP, but this hypothesis remains unclear.
The aim of this study was to correlate ANS function, through
heart rate variability (HRV) analysis, with PLP in adult males
with amputation. The study population comprised 35 sub-
jects, with 27 reporting PLP often or always. The rest of the
subjects did not report any PLP. In order to calculate linear and
nonlinear parameters of HRV, all subjects underwent 10 min
of resting heart rate monitoring. The study did not find correla-
tions between HRV parameters and PLP. Most of the subjects
showed decreased values in linear parameters of HRV while
nonlinear values were normal. HRV is not implicated in PLP.
Linear and nonlinear methods for HRV analysis might reflect
different physiological phenomena; while linear values place
people with amputation at cardiovascular risk, nonlinear values
indicate normality.
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INTRODUCTION

A large percentage of people with amputation report
a persisting sensory awareness of the missing segment.
This sensory awareness is called phantom limb (PL) and
is usually described as a tingling or numb quality. When
that PL sensation includes pain, it is called PL pain
(PLP), which affects >70 percent of the population with
amputation [1].

The causes that provoke PLP remain unclear. The lit-
erature comprises several reasons for developing PLP, but
none seem feasible by themself. Hence, some authors are
in favor of explaining this phenomenon by different etio-
logical mechanisms [1–2]. Because the origin of PLP is
not clear, <10 percent of patients are helped by physician-
prescribed drugs for attenuating symptoms [1]. Among all
the causes hypothesized as triggers of PLP, one relates to
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the autonomic nervous system (ANS). This cause is based
on abnormal sympathetic activity on the residual limb,
which affects sympathetic-efferent outflow of cutaneous
vasoconstrictor fibers, skin temperature, and sympathetic
impulse pattern [1,3–4] even in subjects without pain [4].
Moreover, Katz reports that increases in the intensity of
PL paresthesiae follow bursts of sympathetic activity in
the residual-limb neuromas while decreases correspond to
periods of relative sympathetic activity [1].

Based on the literature, there is a lack of publications
about heart rate variability (HRV) as a marker of ANS
state in people with amputation. Perhaps applying HRV
methods could help create a better understanding of the
mechanisms involved in PLP.

HRV analysis is a noninvasive tool based on the calcu-
lation of time variations along consecutive heartbeats. It
reflects cardiovascular (CV) responses to autonomic activ-
ity [5–9] and other physiological phenomena that do not
originate in ANS. Reduced HRV parameters are related to
CV risk, being the target issue of several investigations
[7,10–11]. We applied linear and nonlinear methods for the
analysis of HRV. Linear methods comprised frequency-
and time-domain parameters. Frequency-domain analysis
included high-frequency power (HF) and low-frequency
power (LF). HF reflects solely parasympathetic activity,
while LF reflects sympathetic and parasympathetic activity
[11]. Because the role of LF is not well defined in the litera-
ture, its implication in the ANS is still controversial
[7,11–13]. For time-domain analysis, we selected the
root-mean-square differences of successive heartbeat
intervals (RMSSD), which represents parasympathetic
activity [11]. The nonlinear analysis of HRV included two
fractal indexes and two indexes obtained from calculations
based on the entropic characteristics of the signal. Fractal
indexes are based in the analysis of the fractal properties of
the signal and are represented by two slopes: α1 and α2

[14–15]. Normal values for fractal indexes must be close to
1 [14–15]. We expect that in pathological states the signal
loses its fractal component, reflecting a loss of complexity
of the system [16–17]. Sample entropy (SampEn) and
acceleration change index (ACI) are based on the theory of
entropy, and both quantify the irregularities among time
series of signals [17–18]. Decreased SampEn values indi-
cate physiological abnormalities [19], whereas decreased
values of ACI (around 0.30) indicate normality [20].

Because HRV analysis contributes with a physio-
logical approach of ANS function in order to find a
mechanism that could be involved in PLP, the objective
of this study was to explore HRV in people with amputa-
tion with and without PLP.

METHODS

We recruited 35 Spanish subjects with amputation
from the Spanish peninsular territory. We divided them
into two subgroups: PLP group (27 subjects who reported
PLP) and no PLP group (8 subjects without PLP). Table 1
shows population demographics. We conducted all mea-
surements under laboratory conditions in three cities
(24°C between 10 a.m. and 6 p.m.). Only one city was
located at sea level. The inclusion criteria for the PLP
group were one amputated limb, adult, male, and experi-
enced PLP often and close to the measurement day. For
the no PLP group, the inclusion criteria were similar,
except that these subjects had never experienced PLP. The
exclusion criteria were medication and/or disease that
would affect ANS function.

To perform HRV trials, we applied the standard pro-
tocol for resting laboratory measurements [11], where all
subjects laid down for 20 min in a supine position with-
out pillow or tilt and without prosthesis. The subjects

Table 1.
Participant demographics.

Group n Age (yr)* BMI* PA (h/wk)* Amputation Level (%)

1 2 3

PLP 27 48.1 ± 12.8 27.7 ± 4.1 1.8 ± 3.7 25.92 59.25 14.81

No PLP 8 41.1 ± 9.6 26.9 ± 4.7 0.8 ± 1.5 75.00 25.00 —

Total 35 46.5 ± 12.4 27.6 ± 4.3 1.6 ± 3.4 37.14 51.42 11.42
Note: Amputation level is composed of three different degrees of amputation: level 1 = transtibial or transradial; level 2 = transfemoral, shoulder or hip disarticulation,
or two amputations of level 1; level 3 = amputation of level 2 plus amputation of level 1.
*Mean ± standard deviation.
BMI = body mass index, PA = physical activity, PLP = phantom-limb pain.
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underwent the trials 2 h after a meal; they also avoided
ingesting stimulant substances and exercising 24 h prior
testing.

A Heart Rate Monitor Firstbeat Bodyguard (Firstbeat
Technologies Oy; Jyväskylä, Finland) recorded all heart-
beat intervals (while subjects were in supine position) and
performed data preprocessing. We selected the last 10 min
of the recording for HRV analysis. For data postprocessing,
there were two different pathways. First, Firstbeat Health
Software (Firstbeat Technologies Oy) calculated linear
parameters of HRV: RMSSD, LF (range: 0.04–0.15 Hz),
and HF (range: 0.15–1.00 Hz). Second, from the R-R inter-
vals (provided by the heart rate monitor), this research cal-
culated nonlinear parameters of HRV: SampEn, ACI, α1,
and α2. We calculated all nonlinear parameters following
the pathways described in the literature [14–15,19,21].

In order to clarify whether ANS is implicated in PLP,
we examined parasympathetic and sympathetic markers
of HRV in the PLP and no PLP groups. Because of
the non-normal distribution of the sample, we performed
the statistical analysis using the nonparametric Mann-
Whitney test. In addition, we analyzed the correlations
among all HRV parameters and the rest of the variables,
concentrating all subjects in the same group. Because of
the characteristics of the sample, we used the Spearman
correlation coefficient. We used SPSS software 319
(SPSS version 18.0, IBM Corporation; Armonk, New
York) to perform all the statistical calculations.

RESULTS

We did not find differences in HRV between the PLP
and no PLP groups. In both groups, RMSSD and HF
were close to the border of the abnormality (normal val-
ues for RMSSD must be >20 ms [22] while normal val-
ues for HF must be >1,000 ms2 [23]). Nevertheless, LF

was seriously decreased (normal values for this parame-
ter must be >1,000 ms2 [23]) (Table 2). HRV outcomes
were independent of PLP, number of amputations, physi-
cal activity time, or residual-limb location.

Moreover, we found some interesting results from
analyzing the correlations where LF was the only HRV
parameter that did not correlate with the others (Table 3).
The main correlation we found was between HF and
RMSSD (Figure).

DISCUSSION

Our main finding was the absence of a link between
PLP and HRV parameters, meaning that ANS, repre-
sented by HRV parameters, is not implicated in this phe-
nomenon. However, several articles in the literature report
an abnormal sympathetic [1,3,5] and parasympathetic
[21] activity in the residual-limb region, even without
reporting PLP [4]. Therefore, it seems that PLP is not a
condition for developing abnormalities in ANS function.
Perhaps this finding is the key to understanding the out-
comes of our study: all subjects, independent of PLP or no
PLP, showed decreased values in linear parameters of
HRV, especially in LF (which is supposed to reflect sym-
pathetic activity).

Regarding amputation characteristics, it could be
hypothesized that this aspect could determine the magni-
tude of HRV values since it is possible that subjects at
amputation level 3 (missing more than one limb) would
have more reduced HRV parameters than those at ampu-
tation level 1 (transradial or transtibial amputation). In
the present study, the number or location of amputations
did not correlate with HRV; however, Modan et al. have
related proximity and number of amputations to higher
CV risk [24].

Table 2.
Heart rate variability parameters. Values are mean ± standard deviation.

Group
SampEn
(p = 0.56)

α1
(p = 0.83)

α2
(p = 0.97)

ACI
(p = 0.72)

RMSSD (ms)
(p = 0.57)

LF (ms2)
(p = 0.97)

HF (ms2)
(p = 0.78)

PLP 1.26 ± 0.33 1.19 ± 0.26 0.97 ± 0.16 0.31 ± 0.12 23 ± 13 30 ± 25 780 ± 646

No PLP 1.31 ± 0.34 1.20 ± 0.25 0.92 ± 0.12 0.24 ± 0.14 26 ± 23 31 ± 27 1,257 ± 1,855

Total 1.27 ± 0.33 1.19 ± 0.25 0.96 ± 0.15 0.30 ± 0.13 24 ± 15 30 ± 25 889 ± 1,034
Note: p-values show absence of significant differences among PLP and no PLP groups.
α1 = slope 1, α2 = slope 2, ACI = acceleration change index, HF = high-frequency power, LF = low-frequency power, PLP = phantom-limb pain, RMSSD = root-
mean-square differences of successive heartbeat intervals, SampEn = sample entropy.
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Moreover, the absence of correlations between the
LF component of HRV and the rest of the HRV variables
measured in this study enhances the controversy sup-
ported by different authors about the role of this index in
the ANS [7,25–26]. We expected the strong correlation
between RMSSD and HF because it is already described
in the literature [11]. Additionally, we found that SampEn
correlated with RMSSD (a parasympathetic flow indica-
tor [11]), whereas the rest of the nonlinear parameters
showed an inverse association with RMSSD and HF.
With respect to nonlinear outcomes, there is no support in
the literature for a better understanding of what we found,
but it seems that nonlinear methods of HRV reflect
clearly different physiological phenomena than linear
methods. Further research is needed for clarifying the
physiological role of nonlinear values, because this lack
of knowledge gives more scientific relevance to linear
than to nonlinear parameters in the present study.

Finally, one more aspect of this study is difficult to
solve. While linear parameters of HRV were decreased,
indicating CV risk, nonlinear values remained normal. In
this case, it is interesting that much of the literature
reports CV risk factors in people with amputation [27–
30]. Thus, the linear outcomes of our study are supported
by other investigations, which have estimated CV risk
factors using different parameters.

For further clinical and rehabilitation interventions,
we highly recommend promoting CV risk prevention
programs among the amputee population. We also rec-
ommend including HRV analysis and physical activity in
these programs [31].

CONCLUSIONS

HRV is not implicated in PLP. Physical activity,
number of amputations, or residual-limb location does
not determine the magnitude of HRV parameters. Addi-
tionally, linear and nonlinear methods for HRV analysis
might reflect different physiological phenomena; while
linear values place people with amputation with and
without PLP at CV risk, nonlinear values remain normal.
In brief, having one amputation with or without PLP is
reason enough for the drop of linear parameters of HRV.
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Table 3.
Significant correlations.

Variable
Significant Correlation

1 2

SampEn α1 (r = 0.585)* RMSSD (r = 0.336)†

α1 α2 (r = 0.297)† HF (r = 0.583)*

α2 RMSSD (r = 0.505)* HF (r = 0.518)*

ACI RMSSD (r = 0.297)† HF (r = 0.419)*

RMSSD α1 (r = 0.604)* HF (r = 0.961)*

*p  0.05.
†p  0.01.
α1 = slope 1, α2 = slope 2, ACI = acceleration change index, HF = high-
frequency power, RMSSD = root-mean-square differences of successive heart-
beat intervals, SampEn = sample entropy.

Figure.
Dispersion plot of high-frequency power (HF) of heart rate vari-

ability and root-mean-square differences of successive heart-

beat intervals (RMSSD) correlation.
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