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Abstract

Spontaneous reinnervation after diaphragmatic paralysis due to trauma, surgery,

tumors and spinal cord injuries is frequently observed. A possible explanation could

be collateral reinnervation, since the diaphragm is commonly double-innervated by

the (accessory) phrenic nerve. Permutation entropy (PeEn), a complexity measure

for time series, may reflect a functional state of neuromuscular transmission by

quantifying the complexity of interactions across neural and muscular networks. In

an established rat model, electromyographic signals of the diaphragm after

phrenicotomy were analyzed using PeEn quantifying denervation and

reinnervation. Thirty-three anesthetized rats were unilaterally phrenicotomized.

After 1, 3, 9, 27 and 81 days, diaphragmatic electromyographic PeEn was analyzed

in vivo from sternal, mid-costal and crural areas of both hemidiaphragms. After

euthanasia of the animals, both hemidiaphragms were dissected for fiber type

evaluation. The electromyographic incidence of an accessory phrenic nerve was

76%. At day 1 after phrenicotomy, PeEn (normalized values) was significantly

diminished in the sternal (median: 0.69; interquartile range: 0.66–0.75) and mid-

costal area (0.68; 0.66–0.72) compared to the non-denervated side (0.84; 0.78–

0.90) at threshold p,0.05. In the crural area, innervated by the accessory phrenic

nerve, PeEn remained unchanged (0.79; 0.72–0.86). During reinnervation over 81

days, PeEn normalized in the mid-costal area (0.84; 0.77–0.86), whereas it

remained reduced in the sternal area (0.77; 0.70–0.81). Fiber type grouping, a

histological sign for reinnervation, was found in the mid-costal area in 20% after 27

days and in 80% after 81 days. Collateral reinnervation can restore diaphragm

activity after phrenicotomy. Electromyographic PeEn represents a new, distinctive
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assessment characterizing intramuscular function following denervation and

reinnervation.

Introduction

Amongst all respiratory muscles, the diaphragm is the most important to ensure

respiration. Uni- or bilateral diaphragmatic paralysis impairs breathing function

and frequently results in respiratory failure. Besides idiopathic causes such as

trauma, surgery, tumors, spinal cord injuries, neuromuscular disorders,

chiropractic manipulations and infective neuropathies are the most common

etiologic factors involved [1–4]. However, reinnervation can restore diaphrag-

matic function. In a study from Douglas and Calgett 6 of 40 patients with

idiopathic unilateral diaphragmatic paralysis spontaneously recovered after 2 to

19 years [5]. In newborns, spontaneous reinnervation of unilateral diaphragmatic

paralysis caused by phrenic nerve birth damage has been described in 5 of 23

patients within 1 month [6]. Main neural input to the diaphragm is provided by

the phrenic nerve. However, parts of the crural regions, both in humans and rats,

are innervated by the accessory phrenic nerve [7–8]. In humans, the accessory

phrenic nerve is anatomically present in 53–61% of individuals and usually joins

the main phrenic nerve anterior to the subclavian vein [9–10]. In rats, the

accessory phrenic nerve has an incidence of 84%, derives from C6 and joins the

phrenic nerve below the first rib [7]. After phrenicotomy only the mid-costal and

sternal parts of the diaphragm are paralyzed, while innervation of the crural

diaphragmatic region is maintained by the accessory phrenic nerve [8]. In case of

phrenic nerve denervation it seems feasible that collateral reinnervation and

therefore muscular reinnervation improving diaphragmatic muscular strength,

can originate from the accessory phrenic nerve. In a patient, resection of a cervical

accessory phrenic nerve Schwannoma resulted in a partial paralysis of the crural

part of the respective hemidiaphragm. As a result of collateral reinnervation of the

crural diaphragmatic fibers, a significant improvement of the vital capacity of the

patient was observed after 6 months [11]. This rehabilitation potential of the

double-innervated diaphragm was the basis of the here electrophysiologically

studied effects of denervation and reinnervation thereafter.

One of the main electrophysiologic diagnostic tools to identify and characterize

neuromuscular dysfunctions is electromyography [12] which has mostly been

evaluated by amplitudes and frequency analysis. However, more sophisticated

analysis methods seem to be more adequate for the quantitative assessment of

muscular function. Especially non-linear entropy based approaches hold promise

for quantification of the complexity of functional physiological processes induced

by changes of underlying neuromuscular plasticity during denervation and

reinnervation. The present investigation evaluates electromyographic permutation

entropy (PeEn) to indicate denervation and reinnervation of the diaphragm. PeEn
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allows a reliable analysis of short and disturbed signals and it is expected to

represent an expedient approach of electromyographic signals. Electromyographic

quantification of denervation and reinnervation is of clinical interest, since

denervation and reinnervation are etiologic for various chronic neuropathies, e.g.

diabetes mellitus, Guillain-Barré-Syndrome or amyotrophic lateral sclerosis [13–

14] in which electromyography is a main diagnostic tool. We hypothesize that

reinnervation with forming larger motor units (fiber type grouping) by branching

of the accessory phrenic nerve nerve axons to the denervated muscle fibers leads to

a higher complexity of the neuromuscular network structure and therefore higher

entropy values.

Materials and Methods

This study was performed in strict accordance with the recommendations in the

‘‘Guide for the Care and Use of Laboratory Animals of the National Institutes of

Health’’. Governmental approval of the study was obtained (Regierung von

Oberbayern, Munich, Germany AZ 55.2-1-54-2531-115-08). Thirty-three male

Sprague Dawley rats (Charles River GmbH, Kisslegg, Germany, 280–330 g) were

allowed to accommodate in our animal facility under a 12:12-h light-dark cycle

with free access to standard rat chow and water for at least 7 days. Body weight

was measured daily. Relevant data are available at Dryad: doi:10.5061/

dryad.p725k.

Study design

The animals were randomly assigned to one of the four subgroups according to 1

(n56), 3 (n56), 9 (n56), 27 (n56) and 81 (n510) days after denervation. All

rats randomly received either right or left cervical phrenicotomy (termed

‘‘denervated’’) as previously described [15]. The contralateral side of the

diaphragm was left intact and served as control, termed ‘‘non-denervated’’. The

central tendon of the diaphragm as a connective tissue sheet electrophysiologically

separates both hemidiaphragms. This allows contralateral recordings to remain

independent from recordings of the denervated side [4]. At the respective day

after denervation, in vivo electromyographic activity of the diaphragm was

recorded. Immediately afterwards the anesthetized rats were killed by exsangui-

nation and specimens of both hemidiaphragms were obtained for histologic fiber

type classification.

Anesthesia and vital parameters

For the phrenicotomy operation, animals were anesthetized with isoflurane in a

plexiglas chamber. Once anesthetized, the animals were endotracheally intubated

and mechanically ventilated with oxygen in air (ratio 1:2), while anesthesia was

maintained with isoflurane (inspiratory fraction: 1.0 Vol%) and fentanyl i.v.

Electromyographic Entropy Analysis Indicates Denervation/Reinnervation

PLOS ONE | DOI:10.1371/journal.pone.0115754 December 22, 2014 3 / 13



(50 mg/kg via the crural penile vein). After surgery, animals were extubated and

allowed to recover for 2 h before being returned to their cages.

For the electromyographic recordings, anesthesia at the respective day was also

induced by inhalation of isoflurane in a plexiglas chamber. After loss of

consciousness, the rats were endotracheally intubated while breathing sponta-

neously oxygen in air (ratio 1:2). To preserve spontaneous breathing for the

electromyographic recordings, anesthesia was maintained with 1.0 Vol%

isoflurane. Rectal temperature was controlled between 36.8–37.2 C̊ using a heating

lamp. After electromyographic recordings, the animals were killed by exsangui-

nation. Subsequently, both hemidiaphragms were excised, and one specimen each

from the sternal, mid-costal and crural area was taken from both hemidiaphragms

and rapidly frozen in isopentane precooled by liquid nitrogen for histologic

analysis.

Surgical procedure

Unilateral phrenicotomy was performed randomly either on the right or left side

in the neck area. To prevent direct reinnervation, approximately 20 mm of the

phrenic nerve were transected beneath the sternomastoid muscle and both, the

proximal and distal nerve stump, were separated and cauterized as previously

described [15–16]. During this procedure, the accessory phrenic nerve remained

unaffected.

Quantitative electromyography in vivo

For recording the bilateral electromyographic activity of the diaphragm, the rats

were laparatomized and the diaphragm exposed. Pairs of monopolar platinum

needle electrodes (0.76 mm diameter, model 515015, Schwarzer, Munich,

Germany) were placed into the right and left hemidiaphragm.

A four-channel electromyogram was recorded at a sampling rate of 44.1 kHz

consecutively on the sternal, mid-costal and crural part of the denervated side and

on the mid-costal part of the contralateral hemidiaphragm, the control, using

differential amplifiers (AC/DC Strain Gage Amplifier, model P122 rackmount

style, Grass Technologies, West Warwick, Rhode Island, USA). Voltage gain was

adjusted for each recording to utilize the amplifiers dynamic range.

Electromyographic activity was monitored via an oscilloscope (digital 4-channel

oscilloscope, model DPO2014, Tektronix, Beaverton, Oregon, USA) and

continuously recorded during spontaneous breathing for 20 seconds at a

minimum (see Fig. 1).

Non-linear Permutation Entropy

Permutation Entropy (PeEn) has been presented by Bandt et al. in 2002 as a

measure of the irregularity of signals based on a comparison of the neighboring

order of signal values [17]. PeEn was already introduced as an effective
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electroencephalographic measure indicating consciousness and unconsciousness

during general anesthesia [18–20]. In the present analysis, PeEn was calculated for

the characterization of electromyographic signals for quantitative assessment of

reinnervation-induced irregularities. PeEn analyzes consecutive sequences

xi~fx(i),x(izl), . . . ,x(iz(m{1)l)g (i[f1, . . . ,N{(m{1)lg) with respect to

embedding parameters m (dimension) and l (time lag) in the analyzed signal

(x~fx(1),x(2), . . . ,x(N)g) of length N. The order of samples in every sequence

according to their amplitudes is computed and defines permutations of order m.

PeEn is given by the Shannon entropy of the distribution of the obtained

permutations and quantifies the monotone behavior of adjacent signal

amplitudes. Therefore PeEn remains independent from absolute amplitude values

(e.g. voltage gain in electromyographic recordings). A key advantage of the non-

Fig. 1. Spontaneous electromyographic activity of a non-denervated (A) and denervated sternal (B),
mid-costal (C) and crural (D) hemidiaphragm 1 day after phrenicotomy. While the non-denervated
hemidiaphragm shows characteristic, inspiration-related electromyographic bursts (gray areas; manually
labelled), on the denervated side mainly electrocardiographic traces were observed. Burst epochs were
manually identified and used for electromyographic analysis (A, B: grey intervals). Otherwise, if burst epochs
were not clearly identifiable, the complete recording was included in analysis (B, C).

doi:10.1371/journal.pone.0115754.g001
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parametric PeEn over parametric analysis methods is its robustness against

artifacts, signal distortions and poorly known characteristics of the underlying

dynamics which makes this approach comparatively robust to a specific selection

of embedding parameters (dimension m, time lag l). Furthermore it provides a

reliable analysis of a short time series even if generated by high dimensional

systems [19, 21–22]. Therefore, PeEn may represent an expedient method to

quantify the complexity of the neuromuscular network structure and therefore to

indicate effects of denervation and reinnervation in the electromyogram.

For electromyographic analysis, the frequency f805173 Hz (mean value over all

signals) splitting the spectral power at 80% below f80 and 20% above f80 was used

to determine the high edge frequency. To reduce influence of the electrocardio-

gram as included in the electromyographic recordings a low edge frequency of

10 Hz was considered for analysis. This information was used to provide an

appropriate frequency range (fl to fh) and sampling frequency fs for PeEn

calculation.

Burst epochs used for electromyographic analysis were identified manually

(Fig. 1A, D). If bursts were not clearly identifiable, the complete recording was

analyzed (Fig. 1B, C). Primary analysis of PeEn was performed after band pass

filtering between fl510 Hz and fh5170 Hz (digital Butterworth filters of 3rd

order) and down sampling at fs5400 Hz. The embedding dimension m57 was

chosen to reflect ‘‘high dimensionality’’ of the generating process, even if short

burst epochs of around 500 ms may cause a bias at m.4 [19, 21] in estimation of

PeEn. Time lag l53 provides a suitable deployment of trajectories (i.e.

independency of consecutive samples) in the phase space [21].

A secondary analysis was performed to verify robustness of the results at

different scales and frequency settings of PeEn. Therefore, PeEn was calculated

after filtering with fl50.5 Hz–20 Hz, fh5100 Hz–400 Hz (fs5400 Hz–1 kHz),

m54–7 and l51–5.

For statistical analysis, one mean value of PeEn for each electromyographic

recording was used. Signal processing was performed using LabView 6.0 (National

Instruments, Austin, TX) on a Windows 7 platform (Microsoft Corporation,

Redmond, WA).

Fiber type classification

10 mm cryosections from both hemidiaphragms were obtained from each rat,

sampling sternal, mid-costal and crural area of the diaphragm. After preincuba-

tion at pH 9.4 and 4.5, sections were enzyme-histochemically stained for

myofibrillar ATPase [23]. Based on the staining pattern, muscle fibers were

classified as type 1 (5slow), 2a (fast), 2b or 2x (fast). Three visual fields in the

respective area of each hemidiaphragm were examined for groups of the same

muscle fiber type (fiber type groupings), a histological parameter for reinnerva-

tion (model AxioVision 3.1; Carl Zeiss, Oberkochen, Germany) [24].
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Statistical analyses

The electromyographic data reported are median and interquartile ranges of PeEn

which was statistically analyzed with SPSS 11.0 (SPSS Inc., Chicago, IL) and R

2.15.2 (R Foundation, Vienna, Austria) on a Windows 7 platform. Effects of

denervation and consecutive reinnervation were identified using a quantile

regression (linear model based on median), where uncertainty of the slope

parameter was estimated at threshold p,0.05 (Bonferroni correction). Differences

of PeEn between day 1 vs. non-denervated side and day 1 vs. day 81 were

indicated using a Mann-Whitney-U test at threshold p,0.05 (Bonferroni

correction). The effect of time (day 1 to day 81) on PeEn within the non-

denervated was evaluated using a Kruskal-Wallis test at threshold p,0.05.

Changes of fiber type grouping were evaluated for myofibrillar ATPase stainings

and analyzed by ax2-test at threshold p,0.05 (Fisher’s exact test).

Results

One animal of the 27 days group died 12 days after the phrenicotomy due to

unknown reasons. Body weight increased continuously during the 81 days in all

animals with no effect of denervation/reinnervation.

Clinical observation of reinnervation

The non-denervated side showed typical rhythmic phases of contraction of the

complete hemidiaphragm. A remaining contraction of the crural area of the

denervated hemidiaphragm was visually observed in 4 of the 6 rats of the day 1, 3

and 9 group, respectively at the time of laparotomy. After 27 days, contractions of

the phrenicotomized hemidiaphragms were seen in the crural and mid-costal

regions in 4 of the 5 rats. After 81 days, 8 of 10 rats showed contractions of the

initially denervated side with no visual difference to the non-denervated side.

Histologic signs of reinnervation

Fig. 2 exemplarily shows a fiber type grouping in one rat as a sign of reinnervation

(81 days after phrenicotomy in the mid-costal area). Fiber type grouping was

observed in 20% of rats in the mid-costal and 40% in crural parts of the

phrenicotomized hemidiaphragms after 27 days and in 80% and 90% after 81

days, respectively (Table 1). No fiber type grouping was observed in the sternal

parts of the phrenicotomized hemidiaphragms and in the non-denervated

hemidiaphragm.

Permutation Entropy

After phrenicotomy, 25 of 33 rats (76%), showed PeEn values comparable to the

non-denervated side in the crural hemidiaphragms indicating the presence of an

accessory phrenic nerve (Fig. 3). As shown in Table 2 on day 1, PeEn was
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significantly reduced in the sternal and mid-costal hemidiaphragm compared to

the non-denervated hemidiaphragm whereas PeEn of the crural area remained

unchanged. While PeEn of the mid-costal area showed increased values over the

time course of reinnervation until reaching the level of non-denervated side, PeEn

of the sternal area remained decreased (Table 2 and Fig. 3).

Additionally, PeEn was calculated at different settings, including low cut off

frequencies fl between 0.5 Hz and 20 Hz, high cut off frequencies fh between

100 Hz and 400 Hz (adapted fs5400 Hz to 1 kHz), dimensions m between 4 and

7, and time lags l between 1 and 5. Effects of denervation and consecutive

reinnervation on PeEn remain consistent through the different settings at

uncorrected threshold p,0.05 (PeEn sternal and mid-costal day 1 vs. non-

denervated side; PeEn mid-costal day 1 vs. day 81).

Discussion

This study demonstrates the successful implemention of PeEn, a method

developed to provide reliable analysis of short and disturbed signals, to quantify

denervation and reinnervation of the diaphragm.

Reinnervation of a muscle can be attributed to two mechanisms: outgrowth of a

new motor axon back to its denervated muscle or terminal axon sprouting from

Fig. 2. Exemplarily fiber type grouping in one rat as a histologic parameter of reinnervation (81 days
after phrenicotomy in the mid-costal area).

doi:10.1371/journal.pone.0115754.g002

Table 1. Fiber type grouping during reinnervation after 1, 3, 9, 27 and 81 days of phrenicotomy.

Fiber type grouping Day 1 Day 3 Day 9 Day 27 Day 81 Non-denervated

Sternal 0% 0% 0% 0% 0% 0%

Mid-costal 0% 0% 0% 20% 80%* (p50.047) 0%

Crural 0% 0% 0% 40% 90% (p50.074) 0%

Percentage of subjects showing fiber type grouping in hemidiaphragms during reinnervation.
*: Significant difference in the mid-costal area at day 27 vs. day 81 (threshold p,0.05).

doi:10.1371/journal.pone.0115754.t001
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adjacent intact motor units into the denervated fibers [25]. Removal of 20 mm of

the phrenic nerve and cauterization of the proximal and distal nerve stump

renders a direct reinnervation in this previously described model unlikely [7, 15–

16]. Moreover, a vice versa collateral reinnervation of crural parts of the

diaphragm via the main phrenic nerve has previously been described after

resection of the accessory phrenic nerve [11]. Since reinnervation in this study

occurred from crural towards sternal, it can be postulated that reinnervation

rather originated from the accessory phrenic nerve, when present [7]. The

presence of an accessory phrenic nerve innervating the crural parts of the

diaphragm could be demonstrated in 76% of our rats. Since PeEn values in 10 of

the 33 rats were significantly reduced in the crural part of the phrenicotomized

hemidiaphragm, a possibility of collateral reinnervation can be excluded due to a

missing dual innervation.

Fig. 3. Median, interquartile ranges, values (+) and quantile regression (dashed line) of normalized permutation entropy (PeEn) values in the
sternal (A), mid-costal (B) and crural (C) area 1–81 days after phrenicotomy such as in the non-denervated side (grey area: minimum and
maximum). *: Significant increase of PeEn from day 1 to day 81 (quantile regression, threshold p,0.05).

doi:10.1371/journal.pone.0115754.g003

Table 2. Normalized permutation entropy (PeEn) at the sternal, mid-costal and crural area 1, 3, 9, 27 and 81 days after phrenicotomy such as in the non-
denervated side.

PeEn Day 1 Day 3 Day 9 Day 27 Day 81 Day 1–81 regression Non-denervated

I: intercept, S: slope (day 1–81)

Sternal 0.69; 0.66–0.75#

(p50.01)
0.76; 0.68–
0.79

0.75; 0.69–
0.76

0.76; 0.69–
0.82

0.77; 0.70–0.81
(p50.28)

I: 0.71; S: 0.014
(p50.48)

0.84; 0.78–0.90
(p51.00)

Mid-costal 0.68; 0.66–0.72#

(p50.00)
0.75; 0.71–
0.78

0.76; 0.72–
0.77

0.77; 0.76–
0.84

0.84; 0.77–0.861

(p50.00)
I: 0.69; S: 0.036*
(p50.00)

Crural 0.79; 0.72–0.86
(p50.24)

0.80; 0.74–
0.84

0.81; 0.69–
0.84

0.83; 0.80–
0.86

0.84; 0.80–0.85
(p51.00)

I: 0.79; S: 0.013
(p50.39)

Day 1, 3, 9, 27, 81 and non-denervated side: Median values and interquartile ranges of normalized permutation entropy (PeEn). Day 1–81 regression:
Intercept and slope of quantile regression model including 95% confidence intervals. #: Significant difference between PeEn at day 1 vs. PeEn at non-
denervated hemidiagphragm (corrected threshold p,0.05), 1: Significant difference between PeEn at day 1 vs. PeEn at day 81 (corrected threshold
p,0.05). *: Significant slope of quantile regression between time after phrenicotomy and PeEn (corrected threshold p,0.05).

doi:10.1371/journal.pone.0115754.t002
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This study used an established model of unilateral phrenic nerve denervation,

in which reinnervation has previously been confirmed by Gottschall et al. and

Lullmann-Rauch [7, 15]. In addition we could provide histologic evidence of

reinnervation in the form of fiber type grouping. However, none of these

parameters are able to express the complex interactions across the neural and

muscular network. The electromyogram measures comprises the intramuscular

activity by detecting the compound motor action potential evoked by the

accessory and main phrenic nerve. Thus the recorded electrical response (change

in voltage) reflects a functional state of neuromuscular transmission. So far,

electromyographic analysis is a clinically established method to indicate

neuromuscular disorders [12] and represents a promising method to quantify the

intramuscular effects of denervation and reinnervation. The diaphragm is a

unique mammalian skeletal muscle with an equal proportion of slow and fast

fibers providing highly resistance to fatigue and ensure continuous activity. Also

unique is the necessity to adapt to various physiological conditions such as

physical exercise [26]. Since the diaphragm is a skeletal muscle with arguably

more than one nerval innervation, collateral reinnervation in case of muscular

denervation is possible. Having the different muscle fiber composition in mind,

these results can be transferred to at least a certain amount to all double

innervated skeletal muscles. Quantitative analysis of the electromyographic signal

can be performed by using different mathematical methods. Frequency analysis

based on the Fourier spectrum e.g. provides a linear decomposition of the signal

into its frequency content from which dominant frequencies can be identified. In

clinical studies lower mean frequencies were usually detected in muscles of

patients with neuropathies whereas in patients with myopathies, a shift towards

higher elctromyographic frequencies has been reported [27]. Higher median

frequencies in the diaphragmatic elctromyogram of elderly patients are associated

with the recruitment of larger motor units [28]. However, changes of the

frequency spectrum reflect only linear properties of the complex underlying

neuromuscular dynamics. Furthermore, spectral analysis is sensitive to signal

noise (e.g. electrocardiogram) and distortions (e.g. amplitude scales). Non-linear

measures can detect additional information beyond linear randomness of the

myographic activity which is related to the neuromuscular network structure. In

electroencephalogram analysis, non-linear entropy plays a significant role in

characterizing the complex interactions across the neuronal network by

quantifying the order/disorder of a time series [18–20, 29–31]. In general,

information theoretical approaches as used by entropy analysis indicate

‘‘information content’’ in a signal which is related to the amount of microstates in

the underlying dynamic system. Approximate entropy could detect signal changes

caused by progressive muscle fatigue and in the motor unit activity in patients

with amyotrophic lateral sclerosis [32–35]. However, since approximate entropy

underlies several limitations caused by the high dimensionality of signals and

restricted analysis periods, non-parametric entropy measures were introduced

representing an expedient approach to analyze physiological processes. We used

PeEn as a robust measure of ‘‘signal complexity’’ in order to detect neural

Electromyographic Entropy Analysis Indicates Denervation/Reinnervation

PLOS ONE | DOI:10.1371/journal.pone.0115754 December 22, 2014 10 / 13



mechanisms of innervation, denervation and reinnervation. Therefore, PeEn

values in the crural area of the diaphragm which were still innervated by the

accessory phrenic nerve after phrenicotomy, remained within the normal range of

the non-denervated hemidiaphragm. In contrast, PeEn in the mid-costal and

sternal area was significantly decreased on day 1. As recruitment of larger motor

units by a branching of the accessory phrenic nerve axons to the denervated

muscle fibers progresses, the higher complexity of the neuromuscular network

structure correlates with increasing entropy values. This can be demonstrated

especially in the mid-costal area of the hemidiaphragm, where the significant

increase of PeEn over time to normal values on day 81 demonstrates the

electromyographic sign of gradual reinnervation. Although 8 of 10 rats clinically

showed a contraction of the complete diaphragm 81 days after denervation,

sternal PeEn could not detect a significant increase in values up to day 81

(Fig. 3A). This could be due to the fact that even though contractions were

possible, the sternal area was not completely reinnervated; a fact which is

consistent with our histological findings.

PeEn provides a robust estimate of denervation and reinnervation of the

diaphragm as the obtained results were consistent over a broad interval of

frequency bandwidth and embedding parameters. This observation is consistent

with previous investigations using PeEn as a robust marker of consciousness and

unconsciousness in electroencephalogram [19–20]. Therefore, PeEn seems to be

suitable to reflect changes in physiological processes even if specific characteristics

of the generating dynamic are still poorly understood (e.g. electroencephalogram,

electromyogram).

Limitations

The present analysis may be affected by background noise (mainly electro-

cardiogram) overlapping the electromyographic signals. Because recordings were

performed successively on the specific areas a source separation of the

electrocardiogram was not properly applicable. However, PeEn may show reliable

results because of its robustness against amplitude outliers as given by

electrocardiographic peaks. Furthermore, a statistical evaluation considering

different parameters beside of PeEn to quantify denervation and reinnervation

was not considered because of the relatively small sample size available. In the

study PeEn represents a ‘‘proof of concept’’ to reliably indicate effects of

denervation. Further investigations are required to identify electromyographic

markers that are most suited to indicate denervation.

In summary, the application of PeEn on an electromyographic signal seems to

be a new, distinctive measurement tool to characterize intramuscular processes

following denervation and reinnervation.
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