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Abstract 
 

Introduction: In patients with recurring arrhythmias after myocardial infarction, suppression of the sympathetic 

innervation of the heart can be a solution. A stellate ganglion block can provide this suppression, but first it 

needs to be determined if the arrhythmias are caused by overstimulation of the sympathetic nervous system. 

This could be proven by a temporary block of the stellate ganglion. To make sure that the temporary block 

works and suppresses the sympathetic activity, the nerve activity is measured. This can be done with skin 

sympathetic nerve activity (SKNA) measurements. This study aimed to determine the influence of sex, Body 

Mass Index (BMI), and electrode location on these measurements. 

Materials and methods: In this study, the SKNA signals of six different lead positions were measured on 47 
healthy participants. Stationary wavelet denoising was used to denoise the filtered SKNA signal. The different 
lead positions were compared on signal-to-noise ratios (SNR). The lead with the highest SNR was selected to 
test the statistical significance of the differences between BMI groups and sex. 
Results: It was found that the thorax leads had a better SNR than the arm leads. Thorax lead II and III were the 
best lead positions for measuring SKNA in this research population, based on the SNR. BMI and sex were found 
to have a statistically significant difference between groups, although interactions could not be tested.  

Conclusion: Future research on SKNA measurements can best be done with electrode positions on 
the chest. There is an indication that BMI and sex have some influence on the SKNA signal, but 

because of the nonrepresentative study population, definitive conclusions cannot be made. These influences 
need to be investigated further with a larger and more representative study population. 
 

Introduction 
 

In 2020, cardiovascular disease was the second cause of death in the Netherlands. In 2020 alone, 36 thousand 

people died due to cardiovascular disease and 13% of these deaths could be attributed to myocardial infarction 

(MI) [1]. However, even if a patient survives an MI, a patient can suffer from long-term consequences. One of 

these long-term consequences is the development of ventricular arrhythmias (VAs), caused by progressive 

remodelling of the myocardium [2]. The current treatment for these persistent VAs consists of medication 

(beta blockers), ablation, and/or an implantable cardioverter-defibrillator [3]. However, in some cases, patients 

experience recurring arrhythmias even after they have received these treatments, which can have a large 

impact on the patients’ quality of life. 

 
In recent years, studies have shown that in patients suffering from heart failure (HF) or MI, the autonomic 

innervation of the heart is often disturbed. This results in an increase in the sympathetic tone. This increase can 

be ascribed to several pathological mechanisms in the control and activation of the sympathetic nervous 

system [4]. The increase in sympathetic stimulation has several effects in patients with HF and MI. In 

combination with altered parasympathetic activity, this can increase the risk of atrial fibrillation. An increase in 

sympathetic tone has also been shown to precede instances of ventricular tachycardia [5]. 

 
The treatment of recurrent VAs sometimes fails because the arrhythmias are caused by increased sympathetic 

activity. However, recently, studies have shown that a block of the sympathetic innervation of the heart could 

be an effective way to treat these recurrent VAs. In this treatment, the stellate ganglion, which provides the 

sympathetic innervation of the ventricles, is blocked [6,7]. To test if a complete block could be beneficial for a 

given patient, a temporary block can be performed. In this procedure, an anesthetic is injected into the stellate 

ganglion to temporarily block the nerves that innervate the ventricles. If this blockade suppresses VAs, this is an 

indication that a permanent surgical block could be beneficial [6]. However, if a temporary block does not 

alleviate the arrhythmias, it is not possible to differentiate whether there is an incomplete block or that there is 

another cause for the VAs. 
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To ascertain that VAs are caused by an increased sympathetic tone, the sympathetic nerve activity must be 

measured. Common ways to measure the autonomic activity are measuring the heart rate variability or 

measuring the nerve activity using microneurography. However, these methods have important limitations. 

Microneurography of the stellate ganglion is invasive, and heart rate variability is not always a representative 

estimate of sympathetic activity if the patient already takes drugs or treatment that influences measured 

activity [8]. Because of this, there is need for a way to measure the sympathetic nerve activity in a non-invasive 

and accurate way. 

 
Recently, Robinson et al. have hypothesised that measurements of the sympathetic nerve activity of 
dermatomes that are innervated via the stellate ganglion, C5, and T1, correlate to the sympathetic activity in 
the stellate ganglion (SGNA). This hypothesis was proven in a study with dogs, where the researchers found 
that subcutaneous nerve activity (SCNA) closely correlates with SGNA [9]. Taking it a step further, Doytchinova 
et al. also found a close correlation between SKNA and SCNA and SGNA. Furthermore, they stated that “it is 
reasonable to hypothesize that SKNA of the thorax or upper limbs can be used to estimate stellate ganglion 
nerve activity” [10]. This is a reasonable hypothesis since it is known that sympathetic fibers travel alongside 
somatosensory fibers and that these postganglionic fibers of the upper limb and thorax synapse in the cervical 
and stellate ganglia [11–16]. Jiang et al. concluded that it was possible to estimate the sympathetic activity of 
the stellate ganglion in a representative and non-invasive way by measuring SKNA [17]. With this method, it 
was shown that in patients with spontaneous tachycardia, 73% of the episodes were preceded by SKNA bursts 
within 30 seconds of onset [10].  
 
SKNA measurements are an effective way to measure the sympathetic tone in the stellate ganglion but not 

much is known about the influences of certain variables such as measurement location, BMI, or sex on the 

SKNA signal. Body fat, estimated with BMI, is a variable of interest because certain so-called adipokines can 

stimulate the sympathetic nervous system and raise the sympathetic tone. Researchers have also shown that 

body fat, and especially visceral fat, was associated with sympathetic activation [18,19]. Besides this, it has 

been determined that postganglionic sympathetic nerve firing rate measured with microneurography in obese 

subjects was twice that measured in lean subjects [20]. Sex is also an interesting variable because it is known 

that cardiovascular diseases and their symptoms differ between males and females [21]. Literature also states 

that the parasympathetic activity in females is higher than in males, whereas sympathetic activity is higher in 

males. Electrocardiogram (ECG) characteristics and hormones that influence (para)sympathetic activity also 

differ between the sexes [22,23]. Besides that, no research has yet been done to find the optimal electrode 

position for SKNA measurements.  

To investigate the influence of these variables on the SKNA measurements, we formulated the following 

research question: In healthy individuals, what is the influence of electrode location, BMI, and sex on skin nerve 

activity measurements? We hypothesise that a higher BMI and being male will be associated with an increase 

in average SKNA (aSKNA). There is little evidence concerning the outcomes of different lead positions in SKNA 

measurements, so we cannot give an informed prediction about the influence of lead positions. 

 
Detailed background information of the anatomy, physiology, and pathology of the sympathetic innervation of 

the heart can be found in appendix A. An overview of the acronyms and abbreviations used in this article is 

given in appendix F. 
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Methods  
 

Study design  
A cross-sectional study was started to determine the influence of measurement location, BMI, and sex on the 
SKNA signal. The SKNA measurements of healthy individuals took place in Medisch Spectrum Twente (MST) and 
the study was approved by the ethics committee of the faculty of science and technology and the faculty of 
engineering technology of the University of Twente. All participants were informed with a Dutch information 
letter, added in appendix D, and gave informed consent.  

 
Study population 
47 healthy subjects without any heart condition, neurological condition, or implanted electronic devices were 
included. The first two exclusion criteria are based on the fact that several heart and neurological conditions 
have been shown to alter sympathetic activity, thus being a possible covariate in the relationship between BMI 
or sex and SKNA [4,24–27]. Electronic implants were also excluded because these can interfere with nerve 
activity, resulting in unusable measurements of SKNA because of its low amplitude. The participants were told 
to refrain from consuming any stimulating drugs, including caffeine, for 12 hours before the experiment as 
these stimulants could have been a covariate as well [28].  

 
Measurement design 
The Mega Electronics ME6000 Biomonitor (Biomonitor) was used for recording biopotentials. We set a sample 

frequency of 9600 Hz which makes it possible to record the high-frequency SKNA without morphological 

disturbance due to aliasing. To determine which lead resulted in the best SNR, six leads were investigated on 

every subject in two separate measurements. In the first measurement, two leads were placed on the left arm 

and one on the thorax. For the second measurement, two electrodes were spread across the left arm as far as 

the equipment allowed, approximately 20 cm, and two more thorax leads were used. See figure 1 for the lead 

configurations.  

 
Not much is known about the dermatomes corresponding to the different ganglia other than that they are 
much more extensive and complex compared to the sensory dermatomes. We investigated three leads on the 
medial side of the left arm when in supination because these C5 and T1 somatosensory dermatomes are 
hypothetically innervated by sympathetic fibers originating from the stellate ganglion [15,16]. The subjects 
were placed in a supine position. The measurements started with a minute of laying still, followed by a 15-
second Valsalva manoeuvre, followed by another minute of rest and a 15-second Valsalva manoeuvre, and 
ended with 30 seconds of rest. Valsalva manoeuvre was implemented to make sure that the measurements 
contained the right signal. In Valsalva manoeuvre the SKNA signal will increase, and thus when no increase is 
seen, we cannot be certain that the correct signal is measured [10]. The order of measurement was switched in 
half of the study population. Schematic representations of the measurements and electrode positions can be 
found in figure 1. 

 

 

 

 

  
 
 
 

 

 

 

Figure 1b, schematic representation of the lead 
configuration for the first measurement. 

Figure 1c, schematic representation of the lead 
configuration for the second measurement. 

 

Figure 1a: schematic representation of time management during the measurements, vals. = Valsalva 
manoeuvre. Time in minutes. 



 

4 
 

Data analysis 
MathWorks MATLAB R2022a software was used for the analysis of the data. To isolate the ECG signal from the 
raw measurement, a band-pass filter between 0.5 and 150 Hz and a notch filter to eliminate 50 Hz powerline 
interference were used. A band-pass filter between 500 and 1000 Hz was used to isolate SKNA. The SKNA 
bursts, which are the result of synchronous conduction of action potentials through peripheral sympathetic 
nerves, can be absorbed in this background noise due to their small amplitude of only a few microvolts [29–31]. 
This noise is produced by internal anatomical, biochemical, and physiological factors that take place in the skin, 
or in the muscles beneath it. This noise has a gaussian distribution because it is stochastic [31–34]. The 
disadvantage of conventional filters is that it is based on known differences between the frequency spectrum 
characteristics of noise and signal and that the noise in the frequency range of the signal of interest cannot be 
removed [35]. This means that filtering either does not completely eliminate noise, or that it is too aggressive 
in respect of the signal [29]. A wavelet denoising algorithm overcomes this problem because it can remove 
background Gaussian-distributed noise from the signal spectrum by formulating an accurate threshold [31]. 
This is because the deterministic neuronal signal only contributes to a few wavelet levels, while the stochastic 
noise contributes homogeneously to all coefficients and with a lower amplitude. A stationary wavelet denoising 
algorithm with a Haar mother wavelet, Han et al. level-dependent hard thresholding, and four decomposition 
levels were used to denoise the filtered SKNA signal. The Haar mother wavelet was used because of its ability 
to preserve the morphology of the signal and of its higher resulting SNR. A hard thresholding method was used, 
because this method does not change the spike amplitude after reconstruction, whereas soft thresholding 
lowers the amplitude [29]. Baldazzi et al. concluded that the most effective threshold for denoising neural 
signal is a Han et al. level dependent threshold [31,36]. Furthermore, four-level decomposition covers the 
whole 500 to 1000 Hz band-passed signal. After four levels the approximation level will already be in the 
frequency range of 0 to 300 Hz. Using more than four levels of decomposition will not be useful because the 
additional levels would be outside the frequency range of SKNA (500 – 1000 Hz). All these choices are based on 
literature and our own findings. A more detailed foundation for these choices is elaborated on in appendix B. 
 
The SNR of each lead was then calculated from the average burst activity in the denoised signal and the 
variance of the eliminated noise, according to equation 1. The average voltage during a certain period was 
calculated according to equation 2. 
 

 SNR = √
aSKNAvals

2

varnoise
2        (1) 

 
with aSKNAvals the average voltage during both Valsalva manoeuvres in the denoised signal and varnoise the 
variance of the noise that was eliminated by the wavelet denoising method. 
 

 aSKNA =
∑ SKNA𝑖
N
𝑖=1  

N
       (2) 

 
with SKNA𝑖  the voltage of sample 𝑖 and N the total amount of samples. 
 
To analyse the influence of BMI and sex on SKNA measurements, the average voltage during both Valsalva 
manoeuvres as well as during the rest periods were used as the first two outcome measures. The third 
outcome measure was the difference in aSKNA between rest and Valsalva manoeuvre intervals as described in 
equation 3. 
 

ΔaSKNA = aSKNAvals − aSKNArest     (3) 
 
with aSKNAvals the average SKNA during Valsalva and aSKNArest the average SKNA during the rest periods. 
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Statistical analysis 
All outcome measures and independent variables were tested for normality with skewness and kurtosis tests. 

These tests showed that not all data was normally distributed. Therefore, non-parametric statistical tests were 

used for most comparisons. The Friedman test was used to determine statistically significant differences in SNR 

between the six leads. If this difference was found, the Wilcoxon signed-rank test was used for a pairwise 

comparison of the leads to determine which leads were statistically different. The Kruskal-Wallis test was used 

to determine the statistical significance of the differences in outcome measures between the BMI and sex 

groups. When these differences existed, a pairwise comparison between groups was made.  

 
Because BMI was found to be normally distributed in our study population, an independent T-test was used to 
test for statistically significant differences in BMI between the males and females in the study population. Age 
was not found to be normally distributed, so to test for statistically significant differences in mean age between 
males and females, a Mann-Whitney non-parametric test was used. 

To determine the statistical significance of the difference in SNR between the six leads, we used the Friedman 
test, a non-parametric test for repeated measurements. This test is suitable for the comparison of SNR 
between the leads because all six lead locations were investigated on every subject, the outcome variable 
(SNR) is continuous, and the data does not have to be normally distributed. The Friedman test only determines 
whether there is a significant difference between the groups, but it does not determine which leads are 
significantly different [37]. To determine which leads have a significantly different SNR, a pairwise comparison 

using the Wilcoxon signed-rank test with Bonferroni adjustment for multiple tests (15 comparisons, 𝛼 =
0.05

15
=

0.00333) was used. The Wilcoxon signed-rank test was used because it is non-parametric, and it can be used 
for repeated measurements [38].  
 
To test for the statistical significance of the differences in the three outcome measures (aSKNArest, aSKNAvals, 
and ΔaSKNA) in subjects with different BMI, the subjects were divided into BMI groups. These groups were 
underweight (BMI < 18.5), normal weight (BMI 18.5-25), overweight (BMI 25-30), and obese (BMI > 30). Two 
sex groups were used: male and female. The Kruskal-Wallis test was used to determine the statistical 
significance of the differences in outcome measures between the BMI and sex groups. The Kruskal-Wallis test is 
a non-parametric one-way analysis of variance test. This test was used because it does not assume a normal 
distribution of the data [39]. As with the Friedman test, because the Kruskal-Wallis test does not identify 
between which groups the significant difference is located, a pairwise comparison between all groups is used. A 
Bonferroni adjustment for six comparisons was used. 
 
It is likely that there are interactions between BMI and sex, and one would ideally test for this interaction with 
a statistical test. However, our data was not normally distributed, so we could not use parametric tests like 
two-way analysis of variance to test for interaction as these tests assume a normal distribution. Non-
parametric tests, on the other hand, cannot test for interaction because these tests are based on differences in 
mean ranks and do not tell you anything about the absolute size of differences in outcome measures. 
 
A value of 𝑝 < 0.05 was considered a significant result or a Bonferroni adjusted value of 𝑝 < 0.003 for the 
pairwise comparison between leads. The p-values for the pairwise comparison between BMI groups were 
adjusted directly. 
 
A detailed description of the statistical tests that were used is given in Appendix C. 
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Results 
 

Different kinds of artefacts were detected that resulted in unreliable measurements. In some measurements 
the signal stopped before the end of the measurement. This could have multiple explanations; the main one 
being that one of the electrodes fell off, or the electrode did not make enough contact with the skin. In some 
measurements the ECG could not fully be filtered out of the signal, which resulted in noise pulses at a constant 
frequency, consistent with the ECG. However, this is not the signal we are interested in, causing the baseline 
activity of the SKNA to be higher than it should be. The last artefact we encountered was a high frequency 
noise in the raw signal. It is unclear what caused these disturbances, but this signal is not the SKNA signal we 
are interested in.  
 
We saw that the Valsalva manoeuvres often did not lead to an increase in SKNA signal in the arm leads, while it 
did lead to an increase in the thorax leads. In the two measurements we always measured an arm lead 
simultaneously with a thorax lead. For these reasons we decided to exclude measurements when the Valsalva 
manoeuvre did not lead to an increase in the signal of the thorax lead.  
 
For the visual inspection of the measurements, a signal quality index (SQI) was used to determine whether a 
measurement should be included or excluded. Two researchers independently applied the SQI, blind for the 
assessment of the other researcher. If there was a difference between the assessments of the researchers for a 
certain measurement, this measurement was discussed to make a final decision. Figure 2 shows a flowchart of 
the SQI and corresponding excluded measurements. 
 
Examples of measurements that were excluded can be found in Appendix E. 
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Figure 2: Signal Quality Index; visual analysis for inclusion and exclusion. With n being the number of participants, m being 
the number of lead measurements  
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After exclusion based on the SQI, 45 participants and 240 lead measurements were included. Baseline 

characteristics of this research population can be found in table 1. Additionally graphic display of BMI 

distribution in the whole research population, and between the sexes can be found in figure 3. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3a: Boxplot of BMI in total study population       Figure 3b: Boxplot of BMI ordered by sex  

Figure 4 shows an example of a successful SKNA measurement with thorax lead III. An increase in SKNA can be 

seen when the subject performs a Valsalva manoeuvre, while there is little nerve activity being measured 

during the rest periods. In addition, some residual signal from the R-peaks of the ECG in the raw signal can be 

seen in the filtered and denoised SKNA signals. 

 

 
Figure 4: Example of a measurement after signal analysis. From top to bottom: raw signal, band-passed SKNA signal, 
denoised SKNA signal, intergrated SKNA (iSKNA), aSKNA, ECG and heart rate (HR). The Valsalva periods and reference 
periods are indicated. 

 

 Female Male  

 n % n % p 

Subjects 26 58 19 42  
BMI (kg/m2)  

<18,5 2 7,7 0 0  
18,5-25 11 42 14 74  

25-30 9 35 5 26  
>30 4 15 0 0  

Mean (SD) 24.6 (5.0) 23.8 (2.0) 0.475 
Age (years)  

Mean (SD) 29 (13) 23.7 (8.1) 0.462 

Table 1: Research population characteristics, SD = Standard Deviation. 
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Table 2 shows the mean SNR of the six leads. Using the Friedman test, a statistically significant difference in 

SNR between the leads was determined as 𝜒2 = 91, 𝑝 ≪ 0.05. Wilcoxon signed-rank test with Bonferroni 

adjustment for 15 comparisons (𝛼 =
0.05

15
= 0.00333) was used to make a pairwise comparison between the 

different leads, see table 3. 

 
Lead Mean SNR (SD) 

Forearm 0.84 (0.42) 
Upper arm 0.58 (0.34) 
Middle arm 0.91 (0.60) 

Lead I 1.7 (1.0) 
Lead II 2.9 (2.2) 
Lead III 3.3 (2.7) 

Table 2: Average SNR of all leads 

 

 

 

 

 

 

 

 

 

 

Table 4 shows the outcome measures (aSKNArest, aSKNAvals, and ΔaSKNA) of the measurements across 

different BMI groups. Thorax lead II and III were selected to make this comparison because these leads were 

found to have the highest SNR. Table 5 gives the results of the pairwise comparison of BMI groups.  

 
 Underweight Normal weight Overweight Obese p 

Lead II      
   aSKNArest (SD) (μV)  0.076 (0.036) 0.22 (0.14) 0.170 (0.090) 0.17 (0.14) 0.2 
   aSKNAvals (SD) (μV)  5.2 (3.5) 2.4 (1.8) 1.09 (0.99) 0.21 (0.17) 0.003** 
   ΔaSKNA (SD) (μV)  5.0 (3.3) 2.3 (1.7) 1.00 (0.95) 0.14 (0.23) 0.004** 

Lead III      
   aSKNArest (SD) (μV)  0.132 (0.033) 0.23 (0.15) 0.166 (0.079) 0.12 (0.14) 0.2 

aSKNAvals (SD) (μV)  4.00 (0.85) 2.6 (2.1) 1.1 (1.1) 0.23 (0.15) 0.006** 
   ΔaSKNA (SD) (μV)  3.77 (0.82) 2.5 (2.0) 1.0 (1.1) 0.20 (0.16) 0.003** 

Table 4: aSKNArest, aSKNAvals, and 𝛥aSKNA in different BMI groups. 𝑝 < 0.05 is indicated with *, 𝑝 < 0.01 is indicated with 
**. 

 
Obese – 

Overweight  

Obese – 
Normal 
weight 

Obese – 
Underweight  

Overweight – 
Normal 
weight 

Overweight – 
Underweight  

Normal 
weight – 

Underweight  

Lead II       
   aSKNAvals (p) 0.7 0.03* 0.02* 0.9 0.4 1 

   ΔaSKNA (p) 0.9 0.03* 0.03* 0.8 0.3 1 
Lead III       

   aSKNAvals (p) 1 0.06 0.08 0.5 0.5 1 
   ΔaSKNA (p) 1 0.04* 0.08 0.3 0.4 1 

Table 5: Pairwise comparison of aSKNA and ΔaSKNA between different BMI groups, p-values are adjusted with Bonferroni 
adjustment for 6 comparisons. 𝑝 < 0.05 is indicated with *. 

Lead comparison p 

Arm leads 

Forearm – Upper arm < 0.001* 
Forearm – Middle arm 0.7 

Upper arm – Middle arm < 0.001* 

Thorax leads 

Lead I – Lead II < 0.001* 
Lead I – Lead III < 0.001* 
Lead II – Lead III 0.008 

Thorax lead I vs. arm leads 

Lead I - Forearm < 0.001* 
Lead I – Upper arm < 0.001* 
Lead I – Middle arm < 0.001* 

Thorax lead II vs. arm leads 

Lead II – Forearm < 0.001* 
Lead II – Upper arm < 0.001* 
Lead II – Middle arm < 0.001* 

Thorax lead III vs. arm leads 

Lead III – Forearm < 0.001* 
Lead III – Upper arm < 0.001* 
Lead III – Middle arm < 0.001* 

Table 3: Pairwise comparison of SNR between different 
leads, 𝛼 = 0.003 after Bonferroni adjustment. 𝑝 <
0.003 is indicated with *. 
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Table 6 shows aSKNArest, aSKNAvals and ΔaSKNA in males and in females. Again, thorax lead II and III were 

selected because they were found to have the highest SNR. 

 
 Male Female p 

Lead II    

   aSKNA baseline (SD) (μV)  0.23 (0.13) 0.17 (0.12) 0.02* 
   aSKNA Valsalva (SD) (μV)  2.8 (1.8) 1.4 (1.8) 0.004** 

   ΔaSKNA (SD) (μV)  2.6 (1.7) 1.3 (1.7) 0.004** 
Lead III    
   aSKNA baseline (SD) (μV)  0.23 (0.13) 0.18 (0.12) 0.08 
   aSKNA Valsalva (SD) (μV)  2.9 (2.0) 1.5 (1.7) 0.01* 

   ΔaSKNA (SD) (μV)  2.8 (1.9) 1.4 (1.6) 0.005** 

Table 6: aSKNArest, aSKNAvals, and 𝛥aSKNA in males and females. 𝑝 < 0.05 is indicated with *, 𝑝 < 0.01 is indicated with **. 

 

Discussion 
 

SNR of leads 
From table 3 we can conclude that the forearm and middle arm leads had a significantly higher SNR than the 

upper arm lead, but there was no significant difference in SNR between the forearm and the upper arm leads. 

All thorax leads had a significantly higher SNR than all arm leads. These results are consistent with previous 

studies by Doytchinova et al. It became clear that SKNA can be recorded from the thorax of canines and that 

the morphology and magnitude of the SKNA signal correlated to that of the SGNA. In addition, lead II and III 

both had a significantly higher SNR than lead I, but there was no significant difference in SNR between lead II 

and III. It is hard to explain these results because to date, it is generally unknown which skin areas correspond 

to the various sympathetic ganglia, especially in the upper limbs [12,40]. Multiple studies did show that there is 

strong evidence that these areas are more extensive and overlapping than the somatosensory dermatomes 

and that there are large anatomical differences between individuals [15,16]. A possible explanation for the 

lower SNR in the arm leads is that these areas contain a low sympathetic nerve fiber density. But again, to date, 

there is no valid data about autonomic nerve fiber densities throughout the body available to confirm this [41]. 

During visual inspection of the measurements, very few arm lead measurements showed an increase in SKNA 

during the Valsalva periods. This could indicate that the chosen lead positions did not correspond to 

dermatomes that are innervated by the stellate ganglion. 

 

aSKNA and BMI 
The results in table 4 show that in both lead II and III, there was a statistically significant difference in aSKNA 
during Valsalva and ΔaSKNA between the different BMI groups, but not in aSKNA during rest. There seems to 
be a trend between BMI and aSKNA during Valsalva: a higher BMI results in a lower aSKNA during Valsalva and 
a lower ΔaSKNA. From table 5 we can derive that there was a significantly lower aSKNA during Valsalva and 
ΔaSKNA in obese subjects when compared to underweight and normal weight subjects in lead II. In lead III, only 
a significant increase in ΔaSKNA in obese subjects when compared to normal weight subjects was found. These 
findings contradict our hypothesis, which is based on previous studies that have shown that the amount of 
white adipose tissue can increase sympathetic activity [18–20]. A deeper look into the SKNA signal is necessary 
to explain this.  
 
Different subdivisions of sympathetic nerve activity can be distinguished, the two main components being 
muscle sympathetic nerve activity (MSNA) and skin sympathetic nerve activity (SSNA) [42]. Note that SSNA in 
the context of microneurography does not refer to the same nerve activity as the skin sympathetic nerve 
activity (SKNA) that has been investigated in this study. For example, MSNA is inducible by performing a 
Valsalva manoeuvre or by holding one’s breath, while SSNA does not respond to these stimuli [43]. The SKNA 
that was measured for this study consistently increased during the execution of Valsalva manoeuvres, leading 
to the hypothesis that SKNA mainly contains MSNA. However, SKNA also shows some asynchronous, seemingly 
random burst activity, which is more indicative of SSNA [42]. Most likely, SKNA contains both MSNA and SSNA.  
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A possible explanation for the unexpected correlation between BMI and aSKNA is that the increase of MSNA 
during Valsalva is damped because subjects with a higher BMI have more subcutaneous fat acting as an isolator 
between the electrodes and the muscle sympathetic nerves beneath the dermis, while the SSNA does not 
increase [44]. There was no significant difference in baseline SKNA between the BMI groups.  
 

aSKNA and sex 
The results in table 6 show a statistically significant greater aSKNA during rest in males compared to females in 
lead II, but this was not replicated in lead III. In lead II and III, there was a statistically significant difference in 
aSKNA during Valsalva and ΔaSKNA between the sexes, with males having higher values. These results are 
consistent with the effect of different sex hormones on the autonomic nervous system: a greater sympathetic 
activity in males and a greater parasympathetic activity in females. For example, oestrogen enhances 
parasympathetic activity and suppresses sympathetic activity. Therefore, sympathetic activity would be higher 
in males because of lower oestrogen levels, whereas parasympathetic activity would be higher in females [23]. 
There is also the possibility of men and women differing in autonomic innervation of the thorax. A higher skin 
sympathetic nerve density would mean a greater aSKNA for males in rest and a higher muscle sympathetic 
nerve density would mean a greater aSKNA during Valsalva and ΔaSKNA for males [41]. 

 
Interaction between BMI and sex 
The results of this study could be influenced by interaction between the BMI and sex groups. In our study 
population, the underweight and obese groups consist of only females. This could have a big impact on the 
results. For example: if the hypothesis for the influence of sex is correct and women tend to have lower 
sympathetic activity, the underweight and obese groups will have lower aSKNA measurements. This could be 
purely a result of the fact that these groups are female, but it could also be the case that the lower values of 
aSKNA in these groups are caused by the influence of BMI. The correlation between these parameters needs to 
be clear before any conclusion can be drawn. Because our data is not normally distributed, a statistical test for 
these interactions does not exist. Therefore, it remains uncertain whether the differences in aSKNA can be 
explained by sex, BMI or maybe both. In a perfect scenario the measurements would be repeated in a study 
population where males and females are equally represented in the BMI distribution.  
 

Study limitations 
 

Electrode use 
In the individual measurements electrodes were reused, which can have a negative influence on the 
measurements because of lower adhesion and conduction. However, we tried to eliminate this influence by 
switching the order of measurement in half of the subjects. It was not investigated whether reused electrodes 
have an impact on the signal that is obtained. 

 
Valsalva 
Real-time assessment of the Valsalva manoeuvre was not possible. Because of this, some of the Valsalva 
manoeuvres failed. As seen in our SQI, the measurements without a response to the Valsalva manoeuvre were 
excluded. Additionally, the Valsalva manoeuvre was not objectified in this study. In other studies, a Valsalva 
manoeuvre was objectified by a manometer which measures the pressure of the Valsalva over time [45,46]. 
We were not able to measure the pressure and keep it constant during the measurements. Consequently, 
there is a considerable amount of variance between the measurements in the magnitude of the SKNA signal 
during Valsalva. Unfortunately, not much is known about the effect of Valsalva pressure on sympathetic 
activity, so we cannot verify if there is a relationship between pressure magnitude and signal magnitude [47]. 
 

Denoising 
Baseline SKNA is reduced considerably by our denoising method. It is inevitable that some of the signal of 
interest is lost due to wavelet denoising, and this is significantly increased in signals with a lower SNR [48]. Due 
to poor SNR in the baseline of our measurements most of the baseline signal is lost, which means that the 
calculated aSKNA is lower than in reality. This can be a consequence of calculating the threshold over the whole 
measurement, which is not optimal because the composition of the signal can vary between baseline and 
Valsalva. An open-source data base could be used to validate our denoising method and corresponding results, 
which would make the denoising method more reliable. 
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ECG in signal 
There were still ECG artefacts present in the band-passed SKNA signal, which escaped denoising. This leads to 
false detection of bursts in the denoised SKNA signal, because the denoising method cannot remove noise with 
an amplitude higher than the threshold. Due to these limitations, future studies should look at different types 
of signal processing techniques. An independent component analysis, for example, can be useful to separate 
different signals, like ECG, electromyography, SKNA and general noise [49]. With a more accurate noise 
detection mechanism, the accuracy of baseline SKNA would significantly improve.  
 

Generalisability to patient population 
Finally, all these limitations come together in the representativity and generalizability of our study. The biggest 
limitations are caused by the composition of our research population, because the population is not 
representative for the patient population that is most likely to benefit from the application of SKNA 
measurements. Sympathetic tone differs between age groups, but the influence of age on SKNA measurements 
is not yet known, which makes the application of our results on the patient population unreliable [50]. Due to 
the small sample size and narrow distribution of age in our research population we, unfortunately, could not 
determine its influence.  

 
Recommendations for further research 
Many factors in the design of this study can be improved upon to get more reliable and generalisable results. A 
more representative research population, for example a broader age distribution, would increase the 
generalisability of the results. An investigation into the effect of age on SKNA would be worthwhile. Another 
way to improve on our study design would be to make sure that the BMI distribution in both sex groups is more 
similar. Furthermore, optimisation of the signal analysis techniques used in this study could improve the 
usability of baseline SKNA measures, which could provide information about baseline differences caused by 
patient characteristics. Furthermore, objectifying the Valsalva manoeuvre could eliminate potential 
confounding of pressure magnitude. Future studies can use our findings to quantify the degree of stellate 
ganglion block and the corresponding SKNA, by measuring both SGNA and SKNA simultaneously, in patients 
with recurring VAs. 
 

Conclusion 
 

The aim of this study was to determine the influence of BMI, sex, and electrode location on SKNA 
measurements. We found that leads II and III resulted in measurements with the highest SNR when compared 
to lead I and the arm leads. Lead I also had a significantly higher SNR than the arm leads. In addition, we found 
that obese subjects had a significantly lower aSKNA during Valsalva and ΔaSKNA when compared to 
underweight and normal weight subjects. No significant differences were found between other BMI groups. 
Finally, a significantly higher aSKNA in rest as well as during Valsalva and a higher ΔaSKNA were found in males 
compared to females. All significant differences were noted in lead II, and not all of them were replicated in 
lead III. It remains unclear whether there was any interaction between sex and BMI that could distort the 
results. Our findings indicate that measuring the sympathetic tone of the heart by SKNA measurements is best 
done by placing electrodes on the chest for the highest SNR. In addition, our results have identified some 
influence of BMI and sex on these measurements. In future research a more representative study population is 
necessary, with more equal BMI distribution between sex groups and a broader age distribution. Besides that, 
the signal analysis techniques should be optimised.  
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Appendix A: Anatomy, physiology, and pathology of the sympathetic 

innervation of the heart 
Anatomy and physiology 
 

General anatomy of the autonomic nervous system 
The innervation of the autonomic nervous system from the spinal cord to the target organ consist of two 
neurons. These are the preganglionic neuron and the postganglionic neuron. The cell bodies of sympathetic 
preganglionic neurons are in the thoracic and lumbar spinal cord, between levels T1 and L3. From there, 
sympathetic signalling routes pass through sympathetic/paravertebral ganglions. In the paravertebral ganglion 
there are three routes that a signal can take:  
 

1. Synapse in the ganglion and continue via a postganglionic neuron.  
2. Travel through the sympathetic chain to neighbouring ganglia via a sympathetic trunk and synapse in that 

ganglion.  
3. Leave the ganglion via the same preganglionic neuron and synapse in one of the prevertebral ganglia. 
 
Sympathetic paravertebral and prevertebral ganglia are located close to the spinal cord, so sympathetic 
preganglionic neurons are quite short. The superior cervical, middle cervical, and stellate (cervicothoracic) 
ganglia, important in the innervation of the heart, are paravertebral ganglia. On the other hand, 
parasympathetic preganglionic neurons are quite long, because the ganglia where they synapse are located 
close to their target organ. Therefore, the parasympathetic postganglionic neurons are short. The cell bodies of 
the preganglionic neurons of the parasympathetic system are in the craniosacral divisions of the central 
nervous system. Most of the parasympathetic preganglionic cell bodies are in the medulla, pons, and midbrain. 
From here the parasympathetic fibres form a couple of cranial nerves. The parasympathetic control of the 
heart is provided by the vagus nerve (CN X) [51]. 
 

Anatomy of the innervation of the heart 
The innervation of the human heart is provided by the cardiac autonomic nervous system. The system consists 

of two separate pathways, the parasympathetic and sympathetic nerve pathway. The heart is innervated by 

the cervical portion of the sympathetic chain anterolateral to the vertebral column. It consists of four cervical 

sympathetic ganglia; the superior cervical ganglion, middle cervical ganglion, vertebral ganglion, and stellate 

ganglion [52]. The stellate ganglion consists of the inferior cervical ganglion and the first thoracic ganglion and 

is found in most individuals. The superior and stellate ganglion are consistent throughout most people, but the 

middle and vertebral ganglion differ in size, position and communicating branches of the spinal nerves. All 

ganglia are connected with different branches of the spinal nerves. The superior cervical ganglion is connected 

with C1-C3. The middle cervical ganglion is variable but is usually connected with C3-C6. The inferior cervical 

ganglion is part of the stellate ganglion and has a range of C5-T3 but is always connected with C8 and T1 [53].  

 
The ganglia give rise to numerous sympathetic nerves that are connected with the heart. The superior cervical, 

middle cervical and inferior cervical/stellate ganglia respectively give rise to the superior, middle, and inferior 

cardiac nerve. These nerves travel along the path of the brachiocephalic trunk, common carotid, and subclavian 

arteries to the cardiac plexus where they are joined by branches of the parasympathetic nerves [53].  

The parasympathetic stimulation originates from the 10th cranial nerve, the vagus nerve. The vagus nerve gives 

rise to different cardiac branches. These branches are named after their origin and are the superior cardiac 

branch, inferior cardiac branch, and the thoracic cardiac branch. They all end in a part of the cardiac plexus 

[54].  

 

Stellate ganglion 
The stellate ganglion is located anterior to the C7 or T1 vertebra, superior to the neck of the first rib, and 

posterior to the origin of the vertebral artery. It is called “stellate” because of its star-like shape [6,52]. 

Most ganglia receive presynaptic fibres through the superior spinal nerves (T1-T5) and their associated white 

rami communicantes which ascend to the ganglia through the sympathetic chain [52]. Sympathetic 

postganglionic nerves provide efferent innervation to the heart, upper extremity, neck, and face [6]. Even 
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though the stellate ganglia are bilateral, they have different effects on the heart. Studies show that the left 

stellate ganglion has a bigger share of the sympathetic tone than the right [55]. Therefore, a stellate ganglion 

block (SGB) is mainly performed unilaterally left-sided [7,56]. However, myocardial damage can lead to 

remodelling of the ganglia [6]. For example, myocardial infarction leads to an increase in the number of 

neurons and synaptic density 5 weeks after the incident. This is an argument for the use of bilateral SGB [57].  

 

Cardiac sympathetic nervous innervation 
The myocardium is extensively innervated by sympathetic and parasympathetic nerves (SNs and PNs, 

respectively). Every cardiomyocyte (CM) contacts multiple neuronal processes, including SNs. SNs have 

multiple effects on CMs, both in rest and in fight or flight situations. SNs increase chronotropy by secreting 

noradrenaline (NA) and stimulating β-adrenoceptors in CMs of the sinoatrial node and they increase inotropy 

by stimulating β-adrenoceptors in contracting CMs of the myocardium. SNs are responsible for the 

maintenance and growth of CMs as well. SNs also work in tandem with PNs to regulate heart rate on a beat-to-

beat basis. This regulation of heart rate has a remarkably high temporal resolution and is based on factors such 

as respiratory rate, hormones, hemodynamic reflexes, and temperature. Because the temporal resolution of 

neuronal regulation of heart rate is so high, and the interstitial space is not favourable to the exchange of NA, it 

is hypothesised that there must be a direct contact between neurons and CMs, and secretion of NA must take 

place in the intracellular space as opposed to the interstitial space [58].  

 
The sinoatrial node on the right side of the body is mainly innervated by two right-sided sets of autonomic 

neurons, while the atrioventricular node is on the left side and receives left sided sets of autonomic neurons. 

The sinoatrial node is highly responsive to emotions originating from the right hemisphere. However, 

lateralisation of cardiovascular innervation has not yet been fully resolved [59].  

 

Pathology 
In patients suffering from HF or MI, the autonomic innervation of the heart is often disturbed, including an 

increase in sympathetic tone. The increase in sympathetic stimulation in HF is due to an increase in excitation 

and a decrease in inhibition of the hypothalamus and medulla, which regulate sympathetic tone. This increase 

in stimulation is partly meant to compensate physiological changes caused by HF and is partly a pathological 

mechanism. One of the mechanisms of increased excitation is activation of the renin-angiotensin aldosterone 

system in the brain. Angiotensin II stimulates Angiotensin II type I receptors in the hypothalamus and medulla, 

which in turn increases sympathetic tone. Aldosterone further increases this effect by causing an increase in 

expression of Angiotensin II type I receptors in the hypothalamus. Inflammatory cytokines in the brain also play 

a role in the decreased inhibition of the sympathetic regulation centres [4].  

 
The increased sympathetic stimulation of the heart in HF patients has several effects. The SNs secrete more NA, 

which in the short term causes the heart to increase inotropy and chronotropy. Sustained stimulation by SNs, 

however, causes CMs to desensitise to NA, due to a decrease in expression of β-adrenoceptors and a less 

effective signalling pathway downstream of these receptors. This desensitisation causes the CMs to be less 

responsive to stimulation from the CNS, and increases apoptosis, leading to progression of HF [4].  

 
The increase in sympathetic tone seen in patients with HF or MI, in combination with a change in 

parasympathetic stimulation, can lead to several types of cardiac arrhythmias. For example, a simultaneous 

increase in sympathetic and parasympathetic stimulation to the heart can increase the risk of atrial fibrillation. 

An increase in sympathetic tone has also been shown to precede instances of ventricular tachycardia [5].  

 

As is shown above, sympathetic tone is important in cardiac arrhythmias. There are different ways to estimate 

cardiac autonomic nerve activity. Common ways to measure autonomic nerve activity are measuring the 

heartrate variability or measuring the nerve activity by means of microneurography [8]. However, these 

methods lack in a couple of ways because they are either too invasive, or they do not represent the actual 

sympathetic tone. That is why there is a need to measure the sympathetic nerve activity in a non-invasive and 

representative way.  
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In the last few years, researchers discovered that SGNA can be measured by skin measurements on the chest 

or the arm, because several SNs that innervate the skin of the chest and arms run via the stellate ganglion and 

are activated simultaneously with the stellate ganglion [60]. In a study with ambulatory dogs, it was shown that 

SCNA measurements and SGNA closely correlate with each other [9]. The researchers then took it a step 

further by measuring SKNA and comparing these to SGNA and SCNA. They concluded that the SKNA was also 

closely correlated with SGNA, which makes it possible to estimate the sympathetic tone of the heart in a 

representative and non-invasive way [17].  

 

Effects of patient characteristics on sympathetic activity 
 

Influence of body fat on sympathetic activity  
It has been shown that the amount of body fat can influence sympathetic activity. Smith and Minson 

determined that obesity can stimulate the sympathetic nervous system by secretion of a couple of different so-

called ‘adipokines.’ These adipokines may activate the neural sympathetic nervous system [18]. Grassi et al. 

found that postganglionic sympathetic nerve firing rate in obese subjects was twice of that seen in lean 

subjects. Hillebrand et al. have that body fat, and especially visceral fat, is associated with sympathetic 

activation. They concluded that body fat was associated with different measures of sympathetic activity. None 

of the subjects had any cardiovascular diseases. A big limitation of this study was that there was not a direct 

measure to measure sympathetic activity. They used heart rate and heart rate variability to estimate the 

sympathetic activation [19]. These have been shown to be dependable parameters to measure autonomous 

function. However, in patients with heart conditions these parameters are not reliable [61]. SKNA can be a 

reliable measure, because it measures the sympathetic activity from the stellate ganglion, but we need to 

investigate the effect of body fat on these SKNA measurements. Body fat is known to raise the sympathetic 

activity and therefore we expected to see higher baseline values of sympathetic activity in subjects with a 

higher BMI.  

 

Influence of sex on sympathetic activity  
The influence of sex on sympathetic activity remains unclear. However, it is known that ECG characteristics are 

not the same in men and women. For example, women have faster heart rates, the QRS duration is shorter and 

the QTc is longer than in males [22]. Besides this, there is substantial evidence that different hormones in 

males and females also influence nerve activity. Oestrogen enhances parasympathetic activity. Therefore, 

sympathetic activity would be higher in males, whereas parasympathetic activity would be higher in females 

[23]. In mice, it has also been found that the composition and gene expression in the stellate ganglion were 

different for males and females. This could mean that innervation of target tissues differs between the sexes 

[62]. Because of this, we investigated the influence of sex on the SKNA measurements, where we expected to 

see higher levels of sympathetic activity in males.  
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Appendix B: Wavelet denoising 
 

Noise 
The sympathetic nervous system produces burst discharge patterns by conducting synchronous action 
potentials through multiple axons at a time. This results in a small potential difference of a couple of microvolts 
that can be measured on the skin [29]. When we took our first test measurements, we saw that the raw SKNA 
signal contained a significant amount of high frequency noise. The character of the SKNA signal, which 
originates from synchronous conduction of action potentials (bursts) through peripheral sympathetic nerves 
resulting in spikes, is invisible due to this background noise. This results in an often exceptionally low SNR [29–
31]. The following paragraph will explain the several types of noise and conventional ways to reduce their 
impact and eventually we will discuss a signal analysis technique called the wavelet transform to denoise our 
signal. 
 
Electronical equipment produces a certain amount of noise by itself, this is called inherent noise. Another 
example of electromagnetic noise is a 50 Hz radiation from the electricity network. This noise is the result of 
our body constantly being exposed to electric and magnetic radiation. Since our bodies function as antennae, 
stray currents are generated due to impedance difference between the electrodes [30]. The use of a notch 
filter attenuates this 50 Hz noise. 
 
Lead I, II and III from our protocol are similar to the conventional Einthoven leads and are designed to measure 
cardiac activity. Thus, the raw SKNA signal contains a big share of ECG signal, which is noise because we are 
initially not interested in this type of signal when analyzing the SKNA. The use of a 150 Hz high pass filter is an 
effective way to attenuate this noise [30]. 
  
When a subject performs a Valsalva manoeuvre, there is a possibility that one or more cables connecting the 
electrodes with the Biomonitor, move resulting in a motion artefact. Several causes exist for this artefact, for 
example the movement between the electrodes and the peripheral nerve. These artefacts have a frequency 
range of one up to ten Hz and can be attenuated by a twenty Hz high pass filter [30]. 
 
Internal anatomical, biochemical, and physiological factors that take place in the skin or in the muscles beneath 
it produce internal noise, often with an amplitude greater than an action potential [32–34]. Examples of this 
are muscle activity and other distant neuronal populations [31]. 
 
The downside of all these traditional filter methods is that the parameters are chosen based on known 
differences between the spectral characteristics of noise and signal, and that the noise in the frequency range 
of the signal cannot be removed [35]. This means that filtering is not ideal or that it is too aggressive in respect 
of the signal [29]. 
 

Wavelet transform & denoising 
There is a signal analysis technique to overcome the problems that are associated with conventional filtering 
methods called the wavelet transform (WT). With this WT it is possible to reduce background Gaussian-
distributed noise from the signal spectrum. The superiority of the WT compared to traditionally filter methods 
has already been proven [31,35]. The WT expresses the signal in the time-frequency domain as a sum of 
temporally scaled and shifted versions of a base wavelet function [29,31].These so-called coefficients are 
divided in approximation and detail coefficients. The detail coefficients are the result of a convolution between 
the signal and a scaled wavelet. The wavelet transform can be described mathematically by equation 4. 
Equation 5 expresses the dilated and shifted versions of the mother wavelet with the conditions that a is any 
positive number and b is any real number [31]. 
 

𝑊𝑓(𝑎, 𝑏) = ∫ 𝑦(𝑡)𝜑 ∗𝑎,𝑏 (𝑡) 𝑑𝑡      (4) 

𝜑𝑎,𝑏 (𝑡) =
1

√𝑎
𝜑(

𝑡−𝑏

𝑎
)       (5) 

 
If a and b are chosen to be discrete parameters, then the continuous wavelet transform (CWT) of equation 4 

becomes a discrete wavelet transform (DWT). If 𝑎 =  2𝑗  and 𝑏 =  𝑘2𝑗  where k and j are integers, the 
decomposition of the signal is dyadic. Parameter j corresponds to the level of decomposition. Computing the 
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DWT is a useful denoising strategy. The algorithm can be seen as a “filtering tree” where at each level the signal 
is high-passed through convolution with the defined wavelet. This process is repeated up to the desired 
decomposition level. The highest sub-band, containing the approximation coefficients, includes frequencies 

ranging from 0 to 𝑓𝑛/2
𝑗 with 𝑓𝑛 denoting the Nyquist frequency. The lowest sub-band contains the Nyquist 

frequency. 
 
A big drawback of the DWT is down sampling of the data with each level of decomposition. This results in 
distorted or missing spikes. The stationary wavelet transform (SWT) is a type of DWT that overcomes this 
problem by upsampling of the data from the previous decomposition level, maintaining the time resolution of 
the original signal [31]. 
 
The detail coefficients are thresholded before the signal is reconstructed. This means that any detail coefficient 
below the threshold is set to zero [29]. The common threshold depends on the standard deviation of the noise 
in the raw data with the assumption that the noise has a normal distribution. However, noise can be 
unstructured due to low-level nerve activity of remote nerves [63]. This means that the standard deviation of 
the noise may be diverse through the levels [64]. Equation 6 calculates the standard deviation for each level “as 
the 75th percentile of the median absolute deviation calculated for the j-level detail coefficients cDj” [31]. 
 

𝜎𝑗 =
𝑚𝑒𝑑𝑖𝑎𝑛(|𝑐𝐷𝑗|)

0.6745
       (6) 

 
There are several ways to define a threshold and a thresholding method. The two most widely used methods 
are soft and hard thresholding [65,66]. Hard thresholding sets all detail coefficients of a certain level to zero if it 
is less than the defined threshold and leaves the other coefficients untouched, whereas soft thresholding also 
subtracts the threshold value from all coefficients higher than the threshold [31]. We used the hard 
thresholding method because this does not change the spike amplitude after reconstruction, whereas soft 
thresholding lowers the amplitude [29]. Besides this, hard thresholding results in a higher SNR and it loses less 
true neural signal than soft thresholding. This last fact can be deduced by comparing a Q-Q plot of the 
eliminated noise via hard and soft thresholding, respectively. Stochastic noise has a normal distribution and the 
residuals obtained via hard thresholding correlate better to 𝑦 = 𝑥 than the residuals obtained via soft 
thresholding [67]. Baldazzi et al. determined the most effective threshold for denoising neural signal to be the 

Han et al. level dependent threshold [31,36]. The threshold is defined in equation 7 where L is the highest 
decomposition level, N is the sample and j is the level. 
 

    𝜃𝑗  

{
 
 

 
 𝜎𝑗√2 ln(𝑁)  𝑖𝑓 𝑗 = 1

𝜎𝑗√2 ln(𝑁)

ln (𝑗+1)
 𝑖𝑓 1 < 𝑗 < 𝐿

𝜎𝑗√2 ln(𝑁)

√𝑗
 𝑖𝑓 𝑗 = 𝐿

      (7) 

 
In addition, the choice of the mother wavelet and the decomposition level influences the denoising quality. 
Literature states that the wavelet shape must resemble the signal of interest. In an ideal situation, the wavelet 
matches the signal so that one coefficient represents the whole signal [68]. This resulted in a widespread use of 
the Symlets 7 (Sym7) and Daubechies 4 (Db4) wavelets. However, these wavelets had a negative influence on 
the neural spike morphology. The Haar mother wavelet and Han et al. hard thresholding result in the best SNR 
and morphological conservativeness [31].  

 

Review of our data 
To investigate the choices we made about thresholding and to evaluate the choice of levels of decomposition 

and the mother wavelet, we reviewed the data ourselves by looking at the Q-Q plots of the residuals of the 

SKNA signal. The residuals represent the noise that has been filtered via the wavelet denoising method. We 

compute the residuals by taking the original SKNA signal and subtracting the denoised SKNA signal. The Q-Q 

plots can tell us a lot about the way how the residuals are distributed. In the perfect situation, the filtered 

stochastic noise has a normal distribution. The central limit theorem tells us that when a lot of different noise 

sources are added up, the noise will be normally distributed, meaning that the residuals in the Q-Q plots will 

follow the line 𝑦 = 𝑥.  
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To start, we evaluated the different thresholding methods; thresholding with or without a level-dependent 
standard deviation. The difference is that the SDs in the level-dependent method are calculated on the detailed 
coefficients per level instead of over the whole data. The wavelet decomposition functions as a filter bank, 
which means that the standard deviation is calculated over a frequency band. The raw signal contained ECG 
signal, which resulted in a great error when we calculated the SD without a level-dependent threshold. 
Therefore, we used the band-passed SKNA signal to calculate the SD. Secondly, we evaluated the different 
levels of decomposition. And lastly, we investigated the choice of the mother wavelet. 
 

Thresholding 
Comparing the residuals in figure 5 and figure 6, we can see that level-dependent thresholding removes more 

signal than non-level-dependent thresholding. In the case of level-dependent thresholding, the signal will 

always be filtered in a consistent way. The level-dependent SD method will therefore filter the signal in the 

most uniform way, so this will be our choice. This choice is consistent with the literature. 

 

Decomposition levels 
We set the approximation coefficients to zero, which leads to the SWT functioning as a high-pass filter with the 

highest frequency of the approximations as the cut-off [31]. Low levels of decomposition will eliminate a 

significant portion of the signal if we set the approximation coefficients to zero. For example, with a sample 

frequency of 9600 Hz, two levels of decomposition will result in an approximation level with a maximum 

frequency of 1200 Hz. When setting the approximation coefficients to zero it will throw away all of the 500-

1000 Hz SKNA signal. The maximum frequency of the approximation coefficients obtained by three 

decomposition levels is 600 Hz which means that the signal between 500-600 Hz is not taken into account. Four 

decomposition levels will cover the whole 500-1000 Hz spectrum so most of the signal is maintained. After four 

levels of decomposition, the approximation level will already be in the frequency range of 0-300 Hz. Using more 

than four levels of decomposition will not be useful because the approximation level is outside the frequency 

range of SKNA. So we will use four levels of decomposition to maintain all the SKNA signals.  

 

Mother wavelet 
In figure 5, the residuals obtained using a threshold with level-dependent SD and with different mother 

wavelets are displayed. All wavelets at four levels of decomposition seem to filter the noise equally over the 

whole timeframe because the residuals look equal in morphology. In figure 6, the residual obtained with 

different mother wavelets, but without a level-dependent SD are displayed. This figure shows that at four levels 

of decomposition, the morphology of the noise is different between wavelets. In the Q-Q plots in figures 9 and 

10 we can see how the noise is distributed in different periods of the measurement. While doing the Valsalva 

manoeuvre (figure 9), there is a thin-tailed Q-Q plot at every level and with every wavelet, which means that a 

small amount of noise is passed into the denoised signal. In the Valsalva period, this is not of any harm, 

because the nerve activity is much greater in magnitude than the noise. At rest, you want to filter the noise in 

the most accurate way possible, so that only the signal remains after the denoising. At rest (figure 10), the 

residuals at four levels of decomposition show a fat-tailed Q-Q plot, which overestimates the noise and which 

filters some of the nerve activity out of the signal. All wavelets seem to perform the same in rest and Valsalva, 

so we chose the Haar mother wavelet based on the literature.  

 

Figure 7 shows Q-Q plots of the residuals at different levels of decomposition and with different wavelet, using 

a threshold with level-dependent SD. Figure 8 shows Q-Q plots of the residuals at different levels of 

decomposition and with different wavelet, using a threshold with level-dependent SD. 

 

In summary, based on our own findings and on the literature, we denoise our SKNA signal with the SWT with a 
Han et al. level-dependent hard thresholding method, Haar mother wavelet and four decomposition levels. 
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Figure 5: Plots of residuals at different levels of decomposition and with different wavelets, with a threshold with level-
dependent SD. Time interval 0 – 80s. 

 

 

Figure 6: Plots of residuals at different levels of decomposition and with different wavelets, with a threshold with non-level-
dependent SD. Time interval 0 – 80s. 
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Figure 7: Q-Q plots of residuals at different levels of decomposition and with different wavelets, with a threshold with level-
dependent SD. Time interval 0 – 80s. 

 
 

 

 

Figure 8: Q-Q plots of residuals at different levels of decomposition and with different wavelets, with a threshold with non-
level-dependent SD. Time interval 0 – 80s. 
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Figure 9: Q-Q plots of residuals at different levels of decomposition and with different wavelets, with a threshold with level-
dependent SD. Time interval 60 – 75s, during Valsalva.  

 

 

Figure 10: Q-Q plots of residuals at different levels of decomposition and with different wavelets, with a threshold with level-
dependent SD. Time interval 1 – 50s, in rest.  
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Appendix C: Statistics 
 

Normal distribution tests 
Data from a small sample is often not normally distributed. To prevent making a type 1 error during statistical 

analysis, it is necessary to test if our data is normally distributed before performing any statistical test. Fisher’s 

measure of skewness and kurtosis is a widely used method to analyse the shape of the distribution of a data 

set. Skewness and kurtosis are measures of asymmetry and peakedness of a distribution, respectively [69]. The 

skewness can be calculated with the use of equation 8 and the kurtosis with equation 9 [70]. 

 

𝛾1 =
√𝑛(𝑛−1)

𝑛−2

𝑚3

𝑚2
3/2       (8) 

𝛾2 =
𝑛−1

(𝑛−2)(𝑛−3)
{(𝑛 + 1) (

4

𝑚2
2 − 3) + 6}     (9) 

 

      With 𝑚𝑘 = ∑ (𝑥𝑖 − �̅�)
𝑘/𝑛𝑛

𝑖=1  and 𝑛 the amount of samples 

 
Values of 𝛾1that are positive mean that the curve of the distribution of the data is right-skewed or right-tailed 

and negative values indicate left skewing. A value of 𝛾1 that approaches zero indicates symmetry. Positive 

values of 𝛾2 indicate a more peaked distribution and negative values indicate a distribution that is flatter than 

the normal distribution. A value of 𝛾2 that approaches zero indicates an identical kurtosis to a normal 

distribution [69]. A non-normal distribution must be regarded when 𝛾1 < -1 or 𝛾1 > 1 and the same applies to 

𝛾2. At last, a Z-test can be used to test for normality. To do this, you first must calculate the standard error of 

the skewness and kurtosis and divide the skewness and kurtosis by this standard error. If absolute Z-scores are 

larger than 1.96, corresponding with a significance level of 0.05, conclude that the distribution of the sample is 

non-normal [71].  

 
After analysis of skewness and kurtosis, the data was classified as not normally distributed. We transformed 
the data in different ways, after which analysis of skewness and kurtosis was again performed. However, even 
after transformation the data was still not normally distributed. 
 

Wilcoxon signed-rank test  
We decided to analyse difference in SNR between leads with the Wilcoxon signed-rank test, because data then 

does not need to be normally distributed.  

 

The Wilcoxon signed-rank test is an alternative for the dependent T-test when the data is not normally 

distributed. The test calculates the differences between measurements on the same person, after which these 

differences are analysed to determine if the differences are statistically significant. When the two tailed exact 

significance level is smaller than 0.05 the measurement outcomes are significantly different with 𝛼 = 5%.  

The Wilcoxon signed-rank test can be defined by equation 10, 11 and 12 [38]: 

 

𝑇𝑐
(𝑜𝑏𝑠)

= ∑ 𝑆𝑖+ = ∑ ∑ 𝑅𝑖𝑗𝑉𝑖𝑗
𝑔
𝑗=1

𝑚
𝑖=1

𝑚
𝑖=1      (10) 

𝑇𝑐 = ∑ 𝛿𝑖𝑆𝑖+
𝑚
𝑖=1         (11) 

𝑝 =  2 × min{Pr(𝑇𝑐 ≥ 𝑇𝑐
(𝑜𝑏𝑠)

), Pr(𝑇𝑐 ≤ 𝑇𝑐
(𝑜𝑏𝑠)

), 0.5}    (12) 

 
In the analysis of our data, this test was used to determine differences between SNR in lead positions. The 

leads with the best SNR were selected to use for analysis of influences of patient characteristics on the SKNA 

signal.  

 

Mann-Whitney test  
The Mann-Whitney test is a commonly used alternative for the independent T-test when the data is not 

normally distributed. This test is similar to the Wilcoxon Rank-Sum test. The test determines the probability 

that two different groups are statistically the same. The groups do not have the same distribution and thus are 

significantly different for a two-tailed exact significance level of < 0.05 [72].  
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The assumptions of the test are: 

• The two investigated groups are randomly drawn from the target population. 

• Each measurement is from a different participant. 

• The dependent variable is ordinal or continuous and the independent values are ordinal, relative, or 
absolute.  

 
The Mann-Witney test can be mathematically defined by equation 13, 14 and 15 [73]: 

 

𝑈𝑥 = 𝑛𝑥𝑛𝑦 +
𝑛𝑥(𝑛𝑥+1)

2
− 𝑅𝑥      (13) 

𝑈𝑦 = 𝑛𝑥𝑛𝑦 +
𝑛𝑦(𝑛𝑦+1)

2
− 𝑅𝑦      (14) 

𝜎𝑈 = √((𝑛𝑥𝑛𝑦)(𝑁 + 1))/12      (15) 

With test statistic: |𝑧| =
|𝑈𝑥+𝑈𝑦|

𝜎𝑈
 

 
𝑛𝑥 is the total number of observations in the first group. 𝑛𝑦 is the total number of observations in the second 

group. 𝑅𝑥 and 𝑅𝑦 are respectively the sum of the ranks assigned to group x and group y. The test statistic is the 

absolute value of z, and the z-table is used to determine the critical value corresponding to the chosen 
significance level. There is a significant result if z is equal to or bigger than the z-table value of the chosen 
significance level [73]. In the analysis of our data, this test was used to determine possible influence of sex and 
BMI on the SKNA signal. The data was split in groups based on BMI or sex, after which the Mann-Whitney test 
determined whether differences in signal exists between groups. 
 

Kruskal-Wallis one-way analysis of variance 
The Kruskal-Wallis test is a non-parametric test that compares an outcome measure between groups and 

determines whether at least one of these groups statistically significantly differs from the other groups. It does 

not determine which of the groups is different from the others. The test ranks the data of all groups from low 

to high, with ties being represented by the average of the ranks that would be assigned if there were no ties. 

Based on the total and average rank scores per group, the H statistic is calculated. The Kruskal-Wallis test 

assumes that all measurements are independent, that all measurements in a sample originate from the same 

population and that all measurements follow the same distribution. The Kruskal-Wallis test can be represented 

mathematically with equations 16 and 17 [39]. 

 

𝐻 =
12

𝑁(𝑁+1)
∑

𝑅𝑖
2

𝑛𝑖
− 3(𝑁 + 1)𝐶

𝑖=1       (16) 

𝐻 =
𝐻

1−
∑𝑇

𝑁3−𝑁

        (17) 

 
C is the number of samples in the study, in other words the number of different groups in the analysis. The 

value N is the sum of all observations in all the samples combined. 𝑅𝑖  is the sum of ranks of each independent 

sample. 𝑛𝑖  is the number of observations in each sample. In the H statistic the means of the different samples 

are compared to test the overall closeness to each other. Depending on the conditions of the study, the H 

statistic will be compared to different statistic tables. If C is more than 3 and the 𝑛𝑖  in each sample is more than 

5, the Chi-square table values of 𝑑𝑓 = 𝐶 − 1 can be used to determine the tabled value. The null hypothesis is 

rejected if the H-statistic is larger than the tabled. In case of more than 3 samples, but an 𝑛𝑖  less than 5, the 

Kruskal Wallis critical values table is used. In this case, the H-statistic is smaller than the tabled value, the null 

hypothesis is rejected. In case of ties in the ranks, a correction factor must be applied on the H statistic from 

the first equation. A sum of T-correction factor is used, to calculate the adjusted H statistic: 𝑇 = 𝑡𝑖
3 − 𝑡𝑖, where 

𝑡𝑖  is the number of tied ranks in the 𝑖𝑡ℎsample. We did not expect any ties in our data [39]. 
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To determine which of the groups is significantly different from the others, multiple comparisons among 

treatments can be used. This method can be represented mathematically with equation 18 [39]. 

 

|𝑅𝑢̅̅̅̅ − 𝑅𝑣̅̅ ̅| ≥
𝑍𝛼

𝑖(𝑖−1)
√
𝑁(𝑁+1)

12
(
1

𝑛𝑢
+

1

𝑛𝑣
)      (18) 

 
Here different groups are noted by 𝑢 and 𝑣. To reject the null hypothesis, the absolute difference between the 
means is calculated and compared to the critical difference. The critical difference is calculated by taking the 𝑍𝛼 
of the chosen significance level and adapting it according to equation 18. If the absolute difference between 
the means of the samples is greater than the critical difference, the null hypothesis is rejected and the 
difference between the samples is statistically significant [39]. 
 

Friedman test 
The Friedman test is a non-parametric statistical test for repeated measurements that determines whether one 

of the groups that are being compared consistently outscores the other groups. The test accomplishes this by 

assigning ranks to the measurement in a certain group. In every group, the different measurements are ranked 

from low to high. If two measurements are tied, the assigned rank will be the average of the ranks that would 

be assigned if there were no ties. The Friedman test can be represented mathematically with equation 19 [37].  

 

𝜒𝑟
2 =

12

𝑁𝑘(𝑘+1)
∑ 𝑅𝑗

2 − 3𝑁(𝑘 + 1)𝑘
𝑗=1      (19) 

 
𝑘 is the number of ranked observations, also called a sample. N is the number of subjects and 𝑅𝑗 is the sum of 

the rank of the 𝑘𝑡ℎ sample. The test statistic 𝜒𝑟
2 is compared to the 𝜒2 distribution to test the statistical 

significance of the result. The number of degrees of freedom for the 𝜒2 distribution for the test is 𝑘 − 1 [37].  

 
Comparably to the Kruskal-Wallis test, the Friedman test only determines whether one or more of the groups 

differs significantly from the other groups, while it does not determine which of the groups is significantly 

different from the others. As with the Kruskal-Wallis test, a pairwise comparison of groups can be used to 

determine which differences are statistically significant. Wilcoxon signed-rank tests can be used for this 

comparison. 
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Appendix D: Information letter 
 

 
 

 
 
 
 

 Proefpersonen Informatieformulier 
 

 

Huidzenuwmetingen aan individuen zonder hartziekten van verschillend geslacht en BMI 
om de zenuwactiviteit van de ganglion stellatum in rust te bepalen. 

 
 
 
Geachte meneer/mevrouw, 
 
U bent recent benaderd door een van de onderzoekers om mee te doen aan het door hen benoemde 
onderzoek. We vragen u vriendelijk om deel te nemen aan dit onderzoek. Via dit formulier kunt u een 
weloverwogen keuze maken of u dit wilt. 
 
Om deze keuze te kunnen maken is het belangrijk u goed in te lezen in de informatie die in dit formulier 
verstrekt wordt. Overleg uw deelname met uw partner, vrienden of familie voor u de keuze maakt. Mocht u na 
het lezen van dit formulier nog vragen hebben dan kunt u contact opnemen met een van de onderzoekers. De 
contactgegevens staan onderaan dit formulier.  
 

Wat is het doel van het onderzoek? 
Onderzoekers aan de Universiteit Twente en het MST werken aan een nieuwe meettechniek om de 
zenuwactiviteit van de ganglion stellatum te bepalen. Dit is een zenuwknoop die ligt in de nek en die 
elektrische signalen stuurt naar ons hart. Sommige patiënten met hartritmestoornissen ervaren, ondanks hun 
medicatie en/of defibrillator, terugkerende aanvallen van een verstoord hartritme. De oorzaak kan dan in deze 
zenuwknoop liggen. Om te onderzoeken of het nut heeft om deze knoop chirurgisch te verwijderen, wordt er 
lokaal een zenuwverlammend medicijn in de knoop geïnjecteerd. Als de ritmestoornissen verdwijnen, is het 
zinvol om de knoop chirurgisch door te snijden. Gebeurt dit niet, dan is het niet zeker of de knoop 
daadwerkelijk verlamd is of dat de ritmestoornissen een andere oorzaak hebben. Dit komt doordat er nog geen 
effectieve techniek is om de activiteit van de zenuwknoop te meten. De onderzoekers aan de Universiteit 
Twente en het MST onderzoeken nu een manier om te kijken of het mogelijk is door middel van een nieuwe 
techniek de activiteit van de zenuwknoop te meten. Hierbij is het belangrijk om te weten wat deze activiteit is 
in gezonde proefpersonen en hoe deze afhangt van de locatie van de elektroden, geslacht en BMI. Daarvoor 
wordt dit onderzoek gedaan. In dit onderzoek zullen dan ook geen zenuwverlammende medicijnen gebruikt 
worden.  
 

Hoe wordt het onderzoek uitgevoerd? 
Voor dit onderzoek vragen wij u om naar het MST in Enschede te komen, het adres en de afdeling in het 
ziekenhuis staan onderaan dit formulier. De datum en tijdstip van het bezoek wordt in overleg met u 
afgesproken. Bij binnenkomst vragen wij u of u nog vragen heeft en of u een formulier wilt ondertekenen dat 
de onderzoekers toestemming geeft om uw resultaten te gebruiken.  
 

Bij de start van het onderzoek en noteren wij eerst uw leeftijd, geslacht, lengte en gewicht. Daarna zal een van 
de onderzoekers zes elektroden plakken op uw linkerarm en zes op de borstkast. Dit zijn dezelfde elektroden 
die worden gebruikt voor het maken van een hartfilmpje (ECG). Het apparaat (Biomonitor ME6000) meet de 
elektrische activiteit van de hartspier en activiteit van de zenuwen in de huid. U moet hiervoor uw 
bovenkleding, behalve uw BH/ hemd, uittrekken. 
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Tijdens het onderzoek zal aan u gevraagd worden om na een periode van rust een Valsalva manoeuvre uit te 
voeren. Dit is een simpele manier om de het zenuwstelsel te activeren. Bij de Valsalva manoeuvre moet u 
ongeveer 15 seconden met uw neus en mond dicht op uw hand blazen. Hierdoor wordt er een lichte druk in 
het lichaam opgebouwd, waardoor het zenuwstelsel geactiveerd wordt. Het is eigenlijk een beetje vergelijkbaar 
met het opblazen van een ballon. Dit is een veilige manoeuvre en brengt geen nadelige effecten met zich mee. 
 
Tijdens de meting zal een van de onderzoekers controleren of de metingen correct zijn vastgelegd. Als dit zo is 
worden de elektroden weer verwijderd en is het onderzoek afgelopen. Het gehele onderzoek zal maximaal drie 
kwartier duren. 
 

Wat wordt er van u verwacht? 
U wordt gevraagd om toestemming te geven om bovenstaande metingen te mogen uitvoeren. Daarnaast 
wordt u gevraagd toestemming te geven om de verderop aanvullende medische gegevens te mogen 
verzamelen en verwerken door het onderzoeksteam. 
 
Het is belangrijk dat u eerlijke informatie verstrekt voorafgaand aan het onderzoek over het volgende: 

• Als u een hartpatiënt bent kunt u niet meedoen aan het onderzoek, ook als u bloeddrukverlagende 
medicatie gebruikt. 

• Als u een aandoening hebt aan uw zenuwstelsel kunt u niet meedoen aan het onderzoek. 

• Drink geen koffie voorafgaand aan uw onderzoek. U mag uw laatste kop koffie 12 uur van tevoren 
nemen. Ditzelfde geldt voor alle cafeïnerijke voedingsmiddelen. 

• U mag niet onder de invloed van stimulerende middelen zoals alcohol of drugs zijn tijdens het 
onderzoek. 

 
Daarnaast verwachten wij u op tijd op de locatie zodat er nog ruimte is voor vragen en het invullen van het 
toestemmingsformulier. 
 

Onverwachte bevindingen 
De metingen die worden uitgevoerd geven informatie over het functioneren van uw hart en/of zenuwstelsel. 
Hierdoor is het mogelijk dat er onverwachts afwijkingen gevonden worden, zoals een afwijkend hartritme. In 
een dergelijk geval zal u op de hoogte gesteld worden door de onderzoeker. U moet realiseren dat de 
verkregen data niet wordt beoordeeld vanuit een medisch perspectief, deelname kan daarom ook niet 
aangezien worden voor een medische test. 
 

Wat gebeurt er als u niet wenst deel te nemen aan dit onderzoek?  
U beslist zelf of u meedoet aan het onderzoek. Deelname is vrijwillig. Als u besluit niet mee te doen, hoeft u 
verder niets te doen. Als u wel meedoet, kunt u zich altijd bedenken en toch stoppen. Ook tijdens het 
onderzoek. U hoeft geen reden te geven waarom u wilt stoppen. 
 

Wat gebeurt er met uw gegevens? 
Om te voldoen aan de privacywetgeving van de AVG worden uw gegevens geanonimiseerd waardoor ze niet te 
koppelen zijn aan u als persoon. Alleen de onderzoekers kunnen bij de data en deze worden niet vrijgegeven. 
Uw geanonimiseerde gegevens worden voor een periode voor 15 jaar op een beschermde server van het MST 
bewaard. 
 
Deze gegevens betreffen: geslacht, leeftijd, lengte, gewicht en resultaten van de metingen. Het verzamelen, 
gebruiken en bewaren van uw gegevens is nodig om de vragen die in dit onderzoek worden gesteld te kunnen 
beantwoorden en de resultaten te kunnen publiceren. Wij vragen voor het gebruik van uw gegevens uw 
toestemming. 
 

Intrekken toestemming 
U kunt uw toestemming voor gebruik van uw persoonsgegevens altijd weer intrekken. De onderzoeksgegevens 
die zijn verzameld tot het moment dat u uw toestemming intrekt worden nog wel gebruikt in het onderzoek.  
Tot slot kunnen alle onderzoekers ten alle tijden besluiten om het onderzoek te beëindigen als u niet geschikt 
bent voor deelname. 
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Zijn er extra kosten of krijgt u een vergoeding wanneer u besluit aan dit onderzoek mee te doen?  
U maakt geen kosten voor het onderzoek. U krijgt geen vergoeding voor deelname aan het onderzoek. 

 
Door wie is dit onderzoek goedgekeurd?  
De ethische commissie van de faculteiten Technische Natuurwetenschappen (TNW) en Engineering Technology 
(ET) van de Universiteit Twente heeft goedkeuring gegeven om dit onderzoek uit te voeren.  

 
Heeft u klachten over dit onderzoek? 
Bij klachten over het onderzoek kunt u contact opnemen met het secretariaat van de ethische commissie van 
de faculteiten Technische Natuurwetenschappen (TNW) en Engineering Technology (ET),  
P.O. Box 217, 7500 AE Enschede (NL),  
telefoon: +31 (0)534895607   
email: a.m.klijnstra@utwente.nl 
    

Wilt u meer informatie? 
Voorafgaand aan de metingen is er ruimte om vragen te beantwoorden. Mocht u op dit moment vragen 
hebben dat kunt u contact opnemen met een van de onderzoekers waarvan de gegevens vermeld zijn 
onderaan dit formulier.  

 
Heeft u besloten om deel te nemen aan het onderzoek? 
Neem dan contact op met een van de onderzoekers waarvan de gegevens vermeld zijn onderaan dit formulier 
om een afspraak te maken voor het onderzoek.  
 
Bij voorbaat hartelijk dank. 
 
Met vriendelijke groet, 
 

Contact: 
T. Voortman 
E-mail: t.voortman@student.utwente.nl 
T: +31 637375753 
 
N.J. Bergwerff 
E-mail: n.j.bergwerff@student.utwente.nl 
T: +31 640897409 
 
L.M. Dolmans 
E-mail: l.m.dolmans@student.utwente.nl 
T: +31 683540614 
 
N. van Dieren 
E-mail: b.j.vandieren@student.utwente.nl 
T: +31 613163702 
 

Locatie: 
MST, koningsplein 1, Enschede. 
Afdeling: Cardiologie, Route: A25 
 

 
 
 
 
 
 
 

mailto:a.m.klijnstra@utwente.nl
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Toestemmingsformulier 
Titel: “Huidzenuwmetingen aan individuen zonder hartziekten van verschillend geslacht en BMI om de 

zenuwactiviteit van de ganglion stellatum in rust te bepalen.” 
 

- Ik heb de informatiebrief voor deelname aan het onderzoek gelezen. Ik kon aanvullende vragen 
stellen. Mijn vragen zijn genoeg beantwoord. Ik had genoeg tijd om te beslissen of ik meedoe.  

- Ik weet dat meedoen helemaal vrijwillig is. Ik weet dat ik op ieder moment kan beslissen om toch niet 
mee te doen. Daarvoor hoef ik geen reden te geven.  

- Ik weet dat sommige mensen mijn gegevens kunnen zien. Die mensen staan vermeld in de 
informatiebrief.  

- Ik geef toestemming om mijn gegevens te gebruiken, voor de doelen die in de informatiebrief staan. 
- Ik wil meedoen aan dit onderzoek.  

 
 
Naam deelnemer:  
Handtekening:        Datum : __ / __ / __  
-----------------------------------------------------------------------------------------------------------------  
Ik verklaar hierbij dat ik deze deelnemer volledig heb geïnformeerd over het genoemde onderzoek.  
Als er tijdens het onderzoek informatie bekend wordt die de toestemming van de deelnemer zou kunnen 
beïnvloeden, dan breng ik hem/haar daarvan tijdig op de hoogte.  
 
Naam onderzoeker (of diens vertegenwoordiger):  
Handtekening:        Datum: __ / __ / __  
-----------------------------------------------------------------------------------------------------------------  
 
Aanvullende informatie is gegeven door (indien van toepassing):  
Naam:  
Functie:  
Handtekening:        Datum: __ / __ / __  
-----------------------------------------------------------------------------------------------------------------   
* Doorhalen wat niet van toepassing is.  
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Appendix E: Excluded measurements  
 

Based on the SQI, 42 measurements were excluded for various reasons. These reasons being:  
- The signal does not exist for three minutes 
- There are regular noise pulses in the aSKNA signal  
- The raw signal does not look random  
- Valsalva manoeuvre does not lead to an increase in the signal 

 
Examples of excluded measurements can be found in figure 11,12,13 and 14. 
 

Figure 11: Example of a measurement excluded because it did not have signal during the entire measurement 

 

Figure 12: Example of a measurement excluded because of repeating noise pulses in the aSKNA signal  
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Figure 13: Example of a measurement excluded because a lack of randomness in the raw signal 

 

Figure 14: Example of measurement excluded because of a lack of increase in the aSKNA signal during Valsalva manoeuvre 
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Appendix F: Table of used acronyms and abbreviations 
Acronym/abbreviation Definition 

ΔaSKNA 
Difference in average skin sympathetic nerve activity between 
rest and Valsalva 

aSKNA Average skin sympathetic nerve activity 
aSKNArest Average skin sympathetic nerve activity in rest 
aSKNAvals Average skin sympathetic nerve activity during Valsalva 
BMI Body Mass Index 
CMs Cardiomyocytes 
CWT Continuous wavelet transform 
Db4 Daubechies 4 
DWT Discrete wavelet transform 
ECG Electrocardiography 
HR Heart rate 
iSKNA Integrated skin sympathetic nerve activity 
MI Myocardial infarction 
NA Noradrenaline 
PNs Parasympathetic nerves 
SCNA Subcutaneous nerve activity 
SD Standard deviation 
SGNA Stellate ganglion nerve activity 
SKNA Skin sympathetic nerve activity 
SNR Signal to noise ratio 
SNs Sympathetic nerves 
SQI Signal Quality Index 
SWT Stationary wavelet transform 
Sym7 Symlets 7 

 


