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Abstract

Sympathetic tone is important in cardiac arrhythmogenesis; however, methods to estimate
sympathetic tone are either to invasive or require proper sinus node function that may be abnormal
in disease states. Because of the direct and extensive connections among various nerve structures,
it is possible for the sympathetic nerves in the various structures to activate simultaneously.
Therefore, we hypothesized that nerve activity can be recorded from the skin and it can be used to
estimate the cardiac sympathetic tone. Preclinical studies in canines demonstrated that nerve
activity is detectable using conventional ECG electrodes and can be used to estimate cardiac
sympathetic tone. Subsequent clinical studies further supported this concept. In addition to
studying the autonomic mechanisms of cardiac arrhythmia, these new methods may have broad
application in studying both cardiac and non-cardiac diseases.
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Introduction

Since the invention of the electrocardiogram (ECG) by Einthoven et al,(1) the ECG has been
an important part of clinical practice. A primary reason for the popularity of the ECG is that
it is non- invasive and can be performed in any patient by placing electrodes on the skin. The
present methods of ECG recording focus on detecting electrical signals from the heart.
However, we hypothesized that the application of the ECG could be expanded to also record
sympathetic nerve activity (SNA).
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Sympathetic tone is important in cardiac arrhythmogenesis, (2, 3) and a commonly used
method to estimate cardiac autonomic nerve activity is to calculate heart rate variability, or
sympathetic nerve activity can be directly measured by microneurography.(4, 5) However,
these methods are either too invasive and cannot be done in ambulatory subjects or require
proper sinus node response to autonomic stimulation which may be abnormal in disease
states, (6, 7) and may not reflect the sympathetic tone in those conditions.(8)

Cardiac sympathetic innervation comes from the paravertebral cervical and thoracic ganglia.
(9) Among them, the stellate (cervicothoracic) ganglion is a major source of sympathetic
innervation. It connects constantly with phrenic nerves and almost as often to the vagal
nerves.(9) The paravertebral ganglia also directly connect with spinal nerves,(10) which
connect with the intercostal nerves.(11) These intercostal nerves split into ramus cutaneous
lateralis and a deep branch to the musculus rectus abdominis.(12) Histological studies of
human skin biopsy confirmed the presence of abundant sympathetic nerves in arteriovenous
anastomoses, arrector pilorum muscles, and arterioles.(13) Using horseradish peroxidase as
tracer, Baron et al(14) and Taniguchi et al(15) found that all skin sensory and sympathetic
neurons are located ipsilaterally. The sympathetic somata are located in the middle cervical
and stellate ganglia as well as the thoracic ganglia. Because of the direct and extensive
connections among various nerve structures, it is possible for the sympathetic nerves in the
various structures to activate simultaneously. Therefore, we hypothesized that SNA recorded
from the upper thorax can be used to estimate the cardiac sympathetic tone and that this
nerve activity could be recorded from the skin.

To preserve the signal from the ECG and eliminate noise, the American Heart Association
(AHA) standard recommendation for low pass filtering of the ECG is 150 Hz for adolescents
and adults, and 250 Hz for children.(16) Higher frequency signals, although known to be
clinically important,(17) are routinely eliminated by this low pass filtering. Because there is
no need to record high frequency signals, the conventional ECG and Holter monitoring
devices do not have a wide bandwidth and high sampling rate. The high frequency signals
that are eliminated may contain both muscle and nerve activities. McAuley et al(18) reported
that the electromyography (EMG) usually has a frequency of <100 Hz. At most, small
amounts of muscle activity could reach 400 Hz.(19) The standard high pass setting for
observing nerve activity during a microneurography study is 700 Hz.(20) Using equipment
with a wide bandwidth (2 KHz) and high sampling rates (4K/s—10K/s) we hypothesized that
nerve activity could be simultaneously recorded along with the ECG. Signals recorded from
electrodes on the skin are band passed between 0.5 Hz and 150 Hz to display ECG signal.
The same signals can then be high passed filtered to reveal nerve activity. Data supplement
Figure 1 illustrates the above concept. It shows Fast Fourier Transform (FFT) analyses of the
signals recorded from the skin. High pass filtering at 150 Hz eliminated the ECG signals.
High pass filtering at 500 or 700 Hz increased the specificity but reduced the sensitivity of
any nerve recordings. The signal to noise ratio is reduced. However, the basic patterns of
nerve discharges remain.

Recently, methods have been developed to record autonomic nerve activity in ambulatory
dogs, and through this process, it has been documented that sympathetic nerve activity
immediately precedes the onset of atrial and ventricular arrhythmias as well as sudden
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cardiac death.(21-24) These methods have included to directly record sympathetic nerve
activity from either subcutaneous tissues or on the surface of the skin in canine models. We
found that both subcutaneous nerve activity (SCNA) and superficial skin sympathetic nerve
activity (SKNA) closely correlate with stellate ganglia nerve activity (SGNA) in ambulatory
canine models.(25-27) From these results, we hypothesized that with high frequency
sampling and high pass filtering, we can also record SNA from the skin or subcutaneously
just underneath the skin in the clinical setting.

Preclinical studies in ambulatory dogs

In an initial series of experiments, a radiotransmitter (D70-EEE, Data Sciences International,
St. Paul, MN) was implanted in dogs to record SGNA and vagal nerve activity (VNA).(23,
24, 28, 29) A third pair of bipolar electrodes was placed in the subcutaneous space, with one
electrode each inserted under the subcutaneous tissue of left thorax and left abdomen. After
2 weeks of recovery, the radiotransmitter was turned on to continuously record from all 3
electrodes at a sampling rate of 1,000 Hz. To optimize nerve signals and to filter out any
residual ECG signals, data from the left stellate ganglion, the left thoracic vagus nerve, and
the subcutaneous tissue were high-pass filtered at 150 Hz and simultaneously displayed with
the low pass (100 Hz) filtered ECG from subcutaneous recording.

Episodes of supraventricular (sinus or atrial) tachycardia were defined as heart rate
exceeding 150 bpm with narrow QRS complexes. The first 10 tachycardia episodes in which
the recordings showed no evidence of noise or motion artifacts were selected for analysis.

Subcutaneous SNA in ambulatory dogs

Auditory excitation was used to trigger canine sympathetic nerve discharges. There were
electrical signals resembling nerve activities in the subcutaneous tissues of all dogs studied.
Manual analyses showed that a vast majority of these electrical signals represented
subcutaneous nerve activity (SCNA). The beginning of the recording shown in Figure 1A
shows heart rate variations consistent with baseline respiratory heart rate (RHR) responses
commonly observed in dogs.(30) The respiratory heart rate responses were followed by a
sustained increase of heart rate exceeding 150 bpm (upward arrow) and simultaneous SGNA
and SCNA (downward arrows). There were no RHR during these nerve activities. The RHR
resumed after the bursts of nerve activities terminated. Figure 1B shows similar activities
that occurred 25 s later in the same dog. Again, the SGNA was associated with sustained
heart rate elevation that exceeded 150 bpm. All episodes had regular narrow QRS complexes
preceded by distinct P waves, consistent with supraventricular tachycardia (including sinus
tachycardia). It was found that both SGNA and SCNA invariably preceded these
supraventricular tachycardia episodes.

Integrated nerve activities and heart rate

To quantify the high frequency discharges that are associated with nerve activity, the
integrated nerve activity is calculated by integrating the amplitude of nerve activity over
time (minute by minute). In the study described above, integrated SCNA (iSCNA) correlated
positively with integrated SGNA (iSGNA) in all dogs analyzed. In addition, the correlation
between heart rate and iSCNA (average r=0.74, 95% CI 0.68 to 0.80, N=7) was significantly
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better than the correlation between heart rate and iISGNA (average r=0.56, 95% CI 0.45 to
0.67, N=7, p=0.0135) in all dogs studied.

Dogs with myocardial infarction and complete heart block

In a study performed in dogs with myocardial infarction, complete heart block and nerve
growth factor infusion to the left stellate ganglion, most of the ventricular tachycardia
(86.3%) and sudden cardiac death were preceded within 15 seconds by SGNA.(24) One of
the recording channels was in the left thoracic subcutaneous space for ECG recordings.
Signals were recorded from 6 dogs and filtered with a 150 Hz high-pass filter. The results
showed that all dogs had VT and 2 dogs died suddenly of VVF. Both VF episodes were
preceded by nearly continuous SCNA (150 s and 150 s) and SGNA (42 s and 42 s). There
was SCNA within 15 s before 33 (76.7%) of 43 VT episodes. An example of increased nerve
activity preceding ventricular fibrillation is shown in Data Supplement Figure 2.
Significantly progressive increase in integrated SGNA (in mV-s, 76.4 + 54.7, 82.0 £ 50.5,
95.4 £ 57.7) and SCNA (89.1 £ 50.8, 98.5 + 52.9 and 111.1 + 59.3) was observed 60 s, 40 s
and 20 s, respectively, prior to VT/VF (p<0.001 for both).

Comparing SGNA to SCNA and SKNA

Even though SCNA correlated well with SGNA as demonstrated in the studies described
above, a skin incision is still needed for implanting the subcutaneous electrodes. For clinical
applications, it is highly desirable to develop a completely non-invasive method for direct
skin sympathetic nerve recording. We hypothesized that it is possible to record SKNA from
the surface of the skin in dogs, and that the SKNA recorded from the upper chest wall can be
used to estimate the SGNA. In order to test this hypothesis, studies were performed in
canines that directly measured SGNA, along with SCNA, and SKNA with electrodes on the
skin. A pair of bipolar electrodes were inserted under the fascia of the right stellate ganglion
to record SGNA as the “gold standard” of sympathetic tone. Electrocardiogram (ECG)
patches (Tyco/Healthcare Kendall, Medi-Trace 100, Hampshire, U.K.) were secured on the
skin using adhesive tapes to record ECG Leads | and Il as shown in Figure 3 of the Data
Supplement. An additional patch was secured to the right lower abdomen to serve as ground.
To explore whether or not other locations on the chest wall can also be used for SKNA
recording, we placed one pair of bipolar electrodes each at the level of the right and left 3"
rib in to form bipolar electrode recordings with 12 cm interelectrode distance. Signals from
these electrodes were recorded at a bandwidth set at 10 Hz-3 KHz, and digitized at 10,000
Hz. After all surgical procedures were completed, the anesthetic agents were switched from
isoflurane to alpha-chloralose (up to 100 mg/kg) and morphine. Apamin (1 ml,
concentration 0.2 ng/uL) was then injected directly into the right stellate ganglion. Apamin,
a neurotoxin, is a specific blocker of the small conductance calcium activated K (SK)
channel.(31) Inhibition of the SK channel is known to facilitate neuronal discharges.(32, 33)
Data was acquired for 10 min after apamin injection. Signals recorded from the skin
electrodes were high-pass filtered at 150 Hz to display SKNA and low pass filtered at 30 Hz
to display the surface ECG. The latter was then used for heart rate analyses. Quantitative
analyses was performed by integrating SGNA (iISGNA), and SKNA (iISKNA) min by min.
Apamin injection induced robust activity of SKNA and SGNA in all dogs studied. Data
Supplement Figure 4 shows nerve activity after apamin injection. The figure also shows
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significantly positive correlations among integrated left SGNA (iLSGNA) and iISKNA-I,
iSKNA-II, iISKNA-R, iSKNA-L and heart rate in this dog. For all dogs studied, there were
consistently strong and significant (p<0.05) positive correlations (mean r value of 0.877,
range from 0.745 to 0.985) found between iISGNA and iISKNA-I. Both right and left
integrated SGNA (iRSGNA and iLSGNA) correlated well with the ipsilateral integrated
SKNA (iRSKNA and iLSKNA) respectively. These findings suggest that SCNA and SKNA
may be used as a surrogate of SGNA in detecting elevated sympathetic tone. This data
supported the feasibility of recording sympathetic nerve discharges from skin.

Clinical Studies

The studies outlined above indicated that SKNA can be used to estimate SGNA in
ambulatory dogs. Based on those results, we hypothesized that it is feasible to
simultaneously record SKNA and the ECG in humans. To test this hypothesis, we recorded
signals from four different groups of patients and the results are outlined below. The
research protocols were approved by the Institutional Review Board (IRB) of the Indiana
University School of Medicine. All subjects gave informed consent to participate. Data were
prospectively collected and analyzed. All recordings were made using standard ECG
electrodes placed as shown in Figure 2 and connected to recording devices that included a
ML138 or ML135 OctoBioAmp (ADInstruments, Colorado Springs, CO) or a portable
ME6000 (Biomation, Ontario, Canada) device with a wide bandwidth (>1 K Hz) and high
sampling rate (4-10 K/s). The average impedance of the electrodes measured 37 + 8 kQ
(range 28-52 kQ). The results of how different filter setting affect the signal to noise ratio is
shown in Figure 3.

Healthy Volunteers Undergoing Provocative Maneuvers

We enrolled 12 healthy volunteers (5 female, age 32+7) for SKNA recording during the cold
water pressor test (CWPT) and Valsalva maneuver (VM), which are maneuvers known to
increase sympathetic tone.(20) Among them, 9 completed the CWPT, including 8 who also
completed the VM. The CWPT was performed by placing subject’s left hand up to the wrist
in iced water for 2 minutes.(20) The subjects also performed the VM by blowing into the
mouthpiece of a sphygmomanometer aiming to sustain 35 mmHg of pressure for 30 s.(34) A
two minute control and recovery period were recorded for both maneuvers.

Both CWPT and VM resulted in increased blood pressure and HR. Figure 4 shows the
tracing of a subject at baseline (panels A and B) and during the Valsava maneuver (panels C
and D). Figure 4A shows that spontaneous bursts of nerve activity were associated with an
elevated HR, and figure 1B shows basal state nerve discharges. Figures 4C and D show the
effects of performing the Valsava maneuver on the SKNA. As the figures show, the Valsalva
maneuver increased SKNA. When the signals are magnified (Figure 4D), neither the SKNA
(first line) nor integrated SKNA (third line) appears to synchronize with the heart rate
(second line). Figure 5 shows the resulting recordings during the CWPT from subjects 1-4
recorded in a bipolar lead I configuration, which showed that SKNA increased immediately
after immersion and remained elevated throughout the test with quick offset after the
stimulus is removed. Few bursts were noted prior to immersion consistent with sympathetic
activation in anticipation of a painful stimulus.
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Continuous neuECG Monitoring in Patients Without Heart Diseases

We continuously recorded SKNA in 19 patients (12 female, ages 3611 years) without
known heart diseases admitted to the video electroencephalography unit for seizure
recurrence monitoring while off antiepileptic therapy. We selected a consecutive 24-hour
seizure free period for analyses to determine the relationship between SKNA and
spontaneous HR acceleration. We analyzed the first 10 episodes of SKNA per patient. In
addition, we determined QT and QTc intervals using the Bazett’s formula.(35) A total of
190 (10 per patient) sympathetic nerve discharges detected in bipolar ECG lead | placed on
the chest were selected for analyses. SKNA increased the HR from 72+7 bpm to 93+11 bpm
(p<0.001) (Figure 6). The SKNA shortened the QT interval from 387+24 ms to 369+24 ms
(p<0.001). These findings are consistent with the normal responses of QT intervals during
sympathetic activation.(36)

Sympathetic Nerve Activity and Ventricular Tachycardia

We recorded SKNA from 22 patients (7 female, age 60.6+14) admitted to the hospital with
electrical storm (ES).(37) The recording lasted for 39.0+28.2 hours, and approximately 50%
of the patients were sedated during the recordings. The percentage of spontaneously
occurring VT or VF episodes that were preceded within 30 s by SKNA reaching signal to
noise ratio of = 2:1 was reported. Thirty second control periods were selected 20 min after
the onset of the VT episode. The frequency of nerve discharges during the control period
was reported. Ten of the 22 patients had recurrent VT on the recording, one of which was
predominantly in incessant hemodynamically stable VT. The other 9 patients accounted for a
total of 146 separate VT episodes with a HR of 208+68 bpm and duration of 34+253 s
(range 1-2983 s). The majority of those episodes were non-sustained with sustained (> 30
seconds or requiring therapy) VT representing only 8%. Many SKNA discharges were
observed during sustained VT (Figure 7A). Out of the 146 VT episodes in the remaining 9
patients, 73% were preceded by discharges in lead | (Figure 7B). By using generalized linear
mixed model, the odds ratio of having discharge 30 s before the VT versus during the 30 s
control periods for a specific patient as detected by lead | was 7.45 [95% CI 3.14-17.72],
p<0.0001). No significant difference was noted for lead I1.

Ganglionic Blockade

Limitations

We studied a 61 year old man and a 53 year old man with ischemic cardiomyopathy and a 71
year old man with arrhythmogenic right ventricular cardiomyopathy. They underwent
bilateral stellate ganglion injection with 2% lidocaine (10 ml) while SKNA was being
recorded. The injection protocol included inserting needles under fluoroscopic guidance and
local contrast injection to ascertain the location of the needle. During these procedures, the
patient had significant SKNA activation. Lidocaine injection into the stellate ganglia reduced
SKNA in all 3 patients studied (Figure 8).

We are obtaining our recordings from normal ECG electrodes that are placed on the skin.
These large surface area electrodes can be influenced by signals from a wide variety of nerve
structures, and can contain activity from both the parasympathetic and sympathetic nervous
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systems. We have compared our skin nerve activity recordings (SKNA) to direct recordings
from the stellate ganglion and demonstrated a strong correlation. However, we have not
analyzed the contribution of nerve activity outside of the sympathetic nervous system to
these recordings. In addition, even though the presence of nerve activity has been correlated
to changes in heart rate, the correlation between amplitude and duration of the nerve
recordings to changes in heart rate has not been evaluated. In addition, correlations between
nerve activity and cardiac sympathetic neurotransmitters, blood pressure, cardiac output, and
other hemodynamic parameters remains to be investigated. The absolute SKNA reported in
our study differs than the absolute SSNA reported in microneurography studies. We
calculated the absolute SKNA by averaging the voltage of digitized signals and reported the
results as UV per sample. However, in the microneurography literature, the number of bursts
per unit time was used to quantitate the sympathetic nerve activity. Young et al(38)
suggested that it is more difficult to use the frequency of bursts to quantitative skin
sympathetic nerve activity (SSNA) than muscle sympathetic nerve activity (MSNA)
measured with microneurography. It is possible that the same limitation also applies to
SKNA recording. More data are needed to determine if the pV values of SKNA can be used
to compare the sympathetic tone among different individuals.

Conclusion

From the studies outlined above, we conclude that SKNA is detectable using conventional
ECG electrodes and can be used to estimate cardiac sympathetic tone. Because the left
stellate ganglion nerve activity (SGNA) is known to trigger cardiac arrhythmias, including
AF, VT and VF,(23, 24, 39) it is possible that skin SNA can also be used for arrhythmia
prediction. In addition to studying the autonomic mechanisms of cardiac arrhythmia, these
new methods may have broad application in studying both cardiac and non-cardiac diseases.
For example, sympathetic tone is important in the pathogenesis of heart failure,(40)
atherosclerosis,(41) peripheral neuropathies,(42) epilepsy,(43) vasovagal syncope,(44) renal
failure,(45) hypertension(46) and many others diseases. Direct SKNA and SCNA recording
may provide new approaches to study the mechanisms of these common diseases. SKNA
recording may also have immediate clinical applications by assisting in the diagnosis and
treatment of hyperhidrosis (sweaty palms), paralysis, stroke, diabetes, and neuromuscular
diseases. It may be used to assist biofeedback monitoring performed by neurologists to
control neuropsychiatric disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SCNA and SGNA are associated with heart rate elevation in an ambulatory dog. The first

portion of Panel A shows rhythmic heart rate (HR) variations consistent with respiratory
heart rate responses (RHR). SGNA and SCNA (downward arrows) then activated
simultaneously, resulting in heart rate acceleration (upward arrow). There were no obvious
changes of VNA in this recording. Simultaneous cessation of the SGNA and SCNA was
associated with a reduction of the heart rate and the resumption of RHR. B shows
simultaneous activation of SGNA, SCNA (downward arrows) in the same dog 25 seconds
after Panel A. Downward arrows point to simultaneous nerve activities in SGNA and SCNA.
Upward arrow indicates the onset of tachycardia. ECG, electrocardiogram. (From Robinson
et al, J Cardiovasc Electrophysiol; 2015)(33)
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Figure 2.
Electrode locations. We used OctoBioAmp (ADInstruments, Colorado Springs, CO) to

record SKNA in healthy volunteers and in patients without heart disease or with electrical
storm. We used the healthy volunteer protocol to test various electrocardiogram (ECG) lead
positions. All subjects had unipolar recordings from the usual chest lead locations V1-V86,
except for three whose lead V1 was moved to the right wrist and leads VV2-V6 were shifted
in the V1-V5 position for unipolar recording. All bipolar recordings were made with limb
lead ECG patch electrodes placed on the arms, abdomen, or fingers. For patients undergoing
a bilateral stellate ganglion injection procedure, a portable ME6000 device was used for data
acquisition. (A) shows the portable (181 x 85 x 35 mm) ME6000 Biomonitor. One channel
was used to record ECG Lead | (B). The red electrodes were placed in the subclavicular area
and the black electrode served as reference. A second channel was used to record SKNA
from the right arm (C) to avoid ECG contamination. RA=right arm electrode, LA=left arm
electrode, RL=right leg electrode (reference), LL=left leg electrode, wrist=unipolar
electrode (V1) placed at the wrist location, V1-V6=standard unipolar electrocardiogram
leads. (From Online Data Supplement, Doytchinova et al, Heart Rhythm 2017)(47)
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Figure 3.

Filter setting and signal to noise ratio of a recording from a healthy volunteer. Panel A shows
the same data filtered with 3 different methods. After applying 150 Hz high pass filter, the
ECG signals were incompletely eliminated but the nerve signals are clearly visible with a
good signal to noise ratio. After applying the same data with a 500 Hz high pass filter, all
ECG signals are eliminated by the signal to noise ratio for the nerve signal is reduced by
approximately 50%. A Fast Fourier Transform analyses (Panel B) shows a high power signal
(red arrow) slightly higher than 1000 Hz. This high power signal might be noise. Applying a
band pass filter between 500 Hz and 1000 Hz eliminated that noise and reduced the
thickness of the baseline, hence improved the signal to noise ratio of the SKNA. (From
Online Data Supplement, Doytchinova et al, Heart Rhythm 2017)(47)
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SKNA recordings from a health volunteer undergoing the Valsalva maneuver. Signals from
lead V1 were bandpass filtered between 500-1000 Hz to detect SKNA and bandpass filtered
between 0.5-150 Hz to detect the ECG. Integraded SKNA (iSKNA) was calculated over a
100-ms window. A: Increased SKNA was associated with heart rate (HR) acceleration. B:
Higher magnification of SKNA showing baseline spontaneous nerve activity (a) and large
variations of nerve discharges associated with tachycardia (b). C: increased SKNA and HR
were evident during Valsalva maneuver. Dotted red lines mark the start and stop of the
maneuver. D: Magnified boxed segment from Panel C showing phases 11-1V of the Valsalva
maneuver, demonstrating that SKNA was not synchronous with the QRS complex. (From
Doytchinova et al, Heart Rhythm 2017)(47)
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SKNA recordings during the cold water pressor test (CPT) in healthy volunteers. The
electrode location was on the right and left arm for ECG Lead | recording. A-D: Increased
skin sympathetic nerve activity (SKNA) was detected in subjects 1-4, respectively, during
the CPT. Black downward arrows point to increased SKNA prior to CPT, likely due to the
anticipation of the impending cold water immersion. The increased SKNA was associated
with heart rate acceleration in patients 1-3, but not in patient 4. Integrated SKNA (iSKNA)
shows the total SKNA over 100 ms windows after applying 500 Hz high pass filter. HR=
heart rate, bmp=beats per minute. (From Doytchinova et al, Heart Rhythm 2017)(47)
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Figure 6.

SKNA recording in patients without known heart diseases. The electrodes were placed on
the chest to form Lead | and Lead II. A - Baseline recording in leads | and 11 filtered at either
150 Hz or 500 Hz high pass to display SKNA and low pass filtered at 10 Hz to display the
ECG. B - Episode of SKNA associated with heart rate (HR) acceleration (downward
arrows). The 150 Hz high pass filter resulted in better signal to noise ratio and higher
amplitude of SKNA, but some ECG signals remained (upward arrows). High pass filter at
500 Hz largely eliminated the ECG signals, but also reduced nerve amplitude and the signal
to noise ratio. The baseline artifact on the surface ECG occurred after the onset of SKNA,
suggesting motion artifacts induced by muscle movement. C - SKNA (500 Hz high pass,
Lead Il) and ECG tracings (125 Hz low pass) from a different patient. There was abrupt
increase of HR from 101 beats per minute (bpm) to a maximum (1 max) of 132 bpm after
SKNA activation, along with QT interval shortening. D - Enlarged ECG from line segments
aand b in panel C. Both the RR and the QT interval shortened after SKNA. E-90 s
recording at baseline, illustrating spontaneous SKNA episodes and their relationship with
HR. HP=high pass, LP=low pass, bpm=beats per minute. (From Doytchinova et al, Heart
Rhythm 2017)(47)
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Figure 7.
SKNA during sustained VT and before nonsustained VT. The neuECG electrodes were

placed on the chest to form Lead | and Lead Il. A: Nerve discharges (arrows) are noted
throughout monomorphic ventricular tachycardia (VT). Signals simultaneously obtained
from ECG lead | with the top panel representing the signal after 500 Hz high pass (HP) filter
and the bottom panel displaying the raw signal. B: Similar discharges are observed in
another patient preceding non-sustained VT. Signal simultaneously obtained from ECG lead
I, the top panel is filtered at 500 Hz high pass and the bottom ECG is filtered at 10 Hz low
pass. C: Pacing artifacts (downward arrows) are observed despite 500 Hz high pass filtering.
Increased high frequency SKNA is still evident (upward arrow) beginning 90 s prior to VT.
The bottom panel shows the boxed segment from the middle panel and the onset of VT.
VT=ventricular tachycardia, ECG=electrocardiogram, HP=500 Hz high pass filter, LP=10
Hz low pass filter, SKNA=skin sympathetic nerve activity. (From Doytchinova et al, Heart
Rhythm 2017)(47)
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Figure 8.
Effects of lidocaine (10 ml, 2 %) stellate ganglion block on SKNA continuously recorded

from the right arm. A shows patient 1. Needle insertion (black arrows) was followed by
activation of SKNA. Lidocaine injection (red arrows) into the LSG transiently reduced
SKNA. However, RSG injection was followed by a significant reduction of SKNA. Panels B
and C show responses to lidocaine injection in the remaining 2 patients. The gaps in
tachogram (small black upward arrows) occurred because artifacts prevented automated
selections of the R waves. (From Doytchinova et al, Heart Rhythm 2017)(47)
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