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Abstract

Background—Intrinsic cardiac nerve activities (ICNA) and the skin nerve activities (SKNA) are
both associated with cardiac arrhythmias in dogs.

Objective—To test the hypothesis that ICNA and SKNA correlate with postoperative cardiac
arrhythmias in humans.

Methods—Eleven patients (60+13 years old; 4 female) were enrolled in this study. Electrical
signals were simultaneously recorded from electrocardiogram (ECG) patch electrodes on the chest
wall and from two temporary pacing wires placed during open heart surgery on the left atrial
epicardial fat pad. The signals were filtered to display SKNA and ICNA. Premature atrial
contractions (PAC) and premature ventricular contractions (PVC) were manually determined. The
SKNA and ICNA of the first 300 min of each patient were calculated min-by-min to determine
baseline average amplitudes of nerve activities and to determine their correlation with arrhythmia
burden.

Results—We processed 1365+973 min of recording per patient. Low-amplitude SKNA and
ICNA were present at all time, while the burst discharges were observed much less frequently.
Both SKNA and burst ICNA were significantly associated with the onset of PACs and PVCs.
Baseline average ICNA (alCNA), but not SKNA (aSKNA), had a significant association with PAC
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burden. The correlation coefficient (r) between alCNA and PAC burden was 0.78 (/<0.01). A
patient with the greatest alCNA developed postoperative atrial fibrillation.

Conclusions—ICNA and SKNA can be recorded from human patients in the postoperative
period. Baseline magnitude of ICNA correlates with PAC burden and development of
postoperative atrial fibrillation.

Keywords

Arrhythmias; Atrial fibrillation; Autonomic nervous system; Cardiac electrophysiology; premature
atrial contractions; premature ventricular contractions

Introduction

Methods

Autonomic nerve activity is known to be important in cardiac arrhythmogenesis both in
animal models and in humans. We have documented that it is feasible to directly record both
intrinsic cardiac nerve activities (ICNA) and skin nerve activities (SKNA) in ambulatory
dogs and relate the nerve activities to spontaneous heart rate variations and the occurrence of
arrhythmias.1: 2 ICNA from the superior left ganglionated plexi and the ligament of Marshall
invariably precedes the onset of paroxysmal atrial fibrillation (AF).1 These findings suggest
a causal relationship between nerve activities and atrial arrhythmias in canine models. In
human patients, it was possible to record sympathetic nerve activities with
microelectrodes.3: 4 However, microneurography techniques require invasive procedures and
cannot be done in ambulatory subjects. We recently developed a new method (neuECG) to
simultaneously record the electrocardiogram (ECG) and SKNA in humans.® This new
method enables the investigators to record the SKNA and ECG (neuECGQG) in patients for a
prolonged period of time to study the relationship between sympathetic tone and cardiac
arrhythmia. During open heart surgery, the fat pads that contain the superior left
ganglionated plexi and the ligament of Marshall are readily accessible. Rossi et al® have
previously implanted temporary pacing wires to an epicardial fat pad for up to five days after
cardiac surgery. The authors reported no complications related to the temporary pacing lead
implantation. Based on these previous studies, we hypothesize that it is both safe and
feasible to record human ICNA from the epicardial fat pad through a temporary pacing wire
in the immediate postoperative period. We also hypothesize that both ICNA and SKNA are
associated with the postoperative arrhythmias, including premature atrial contractions
(PAC), premature ventricular contractions (PVVC) and AF. The purpose of the present study
was to test the hypotheses that both SKNA and ICNA are associated with postoperative
cardiac arrhythmias.

Surgical Preparation and Recording

This research protocol was approved by the Institutional Review Board of the Indiana
University School of Medicine. Written and informed consent was obtained from each
patient. There were no change of routine medical care. At the end of the open heart surgery,
two temporary pacing wires (TPW32, Ethicon Inc., Somerville, NJ) were threaded through
the epicardial fat pad at the junction of the left superior pulmonary vein and the left atrium
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(Figure 1). The wires were exteriorized to the left thorax. The remainder of the surgery and
post-operative care were performed according to the clinical needs. The exteriorized
temporary pacing wires were connected to ADInstruments (ADI, Sydney, Australia) ML 135
Dual Bio Amp amplifier for continuous recordings after surgery. In all patients, an additional
surface electrocardiogram (ECG) with the same amplifier was simultaneously recorded. The
SKNA was recorded using the traditional ECG patch with the method described in a
previous study.® The data from both channels were simultaneously digtized at 10,000
samples/s by ADI PowerLab data acquisition system and recorded continuously on a
portable computer. The recording was made continuously until when the patient was
discharged from the intensive care unit or at 72 hours after surgery, whichever came first.
The patients were followed in hospital and again in a month as an outpatient. All
complications were documented.

Data Analyses

The signals were analyzed off-line according to the methods developed from previous
studies.® We manually evaluated all recordings to exclude the periods with artifacts. We then
analyzed the first 20-min of each hour to determine the activities of PVC/PAC, if any, in that
time period. Data segments of overall poor signal quality or contains significant amount of
artifacts were excluded from analyses. We then manually determined the presence or
absence of intermittent spontaneous bursts of impulses of nerve activities and arrhythmias at
all channels in each 30-s window of data. Based on a previous paper that recorded human
sympathetic nerve fibers, two forms of nerve activities are present: one being sustained, low-
amplitude nerve discharges, the other being “burst-like” grouped discharges of impulses,
occurring intermittently. These burst discharges were considered to precede the onset of
atrial arrhythmias if they were present within 10 s prior to the onset of these arrhythmias. In
addition to manual analyses, a custom-designed software was used to automatically import
and to further filter the signals to display nerve activities (500-1000 Hz Band-pass filter and
100 Hz High-pass filter for ICNA and SKNA, respectively®). R-wave-triggered averaging
was performed in the observation window to construct an electrocardiogram (ECG)
template, which was subtracted beat-by-beat in the recording to remove the ECG
interference. The voltages of digitized signals were summed to represent total nerve activity
of 1-min time segments. The summed voltage was dependent on the sampling rate. To make
the quantitative nerve activity sampling rate independent, the integrated nerve activity was
divided by 60 (to make it as per s) and then divided by the sampling rate (10000/s) to obtain
the average ICNA (alCNA) and average SKNA (aSKNA) for that 1-min window.>

Statistical Analyses

The data are presented as mean and 95% confidence interval (Cl). Fisher’s exact test was
used to assess the relationship between ICNA and premature atrial contractions (PACs) or
premature ventricular contractions (PVCs). Pearson’s correlation coefficients (r) were used
to assess correlations between average integrated nerve activities and PACs or PVCs.
Unpaired #test was used to compare the nerve activities among patients who developed
postoperative AF and those who did not. The statistics were computed using the PASW
Statistics (version 22; SPSS Inc, Chicago, IL).
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Eleven patients (60+13 years old; 4 female) undergoing coronary artery bypass grafting
(CABG) surgery consented for this study. Among them, 10 were treated postoperatively
with amiodarone. Table 1 summarizes patient characteristics and drugs received in the
perioperative period. While ICNA and PACs were seen in all patients studied, the
frequencies of occurrences varied greatly among patients. Removal of temporary pacing
wires caused pain in 1 patient. The electrode removal in the remaining 10 patients was
uneventful. There were otherwise no complications related to the study. The surgical
incision sites of all patients were healed and no complications were reported at one month
outpatient follow up.

Characteristics of Human Nerve Activities

Continuous recordings were performed for 3 days in 10 patients and 1 day in 1 patient. A
total of 15020 min of data (15020 1-min data windows) were analyzed, with 1365 [CI: 790
to 1939] min of recording per patient. The sustained low-amplitude nerve discharges from
the epicardial fat pad were always present, similar to that observed in the peripheral nerves.3
In contrast, the burst discharges were detected in only 369 of 15020 (2.7%) data windows
analyzed. These nerve activities (red arrows, Figure 2) were consistent with that observed in
canine studies.! A majority (61%) of these burst discharges were observed during the last
day (Day 3) of monitoring period. In addition, there was a significant inter-individual
variability of ICNA frequencies. One patient had burst discharges detected in 5% of time (63
of 1280 windows) while another patient in 0.1% of time (2 of 1500 windows). For all
patients studied, the burst discharges was present in 2.7+2% of the windows analyzed. There
were a total of 640 episodes of burst activities (averaged 1.7 episodes per window when
ICNA was present). Of these, 423 (66%) episodes of burst activities were associated with
PACs or PVCs. The remaining burst activities were not associated with premature beats
from either chamber. More detailed relationships between ICNA and premature contractions
are described in the next paragraph. Compared to these ICNA, SKNA were detected more
frequently (679 of 15020 data windows, 5.7% of time, blue arrows, Figure 2). Similarly, a
majority (69%) of SKNA was observed on Day 3 and the frequencies of nerve activities
varied tremendously among individuals. One patient had SKNA detected in 29% of time
(251 of 860 windows) while another patient in 0.3% of time (2 of 720 windows). For all
patients studied, the SKNA was present in 5.7+8.1% of the windows analyzed.

Nerve Activities and Post-Operative Premature Contractions

From the windows chosen for nerve activities analysis (first 20 min of each hour of available
recordings that were free of artifacts), episodes of PACs and PVCs were manually
determined. A total of 1425 episodes of PACs were identified (mean 130 per patient, [CI: 3
to 257]). Of them, 216 episodes (15.2%) were preceded by burst ICNA. In comparison,
among 1425 control time segments (3 min prior to the PACs), only 68 segments (4.8%) were
preceded by burst discharges (P<0.0001). This is also true with the relationships between
SKNA and PACs. Of the same 1425 episodes of PACs, 192 (13.5%) were preceded by
SKNA; while only 92 control segments (6.5%) were preceded by SKNA (£<0.0001). Figure
3A demonstrates an example of PAC in a patient recovering from CABG. Both the burst
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ICNA and SKNA clearly preceded the onset of the PAC. Similar, albeit not as robust,
association of either ICNA or SKNA with PVCs is observed. A total of 1741 episodes of
PVCs were identified (mean 158 per patient, [CI: 7 to 309]). Of them, 207 episodes (11.9%)
were preceded by the burst ICNA. In comparison, among 1741 control time segments (3 min
prior to the PVCs), 149 episodes (8.6%) were preceded by ICNA (P=0.0014). This is also
true with the relationships between SKNA and PVCs. Of the same 1741 episodes of PVCs,
233 (13.4%) were preceded by SKNA; while only 119 control segments (6.8%) were
preceded by SKNA (P<0.0001). Figure 3B demonstrates an example of PVC in a different
patient recovering from CABG. Both the burst ICNA and SKNA clearly preceded the onset
of the PVC.

Baseline Nerve Activities and Their Implications of Arrhythmias Burden

Every patient’s first 300 min recordings were processed to represent baseline integrated
nerve activities. The alCNA was 2.6 pV (ClI: 1.4 to 3.8) and the aSKNA was 2.5 pV (Cl: 1.9
to 3.1). Each individual’s integrated nerve activities and their PAC or PVC burden (total
episodes of PAC or PVC divided by minutes analyzed) were determined. A significant and
strong association was found between the value of alCNA and PAC burden (r=0.78, £<0.01).
A significant but weak association was found between the frequency of burst ICNA and PAC
burden (r=0.48, P<0.05). By contrast, no significant association was found between alCNA
and PVC burden (r=0.06, ~=NS). aSKNA had no significant association with either PAC (r=
-0.2, P=NS) or PVC burden (r=0.08, P=NS). The patient with highest al CNA at baseline
(8.4 uV) also had the highest PAC burden. Moreover, that patient was the only one who
developed postoperative AF during the monitoring period in the study. Figure 4 shows the
nerve activities during AF in this particular patient. ICNA seemed more active during the AF
although SKNA was also observed. This patient had sinus with PAC bigeminy and
developed salvos of AF. A grouped burst discharges of the ICNA were observed at the onset
of AF, as shown in Figure 4A, but this was not always observed. Among the remaining 10
patients, 1 developed postoperative AF 3 days after surgery, after being discharged from the
intensive care unit and disconnected from the recording equipment. The alCNA of the two
patients who developed postoperative AF was 5.6 uV (Cl: 0.1 to 11.1) which was
significantly larger than patients without postoperative AF (1.9 uV [CI: 1.3 to 2.5]), ~<0.05.

Discussion

This is the first-in-man study showing that 1) it was feasible to record both ICNA and SKNA
from human patients, 2) two forms of ICNA were recorded: one being sustained, low-
amplitude baseline nerve activities that are always present; the other being grouped burst
discharges, 3) burst discharges of ICNA and SKNA were significantly associated with the
onset of PACs and PVCs and 4) baseline alCNA is positively associated with PAC burden in
the postoperative period and was significantly associated with the development of
postoperative AF.

Cardiac Autonomic Innervation

The cardiac autonomic innervation had both extrinsic and intrinsic components.”- 8 The
extrinsic autonomic innervation came from the paravertebral sympathetic ganglia and the
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vagus nerve. The intrinsic autonomic innervation came from the ganglionated plexi
distributed mostly within the fat pads on the epicardium.”- & Immunohistopathological
studies showed that both sympathetic and parasympathetic components co-exist in the
ganglionated plexi.® Adrian and Bronk0 were probably the first to record mammalian
sympathetic nerve activities, documenting an association between sympathetic discharges
and physiological responses, such as vasoconstriction, heart rate and respiration. Subsequent
studies showed the feasibility of recording extrinsic cardiac sympathetic nerve activities in
the stellate ganglion of various animal models as well as from ganglionated plexi in the fat
pad, documenting a direct relationship between nerve activities and pathophysiological
responses, including cardiac arrhythmias.l: 1116 The latter studies also documented the
importance of ICNA in cardiac arrhythmogenesis. While autonomic nerve activities are
important in the development cardiac arrhythmias, no one has reported patterns of intrinsic
cardiac nerve discharges in human patients, or correlated the nerve discharges with
spontaneous atrial tachyarrhythmias. In the present study, we have documented the first
successful recording of ICNA from human patients. The results show that the ICNA is
significantly associated with the development of spontaneous atrial arrhythmias. Because
most of our understanding of ICNA physiology came from animal experiments, it was
reassuring that the characteristics of the ICNA in humans were similar to that reported in
anesthetized and ambulatory dogs.!

Characteristics of Human Nerve Activities in the Postoperative Period

Although baseline ICNA and SKNA were present all the time, we detected burst ICNA in
only 2.7% of the windows analyzed. This was much less frequent than that recorded in
ambulatory dogs. In the latter experimental models, we were able to detect burst LOM nerve
activities in 7.5% and SLGP nerve activities in 17.1% of the windows analyzed.! Similarly,
SKNA was recorded in 5.9% of the windows, whereas it was recorded more than 12.5% of
time in a canine study.1” This difference might be explained by the timing of recordings. In
ambulatory animals,1* we found that the stellate ganglion nerve activities were infrequently
observed in the first few days after surgery but became very frequent one week later.14 The
mechanisms by which nerve activities were difficult to detect in the immediate postoperative
period could be due to surgical trauma associated with electrode implantation. It was also
known that both propofol and isoflurane markedly suppress muscle sympathetic nerve
activities in humans.1® There might be residual effects of these anesthetic agents on nerve
activities in the immediate postoperative period. In addition, sedation and analgesics given
during the postoperative periods might also reduce nerve activities. These possible
mechanisms are supported by the fact that the majority of the burst discharges are present
during the last day of the monitoring period. Because of the above limitations, the nerve
discharges reported in this study may not be representative of the ICNA or SKNA of the
general population.

ICNA and Atrial Arrhythmias

We found that 15.2% of the PACs were preceded by the burst ICNA. Given this type of
grouped discharges was only present in 2.7% of the windows analyzed, this association was
unlikely to be due to chance occurrence. Not only that the patient with largest alCNA
developed postoperative AF, but that the alCNA of the two patients who developed post-
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operative AF was significantly higher than that of other patients who did not. Because the
heart has multiple fat pads and ganglionated plexi,’ it is somewhat surprising that ICNA
recorded from a single fat pad has such high arrhythmic implications. A possible explanation
is that the ganglionated plexi at different locations might communicate with each other, and
also communicate directly with the extrinsic cardiac nervous systems. More firing from one
site, hence the larger alCNA, may indicate simultaneous firing of multiple nerve structures,
which facilitate future arrhythmias. On the other hand, at least from the patient who
developed postoperative AF, the ICNA was rarely a direct trigger of the AF, in sharp contrast
to canine model, where ICNA was an invariable trigger of paroxysmal AF.1 As shown in
Figure 4B, the ICNA was observed mostly afterthe onset of each episode of AF. This
reflects one of the limitations of the current study that only one site of intracardiac nerve
structure is being recorded, and that narrowly-spaced “near-field” recording may have failed
to record thetrigger of AF in that particular patient. In addition, the mechanisms of
postoperative AF may be more complex and are not entirely dependent on the presence of
abnormal autonomic nerve activities.1® A more recent study2° shows that botulinum toxin
injection into epicardial fat pads during coronary artery bypass graft surgery provided
substantial suppression of atrial tachyarrhythmias postoperatively. These findings suggest
that increased burst ICNA discharges maybe causally related to the development of
postoperative atrial arrhythmias, including AF.

Baseline aSKNA did not correlate with PAC burden

We found that baseline alCNA, but not aSKNA, strongly correlated with PAC burden during
the 3-day monitoring period. It is possible that the inflammatory response in the immediate
postoperative period had significantly increased the magnitude of ICNA while the systemic
sympathetic tone was not proportionally increased. Therefore, only aSKNA correlated with
the PAC burden. In contrast, elevated aSKNA was strongly associated with paroxysmal atrial
tachyarrhythmias that occur without preceding open heart surgery.?!

Limitations of the Study

The incidence of postoperative AF had declined significantly in recently years due to the
development of effective pharmacological prophylaxis, including the use of amiodarone,
beta blockers, colchicine and other pharmacological agents.22-24 These effective
prophylactic therapy had reduced the incidence of postoperative AF to as low as 12%.23 24
Because we did not withdraw standard pharmacological prophylaxis, it was not surprising
that only one patient in the current study developed postoperative AF in the monitor period.
With only two patients developing postoperative AF, it is difficult to generate any
meaningful conclusion to test if ICNA is important in postoperative AF. However, because
ICNA had not been previously recorded in humans, we propose that these data provide
significant new insights into the neural mechanisms of cardiac arrhythmogenesis and might
be helpful in designing further experiments to study the neural mechanisms of heart rhythm
disorders in humans. The number of patients enrolled is small. While 11 patients are
sufficient to document the feasibility of nerve recording, further studies are needed to
document the relationship between ICNA and postoperative AF. There is potential for bias
because not all recordings on each patient were analyzed. The disparity of total time
processed between patients were mainly affected by the quality of the recordings. Finally,
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the relationship between blood pressure changes and neural activity would be interesting, but
we did not simultaneously record the blood pressure during the study.

Conclusions

Both ICNA and SKNA can be recorded from human patients in the postoperative period.
Baseline alCNA has a high correlation with PAC burden and may predict the risks of
development of postoperative AF.
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Figure 1.
Placement of the temporary pacing wires during surgery. At the end of the open heart

surgery, two temporary pacing wires were threaded through the epicardial fat pad at the
junction of the left superior pulmonary vein (LSPV) and left atrium (LA). The uninsulated
portion of the temporary pacing wires went through the fat pad (yellow) near the LOM and
the orifice of the LSPV. LAA, left atrial appendage; LOM, ligament of Marshall; LV, left
ventricle.
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Figure 2.
Characteristics of human nerve activities. Panel A shows burst ICNA (red arrows) and

SKNA (blue arrows) discharged intermittently in one patient. This patient has burst ICNA
and SKNA present in only 0.4% and 0.6% of windows analyzed, respectively. Panel B
shows burst ICNA and SKNA discharged simultaneously in another patient. This patient has
burst ICNA and SKNA present in only 5.0% and 5.0% of windows analyzed, respectively.
Note the sustained low-amplitude nerve activities were present at all time in both channels.
Calibration bar = 3 sec.
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Figure 3.
Human nerve activities and PAC and PVC. Panel A shows burst ICNA (red arrows) and

SKNA (blue arrows) discharges preceded an episode of PAC (arrowhead). Panel B shows
burst ICNA and SKNA discharges preceded an episode of PVVC (arrowhead). Calibration bar
= 3 sec.
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Figure 4.
ICNA and postoperative atrial fibrillation (AF). Panel A shows burst ICNA (red arrow) at the

onset of an episode of AF (red arrow). Insets show sinus with PAC bigeminy on the left and
AF on the right. Sporadic SKNA (blue arrow) was present during AF. Panel B shows salvos
of AF with clear sinus beat(s) (inset) in between. Burst ICNA (red arrows) occurred during
but not at the onset of AF episodes (green arrows), suggesting passive activation from the
real trigger elsewhere. Calibration bar = 5 sec.

Heart Rhythm. Author manuscript; available in PMC 2018 November 01.



Page 14

Shen et al.

"uone||1qy [erle aaneladolsod padojansp oym jusired ayy
¥

“yBram ‘I ‘Uonoeuod [euye ainjewsald ‘Qvd ‘eaude das|s aAONASHO ‘YSO
‘(suop weiBolpseaoyds ou) ajgejrene Jou ‘N ‘uonenfinbal [eniw ‘YA ‘SuoiedIpaw ‘SpaIA ‘ajew ‘N ‘uoidely uondale JeinariusA Ya| ‘43 A1 ‘AydesBoipsedoyds woly UoISUSWIP [eLIR Y| ‘T ‘SBINAIR
9AI3U JeIpIed J1sULIUI paresBaiul abeiane ‘YNDIe yBiay ‘IH ‘ajewsy A ‘snijjaw saiaqelp ‘NG ‘Buryesb ssedAq Alsne A1euolod ‘9gwyD ‘seseasip Aiale A1euoiod ‘qyD ‘S18X20]q Blag ‘g ‘auoJepolwe NV

700 ST 2avo | 99 ‘v 09 4 INQ ‘NLH ‘av0 60T 89T W | g | 11
L0 '8 2gvd | 99 ‘v 29 T¢ 4V ‘NLH ‘avd 6 18T 4 | e |,0T
0€0 ST 2avd | 99 ‘\V 09 7'e NG ‘N1H ‘avD 06 SLT W | o | 6
100 8 28v0 WY 19 A VSO ‘NLH ‘avo €01 SIT W | sz | .8
220 x4 2avo NV 14 WN NLH ‘av2 66 8.1 W | 9s | ¢
100 6°€ 2avd | 99 ‘AV o S¢ NG ‘N1H ‘avD 90T QLT W | ev | o
800 €T 2avo | 99 ‘'iWv 14 6€ a2 ‘INd ‘NLH ‘avo ETT 89T W | 69 | s
000 67 2avd | 99 ‘AV 89 ze NG ‘avo 05 091 4 | 6 | v
500 8T 2avo | 99 ‘v 9 9¢€ AN NA ‘NLH ‘avD 88 G9T 4 | e | ¢
100 67 28v0o N\ €9 6°¢ N1H ‘av0 AR 8.1 4 | os | ¢
€00 60 2avo 8UON 09 € NLH ‘av2 16 08T W | 5| T
(utwy) uspang ovd | (AM) vNOIe | A1eBang | spaiN | (%) 43A71 | (W) avnl sesoubelq B | (wo)IH | xes | 9bvy | 1d

SonsLIaloRIRYD 1UBNEd

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Heart Rhythm. Author manuscript; available in PMC 2018 November 01.



	Abstract
	Introduction
	Methods
	Surgical Preparation and Recording
	Data Analyses
	Statistical Analyses

	Results
	Characteristics of Human Nerve Activities
	Nerve Activities and Post-Operative Premature Contractions
	Baseline Nerve Activities and Their Implications of Arrhythmias Burden

	Discussion
	Cardiac Autonomic Innervation
	Characteristics of Human Nerve Activities in the Postoperative Period
	ICNA and Atrial Arrhythmias
	Baseline aSKNA did not correlate with PAC burden
	Limitations of the Study

	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

