A - 7222 Rohrbach, Waldstrasse 61
Tel.: +43 2626 / 64 550, Fax: +43 2626 / 64 550 -4

: .ducest-medical.
M Ducest Medical T eaautentsom

Vagale
Stimulation
uber das
aufdere Ohr

Dr. ).C. Szeles, AKH Wien
Dr. Thomas Payrits Wr. Neustadt

DUCEST-MEDICAL GmbH, UID: ATUB5748007, FN: 346941h
Raiffeisen-Bezirksbank Mattersburg, Bankstelle Rohrbach
Kto.nr: 1313, BLZ: 33124, BIC: RLBBAT2E124, IBAN: AT293312400000001313




RNV U U R R R R R R R R TR T TR T T T R T R R R IR IR R TR TR R AR TR T TR T

Darstellung des Nervus Vagus am
auBeren Ohr

Fig. 2. A. Lateral surface of the external ear with corresponding
scheme. ABVN = auricular branch of vagus nerve; GAN = great
auricular nerve; ATN = auriculotemporal nerve; STA = superficial
temporal artery. B. Medial surface of the external ear with correspond-
ing scheme. ABVN = auricular branch of vagus nerve; LON = lesser
occipital nerve; V = vessels.
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Clinical Anatomy 15:35-37 (2002)

The Nerve Supply of the Human Auricle

ELMAR T. PEUKER" ann TIMM J. FILLER

Clinical Anatonry Division, Institute of Anatomy, Westfalian Wilhelms-University, Muenster, Germany

Knowledge of the inuervation of the outer ear is crucial for surgery in this region. The aim
of this study was to describe the system of the aurtcular nerve supply. On 14 ears of seven
cadavers the complete course of the nerve supply was exposed and categorized. A hetero-
geneous distribution of two cranial branchial nerves and two somatic cervical nerves was
found. At the lateral as well as the medial surface the great auricular nerve prevails. No region
with triple innervation was found. Clin. Anat. 15:35-37, 2002, & 2002 Wiley-Liss, Inc.
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INTRODUCTION

A derailed knowledge on vascularization and inner-
vation of the cuter ear is crucial for reconstructive and
plastic surgery in this region, Moreover, the innerva-
tion of the auricle is the theoretical basis of different
reflex therapies (e.g., ear acupuncture). However, data
on the innervation as provided by scientific publica-
tions are scarce, incomplete, and inconsistent. The
aim of this study is to describe the system of the
auricular nerve supply. '

MATERIALS AND METHODS

On 14 cars of scven cadavers the complete course
of nerve supply was exposed under magnifving
glasses. Hach branch was defined by identifying is
origin. The bodies (both scxes, age between 68 and 84
vears) donated to the Institute of Anatomy had been
embalmed with 4 mixwure of formaldehvde, chloral
hvdrate, and sorbitum solution. Ramifications were
coated with a water-soluble dyc and photographicaily
documented. The results were transferred to a
scheme of the external car and classified.

RESULTS

A heterogeneous distribution of cranial branchial
nerves and somatic cervical nerves was found.

At the lateral surface the GAN (grear auncular
nerve) prevails, In 73% of cases the ABVN (aunicular
branch of vagus nerve) and in 18% the GAN was
found on the antihelix solely, and 3% showed a double

@ 2002 Wiley-Liss, Inc.
DO 10.1002/¢a. 1089

innervation, The lobule and the anteragus were sup-
plied by the GAN in all cases. The tragus was inner-
vated by GAN in 45% solely, in 9% by the ATN
(auriculotemporal nerve), and 1n all other cases by
both of them. The il of helix and the scapha were
always supplied by the GAN, the spine of helix in
91% by the ATN (9% GAN). The ATN was found in
80% at the crus helicis; in 20% the ABVN branched on
this part. In 9% the ABVN provided ramification for
the crura antihelices ($1% GAN), in 45% of the spec-
imen for the cavity of conchae, and in 100% for the
cymba conchac. In 55% two nerves were found on the
cavity of conchae (GAN and ABVN). No region with
triple innervation was found. For an overview sec
Table 1 and Figure 1A.

At the medial surface of the auricle the LON {less-
er pecipital nerve) participated in 55% of the innerva-
ton of the upper third {in 37% solely). The GAN
participated in 63% (in 27% solely); in 36% double
innervation was found. 'The supply of the middle third
was provided in 64% by the GAN (18% solely), in 73%
by the ABVN (27% solely), and in 18% by the LON
{in no casc solely). Double inncrvation was scen in
55% of the middle third. At the lower third, in 91% of
the cases GAN was found (73% solely), and in 27%
the ABVN (9% solely). No region with triple innerva-
tion was found at the medial surface of the auricle as

*Correspondence to: Dr. Elmar T, Peuker, Institute of Anatomy,
Vesaliusweg 2-4, 1-48149 Muceaster, Germany.
E-mail: peuker@uni-mucaster.de
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TABLE 1. Overview of the Innervation Pattern
of the Lateral Surface of the Auricle

ABVN GAN ATN
Crus of helix 20% 80%
Spine of helix 9% 9%
Tail of helix 100%
Scapha 0%
Crura of anthelix 9% 1%
Antihelix 73% 9% 18%
Antitragus 100%
Trapus 45% 46% 9%
Cymba conchae 110%
Cavity of concha 45% 55%
Lobule of auricle 100%

ABVN = auriele branch of the vagus nerve; GAN =

great auricular nerve; ATN = auriculotemporal nerve.

EY

v, of auricle

Tig. 1. Scheme of left auricle, lateral aspect.

Fig. 2. A. Lateral surface of the external car with corresponding
scheme. ABVN = auricular btanch of vagus nerve; GAN = great
auricular nerve; ATN = auriculotemporal nerve; STA = superficial
temporal artery. B, Medial swiface of the external car with correspond-
ing scheme. ABVN = auricular branch of vagus nerve; LON = jesser
occipital nerve; V = vessels. ‘

weil. For details on double innervation see Figures 1B
and 2.

DISCUSSION

The external ear appears only in mammals. The
density of nerve fibers in the human auricle compared
to other regions of the head seems rather high. In
addition, four different nerves are distributed t the
external ear. They are partly branchiogenic and so-
matogenic. Concerning the sensory innervation, there
is a gap in the origin between the first and third
branchiogenic nerves on the upper side and on the




Dorsal upper third

Dorsal middle third

Dorsal lower third

Fig. 3. Scheme of the distibution patterns of the medial surface
of the awricle. ABVN = auricular branch of vagus nerve; GAN =
great auricular nerve; LON = lesser occipital nerve.

third 1o fourth spinal nerves from the lower side. No
overlapping of the branchial branches was noted,
whereas the somarogenic nerves showed double in-
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nervation with both origins of the nerves. The over-
lapping was scen on the lateral site only within the
middie third (tragus, infcrior concha, and ancibelix),
whereas the medial surface revealed overlapping in all
parts.

Other studies imply that the sensory innervation is
provided by the cranial and cervical nerves (Satomi
and Takahashi, 1991). Labeling of the central projec-
tiens shows a remarkable ipsilateral distribution (No-
mura and Mizuno, 1984). However, the respective
studies have been performed mainly on cat auricles,
and no suggestions were made on the function of this
extensive innervation. Regulation of temperature
might be a possible explanation, control of ear forma-
tion could be another. Nonetheless, to our knowledge,
there are no related studies available.

Depending on the technique, complications of oto-
plasty and auricular reconstruction are quite cOmmon.
Jutaneous problems, residual pain, hypesthesia, sen-
sitivity to cold or touch, and delayed wound healing
arec mentioned 1n scientfic publications (Calder and
Naasan, 1994; Caouette-Laberge et al., 2000; Weerda
and Siegert, 1994). Most of the surgical techniques do
not consider the innervation pattern (Heppt and
Trautmann, 1999). However, disturbances of the
nerve supply of the vessels and therefore of the tissue
nutrition may be responsible for the considerable
postoperative problems,
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ADAPTIVE AURICULAR ELECTRICAL STIMULATION
CONTROLLED BY VITAL BIOSIGNALS

Transition from Fixed to Adaptive and Synchronized Electrical Stimulation
Controlled by Heart Rate Variability and Blood Perfusion

Eugenijus Kaniusas
Institute of Electrical Measurements and Cirewit Design, Vienna University of Technology
Gusshausstrasse 27-29/E354, Vienna, Austria
kaniusas@tuwien.ac.al

Jozsef Constantin Szeles, Tilo Materna
Department of Surgery, University of Vienna, Vienna, Austria
J.szeles. akh(@aon.at

Giedrius Varoneckas
Sleep Medicine Centre, Klaipeda University Hospital, Klaipeda, Lithuania

giedvar@ktlmiilt
Keywords: Electrical stimulation, heart rate variability, physiological sensors, adaptive stimulation, ear.
Abstract: The auricular electrical punctual stimulation is usually applied for pain relief, The common application

involves fixed stimulation parameters, which makes the simulation insensitive to prevailing pain or stress
feve! and may lead to 2 disadvantageous over-stimulation. In order to address this issue, the given position
paper presents an experimental background leading to a conceptual design of an adaptive and synchronized
stimulation technique. Here parameters of the heart rate variability are used as stimulation biofeedback,
while the stimulating signal is synchronized with cardiac or respiratory activity to boost stimulation effects.

1 INTRODUCTION

The auricular electrical punctual stimulation (P-
Stim) is an electrical nerve stimulation technique,
newly introduced by Dr, Szeles (Szeles, 2001a). The
P-Stim is usually applied for acute and chronic pain
relief. A reduction of pain perception and pain-
relieving medications is attained (Szeles, 2001b;
Sator-Katzenschlager, 2006; Likar, 2007), even with
an induction of anaesthesia state (Litscher, 2007).
Furthermore, reduction of body mass index (BMI) in
obese patients (Szeles, 2001b), increase of blood
flow velocity and oxygenation (Szeles, 2004) were
reported during the P-Stim application. The

advantages of the electrical stimuiation over

conventional (manual) acupuncture with respect to
pain relief, well-being and sleep quality were

documented in (Sator-Katzenschlager, 2004) for

extended periods of time up to 3 months,
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Vagal stimulating point

a) b)

branch

Srimulating device .
(= reference elecirode) M
Figure T; a) Bar with indicated approximate auricular
branch of vagus nerve according to (Peuker, 2002; Gao,
2008). b Electrical punctual stimulation of the auricular
vagus nerve (P-Stim).
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Figure 2: Stimulation waveforms of a fixed (a) and (b} adaptive electrical punctual stimulation,

The particular beneficial effects of the P-Stim are
still under discussion, whereas a number of the
following mechanisms seem to be invelved. The
efectrical stimulation of the afferent nerve receptors
may influence gate mechanisms in the central
nervous system (CNS), preventing pain-related
action impulses from reaching the CNS and avoiding
the person’s perception of pain. Furthermore, an
indirect stimulation of pain receptors and activation
of inhibitory pain control systems may be involved,
as well as a stimulated release of neurotransmitters,
e.g., endorphins and other endogenous opioids.

Though the efficiency of the P-Stim was subject-
ively proved in many cases and the P-Stim is already
in clinical use, only recently some objective and
statistical evidence was established on the
stimulation effects. Given that an auricular branch of
vagal nerve (Fig. 1a) is electrically stimulated by the
P-Stim device (Fig. Ib), effects on the heart rate
variability (HRV) were assessed in the time and
spectral domain (Kaniusas, 2008; Gbaoui, 2008a)
and in the state space (Gbaoui, 2008b)} by our group.
In addition, blood perfusion {BF) changes during
stimulation were investigated (Kaniusas, 2008), In
the latter studies optical plethysmography (OPG)
served as biofeedback to derive the HRV and BP.

Here the suitability of the HRV and BP analysis
is given by the fact that the stimulated afferent vagal
nerve goes 1o the nucleus solitarius in the CNS,
whereas the sinus node of the heart is controlled by
the efferent vagus nerve from the nucleus ambiguous
in the CNS. The node initiates heart contractions
with particular rate dynamic and ejection strength,

thus the HRVY and BP being the appropriate
parameters to register the stimulation effects.

The given pesition paper is intended to introduce
a novel technology for an adaptive and synchronous
P-Stim controlled by the HRV and BP. As a starting
point, technical data and new experimental results
concerning parasympathetic/sympathetic power in
the HRV from the standard P-Stim are presented,
which yield a substantial basis and arguments for the
introduction of the adaptive stimulation.

2  ESTABLISHED STIMULATION

2.1 Methodology

The P-Stim was applied in supine position of three
healthy volunteers: two men aged 41/29 with BMI
25/23 kg/m® and one female aged 19 with BMI of
20 kg/m®. A precise positioning of the needle in the
vicinity of the vagal nerve (Fig. 1} was facilitated by
local conductivity measurements, for the local
conductivity increases in the region of the nerve and
its supporting blood vessels.

As demonstrated in Fig. 2a, the voltage U/ of the
electrical  stimulation comprises  monophasic
impulses with changing polarity, stimulation
{=repetition) rate fg of 1 Hz, amplitude 4 of 4 V and
impulse duration of about 1 ms.

The duration of the recordings was about 15 min
before, during, and afier the stimulation,
respectively. At least two recordings were performed
per volunteer with a time-lag in-between of more

3035
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Figure 3: a) Optical plethysmography signal sop; with an estimated cardiac rate f- from indicated systolic onset points (¥)
and an estimated respiratory rate fi from the envelope. b) The corresponding respiration signal sg from the chest skin

curvature sensor.

than 10 days. It should be noted that the needles for
stimulation were inserted about 5 min before the
recording to avoid needle’s positioning effects, i.c.,
to avoid temporal effects of manual acupuncture.

In parailel, the OPG signal sopg from the finger
was assessed as biofeedback. Here the relatively
high sampling rate of 2 ki{z is needed for an
accurate HRV analysis (Guidelines, 1996). A typical
course of sgpg is depicted in Fig. 3a.

The instantaneous heart rate fi for the HRV
analysis was estimated from sopg, as demonstrated
in Fig. 3a, with artefacts and noisy segments being
manually removed. The prominent minima in sopg,
which correspond to the onset of the systole or blood
ejection, were detected as fiducial points for the
calculation of the instantaneous 7 .

The investigation of the resulting £ sequence in
the spectral domain comprised power in the
established frequency ranges (Guidelines, 1996):
low frequency range 0.04-0.15 Hz corresponding to
sympathetic power Pgyy and high frequency range
0.15-0.4 Hz corresponding to parasympathetic
power Ppar. Both Poyy and Ppap were estimated for
sequence windows of 300 s with 50 % overlap. It
should be noted that there are controversial
indications that Ppap is also present in the low
frequency range.

The BP is given by the course of sopg (Fig. 3a).
In particular, the amplitude deflection of sgpg within
a single heart cycle corresponds approximately to

306

both amount of blood ejected (=left ventricular
stroke volume) and vesicular compliance.

The respiration reference sy (Fig. 3b) was
established by a skin curvature sensor on the chest,
as described in (Pfiitzner, 2006; Kaniusas, 2004).

2.2 Results

2.2.1 Heart Rate Variability

Fig. 4b and Fig. 5b demonstrate a temporal increase
of Ppap  during stimulation, which temporal
activation is given in Fig. 4a and Fig. 5a. The
relative increase of Ppap among volunteers was
about 20 %, which was observed in all sessions but
one, prebably because of a relatively high initiai
value of Ppap. A temporal dip of Ppap was often
observed during the stimulation.

No unique tendencies were registered in the
behaviour of Pgyy, as demonstrated in Fig. 4c and
Fig. 5¢. However, stress relaxation effects could be
observed in some cases even in healthy volunteers,
In Fig. 4b,c and Fig. 5b,c dashed ellipses mark the
corresponding time intervals, where Ppag increases
and Pgyy concurrently decreases. In general, such
changes of Ppag and Psyy tend to indicate ongoing
restorative effects.

The stimulation effects on Ppaz were discussed
in a wider context in (Kaniusas, 2008; Gbaoui,
2008a), considering additionally parameters in the
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Figure 4: Effects on heart rate variability in the female
subject. a) Temporal activation of the electrical
stimulation (P-Stim OFF or P-Stim ON). b) The
corresponding  parasymipathetic power Fpag. ¢) The
corresponding sympathetic power Pgyy; .

time domain and state space. Aforementioned
tendencies of Ppar were also found in (Haker, 2000),
even during non-electrical auricular stimulation by
acupuncture needle.

In contrast to Ppag, none of the mentioned
studies indicate clear tendencies of Pgym. This is
likely to be attributed to the study enrolment of only
healthy unstressed pain-free individuals in resting
state, where potential changes or improvements of
Psym are strongly restricted.

2.2.2 Blood Perfusion

The BP is given by the course of Sops, as show in
Fig. 3a. It is important to observe that not only the
instantaneous cardiac activity but also the respiration
can be derived from sopg .

In particular, the systolic onset points, as marked
by asterisks in Figure 3a, give a useful reference to
heart excitation. These points are delayed by about
200 ms from the actual excitation of the heart
ventricles (= R peaks in electrocardiography (ECG))
with the delay being nearly constant.

ON

2} PS5t OFF OFF

b) Ppan * 165 (ms?)

8

i :

1500 2000 1)

300 1000
Figure 5: Effects on heart rate variability in a male subject.
a) Temporal activation of the electrical stimulation (P-
Stim OFF or P-Stim ON). b} The corresponding
parasympathetic power Ppap. ¢} The corresponding
sympathetic power Peyn .

The respiratory cycle can be derived from sopg,
as indicated by the envelope in Fig. 3a. Here the
amplitude modulation of sepg results from the
respiratory induced modulation of the left ventricu-
lar stroke volume which temporally increases during
expiration. The simultaneously recorded respiration
reference sp (Fig. 3b) proves the respiratory related
modulation of the sgpg deflection.

3 PROPOSED STIMULATION

3.1 Rationale

Since the spectral HRV parameters are specifically
influenced by the standard P-Stim application and
the instant cardio-respiratory data can be derived
from the BP, as shown above, a novel adaptive and
synchronized P-Stim could be established.

A targeted control of the stimulation waveform
{compare Fig. 2) is highly reasonable for avoiding
over-stimulation and realising stimulation on-
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Figure 6: Control loop of the adaplive auricufar stimulation with OPG as the optical plcthysmography.
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Figure 7: Establishment of biofeedback for controlling and synchronization purposes with [G as the impulse generator.

demand controlled by HRV parameters, In other
words, if pain perception is already reduced, as
detected by e.g., reduced stress and diminished
Psyu, then A, f (Fig. 2b) could be reduced as well.
In addition, efficient energy use in the stimuiation
would be facilitated.

The synchronization of the stimulation waveform
with the cardio-respiratory activity would allow a
constructive interference of the stimulated pain-
relieving effecis and the residual body attempts. In
particular, the cardiac synchronization would atlow a
timely activation of the gate mechanisims in the CNS
or a timely and indirect stimulation of receptors
{e.g., blood pressure}, regulating vital body
functions. The respiratory synchronization would
help to interfere with body phenomena like
respiratory sinus arrhythmia, yielding a forced
increase of Ppan in the expiration phase.

3.2 Realization

The proposed set-up is shown in Fig. 6. The input
parameters 4, f; and the activation rate fi of the
impulse generator are adaptively adjusted according
to the HRV parameters via a control loop. The
cardio-respiratory synchronization signal for the
impulse generator is also derived from sgpc .

In particular, Fig. 7 suggests the difference Ppar
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- Pgym as a possible realization of the stimulation
feedback, while the targeted value could be the pain
intensity to be reduced. That is, the higher Ppay and
the lower Psym get in the course of the stimulation,
the more strongly the pain has already been reduced.
Similar behaviour of Ppag and Py during
stimulation was already observed in Fig. 4 and Fig.
5. Obviously the ratio Ppag/ Psym could be used
instead of the difference.

According to Fig. 7 an adaptive control of 4 and

/s is established, assuming that these parameters are

directly interrelated with the stimulation strength. In
an analogous way, a composition of bursts by
controlling of £ could be attained (compare Fig. 2}.
Here a proportional-integral controller or integral
controller could be applied, for the human (Fig. 6)
can be roughly approximated as a proportional
control process with a single time constant {compare
Fig. 4b). The time delay in Fig. 7 may be needed for
synchronizing the stimulation pulses with a
particular time instant in the heart cycle.

Fig. 2b exemplifies a possible adaptive control-
ling of the stimulation curve, while more efficient
biphasic impuises are used {compare Fig. 2a). In
addition, constant current stimulation would be
preferred over voltage application, for the skin
impedance is relatively low with electrode needles
inserted and thus the risk of local tissue damage
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though locally increased current density is low.

4 DISCUSSION

1t is worth to note that the HRV is usually derived
from the ECG (Guidelines, 1996). However, the P-
Stim induced very strong artefacts in the ECG since
the stimulation and the ECG have the same electrical
origin. In contrast, the OPG with optical origin
serves as a reliable biosignal, being independent of
the P-Stim activation. However, the OPG conveys
mechanical information on the systole-diastole cycle
rather than electrical on the heart excitation (= origin
for the HRV). In addition, the OPG exhibits
relatively slow changes if compared to the ECG, for
the pulse waves are much more mert than electrical
heart excitation. The use of the OPG may have
reduced an effective time resolution of /.

The time delay of about 200 ms between the
systolic onset in the OPG and the R peak in the ECG
depends on the speed of the heart excitation and
mechanical wvessel properties. Nevertheless, the
delay can be assumed to be constant, if the respirato-
ry induced blood pressure changes and thus arterial
distension and stiffness changes can be negiected.

Lastly, the limitations of the presented
experimental results should be mentioned. The
observed effects, especially concerning Pgyy, are
restricted by the fact that all volunteers were young
pain-free  healthy  persons. Furthermore, the
stimulation duration was relatively short: 15 min
versus 4 hours {with 4 hours pause in-between) over
at least seven days, as clinically applied and
subjectively verified for being effective. The initial
state of the volunteers, as their possible excitation at
the beginning of the recording, and their mentai
activity changes during the investigation - both
influencing the HRV - may have limited the range of
potential changes or improvements of HRV
parameters during the stimulation.

However, the provided experimental background
leads to a comprehensible design of an adaptive and
synchrenized stimulation technique. This would
allow a pain sensitive adjustment of the stimulating
parameters  avoiding  over-stimulation  and
comforting the patients.
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Cywoline synthesis and release is an essential component of the innate immune syster, but
inappropriate, excessive production results in a generafized systemic inflammatory response
which damages distant organs. Recent research has Identified an imrmunomoedulatory functlon
of the vagus nerve whereby activation of the efferent arm resolts in ragulation of cytokine pro-
duction, Termed the ‘cholinergic ant-inflammatory pathway', this neuro-mmane communi-
cation provides the host with a fast, discrete, and locaiized means of controlling the immune
response and proventing excessive inflarmation. Stimulation of the YAgus nerve atlendates
eytokine productlen and improves survival in experimental sepsls, hasmorrhagic shock,
ischaemiz—reperfusion injury, and other conditions of cytoking oxcess and research Is now
underway in developing new and novel therageutics aimed at stirnulating the vagus nerve elther
directy or targeting specific componencs of the pathway.
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Survival depends on the immane system's ahility 10
defend the body against aliack from invading pathogens
and injury. However, the extent of such a response is of
critical importance; deficient responges may respit in sec-
ondary infections front immunasuppression and excessive
responses can be more harmiul than the original insuly,7¢ ¥
The imtmunc response can be divided inte two different
types of qesponse (Table 1), The innate (non-specificy
response is rapid, does not distinguish between foreign
substances, and does not improve with repeated exposure
to e sume antigen. 1t uses natural kiler cells, cells that
reiedse inflammatory medistors, and phagoeytic cells such
ak neutroghils, monoeyles, and mecrophoges. In comrast,
le acquired (specificy irmmune response is induced hy
exposute, is specific for each antigen encountered, and
improves with repeated exposure 1o that antigen, It uses
uwntigen-specific B and T Jymphoeytes © recognize the
antigen and initinte responses to je. 2

Cytokines

A fundamemal feawre of the innate Wmimune systen is (he
production and release of cylokines. Cytokines aie Jow-
molecular-weight proteins which zfter binding to specific
receptors affect immune cell differentiation, proliferation,
and activity. They are nol stored. but are newly synthesized
and released during activation of the inflanimatory caseade.
They are malti-functional but in esseuce direet the infiamemas
fory respanse o sites of inlection and injury and enhance

wound healing. Broadly speaking, cytokines can be divided
inle these with predominantly pro-inflammatosy actions
and those with anli-inflammatory actions, Pro-inflammatory
cytokines include twneur necrosis  factor-o (TNF-w),
interleukin-1 (IL-1), 1L-6, and IL-8. Anti-inflammatory
oylekines include 1L~ [ receptor amtagonist, 1.-10, IL-13, and
TNF-binding preseins | apd 2" 14179951

Timour necrosis factor-o

During infection or after mjury. TNE-¢ is a primary and
potent medintor of inflammation, It is synthesized mainly
by monocyteshnacrophages and T cells and has u haif-tife
within the chculation of <20 min. TNF.o has a ecritical
role in coordinating the isflummatory response and sctivat-
fng mediators distally in the cywokine casende. 1t is also a
potent inducer of other pro-inflammatory cytokines, TNE-
elicits cansiderable metabolic and haemodynomic changes
ond is capabie of causing end-organ dysfunction. Other
functions inchde activation of coagulalion, muscle catabol-
ism, and caclwxia '

Interlenkin- |

There are two forms of 1L-1 {IL-ee and 3.-B) which recog-
nize the same cell surface receprors and thercfore share
various biclogical activities. IL-1 is synthesized by mano-
tytes and leucocyles and other ccll types and has a half-
life of ~G min. Both IL-a and IL-B evoke metabalic
and haemodynemic changes simifar to those of TNF-a,
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fiterlenkin-6

1.-6 synthesis is induced by TNF-« and H.-1 from nany
cell types including Iymphocytes, fibroblasts, and mono-
eyles. It can be detected for up to 0 days afler injary and
it has a number of biotogical effects including neutrophbil
activation. induction of the hepatic aculc-phase response,
and activation of coagulation, '

Interleukin 8

IL-8 18 a chemokine produced by o vacety of cells includ-
ing monooytes. levcooyles, und  endothelial cells in
response (o numerous slimali ineluding TNF-o, 11.-1, and
endotoxin, [L-§ does not produce the haemodynamic
decompensation seen with TNF-w and IL-] but activates
and aitracts neutrophils 1o sites of inflarnmation.’' *?

Interleukin 10

With predominantly counter-inflemmatory actions, IE-10
profoundly suppresses activation of macrophages and inhi-
bits their abiiity to produce and secrete pro-inflaramatory
cytoklnes, i vizro, 1L-30 can inhibit production of TNF-¢,
[E-1, 1L-6, and 1L-8 and thus hos been described as a
cytokine synthesis inhibitery facror,"' ™

Interlenkin 13

Similar to [L-10, 1L-13 is regaded 05 # potent ant-
inflammatory cytokine that inbihits mocrophage netivation
with nesultant suppression of pro-inflammatory cytokine
produetion and expression, In addition, 1L-13 ¢ap inbibit
aithe oxide (NO) production and can stimuiate nevtrophils
w produce 11-1 receptor antagonist.™ 7

Effects of pro«inflamimatory cytokines

In heakth and in disease, there is a sensitive balance
between pro- and anti-inflnmatory cytokines—this has
been termed the cytokine balence. Pro-inflanyunatory cyto-
kines operate close o their site of release. but if the
inflammatory response escapes local control. it elicirs a

generalized systemic response, To keep this to & minimom,
ENF-ce and [L-1 have short haif-lives, a system of memn-
brune reservoirs hold the cytokines close to the cite of
felease and the amti-inflummatory cytokines modify the
host inBammatory response.”?

Cardiae

TNF-o can produce immediate and delayed negative ino-
wopic cffects on myocardial tissue and hus been shown 1o
cause left ventricular dysfunclion.™ 37 TNF-g, 1L-18, znd
IL-6 have also been implicated in causing myeccardial
depression by direet actions on the  myocytes'? !
{Table 2.

Vascular

Pro-infiniematory cytokines have significant offects on
vaseadar tone, mainly mediated through the NO pathway,
with resuftamt vasodilatation. TNF-cc and 1L-13 have both
been observed to fuctease NO production, sad failure to
respond to vasoconsisictors nfier profonged exposure 1o
these eytokines has been reported,’

Resplratory

Inflammatory lung injury occurs when activated nevtro-
phits und macrophages miprate from the pulinonary vascu-
lure  into  the alveolar wund  interstitial spuces.
Macrophages secrete TNF-a, IL-1, and 1L-8 which in tum
stimulute furiher cytokine production by tung epithetinl
and mesenchymal cells."* %Y 118 has been shown 1o have
i pathogenic role in the establishment of acute resphtory

Table X Effcals of mo-biflammstory cyokines va organ sysiems

Carding

Megatiwe inttopde effect on myocardium
Laft venivizular dysfuncring
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Respimaiony Acute hung fejury
futhugenic mle in ARDS
Renai Glemesuliar injury
Tubulat cet dawmage
Hepacc Iirereased syatlicsis of ncute phuse profsing
Cuiszulutivn Modutailon of extiinsic and Protein € pathways

lhibitier: of fibrinelysis
Rate in develapingnt of DI und thimmboxis
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distress syndrome (ARDS) by causing nentrophil-mediated
Jung injury.™

Renal

In apnimal studies, TNF-a has been shown to induce
glumerslar injury in kidneys withont pre-existing renal
discase, In response 0 TNF-a ang IL-1, glomerular cells
produce oxygen (ree radicals, complement, arachidonic
acid dervatives, and NO which further escalates locaf
inflammation  with resultant additionsl glomerular and
tbular cell domage.'*

Hepatic

Predominantly 1L-6, byt also TNF-« and IL-1p stimulate
the liver to alter its symbetic function and increase the
synihesis of acute phase pracing such as serum amyloid A,
a2-mucrogiobuling, and C-reactive protein {CRP), The
substrates for this ncrease in production are provided by
cytokine-mediated skeletal muscle breakdows, hence the
alternative name for TNF-a:, cachectin.™

Coagulation

Cytokines are not divectly involved in the coagulation
pathways, bul TNF-w and EL-1 have been shown o modu-
late the extrinsic puthway of coagulation and the protein ¢
pathway. Evidence sugposts important rotes for these cyto-
kines in disseminated imravascular coagalation (DIC) and
thrombosis.”” 1L-1 fas also been shown to  inhibii
fibrinolysis. ™

Elderly

The conseguences of ageing on the immune system ure
thought to contribute considerably to morbidity and mor-
ladity in the c]dcrly.“ TNF-e¢ and IL-6 concentrations a
raised in the ehierly and studies have shown that, in
reRponse to surgienl cauma, the elderly have a magnified
and lale inflammalory eywokine response. ™

Conditions of eytokine excess

Inappropriate synthesis of cytokines oceurs with excessive
or persisient activation of mucrophages and newtrophils, 1f
this escapes local conlrol, eylokines enter the sysiemic cir-
culation sesalting in widespread activation of inflammatory
cascades and the systemic inflammatory response syn-
drome (SIRS) (Fig. 1). Thic evokes further roleass of
inflummatory cytokines resulting in a downward spiral of
organ dysfunction and ultimately multiple organ dysfunc-
tion syadrome (MODS). Morality from MODS is high. In
palients with ARDS alone. mortality is around 50% and
with each additionai organ failing, this risk increases in 2
mwltiplicative fashion,

[E-Iyalemic inflamrnatory response syndrome l

/

hioetious condit

|

Sepsis « pram —ve Surgery
- QIR + Ve Trauma
S Haemonhagis shock
Ischaemia--raparfusion
Pancrealilis
Burng

Fig L Conditions of vytokine cacess. SIRS can be olussified as resuiting
from either infectious or non-infectious conditions,

TNF-o, [L-1B, IL-6, and I1-8 have besn strongly impli-
cated us medintors of sepgs and studics of sepsis have shown
elevated circulating levels of these cytokines.!! 19 18 @
Furthermore, raised levels of pro-inflammatory cytokines
generally appear lo corelate with severity of llness and
oucome’™ ™2 wirh 1.6 most closely associated with
mortality,'' ' Increased plasma concentmtions of pro-
joflnmmatory cytokines bave been demanstrated aftey major
sutgery™® 31 und he magnitede of the cyiokine-mediated
inflammatory response appears to be telated ta the extent of
the surgical insul® In parsicular, high plasma concen-
trations of [1-6 in response 10 major surgery appear to be
ussoctured  with posoperstive mortality.”' After severe
taunmg, serum levely of TNFu, IL-6, and IL-8 are signifi-
curly elevared and there xppears 10 be a close relgtioaship
between the extent of pro-infummatcry cytokine releuse
and the severity of injury and hospital morialiy.” ¥ %
Huemorrhage resulis in a murkedly increased production of
pro-inflarnmatory cytokines in the hugs avd is associated
with the onset of ARDS with TNF-« playing a central role in
the pathogenesis of acule Jung injury afier haemorrhage,
even after adequate resuscitation,! = 17 44 7

Anti-inflummatory mechanisms

To aveid o ineppropriate, excessive iaflamunatory re-
sponse, there exist o rumber of anti-inHammatory mechan-
isms t0 prevent inflammatory  mediators enfering  the
ciealation,  Anti-infismmatory cytokines such ag 1L+ 10,
TNP-binding protein, 1L-receptor antagonist (IL-1ra), and
trnsforming growth foctor-3 (TGF-§5. which ae pro-
duced through w normal immime response, can inhibis (he
release of TNF-ne and other pro-inflammatory eytokines, ™
"6 INE-binding protein interfercs with the binding of TNF
to its receptor and thus inhibiting #ts actions.’® ‘Stress”
hormones suck as ghicocorticoids, epinephrine, norepi-
nephrine, and a-melanocyte-stimulaling hormone inhibit
cyiokine production.™ In addition 10 suppressing TNF-
production, [-adrenergic teceplor stimulation has zlse
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been shown to up-regulate 1L-10 production  thereby
enhaucing (he ant-infummewyy sction.” Other local
cffectors such as prostaplandic B2, acete phase proteins,
heat-shock prateins, spermine, and feutin all have addi-
tional roles in limiting the immune response. Impairment
or {oss of any of these endogenons anti-inflammatory path-
ways cant tum a normally self-limiting response inte an
excessive apd polentially damuging one,’

Newral regulation of the immuane response
Blaloek sugpested that the immune system olso functions
a5 4 sensory organ. A sixth sense that deteels bacterin,
viruses, and other powentally deleterious cells that we
cnmnot otherwise see. hear, taste. touch, or smell, This
information would then be relayed to the central nesvons
sysiem (CNB}Y 10 lring about a favoursble physiological
response.

Surprisingly. recent rescarch has revealed an zutonomic
veural pathway that monitors and adjusts the infammatory
response, Termed ‘the iflanomeatory reflex’, this pathway
has hoth immuncsensing and tmmunosuppressing func-
tions, Compared with the humorsl anti-inflanamatory
mechanisms which are slow, diffuse, and depeadent on
concentration gradients, the inflammatory reflex pathway
is fast, Tocatized, and integrated® ™ (Fig. 2).

OMN NTE
Etferent Alforont
» vagtis nerve

vagus nerve

s Inhibits cytokine release

OFAAGHR  rorvssnns

Pathogens ——-—-)('QX
ISCHAOMIA e
Injury —

Cyloking
ralaaso

Macrophape

Fig 2 The inflammatory raflex, Pathogens, ischazmia, and other forms of
injury result in cytoking release from immune eels which is sensed by
the afforent vagus norve, The information is nedayed 1o the nuclous taous
sobitarius (WFS) and suhsequantly 1o the dovsal mutor nugleus (DM
resulting in activation  of the efferent vagus nerveedermed e
ehwlinergle mui-inflummatory pathway. Effecent vagus nerve activily
inhibity eyleking production vin the o7 nicotinie atetyteholéing recoplor
taTnachR; jeeaed on muerophuaes and other immune cells.

Derived from Latin meaning 'wandering’, the vagus
nerve ariginates in the medells oblongata of the bruinstem
and iwnervates viscerat organs incloding those of the oti-
culoendothelial system such as the lver and spleen and, as
such, is well positioned to tefay information between the
immune system and the CNS. It contains both sensory
{nfferent} and motar (etferent) components. Sensory fikres
relay information to the brain that results in the develop-
ment of fever and other signs of {Haess and the efferent
arm of the vagus nerve is traditionally nssociated with
physiclogicul respenses such ax bradycardia, bronchocon-
siriction, fncressed gusiric morility, and myosis, It appours
that the vagys nerve also hus an important immaenomodu-
latory vole in the detection und inhibition of the inflamma-

207617

tory response.”

Immunosensing function of the afferent vagus nerve

There Is evidence that pro-inflammatory cylokines send
signals to (e brain,* and several mechanisms may be
involved, There are a number of humersl mechanisms of
mmune-to-brain communication. Studies have shown that
TNF-a, 1L-Ta, 1L-IR, und -6 wre transported  across
the bload—~brain barrier (BBB) by saturable transport
systems.® * ** ¥ Cyiotines can alto enter the brain
through circumventricular organs such as the area post-
rerma where the BBB is absent and lere they have been
shown to trigger the production and release of prostaglan-
din E2 (PGE2) which can subsequently activale the -
hypothalamic--piwltary-adrenal axis. ™ * Pro-inflammatory
eytokines, in paricular the inerleukins, can also bind o
cerebral vascular endotheliwm and alter endothelinl cell
mewbolism resulling in the release of newroactive sub-
siances on the brain side of the BBB,

However, all the above mechanisms equire  the
pra-inflammatory cytokines to be present in the cireulation
in order to reach the brain. But, it hos been shown that
inBummatory responses can acour in the absence of detect-
able Blood cylokine fevels.®’

Sensory vagal afferent fibres, however, can detect low
Itvels of cytekines and ofhier inflammatory mediators and,
via (he ascending fibres, infurm the brain of infammation
w1 the periphery.”* Indeed, local tissue concentrations of
cytokines may be sofficient to activate sensory vaga) affes-
entz withowt ever requiring an clevition in systemic cyto-
kine levels, Bvidence demonstrates that subdiaphragmatic
vagotomy disrupis the development of fever in aninais
exposed fo low intra-abdominaf doses of 1.~} or endotoxin
because (he bruin simply docs not receive the message that
there is inflammation present.”™ ®® it has alse beer demon-
strated that vapal sensary neurones cxpress IL-1 and PGE2
receptor mRNA and IL-1 binding sites on glomus cells
located within vagus nerve-associated paraganglia,®® *

Central integration of the afferent and efferem components
of the inflammatory teflex cocurs in the medullary nucleas
tmiclos solitaries (NTS) which is the major site for
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termination of vagai afferents. NTS neurones then project to
the dorsal motor nuckeus of the vapus (DMN) where most of
the efferent vagal preganglionic fihies originate.®' 62

{mununosuppressing finction of the efferent vagus
nerve

The cticrent arm of the inflammatory reflex has been
termed  the “cholinerpic  anti-inflammatary  pathway®
because acetyleheline (ACh} is the principle vagus nerve
newrotansimitter.” Mucrophages and  other cytokine-
producing cells express ACh receptors and when exposed
w ACh are imctivaied. Studies indicate that ACh post-
ranscriptionally suppresses TNF synthesis and inhibits the
release of IL-1f, IL-6, and iL-8 without preventing the
release of the anti-inflammatory cytokine 1IL-10.1

ACh receptors ate divided into two classes: muscarinic
and nicotinic, Nicotinic receptors can be furlher subdi-
vided ino a-bungaroloxin sensitive (xl, a7, and o9
subunit-centaining) and nen-sensitive,

Botk muscarinic skl aicotinic receptors are distiboted
in the CNS and periphery but with different synaplic
focations and  voried functions in cholinergic wrans-
mission.®’ Initia) studies indicated that ACh wcts on the
c-bungarofoxin-sengitive nicolinic roceptors on human
macropheges, but the specific receptor subunit was untii
reeently unknown,'® Further research has, however, iden:-
ified this seceptor subunit as the o7 nicotinic ACk receplor
(x7nACRR), Elecirical stimutation of the vagus nerve was
shown 1o inhibit macrophage TNF syniliesis in wild-type
mice but oot in of-deficient mice, thus demonstrating the
a7oAChR a5 un essenual peripheral component of the
sholinergic anti-infanimatory pathway.*

Althougly mascarinic ACh receplors are alse expressed
on macrophages and other cytokine-producing cells, Block
of peripheral muscarinic receptors does not stop vagus
nerve anti-inHammatory signalling.®” It therefore appears
Wt peripheral muscarinic receplors are not sequired for
the cytokine modulating sctions of the eholinergic anti-
inflammatory pathway. Recently, a role for centrul muscar-
inic receptors in inlibiting syslemic inflammation has been
described. Central cholinergic activation by muscarinic
teceptor ligunds was shown to significantly inhibit sys-
emic TNF in endotoxaemic mis and also activate cfferent
vagus nerve activity.™ Bacteria and endotoxin loclize (o
macrophages primarily in the spleen and liver and studics
have shown the spleen 10 be the major source of systemic
TNF production during endotoxaemiy, Recent sesearch
indicates that the cholinergic anti<inflammatory pathway is
funcrionally bard-wired Lo the spleen via the common
cocline branch of the vagus aerve. This o7nACHR-
dependent vagus nerve pathway 10 the spleen can inhibi
pro-inflacymatery cytokine producton during lethal endo-
toxaemia and polymicrobial sepsis,**

Vagus nerve uselivity can also trigger the systemic
humoral  anti-inflammatory  respouse by transmitting

inforroation to the medubary reticular formation, the hypo-
thalamus, and the locus ceratens resulting in the relouse of
adrenocorticotrophin (ACTH) from the antertor pituitary. ™

Evidence for immunomodulation by the vagus
nerve

The most compelling evidence for the role of the VOgUS
nerve in modulating the inflaminatory response comes
from studies of rats challenged with lethad doses of Lv,
endotoxin where electrical stimulation of the efferem
vagus nerve significantly decreased serum TNE-w, hepatic
TNF-ar synthesis, and considerably attenuated the develop-
ment of endotoxic shock. [n contrast, vagotomy led o sub-
stantially increased serum and hepatic TNF-« levels and
eccelemted the development of shock.'® Research into the
role of the cholinergic anti-inflammatory pathway during
islection rather than sterile inflammation was determined
by inducing abdominal sepsis in mice with an intrapexito-
neal injection of live Escherichia eodl. In this study, cervi-
cal vagolomy resulted in enhanced cyloking release, an
increase in inflammatory cells recrited to the peritoneun,
and the development of extensive liver damage. Activation
of the peripheral cotponent of the cholinergic anti-
inflammatory pathway by nicotine resuited in decrensed
cytokine production, reduced influx of inflummatory cells,
atd the absence of fiver damage ' Oher studies indicate
that vagus nerve stimulation (YNS) in rat models of endo-
toxazmia tahibits activation of coagulation and fibrinoly-
sig," and during inflammation, cholinergic stimulation
seppresses leucocyle mecruitment and  endothelial  cel
activation, 5

The role of the vagus nerve it modulating inflammation
dwing hneorrhagic shock has also been stndied. VNS of
rats during lethal hmemorehagic shock significantly increased
stvival rute, protected against e develepment of hypoten-
sion, and yeduced TNF-o plasma concententions.”! ACTH
setivates the cholinergic anti-inflammatory pathway and has
been shown to improve cardiovascular and respimtory fung-
lions, veverse shock condition, and increase survival rate in
further animal sidies of haemorrhagic shock.?

VNS in animals subjecied 10 ischaemia/reperfusion by
tmbsient aortic occlusion significantly auenuated TNF-u
synthesis and the development of shock.® It an experimen-
tal model of ischacmic heart disease, stimalation of the
vagus perve during  myocardial  ischacmisdrepertusion
resubied in 2 reduetion in free radical levels and signifi-
camtly reduced the taeidence of severe arrhythmias and
Teltmlity. "

‘Ihe cholinergic anti-inflammatory pathway also hos a
role in specifically inhibiting localized inflammation. In an
expesimental model of local inflammation, VNS attenuated
the teflammatory response und suppressed the develop-
ment of paw swelling in murine arthritis.”
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Potential therapeutic implications of vagus
perve immunomodulation

With the discovery of the cholinergic anti-inflammatory
pethwiy comes the possibility of developing therapies aimed
at controlling the inflammeatory msponse. Suppression of
pro-inflammatory cytokine production may be possible by
cither altering vagus nerve actvity or targeting specific
compenents of fhe pathway.

Vagus nerve seimulation

Dircet electrical simulagion of the vagus perve atienuales
TNE-a production durbng experimental models of endotox-
aciis, hacmorrhagic shock, and other vonditions of cyto-
kine cxcossX 73 ¥ B The voltage and frequency of the
stimuliion  tequired o uetivate  the cholinergic  anti-
Inflaramatory pathway is below the threshold reguired to
activate cargiae vagal fibres and so no significant effects on
henrt rle have been observed *® ¥ VNS has been a United
Stutes FDA approved treatment for fefractory epilepsy for
more thn F0 ' nud is undergoing clinfeal trinls for resist-
znt dupmssiou.‘“ VNS requires imptontation of a small,
pacemaker-like deviee und hus been shown 10 be safe,
effective, and well olerawd 5 The VNS device i insened
through an incision in the neck with placeient of wires on
the vagws nerve ond inplantation of an clecuteal paek
inferior to the clavick.”™ Complications from the implan-
tation procedurs dself are uncommon and the mosi com-
meniy reporied side-cffects are hoprseiess, voice alicration,
throat or neck pain, cough, headache, and dyspnoca. These
side-cffects ovcur mamnly during  stimulstion, can be
reduced by aliering e stimulation, and tend o lessen over
time.% ™ Unexpoctedly, o a study of YNS in patients with
resistant depression, circulating levels of both pro- and anti-
inflanrmatery cytokines were found to be markedly raised.
Fasthermore, as reflecied by CRP levels, the incredse was
untikely to be o pon-specific inflammatory waction.’®

Transcutuneous non-clecirical VNS can aicauaie serum
TNF.¢ levels and improve survival in morine Sepsis.
Transcuancous stimulation i 1his study was achieved in
conscious mice by abernating direct pressure applied perpen-
diguiarly and disecsly adjarent to the border of e rachea,
Critically ill penients tend 10 be poor surgical candidates and
the ability to siimulate the vugus nerve via the trancutaneous
route may have potentially inportant clinical impHentions.
Carotid sinus massige can be used [0 terminase supiaventrl-
cular tachyarrhythasfas through reflex activation of the etfer-
oot vagus nerve and further dala are needed fu assess for any
immurologival effects of this appreach te VNS’

o addition, it is possibie that acupunclure lechaigues
may be used 1w sumuiate iromunomodutatory  effects
through the vagus nerve, Studies have shown that acupunc-
tore con eveke measurable incresaes in vagus nerve
gelivity, su it is at jeast theoreticulfy possible that acupunc-
re could slso activate the cholinergic anti-inflammatory
pathway and regulate the immune rt:srmn.-ie."1 ¥ 57

Studies have alse demonstrated thut varfous forms of med-
itation can ulter the paasympathetic component of hearl
rate variability and can have & positive cifect on cardine
autonomic tone™ % ™ Similarly, relaxation thecapy and
Diofeedback can significantly increase the partsympathietic
component of hearl raie varability reflecting en increase
in vagus nerve activity,!? "6

Phannacological agents

There has been some development of potentinl therupeutic
agents based on twgeting the cholinergic  anti-
inflammatory pathway through sction on central muscar-
ini¢ receptors or anACH receptors in the periphery.

CNI- 1493

14 hus been ghown fhat CNE-1493, a letnevalent quanythy-
drazone compound and potent anti-inflammatory agent, 15
a central activator of the cholinergic amii-nflaminatery
pathway” through intersction with centsal muscarinic
receptors. ™ CNI-1493 suppresses pro-inflammatery cyto-
kine release from monocyles und macrophages and sys-
wemic administation is cffective in the trealment of
experimentel,  animal models of  endotoxgemiy, and
sepsis.! " ¥ Rutheomor, an intacl CNS-vagus nerve
pichway s required for the anti-inflansmatory effects of
CNI1-1493 and inctensed efferent vagus nerve activity has
beet observed after its administation,™

Nicatine

Nicotine is 8 relatively non-specific e7nACHR agorist and
has been shown to significantly inhibit TNF-o und other
pro-inflammatory  cytokines  from endotoxin-stimulated
human macrophages.”™ In addition, nicotine also sup-
presses high mobility group bos | (HMGB1) release fram
humear mocrophages. HMGB! protein is a late mediator of
lethal systemic inflammation i sepsis and o animal
models of cxperimental sepsts. Treatment with nicoting
attenmated serum HMGB1 levels, decreased the climical
manifestations of sepsis, provided sigaificant protection
againgt death and improved swvival in Cestablished”
sepsis.™ Additionoily, micotine treutment was not sturied
entil 24 k after the induciion of lethal peritonitis in mice
indicating thet the cholinergie unti-inflammatory pathway
con modulute the inflammatory response even in estab-
lighed sepsis.”” Adminigtration of nicotine ulsa appeared t
affer lasting protection a8 indicated by the absence of any
lute animol deebhs.® However, the devetopraent of nic-
otine us a therapsutic intervention has jts fimitations due
lo toxicity related side-effects and pharmacological non-
specificity. A sudy of nicotine replacement therapy in
smokers ndmitted 10 & medical intensive care wnit found
nicotine replacement fo be associsted with a hipher mor-
tality rate.” Wlat these findings do indicate is the poten-
nal tole of o7nhACHR agonists as a new class of
anti-infammatory drogs. ™
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&6T8-21

Also known as DMXB or DMXBA, OT8-21 is a sclective
afnAChR agonist and unlike nicoting i3 well tolerated
with no clinically significant adverse etfects in healthy
male volunteers. " (TS-21 has been shown to suppress
serum levels of both TNF-a and HMGB L snd significantly
umproves survival in septic mice,*

Cilrelin
Ghrelin is an endogenous ligand for the growth hormone
acereragogue receplor (GHSR) and the biological efTects of
gpimotin ae thought 10 be mediated through GHSR.®™ GHSR
has wide central and peripheral distribution ang is present in
alferent neurones of the nodose ganglion, suggesting ghrelin
sipnals are relayed to the brain via vaga! afferent fibres.? In
animnal models of sepsis, ghrelin is decreased in early und
late sepsis, shthough its receplor is murkedly clevated in
early sapsis. 1 has also been demonstiated in animals that
vasealar sensitivity 1o ghrefin dimulation is increased during
the hyperdynamic phase of sepsis,s" In & study vsing a rat
model of sepsis, ghrelin treatment was shown 16 sigoificutuly
decrease serumn and peritoneal fluid levels of TNFw and
I1L-6 with additioral findings that an intact vagas nerve was
essential for the inhibitory effect of ghestin on the release of
pro-inflammatory cytokines.®

Althaugh activation of the cholinergic antd-inflammatory
pathway to suppress inflammation may be of beneil in
conditions of ¢ylokine excess, there may alse be a role in
manipulation of the pathway i patients with traumalic
brain injury (TBi). Infection i3 a prevalent and serious
complication after TBl and the phenomenon post-
traumatic immune paralysis is thought 1o be responsible
for the increased infection rate seen in Uiese patients. In
the acwte phase after TBI, studies have demonstrated
severe impairment of the immune response and i increase
in vagnl activity, possibly as 4 result of raised intracranial
pressure, These observations have fed o the hypothesis
that the increased risk of developiag an infection after TBI
resully from a vapal-mediated suppression of the imnune
response and that inkervening in the chulinergic anti-
inflamymatory palhway may have a potential role in benefit-
ing these patients.®

Conclusion

Despite recent advances i intensive care trearment, MODS
resilting from excessive and prolonged pro-inflammatory
cytokine release in conditioss such as sepsis, ischaemin/
reperfusion, and hasmorrhagic shock remains associated
with a bigh mortality rate. Pro-influnmatory cylokines such
a6 THF-o and IL-1 have been idemified as ‘carly'
medintors of the inflammatory response and when neutral-
ized using specific ontibodies can prevent the developrent
of sepric shock in animal models.™ ¥ Unfortunately, ihese
strategies have not been tanslated into effective trearments

for critically ill patients’ * * ynd swdies have shown thar
y Hi p

TNF-te antibodles are ineffective if tacatment is commenced
after serum TNFP-x hus been cleaed.™ The identification of
HMGB] as a “late’ inflammatory mediator may allow thera-
peutic development of agents 1o spacifically target HMGRBI
and expund the therapeutic tine window ¥

With the discovery that ihe vagus nerve has un inununo-
modulatory function comes the possibility of developing
aovel thesapeutic agents for the treatment of inflammatory
diease. Knowledge of the immunosuppressing lunction of
the offerent vagus nerve, teymed the “cholinergic ami-
inflammutory pathway', represemts a new approach 1o
targeting the regulition of pro-inllammatory cytoking pro-
duction. VNS has been shown to decrease cytokine pro-
duction, altenuate the development of shock, and increase
survival in aninsal models of sepsis, haemorhagic shock,
and isehacmisfreperfusion 1331 32 38 51 85

The vagus uerve can be stimulated directy and is
already for ireament of refractory epilepsy, but it is an
jnvasive technique and other methods such rs transcus
tinecus stimulation have been showir to improve survival
in murine sepsis. It resnaing to e seen if these strategios
can be translated into trestment of SIRS and MODS in
humans. Acapunclure, meditation, biofeedback, and other
forms of shernntive therapies have all been shown Lo
incrense vagus nesve activity and it will be interesting to
veveal if these approaches can activate the cholinergic anti-
inflammatory pathway. 4 36 44 34 35 35 04 67 75 80

The vagus nerve cay be glimulnted chemically and the
identification of specific components of the cholinergic
ant-inflammatory pathway has paved the way for the
development of proniising vew thempeutic approaches
such as agents aeting o eantral musearinic receptors and
specific «7nACHR agonists. 1t has besn supgested that a
new class of anti-inflammatory compounds could be syn-
thesized based on the GTS-21 molecule. It is also possibie
that commonly uscd drugs such as cholinergios, anticholi-
nergics, non-sterolidal anti-inflammatory drugs, and amio-
darene, o} of which have an effect on vagus nerve
gethvity, may exert previnusly unrecoguized effects un the
cholinergic anti-inftammalory pathway.?* 777

The fincling that the vagus nerve hus an immuaomodula-
tory function represents an exciling opportunity to develop
new and novel therapeutjcs aimed at regulating the
ammune response and ulthough it is ualikely that VNS will
repluce stundurd intensive care therapy, there may be a
role as an adjuact treatment to benefit future patients.
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Relationship between Heart Rate Variability, Interleukin-6, and
Soluble Tissue Factor in Healthy Subjects
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Abstract

Decreased heart rate variability (HR V) has been associated with an increased risk of atheroselerosis.
We hypothesized that a decrease in frequency domaing of resting HRYV would be associated with
clevated plasma levels of interlenkin (YL)-6 and soluble tissue factor (§TF) both previously shown
to prospectively predict atherothrombotic events in healthy subjects. Subjects were 102 healthy and
unmedicated black and white middle-aged men and women. We determined 1L-6 and sTF anligen
in plasma and HRY measures from surface clectrocardiogram data using spectrad analysis, All
statistica] analyses controlled for age, gender, ethaicity, smoking status, bloed pressure, and body
mass index, Low amonnts of low frequency (LF) power (=-0.31, =0.007) and high frequency (HF)
power (§=-0.36, p~0.602) were associated with increased amounts of 1L-6, explaining 7% and 9%
of the variance, respectively. lateractions between L power and TL-6 {(p=0.002) and between HF
power and 11.-6 {#=0.012) explained 8% and 5%, respectively, of the variance in sTF. Post hoc
analyses showed associations between 116 and s TF when LF power (820.51, p<0.001) and H¥
power (=048, p<0.001} wers tow but not when LF powsr and high HT power were high, The
findings suggest that systemic low-grade inflimetetory activity is associated with & decrense in HRRV.
Furthermore, there was a positive relationship between plasma levels of 11.-6 and sTF antigen when
HRV was low. Inflanmination and relatest hypercoagulability might particularly contribute to
atherothrombotic events in a setting of decreased HRV.

Kaywords
Cardiovascular disease; coagulation; cytokines; heart rate veriability; inflammation; vagus nerve

Introduction

An imbaiance in the autoromic nervous system {ANS) as reflected by reduced heart rate
variability (HR'V) has been associated with atherosclerotic discases (Thayer and Lane, 2007).
Decreased HRV predicted progression of coronary atherosclerosis (Huikuri ez al., 1999),
increased risk of acute coronary events { Tsuji et al., 1996), and death from coronary artery
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disease (CAD) (Tsuji ¢t al., 1995), Atherosclerosis is predominately an inflammatory disease
(Ross, 1999). Beesuse the vagus nerve inhibits production of preinfiammatory cytokines in
yperipheral fissues via & cholinergic anti-inflammatory pathway (Tracey, 2002}, one mechanism
that conld link decteased HEV with atherosclerosis is by kindling low-grade systemic
inflammation {Gidron et al., in press; Thayer and Lane, 2607). tn sccordance with this notion,
HRY was inversely associated with circulating levels of the proinflammatory cytokine
interfeukin (IL)-0 in patients with chronic kidney disease (Psychari etal., 2005), CAD (Janszky
clal., 2004}, and decompensated chronic heart fatlure (Aronson ot at., 2001). H-6 playsa
central role in the pathogenesis of CAD morbidity and mertality by promoting atherosclerotic
plague proliferation and instability, thereby ultimately increasing the risk of plague ruptare
(Lobbes et al., 2006; Ridker &4 al., 2000). Elevated 1L-6 levels predicted fiture myocardial
infarction in healthy individuals (Ridker et al., 200{) and coronary mortatity in patients with
unstoble angina (Koukkunen ef al., 2001},

Inflammation and coaguiation processes closely intertwine in the development of
atherothrombotic diseases {Croce and Libly, 2007, Esmaon, 2004). For instance, 1L.-6 has been
associated with soluble tissue factor (TF) in the circulation of patients with diabetes (Conway
etal,, 2004) and with chronic airial fitwillation (Lims et al., 2004}, 116 may influcnee the level
of 5TF by stisnulating its release from endothelial cells Into the circulation {Szotowski of al,,
2005). Blood-home or sTF is maialy associated with ciroulating procoagulant cellular
nicroparticles {Eilertson and Osterud, 2004; Rauch and Nemerson, 2000). Soluble TF plays a
major rele in atherothrombosis (Giesen and Nemerson, 2000); Moons et al., 2002) by virtue of
exerting procoagulant activity in the biood and thrombus propagation after nupture of an
atherosclerotic plague (Steffet ef al., 2006). Accordingly, 5TF was increased In patients with
acute eoronary syndromes (Misumi et al,, 1998; Suefuji et al,, 1957) and predicted poor
propaosis in paticnts with unstable angina (Sogjiama ct al., 1999) and the risk of future CAD
in apparently healthy individuals (Keller ct al., 2006).

This study had two aitns, First, we sought to replicate in a sample of reasonabiy healthy subjects
an inverse relationship between decrensed HRV and 1L-6 levels previously observed in patients
with CAD (Janszky ct al., 2004). We postutated that this relationship would be independent
of a variety of atherosclerotic risk fucters known to be psseciated with HRV, Specifically,
decreased HRV has been associsted with older age, male sex, hyperiension, elevated blood
glrcosa and cholestero levels, smoking, physical inactivity, and overweight (Snieder et al,,
2007; Thayer and Lane, 2007). Erhnic differences have also been found with white individuals
generally showing lower HEV than theie black counterparts (Lino ef al., 1995, Wang et al.,
2005). Thesc associntions could reftedt that IRV is mostly driven by breathing fodiced
changes in blood pressune (BP) where sympathetic tone and parasympathetic tone to the heart
primarily reflect baroreflex driven variation in heart rate, In athenosclerotic vessels, even at
pre-clinical stages, the baroreceptors do ot siretch well and there is lide input to the brain to
drive the baroreflex such that HRV is relatively depressed (Nasr ¢t al,, 2005). Sccond, we
hypothesized a direct relationship between 1L-6 and sTF, which would be mederated by HRY.
A moderator effect statistically defines ander what cireurstances two variables aze associnted
with one ancther (Kraemer et al., 2002). We specifically hypothesized that 8 significant
association between plasma levels of H-6 and sTF antigen would exist when HRY is low (i.e.
greater inflanunatory activity and greater associated procoagulability in the presence of
reduced vagal tone) but not when HRV {s high. To our knowledge, these relationships have
not been investigated in healthy populations,
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Methods
Study participants

Al subjects provided informed written consent to parlicipate in a sludy on cardiovascular
physiclogy. The study proteco] was approved by the Universify of California San Diego
(UCSD) Institutional Review Roard. The study design intended to recruit a similar propostion
of men and women and black and white subjects. Recruitment of subjects was by
advertisement, by word-of-mouth, or by referral from lacal medical practitioners, Data in terms
of demographic and metabolic characteristics, HRV measures and IL-6 and sTF levels were
complete in 106 subjects allowing for a full lincar regression approach. Four subjects were
additionally excluded because their IL-6 and sTF levels were outliers even after log
transformation (i.e. mean values >3581) above or below the log transformed mean) such that
the final sample reported here comprises 182 sabjects.

In addition to major medical problems, the following conditions were specific exclusion
criteria: congestive heart faitore, symplomutic obstructive pulmonary, CAD, cercbrovascular
disease, history of life-hreatening arthythmias, cardiomyopathy, severe asthma, diabetes,
fasting glucose >120 mg/dl, cancer, liver or renal disesse, creatinine >1.4 mg/dl, bruit on
physical cxamination, kmown sfeep disorders, history of psychosis, curent drug or alcohol
gbuse. Women were excluded if they were postmenopausal, diagnosed with premenstrual
syndrotne, taking oral contraceptives, or pregnant. These exclusion criteria for women were
designed to mininize hormonal influences on inflammation and coagulation. Many “healthy™
subjects in industrialized countries have cardiovascudar risk factors and, as a consequence, have
silent atherosclerosis of their blood vessels or rigid blood vessels. No atiempl was made to
exclude such subjects with ¢.g. high normal blood prossure (BF), obesity, and smoking.

Demographic factors

Lithnicity was determined via self-report. Subjects who comvently smoked 21 cigaretts per day
were termed smokers and all others were termed non-smokers. Resting systolic/diastolic BP
was required to be <i80/110 mm Hg at sereening. Screening BP was defined as the average
of three scated readings. Mean arterial B (MAP) was nsed for statistical analyses. No subjects
took any medications on a regular basis. Body mass index (BMI) was computed as the ratio of
body weight in kilograms divided by the square of height in medres (ke/m?). All subjects with
BMI 3 40 kg/m? (i.¢. those with morbid obesity) were excluded from the present study.

b
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Heart rate variabifity
Subjects were tested between 9:00 am and 11:00 am, They were equipped with an
electrocardiogram (ECG) (model 78352C; Hewlett-Packard, Andover, MA) that relayed BCG
data 1o an analogue~-o-digital converter {DT280%; Data Translation Inc., Marlboro, MA)
sampling at | kHz After they sat quietly for 3¢ minutes, 3-min data were collected during
resting seated baseline condition using Global Lab sofiware (Deta Transtation), Data were
stored in a computer for subsequent revicw, artifact rejection, and calculation. A previously
developed program was used 1o perform review and calendation of data {Magel et al,, 1993).
Speciral power analyses were performed in accordance with previcusly published standands
yielding the two frequency domain measures low frequency (LF) pewer (0.04-0.15 Hz) and
high frequency (FIF) power (>0.15 He) of IRV (Task Foree, 1996). Power frequency (Hz)
was converied to meec? hy fast fourier fransformation appiying customized software (Nagel
et al., 1993), Subjects were excluded from the analysis a prior if values were 240 msec? for
LF power and 225 msec? for HE power because both values indicated elinical gutliers to our
subject population, We also caloulated the ratio of LF ta HF power.
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Blochemical measures

Fasting venous blood samples were drawn at 6:00 am and preserved with 3.8% sodium citrate
(ratio 91 for the analysis of sTF or with ELFT'A for the analysis of [L-6. Samples were spun
in a refrigerated centrifuge. Obtained plasng was immediately frozen in polypropylenc tubes
at ~B0°C until further analyzed, Plasma levels of sTF antigen {Imubind Tissue Factor,
American Dizgnosiica, Stamford, CT)and ofhigh-sensitive I.-6 (Quantikine, R&D Sysiems,
Minnenpolis, MN) were determined by commmercial enzyme-linked immunosotbent assays.
The sTF antigen assay recognizes Apo-TF, TF, and TF/factor VI complexes and is not
interfered with by olher corgulation factors or inhibitors of procoagulaet sctivity. All inter-
and inti-assay coefficients of varation were <10%.

Statistical analyses

Resuilts

Data were analyzed using $P$S 13.0 for Windows {SPSS Int., Chicsgo, 1L) and are presented
#s means+SE or as percentages in tables and os geometric means4SE in the text. The level of
significance was set at p<0.05 (two-tailed). Before analyses, raw values of all variables were
examined for deviations from nomality by the Kolmogorov-Smirnov test. The distribution of
values for BMI, the three HRY measures, 1L-6, and sTF deviated from nommality and were
log-transformed yickting normal distributions. All analyses were performed nsing the log
transformed data. Pearson correlation soefficients were estimsted to compute bivariate
relationships between variables.

We computed multiple linear regression snalyses using forced entry 1o investigate whether a)
HRV measures would predict IL-6 levels, and b} whether the internction between HRV
measures and L5 levels would predict sTF antigen levels, independent of demographic
covariates. In order to reduce problems with multicollincarity, all independent variables were
centered to the rican, and centered values of HRV measures and of 1L-6 levels were multiplied
to obtain intsraction terms (Kraemer et al., 2002). A significant interaction would mean thut
the stope of the relationship between [L-6 and sTF is ditferent with high HRY (mean centered
HRV measure minus one SIY) compared to low HRY {mean centered HRYV measure plus one
SD) (Kraemer et al., 2002), Holmbeck's method was applied for post-hoc analyses un
interaction terms to determing the significance of the refationship between 1L-6 oad sTF for
high and low HRY (Holmbeck, 2002). This test particularty allows an assessiment of
significance within groups {e.g. in & group with lower levels of HRV vs. in a group with higher
levels of HRV) and is not solely an indication of the presence or absence of statistical
intermetion. Leverage statistics identified no cases which influenced these regression models
more than othets.

We also computed effect size measure (Cohen's A} for the main and interaction effects in
regression analysis. By convention, P effect sizes 0f 0,02, 0.15, and 0.35 are convidered small,
medium, end large, respectively {Cohen, 1988), We did not correct the p-values by the number
of statistical tests perforted because the three HRV measures differ in their indicative value
of autonomic finction (Task Force, 1996), Moreover, the two rypatheses tested, nemely that
HRV predicts 116 and thut the level of HRY muderates the relationship between 1L-6 and sTF
antigen are conceptually different. In this casc of specific pre-established hypotheses, some
mirthors do not recommend siatisticol adjustment for multiple tests as this might render truly
important associations insignificant (Perneger, 1998).

Subject characteristics

Table I shows the disiibution of demographic and medical factors a5 wellas of HRV measures
and plasma fevels of I1-6 and TF in the 102 subjects studied. The meun plasma concentrations
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of F.-6 and sTF antigen were similar to those measured in other healthy populatiens applying
the same assays (Naumnik et al., 2003;Ridker et al., 2000). Also, mean levels of HRV measures
were largely identical with previousty obtained results in similarly healthy subjects (Minami
ctal, 1999).

Blvariate relationships with heart rate variability measures

There was 2 direct correlation between LF and BF components of HRV (#=0.57, p<0.000).
Table 2 shows thal HF power correlated inversely with 1L-6 (<0.001) and sTF (p=0.025).
Als, LF power showed an inverse association with 1L-6 (<0.001) and the LE/HF power ratio
was direetly retated to sTF (=0.034). There were also several significant refationshins between
the HRV measures and virtualy all subject characteristics, The directions of the bivariate
relationships suggested that a decrease in LT power and/or in HF power were associated with
older age, black ethmicity, current smoking, higher MAP, and higher BMI. In addition, the
sympathovagat balance (i.c. sympathetic preponderance) was greater in men than in women
and in whites than in biacks, respectively. Altogether, these significant bivariate relationships
justified adjustment for age, gender, cthnicity, snaoking, MBP, and BM{ in the subsequent
regression equations allowing ws to test for an independent relationship between HRY and 10.-6
on the one hand and between HRY and 1L-6 in determining sTF on the other,

Heart rate variability predicting Interleukin-

In linear regression analyses, we controlled for age, gender, ethnicity, smoking stalus, MAP
and BMI. After these covariates had been entered, LF power independently predicted 7% of
the variance in [L-6 {Table 3a) with this association showing & small-to-medinm effect size
(#=0.07). HF power was also an independent predicior of 11.-6 explaining 9% of the varidnce
in IL-6 (Table 3b} with a small-to-medivm effect size (F=0.09). 11-6 was not independently
wedicted by the LF/HF power matio (p=9.82).

Smoking status atso emerged a5 ap independent predictor of plasma 116 fevels. Ag compared
to non-smakers, cunrent smokers had significantly higher levels of 16 in the model with LF
power { Table 3a) and, with berderline significance, in the model with HF power (Tablz 3b).

Interaction between heart rate variability and interleukin- prodicting tissue factor

In separate models, weregressed each HRY measure, I1-6 levels, and their interaction on levels
of STF antigen afier controlling for age, gender, ethnicity, smoking siatus, MAP, and BME
There was a significant interaction between LF power and 11.-6 (Table 4a) and between HF
power and IL-6 {Tabie 4b) expiaining 8% (2=0.,08) and 5% (*=0.06), respectively, of the
varanee in sTF. The interaction between LE/HF power ratio and 1L-6 was not significant

{p=0.35).

Thesc interactions suggested that the slopes of the relationship between IL-6 and sTF would
be different with different levels of L¥ power and HF power. Post hec analyses controlled for
age, gender, ethnicity, smoking status, MAP, and BMI. They revealed a positive nssociation
between [E-6 and sTT when LEF power was low (8~0.51, p<0.001; Figure 1) but not when L¥
power was high {=0.03, p=0.80; Figure 1b). Also, when HF power was low, there was &
positive association between IL-6 and STF (£+0.48, p<0.001; Figure 22) that was not obscrved
when HF power was high (#=0.02, =0.86; Figure 2bj.

Ethnicity ewerged as a significant predictor of s TF with whites baving higher geometric mean
£SE levels of sTF than blacks in the models with LF power (184.1£11.8 vs. 147.6610.9 pp/
mL; p=0.030) and HF power {185.8+£11.% vs. 146.2+11.2 pg/ml.; p=0.021). Ina
complementary analysis, we regressed the interaction between HRV measures and IL-6 onsTF
in the subsamples of black and whits subjects io explote ‘whether the interaction would be
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similar i1 the twe ethnic groups. The intevaction between LF power and 1L-6 for sTF was
significant in blacks (8=-0.44, p=0.025) and whites {f=-0.30, p=0.034). The interaction
beiween HF power and §L-6 for sTF showed borderline sipnificance in blacks (§=-0.34,
p=0.071} but was nol significant in whites (=-0.12, p=0.39). Also, higher MBP significantly
predicted higher sTF levels in the model with HF power (Table 4b) and, with borderline
significance, in the mode! with LF power {Table 4a).

Discussion

The HRV literature suggests that one issue assotinted with the wse of HRVY as a research tool
with regard to cardiovascular disease is that there are a mumber of vatiability indexes, and i
currently remvains unclear which measunes may be the best (Tagk Foree, 1996; Thayer and
Lane, 2007). We selected throe HRV indexes for which there is gonesal consent with regard
to their autonomic meaning, The HF component privaarify reflects the variability of vagai
outflow (i.¢. parasympathetic activity) to the heart, whereas the LF component refers to both
sympathetic and parasympathetic influences. However, LF power often contents a substantial
amount of pacasympathetic infleence: This ray explain why HF power and LF power are
frequently divectly correlated with cach other (Such as seen in our subjects) and why decreased
levets in HF power and LF power both predict cardiovascutar cutcore in the same diroction
(Thayer and Lane, Z007). The LF to HF powerratio quantifies the sympathovagal balance with
relatively bigher matios indicating relatively more sympathetic than parasympathetic
modulation of the heart thythn (Task Forve, 1996),

We found in e middle-aged semple of repsonubly healthy subjecis that LF power and HF power
were both inversely associated with plasma IE-6 concentration indepeadent of covariates. This
finding is in line with previous studics showing that decreased HRV was associated with
elevated 1.6 levels in patient populations (Aronson et al,, 2001; Janszky et al., 2004; Psychari
etal., 2005). Particularly, the bivariate association between LF power and 1L-6 levels (r=0.35
ve. r=-0.27) and between HF power and IL-6 levels (5=-0.39 vs. =016} scemed somewhat
stronger in our healthy subjects than in 2 previous study on women with CAD (Janszky et el
2004). This suggests that the interplay between depressed HRV and inflammation couid be
important across a range of preclinical and clinical disease states (Thayer and Lane, 2007).

Theassociation between reduced HF power and increased IL-6 suggests that plasma IL-6 levels
could be under tonic vagal contro) because HF power predominantly denotes parasympathetic
activity {Task Force, 1996). This reasoning seemns inliguing because it is in agresment with
the recently proposed cholinergic anti-inflammatory patway ae mediated by the vagus nerve
posmiating that vagal withdrawal disinhibits suppression of proinflammatory cytokine
production in peripheral tissue (Tracey, 2002). The observasion that decreased LEF power was
also associated with elevated 1L-6 conld be expected given that the LF and HF compenent of
HRYV were so highly correlated. We may assume that parasympathetic modufation of the LF
component was substantial because we investigated our subjects at rest when cardiac
autonomic balance favors energy conservation through parasympathetic dominance aver
sympathetic influences (Thayer and Lane, 2007). Therefore, in the context of our analysis, LF
power and HF power may reflect similar than differcat aspects of HRV. The sympathovagal
balmice — as expressed by the LF fo HIF power ratio -~ was unrelated to TE-6 levels. We may
specudate that, ynder resting conditions, the parasympathetic influence on cardiac autonomic
contvol amnd related HRV indexes (i.c. LF power and HF power) was more important as 8
predicior of plasma I1.-6 levels than sympathetic modutasion as reflected by the LE to HF ratio,
On the whole, the finding of an inverse relationship between 1L-6 and HF power sud LF power
concurs with previous studies in which decreases in both HF and LF power predicted
atherosclernsis progression, incident CAD, and cardiac rortality sfler myocardial infarction
(Bigger et al.,, 1992; Huikuri et al,, 1999; Lino ¢t al., 2002; Tsuji et ., 1996).
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Plasma IL-6 levels were significantly associated with sTT antigen tevels independent of
cavariates, corrobovaling similar findings from patient populations {Conway et al., 2004; Lim
et al., 2004). ‘This observation was slso in agreement with previous observations on
inflarmnation processes interacting with thrombogenic changes in general (Crace snd Libby,
2007; Esmon, 2004) and with the effect of 11-6 on release of sTF from endothelial cells in
particufar (Szotowski et al., 2005). However, our finding that HRV was & moderator of the
association between 1L-6 and sTF antipen levels is novel. (1-6 and sTF were only directly
related to one other when HRV was Jow but not when HRV was high, Again, this was observed
for both HF power and LF power but not for the LF to HF power ratio. We thercfore propose
{hat the direct relationship betwesn levels of 1L-6 and sTF is particutarly relevant in n setéing
of decreased HRV,

Atherssclerotic risk factors related to demographics (age, gender, ethnicity) and metabolic
disturbance (MBP, BMI) were variably associated with the HRV measures in similar directions
as previously observed such that decreased HRV was generally associated with greater
atheroselerotic dsk (Snieder et al., 2007; Thayer and Lane, 2007), This may suggest that
atherosclerotic risk fuctors should be controlled for in analyses investigating an independent
relationship between HRV and inflammation, even in healthy populations, This seems
particularly important in & context of deercused baroreflex sensitivity with greater
atheroscierosis lowering HRV (Nasr ct al_, 2005}, Regression analyses yielded smoking status
was an independent predicior of 16 and MAP as an independent predictor of sTF, Both these
associalions concur with previcus studies (Ridker et al., 2000; Sommeijer etal., 2006). Interms
of ethnicity, white subjects had higher sTF antigen levels than blacks. To the best of our
knowledge, this finding has previeusly not been reprorted and seems contradictory to the much
higher CADrisk in Afiican Americans thun in whites {Clark, 2005). In contrast and compatible
with their increased cardiovascular risk, blacks had lower Jevels of LF power than whites
(Task Force, 1996). However, the mederating effect of LF pawer for the relationship between
iL-6 and sTF was quite similar in blacks and whites, The regpective moderating effect of HF
power seemed somewhat stronger in whites than in blacks, although it did not reach statistical
significance in both proups. Parsimoniously interpreted, our data do not provide a strong
argument for ethnic differences in vagal function as & mederator of the association between
inflarmmation and coagulation activity in the circulation.

Under steady state conditions, even in regsonnbly healthy subjects, decreased HRV in both the
LF and HF spectza could reflect a low-grade inflammatory state and related procoagulant
activity. Such a mechanism could provide a unifying theory for why decreased HRV and
elevated circulating levels of both I1L-6 and TF may all predict atherothrombotic events, With
regard to the potential clinical consequences of such a theory, it has been shown that decreased
HRY and vagal tone are favourably restored by physical exercise and other life style
modifications, including stress management (Blumentbal et al., 2005, Thayer and Lane,
2007; Tracey, 2007). It therefore sesms warranted to investigate whether increasing HRY by
way of behavieural interventions may alter inflammation and associated coagutation processes
and ultimately cardiovascular outcome {Fdwards et al., in press).

Qur study has several limitations. First, its cross-sectional nature does not allow vs making an
inference on a causal mechanism leading from decreased HRV to elevated IL-6, and from
clevated 1E-6 to an increase in sTF, Second, we did not cortrol for psychosocial sivessors and
related changes in hypothalamic-pituitary adrenal (HPA) axis function, all of which could
account for some of the associations observed in our study. Psychosocial factors have been
nssociated with reduced HRV in several studies (Hemingway et 8l., 2001) and generaliy healthy
individuals with low costisol responsivity showed less flexibility in HRV with acuie mental

. stress compared to corlisol responders (Kunz-Ebrecht et al., 2003). Acute and chronic stressors

particularly increase L-6 and endogenous cortisol surge may dampes this stress-induced I1L-6
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iricrease (IKunz-Ebrecht et al., 2003; Ranjit et al., 2007; von Kéne] et al., 2006). In trn, low
HRY by its own right may lead to HPA axis dysregulation or sympathetic hyperactivity both
Favering proinflanyaatory cytokine production { Thayer and Stermberg, 2006} Third, owr assay
to determine 5TF antigen levels did not specificalty assess for a recently detected altemnatively
spliced form of STF in plasma that exerts particular prothrembotic potential (Bopdarav et al.,
2003). However, previous studies showing thet sTF antigen levels were related to CAD risk
also employed carlier assay techniques {Misumi et al., 1998; Secjima et al., 1999; Suefuji ot
al, 1997), There was  time lag of ihree to five hours between the blood draw and assessment
of HRV. Cliven the diumal variation in cytokines, this could aiso have impacted on tic results,
Fourth, our subjects wess reasonably healthy and, therefore, it is unclear whether the
relationship between -6 and sTF is similarly moderated by HRV in CAD populations. Also,
exclusion criteria for women were rather rigorous, thereby limiting inference from our data fo
the general population ofwomen. Forinstance, our men and women did not differ in [L-6 levels
independent of covariates, whereag recent data suggests that greater IL-6 expression in women
than men could be explained by gender differences i HRV (O"Conner et al., 2007). Fifth,
althouph stgnificant with our ample sample size, effect sizes of relationships between HRY,
15.-6, and sTF were at best reedinm, Hence, it remains vo be scen whether these associations
have progaostic value in terms of future acute coronary syndrorses (i.e. unstable angina and
myocardial infarction) and death from CAD in populations with and without established CAD.

Taken together, we showed that decreased HRV is independently associated with elevated
plasma IL-6 Jevels in reasonably healthy subjects ks has been shown in patient populations
(Aronson ¢t al., 2001; Janszky et al., 2004; Psychari of al., 2005). We fusther found an
independent relationship between plasma fevels of 11-6 and sTF which have previously
preexdicted an increased risk of fature atherothromboiic cvents in apparently healthy individuals
(Keller et al., 2006, Ridker et al., 2000). Most infriguingly, the relationship betweon clevated
1L.-6 and STF was only significant whea HRV was lowered but not when it was increased.
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Figore 1. Relationship between IL-6 and STF at differeat Ievels of heant cate variability

The partial regression piots depict the independent relationship with fit line between plasma
levets of interleukin (IL-6) and soluble tissue facior (STF) 1s the four groups of subjects as
categorized by different levels of heart rate variability. There were significant relationships
between IE-6 and §TF in the group with fower levels of low frequency power (Panel A) and
in the group with Yower levels of high frequency power (Panel C). 1146 and sTF wers not
significantly related to each other in the growp with higher levels of low frequency power (Panel
B) and in the group with higher levels of high frequency power {Panel 12). Adjustment was
made for age, gender, ethnicity, smoking status, mean aricrial blood pressure, and body mass
index. Note the idenficat scaling of the x- and y-axes. All variables in the partial regression

plots are residuals.
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Characteristics of the 102 subjects studied

Page 13

Table 1

Age {yems]

Gender {men / wamen]

Frhnioiry [black / white]

Curreit suvoker [yew / no)

Muan erterial blood pressure [mmHg}
Systolic blood pressore [mralix]
Riastalic blood pressure fimmMg]

Body mass index [ke/m?)

tntcstoukin.6 [pgiml ]

Sofable tissue fctor andgen;pg,’ml.}

Eow frequency power [ms.m:;

High frequeacy pawer [msoc’]

[ow / high feeuency power ratio

36,1408 (23 - 52)
5% £ 5056

4% /5T %

14% /86 %

915+ 11 (694 119.6)
12524.15(26.0- 168.7)
747 1.0{53,7 - 1D0.0)
263£0.5(140 - I08)
14201 (6.1 -90)
1920 11,2 (49.3 ~ 648.0)
6.12.0.5(04--35.4)
45204(03~F6.1)
18201 (0.1 -6.5)

Vnluss ave given as meses & S with mngs or parceulages

Brain Behav Immnin, Author manusceript; available in PMC 2009 May 1.




von Kanel #1al, Page 14

Table 2
Correlation matrix for heart rate varfability measures

: LE power 1IF power L¥ / HF power rativ
v
s § Age -03¥ -0.46° 0,16
ey Gender 010 015 D27t
el Gthnicity xrd " 043 H20°
o Srioking 009 R iz
%ﬁ‘ it Mosn wteriat blood pressur: 825" o3E 0.09
! S Tady cass index 046 oy 005
- § Insericokin 6 0355 039¢ 065
st ﬁ Seluble fissue faclor sntigen 403 Y 6219
R :!?‘ Iy
y @ : ,;:5 The col show e P etinn enefficients (¢) bevween subjects” clarscteristios and heart vate varisbility messures.
- b Ayinificanct Yevels of covelitiony: p<08
N i by o -
o T & Iovels of cbr : pGt
R 1 y‘n c
S : Significence fevels of corrdations: p<0.001
g Coding was 0.5 tiaen) or 10.5 fwomen) for gender; ~0.5 {while) or +,5 (hlack} for ethuricity; and 0.5 {sol swoking} or +0.5 (swoking} for cusment
. susoking sinws
) W LE, low frequency; HE. high fregeency
T,
o’
o
i
o
e
\@’
.y
L,
L
-
Bt
-
e
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Table 3

Table 3a, Regression model for low frequency power predicting interteokin-0
Table 3b. Regression moded for high frequency power predicting interleakin-f

Variables enlered Standardized fcocfiicient Pxplue s B2
Age 003 0.798 0022
Gender .15 0160 0001
Etmicity 0.0 0.369 0.03¢
Sruoking sfatus 0.20 G040 0.026
Meaw arterial blood pressure 020 G087 0.612
Body mass index 042 ¢.253 0.058
Low [requency power -0.H 0.007 0.066
Voriables entexed Standardized fFoncHcieot P-valuz Dela &
Apa 093 Q. 783 0022
Gender 048 0.450 000t
Ethnicity 0.t5 9.£35 0.630
Smoking status 0. D087 0.026
Mean gnicsial bload preesire 0,18 2.11% 0632
Body maes index 0.08 0,469 0.038
£.36 0.042 0.085

High frequency power

The entine model accosmed for 19.5% oFthe 1L-6 varisiwe (F3.26, df</.54, F=0.004)

“Fhe entine moded accousded for 21.4% of s EL-b vatisnce (123,66, df<1,.94, P+0.062)
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Tabla 4
“Table 4a. Regression mode! for LF power and IL-6 predicting soluble tissue factor
Table 4b, Regression model for HF power and 1L-6 predicting soluble tissue factor

Variables entered Stendardieed f-coefficient Povaloe Bl &
Agt 0.34 : Q181 6055
Gender 015 0,142 0.053
Ethaicity 422 0.0 0420
Smoking bis 048 639 =001
wean arterial blood pessue 022 0.058 0014
Body mass ks 0.07 0.5 2011
Imereukin-& 6.27 0.007 0.051
Tow frequerty powes Q.13 0233 0.008
LF power X 3E~6 iseraction 028 0.002 0075
Varisbles entered Stnaddardtized f-coefficieat Pohoe Detm R°
Age [ 0336 0.055
Gender 015 0.145 0.055
Ethnicity 023 0.021 -0.020
Smoking st 4,12 621B <0.00¢
Mean severial blood prosvuse 0.5 0030 0014
Boxy runss insex 003 0.803 0815
Interlenking 0.25 2.0t4 0043
High frequency power a3 0834 <.001
HF powar X N6 intoraction .25 9052 0053

The exlre moded secomued for 29.7% of e sTF variance {F=4.32, di0.97, P<B00)
Yhe emine model necountef far 26,876 of the sTF variasos U374, 4/=9,92, <) 001}

aCHests ey
il
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