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Preface

This book examines the present status of the three types of methods used to evaluate
autonomic nerve activity in humans and describes newly developed methods for
assessing the autonomic nervous system that were mainly developed in Japan.

Microneurography was originally developed as an analytical technique for
identifying muscle spindle afferents; however, it began to be used to analyze
sympathetic nerve activity in the mid-1980s. At present, this technique is widely
used all over the world, especially in analyzing the pathophysiology of human
cardiovascular function. It also has become a significant tool in investigating the
thermoregulatory function in humans. This section of the book describes the current
frontiers of research into microneurographic analysis of human cardiovascular and
thermoregulatory function.

Analyzing heart rate variability is a useful approach for investigating human
vagal function. This technique was first developed in a study of SD/mean values of
R-R interval, but it was significantly improved by the use of frequency domain
analysis in Akselrod’s study in 1987. The introduction of the maximum entropy
method by Japanese researchers further improved power spectral studies of heart
rate variability. This technique can be used to both assess the present status of the
patient and predict future cardiovascular disease. This section of the book describes
important information about heart rate variability.

311_Metaiodobenzylguanidine scintigraphy has now become a decisive tool for
cardiac noradrenergic function, especially reductions in integration seen in
Parkinson’s disease, Lewy body disease, and multisystem atrophy. The method
was first used to evaluate cardiac adrenergic function by Dr. Shigetaka Hakusui and
subsequently was developed by Dr. Satoshi Orimo. It is now widely used by
Japanese neurologists. The section about this topic was edited by Dr. Orimo.

This book will help readers to understand the current status of our knowledge
about the autonomic nervous system. The authors are in debt to our mentors,
especially Professor Tadaaki Mano, who leads Japanese researchers in the field of
the autonomic nervous system.

Nagakute, Japan Satoshi Iwase
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Chapter 1
Introduction to Sympathetic
Microneurography

Tadaaki Mano

Abstract Sympathetic microneurography is an electrophysiological method to
record directly from human peripheral nerves’ sympathetic neural traffic leading
to the muscle and skin called muscle sympathetic nerve activity (MSNA) and skin
sympathetic nerve activity (SSNA). In this chapter, the author explains (1) what is
microneurography, (2) the recording technique of microneurography, (3) how to
identify MSNA and SSNA, and (4) applications of sympathetic microneurography.
Sympathetic microneurography is very useful to analyze sympathetic neural func-
tions in humans by observing directly neural traffic in postganglionic multiple and
single sympathetic efferent fibers innervating the muscle and skin under physio-
logical and pathological conditions. MSNA which regulates peripheral vascular
resistance in skeletal muscles is particularly important for controlling blood pres-
sure homeostasis, while SSNA which regulates mainly sweat glands and skin blood
vessels plays important roles in thermoregulation. Recordings of MSNA and SSNA
have been widely applied to analyze sympathetic mechanisms in various disease
conditions, as well as stressful situations when the human body is exposed to
various environmental conditions.

Keywords Microneurography « Muscle sympathetic nerve activity (MSNA) ¢ Skin
sympathetic nerve activity (SSNA) « Blood pressure control » Thermoregulation *
Environmental stress ¢ Clinical application

1.1 What Is Microneurography?

Microneurography is an electrophysiological method to record directly neural
traffic from intact human peripheral nerves. Using this method we can observe
directly neural impulses in sensory afferent and sympathetic efferent nerve fibers.

T. Mano (I<)
Gifu University of Medical Science, 795-1 Ichihiraga-Nagamine, Seki, Gifu 501-3892, Japan
e-mail: tadaaki.mano@nifty.com

© Springer Japan 2017 3
S. Iwase et al. (eds.), Clinical Assessment of the Autonomic Nervous System,
DOI 10.1007/978-4-431-56012-8_1


mailto:tadaaki.mano@nifty.com

4 T. Mano

1.1.1 Short History of Recordings of Neural Traffic from
Intact Human Peripheral Nerves

Hensel and Bowman [1] in Marburg, Germany, reported in 1960 the first successful
recording of neural impulses from human peripheral nerve in situ. They applied a
glass microelectrode, which has been widely used in animal experiments to record
single unit discharges from various tissues or cells, and succeeded to record skin
sensory afferent discharges from multiple and single fiber preparations of exposed
superficial branch of the radial nerve using micromanipulator in the arm rigidly
fixed with metal holders in seven healthy human volunteers. This was rather an
invasive method to approach peripheral nerves by making skin incision using
ultrashort anesthetic. Seven years later in 1967, two different Swedish groups
published independently less invasive techniques to record human peripheral
nerve discharges, using metal microelectrodes being penetrated percutaneously
without anesthesia into the peripheral nerves. One was a report by Knutsson and
Widén [2] in Stockholm, Sweden, who used glass-coated platinum-iridium micro-
electrodes with a diameter of 400 pm and a tip of 0.5-1 pm, having impedance
between 40 and 100 k€. They penetrated these electrodes using micromanipulator
into the ulnar nerves just above the wrist immobilized by embedding half of the
upper arm, the forearm, and a part of the hand in sandbags and recorded single unit
discharges from skin afferent nerves in six healthy human subjects between the ages
of 20 and 30 years. Another one was a paper by Hagbarth and Vallbo [3] in Uppsala,
Sweden, who employed a method using epoxy resin-insulated tungsten semi-
microelectrodes with an uninsulated tip of 1040 pm and a resistance of
0.01-1 MQ to be penetrated into intact peripheral nerves with the hand of the
examiner without using a micromanipulator. They recorded mechanoreceptor
afferent discharges from the ulnar nerves at the elbow, as well as the peroneal
and tibial nerves at the popliteal fossa of two subjects who were the authors. The
original method of Hagbarth and Vallbo who used tungsten microelectrodes, being
much less invasive, has been applied all over the world and has been called
microneurography.

1.1.2 What Kinds of Neural Traffic Can We Record Using
Microneurography?

Using microneurography we can record neural traffic not only in large myelinated
nerve fibers but also in thin unmyelinated fibers. Microneurography enables us to
record afferent discharges from the muscle and skin, as well as sympathetic efferent
discharges leading to the muscle and skin with the identification of the sensory
receptors and the sympathetic effector organs. Thus we can observe identified
afferent discharges from muscle spindles, tendon organs, muscle nociceptors, and
skin mechano- and nociceptors, as well as activity of postganglionic sympathetic
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efferent nerves innervating the muscle and skin. Recordings of afferent discharges
from the muscle spindle are useful to analyze neural mechanisms of motor control.
Recordings of afferent discharges from skin mechanoreceptors provide objective
signals related to skin mechanoreception such as vibrotactile sensation. Recordings
of afferent discharges from nociceptors in the muscle and skin provide objective
signals related to pain and other cutaneous sensations such as itch. Recordings of
sympathetic efferent activity are essential to understand the neural mechanisms of
autonomic functions. Thus microneurographic studies have been carried out to
elucidate various problems related to neural functions in human subjects under
normal and pathological conditions. An early review detailing this technique was
reported by Vallbo et al. [4]. More recent microneurographic studies were reviewed
by Mano et al. [5].

1.1.3 How to Record Neural Traffic Using
Microneurography

For microneurographic recordings, we use generally tungsten microelectrodes with
an epoxy resin-insulated shaft having a diameter of about 100-200 pm and a tip
diameter of about 1 pm with an impedance around 1-5 MQ at 1 kHz. We insert
these electrodes percutaneously without local anesthesia by a hand of the examiner
into nerve fascicles of the following nerves. Principally we can use any peripheral
nerve approachable by the percutaneously inserted tungsten microelectrode. We
use, generally, median, ulnar, or radial nerves in the upper extremities and peroneal,
tibial, femoral, or sural nerves in the lower extremities for microneurographic
recordings. In rare cases, we can use the facial, trigeminal, or intercostal nerve.

When the electrode tip penetrates into the muscle nerve fascicle of a nerve, we
can record afferent and efferent discharges from and to the muscle. In this case, we
can elicit sensory afferent discharges from peripheral muscle receptors innervated
by the impaled nerve by mechanical stimulation such as tapping, squeezing, or
stretching the muscle, but not by gentle touching of the skin. When the electrode tip
is placed in the skin nerve fascicle, we can record afferent and efferent discharges
from and to the skin. In this case, we can elicit afferent discharges from peripheral
skin receptors by gentle touching or tapping of the skin area innervated by the
impaled nerve.

We record nerve discharges as voltage differences between an intraneurally
inserted recording electrode and a reference electrode (surface or needle electrode)
placed in the vicinity of the recording electrode. The use of thin-caliber concentric
needle electrodes was also reported, although not popularly applied. We use a
bio-amplifier with high impedance input and band-pass filtering between 500 and
5000 Hz to record nerve discharges to be monitored on a cathode ray or digital
oscilloscope with sound monitoring, which is very important to discriminate neural
signals from electromyographic discharges or contaminated electromagnetic
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noises. We can store recorded neural discharges in an analog or digital data recorder
for later analysis.

1.1.4 Multi- and Single Fiber Recordings

When the electrode tips are inserted into muscle or skin nerve fascicles, we can
record at first multiple fiber discharges containing afferent and efferent fiber
discharges. With careful manipulation of the electrode tip by the hand of the
examiner, we can record multiple and single afferent fiber discharges from intended
sensory receptors, as well as multiple and single sympathetic efferent discharges
leading to the muscle or skin. We can identify the type of sensory fibers by
mechanical stimulation of muscle or skin receptors such as touch, pressure, stretch,
vibration, voluntary contraction, pain, hot/cold stimulation, etc. The recordings of
unmyelinated C-afferent fibers from cutaneous nociceptors became accelerated by
introducing a computer-assisted identification method called marking
technique [6].

Identification of sympathetic efferent discharges is described in Chaps. 1, 2,
and 3.

1.1.5 Intraneural Microstimulation

By applying the microneurographic technique, not only recordings of neural traffic
in peripheral nerves but also intraneural electrical stimulation of afferent and
efferent nerve fibers (microstimulation) became possible. Using microstimulation,
we can investigate the functions of skin mechanoreceptors [7], skin nociceptors [8],
muscle nociceptors [9], and sympathetic efferent nerves [10].

1.2 Sympathetic Microneurography as a Tool
to Investigate Autonomic Neural Functions in Humans

1.2.1 Sympathetic Microneurography

Autonomic functions in humans have so far been analyzed by autonomic tests
mainly based on observation of functions of target organs and measurement of the
plasma level of noradrenaline and/or other related substances. Currently, power
spectral analysis of heart rate [Part 2 in this book] and blood pressure and record-
ings of sympathetic skin and flow responses are widely used as autonomic tests in
clinical neurophysiology. Cardiac MIBG scintigraphy has been also used to analyze
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sympathetic innervation of the heart [Part 3 in this book]. Instead of these indirect
methods, microneurography provides direct measurement of peripheral sympa-
thetic neural traffic to the muscle and skin, called muscle sympathetic nerve activity
(MSNA) and skin sympathetic nerve activity (SSNA), respectively.
Microneurographic recording of MSNA and SSNA is called sympathetic
microneurography. The first recording of sympathetic microneurography was
reported by Hagbarth and Vallbo [11] in 1968. They used epoxy resin-coated
tungsten microelectrode with a diameter of 200 pm and an uninsulated tip with a
diameter 5—-15 pm and an impedance of 10-50 k€ tested at 1000 Hz and recorded
spontaneous multi-fiber grouped discharges from human muscle nerve fascicles of
the tibial and peroneal nerves at the level of popliteal fossa in two subjects (authors)
lying on a table in a comfortable prone position. The recorded multi-fiber grouped
discharges were proved as efferent discharges and were modulated by pulse and
respiration, which are characteristic feature of MSNA. This was the first report of
sympathetic microneurography. Gunnar B. Wallin, who worked at Uppsala and
moved later to Goteborg, has much contributed to develop sympathetic
microneurography to be applied for functional analysis of human sympathetic
nervous system [12, 13]. Sympathetic microneurography has become widely used
as a tool to investigate directly sympathetic neural functions under various condi-
tions in humans.

1.2.2 MSNA and SSNA

We can record MSNA by penetrating the electrode tip into the muscle nerve
fascicles, while SSNA when penetrating the electrode tip into the skin nerve
fascicles. We can record MSNA and SSNA by a minute adjustment of the electrode
tip in the muscle and skin nerve fascicle, respectively. MSNA plays essential roles
to control systemic blood pressure by regulating peripheral vascular resistance,
while SSNA is important to control thermoregulation by adjusting skin blood flow
and sweating. In North/South America, Europe, and Australia, the most frequently
used nerve for MSNA recording is the peroneal nerve, into which the recording
electrode is inserted near the fibular head. In Japan, the tibial nerve at the popliteal
fossa is often used for sympathetic microneurography. The double recording
technique of MSNA simultaneously from the peroneal and tibial nerves revealed
that MSNAs from these two nerves which innervate a pair of antagonistic muscles
had almost synchronous and similar burst discharge patterns. On the contrary,
SSNA recorded from these two nerves showed different discharge patterns since
the peroneal nerve innervates hairy skin dominated by thermal sweating, while the
tibial nerve innervates glabrous skin dominated by mental sweating [14]. We can
record MSNA and SSNA as multi-fiber discharges to be observed as full-wave
rectified and integrated traces (mean voltage neurogram). More recently, single
fiber recordings of MSNA have been reported [15, 16, Chap. 6 in this book]. Single
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fiber MSNA can provide more abundant information about sympathetic nerve
functions in humans.

1.2.3 Identification of MSNA and SSNA

We can identify MSNA and SSNA based on the following discharge
characteristics:

(a) MSNA:

1. Pulse-synchronous spontaneous and rhythmic efferent burst discharges
recorded from the muscle nerve fascicle

2. Modulated by respiration

3. Increased by a fall and decreased by a rise in systemic blood pressure
(Fig. 1.1)

4. Enhanced by maneuvers increasing intrathoracic pressure such as Valsalva’s
maneuver

(b) SSNA:

1. Spontaneous arrhythmic efferent burst discharges recorded from the skin
nerve fascicle

2. Followed by peripheral vasoconstriction or perspiration

3. Elicited with almost constant latency by mental stress and sensory stimuli
(sound, pain, electrical stimulation of the peripheral nerve trunk, etc.)

Original MSNA 100V

|
Integrated MSNA

M MM LJJ‘J!L L._
I |

mmHg

1 | |
Blood Pressure MW\ |
(Finapres)

Fig. 1.1 Muscle sympathetic nerve activity (MSNA) and blood pressure. From the top to the
bottom, original multi-fiber burst of MSNA, microneurographically recorded from the tibial nerve
in a healthy subject, full-wave rectified and integrated MSNA, and systemic blood pressure
recorded continuously by Finapres. MSNA discharges spontaneously responding to spontaneous
fluctuation of blood pressure, discharging when blood pressure falls, while being suppressed when
blood pressure rises, thus controlling blood pressure homeostasis (Figure from Published Paper

[21D)

10 sec
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Identification of the nerve fibers discharging with the above-mentioned character-
istics as belonging to the efferent C-fiber group is based on the following findings:
(1) The discharges are not modified by local anesthetic infiltration distal to the
recording site, blocking simultaneously recorded afferent somatosensory impulses,
while they are abolished rapidly by local anesthetic infiltration proximal to the
recording site, with an increase in peripheral skin blood flow in the case of
vasoconstrictor activity without changing somatosensory afferent activities
[17]. (2) Double recording from two different sites in the same nerve clearly
shows that the discharge recorded in the proximal site always precedes the dis-
charge recorded in the distal site. The conduction velocity measured as inter-
electrode distance divided by the interval of two discharges shows the value of
the C-fiber range to be around 1-2 m/s [18]. (3) Vasoconstrictor and sudomotor
components of SSNA are identified by simultaneous recordings of skin blood flow
and sweating. Vasoconstrictor bursts precede skin vasoconstriction, while
sudomotor bursts precede sweating. Combined bursts of vasoconstrictor and
sudomotor components precede both vasoconstriction and sweating (Fig. 1.2).

Skin Blood Flow '

Sweat Rate

Ve

SM
Integrated SSNA n\} :

Fig. 1.2 Skin sympathetic nerve activity (SSNA), skin blood flow, and sweating. From the fop to
the bottom, skin blood flow measured by laser Doppler flowmetry, sweat rate measured by
ventilated capsule method, and full-wave rectified and integrated multi-fiber SSNA bursts,
microneurographically recorded from the peroneal nerve in a healthy subject. SSNA discharges
spontaneously preceding vasoconstriction (downward arrow, VC vasoconstrictor burst), sweat rate
(upward arrow, SM sudomotor burst), or both vasoconstriction + sweat rate (VC + SM vasocon-
strictor + sudomotor burst), thus controlling skin blood flow and sweating (Figure from Published
Paper [21])
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1.2.4 Applications of Sympathetic Microneurography

Sympathetic microneurography has become a potent tool in clinical autonomic
testing [19, Chaps. 2, 3, 4, 5, and 6 in this book]. We can record relatively easily
spontaneously discharging sympathetic neural traffic in abundant fibers grouped in
muscle and skin nerve fascicles as multi-fiber burst activities. Interindividual
comparison of MSNA can be done as counting, for example, burst numbers per
minute. The burst numbers of MSNA are reproducible in the same individuals when
the recordings are made at different intervals, but increase with advancing the age
[20]. Recordings of MSNA and SSNA have been applied to elucidate autonomic
neural functions under various physiological and pathological conditions. MSNA is
important to analyze neural mechanisms involved in the cardiovascular system,
while SSNA is essential to understand neural functions related to
thermoregulation [21].

We can use sympathetic microneurography to analyze neural functions not only
at rest but also when exposed to various environmental stresses [22]. This method
has been used to clarify physiological autonomic mechanisms as well as patholog-
ical mechanisms, not only in awake state but also during sleep [23, 24]. We used
sympathetic microneurography not only in ground-based laboratories but also in
various fields such as in high altitude, in cold or hot environment, during water
immersion, in airplane, when loading acceleration, in space, and so on. Autonomic
neural functions in space have been evaluated using various indirect methods until
1998, when microneurography was first applied during spaceflight to clarify how
microgravity influences MSNA in humans. For this research, three American and
one Japanese astronauts mastered perfectly the technique of sympathetic
microneurography. Two of them aboard Space Shuttle Columbia could measure
successfully MSNA from the peroneal nerve of their fellow astronauts. It was
revealed that MSNA was rather enhanced during the 12th and 13th days of
spaceflight and just after returning to Earth [25-28].
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Chapter 2
Muscle Sympathetic Nerve Activity
in Neurological Disorders

Kazumasa Shindo

Abstract Recently, progress in microneurographic methods and instruments has
made it possible to record muscle sympathetic nerve activity (MSNA) in patients
with neurological disorders in order to elucidate the pathophysiology or pathogen-
esis. In patients with Parkinson’s disease, the frequency of MSNA bursts at rest
showed a negative correlation with age in the PD patients, while age and MSNA
were positively correlated in the controls. There was a negative correlation between
disease duration or the severity of disability and the age-adjusted MSNA burst
frequency in PD patients. In patients with amyotrophic lateral sclerosis, resting
MSNA was significantly higher than in healthy subjects or patients with other
neuromuscular disorders, although systolic blood pressure (BP), diastolic BP, and
heart rate (HR) were similar in three groups at rest. Standardized resting MSNA
showed a negative correlation with disease duration. Patients with cerebellar
degeneration showed lower resting MSNA than the healthy controls, while there
were no significant differences of age, resting HR, or resting BP between the
patients and healthy controls. In patients with cervical spondylosis, the resting
MSNA was positively correlated with age in controls and resting MSNA was
significantly lower than healthy controls.

Keywords Muscle sympathetic nerve activity < Parkinson’s disease ¢
Amyotrophic lateral sclerosis ¢ Cerebellar degeneration syndrome ¢ Cervical
spondylosis ¢ Polyneuropathy

2.1 Introduction

In various neurological disorders associated with impairment of autonomic func-
tion, such as multiple system atrophy, cerebellar degeneration, Parkinson’s disease,
dementia with Lewy bodies, spinal cord disorders, pure autonomic failure, auto-
nomic neuropathies including diabetic neuropathy, and familial amyloid
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Table 2.1 Neurological disorders with autonomic failure

Dementia

Alzheimer disease, dementia with Lewy bodies, frontotemporal lobar degeneration, neuronal
intranuclear inclusion disease, etc.

Cerebrovascular disorders

Cerebral infarction, intracerebral hemorrhage, subarachnoid hemorrhage, etc.

Extrapyramidal disorders

Parkinson’s disease, Huntington’s disease, dystonia, etc.

Cerebellar degeneration syndrome

Multiple system atrophy, cortical cerebellar atrophy, familial spinocerebellar ataxia, etc.

Motor neuron disease

Amyotrophic lateral sclerosis, primary lateral sclerosis, etc.

Demyelinating disorders

Multiple sclerosis, neuromyelitis optica, acute disseminated encephalomyelitis, central
pontine myelinolysis, etc.

Inflammation of the central nervous system

Bacterial and viral meningoencephalitis, prion disease, hypertrophic pachymeningitis, limbic
encephalitis, infectious myelitis, etc.

Spinal cord disorders

Cervical spondylosis, syringomyelia, spinal canal stenosis, spastic paraplegia, spinal cord
AVM and AVF, spinal cord tumor, spinal cord injury, etc.

Peripheral neuropathy

Pure autonomic failure, idiopathic autonomic neuropathy, diabetic neuropathy, familial
amyloid polyneuropathy, Guillain-Barré syndrome, chronic inflammatory demyelinating
polyneuropathy, etc.

Myopathy and neuromuscular junction disorders

Myotonic dystrophy, mitochondrial encephalomyopathy, myasthenia gravis, Lambert-Eaton
myasthenic syndrome, etc.

Functional disorders and others

Migraine, cluster headache, epilepsy, Horner’s syndrome, neurally mediated syncope, Wilson
disease, pellagra, neuroferritinopathy, vitamin deficiency, etc.

polyneuropathy, the detection of autonomic symptoms and autonomic dysfunction
by neurophysiological examination often contributes to diagnosis and management
(Table 2.1). However, after cardiovascular autonomic symptoms such as orthostatic
or postprandial hypotension become clinically evident, it is often difficult to assess
muscle sympathetic nerve activity (MSNA) by microneurography in these dis-
orders. Recently, progress in microneurographic methods and instruments has
made it possible to record MSNA in patients with neurological disorders, especially
those with mild autonomic impairment or with early disease, in order to elucidate
the pathophysiology or pathogenesis [1-3].

This chapter reviews the characteristic features of MSNA in Parkinson’s disease,
amyotrophic lateral sclerosis, and other neurological disorders based on our previ-
ous studies and reports by other investigators. The other autonomic dysfunction in
relation to MSNA is also discussed.
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2.2 Parkinson’s Disease (PD)

2.2.1 PD Patients and Healthy Controls

Numerous non-motor changes or symptoms due to autonomic dysfunction are
frequent in patients with PD and have been reported by many investigators [4—6].
Among autonomic abnormalities, orthostatic hypotension or prandial hypotension
is often observed in patients with PD, probably resulting from the progressive
impairment of preganglionic and postganglionic sympathetic neurons [7, 8]. How-
ever, clear recordings of MSNA are often hard to obtain because of advanced
autonomic impairment or numerous artifacts due to involuntary tremor. Thus,
only a few studies have investigated whether MSNA is actually decreased or not
in patients with PD [2, 9]. The characteristic features of MSNA in patients with PD
showing mild autonomic symptoms and in age-matched healthy control were
reported in 2003 by our colleagues [2].
A summary of their findings is as follows:

¢ In a representative recording, the burst frequency of MSNA at rest and the
increased response of MSNA during head-up tilting are slightly attenuated
compared with healthy subjects (Fig. 2.1).

¢ There are no differences of the age, resting heart rate (HR), or resting blood
pressure (BP) between the PD patients and the controls.
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Fig. 2.1 A representative recording (fop trace, ECG; middle trace, integrated neurogram of
muscle sympathetic nerve activity (MSNA); bottom trace, blood pressure) of a patient with
Parkinson’s disease (PD, B)
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Fig. 2.2 Correlations between the burst incidence of muscle sympathetic nerve activity (MSNA)
at rest and age in healthy controls (a) and in patients with Parkinson’s disease (PD, b). HB heart
beats

» The frequency of MSNA bursts (bursts per 100 heart beats) at rest shows a
negative correlation with age in the PD patients, while age and MSNA are
positively correlated in the controls (Fig. 2.2).

e There is a negative correlation between disease duration or the severity of
disability and the age-adjusted MSNA burst frequency in PD patients (Fig. 2.3).

¢ The increase of HR, BP, and MSNA in response to head-up tilt is slightly, but not
significantly, smaller in PD patients than in controls.

e There are no significant relations between the increases in MSNA, BP, or
noradrenaline in response to head-up tilt or standing and the age or disease
duration.

Recent microneurographic studies have confirmed that resting MSNA gradually
increases with age in healthy subjects because of reduced sensitivity of the baro-
receptors or reduction of parasympathetic tone with advancing age [10, 11]. In
contrast, resting MSNA gradually decreases with age and also with the duration of
disease in PD patients. Thus, older PD patients have lower MSNA than normal
subjects, reflecting their generally longer duration of disease. The reason why the
frequency of MSNA bursts in younger PD patients is similar to control values
remains unclear, but it is speculated that the progression of autonomic impairment
may be slower in younger patients than older patients. In the abovementioned study,
none of the patients had severe manifestations of autonomic failure such as frequent
syncope due to orthostatic hypotension. Symptomatic autonomic deficits would not
occur as long as the MSNA response to tilting is preserved, even if resting MSNA is
low. It is speculated that since peripheral nerves are impaired at the early stage and
central nerves are impaired at the later stage in autonomic nerves of PD, MSNA
could be elicited even because of preserved central pathway in baroreflex arc.



2 Muscle Sympathetic Nerve Activity in Neurological Disorders 17

Fig. 2.3 A correlation (%)
between disease duration of -
Parkinson’s disease and 120 °®

burst frequency of muscle
sympathetic nerve activity
(MSNA) at rest standardized 100 F
from a control regression
line in patients with

Parkinson’s disease « 80 :
% 60
= |
n=19
40 p<0.01
20 ¢

0
0 2 4 6 8 10 12
Duration (vears)

Many investigators have studied the association between PD and orthostatic
intolerance or orthostatic hypotension. It was reported that 70 % of patients with PD
exhibited a mild to severe orthostatic decline of blood pressure [5] and that all PD
patients have the symptom of postural dizziness, with obvious postural hypotension
being observed in 27 % of them [4]. Moreover, a significant decrease of the systolic
blood pressure was observed in PD patients even before initiation of
antiparkinsonian treatment [12]. Although a few investigators found no difference
in the response of BP to head-up tilt between PD patients and healthy controls
[13, 14], most recent studies have demonstrated that mild to severe orthostatic
hypotension is frequent in PD, being related to both the disease duration and
severity. The abovementioned MSNA findings are consistent with previous obser-
vations of sympathetic vasomotor impairment in PD, because this study confirmed
that orthostatic intolerance or hypotension may reflect an age and duration-
dependent reduction in sympathetic outflow to muscles and not a diminution in
the vasoconstrictive response of peripheral arteries.

2.2.2 MSNA and MIBG Cardiac Scintigraphy in PD

Measurement of myocardial '*’I-metaiodobenzylguanidine (MIBG) uptake is use-
ful in the assessment of cardiac sympathetic nerve function in patients with
neurodegenerative disorders and diabetes mellitus [15, 16]. Recent investigations
have shown that patients with PD frequently have an obvious decrease of MIBG
uptake, and a relationship between MIBG findings and clinical features or disease
specificity has been reported [17, 18]. However, it has not been clear whether
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MIBG findings reflect organic or functional changes of cardiac sympathetic nerves.
To resolve this issue, the relationship between abnormal cardiac MIBG uptake and
quantitative MSNA data was analyzed in PD patients by our colleagues in
2005 [19].

The results they obtained were as follows:

» There is no significant correlation between MSNA and the H/M ratio on delayed
images (Fig. 2.4).

» There is no significant relationship between the H/M ratio and disease duration
or the level of disability, although significant negative correlations are observed
between MSNA and disease duration or disability.

e There is no significant relationship between the H/M ratio or the washout ratio
(WR) and disease duration or the level of disability, although disease duration is
positively correlated with disability.

There may be no significant relationship between MSNA and the H/M ratio or
WR because some patients with reduced MSNA have a normal H/M ratio or
WR. Since the sympathetic nervous system displays characteristic regional differ-
entiation [20], it is possible that these correlations are not observed because MSNA
regulating the sympathetic tone of vessels in the leg muscles is compared with
MIBG uptake that reflects cardiac sympathetic function. Another possible expla-
nation for the missing correlation is that MIBG uptake is already very low at an
early stage of PD and therefore does not decrease much further over time. There-
fore, recording the MSNA of peripheral nerves is considered to be more sensitive
than cardiac MIBG scintigraphy for estimating progressive changes of autonomic
function in PD patients. It is speculated that cardiac MIBG scintigraphy may reflect
not only organic changes of postganglionic sympathetic neurons but also other
factors contributing to the metabolism of noradrenaline or MIBG at sympathetic
nerve endings.
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2.2.3 Other Studies of MSNA in PD

In 1994, Takeuchi et al. reported that the response of MSNA to head-up tilt was
weaker after administration of levodopa than before administration, while there
were no significant differences of resting MSNA and the response of MSNA to
head-up tilt between PD patients and healthy controls [9]. They concluded that
these findings suggested the existence of potential impairment of the medullary
vasomotor center in PD. In 2014, Sverrisdottir et al. reported on recording of
MSNA during ON and OFF of deep brain stimulation to the midbrain and
subthalamic nuclei. During stimulation, they noted a decreased burst frequency
and decreased blood pressure, along with an unchanged burst amplitude and
increased vasomotor baroreflex sensitivity [21]. However, cardiac MIBG scinti-
graphy findings and the relationship between MSNA and age or disease duration
were not described in these reports.

2.3 Amyotrophic Lateral Sclerosis (ALS)

2.3.1 ALS Patients and Healthy Controls

ALS is a fatal neurodegenerative disorder that mainly causes motor symptoms due
to progressive generalized muscular weakness and muscle atrophy because of
gradual impairment of the cranial and spinal motor neurons. Formerly, autonomic
symptoms such as neurogenic bladder and constipation were considered to be
negative features. However, various abnormalities of autonomic function, espe-
cially related to the cardiovascular system, have been identified in ALS by physio-
logical and pharmacological studies [22, 23]. To assess autonomic function,
quantitative analysis of MSNA along with BP and HR at rest and during head-up
tilt was performed in ALS patients, and the results were compared with those
obtained in healthy subjects by our colleagues in 1993 [24].
The results that they reported were as follows:

¢ Inrepresentative recordings, MSNA bursts in a patient with ALS are remarkably
increased at rest compared with a healthy subject (Fig. 2.5).
» Resting MSNA is significantly higher in ALS patients than in the control group,
although systolic BP, diastolic BP, and HR are similar in both groups at rest.
 In the control group, resting MSNA is positively correlated with age, while there
are no correlations between the parameters of resting MSNA and age in the ALS
group (Fig. 2.6).

¢ There is no consistent relationship between resting MSNA and disease duration,
or between resting MSNA and the severity of muscular atrophy or spasticity.
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Fig. 2.5 Representative recordings (top trace, ECG; middle trace, integrated neurogram of
muscle sympathetic nerve activity (MSNA); bottom trace, blood pressure) of a healthy volunteer
(a) and a patient with amyotrophic lateral sclerosis (ALS, b) at rest
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Fig. 2.6 Correlations between the burst incidence of muscle sympathetic nerve activity (MSNA)
at rest and age in healthy controls and patients with amyotrophic lateral sclerosis (ALS)

e The response of MSNA to head-up tilt is weaker in the ALS group than in the
controls, but the changes of blood pressure and heart rate are similar in both
groups.
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MSNA was reported to be markedly elevated in younger ALS patients, while
MSNA is similar in elderly ALS patients and age-matched controls, suggesting that
the lack of a difference in older subjects may be related to the increase of MSNA
that normally occurs with aging [10, 11]. The changes of MSNA in ALS patients
were reported to be smaller than in controls when they are placed in the head-up tilt
position. Because ALS patients do not show postural hypotension, the muted
response may result from increased baseline MSNA. The reason why MSNA is
elevated is that since nerve conduction studies such as F-wave amplitudes suggest a
marked increase in discharge from anterior horn cells secondary to reinnervation,
the pathogenic agents responsible for ALS easily affect motor neurons, while
sympathetic neurons are comparatively resistant to the same agents but are very
excitable.

Most previous investigations have found that BP and HR are slightly increased
in patients with ALS [22, 23]. Nogues et al. reported resting sinus tachycardia in
ambulant ALS patients with normal breathing [25]. In the abovementioned study,
resting MSNA was found to be increased in ALS patients, despite the absence of
known cardiovascular abnormalities or significant respiratory impairment.
Although a decreased PaO, or increased PaCO, is known to elevate MSNA [26],
respiratory impairment is unlikely to account for the increase of MSNA in ALS
patients.

2.3.2 ALS and Other Neuromuscular Disorders

It could not be ruled out that the increase of MSNA in ALS patients was influenced
by a reduction of daily activities, bulbar symptoms, or subclinical respiratory
distress. Furthermore, it was not clear whether this increase was specific to patients
with ALS. To further clarify the influence of muscle wasting and limitation of daily
activities on sympathetic outflow to the muscles, MSNA was compared between
patients with ALS and patients with a similar level of disability due to other
neuromuscular disorders by our colleagues in 1995 [1].
The results they obtained were as follows:

e There are no differences of disability scores, respiratory function, and resting
HR or BP between the ALS patients and control patients (Fig. 2.7).

* The resting MSNA burst frequency is positively correlated with age in both the
patients with ALS and the control patients and is significantly higher in the ALS
patients compared with the controls (Fig. 2.7).

¢ Even in ALS patients aged more than 50 years, resting MSNA is slightly higher
than in the control patients.

¢ In ALS patients, resting MSNA is not correlated with the disease duration, the
prognosis, the disability score, or PaO, and PaCO,.

e During the head-up tilt, changes of BP and the MSNA burst frequency are
slightly smaller in ALS patients than in control patients.
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Fig. 2.7 Comparison between patients with amyotrophic lateral sclerosis (ALS) and patients with
other neuromuscular disorders in each parameter at rest. /R heart rate, MBP mean blood pressure,
MSNA muscle sympathetic nerve activity

None of the ALS patients had subjective dyspnea at rest, and MSNA is not
correlated with PaO,, PaCO,, or forced vital capacity in either the ALS or control
patients, suggesting that the mild to moderate hypoxemia present in ALS has little
effect on resting MSNA. There were no correlations between MSNA and the
duration of disease, the disability score, or the prognosis, probably because ALS
patients show wide variation in the rate of progression and symptoms. These results
suggest that some ALS patients have an increase of MSNA that is independent of
the extent of muscle wasting or limitation of daily activities.

The muted response of MSNA in ALS patients may have resulted from higher
resting activity. With regard to blood pressure, ALS patients show slight elevation
of resting blood pressure [27], and it is possible that a continuous increase of
sympathetic outflow to muscles causes downregulation of the vasoconstrictor
response of intramuscular vessels. The cause of the increase of MSNA in ALS
has yet to be clarified. Since recent investigations into the pathological or genetic
background have revealed a link between ALS and frontotemporal dementia,
pathological changes of the limbic system in medial temporal lobe (frequently
affected in FTLD) might contribute to abnormalities in the cardiovascular system
such as increased MSNA.

2.3.3 Chronological Changes of MSNA in ALS

There is a need for further studies, considering that sympathetic hyperactivity
resembles overexcitability of motor neurons in the brain stem and spinal cord in
ALS. Although various studies of autonomic function have been reported
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[1, 22-24], the chronological changes of sympathetic activity over the course of
ALS was not evaluated. In 2004, correlations were analyzed between MSNA and
disease duration, age, or disability [28]. Recordings were performed twice or more
in the same patients at intervals of at least 6.

The following results were obtained:

» Standardized resting MSNA shows a negative correlation with disease duration,
although several patients with a duration under 12 months had low MSNA
(Fig. 2.8).

» There is a negative correlation between standardized MSNA and the level of
disability.

¢ In patients who underwent recording of MSNA more than once, mean standard-
ized MSNA shows a significant decrease at the second examination compared
with the first.

Considering the negative correlation between MSNA and disease duration, it is
possible that MSNA increases in the early stage of ALS and then gradually
decreases with a longer disease duration. In relation to disability, most ALS patients
tend to show a decrease of MSNA as motor function deteriorates, since patients
with longer disease duration have more severe disability. Histopathological evi-
dence of a slight decrease of intermediolateral column neurons in the spinal cord in
ALS patients [29-31] is consistent with the chronological changes of sympathetic
outflow to muscles shown in the abovementioned study. It is speculated that
intermediolateral neurons may decrease as the result of continuous excessive
stimulation, such as that related to increased resting MSNA.



24 K. Shindo
2.3.4 Other Studies of MSNA in ALS

In 2002, Oey et al. reported that the resting heart rate was increased and that the
response of MSNA to lower body negative pressure was reduced in ALS patients
compared with age-matched healthy volunteers [32]. However, the baseline blood
pressure and MSNA parameters did not differ between the two groups. According
to the report by Nygren and Fagius in 2011 [3], patients with ALS showed a higher
resting heart rate and higher resting MSNA than healthy controls. Although
baroreflex inhibition was preserved, MSNA showed a smaller response to
sympathoexcitatory maneuvers in ALS patients. They concluded that elevation of
MSNA might be a primary feature of ALS. One reason why the MSNA findings
vary among studies could be that ALS patients show considerable variation in
disease progression and motor symptoms. Another reason would be the chrono-
logical changes of MSNA confirmed in the abovementioned study. Future investi-
gations into the pathogenesis of ALS should not only focus on the motor system but
also on changes in autonomic function.

2.4 MSNA in Other Neurodegenerative Disorders

2.4.1 Spinocerebellar Degeneration (SCD)

SCD, such as olivopontocerebellar atrophy or multiple system atrophy (MSA) with
prominent autonomic symptoms (which used to be known as Shy-Drager syn-
drome), are often associated with symptoms of autonomic dysfunction
[33, 34]. Although many investigators have previously reported that patients with
various SCD subtypes have varying degrees of noradrenergic or cholinergic auto-
nomic dysfunction [35, 36], few studies on sympathetic outflow to muscle and skin
have been performed with microneurography [37-39]. In SCD patients with or
without mild autonomic dysfunction, quantitative analysis of MSNA, BP, and HR
at rest and during head-up tilt was performed in 1999 by our colleagues, and the
results were compared with those obtained in healthy subjects [40].
The main findings were as follows:

* All SCD patients show lower resting MSNA than the healthy controls, while
there are no significant differences of age, resting HR, or resting BP between the
patients and controls (Fig. 2.9).

« There is no consistent relationship between MSNA and the severity of cerebellar
ataxia or disease progression.

¢ During head-up tilt, the increase of BP and the mean amplitude of MSNA are
significantly smaller in SCD patients than controls, but changes of HR and
MSNA burst frequency are similar in both groups.
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Fig. 2.9 (a) A correlation between the burst rate of resting MSNA and age in healthy controls and
in patients with spinocerebellar degeneration (SCD). (b) Comparison of the burst rate (bursts/
minute) and the burst incidence (bursts/100 heart beats) of muscle sympathetic nerve activity at
rest between patients with spinocerebellar degeneration (SCD) and healthy controls

» Subclinical sympathetic dysfunction is observed in most cases of sporadic SCD
without autonomic symptoms such as orthostatic dizziness or hypotension
because of mild impairments of baroreflex modulation and vasomotor center.

In previous investigations, an impaired blood pressure response to cold immer-
sion, reduced heart rate variability, sudomotor dysfunction, and neurogenic bladder
were occasionally observed in patients with cortical cerebellar atrophy who only
had mild autonomic symptoms [41, 42]. In the abovementioned study, it was
confirmed that characteristic MSNA abnormalities can even be observed in patients
who have SCD subtypes without autonomic symptoms, suggesting the existence of
underlying noradrenergic sympathetic dysfunction.

2.4.2 Multiple System Atrophy (MSA)

A few authors have mentioned the characteristic features of MSNA in patients with
MSA, which commonly show moderate or severe autonomic impairments. Kachi
et al. reported that MSNA was markedly decreased at rest and there was poor
increase during head-up tilt resulting in orthostatic hypotension in a patient with
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Shy-Drager syndrome [37]. Hakusui et al. revealed that MSNA in five MSA
patients with postprandial and orthostatic hypotension showed no increase after
receiving 75 g glucose intake, while all healthy controls showed increased MSNA.
They stated that postprandial hypotension is caused by the lack of sympathetic
compensation for the systemic hypotensive stress of splanchnic blood pooling that
occurs after food ingestion [38]. Donadio et al. found that MSNA could only be
recorded in one of eight patients with MSA and that quantitative value at rest
increases compared with controls’ values with the expectation adversely
[39]. When cardiovascular autonomic abnormalities are evident, it is difficult to
obtain clear MSNA recordings in patients with MSA. Recordable sympathetic
activity in patients with shorter disease duration suggests a progressive deterior-
ation of peripheral sympathetic function positively correlated with disease duration,
in addition to impairments of central autonomic neurons in MSA.

2.4.3 Cervical Spondylosis (CS) and Traumatic Spinal Cord
Injury

In 1997, MSNA was recorded and correlations between the quantitative MSNA
parameters and pyramidal tract symptoms were analyzed in patients with CS [43].
The following results were obtained:

¢ There are no differences between the CS patients and controls with respect to
age, resting HR, or resting BP.

» The resting MSNA burst frequency is positively correlated with age in controls
and resting MSNA is significantly lower in CS patients than controls.

e In CS patients, the resting MSNA burst frequency (expressed as a percentage of
the predicted value) shows a significant negative correlation with the severity of
pyramidal tract symptoms (Fig. 2.10).

* During head-up tilt, changes of HR and BP are similar in CS patients and
controls, but changes of MSNA are slightly greater in the CS patients because
of their lower baseline MSNA.

In the abovementioned study, there was an inverse relationship between MSNA and
the severity of pyramidal tract symptoms, suggesting that resting MSNA bursts may
be reduced by compression of descending sympathetic pathways in the cervical
spinal cord. Since the response of MSNA to head-up tilt is preserved or exagger-
ated, cardiovascular neurologic symptoms such as vertigo or orthostatic hypo-
tension might not be observed in CS patients. Further investigation of the
autonomic nervous system may help to define the pathogenesis of cardiovascular
neurologic symptoms in patients with early to advanced CS.

Patients with severe traumatic spinal cord lesions at the levels of C5 to ThS8
exhibited sparse resting sympathetic activity on neurogram and showed only reflex
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bursts [44, 45]. This may suggest that excitability of decentralized spinal sympa-
thetic neurons to muscles is decreased, resulting in weak MSNA in these patients.

2.4.4 Polyneuropathy and Guillain-Barré Syndrome (GBS)

Polyneuropathy, especially diabetic polyneuropathy, is frequently associated with
autonomic impairments. However, when autonomic symptoms such as orthostatic
hypotension are evident, the microneurographic recording of MSNA is often
difficult. Even if MSNA can be recorded, it is reported that conduction velocities
of MSNA determined as the conduction distance between the R-wave on electro-
cardiography and the peak of MSNA bursts are similar to normal values
[46, 47]. The authors speculate that since postganglionic sympathetic fibers in
polyneuropathy do not exhibit gradual changes in conduction velocities, normal
or no conduction is observed in MSNA recordings according to the all or none law.

Guillain-Barré syndrome (GBS) is a representative disorder of post-infectious
polyradiculoneuropathy with acute onset. Autonomic symptoms such as increased
heart rate and blood pressure or elevated sweating are frequently observed in cases
with severe motor impairments. In MSNA recordings in GBS patients with auto-
nomic symptoms, it is reported that the burst frequency is increased in the acute
phase and is decreased to normal values in the remission phase [48]. This increase
in the acute phase is speculated to be due to demyelinated lesions of the afferent
nerve fibers from arterial intrathoracic baroreceptors in glossopharyngeal and vagus
nerves. Pure autonomic failure (PAF) is a subtype of idiopathic polyneuropathy
showing various degrees of impairments of sympathetic and parasympathetic
nerves. Although it is very difficult to obtain a clear recording of MSNA in patients
with PAF [39, 49], Liguori et al. state that the burst frequency or conduction latency
is normal in 14 cases with autonomic small fiber neuropathy [50].
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Chapter 3
Muscle Sympathetic Nerve Activity
and Cardiovascular Disease

Shuji Joho

Abstract The sympathetic nervous system can rapidly respond to the onset of a
disruption in arterial pressure and plays essential roles in regulating cardiovascular
function together with the renin-angiotensin-aldosterone system. On the other hand,
chronic sympathetic overactivity could be associated with the onset and progression
of hypertension, heart failure, or arrhythmia. The fact that sympathetic overactivity
is an independent predictor of a poor outcome in patients with heart failure has been
known for about 30 years. Accurate assessment of sympathetic nerve activity is
required in clinical practice. Various methods including measuring neurotransmit-
ters (norepinephrine), evaluating the responses of effectors (heart rate or blood
pressure), neurotransmitter imaging (meta-iodobenzylguanidine), and so on have
been applied to evaluate sympathetic nerve functions. However, quantifying the
time-varying sympathetic activity which maintains body homeostasis over time is
difficult. Microneurographic recording is the only way to directly evaluate sympa-
thetic nerve activity from the human peripheral nerves. This chapter describes
recent observations obtained by microneurographic recordings of muscle sympa-
thetic nerve activity that have been adopted to reconsider the relationship between
sympathetic nerve activity and several cardiovascular diseases.

Keywords Sympathetic nervous system e Ischemic heart disease * Resistant
hypertension  Heart failure « Pulmonary hypertension

3.1 The Need to Evaluate Sympathetic Nerve Activity from
Neural Activity

The sympathetic nervous system regulates involuntarily heart rate, blood pressure,
and many target organs. Sympathetic stimulation increases heart rate via the
sinoatrial node, increases myocardial contractility and vascular resistance via the
contraction of peripheral blood vessels at arteriolar level, and consequently
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Fig. 3.1 Impact of sympathetic nerve stimulation on hemodynamics in a dog. Random electrical
stimulation with an average of 1 Hz enhanced heart rate, left ventricular systolic pressure, and first
derivative of left ventricular pressure (Modified from Ushijima R, Joho S. Evaluation for sympa-
thetic nerve activity. Heart View. 2014;18(1):36)

increases blood pressure. Figure 3.1 shows an example of left cardiac sympathetic
nerve stimulation in a dog with a non-failing heart. Electrical stimulation with
random intervals (average 1 Hz) increased heart rate, as well as left ventricular
systolic pressure and the first derivative of left ventricular pressure (LV dP/dt) after
a few seconds. Thus, the sympathetic nervous system can regulate the heart rate and
blood pressure within seconds.

The short-term activation of sympathetic nerve activity is known as the “fight or
flight response” that prepares the body to either stay and fight or flee from a
situation [1]. By contrast, the long-term excess activation of sympathetic nerves
is pathological, being involved at the onset and progression of cardiovascular
diseases such as hypertension, cardiac hypertrophy, myocardial ischemia, heart
failure, and arrhythmias [2, 3]. The relationship between sympathetic nerve activity
and cardiovascular diseases is important not only to understand autonomic status
but also to consider its influence on prognosis and therapy. Therefore, sympathetic
nerve activity should be accurately evaluated in each individual.

Sympathetic nerve activity in clinical practice can be evaluated by measuring
blood or urinary levels of neurotransmitters (norepinephrine), measuring the
responses of effectors (heart rate and blood pressure), neurotransmitter imaging
(meta-iodobenzylguanidine (MIBG) scintigram), and measuring the electrical
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activity of nerves. These methods should be selectively used depending on the
nature of the studies.

Muscle sympathetic nerve activity (MSNA) is a vasomotor activity that governs
the vascular smooth muscles distributed throughout the skeletal muscle. MSNA
varies in conjunction with the instantaneous fluctuations of blood pressure via
arterial baroreceptors to maintain constant blood pressure. A percutaneously
inserted microelectrode is directly placed in muscle nerve fascicles of peripheral
nerves. The major advantages of this method are that sympathetic neural activity
can be directly and instantaneously recorded unlike any other indirect assessment of
sympathetic activity. Thus, variations in sympathetic activity over time can be
visualized using this method (Fig. 3.2).

Despite the advantages of MSNA, it is not frequent to apply this method in the
clinical tests. The main reason might be mainly due to the difficulty of recording
technique. However, to verify findings using MSNA is important for establishing
evidence of the relationship between sympathetic nerve activity and cardiovascular
diseases. We review recent clinical findings of the relationship between
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microneurographically recorded MSNA and various cardiovascular diseases as well
as the pathophysiology underlying these diseases.

3.2 Ischemic Heart Disease

Animal experiments have shown that cardiac sympathetic nerve activity is
enhanced by stimulating sympathetic afferent fibers with myocardial ischemia
[4-6]. However, whether myocardial ischemia elicits sympathetic hyperactivity
in patients with coronary artery disease has remained unclear. A recent study of
MSNA during interventional coronary angioplasty in patients with coronary artery
disease found that MSNA was increased by an average of 36 % from baseline
during coronary artery occlusion [7] and in 10 of 12 patients regardless the site of
such occlusion. Another study found that treating myocardial ischemia by coronary
angioplasty can effectively reduce MSNA 1 month after balloon coronary angio-
plasty [8]. Neither of these studies found any significant changes in heart rate and
blood pressure. These results imply that to determine changes in sympathetic
activity related to myocardial ischemia from the response to the effector is difficult.
Changes in MSNA without a change in blood pressure might occur through changes
in input from sympathetic afferent fibers derived from the ischemic myocardium
rather than by any alterations in blood pressure.

On the other hand, MSNA peaks during the acute phase (2—4 days after onset) of
myocardial infarction and gradually decreases during the chronic stage (several
months after onset) [9]. Furthermore, MSNA is significantly higher in patients with
heart failure accompanied by ischemic than nonischemic cardiomyopathy
[10]. Myocardial ischemia is frequently residual even after coronary angioplasty
intervention in patients with coronary heart disease dependently upon the severity
of residual coronary artery stenosis. Residual myocardial ischemia stimulates the
sympathetic ascending fibers in the myocardium, which might increase the level
of MSNA.

3.3 Resistant Hypertension

Resistant hypertension is defined as blood pressure above a target of 140/90 mmHg
despite the concomitant administration of at least three antihypertensive agents
from at least three classes of such agents including diuretics [11]. The level of
MSNA was significantly higher in such patients, compared with those who had
nonresistant hypertension even after excluding complications associated with sym-
pathetic hyperactivity such as heart failure, obesity, obstructive sleep apnea, and
renal failure [12]. Sympathetic hyperactivity reduces renal blood flow through the
renal efferent sympathetic nerve, which could decrease sodium diuresis. Thus, renal
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sympathetic nerve denervation increases renal blood flow through a blockade of
renal sympathetic efferents and probably increases natriuresis [13].

Catheter-based radiofrequency ablation has recently been used to disrupt the
renal nerves of patients with resistant hypertension [14]. Renal sympathetic dener-
vation results in an obvious reduction in renal norepinephrine spillover from the
kidney, which indicates the effectiveness of the intervention. Importantly, MSNA,
whole-body norepinephrine spillover, and blood pressure became decreased after
this procedure [15]. Moreover, electrical autonomic nerve stimulation of the renal
artery can increase blood pressure in the experimental setting, but this response is
completely abolished after radiofrequency ablation of the renal artery [16]. These
results could support the possibility that inhibition of afferent renal nerve activity
might contribute to a reduction in central sympathetic drive.

So far, several studies examined the effect of renal denervation on blood
pressure and MSNA in patients with resistant hypertension [17-20]. However, the
findings were inconsistent. Renal denervation substantially reduced MSNA in two
reports [18, 20], but did not change in other reports [17, 19].

This could be explained by a lack of sufficient renal sympathetic nerve ablation
resulting in unsatisfactory blood pressure and sympathetic responses to renal
denervation. Recently, it was investigated that the potential impact of various
renal anatomies on blood pressure and MSNA responses to renal denervation in
patients with resistant hypertension [20]. Interestingly, renal denervation signifi-
cantly reduced blood pressure and MSNA in patients with single renal arteries
bilaterally, but not in patients with dual renal arteries on either one or both
sides [20].

Renal ischemia or injury might stimulate afferent signaling from the kidney to
central integrative nuclei, with the consequence of exaggerated efferent sympa-
thetic outflow to vasculature and the kidneys [21]. Besides sustained blood pressure
reduction, the regression of left ventricular hypertrophy, a reduction in the size of
the left atrium, an increase in left ventricular ejection fraction, and improved left
ventricular diastolic function were evident at 6 months after renal denervation [22]
(Fig. 3.3). Renal denervation inhibited the progression from cardiac hypertrophy to
heart failure in animal models [23]. Therefore, renal denervation might help to
interrupt this vicious cycle.

3.4 Chronic Heart Failure

3.4.1 Mechanisms of Sympathetic Hyperactivity in Chronic
Heart Failure

Sympathetic overactivation is common in patients with chronic heart failure and it
is recognized as a cause of exacerbated heart failure. Figure 3.4 shows representa-
tive traces of MSNA obtained from a healthy individual and from a patient with
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Fig. 3.3 Time course of left ventricular mass (LVMI) and changes in LVMI in group with renal
sympathetic nerve ablation (RD) and control group (From reference [22]). LVMI was decreased in
RD, but not in control group (upper). Effects of renal denervation on left ventricular hypertrophy
were compared among three groups of patients whose blood pressure changed after renal dener-
vation. Left ventricular hypertrophy regressed even in group with minimal antihypertensive effects

chronic heart failure. A heartbeat-synchronized MSNA burst occurs for every
heartbeat in patients with heart failure, suggesting obviously increased sympathetic
activity. Both plasma norepinephrine levels [24] and MSNA [25] can serve as
independent prognosticators of chronic heart failure (Fig. 3.5).

The cause of central sympathetic hyperactivity in patients with chronic heart
failure has not been established. Recent concepts include factors from the central
nervous system that affect the sympathetic activity (Fig. 3.6) [26].

A tonic inhibitory restraint on the brain stem centers arises from arterial and
cardiopulmonary baroreceptors.

Inactivation of the inhibitory baroreceptors through decrease in cardiac filling
pressure or arterial pressure yields an decrease in afferent inhibition of the brain
stem vasomotor center with an increase in efferent sympathetic tone. When the
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Fig. 3.4 Representative tracing of muscle sympathetic nerve activity (MSNA), electrocardiogram,
blood pressure, oxygen saturation, and respiration obtained from healthy individual (/eff) and
patient with NYHA class III chronic heart failure (right). Neural activity is synchronized with
heart beat (burst) in patient

pump function of the heart fails, both decreased blood pressure and depressed
contractility attenuate afferent impulses from aortic baroreceptors and result in
sympathetic hyperactivity. Conversely, stimulating afferent nerves from the aortic
baroreceptor using “baroreceptor activation therapy” inhibits MSNA [27].

Other mechanisms of sympathetic activation referred to as excitatory stimuli are
independent of baroreceptor unloading and possibly cause a sympathetic reaction
that is excessive for maintaining homeostasis through increasing the set point of the
central sympathetic activity in the paraventricular nucleus [26]. Excitatory stimulus
mechanisms through chemoreceptors located in the carotid sinus and aortic arch,
skeletal muscle (muscle metaboreceptors), kidney, and lungs include enhanced
mechanisms of sympathetic nerve activity [26]. Activation of these afferent mech-
anisms via ischemic metabolites in exercising muscle or via arterial hypoxemia,
acidemia, and hypercapnia results in an increase in afferent excitatory influences on
the brain stem vasomotor centers and causes an increase in efferent sympathetic
neural outflow. These mechanisms are activated with the development of heart
failure and then form a vicious cycle of exacerbating heart failure.

Thus, sympathetic hyperactivity that characterizes heart failure might reflect the
sum of (1) a decrease in the afferent inhibitory restraint arising from cardiopulmo-
nary and arterial baroreceptors (compensatory responses to reduced blood pressure
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Fig. 3.5 Kaplan-Meier analysis of cumulative rates of survival in patients with heart failure
stratified into two groups based on muscle sympathetic nerve activity (MSNA, bursts/min) (From
reference [25]). Survival rate was significantly lower in patients with MSNA >49 bursts/min
(P=0.001)

or systolic function) and/or (2) an increase in the afferent excitatory influence of
muscle metaboreceptors and/or arterial chemoreceptors.

3.4.2 Effects of Standard Pharmacological Therapy

Considerable improvements in the therapeutic approach to heart failure have led to
a reduction in hospitalization and a significant reduction in mortality rates over the
past 20 years [28, 29]. These improvements were due to the establishment of a
pharmacological approach with beta-adrenergic blockers, angiotensin-converting
enzyme (ACE) inhibitors, angiotensin receptor blockers (ARB), and mineralocor-
ticoid receptor blockers. As a current standard treatment for chronic heart failure,
B-blockers dose dependently block the action of endogenous epinephrine and
norepinephrine on p-receptors and weaken the toxicity of catecholamines to heart
muscle cells. On the other hand, -blockers do not reduce MSNA in the acute phase
[30], but do so over the long term [31]. Mineralocorticoid receptor blockers, ACE
inhibitors, ARB, and digitalis are also standard treatments for heart failure. Either
ACE inhibitors or ARB are usually administered to all patients, and mineralocor-
ticoid receptor blockers are given to >50 % of patients. Statins are also adminis-
tered to many patients with risk factors for coronary artery disease. Importantly,
these drugs have a central sympathetic inhibitory effect [32-35]. An increase in
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reactive oxygen species in the sympathetic central rostral ventrolateral medulla
(RVLM) enhances the sympathetic activity [36]. For example, statins attenuate
sympathetic activity by suppressing active oxygen [37].

Therefore, these medications should inhibit central sympathetic activity in
addition to the original purpose.

3.4.3 Sympathetic Suppression by Treatment for Breathing
Abnormalities

Breathing abnormalities such as rapid shallow breathing and periodic breathing
during the daytime or sleep apnea during the nighttime are commonly found
(50-60%) in patients with chronic heart failure [38—40]. Patients with breathing
abnormalities have notably higher sympathetic nerve activity [40, 41]. Decreased
lung stretch [42, 43], intermittent hypoxia [44, 45], and hypercapnia [46, 47] might
all increase MSNA (Fig. 3.6).

Enhanced sympathetic activity can be suppressed by correcting breathing abnor-
malities in patients with heart failure. Device-guided slow and deep respiration
suppresses steady-state sympathetic nerve activity in patients with heart failure and
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Fig. 3.7 Effect of adaptive servo-ventilation (ASV) on muscle sympathetic nerve activity (MSNA)
and respiration (From reference [50]). Respiration became stabilized and MSNA became
decreased during application of ASV

high levels of resting sympathetic tone [48]. Adaptive servo-ventilation (ASV),
which is a novel method of ventilatory support designed for Cheyne-Stokes respi-
ration (CSR) [49], improved respiratory instability and decreased MSNA in patients
with heart failure (Fig. 3.7) [50]. The sympathoinhibitory action of ASV might be
due mainly to respiratory normalization via a servo-ventilation effect [50]. Although
long-term use of continuous positive airway pressure (CPAP) decreases MSNA in
heart failure patients with obstructive sleep apnea [51], short-term use (30 min) of
CPAP did not always decrease MSNA in patients with heart failure [52-55].

Patients with heart failure and obstructive sleep apnea have sympathetic hyper-
activity during the daytime [56]. One month of CPAP reduced MSNA by 12 bursts/
100 beats in patients with obstructive sleep apnea [51] and CPAP increased their
cardiac function [57] while improved their prognosis [58]. On the other hand,
sympathetic hyperactivity is also evident in patients with heart failure and central
sleep apnea [56]. In patients with heart failure and moderate to severe central sleep
apnea, ASV decreased MSNA by 9 bursts/100 beats in association with improved
cardiac function [59] (Fig. 3.8). Furthermore, changes in left ventricular ejection
fraction and MSNA closely correlated with the suppression of central sleep apnea
using ASV. Thus, respiratory stabilization might be associated with improved
sympathetic nerve activity and cardiac function [59].
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Fig. 3.8 Representative trace of electrocardiogram (ECG), blood pressure (BP), muscle sympa-
thetic nerve activity (MSNA), and oxygen saturation (SpO,) at baseline and at 3 months after
adaptive servo-ventilation (ASV) in a patient with chronic heart failure (From reference [59]).
Sympathetic nerve activity was reduced and left ventricular ejection fraction (LVEF) was
increased in ASV group, whereas MSNA and cardiac function remained unaltered in control group

3.5 Pulmonary Hypertension

Like patients with chronic heart failure, sympathetic activity is elevated in patients
with pulmonary hypertension complicated with right heart failure [60, 61] and the
prognosis is poor for patients with pulmonary hypertension who have increased
MSNA [62]. However, the mechanisms of sympathetic hyperactivity remain
unclear in these patients. Balloon atrial septostomy, which is a palliative treatment
for severe pulmonary hypertension that makes a short circuit from the right to the
left atrium, can efficiently increase the systemic circulation and cardiac output
[61]. This procedure notably decreased MSNA despite worsening oxygenation.
Decreased MSNA was closely correlated with changes in right atrium pressure,
but not with increased cardiac output.

Intravascular ablation of the sympathetic fibers distributed around the pulmo-
nary artery trunk has recently been applied to patients with pulmonary arterial
hypertension [63]. This procedure reduces mean pulmonary arterial pressure from
55 to 36 mmHg, indicating that efferent sympathetic fibers distributed into the lungs
might have a specific effect on pulmonary circulation. This reduction was observed
even under standard therapy for pulmonary hypertension, consisting of endothelin
receptor blockers, phosphodiesterase inhibitors, and prostacyclin, suggesting that
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the pathway of sympathetic denervation into the lungs is independent of other
established mechanisms of pulmonary vasodilation.

The effects of B-blockers on right heart failure due to pulmonary hypertension
have also been investigated in animal models of pulmonary hypertension
[64, 65]. Right ventricular function was maintained in this model, but this issue
warrants future discussion.

3.6 Conclusion

Recent experiences highlight the need to understand the implication of sympathetic
hyperactivity in the specific fundamental processes involved in cardiovascular
diseases. Directly recording sympathetic nerve activity might deepen understand-
ing of the pathophysiology of these diseases.
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Chapter 4
Skin Sympathetic Nerve Activity
and Thermoregulatory Control in Humans

Satoshi Iwase, Naoki Nishimura, Yuko Kuwahara, and Junichi Sugenoya

Abstract Skin sympathetic nerve activity (SSNA) is microneurographically
recorded from the skin nerve fascicle in the peripheral nerves with properties of
an irregular, pulse asynchronous burst with respiratory variation, followed by
sweating and/or vasoconstriction, elicited by mental stress and arousal stimuli. It
comprises sudomotor and vasoconstrictor nerve activities as well as vasodilator
ones. SSNA function in thermoregulation in humans, however, is also elicited by
mental stress or cognition. SSNA is lowest at thermoneutral temperature and
enhanced in the presence of ambient warm and cool air. Burst amplitude is well
correlated to sweat rate change or skin blood flow reduction rate. The clinical
application of SSNA comprises the following: (1) clarification of sweating events,
(2) clarification and diagnosis of anhidrosis or hyperhidrosis, (3) clarification of
thermoregulatory function and diagnosis of thermoregulatory disorder, (4) clarifi-
cation of pathophysiology and diagnosis of vascular disorders, (5) clarification of
the relationship between cognitive function and SSNA, and (6) determination of
pharmacological effects attributable to change in neuroeffector responses. Lastly,
SSNA’s significance as a feedforward thermoregulatory tool is discussed since
SSNA contributes more to rapid thermoregulatory response than thermoregulation
using convectional thermotransmission. Especially feedforward thermoregulatory
sweating response is estimated to be highly phylogenetic than vasoconstrictive
response.
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4.1 Introduction

Skin sympathetic nerve activity (SSNA) is microneurographically recorded from
the skin nerve fascicle in the peripheral nerves and contributes to thermoregulatory
function in humans. It controls the skin blood flow by regulating the arteriolar
sphincter, erects the hair by constricting the arrector pili muscles, and excretes
sweat from the sweat glands. Activation of the SSNA constricts the skin vessels,
thereby suppressing the heat flux from the skin, namely, vasoconstrictor activity
[1,2]. Contrarily, it accelerates the sweating to cool the skin by evaporation through
sudomotor nerve activity. This chapter focuses on the thermoregulatory function of
the skin sympathetic nerve activity in humans and discusses how humans developed
their civilization using this thermoregulatory capability.

In the present chapter, the recording method, the properties, the difference from
the muscle sympathetic nerve activity, and the identification are described. Changes
in SSNA under various environmental conditions, as well as the pathophysiology of
SSNA, are described in an overall review by Mano et al. [3-7].

4.2 Recording Skin Sympathetic Nerve Activity

SSNA is recorded from the skin nerve fascicles by inserting a tungsten microelec-
trode into the peripheral nerves subcutaneously without anesthesia. The electrode is
insulated with epoxy resin, and the tip is exposed to record the nerve impulses as the
voltage from the reference electrode. The shaft diameter of the recording electrode
is usually 100 pm, tip diameter is 1 pm, and impedance is 3—5 MQ. The recorded
signals are fed into a high-impedance bioamplifier and band-pass filters of
500-5 kHz and are displayed on an oscilloscope with sound monitoring. The signal
is usually recorded in a magnetic data recorder or digitized with a sampling
frequency of >5 kHz and stored on the hard disk of a personal computer.

In order to record SSNA, a three-step procedure should be undertaken: (1) detec-
tion of the nerve tract using electric stimulation, (2) penetration of the nerve fascicle
with an electrode, and (3) moving the electrode tip to record the required nerve
activity and to enhance the S/N ratio. When the electrode tip penetrates into the
nerve fascicle, the subject feels paresthesia or a grasped sensation. Gentle touches
to the skin or taps of the muscle belly determine whether the tip is situated in the
skin or muscle fascicles, respectively.

SSNA is identified by the following criteria [3—7]: (1) spontaneous nonrhythmic
efferent burst discharge from the skin fascicle; (2) followed by sweating or vaso-
constriction after the burst discharge with a certain latency; (3) eliciting burst
discharge by mental stimuli, sound, pain, or electric stimulation with a certain
(~1 s) latency; (4) longer burst duration of ~300 ms compared with MSNA
(~200 ms); and (5) eliciting burst discharge by sudden inspiration with a certain
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latency. The criterion for good recording is that the burst amplitude is double the
noise level.

4.3 Quantification and Evaluation of Skin Sympathetic
Nerve Activity

Since SSNA is recorded as the burst activities, the quantification of SSNA is
derived from [burst number per minute (burst rate)], from [burst number per
minute] X [mean burst amplitude] (total SSNA), or from [total burst area when
the maximum burst amplitude is regarded as 1000]. SSNA contains sudomotor
nerve activity and vasoconstrictor activity and, furthermore, vasodilator and
pilomotor activities, and the analysis of SSNA requires the differentiation of
these activities since these activities run in the same nerve fascicle interminglingly
by using laser Doppler flowmetry and skin potential change.

4.4 Properties of Skin Sympathetic Nerve Activity

The role of SSNA is the thermal and mental control of sweating and skin blood
flow, and its goal is to maintain the body temperature through sweating/vasocon-
striction against environmental change of temperature, as well as mental stress
[1,2,811].

Pressure hemihidrosis is the phenomenon that occurs asymmetrically on the
unilateral trunk when pressured on the contralateral side. It was firstly reported by
Kuno [12], and the mechanism that skin pressure applied to one side of the body
produces an ipsilateral suppression and contralateral facilitation was reported
(Takagi and Kobayashi 1955) [13]. After the introduction of SSNA, Sugiyama
et al. [14] reported that skin pressure reduced ipsilaterally the amplitude of
sudomotor bursts. Furthermore, Okagawa et al. [15] concluded that the ipsilateral
suppression of cutaneous blood flow was not mediated by the vasoconstrictor nerve
system although ipsilateral suppression of sweating elicited by skin pressure was
mediated by the sudomotor nervous system, indicating that the occurrence of the
spinal reflex due to skin pressure is not uniform between the sudomotor and the
vasoconstrictor nerve systems, which represent different organizations at the level
of the spinal cord.

In humans, SSNAs innervating the glabrous skin including the palm and sole and
those innervating the hairy skin in the generalized body surface behave differently.
The former mainly contain mental sudomotor/vasomotor activities, while the latter
include thermoregulatory ones [8—10]. Furthermore, since sudomotor nerve activity
includes vasodilatory activity, a comparison of these activities is useful in analysis
of the regional differentiation of sympathetic nerve activity in humans [16].
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Fig. 4.1 Schematic illustration of skin sympathetic nerve activity. Skin sympathetic nerve activity
mainly includes sudomotor nerve activity governing the sweat glands and vasoconstrictive nerve
activity innervating the skin arteriolar presphincters of skin vessels. Sympathetic skin response is
produced by the movement of sweat in the subcutaneous tissue, and output at the sweat gland
orifice provides the sweat expulsion. In contrast, vasoconstriction by vasoconstrictor SSNA causes
the reduction in skin blood flow measured by laser Doppler flowmetry

The sudomotor and vasoconstrictor activities are well correlated with the skin
potential change and the rate of reduction of vasoconstriction, respectively; there-
fore, it is well documented that sympathetic skin response and sympathetic flow
response measured by laser Doppler flowmetry are good reflections of sudomotor
and vasoconstrictor nerve activity, respectively (Fig. 4.1).

The following describes the basic properties of SSNA.

4.4.1 The Relationship Between SSNA Bursts and Sweating
Rate and Skin Blood Flow (Fig. 4.2)

The report by Bini et al. [1, 2] showed that laser Doppler flowmetry could enable
the accurate measurement of skin blood flow, and sweat rate could be measured
quantitatively by development of the ventilated capsule method. The full-wave
rectified and integrated SSNA sudomotor and vasoconstrictor bursts were proved to
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Fig. 4.2 Sudomotor and vasoconstrictor components in skin sympathetic nerve activity. Traces
are full-wave rectified and integrated skin sympathetic nerve activity (SSNA), skin blood flow
measured by laser Doppler flowmetry, photoelectric plethysmogram, and sweat rate measured by
the ventilated capsule method. The latency from the SSNA burst to the inflection of sweat rate
identifies the property of the SSNA burst as sudomotor, and that to the reduction point of laser
Doppler skin blood flow identifies as vasoconstrictor. The burst indicators are SM sudomotor, VC
vasoconstrictor, and SM+VC mixed. The numbers after the burst indicators correspond to the
sweat rate inflections and the skin blood flow changes [17]

be correlated with the slope of the sweat rate and the rate of reduction of skin blood
flow by laser Doppler flowmetry, respectively [17].

4.4.2 Effect of Thermal Change in the Environment
(Fig. 4.3)

SSNA contributes to thermoregulation by enhancing or reducing its activity,
which is lowest under thermoneutral conditions. This thermoneutral temperature
depends on ethnic factors and is estimated to be 27 °C in the case of the
Japanese [10].

SSNA changes depending on the recorded nerve when the environmental tem-
perature changes. In the peroneal nerve innervating hairy skin, the lowest level was
designated at the thermoneutral temperature, and vasoconstrictor SSNAs were
predominant at 15 °C, while sudomotor SSNA is predominant at 35 °C. Therefore,
the shape of the SSNA showed a hairpin curve, reaching its nadir at 27 °C. In
contrast, changes in the tibial nerve SSNA showed the lowest value at 35 °C, with
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gradual enhancement as environmental temperature decreased. Since the tibial
SSNA reflects the stress received from the environment, environmental cold stress
enhances the vasoconstrictor SSNA [9, 10].

In this way, sudomotor and vasoconstrictor SSNAs contribute to human ther-
moregulatory function by altering its components depending on the environmental
temperature.

4.4.3 Conduction Velocity of Skin Sympathetic Nerve
Activity (Fig. 4.4)

A double recording technique [4] enabled us to measure the conduction velocity
of SSNA. Two microelectrodes were inserted into the proximal and distal sites of
one nerve, the time differences between burst rises or burst peaks were measured,
and the velocity was calculated by dividing the distance between the electrodes by
this time difference. The conduction velocities of MSNA thus measured were
reported to be 0.72 m/s in the median nerve and 1.09 m/s in the peroneal nerve,
while those of SSNA were 0.93 m/s in sudomotor, 0.76 m/s in vasoconstrictor at
rest, 1.12 m/s in sudomotor, and 0.81 m/s in vasoconstrictor in elicited bursts by
electrical stimulation [18].
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Fig. 4.4 Conduction velocity measurement in skin sympathetic nerve activity. Traces are inte-
grated SSNA recorded at the medial malleolus, integrated SSNA recorded at the popliteal fossa,
electrocardiogram, skin potential change, and skin blood flow change measured by laser Doppler
flowmetry. The distance between the recording points at the medial malleolus and the popliteal
fossa divided by the burst rise time differences provides the sudomotor and vasoconstrictor
conduction velocities [18]

4.4.4 Change in Skin Sympathetic Nerve Activity During
Sleep

In contrast to the MSNA change during sleep, which reduces its activity as sleep
stage proceeds, SSNA changes were reported to be the component changes of
sudomotor and vasoconstrictor. Generally, it is said that sympathetic nerve activity
functions to cool the body during non-REM sleep, but to warm the body during
REM sleep.

Takeuchi et al. [19] reported that SSNA reduces its activity until sleep stage 2 as
the sleep stage proceeds, while in turn it increases during sleep stages 3 +
4. Kobayashi et al. [20] observed SSNA change during sleep by its effector
responses and described that the sudomotor activity during NREM sleep is
enhanced compared with that in REM sleep, while vasoconstrictor activity is
enhanced during REM sleep compared with that in NREM sleep, the same tendency
as reported by Noll et al. [21].

Thus, vasoconstrictor SSNA reduces its activity as the sleep stage proceeds, to
cool the human body, while sudomotor SSNA is slightly enhanced to cool the
human body during slow-wave NREM sleep (stages 3+4). Contrarily, vasoconstric-
tor is enhanced and sudomotor is reduced to warm the body during REM sleep.
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Fig. 4.5 Changes in body temperature and SSNA following acute local cooling. Traces are skin
temperature of cooling site, skin temperature of non-cooling site, tympanic temperature, and
SSNA burst rate with the sudomotor and vasoconstrictor components. Acute local cooling was
provided by inserting both hands into a dry icebox [22]

4.4.5 Effect of Skin Sympathetic Nerve Activity on the Core
Temperature Change

Upon exposure to a cold environment, vasoconstrictor SSNA is enhanced to reduce
the heat dissipation from the skin surface, and thus, skin blood flow decreases. By
this vasoconstriction, it has been observed that the core temperature, measured as
the tympanic temperature (Tty), gradually increases with a certain latency, showing
the usefulness of recording SSNA in studies of human thermoregulation [22]
(Fig. 4.5).
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When we analyzed the magnitude of increase in SSNA upon cold exposure and
the increase in the core temperature, a significant correlation between increase in
vasoconstrictor burst rate (%) and the rate of change of tympanic temperature was
found (Fig. 4.6). This means that the greater the capability to change the SSNA
upon cold exposure, the more excellent thermoregulatory function the individual
possesses. The cross-correlation between the SSNA and the core temperature
showed that the peak latency is approximately 10 min, meaning that it takes
approximately 10 min to raise the core temperature upon cold exposure (Fig. 4.7)
[22-25].

In contrast, we also reported that rewarming from a cold environment of ~15 °C
suppresses the vasoconstrictor SSNA (Fig. 4.8), and the greater suppression, rate of
vasoconstrictive SSNA is associated with the larger suppression of the core tem-
perature (Fig. 4.9) [25]. Cross-correlogram between SSNA discharge and the core
temperature (tympanic temperature) change designated that the time delay
exhibited ~7 min (Fig. 4.10), indicating that not only the cooling but also warming
takes approximately 7-10 min to raise the core temperature through the convec-
tional pathway.

The height of integrated sudomotor SSNA is found to be proportional to the
number of sweat glands observed with a video microscope [26]. This means that the
height of integrated SSNA represents the driving force to expel sweating droplets,
and it well correlates to the slope of the sweat rate.
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4.4.6 Effect of Aging on Skin Sympathetic Nerve Activity
in Humans

Although it is known that MSNA increases with advancing age, age-related
changes in resting SSNA have not been clarified. Attenuation of peripheral effec-
tors has been reported by Watanabe et al. [27]; however, another report described
that SSNA in the elderly is decreased compared with that in the young and middle
aged, and responsiveness to the thermal environment is also reduced [28].

In a recent study by Greaney et al. [29], it was observed that SSNA response to
whole-body cooling is blunted in the elderly, which is related to a marked impair-
ment in reflex cutaneous vasoconstriction, although cutaneous vascular responsive-
ness to adrenergic stimuli is not reduced and that to a non-thermoregulatory
stimulus is preserved. Nevertheless, interindividual differences of resting SSNA
are very large, which makes this issue difficult to investigate.

4.5 Clinical Application of Skin Sympathetic Nerve
Activity

4.5.1 Investigation of Sweating Physiology

Thermoregulatory sweating is only observed in some primates, including humans.
The phenomenon of “sweat expulsion,” which involves the emission of sweat from
the sweat gland orifices, has been clarified to correspond to SSNA burst discharges
[30]. The more impulses are included in sudomotor bursts, the more sweat glands
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Fig. 4.8 SSNA suppression and tympanic temperature drop with ambient temperature decrease
The traces are room, skin, tympanic temperatures, SSNA, and skin blood flow. The room
temperature was decreased to 10 °C and rewarmed to 28 °C. With the room temperature rise,
SSNA was suppressed, and skin blood flow was increased, which enhanced the heat dissipation
from the skin surface and resulted in a tympanic temperature drop

are driven by SSNA bursts, and the more sweating is facilitated, which contributes
to the thermoregulation of the human body.
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Fig. 4.10 Cross-correlation between SSNA and tympanic temperature during ambient tempera-
ture rewarming The cross-correlogram exhibited at its maximum at 7 min indicating that the SSNA
discharge suppression provides the maximum tympanic temperature drop at 7 min after the
discharge suppression [25]
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Fig. 4.11 Secretion of individual sweat glands and various effector responses to spontaneous
sudomotor bursts during mild sweating. Skin blood flow, sweat rate, skin potential activity, and
skin sympathetic nerve activity recorded from the tibial nerve are indicated. The lower panel
indicates the timing of sweat secretion from individual sweat glands observed on a small area of
the sole by a videomicroscope. The numerals 1-3 along the vertical bar represent individual
glands. Two sudomotor bursts (S with no asterisk) elicited sweat secretion from three or five
glands (Nos. 6, 12, 16, 18, 20). Another sudomotor burst (S with asterisk) did not elicit any sweat
secretion, although the burst caused small responses in skin potential and local sweat rate. Skin
vasoconstrictor bursts (shown as V) induced a transient reduction in skin blood flow. One of the
sudomotor bursts contains the vasoconstrictor component. Three vertical lines show the onsets of
sudomotor burst, skin potential response, and sweat response

4.5.2 Investigation of Anhidrosis/Hypohidrosis

Anhidrosis/hypohidrosis is defined as an absence of sweating. It may have multiple
etiologies, but the recording of SSNA can identify the site of the lesion (Fig. 4.11)
[31-36]. Attenuated SSNA represents neurogenic anhidrosis/hypohidrosis, and no
change or activation, especially activation under heat exposure, indicates that a
lesion is at a sweat gland. In neurogenic anhidrosis/hypohidrosis, a peripheral origin
increases the burst rate, while a central origin does not exhibit an SSNA change
(Fig. 4.12).
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Fig. 4.12 SSNA from acquired idiopathic generalized anhidrosis (AIGA). Traces are D raw trace
of SSNA, @ integrated SSNA, (3) laser Doppler skin blood flow, (4) photoelectric plethysmogram,
and (5) sweat rate (hidrogram) in the control subject, and in AIGA patient in baseline recording (a),
and after electric stimulation (b). No sweat rate increase was observed after electric stimulation at
the wrist joint [37]

Idiopathic and secondary anhidrosis and hypohidrosis exist, among which
acquired idiopathic generalized anhidrosis (AIGA, 36, 32, 33, 34, 35) is character-
ized by a generalized absence of sweating without other autonomic and neurologic
dysfunctions. AIGA is classified into three subgroups: (1) sudomotor neuropathy,
(2) idiopathic pure sudomotor failure (IPSF), and (3) sweat gland failure (SGF),
with each subgroup presenting a different pathogenesis. Sudomotor neuropathy is
neurogenic and may sometimes be accompanied by vasoconstrictor neuropathy
(Fig. 4.13). IPSF is the most common presentation and is characterized by loss of
sweating in the absence of any neurological features or destruction of sweat glands
by skin biopsy. IPSF is associated with cholinergic urticaria and estimated to be of
autoimmune origin. In SGF, skin biopsy demonstrates the destruction and devas-
tation of the sweat glands, which suggests the possibility of the resultant devasta-
tion of IPSF. SSNA is normal or even enhanced in IPSF and SGF without
neurological deficits but with a generalized absence of sweating, sometimes asso-
ciated with heat intolerance, especially upon heat exposure [37-39].

Since IPSF has been proved to be improved by steroid pulse therapy, early
diagnosis of the disease by microneurography and skin biopsy is recommend [40].

4.5.3 Investigation of Hyperhidrosis

Hyperhidrosis is defined as an excess of sweating beyond the amount required to
return an elevated body temperature to normal, with a distinction between primary
and secondary forms. Among primary forms, idiopathic palmoplantar hyperhidrosis
is frequently found in Mongoloids, with profuse sweating in their palms and soles.
The condition may become socially and professionally debilitating. Idiopathic
palmoplantar hyperhidrosis begins in childhood and frequently runs in families.
Epidemiologically, it has been estimated to occur 0.6—1 % of the population, while
its rate has been reported to be 2.8 % in the United States [41].

The definition of palmoplantar hyperhidrosis is not quantitatively determined in
terms of sweating more than a certain amount, but rather that the patient feels that
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Fig. 4.13 Changes in skin blood flow, sweat rate, skin potential change, and integrated skin
sympathetic nerve activity followed by sound/electric stimulations in acquired idiopathic gener-
alized anhidrosis (a) and autonomic neuropathy (b) (a) In acquired idiopathic generalized
anhidrosis, resting SSNA is enhanced, reflex response to sudden sound is favorable, and skin
potential change exhibits fair response, although no sweating response is observed (b) In auto-
nomic neuropathy, since both sudomotor and vasoconstrictor SSNA are disordered, reduced
resting SSNA is observed, and electric stimulation elicits lowered reflex bursts, reduced skin
potential change, as well as no sweat response, and no skin blood flow change

the hyperhidrotic state is troublesome. It affects men and women equally and most
commonly occurs among people aged 25-64 years, some of whom may have been
affected since early childhood; ~30-50 % have another family member afflicted,
implying a genetic predisposition [40]. In 2006, a primary palmar hyperhidrosis
locus was reported to be mapped to 14q11.2—q13 [42].

The activated sudomotor as well as vasoconstrictor SSNA governing the palms
(median nerve) and soles (tibial nerve) was first reported in 1997, while that
governing hairy skin (peroneal nerve) is not enhanced as such (Figs. 4.13 and
4.14). The intermingling of sudomotor and vasoconstrictor in the same nerve
fascicle causes not only palmar hyperhidrosis but also vasoconstriction-caused
hypothermia in the affected skin areas [32]. Hyperhidrosis observed in amyotrophic
lateral sclerosis [43] or Guillain-Barré syndrome [30] is also caused by this
enhanced SSNA.
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Fig 4.14 Tibial SSNA and peroneal SSNA in palmoplantar hyperhidrosis and their responses to
mental arithmetic (psychological load). Traces are raw tibial SSNA and its full-wave rectified and
integrated trace, innervating the sole, and peroneal SSNA and its full-wave rectified and integrated
trace, innervating the dorsum pedis. The resting tibial SSNA is enhanced compared with peroneal
SSNA, and the response to the mental arithmetic was markedly enhanced. The resting peroneal
SSNA is not so activated, and the response is not so prominent. These traces indicate that the
SSNA response to mental stimuli only is markedly enhanced [32]

4.5.4 Investigation of Thermoregulatory Function
and Thermoregulatory Disorders

There are large interindividual differences in human thermoregulatory function,
and we have reported that the activation capacity of vasoconstrictive SSNA deter-
mines individual thermoregulatory function [22, 23, 25]. Individuals who can
suppress SSNA can minimize the change in core temperature. Thus, human cold
tolerance and heat tolerance are acquirable by acclimatization by altering the
sympathetic nerve activity toward environmental thermal change [24].

In hypothalamic thermodysregulation, microneurographic SSNA recording
revealed the hypofunction of the hypothalamic warm neurons, whereas the cold
neurons worked effectively, which suppressed sweating and resulted in
thermodysregulation [27].

4.5.5 Investigation of Pathophysiology and Diagnosis
of Vasomotor Disease

Diseases due to aberrant vasoconstriction, for example, Raynaud’s disease and
Buerger’s disease, are sometimes treated and improved by sympathectomy.
SSNA from these disorders with a certain perturbation presents different responses
from that in normal subjects [24, 44—47]. These recordings are beneficial to assess
the effectiveness of nerve block or sympathectomy.
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4.5.6 Investigation of Association Between Cognitive
Function and Sympathetic Nerve Activity

Studies on the association between cognitive function and sympathetic nerve
activity were initiated by the analysis of reflex latency in Parkinson’s disease
[48], in which delay of reflex latency was reported.

One of the event-related potentials, P300, has a close relationship with cognitive
function. Simultaneous recordings of event-related potential and SSNA with an
oddball paradigm have revealed that cognition of the target elucidates a signifi-
cantly strong sympathetic response compared with that upon no cognition, which
indicates that the cognitive process strongly influences central sympathetic outflow
in humans. Furthermore, analysis of the presence of reflex bursts and summation of
event-related potentials clarified that the early component of P300 is closely related
to the origin of SSNA [49].

4.5.7 Evaluation of Drug Effects on Nerve-Effector
Responses

The relationships between the height of integrated burst discharge and sweat
acceleration, and between that and reduction rate of skin blood flow, have been
established (Fig. 4.15). Analysis of the slope of the regression lines can enable
evaluation of drug effects in cases when such effects cannot be clarified by analysis
of the changes in effector organs.
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Fig. 4.15 Tibial SSNA and peroneal SSNA in palmoplantar hyperhidrosis and their responses to
ambient temperature rise (psychological and physical load). Traces are, from the top to the bottom,
tibial SSNA, its full-wave rectified and integrated trace, peroneal SSNA, and its integration at the
ambient temperature of 25 °C in resting (a), during heating to ambient temperature of 30 °C (b),
and 30 °C in resting (c¢). Resting SSNA was enhanced in the tibial and gradually augmented with
an ambient temperature rise in both, but the augmentation was more prominent in the tibial SSNA.
The degree of enhancement was greater in the mental load than in the physical [17]
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Fig. 4.16 The relationship between SSNA and laser Doppler skin blood flow. There established a
significant correlation between the amplitude of integrated SSNA burst (h) and the slope of sweat
rate rise (tan O, sweat acceleration); the logarithm of reduction rate of skin blood flow log

(b/a x100) [17]

For example, sweat acceleration and vasoconstrictive effects of prostaglandin E;
can be clarified by analyzing the relationship between sudomotor SSNA and sweat
expulsion and vasoconstrictor SSNA and the rate of reduction of laser Doppler skin
blood flow, respectively, even if the baseline measurement of both sweat rate and
skin blood flow indicated no changes. The attenuating effect of prostaglandin E; on
sudomotor and vasoconstrictive effects could be confirmed by the changes in the
slope of the regression line from a steep gradient to a gradual gradient by the
intravenous administration of prostaglandin E; (Figs. 4.16 and 4.17) [50].

4.6 Significance of SSNA as a Feedforward Tool

4.6.1 Environmental Temperature and Thermal Conduction

There are two ways to conduct information on the environmental temperature to the
hypothalamus. One is a neural pathway that conducts the thermal information
through a neural network, while the other is a convectional pathway that provides
information through circulation by warmed or cooled blood to the hypothalamus.
The thermal sensation is transmitted to the thermoregulatory center in the
hypothalamus, situated at the preoptic area and anterior hypothalamus. Warming
this area facilitates heat dissipation, through vasodilatation and sweating. Inversely,
cooling this area suppresses heat dissipation, through vasoconstriction or shivering.
Thus, activation of these neurons facilitates sympathoactivation. After
thermoreception at the preoptic area and anterior hypothalamus, the generation of
comfortableness and uncomfortableness is involved with amygdala, orbitofrontal
cortex, or cingulate cortex. This central command descends through the
periaqueductal gray and raphe nucleus, connects to the rostral ventrolateral medulla
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Fig. 4.17 Effect of prostaglandin E; administration on the relationships between logarithm of
integrated SSNA and reduction rate of skin blood flow (a) Administration of prostaglandin E;
reduces the slope of the regression line between the logarithm of integrated SSNA and the rate of
reduction of skin blood flow. Prostaglandin E; administration reduces the regression line between
log (integrated SSNA amplitude) and reduction rate of laser Doppler skin blood flow (b) Admin-
istration of prostaglandin E; reduces the slope of the regression line between the logarithm of
integrated SSNA and the rate of reduction of laser Doppler skin blood flow dose dependently [50]
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as the premotor neuron, and exchanges the neurons at the intermediolateral nucleus
and sympathetic ganglion. The descending sympathetic outflow to the skin thus
governs the sweat glands and skin vasculature to control the body temperature.

4.6.2 Chronological Delay in Thermoregulation Using
Convectional and Neural Pathway

The time delay from vasoconstrictive SSNA discharge to the core temperature rise
should be ~7-14 min, from the correlative analysis of SSNA and core temperature.
In the same fashion, the time delay from the stimulation to the warm neurons to the
core temperature drop through vasodilatation or sweating should be also
~7-14 min. Thus, thermoregulation using a convectional pathway, that is, negative
feedback, requires approximately 10 min depending on the individual; contrarily,
the time delay from the environmental temperature change through the neural
pathway to thermoregulatory SSNA discharge is within 1 min. Therefore,
employing this rapid neural pathway, namely, the feedforward network, is efficient
to control the human body temperature.

In this way, feedforward control by this neural pathway has the merit of rapid
initiation of thermoregulatory control compared with the convectional pathway
which takes approximately 10 min, through the activation or suppression of
SSNA. This capacity to activate/suppress the SSNA determines the thermoregula-
tory capacity through the feedforward neural pathway.

The reason why two thermo-informative pathways have developed in humans is
that the convectional pathway, possessed at phylogenetically older levels, takes too
long to transmit the thermoregulatory information to the central nervous system.
This accelerated the development of the feedforward and neural pathway, which
takes only one tenth of the time of the convectional pathway. In particular,
thermoregulation by sweating is recognized in the primates, which is assumed to
be phylogenetically high level of thermoregulation.

4.6.3 Phylogenetic Considerations

Differentiation of sudomotor and vasoconstrictor components of SSNA and correl-
ative study with evoked potentials have revealed that the cognitive potential, P300,
has close associations with sudomotor SSNA (Fig. 4.18) and somatosensory poten-
tial, N140, has close associations with vasoconstrictor SSNA (Fig. 4.19) [51]. These
findings suggest that the sweating responding to neural transmission is a higher
level of thermoregulatory function associated with cognition and behavior, which
are phylogenetically higher-level cortical functions than skin vasoconstriction
induced by stimulation of the skin or cold exposure.
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This hypothesis that “mental sweating necessitates recognition whereas somato-
sensory stimulation is important for vasoconstriction” is supported by the fact that
“mental sweating disappears but vasoconstriction continues under general anesthe-
sia” and that “vasoconstriction is induced by the cold sensation to sensory loss
skin.”

In this way, the development of humans is considered to have occurred by them
widening their activity under various thermal environments, preventing extreme
body temperature rises or drops through more rapid thermoregulation using
feedforward control of the body temperature via neural thermoregulatory control.

4.7 Conclusion

The recording techniques, properties, clinical applications, and significance of
sympathetic nerve activity to the skin have been described. Time series analysis
with other variables would clarify the various aspects of SSNA in humans. The
significance of SSNA as a phylogenetic consideration should be clarified in future
studies.
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Chapter 5
Muscle Sympathetic Nerve Activity
and Syncope

Satoshi Iwase, Naoki Nishimura, and Tadaaki Mano

Abstract Syncope is defined as a transient loss of consciousness and postural tone,
characterized by rapid onset, short duration, and spontaneous recovery; the process
of syncope progression is here described with two types of sympathetic change.
Simultaneous recording of microneurographically recorded muscle sympathetic
nerve activity (MSNA) and continuous and noninvasive blood pressure measure-
ment have disclosed what is going on during the course of syncope progression. For
vasovagal or neurally mediated syncope, three stages are identified in the course of
syncope onset, oscillation, imbalance, and catastrophe phases. Vasovagal syncope
is characterized by sympathoexcitation, followed by vagal overcoming via the
Bezold-Jarisch reflex. Orthostatic syncope is caused by response failure or a lack
of sympathetic nerve activity to orthostatic challenge, followed by fluid shift and
subsequent low cerebral perfusion. Four causes of the compensatory failure that
trigger orthostatic syncope are considered: hypovolemia, increased pooling in the
lower body, failure to activate sympathetic activity, and failure of vasoconstriction
against sympathetic vasoconstrictive stimulation. Many pathophysiological condi-
tions have been described from the perspectives of (1) exaggerated
sympathoexcitation and (2) failure to activate the sympathetic nerve. We conclude
that the sympathetic nervous system can control cardiovascular function, and its
failure results in syncope; however, responses of the system obtained by
microneurographically recorded MSNA would determine the pathophysiology of
the onset and progression of syncope, explaining the treatment effect that could be
achieved by the analysis of this mechanism.

Keywords Syncope ¢ Vasovagal syncope ¢ Orthostatic hypotension ¢ Muscle
sympathetic nerve activity « Neurally mediated syncope

S. Iwase, M.D., Ph.D. (0<) ¢ N. Nishimura, Ph.D.

Department of Physiology, School of Medicine, Aichi Medical University, 1-1Yazako-
Karimata, Nagakute, Aichi 480-1195, Japan

e-mail: s_iwase@nifty.com

T. Mano, M.D., Ph.D.
Gifu University of Medical Sciences, Gifu, Japan

© Springer Japan 2017 73
S. Iwase et al. (eds.), Clinical Assessment of the Autonomic Nervous System,
DOI 10.1007/978-4-431-56012-8_5


mailto:s_iwase@nifty.com

74 S. Iwase et al.
5.1 Introduction

Syncope is defined as a transient loss of consciousness and postural tone, charac-
terized by rapid onset, short duration, and spontaneous recovery, due to global
cerebral hypoperfusion that most often results from hypotension. The accurate
definition does not include types of unconsciousness not caused by cerebral
hypoperfusion, for example, epileptic seizures, concussion, and cerebrovascular
accidents, which are persistent structural impairments, and persistent states of
unconsciousness, for example, coma and cerebrovascular diseases [26].

The pronunciation of “syncope” can differ from person to person; however
[sinkopi] seems to be generally accepted, meaning “strike” or “cut-off” in ancient
Greek.

The human autonomic nervous system (ANS) regulates systemic arterial pres-
sure in order to maintain constant cerebral perfusion under conditions of uneven
fluid shift caused by postural change. Syncope is the state of failure of this
regulating function.

Many forms of syncope are preceded by a prodromal state that often includes
dizziness and loss of vision, loss of hearing, loss of pain and feeling, nausea and
abdominal discomfort, weakness, cold sweating, a feeling of hotness, palpitations,
and other phenomena, which are often called “presyncope” [25].

In this chapter the process of syncope progression is described with two types of
sympathetic change.

5.2 Autonomic Nervous System Relating
to the Maintenance of Orthostasis

The autonomic nervous system (ANS) is the part of the peripheral nervous system
that acts as a control system that functions largely below the level of consciousness
to control visceral functions, including heart rate and contractility, digestion,
respiratory rate, salivation, sweating, pupillary dilation, urination, sexual arousal,
breathing, and swallowing, most of which are involuntary, while only the respira-
tory rate is subjected to the combination of voluntary and involuntary control [21].

ANS has two limbs: sympathetic and parasympathetic (sometimes including
enteric). The general action of the sympathetic nervous system is to mobilize the
body’s nervous system fight-or-flight response, while the parasympathetic system is
responsible for conserving energy. Via this system, animals feed, sleep, and rest. In
other words, it facilitates “rest-and-digest” or “feed-and-breed” activities that occur
when the body is at rest, especially after eating, including sexual arousal, salivation,
lacrimation (the secretion of tears), urination, digestion, and defecation. The
response can be summarized as “eat, sleep, and rest nerves.”

The terminologies of the sympathetic nervous system and the parasympathetic
nervous system are primarily anatomical; efferent autonomic nerves from the
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thoracic and lumbar spinal cord are named as sympathetic, and those from the brain
stem and sacral region are named as parasympathetic.

5.3 Sympathetic Nervous System (Figs. 5.1 and 5.2)

The sympathetic nervous system is also called the thoracolumbar nervous system.
The cardiovascular center is situated at the rostral ventrolateral medulla (RVLM),
and the axons of the premotor neurons descend to the intermediolateral nucleus
(ILM), where synapse to preganglionic neurons, which are myelinated B-fibers.
The sympathetic preganglionic neurons exit the spinal cord as the white rami from
the first thoracic nerve (T,) to the second/third lumbar nerve (L,;3) and enter the
sympathetic trunk or chain, which is also known as the paravertebral ganglion. The
sympathetic trunk forms the superior, middle, and inferior cervical ganglia, while
the inferior ganglion often fuses with the first thoracic ganglion to form the stellate
ganglion (in 80 % of cases) and travels downward to the fifth sacral ganglion, with
which the stellate ganglion, the cardiac sympathetic innervation of T|—T3, and the
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systemic vasoconstrictive innervation to the arterioles of the resistant vessels are
directly involved [11, 22, 24].

5.4 Parasympathetic Nervous System (Figs. 5.1 and 5.2)

The parasympathetic nervous system is also called the craniosacral nervous system,
which exits from the brain stem as the oculomotor (CN III), facial (CN VII), and
glossopharyngeal (CN IX) nerves, innervating the ciliary, pterygopalatine, and otic
ganglia, respectively, as well as the vagus nerve. The vagus nerve shares 85 % of
the entire parasympathetic nervous system, and its innervation is distributed to the
dura mater, auricle, upper pharynx, lung, heart, liver, kidney, stomach, small
intestine, and transverse colon down to the splenic flexure. The parasympathetic
nerve fibers exiting from the S, to S, innervate defecation and urogenital organs
including the descending colon, rectum, kidney, bladder, prostate, and genital
organs. Among these parasympathetic innervations, direct blood pressure control
was shown to involve the cardiac branch of the vagus [11, 22, 24].



5 Muscle Sympathetic Nerve Activity and Syncope 77
5.5 Autonomic Control of the Cardiovascular System

Baroreceptors are situated at the carotid sinus and the aortic arch; they monitor the
arterial pressure and transmit information on this pressure to the central nervous
system. Upon extension of the arterial wall by raising of the blood pressure, the
baroreceptors (stretch receptors) generate an impulse depending on the arterial
pressure via the glossopharyngeal nerve (CN IX) from the carotid sinus and via
the vagus nerve (CN X) from the aortic arch and transmit the signals to the nucleus
tractus solitarius (NTS) in the medulla [13-16].

From the NTS, excitatory information is sent via the glutamatergic neurons to
the caudal ventrolateral medulla (CVLM), where the inversion of positive and
negative signs is executed. The CVLM then transmits GABAergic (using
y-amino butyric acid as a neurotransmitter) neurons to the rostral ventrolateral
medulla (RVLM). The topographical regional differentiation has been
established [4].

The RVLM neurons are considered to be premotor neurons for the preganglionic
efferent neurons whose cell bodies are situated in the intermediolateral nucleus
(IML), with synapses to the preganglionic B-fiber neurons, and which exit from the
spinal cord as white rami.

In contrast, input from NTS to the nucleus ambiguus and the dorsal nucleus of
the vagus modulates the activity of the vagal nerve, innervating the heart and
presphincters of the resistant vessels and causing decreases in heart rate and cardiac
contractility.

As for the sympathetic efferent pathway, the cardiac sympathetic activity and the
activity of muscle sympathetic nerves innervating skeletal muscles play a role in
blood pressure regulation. Muscle sympathetic nerve activity (MSNA) can be
recorded microneurographically from human peripheral nerves in situ, which is
the only baromodulatory sympathetic nerve activity directly recordable in humans
(Fig. 5.1). The techniques to record MSNA are described elsewhere [20].

These pathways provide a negative feedback mechanism to suppress the sym-
pathetic nerve activity, while the vagus nerve activity is activated when blood
pressure rises, and facilitate the sympathetic nerve activity and suppress the
vagus nerve activity when blood pressure drops.

5.6 The Autonomic Nervous System and Syncope

How is the autonomic nervous system involved in the onset of syncope? It is
primarily responsible for sympathetic responses toward environmental challenges.
The most frequent challenge triggering syncope might be a postural change
(Fig. 5.3). Syncope or fainting associated with orthostatic challenge includes
vasovagal syncope (or in a wider sense, neurally mediated syncope) and orthostatic
syncope (or orthostatic intolerance). The symptoms of these two situations seem to
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Fig. 5.3 Responses of microneurographically recorded muscle sympathetic nerve activity during
orthostatic challenge. MSNA is sparsely discharged in a supine position, but is remarkably
enhanced as the tilt angle becomes large

be the same, but the pathophysiology is different; they involve opposite directions
of pathways of the autonomic nervous system.

In the following sections, syncope from the perspective of the autonomic
nervous system is described, based on the premise that no structural or conduction
disorder is present in the heart.

5.7 Vasovagal Syncope (or in a Wider Sense, Neurally
Mediated Syncope)

The concept of vasovagal syncope was first proposed by Lewis in 1932, with
primary symptoms of hypotension and bradycardia. Vasovagal syncope is triggered
by an exaggerated sympathetic response to a situation; in other words,
sympathoexcitation precedes the onset.

The Bezold-Jarisch reflex plays an important role in the onset of this type of
syncope. This reflex is generated by the cerebral hypoperfusion due to vagal-
activation-mediated sympathosuppression for the protection of the myocardium.
This vagal activation may be caused by hyperactivity of the left ventricular wall,
which activates the stretch receptors in the wall and trabeculae, and in turn the
C-fiber afferents to NTS, which triggers bradycardia and decreased myocardial
contractility [27].

Several factors are known to exacerbate and accelerate vasovagal syncope,
including (1) fatigue, dehydration, and hypovolemia due to hemorrhage, followed
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Fig. 5.4 Polygraph of vasovagal syncope. Over the course of syncope progression in three stages,
syncope onset develops at stage I1I

by reduced venous return; (2) blood shift and pooling in the lower body; (3) hyper-
sensitivity of the stretch receptors in the left ventricular wall; and (4) fear, emo-
tional stress, and reaction to pain [6]. Among these, (3) is the trigger that is
considered to be essential for the Bezold-Jarisch reflex.

An analysis of the polygraph of vasovagal syncope indicated that there are three
phases in the onset of vasovagal syncope. The changes during 60° head-up tilt and
polygraph trace (Fig. 5.4) and flow charts are described below (Fig. 5.5).

5.7.1 Stage I: Oscillation Phase [14, 17, 28, 29]

In stage I, the sympathetic nerve activity (MSNA) and blood pressure display an
oscillation pattern with the levels being well maintained. The time lag from MSNA
discharge to blood pressure rise by the constriction of arterioles is approximately
4-5 s, while the time lag from the blood pressure rise to vasodilatation by the
suppression of sympathetic nerve activity is approximately 1 s from the descending
pathway in the medulla oblongata to the peripheral vasodilating sphincter muscles
via the synapse in the sympathetic chain to the postganglionic C-fiber, the time
delay from the baroreceptor to the recording site of microneurography. The sym-
pathetic discharge induces a blood pressure rise. This double feedback mechanism
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Fig. 5.5 Progression of
vasovagal syncope from
stage I to stage III

1 sec

oscillates to maintain the blood pressure. In stage I, blood pressure wave and heart
rate oscillate with a frequency of 0.1 Hz (10 s period), and the low frequency
component (LF) of heart rate variability is enhanced. This phase includes mutual
increases in both sympathetic and vagal activities.
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5.7.2 Stage II1: Imbalance Phase [14, 15, 17, 19, 28]

At this stage, venous return is reduced due to the failure to compensate for the
enhanced venous pooling, which makes blood pressure maintenance difficult. The
tidal volume is raised to increase the venous return. Failure of the double feedback
mechanism arises with the enhanced power of the high-frequency (HF) component
of the blood pressure wave and heart rate variability. The falling blood pressure due
to decreased stroke volume cannot be compensated for by only peripheral vaso-
constriction, inducing an extremely elevated heart rate. This tachycardia compen-
sates for the reduced stroke volume, which could not be compensated for by
decreased venous return or circulatory blood volume. In this state, cardiac
echography sometimes reveals parallel movement of the interventricular septum
and the left ventricular wall, which is called “paradoxical movement.” It is esti-
mated that this state involves the sympathetic nerve activity being overwhelmed by
the parasympathetic nerve activity, and the reciprocal relationship between the
diastolic blood pressure and MSNA, denoting the baroreflex function, disappears
late in this phase.

5.7.3 Stage III: Catastrophe Phase [14, 15, 17]

In spite of the effort to maintain the blood pressure by an increased heart rate, the
stage transitions to stage III, when a sudden heart rate drop with the cessation of
MSNA is observed, resulting in an immediate fall in blood pressure. Some patients
experience cardiac arrest simultaneously with cold sweat, nausea, blackout, and
loss of consciousness. Dominant activation of parasympathetic nerve activity
occurs concomitantly with sympathosuppression. In “neurally mediated syncope,”
this stage corresponds to the classification of cardiosuppressive, vasosuppresive,
and mixed types, which are based on whether the suppressive drive is dominant
over cardiac or vasomotor sympathetic drives or both.

Therefore, sympathoactivation is observed, followed by sudden tachycardia,
which triggers the onset of vasovagal syncope or neurally mediated syncope.

5.8 Burst Property Change During the Progression
of Syncope [14]

As the hypotensive attack began, the subject complained of nausea and exhibited
pallor with sweating, and there was a disappearance of pulse synchrony of MSNA
and an elongated burst duration (Fig. 5.6). After complete recovery, the electrode
was reinserted to obtain an MSNA burst at a satisfactory level.
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Fig. 5.6 Changes in MSNA in fainting: (a) when the subject is conscious, (b) when the subject
complains of a fainting sensation, (¢) when the subject complains of nausea and becomes pale with
sweating, (d) when the subject loses consciousness, and (e) when the subject is laid down after the
reinsertion. From (a to e), upper trace is original MSNA, middle trace is full-wave rectified and
integrated MSNA, and lower trace is electrocardiogram. (b, ¢) Are prefaint states, and (d, e) are
fainting states. In (b) burst duration became elongated, although pulse synchrony is still
maintained. In (c—e), pulse synchrony disappears and burst duration becomes elongated more
and more as the fainting proceeds
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The burst duration of a typical subject in a conscious state (stage I) was
246 + 32 ms, whereas it was elongated to 556 & 157 ms in prefainting (stage II)
and further elongated in the fainting state (stage III) to 771 + 123 ms (Fig. 5.7).
After complete recovery of consciousness, it recovered to a fairly constant value of
303 51 ms. The averaged burst duration in the six subjects was significantly
reduced by the fainting event from 279 £ 52 ms in a conscious state to 619 £ 92 ms
in prefainting, 834 £ 78 ms in fainting, and recovered to 349 =59 ms (Fig. 5.8,
F=175.793, p < 0.0001). The reflex latency in a conscious state in a typical subject
was 1,062 £ 41 ms. When the subject complained of a fainting sensation and nausea
(presyncopal state), it became shortened but scattered to 740 £ 139 ms, becoming
further shortened and scattered to 723 £ 289 ms in the fainting state (Fig. 5.7). The
standard deviations of reflex latencies in the six subjects were significantly
increased by the fainting event from 57 £12 to 182+33 ms in prefainting,
357+ 58 ms in fainting, and recovered to 59 +8 ms (Fig. 5.8, F=102.329,
p <0.0001).
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Fig. 5.8 Changes in burst duration (upper plate) and standard deviation of reflex latency (lower
plate). As the fainting attack develops progressively, burst duration is more elongated and reflex
latency is more scattered

During the syncopal attack, we called the subject’s name. By this arousal
stimulus, the subject discharged an MSNA burst during prefainting and fainting
states with elongated burst duration ~1 s after calling. This phenomenon
disappeared during name calling in the recovered state.

During fainting reaction, the MSNA-specific burst properties were altered into
those of SSNA, which are as follows: (1) a rhythmic pulse synchronous pattern was
disorganized to scattered reflex latency, (2) burst duration of 150-300 ms was
elongated to 400-700 ms, and (3) no response to arousal stimuli in a conscious
state became responsive with a latency of ~1 s.

The R-wave locked burst reflex latencies were scattered during the presyncopal
period, and more scattered in the course of syncopal attack, findings that suggest the
disappearance of pulse synchrony of the MSNA burst. This means the diminished
input of the inhibitory rhythmic and pulse synchronous properties to the RVLM.
Prolongation of MSNA burst duration and responsive properties of MSNA to
arousal stimuli might be attributed to deafferentation from the baroreceptors [5]
to NTS. These alterations of MSNA-specific properties indicate that diminished
inhibitory input from the baroreceptors is suppressed in the course of fainting. In
spite of this diminished inhibitory input to the CVLM, the central sympathetic
outflow was incapable of enhancing MSNA that was inadequate to compensate for
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the blood pressure drop. This was then followed by progressive MSNA inhibition
until its complete disappearance and syncope [34]. Similar phenomena were
observed in MSNA during glossopharyngeal and vagal anesthesia by lidocaine
[5] and during non-REM sleep [30].

The deafferentation from the baroreceptors during fainting might be attributable
to suppression of the central sympathetic outflow proximal to the RVLM [34]. The
abrupt sympathetic silence is proposed to be due to initial exaggerated sympathetic
activation, in combination with relative ventricular hypovolemia and stimulated
myocardial ventricular afferents [23, 32]. In tilt-induced fainting, MSNA bursts are
gradually but not immediately diminished during fainting. It is probable that the
inhibitory vagal suppression on the sympathetic volley is not sufficiently strong to
suppress the MSNA bursts completely, but is rather mild and altered only the
specific features of MSNA, which are the elongation of burst duration, disappear-
ance of pulse synchrony, and burst elicitation by arousal stimuli. Greater suppres-
sion of the central sympathetic outflow suppressed the burst discharge and then it
progressed to a hypotensive state with a cardiac standstill [33]. These findings
indicate that this sympathetic silence was evoked by overactivation of sympathetic
activity.

5.9 Orthostatic Hypotension or Orthostatic Intolerance

The orthostatic hypotension or orthostatic syncope or orthostatic intolerance asso-
ciated with postural change is caused by response failure or a lack of sympathetic
nerve activity to an orthostatic challenge. A change in posture from a supine to an
upright position in humans induces a fluid shift of 300—800 mL from the thoracic
cavity to the lower body, including the abdominal cavity or legs, resulting in a
reduction in venous return. This causes a stroke volume decrease, which in turn
activates the sympathetic nervous system via the arterial baroreflex and cardiopul-
monary reflex. This sympathoactivation induces increases in heart rate, cardiac
contractility, and peripheral resistance, while arterial blood pressure is maintained
and cerebral blood flow is maintained constant.

In the case of activation failure, hypotension develops just after postural change,
sometimes progressing to fainting or syncope. The essence of orthostatic hypoten-
sion is failure of the compensation of the fluid shift that follows postural change.
The largest difference from the neurally mediated syncope or vasovagal syncope is
the latency of syncope onset after orthostatic challenge. Neurally mediated syncope
or vasovagal syncope is usually induced when individuals maintain an upright
position for a comparatively long duration, possibly >10 min, whereas orthostatic
hypotension develops in a short period. In tilt studies on 66 subjects, the onset
latency was reported to be >1 min for 58 and >2 min for the remaining eight
individuals [8]. One more large difference from neurally mediated or vasovagal
syncope is that there are no prodromal symptoms before the onset, namely, vagal
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symptoms, including cold sweating or nausea. Therefore, syncope without vagal
symptoms usually progresses with onset 2 min after a change of posture.

There are four causes of compensatory failure: (1) hypovolemia, (2) increased
pooling in the lower body, (3) failure to activate the sympathetic activity, and
(4) failure of vasoconstriction upon sympathetic vasoconstrictive stimulation.

5.9.1 Hypovolemia

Hypovolemia is the most prevalent cause of orthostatic hypotension, having asso-
ciations with a hot environment, dehydration, hemorrhage, diarrhea, Addison’s
disease, and the administration of diuretics. Hypovolemia results in a fluid shift to
the lower body, causing insufficient venous return, stroke volume, and cardiac
output, which lowers cerebral perfusion and induces syncope. A large fluid shift
increases the heart rate, but usually insufficiently. If the increase is exaggerated, this
might be a cause of neurally mediated or vasovagal syncope. In this case, the blood
pressure might be maintained for several minutes, while gradual blood pressure
decreases might be a cause. Here, the difference between neurally mediated or
vasovagal syncope and orthostatic hypotension might be reduced responsiveness of
the sympathetic nerve activity to fluid shift.

5.9.2 Increased Pooling in the Lower Body

This occurs due to (3) or (4) below, or due to the increased pooling in the lower
body in pathological conditions including vascular disease that reduces the elastic-
ity of the vessels, as seen in varices or pregnancy. The mechanism of development
is the same as in (1).

5.9.3 Failure to Activate the Sympathetic Activity

Any disorder that impairs the baroreflex function is included in this category,
including carotid deafferentation, carotid sinus neuropathy, primary autonomic
failure (Shy-Drager type of multiple system atrophy, MSA-P), pure autonomic
failure, Parkinson’s disease with autonomic failure, and acute pandysautonomia.
In addition to the primary autonomic failures, secondary ones include diabetic
neuropathy, amyloid neuropathy, chronic renal failure, alcoholic neuropathy, spinal
cord injury, brain tumors, and postoperative symptoms of lumbar sympathectomy
for the treatment of Buerger’s disease or Raynaud’s syndrome all have an impaired
efferent sympathetic pathway, which induces marked pooling of the body fluid. One
more state that causes orthostatic hypotension is depression. Structural brain
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abnormalities are associated with depression in the elderly, suggesting a link
between vascular diseases and white matter atrophy. Gordon et al. [9] reported
the association between the degree of orthostatic hypotension and white matter
hyperintensity volume in a depression group, indicating that systolic blood pressure
drops may be a factor contributing to white matter lesions in depression in the
elderly.

5.9.4 Attenuation of Vasoconstrictor Response
to Sympathetic Stimulation

Resistant vessels contract to enhance peripheral resistance, resulting in a rise in
arterial blood pressure, while lack or attenuation of the vasoconstrictor response to
sympathetic stimulation might be the cause of orthostatic hypotension. This atten-
uated response is primarily caused by the administration of vasodilative agents
including a-adrenoreceptor blockers (e.g., prazosin), calcium antagonists (nifedi-
pine), prostaglandin E; (limaprost), or nitroglycerin. We previously reported that
although the microneurographically recorded sympathetic nerve activity is not
altered, the effectiveness of the sympathetic activity on blood flow reduction is
attenuated [13]. Orthostatic intolerance that is sometimes observed after long
exposure to microgravity or a long period of bed rest is partly caused by this
attenuated vasoconstrictive response to sympathoexcitation. In this case, the heart
rate is not usually reduced or is in fact elevated by blood pressure reduction
although MSNA gradually ceases (Fig. 5.9).

5.10 Sympathetic Nerve Activity Recording During
Syncope

Several examinations have been proposed to investigate the pathophysiology of
syncope, among which we propose recording the muscle sympathetic nerve activity
from the tibial nerve microneurographically simultaneously with ECG, noninvasive
continuous blood pressure wave (Finapres, Finomonitor, Jentow, etc.), and fluid
shift measurements by the bioimpedance method. Several investigations related to
syncope with polygraphic recording have been reported by the recording of
microneurographically recorded MSNA, among which Kamiya et al. reported the
disappearance of 10 s oscillation in MSNA and blood pressure in tilt-induced
syncope [19], Ichinose et al. reported gradual blood pressure drop with the disap-
pearance of 10 s oscillation in LBNP (lower body negative pressure)-induced
syncope [12], and Cooke et al. reported oscillation disappearance in LBNP-induced
syncope [3]. Vagal suppression seemed to be classified into cardiosuppressive and
vasosuppressive types, as well as a mixed type [1, 2]. These two types were also
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Fig. 5.9 Progression of orthostatic hypotension after 3 days of simulated microgravity exposure
and dry immersion. MSNA was gradually decreased, and blood pressure drop was also observed
progressively. At 60s after the tilt, gradually blood pressure fell, and MSNA was suppressed, while

heart rate was elevated

evidenced by the MSNA recording by Vaddadi et al. [31] and Fu et al. [7], which
showed suppression of MSNA, sudden bradycardia, or both. These reports clarified
the pathophysiology of the progress of syncope by recording microneurographic
MSNA and continuous blood pressure. In other words, in the cardiosuppressive
type, sudden bradycardia occurs without MSNA disappearance, whereas MSNA
ceases in the vasosuppressive type. These two types of vasovagal syncope should be

registered.

In contrast to the activation-suppression process of MSNA in vasovagal syn-
cope, the inability to follow the sympathetic nerve activity to hypotension is
considered to cause orthostatic intolerance. Clarification of the pathophysiology
is difficult because MSNA is seldom recorded from patients with such neurological
impairments who are likely to have orthostatic hypotension. We have recorded
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Shy-Drager syndrome (multiple system atrophy, autonomic failure type) and
reported that although MSNA appeared not to be discharged from the tibial
nerve, administration of L-threo-DOPS (L-threo-3,4-dihydroxyphenylserine), a
precursor of noradrenaline, ameliorated the orthostatic intolerance and induced
MSNA discharge from the tibial nerve [18] (Fig. 5.10) in that the appearance of
MSNA improved the symptom by the use of a nose drop of vasopressin [10].

These changes recorded by polygraphy during the fluid shift maneuver provided
measures for diagnosing orthostatic hypotension or vasovagal syncope (Fig. 5.11).
By the response of the sympathetic nervous system, we can differentially describe
the underlying pathophysiology of orthostatic hypotension and vasovagal
(or neutrally mediated) syncope.

5.11 Conclusion

The sympathetic nervous system can control cardiovascular function, and its failure
results in syncope; however, responses of the system by microneurographically
recorded MSNA would determine the pathophysiology of the onset and progression
of syncope. An effective treatment could be achieved by the analysis of this
mechanism.
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Chapter 6
Single Fiber Analysis of Muscle Sympathetic
Nerve Activity

Hisayoshi Murai, Shuichi Kaneko, and Masayuki Takamura

Abstract Direct recording of multiunit efferent muscle sympathetic nerve activity
(MSNA) by microneurography is the best method for quantifying sympathetic
nerve activity in humans. It has been still recognized as a gold standard method
for evaluation of sympathetic nerve activity in human. Recently, single-unit MSNA
analysis was developed in humans. Single-unit MSNA reveals (1) firing frequency
of single-unit MSNA, (2) multiple firing of single-unit MSNA within one cardiac
interval, and (3) functionally different neuron activities, which could not be
obtained by multiunit MSNA analysis. Single-unit MSNA provides additional
information regarding actual sympathetic neuron firing to peripheral. Several stud-
ies have already demonstrated that single-unit MSNA analysis shed insight into the
mechanism of actual central sympathetic firing to peripheral in several cardiovas-
cular diseases. In this chapter, we describe the differences between analysis of
multiunit and single-unit MSNA and discuss the advantages of single-unit MSNA
recording.

Keywords Arrhythmia « Muscle sympathetic nerve activity * Physiological stress

6.1 Introduction

Although it has been 40 years since Vallbo and Wallin [1, 2] developed
microneurography to record multiunit efferent muscle sympathetic nerve activity
(MSNA) directly, it is still considered as the best method for quantifying sympa-
thetic nerve activity in healthy human subjects and in those with diseases associated
with cardiovascular risk (see Chaps. 1, 2, 3, 4, and 5). Recently, analysis of single-
unit MSNA was refined in humans by Macefield et al. [3]. Although the method of
recording single-unit MSNA is similar to that of multiunit MSNA, obtaining single-
unit MSNA spike is technically demanding. Single-unit MSNA reveals (1) firing
frequency of single-unit MSNA, (2) multiple firing of single-unit MSNA within one
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Normal state Sympathoexcitation state

Multiunit MSNA
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A) Increase in firing frequency
of single-unit MSNA " " " " " "
B) Increase in multiple firing
of single-unit MSNA ' ' ' ”

C) Increase or decrease
in functionally different
Single-unit MSNA

Fig. 6.1 Increases in burst intensity: potential mechanisms. Schematic representation of the three
mechanisms that can bring about an increase in sympathetic burst intensity

cardiac interval, and (3) functionally different neuron activities (Fig. 6.1), which
could not be observed by analysis of multiunit MSNA. The analysis of single-unit
nerve is applied in not only muscle but also in skin sympathetic nerve activity,
which can distinguish between sudomotor and skin vasoconstrictor unit activity in
multiunit skin sympathetic nerve activity [4]. Using these assessments, analysis of
single-unit neuron provides more detailed information regarding actual central
neuron firing to peripheral in healthy human as well as cardiovascular diseases.
In this chapter, we mainly describe the single-unit MSNA and the differences
between multiunit and single-unit MSNA and discuss the advantages of single-
unit MSNA recording.

6.2 Assessment of Multiunit MSNA

6.2.1 Limitation of Multiunit MSNA

Traditionally, multiunit MSNA is quantified by counting the number of bursts
during a specified period of time and 100 heart beats [2]. As multiunit MSNA is
mostly regulated by arterial baroreceptors, burst occurrence is synchronized with
the cardiac interval. Pulse synchronous bursts are a specific feature of MSNA,
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which is different from skin sympathetic nerve activity and sudomotor or vasomo-
tor nerve activity.

First limitation of analysis of multiunit MSNA is that counting multiunit MSNA
does not increased over heart rate. Namely, under conditions of augmented sym-
pathetic excitation, including heart failure, essential hypertension, or obstructive
sleep apnea, multiunit MSNA is near the maximum response level to
sympathoexcitatory stimulation (i.e., 100 bursts per 100 heart beats). To break
through this limitation, total MSNA and/or normalized amplitude measurements
have been utilized. Total MSNA is calculated as the product of the burst rate and the
burst amplitude per minute, with all amplitudes normalized to the maximum
amplitude [2]. The normalization process of absolute burst amplitudes has been
shown to be a reproducible variable [4]. This approach assumes that the burst of the
greatest amplitude reflects maximal recruitment of active neurons for that particular
recording site. However, this approach cannot be used to compare subjects or to
compare the same subject on different occasions, when the intervention changes the
burst amplitude (i.e., shifts the distribution), because the normalization procedure
will eliminate the change [5]. In addition, total multiunit MSNA cannot distinguish
between changes in sympathetic nerve firing due to the recruitment of additional
single-unit vasoconstrictor neurons and that due to an increase in firing rate of
already active single-unit fibers.

The other limitation of multiunit MSNA is that multiunit MSNA is composed of
many single-unit firing action potentials that might include functionally different
firing responses to physiological stress. In the analysis of multiunit MSNA record-
ings during physiological stress, different firing responses cannot be observed
because multiunit MSNA is calculated with all action potentials by integrating
the mean of all voltages within 0.1 s. In an animal model using efferent renal
sympathetic preparations, DiBona [6] showed that specific nerve firing frequencies
and discrete afferent inputs exert important electrolyte, humoral, and vascular
regulatory responses that are functionally distinct.

6.3 Analysis of Single-Unit MSNA

6.3.1 Recording of Single-Unit MSNA

Macefield et al. [3] refined single-unit MSNA analysis. This technically demanding
method requires obtaining high signal to noise ratio and adjustment of the tungsten
electrode until a large unitary discharge can be observed in a raw nerve action
potential signal to discriminate a single-unit action potential. The two different
points in recording single-unit MSNA compared with multiunit MSNA are that
(1) data sampling from raw action potentials is needed to be over 10 Hz because
spike interval is near 1 ms and (2) using high-impedance microelectrode (>10 mQ)
because of the reduction in electrical noise levels.
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In offline analysis, spike detection software is necessary to analyze the data of
single-unit MSNA from raw nerve action potentials. Several software are utilized in
the recent year. We usually use Spike2 software (ver.5, Cambridge Electronics
Design, Cambridge, UK) and/or Power Lab recording system (Model ML 785/8SP;
ADInstruments, Bella Vista, Australia).

To identify single-unit MSNA, candidate single units were selected by isolating
large identifiable unitary spikes in the raw neurogram within a distinct discharge
amplitude range. Confirmation that these action potentials originated from a single
fiber were made by established criteria: (1) spike synchronization with a multiunit
burst, (2) triphasic spike morphology with the main phase being negative, and
(3) superimposition of candidate action potentials with minimal variation using
abovementioned software.

6.3.2 Advantage of Single-Unit MSNA

Several points were needed in obtaining excellent single-unit spikes. However, the
technique provides an estimate of single-unit firing properties in relation to the
number of active firings and/or the recruitment of fibers from central or reflex
effects. Using this technique, additional measurements can be obtained with regard
to the mean firing frequency, the firing probability (the percentage of cardiac
intervals in which a unit fires), and the percentage of spikes a unit generates per
cardiac interval.

Single-unit MSNA describes three possible scenarios to explain an increase in
sympathetic outflow: (1) an increase in overall mean spike firing frequency without
an increase in the rate of multiple firings per cardiac interval, (2) an increase in the
firing frequency by multiple spike firing within one cardiac interval, and (3) an
increase in the previous silent neuron active [7-9].

We demonstrated that single-unit MSNA can also be recorded during periods of
physiological stress (e.g., handgrip [HG] exercise and the Valsalva maneuver) and
that reflex sympathoexcitation could be attributed to changes in the frequency of
single-unit spike firing within each multiunit sympathetic burst in healthy subjects.
In particular, the firing of multiple spikes within one cardiac interval was signifi-
cantly augmented during the Valsalva maneuver [10]. Multiunit MSNA is near the
maximum response level to sympathoexcitatory stimulation (i.e., 100 bursts per
100 heart beats). However, single-unit MSNA can increase firing frequency even
within one cardiac interval. In Fig. 6.2, during mild sympathetic activation
(40 spikes/100 heartbeats), results for single-unit MSNA were similar to those for
multiunit MSNA. However, during intense sympathetic activation, single-unit
MSNA was greater than multiunit MSNA. This finding indicates that single-unit
MSNA may overcome multiunit MSNA with regard to quantifying sympathetic
nerve activity especially during intense sympathoexcitation state. Macefield
et al. [11] demonstrated that single-unit MSNA tends to fire only once per cardiac
interval even under conditions associated with elevated sympathetic nerve activity
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Fig. 6.2 Relationship between single-unit MSNA and multiunit MSNA. During mild sympathetic
activation (40 spikes/100 heartbeats), results for single-unit MSNA were similar to those for
multiunit MSNA. However, during intense sympathetic activation, single-unit MSNA was greater
than multiunit MSNA

such as heart failure. These results suggest that single-unit MSNA has the capacity
to increase multiple spike firing within one cardiac interval in a state of intense
sympathoexcitation.

6.3.3 Assessment of Recording Single-Unit MSNA in Several
Diseases and Sympathoexcitation State

Multiple spike firing of single-unit MSNA during one cardiac interval is thought as
one of the important observations that is obtained from the analysis of single-unit
MSNA. In a previous study in animal model, acute irregular and rapid nerve
stimulation have been shown to evoke a greater effector organ response than regular
stimulation through increased norepinephrine release in anesthetized rats [12]. In
humans, Lambert et al. [13] reported that the incidence of multiple firing was
associated with cardiac norepinephrine spillover. These results suggest that the
firing of these instantaneous multiple spikes are thought to influence strong effector
organ responses. Recent research has shown that a resting high heart failure firing
frequency and/or incidence (percentage) of multiple spikes is related to cardiovas-
cular risk factors, including hypertension [14], type 2 diabetes mellitus [15],
obstructive sleep apnea [16], panic disorder [17], myocardial infarction [18], and
congestive heart failure [10, 19]. The multiple firing frequency of single-unit
MSNA within one cardiac interval may be involved in disease progression.
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6.4 Assessment of Increase in Single-Unit MSNA
Frequency During Physiological Stress
and Arrhythmia

6.4.1 Advantage of Recording Single-Unit MSNA During
Static Exercise in Heart Failure

Augmented sympathetic nerve activity is a characteristic feature of heart failure.
Excessive sympathetic activation under resting conditions has been shown to
increase from the early stages of the disease, and elevated levels of sympathetic
nerve activity are correlated with a poor prognosis [20-23]. Sympathetic activity
plays an essential role in maintaining blood pressure in acute heart failure, but
excessive sympathetic activity in chronic heart failure has deleterious effects on the
heart, including beta receptor downregulation [24], cardiac myocyte apoptosis [25],
and calcium overload [26].

Although sympathetic nerve activity is difficult to assess in clinical settings, the
assessment of sympathetic nerve activity is considered important in human heart
failure. Since the development of microneurography, the increased response of
multiunit MSNA was considered to indicate elevated central sympathetic nerve
activity to the peripheral vascular bed. Augmented multiunit MSNA and its mech-
anism in healthy human subjects were reported previously [27]; however, there was
a controversy with regard to the differences in reflex response of multiunit MSNA
to handgrip exercise between heart failure patients and age-matched healthy con-
trols [28-30].

It is likely that the responses of multiunit MSNA are dependent on disease
severity, race, sex, and intensity of exercise. However, these controversial results
may be attributable to the limitations of multiunit MSNA. In chronic heart failure,
the level of multiunit MSNA is nearly maximal at rest, so multiunit MSNA cannot
increase further. That is, multiunit MSNA cannot increase above 100 bursts/100
heartbeats because of pulse synchrony.

Thus, as mentioned above, single-unit MSNA analysis is useful for determining
actual sympathetic neural firing within one cardiac interval. We demonstrated that
the percentage of multiple single-unit spikes within one cardiac interval was
increased during handgrip exercise in chronic heart failure patients compared to
healthy subjects, although the response of multiunit MSNA was not significantly
different between the two groups [19] (Fig. 6.3). These results suggest that single-
unit MSNA responses contributed to the exaggerated sympathoexcitation measured
during exercise in chronic heart failure patients. The instantaneous firing frequency
within one cardiac interval may increase the peripheral vascular tone, which might
contribute to exercise intolerance.
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Fig. 6.3 HG exercise-mediated changes in multiunit MSNA parameters in control subjects (O)
and heart failure patients (®). The changes in MSNA burst frequency (a) were similar between the
two groups. However, the changes in single-unit MSNA spike frequency (b) and the incidence of
multiple firings (c¢) during HG exercise were significantly increased in heart failure patients
compared to healthy controls. The values are expressed as means = SEM. * P < 0.05 compared
to heart failure at baseline. ¥ P <0.05 compared to control subjects at baseline. = P < 0.05
compared to control subjects at the same time point

6.4.2 Assessment of Sympathetic Nerve Activity
in Arrhythmia

Arrhythmia is a common complication of chronic heart failure caused by
arrhythmogenic substrates [31]. Several studies indicated that a large multiunit
MSNA burst occurred during premature ventricular contraction (PVC) [32] and
atrial fibrillation (AF) [33, 34] in heart failure patients. The low diastolic pressure
induced by these arrhythmic conditions unloads arterial baroreceptors and evokes a
larger and longer multiunit MSNA burst [35, 36]. However, only counting multiunit
MSNA could cause the actual level of sympathetic nerve activity to be
underestimated, because a large sympathetic activity burst could produce prolonged
sympathetic inhibition. In a human study, frequent PVC and AF were recognized as
exclusion criteria for evaluating sympathetic outflow by multiunit MSNA analysis.

6.4.3 Recording of Single-Unit MSNA in Heart Failure
with PVC

The mechanism underlying augmentation of the sympathetic nerve activity in heart
failure has been assumed to involve a disorder of arterial baroreceptors. However,
recent observations indicated that arterial baroreceptor function is preserved,
maintaining appropriate blood pressure in heart failure [37]. Elam et al. [38] dem-
onstrated the instantaneous augmentation of multiple single-unit firings following
premature ventricular contraction (PVC) in heart failure patients. Frequent PVC is
thought to induce moderate and severe left ventricular dysfunction [39]. Elimination
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of PVC with catheter ablation has been reported to improve cardiac
dysfunction [40].

Cardiac norepinephrine spillover was reported to be related to multiple spike
firing of single-unit MSNA within one cardiac interval [13]. Although the mecha-
nisms of reduced left ventricular contraction induced by PVC remain unclear,
multiple spike firing of single-unit MSNA is considered to cause the progression
of heart dysfunction by instantaneous norepinephrine release to the heart.

6.4.4 Recording of Single-Unit MSNA in Heart Failure
with Atrial Fibrillation

As mentioned above, the analysis of multiunit MSNA in AF is not without
limitations in that a prolonged irregular ventricular response would cause a large
burst followed by prolonged sympathetic inhibition. The results of previous assess-
ments of sympathetic nerve activity in acute paroxysmal AF patients using
multiunit MSNA are controversial. Grassi et al. [33] used multiunit MSNA to
assess sympathetic nerve activity during AF and sinus rhythm (SR) in patients
with paroxysmal AF and observed a reduction in multiunit MSNA during AF. In
contrast, Wasmund et al. [34] found significant augmentation of multiunit MSNA
during AF, which was induced by right atrial pacing. Recently, we analyzed the
single-unit MSNA frequency in heart failure patients with AF [41]. Multiunit
MSNA in heart failure patients with AF was decreased compared to that in heart
failure patients with SR. However, the single-unit MSNA in heart failure patients
with AF was significantly greater than that in heart failure patients with
SR. Moreover, the incidence of multiple firing of single-unit MSNA within one
cardiac interval was augmented in heart failure + AF patients compared to heart
failure + SR patients, and it shifted toward multiple firing spikes of single-unit
MSNA in heart failure patients with AF. It has been suggested that not only does
heart failure lead to a predisposition to AF, but AF may also facilitate and worsen
the development of heart failure. The coexistence of these cardiac disorders pro-
duces a vicious cycle, which leads to advanced pump failure in heart failure
patients [42].
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6.5 Assessment of Functionally Different Firing of
Single-Unit MSNA

6.5.1 Simultaneous Recording of Three Single-Unit Spike
Action Potentials

In an animal study, DiBona [6] showed that specific nerve firing frequencies and
discrete afferent inputs exert functionally distinct and important electrolyte,
humoral, and vascular regulatory responses. In this study, plural spikes were
examined simultaneously in the same electrode position. In recording of single-
unit MSNA in human, generally, only a single-unit action potential was isolated
during recording session. However, recently, we examined up to three single-unit
responses to physiological stress simultaneously (Fig. 6.4) and found that single-
unit MSNA not necessarily increase and decrease in the same response of multiunit
MSNA [8]. These results indicate that single-unit MSNA could reveal functionally
different firing frequencies that cannot be detected by multiunit MSNA.
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Fig. 6.4 Simultaneous recording of three single units. The identification of three single units
(marked as stars; 1 discharging twice) based on spike morphology (amplitude and shape) was
obtained in a healthy subjects. AU arbitrary units



102 H. Murai et al.

A B
Baseline LBPP (+10mmHg) (AU) Baseline LBPP (+10mmHg)

(AU) 14 Unit-1

(AU) 14 Unit2

Unit-3
e
U '3 Raw MSNA ]
Unit-2
0
.é

|l‘wl|I\|11\|||m|\|u\||iw||||1||||||m|||n||||'l||||n;||uu||||||||||||||||n‘||n|m|um‘|nuun|u ‘lIll|llIIIlIl'l\IIIIlIIIlIlI’l|III!IIIlIIIlll*lIIIIl|’lII*|IIll1||||ll’|l|ll|llll|l|l

0.04
Multiunit MSNA ”
} \ | \ 0.5
/ \"’Ww’I\\M“’\\l“\""'v..“M’ L\,JWufﬂ\uﬂ'ﬂ‘u-ﬂr ~'\u'"\»1‘\“"-%\/\ “J\r‘N\liM\mM W \(\J'“'“W\,}J\U\JI\]‘,ﬁ'}\"h/'\wf‘”wl;w -1.04
(mmI]I:: Arterial Pl'—ess\ure \ s
0 1 \ \ ]
lﬂ\ N \"‘-,J'L\"‘ NN \m‘uj N \u‘\“r\,v\“y}\\,‘w!‘\.\HJ\-\.JM\J “ \‘\-.M“\.}\\.f\“\.f“x.,r‘*x.\)ﬂ'\.f‘\‘J\'\.ﬁ“\.j\”hj\‘\J\'\.ﬂ o
Fee 0.5
‘.."yﬂ...-\‘A.....{/\...Al‘\-..‘.,'x.....',ﬂ....(,ﬂ._..‘,A....J‘l.....l,u,.."n....\‘,h.._‘“n...,jn L.A.»l..J/\..JIL.JL..'l\..,lA,_J,ﬂ...JJL_J,A,,,J/L_,.A“,J/L_A\A,NJ)L na] 5
-0.54

(mmHg) _ Vein Pressure

2 ms

\W"\/‘\‘v’h\"""""\"‘"“""‘w"“‘v""'\v’"\“"‘\l‘m\.f“\‘u"h' 104

5s
——>

5.0

b S 3 ot
25
0.0

Fig. 6.5 Representative tracing in one acquired before and during nonhypertensive lower body
positive pressure (LBPP; +10 mmHg). (a) typical recording of single- and multiunit MSNA,
arterial pressure and estimated central vein pressure (CVP), and electrocardiography. Examination
of the single units demonstrates paradoxical firing in unit 1 and anticipated firing of units 2 and
3. (b) identified single units superimposed

6.5.2 Single-Unit MSNA Responses to Cardiac Filling
Pressure

In humans, cardiopulmonary baroreceptors play an important role in response to the
decrease and increase in pressure and/or volume of lower pressure components.
When the lower pressure increases, the cardiopulmonary baroreflex is thought to be
inhibitory to sympathetic nerve activity resulting from the increase in afferent vagal
tone. However, in subjects with normal cardiac function, the reduction of atrial
pressure by nonhypotensive lower body negative pressure (LBNP) elicits discor-
dant peripheral and cardiac sympathetic responses: total body norepinephrine
(NE) spillover and MSNA increase reflexively, as anticipated, but cardiac NE
spillover and power spectral estimates of sympathetic heart rate modulation do
not. In heart failure patients, nonhypotensive LBNP caused an increase in multiunit
MSNA but a paradoxical reduction in cardiac NE spillover. The anticipated
increase in total body NE spillover was blunted, relative to control subjects as if
nonhypotensive LBNP had unloaded two populations of mechanoreceptor reflexes
exerting directionally opposite peripheral efferent sympathetic responses
[43]. These results suggested that, in response to a selective increase in atrial
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pressure, single-unit MSNA would reveal a subpopulation of efferent sympathetic
neurons with firing patterns opposite to the integrated multiunit MSNA envelope.
With single-unit MSNA analysis, we recently found that two subpopulations of
single unit within the multiunit MSNA recording exhibited opposite firing charac-
teristics (Fig. 6.5) during lower body positive pressure (LBPP) as well as LBNP and
demonstrated that different responses of single-unit muscle sympathetic reflex
activated by increasing cardiac filling pressure in healthy subjects [8] as well as
in heart failure patients [9]. However, the population of single-unit MSNA that
increased during LBPP was significantly greater in heart failure patients than that in
healthy subject, which may play an important role in augmentation of sympathetic
nerve activity in heart failure.

6.6 Conclusions

The analysis of sympathetic nerve activity is important in humans, as increased
sympathetic nerve activity has a deleterious effect on mortality and mobility.
However, modalities for the assessment of sympathetic nerve activity in humans
are limited. Moreover, the underlying significance of differences in central sympa-
thetic neural firing between diseases remains unclear. Compared to the traditional
recording of multiunit MSNA, the assessment of central sympathetic nerve activity
to the periphery with single-unit MSNA provides additional information regarding
the underlying mechanisms of sympathetic firing. In particular, assessment of the
firing spike frequency, functionally different firing, and multiple spike firing within
one cardiac interval are thought to contribute to finding underlying mechanisms and
disease progression. Therefore, these parameters may shed a light on advantageous
therapeutic targets in a sympathetic excitation state, such as seen in heart failure
patients.
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Heart Rate Variability (HRYV)



Chapter 7
Introduction to Heart Rate Variability

Junichiro Hayano

Abstract Beat-to-beat intervals of cardiac sinus rhythm are not constant but show
complex and continuous fluctuations called heart rate variability (HRV). Because
HRV disappears with cardiac denervation by complete autonomic blockades or
cardiac transplantation, HRV is thought to originate from the brain and to transfer to
the heart through the autonomic nervous system. HRV includes a plenty of infor-
mation not only about autonomic neural cardiac regulations but also about health
state and hazard that are captured by the brain. To extract information that meets
with particular purposes, various methods have been developed for the analysis of
HRV. This chapter explains the basic mechanisms generating HRV and introduces
the purposes and corresponding methods for HRV analyses.

Keywords Time series analysis ¢ Power spectral analysis ¢ Complex
demodulation ¢ Heart rate dynamics

7.1 What Is Heart Rate Variability?

7.1.1 Definitions

The rhythm of heart beat at rest is essentially regular, and irregularity of the rhythm
is called arrhythmia. In fact, however, cardiac cycle length even under sinus rhythm
shows continuous fluctuations, as indicated by the presence of term “physiological
arrhythmia.” Respiratory sinus arrhythmia (RSA) is the representative among such
physiological arrhythmias, and it has first been described by Ludwig [1] in 1847.
Cardiac cycle length shows various physiological fluctuations ranging from circa-
dian rhythm of heart rate to such changes in beat-to-beat intervals as RSA.
Cardiac cycle length and its physiological fluctuations are mediated by the
neurohumoral factors, particularly autonomic nervous system, that regulates the
rate of discharge of the sinus node. Under complete pharmacological autonomic

J. Hayano, M.D. (<)

Department of Medical Education, Nagoya City University Graduate School of Medical
Sciences, 1 Kawasumi, Mizuho-cho, Mizuho-ku, Nagoya, Aichi 467-8602, Japan
e-mail: Hayano@med.nagoya-cu.ac.jp

© Springer Japan 2017 109
S. Iwase et al. (eds.), Clinical Assessment of the Autonomic Nervous System,
DOI 10.1007/978-4-431-56012-8_7


mailto:Hayano@med.nagoya-cu.ac.jp

110 J. Hayano

blocking with sufficient doses of sympathetic and vagal blockades, the beat-to-beat
fluctuations of cardiac cycle length disappear, and the heart ticks a regular rhythm
like a metronome [2, 3]. This is also the case for transplanted heart that has no
neural connections with the recipient [4]. These indicate that physiological fluctu-
ations in beat-to-beat cardiac cycle length are mediated by the fluctuations in
autonomic neural outflow to the sinus node.

In a narrow sense, the term heart rate variability (HRV) is defined as the amount
of variability in beat-to-beat fluctuations of cardiac cycle length under normal sinus
rhythm. The term is also used as almost the same meaning as physiological
arrhythmia. In contrast, fluctuations in cardiac cycle length that are caused by
ectopic rhythms and beats, conduction blocks, and sinus dysfunction are not
included in HRV and should be excluded from the analysis of HRV. In a broad
sense, however, cardiac cycle length fluctuations caused by a part of pathological
arrhythmias have also been categorized as studies of HRV. For example, heart rate
turbulence (HRT) that is known as a powerful predictor of mortality risk after acute
myocardial infarction analyzes the cardiac cycle length fluctuations flowing ectopic
beats observed during Holter ECG monitoring [5, 6]. The methods developed for
HRYV analysis have been used for ventricular response cycle length fluctuations
during atrial fibrillation and have produced useful indices for both pathophysiologic
understandings and clinical risk stratifications of this arrhythmia [7-11].

7.1.2 HRYV and Autonomic Nervous Functions

Heart rate is regulated antagonistically by the sympathetic and vagal divisions of
autonomic nervous system. Heart rate reflects the static balance between their
activities to the sinus node, and HRV reflects the fluctuations in the balance.
HRYV, however, includes information that cannot be obtained from heart rate itself,
i.e., pure vagal modulation of heart rate separated from sympathetic influence.
The principle of autonomic functional assessment by HRV may be compared to
the estimation of driver’s manipulations of accelerator and brake pedals from the
time series recording of changes in vehicle’s speed, where heart rate corresponds to
vehicle’s speed, sympathetic activity to accelerator, and vagal activity to brakes.
Different from automatic transmission vehicles that creep when the driver takes off
both accelerator and brake pedals, heart rate increases to a value called “intrinsic
heart rate” when both sympathetic and vagal activities are blocked. The intrinsic
heart rate is higher in young people and declines with aging; the means are 107 bpm
for 20-year, 101 bpm for 30-year, 90 bpm for 50-year, and 78 bpm for 70-year olds.
This indicates that young people maintain their cardiac vagal activity at a certain
level continuously during rest to keep their heart rate below the intrinsic heart rate.
During vehicles are moving, if you tap the accelerator rapidly, vehicle’s speed
shows almost no changes. In contrast, if you tap the brake pedals, the speed changes
faithfully with the manipulations. This is explained as the difference in frequency
characteristic of transfer functions between two systems. Similar difference in
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frequency characteristic exists between sympathetic and vagal modulations of heart
rate. Changes in sympathetic activity cause the effects through several phosphor-
ylating enzymatic processes in the intracellular signal transduction mechanisms
existing downstream of beta-adrenergic receptors. Consequently, the sympathetic
modulation of heart rate cannot transfer fluctuations at frequencies >0.15 Hz (cycle
length <6.7 s) [12]. While on the other hand, changes in vagal activity cause the
effects simply by the conformation change of the membrane potassium channels
with Ach. Consequently, the vagal modulation of heart rate can transfer fluctuations
at frequency up to 1 Hz [12].

When a decrease was observed in the speed of a vehicle, there may be three
possibilities that the driver (1) took his/her foot off accelerator, (2) pressed the
brake pedal, or (3) both. If the deceleration was faster than a certain level, however,
it is attributable only to the effect of (2). Similarly, when heart rate fluctuations at
frequencies >0.15 Hz were observed, it is not explained by sympathetic modulation
and it is attributable only to the effect of vagal modulation. These indicate that we
can separate frequency components of heart rate fluctuations purely mediated by
the vagal activities from those affected by sympathetic activities.

Methods for analyzing the fluctuations of time series data by resolving them into
components by the difference in frequency are called power spectral analyses.
Although there are several methods for this analysis, including fast Fourier trans-
formation (FFT) [13], autoregressive (AR) model [14], and maximum entropy
methods (MEM), the principle is the same as spectroscopic analysis by prisms
that separate light into components with their colors (wave frequencies). Power
spectral analyses resolve fluctuation into frequency components and quantify the
power or amplitude of each component.

7.1.3 Purposes of HRV Analysis

The analysis of HRV is currently used for two major purposes: (1) assessment of
cardiac autonomic functions and (2) risk stratification of patients with cardiac and
other diseases.

The former includes the assessment of stress or arousal level, relaxation depth,
and sleep quality as well as clinical evaluation for autonomic dysfunctions. For
these purposes, short-term (5—10 min) ECG data that are recorded under standard-
ized conditions (room temperature, body posture, time after food, alcohol and
caffeine intake, exercise and smoking, and breathing frequency according to the
circumstances) are used. HRV analyzed from short-term ECG data thus obtained is
referred to as short-term HRV.

The risk stratification includes the prediction of mortality and adverse prognosis.
For these purposes, long-term (24 h) ambulatory ECG data recorded under daily
activities are used. HRV analyzed from long-term ECG data thus obtained is
referred to as long-term HRV.
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7.2 Mechanisms Generating HRV

7.2.1 Short-Term HRV

Power spectrum of short-term HRV at rest includes two major frequency compo-
nents (Fig. 7.1): low-frequency (LF) component (0.04—0.15 Hz) and high-
frequency (HF) component (>0.15 Hz) [2, 15-17]. This is a characteristic of
HRYV that is unlike vehicle’s speed indicating that HRV does not comprise only
random fluctuations but includes frequency components with specific frequencies.
The cutoff frequency (0.15 Hz) separating between two components has been
defined from the frequency characteristic of transfer function for sympathetic
heart rate modulation discussed above [12]. Although the frequency of LF compo-
nent has been defined as 0.04-0.15 Hz, it usually appears between 0.06 and 0.11 Hz.

7.2.1.1 HF Component of HRV

The HF component of HRV usually corresponds to RSA, and thus, its frequency is
identical to breathing frequency (e.g., when breathing frequency is 15 cycle/min,
the frequency of HF component is 15 cycle/60 s = 0.25 Hz). This means that when
breathing frequency decreases below 9 cycle/min (0.15 Hz), HRV caused by RSA
is detected as a part of LF component and physiologic HF component disappears;
HF component under such conditions, if observed, should be interpreted as a
different physiologic entity from RSA or an artifact.

The mechanisms generating RSA is discussed in Chap. 8 in detail. Briefly, RSA
is mediated by the vagus originated from the nucleus ambiguus in the medulla
oblongata that is modulated by the input from the respiratory center and generates

Fig.7.1 Power spectrum of
short-term HRV and HF
frequency ranges modulated LF
by sympathetic and vagal
heart rate controls. While
cardiac vagal control

system can modulate heart ‘
rate in the entire frequency

band, cardiac sympathetic
control system can
modulate heart rate at
frequencies <0.15 Hz.
Consequently, while the LF 0.0 0.1 0.2 0.3 0.4 0.5

component of HRV is Sympathetic
mediated by both control
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Vagal control

nerves, the HF component is
mediated purely by the
vagus
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Fig. 7.2 Arterial blood pressure and R-R interval of ECG in a healthy subject. Mayer wave is
observed in the compressed strip of arterial blood pressure (upper panel after 5 s) at a period
around 13 s. In the trend of R-R intervals (lower panel), fluctuations corresponding HF (period
around 3 s) and LF (period around 13 s) components are observed. The LF fluctuation of R-R
interval shows several-second delay behind Mayer wave of arterial blood pressure

vagal outflow fluctuating with respiration [18]. By this mechanism, vagal flow
increases during expiration and decreases during inspiration, generating RSA.
Although respiratory fluctuation exists also in sympathetic outflow, it does not
transfer to HRV when the breathing frequency is above 0.15 Hz.

7.2.1.2 LF Component of HRV

The LF component of HRV is thought to be heart rate variation caused by Mayer
wave [19] in blood pressure fluctuation through the arterial baroreceptor reflex
mechanism (Fig. 7.2) [20, 21]. Mayer wave is a component of physiological arterial
blood pressure fluctuation with a period around 10 s. It is also called the third-order
variation of blood pressure and has been found by Cion in 1874 and described by
Mayer in 1876 [19].

The mechanisms generating Mayer wave are still controversial, and there are
theories proposing peripheral, central, and resonance origins. Blood vessel contrac-
tion by sympathetic vasomotor function is known to occur with 5-s delay after
sympathetic neural activation. Simulation studies have reported that such delay
systems cause spontaneous fluctuation in the baroreceptor reflex feedback loop at a
period of 10 s [20]. The LF component of HRV is decreased in patients with low
baroreceptor reflex sensitivity independently of the presence of sympathetic inner-
vation to the heart [21].
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7.2.2 Long-Term HRV

Although the LF and HF components are the major constituents of short-term HRV,
long-term HRV comprises nonperiodic components with a broad range of spectrum
as the major constituents [22]. For descriptive purposes, fluctuations at frequencies
lower than LF component are divided into two components: very-low-frequency
(VLF) component (0.003-0.04 Hz) and ultralow frequency (ULF) component
(<£0.003 Hz). Unlike LF and HF components, VLF and ULF are nonperiodic
components that form no distinct peaks in power spectrum. The nonperiodic
component of long-term HRYV is also called 1/f fluctuation or fractal component,
because it has power negatively correlated with frequency in the power spectrum
and it furnishes the properties of fractal dynamics including long-term negative
correlation and scale-independent self-affine structure [23].

Long-term HRV from ambulatory ECG recordings under daily activities
includes the influences of circadian and ultradian variations in physiological func-
tions, physical and mental activities, and environmental factors. Accordingly,
analysis of long-term HRV does not suit for the evaluations of specific autonomic
functions, but it may be useful for the evaluations of overall performance of
autonomic regulations. In fact, long-term HRV provides prognostic information,
particularly all-cause mortality risk in patients with cardiac and other diseases,
which have stronger predictive power than short-term HRV indices [24-26].

7.3 Data Collection for HRV

7.3.1 Data Sources of HRV

HRV can be analyzed when at least one lead of continuous ECG recording is
available. The ECG needs to be stored as digital data at a sampling frequency of
no less than 125 Hz (desirably, 500-1000 Hz) to avoid artificial cycle length
fluctuations caused by under sampling. The ECG data are converted into time
series of beat-to-beat cycle length by measuring all R-R intervals (Fig. 7.3). For
this purpose, accurate automated classifications (normal sinus rhythm, atrial or
ventricular ectopic beat, and artifact) are requited for all beats, the results of
classification should be reviewed, and all errors in the annotation need to be edited
completely.

Although pulse wave signal may be used as a surrogate of ECG, several
limitations should be recognized, which include difficulty in beat classifications,
limited accuracy in measurement of beat-to-beat cycle length, and modifications by
the frequency characteristic of pulse wave conduction [27].
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cycle lengths are measured as R-R intervals under sinus rhythm. The temporal position of each
R-R interval is usually defined as the position of subsequent R wave. For the purpose of frequency
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7.3.1.1 Standardization for Short-Term HRV Measurement

HRYV is affected by various intrinsic and extrinsic factors such as environmental
temperature, physical activities [28, 29], mental activities [30, 31], food intake [32],
smoking [33, 34], and sleep/awake rhythm. For the assessment of autonomic
function, subjects need to avoid strenuous exercise, smoking, alcohol and caffeine
intake from the previous night, and food intake from 3 h before the study, and the
measurement should be performed at constant time of day in an air-conditioned and
calm experimental room after >15 min supine rest for equilibrium. Although the
length of recording is determined by the purposes, continuous 5-min recording after
the stabilization of heart rate is the standard.

For short-term HRV, controlled breathing with metronome signal may be used
so that breathing frequency of subjects is kept at >0.15 Hz and heart rate to
respiration ratio at >2. There are three reasons for this:

1. To evaluate cardiac vagal function separately from sympathetic influences,
breathing frequency needs to be kept at >0.15 Hz (the upper frequency limit
of sympathetic heart rate control).

2. The magnitude of HF component decreases with increasing breathing frequency
independently of cardiac vagal activity.

3. If heart rate to respiration ratio decreases to <2, respiratory fluctuation in cardiac
vagal activity, if exists, is not reflected by HRV.

Thus, when breathing frequency is not controlled, the frequency of HF component
and heart rate should be checked if these conditions are satisfied.

7.3.1.2 ECG Recordings for Long-Term HRV

For the assessment of long-term HRV, 24-h Holter ECG recordings are useful. ECG
signals are digitized at 125-500 Hz in the recorders, and all R waves are classified
automatically. Recent Holter ECG scanners have software for HRV analysis as the
standard or optional function. For 24-h long-term HRV, there may be defect of data
due to insufficient recording length or to temporary electrode troubles. In such case,
care should be needed for the effects of day/night difference in HRV. Because the
long-term HRV indices have been standardized as 24-h data, when the substantial
data defects occurred disproportionally during daytime or nighttime, it causes bias
of sampling.

Fig. 7.3 (continued) domain analyses, R-R interval time series are interpolated and resampled
at equidistantly devided time points
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7.4 Methods for HRV Analysis

A variety of measures have been used for quantifying the characteristics of HRV.
They are classified by the method of analysis as shown in Table 7.1. From time
domain analysis, statistical and geometric measures are calculated. These measures
mainly applied to 24-h long-term recordings and used for risk stratification for
mortality and adverse prognosis among patients with cardiac and other diseases.
Frequency domain analysis is used for both short-term and long-term recordings.
Short-term measures of HRV are used for the assessment of autonomic function,
and long-term measures are used for risk stratification among patients with cardiac
and other diseases. Nonlinear and fractal dynamics analyses are used mainly for
long-term recordings and provide prognostic indices such as «; of detrended
fluctuation analysis (DFA) [36, 37], which is a powerful predictor of mortality
risk in patients after myocardial infarction [39] and those with end-stage renal
disease on chronic hemodialysis therapy [40].

Study of HRV has started in 1970s, but new methods of analysis and novel
measures have been still proposed almost every year. Non-Gaussianity index of A
reflects an increase in large abrupt changes in heart rate, and an increase in this
measure predicts increased mortality risk among patients with chronic heart failure
[38, 41]. This measure is discussed in Chap. 9 in detail. Among most of other
measures of HRV whose decrease is associated with increased health risk, A is the
only measure whose increase predicts increased risk. Because A decreases with
B-blockers, this measure is thought to be a unique index reflecting sympathetic over
activities. Deceleration capacity (DC) [26] and heart rate turbulence (HRT) [5, 6]
are currently the most powerful predictors of mortality risk after acute myocardial
infarction. Figure 7.4 shows examples of analysis of long-term HRV in male
patients after acute myocardial infarction; one survived >5 years, and the other
died suddenly 25 months after the Holter monitoring.

7.4.1 Time Domain Analysis

For time domain analysis, N-N interval data were used without interpolation.
Because time domain analysis depends only on the order of data but not on the
temporal positions, the statistical and geometric measures are less affected by the
defect of data caused by the removal of abnormal data caused by ectopic beats, etc.
Conversely, such abnormal data need to be removed because the contaminations of
such data could affect substantially to statistical measures. Geometric measures are
robust to the contaminations of abnormal data.

To select and interpret the time domain measures appropriately, the knowledge
of crude correspondences between time domain and frequency domain measures is
useful, although the relationships are affected by heart rate. SDNN, HRV triangular
index, and TINN correspond to total power and SDNN index to the mean of the
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Table 7.1 Measures of HRV

J. Hayano

Variable

| Unit ‘ Definition

1. Time domain analysis

1.1 Statistical measures

Mean NN ms | Mean of all N-N intervals® during 24 h

SDNN ms Standard deviation of all N-N intervals during 24 h

SDANN ms | Standard deviation of the averages of N-N intervals in
all 5 min segments during 24 h

RMSSD ms | The square root of the mean of squared differences
between adjacent N-N intervals during 24 h

SDNN index ms | Mean of the standard deviations of all N-N intervals
for all 5 min segments during 24 h

SDSD ms | Standard deviation of differences between adjacent
N-N intervals during 24 h

NNS50 count Number of pairs of adjacent N-N intervals differing
by more than 50 ms during 24 h

PNN50 % NNS50 count divided by the total number of all N-N
intervals during 24 h

1.2 Geometric measures

HRYV triangular index ms | Total number of all N-N intervals during 24 h divided
by the height of the histogram of all N-N intervals
measured on a discrete scale with bin width of
7.8125 ms (1/128 s)

TINN ms | Baseline width of the minimum square difference
triangular interpolation of the highest peak of the
histogram of all N-N intervals during 24 h

2. Frequency domain analysis

2.1 Measures for analysis of

short-term recordings (5 min)

Total power ms~ | The variance of N-N intervals during 5 min

VLF ms~ | Power in very-low-frequency range (<0.04 Hz)

LF ms~ | Power in low-frequency range (0.04-0.15 Hz)

LF amp ms | Mean amplitude of LF: sqrt (2*LF)

LF norm n.u. | LF power in normalized unit: LF/(Total power —
VLF)*100

HF ms~ | Power in high-frequency range (0.15-0.4 Hz)

HF amp ms | Mean amplitude of HF: sqrt (2*HF)

HF norm n.u. | HF power in normalized unit: HF/(Total power —
VLF)*100

LF/HF Power ratio between LF and HF: LE(ms?)/HF(ms?)

2.2 Measures for long-term recordings (24 h)

Total power ms® | The variance of N-N intervals during 24 h”

VLF ms” | Power in very-low-frequency range (<0.04 Hz)"

LF ms> | Power in low frequency range (0.04-0.15 Hz)"

HF ms> | Power in high-frequency range (0.15-0.4 Hz)"

(continued)
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Table 7.1 (continued)

Variable Unit | Definition

B Power-law scaling exponent: slope of the linear
regression of the spectrum in a log-log scale below
0.04 Hz

3. Nonlinear and fractal dynamics

ApEn Complexity of fluctuation measured by approximate
entropy [35]

DFA index Measures of short-term (411 beats, a;) and long-

term (>11 beats, a,) fractal correlations calculated by
detrended fluctuation analysis (DFA) [36, 37]

A Non-Gaussianity index of probability density func-
tion for abrupt changes in heart rate [38]

4. Others

DC ms | Deceleration capacity measured by phase rectified
signal averaging [26]

HRT Heart rate turbulence measured by the decrease in

R-R interval immediately after ectopic beats (turbu-
lence onset, TO) and the following recovery slop
(turbulence slope, TS) [5, 6]

“N-N interval indicates R-R interval between two consecutive sinus QRS waves
"These measures are often presented in natural logarithmic values

total powers for all 5 min segments during 24 h. RMSSD, SDSD, NN50 count, and
pNNS5O0 reflect N-N interval variations in the frequency band analyzed as HF
component.

7.4.2 Frequency Domain Analysis

Frequency domain analysis in general indicates spectral analysis. In spectral anal-
ysis, fluctuations observed in time series data are recognized as a set of elementary
waves (Fig. 7.5). Spectral analysis provides the mean frequency and amplitude (=
sqrt [2*power]) of each elementary wave averaged over the entire length of data
segment that was analyzed. In case of HRV, VLF, LF, and HF components are
elementary waves, and the waveform of original time series data is the ensemble of
these elementary waves.

Periodic wave elements form peaks in spectrum; the position of peak represents
frequency, and the height (in FFT spectrum) or area (in AR model and MEM
spectra) represents amplitude/power of the elementary wave. The term “power”
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Fig.7.4 Long-term 24-h HRYV in patients after acute myocardial infarction. The patient on the left
side survived for >5 years, while the patients on the right side died suddenly 25 months after
Holter ECG monitoring. (a) 24-h trend graphs of N-N intervals, (b) histograms of N-N intervals
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Fig. 7.5 Power spectral analysis of HRV. In spectral analysis, fluctuation observed in time series
data is recognized as a set of elementary waves. As the results of analysis, the mean frequency and
amplitude (= sqrt [2¥*power]) of each elementary wave averaged over the entire length of segment
analyzed. In case of HRV, VLF, LF, and HF components are elementary waves, and the waveform
of original time series data is the ensemble of these elementary waves

means variance caused by the wave, and when the wave can be assumed as a
sinusoid, power and amplitude can be transformed to each other by the equation

Amplitude = sqrt(2*power).

Waves and their spectra are summable. Thus, even if two waves with different
frequencies are added, the characteristics (such as frequency and amplitude) of
individual wave are preserved. Also, the variance or total power of combined wave
is the sum of the power of two original waves.

<
«

Fig. 7.4 (continued) (d) power spectra in log-log scale and spectral exponent f3, (e) detrended
fluctuation analysis (DFA) and short-term and long-term fractal scaling exponents, o; and o, (f)
heart rate turbulence and turbulence onset (TO) and turbulence slope (TS), and (g) deceleration
capacity (DC). See Table 7.1 for the explanation of measures
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7.4.3 Interpolation and Resampling

Frequency domain analyses of HRV require interpolation and resampling of time
series data before analysis. Including N-N interval and arterial blood pressure, time
series data of the circulatory system arise one datum per heartbeat. Because the
intervals of heartbeat are fluctuating as HRV, the sampling intervals of data points
become unequal, which causes problem in spectral analysis that requires equidis-
tantly sampled time series data.

Data interpolation is the method for estimate value at time points between two
consecutive observations. Many methods have been proposed as the methods for
interpolating N-N intervals, which include step, linear, and spline interpolations.
Although there is no ideal method for interpolation, the difference in the interpo-
lation method is known to cause no substantial difference in the final results of
spectral analysis. Interpolation is also used for the portions of data defect caused by
removal of ectopic beats and noise. The interpolated N-N interval time series data
are resampled at appropriate frequency (such as 2 Hz), yielding equidistantly
sampled N-N interval time series for which spectral analysis is performed.

7.4.4 Analysis of Dynamic Autonomic Functions
7.4.4.1 Limitation of Spectral Analysis

Autonomic nervous system shows dynamic responses to various stimuli. Although
such responses are reflected in HRV, they are not detected by the conventional
methods of spectral analysis. This is because spectral analysis assumes that data are
in a steady state throughout the analyzed period, and it provides the characteristics
of waves representing their averages over the period. To overcome this limitation,
methods such as spectral analysis for overlapping shifting windows have been
devised, but there are limitations for detecting rapid autonomic responses with
high temporal resolution.

7.4.4.2 Analysis of Time-Dependent Changes in Frequency Component
of HRV

The methods for analyzing continuous changes in frequency and amplitude of HRV
are divided into two categories:

1. Analysis of time/frequency distributions
2. Complex demodulation (CDM)

The former includes short-term FFT, wavelet transformation, and instantaneous
AR spectral analysis. These methods estimate information in three dimensions
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Fig. 7.6 Complex demodulation (CDM) of simulated data with time-dependent changes in
amplitude (left-side panels a—f) and in frequency (right-side panels g-1). Lt, simulated
low-frequency (LF) components with a fluctuating amplitude and a fixed frequency of 0.09 Hz
and (a) with a constant amplitude and a fluctuating frequency between 0.06 and 0.12 Hz; (g) Ht,
simulated high-frequency (HF) components with a fluctuating amplitude and a fixed frequency of
0.25 Hz and (b) with a constant amplitude and a fluctuating frequency between 0.16 and 0.44 Hz;
(h) Ht + Lt: time series data generated by adding two component signals above (C=A+B,1=G
+ H); PSD, autoregressive power spectral density of the generated time series (panels d and j); and
CDM LF and CDM HF, instantaneous amplitude (AMP, solid line) and frequency (FREQ, dashed
line) of the LF (panels e and k); and the HF (panels f and 1) components obtained by CDM
(Modified from reference [43])

(time, frequency, and power) from N-N interval time series, that is, information in
two dimensions (time and N-N interval). Thus, they need to assume the conditions
of analysis. Also, even if time/frequency distribution is determined by these
methods, time-dependent changes in frequency and amplitude of LF and HF
components need to be extracted from that after all. In this view point, CDM that
is a simpler and directly extracts necessary results may be often advantageous.

7.4.4.3 Complex Demodulation of HRV

The principle of CDM analysis of HRV is compared with the demodulation of
electric wave by radios in amplitude modulation (AM) broadcasting system
[42, 43]. In AM broadcasting, audio signal is converted into the changes in
amplitude of carrier electric wave whose frequency is unique to each broadcast
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Fig. 7.7 CDM of R-R interval variability and spirogram (RESP) signal obtained during a supine
ergometer exercise test with increasing workload (20 W/min) in a healthy young male subject.
Panels a and b: R-R interval (RR) and spirogram (RESP). Panels c—g: autoregressive power
spectral density (PSD) of R-R interval (solid line, RR) and spirogram (dashed line, RESP). Panels
h, i, and j: instantaneous amplitude (solid line) and frequency (dashed line) of spirogram (RESP),
and the LF and HF components of R-R interval variability (RR LF and RR HF) (Modified from
reference [43])

station. This relationship is similar to vagal modulation of the amplitude of HF
component of HRV. AM radio obtains audio signals of selected broadcast station by
extracting time-dependent changes in amplitude of the electric wave of the station.
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If similar procedure is done for HRV in HF frequency band, time-dependent
changes in vagal modulation can be obtained as continuous data.

Figure 7.6 shows simulation of CDM analysis. On both sides, simulated time
series data of N-N intervals were generated by combining two time series data
simulating LF and HF components, on which spectral analysis and CDM were
performed. On the left side, the amplitude of LF and HF components shows time-
dependent changes, while on the right side, the frequency of both components
shows time-dependent changes. CDM detects the changes in amplitude and fre-
quency in each component faithfully.

Figure 7.7 shows CDM analysis of R-R interval and respiration signals during
symptom-limited rump exercise in a healthy young male subject. Progressive
decreases in the amplitude of HF and LF components with increasing workload
are observed.

CDM detects time-dependent changes in amplitude and frequency of LF com-
ponent of HRV at a time resolution of 15 s and those of HF component at a higher
resolution [42]. This method is useful for the analysis of autonomic responses to
stress and those accompanying various pathologic episodes [44].

7.5 Conclusion

Although analysis of HRV provide powerful, useful, and unique tools for the
assessment of autonomic functions, understandings of its physiology and method-
ology are important for the selection of suitable methods and measures and for the
appropriate interpretation of results.
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Chapter 8

Respiratory Sinus Arrhythmia

and Entraining Heartbeats with Cheyne-
Stokes Respiration: Cardiopulmonary Works
to Be Minimal by Synchronizing Heartbeats
with Breathing

Fumihiko Yasuma and Junichiro Hayano

Abstract There are two types of interaction between heartbeats and respiration
with different time scales. One is the well-known respiratory sinus arrhythmia
(RSA) and another is entraining heartbeats with Cheyne-Stokes respiration
(CSR). The latter is the cyclical fluctuation with the clustering heartbeats during
the hyperventilation phase of CSR and their scattering during the apnea/hypopnea
phase, which we call the Entrainment with CSR. The wisdom of the body for
maintaining the homeostasis efficiently could be achieved by synchronizing heart-
beats with breathing and consequently by saving the cardiopulmonary works.
Analogous to that the RSA benefits the pulmonary gas exchange, we have hypoth-
esized that the Entrainment with CSR might function to supply “effective”
heartbeats during the hyperventilation phase and save “ineffective” heartbeats
during the apneic/hypopneic phase to benefit the pulmonary gas exchange
according to our previous investigations on the pulmonary gas exchange and
RSA, the control of RSA and respiratory muscles during hypercapnia and hypoxia,
the role of vagal nerve on RSA and respiratory muscles, and our clinical experi-
ences in heart failure and atrial fibrillation. The concept that the RSA and Entrain-
ment with CSR would serve for the cardiopulmonary works to be minimal by
synchronizing heartbeats with breathing would be tested in the future.
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8.1 Introduction

There are two distinct types of interaction between heartbeats and respiration with
different time scales. One is the well-known respiratory sinus arrhythmia (RSA),
which was first described by Ludwig (1816-1895) [1]. He recorded periodic
oscillations in the amplitude and timing of arterial pressure with the smoked
drum kymograph, in which the pulse rate increased during inspiration and
decreased during expiration. Another is entraining heartbeats (= the Entrainment)
with Cheyne-Stokes respiration (CSR) in patients with advanced congestive heart
failure [2, 3], which has been generally overlooked, to our knowledge, among most
physiologists.

Let us show the characteristic CSR and entraining heartbeats with CSR in a heart
failure patient. Focusing upon the phasic changes in respiration, a cyclical fluctu-
ation with episodes of central apneas/hypopneas alternating with episodes of
hyperventilation is found in a gradual waxing and waning fashion in Fig. 8.1 in a
time scale of 180 s (3 min) on the abscissa. Focusing upon the phasic changes in
circulation during CSR, a cyclical fluctuation with the clustering heartbeats during
hyperventilation phase and their scattering during apnea/hypopnea phase (= the
Entrainment with CSR) on electrocardiogram (ECG) is found in Fig. 8.2 in 60 s
(1 min).

The CSR of an oscillatory ventilation has been the focus of investigation among
physicians for more than a century [4—7], since its first description by Cheyne
(1777-1836) and Stokes (1804—1878) in a heart failure patient [8], and it has been
assumed that the underlying mechanism of CSR might be an unstable feedback
control of the respiratory system [9-11]. However, the roles of the interacting
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Fig. 8.1 Polygraphic recordings of Cheyne-Stokes respiration in a patient with congestive heart
failure in 180 s. From top to bottom, electrocardiogram, oronasal flow, ribcage motion, and arterial
oxygen saturation on pulse oximeter are displayed. A cyclical fluctuation with episodes of central
apneas/hypopneas alternating with episodes of hyperventilation in a gradual waxing and waning
fashion is seen
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Fig. 8.2 Polygraphic recordings of Cheyne-Stokes respiration in a patient with congestive heart
failure in 60 s. Displayed parameters are seen in Fig. 8.1. A clustering of heartbeats during
hyperventilation phase and a scattering during apnea/hypopnea phase are seen

respiratory/circulatory centers and, possibly, the vagal nerve contributing to the
genesis of the CSR and, thereby, the Entrainment with CSR are still unknown.

The authors previously discussed the fundamental question of “Why does the
heartbeat synchronize with respiratory rhythm?” to conclude that “RSA or heart
rate variability in synchrony with respiration is a biological phenomenon, which
may have a positive influence of gas exchange at the level of the lung via efficient
ventilation/perfusion matching” [12]. This concept could be applicable to the
Entrainment with CSR, and hence, the author has recently provided the concept
that the efficacy of pulmonary gas exchange might be improved by the Entrain-
ment with CSR, the phenomenon of which seems analogous to the RSA [3].

In this article, the authors are proposing the further concept that “RSA and the
Entrainment with CSR are not simply secondary products of other known reflexes
but have physiological roles with the cardiopulmonary works to be minimal by
synchronizing heartbeats with breathing,” and we are reviewing how this teleolog-
ical concept has been developed.

For this purpose, after showing the “Comparative Biology of Synchronizing
Heartbeats with Breathing (8.2),” we are addressing the “Clinical/Physiological
Significances of RSA, CSR, and Entrainment with CSR (8.3, 8.4, 8.5, 8.6).” In the
“Physiological Significance of RSA (8.4),” we are summarizing our previous five
separate experiments in canines (#1—#5 Experiments) along with their implications,
respectively. Since the “Physiological Significances of CSR and Entrainment with
CSR (8.6)” have been seldom investigated, our descriptions are hypothetical.

Herein, the authors are showing the perspectives of the RSA and the Entrain-
ment with CSR according to our laboratory experiments and clinical experiences.
This review article is written from standpoint of the wisdom of the body in
maintaining the homeostasis efficiently [13], which can be achieved by
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synchronizing heartbeats with breathing [3, 12, 14], and consequently by saving the
working loads of breathing [15] and circulation [16].

8.2 Comparative Biology of Synchronizing Heartbeats
with Breathing

In the comparative biology, a cardiorespiratory interaction analogous to the RSA
and the Entrainment with CSR is widely observed among many species of
vertebrates from mammals, birds, and reptiles to water-breathing fish [17].

In mammals, the dog has a prominent RSA [18-20], and the human fetus obtains
the RSA activity after a gestational age of ~33 weeks, and the healthy-term
newborn infant has a strong RSA, which becomes a major component of heart
rate variability in humans [21].

Regarding the Entrainment with CSR, the details of this phenomenon have
been described, to our knowledge, only in humans with congestive heart failure
[2, 3, 22]. However, a respiration-related oscillation in heartbeats, analogous to the
RSA and the Entrainment with CSR, is observed in spontaneous breathing ducks
[23], reptiles [24, 25], and fish. For example, in resting fish, gills are ventilated with
pulsatile water flow throughout the respiratory cycle and heartbeat occurs in 1:1
synchrony with the respiration so that it results in coincidence of the periods of
maximal flow rate of blood and water at the gills [26, 27]. This cardiorespiratory
synchronization in fish is mediated by the vagal nerve and abolished by
atropine [28].

The above observations among species suggest that the RSA and the Entrain-
ment with CSR may bear a primitive role to maintain the homeostasis effectively
by synchronizing heartbeats with breathing, although the role of the vagal nerve,
especially, in the genesis of the Entrainment with CSR has been unknown.

8.3 Clinical Significance of RSA

A number of studies have been published concerning the mechanisms of RSA, and
it has been known that RSA occurs mainly as the result of fluctuation of vagal
outflow to the heart, despite the fact that the sympathetic outflow also influences the
variability [29]. The RSA might result from modulation of vagal efferent activity to
the sinus node through gating of the excitatory input to the vagal motor neurons
from the lung inflation afferents [30]. During inspiration, impulses arising from the
stretch receptors of the lungs are transmitted through the vagal nerve to inhibit the
cardioinhibitory area in the medulla. As the tonic vagal discharge to keep the heart
rate slow decreases, the heart rate increases. The degree to which this modulation
occurs is a function of the level of tonic vagal discharge; thus, RSA measures would
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offer an index of cardiac vagal outflow [31, 32], under the most physiological
circumstances [14].

The magnitude of RSA is clinically assessed as the amplitude of the high
frequency band (HF band) of fluctuation of the R-R intervals (0.15 > Hz), utilizing
the frequency analysis of heart rate variability. For accurate assessment, an exam-
inee’s tidal breathing should be standardized due to the frequency-dependent
characteristics of RSA [33]. Therefore, the amplitude of the HF band, i.e., the
magnitude of RSA, has been considered to reflect the cardiac vagal activity, and it
has been used as the index of the activity of the parasympathetic nervous system
[34, 35]. Previous studies have shown that the RSA activity of “cardiac age” is most
exaggerated in young and healthy humans, and the activity generally weakens in the
geriatric population [36] and among patients with cardiovascular/pulmonary dis-
eases, diabetes mellitus, and other systemic diseases [12]. The authors have already
revealed the possible dissociation between the respiratory cardiac modulation
(magnitude of RSA) and the cardiac vagal tone (vagal control of heart rate) in
twofolds [14]. One is the bradycardia caused by the pharmacological baroreceptor
stimulation [37], and the other is the magnified RSA without changes in heart rate
and blood pressure caused by the chemoreceptor stimulation with hypercapnia
[38, 39], the latter of which is discussed in Sect. 4.4.

8.4 Physiological Significance of RSA

8.4.1 Pulmonary Gas Exchange and RSA (#1 Experiment)

The physiological significance of RSA had been generally unknown until the late
twentieth century, when the authors demonstrated experimentally that the efficacy
of pulmonary gas exchange is improved by RSA in an animal model study
[40]. Herein, we summarize the authors’ experiment on the RSA and pulmonary
gas exchange in anesthetized canines [40], the species of which has the strong RSA
[18-20].

8.4.1.1 Summary

In anesthetized canines with tracheal intubation, the sympathetic activity was
eliminated with the premedication of reserpine, and the endogenous vagal activity
was blocked with the left-side cervical vagotomy and right-side local anesthesia at
the skull base. The right vagal nerve, innervating the sinus node, was electrically
stimulated to control the frequency and timing of heartbeats. The artificial negative
pressure ventilation was maintained with the diaphragm pacing (electrophrenic
respiration) [41], since the mechanical positive pressure ventilation should reverse
the intrathoracic pressure from negative during tidal breathing to positive, reducing
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the phasic increase of venous return to the thoracic cage during inspiration [42, 43]
and affecting the features of RSA [44, 45].

The RSA model with heartbeats clustered during inspiration and scattered during
expiration, the inverse-RSA model with heartbeats scattered during inspiration and
clustered during expiration, and the control model with regular heartbeats with the
identical R-R intervals were generated with the electrical stimulation to the right
vagal nerve. Arterial/mixed venous blood and inspiratory/expiratory airflow were
sampled for gas analyses. The fraction of alveolar gas volume unable to interface
with sufficient blood flow during inspiration (wasted ventilation or the ratio of
physiological dead space to tidal volume) [46] and the fraction of capillary blood
volume unable to interface with sufficient fresh gas during expiration (wasted blood
flow or the fraction of intrapulmonary shunt) [47] were compared among the three
models.

As the result, these two parameters reflecting the lack of efficacy in the pulmo-
nary gas exchange were minimal in the RSA model, maximal in the inverse-RSA
model, and intermediate in the control model.

8.4.1.2 Implications

The results have suggested that the RSA of a respiratory-circulatory interaction
benefits the pulmonary gas exchange and enhances the energy efficacy of circula-
tion by supplying “necessary” heartbeats during inspiration and saving “unneces-
sary” heartbeats during expiration.

The concept that the efficacy of pulmonary gas exchange is improved by RSA,
which could be applicable to the healthy humans [39-49], seems to have gained
favor among pulmonary/cardiovascular physicians and anesthesiologists
[50, 51]. However, controversy still remains on the effects of RSA on the pulmo-
nary gas exchange [52-54], and the central or peripheral origins of RSA have been
under much debate among physiologists [55, 56].

8.4.2 Respiratory Muscles and RSA (#2 Experiment)

We summarize the author’s experiment on the respiratory muscles and RSA in the
conscious canines [57], which are trained to lie down quietly and sleep in the
laboratory [58, 59].

8.4.2.1 Summary
Figure 8.3 shows a tracing of the electroencephalogram (EEG), ECG, respiratory

variables, and electromyograms of the diaphragm (EMGy;), the transversus
abdominis (EMG,) of the major expiratory muscle, and the external oblique
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Fig. 8.3 Polygraphic recording during spontaneous breathing in a trained canine. From fop to
bottom, electroencephalogram (EEG), electrocardiogram (ECG), expired CO, concentration (%),
tidal volume (liters), flow, electromyogram (EMG) of the diaphragm (EMGy;), EMG of the
transversus abdominis (EMGg,), and EMG of the external oblique (EMG,,) are displayed with
respiratory frequency of 12 (/min) under spontaneous breathing. Respiratory sinus arrhythmia of a
clustering of heartbeats during inspiration and a scattering during expiration is clearly seen with
frequency of 63 (/min). Note that the dog is sleeping according to the EEG and behavioral criteria,
the EMGq, of the major expiratory muscle is activated and the EMG,, of the minor one is not
recruited during tidal breathing

(EMG,,) of the minor expiratory muscle during tidal breathing. A clustering of
heartbeats during inspiration with the diaphragmatic contraction and a scattering
during expiration with the contraction of transversus abdominis are observed.

The canine sleeps spontaneously (non-REM sleep) according to the EEG and
behavioral criteria [58, 60]. From the standpoint of respiratory control, the state of
non-REM sleep is important, since the ventilation critically depends on metabolic
control, excluding the non-metabolic (behavioral) influences on the respiratory
control system [61]. Moreover, in sleeping canines, the effects of anesthetics or
drug-induced levels of consciousness do not have any influence on the neural
control of respiration, circulation, and their interaction [58].
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8.4.2.2 Implications

In spontaneous tidal breathing, the central respiratory control modulates to “breathe
in” the air by activating the EMGy; during inspiration and to “breathe out” the air by
activating only the EMGy,, not the EMG,,, during expiration. It is noteworthy that,
only in stimulated breathing, the EMG,, of the minor expiratory muscle is recruited
according to the quality and intensity of the stimulus [57]. The interacting respira-
tory/circulatory centers seem to generate the differential heartbeats between their
clustering with the diaphragmatic contraction during the inspiratory phase and their
scattering with the contraction of the transversus abdominis during the expiratory
phase.

The results of this experiment have led us from the legendary concept that “the
respiratory muscles drive the chest wall along the trajectory for which the work of
breathing is minimal [15]” to our unique concept that “RSA is not simply the
secondary product of other known reflexes but has its own physiological role to
minimize the working loads of not only breathing but also circulation” [3, 16].

8.4.3 Respiratory Muscles during Hypercapnia and Hypoxia
(#3 Experiment)

We summarize the author’s experiment on the respiratory muscles during hyper-
capnia and hypoxia in trained canines [57].

8.4.3.1 Summary

The canine’s respiration and circulation were stimulated by hyperoxic hypercapnia
or normocapnic hypoxia with the rebreathing method. As the result, both hyper-
capnia and hypoxia substantially recruited the diaphragmatic and expiratory mus-
cles. The expiratory muscle activities were greater during hypercapnia than during
hypoxia at any comparable levels of minute volume of ventilation (expiratory
shift) [62].

However, the two chemical stimuli also resulted in different tidal volume and
respiratory frequency at any given minute volume of ventilation. When the EMG
activities were reanalyzed as a function of tidal volume, the expiratory muscle
activities were the same for a given tidal volume whether induced by hypercapnia
or hypoxia, but the diaphragmatic inspiratory activity was consistently greater
during hypoxia than during hypercapnia (inspiratory shift) [62].
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8.4.3.2 Implications

These findings might support the concept that the stimulations by hypercapnia and
hypoxia result in asymmetric activation of the inspiratory and expiratory muscles to
achieve the kinematics for minimal work of breathing [15]. From the teleological
viewpoint, the central regulation modulates to “breathe in” the air by recruiting the
diaphragm substantially during hypoxia, and it modulates to “breathe out” the air by
recruiting the expiratory muscles substantially during hypercapnia.

8.4.4 RSA during Hypercapnia and Hypoxia (#4 Experiment)

We summarize the authors’ experiments on the RSA during hypercapnia and
hypoxia in the trained canines [38, 63, 64].

8.4.4.1 Summary

The canine was stimulated by hypercapnia or hypoxia as in Sect. 4.3 (#3 Experi-
ment). The effects of both stimuli on RSA were analyzed with complex demodu-
lation, a technique with which the frequency shifts and time-dependent changes in
amplitude in the rhythmic component of the biological phenomena are assessed
continuously [65].

As the result, during hypoxia, the RSA magnitude decreased (after adjusting the
effects of respiratory rate and tidal volume), when heart rate, mean arterial blood
pressure, respiratory rate, and tidal volume increased [63]. In contrast, during
hypercapnia, the RSA magnitude increased (after adjusting the effects of respira-
tory rate and tidal volume) along with the increased respiratory rate and tidal
volume, when the heart rate and mean arterial blood pressure did not change [38].

8.4.4.2 Implications

The above findings provide support for the concept that hypercapnia and hypoxia
result in asymmetric activation not only of the respiratory muscles but also the
hemodynamics and, further, the RSA [64].

From the teleological viewpoint, during hypoxia, the central regulation via the
vagal nerve modulates to “breathe in” the air and subsequently to distribute the O,
from the pulmonary to systemic circulation with the maximally functioning cardiac
pump with sinus tachycardia, whereas the RSA is attenuated. During hypercapnia,
in contrast, it modulates to “breathe out” the air and subsequently to eliminate the
CO, from the pulmonary circulation to the open air with the modestly functioning
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cardiac pump with the intensified RSA, which suppresses the increase in heart rate
during expiration to save the “unnecessary” heartbeats.

8.4.5 Role of Vagal Nerve on Respiratory Muscles and RSA
(#5 Experiment)

We summarize the author’s experiment on the role of vagal nerve on respiratory
muscles and RSA in the trained canines [57].

8.4.5.1 Summary

The effects of reversible vagal blockade on respiratory muscle activation and RSA
were investigated by temporarily cooling the surfaces of bilateral exteriorized
cervical vagal loops [66].

Figure 8.4 is a tracing after the transient cervical vagal blockade during sponta-
neous sleep in the same canine of Fig. 8.3. The pattern of EMGs is obviously
changed from the spontaneous tidal breathing with a frequency of 12 (/min) to the
very slow and deep breathing with a frequency of 3 (/min). Although the EMGy;
during inspiration is magnified to the maximal tidal volume above 2 1, the EMG,
during expiration is abolished.

Simultaneously, it is noteworthy that the pattern of ECG is also obviously
changed from the stable sinus rhythm of 63 (/min) (Fig. 8.3) to the sinus tachycardia
of 168 (/min) (Fig. 8.4), while the RSA is eliminated.

8.4.5.2 Implications

When the vagal nerve is blocked temporarily at the level of the cervical vagal trunk,
both of the afferent vagal input from the lungs and the efferent vagal output to the
sinus node are abolished. The classical Hering-Breuer inflation reflex mediated with
the vagal nerve is eliminated [66, 67], and the disappearance in the “inspiratory-off-
switch” reflex generates very slow and deep breathing. The findings of the EMGs
before and after the vagal blockade suggest that the increases in the expiratory
muscle activity are generated by lung inflation, which is known to augment the
abdominal motor activity through an afferent vagal mechanism [57, 68].

The findings indicate that afferent vagal stimuli play an important facilitating
role in the expiratory muscle activation, and hence in the chest wall movement, to
achieve the minimal work of breathing by suppressing the excessiveness of lung
inflation.

The findings of the ECG imply that the activity of RSA is to depend on the
afferent vagal inflow from the lungs and the respiratory (phasic) modulation of
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Fig. 8.4 Polygraphic recording during vagal blockade in a trained canine. Displayed parameters
are as in Fig. 8.3. During vagal blockade, the maximal contraction of the diaphragm with
frequency of 3 (/min) and the sinus tachycardia of continuously accelerated heartbeats with
frequency of 168 (/min) are seen. Note that the dog is sleeping, the EMGy; is magnified during
inspiration, the contraction of the EMG,, during expiration is abolished, and the RSA seen in
Fig. 8.3 has disappeared

vagal outflow to the sinus node. The findings also imply that the vagal nerve is to
play the important roles not only in generating the RSA to achieve the minimal
work of circulation, saving “unnecessary” heartbeats during expiration, but also in
maintaining the homeostasis with the cardiopulmonary works to be minimal, which
might serve for the wisdom of the body [13].

8.5 Clinical Significances of CSR and Entrainment
with CSR

8.5.1 Clinical Significance of CSR

In an approximately 30 % of congestive heart failure patients, CSR of a cyclical
fluctuation with episodes of central apneas/hypopneas alternating with episodes of
hyperventilation is found [69-71], and it is more often found during nighttime sleep
than daytime wakefulness [72, 73].
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Fig. 8.5 Power spectral densities of heart rate (and respiratory variables) in a representative heart
failure patient with and without Cheyne-Stokes respiration (CSR). A peak oscillatory density in
heartbeats (and respiratory variables) is occurring at the very low frequency band during CSR,
which disappears when the CSR does not occur

8.5.2 Clinical Significance of Entrainment with CSR

Figure 8.5 shows a representative spectral analysis of heart rate variability in a heart
failure patient with CSR, which exhibits the peak frequency at the very low
frequency (VLF) band of <0.04 Hz.

In heart failure patients, the RSA with its peak at the HF band disappears [14]
and, instead, the heart rate variability with its peak at the VLF band appears
[22]. The power spectral peak in R-R interval and blood pressure dominates the
VLF band, and it occurs at precisely the same frequency as the peak in respiration,
which would be a reflection of entraining heartbeats with CSR (Entrainment with
CSR). However, there has not been definitive evidence that the heart rate and blood
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pressure oscillations at the VLF band are caused by CSR [74], which could
be triggered by obstructive sleep apnea [75], or other physiological
circumstances [76].

In a simulated CSR in healthy volunteers, the instructed fluctuated ventilation
amplifies oscillations in heart rate in the absence of hypoxia or arousal from sleep.
In the heart failure patients without CSR, the peak at the VLF band is not observed
[2, 74].

8.5.3 Implications

These findings imply that the Entrainment with CSR in congestive heart failure
might be a physiological synchronization of circulation with respiration within each
cycle length of respiratory periodicity, which could be comparable to the RSA
within each cycle length of tidal breathing.

8.6 Physiological Significances of CSR and Entrainment
with CSR

8.6.1 Physiological Significance of CSR

The animal model of CSR, to our knowledge, has been rarely prepared except for
those in anesthetized dogs quite long time ago [4, 7], and the computer simulation
models of CSR have been studied lately [9-11].

From the standpoint of cardiopulmonary efficacy, the mathematical model of the
CSR indicates that an intermittent working of the respiratory organs followed by
their resting has more advantages than continuous work of tidal breathing [77]. In
patients with advanced heart failure, the maximal inspiratory and expiratory pres-
sures are reduced by approximately 25-50 % [78], and the RSA of respiratory
fluctuation in R-R interval on ECG has almost disappeared [14].

Therefore, it could be assumed that the cyclic working and resting (hyperventi-
lation and central apnea/hypopnea) by the CSR would offset the risks of developing
respiratory muscle fatigue [79] and disappearing RSA with the mechanism of an
improved ventilation-perfusion efficiency [40].

8.6.2 Physiological Significance of Entrainment with CSR

The associate phenomenon of the Entrainment with CSR during CSR seemingly
has been out of focus of the investigation among most physiologists.
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In patients with congestive heart failure, stroke volume has been reported to
increase by 25 % during the hyperventilation phase compared with the apneic/
hypopneic phase [80]. Accordingly, the cardiac output increases, at least 25 %
during CSR, which could be generated by the Entrainment with CSR. Moreover,
in the majority of heart failure patients, the CSR is more enhanced during sleep than
wakefulness [72, 73], as is the RSA more enhanced during sleep than wakefulness
[12, 14, 81]. It has been known that the CSR is often exaggerated during exercise
rather than resting [82, 83]. Additionally, patients with atrial fibrillation are more
likely to have CSR than those with regular sinus rhythm [84, 85].

8.6.3 Implications

These findings imply that not only the alveolar gas volume interfacing with
sufficient blood flow but also the capillary blood volume interfacing with sufficient
fresh gas should be increased during the CSR hyperventilation phase. Hence, the
frequent coexistence of CSR in congestive heart failure is likely to improve the
efficacy of pulmonary gas exchange by entraining heartbeats with CSR.

These findings also imply that the CSR could offset the lack of RSA by
entraining heartbeats with CSR in congestive heart failure and atrial fibrillation,
in both of which prevalence of CSR is greater than the non-affected humans [69-71,
84, 85]. It is assumed that the cardiopulmonary efficacy could be improved to
compensate for the inability to adopt the physiological changes induced by sleep
and by exercise in heart failure or in atrial fibrillation.

8.7 Conclusions

The authors addressed the concept previously that “RSA benefits the pulmonary gas
exchange to enhance the energy efficacy of circulation by supplying “necessary”
heartbeats during inspiration and by saving “unnecessary” heartbeats during expi-
ration.” Analogously, we have proposed the further concept herein that “the
Entrainment with CSR might function to supply “effective” heartbeats during
the hyperventilation phase and save “ineffective” heartbeats during the apneic/
hypopneic phase with the cardio-pulmonary works to be minimal” by synchroniz-
ing heartbeats with breathing, which would be tested in the future in integrative
physiology [86].
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Chapter 9
Heart Rate Variability (HRYV)
and Sympathetic Nerve Activity

Ken Kiyono, Junichiro Hayano, Eiichi Watanabe,
and Yoshiharu Yamamoto

Abstract The available epidemiological and clinical data implicate increased
sympathetic nervous system activity in increased cardiovascular morbidity and
mortality and show that it has strong predictive power for mortality and cardiovas-
cular events. Analysis of heart rate variability (HRV) has been widely used as a
noninvasive assessment tool for autonomic nervous system function, and results
show that reduced and/or abnormal HRYV is associated with an increased risk of
mortality in cardiac patients such as patients after acute myocardial infarction and
patients with congestive heart failure. However, most indices derived from HRV
primarily reflect vagal function. In contrast, few indices have been suggested as
markers of sympathetic nervous system activity. This chapter reviews characteris-
tics of HRV that have been proposed as potential markers of cardiac sympathetic
activity, such as (in the frequency domain) low-frequency (LF) power, short-term
scaling exponent, and non-Gaussianity index. While there is no widely accepted
and well-tested HRV-based index of cardiac sympathetic activity, we discuss the
key issues for the assessment of cardiac sympathetic activity based on HRV
analysis.
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9.1 Introduction

In the complex network of the autonomic nervous system, the sympathetic nervous
system plays an important role in the regulation of cardiovascular function and in
the pathophysiology of a variety of disease states. To date, many epidemiological
and clinical studies have shown that increased activity of the sympathetic nervous
system leads to an increase in cardiovascular morbidity and mortality [1, 2]. For
instance, persistently elevated heart rate due to an autonomic imbalance in the
direction of sympathetic overactivity is a known cardiovascular risk factor and
predictor of cardiovascular mortality as well as of all-causes mortality [3—7]. This
association has been observed in general populations, in patients with hypertension
or diabetes, and in patients with cardiac diseases [3—-5, 7-11]. As shown by
measurements of muscle sympathetic nerve activity [12, 13] and of circulating
plasma catecholamines [14, 15], the available experimental evidence indicates that
sympathetic nervous system activity increases with age [16]. This age-related
change has been considered to be causally involved in the increasing incidence
with age of a variety of cardiovascular disorders, including heart failure, essential
hypertension, and ventricular arrhythmias [17, 18].

Moreover, the pathophysiological significance of sympathetic overactivity is
highlighted by the observation that, in patients with coronary disease, the use of
the short-acting calcium antagonist nifedipine in moderate to high doses causes an
increase in total mortality [19]. This could be due to a reflex increase in sympathetic
activity that would be expected from the pharmacodynamics of this agent [20]. On
the other hand, it has been shown that the p-adrenoceptor blocking agents
(B-blockers) used to antagonize the effects of sympathetic overactivity are particu-
larly useful for the treatment of cardiovascular disease [21-23]. In patients with
severe heart failure, sympathetic activity is markedly elevated, and high noradren-
aline levels are predictors of mortality [24—26]. Several large, randomized, placebo-
controlled clinical trials have shown that f-blockers, when combined with
angiotensin-converting-enzyme (ACE) inhibitors, substantially reduce mortality,
decrease sudden death, and improve symptoms in heart failure patients with
impaired systolic function [27, 28]. The beneficial effect of B-blockers in chronic
heart failure could be achieved by a number of possible mechanisms, such as
upregulation of myocardial beta 1 receptor density and/or reductions in heart rate,
blood pressure, myocardial oxygen consumption, and circulating levels of
vasoconstrictors [29].

In addition, studies using animal models have shown that sympathetic nervous
activity plays an important pathogenic role as a trigger of ventricular arrhythmias
and sudden cardiac death. Myocardial ischemia demonstrably increases the cardiac
sympathetic activity that contributes to malignant ventricular arrhythmias [30—
32]. For example, Schwartz et al. demonstrated that transient coronary occlusion
provokes a reflex increase in cardiac sympathetic activity that directly promotes
ventricular fibrillation [33, 34]. Moreover, in the setting of a healed myocardial
infarction, a combination of acute myocardial ischemia and physiologically elicited
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sympathetic overactivity can consistently induce malignant ventricular arrhythmias
[30, 31].

Accumulating evidence suggests that sympathetic overactivity is a potential
cause of fatal cardiovascular events and is presumably the major contributor to
arrhythmic events. Cardiac sympathetic activity in particular seems to be important
because sympathetic outflow is not necessarily uniformly distributed across all
organs, and the cardiac sympathetic nervous system is associated with a prognosis
of heart failure [2]. Therefore, noninvasively assessing sympathetic input specifi-
cally to the heart is of great importance.

A widely used noninvasive tool for the assessment of autonomic nervous system
activity is analysis of heart rate variability (HRV) [35]. Even under resting condi-
tions, heart rate is modulated almost continuously by the activity of the sympathetic
and/or parasympathetic (vagal) nervous systems. Therefore it is possible to evaluate
autonomic nervous system activity based on characteristics of the HRV time series.
Moreover, abnormality in the HRV characteristics, such as reduced variability, is
associated with higher mortality in cardiac patients [36-38]. Hence, the HRV
characteristics are expected to serve as diagnostic and prognostic markers of
various cardiovascular disorders and to have widespread application. However, it
is important to note that most HRV indices, including commonly used time-domain
and frequency-domain indices, primarily reflect vagal function. On the other hand,
there is no widely accepted and well-tested index of sympathetic nervous system
activity based on measurements of heart rate. Establishment of a powerful HRV
index probing sympathetic activity still remains an important and difficult task.

Among commonly used HRV indices, the low-frequency (LF: 0.04-0.15 Hz)
power of the HRV Fourier spectrum has been presumed to reflect some aspects of
cardiac sympathetic modulation, and the ratio of LF power to high-frequency (HF:
0.15-0.40 Hz) power (LF/HF ratio) indicates the sympathovagal balance
[35, 39]. In short-term HRV recordings (~ minutes), the relative power contribution
of the LF component is considered to reflect sympathetic modulation [40]. How-
ever, many studies using pharmacological, physiological, and psychological manip-
ulations affecting sympathetic activity, and hence, presumably, HRV, have
challenged the putative association of cardiac sympathetic activity with LF power
[41-44]. The interpretation of LF power and the LF/HF ratio in long-term HRV
recordings in cardiac patients is also controversial. For instance, in patients after
acute myocardial infarction (AMI), a decrease, not an increase, in LF power and
LF/HF ratio is commonly observed and is associated with an increased risk of
all-cause mortality [45—48]. The interpretation and clinical significance of the LF
component have aroused intense interest and persistent controversy.

To characterize the nonlinear and complex behavior of HRV, a variety of
nonlinear indices has been proposed [49, 50]. Nonlinear indices are expected to
provide information on HRV characteristics complementary to that from conven-
tional time- and frequency-domain indices as well as better diagnostic and prog-
nostic information. Among such nonlinear indices, a few, such as the short-term
scaling exponent a; [51-53] and the non-Gaussianity index [54-56], are suggested
to be associated with sympathetic activity. However, a mathematical link between
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a; and the LF/HF ratio can be shown [57, 58]. Thus, the interpretation of a
encounters problems similar to the case of the LF/HF ratio. On the other hand, an
association of increases in the non-Gaussianity index A,s¢.. With cardiac sympa-
thetic overactivity has been suggested based on the following observations:

1. Increased A,ss. Was consistently associated with increased mortality risk in
patients with congestive heart failure (CHF) and with increased cardiac mortal-
ity risk after acute myocardial infarction (AMI) [54, 55].

2. The A;s¢ec showed no substantial correlation with the HRV indices reflecting

vagal heart rate regulation in patients with CHF and following AMI [54, 55].

. The 2355 Was decreased post-AMI in patients taking p-blockers [55].

4. A marked increase in As4c observed in patients with CHF was not observed in
patients with multiple system atrophy or Parkinson disease who had sympathetic
dysfunction [56].

W

In this chapter, we review HRV indices proposed as potential markers of cardiac
sympathetic activity: frequency-domain indices (Sect. 9.2), short-term scaling
exponent a; (Sect. 9.3.1), and the non-Gaussianity index (Sect. 9.3.2). While
there is no widely accepted and well-tested HRV index of sympathetic activity,
we discuss the key issues and ideas for evaluating cardiac sympathetic activity
based on HRV analysis.

9.2 Low-Frequency (LF) Power of Heart Rate Variability

Frequency-domain HRV analysis based on power spectral estimation has been
widely employed to assess sympathetic activity [35]. In healthy subjects under
controlled conditions, a typical HRV power spectrum displays two well-defined
peaks corresponding to oscillating components in high-frequency (HF;
0.15-0.4 Hz) and low-frequency (LF; 0.04-0.15 Hz) bands (Fig. 9.1). The HF
component reflects synchronization between respiration cycles and HRV, also
referred to as respiratory sinus arrhythmia (RSA); and the LF component is
associated with Mayer waves (at approximately 0.1 Hz), which are oscillations
related to regulation of blood pressure and vasomotor tone. Spectral powers in the
HF and LF bands have most commonly been used in practical methods of nonin-
vasive assessment of autonomic nervous system activity.

HF power is generally accepted to reflect RSA, which is mediated by parasym-
pathetic activity. Therefore, HF power is taken as an index of cardiac parasympa-
thetic tone. However, it has been shown that sympathetic cardiac blockade
augments vagally mediated heart rate oscillations, including the HF component
[59, 60]. Therefore, the HF power is, in some degree, affected by sympathetic tone
and may not be a pure parasympathetic index [61].

In contrast, the interpretation of LF-power-related indices is controversial. Many
studies have presumed that LF power reflects both sympathetic and vagal influences
or that LF power in normalized units provides an index of cardiac sympathetic tone,
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Fig.9.1 Frequency-domain HRV analysis. (a) Time series of R-R intervals in a 31-year-old male
subject. The time series was resampled at evenly spaced intervals (2 Hz). (b) The decomposition of
the same time series into high-frequency (HF: 0.15-0.40 Hz), low-frequency (LF: 0.04-0.15 Hz),
and very-low-frequency (0-0.04 Hz) components. These three traces were obtained by inverse
Fourier transforming the corresponding frequency bands. (¢) Power spectral density (power
spectrum) of the same HRV time series. HF and LF areas under the power spectrum are equivalent
to the variance of the HF- and LF-component time series, respectively, shown in (b)

and the ratio of LF to HF power (LF/HF ratio) indicates sympathovagal balance
[35, 39]. In this view, an increase in LF power is assumed to indicate an increase in
sympathetic activity, and a higher value of the LF/HF ratio indicates a shift of
sympathovagal balance toward a sympathetic predominance. In short-term HRV
recordings under experimental conditions affecting autonomic response, the rela-
tive power contribution of the LF component is considered a marker of sympathetic
activity [39, 40]. However, many studies using pharmacological, physiological, or
psychological manipulations affecting sympathetic activity and HRV have chal-
lenged the putative association of cardiac sympathetic activity with LF power
[41, 42]. One important fact is that vagal blockade dramatically reduces LF
power [62], whereas sympathetic blockade has no significant effect [42]. The
available data suggest that over a wide frequency range including the LF and HF
bands, the HRV power spectrum is mainly determined by the parasympathetic
system [44]. It has also been suggested that LF power is an index of baroreceptor
reflex gain (or sensitivity) because of the contributions from oscillations in blood
pressure and vasomotor activity to this band [43, 63, 64].

More controversial is the interpretation of LF power and the LF/HF ratio in
patients with a marked reduction of ventricular function. In such patients, whereas
sympathetic activity is clearly elevated, a decrease in LF power and the LF/HF ratio
is commonly observed and is associated with increased risk of mortality
[47, 52]. Therefore, the clinical significance of the association of cardiac sympa-
thetic overactivity with LF power-related indices is questionable.

9.3 Nonlinear HRYV Indices and Sympathetic Activity

In the framework of linear stochastic processes as described by autoregressive
models, the power spectrum provides a complete characterization of the process
if the stationarity condition is fulfilled [65]. However, many real-world signals
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including HRV time series cannot be fully characterized based on the assumption of
stationary linear processes and display much more complex behavior. To quantify
such nonlinear properties, concepts and analysis methods developed in nonlinear
dynamics and statistical physics have been applied to HRV analysis. As a result,
various types of nonlinear HRV indices have been proposed: e.g., scaling exponents
characterizing fractal and long-range correlation characteristics [51, 66],
multifractal properties [67], Poincaré plot-based indices [68], entropy measures
[69-71], symbolic pattern statistics [70, 72], and non-Gaussian properties
[73]. Some nonlinear indices are expected to provide information on HRV charac-
teristics complementary to that from traditional linear methods, as well as better
diagnostic and prognostic information. However, their interpretations are not yet
fully elucidated. Among nonlinear indices suggesting clinical significance, a few,
such as the short-term scaling exponent ; [52, 53] and the non-Gaussianity index
[54-56], are suggested to be associated with sympathetic activity. In this section,
we discuss the association of sympathetic activity with these nonlinear indices.

9.3.1 Short-Term Scaling Exponent

The short-term scaling exponent a; is estimated by detrended fluctuation analysis
(DFA; see Fig. 9.2 for details) [51]. The DFA is used to quantify long-range
temporal correlations and fractal scaling properties of time series, as observed in,
for example, fractional Brownian motion and fractional Gaussian noise. This
method was developed to accurately quantify long-range temporal correlations
embedded in nonstationary time series.

In HRV analysis, short-term (<11 beats) and long-term (>11 beats) scaling
exponents, a; and a,, have commonly been calculated [47]. Decreased short-term
scaling exponent a; has been shown to have a more powerful prognostic power than
traditional HRV indices in various post-AMI populations [74-76]. In the Danish
Investigations of Arrhythmia and Mortality ON Dofetilide (DIAMOND-MI) trial,
patients post-AMI with a; <0.75 had a significantly increased risk of mortality
(relative risk 3.0), and the new index was more strongly related to outcome than
traditional HRV indices [47]. Additionally, in a study of consecutive patients with
acute MI, reduced short-term fractal exponent was independently associated with
recurrent nonfatal coronary events [77, 78].

Although the above findings suggest clinical significance for the short-term
scaling properties of HRV, the physiological interpretation of @; remains unclear.
In some studies, a; has been suggested to reflect the sympathovagal balance, similar
to the LF/HF ratio [52, 53]. This is understandable in light of the mathematical
relation between a; and the LF/HF ratio. Willson et al. showed mathematically that
a scaling exponent estimated by DFA corresponds to standard spectral analysis
[57, 58]. Based on the mathematical argument, it can be shown that a; is approx-
imately related to the LF/HF ratio by the expression:
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Fig. 9.2 Assessment of scaling exponents by detrended fluctuation analysis. The standard DFA
procedure is as follows: (1) after subtracting the mean from each data point, (a) R-R interval time
series {b(i)} is integrated (b); (2) the integrated time series {B(i)} is divided into equal-sized,
nonoverlapping segments of length n (b); (3) in each segment, the mean squared deviation from
the least-squares polynomial fit of degree £ is calculated (k=1 in ¢); the mean squared deviations
are then averaged overall segments and the square root F(n) is calculated; this computation (steps
[2] and [3]) is repeated over multiple time scales (window sizes) to characterize the relationship
between F(n) and n (d); a linear relationship on a log—log plot of F(n) as function of n indicates the
power—law scaling range; in this scaling range, the fluctuations can be characterized by a scaling
exponent a, the slope of the linear relation between log F(n) and log n. In HRV analysis, short-term
(<11 beats) and long-term (>11 beats) scaling exponents, a; and a,, have commonly been
calculated (e)

2
1+ 1/(LF/HFratio)’

) ~

where the symbol “~” denotes proportionality. In agreement with this expression, a
strong correlation between a; and the LF/HF ratio has been observed empirically.
Therefore, a; reflects aspects similar to those characterized by the LF/HF ratio,
although they are not exactly the same. As in the interpretation of the LF/HF ratio,
the association of a; with sympathetic activity appears to be questionable.

9.3.2 Non-Gaussianity Index

Kiyono et al. proposed the non-Gaussianity index as potentially related to cardiac
sympathetic over activity [54—56]. This index is calculated by multiscale probabil-
ity density function (PDF) analysis to characterize the intermittent and
non-Gaussian behavior of time series as shown in Fig. 9.3 [79, 80]. This type of
multiscale analysis method was developed to characterize the intermittent fluctua-
tions observed in hydrodynamic turbulence [81]. In this method, after detrending
via least-squares polynomial fitting, the intermittent behavior of the HRV, such as
the heterogeneity of the variance and burst-like patterns, is analyzed through the
process of deformation of a non-Gaussian probability distribution (Fig. 9.3b, ¢)
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Fig. 9.3 Multiscale probability density function (PDF) analysis for intermittent time series. (a)
An example of intermittent fluctuations generated numerically by a random cascade model
[80]. (b) Probability-distribution deformation process across scales s of partial sums (s=1,
4, 16 from top to bottom). Estimated PDFs (markers) from the time series (a) are plotted on
log—linear scales. The observed non-Gaussian shape at each scale is quantified by the
non-Gaussianity index A, which is defined as a parameter of a non-Gaussian distribution model
(solid lines) [80]. A large value of A, indicates a non-Gaussian shape with markedly fat tails and a
peak around the mean value. For comparison, a Gaussian distribution is also shown (dashed lines).
(c) Scale dependence of /152. In this plot, a gradual decline in /1S2 with increasing scale s indicates
the process of convergence to a Gaussian distribution

across scales of coarse graining (local averaging), and the observed non-Gaussian
shape at each scale is quantified by the non-Gaussianity index A,. The latter is
defined as a parameter of a non-Gaussian distribution model (see Figs. 9.3 and 9.4
for details). The greater the A, the greater the proportion of large deviations over
what is expected from the Gaussian distribution.

In a study using the non-Gaussianity index, Kiyono et al. reported that, in
patients with chronic heart failure (CHF), increased non-Gaussianity in the 24-h
ambulatory HRV predicted increased mortality risk, while none of the conventional
HRYV indices, including those reflecting vagal heart rate control, were predictive of
death [54]. Moreover, Hayano et al. reported that, following acute myocardial
infarction, increased non-Gaussianity index A,s¢ at a scale of 25 s was associated
with increased cardiac mortality risk, with predictive power independent of clinical
risk factors and other HRV predictors [55].

The aspects characterized by A,se.. are related to the amplitude modulation
properties of the LF component shown in Fig. 9.1b. The detrending procedure in
the multiscale PDF analysis acts as a high-pass filter that removes low-frequency
components below a given time scale, and the calculation of partial sums
(or increments of integrated series) acts as a low-pass filter. In the calculation of
Arssec, the combination of these procedures acts as a band-pass filter that passes
frequency components mainly in the LF band. Increased 1,5, indicates an increase
in the heterogeneity of the amplitude of the LF oscillation as seen in Figs. 9.3a, and
9.4, middle right. Note that the A,s¢. can change independently of the value of LF
power, the latter quantifying the variance of the LF component. Thus, the 4554, can
provide information complementary to that provided by conventional frequency-
domain indices.

The relationship between the autonomic nervous system and A,se. can be
understood in light of the following facts: (1) heart rate fluctuations at the scales
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Fig. 9.4 Representative examples of non-Gaussian heart rate fluctuations in a healthy subject and
in a patient with congestive heart failure. Shown are time series of normal-to-normal R-R intervals
(top row), standardized time series of coarse-grained heart rate variations {A,s...B(f)} (middle
row), and standardized probability density functions (PDFs) of Ajs..B(f) (bottom row). Estimated
values of the non-Gaussianity index A,s¢. are shown in each panel in the bottom row. The solid
lines represent the PDF approximated by a non-Gaussian model [79] with the parameter A;sgec. The
procedure used for this analysis is as follows: (1) time series of R-R intervals are interpolated and
resampled at 4 Hz, yielding interpolated time series {b(7)}; after subtracting the mean from
interpolated time series, integrated time series {B(¢)} are obtained by integrating {b(¢)} over the
entire length; (2) the integrated time series {B(f)} are divided into overlapping segments of length
2 s with 50 % overlap, where s is the scale of coarse graining (s =25 s in Fig. 9.4); in each segment,
the local trend is eliminated by a third-order polynomial fit; (3) coarse-grained variation AB(?) is
measured as the increment with a time lag s of integrated and detrended time series; (4) { AB(7) } is
standardized by its standard deviation to quantify the probability density function; then the
non-Gaussianity index A; is estimated based on the ¢-th order moment of {AB(f)} as

ﬂf(q) = q(qa % [ln (‘/EE“;,jf (f)\"]> — lnl"(%l)]. In the bottom row, A, is estimated based on the

0.25th order moment (¢ = 0.25) to emphasize the center part of PDF

corresponding to the HF and LF bands are mediated almost exclusively by neural
autonomic mechanisms [35, 82]; (2) the 4,5, showed no substantial correlation
with HRV indices reflecting vagal heart rate regulation [54, 55]; and (3) the A;s¢cc
was decreased in post-AMI patients taking p-blockers [55]. Based on these facts,
Hayano et al. suggested that A,s.. at least partly captures heart rate fluctuations
mediated by intermittent activations of cardiac sympathetic input [55].
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Fig. 9.5 Scale dependence of the non-Gaussianity index A,. (a) Results for patients with conges-
tive heart failure (CHF), both for survivors (n = 69) and nonsurvivors (n = 39) within a follow-up
period of 33 £ 17 months. (b) Results for patients with multiple system atrophy (MSA). (¢) Results
for patients with Parkinson disease (PD). Age-matched controls were selected from a database of
healthy subjects. Error bars indicate the 95 % confidence intervals of the group means. The gray,
shaded range corresponds to the low-frequency band (s <25 s). Marked increases in A in the gray
shaded scales are observed only in patients with CHF, particularly nonsurvivors (a)

In addition, Kiyono et al. reported that, in a study of ambulatory HRV that
included patients with multiple system atrophy (MSA) and patients with Parkinson
disease (PD), the marked increase in 4,54 Observed in patients with CHF was not
observed in the patients with MSA or PD who had sympathetic dysfunction
[56]. Both MSA and PD are progressive neurodegenerative disorders, although
the autonomic lesion in MSA is preganglionic sympathetic failure [83], and that of
PD is ganglionic and postganglionic [84, 85]. As shown in Fig. 9.5a, compared with
the age-matched healthy control group, the mean values of 4, in patients with CHF
display marked increases at the relatively small scales covering the LF band. On the
other hand, as shown in Fig. 9.5b, c, such marked increases were not observed in
patients with MSA or PD. This result also supports the view that an increase of A at
scales corresponding to the LF band (s <25 s) could be a hallmark of cardiac
sympathetic overdrive.

Although the above findings suggest an association of cardiac sympathetic
activity with the non-Gaussianity of the HRV, most studies evaluating HRV
using the non-Gaussianity index have been limited by relatively small cohorts.
Therefore, to confirm the clinical and prognostic significance of the non-Gaussianity
of HRV, additional prospective studies with larger cohorts will be required.

9.4 Conclusion

The majority of studies evaluating HRV in cardiac patients have shown that
reduced and/or abnormal HRV is associated with an increased risk of mortality.
In these studies, most HRV indices that predict mortality risk are considered to
primarily reflect reduced or impaired vagal function. In contrast, few HRV indices
are related to sympathetic function. In this chapter, we try to give a better under-
standing of the association between sympathetic nervous system activity and such
HRYV indices. Among HRYV indices that have been suggested as markers of
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sympathetic activity, increased non-Gaussianity of HRV may reflect the deleterious
effects of elevated cardiac sympathetic activity in cardiac patients. In addition,
some other nonlinear indices not mentioned in this chapter, such as approximate
and sample entropies [85, 86], have been suggested to be associated with sympa-
thetic activation. However, to explore the physiological and clinical significance of
such indices, a more extensive program of validation will be necessary in the future.
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Chapter 10
Heart Rate Variability and Cardiac Diseases

Eiichi Watanabe, Ken Kiyono, Yoshiharu Yamamoto,
and Junichiro Hayano

Abstract Heart rate variability (HRV) is a noninvasive methodology for evaluat-
ing the autonomic nervous system modulation of the sinoatrial node and to identify
patients at risk of cardiac disorders. The contemporary therapeutic use for the HRV
analysis is for risk stratification in patients with post-myocardial infarction or heart
failure who are prone to have arrhythmic death and who would benefit from
implantable cardioverter-defibrillators (ICDs). Although multiple HRV measure-
ments have been developed to achieve a better risk stratification, the HRV mea-
surements have been rarely tested to see whether they harbor a significant power to
serve as a practical risk predictor. To date, the only reliable metric to predict the
benefit from an ICD is a severely reduced ejection fraction; however, the predictive
value of the ejection fraction is relatively low. Because of the high negative
predictive value of the HRV, a combination with the ejection fraction may be
helpful to identify candidates who are unlikely to benefit from ICD therapy. A more
sophisticated risk approach that combines the HRV and other known clinical
measures should be developed to provide accurate estimates of the risk to allow
patients to make informed treatment decisions. Another requirement is to explore
the novel HRV measurements for atrial fibrillation. The prevalence of atrial fibril-
lation rapidly increases among the aging population and is independently associated
with a higher risk of ischemic strokes and excess mortality. The HRV measure-
ments specific for atrial fibrillation may facilitate the risk stratification in such a
high-risk population.
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10.1 Diagnostic Utilities of Heart Rate Variability

10.1.1 Ischemic Heart Disease
10.1.1.1 Before the Reperfusion Era

Historically, the heart rate variability (HRV) analysis has been used to assess the
risk of mortality and arrhythmic outcomes in patients with a post-myocardial
infarction (MI). Wolf et al. [1] first observed that a higher heart rate and reduced
heart rate variability in patients with an acute MI were related to in-hospital death.
They calculated the variance of 30 consecutive RR intervals using a 1 min ECG
recording in 176 patients at admission to the coronary care unit. Patients with an RR
interval variance of <32 ms had a higher mortality compared to those with that
>32 ms. However, they did not examine the prognostic value of those measures
after discharge. Kleiger et al. subsequently demonstrated the prognostic value of the
HRYV in post-MI patients enrolled in the Multicenter Post-Infarction Program
[2]. The data from 808 participants showed that those who had a reduced standard
deviation of all normal to normal RR (NN) intervals (SDNN) of <50 ms had a
higher mortality than those with an SDNN of >50 ms, with a crude annual mortality
of 13.3 % vs. 4.8 % (Fig. 10.1). Bigger et al. [3] evaluated the predictive value of the
frequency-domain measures in the Multicenter Post-Infarction Program patients.
They studied 24 h Holter ECGs recorded 2 weeks after an acute MI in 715 patients
and analyzed six HRV measurements (ULF, VLF, LF, HF, total power, and
LF/HF). The 4-year mortality rate was 38.5 % (all-cause death 119 [16.7 %],
cardiac death 88 [12.3 %], and arrhythmic death 68 [9.5 %]). They found that all
six measurements well predicted the mortality. Of those, the VLF power was more
strongly associated with arrhythmic death than with all-cause or cardiac death after
adjusting for the covariates. Bigger et al. subsequently demonstrated the prognostic
value of the power-law relationship in the Multicenter Post-Infarction Program
patients [4]. To derive the power-law relationship, the frequency-domain data are
plotted [log (power) vs. log (frequency)], and the inverse slope of this plot helps to
define the complexity of heart rate fluctuations. They found that the power-law
regression parameters are excellent predictors of all-cause death or arrhythmic
death and predict these outcomes better than the traditional power spectral bands.

The heart rate turbulence (HRT) implicates the baroreflex-mediated autonomic
influence on the sinoatrial node [5, 6]. In healthy subjects a ventricular premature
ectopic beat provokes a biphasic reaction of an early acceleration and late deceler-
ation of the heart rate, while in high-risk subjects such a reaction is diminished or
even completely nonexistent. Schmidt et al. [7] showed that the HRT is even a
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Fig. 10.1 Kaplan-Meier
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stronger risk predictor than the traditional time- or frequency-domain variables
using the Multicenter Post-Infarction Program patients.

10.1.1.2  After the Reperfusion Era

Timely reperfusion after an acute MI facilitates the cardiomyocyte salvage and
decreases the cardiac morbidity and mortality. The crude annual mortality from the
above studies decreased from approximately 10 % [2, 3] to 2-3 % in the current
studies [8—10], probably due to the multidisciplinary approach in acute MlIs
[11]. Data on the risk stratification in recent MI patients using traditional and new
methods have been reported. The GISSI study evaluated the prognostic value of the
HRYV in 567 patients with an acute MI who underwent thrombolytic therapy
[8]. They had 52 deaths (9.2 %) during a 1000-day follow-up. They found that the
time-domain analysis (SDNN, NN50+, and rMSSD) identified high-risk groups, but
the relative risk of these measures was at most 3. The ATRAMI study, where 63 %
of the patients received reperfusion therapy after an acute MI, showed that patients
with an SDNN of <70 ms or baroreflex sensitivity of <3.0 ms per mm Hg carried a
significant multivariate risk of cardiac mortality (3.2 [95 % CI 1.42-7.36] and 2.8
[1.24-6.16], respectively) after adjusting for the left ventricular ejection fraction
(LVEF) and ventricular ectopy [9]. The DIAMOND substudy assessed the use of
various fractal analysis methods of HRV from 24-h Holter recordings to predict
death in 446 patients with an acute MI and a depressed left ventricular function
[12]. They found that the short-term scaling exponent ol was the most powerful
measurement for predicting both arrhythmic and non-arrhythmic death.

Autonomic dysfunction occurring early after an MI has been shown to improve
over time [13].
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Data regarding the denervation during the early phase of an acute MI and
reinnervation during the late phase of an MI have been demonstrated in humans
[14, 15]. Furthermore, early revascularization, the use of p-blockers, and
angiotensin-converting enzyme inhibitor ameliorate the remodeling and modulate
the arrhythmia substrate following an MI [11]. The above three studies [8, 9, 12]
confirmed the ability of the HRV analysis for risk stratification in the early phase
after revascularization, whereas recent results demonstrated that the HRV measured
during the late phase after an acute MI (10-14 weeks) is more predictive of
mortality than those measured during the early phase after an MI (24 weeks)
[16]. Recently, Huikuri et al. examined the relationship between the magnitude of
recovery of the HRV or HRT recorded during the early and late phases of an
MI. They found that an attenuated recovery of the VLF and LF components of the
HRV and HRT was associated with a risk for serious arrhythmias but not with
non-arrhythmic death [17]. Early measurement of the HRV to identify those at high
risk should likely be repeated later in order to assess the risk of fatal arrhythmic
events in the late phase.

Recently, several new HRV measurements have been proposed and their pre-
dictive values have been reported. Bauer et al. [18] explored a novel HRV mea-
surement, termed the acceleration capacity (AC) and deceleration capacity (DC) of
the heart rate. They developed and validated the predictive accuracy of the AC and
DC using several large post-MI cohorts. They noted that an impaired DC of
<2.5 ms was an efficient predictor of mortality in patients with a reduced LVEF
(<30 %) as well as a preserved LVEF. They subsequently tested the incremental
value of the DC adding it to the HRT in other cohorts of post-MI patients [19]. They
found that patients with both an abnormal HRT and abnormal DC (called severe
autonomic failure [SAF]) had a higher mortality irrespective of the LVEF.

More recently, Kisohara et al. [20] proposed a modified AC and DC, which were
calculated with the time scales of T (window size defining heart rate) and s (wavelet
scale) from 1 to 500 s and compared their prognostic values with the conventional
measures proposed by Bauer (AC (conv) and the DC (conv)) that were calculated
with (T, s) = [1,2 (beat)] [18] (detailed explanation will be in the Part II, Chap. 7).
They used a cohort of 708 post-MI patients, with a crude annual mortality of 2.7 %.
They found that a decrease in the DC for the minute-order long-term heart rate
dynamics is a strong predictor of mortality, and their predictive power was inde-
pendent of the AC (conv) and DC (conv). This finding bolsters the role of a new DC
in the risk assessment among the post-MI patients and provides impetus for further
study of the incremental value of the DC in a reduced and preserved LVEF
population, respectively.

Kiyono et al. [21] previously reported a new HRV measure termed the
non-Gaussianity index (lambda: A) that characterizes an increased probability of
large heart rate deviations from its trend (detailed explanation will be in the Part II,
Chap. 9) [21]. A previous study reported that an increased 4 is an independent
mortality predictor among patients with chronic heart failure [22]. Hayano
et al. [23] recently examined the predictive value of 1 in 670 post-MI patients.
During a median follow-up period of 25 months, 45 (6.7 %) patients died (32 cardiac
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Fig. 10.2 Kaplan-Meier
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and 13 noncardiac deaths). An increased A predicted exclusively cardiac death after
adjustments for the covariates. The combination of an increased 1 and abnormal
HRT provided the best predictive model for cardiac death (Fig. 10.2).
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10.1.2 Heart Failure

The epidemiology of heart failure (HF) has been changing, with an increasing
proportion of patients being diagnosed with HF and a preserved left ventricular
ejection fraction (HFpEF), in addition to the classic HF with a reduced left
ventricular ejection fraction (HFrEF). Compared to those with HFrEF, the patients
with HFpEF are more often female, older, less likely to have coronary artery
disease, and more likely to have hypertension [24]. Despite advancement in the
heart failure treatment, the mortality rate of a HFpEF is similar to that of an HFrEF
[24]. The mode of death depends on the New York Heart Association functional
class. Patients with mild to moderate HF more frequently die suddenly, while those
with severe HF are more likely to die of pump failure [25].

10.1.2.1 Risk Stratification in Heart Failure with Reduced Left
Ventricular Ejection Fraction

Numerous studies have examined the prognostic role of various HRV measure-
ments in those with an HFrEF for years [26]. Although a decreased time-domain
HRV analysis, mostly the SDNN, has been considered as an independent risk
marker for all-cause death or pump failure death [27-31], data on predicting sudden
cardiac death is not consistent [32].

Much greater controversy exists in regard to the spectral analysis for the risk
stratification in patients with HFrEF. Galinier et al. [29] showed that ischemic heart
disease and a reduced LF power during the daytime were associated with sudden
death. La Rovere [33] analyzed the short-term spectral components (8 min) during
controlled breathing. They developed and validated the ability of a reduced short-
term LF power to predict sudden death. Guzetti et al. [34] showed that a decreased
VLF power at night was independently related to death from progressive pump
failure, while the reduction in the LF power during the night was linked to sudden
death. The role of the HRV in predicting the mortality of HF patients was recently
confirmed by the GISSI-HF Holter substudy [35]. They found that the LF, VLF, and
an abnormal HRT were associated with arrhythmic events defined as sudden death
or appropriate discharges from an implantable cardioverter-defibrillator (ICD).
These studies indicated that a spectral analysis for the risk stratification in patients
with HFrEF seems to be a better marker of sudden death compared to a time-
domain analysis. Finally, Maestri et al. [36] showed that nonlinear HRV indices
provide important prognostic information on top of clinical data. They found that
two variables (from empirical mode decomposition and symbolic dynamics fami-
lies) added prognostic information to the clinical model.
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10.1.2.2 Risk Stratification in Heart Failure Patients with a Preserved
Left Ventricular Ejection Fraction

The HFpEF patients are not covered by current indications for ICDs. In this patient
population, the HRT seems to be more useful in the risk stratification of sudden
death rather than the HRV. The aforementioned GISSI-HF Holter substudy [35]
demonstrated that an abnormal HRT in patients with an LVEF of >30% was
associated with a fourfold increased risk of arrhythmic events. In the HFpEF
patients (LVEF >35 %) from the MUSIC study, a combination of an abnormal
HRT, decreased HRV, and impaired QT interval dynamics provided the highest
accuracy in identifying high-risk groups for the all-cause mortality and sudden
death [37]. Further studies are required to test whether nonlinear HRV indices
provide prognostic information using a large cohort of patients with HFpEF.

10.1.3 Nonischemic Heart Disease

Patients with nonischemic cardiomyopathy are at an increased risk of sudden death
and heart failure death, with a 12-20 % estimated mortality rate at 3 years [38—
40]. They have frequent and high-grade ventricular ectopy and a reduced HRV like
those with ischemic heart disease. Currently, various risk stratifiers have been
reported, but available data, especially in nonischemic patients, are too small to
provide clear recommendations. A recent meta-analysis by Goldberger et al. [41]
examined the prognostic role in arrhythmic outcomes, in 6088 patients with
nonischemic dilated cardiomyopathy from 45 studies. They reviewed and validated
the predictive value of various tests including autonomic tests, echocardiographic
data, electrophysiologic studies, arrhythmias, surface ECG findings, signal-
averaged electrocardiograms, vectrocardiograms, and T-wave alternans. They
found that the measurements of depolarization (fragmented QRS) and repolariza-
tion (T-wave alternans) had a higher odds ratio, but none of the autonomic tests
(HRYV, HRT, and baroreflex sensitivity) were significant predictors of arrhythmic
outcomes.

10.1.4 Therapeutic Implications of the HRV (ICD
Implantations)

The contemporary therapeutic use for HRV analysis in post-MI or HF patients is the
selection of patients for prophylactic ICD therapy [42—44]. Presently, no definitive
recommendations can be given for the clinical use of noninvasive ECGs or Holter-
derived risk markers in selecting candidates for prophylactic ICD therapy.



170 E. Watanabe et al.

The contemporary practice is almost solely reliant on the LVEF for the risk
stratification; some studies demonstrated the incremental value of the HRV in
patients with a decreased LVEF in prospective ICD studies. In DINAMIT [45],
675 recent MI patients (day 6 to day 40) with an LVEF <35 % and SDNN <70 ms
(or mean 24 h heart rate of >80 bpm) were randomized to receive or not receive an
ICD. There was no significant difference in the survival rate between the groups.
The ICD reduced the arrhythmic mortality but increased the non-arrhythmic mor-
tality. In the ALIVE study [46], 3717 post-MI patients with a depressed LVEF were
randomized to a placebo and azimilide and classified them into low- and high-risk
groups on the basis of the triangular index of the HRV. By a multivariate analysis, a
low HRV was associated with the all-cause mortality, but it did not predict the
arrhythmic mortality. These data showed that linear HRV measurements in addition
to a depressed LVEF may not be a useful marker to isolate patients who will benefit
from ICD therapy.

The majority of the studies assessing the prognostic power of the HRV in post-
MI or HF patients have used all-cause mortality as the endpoint. Some studies have
suggested that a reduced HRV may be specifically related to arrhythmic events and
sudden death. The CHARISMA trial assessed the use of a combination of the HRV,
HRT, ambient arrhythmias, signal-averaged electrocardiograms, T-wave alternans,
and programmed electrical stimulation (PES) to predict fatal arrhythmias when
performed 6 weeks after an acute MI [47]. A total of 312 patients with a mean
LVEF of 31 % received an implantable ECG loop recorder to detect ventricular
fibrillation (VF) or symptomatic sustained ventricular tachycardia (VT). They
found that an adjusted hazard ratio of the reduced VLF component and induction
of sustained monomorphic VT during the PES was 7.0 and 4.8, respectively.
Although multiple HRV measurements have been investigated to achieve a better
selection, nonlinear HRV measurements have been neither analyzed in randomized
controlled ICD trials nor tested as to whether they harbor a significant power to
serve as a practical risk predictor. Recently, Au-yeung et al. [48] performed a
retrospective analysis on the HRV measurements and occurrence of VI/VF and
sudden death in the heart failure patients enrolled in the SCD-HeFT trial [40]. They
found that a combination of the fractal exponent (x1 and o2) and HRT or LF/HF
ratio, number of premature ventricular complexes, or triangular index of the HRV
could discriminate survivors and those who had appropriate discharges from their
ICDs. Of note, the high negative predictive value from these data identifies patients
who are not likely to experience ICD therapies with a 97.3 % certainty.

Sudden death due to VT/VF is a major mechanism of sudden death, and
pulseless electrical activity (PEA) and asystole occupy the rest [49]. There has
been a progressive decrease in the prevalence of sudden death presenting as VF in
recent publications, and a proportional increase in those presenting with
non-shockable rhythms [50-52]. It is plausible that, in addition to the differences
in the clinical characteristics and arrhythmic substrate, these two distinct mecha-
nisms of sudden death make it difficult to predict the onset of sudden death with a
high certainty (Fig. 10.3).
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Fig. 10.3 Why is it difficult
to predict sudden death? In
addition to the differences
in the clinical
characteristics and
arrhythmic substrate, two
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To date, the only reliable metric to predict the benefit from an ICD is a severely
depressed LVEF; however, the predictive value of the LV function is relatively low
[53]. HRV has a low positive predictive value, but a high negative predictive value
in predicting sudden death. Therefore, we suppose that a multivariable risk model-
ing should incorporate a Holter-based HRV analysis to refine the ICD patient
selection, especially to exclude patients who are unlikely to benefit from ICD
therapy. On the other hand, a risk model that incorporates a high positive predictive
value can identify those that would benefit from ICD therapy. The clinical utility of
noninvasive tests will be assessed in an ongoing randomized trial of ICDs
(REFINE-ICD; NCT identifier 00673842).

10.2 Other Indications for the HRV

10.2.1 Heart Rate Variability Just Before Sudden Death

If we can recognize specific precursors before the initiation of ventricular tachy-
cardia or ventricular fibrillation (VT/VF) by analyzing the HRV, these findings
could be helpful in implementing algorithms for an ICD to improve the diagnosis
and therapy of VT/VF. To date, several studies reported characteristic changes in
the time- and frequency-domain measurements before the onset of
VT/VF. Shusterman et al. [54] analyzed the HRV indices in 53 patients enrolled
in the ESVEM trial that included ischemic heart disease patients who had a history
of cardiac arrest, documented VF, sustained VT, or syncope. Only 10 % of the
patients were on f-blockers. They found that the VLF, LF, and HF declined 30 min
before sustained VT compared to that observed in the controls. In addition, the LF
and LF/HF ratio declined just before the onset of the VT. Osaka et al. [55]
performed frequency-domain analyses in 34 patients experiencing VF, cardiac
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arrest, or an acute MI and compared that to an age-, sex-, and disease-matched
cohort of 191 patients. They found that several hours before the onset of a cardiac
event, a transient decrease in the LF/HF was followed by an increase in the
LF/HF. However, conflicting results were reported in which neither time- nor
frequency-domain analyses failed to find characteristic changes in the RR dynamics
before the VT/VF [56]. Recent studies using nonlinear methods found a significant
difference in the RR dynamics before the occurrence of VT/VF. Makikallio
et al. [57] examined the heart rate dynamics in post-MI patients who had VT/VF
during Holter ECGs, where they found that a short-term fractal scaling exponent (o)
obtained by a detrended fluctuation analysis and the slope () of the power-law
regression line of the RR interval dynamics were the most powerful independent
predictors differentiating patients with VT/VF from the controls. Because the
deviations in the short-term slopes from the 1/f curve occur 15 min to 1 h before
the onset of VF, a fractal-like signal behavior may reflect changes in the autonomic
modulation of the heart. In another report by Wessel et al. [58], they analyzed the
linear and nonlinear parameters using 1,000 beat-to-beat intervals stored in an ICD.
They found that the time- and frequency-domain parameters were similar between
the patients with and without VT/VF, but the symbolic dynamics and finite-time
growth well discriminated those patients.

10.2.2 Atrial Fibrillation

Atrial fibrillation (AF) remains the most common, sustained arrhythmia and is
independently associated with a higher risk of an ischemic stroke, as well as a
poorer quality of life, higher hospitalization rates, and excess mortality [59]. Most
of the HRV studies, however, excluded AF patients from the analysis. In early
reports by Stein et al. [60] and Frey et al. [61], they demonstrated that an SD of a
5 min average ventricular response interval during a 24 h recording (SDAVI) was
associated with mortality in chronic AF. A previous study by Yamada et al. [62]
demonstrated the prognostic values of the linear and nonlinear dynamics of the
heart rate in patients with chronic AF. Data on 107 participants showed that reduced
nonlinear measurements by means of the Shannon entropy and approximate
entropy were independent predictors for death after an adjustment for the clinical
variables. The conventional linear measurements, however, were not significant
predictors (Fig. 10.4).

Although AF patients are in a prothrombotic state, few studies have examined
whether the nonlinear dynamics of the heart rate could predict ischemic strokes in
AF. We have recently shown that a novel complexity measurement of the HRV,
termed multiscale entropy, is a useful risk stratification measurement of ischemic
strokes in patients with permanent AF [63]. Data on 173 participants showed that
those who had a larger multiscale entropy in the VLF subrange (90-300 s) were
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Fig. 10.4 Kaplan-Meier curves for the cardiac mortality in patients stratified by the 33rd and 67th
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Fig. 10.5 Nelson-Aalen estimate of the ischemic strokes. During the mean follow-up of
47 £ 35 months (median 48 months), ischemic strokes were observed in 22 patients. The patients
were dichotomized by the mean value of the sampling entropy of a very low frequency
(MeanEny; g,) of 0.67. (a) All patients (n=173), (b) patients not taking antithrombotic drugs
(n=064), and (c) patients taking antithrombotic drugs (n = 109). There was a significant difference
in the ischemic stroke rates in all patients and the patients not receiving antithrombotic drugs
(Reprinted from Watanabe et al. [63] with permission)

highly associated with ischemic strokes after an adjustment of the clinical factors
and using a wide stroke risk stratification scheme, the CHA,DS,-VASc score [64]
(Fig. 10.5).
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10.2.3 Long QT Syndrome

Long QT syndrome is an inherited arrhythmic disorder characterized by a
prolonged QT interval on the surface ECG and lethal VTs. It is well acknowledged
that life-threatening arrhythmias are frequently precipitated by a sympathetic surge
such as emotional stress or vigorous exercise. It is not known why symptomatic and
asymptomatic patients exist even if they have the same gene mutations. Recently,
Bari et al. reported a significant difference in the autonomic tone and autonomic
regulation of the QT interval between asymptomatic and symptomatic gene muta-
tion carriers [65, 66].

10.3 Conclusions

Much interest exists in exploring various novel HRV measurements that identify
subsets of patients most likely to benefit from medical therapy, but none of these
prediction strategies have been proven to be sufficiently discriminative or have
received an independent validation for use in clinical practice. A more sophisticated
risk approach combining the HRV and other known clinical measurements should
be developed to provide accurate estimates of the risk in order to allow patients to
make informed treatment decisions.
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Chapter 11
Heart Rate Variability and Neurological
Disorders

Hisayoshi Oka

Abstract Heart rate variability (HRV) can generally be used to evaluate cardiac
autonomic function in patients with neurological disorders. The low-frequency
(LF) component of the RR interval on spectral analysis is influenced by both the
sympathetic and parasympathetic nervous systems, whereas the high-frequency
(HF) component of the RR interval mainly reflects cardiovagal tone. The ratio of
the power at LF to that at HF (LF/HF) has been suggested to be an indicator of the
sympathetic nervous system. LF and LF/HF were reduced even in early-stage de
novo Parkinson’s disease (PD) without orthostatic hypotension, despite no signif-
icant difference in HF. This finding indicated that sympathetic nerve dysfunction in
the sinus node occurs in patients who have early-stage PD without parasympathetic
nerve dysfunction. Cardiovascular function as evaluated by HRV was also associ-
ated with olfactory impairment. Reduced LF and HF components were found in
multiple system atrophy. It seems that the impairment was more severe than that in
PD. Although autonomic dysfunction in patients with progressive supranuclear
palsy (PSP) has been controversial in previous studies, no clinically significant
autonomic dysfunction was found in PSP patients who underwent evaluation of
HRV. In dementias, the evaluation of HRV revealed reduced cardiac vagal dener-
vation in dementia with Lewy bodies (DLB) and Parkinson’s disease with dementia
(PDD) and partial impairment of sympathovagal balance and abnormal postural
heart modulation in Alzheimer disease (AD). It is thought that patients with
ischemic stroke have depressed parasympathetic activity in the acute or chronic
stage, while the impairment of sympathetic activity remains conflicting. HRV
revealed that both sympathetic and parasympathetic functions were significantly
decreased in patients with early-stage familial amyloid polyneuropathy (FAP),
while sympathetic activity was more decreased in patients with advanced-stage
FAP. Cardiac autonomic neuropathy (CAN) was evaluated by spectral analyses of
the RR interval in diabetes mellitus. Parasympathetic dysfunction was apparently
present in patients with mild autonomic dysfunction, while sympathetic dysfunc-
tion was observed in patients with moderate or severe autonomic neuropathy. A few
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studies that used a 24-hour (24-h) heart rate power spectrum to evaluate autonomic
dysfunction in Guillain-Barré syndrome have been reported. The HF component
was significantly decreased at the height of the disease, and the LF/HF ratio
increased as compared with the follow-up value after 1 year. Spectral analysis of
HRYV showed significantly reduced LF and HF components, and LF/HF was
significantly greater in ALS patients than in healthy subjects. HRV is a useful
marker of cardiovascular autonomic dysfunction in neurological disorders because
it can be determined simply and noninvasively.

Keywords Parkinson’s disease ¢ Multiple system atrophy < Progressive
supranuclear palsy ¢ Orthostatic hypotension « Sympathetic and parasympathetic
nervous system ¢ Parkinson’s disease with dementia « Dementia with Lewy bodies *
Alzheimer disease ¢ Ischemic stroke ¢ Cardiac autonomic neuropathy ¢ Diabetes
mellitus ¢ Familial amyloid polyneuropathy

11.1 Introduction

Heart rate variability (HRV) can generally be used to evaluate cardiac autonomic
function in patients with neurological disorders. The high-frequency power (HF) of
RR intervals is significantly affected by vagal gains and is quite independent of
sympathetic gains [1-3], as demonstrated clinically and experimentally by auto-
nomic maneuvers such as electrical vagal stimulation, muscarinic receptor block-
ade, and vagotomy. The HF of RR intervals is derived mainly from vagal activity.
In contrast, the low-frequency power (LF) of RR intervals reflects both sympathetic
activity and vagal activity. LF has been reported to be a quantitative marker of
sympathetic modulations. The ratio of LF to HF (LF/HF) is considered to be
influenced by the balance between sympathetic and parasympathetic activity.
LF/HF is thought by some investigators to mirror sympathovagal balance or to
reflect sympathetic modulations [4—6].

11.2 Neurodegenerative Disorders

11.2.1 Parkinson’s Disease

Parkinson’s disease (PD) is associated with resting tremor, rigidity, bradykinesia,
and gait disturbance. PD is an important degenerative disease because of its high
prevalence and non-motor symptoms such as autonomic dysfunction [7, 8]. Clini-
cally significant dysfunction, such as orthostatic hypotension (OH) or postprandial
hypotension, can occur in PD [8], although the autonomic dysfunction in PD is not
as severe as that associated with multiple system atrophy [9-16]. OH occurs in
20-50 % of patients with PD and can contribute to falls and other accidental
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traumas [17-20]. Cardiac autonomic dysfunction develops early in Parkinson’s
disease before peripheral sympathetic dysfunction, as demonstrated by drops in
blood pressure. Sympathetic failure in PD is common. OH is the most frequent
symptom and the hallmark of sympathetic failure. Cardiac sympathetic denervation
may occur very early and orthostatic dysregulation later in the course of PD
progression. Decreased cardiac uptake of MIBG in Lewy body disease reflects
cardiac sympathetic denervation, which precedes neuronal loss in sympathetic
ganglia [21].

Parasympathetic dysfunction frequently occurs in PD and is manifested as
constipation, bladder disturbance, and cardiac autonomic dysfunction. The patho-
genesis of the parasympathetic nervous dysfunction associated with cardiac dys-
function in PD remains unclear. The cardiac parasympathetic nervous system might
be relatively preserved in patients with PD. In fact, many studies have reported that
the baroreceptor reflex of patients who have early-stage PD without OH is not
severely impaired [22-25]. Cardiovagal efferent innervation, which produces reflex
bradycardia, is mainly mediated by the nucleus ambiguus, which does not appear to
suffer cell loss in patients with PD [26].

Quantitative autonomic testing of neurological patients has been reviewed
recently [27], including Ewing’s protocol [28] and HRV [29]. Spectral analysis of
RR interval variations showed that RR-LF and LF/HF in early-stage de novo PD
without OH were reduced as compared with the values in controls, despite no
significant difference in RR-HF. The low RR-LF and LF/HF with preserved RR-HF
indicate that sympathetic nerve dysfunction in the sinus node occurs in patients with
early-stage PD without parasympathetic nerve dysfunction (Table 11.1) [30].

Sorensen et al. [31] documented cardiovascular autonomic dysfunction during
wakefulness and sleep in patients with idiopathic rapid eye movement (REM) sleep
behavior disorder (iIRBD) and PD in whom HRV was evaluated. They reported that
patients with iRBD had attenuated sympathetic nervous system activity as com-
pared with controls, and this finding was more pronounced in patients with PD. As
mentioned above in Oka’s report [30], the cardiac parasympathetic nervous system
may be relatively well preserved in patients with PD as well as iRBD, and
sympathetic nervous dysfunction may progress in line with the postganglionic
sympathetic nervous dysfunction seen in early PD.

Previous studies have reported that the autonomic dysfunction in PD is associ-
ated with disease characteristics such as progression and duration during wakeful-
ness [32, 33]. Several studies have demonstrated a relation between autonomic
dysfunction and PD severity by evaluating the circadian fluctuations of HRV in PD
patients [34, 35]. Covassin et al. reported that PD severity was significantly related
to nocturnal HRV indices, and such associations were restricted to REM [36]. HRV
has also been used to assess therapy in PD. Liu et al. have examined whether
subthalamic nucleus deep brain stimulation (STN-DBS) affects functions of the
autonomic nervous system as assessed by spectral analysis of HRV. They reported
that the power of LF and HF components was significantly activated in the
stimulation “on” groups by STN-DBS [37].
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Table 11.1 Hemodynamic autonomic function on the Valsalva maneuver and spectral analyses of
RR intervals and blood pressure in control subjects and patients with de novo PD without OH

Control n=20 De novo PD without OH n =20 P value
BRSII (ms/mmHg) 36+22 27+1.9 ns
BRSIV (ms/mmHg) 6.1+4.0 40+3.6 ns
Phasell_E (mmHg) 20.5+16.8 21.2+13.6 ns
Phasell_L (mmHg) 149+ 12.7 9.5+8.6 ns
PhaselV 22.74+9.5 11.6+9.5 0.001
PRT 2.1+1.1 4.6+t44 0.008
RR-LF (ms?) 25.7+21.8 127+£11.2 0.037
RR-HF (ms?) 20.7+17.4 22.0+19.8 ns
LF/HF 1.55+1.17 0.61+0.29 0.003
SBP-LF (mmHg?) 0.48 +£0.35 0.30£0.30 0.040

PD Parkinson’s disease, OH orthostatic hypotension, BRS II baroreceptor reflex sensitivity in
phase II, BRS IV baroreceptor reflex sensitivity in phase IV, Phase Il E systolic blood pressure
(SBP) decrease in early phase II, Phase II L SBP increase in late phase 11, Phase IV the overshoot
of blood pressure in phase IV, PRT blood pressure recovery time (time interval from the end of
phase III to the complete return of SBP to the baseline value), RR-LF low-frequency component of
RR interval, RR-HF high-frequency component of RR interval, LF/HF ratio of LF to HF, SBP-LF
low-frequency component of systolic blood pressure

An association between non-motor symptoms and cardiovascular dysfunction as
evaluated by HRV was recently reported in PD. The relations of olfactory function
(odor stick identification test Japan, OSIT-J) to cardiovascular function as evaluated
by HRYV assessed on the basis of the coefficient of variation of RR intervals, cardiac
'231_MIBG uptake of the heart, orthostatic hypotension, and other clinical variables
were studied. The OSIT-J score was related to the cardiac '>>I-MIBG uptake, the
fall in orthostatic blood pressure, and HRV, after adjustment for other clinical
variables (Fig. 11.1) [38]. Kang et al. also reported that olfactory dysfunction in
PD positively correlated with reduced HF bands on spectral analysis of RR intervals
and suggested that olfactory involvement is associated with parasympathetic
dysautonomia in cardiovascular systems [39].

11.2.2 Parkinson’s Disease-Related Disorders
11.2.2.1 Multiple System Atrophy

It is well known that signs of dysautonomia such as orthostatic hypotension,
abnormalities in bladder and bowel control, and temperature dysregulation are
distinctive features in multiple system atrophy (MSA) [40]. A 24-h analysis of
HRYV was effective for characterizing cardiac autonomic status in MSA. Moreover,
HRYV variables negatively correlated with disease duration and severity [10]. Our
previous study demonstrated reduced low RR-LF and HF components on spectral
analysis of RR intervals (Table 11.2) [41].
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Fig. 11.1 Correlations between the OSIT-J score and HRV. A significant correlation between the

OSIT-J score and HRV was found. HRV was assessed by the coefficient of variation for RR
intervals. OSIT-J odor stick identification test Japan, HRV heart rate variability

Table 11.2 Comparison of spectral analysis of RR intervals between control and MSA

Control (n=40) MSA (n=10) P value
RR-LF 280+ 197 125+99 0.015
RR-HF 213 +200 48 +37 0.001

Brisinda et al. [42] evaluated autonomic nervous system dysfunction in PD and
MSA using the Cardiac Autonomic Nervous System Evaluation protocol
(CANSEp), which consisted of Ewing’s protocol and the analysis of HRV
(HRVa). Ewing’s protocol scores were higher in MSA than in PD and controls.
HRVa revealed abnormal autonomic function in PD and MSA, as compared with
controls. Markedly decreased LF and HF powers were found in PD and MSA,
during both daily activity and sleep. In PD, depressed vagal tone was predominant
during sleep, whereas in MSA, depressed sympathetic tone prevailed during daily
activity.

11.2.3 Progressive Supranuclear Palsy

Autonomic dysfunction in progressive supranuclear palsy (PSP) remains contro-
versial. Some studies found no significant autonomic dysfunction in PSP patients
[43-46], whereas others reported autonomic cardiovascular abnormalities in PSP
patients [14, 47-50]. Holmberg et al. [51] evaluated autonomic function in PD,
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24

Control PSP PD MSA

Fig. 11.2 Relative heart rate variability (HRV) during controlled deep breathing in the patient
groups and healthy controls. Mean levels and S.E.M. are shown. HRV was significantly reduced in
the multiple system atrophy (MSA) group (**P < 0.01), whereas no significant difference (not
significant, n.s.) was found in the Parkinson’s disease (PD) or progressive suparanuclear palsy
(PSP) groups as compared with the controls

PSP, and MSA by means of laboratory autonomic tests, which included analysis of
HRYV at rest and during deep respiration, as well as blood pressure changes during
75° head-up tilt. Decreased HRV and severe hypotensive responses were seen in
MSA patients regardless of age and disease duration, whereas this combination of
findings was seen only in PD patients who were very elderly and had a prolonged
disease duration. In PSP, only a few patients showed decreased HRV, and hypo-
tensive responses were limited (Fig. 11.2).

11.3 Dementias

Resting HRV and heart rate changes to deep breathing (HRDB) and to standing
(30:15 ratio), which indicate cardiac vagal denervation, are reduced in DLB.
Cardiac vagal dysfunction is also found in dementia with PD (PDD) [52, 53]. Dif-
ferences among dementia with Lewy bodies (DLB), PDD, and PD without demen-
tia with respect to the involvement of the autonomic nervous system have been
demonstrated in a study investigating cutaneous and cardiovascular autonomic
functions in patients with Lewy body disease [53]. That study used the coefficient
of variation of RR intervals (CVRR) to estimate cardiovascular function. Abnor-
mally low values of CVRR were observed in half of the patients with DLB, as
compared with 25 % of the patients with PDD and PD. The mean CVRR value was
significantly lower in the patients with DLB (Fig. 11.3). It was also reported that
sudomotor function may be severely affected in Lewy body disorders, while skin
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vasomotor function and the cardiovascular system may be more severely affected in
DLB and PDD than in PD.

Allan et al. [52] used spectral analysis of HRV to assess cardiovascular auto-
nomic function in patients with Alzheimer disease (AD), vascular dementia (VaD),
DLB, and PDD. They reported that the severity of cardiovascular autonomic
dysfunction differed significantly among these four types of dementia. These four
groups of patients also showed significant differences in total spectral power as well
as LF and HF components (Table 11.3). Mean RR interval, very LF component, and
LF/HF ratio did not differ significantly among the four groups, while LF and HF
components were lower in patients with PDD than in healthy controls. The LF and
HF components were also reduced as compared with the AD patient group. The LF
components in patients with DLB were significantly lower than those in the healthy
controls. Allan et al. [52] also evaluated cardiac autonomic dysfunction using
Ewing’s protocol to perform autonomic function tests in patients with dementia.
Ewing’s protocol consisted of five tests, consisting of three predominantly para-
sympathetic tests and two predominantly sympathetic tests, to assess autonomic
dysfunction at bedside [54]. The test results were used to classify autonomic
dysfunction into five groups according to severity [55, 56].

According to Ewing’s protocol, PDD was consistently associated with impair-
ment of both parasympathetic and sympathetic function as compared with controls
and AD. DLB showed impairment of parasympathetic function. PDD showed
significantly higher impairment than DLB in terms of the Valsalva ratio, considered
an indicator of parasympathetic function. Patients with VaD showed impairment
based on the Valsalva ratio. Autonomic dysfunction occurs in all common demen-
tias but is especially prominent in PDD and has important treatment implications
[52]. Several studies have also described partial impairment of the sympathovagal
balance and abnormal postural heart modulation in AD [57, 58], while recent
reports indicate that cardiovagal dysfunction in AD correlates with cognitive
decline [59], although resting HRV can be normal [60].
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11.4 Cerebrovascular Disease

Autonomic dysfunction is frequently seen in patients with ischemic stroke
[61, 62]. Patients with ischemic stroke have depressed parasympathetic activity in
the acute or chronic stages, while the impairment of sympathetic activity remains
controversial [63]. Acute cerebrovascular diseases are thought to significantly
decrease HRV as a result of cardiovascular autonomic dysregulation. Decreased
HRYV has been demonstrated in stroke by cardiovascular reflex tests [64], as well as
by spectral analysis of HRV based on 24-h ECG recordings [65, 66]. The HF and
LF spectral components of HRV seem to be persistently reduced in hemispheric
lesions [67, 68]. It is also known that decreased HRV is an independent predictor of
mortality in patients with acute ischemic stroke [69]. The underlying mechanisms
of these findings in patients with ischemic stroke remain to be elucidated. Increased
sympathetic activity has been reported in acute stroke in some studies [61],
although Korpelainen et al. found no impairment of sympathetic activity in patients
with acute ischemic stroke [63]. The increased blood pressure variability in patients
with acute stroke has been attributed to impaired baroreceptor reflex sensitivity
(BRS) associated with the central parasympathetic and sympathetic nervous sys-
tems [62, 69]. Impaired BRS has also been linked to increased long-term mortality
after acute stroke.

Xiong et al. [70] have studied whether autonomic function is impaired during
different phases in ischemic stroke, using Ewing’s protocol of autonomic function
tests as well as spectral analysis of HRV. Stroke patients in both the acute and
chronic phases had significantly lower LF than did controls. On autonomic function
testing by Ewing’s protocol [53-55], patients with acute ischemic stroke showed
impairment in two parasympathetic tests (Valsalva ratio, heart rate response to deep
breathing), while those in the chronic stage showed impairment in all parasympa-
thetic tests as compared with controls. They concluded that autonomic dysfunction
in ischemic stroke persisted in the chronic stage (up to 6 months) after stroke and
that parasympathetic dysfunction rather than sympathetic dysfunction predomi-
nates after ischemic stroke. The mechanism underlying the autonomic impairment
in patients with stroke remains unclear. A few studies have assessed cardiovascular
autonomic function in subtypes of ischemic stroke [71, 72], but the results were
conflicting. One study reported that there was no significant association between
impaired autonomic function and subtypes of acute ischemic stroke [73], whereas
another study demonstrated that patients with acute atherosclerotic infarction of
large arteries had lower parasympathetic activity and higher sympathetic activity
than those with acute lacunar infarction [71]. Xiong et al. [73] evaluated cardio-
vascular autonomic function in ischemic stroke patients with large-artery athero-
sclerosis (LAA) and patients with small-vessel occlusion (SCO) by performing
autonomic function tests by Ewing’s protocol and spectral analysis of HRV. The
results demonstrated that cardiovascular autonomic dysfunction was influenced by
the subtype of ischemia and that patients with LAA had more severely impaired
parasympathetic and sympathetic functions than those with SCO (Table 11.4).



H. Oka

188

sdnoi3 [re ssoxoe uostredwos 10y sonfeA g sjuesarday],

Kouanbaiy y3y 4y ‘Kouanbary moy 47

(ID % S6) ueaw a1ayMm,, 10y 1dooxa (93uel snrenbrajur) ueipaw se passaidxs ereq

s[onuod pue sjuarred ) usamlaq orjel JH/JT 10 ‘Jomod JH ‘1omod g7 A1oa ‘sarouanbaiy

K103R11dSOX ‘T UBSW UT SOOUSISJJIP OU AIoM I, "S[OIIU0D oY) [3im paredwrod se sdnois juened QA S pue Yy 9y} ur paonpar Apueoyrusis sem romod 7

€01°0 W0 1T 0T+0) 1T (67-80) LT AH/AT
1120 (89€9—+TH) 9621 (8'976-6°66) 6'1€C (TTES—9SLT) +L8¢E (;sun) Jomod [ero],
6210 W' ILI=S'SD) ¥'0€ (L'§91-6°LT) 9°0S (6°L91-1°6€) 'S8 (;sur) romod Kouanbory-ysry
6100 (T'L81-6'81) 8'LS (9°811-5"87) 8'+S (6'T€EC-6TS) L'T¥1 (;sur) romod Kouanbary-moy
6¥T0 (€'TEC-T'LD) 0°9S (TILT—0€) ¥'59 (S'70T-8'CS) 676 (;sur) 1omod Kouanbary-moy A10A
urewop Aoduanbory

6680 [o1-¢1] #1 [o1—C1] ¥1 [sT—c1l €1 (wdd) Kouenbaiy Suryrearg
681°0 (1°€98-LT9L) 6'T18 (L'668-8°0€8) T'698 (€968—€918) €968 (sw) [eAIOIUT Y-Y SunNsAY
urewop owiJ,

«d OAS Pm sjuaned ; VYV Yum syuaned 7 sjonuo) 7 sisougelq

AJ[IqeLreA djel 1IedH

[o1u0o pue aoxs jo sadAigns Suowe A¥H jJo suostredwo) 1Y QL



11 Heart Rate Variability and Neurological Disorders 189

Although the pathophysiologic basis of cardiovascular autonomic dysfunction
remains unclear, it has been reported that damage of the cortical or subcortical
structures or the neural pathways can induce dysregulation in the cardiovascular
autonomic system. The insular cortex of the cerebral artery territory is considered
the most important region for sympathetic and parasympathetic regulation of the
cardiovascular autonomic system [74, 75]. The insular cortex has connections with
the autonomic regulatory areas located in the subcortical limbic and forebrain
regions [76]. The frequency of supraventricular tachycardia has been reported to
be higher in patients with right hemispheric lesions than in those with left hemi-
spheric lesions. Stimulation of the human right insula increases sympathetic car-
diovascular tone, whereas parasympathetic activity increases more frequently
during left insular stimulation [74, 77]. Left insular lesions may induce an increased
incidence of new-onset atrial fibrillation [78]. The insular cortex appears to play an
important role in regulating cardiovascular autonomic functions, and other regions
of the brain, such as the forebrain or brain stem, may participate in cardiovascular
regulation.

11.5 Peripheral Neuropathy

11.5.1 Familial Amyloid Polyneuropathy

Familial amyloid polyneuropathy (FAP) is a hereditary and polyneuropathic dis-
ease with long-term progression. Autonomic neuropathy occurs in most patients
with early-onset FAP, while it is less prominent in late-onset FAP [79]. These
patients often have cardiovascular, gastrointestinal, and urinary system dysfunc-
tion. Cardiovascular circulatory dysfunction is responsible for orthostatic hypoten-
sion. It can cause fatigue, blurred vision, or dizziness on standing. Postprandial
diarrhea and constipation alternately occur. Erectile dysfunction is an early feature
in men. Dysuria and urinary retention may develop in late stage.

Kinoshita et al. [80] evaluated autonomic dysfunction in patients with FAP by
time and frequency domain analysis of HRV. The 24-h electrocardiograms of
subjects in sinus rhythm and off medication were analyzed. The power spectra of
LF and HF and the LF/HF ratio were calculated. Global measures of HRV,
including the standard deviation of mean RR intervals (SDNN) and the standard
deviation of 5-min mean RR intervals (SDANN), were decreased in patients with
FAP. Specific vagal effects on HRV, including the proportion of RR intervals more
than 50 ms different (pNN50) and the HF power on spectral analysis, were less in
patients with FAP. LF power and LF/HF ratio were also more decreased in patients
with FAP. They concluded that HRV was significantly decreased in patients with
early-stage FAP, whereas sympathetic activity was more decreased in patients with
advanced-stage disease. They also mentioned that the decrease in HRV is an



190 H. Oka

indicator of FAP and that the power spectral analysis of HRV is useful for assessing
the severity of autonomic dysfunction.

11.5.2 Diabetic Autonomic Neuropathy

Cardiovascular autonomic neuropathy (CAN) is frequently found in patients with
diabetes mellitus and is a common form of autonomic dysfunction. Parasympa-
thetic dysfunction in the heart induces a high resting heart rate and a fixed heart rate
with advanced nerve dysfunction caused by vagal neuropathy, which results in
increased sympathetic outflow [81, 82]. CAN has been evaluated by spectral
analyses of the RR interval in patients with diabetes mellitus. Correlations between
spectral analyses of the RR interval and various clinical features or the severity of
autonomic neuropathy were assessed [83]. Figure 11.1 shows the relation between
the severity of autonomic neuropathy and the spectral analysis of the RR interval in
diabetic autonomic neuropathy. The severity of autonomic nervous dysfunction
was scored by the Valsalva ratio, overshoot, cold pressor response, coefficient of
variation of the RR interval (CV-RR), and orthostatic hypotension. The results of
these tests were graded as normal (score 0) or abnormal (score 1). The subjects were
classified into four groups according to the severity of autonomic dysfunction,
which was based on the total scores of the tests: group I (score 0), group II (score
1-2), group III (score 3—4), and group IV (score 5). Normal controls were evaluated
as group C. There were no significant differences in RR-LF between group C and
group I or group II. The RR-LF was significantly smaller in groups III and IV than
in groups C, I, and II. The RR-HF was essentially the same in groups I and C but
differed markedly between groups II and C. The RR-HF was significantly smaller in
groups III and IV than in group C. The results suggested that parasympathetic
dysfunction was present in patients with mild autonomic dysfunction, while sym-
pathetic dysfunction was observed in patients with moderate or severe autonomic
neuropathy (Fig. 11.4).

CAN is associated with an increased risk of mortality, as well as orthostatic
hypotension [84]. Impaired autonomic control of heart rate is known to be linked to
an increased risk of mortality. Fatal arrhythmias in diabetes may be caused by
reduced parasympathetic function or increased sympathetic activity [81]. Maser
et al. [85] performed a meta-analysis examining the relation between CAN and the
risk of mortality in individuals with diabetes. Fifteen studies published in English-
language journals from 1966 to 2001 that included a baseline assessment of
cardiovascular autonomic function and mortality follow-up were identified. CAN
was found to be significantly associated with subsequent mortality when autonomic
dysfunction was defined as the presence of abnormalities on two or more tests of
HRV. Ziegler et al. [86] have also evaluated whether reduced HRV, prolonged
corrected QT (QTec) interval, or increased QT dispersion (QTD) are predictors of
mortality in the general diabetic and nondiabetic population. They reported that
prolonged QTec interval, but not increased QTD, is an independent predictor of an
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Fig. 11.4 Severity and spectral analysis data in diabetic autonomic neuropathy. C Control.
I (score 0): patients without autonomic neuropathy. /I (score 1-2): patients with mild autonomic
neuropathy. /Il (score 3—4): patients with moderate autonomic neuropathy. /V (score 5): patients
with severe autonomic neuropathy

increased risk of mortality in the nondiabetic and diabetic elderly general popula-
tion and that low HRV during spontaneous breathing tends to be associated with
excess mortality in the diabetic but not in the nondiabetic population [87].

11.5.3 Guillain-Barré Syndrome

Autonomic dysfunction frequently occurs as an important complication in approx-
imately two-thirds of patients with Guillain-Barré syndrome (GBS). GBS is often
associated with various types of autonomic dysfunction, including cardiovascular,
vasomotor, or sudomotor dysfunction [88]. HRV has been analyzed in patients with
GBS. Several studies used a 24-h heart rate power spectrum to evaluate autonomic
dysfunction in GBS. Flachenecker et al. [89] estimated HRV by power spectrum
analysis for up to 1 year in patients with GBS. At the peak of the disease, the HF
component decreased significantly. The LF/HF ratio increased as compared with
the follow-up value after 1 year. Both of these variables gradually returned to
normal with time. In patients who presented with tachycardia, LF and HF power
were strikingly decreased as compared with patients who had normal heart rates,
while in patients showing vagal over-reactivity, the power of both spectral bands
significantly increased. They concluded that spectral analysis of HRV is useful for
investigating cardiovascular neural regulation in patients with GBS, and the
sympathovagal balance clearly shifted to sympathetic predominance at the height
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of disease in patients with this disorder. They mentioned that 24-h heart rate power
spectrum analysis is not only a powerful predictor of serious autonomic complica-
tions but also may help to identify patients with GBS who are at risk for potentially
life-threatening arrhythmias [90, 91].

11.6 Amyotrophic Lateral Sclerosis

Autonomic dysfunction is frequently recognized in advanced amyotrophic lateral
sclerosis (ALS) [92]. Sympathetic activity is considered to increase in the early
stage [93, 94] and decrease in the late stage in ALS [95-98]. Sympathetic dysfunc-
tion is attributed to both central (preganglionic) and postganglionic involvement
[99, 100]. Impaired HRV is expressed as depressed parasympathetic function
[101, 102]. Pavlovic et al. [103] investigated autonomic cardiac control in patients
with ALS according to Ewing’s protocol, power spectrum analysis of HRV (LF,
HF, and LF/HF), real-time beat-to-beat ECG signal monitoring with HRV analysis,
and baroreflex function analysis. Short-term spectral analysis of HRV showed
significantly reduced LF and HF in ALS patients. LF/HF was significantly greater
in ALS patients than in healthy subjects. Continuous real-time, beat-to-beat ECG
signal monitoring with HRV analysis at rest showed significantly increased sym-
pathetic components and decreased parasympathetic components. Baroreflex sen-
sitivity was lower in ALS patients than in controls [104]. The analysis of HRV
revealed impaired cardiac autonomic control in ALS with marked parasympathetic
dysfunction and sympathetic predominance.

References

—

. Pagani M, Lombardi F, Guzzetti S, Rimoldi O, Furlan R, Pizzinelli P, et al. Power spectral
analysis of heart rate and arterial pressure variabilities as a marker of sympatho-vagal
interaction in man and conscious dog. Circ Res. 1986;59:178-93.

2. Pomeranz B, Macaulay RJ, Caudill MA, Kutz I, Adam D, Gordon D, et al. Assessment of
autonomic function in humans by heart rate spectral analysis. Am J Physiol. 1985;248:
H151-3.

3. Malliani A, Pagani M, Lombardi F, Cerutti S. Cardiovascular neural regulation explored in
the frequency domain. Circulation. 1991;84:482-92.

4. Task Force of the European Society of Cardiology, North American Society of Pacing and
Electrophysiology. Heart rate variability: standards of measurement, physiological interpre-
tation, and clinical use. Circulation. 1996;93:1043-65.

5. Hayano J, Taylor JA, Yamada A, Mukai S, Hori R, Asakawa T, et al. Continuous assessment
of hemodynamic control by complex demodulation of cardiovascular variability. Am J
Physiol. 1993;264:H1229-38.

6. Cacioppo JT, Berntson GG, Binkley PF, Quigley KS, Uchino BN, Fieldstone A. Autonomic

cardiac control. II. Noninvasive indices and basal response as revealed by autonomic

blockades. Psychophysiology. 1994;31:586-98.



12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Heart Rate Variability and Neurological Disorders 193

. Rajput AH, Offord KP, Beard CM, Kurland LT. Epidemiology of parkinsonism: incidence,

classification, and mortality. Ann Neurol. 1984;16:278-82.

. Goldstein DS. Dysautonomia in Parkinson’s disease: neurocardiological abnormalities. Lan-

cet Neurol. 2003;2:669-76.

. Bonuccelli U, Lucetti C, Del Dotto P, Ceravolo R, Gambaccini G, Bernardini S,

et al. Orthostatic hypotension in de novo Parkinson disease. Arch Neurol. 2003;60:1400—4.

. Jost WH. Autonomic dysfunctions in idiopathic Parkinson s disease. J Neurol. 2003;250

Suppl 1:128-30.

. Perani D, Bressi S, Testa D, Grassi F, Cortelli P, Gentrini S, et al. Clinical/metabolic

correlations in multiple system atrophy. A fludeoxyglucose F 18 positron emission tomo-
graphic study. Arch Neurol. 1995;52:179-85.

Colosimo C, Albanese A, Hughes AJ, de Bruin VM, Lees AJ. Some specific clinical features
differentiate multiple system atrophy (striatonigral variety) from Parkinson’s disease. Arch
Neurol. 1995;52:294-8.

Quinn N. Multiple system atrophy: the nature of the beast. J Neurol Neurosurg Psychiatry.
1989;52(Suppl): 78-89.

Sandroni P, Ahlskog JE, Fealey RD, Low PA. Autonomic involvement in extrapyramidal and
cerebellar disorders. Clin Auton Res. 1991;1:147-55.

. Magalhaes M, Wenning GK, Daniel SE, Quinn NP. Autonomic dysfunction in pathologically

confirmed multiple system atrophy and idiopathic Parkinson’s disease — a retrospective
comparison. Acta Neurol Scand. 1995;91:98-102.

Gilman S. Multiple system atrophy. In: Jankovic J, Tolosa E, editors. Parkinson’s disease and
movement disorders. 3rd ed. Baltimore: Williams & Wilkins; 1998. p. 245-62.

Micieli G, Martignoni E, Cavallini A, Sandrini G, Nappi G. Postprandial and orthostatic
hypotension in Parkinson’s disease. Neurology. 1987;37:386-93.

Seared JM, Rai S, Lapeyre-Mestre M, Brefel C, Rascol O, Rascol A, et al. Prevalence of
orthostatic hypotension in Parkinson’s disease. J Neurol Neurosurg Psychiatry.
1997;63:584-9.

Hillen ME, Wagner ML, Sage JI. “Subclinical” orthostatic hypotension is associated with
dizziness in elderly patients with Parkinson disease. Arch Phys Med Rehabil. 1996;77:710-2.
Goldstein DS, Pechnik S, Holmes C, Eldadah B, Sharabi Y. Association between supine
hypertension and orthostatic hypotension in autonomic failure. Hypertension.
2003;42:136-42.

Orimo S, Ozawa E, Oka T, Nakade S, Tsuchiya K, Yoshimoto M, et al. Different histopa-
thology accounting for a decrease in myocardial MIBG uptake in PD and MSA. Neurology.
2001;57:1140-1.

Haensch CA, Lerch H, Jorg J, Isenmann S. Cardiac denervation occurs independent of
orthostatic hypotension and impaired heart rate variability in Parkinson’s disease. Parkinson-
ism Relat Disord. 2009;15:134-7.

Sachs C, Berglund B, Kaijser L. Autonomic cardiovascular responses in parkinsonism: effect
of levodopa with dopa-decarboxylase inhibition. Acta Neurol Scand. 1985;71:37-42.

Ludin SM, Steiger UH, Ludin HP. Autonomic disturbances and cardiovascular reflexes in
idiopathic Parkinson’s disease. J Neurol. 1987;235:10-5.

Camerlingo M, Aillon C, Bottacchi E, Gambaro P, D’ Alessandro G. Parasympathetic assess-
ment in Parkinson’s disease. Adv Neurol. 1987;45:267-9.

Benarroch EE, Schmeichel AM, Parisi JE. Preservation of branchimotor neurons of the
nucleus ambiguus in multiple system atrophy. Neurology. 2003;60:115-7.

Weimer LH. Autonomic testing: common techniques and clinical applications. Neurologist.
2010;16:215-22.

Ewing DJ. Cardiovascular reflex and autonomic neuropathy. Clin Sci Mol Med.
1978;55:321-7.



194

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

H. Oka

. Task force of the European Society of Cardiology, North American Society of pacing and
Electrophysiology. Heart rate variability. Standards measurement, physiological interpreta-
tion, and clinical use. Eur Heart J. 1996;17:354-81.

Oka H, Toyoda C, Yogo M, Mochio S. Cardiovascular dysautonomia in de novo Parkinson’s
disease without orthostatic hypotension. Eur J Neurol. 2011;18:286-92.

Sorensen GL, Mehlsen J, Jennum P. Reduced sympathetic activity in idiopathic rapid-eye-
movement sleep behavior disorder and Parkinson’s disease. Auton Neurosci.
2013;179:138-41.

Mesec A, Sega S, Kiauta T. The influence of the type, duration, severity and levodopa
treatment of Parkinson’s disease on cardiovascular autonomic responses. Clin Auton Res.
1993;3:339-44.

Korchounov A, Kessler KR, Yakhno NN, Damulin IV, Schipper HI. Determinants of
autonomic dysfunction in idiopathic Parkinson’s disease. J Neurol. 2005;252:1530-6.
Haapaniemi TH, Pursiainen V, Korpelainen JT, Huikuri HV, Sotaniemi KA, Myllyla
VV. Ambulatory ECG and analysis of heart rate variability in Parkinson’s disease. J Neurol
Neurosurg Psychiatry. 2001;70:305-10.

Niwa F, Kuriyama N, Nakagawa M, Imanishi J. Circadian rhythm of rest activity and
autonomic nervous system activity at different stages in Parkinson’s disease. Auton Neurosci.
2011;165:195-200.

Covassin N, Neikrug AB, Liu L, Maglione J, Natarajan L, Corey-Bloom J,
et al. Relationships between clinical characteristics and nocturnal cardiac autonomic activity
in Parkinson’s disease. Auton Neurosci. 2012;171:85-8.

Liu KD, Shan DE, Kuo TB, Yang CC. The effects of bilateral stimulation of the subthalamic
nucleus on heart rate variability in patients with Parkinson’s disease. J Neurol.
2013;260:1714-23.

Oka H, Toyoda C, Yogo M, Mochio S. Olfactory dysfunction and cardiovascular
dysautonomia in Parkinson’s disease. J Neurol. 2010;257:969-76.

Kang P, Kloke J, Jain S. Olfactory dysfunction and parasympathetic dysautonomia in
Parkinson’s disease. Clin Auton Res. 2012;22:161-6.

Albanese A, Colosimo C, Bentivoglio AR, Fenici R, Melillo G, Tonali P. Multiple system
atrophy presenting as parkinsonism: clinical features and diagnostic criteria. J Neurol
Neurosurg Psychiatry. 1995;59:144-51.

Oka H, Mochio S, Katayama K, Inoue K. Autonomic dysfunction in multiple system atrophy
by spectral analyses of RR interval and systolic blood pressure. Auton Nerv Syst (Tokyo).
1997;34:322-6.

Brisinda D, Sorbo AR, Di Giacopo R, Venuti A, Bentivoglio AR, Fenici R. Cardiovascular
autonomic nervous system evaluation in Parkinson disease and multiple system atrophy. J
Neurol Sci. 2014;336:197-202.

Kimber J, Mathias CJ, Lees AJ, Bleasdale-Barr K, Chang HS, Churchyard A,
et al. Physiological, pharmacological and neurohormonal assessment of autonomic function
in progressive supranuclear palsy. Brain. 2000;123:1422-30.

Kikkawa Y, Asahina M, Suzuki A, Hattori T. Cutaneous sympathetic function and cardio-
vascular function in patients with progressive supranuclear palsy and Parkinson’s disease.
Parkinsonism Relat Disord. 2003;10:101-6.

Deguchi K, Sasaki I, Tsukaguchi M, Kamoda M, Touge T, Takeuchi H, et al. Abnormalities
of rate-corrected QT intervals in Parkinson’s disease-a comparison with multiple system
atrophy and progressive supranuclear palsy. J Neurol Sci. 2002;199:31-7.

Brefel-Courbon C, Thalamas C, Rascol O, Montastruc JL, Senard JM. Lack of autonomic
nervous dysfunction in progressive supranuclear palsy, a study of blood pressure variability.
Clin Auton Res. 2000;10:309-12.

Gutrecht JA. Autonomic cardiovascular reflexes in progressive supranuclear palsy. J Auton
Nerv Syst. 1992;39:29-35.



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Heart Rate Variability and Neurological Disorders 195

Sasaki I, Takeuchi H, Deguchi K, Yamada A, Nishioka M, Sakamoto H. Autonomic nervous
function in progressive supranuclear palsy—comparison with Parkinson’s disease and healthy
controls. Clin Neurol (Rinsho Shinkeigaku). 1994;34:975-9.

Wenning GK, Scherfler C, Granata R, Bosch S, Verny M, Chaudhuri KR, et al. Time course
of symptomatic orthostatic hypotension and urinary incontinence in patients with postmortem
confirmed parkinsonian syndromes: a clinicopathological study. J Neurol Neurosurg Psychi-
atry. 1999;67:620-3.

Van Dijk JG, Haan J, Koenderink M, Roos RA. Autonomic nervous function in progressive
supranuclear palsy. Arch Neurol. 1991;48:1083—4.

Holmberg B, Kallio M, Johnels B, Elam M. Cardiovascular reflex testing contributes to
clinical evaluation and differential diagnosis of parkinsonian syndromes. Mov Disord.
2001;16:217-5.

Allan LM, Ballard CG, Allen J, Murray A, Davidson AW, McKeith IG, et al. Autonomic
dysfunction in dementia. J Neurol Neurosurg Psychiatry. 2007;78:671-7.13.

Akaogi Y, Asahina M, Yamanaka Y, Koyama Y, Hattori T. Sudomotor, skin vasomotor and
cardiovascular reflexes in 3 clinical forms of Lewy body disease. Neurology. 2009;73:59-65.
Ewing DJ, Borsey DQ, Bellavere F, Clarke BF. Cardiac autonomic neuropathy in diabetes:
comparison of measures of R-R interval variation. Diabetologia. 1981;21:18-24.

Ewing DJ, Clarke BF. Diagnosis and management of diabetic autonomic neuropathy. Br Med
J (Clin Res Ed). 1982;285(6346):916-8.

Ewing DJ, Martyn CN, Young RJ, Clarke BF. The value of cardiovascular autonomic
function tests: 10 years experience in diabetes. Diabetes Care. 1985;8:491-8.

Idiaquez J, Sandoval E, Seguel A. Association between neuropsychiatric and autonomic
dysfunction in Alzheimer’s disease. Clin Auton Res. 2002;12:43-6.

De Vilhena Toledo MA, Junqueira Jr LF. Cardiac sympathovagal modulation evaluated by
short-term heart interval variability is subtly impaired in Alzheimer’s disease. Geriatr
Gerontol Int. 2008;8:109-18.

Toledo MA, Junqueira Jr LF. Cardiac autonomic modulation and cognitive status in
Alzheimer’s disease. Clin Auton Res. 2010;20:11-7.

Allan LM, Kerr SR, Ballard CG, Allen J, Murray A, McLaren AT, et al. Autonomic function
assessed by heart rate variability is normal in Alzheimer’s disease and vascular dementia.
Dement Geriatr Cogn Disord. 2005;19:140—4.

Dutsch M, Burger M, Dorfler C, Schwab S, Hilz MJ. Cardiovascular autonomic function in
post stroke patients. Neurology. 2007;69:2249-55.

McLaren A, Kerr S, Allan L, Steen IN, Ballard C, Allen J, et al. Autonomic function is
impaired in elderly stroke survivors. Stroke. 2005;36:1026-30.

Korpelainen JT, Sotaniemi KA, Huikuri HV, Myllya VV. Abnormal heart rate variability as a
manifestation of autonomic dysfunction in hemispheric brain infarction. Stroke.
1996;27:2059-63.

Tokgozoglu SL, Batur MK, Top uoglu MA, Saribas O, Kes S, Oto A. Effects of stroke
localization on cardiac autonomic balance and sudden death. Stroke. 1999;30:1307-11.
Naver HK, Blomstrand C, Wallin BG. Reduced heart rate variability after right-sided stroke.
Stroke. 1996;27:247-51.

Barron SA, Rogovski Z, Hemli J. Autonomic consequences of cerebral hemisphere infarc-
tion. Stroke. 1994;25:113-6.

Korpelainen JT, Huikuri HV, Sotaniemi KA, Myllyld VV. Abnormal heart rate variability
reflecting autonomic dysfunction in brainstem infarction. Acta Neurol Scand.
1996;94:337-42.

Colivicchi F, Bassi A, Santini M, Caltagirone C. Cardiac autonomic derangement and
arrhythmias in right-sided stroke with insular involvement. Stroke. 2004;35:2094-8.
Robinson TG, Dawson SL, Eames PJ, Panerai RB, Potter JF. Cardiac baroreceptor sensitivity
predicts long-term outcome after acute ischemic stroke. Stroke. 2003;34:705-12.



196

70

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

H. Oka

. Xiong L, Leung HH, Chen XY, Han JH, Leung TW, Soo YO, et al. Comprehensive assess-
ment for autonomic dysfunction in different phases after ischemic stroke. Int J Stroke.
2013;8:645-51.

Chen PL, Kuo TB, Yang CC. Parasympathetic activity correlates with early outcome in
patients with large artery atherosclerotic stroke. J Neurol Sci. 2012;314:57-61.

Kwon DY, Lim HE, Park MH, Oh K, Yu SW, Park KW, et al. Carotid atherosclerosis and
heart rate variability in ischemic stroke. Clin Auton Res. 2008;18:355-7.

Xiong L, Leung HW, Chen XY, Leung WH, Soo OY, Wong KS. Autonomic dysfunction in
different subtypes of post-acute ischemic stroke. J Neurol Sci. 2014;337:141-6.
Oppenheimer SM, Gelb A, Girvin JP, Hachinski VC. Cardiovascular effects of human insular
cortex stimulation. Neurology. 1992;42:1727-32. 44.

Kedem G, Martin WM. Left-insular cortex lesions perturb cardiac autonomic tone in humans.
Clin Auton Res. 1996;6:131-40.

Cechetto DF, Saper CB. Role of the cerebral cortex in autonomic function. In: Loewy AD,
Spyer KM, editors. Central regulation of autonomic functions. New York: Oxford University
Press; 1990. p. 208-23.

Lane RD, Wallace JD, Petrosky PP, Schwartz GE, Gradman AH. Supraventricular tachycar-
dia in patients with right hemisphere strokes. Stroke. 1992;23:362—6.

Vingerhoets F, Bogousslavsky J, Regli F, van Malle G. Atrial fibrillation after stroke. Stroke.
1993;24:20-6.

Planté-Bordeneuve V, Said G. Familial amyloid polyneuropathy. Lancet Neurol.
2011;10:1086-97.

Kinoshita O, Hongo M, Saikawa Y, Katsuyama T, Tanaka M, Takeda M, et al. Heart rate
variability in patients with familial amyloid polyneuropathy. PACE. 1997;20:2949-53.
Maser RE, Lenhard MJ. Cardiovascular autonomic neuropathy due to diabetes mellitus:
clinical manifestations, consequences, and treatment. J Clin Endocrinol Metab.
2005;90:5896-903.

Callaghan BC, Cheng HT, Stables CL, Smith AL, Feldman EL. Diabetic neuropathy: clinical
manifestations and current treatments. Lancet Neurol. 2012;11:521-34.

Oka H, Mochio S, Sato K, Sato H, Katayama K, Watanabe S, et al. Spectral analyses of R-R
interval and systolic blood pressure in diabetic autonomic neuropathy. J Auton Nerv Syst.
1995;52:203-11.

Vinik Al, Maser RE, Mitchell BD, Freeman R. Diabetic autonomic neuropathy. Diabetes
Care. 2003;26:1553-79.

Maser RE, Mitchell BD, Vinik Al, Freeman R. The association between cardiovascular
autonomic neuropathy and mortality in individuals with diabetes: a meta-analysis. Diabetes
Care. 2003;26:1895-901.

Ziegler D, Zentai CP, Perz S, Rathmann W, Haastert B, Doring A, et al. Prediction of
mortality using measures of cardiac autonomic dysfunction in the diabetic and nondiabetic
population. Diabetes Care. 2008;31:556-61.

Tahrani AA, Dubb K, Raymond NT, Begum S, Altaf QA, Sadiqi H, et al. Cardiac autonomic
neuropathy predicts renal function decline in patients with type 2 diabetes: a cohort study.
Diabetologia. 2014;57:1249-56.

Hartung HP, Pollard JD, Harvey GK, Toyka KV. Immunopathogenesis and treatment of the
Guillain-Barré syndrome — part I. Muscle Nerve. 1995;18:137-53.

Flachenecker P, Hartung HP, Reiners K. Power spectrum analysis of heart rate variability in
Guillain-Barre syndrome. A longitudinal ‘study. Brain. 1997;120:1885-94.

Flachenecker P, Reiners K. Twenty-four-hour heart rate power spectrum for evaluation of
autonomic dysfunction in Guillain-Barré syndrome. J Neurol Sci. 1999;165:144-53.
Flachenecker P, Lem K, Miillges W, Reiners K. Detection of serious bradyarrhythmias in
Guillain-Barré syndrome: sensitivity and specificity of the 24-hour heart rate power spec-
trum. Clin Auton Res. 2000;10:185-91.



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Heart Rate Variability and Neurological Disorders 197

Shimizu T, Hayashi H, Hayashi M, Kato S, Tanabe H. Hyposensitivity of peripheral alpha-
receptors in respiratory-dependent amyotrophic lateral sclerosis assessed by intravenous
norepinephrine infusion. Clin Auton Res. 1995;5:165-9.

Shindo K, Tsunoda S, Shiozawa Z. Microneurographic analysis of muscle sympathetic nerve
activity in amyotrophic lateral sclerosis. Clin Auton Res. 1993;3:131-5.

Shindo K, Tsunoda S, Shiozawa Z. Increased sympathetic outflow to muscles in patients with
amyotrophic lateral sclerosis: a comparison with other neuromuscular patients. J Neurol Sci.
1995;134:57-60.

Karlsborg M, Andersen EB, Wiinberg N, Gredal O, Jorgensen L, Mehlsen J. Sympathetic
dysfunction of central origin in patients with ALS. Eur J Neurol. 2003;10:229-34.

Hecht MJ, Bron CM, Mittelhamm F, Werner D, Heuss D, Neundorfer B, et al. Increased
hypoxic blood pressure response in patients with amyotrophic lateral sclerosis. J Neurol Sci.
2003;213:47-53.

Baltadzhieva R, Gurevich T, Korczyn AD. Autonomic impairment in amyotrophic lateral
sclerosis. Curr Opin Neurol. 2005;18:487-93.

Sachs C, Conradi S, Kaijser L. Autonomic function in amyotrophic lateral sclerosis: a study
of cardiovascular responses. Acta Neurol Scand. 1985;71:373-8.

Oey PL, Vos PE, Wieneke GH, Wokke JH, Blankestijn PJ, Karemaker JM. Subtle involve-
ment of the sympathetic nervous system in amyotrophic lateral sclerosis. Muscle Nerve.
2002;25:402-8.

Kennedy P, Duchen L. A quantitative study of intermedio-lateral column cells in
amyotrophic lateral sclerosis and Shy-Drager. J Neurol Neurosurg Psychiatry.
1985;48:1103-6.

Pisano F, Miscio G, Mazzuero G, Lanfranchi P, Colombo R, Pinelli P. Decreased heart rate
variability in amyotrophic lateral sclerosis. Muscle Nerve. 1995;18:1225-31.

Merico A, Cavinato M. Autonomic dysfunction in the early stage of ALS with bulbar
involvement. Amyotroph Lateral Scler. 2011;12:363-7.

Pavlovic S, Stevic Z, Milovanovic B, Milicic B, Rakocevic-Stojanovic V, Lavrnic D,
et al. Impairment of cardiac autonomic control in patients with amyotrophic lateral sclerosis.
Amyotroph Lateral Scler. 2010;11:272-6.

Linden D, Diehl RR, Berlit P. Reduced baroreflex sensitivity and cardiovascular regulation in
amyotrophic lateral sclerosis. Electroencephalogr Clin Neurophysiol. 1998;109:387-90.



Part 111
Cardiac MIBG Scintigraphy



Chapter 12

An Introduction to MIBG Cardiac
Scintigraphy

Satoshi Orimo

Abstract Meta-iodobenzylguanidine (MIBG), a guanethidine analog, has an
uptake and storage mechanism similar to that of noradrenaline. Using this agent,
we can noninvasively assess the pathophysiology of postganglionic cardiac sym-
pathetic nerve endings. Cardiac scintigraphy using MIBG radiolabeled with iodine-
123 ("**1-MIBG) has been applied to patients with pheochromocytoma and various
types of heart disease as well as neurological disorders, including Parkinson’s
disease (PD) and dementia with Lewy bodies (DLB). Reduced cardiac MIBG
uptake is specific to Lewy body disease. Therefore, '*’I-MIBG cardiac scintigraphy
is a useful imaging tool to differentiate PD and DLB from other types of parkin-
sonism and dementia. Reduced cardiac MIBG uptake is associated with cardiac
sympathetic nerve degeneration that is specific to Lewy body disease and is also
found in early PD, which accounts for the reduced cardiac MIBG uptake in Lewy
body disease. Currently, it is thought that reduced cardiac MIBG uptake is a
potential biomarker for the presence of Lewy bodies. Recently, the cross-
calibration phantom method has helped convert institutional heart-to-mediastinum
(H/M) ratios to standard H/M ratios. This standardization will contribute to multi-
center studies as well as data comparisons with other institutions.

Keywords MIBG cardiac scintigraphy ¢ Pathological background * Lewy bodies *
Standardization

12.1 Meta-lodobenzylguanidine (MIBG)

Meta-iodobenzylguanidine (MIBG) is an analog of guanethidine, an adrenergic
blocking agent. Its uptake and storage mechanism is similar to that of noradrenaline
(also known as norepinephrine) [1, 2]. It is actively taken up by postganglionic
presynaptic nerve endings in the adrenergic nervous system, using an energy-
dependent noradrenaline transporter mechanism. MIBG is also actively taken up
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by noradrenaline vesicles and the ATPase-dependent proton pump via a vesicle
monoamine transporter [3—5]. Therefore, we can perform noninvasive assessment
of the pathophysiology of organs that are innervated by the sympathetic nervous
system by using this agent. Noradrenaline and MIBG kinetics in the sympathetic
nervous system are described in Chap. 13.

12.2 A Historical Perspective of MIBG Cardiac
Scintigraphy

In 1980, the tissue distributions of three kinds of radiolabeled iodobenzylguanidine
(e.g., "PI-meta-, "*I-para-, and *'I-para-iodobenzylguanidine) were determined
in dogs by Wieland et al. for the first time [1]. The high affinity and retention of
these agents were observed in the adrenal medulla; high myocardial concentrations
were also observed at early time intervals. Images of the adrenal medullae were
obtained with '*'I-para-iodobenzylguanidine. In 1981, '**I-MIBG was used to
image the heart in five normal men [6]. The left ventricle was visualized 1-2 min
after MIBG injection. The mean cardiac uptake was 0.63 % of the injected dose
after 5 min and 0.76 % at 2 h. In 1988, '**I-MIBG cardiac scintigraphy was used in
patients with idiopathic congestive cardiomyopathy and myocardial infarctions to
determine the function and damage of the cardiac sympathetic nerve endings
[7, 8]. Since then, this imaging tool has been further developed to evaluate various
kinds of heart disease, such as heart failure, ischemic heart disease, and cardio-
myopathy. A detailed history of MIBG development is described in Chap. 13.
Technical considerations for MIBG cardiac scintigraphy are described in the
Chap. 14. Findings using MIBG cardiac scintigraphy in cardiac diseases, diabetes
mellitus (DM), and other disorders are described in Chap. 15.

12.3 A Historical Perspective of MIBG Cardiac
Scintigraphy in Japan

In Japan in 1987, the Daiichi Radioisotope Laboratory (currently, the FUJIFILM RI
Pharma Co., Ltd.) performed a multicenter clinical trial of 2. MIBG (named
MyoMIBG) to image the heart. In 1991, the results of this multicenter clinical
trial using '*I-MIBG were reported [9]. In 1992, the Japanese Ministry of Welfare
(currently known as the Ministry of Health, Labor and Welfare) approved the
clinical use of '*’I-MIBG in cardiology practice. Since then, we have accumulated
extensive clinical experience dealing with various heart diseases, including ische-
mic heart disease, arrhythmia, idiopathic dilated cardiomyopathy, hypertrophic
cardiomyopathy, and cardiomyopathies secondary to DM, renal failure, and other
metabolic disorders. In 1994, '*I-MIBG cardiac scintigraphy was applied to
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patients with neurological disorders, such as Parkinson’s disease (PD) and familial
amyloidotic neuropathy, to assess systemic autonomic dysfunction for the first time
[10, 11]. Reduced cardiac MIBG uptake was observed in patients with PD, not only
with orthostatic hypotension (OH) but also without OH [10]. Seki reported on a
patient with PD with reduced cardiac MIBG uptake and the possible usefulness of
231 MIBG cardiac scintigraphy to evaluate disturbances in the sympathetic ner-
vous system in PD [12]. Yoshita and Orimo reported that cardiac MIBG uptake was
reduced in PD [13, 14] and that the degree of reduced cardiac MIBG uptake
correlated with motor symptom severity [14]. After these reports, research focusing
on '**I-MIBG cardiac scintigraphy in PD progressed in Japan and Europe. Many
studies have reported that this imaging tool is useful to differentiate PD from other
types of parkinsonism, such as multiple system atrophy (MSA), progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD), and vascular parkin-
sonism together with essential tremor. Goldstein reported that reduced cardiac
fluorodopamine uptake was observed in PD, but not in MSA, using positron
emission tomography with '®F-fluorodopamine [15]. In 2001, Watanabe and
Yoshita reported that cardiac MIBG uptake was reduced in dementia with Lewy
bodies (DLB) and that '**I-MIBG cardiac scintigraphy was a useful tool to differ-
entiate DLB from AD [16, 17]. Findings from MIBG cardiac scintigraphy in PD
and related disorders and DLB and related dementia are described in Chaps. 15 and
16, respectively. The physiological background of reduced cardiac MIBG uptake is
described in Chap. 17.

12.4 Pathological Background of Cardiac MIBG Uptake

In 2001, to clarify the pathological basis of reduced cardiac MIBG uptake in PD,
Orimo et al. examined cardiac tissue from pathologically confirmed patients with
PD and MSA using an antibody against tyrosine hydroxylase (TH), the rate-limiting
enzyme in catecholamine biosynthesis [18]. This study demonstrated a near-
complete depletion of TH-immunoreactive nerve fibers in the epicardial nerve
fascicles in PD, but not in MSA and control; this accounted for the reduced cardiac
MIBG uptake in PD, but not in MSA. Subsequently, pathological studies focused
on the pathophysiological mechanism of cardiac MIBG uptake, and the degenera-
tion mechanism of the cardiac sympathetic nerve in Lewy body disease had
extensively progressed [19-23]. A series of studies demonstrated that (1) -
TH-immunoreactive fibers in the heart were decreased in pathologically confirmed
Lewy body disease, but not in other related disorders, supporting the findings of
reduced cardiac MIBG uptake in Lewy body disease, (2) degeneration of the
cardiac sympathetic nerve began early in PD, (3) a-synuclein aggregates accumu-
lated in neurons and the nerve fibers of the cardiac sympathetic nervous system
centripetally in PD, and (4) degeneration of the cardiac sympathetic nerve was
closely related to the presence of Lewy bodies in a wide range of neurodegenerative
processes, indicating that reduced cardiac MIBG uptake is a potential biomarker for
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the presence of Lewy bodies. The pathological background of reduced cardiac
MIBG uptake and others are described in Chap. 18, while the clinical implications
of reduced cardiac MIBG are described in Chap. 19.

12.5 Standardization

The heart-to-mediastinum (H/M) ratio is a comparison of the myocardial uptake
(counts/pixel) and mediastinal uptake (counts/pixel) of region of interests (ROIs) in
anterior planar imaging, which estimates MIBG accumulation to the myocardium.
This index is considerably influenced by the location and size of ROIs, and an
average count is reduced from lower to upper, according to mediastinal ROI. The
H/M ratio is influenced by the choice of collimetor, which is attached to a gamma
camera. Therefore, the H/M ratio can be variable depending on the differences of
the collimetor and scinticameras used at each institute as well as the setting place
and ROL. Inter-institutional differences in MIBG quantification using the H/M ratio
have hampered multicenter comparisons of H/M ratios, such that the results of a
single center study cannot easily be extrapolated to studies from other facilities
[24]. Recently, Nakajima et al. developed a novel software named “smart MIBG” to
standardize H/M ratios, which is cooperated by FUJIFILM RI Pharma Co., Ltd.
Furthermore, they performed a study to standardize the MIBG H/M ratio using a
calibration phantom method [25, 26]. This standardization is described in detail in
Chap. 14.
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Chapter 13

Noradrenaline and ‘*’I-Meta-
Iodobenzylguanidine Kinetics

in the Sympathetic Nervous System

Tomohiko Nakamura and Gen Sobue

Abstract Noradrenaline is a neurotransmitter released from sympathetic nerve
endings and is synthesized from the amino acid tyrosine through a series of
enzymatic reactions. When sympathetic nerves are excited, noradrenaline is
released to increase the heart rate and cardiac contractility through beta-1 adrener-
gic receptors. Only a fraction of the released noradrenaline binds to receptors, and
most of the remainder (80-95 %) undergoes active reuptake into nerve endings
(uptake-1 mechanism) to be restored in vesicles. '*’I-meta-iodobenzylguanidine
(MIBG), an analog of guanethidine (an adrenergic neuron-blocking agent), is a
radioactive tracer of noradrenaline and is used to evaluate presynaptic sites of the
adrenergic system. MIBG can determine the distribution, activity, and disorders of
postsynaptic cardiac sympathetic nerves and is widely used to evaluate various
kinds of heart diseases, diabetes, and autonomic disorders, such as neurodegener-
ative disorders. MIBG is transported into the nerve by noradrenaline monoamine
transporter 1, trapped in storage vesicles, and released by a mechanism similar to
noradrenaline but is not catabolized like noradrenaline, and this is a necessary
characteristic as sympathetic nerve-imaging agent. Understanding MIBG kinetics is
important in recognizing the characteristics and the difference between early and
delayed image of MIBG scintigraphy.

Keywords Noradrenaline « MIBG e Kinetics « Sympathetic nerve

T. Nakamura (<)

Department of Neurology, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho,
Showa-ku, Nagoya, Aichi 466-8550, Japan

e-mail: tomohiko@med.nagoya-u.ac.jp

G. Sobue

Nagoya University Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya, Aichi
466-8550, Japan

© Springer Japan 2017 207
S. Iwase et al. (eds.), Clinical Assessment of the Autonomic Nervous System,
DOI 10.1007/978-4-431-56012-8_13


mailto:tomohiko@med.nagoya-u.ac.jp

208 T. Nakamura and G. Sobue
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Noradrenaline plays an important role in the regulation of blood pressure and heart
rate. Upon excitation, noradrenaline is released from sympathetic nerve terminals and
stimulates the sinoatrial or atrioventricular node to increase the heart rate. Noradren-
aline also increases cardiac contractility through beta-1 adrenergic receptors.

1231_meta-iodobenzylguanidine (MIBG), a chemical analog of noradrenaline,
was developed based on the chemical structure of guanethidine, a sympathetic
blocker (Fig. 13.1a—). The uptake and storage mechanisms of MIBG in sympa-
thetic nerve terminals are similar to noradrenaline. MIBG scintigraphy can deter-
mine the distribution, activity, and disorders of postsynaptic cardiac sympathetic
nerves. It is widely used to evaluate various kinds of heart diseases, diabetes, and
autonomic disorders, such as neurodegenerative disorders. Here we discuss the role
and kinetics of noradrenaline in cardiac sympathetic nerves and the development of
MIBG and its kinetics.

13.1 Introduction

13.2 The Role of Noradrenaline in Cardiac Sympathetic
Nerves

Autonomic control of the heart consists of sympathetic and parasympathetic nerves
[1]. The neurotransmitter of the sympathetic system is noradrenaline. The neuro-
transmitter of the parasympathetic system is acetylcholine. Working together, these
systems stimulate or inhibit the heart via adrenergic and muscarinic receptors
[1]. Sympathetic output is controlled by regulatory centers in the brain that integrate
input signals from other brain sites and receptors throughout the body, such as the
carotid sinus and aortic sinus [1]. The heart contains densely distributed postsyn-
aptic sympathetic fibers where noradrenaline functions as a neurotransmitter.
Efferent sympathetic nerves descend in the spinal cord, synapse with pregangli-
onic fibers, synapse with paravertebral stellate ganglia, and innervate the right
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ventricle and anterior/lateral left ventricle. In the heart, sympathetic nerves follow
coronary arteries in the subepicardium, penetrating into the myocardium to regulate
cardiac function [1, 2]. Sympathetic nerves consist of a cell body, long axon, and
adrenergic postganglionic fibers that branch to form nerve endings. These adrener-
gic postganglionic fibers control the heart, with the sinoatrial node, atrioventricular
node, and atrium receiving the most innervation. The ventricles receive less inner-
vation and Purkinje fibers the least innervation [3]. Sympathetic nerve fibers
contain a number of varicose structures, so-called varicosities. The transmission
of nerve impulses to the nerve terminal produces nerve terminal depolarization.
Synaptic vesicles stored in these varicosities aggregate and integrate into the cell
membrane releasing noradrenaline. This is called exocytosis, and noradrenaline is
thus released into the synapse between nerve endings and cardiomyocytes, binds to
receptors on effector organs, and enhances adenyl cyclase activity through inter-
mediary G proteins [4-6]. Lastly, the impulse is transmitted to cardiac myocytes to
modulate physiological functions, such as increasing heart rate and cardiac
contraction.

13.3 Kinetics of Noradrenaline

13.3.1 Noradrenaline Synthesis

The synthesis of noradrenaline begins with the synthesis of dopamine. Once
dopamine is synthesized from the amino acid tyrosine, which is taken up by active
transport from the blood, it is stored in synaptic vesicles (Fig. 13.2). The enzyme
dopamine beta-hydroxylase further hydroxylates dopamine into noradrenaline.
Tyrosine is converted to levodopa via the enzyme tyrosine hydroxylase and
converted to dopamine by DOPA decarboxylase. The reaction catalyzed by tyro-
sine hydroxylase is the rate-limiting step in the production of catecholamines. The
end product, noradrenaline itself, controls noradrenaline synthesis by feedback to
the rate-limiting enzyme, and the released noradrenaline promotes increased tyro-
sine hydroxylase activity. Dopamine beta-hydroxylase, which catalyzes the con-
version of noradrenaline from dopamine, is localized in tissues that synthesize
catecholamines, such as noradrenergic neurons and chromaffin cells, and is con-
fined within vesicles [3].

13.3.2 Noradrenaline Release, Uptake, and Inactivation

Relatively little noradrenaline released from nerve endings binds to receptors, and
most of the remaining noradrenaline (80-95 %) undergoes active reuptake into
nerve endings (uptake-1 mechanism). This mechanism is facilitated by the specific
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Fig. 13.2 Kinetics of noradrenaline and MIBG in cardiac sympathetic nerve ending (Reprinted
and adapted with permission from FUJIFILM RI Pharma Co., Ltd.)

noradrenaline transporter (NAT, also known as the norepinephrine transporter, or
NET) protein [7]. This uptake mechanism, via NET, is a “specific” sodium-
dependent process characterized by high affinity, low capacity, saturability, and
temperature and ouabain sensitivity [8]. It is an important inactivation mechanism
to inhibit excessive noradrenaline increments in the interstitial myocardium.
Noradrenaline taken into nerve endings is inactivated by metabolism, but this
process is limited, and most noradrenaline is repackaged into noradrenaline-storing
vesicles by another active transport process, facilitated by the specific vesicular
monoamine transporter (VMAT) protein, and reused in exocytosis [7]. On the other
hand, noradrenaline not binding to receptors or undergoing reuptake is taken up by
nonneuronal postsynaptic cells, probably by sodium-independent passive diffusion.
Such “nonspecific” low-level, energy-independent, unsaturable, extraneuronal
uptake takes place in all cells and is sometimes called uptake-2 [7, 9, 10]. Under
ideal conditions in vitro, the “specific”” uptake process is ~50 times more efficient
than passive uptake [11]. The remaining noradrenaline spills over into the blood.
Finally, metabolic enzymes deactivate noradrenaline. If it does not undergo reup-
take or is not taken up by passive diffusion, it is catabolized by catechol-O-
methyltransferase (COMT) outside nerve cells. If it undergoes reuptake, but is
not repackaged in noradrenaline-storing vesicles, it is catabolized by monoamine
oxidase (MAO). The final product of these pathways is vanillylmandelic acid.
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13.4 History of the Development of MIBG

13.4.1 Cardiac Imaging Before MIBG

MIBG, an analog of guanethidine (an adrenergic neuron-blocking agent), is a
radioactive tracer of noradrenaline and used to evaluate presynaptic sites of the
adrenergic system. It is virtually the only radiotracer used for scintigraphy studies
of the cardiac autonomic nervous system [7]. The history of its development dates
to the 1970s. At the time, noradrenaline labeled with *H showed rapid localization
to the heart. Myocardial imaging with noradrenaline was used often, and noradren-
aline labeled with the positron-emitting nuclide ''C was developed. However, this
method required a hospital cyclotron and a positron emission tomography (PET)
device and thus was not suitable for implementation in conventional facilities.
Cardiac tracer development was an unintended result of efforts by Dr. William
H. Beierwaltes, then Chief of Nuclear Medicine at the University of Michigan, to
develop scintigraphic imaging for adrenal diseases, particularly neoplasms associ-
ated with the medulla [1, 12]. It is impossible to fully appreciate the development of
MIBG as a cardiac radiotracer without discussing the events leading to its concep-
tion as a noninvasive imaging tool for clinical endocrinology [12]. Initially, their
group was developing scintigraphic imaging for adrenal disease. They were explor-
ing iodine (I)-labeled analogs of the adrenergic-blocking antiarrhythmic drug
bretylium (Fig. 13.1d) and found that the ortho-iodo-bretylium analog was effec-
tively taken up by the heart [13]. However, in later research, they found that the
para-iodo-bretylium analog effectively imaged the adrenal medulla and concluded
that the para-iodo-bretylium analog was better suited for portraying the adrenal
medulla [14].

13.4.2  Usability of MIBG

The efforts of Dr. Beierwaltes were continued by Dr. Donald M. Wieland. In 1978,
he synthesized five '*’I-labeled bretylium analogs, including para- and ortho-iodo-
bretylium analogs. Biodistribution studies demonstrated that the ortho-iodo-
bretylium analog had higher uptake levels in the adrenal medulla than para-iodo
compounds, which was different from the results of previous studies. In the summer
of 1978, when reviewing adrenergic neuron-blocking agents such as guanethidine,
he found an article on the adrenergic neuron-blocking activity of benzylguanidines
written by Short and Darby [15]. Struck by the structural similarity between
benzylguanidines and the iodo-bretylium he had recently worked on, he decided
to synthesize and study '*’I-ortho-iodobenzylguanidine (OIBG) and '**I-para-
iodobenzylguanidine (PIBG) as potential adrenal medulla imaging agents [12]
(Fig. 13.3). In January 1979, the first biodistribution studies of '*’I-labeled OIBG
and PIBG were performed in dogs. The results showed that the ortho-substituted
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Fig. 13.3 Structural a. 0IBG b. PIBG
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analog OIBG had significantly lower uptake in the adrenal medulla than para-
substituted PIBG, in contrast to the previous findings with iodo-bretylium analogs
[12]. Since the results with the ortho- and para-iodobenzylguanidines were oppo-
site from what had been observed with the iodo-bretyliums, he felt that a thorough
assessment of the structure-activity relationships for iodobenzylguanidines was
necessary. He immediately began synthesizing the third possible ring-iodinated
structure, MIBG [12]. In 1979, biodistribution studies of MIBG were performed
and showed uptake levels comparable with PIBG. After a detailed evaluation, it was
concluded that although PIBG had a somewhat higher uptake in the adrenal
medulla, MIBG was more metabolically stable, undergoing less deiodination
in vivo. Thus MIBG proved to be the optimal radioiodinated benzylguanidine for
adrenomedullary imaging [16]. He also performed research on three isomers (para,
ortho, meta) and found high early accumulation in the heart [17]. In these studies,
the para- and meta-isomers showed good accumulation in the adrenal medulla and
had high affinity for sympathetic nerves. However, thyroid uptake was significantly
increased with para- and ortho-isomers, while thyroid and liver uptake was low
with the meta-isomer. Thus the meta-isomer was considered to be the optimal
radioiodinated benzylguanidine for adrenomedullary and cardiac imaging. Wieland
et al. studied the biodistribution in animals, such as dogs, and found that MIBG was
useful as an adrenomedullary and cardiac-imaging agent [17, 18]. In 1981, he
succeeded in performing cardiac imaging of dogs and monkeys using B and '»
I-MIBG [19].

13.4.3 Human and Clinical Application of MIBG

The first cardiac-imaging assessment in humans was a study of five normal male
volunteers conducted by Kline et al. in 1981 [20]. They administered MIBG
intravenously and reported that the left ventricular myocardium could be visualized
after 1-2 min [20]. They also concluded that MIBG is a new agent for human
myocardial imaging that may provide quantitative information on myocardial
catecholamine content, and with its 1231 label, this radiopharmaceutical can be
used without special equipment in a typical nuclear medicine laboratory
[20]. When first developed, MIBG was labeled with 31T and used to detect various
tumors [9]. In the United States, only '*'I-MIBG has been clinically approved for
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neuroendocrine tumor imaging and occasionally for therapy of these tumors
[21]. However, '2*I-MIBG was preferred because '*'I gives off relatively high-
energy (365 keV) gamma emissions, emits beta particles, and has a relatively long
half-life (approximately 8.02 days). '*’I emits predominantly gamma photons, with
energies of 159 keV, and has a half-life of 13.2 h [9, 21]. It is easily imaged and well
tolerated. Later, MIBG imaging was speculated to be useful in evaluating heart
failure and identifying patients with autonomic neuropathies predisposed to
arrhythmias and sudden cardiac death [22-24]. However, the efforts at Michigan
shifted toward PET compounds, resulting in clinical MIBG studies being performed
mostly in Europe and Japan [1].

13.5 MIBG Kinetics in the Heart [25]

13.5.1 Uptake of MIBG by Sympathetic Nerve Endings
Through NET-1

In 1981, Wieland et al. reported that blocking studies in dogs using reserpine,
generally thought to selectively block the vesicular uptake of noradrenaline in
adrenergic neurons, caused a 30 % decrease in the myocardial concentration of
MIBG [19]. This result indicated that a considerable portion of myocardial MIBG
accumulation is by entrapment within neuronal storage vesicles in adrenergic
nerves through NET-1 [19].

In 1985, Tobes et al. evaluated the mechanisms underlying the uptake of MIBG
and noradrenaline using cultured bovine adrenomedullary cells as an in vitro model
[26]. Selective uptake-1 inhibitors, desmethylimipramine and cocaine, demon-
strated that 52.3 % of MIBG uptake takes place through uptake-1 mechanisms
and 47.7 % through passive diffusion [26].

In 1987, Sisson et al. compared the movement of 125 _MIBG and *H-noradren-
aline in the heart of rats. They observed that 6-hydroxydopamine, a drug designed
to impair adrenergic nerve terminals, inhibited the uptake of MIBG and *H-nor-
adrenaline (0.31 and 0.12 of control values, respectively) [27]. Additionally, intra-
peritoneal injection of desmethylimipramine reduced MIBG uptake to a lesser
extent (0.50 of control value) than uptake of *H-noradrenaline (0.06 of control
value), indicating that distribution to extraneural tissue through passive diffusion is
greater for MIBG than noradrenaline [27]. This extraneural uptake of MIBG can
reach significant levels in animal testing, but in humans the uptake of MIBG in
extraneural tissue is considered very limited because patients receiving heart trans-
plants show an absence of MIBG uptake in early and delayed images [28-30].
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13.5.2 MIBG Release from Nerve Endings by Exocytosis

Injection of phenylpropanolamine, an indirectly acting sympathomimetic drug that
displaces noradrenaline from nerve endings, depleted MIBG and noradrenaline
from the left ventricle, leaving a residual of 0.47 and 0.63 of the control values,
respectively. This showed that MIBG and noradrenaline are qualitatively released
by similar mechanisms [27].

13.5.3 MIBG Does Not Show Physiological Activity nor Bind
Sympathetic Receptors

Wieland et al. showed that administration of reserpine markedly lowers the MIBG
content of the dog adrenal medulla, but the adrenergic-blocking agents
phenoxybenzamine and propranolol have no effect on the uptake of MIBG
[18]. This indicates that MIBG does not bind to sympathetic receptors nor show
physiological activity [18]. This result also indicates that MIBG imaging is not a
visualization of sympathetic receptors.

13.5.4 MIBG Is Not Catabolized by COMT or MAO

Tissue distribution studies in dogs by Wieland et al. showed that concentrations
(% kg dose/g) in the heart at 30 min and 2 h decreased from 0.74 to 0.39 after
injection of *H-noradrenaline and increased from 0.47 to 0.63 after injection of
MIBG [19]. Radio thin-layer chromatography of 24 h urine collection from two
dogs administered MIBG showed that >95 % of the radioactivity was unchanged
MIBG [19]. These results indicated MIBG is not catabolized by COMT or MAO
[9, 19], and this is also a necessary characteristic as sympathetic nerve-imaging
agent.

Based on the above findings, it was proved that MIBG is a chemical analog of
noradrenaline, taken up by NET-1 into the nerve, trapped in noradrenaline storage
vesicles, and released into the synaptic gap by a mechanism similar to noradrena-
line (Fig. 13.2). After intravenous administration, MIBG diffuses into the synaptic
gap followed immediately by myocardial uptake, achieving a stable level [7] and
allowing left ventricle visualization within 1-2 min [20]. Mean myocardial uptake
is 0.63 % of the injected dose at 5 min and 0.76 % at 120 min [20]. The
intravesicular percentage of the total cardiac tissue concentration reached a plateau
4 h after intravenous injection. This indicates that at 4 h after injection, MIBG
myocardial imaging best represents the neuronal accumulation of the tracer and
may best provide useful information on the state of adrenergic neurons in various
pathological conditions of the human heart [31].
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At present, extraneural tissue uptake of MIBG is considered very limited. Thus,
as early uptake of MIBG occurs specifically within sympathetic nerves, early
images (15-20 min after administration) reflect uptake-1 mechanisms, i.e.,
reflecting presynaptic integrity and distribution of sympathetic nerves. Delayed
images (3—4 h after administration) are considered the result of exocytosis, reup-
take, partial spill over to the blood, and urine excretion of incorporated MIBG, thus
reflecting cardiac sympathetic functional activity.

13.6 MIBG Kinetics and Metabolism in the Whole Body

13.6.1 Pharmacokinetics

Blood clearance of MIBG is rapid. After 5 min, the administered dose is reduced by
about 10 %, 50 % at 15 min, and 80 % in an hour [20]. Ten to fifteen percent of the
injected activity accumulates in cells with neuroendocrine receptors [8]. Retention
is especially prolonged in highly adrenergically innervated tissues, such as the
adrenal medulla, heart, and salivary glands [8]. During the first hour, MIBG
accumulates in the lungs and then in the heart and reaches the highest heart
concentrations after 2-3 h [8]. Uptake in the liver is always higher than the heart,
and the heart-to-hepatic ratio is 0.87 after 15 min and remains at 0.3-0.6 until 24 h
[20, 30, 32]. Uptake in the lung is always lower than the heart, and the heart-to-
pulmonary ratio is 1.17 after 5 min, 1.44 after 2 h, and 2.9 after 24 h [20, 30].

13.6.2 Metabolism and Elimination of MIBG

Between 85 and 90 % of the administered dose is excreted through the kidneys as an
unchanged compound [8]. In patients with normal renal function, about 50 % of the
injected radioactivity was recovered in the urine during the first 24 h, and about
90 % was recovered in the urine after 4 days as unchanged MIBG [8]. According to
biodistribution studies, MIBG undergoes little metabolism. There are de-iodinated
metabolites, such as m-iodohippuric acid, m-iodobenzoic acid, 4-hydroxy-3-
iodobenzylguanidine, and free radioiodine, but this is less than 10 % [8]. The
pharmacologic activity of these metabolites is not well known [8].

13.7 Factor Impacting MIBG Kinetics

A number of drugs are known to, or considered to, have an impact on the uptake or
storage of MIBG [33]. The details are covered elsewhere (Chap. 17):
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. Inhibition of sodium-dependent uptake systems (uptake-1) from synaptic clefts

(cocaine, tricyclic antidepressant, labetalol)

. Inhibition of uptake by active transport into vesicles (reserpine,

desmethylimipramine)

. Competition for transport into vesicles (noradrenaline, serotonin, guanethidine)
. Depletion of storage vesicle (reserpine, labetalol, sympathomimetic drugs)
. Other non-explained mechanisms (pH, osmotic gradients) [7]

It is also recommended that foods containing vanilla and catecholamine-like

ingredients (such as chocolate and blue cheese that have a high tyramine; tyramine
acts as a catecholamine-releasing agent) should be avoided, as some might influ-
ence the uptake of MIBG [7].
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Chapter 14
Technical Considerations for MIBG Cardiac
Scintigraphy

Hirohisa Watanabe and Gen Sobue

Abstract The most commonly used means of imaging to assess cardiac sympa-
thetic denervation is cardiac '**I-metaiodobenzylguanidine (‘**I-MIBG) scintigra-
phy. The heart-to-mediastinum (H/M) ratio generated by planar imaging is used
widely to assess sympathetic nerve involvement. The H/M ratio is a simple and
reliable index, but its values can be influenced profoundly by differences in
collimators. Region of interest (ROI) setting methods are also an important problem
to generate reliable data. More recently, multicenter cross-calibration of '**I-MIBG
H/M ratios to overcome camera-collimator variations, with the use of reference
H/M ratios assessed by the phantom method and of a conversion coefficient for each
camera-collimator system, demonstrated that H/M ratios under various conditions
can be converted to standard H/M ratios for a range of ratios from normal to low. In
addition, a standardized method for semiautomatic ROI setting in MIBG was
developed. These technical advancements enable us to promote multicenter studies.
We also discuss the imaging technique, analysis, and interpretation in this section.

Keywords Collimator ¢ Phantom ¢ Planar  Regions of interest ¢ Heart-to-
mediastinum ratio

14.1 Introduction

The most widely used radiotracer for single-photon emission computed tomogra-
phy (SPECT) to evaluate cardiac sympathetic innervation is '*I-
metaiodobenzylguanidine (MIBG) [1-5]. MIBG is a noradrenaline analog devel-
oped initially to image neuroendocrine tumors; however, pilot studies quickly
identified the uptake of MIBG in the myocardium [6].

At sympathetic nerve terminals, MIBG shows similar kinetics to noradrenaline
and is taken up from the blood before cardiac sympathetic nerve-ending synapses
by a mechanism called uptake-1, which is a transporter protein-mediated and
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sodium- and energy-dependent process [1, 7]. However, it does not bind to recep-
tors of the heart muscle membranes and is not metabolized by enzymes. Therefore,
MIBG has the potential to stay in sympathetic nerve terminals for a long period of
time and has excellent properties as an imaging preparation. Nowadays, '>*I-MIBG
is a useful method that can evaluate cardiac sympathetic nerve function objectively
(see the chapter “Noradrenaline and '*’I-MIBG Kinetics in the Sympathetic Ner-
vous System” for more information).

When we evaluate the implementation of MIBG, various points should be
considered. Several common medications, such as tricyclic antidepressants,
labetalol, reserpine, and calcium antagonists, are known to affect the accumulation
of MIBG [1-5, 8, 9]. Although the heart-to-mediastinum (H/M) ratio is used widely
as an indicator for MIBG imaging equipment, its value varies greatly and is
particularly affected by differences in the collimator used [10-12]. Therefore,
differences of reference by facilities have occurred as a problem. The method for
determining the region of interest (ROI) is also an important problem [13, 14].

In this section, we focus on the technical considerations of the advanced imaging
technique, analysis, and interpretation of MIBG to obtain more reliable results and
to promote multicenter studies.

14.2 Patient Information and Preparation and Tracer
Administration

When we use MIBG in women of childbearing age, with respect to pregnancy or
lactation, a cautious clinical decision is necessary to consider its merits and
demerits. Although it is still undetermined whether MIBG is excreted into human
milk, Todine-123 (**’I) can be excreted into human milk. Since the physical half-life
of '®Iis 13.2 h, the EANM Cardiovascular Committee and the European Council
of Nuclear Cardiology recommended that breastfeeding should be discontinued for
48 h after MIBG administration in order to minimize the risk to a nursing infant [5].

Cardiac '**I-MIBG scintigraphy should be conducted with the patient resting in
a supine position for at least 5 min before administration and under conditions of nil
per os. Prior to administration, patients should be questioned for a history of
reactions to iodine, an iodine-containing contrast agent, or other products
containing iodine. MIBG should be administered by slow (over 1-2 min), secure
peripheral intravenous injection and flushed with saline, in accordance with local
radiation protection practices [5]. As initial images are acquired a few minutes later,
the tracer is best administered while the patient is under the camera or in close
proximity to it.

It is recommended to stop temporarily some medications and substances known
to hamper the mechanism of noradrenaline uptake, including opioids, tricyclic
antidepressants, isoproterenol, labetalol, reserpine, calcium channel blockers, phe-
nothiazines, and foods containing vanillin and catecholamine-like compounds such
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as chocolate and blue cheese [1-5, 8, 9]. According to more recent critical review of
the literature on drug interactions with MIBG uptake, tricyclic antidepressants and
labetalol should be withdrawn because they have moderate to strong inhibitory
effect on MIBG accumulation. If reserpine and phenylephrine are still used, they
also should be considered the withholding prior to MIBG imaging since they have
strong MIBG-inhibitory effect. Based on the mechanism of the drugs, we should
consider the cessation of selective serotonin reuptake inhibitors (SSRIs) and sero-
tonin and norepinephrine reuptake inhibitors (SNRIs) if possible although the level
of evidence is not high. Beta blockers except for labetalol do not require
discontinuing. Generally, only a small number of drugs have strong evidence for
inhibition of MIBG uptake [15].

There are conflicting opinions about premedication with thyroid-blocking
agents. Historically, such blockade was undertaken to protect the thyroid from
unnecessary irradiation; however, the amount of these compounds is minimal
with present production procedures, and many clinicians and researchers feel that
this pretreatment can be unnecessary. For the moment, pretreatment should be
determined according to local and institutional regulations. More recently, Fried-
man et al. examined the effectiveness of thyroid blockade in subjects undergoing
MIBG cardiac scintigraphy and estimated the relative contribution of bound and
unbound radioiodine to imaging findings [16]. They demonstrated that the mean
visual score on late images was significantly higher for non-blocked than blocked
subjects (P < 0.001), and the net thyroid counts of ROI analyses were also signif-
icantly higher on the late images of non-blocked subjects (P < 0.0001). Compared
to early and delayed images, 87 % of blockade subjects showed decreased or
unchanged counts, but 75 % of non-blocked subjects had increased net thyroid
activity. Thus, they concluded that thyroid blockade pretreatment in MIBG cardiac
scintigraphy could have a potential to hamper the increase of thyroid activity over
time due to the uptake of unbound 1231, Nevertheless, the administration dose is
111-148 MBq over 1 min for the diagnosis of Parkinson’s disease in Japan, but
370 MBq have been used in some western studies [17]. We should also consider the
differences of these doses.

Adverse reactions to ' 2’I-MIBG are rare [1, 5]. However, if it is administered too
quickly, palpitations, heat sensations, short-term hypertension, shortness of breath,
and abdominal cramps may be induced more easily than with the standard protocol.
An anaphylactic reaction is also very rare but possible. The highest exposure is to
the bladder, liver, spleen, gallbladder, heart, and adrenals, and the absorbed dose
may be higher in patients with severe renal failure. Patients are encouraged to void
frequently to facilitate the excretion of the radiopharmaceutical and to minimize the
radiation dose to the bladder.
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14.3 Imaging Technique, Analysis, and Interpretation

14.3.1 General Consideration

Considerable data from '*’I-MIBG imaging have been generated based on the
analysis of planar images, mostly with a standard anterior view. Planar images of
the thorax are acquired at approximately 15—-30 min (early images) and 3—4 h (late
images) after injection for 10 min. SPECT images can also be acquired using
standard perfusion-imaging methods. In the analysis of '*’I-MIBG cardiac scintig-
raphy, semiquantitative analyses of global uptake with the H/M ratio and differ-
ences in tracer uptake/retention in early and late images with the washout rate
(WR) are the most common measures.

The H/M ratio on MIBG cardiac scintigraphy is used as a semiquantitative index
[1-5]. The early H/M ratio probably reflects the receptor density, the integrity of
presynaptic nerve terminals, and the uptake-1 function. The delayed H/M ratio
combines information on neuronal function from uptake to release through storage
vesicles at nerve terminals. Cardiac '*’I-MIBG washout has been shown to be an
important measure of cardiac sympathetic innervation; early and delayed planar
images are used for this calculation. The WR is thought to reflect the turnover of
catecholamines, which relates to the degree of sympathetic drive [1-5]. Increased
sympathetic activity, reflecting worsening heart failure or cardiac sympathetic
nerve involvement, is associated with diminished retention of cardiac 1231 MIBG
on delayed images and thus a greater washout of cardiac '**I-MIBG. A normal
washout value in control subjects is reported to be 10 + 9 %. Nevertheless, more
studies are needed to establish the differences between the early H/M ratio, delayed
H/M ratio, and WR.

14.3.2 Collimators

In nuclear medicine, a radiopharmaceutical is administered to a patient in order to
detect the gamma (y) rays emitted from the radioactive isotope, which can reflect
functional information of a target organ. Gamma radiation-emitting radioisotopes
are imaged by using a gamma camera. A gamma camera consists of a lead
collimator and an array of detectors such as photomultiplier tubes, light guide,
and crystal (Fig. 14.1) [18]. The collimator has a unique structure to identify the
direction of the gamma rays emitted from the single-photon emission nuclear
species by shielding gamma rays emitted from other directions and allowing
detectors to receive gamma rays from a specific direction. Gamma rays produce
light flashes in the scintillators, and the light output is converted to an electrical
signal by photomultipliers. Finally, a computer constructs an image from the
detector output.
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Fig. 14.1 Structures of gamma camera and the effect of high-energy photons penetration between
low-energy collimator and medium-energy collimator on the results of heart-to-mediastinum ratio.
1231 emits not only 159 keV photons but also high-energy photons of more than 400 keV [~2.87 %,
main contributor 529 keV (1.28 %)], which have a potential to penetrate the thinner collimator
septa resulting scatter detected in the 159 keV energy windows. Thus, high-energy photons
penetration will more profoundly affect the heart-to-mediastinum (H/M) ratio assessed by
low-energy (LE) collimator, which has thinner septa than that by medium-energy (ME) collimator.
Although the use of ME provides lower spatial resolution than LE, H/M ratios are assessed from
the counts in relatively large regions compared to brain imaging. Thus, semiquantitative cardiac 123
I-MIBG scintigraphy can be best performed using ME collimators.

The collimator, which is an important part that determines the quality of SPECT
imaging, has continued to be used since Anger first developed a gamma camera in
the 1950s. The most common collimator used in nuclear medicine is a parallel-hole
collimator, which has developed into a myriad of holes aligned in parallel with each
other with a thin lead plate (height number cm) as a partition wall. The shape of the
holes, e.g., hexagonal, round, and square, is determined by the production method
of the collimator.

Collimators are classified into two major groups: low energy (LE) and medium
energy (ME). The thickness of the partition wall (septa) of collimators is designed
so that the ratio of the gamma rays passing through it is less than 5 %. Therefore,
ME collimators have a thicker partition wall than LE collimators [5] to prevent the
penetration of higher-energy gamma rays. The increased septal thickness of ME
collimators contributes to increase image resolution and decrease scatter in the
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images compared to LE collimators but also degrades count sensitivity and spatial
resolution. Moreover, nuclear laboratories are not always equipped with ME colli-
mators, but use LE collimators instead because they are suitable for technetium (°*™
Tc), which is used most commonly in clinical practice.

Actually, in addition to LE and ME collimators, various types of collimators are
also available, depending on the purpose of the study, in order to achieve good
balance among sensitivity, resolution, and appropriate energy extent: low-energy
high resolution (LEHR), low-energy high sensitivity, low-energy general purpose
(LEGP), medium-energy general purpose, high-energy general purpose, and high-
energy pinhole collimators [17, 19]. With respect to '**I-MIBG cardiac scintigra-
phy, most clinical and published studies have used LE collimators, such as LEGP or
LEHR collimators.

Iodine-123 predominantly emits energy of 159 keV (97 %), which is an optimal
imaging energy for an LE collimator, but also emits high-energy photons of more
than 400 keV (approximately 2.9 %), with the main contributing photons at
529 keV. Higher-energy '»’I photons, mostly at 529 keV, can penetrate the thinner
septal wall and contaminate 159 keV imaging data [5, 12, 20] (Fig. 14.1). Thus, an
LE collimator, which has a thinner septal wall, can show a lower H/M ratio than an
ME collimator. On the basis of these findings, recent guidelines on MIBG imaging
from the European Council of Nuclear Cardiology recommend using an ME
collimator, which has a thicker septal wall than an LE collimator, for MIBG
imaging to minimize scattered radiation noise from high-energy emissions [5],
but this recommendation is not usually followed in clinical practice. In addition,
a lot of previous studies have used an LE collimator.

Clinically, it is a considerable problem that differences in the collimator can
influence the H/M ratio profoundly. To compensate for the resulting corruption of
image quantitation related to LE collimator penetration by higher-energy photons,
Chen et al. developed a mathematical technique (iterative reconstruction with
deconvolution of septal penetration) that appears to improve the quantitative
accuracy of cardiac '*’I-MIBG uptake in reference to a phantom standard
[21]. However, clinical applications have yet to be determined.

On the contrary, Nakajima et al. have endeavored to standardize the heart-to-
mediastinum (H/M) ratio assessed by using planar images. They designed a simple
and reproducible phantom standard for planar image acquisition [20, 21]. The
phantom consisted of multiple slices of the heart, lung, mediastinum, and liver
containing a radioisotope as a single component. Using these two phantoms, four
H/M ratios (anterior and posterior views for each) were obtained to calculate the
regression equation. A linear regression equation was analyzed using the formula
y —1=Ki x (x — 1). The first step was to convert the H/M ratio generated by the
LE collimator to the reference value based on mathematical theory using the
conversion coefficient Ki. The second step was to convert this H/M ratio to a
standardized H/M ratio with the conversion coefficient Ks, which was defined as
the average K value for a typical ME collimator. They verified the initial standard-
ization efforts in ten centers, suggesting that this phantom method could be applied
to calibrate the results from ME collimators and LE collimators [22].
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More recently, much larger Japanese multicenter studies including 84 institutions
for the measurement of planar H/M ratios using standard nuclear cameras from a
variety of vendors and collimators also confirmed and extended these findings
[19]. On the basis of phantom studies, a conversion coefficient of 0.88 was
determined to integrate H/M ratios from all acquisition conditions. Using the
reference H/M ratio and conversion coefficients for the system can convert an
H/M ratio under various conditions converted to the standard one, irrespective of
the collimator used. They also demonstrated that two H/M ratios from one phantom
could be comparable to one from two phantoms because the conversion coefficient
showed a significantly high correlation with an R* of 0.997. Standardization of the
H/M ratio for '**I-MIBG among various scinticamera-collimator combinations will
be useful for not only clinical practice but also multicenter studies.

14.3.3 ROI Setting

Cardiac MIBG uptake is semiquantitatively obtained by calculating an H/M ratio,
after drawing ROIs over the heart and the upper mediastinum above the lung apices,
but below the thyroid gland, in the planar anterior view. Average counts per pixel in
the myocardium are divided by average counts per pixel in the mediastinum, thus
generating the H/M ratio.

At least three methods have been used to acquire an H/M ratio [1]. Firstly, square
or rectangular ROIs are drawn in the center of the heart and upper mediastinum, and
the count per pixel ratio is calculated [23]. Secondly, an ROI is drawn around the
epicardial border and the valve plane, including the left ventricular cavity
[24]. Thirdly, an ROI encompassing the myocardium alone, tracing the epicardial
and endocardial borders, excluding the valve plane and cavity, has also been
used [25].

The H/M ratio is a simple measure and the above three measuring methods
appear to give similar results in previous reports when they were performed at a
single center. However, it is prone to variation among setters with respect to the
position of the ROI [13, 26]. As for the mediastinum, differences in ROI location
sensitivity can influence the results; therefore, it is desirable to provide a certain set
reference.

Okuda, Nakajima, and colleagues developed novel software for semiautomati-
cally measuring the H/M ratio (standardized method for automatic ROI setting in
MIBG, smartMIBG) [27]. In this semiautomatic measuring system, the examiner
manually sets a circular contour to the cardiac region by checking and modifying
the center point and circular ROI displayed on the screen. The mediastinum ROI is
set up automatically by using four steps:

1. To determine the trunk right border of the body, after determining the heart ROI
manually, the right border of the liver is determined from the count profile curve
of the bottom of the ROI as the position of the right border of the trunk.
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2. To determine the trunk left border, after the upper boundary corresponding to the
apex of the lungs is estimated as three times the vertical cardiac diameter from
the lower border consistent with the center point of the cardiac ROI, a chest
counter profile curve is created to detect the minimal count point on the
mediastinum. Subsequently, it is folded back the distance between this point
and the trunk right border and defined as the left border.

3. To determine the superior mediastinal edge, the apex of the lung is determined
by vertically detecting the minimum value on the upper mediastinum, applying
thyroid uptake as a reference. If thyroid uptake is too low to analyze, three times
the vertical cardiac diameter is employed.

4. Finally, the rectangular mediastinal ROI is placed in the upper 30 % part of the
mediastinum, and the horizontal size of the mediastinal ROI is defined as 10 %
of body width.

The test-retest reliability of the H/M ratio calculated using this automated
method is better than that for manual analysis. Interobserver agreement was also
good using the semiautomated method. The H/M ratios generated with the method
were higher than those obtained manually, because the count point of the medias-
tinum ROI is minimal. By using the semiautomatic method to set an RO, it is
possible to reduce differences between setters and between facilities.

14.3.4 Washout Rate

Washout of cardiac '*’I-MIBG has been shown to be an important measure of
cardiac sympathetic innervation. The WR is thought to reflect the turnover of
catecholamines, which relates to the degree of sympathetic drive, although it
represents several mechanisms (at least vesicular exocytosis and extravesicular
diffusion in the nerve terminals) [28], and the mechanisms responsible for this
phenomenon have still not been completely explained. Increased sympathetic
activity is associated with diminished cardiac '*’I-MIBG retention on delayed
images, resulting in a greater degree of cardiac 1231_MIBG washout.

The WR of MIBG from the heart is most often expressed as a percentage
difference between the average number of counts within the heart after
15-30 min and 34 h and the average number of counts within the heart after
15-30 min [29, 30]. A normal washout value in control subjects is reported to be
10 +9 %. However, there is a wide variety of calculation methods with or without
standardization of H/M counts, with or without background correction by
subtracting mediastinum counts from heart counts, and with or without correction
for radioisotope decay over time [5, 13, 31]. For example, the WR could be
overestimated by 15-20 % if correction for radioisotope decay over time is not
considered. The timing of late images, i.e., whether they are acquired after 3 or 4 h,
can also influence the results. Calculation method proposed by the recent European
Association of Nuclear Medicine guidelines is shown in Fig. 14.2.
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Fig. 14.2 Calculation methods of hear-to-mediastinum ratio and washout ratio. This figure shows
normal result of '**I-metaiodobenzylguanidine scintigraphy in subject. Calculation methods of
heart-to-mediastinum ratio and washout rate recommended by European Association of Nuclear
Medicine guidelines are also shown: H, heart; M, mediastinum.

14.3.5 SPECT

In '"*I-MIBG cardiac scintigraphic studies of patients with neurodegenerative
disorders, planar images are generally used, but SPECT is not always performed,
even though it has an advantage for detecting the localization, severity, and extent
of the decreased uptake of the radiopharmaceutical area and better results could be
expected to be obtained with quantitative SPECT imaging.

Some programs include manual steps such as the identification of the apex and
base in short-axis slices, resulting in considerable interoperator variability.
Completely automated programs have the advantage of low interoperator variabil-
ity, but there can be considerable differences between different automated pro-
grams, which should be taken into account, especially if more than one program is
used at the same site. In addition, SPECT inter-site reproducibility has not yet been
shown to be superior to that of a simple planar method [5, 32].

For SPECT image interpretation, tomographic slices should be assessed scaled
to the planar appearance [33]. All three planes of image, i.e., the short axis,
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horizontal long axis, and vertical long axis, should be investigated. The early and
delayed images should be aligned identically in such a way that the tomograms are
displayed carefully with anatomically corresponding the early and delayed slices
under each other, from apex to base.

Normal cardiac MIBG distribution includes a relatively low uptake in the
inferior wall, which is more pronounced in the elderly subjects. In addition, there
may be substantial MIBG uptake in the liver, which overlaps with the inferior LV
wall [34, 35]. Moreover, scattering from the lung field to the lateral LV wall may
also occur. We should also consider that variables such as patient age, acquisition,
and processing protocols, as well as the compensation algorithms applied, can
potentially influence cardiac sympathetic images.
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Chapter 15

Findings of '**I-MIBG Cardiac Scintigraphy:
Parkinson’s Disease and Related Disorders
and Others (RBD, Cardiac Diseases, DM,
etc.)

Makiko Yogo and Masahiko Suzuki

Abstract A wide range of autonomic dysfunctions has been described in
Parkinson’s disease (PD). Since its description, myocardial iodine-123-meta-
iodobenzylguanidine (‘**I-MIBG) cardiac scintigraphy has attracted attention as a
useful tool for the diagnosis of PD. There is a general agreement that the H/M ratio
in '*’I-MIBG cardiac scintigraphy is significantly low in both early and delayed
images of PD patients. Reduced cardiac MIBG uptake has been reported in not only
patients with PD but also in dementia with Lewy bodies (DLB), rapid eye move-
ment behavior disorder (RBD), and pure autonomic failure (PAF). In this regard, 123
I-MIBG cardiac scintigraphy can be useful for differentiating Lewy body disorders
from other parkinsonian syndromes and dementias.

In this chapter '*’I-MIBG cardiac scintigraphy findings are described from
various perspectives of PD, and we also review RBD, PAF, and other related
disorders. Finally, we describe comorbidities associated with reduced cardiac
MIBG uptake for careful interpretation.

Keywords '*’I-MIBG cardiac scintigraphy « Parkinson’s disease » Lewy body
disease ¢ Parkinsonism

15.1 Parkinson’s Disease

Parkinson’s disease (PD) is the most common neurodegenerative parkinsonism
characterized by degeneration of both dopaminergic and non-dopaminergic neu-
rons with intracytoplasmic eosinophilic inclusions known as Lewy bodies. The
cardinal clinical motor signs of PD are resting tremor, rigidity, and bradykinesia
and response to dopaminergic drugs. Postural instability is specific to the advanced
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stage of PD. Other non-motor signs are frequently present, including autonomic
dysfunction, cognitive and psychiatric changes, sensory symptoms, sleep distur-
bances, and hyposmia, although the frequency of these features varies from one
patient to another.

15.1.1 '?’I-MIBG Cardiac Scintigraphy Findings
in Parkinson’s Disease

A wide range of autonomic dysfunctions has been described in PD such as ortho-
static and postprandial hypotension, gastrointestinal dysfunction especially consti-
pation, urinary disturbance, sexual dysfunction, and sweating abnormalities. Since
its description, cardiac dysautonomia has attracted attention as a useful tool for the
diagnosis of PD. Todine-123-meta-iodobenzylguanidine ('**I-MIBG) cardiac scin-
tigraphy is a useful diagnostic tool for cardiac dysautonomia. Reduced cardiac
MIBG uptake is observed in 80-90 % of patients with PD, and most images show
no accumulation of MIBG in the heart. Hakusui et al. [1] were the first to report
reduced cardiac MIBG uptake in patients with PD. Since the first description,
reduced cardiac MIBG uptake in patients with PD has become one of the main
characteristics of PD, and many groups reported that the reduced uptake could be
implemented in the differential diagnosis of PD from other atypical parkinsonisms.

The threshold value of the H/M ratio can be used for the differentiation of PD
from other neurodegenerative parkinsonisms. In this regard, Shin et al. [2] reported
that the threshold values of the early and delayed H/M ratios, which distinguished
PD patients from the controls, were 1.57 (sensitivity, 95.0 %, specificity, 88.9 %)
and 1.56 (sensitivity, 95.0 %, specificity, 100 %), respectively. There was no dif-
ference in the discrimination power of the early and delayed H/M ratios (p = 0.188,
95 % confidence interval [95 %CI] = —0.014 to 0.07). The same study found that
the threshold values of the early and delayed H/M ratio that distinguished PD
patients from MSA patients were 1.38 (sensitivity, 65.7 %; specificity, 95.7 %)
and 1.36 (sensitivity, 80.0 %; specificity, 100 %), respectively. Furthermore, the
delayed H/M ratio was significantly better than the early H/M ratio (p = 0.068,
95 % CI= —0.005 to 0.138).

However, Nagayama et al. [3] reported a lower specificity than other studies. In
their study, patients showing one or more parkinsonian-like symptoms were
enrolled. The sensitivity and specificity of '*’[-MIBG cardiac scintigraphy for the
diagnosis of PD were 87.7 % and 37.4 %, respectively; these values were due to the
fact that nearly half of their patients with senile dementia of Alzheimer type
(SDAT) had low MIBG uptake. In their study, the patients with SDAT showed
motor signs, and they could have had Lewy body disorder in addition to the
Alzheimer pathology.

On the other hand, Orimo et al. [4] conducted meta-analysis study of 13 studies
and reported that the pooled sensitivity and specificity of the early H/M ratio to
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differentiate PD from other neurodegenerative parkinsonisms were 82.6 % and
89.2 %, respectively, and those of the delayed H/M ratio were 89.7 % and 82.6 %,
respectively. When PD was limited to that of early stage (Hoehn and Yahr (H-Y)
stage 1 or 2), the pooled sensitivity and specificity by the delayed H/M ratio were
94.1 % and 80.2 %, respectively.

Considered together, we conclude that '**I-MIBG cardiac scintigraphy can be
used with high sensitivity and specificity to differentiate PD from other neurode-
generative parkinsonisms using both early and delayed imaging phases, despite
potential interinstitutional differences in the H/M ratio based on differences in
collimators and scinticameras used at each institution. Standardization of the H/M
ratio is continuously carried out in Japan and standard values will be presented in
the near future. This standardization process is described in detail in Chap. 14.

Postmortem examination of the anterior walls of the left ventricles demonstrated
markedly low density of nerve fibers immunoreactive to tyrosine hydroxylase (TH),
a marker of sympathetic axons, in patients with PD, compared to those with
multiple system atrophy (MSA), progressive supranuclear palsy (PSP), corticobasal
degeneration (CBD), and control subjects [5—8]. These results suggest postgangli-
onic involvement in PD [5]. More details about the pathophysiological mechanism
of the reduced cardiac MIBG uptake in PD are described in Chap. 18.

15.1.2 'ZI-MIBG Cardiac Scintigraphy and Clinical
Features of PD

The correlation between '**I-MIBG cardiac scintigraphy findings and age at disease
onset, disease duration, different clinical phenotypes, disease severity, non-motor
symptoms, and other tests are described below.

15.1.2.1 Age at Onset and Disease Duration

Age at onset correlates negatively with the H/M ratio [9—11]. Previous studies also
reported that the H/M ratio correlated with disease duration [12], although others
reported no such correlation [9, 13, 14].

15.1.2.2 Disease Severity

Several studies have demonstrated a significant negative correlation between car-
diac MIBG uptake and H-Y stage [3, 9, 13]. One study of 34 patients with PD
reported a significant correlation between early H/M ratio and the Unified
Parkinson’s Disease Rating Scale (UPDRS) score [10]. However, no correlation
between the H/M ratio and disease severity in UPDRS III motor score was found in
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patients with early PD H-Y stages I-III [15] and those with advanced stage.
Another study showed no significant difference in the H/M ratio in 24 patients
with PD H-Y stages III, IV, and V [12]. The same trend was noted also in another
study of 40 patients with H-Y stage III or IV [14] with no significant correlation
between the H/M ratio and disease severity in UPDRS III motor score.

15.1.2.3 Clinical Phenotype

PD patients can be classified according to the clinical phenotype into the tremor-
dominant type (TDT), akinetic/rigid type (ART), mixed type (MT), and postural
instability/gait difficulty (PIGD) dominant type. One study of 102 patients with PD
reported that cardiac MIBG uptake was significantly higher in TDT patients than
ART and MT patients [16], while another study of 34 patients showed higher
uptake in TDT patients than PIGD [10]. In another study of 143 patients with PD,
cardiac MIBG uptake correlated negatively with bradykinesia, but not with tremor,
rigidity, or postural instability [11]. Another study of 102 patients with PD showed
a significant correlation between cardiac MIBG uptake and severity of hypokinesia
as well as rigidity, but not with severity of resting or postural tremor irrespective of
H-Y stage [16]. In contrast, in another study of 53 patients with PD, cardiac MIBG
uptake was significantly lower in TDT patients compared with ART patients
[15]. The study concluded that the discrepant results were probably due to different
disease duration. The same results were later confirmed in another study of
37 patients with PD [17].

Generally, the presence of bradykinesia and rigidity tends to correlate with
reduced cardiac MIBG uptake compared with the tremor type. These results suggest
that cardiac sympathetic degeneration correlates with hypokinetic rigidity symp-
toms in PD, but not with tremor. Admittedly, these results remain controversial
mainly due to population heterogeneity. Nevertheless, '**I-MIBG cardiac scintig-
raphy could be used to predict the rate of progress of rigidity and axial symptoms in
UPDRS III motor score in the subsequent 3—8 years. Such prediction is not possible
using other motor symptoms, such as resting tremor, postural tremor, and
bradykinesia [18].

15.1.2.4 Non-motor Symptoms
Clinical Symptoms of Dysautonomia

The relation between cardiac MIBG uptake and symptoms of autonomic failure in
PD remains poorly defined. Most clinical studies found that reduced cardiac MIBG
uptake is independent of such symptoms, as represented by orthostatic hypotension
(OH) [19, 20]. However, Orimo et al. [21] reported significantly lower cardiac
MIBG uptake in PD patients with OH than those without it. Interestingly, they also
reported no significant difference in cardiac MIBG uptake between patients with
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and without constipation. Another study showed a significant difference in cardiac
MIBG uptake between patients with and without bladder dysfunction [14]. These
results indicate that not all dysautonomia-related clinical symptoms correlate with
reduced cardiac MIBG uptake.

Hyposmia

The prodromal stage of PD occurs several years in advance of typical motor
symptoms. Early diagnosis is important for early implementation of disease-
modifying therapy. Several studies have indicated that hyposmia precedes the
motor symptoms of PD [22, 23]. Furthermore, Jennings et al. [24] reported 1231
FP-CIT #’I-N-3-fluoropropyl-2beta-carbomethoxy-3beta-4-iodophenyl tropane ('
I-FP-CIT) single-photon emission computed tomography (SPECT) deficit in 11 %
of 203 hyposmic subjects compared with 1 % of 100 normosmic subjects.

In their study of 23 non-demented patients with early-stage PD, Mizutani
et al. [25] demonstrated that hyposmia correlates with cardiac MIBG uptake within
2 years from the onset of motor symptoms. The results also highlighted the potential
utility of '*I-MIBG cardiac scintigraphy in subjects with hyposmia and prodromal
PD. Hyposmia and reduced MIBG uptake correlate well in the early stage of PD,
suggesting that degenerations in olfactory nerves and cardiovascular sympathetic
nerves represent similar processes. Therefore, it could be postulated that the
prodromal stage of PD encompasses cardiovascular sympathetic nerve degenera-
tion and reduced cardiac MIBG uptake.

Hallucination

Psychosis is a disabling non-motor complication of PD. Hallucination is one of the
common psychotic symptoms in both demented and non-demented PD, occurring
in approximately 40-50 % of PD patients [26, 27]. Uchiyama and colleagues [28]
reported that in 97 patients with Lewy body disease (LBD) (90 patients with PD,
seven with DLB), early and delayed H/M ratios independently correlated with
hallucinations. In another study of 95 patients with PD [29], analysis of covariance,
adjusted for the age of the patients as covariate, demonstrated that early and delayed
H/M ratios were significantly lower in PD patients with hallucinations but no
dementia, as well as PD patients with dementia, than in PD patients with no
hallucinations or dementia. These findings indicate that reduced cardiac MIBG
uptake may be associated with hallucination in PD patients.
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15.1.3 Comparison with Other Tests
15.1.3.1 'ZI-FP-CIT SPECT

231_EP-CIT SPECT is helpful in the evaluation of patients with nigrostriatal
dopaminergic deficit. Several studies have demonstrated that '**I-FP-CIT SPECT
is highly accurate in differentiating patients with neurodegenerative parkinsonisms
from those with non-neurodegenerative parkinsonisms. In particular, '**I-FP-CIT
scanning offers help in the diagnosis of PD at early stages. However, only few
studies have evaluated the relationship between '*’I-FP-CIT and cardiac MIBG
uptake. In a study of 18 PD patients with early stage (limited only to H-Y stage I),
Spiegel et al. [30] found a strong relationship between striatal binding on the
impaired site and the H/M ratio of '**I-MIBG cardiac scintigraphy. They concluded
that the functional loss of nigrostriatal dopaminergic neurons is closely related to
cardiac sympathetic dysfunction [30, 31]. In contrast to the above study,
Chiaravalloti et al. [17] reported no relationships between '**I-FP-CIT SPECT
and early and delayed images of '*’I-MIBG cardiac scintigraphy in 37 patients
with PD (H-Y stage I, n = 15; stage IV, n=8; stage II, n = 7; stage III, n = 7). They
also reported no significant relationship between subtypes TDT and ART of the
single PD phenotype. The results suggest that the rate of sympathetic
neurodegeneration is not related to the rate of nigrostriatal degeneration and vice
versa.

A possible explanation of these discrepancies can be based on the different rates
of disease severity and differences in PD phenotypes. Differences in PD phenotypes
do not seem to explain the results of Chiaravalloti et al. [17]. In fact, the weak
correlation between early cardiac MIBG uptake and '*’I-FP-CIT uptake in ART in
the ipsilateral striatum is hampered by the medium-size effect on their statistical
analysis. Further research is needed to determine the relationship between sympa-
thetic and dopaminergic system in PD.

Only a few studies have compared the use of '**I-FP-CIT SPECT and '**I-
MIBG cardiac scintigraphy. These two techniques were compared in 68 patients
with suspected LBD [32]. The overall sensitivity, specificity, accuracy, and positive
and negative predictive values for '*’I-MIBG cardiac scintigraphy were 83 %,
79 %, 82 %, 86 %, and 76 %, respectively, and 93 %, 41 %, 73 %, 71 %, and 80 %,
respectively, for '**I-FP-CIT SPECT. While these values were significantly differ-
ent between the two methods in patients without LBD, they were not in patients
with LBD. '2’I-FP-CIT SPECT has a high sensitivity in the diagnosis of LBD,
while '*I-MIBG cardiac scintigraphy may have a complementary role in the
differential diagnosis of PD and other parkinsonisms [32].
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15.1.3.2 Brain Perfusion SPECT

Hypoperfusion of the occipital lobe is one of the characteristics of PD
[33, 34]. Nagamachi et al. [35] compared absolute regional cerebral blood flow
(rCBF) values of ™ Tc-HMPAO between 49 patients with PD and 28 patients with
other neurodegenerative parkinsonisms. In the correlation analysis, reduced rCBF
of occipital lobe correlated positively with reduced H/M ratio. With regard to the
diagnostic ability, neither specificity nor accuracy improved by adding occipital
lobe hypoperfusion to reduced cardiac MIBG uptake findings. However, the sensi-
tivity improved by accounting for occipital hypoperfusion compared with reduced
cardiac MIBG uptake findings alone. Adding analysis of occipital lobe rCBF to '*?
I-MIBG cardiac scintigraphy is recommended.

15.1.3.3 Transcranial Sonography (TCS) of the Substantia Nigra (SN)

Becker et al. [36] first described SN hyperechogenicity as a typical sign for PD in
1995. About the pathophysiology of SN hyperechogenicity, Berg et al. [37]
reported in a rat experimental model that iron may be the cause of the increased
echogenicity of the SN. The same group also performed postmortem studies in
20 patients without extrapyramidal disorders during lifetime and showed that the
echogenicity of the SN correlated with its iron content [38]. Another group also
reported positive correlation between SN hyperechogenicity and iron and ferritin
levels and negative correlation with neuromelanin content in postmortem brains
from normal subjects [39]. In this regard, Berg et al. [40] also reported that SN
echogenicity in 33 brains correlated with microglia activation, after correction for
iron and neuromelanin content.

With regard to the correlation between SN hyperechogenicity and reduced
cardiac MIBG uptake, Kajimoto et al.[41] reported that in 30 patients with PD
whose midbrain was adequately displayed by TCS (46.2 % of the study group), no
significant correlation was found between the area of SN echogenicity and the early
H/M ratio. However, when the cutoff values were set at mean + 1 SD for TCS and
mean — 2 SD for '*I-MIBG cardiac scintigraphy, 29 patients (97 %) were identi-
fied as abnormal by the combination of TCS and '*I-MIBG cardiac scintigraphy.
Behnke et al. [42] analyzed the relation between the findings of TCS and '**I-MIBG
cardiac scintigraphy in 42 patients with PD. They demonstrated no correlation
between the extent of SN hyperechogenicity (which was contralateral to the
clinically more affected body side) and reduced cardiac MIBG uptake. The sensi-
tivity of TCS in the diagnosis of PD was 79 %, compared with 81 % for '*’I-MIBG
cardiac scintigraphy. On the other hand, the sensitivity of the combination of both
was 95 %. Based on the above two studies, it seems that the combination of TCS of
SN and '**I-MIBG cardiac scintigraphy could improve the diagnosis of PD.
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15.1.3.4 Microneurography

Shindo et al. [43] recorded muscle sympathetic nerve activity (MSNA) from the
peroneal nerve in 14 patients with PD. No significant correlation was found
between MSNA and H/M ratio and washout ratio of '*I-MIBG cardiac
scintigraphy.

15.1.3.5 Pupillary Sympathetic and Parasympathetic Sensitivity

Pupillary postganglionic autonomic dysfunction (pupillary sensitivity) is tested by
assessing changes in pupil diameter using eye drops of parasympathomimetic
[0.05 % pilocarpine hydrochloride (PL)] and sympathomimetic agents [0.02 %
dipivefrine hydrochloride (DPE)]. Hori et al. [44] reported that in 40 patients
with PD, pupillary supersensitivity to PL and DPE was found to be significantly
greater in PD patients than in control subjects. Pupillary sensitivity to PL and DPE
did not correlate with delayed H/M ratio. On the other hand, Yamashita et al. [45]
reported in 40 patients with PD a weak and inverse correlation between delayed
H/M ratio and pupillary sympathetic sensitivity to DPE. Further studies are required
to explore this issue.

15.1.3.6 Apparent Diffusion Coefficient (ADC)

Kollensperger et al. [46] measured the apparent diffusion coefficient (ADC) in the
putamina to differentiate PD from MSA parkinsonism (MSA-P). The sensitivity
and specificity of ADC were higher than '*I-MIBG cardiac scintigraphy. Their
data suggest that ADC is superior to '**I-MIBG cardiac scintigraphy in the differ-
ential diagnosis of PD versus MSA-P. However, the number of subjects in their
study (nine with PD and nine with MSA-P) was small and more than half of the
patients with MSA-P showed reduced cardiac MIBG uptake. Further studies are
required to determine the diagnostic value of ADC.

15.1.4 Prodromal PD and Incidental Lewy Body Disease
(iLBD)

15.1.4.1 Prodromal PD or DLB

The prodromal stage of PD is somewhat mentioned in non-motor features of this
chapter. Again, detecting biomarkers of neurodegeneration that precede the appar-
ent clinical symptoms of PD is important for early implementation of disease-
modifying therapy. Braak et al. [47] proposed that prodromal pathological changes
in PD first appear in the dorsal motor nuclei of the glossopharyngeal and vagal
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nerves and the anterior olfactory nucleus. Autonomic failure (constipation and
postural hypotension), depression/anxiety, rapid eye movement behavior disorder
(RBD), hyposmia, and mild memory disorder are known to be the prodromal
symptoms of PD or DLB

Sakakibara et al. [48] studied 254 patients with memory complaints and found
reduced cardiac MIBG uptake in 13 of 44 amnestic MCI cases (30 %). None of the
13 patients had the core clinical features of DLB. They also reported that among
1600 outpatients, only five had constipation and reduced cardiac MIBG uptake
without apparent motor disorders, indicating LBD, nor apparent neurologic dis-
eases other than LBD. Some patients also showed RBD, hallucinations, occipital
hypoperfusion by SPECT, and other prodromal biomarkers. These studies suggest
that reduced cardiac MIBG uptake can be a biomarker for Lewy body pathology in
patients with amnestic MCI and constipation. Other prodromal biomarkers are
discussed elsewhere in this chapter.

15.1.4.2 Incidental Lewy Body Disease

Incidental Lewy body disease (iLBD) [49, 50] is a term used to describe the
presence of Lewy bodies at routine postmortem examination in individuals free
of any clinical signs of PD or dementia in life. Orimo et al. [S1] compared cardiac
tissues and paravertebral sympathetic ganglia of patients with iLBD and PD and
demonstrated earlier accumulation of a-synuclein aggregates in the distal axons of
the cardiac sympathetic nervous system compared with neuronal somata or neurites
in the paravertebral sympathetic ganglia, a finding that heralds centripetal degen-
eration of the cardiac sympathetic nerve in LBD, such as iLBD and PD. These
results suggest that the reduced cardiac MIBG uptake in iLBD subjects represents
degeneration of the cardiac sympathetic nerves that might predate the damage of
striatal presynaptic dopaminergic terminals.

At present, 'Z*I-MIBG cardiac scintigraphy is not recommended for patients free
of parkinsonism or dementia, because it is mainly used to differentiate LBD from
other parkinsonisms or dementia. No postmortem studies have directly investigated
the relationship between the findings of antemortem '**I-MIBG cardiac scintigra-
phy and cardiac sympathetic denervation in cases of iLBD. Reduced cardiac MIBG
uptake was reported in an autopsy case of MSA with Lewy bodies in neurons of the
dorsal vagal nucleus, locus coeruleus, and the basal nucleus of Meynert
[52]. Reduced cardiac MIBG uptake was also reported in an autopsy case of CBD
with Lewy bodies in the sympathetic ganglia [53]. Although these were not ideal
iLBD cases, the presence of reduced cardiac MIBG uptake could be considered to
represent incidental Lewy body pathology during the lifetime.
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15.1.5 '2I-MIBG Cardiac Scintigraphy Findings
in Familial PD

To date, 22 familial PD mutations have been identified. It seems that cardiac MIBG
uptake varies according to the type of mutations.

15.1.5.1 Autosomal-Dominant Forms of PD: PARK1, PARK4,
and PARKS

Point mutations in the gene for a-synuclein, non-A4 component of amyloid pre-
cursor (SNCA), duplications and triplications of the entire gene, and mutations in
the leucine-rich repeat kinase 2 (LRRK2) gene cause autosomal-dominant forms
of PD.

PARK1

The point mutation E46K in SNCA gene (PARK1) [54] causes an aggressive form
of PD with relatively early onset. Most cases have been identified in families with
multiple affected individuals. Patients with E46K substitution in the SNCA gene
both with and without autonomic symptoms showed complete lack of cardiac
MIBG uptake in life and showed a complete absence of TH-immunoreactive
nerve fibers in the cardiac tissues on postmortem examination [55] and normal 123
I-FP-CIT SPECT in a subject with asymptomatic carrier [56].

PARK4

SNCA Gene Duplication and Triplication and Iowa Kindred SNCA gene dupli-
cation and triplication causes typical late-onset PD (PARK4) [57]. Incomplete
penetrance of SNCA gene duplication may result in a negative family history. The
H/M ratio of '**I-MIBG cardiac scintigraphy is reported to be less than that of the
normal control [58]. Orimo et al. [59] used immunohistochemistry to examine
cardiac tissues from three patients with PD linked to SNCA duplication. They
found severe degeneration of the cardiac sympathetic nerve and sparse
a-synuclein aggregates in the epicardial nerve fascicles of all three patients, a
finding similar to idiopathic PD. In addition, scattered swollen phosphorylated
neurofilament-immunoreactive axons were especially found in two of three
patients, suggesting possible impairment of axonal flow. These results suggest
that cardiac sympathetic denervation is closely related to the presence of Lewy
bodies in not only sporadic Lewy body disorders but also in familial PD with
duplication of SNCA and that it is associated with reduced cardiac MIBG
uptake [59].
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SNCA gene triplication causes parkinsonism in a well-characterized family
called the “Iowa kindred” [60]. The results of cardiac PET scanning using the
sympathoneural imaging agent, 6-['®F]fluorodopamine, in affected members of this
kindred showed a clear loss of cardiac sympathetic innervation [61].

PARKS

Mutations in the LRRK2 gene are a common cause of dominant PD (PARKS)
[62, 63]. To date, six mutations are known to be pathogenic (N1437H, R1441C,
R1441G, Y1699C, G2019S, and 12020T). Overall, LRRK2 mutations account for
5-15% of dominant familial PD cases [64] and 1-3 % of sporadic PD cases
[65]. Clinically, LRRK2-associated PD is indistinguishable from sporadic typical
PD. A proportion of LRRK? patients with G2019S and R1441G mutations present
with lower cardiac MIBG uptake compared with the control and relatively higher
uptake than PD patients, while the remaining of the patients with these mutations
showed normal cardiac MIBG uptake [66, 67].

12020T mutation is described to have a single-founder effect in Japanese
patients. One patient with the mutation had normal cardiac MIBG uptake, while
the remaining two patients had reduced cardiac MIBG uptake [68]. These results
highlight the heterogeneity of this disease.

15.1.5.2 Autosomal-Recessive Forms of PD: PARK2, PARKG,
and PARK?7

PARK?2

Homozygous or compound heterozygous mutations in parkin gene are the most
common familial PD (PARK2) [69]. Up to half of familial PD cases with a disease
onset under the age of 45 and a recessive form of inheritance are caused by parkin
mutations. Similarly, parkin mutations underlie about 15 % of sporadic PD cases
with disease onset before the age of 45. The clinical course of patients with parkin
mutations is overall benign. Motor fluctuations and levodopa-induced dyskinesia
are frequent, whereas marked cognitive or autonomic disturbances are rare. Except
for one patient, the reported cases of parkin mutations had normal cardiac MIBG
uptake [67, 70-72]. In one study, postmortem examination showed preservation of
TH-immunoreactive nerve fibers in the epicardial nerve fascicle [71]. These results
suggest that PARK?2 is a distinct disease entity from PD.

PARK6 and PARK?7

Homozygous or compound heterozygous mutations in PINKI/(PARKG6) [73] and
homozygous or compound heterozygous mutations in DJ-I genes (PARK?7) [74]
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Table 15.1 Summary of cardiac MIBG uptake in familial PD

Locus Inheritance Gene Cardiac MIBG uptake Lewy bodies
PARK1 AD SNCA mutation Reduced +

PARK2 AR Parkin Normal —

PARK4 AD SNCA multiplication Reduced +

PARK6 AR PINK1 Reduced or normal +

PARK?7 AR DJ-1 Reduced or normal Not published
PARKS AD LRRK2 Reduced or normal +or —

Cardiac MIBG uptake results may vary due to the relatively small number of subjects
AD autosomal dominant, AR autosomal recessive

are less common, accounting for only 1-8 % and 1-2 % of early-onset and sporadic
cases, respectively [75-77]. The phenotype associated with PINK/ and DJ-I
mutations is basically indistinguishable from that associated with mutation in
parkin. One previous study reported preservation of cardiac MIGB uptake in one
of two patients with DJ-/ mutations and in one of two brothers with PINKI
mutations [67] (Table 15.1).

15.2 Gaucher Disease (GD)

Mutations in the gene encoding the lysosomal enzyme glucocerebrosidase are
associated with GD, the most common autosomal-recessive lysosomal storage
disease. It is now clear that a subset of patients with GD develop parkinsonism.
Postmortem brain tissue examination of patients with GD associated with parkin-
sonism has consistently shown classic PD pathology. Itokawa et al. [78] reported a
patient with type I GD who had near-normal cardiac MIBG uptake, with partially
defective cardiac MIBG uptake considered to be due to old myocardial infarction
confirmed on Tc-99 m SPECT. On the other hand, Lebouvier et al. [79] reported a
case with type I GD and abnormal cardiac MIBG uptake, with reduced early and
delayed H/M ratios. Another study that sequenced the entire coding exons and
exon/intron boundaries reported that 27 of 144 families (18.8 %) of index patients
with Japanese familial PD were heterozygous for known GD mutations and
presented with reduced cardiac MIBG uptake [80].

15.3 'PI-MIBG Cardiac Scintigraphy Findings in Other
Lewy Body Diseases

Cardiac sympathetic denervation has been reported to develop in patients with other
Lewy body diseases, such as DLB and pure autonomic failure (PAF). In this regard,
'2LMIBG cardiac scintigraphy can be useful for differentiating Lewy body
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diseases from other parkinsonian syndromes and dementias. Furthermore, RBD is
observed in a-synucleinopathy, especially in relation to Lewy body disease.

For this reason, we discuss PAF and RBD in this chapter, while DLB is
described in Chap. 16.

15.3.1 Pure Autonomic Failure

PAF is considered a rare clinical manifestation of Lewy body diseases and is
characterized by autonomic failure without any sign of parkinsonism. Previous
studies reported reduced cardiac MIBG uptake in patients with PAF [81, 82].

15.3.2 Rapid Eye Movement (REM) Sleep Behavior Disorder
(RBD)

RBD is characterized by dream-enactment behavior resulting from muscle activity
during REM sleep. The development of RBD may be one of the first manifestations
of a-synucleinopathy including PD, DLB, and MSA. While the exact mechanism of
RBD is still unclear, it is speculated that disturbances in regions of the brainstem
that control REM sleep play a pathological role. A few studies reported signifi-
cantly reduced cardiac MIBG uptake in patients with idiopathic RBD similar to PD
with and without RBD [83, 84]. The results suggest that most of RBD indicate
Lewy body diseases. Furthermore, Koyama et al. [85] reported the presence of
hyposmia, impaired facial expression recognition, and reduced cardiac MIBG
uptake in one RBD patient free of parkinsonism. Impaired facial expression recog-
nition may reflect the dysfunction of the amygdala. In RBD patients,
neurodegeneration may occur more diffusively than the brainstem alone.

154 '>I-MIBG Cardiac Scintigraphy Findings in Other
Neurodegenerative Parkinsonism and Related
Disorders

The clinical feature of atypical neurodegenerative parkinsonism, such as MSA,
PSP, and CBD, resembles those of PD, especially in the early stages. Despite the
presence of clinical consensus criteria for PD and other parkinsonisms, accurate
diagnosis of these disorders remains a challenge for neurologists. '**I-MIBG
cardiac scintigraphy is a useful imaging tool for differentiating PD from other
parkinsonisms.
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15.4.1 Neurodegenerative Parkinsonism
15.4.1.1 Multiple System Atrophy

MSA is a late-onset neurodegenerative disease characterized by progressive auto-
nomic failure, parkinsonism, and cerebellar and pyramidal tract symptoms.
Neurodegeneration and the formation of glial cytoplasmic inclusions
immunostained with a-synuclein are the hallmark of the disease. '**I-MIBG cardiac
scintigraphy is significantly higher in MSA than PD or within the normal range
[86]. However, cardiac MIBG uptake is not necessarily preserved in patients with
MSA, and approximately 30 % of patients with MSA have reduced cardiac MIBG
uptake, and these levels do not correlate with disease duration or severity [87]. The
mean value of the H/M ratio in striatonigral degeneration (SND), a subtype of
MSA, with OH is lower than SND without OH [86].

It is known that central or preganglionic lesions, such as those in the cardiovas-
cular autonomic center of the ventrolateral medulla or intermediolateral cell col-
umn of the spinal cord, contribute to the dysautonomia of MSA. Cohen et al. [88]
hypothesized that in MSA, preganglionic lesions cause dysfunction of the postgan-
glionic sympathetic fibers through the transsynaptic effects. Postmortem examina-
tion of a MSA patient with a slightly reduced cardiac MIBG uptake demonstrated
no obvious neuronal loss in the peripheral sympathetic ganglia. Furthermore,
TH-immunoreactive epicardial nerve fibers in the anterior wall of the left ventricle
of the heart were preserved in patients with MSA [5]. Based on the above findings,
it was proposed that postganglionic sympathetic nerves are not involved in MSA;
rather, the central and preganglionic lesions account for the slightly reduced cardiac
MIBG uptake in MSA [5]. The same group also reported mild or moderate decrease
in the number of TH-immunoreactive epicardial nerve fibers of six of 15 patients
with MSA, of whom four showed a decrease in TH immunoreactivity in the
neuronal somata in the sympathetic ganglia. These pathological changes supported
the hypothesis that preganglionic lesions cause dysfunction of the postganglionic
sympathetic fibers through the transsynaptic effects in MSA.

15.4.1.2 Progressive Supranuclear Palsy

PSP is characterized by parkinsonisms, gaze palsy, pseudobulbar palsy, dysarthria,
axial rigidity, frontal lobe dysfunction, and dementia and thus partially resembles
PD. However, the clinical spectrum of PSP is known to be wider than originally
described. The typical pathology is abnormal tau deposition that affects neurons
and glial cells represented by tufted astrocytes. The mean value of the H/M ratio in
patients with PSP is significantly higher than in PD, but the majority of patients
have normal to slightly reduced cardiac MIBG uptake compared with normal
control subjects [3, 83, 86, 89, 90]. Orimo et al. [6] reported that
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TH-immunoreactive epicardial nerve fibers were well preserved in five patholog-
ically confirmed patients with PSP.

15.4.1.3 Corticobasal Degeneration

CBD is characterized by asymmetric symptoms including rigidity and tremor, thus
partially resembling PD. However, some patients with CBD present with clinical
symptoms that do not resemble those of PD, such as dystonia, myoclonus, apraxia,
cortical sensory deficits, and alien limb phenomena. In addition, some suffer from
various cognitive and language deficits. CBD is pathologically characterized by
abnormal tau deposition in neurons and glial cells, including astrocytic plaques.
Only a few studies examined '**I-MIBG cardiac scintigraphy in patients with CBD.
The H/M ratio of CBD is not different from that of normal control subjects [8, 89,
90].

Another case report of postmortem histopathological examination of a CBD
patient demonstrated well-preserved TH-immunoreactive epicardial nerve fibers,
similar to the control subjects [8].

15.4.2 'ZI-MIBG Cardiac Scintigraphy Findings in Other
Related Disorders

15.4.2.1 Vascular Parkinsonism

Orimo et al. [21] examined '*I-MIBG cardiac scintigraphy in 11 patients with
vascular parkinsonism and found it was not significantly different from normal and
disease control subjects. Furthermore, the mean H/M ratio of the PD patients was
significantly lower than patients with vascular parkinsonism. The same findings
were confirmed in six patients [12] and 19 patients [91] with vascular parkinsonism.

15.4.2.2 Essential Tremor (ET)

ET is characterized by postural tremor affecting the hands, head, and other parts of
the body. By definition, patients with ET should not have other clinical signs of
parkinsonism. In some cases, it is difficult to differentiate ET from PD, especially in
the early stages of the disease.

Orimo et al. [21] indicated that cardiac MIBG uptake measured in five patients
with ET was comparable to that in normal and disease control subjects. Another
group [92] also examined '*I-MIBG cardiac scintigraphy in 20 patients with ET
and reported significantly higher mean H/M ratio in patients with ET than in TDT or
early PD [rated at H-Y of I and II with recent diagnosis (symptom duration
2 years)]. However, the mean H/M ratio of the ET group was not significantly
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different from that of the control group. In the same study [92], the H/M ratio was
higher in patients with ET than two standard deviations above the range of the ratio
in patients with early PD or TDT. Another study of 16 patients with rest and
postural tremor (mixed tremor), together with mild extrapyramidal features and
abnormal striatal '>*I-FP-CIT SPECT, reported reduced cardiac MIBG uptake in
delayed images in half of the patients [93]. The results suggest that the combined
use of both '"*’I-FP-CIT SPECT and '*’I-MIBG cardiac scintigraphy in patients
with mixed tremors and extrapyramidal features can help distinguish patients with
ET from those with PD and parkinsonism.

15.4.2.3 Drug-Induced Parkinsonism

Drug-induced parkinsonism (DIP) is a heterogeneous clinical syndrome, but almost
all patients with DIP have normal cardiac MIBG uptake. All patients show
improvement or complete resolution of parkinsonism after withdrawal of the
offending drug. However, some DIP patients with significantly reduced cardiac
MIBG uptake develop persistent and worsening parkinsonism or PD after discon-
tinuation of the offending drug. '**I-MIBG cardiac scintigraphy may be a useful
tool for detecting DIP unrelated to PD and to identify DIP patients with subclinical
PD [94-96] (Fig. 15.1).

15.4.2.4 Others
Spinocerebellar Ataxia Type 2

SCA2 is an autosomal-dominant neurodegenerative disorder associated with
expanded CAG trinucleotide repeat in the ATXN2 gene. It is clinically characterized
by gait and limb ataxia, dysarthria, supranuclear ophthalmoplegia, peripheral
neuropathy, sleep disorders, postural tremor, chorea, myoclonus, parkinsonism,
pyramidal signs, and dementia. Most cases exhibit the cerebellar phenotype, though
few present with parkinsonism as the predominant phenotype instead of cerebellar
ataxia. The levodopa-responsive parkinsonism is considered a rare clinical presen-
tation in SCA2.

Koyano et al. [97] found reduced cardiac MIBG uptake in SCA?2 parkinsonian
phenotype with homozygous SCA?2 expansion (36/38). Another group [98] reported
the postmortem findings of a SCA2 patient with parkinsonian phenotype and
reduced cardiac MIBG uptake. They found atrophy of the olivopontocerebellar
system and substantia nigra. Both findings were compatible with SCA2. In addition,
they also found Lewy body pathology in the SN, the locus coeruleus, dorsal motor
nuclei of vagus, and cardiac sympathetic nerves. De Rosa et al. [99] performed '*'I-
MIBG cardiac scintigraphy in nine patients with SCA2 free of parkinsonism. The
early and delayed H/M ratios were significantly lower in patients with SCA2 than
the control subjects, though less marked than in PD patients. Another study reported
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Fig. 15.1 '"*-MIBG cardiac scintigraphy in representative cases of Parkinson’s disease and
related disorders. Cardiac MIBG uptake is lower than normal control in patients with Lewy
body diseases such as PD, DLB, and PAF, but not in patients with other related disorders. (a)
control, (b) vascular parkinsonism, (c) essential tremor, (d) Parkinson’s disease, (e) dementia with
Lewy bodies, (f) pure autonomic failure, (g) multiple system atrophy-parkinsonism type, (h)
progressive supra nuclear palsy, (i) corticobasal degeneration

the results of postmortem examination of a Japanese SCA2 patient with parkinson-
ism [100]. In addition to the classic SCA2 neuropathological changes, Lewy bodies
and Lewy neurites were identified in brainstem nuclei. Furthermore, genetic anal-
ysis demonstrated the presence of shorter abnormal expansion of CAG repeats (less
than 39). In comparison, the authors did not find Lewy body pathology in two SCA2
cases free of parkinsonism. The study provided neuropathological evidence for a
correlation between Lewy body pathology and parkinsonism of SCA2.

Since '®I-MIBG cardiac scintigraphy demonstrated impairment of cardiac
sympathetic function in SCA2, with and without parkinsonism, Lewy body pathol-
ogy does not seem to explain all the findings of '**I-MIBG cardiac scintigraphy.
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Machado-Joseph Disease (MJD)

MIJD or SCA3 is an autosomal-dominant neurodegenerative disorder associated
with expanded CAG trinucleotide repeat in ATXN3 gene. It is characterized by
ataxia, ophthalmoplegia, peripheral neuropathy, pyramidal dysfunction, and move-
ment disorders. Only a few MJD patients develop parkinsonism. Although MJD is a
relatively rare disease, it is the most frequent spinocerebellar ataxia with a world-
wide distribution.

In a study of 19 patients with MJD who underwent '**I-MIBG cardiac scintig-
raphy, the delayed H/M ratio was significantly lower in the patients than the control
subjects, whereas the early H/M ratio was comparable between the two groups
[101]. Six of the 19 patients showed abnormal sympathetic skin responses (SSR).
The delayed H/M ratio was significantly lower in the latter group than in patients
with normal SSR. These results suggest the presence of cardiac sympathetic
dysfunction in MJD, as detected by '**I-MIBG cardiac scintigraphy, which appears
to correlate with sudomotor sympathetic dysfunction.

15.5 '>I-MIBG Cardiac Scintigraphy Findings
in Comorbidities

Finally, we describe the comorbidities associated with reduced cardiac MIBG
uptake for careful interpretation of '>’I-MIBG cardiac scintigraphy findings.

15.5.1 Congestive Heart Failure (CHF), Cardiomyopathy,
and Ischemic Heart Disease

Kline et al. [102] were the first investigators to use '*’I-MIBG cardiac scintigraphy
and explore its utility in quantitative measurement of myocardial catecholamine
content. Activation of the sympathetic nervous system is one of the main patho-
physiological abnormalities associated with heart failure. The H/M ratio correlates
significantly with myocardial noradrenaline concentration and with left ventricular
ejection fraction in patients with idiopathic dilated cardiomyopathy [103]. Reduced
cardiac MIBG uptake and high washout, especially reduced delayed H/M ratio,
have been described in CHF [104], and the extent of such reduction correlated with
the severity of CHF and response of treatment, prognosis, and mortality.

The failing heart requires sympathetic stimulation to increase cardiac perfor-
mance, but paradoxically shows depletion of noradrenaline [105]. Recent studies
have suggested that it is due to decreased noradrenaline reuptake [104, 106] and
synthesis [107]. In this regard, Kanazawa et al. [108] demonstrated neurotransmit-
ter switching from predominantly catecholaminergic to cholinergic or cholinergic
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transdifferentiation of the cardiac sympathetic nervous system in patients with
CHF, as an adaptive response. These results may explain the reduced cardiac
MIBG uptake in patients with CHF.

With regard to ischemic heart disease, cardiac MIBG washout is globally
increased after myocardial infarction within 14 days of early reperfusion therapy,
even in patients with preserved left ventricular function [109]. Podio et al. [110]
reported no changes in cardiac MIBG uptake from 1 week after infarction to after
30 months of follow-up. Enhanced washout may reflect increased sympathetic
nerve tone and represent increased catecholamine turnover or impaired reuptake
in the subacute phase of myocardial infarction [109].

15.5.2 Diabetes Mellitus (DM)

Evaluation of cardiac MIBG uptake in patients with DM began in 1988. The first
report of use of '*I-MIBG cardiac scintigraphy was in patients with diabetic
autonomic neuropathy with sudden cardiac death presumably due to QTc interval
prolongation [111], though the usefulness of imaging of the sympathetic nervous
system in DM is unclear [112]. One study that followed 144 patients with DM and
no other cardiac disease for 7 years after '*’I-MIBG cardiac scintigraphy showed
that reduced cardiac MIBG uptake was associated with increased risk of cardiac
mortality [113]. Coronary arterial and arteriolar narrowing is common in patients
with diabetic autonomic neuropathy; therefore, reduced cardiac MIBG uptake may
reflect a combination of denervation and decreased delivery of the trace to the
sympathetic nerves due to coronary hypoperfusion [114]. However, reduced car-
diac MIBG uptake can also occur in patients with DM without any evidence of
coronary heart disease or autonomic neuropathy [115]. In addition, enhanced
washout rate is independently associated with the incidence of major adverse
cardiac and cerebrovascular events in type 2 diabetic patients free of structural
heart disease [116].

Experimental studies in a rat model of DM showed a high cardiac MIBG
washout rate, but unlike patients with heart failure. This was not due to systemic
sympathetic hyperactivity. Rather, it was likely due to dysfunction of the reuptake
and/or pooling mechanism since the plasma and myocardial noradrenaline concen-
trations in diabetic rats were significantly lower than those in nondiabetic rats [117].

Cardiac MIBG uptake is comparatively preserved in diabetic patients without
heart failure [118] or even improved when blood sugar level is under control
[119]. Thus, the presence of DM alone does not always cause reduced cardiac
MIBG uptake. Recently Slaets et al. [120] described no significant difference in
H/M ratio among DLB patients with DM, arterial hypertension, hyperlipidemia,
ischemic heart disease, heart failure, and pharmacological treatment and those
without clinically observable conditions. Furthermore, Otsuka et al. [121] exam-
ined differences in H/M ratio in patients with Alzheimer disease (AD) or amnestic
MCI (aMCI) with or without DM. In their study, '**I-MIBG cardiac scintigraphy
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was performed in both the AD or aMCI without DM (AD/DM(—), n = 248) and AD
or aMCI with DM (AD/DM(+), n=46) and in age-matched control subjects (C,
n=28). The early/delayed H/M ratios in AD/DM(—), AD/DM(+), and C were
2.39+0.38/2.37+0.44, 2.37£0.3/2.31+0.34, and 2.43+0.24/2.44£0.26,
respectively, with no significant difference among the three groups. Five of
46 patients of the (AD/DM(+)) group showed slightly low H/M ratios but none of
these patients showed no accumulation of MIBG in the planar image as typically
seen in PD patients. These results suggest that DM does not always have a
significant effect on cardiac MIBG uptake, particularly DM without diabetic auto-
nomic neuropathy. Further studies are needed to confirm the cardiac MIBG uptake
in DM patients with or without autonomic neuropathy.
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Chapter 16
Findings of MIBG Cardiac Scintigraphy:
Dementia with Lewy Bodies and Related
Dementia

Hirohisa Watanabe and Gen Sobue

Abstract Dementia with Lewy bodies (DLB) is the second most common neuro-
degenerative form of dementia. The core features of DLB include progressive
cognitive decline, parkinsonism, autonomic failure, and sleep disorders. Because
the symptoms are similar between DLB and Alzheimer’s disease (AD), it is often
difficult to make a definitive diagnosis, in particular, during the early course of the
illness. Cardiac '**I-metaiodobenzylguanidine (MIBG) scintigraphy is one of the
most useful tools for differentiating DLB from AD. DLB patients generally show
markedly reduced cardiac MIBG uptake, regardless of the presence of parkinson-
ism. This finding is consistent with pathological findings of cardiac sympathetic
nerve involvement in DLB. However, patients with AD, corticobasal degeneration
(CBD), progressive supranuclear palsy (PSP), and vascular dementia (VaD) gen-
erally show normal cardiac MIBG uptake. Therefore, MIBG cardiac scintigraphy
provides a powerful method for early differentiation of DLB from other forms of
dementia, with equal or superior diagnostic capabilities when compared to dopa-
mine transporter imaging or perfusion/metabolic imaging. Recent studies have
demonstrated that most subjects with rapid eye movement (REM) sleep behavior
disorder (RBD) progressing to DLB or Parkinson’s disease (PD) during long
follow-up periods also have abnormal cardiac MIBG uptake. Thus, MIBG cardiac
scintigraphy may have the potential to detect prodromal DLB before obvious
cognitive and functional changes are observed. This procedure could more accu-
rately identify early dementia and could enhance the development and use of
disease-modifying therapies for DLB.
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16.1 Introduction

Dementia with Lewy bodies (DLB) is the second most common neurodegenerative
dementia encompassing progressive cognitive decline, “fluctuations” in alertness
and attention, visual hallucinations, parkinsonian motor symptoms, including rigid-
ity, slowness of movement, difficulty walking, or falling, autonomic failure such as
orthostatic hypotension and urinary disturbance, and sleep problems. DLB patients
show widespread and abundant Lewy bodies mainly composed of a-synuclein in
the brain, brain stem, spinal cord, and peripheral autonomic systems. Thus, DLB
can be classified as a synucleinopathies similar to Parkinson’s disease (PD) and
multiple system atrophy (MSA).

Visual hallucination and cognitive fluctuation are characteristic psychological
features of DLB compared to Alzheimer’s disease (AD). However, these symptoms
are not observed in all DLB patients particularly during the early course of the
disease. Furthermore, some DLB patients present only with memory loss similar to
AD. Mild parkinsonism is also observed not only in AD patients but also in healthy
older subjects. Thus, without supportive imaging findings, DLB patients are often
misdiagnosed as AD.

In clinical practice, differentiation of DLB from AD is very important because
(1) progression and prognosis are different between DLB and AD, (2) DLB patients
can show better responses to cholinesterase inhibitors than AD patients, and
(3) supersensitivity to neuroleptic treatment is common in DLB patients. Moreover,
diagnosis during the prodromal stage, using specific biomarkers to provide clues
about the underlying pathological process is becoming increasingly important for
the development of disease-modifying therapies.

Cardiac '**I-metaiodobenzylguanidine (MIBG) scintigraphy can assess the
pathophysiology of postganglionic presynaptic cardiac sympathetic endings. Car-
diac scintigraphy shows significantly reduced cardiac MIBG uptake in PD but not
in multiple system atrophy (MSA), progressive supranuclear palsy (PSP),
corticobasal degeneration (CBD), or vascular parkinsonism. It has been widely
used for differentiating PD from other parkinsonian syndromes.

As for dementia, several studies independently identified reduced cardiac MIBG
uptake in DLB but not in AD in 2001 [1, 2]. These studies have demonstrated that
'23I.MIBG cardiac scintigraphy is a useful tool for differentiating DLB from
AD. Additional studies have also verified the findings and extended these findings
[3-12].

In this chapter, we would like to discuss the cardiac MIBG uptake in dementia
focusing on DLB.
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16.2 Cardiac MIBG Findings in DLB

16.2.1 MIBG in DLB: Results from a Single-Center Study

Figure 16.1 demonstrated the cardiac MIBG findings in patients with DLB and
AD. Most of DLB patients showed markedly reduced cardiac MIBG uptake com-
pared to age-matched healthy controls irrespective of the presence of parkinsonism
[8]. Physiologically, cardiac MIBG uptake is significantly related to the blood
pressure overshoot in phase IV of the Valsalva maneuver suggesting a relationship
between cardiac MIBG uptake and cardiac sympathetic dysfunction in DLB
[13]. Orimo and colleagues clearly and pathologically demonstrated the almost
entirely disappearance of tyrosine hydroxylase-immunoreactive nerve fibers in the
hearts of DLB patients [14]. These pathophysiological studies distinctly support the
view that reduced cardiac MIBG uptake in DLB would reflect the cardiac sympa-
thetic denervation (as discussed in Chap. 19).

On the contrary, most of AD patients show normal cardiac MIBG uptake,
consistent with normal autonomic function test result and lack of pathological
cardiac sympathetic nerve involvements. Patients with frontotemporal dementia
(FTD), CBD, PSP, and vascular dementia (VaD) also show normal cardiac MIBG
uptake. Thus, it has been reported that cardiac MIBG scintigraphy can be a useful
tool for differentiating DLB from AD, FTD, CBD, PSP, and VaD [5, 6, 12].

Dementia with Lewy bodies patients Alzheimer’s disease patients
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Fig. 16.1 Representative cardiac '**I-metaiodobenzylguanidine (MIBG) scintigraphy findings in
patients with dementia with Lewy bodies (DLB) and Alzheimer’s disease (AD). Delayed cardiac
MIBG scintigraphy showed significant decreased accumulation of MIBG in DLB patient but not
in AD
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Slaets et al. investigated the potential diagnostic value of MIBG cardiac scin-
tigraphy in 20 patients to determine whether the diagnosis of DLB or AD was
ambiguous at baseline [15]. The authors classified the patients into two groups with
a cutoff of heart-to-mediastinum (H/M) ratio at 1.68 and followed them for more
than 6 months (7 = 19) or confirmed the classification with an autopsy (n = 1). The
mean follow-up time was 17 & 14 months (range: 6-57 months). Ninety-five
percent (19/20) of the patients were correctly classified as compared with clinical
or definite diagnosis at follow-up, with sensitivity and specificity values for diag-
nosing DLB of 100 % (16/16) and 75 % (3/4), respectively. This study suggested
that MIBG cardiac scintigraphy could be valuable for earlier differential diagnosis
of DLB and AD.

Although several promising results have been published that suggest the useful-
ness of MIBG cardiac scintigraphy for differentiation of DLB and AD, most of
these studies were conducted under very strict exclusion criteria because abnormal
cardiac MIBG uptake has been reported in patients with diabetes mellitus, thyroid
diseases, heart failure, and ischemic heart disease. In clinical practices, older
dementia patients could present with these highly confounding factors. Thus, if
only applied to selected patients without any disease conditions, MIBG would not
be an effective tool for estimation of dementia. Interestingly, Sayagues and col-
leagues demonstrated that prior cardiac or vascular involvement did not influence
the results of MIBG cardiac scintigraphy in a cohort of patients with reduced MIBG
cardiac uptake and DLB diagnosis [16]. More recently, Slaets et al. described no
significant difference of H/M ratio among DLB patients with diabetes mellitus,
arterial hypertension, hyperlipidemia, ischemic heart disease, heart failure, or
pharmacological treatments and in those without in clinically observable conditions
[15]. Further prospective cohort studies are needed to validate the application of
MIBG for differentiation of DLB and AD even including not only dementia patients
without heart and vascular conditions but also those patients without these
conditions.

16.2.1.1 MIBG in DLB: Results from a Meta-Analysis

Treglia et al. performed a comprehensive computer literature search in PubMed/
MEDLINE and in the Embase databases of studies published through May 2010
regarding MIBG cardiac scintigraphy performed for differential diagnosis between
DLB and other dementias [17]. According to eight studies comprising a total of
346 patients with dementia (152 patients with DLB and 194 patients with other
dementias), the pooled sensitivity of MIBG cardiac scintigraphy for detection of
DLB was 98 % [95 % confidence interval (CI), 94—-100 %] and the pooled specific-
ity of MIBG cardiac scintigraphy for differential diagnosis between DLB and other
dementias was 94 % (95 % CI, 90-97 %). The area under the receiver operating
characteristic (ROC) curve was 99. The authors concluded that MIBG cardiac
scintigraphy was an accurate test for differential diagnosis between DLB and
other dementias.
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16.2.1.2 MIBG in DLB: Results from Multicenter Study

According to a multicenter study achieved at ten Japanese sites, the heart-to-
mediastinum ratio calculated with the automated system showed that the sensitivity
was 68.9 % and the specificity was 89.1 % for differentiating probable DLB from
probable AD using both early and delayed images [18, 19]. By visual assessment,
the sensitivity and specificity were similar. Even in patients with mild dementia
[mini-mental state examination (MMSE) >22], the delayed heart-to-mediastinum
ratio showed has a sensitivity of 77.4 % and a specificity of 93.8 %. The reasons for
the differences in the sensitivity and specificity between mild and moderate to
severe dementia groups are unknown. They showed that AD patients with extrapy-
ramidal signs and hallucinations in the DLB group and patients with comorbidity of
DLB and AD pathology in the AD group may have affected the accuracy of
diagnosis in moderate to severe dementia cases. Moreover, comparing to the results
of previous reports, both sensitivity and specificity were relatively low, even in mild
dementia cases. This result indicates that patterns of disease evolution are more
variable than previously suggested in DLB.

16.3 MIBG in DLB: Comparison with FP-CIT

Dopamine transporter imaging using single-photon emission computed tomogra-
phy (SPECT) or positron emission tomography (PET) imaging has enabled the
diagnosis of DLB and is included as suggestive features in the Consensus Criteria.
According to a recent systematic review of clinical trials using '**I-fluoropropyl
(FP) carbomethoxy-3 beta-(4-iodophenyltropane) (CIT), I3 FP-CIT, the sensitiv-
ity was 78.5 % and specificity was 90.1 % for differentiating probable DLB from
probable AD [19]. However, the sensitivity decreased to 38.2 % in possible DLB
[20]. Figure 16.2 demonstrated the '*’I-FP-CIT findings in patients with DLB and
AD.

More recently, the usefulness of '**I-FP-CIT for differentiating possible DLB
from AD was reported. In this study, with 49 of 114 (43 %) individuals had an
abnormal scans [21]. When comparing the diagnostic accuracy of both '**I-MIBG
cardiac scintigraphy and '**I-FP-CIT SPECT in 20 patients with DLB and 11 with
other dementias (6 AD, 3 FTD, and 1 VaD), the sensitivity (90 %), specificity
(91 %), positive predictive value (95 %), and negative predictive value (83 %) were
not exactly the same but were close in values [22].

Camacho et al. reported that 23 of 28 DLB patients who had reduced cardiac
MIBG uptake also showed reduced '*’I-FP-CIT binding in basal ganglia with a
positive correlation between the H/M ratio and the specific binding ratio of the
striatum (P < 0.01) [23].
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Dementia with Lewy bodies patients Alzheimer’s disease patients

Fig. 16.2 Representative 123I—ﬂuoropropyl (FP) carbomethoxy-3 beta-(4-iodophenyltropane)
(CIT) findings in patients with dementia with Lewy bodies (DLB) and Alzheimer’s disease
(AD). FP-CIT SPECT showed significant decreased accumulation of the putamen in patients
DLB patient but not in AD

16.4 MIBG in DLB: Comparison with Brain Perfusion
Imaging

Both occipital hypoperfusion and reduced cardiac MIBG uptake are supportive
features in the diagnostic criteria for DLB. Comparisons between technetium-99
methyl cysteinate (99mTc-ethyl cysteinate) dimer brain perfusion SPECT and
MIBG in 25 DLB patients showed that occipital hypoperfusion was observed in
68 %, and reduced cardiac MIBG uptake was observed in 96 % of the patients’
ethylcysteinate dimer brain perfusion SPECT and MIBG in 25 DLB patients;
occipital hypoperfusion was observed in 68 % and reduced cardiac MIBG uptake
was in 96 % [24].

Inui et al. investigated N-isopropyl-p-'**I-iodoamphetamine ('**I-IMP) brain
perfusion SPECT and MIBG cardiac scintigraphy findings in 12 patients with
probable DLB and 9 patients with possible DLB [9]. This study showed that
83.3 % of patients with probable DLB and 11.1 % with possible DLB had severe
reductions in the bilateral occipital lobe in '*’I-IMP and also showed low '*I-
MIBG uptake. In 1 of 12 patients with probable DLB and 2 of 9 patients with
possible DLB, no occipital hypoperfusion was observed but reduced cardiac MIBG
uptake was noted. In this same study, 8.3 % with probable DLB and 66.7 % with
possible DLB did not show any occipital hypoperfusion and reduced cardiac MIBG
uptake.

MIBG cardiac scintigraphy is superior to brain perfusion imaging for differen-
tiating DLB from AD. In particular, cardiac MIBG may provide a powerful
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differential diagnostic tool when it is difficult to distinguish cases of DLB from AD
using brain perfusion SPECT [4, 25].

Oda et al. compared the reliability of brain perfusion SPECT and MIBG in
predicting the conversion of possible DLB to probable DLB [26]. In this study,
33 of 94 patients met the criteria for probable DLB after 1 year of follow-up. The
areas under the ROC curves for SPECT for predicting the conversion to probable
DLB from possible DLB based on the occipital/cerebellum and occipital/striatum
cortex ratios of blood flow counts were 0.591 and 0.585, respectively. In contrast,
the areas under the ROC curves for '*’I-MIBG based on the early H/M ratio,
delayed H/M ratios, and washout rate were 0.935, 0.936, and 0.884, respectively.
These results indicate that '**I-MIBG cardiac scintigraphy is a good predictor of the
future conversion of possible DLB to probable DLB.

16.5 Prodromal DLB

The term “prodrome” is derived from the Greek word prodromos, meaning the
forerunner of an event [27]. In clinical medicine, a prodrome refers to the early
symptoms and signs of an illness that precede the characteristic manifestations of
the fully developed illness [28].

It is becoming increasingly apparent that a prodromal stage exists prior to the
time when DLB can be diagnosed by current diagnostic criteria. The identification
of prodromal DLB is therefore clinically important, because this can promote
understanding of the initiation and progression mechanisms during the pathological
changes to DLB. Knowledge of these mechanisms may provide further information
as to the etiology and pathophysiology of DLB, including the mechanisms of cell
vulnerability and pathological selectivity. Furthermore, this information will aid in
selecting earlier and more appropriate supplementary treatments, may provide for
better rehabilitation and patient education, and will provide additional time for the
patient to plan for inheritance and other estate issues. Lastly, prodromal DLB
patients are an important group for future clinical trials to develop disease-
modifying therapies. The initiation of a disease-modifying therapy in the prodromal
stage may be associated with better improvement of the progression and prognosis
for patients with DLB.

Figure 16.3 showed a patient with prodromal DLB patients. He complained
visual hallucination, but parkinsonism and cognitive decline were not observed.
Brain SPECT imaging showed occipital hypoperfusion. Accumulation of cardiac
MIBG scintigraphy was significantly decreased. However, FP-CIT finding was
normal. After 2 years, he showed cognitive decline and fulfilled diagnostic criteria
of probable DLB.

Fujishiro et al. retrospectively investigated the clinical courses of 90 patients
with probable DLB, including olfactory dysfunction, dysautonomia, depression,
and rapid eye movement sleep behavioral disorder (RBD), and reported that these
DLB-related symptoms were observed in 87.8 % of the patients, preceding the onset
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Fig. 16.3 Figure 16.3 showed 80 patients with prodromal DLB patient. He complained visual
hallucination, but parkinsonism and cognitive decline were not observed. Brain SPECT imaging
showed occipital hypoperfusion. Accumulation of cardiac MIBG scintigraphy was significantly
decreased. However, FP-CIT finding was normal. After 2 years, he showed cognitive decline and
fulfilled diagnostic criteria of probable DLB

of memory loss by between 1.2 and 9.3 years [29]. Particularly, recent studies
demonstrated that RBD is frequently the first indication of forthcoming
a-synuclein-associated disorders, including DLB, PD, or MSA. Approximately
82 % of RBD patients develop a neurodegenerative disorder and 32 % convert to
DLB during long follow-up period [30].

As for the initiation of parkinsonism in RBD patients, it was estimated that a
prodromal interval was ~4.5 years on the Unified Parkinson’s Disease Rating Scale
[31]. The estimated onset of autonomic dysfunction ranged from 11 to 20 years;
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systolic blood pressure drop (prior to 20.4 years) and constipation (15.3 years) had
the earliest estimates. Systolic blood pressure drop, erectile dysfunction, and
constipation have a potential to discern disease up to 5 years before diagnosis of
a-synuclein-associated disorders with sensitivity ranging from 50% to 90 %
[32]. Interestingly, pathological findings of RBD patient who did not present
parkinsonism when still alive showed widespread peripheral autonomic nervous
system pathology including cardiac plexus [33].

16.5.1 MIBG in REM Sleep Behavior Disorder

As previously discussed, RBD is one of the most important prodromal syndrome
symptoms of a-synuclein-associated disorders and may show early cardiac sympa-
thetic nerve involvement. In 2006, Miyamoto et al. reported the cardiac MIBG
findings in 34 RBD patients. This study showed that markedly reduced cardiac
MIBG uptake was observed in all RBD patients. The degrees of H/M ratio reduc-
tion in RBD were consistent with those in PD [34]. The study also reported that
reduced cardiac MIBG uptake, which is independent of parkinsonism, may be more
closely associated with idiopathic RBD than olfactory impairment [35].

According to follow-up PET studies in cases of idiopathic RBD, compared with
MIBG cardiac scintigraphy and dopamine transporter PET images using ''C-
carbomethoxy fluorophenyl tropane, reduced cardiac MIBG uptake might precede
reduced presynaptic dopaminergic function [36]. In PD, there were no statistical
relationships between early and delayed cardiac MIBG uptake and '**I FP-CIT
striatal uptake in contralateral caudate and in contralateral putamen to the side
mainly affected [37]. These results indicate that the cardiac sympathetic system and
nigrostriatal system are differentially affected in RBD. Further prospective MIBG
and FP-CIT studies will be needed to elucidate whether the cardiac sympathetic
system is affected earlier than the nigrostriatal system in RBD patients.

16.5.1.1 MIBG and Brain Perfusion/Metabolic Imaging
in Prodromal DLB

Sakakibara et al. reported cases of amnestic mild cognitive impairment (MCI)
without the core clinical features of DLB with reduced cardiac MIBG uptake
[38]. During a 3-year period at a university clinic, 44 patients fulfilled the criteria
of amnestic MCI and 13 of them (30 %) showed reduced cardiac MIBG uptake.
These patients had low frontal function, mild visual hallucination (5/13), nocturia
(7/13), constipation (2/13), postural hypotension (1/13), and RBD (3/13). Unfortu-
nately, there were no prospective follow-up data in this study, but the presence of
low frontal dysfunction, mild visual hallucination, and autonomic and sleep disor-
ders supported the idea that these patients may be classified as prodromal DLB and
eventually develop DLB during the course of their illness. Notably, 5 of 12 (42 %)
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patients showed occipital hypoperfusion by SPECT. Remarkable occipital
hypoperfusion or hypometabolism, especially in the primary visual cortex, can
support a diagnosis of DLB and differentiation of DLB from AD [39]. More
recently, highly reproducible disease-related metabolic brain network data assessed
by fluorodeoxyglucose positron emission tomography (FDG-PET) or perfusion
SPECT, known as the PD-related covariance pattern in subjects with RBD, are
associated with a greater likelihood of subsequent phenotypic conversion to a
progressive alpha-synuclein associated disorders [40]. Prospective studies in com-
bination with MIBG cardiac scintigraphy and brain perfusion/metabolic imaging in
RBD and MCI subjects are therefore needed in the future.
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Chapter 17

Physiological Background of Reduced
Cardiac '*’I-Meta-Iodobenzylguanidine
Uptake

Tomohiko Nakamura and Gen Sobue

Abstract Many diseases have been reported to show reduced cardiac
'>*I-metaiodobenzylguanidine (MIBG) uptake, and the reasons vary among the
diseases. The reduced uptake from the early phase reflects cardiac sympathetic
denervation, and patients with heart transplant, diabetes, and Parkinson’s disease
are well known. Patients with pheochromocytoma who shows high plasma level of
noradrenaline may demonstrate reduced cardiac MIBG uptake from the early phase
because of the competition between circulating MIBG and oversecreted noradren-
aline in the sympathetic nerve terminals. Normal or slight reduced uptake in early
phase but reduced uptake in the delayed phase, which means increase of washout
rate, is well observed in patients with heart failure, and increase of noradrenaline
spillover based on systemic sympathetic hyperactivity is considered. Also note that
extremely low accumulation of cardiac MIBG can be observed in about 5 % of the
subjects without any definite diseases, and aging alone can be the cause. Reduced
cardiac MIBG uptake is not peculiar to the diseases, but a variety of drugs can be
the cause. It is based on the functional mechanism of the drugs that interferes the
various stages of MIBG uptake and storage. To understand the meaning of the
results of MIBG study and avoid false positive, it is important to understand the
physiological background of reduced cardiac MIBG uptake.
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17.1 Introduction

Autonomic control of the heart plays an important role in the regulation of myo-
cardial contraction, heart rate, and myocardial metabolism. Thus, autonomic ner-
vous system impairments can lead to a variety of disorders. However, even during
complete denervation of cardiac sympathetic nerves such as that in a heart trans-
plant, humans do not experience orthostatic hypotension and can even exercise.
Thus, disturbances of the cardiac sympathetic nerves are not visible. However, the
advent of cardiac '**I-metaiodobenzylguanidine (MIBG) scintigraphy has made it
possible to detect local abnormalities and evaluate the functional activity of cardiac
sympathetic nerves based on its accumulation in the heart in variety of diseases.
This has led to clarification of the pathophysiology of cardiac sympathetic dysfunc-
tion. To avoid false-positive results, it is important to understand why and how
reduced MIBG uptake occurs under various circumstances. This chapter provides
an overview of the physiological background and its associated clinical features in a
variety of diseases or conditions that demonstrate abnormal cardiac MIBG uptake.

17.2 Pharmacological Detection of Cardiac Sympathetic
Denervation and Its Characteristics

The clinical features of reduced cardiac sympathetic denervation are obscure. In
patients with reduced cardiac MIBG uptake with diabetes mellitus or Parkinson’s
disease (PD), the left ventricular ejection fraction at rest does not show any
abnormalities [1, 2]. However, there is a classical method to evaluate sympathetic
denervation, which is called denervation supersensitivity. To evaluate the existence
of denervation of cardiac beta-1 receptor, dobutamine was used [3]. Low doses of
dobutamine resulted in a hyperdynamic cardiac response and an excessive pressor
response in patients with PD compared to that in controls (Fig. 17.1), and these
hyperdynamic responses correlated negatively with the heart to mediastinal ratio
(Fig. 17.2), and this result demonstrated that adrenal beta-1 denervation exists
within the heart and is related to reduced cardiac MIBG uptake in patients with
PD [3]. In addition, injection of the indirectly acting sympathomimetic amine,
tyramine, demonstrated increased cardiac contractility in normal subjects, whereas
cardiac contractility remained unchanged in PD patients with cardiac sympathetic
denervation [4]. Tyramine acts as a catecholamine-releasing agent in peripheral
sympathetic nerves. Therefore, cardiac sympathetic denervation attenuates
increases in contractility responses to stimuli that normally increase inotropy via
endogenous noradrenaline release, whereas contractility responses to directly act-
ing adrenoceptor agonists remain intact [5].
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Fig. 17.1 Changes in SBP and peak AFV after infusion of 4 pg/kg/min dobutamine controls and
PD patients. (a) The mean change in SBP is significantly greater in the PD group than in the
control group. (b) The mean percentage change in AFV, an indicator of cardiac contractility, was
significantly larger in the PD group than in the control group (Reprinted and adapted from Ref. [3]
with permission from Elsevier). SBP systolic blood pressure, AFV aortic flow velocity, PD
Parkinson’s disease
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Fig. 17.2 Correlation between changes in SBP and peak AFV during infusion of 4 pg/kg/min
dobutamine and the H/M ratios in patients with PD. Significant correlations between the delayed
H/M ratio and (a) SBP changes and (b) changes in peak AFV were observed (Reprinted and
adapted from Ref. [3] with permission from Elsevier). SBP systolic blood pressure, AFV aortic
flow velocity, PD Parkinson’s disease, H/M heart to mediastinum

17.3 Reduced MIBG Uptake in the Diseases

17.3.1 Pattern and Mechanism of Reduced Cardiac MIBG
Uptake

In normal healthy subjects, MIBG accumulates in the early phase and is visible on
the delayed imaging. MIBG uptake in the extraneural tissue is very limited as
evidenced by patients receiving heart transplants showing an absence of MIBG
uptake on early and delayed images [6, 7]; thus, early imaging reflects inhibition of
sodium-dependent uptake (uptake-1), i.e., reflects presynaptic integrity and
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sympathetic nerve distribution, while delayed imaging reflects cardiac sympathetic
functional activity. Therefore, there are two patterns of abnormal findings in the
cardiac MIBG study: reduced MIBG uptake from the early phase and a normal or
slightly reduced uptake in the early phase but reduced uptake in the delayed phase,
which means an increased washout rate. The former is considered an organic
denervated condition of cardiac sympathetic nerves caused by cardiac sympathetic
failure, noradrenaline depletion, and dysfunction of the uptake-1 mechanism. In
addition, in the condition of excess of catecholamine such as pheochromocytoma
[8], increased noradrenaline can inhibit MIBG uptake, leading to low accumulation.
In one study, extremely low accumulation of cardiac MIBG was observed in 24 of
511 subjects without any definite diseases, and aging alone was shown to cause
such abnormalities [9], but these normal subjects may suffer from incidental Lewy
body disease [10]. The latter is commonly observed in patients with heart failure
and thought to be caused by increased noradrenaline spillover based on systemic
sympathetic hyperactivity. In addition, in patients with severe cardiac ischemia, an
increased washout rate is observed because of the non-exocytotic local metabolic
release of noradrenaline [11]. The details of the typical diseases are discussed
below.

17.3.2 Physiology of Disease-Induced Cardiac MIBG Uptake
Reductions

17.3.2.1 Heart Failure

The use of MIBG scintigraphy in heart failure was first reported in 1988 by Schofer,
who showed that the cardiac MIBG abnormality was significantly related to the left
ventricular ejection fraction in patients with idiopathic dilated cardiomyopathy
[12]. After that, other studies showed that delayed imaging of cardiac MIBG is a
powerful predictor of overall cardiac death in patients with heart failure [13, 14]. In
addition, both delayed imaging of cardiac MIBG and washout rate were powerful
predictors of sudden cardiac death in patients with heart failure [15—18]. Myocardial
adrenergic nerve activity is accelerated in proportion to heart failure severity, while
myocardial washout activity is related to heart failure severity and correlates well
with New York Heart Association functional classification [19]. The usefulness of
reduced cardiac MIBG uptake in delayed imaging and an excessive washout rate in
patients with heart failure have been established.

In addition, in patients with dilated or hypertrophic cardiomyopathy, reduced
cardiac MIBG uptake and excessive washout rate are associated with reduced
contractile strength during a dobutamine stress test or exercise, and cardiac
MIBG uptake degree can be used to evaluate the existence of left ventricular
functional reserve in such diseases [20-23].

In patients with heart failure, cardiac function is depressed, and systemic sym-
pathetic nerve hyperactivity is observed as a compensatory mechanism to maintain
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cardiac output. This results in a chronic increase in noradrenaline release from the
nerve endings. The neuronal uptake capacity is eventually exceeded, leading to
increased overspill of noradrenaline into the plasma and a net neuronal loss
[24]. This likely accounts for the increased washout rate in patients with heart
failure [17]. As the cardiac dysfunction progresses, neuron loss and Netl
downregulation occur, which diminish presynaptic function and likely account
for the decreased cardiac MIBG uptake seen in advanced disease [25]. In addition,
recent studies revealed that during congestive heart failure, sympathetic neural tone
is upregulated, but there is a paradoxical reduction in noradrenaline synthesis and
reuptake in the cardiac sympathetic nervous system. This is because the cholinergic
differentiation cytokines, leukemia inhibitory factor, and cardiotrophin-1 were
strongly upregulated in congestive heart failure, and congestive heart failure causes
target-dependent cholinergic transdifferentiation of the cardiac sympathetic ner-
vous system via these cytokines secreted from the failing myocardium [26].

17.3.2.2 Ischemic Heart Disease

In patients with ischemic heart disease such as myocardial infarction and unstable
angina, cardiac MIBG imaging and perfusion imaging findings are consistent with
the site and size of the damaged region. Cardiac MIBG uptake is reduced on early
imaging because it does not accumulate in the nerve endings in the absence of blood
flow. The sympathetic neuronal damage measured by MIBG is often larger than the
infarct size (the so-called mismatch defect) [27-30]. This region of damaged
sympathetic nerves and surviving myocardial cells indicates that sympathetic
nerves are more sensitive to ischemia than myocardial cells. In patients with
vasospastic angina, a marked reduction in cardiac MIBG uptake is often observed
on delayed imaging due to excessive washout. This is the result of impaired
noradrenaline retention and sympathetic nerve hyperexcitability. This finding dem-
onstrates the concept of “memory imaging” of ischemia because the emergence and
the region of the ischemic attack can be diagnosed retrospectively even after the
normalization of electrocardiogram and echocardiogram abnormalities [31-—
33]. The mismatch defect is also observed in patients with old myocardial infarc-
tion, indicating the existence of “ischemic but viable tissue” [34, 35]. This
mismatch defect is also observed in various myocardial disorders such as dilated
cardiomyopathy [36, 37] and hypertrophic cardiomyopathy [38], but its diagnostic
significance in these disorders has yet to be determined. This mismatch is also
observed in patients with subarachnoid hemorrhage with left ventricular systolic
dysfunction and is thought to be associated with an excessive release of noradren-
aline from myocardial sympathetic nerves, which can damage both myocytes and
nerve terminals [39].
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17.3.2.3 Transplanted Heart

The transplanted heart is completely denervated. Because of surgical denervation,
presynaptic nerve terminals disappear, and myocardial storage of the neurotrans-
mitter noradrenaline is depleted [40]. Therefore, the denervated transplanted heart
has to rely on circulating catecholamines to adapt the cardiac output to meet the
increased demand. However, there are usually no associated symptoms in daily life.
Their ability to maintain systemic blood pressure during postural stress is unaf-
fected, and increased systemic vascular resistance and well-preserved systolic
blood pressure without orthostatic hypotension were observed during the head-up
tilt test [41].

However, under exercise stress, this adaptation is limited and cannot achieve a
normal increase in heart rate and cardiac muscle contractility [42]. Under stress
conditions, the restoration of innervation is important to achieve an adequate
contractile response. One study showed that transplant recipients who achieve
reinnervation have a greater capacity for exercise than those who do not achieve
denervation [43]. The chronotropic response to exercise is reported to increase at
3-6 weeks after transplantation [44].

17.3.2.4 Pheochromocytoma and Neuroblastoma

In patients with pheochromocytoma, the cardiac MIBG uptake is decreased on early
imaging. Since these patients show high levels of plasma noradrenaline, the excess
circulating noradrenaline caused by pheochromocytoma was thought to damage the
cardiac sympathetic nerve function [45]. However, since the abnormal scinti-
graphic findings improved after tumor resection [8, 46], the abnormal MIBG
finding was presumed to be caused by the high plasma catecholamine concentration
itself [8]. In addition, both patients with pheochromocytoma and those with high
serum noradrenaline levels with neuroblastoma showed reduced cardiac MIBG
uptake before treatment and significantly increased cardiac MIBG uptake after
treatment. One of the possible explanations for the reduced cardiac MIBG uptake
before treatment in patients with neuroadrenergic tumors is the competition
between circulating MIBG and oversecreted noradrenaline and adrenaline in the
sympathetic nerve terminals [47]. The downregulation of the uptake pathway and
the rapid turnover of MIBG in the cardiac sympathetic neurons due to the effects of
excess catecholamines are also postulated [47, 48]. However, not all patients show
improved cardiac MIBG uptake. Some patients with pheochromocytoma show only
slight improvements in cardiac MIBG uptake with persistent cardiac dysfunction.
Thus, another possible mechanism underlying reduced MIBG uptake in pheochro-
mocytoma is that regional excess of catecholamines on the myocardium directly
induces focal myofibril degeneration with inflammatory cellular infiltration
[49]. Myocardial cell damage can result from reduced coronary perfusion and
hypoxia caused by a vasospasm that is mediated by an adrenergic receptor [50]
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and a change in the calcium ion permeability of the cell membrane [46]. Function-
ally, excess noradrenaline leads to reduced global myocardial pump function
[51]. These forms of pathological damage result in a decreased MIBG uptake
owing to the reduced number of sympathetic nerve endings, impaired neuronal
uptake function, and reduced synthesis or rapid turnover of noradrenaline within the
neurons. Catecholamine-induced cardiomyopathy may be reversible after primary
tumor removal, but persistent dysfunction can occur due to the long-term accumu-
lation of myocardial damage [47].

17.3.2.5 Diabetes

According to previous studies, the left ventricular ejection fraction at rest is normal
in diabetic patients [2, 52]. However, diabetic patients with reduced cardiac MIBG
uptake showed an impaired response to exercise, as indicated by a smaller increase
in ejection fraction, and it is suggested that subclinical left ventricular dysfunction
is related to derangement of adrenergic cardiac innervation [2, 52, 53]. In diabetic
rats, the MIBG washout rate was high, but unlike heart failure patients, this is not
likely due to the systemic sympathetic hyperactivity. Rather, it is likely due to
reuptake and/or pooling mechanism dysfunction since the plasma and myocardial
noradrenaline concentrations in diabetic rats were significantly lower than those in
nondiabetic rats [54]. Other details of clinical findings in diabetic patients are
covered elsewhere (Chap. 15).

17.3.2.6 Parkinson’s Disease

The first cardiac MIBG study in patients with neurodegenerative disorders, includ-
ing PD, was reported by Hakusui et al. in 1994. Reduced cardiac MIBG uptake was
observed in both patients with autonomic failure, mainly orthostatic hypotension,
and in those without orthostatic hypotension [55, 56]. The details of the transition
and the clinical significance of MIBG scintigraphy in PD are saved for another
chapter, but an overview of the physiological significance of reduced cardiac MIBG
uptake in patients with PD is provided here.

Orimo et al. reported that tyrosine hydroxylase-immunoreactive nerve fibers in
the heart were markedly decreased in patients with PD, which suggests that the
involvement of postganglionic sympathetic nerves accounts for reduced cardiac
MIBG uptake in patients with PD [57]. Recently, their group showed that the degree
of cardiac MIBG uptake is correlated with that of cardiac sympathetic denervation
in pathologically confirmed Lewy body disease [58].

But, patients with PD and reduced cardiac MIBG uptake show normal left
ventricular function on echocardiography [1], and the clinical symptoms of auto-
nomic disorders associated with cardiac denervation are difficult to recognize.
Reduced cardiac MIBG is not observed in patients with multiple system atrophy,
a disease with characteristics of orthostatic hypotension, but is commonly observed
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in patients with PD with or without orthostatic hypotension; thus, many studies
reported that reduced cardiac MIBG uptake is not associated with orthostatic
hypotension [59-61]. However, reduced cardiac MIBG uptake is associated with
a reduced overshoot of phase IV on the Valsalva maneuver, which indicates that
reduced cardiac MIBG uptake clinically reflects cardiac sympathetic dysfunction in
patients with PD [62]. The uptake of MIBG and 6-[18F]-fluorodopamine, which
can also detect cardiac sympathetic denervation, was reportedly much lower in
patients with orthostatic hypotension than in those without [63, 64]; thus, cardiac
denervation is likely to be associated with orthostatic hypotension in patients with
PD. A recent report on PD showed that under orthostatic stress, cardiac sympathetic
denervation with failure to increase total peripheral resistance leads to large reduc-
tions in systolic blood pressure; however, patients without cardiac denervation
exhibited a positive inotropic response against vasodilatation, which may prevent
orthostatic hypotension [65]. On the other hand, patients with sufficient peripheral
adrenergic innervation to elicit an increase in total peripheral resistance through
vasoconstriction, a potential cardiac denervation effect, would be masked, and a
normal blood pressure response is maintained (Fig. 17.3). Thus, cardiac sympa-
thetic nerves play an important role in regulating blood pressure, and impaired
cardiac contractility is one of the important contributing factors to the development
of orthostatic hypotension in patients with PD.

Fatigue and exercise intolerance in patients with PD may be also explained by
the cardiac sympathetic dysfunction that results in the failure to increase contrac-
tility in response to the release of noradrenaline from sympathetic nerves
[4]. Patients with PD often complain of fatigue, and cardiac MIBG uptake was
indeed more reduced in the fatigued group than in the non-fatigued group
[66]. Blood pressure and heart rate response to exercise differ among many studies.

40
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20 A vasodilator group
WA TV
A cardiac denervated
AX \ A‘ ‘ %“‘A‘b : vasoconstrictor group
@

A @ cardiac non-denervated
vasodilator group

Change in SBP (mm Hg)

A cardiac non-denervated
vasoconstrictor group
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Fig. 17.3 Scatter plot of the association with change in SBP at fifth min of 60°tilt and cardiac
MIBG. Association with cardiac MIBG H/M ratio. Patients with cardiac sympathetic denervation
with failure to increase total peripheral resistance (cardiac denervated vasodilator group) leads to
large reductions in systolic BP; however, patients without cardiac denervation exhibited a positive
inotropic response against vasodilatation, which may prevent orthostatic hypotension (cardiac
non-denervated vasodilator group) (Reprinted and adapted from Ref. [65] with permission from
Elsevier). SBP systolic blood pressure, H/M heart to mediastinum
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Fig. 17.4 Change in cardiac contractility. Change in cardiac contractility showing a significant
difference at the first minute of the 30 W workload between the cardiac denervated and control
groups. This difference continued till the 50 W workload. A similar tendency was observed
between the patient groups, in which the cardiac denervated group had a significantly lower
cardiac response than the cardiac non-denervated group at the first minute of the 50 W workload.
*; p <0.05 vs control, **; p < 0.05 vs cardiac non-denervated group (Reprinted and adapted from
Ref. [71] with permission from John Wiley and Sons)

Some patients with PD reportedly had a statistically lower systolic blood pressure
change upon exercising [67], whereas others reportedly had blood pressure changes
that did not differ from those of control subjects [68]. Regarding the chronotropic
response, some authors reported that the heart rate change is higher in patients with
PD than in control subjects [69], whereas others reported that chronotropic insuf-
ficiency against cardiac stress testing was already observed in individuals who
developed the motor features of PD several years after cardiac stress testing and
that it may constitute an early sign of cardiac sympathetic dysfunction in PD
[70]. The exercise study on cardiac sympathetic dysfunction showed that patients
with PD having reduced cardiac MIBG uptake had lower cardiac contractility than
cardiac non-denervated subjects and control subjects during exercise (Fig. 17.4),
suggesting that this response represents impaired exercise capacity of patients with
PD and cardiac sympathetic denervation [71]; this result was consistent with those
of previous studies conducted in heart transplant and diabetic patients as described
above.

17.3.2.7 Other Diseases

In other diseases, such as Brugada syndrome, reduced cardiac MIBG uptake is
considered important finding in the pathophysiology and arrhythmogenesis of the
disease, but whether this is a primary adrenergic dysfunction or an imbalance of
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sympathetic and parasympathetic innervation of the heart is unclear [72]. In addi-
tion, many other diseases such as postural tachycardia syndrome [73, 74],
spinocerebellar ataxia type 2 [75], amyloidosis [76], amyotrophic lateral sclerosis
[77], and temporal lobe epilepsy [78] demonstrate reduced cardiac MIBG uptake.
The reduced uptake in these diseases may be due to neuropathy, sympathetic
hyperactivity, or dysfunction of postganglionic cardiac sympathetic fibers. How-
ever, these reports are sporadic, so further studies reflecting the pathophysiology or
those that can consider the physiological background are warranted.

17.4 Drug and Diet-Induced Cardiac MIBG Uptake
Reductions

In addition to diseases, a variety of drugs and food can reduce cardiac MIBG uptake
by interfering with the various stages of radiolabeled MIBG uptake and storage,
which increases the likelihood of a false-negative study.

17.4.1 Classification Based on MIBG Kinetics

According to the physiological features of MIBG kinetics, the following mecha-
nisms of reduction of cardiac MIBG uptake were identified [79].

17.4.1.1 Inhibition of Sodium-Dependent Uptake (Uptake-1)
in the Synaptic Cleft

Uptake-1 in the synaptic cleft is the main mechanism underlying MIBG uptake, a
process that is inhibited by cocaine. Cocaine interacts with the catecholamine
transport protein involved in the neuronal uptake-1 system. Tricyclic antidepressant
also affects MIBG uptake [80]. In dogs, pretreatment with desmethylimipramine
(also known as desipramine) 1 h before MIBG administration led to a tenfold
reduction in uptake of the radiopharmaceutical by the adrenal medullae [81]. A
reduced uptake of MIBG caused by other tricyclic antidepressants, such as imipra-
mine, amitriptyline, clomipramine, and doxepin, has also been well documented
[82, 83]. Labetalol, an antihypertensive agent with combined alpha- and beta-
blocking properties that has been used to manage patients with suspected pheo-
chromocytoma, also reduces MIBG uptake [84]. The inhibitory effect of labetalol
on MIBG uptake in the sympathomedullary tissues is likely to be a result of the
drug’s little-known additional properties of blocking uptake-1 and depleting the
storage vesicle contents [84]. In contrast, conventional alpha- or beta-adrenergic
receptor blockers do not have such an inhibitory effect.
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17.4.1.2 Inhibited Uptake by Active Transport into the Vesicles from
the Cytoplasm

Reserpine and tetrabenazine are known to inhibit active transport into the neurose-
cretory vesicles [79]. MIBG is transported across the neurosecretory vesicle mem-
brane and can reduce MIBG uptake. Other Rauwolfia alkaloids as well as
antidepressants such as viloxazine may also have similar action and interfere with
MIBG uptake [79].

17.4.1.3 Competition for Transport into the Vesicles

MIBG translocation across the neurosecretory vesicle membrane also occurs via a
monoamine transport system, which is shared by noradrenaline, serotonin, and
MIBG. The translocation of these neurotransmitters depends upon the concentra-
tion of the relevant substrate in the cytoplasm. Adrenergic neuron blockers such as
guanethidine share the same transport system and compete with MIBG for this
pathway. Selegiline, a drug used to treat PD, works by inhibiting monoamine
oxidase (MAO) to slow noradrenaline breakdown and may increase noradrenaline
leading to the competition for transport into the vesicles with MIBG.

17.4.1.4 Depletion of the Storage Vesicle Contents

Many medicines are known to deplete the storage vesicle contents, most commonly
sympathomimetic drugs such as reserpine, labetalol, guanethidine, and amphet-
amines. Although weak, selegiline has a known amphetamine effect, and its
breakdown product methamphetamine may reduce MIBG uptake. Phenylpropanol-
amine and phenylephedrine may also reduce MIBG uptake. Even small amounts of
the medications delivered intranasally may be sufficient to reduce MIBG uptake.

17.4.2 Classification Based on Medication Category [83]

From a clinical perspective, a recent review classified medication interference with
cardiac MIBG uptake based on medication category (Table 17.1). Drugs are
categorized using the following groupings. This classification is more directly
clinically relevant than the classification based on the presumed kinetics. Recom-
mendations of these drugs to be withheld prior to cardiac MIBG imaging are also
provided in Table 17.1.
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17.4.2.1 Drugs Acting on Adrenoreceptors

As mentioned above, labetalol, a combined alpha- and beta-blocking properties, has
a strong inhibitory effect on cellular uptake of MIBG but no effect or uncertain
effect of all other drugs acting on adrenoreceptors [83].

17.4.2.2 Drugs Affecting Noradrenaline Transport, Retention, or
Release

In addition to tricyclic antidepressants, other antidepressants have effect on cardiac
MIBG uptake. The selective serotonin reuptake inhibitors (SSRI) have variable
effects on noradrenaline transporter activity, and strong reduction of MIBG uptake
by fluvoxamine was reported [85-87]. In addition, patients taking milnacipran, a
serotonin/noradrenaline reuptake inhibitors (SNRI), also showed reduce cardiac
MIBG uptake [88]. But there is limited literature on the effect of these drugs to
judge for reducing cardiac MIBG uptake. Noradrenaline depleters, sympathomi-
metics, and monoamines are classified here but are already mentioned above.

17.4.2.3 Calcium Channel Blockers

Unlike other drugs, calcium channel blockers reduce excessive sympathetic drive
and preserve postsynaptic function, resulting in retention of MIBG in the delayed
image and decreased washout rate.

17.4.2.4 Miscellaneous

A number of other drugs such as neuroleptics, anesthetics, cardiac glycosides, and
antiarrhythmics have been reported. But these are small studies and the significance
of these findings is uncertain.

17.4.3 Diet-Induced Cardiac MIBG Uptake Reductions

Foods containing vanilla and catecholamine-like ingredients (such as chocolate and
blue cheese) might influence the uptake of MIBG [89]. These diets contain high
tyramine. Tyramine acts as a catecholamine-releasing agent and increases nor-
adrenaline release resulting in competing with MIBG uptake.
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Chapter 18

Pathological Background of Reduced
Cardiac MIBG Uptake

Satoshi Orimo

Abstract Cardiac MIBG uptake is reduced in Lewy body diseases, including
Parkinson’s disease (PD), dementia with Lewy bodies, and pure autonomic failure.
It is useful to differentiate Lewy body diseases from other related disorders.
Postmortem studies have shown that tyrosine hydroxylase (TH)-immunoreactive
axons in the heart are decreased, primarily due to degeneration of the cardiac
sympathetic nerve in pathologically confirmed Lewy body disease but not in
other related disorders. This supports the findings that reduced cardiac MIBG
uptake is found in Lewy body disease. In incidental Lewy body disease (iLBD),
TH-immunoreactive axons are relatively preserved, while a-synuclein aggregates
accumulate in the heart in abundant numbers. In PD, a-synuclein aggregates are
reduced in the heart but are increased in the mother neurons of the cardiac
sympathetic nerve in the paravertebral sympathetic ganglia. This distal-dominant
degeneration of the cardiac sympathetic nervous system may represent the patho-
logical mechanism underlying the common degenerative process in PD. Further-
more, degeneration of the cardiac sympathetic nerve can occur in familial PD due to
PARKI1, PARK4, and PARKS with Lewy bodies in the brain. Therefore, degener-
ation of the cardiac sympathetic nerve is closely related to the presence of
Lewy bodies in a wide range of neurodegenerative processes.

Keywords Tyrosine hydroxylase ¢ Neurofilament ¢ «-Synuclein e Cardiac
sympathetic nerve » Degeneration « Lewy bodies « Lewy neurites

18.1 The Pathological Progression in Parkinson’s Disease

The histological hallmarks of Parkinson’s disease (PD) and dementia with Lewy
bodies (DLB) are neuronal a-synuclein aggregates called Lewy bodies and Lewy
neurites (Lewy body pathology). There are many molecules that have been identi-
fied in Lewy body pathology, but a-synuclein is considered to be a major
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constituent of these inclusions [1]. Braak et al. examined incidental Lewy body
disease (iLBD) and PD brains and proposed a pathological staging schema for PD
[2]. Patients with iLBD have no apparent parkinsonism and dementia in life, but
Lewy body pathology is incidentally found on postmortem examination. These are
considered to be presymptomatic PD or DLB. In a proposed pathological staging
scheme for PD, a-synuclein aggregates are detected in the dorsal vagal nucleus and
in the olfactory bulb in the earliest stage of disease. This staging system character-
izes a progression from the dorsal vagal nucleus (stage I), through the pontine
tegmentum (stage II), into the midbrain and neostriatum (stage III), into the basal
prosencephalon and mesocortex (stage IV), and finally though the neocortex (stages
V and VI) [2].

In the peripheral nervous system, Lewy body pathology was found in the
stomach and the distal part of the esophagus of all five patients with iLBD and
PD [3], in the Meissner’s plexus and the sympathetic trunk of 14/17 (82 %) patients
with iLBD [4], and in the epicardial nerve fascicle of 18/20 (90 %) patients with
iLBD [5]. Lewy bodies were found in the sinoatrial node of 33—50 % patients with
Lewy body disease, which is presumably related to arrhythmia and ischemic heart
disease [6]. Degeneration of the cardiac nerve fibers in the right atrium and
conducting system of the heart were also observed [7]. Minguez-Castellanos
examined surgical specimens from 100 patients without apparent neurological
disorders (44-84 years of age) and reported that a-synuclein aggregates were
found in the abdominopelvic autonomic plexuses in 9 % of the entire patient sample
but were more common in vesicoprostatic (26.1 %) specimens than in digestive
tract specimens (3.9 %) [8]. Navarro-Otano examined the surgical heart specimens
from 91 patients without parkinsonism (31-84 years of age) and reported that
a-synuclein aggregates were found in the epicardial fat tissues in 7.7 % of the entire
patient sample [9]. Recently, Gelpi reported results from a postmortem histopatho-
logical study of the brain and peripheral tissues from 28 patients (10 with PD, 5 with
DLB, and 13 with non-Lewy body disease). a-Synuclein aggregates were found in
the peripheral autonomic nervous system of all 15 individuals with Lewy body
disease in the stellate and the sympathetic ganglia (100 %), the vagus nerve
(86.7 %), the gastrointestinal tract (86.7 %), the adrenal gland and/or surrounding
fat (53.3 %), the heart (100 %), and the genitourinary tract (13.3 %) [10]. These
findings demonstrated that the dorsal vagal nucleus and the olfactory bulb exhibit
the first lesions in PD prior to the substantia nigra in the brain. Moreover, lesions in
the peripheral autonomic nervous system begin early in the disease process.

18.2 Anatomy of the Cardiac Sympathetic Nerve

Sympathetic cardiopulmonary nerves arise from the stellate ganglia and the caudal
halves of the cervical sympathetic trunks below the level of the cricoid cartilage.
Parasympathetic cardiopulmonary nerves arise from the recurrent laryngeal nerves
and the thoracic vagi just distal to them. These nerves connect with the sympathetic
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cardiopulmonary nerves anterior and posterior to the main pulmonary artery to
form the ventral and dorsal cardiopulmonary plexuses. Three large cardiac nerves
arise from these plexuses and are called the right and left coronary cardiac nerves
and left lateral cardiac nerve [11]. Thus, in the cardiac nerves, there are different
kinds of nerve fibers, including both efferent sympathetic and parasympathetic
nerves and afferent nerves, which are divided into unmyelinated or myelinated
axons [12]. The efferent cardiac sympathetic nerve fibers are basically unmyelin-
ated axons because they are postganglionic axons. However, the precise compo-
nents of these axons still need to be clarified.

18.3 Degeneration of the Cardiac Sympathetic Nerve
in Parkinson’s Disease

Lewy bodies and Lewy neurites are found not only in the central nervous system but
also in the peripheral autonomic nervous system, such as in the sympathetic
ganglia, the enteric nervous system of the alimentary tract, the cardiac plexus, the
pelvic plexus, and the adrenal medulla, in patients with PD [13]. To clarify the
pathological basis of reduced cardiac MIBG uptake in PD, Orimo et al. used
immunohistochemistry to examine cardiac tissues from pathologically confirmed
patients with PD, pure autonomic failure (PAF), and multiple system atrophy
(MSA) by using an antibody against tyrosine hydroxylase (TH), the rate-limiting
enzyme of catecholamine biosynthesis [14, 15]. The left ventricular anterior wall
was selected in the study, because cardiac MIBG uptake is mainly observed in the
left ventricle and TH-immunoreactive nerve fibers are more numerous in the
anterior than in the posterior wall of the left ventricle [16]. These studies demon-
strated a near-complete depletion of TH-immunoreactive nerve fibers in the epi-
cardial nerve fascicles in PD and PAF, but not in MSA and control [14, 15]. These
findings revealed the involvement of the cardiac sympathetic nerve in PD and PAF,
which presumably accounts for the reduced cardiac MIBG uptake seen in these
disorders. Moreover, Amino et al. observed that in addition to TH-immunoreactive
nerve fibers, nerve fibers immunoreactive to neurofilament (NF. an axonal marker)
and myelin basic protein (MBP, a myelin marker) were markedly decreased in four
pathologically confirmed patients with PD (Hoehn—Yahr stage 4-5) (Fig. 18.1)
[17]. However, S100 protein, a Schwann cell marker, was well preserved in all
patients with PD [17] (Fig. 18.1). Degeneration of the cardiac sympathetic nerve in
a patient with autopsy-confirmed PD was also reported by Mitsui [18]. These
findings clearly demonstrate that the degeneration of the cardiac sympathetic
nerve occurs in PD.



294 S. Orimo

¥
B

Fig. 18.1 Hematoxylin and eosin (H&E) and immunohistochemical staining of the epicardial
nerve fascicle from controls and patients with PD. In all patients with PD (PD 1, 2, 3, 4),
neurofilament (NF)-immunoreactive and tyrosine hydroxylase (TH)-immunoreactive nerve fibers
were markedly decreased, compared to control. In contrast, S100 protein-immunoreactive struc-
tures were well preserved in all patients with PD as well as the control subject. A few myelin basic
protein (MBP)-immunoreactive structures were seen in the epicardial nerve fascicles of all patients
with PD; this number was smaller in patients with PD compared to the control subject. a, b, ¢, d, e,
PD I;f, g, h,i,j,PD2;k,1,m,n,0,PD3;p,q,r,s,t,PD4; u, v, w, X, y, control; a, f, k, p, u, H&E;
b, g.1, q, v, neurofilament; ¢, h, m, r, w, tyrosine hydroxylase; d, i, n, s, x, S100 protein; e, j, o, t, y,
myelin basic protein. Scale bar = 100 pm (Adapted from Ref. [17] with permission)

18.4 Degeneration of the Cardiac Sympathetic Nerve Is
Specific to Lewy Body Disease

Cardiac tissues from patients with PD and a variety of other neurodegenerative
disorders were immunohistochemically examined using an antibody against TH to
determine whether degeneration of the cardiac sympathetic nerve is specific to
Lewy body disease [19]. TH-immunoreactive nerve fibers in the epicardial nerve
fascicles were abundant in MSA, progressive supranuclear palsy (PSP), and
Alzheimer disease (AD) as well as in controls, whereas no TH-immunoreactive
nerve fibers were observed in PD and DLB. To assess the number of
TH-immunoreactive nerve fibers in the epicardial nerve fascicles, a semiquantitative
rating scale was used: absent or nearly absent, sparse, moderate, and numerous. The
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TH-immunoreactive nerve fibers were absent or nearly absent in almost all patients
with PD, DLB, and DLB/AD regardless of age, illness duration, and the presence of
orthostatic hypotension. In contrast, the number of TH-immunoreactive nerve fibers
was moderate to numerous in patients with MSA, PSP, CBD, and pure AD. The
number of TH-immunoreactive nerve fibers was also moderate to numerous in all
except one patient with MSA. In the myocardium, TH-immunoreactive nerve fibers
were markedly decreased in PD, DLB, and DLB/AD, but were preserved in MSA,
PSP, and pure AD. These findings demonstrate that degeneration of the
cardiac sympathetic nerve is specific to Lewy body disease.

18.5 Degeneration of the Cardiac Sympathetic Nerve
Begins in the Early Disease Stages of Parkinson’s
Disease

Cardiac MIBG uptake is frequently reduced even in the early stages of PD (Hoehn—
Yahr stage 1 or 2), which suggests early involvement of the cardiac sympathetic
nerve, even though routine autonomic function tests fail to detect abnormal auto-
nomic functions [20, 21]. Braak et al. have reported detailed pathological stages for
PD progression. Early pathological changes begin in the lower part of the brain
stem, particularly in the dorsal vagal nucleus before nigral involvement [2]. How-
ever, when and how the degeneration of the cardiac sympathetic nerve begins in the
disease process of PD remains to be clarified. The cardiac tissues, sympathetic
ganglia, and medulla oblongata at the level of the dorsal vagal nucleus from
20 pathologically confirmed patients with iLBD and ten control subjects were
immunohistochemically examined using antibodies against TH and NF to deter-
mine when degeneration of the cardiac sympathetic nerve begins [22]. TH- and
NF-immunoreactive nerve fibers of the epicardial nerve fascicles were well pre-
served in ten of the 20 patients with iLBD as well as in control subjects (Fig. 18.2).
In contrast, TH-immunoreactive nerve fibers had almost entirely disappeared in six
patients with iLBD and were moderately decreased in four of the 20 patients with
iLBD. Neuronal cell loss in the dorsal vagal nucleus and the sympathetic ganglia
was not detectable in any of the examined iLBD patients (Fig. 18.2). These findings
suggest that the degeneration of the cardiac sympathetic nerve begins early in the
disease process of PD, prior to neuronal cell loss in the dorsal vagal nucleus,
accounting for the reduced cardiac MIBG uptake in early PD stages [22]. Fujishiro
reported that in PD, the degree of Lewy body pathology in the epicardial nerve
fascicles correlated with PD duration, Hoehn—Yahr stage, and Braak’ stage
[23]. Miki reported on a 35-year-old man without parkinsonism who was later
shown to have Lewy body pathology only in the cardiac sympathetic nerve and
stellate ganglia during autopsy [24]. The pathological mechanism of this case
cannot be explained by the “dual hit” theory [25].
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Fig. 18.2 Immunohistochemical staining of the epicardial nerve fascicle, sympathetic ganglia,
and medulla oblongata at the level of the dorsal vagal nucleus in incidental Lewy body disease
(iLBD) and control subjects. In the control, tyrosine hydroxylase (TH)- or neurofilament (NF)-
immunoreactive nerve fibers of the epicardial nerve fascicle were well preserved (a, b). No
neuronal cell loss (¢), abundant TH-immunoreactive neurons (d), and no a-synuclein-immunore-
active Lewy neurites and Lewy bodies (e) were observed in the sympathetic ganglia. Neuronal cell
loss and a-synuclein-immunoreactive Lewy neurites and Lewy bodies were not observed in the
dorsal vagal nucleus (f). In iLBD, there were different degenerating stages of nerve fibers in the
fascicles (g, h, m, n, s, t). No neuronal cell loss was noticed in the sympathetic ganglia (i, o, u). TH
immunoreactivity in neurons was well preserved in 18 patients (j). The number of
TH-immunonegative neurons was slightly increased in one patient (p) and moderately increased
in one patient with iLBD (v). The severity of Lewy body pathology was slight (k), moderate (q),
and severe (w) in the sympathetic ganglia and slight (I, r) and moderate (x) in the dorsal vagal
nucleus. a, b, ¢, d, e, f, control; g, h, i, j, k, 1, patient 3; m, n, o, p, q, r, patient 18; s, t, u, v, w, X,
patient 20; a, g, m, s, cardiac tissue/TH; b, h, n, t, cardiac tissue/NF; c, i, 0, u, sympathetic ganglia
(SG)/hematoxylin and eosin; d, j, p, v, SG/TH; e, k, q, w, SG/phosphorylated a-synuclein; f, 1, r, x,
dorsal vagal nucleus/phosphorylated a-synuclein. Bar = 50 pm (Adapted from Ref. [22] with
permission)

18.6 Degeneration of the Cardiac Sympathetic Nerve
in Familial Parkinson’s Disease

To date, there have been 20 reported familial PD mutations [26]. It has been
reported that cardiac MIBG uptake varies depending on the type of mutation. In
four different familial PD mutations, there have been reports regarding whether
degeneration of the cardiac sympathetic nerve is pathologically involved.
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18.6.1 PARKI (PD Associated with an a-Synuclein
Mutation)

The PARKI1 clinical phenotype is characterized by severe parkinsonism with
dementia and sleep disturbances [27]. Neuropathological examinations have
revealed extensive Lewy bodies and Lewy neurites in the cortical and subcortical
structures [28]. Tijero et al. previously reported that one asymptomatic carrier of
the E41K mutation of a-synuclein showed markedly reduced cardiac MIBG uptake
[29]. Subsequently, they performed cardiac MIBG scintigraphy in six patients with
PARKI1, four of whom were symptomatic (ages: 28, 46, 52, and 59 years old) and
two who were asymptomatic carriers (ages: 29 and 52 years old). The four sympto-
matic carriers and the older asymptomatic carrier had markedly reduced cardiac
MIBG uptake. There was a complete absence of TH-immunoreactive nerve fibers in
the epicardial nerve fascicles from the two autopsied patients [30].

18.6.2 PARK?2 (Parkin Disease, PD Linked to parkin
Mutation)

Orimo et al. described the first three cases of pathologically confirmed familial PD
with a parkin mutation [31]. Patient 1 was a 73-year-old man with a homozygous
exon 4 deletion in the parkin gene. Cardiac MIBG uptake at the age of 70 (46 years
after onset) was normal, both in the early and the delayed phase. Postmortem
examination revealed the loss of pigmented neurons and gliosis in the substantia
nigra pars compacta and locus coeruleus, with no Lewy body pathology. Patient
2 was a 66-year-old man with a homozygous exon 4 deletion in the parkin gene.
Cardiac MIBG uptake at the age of 63 years (35 years after onset) was normal in the
early phase and slightly reduced in the delayed phase. Postmortem examination
revealed a loss of pigmented neurons and gliosis in the substantia nigra pars
compacta and locus coeruleus, with no Lewy body pathology. The weight of the
heart was 400 g and a histological examination was unremarkable. Patient 3 was a
70-year-old man with a homozygous exon 4 deletion in the parkin gene. He had
been previously described clinically and neuropathologically [32]. Postmortem
examination revealed a loss of pigmented neurons and gliosis in the substantia
nigra pars compacta and locus coeruleus, with no Lewy pathology. Cardiac tissues
from the three patients were immunohistochemically examined using an antibody
against TH to determine whether the cardiac sympathetic nerve was pathologically
involved. Postmortem examination revealed that TH-immunoreactive nerve fibers
in the epicardial nerve fascicles were well preserved in all three patients. This study
confirmed that the cardiac sympathetic nerve is well preserved in PARK2 with a
homozygous exon deletion, which accounts for the normal cardiac MIBG uptake.
Moreover, normal cardiac MIBG uptake may have potential diagnostic value to
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indicate the absence of Lewy body pathology, even in patients with levodopa-
responsive parkinsonism, such as in parkin disease.

18.6.3 PARK4 (PD Linked to Multiplication of a-Synuclein)

Familial PD linked to the multiplication of a-synuclein is autosomal dominant and
is characterized by an early onset age, autonomic disturbance, and rapidly progres-
sive dopa-responsive parkinsonism, followed by dementia [33]. Reduced cardiac
MIBG uptake or fluorodopamine uptake on positron emission tomography has been
reported in patients with a-synuclein multiplication [34, 35]. Cardiac tissues from
three patients with PD linked to a-synuclein duplication were immuno-
histochemically examined to determine whether the cardiac sympathetic nerve
was pathologically involved [36]. The proband (patient 1) developed parkinsonism
at the age of 61 and died at the age of 70. Her uncle (patient 2), who was also her
husband, developed parkinsonism at the age of 71 and died at the age of 78. Their
elder son (patient 3) developed parkinsonism at the age of 39 and died at the age of
54. The clinical and neuropathological findings of these patients have been reported
elsewhere [37]. Quantitative PCR analysis demonstrated that all the patients were
heterozygous for an a-synuclein duplication [38]. In each of the three patients,
sections from the anterior wall of the left ventricle and the paravertebral sympa-
thetic ganglia were immunostained with antibodies against TH, NF, or phosphory-
lated a-synuclein. TH-immunoreactive nerve fibers were markedly decreased and
NF-immunoreactive nerve fibers were moderately decreased, with sparse
a-synuclein aggregates, in the epicardial nerve fascicles from all three patients
[36]. This study indicates that degeneration of the cardiac sympathetic nerve occurs
in PD linked to a-synuclein duplication, accounting for the reduced cardiac MIBG
or fluorodopamine uptake. Moreover, it further supports our previous conclusion
that the degeneration of the cardiac sympathetic nerve is closely related to the
presence of Lewy bodies.

18.6.4 PARKS (PD Associated with LRRK2 Mutations)

PD associated with LRRK2 mutations is an autosomal dominant form of familial PD
and is characterized by middle to late onset as well as dopa-responsive parkinson-
ism similar to sporadic PD. Dementia is not common [39]. Neuropathological
findings are mostly inconsistent, showing both Lewy pathology (and sometimes
tau- and ubiquitin-containing inclusions) and pure nigral degeneration without
Lewy bodies, with or without neurofibrillary tangles [40]. In patients with PD
associated with a LRRK2 mutation, such as the Sagamihara family [41] with
12020T LRRK?2 mutation, cardiac MIBG uptake was normal to slightly reduced in
most patients in this family [42]. Cardiac fluorodopamine uptake was reduced in a
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patient with PD linked to G2019S LRRK?2 mutation [43]. Cardiac tissues from four
patients with PD associated with LRRK2 mutation were immunohistochemically
examined to determine whether the cardiac sympathetic nerve was pathologically
involved. The clinical and pathological findings of the three patients have been
previously reported [40—42]. In one of the three patients, Lewy body pathology was
found in the central nervous system but was absent in the other two patients. The
fourth patient was a 68-year-old woman. At the age of 51, she developed a gait
disturbance and was diagnosed with PD. These features responded well to levo-
dopa. She developed “wearing-off” motor fluctuations since the age of 57 and
visual hallucination at the age of 64. At the age of 68, she died of pneumonia.
Cognitive impairments and autonomic dysfunctions were not found. The fourth
patient was genetically determined to have an 12020T amino acid substitution in
LRRK?2. Cardiac MIBG uptake at the age of 66 (in Hoehn and Yahr stage 5) was
normal in the early phase and slightly reduced in the delayed phase. Macroscopic
examinations of the brain revealed a marked depigmentation in the substantia nigra,
where marked neuronal loss and gliosis with extraneuronal melanin were observed.
These changes were prominent in the substantia nigra pars reticulata. In the locus
coeruleus, only mild gliosis was observed and the dorsal motor nucleus of the vagus
was almost normal. No Lewy bodies and Lewy neurites were found in any brain
lesions using hematoxylin and eosin and phosphorylated o-synuclein
immunostaining. In three of four patients who had no Lewy bodies and Lewy
neurites, the cardiac sympathetic nerves were well preserved. In one patient who
had Lewy bodies in the brain, the cardiac sympathetic nerve was markedly reduced,
and a small number of a-synuclein aggregates in the epicardial nerve fascicles were
observed. The present study indicates that degeneration of the cardiac sympathetic
nerve is closely related to the presence of Lewy bodies in the central nervous system
in PD associated with LRRK2 mutations in the Sagamihara family.

18.7 Degeneration of the Cardiac Sympathetic Nerve Can
Occur in Multiple System Atrophy

In patients with MSA, cardiac MIBG uptake, which is a sensitive biological marker
for the differential diagnosis between MSA and PD, is usually normal [20, 44—48].
Cardiac MIBG uptake was slightly reduced in some patients with MSA [20, 44—46].
However, the pathophysiological mechanism accounting for the slight reduction in
cardiac MIBG uptake in MSA remains to be clarified. Subsequently, cardiac tissue
and sympathetic ganglia from patients with MSA were immunohistochemically
examined to determine whether the cardiac sympathetic nerve was pathologically
involved [49]. Fifteen patients with pathologically confirmed MSA, along with ten
control subjects, were pathologically examined using antibodies against TH and
NF. TH-immunoreactive nerve fibers in the epicardial nerve fascicle were pre-
served in 8 of 15 patients with MSA, as well as in ten control subjects. The number
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of TH-immunoreactive, but not NF-immunoreactive, nerve fibers in the epicardial
nerve fascicle was mildly or moderately decreased in six patients with MSA, four of
whom showed a decrease of TH immunoreactivity in the neuronal somata in the
sympathetic ganglia (Fig. 18.3). Moreover, TH- and NF-immunoreactive nerve
fibers almost entirely disappeared in the heart of one patient with MSA, in whom
Lewy neurites were present in the sympathetic ganglia (Fig. 18.3). These findings
suggest that mild degeneration of the cardiac sympathetic nerve can occur in MSA,
which is closely related to the pathological change in the sympathetic ganglia
neurons, accounting for the slight reduction in cardiac MIBG uptake [49]. The
intermediolateral nucleus of the spinal cord is more severely involved in MSA than
in control [50, 51] and PD [52, 53] subjects. Loss of excitatory preganglionic inputs
from the intermediolateral cell column could reduce firing rates of sympathetic
ganglion cells and thus downregulate TH expression in an activity-dependent
manner. Taken together, mild degeneration of the cardiac sympathetic nerve can

Fig. 18.3 Immunohistochemical staining of the epicardial nerve fascicle and the sympathetic
ganglia in multiple system atrophy (MSA) and control subjects. In the control, tyrosine hydroxyl-
ase (TH)- or neurofilament (NF)-immunoreactive nerve fibers of the epicardial nerve fascicle were
well preserved (a, b, ¢). No neuronal cell loss, abundant TH-immunoreactive neurons, and no
a-synuclein-immunoreactive structures were observed in the sympathetic ganglia (d, e, f). In
MSA, there were different patterns of degeneration of the nerve fibers in the epicardial nerve
fascicle (g, h, i, m, n, o, s, t, u). No neuronal cell loss was observed in the sympathetic ganglia (j, p,
v). TH-immunoreactive neurons were well preserved in patients 1 and 15 (k, w), while a number of
TH-immunoreactive neurons were decreased in patient 12 (q). a-Synuclein-immunoreactive Lewy
neurites were observed in patient 15 (x). a, b, ¢, d, e, f, control; g, h, i, j, k, I, patient 1; m, n, o, p, q,
r, patient 12; s, t, u, v, w, X, patient 15; a, g, m, s, cardiac tissue/TH; b, h, n, t, cardiac tissue/NF; ¢,
i, 0, u, cardiac tissue/merge; d, j, p, v, SG/H&E; e, k, q, w, SG/TH; f, 1, r, x, SG/phosphorylated
a-synuclein. White bar (a, b, ¢, g, h,im, n, o, s, t, u) = 100 pm, black bar (d, e, f, j, k, 1, p,q, r, v,
w, X) = 50 pm (Adapted from Ref. [49] with permission)
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occur in MSA, and the mechanism might be through transsynaptic degeneration
[54]. Moreover, concurrent Lewy body pathology in the sympathetic ganglia may
accelerate the degeneration of the cardiac sympathetic nerve, even in MSA.

18.8 Axonal a-Synuclein Aggregates Herald
the Centripetal Degeneration of Cardiac Sympathetic
Nerve in Parkinson’s Disease

Degeneration of the cardiac sympathetic nerve occurs in both PD and DLB and
begins during early stages of PD, accounting for the reduced cardiac MIBG uptake,
even in the early stages of Lewy body disease. Orimo et al. previously demonstrated
that degeneration of the distal axons of the cardiac sympathetic nerve precedes loss
of their mother neurons in the paravertebral sympathetic ganglia [19], suggesting a
distal-dominant degeneration of the cardiac sympathetic nerve in PD. Because
a-synuclein is one of the key molecules in PD pathogenesis, Orimo et al. further
investigated how a-synuclein aggregates are involved in this distal-dominant
degeneration in PD [5]. Both cardiac tissues and paravertebral sympathetic ganglia
were obtained from 20 patients with iLBD, 10 with PD, 20 with MSA, and
10 control subjects for comparison. Immunohistochemical analysis was performed
using antibodies against TH, NF, and phosphorylated a-synuclein. These results
demonstrated that (1) a-synuclein aggregates in the epicardial nerve fascicles,
namely, the distal axons of the cardiac sympathetic nerve, were much more
abundant in iLBD; (2) a-synuclein aggregates in the epicardial nerve fascicles
were closely associated with the disappearance of TH-immunoreactive nerve fibers;
(3) in cases of iLBD with preserved TH-immunoreactive nerve fibers, a-synuclein
aggregates were consistently more abundant in the epicardial nerve fascicles than in
the paravertebral sympathetic ganglia; (4) this distal-dominant accumulation of
a-synuclein aggregates was reversed in iLBD with decreased TH-immunoreactive
nerve fibers and PD, both of which showed decreased or depleted
TH-immunoreactive nerve fibers, but more abundant a-synuclein aggregates in
the paravertebral sympathetic ganglia; and (5) MSA had a completely different
profile compared to iLBD and PD, based on the preservation of
TH-immunoreactive nerve fibers and the scarcity of a-synuclein aggregates in
either cardiac tissues or paravertebral sympathetic ganglia. These findings indicate
that accumulation of a-synuclein aggregates in the distal axons of the cardiac
sympathetic nervous system precedes aggregate accumulation in neuronal somata
or neurites in the paravertebral sympathetic ganglia. This heralds the centripetal
degeneration of the cardiac sympathetic nerve in PD, which is in sharp contrast to
the slight changes in MSA (Fig. 18.4). This chronological and dynamic relationship
between a-synuclein aggregates and distal-dominant degeneration of the cardiac
sympathetic nervous system may represent a pathological mechanism underlying a
common degenerative process in PD [5].
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Fig. 18.4 Schematic illustration of the degenerative process of the cardiac sympathetic nervous
system. In iLBD (a), a-synuclein aggregates abundantly accumulated in the distal axons in
contrast to the sparse number of a-synuclein aggregates in the paravertebral sympathetic ganglia.
In iLBD (b), a-synuclein aggregates in the distal axons were diminished but were increased in
number and quantity in the paravertebral sympathetic ganglia. In PD, a-synuclein aggregates in the
distal axons disappeared, along with a regression of TH-immunoreactive axons, whereas
a-synuclein aggregates were much more abundant in the paravertebral sympathetic ganglia. In
MSA, a-synuclein aggregates were generally not similar to controls, with a few exceptions. Black
shading indicates a-synuclein aggregates. The line indicates the outline of TH-immunoreactive
axons or their mother neurons. The dotted line indicates degeneration of TH-immunoreactive
axons. iLBD (a), iLBD with preserved TH-immunoreactive axons; iLBD (b), iLBD with
decreased TH-immunoreactive axons (Adapted from Ref. [5] with permission)

18.9 Unmyelinated Cardiac Nerve Axons Are More
Vulnerable to Degeneration Than Myelinated Cardiac
Nerve Axons in Parkinson’s Disease

To determine whether there was a difference in the degenerative process between
myelinated and unmyelinated cardiac nerve axons, cardiac tissue from four patho-
logically confirmed PD patients, nine patients with iLBD, and five control subjects
was immunohistochemically examined using antibodies against NF, MBP, and
phosphorylated a-synuclein [55]. First, the number of NF-immunoreactive
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unmyelinated (MBP negative) and myelinated (MBP positive) axons were counted.
Next, the number of unmyelinated and myelinated axons with a-synuclein aggre-
gates was counted. The percentage of unmyelinated axons in PD (77.5+9.14 %)
and iLBD (80.4 +9.54 %) was significantly lower compared to control subjects
(91.6 £2.36 %). The ratio of unmyelinated axons with a-synuclein aggregates to
total axons with a-synuclein aggregates ranged from 94.4 to 100 (98.2 £2.18 %).
Among axons with a-synuclein aggregates, unmyelinated axons comprised the
overwhelming majority (98.2 %). These findings suggest that in PD, unmyelinated
cardiac nerve axons are more vulnerable to degeneration than myelinated cardiac
nerve axons, because a-synuclein aggregates accumulated more abundantly in
unmyelinated axons [55]. Figure 18.5 shows triple immunofluorescence labeling
of the epicardial nerve fascicles with NF, MBP, and a-synuclein in iLBD and a
control subject. In the control subject, unmyelinated and myelinated axons were
seen (Fig. 18.5a), but there were no a-synuclein aggregates observed in the epi-
cardial nerve fascicle (Fig. 18.5j). In iLBD, a-synuclein aggregates (Fig. 18.5k)
were seen in unmyelinated axons but not in myelinated axons (Fig. 18.5b). In
another iLBD patient, most a-synuclein aggregates co-localized with unmyelinated
axons (Fig. 18.5c), whereas some aggregates were observed in myelinated axons
(Fig. 18.5c, arrow head, inset). Sometimes, swollen axons with varicose-like
accumulations of a-synuclein aggregates were observed only in unmyelinated
axons (Fig. 18.5c). Braak et al. reported that unmyelinated axons and long or
sparsely myelinated axons were preferentially seen in the PD brain [2, 56]. Their
study strongly suggested that unmyelinated or sparsely myelinated axons are more
vulnerable to degeneration compared to myelinated axons in the PD brain.
Inversely, myelinated axons appeared to be more resistant to degeneration. This
relative resistance of myelinated axons may be due to the well-developed myelin
sheath. The velocity of axonal conduction increases with the growing thickness of
the myelin sheath. A thick myelin sheath reduces the metabolic demands of neurons
for impulse transmission [57]. In other words, neurons with unmyelinated or
sparsely myelinated axons require such high metabolic demands that these neurons
are chronically subjected to high-energy turnover, resulting in permanent exposure
to oxidative stress [58]. Indeed, the loss of myelin would require an approximately
5000-fold increase in neuronal energy expenditure to maintain neurotransmission
levels [57, 59].

18.10 The Ultrastructural Profile of the Cardiac Nerve
in PD

Previously, Orimo et al. had clearly demonstrated the characteristic profile of
unmyelinated and myelinated axons of epicardial nerve fascicles from the left
cardiac ventricle in PD and control subjects, using electron microscopy [55].
There were many unmyelinated axons (Fig. 18.6a, open arrow head) intermingled
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Fig. 18.5 Triple immunofluorescence labeling with neurofilament (NF), myelin basic protein
(MBP), and a-synuclein of epicardial nerve fascicles in iLBD and a control subject. In the control
subject, unmyelinated and myelinated axons were seen (a), but there were no a-synuclein
aggregates observed in the epicardial nerve fascicle (j). In iLBD, a-synuclein aggregates (k)
were observed in unmyelinated axons but not in myelinated axons (b). Most of the a-synuclein
aggregates were co-localized with unmyelinated axons (c), whereas some were observed in
myelinated axons (c; arrow head, inset). Some swollen axons with varicose-like accumulations
of a-synuclein aggregates were observed only in unmyelinated axons (c). a, b, ¢, merge; d, e, f,
NF; g, h, i, MBP; j, k, 1, a-synuclein; a, d, g, j, control, b, e, h, k, patient 13; ¢, f, i, 1, patient 7.
Bar = 50 pm (Adapted from Ref. [55] with permission)
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Fig. 18.6 Electron microscopic profiles of epicardial nerve fascicles in PD and a control subject.
There were many unmyelinated axons (a, open arrow head) intermingled with Schwann cells (a,
arrow) with or without a myelinated axon (a, closed arrow head) in the control subject. There were
a markedly decreased number of unmyelinated axons (b, open arrow head) with preserved
Schwann cells (b, arrow) in PD. Bar = 5 pm (Adapted from Ref. [55] with permission)

with Schwann cells (Fig. 18.6a, arrow), with or without a myelinated axon
(Fig. 18.6a, closed arrow head) in the control subject. In contrast, there was a
marked decrease in the number of unmyelinated axons (Fig. 18.6b, open arrow
head) with preserved Schwann cells (Fig. 18.6b, arrow) in PD. In addition,
Schwann cells seemed to be slightly hypertrophic.

18.11 Quantitative Correlation Between Cardiac MIBG
Uptake and the Remaining Axons in the Cardiac
Sympathetic Nerve in Lewy Body Disease

Takahashi et al. examined the relationship between the degree of degeneration of
the cardiac sympathetic nerve and MIBG cardiac uptake across lifespan [60].
Twenty-three patients with pathologically confirmed Lewy body disease (17 men
and 6 women; mean age at death: 77.5 + 6.9 years) who underwent MIBG cardiac
scintigraphy were enrolled in the study. One patient with MSA and one patient with
AD served as controls. Sections of the left ventricular anterior wall were immuno-
stained with antibodies against TH and NF. The immunoreactive areas of the
residual cardiac nerve axons were quantified, and the relationship between the
degree of cardiac nerve axons and H/M ratios on MIBG cardiac scintigraphy
were examined. Cardiac MIBG uptake was reduced in 90.9 % and 95.7 % in the
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early and delayed phases of the subjects with Lewy body disease, respectively
(Fig. 18.7). The area of TH-immunoreactive nerve fibers correlated with the degree
of cardiac MIBG uptake both in early (correlation coefficient: r=0.57, p < 0.01)
and delayed (r = 0.54, p < 0.01) phases (Fig. 18.8). The area of NF-immunoreactive
nerve fibers correlated with the degree of cardiac MIBG uptake both in the early
(r=0.65, p<0.01) and delayed (r=0.58, p<0.01) phases, respectively
(Fig. 18.8). These findings confirm that MIBG cardiac scintigraphy is a useful
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Fig. 18.7 Heart to mediastinum (H/M) ratio in Lewy body disease. (a) The proportion of
standardized H/M ratios in the early and delayed phases of 23 patients with Lewy body disease
confirmed by postmortem pathology. One patient did not undergo an early phase on MIBG cardiac
scintigraphy. The H/M ratio was decreased in 90.9 % (20/22 patients) and 95.7 % (22/23 patients)
of patients with Lewy body disease in the early and delayed phases, respectively. (b) The H/M
ratio of 23 patients with Lewy body disease was confirmed by pathology (8 PD and 15 DLB
patients). SD = standard deviation (Adapted from Ref. [60] with permission)
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Fig. 18.8 Correlation between cardiac MIBG uptake and the proportion of residual sympathetic
axons. The relationship between the proportion of residual sympathetic axons and cardiac MIBG
uptake (Adapted from Ref. [60] with permission)

imaging tool for a clinical diagnosis of Lewy body disease and can assess the degree
of degeneration of the cardiac sympathetic nerve.

18.12 Experimental Studies on Cardiac MIBG Uptake

The neurotoxic chemical agent 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydroxypyridine
(MPTP) has been used to produce animal models of PD [61, 62]. Short-term
administration of MPTP to C57BL/6 mice resulted in an almost complete, perma-
nent, and selective degeneration of nigrostriatal dopaminergic neurons [63, 64].
Takatsu et al. demonstrated that MIBG uptake was reduced in MPTP-treated
cultured PC12 cells in a dose-dependent manner [65] and that the MPTP-treated
mice had reduced cardiac MIBG uptake, as seen in patients with PD [66]. Subse-
quently, Fukumitsu et al. noted a reduction in noradrenaline transporter density in
the hearts of MPTP-treated mice using a binding assay [67], which accounted for
the reduced cardiac MIBG uptake. However, histopathological alterations of the
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cardiac sympathetic nerve in MPTP-treated mice have not yet been demonstrated.
Amino et al. examined the hearts of MPTP-treated mice using immunohistochem-
istry and Western blot analyses [68]. MPTP-treated mice exhibited significant
decreases in levels of cardiac noradrenaline and dopamine, suggesting sympathetic
dysfunction. Synaptophysin-, TH-, or noradrenaline transporter-immunoreactive
nerve fibers were abundant in the hearts of control mice and MPTP-treated mice,
without apparent differences between the two groups. Western blot analyses also
showed no differences in these protein levels. Cardiac nerve fibers were well
preserved in MPTP-treated mice, even though an apparent cardiac sympathetic
dysfunction was detected [68].
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Chapter 19
Clinical Implications of Reduced Cardiac
MIBG Uptake

Satoshi Orimo

Abstract Reduced cardiac MIBG uptake is caused by the degeneration of the
cardiac sympathetic nerve. It is observed in Lewy body disease, Parkinson’s disease
(PD) associated with an a-synuclein mutation, PD associated with an a-synuclein
multiplication, some cases of PD associated with LRRK2 mutations with Lewy
bodies in the brain, and various disorders with Lewy body disease or incidental
Lewy body disease (iLBD), in which Lewy bodies are found in the brain. In
contrast, cardiac MIBG uptake is usually normal in neurodegenerative parkinson-
ism and dementia, except for Lewy body disease in which Lewy bodies are not
found in the brain. In neurodegenerative disorders and familial PD, degeneration of
the cardiac sympathetic nerve is closely related to the presence of Lewy bodies.
Therefore, we hypothesize that reduced cardiac MIBG uptake is a potential bio-
marker for the presence of Lewy bodies. MIBG cardiac scintigraphy allows us to
estimate the presence of Lewy bodies.

Keywords MIBG ¢ Biomarker ¢ Differentiation * Parkinsonism ¢ Dementia

19.1 Patients with Reduced Cardiac MIBG Uptake

As previously described, cardiac MIBG uptake was reduced in patients with Lewy
body disease, including Parkinson’s disease (PD), PD with dementia, dementia with
Lewy bodies (DLB), and pure autonomic failure but not in the other related
disorders [1-7]. Most patients with REM sleep behavior disorder (RBD) have
reduced cardiac MIBG uptake, irrespective of an association with PD [8]. Patients
with some familial PD, such as PD associated with a-synuclein mutation, PD
associated with a-synuclein multiplication, and PD associated with LRRK2 muta-
tion, also had reduced cardiac MIBG uptake [9—11]. Moreover, pathologically
confirmed subjects with multiple system atrophy (MSA) and corticobasal
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degeneration (CBD) with reduced cardiac MIBG also had PD or incidental Lewy
body disease (iLBD) [12, 13].

19.2 Degeneration of the Cardiac Sympathetic Nerve Is
Associated with Lewy Bodies

As previously described, the degeneration of the cardiac sympathetic nerve is
closely associated with Lewy bodies in the nervous system [14—17]. Degeneration
of the cardiac sympathetic nerve occurs in Lewy body disease and familial PD,
including PD associated with a-synuclein mutation and PD associated with LRRK?2
mutation with Lewy bodies in the brain [9, 18]. In a pathology study, 10 out of
20 subjects with iLBD had various degrees of cardiac sympathetic nerve degener-
ation [19]. Moreover, pathologically confirmed subjects with MSA and CBD
associated with PD or iLBD, who had reduced cardiac MIBG uptake, showed
degeneration of the cardiac sympathetic nerve [12, 13]. Figure 19.1 shows immu-
nohistochemical staining of the epicardial nerve fascicles from PD and various
related disorders. Tyrosine hydroxylase (TH)- and neurofilament (NF)-
immunoreactive axons were markedly decreased in PD, DLB, and PD associated
with a-synuclein duplication and PD associated with LRRK2 mutation with Lewy
bodies in the brain and slightly to moderately decreased in two cases of iLBD. In
contrast, TH- and NF-immunoreactive axons were well preserved in MSA, PSP,
CBD, AD, FTD, parkin disease, and PD associated with LRRK2 mutation with no
Lewy bodies in the brain as well as the control subject. These findings confirmed
that degeneration of the cardiac sympathetic nerve is closely associated with Lewy
bodies in the nervous system.

19.3 Reduced Cardiac MIBG Uptake Is a Potential
Biomarker for the Presence of Lewy Bodies

Reduced cardiac MIBG uptake is observed in Lewy body disease, PD associated
with a-synuclein mutation, PD associated with a-synuclein multiplication, some
cases of PD associated with LRRK2 mutation with Lewy bodies in the brain, and
various disorders with Lewy body disease or iLBD, as mentioned above. These
disorders have Lewy bodies or Lewy neurites in the central nervous system and/or
peripheral autonomic nervous system. In contrast, Lewy bodies and Lewy neurites
are usually not found in MSA, progressive supranuclear palsy (PSP), CBD,
Alzheimer disease (AD), frontotemporal dementia (FTD), parkin disease, and PD
associated with LRRK2 mutation without Lewy bodies in the brain. Figure 19.1
shows the TH- and NF-immunoreactive nerve fibers of epicardial nerve fascicles in



19 Clinical Implications of Reduced Cardiac MIBG Uptake 315

3& - Fi
- nﬁ?‘-

Fig. 19.1 Immunohistochemical staining of the epicardial nerve fascicles from Parkinson’s
disease and a wide range of neurodegenerative disorders. Tyrosine hydroxylase (TH)- and
neurofilament (NF)-immunoreactive axons were markedly decreased in Parkinson’s disease
(PD), dementia with Lewy bodies (DLB), PD associated with a-synuclein duplication, and PD
associated with LRRK2 mutation with Lewy bodies in the brain and slightly to moderately
decreased in two cases of incidental Lewy body disease (iLBD). In contrast, TH- and
NF-immunoreactive axons were well preserved in multiple system atrophy (MSA), progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD), Alzheimer disease (AD),
frontotemporal degeneration (FTD), parkin disease, and PD associated with LRRK2 mutation
with no Lewy bodies in the brain, as well as the control subject. a o, control; b q, iLBD 1; ¢ q,
iLBD 2; d r, PD; e s, DLB; f t, PD associated with a-synuclein duplication; g u, PD associated with
LRRK?2 mutation with Lewy bodies in the brain; h v, MSA; i w, PSP; j x, CBD; k y, AD; 1 z, FTD;
m A, parkin disease; n B, PD associated with LRRK2 mutation with no Lewy bodies in the brain

a wide range of neurodegenerative disorders. In two cases of iLBD (b, c, I, j), PD (d,
k), DLB (e, 1), PD associated with a-synuclein duplication (f, m), PD associated
with LRRK2 mutation with Lewy bodies in the brain (g, n), and TH- and
NF-immunoreactive nerve fibers were mildly to markedly decreased. In contrast,
in MSA (o, v), PSP (p, w), CBD (q, x), AD (r, y), FTD (s, z), parkin disease (t, A),
and PD linked to LRRK2 mutation without Lewy bodies in the brain (u, B), TH- and
NF-immunoreactive nerve fibers were well preserved. In neurodegenerative disor-
ders and familial PD, degeneration of the cardiac sympathetic nerve was closely
related to the presence of Lewy bodies. As previously mentioned, degeneration of
the cardiac sympathetic nerve can cause a reduction in the cardiac sympathetic
nerve. Therefore, reduced cardiac MIBG uptake can be a potential biomarker for
the presence of Lewy bodies. MIBG cardiac scintigraphy can allow us to estimate
the presence of Lewy bodies. However, attention needs to be paid to the interpre-
tation of cardiac MIBG scintigraphy results, because some medications, peripheral
autonomic neuropathies, and congestive heart failure can affect cardiac MIBG
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ake. MIBG cardiac scintigraphy should be used as a supportive tool for differ-
iating parkinsonism or dementia.
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