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Chapter 1
Overview and History of Botulinum Neurotoxin
Clinical Exploitation

Keith A. Foster

Abstract Botulinum neurotoxin is a highly successful therapeutic agent used for the
treatment of a range of severe, chronic diseases, and is also widely used and recog-
nised as a cosmetic agent for reduction of facial wrinkles. And yet, this blockbuster
therapeutic product is also the most lethal toxin known and a Centers for Disease
Control and Prevention (CDC) Category A bioweapons threat. These apparently
conflicting applications of the same agent have their origins in the unique biological
properties of this fascinating protein. Unravelling the biology of the neurotoxin has
informed understanding of the basis of both its toxicity and therapeutic activity. The
unique properties of the neurotoxin have led to its becoming a significant therapeutic
agent of benefit in an ever-expanding range of diseases of neuronal hyperactivity. Es-
tablishing the structural basis of its activity has opened up opportunities to engineer
the toxin to create novel proteins of increased therapeutic effect and potential.

Keywords Botulinum neurotoxin - Therapeutic agent - Botulism - Neurotoxin-
associated proteins - Neurotoxin complex - Oculinum - Botox® - Dysport® - Xeomin®
- Myobloc®/NeuroBloc® - Recombinant protein

1.1 Introduction

Botulinum neurotoxin (BoNT), of which there are seven serotypes A—G (BoNT/A—-
/G), holds a unique status in public perception. It is the most lethal acute toxin known,
with an estimated human lethal dose of 1.3-2.1 ng/kg intravenously or intramuscu-
larly and 10-13 ng/kg when inhaled [1], and at the same time, it is a highly successful
therapeutic agent that is used to treat a range of severe, chronic medical conditions
resulting from hyperactivity of peripheral cholinergic neurons (see Chaps. 3—6 of
this book). Indeed, such is the safety of BoNT, when used as a therapeutic agent,
that its use has extended into cosmetic applications for the reduction of facial lines
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2 K. A. Foster

caused by habitual facial muscle contractions, and it has Food and Drug Adminis-
tration (FDA) approval for treatment of glabellar lines [2]. It is interesting to note
that this dichotomy was apparent in the first scientific descriptions of botulism, long
before the molecular identity of the causative agent was known. Following a number
of outbreaks of “sausage poisoning” in Wiirttemberg in south-west Germany, the
district medical officer, Justinus Andreas Christian Kerner, published a series of pa-
pers between 1817 and 1822 that provide the first accurate and complete description
of the symptoms of food-borne botulism [3]. Kerner extracted the active substance,
which he termed “sausage poison” and believed to be a type of fatty acid, from the
contaminated food and studied its effects, both in animals and on himself. Amaz-
ingly, in 1822, based upon these studies, he predicted the toxin’s potential clinical
utility, not only in conditions of muscular hypercontraction but also in autonomic
conditions of glandular hypersecretion, such as hyperhidrosis and hypersalivation.

1.2 Therapeutic Use of the Neurotoxin

Following the original speculations of Kerner, it was not until 1980 that the first
clinical application of BONT was reported [4], [5]. Alan Scott was an ophthalmologist
in San Francisco who in the late 1960s was seeking a chemical method to denervate
striated muscle for the treatment of strabismus, a condition in which the eyes are not
properly aligned with each other. Treatment of strabismus at that time was by surgical
weakening of the extraocular muscles. The procedure was, however, unsatisfactory
due to both high reoperation rates and its invasive nature. It had been shown in
1949 that BoNT blocks neuromuscular transmission through decreased release of
acetylcholine [6], and the subsequent work of Drachman, a neuroscientist at Johns
Hopkins University, demonstrated the effective denervation of skeletal muscles by
local injection of BoNT [7]. Drachman introduced Scott to Ed Schantz, who was
producing purified BoNT type A (BoNT/A) at the Department of Microbiology
and Toxicology, University of Wisconsin and making it available for experimental
use. Scott, working at the Smith-Kettlewell Institute, used the BoNT/A provided
by Schantz in a series of experiments in monkeys that demonstrated its utility in
weakening the extraocular muscles and its therapeutic potential for the treatment of
strabismus [8]. Scott formed a small company, Oculinum Inc., in 1978 to develop
BoNT/A for the treatment of strabismus, giving the drug the name Oculinum. Also
in 1978, Scott received FDA approval to inject BoONT/A into human volunteers, and,
in 1981, reported that botulinum toxin “appears to be a safe and useful therapy for
strabismus” [9]. In 1988, the rights to distribute Oculinum were acquired by Allergan
Inc., together with the responsibility to conduct clinical trials of its effectiveness for
other indications, including cervical dystonia. In 1989, Oculinum Inc. received FDA
approval to market Oculinum in the USA as an orphan drug to treat strabismus
and blepharospasm associated with dystonia in patients 12 years of age and older.
Shortly after the FDA approved these indications, Allergan Inc., acquired Oculinum
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Inc. Allergan applied for and received FDA approval to change the product’s name
to Botox®.

Following Scott’s seminal paper of 1981, clinicians and researchers around the
world began to explore the therapeutic potential of this exciting molecule. Research
showed the therapeutic benefits of BONT/A extended far beyond ophthalmology, pro-
viding patients with temporary relief from facial spasms, neck and shoulder spasms,
even vocal cord spasms, indeed all forms of focal dystonia proved suitable for treat-
ment with local injections of BONT/A (see Chap. 3 of this book). Ophthalmologists
at the Moorfields Eye Hospital, London, were among the first clinicians in the UK
to investigate the use of BoNT/A for correcting strabismus. They approached the
Centre for Applied Microbiology and Research (CAMR) at Porton Down, a centre
of excellence for research on botulinum toxins, to provide BoONT/A for their studies.
CAMR developed a stable freeze-dried BoNT/A formulation for the Moorfields Eye
Hospital which rapidly began to be used throughout the UK and in many European
countries [10]. In 1990, the formulation was approved by the Medicines Control
Agency in the UK for the treatment of blepharospasm and hemifacial spasm and
marketed by CAMR’s commercial partners Porton Products (now Ipsen Ltd.) as
Dysport®. The name is short for Dystonia Porton Down.

The first report of a non-neuromuscular use of BONT/A was by Bushara and Park
[11] who, while treating patients with hemifacial spasm, discovered that BoNT/A
injections inhibited sweating. BONT/A was subsequently approved for the treatment
of primary axillary hyperhidrosis and is now recognised to be an effective therapeutic
treatment for a number of conditions involving hyperreactivity of the autonomic
system (see Chap. 4 of this book). A major development in the commercial application
of BONT/A was the observation first reported in 1989 that it had an effect on wrinkles
[12]. In 1992, the husband and wife team of JD and JA Carruthers (ophthalmologist
and dermatologist, respectively) published a study on BoNT/A for the treatment of
glabellar frown lines [13]. In 2002, Allergan obtained approval of Botox® Cosmetic,
which resulted in a significant expansion of the commercial market, and in public
awareness. By the end of 2006, Botox® sales significantly exceeded US$ 1 billion,
with cosmetic uses accounting for about half of the sales. New applications for BONT
also continued to be developed and approved. Botox® received FDA approval for the
treatment of chronic migraines on October 15, 2010 (see Chap. 6 of this book). Most
recently, Botox® injections into the bladder were approved by the FDA: in 2011,
for urinary incontinence due to detrusor overactivity associated with a neurologic
condition in adults and, in January 2013, for the treatment of overactive bladder
(OAB) with symptoms of urge urinary incontinence, urgency and frequency in adults
(see Chap. 5 of this book).

The growth in the therapeutic application of BONT combined with its cosmetic use
has led to it becoming a major commercial product with huge growth potential. It has
been estimated by analysts that by 2018 the total worldwide market for BONT could
be US$ 4.3 billion (Report by Global Industry Analysts, Inc.). This is all the more
remarkable when it is considered that the dominant market products continue to be
Botox®, which was the original commercial product launched in 1989, and Dysport®.
It is also interesting to note that all of the major therapeutic products in the market
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are, with one exception, BONT/A1 products. The one exception is a BoNT/B product
registered with the US FDA in 2000 for the treatment of cervical dystonia by Elan
Pharmaceuticals and subsequently sold to Solstice Neurosciences, LLC a wholly
owned subsidiary of US WorldMeds, LLC who market the product as Myobloc®
in the USA and as NeuroBloc® in the rest of the world. Myobloc®/NeuroBloc®
is reported to have a higher incidence of side effects, particularly dysphagia and
dry mouth, than type A products [14]. It has not gained a significant share of the
BoNT marketplace. The majority of the BoNT products currently available, including
both Botox® and Dysport®, are purified neurotoxin complex including neurotoxin-
associated proteins (NAPs) as well as the neurotoxin protein itself (see Chap. 4 of the
companion volume to this book, KA Foster (ed.) Molecular Aspects of Botulinum
Neurotoxin, Springer, New York for an explanation of the neurotoxin complex and
the role of the NAPs). In 2005, Merz Pharmaceuticals received approval in Germany
to market Xeomin® which is a purified BONT/A product without the NAPs. Approval
for Xeomin® was given in Europe in 2007 and in USA in 2011. It is currently the
only purified, noncomplex BoNT product in the market.

The concentration of BoONT products to the A serotype, and in particular the A1l
subtype, is surprising given the diversity of BoNTs that have been identified. Not only
are there the seven serotypes, A—G, but there are also multiple sub-types within each
serotype now being identified, such that there are currently well over 30 subtypes of
BoNT reported (see Chap. 10 of the companion volume to this book, KA Foster (ed.)
Molecular Aspects of Botulinum Neurotoxin, Springer, New York). This diversity
is growing as more clostridial strains are isolated and characterised. It is also now
becoming apparent that the subtypes can differ significantly in their biochemical
properties [15]. In one case, a subtype of BoNT/F, F5, has been reported to have
a completely different substrate specificity to other BoNT/F subtypes [16]. This
diversity represents a huge opportunity to identify new therapeutic neurotoxins with
differentiated properties relative to the current products. The opportunity to expand
the therapeutic landscape for BoNTs will be expanded even further by the recently
established ability to create the neurotoxins by recombinant protein expression and
to modify the neurotoxin protein to create engineered neurotoxins with enhanced and
expanded therapeutic utility (see Chap. 7 of this book). Given the natural diversity
of BoNTs and the ability to recombinantly express and engineer them, it is likely
that the future growth in the clinical use of this remarkable family of proteins will
exceed the current market expectations based upon the existing BoNT/A products.

1.3 Conclusion

In the 30 plus years since its first reported clinical use, BoNT has become a major
therapeutic product. That remarkable development in the use of what is the most lethal
toxin known is a reflection of the unique biology of this fascinating protein and the
extensive research that has gone into understanding both the structure and function of
this toxin over many years. The understanding that has resulted from those extensive



1

Overview and History of Botulinum Neurotoxin Clinical Exploitation 5

studies combined with the application of the capabilities of the modern biotechnology
industry promises that the exploitation of the BoNTs to the benefit of patients will
continue to grow for many more years.
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Chapter 2
Botulinum Toxin as a Clinical Product:
Manufacture and Pharmacology

Andy Pickett

Abstract The use of botulinum neurotoxins as clinical products has required the
development of suitable manufacturing processes meeting the highest standards
of safety and quality for pharmaceutical products. The exceptional potency of the
molecule has imposed safety requirements not just for the products but also for the
staff and working environments during manufacture. There are now a number of clin-
ical products available, produced using different manufacturing processes and with
different final formulations. These differences and their implications are reviewed in
this chapter. Future developments in the manufacture of clinical neurotoxin products
are also considered.

Keywords Botulinum neurotoxin - ¢cGMP - Drug substance - Drug product -
Formulation - Containment - Pharmacology

2.1 Introduction

Botulinum neurotoxin (BoNT) has become widely accepted as a major, first-line
treatment for a number of debilitating conditions that previously received no adequate
therapy [1]-[3]. From the initial pioneering work of Alan Scott in ophthalmology [4],
the use was expanded and extended into neurological conditions where muscles were
in spasm [5], [6]. In the 20 years since the first licensed products became available—
Oculinum® in the USA and Dysport® in the UK—BOoNT has found established uses
not just in neurology but in rehabilitation, urology, pain, headache, hyperhidrosis
and aesthetic treatments [7]-[14], together with a wide range of new, experimental
applications (see, for example, [15], [16] and Chaps. 3—6 of this book). In the majority
of these indications, the products have provided long-term, stable results for patients
[17]-[19].
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Key to this predictable, long-term use, in many cases for the full duration of
product availability over the decades, the provision of consistent, high-quality, re-
producibly potent products has been essential [20]-[22]. Without this quality of
product, clinicians could not have confidence that patients would have repeat, long-
term therapy. Yet surprisingly, little has been published about how the BoNT products
are manufactured, and data to show their consistency are scarce.

There are currently several manufacturers of type A BoNT for clinical use. Aller-
gan, based in Irvine, CA, and Westport, Ireland, are the main manufacturers of the
leading Botox®/Botox® Cosmetic/Vistabel®/Vistabex®/Vista® range. Ipsen, based
in France and Wrexham, UK, are the second largest with the brands Dysport® and
Azzalure® (an early brand name Reloxin® intended for aesthetic use in the USA [23]
was finally not allowed by the US Food and Drug Administration, FDA). Merz, from
Germany, have the Xeomin® and Bocouture® brands. Three other manufacturers are
based in Asia. Medy-Tox, in Korea, have the Meditoxin®/Neuronox®/Siax® brand
of type A BoNT which started in Korea and is now becoming available in other
countries, for example, in Latin America. Hugel Inc., also based in Korea, have a
further type A BoNT called Botulax (also Zentox or Regenox in other countries).
Lanzhou Institute for Biological Products (LIBP), in Lanzhou, China, has produced
alicensed type A BoNT available since 1997 called BTXA™ which is distributed by
Hugh Source, in Hong Kong, and by other local/regional companies under different
names such as Lantox in Russia; Lanzox in Indonesia; Prosigne in Brazil; Liftox in
Ecuador; and Redux in Peru—in total, available in over 30 countries.

One serotype B BoNT has been available for a decade, called Myobloc
Neurobloc®. The product was originally developed by Athena Neurosciences in
the USA, subsequently acquired by Elan, then Solstice NeuroSciences LLC, now
acquired in August 2010 by US WorldMeds based in Kentucky, USA. In Europe, the
product is marketed by Eisai Europe Limited. Initially, the product was targeted to
patients who had developed an antibody response to a type A product and so could be
treated with type B BoNT since the two serotypes are immunologically distinct [24].
Follow-up treatment with immunoresistant patients has limited success in the long
term [25]. Clinical data exist for licensed use of the product in cervical dystonia [26]—
[28], but other clinical uses have been examined [25], [29]. However, large doses of
the product are required, perhaps 50 times that for a type A product due to a lower
potency per unit of toxin protein. Patients initially responded to this alternative but
soon developed further antibodies to the type B molecules and became refractive to
further therapy. The treatments were short-lived. Attempts have been made to revive
the product as, for example, an aesthetic treatment [30]-[32] but the product is never
used in routine aesthetic practice, despite these data. Of particular relevance to use of
this serotype, recent data on receptor binding have shown that human synaptotagmin
IL, as used by type B BoNT, does not have a high affinity for the molecule [33]. This
phenomenon is specific to humans and chimpanzees and potentially explains why
high doses of type B BoNT are required to achieve therapeutic effects.

The present chapter describes how BoNT products are made for clinical use and
the data available on those products, focusing on the three main BoNT-A families
since these are the most prominent products in the marketplace today. The processes

®y
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and their constraints are considered and how these link together is discussed. The
pharmacology of the products is also discussed, especially with reference to actual
clinical uses.

The mechanism of action of BoNT is described in detail elsewhere in this book
(see Chaps. 2 and 6-8 of the companion volume to this book, KA Foster (ed) Molec-
ular Aspects of Botulinum Neurotoxin, Springer, New York), and so is not included
here. Also, clinical data are not considered in this section, unless applicable to the
discussion.

2.2 The Two Stages of Manufacture

The manufacture of clinical BoNT is carried out in two, clearly distinct stages. All
stages and all testing are performed in accordance with current good manufacturing
practice (cGMP), which s a similar but notidentical set of standards and requirements
laid down by the regulatory authorities in each country and/or each region of the
world. These standards will not be reviewed here, they are too extensive; the reader
is referred to the freely available information of the guides and regulations on the
web sites of the FDA and the European Medicines Evaluation Agency (EMEA) as
typical examples of the stringency of manufacture and testing that are required.

2.2.1 Bulk Active Toxin: Drug Substance

The first stage is the production of the active BONT in what are often described as ‘bulk
quantities’. In reality, exceptionally large amounts of highly potent active BONT can
be made in small, almost laboratory-scale equipment, unlike the type of quantities
required for other active biomolecules. This involves cultivation of the production
strain, initial separation of the crude BoNT, purification of the BoNT as either a
complex or purified neurotoxin and final storage. Quality control (QC) testing of this
material against a fixed and regulatory-approved specification is then carried out; in-
process QC testing is also a stringent requirement. The resultant concentrated BoNT
is called bulk toxin, bulk active substance, or, in the current modern terminology
of the regulatory agencies, the active pharmaceutical ingredient (API) or the drug
substance (DS). This multiplicity of terms is not so helpful; DS will be used here.

2.2.2 Finished Product Vials: Drug Product

After testing is satisfactorily completed and release of the DS for onward processing
is approved by the quality functions in the company, very small volumes are used for
dilution, formulation with excipients, dispensing into vials and then preservation by
either freeze drying or vacuum drying or just as a liquid, dependent on the product
family. The dilution factor may be 10,000 times or greater [34]. The output is called
either finished product or, in current terms, drug product (DP).
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2.2.3 Quality Testing and Release to Market

In certain cases, the regulatory authority of a country where a product is approved
may require separate testing and release of the DS to be carried out, either by their own
laboratories or by a designated and approved contract testing house, before any DP is
manufactured. This can even be on an individual batch basis. In turn, each batch of DP
may be individually released by the licensing authority of a country before that batch
can be commercialised within the country. Within Europe, one control laboratory,
designated an Official Medicines Control Laboratory (OMCL), will carry out formal
testing and release on behalf of all European countries in accordance with the Official
Control Authority Batch Release (OCABR) guidelines [35]. A fee is levied, currently
about 2,300 € (US $ 3,200), against the manufacturer for the testing and release of
each batch carried out together with the subsequent issue of a release certificate;
but for the fee, time constraints are placed on the OMCL for release purposes. The
OCABR for Human Biologicals is, in fact, a specific network within the OMCL
network [36]. The FDA carry out similar testing for the products destined for the
USA, in compliance with the Code of Federal Regulations (which define the cGMP
requirements) 21CFR610 2(b), but no fee is levied. For other specific countries where
products may be approved for sale, certification of testing and release from the home
country of the manufacturer is required before the product batch is considered for
commercialisation in the second country. For certain countries, repeat testing of any
batch of DP submitted for commercial sale will be carried out by the respective
authorities in that country, as part of the marketing authorisation when granted.

In most cases, the release authorities in a country carry out testing in accordance
with the licensed testing procedures. This may go to extremes where, for example,
even specific strains of mice are imported for the potency release testing of BoONT
products. However, there are specific examples where a release authority may per-
form their own tests or even experimental tests as part of their release procedure.
Those authorities maintain a rigid right to independent testing, to the extent that even
the format and results from such tests are not revealed to the manufacturer. This
has often been considered as unreasonable by manufacturers (and even other release
authorities) to the extent that debate has often occurred on the reasonableness of such
an approach. Changes have not, however, been brought about.

2.3 The Production Organism

2.3.1 Key Aspects

Clostridium botulinum is an obligate, spore-forming anaerobe, a gram-positive bacil-
lus that is ubiquitous in nature. The nature of the bacterium leads to three distinct
aspects that must be dealt with for the production of clinical material to occur
successfully.
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Firstly, the anaerobic requirements mean that oxygen must be excluded from the
first stages of the production system, when the bacteria are grown in a fermenter or a
glass vessel. A fermenter is the preferred usual choice in these cases, since this may
be steam sterilised under pressure and fully validated in accordance with modern
regulatory requirements and cGMP. The culture media employed generally include
a reducing agent to aid this anaerobic requirement, and additional nitrogen may be
used as an overlay. During growth, the bacteria produce several volatile acids that
help to maintain an anaerobic environment and give the characteristic odour of a
fermenting culture!

Secondly, the production of toxin progresses from the first stages of growth [37],
only recently reported for a strain used in a clinical product process [38]. Suitable
precautions to ensure that the culture fluids are appropriately contained and handled
correctly, to prevent contamination of the environment or the operators, are essential.
Gases evolving from the growth stages will build up pressure in the growth vessel
and therefore must be filtered before release to prevent bacterial aerosols escaping.

Finally, sporulation of the bacteria can occur at low levels during the growth stages,
but particularly in abundance as the bacterial life cycle ends and the bacteria die. A
high spore count in the final stages of the fermentation is inevitable [39]-[41]. Non-
sporulating mutants of type A or B strains have not been reported but new mutants
with reduced sporulation have recently been generated; these also have reduced
BoNT production [42], indicating the two processes may be linked genetically. The
absence of spores has been reported for one production strain, but this may simply
be due to the fermentation conditions, including the medium, employed [43]. Stages
therefore need to be added to the manufacturing process to ensure that no spores are
present in the final active BoNT DS used for clinical product, usually by filtration.
The spores are highly resistant to heat and radiation and the use of these techniques
is not possible.

The nutritional growth requirements of C. botulinum are not known in detail.
Perhaps one of the most comprehensive reviews of growth and toxin production
was described in a series of papers in the late 1950s and early 1960s by Bonventre
and Kemp [37], [44]-[46]. Complex growth media are therefore used. As these can
originate from plant and/or animal sources, the provenance must be established before
use. Only certified sources of animal materials that are free from adventitious agents
must be used. Even plant material derivatives can be processed by the suppliers using
enzymes of animal origin and so careful investigation of the sources and the processes
used for the materials is essential before purchase. One BoNT manufacturing process
described for clinical material, essentially the original Botox® process, has used no
materials of animal origin [47]. Inevitably, BONT product manufacturers closely
guard the finer details of their processes, especially production conditions used, as
their intellectual property and know-how. There is certainly evidence to suggest that
the process described by Schantz and Johnson [47] has now changed [48].
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2.3.2 Strains Used

The type A BoNT production strains are all from the original collections of Professor
Ivan Clifford Hall, a distinguished and enigmatic anaerobe specialist and epidemi-
ologist of botulism food poisoning, amongst several of his specialities. Hall worked
in the first half of the 1900s and collected many strains of C. botulinum from all over
the USA. For an unknown reason(s), many BoNT type A production strains became
known as ‘the Hall strain’, which is inaccurate [49]. Hall was known to have several
type A strains in his collection, even in the earliest days of his work [50]. Despite
this, one manufacturer has recently stated that type A products are from the same
strain [51], which is again inaccurate [20]. In fact, recent genetic analysis of type A
strains, including clinical product strains, has shown them to be clearly distinct from
each other [52].

Detailed genetic analysis of the neurotoxin gene within the Allergan production
strain has been published [53], [54] and complete genome sequencing of another
strain, designated ATCC 3502 and as used by Merz [51], has been available for
several years [55]. The exact strains used by Ipsen and MedyTox have not been
published, other than being described as ‘a Hall strain’ [34], [56]. The neurotoxin
sequence of the strain used for the production of BTXA by Lanzhou Institute for
Biological Products has also been published [57].

The BoNT type B production strain used is designated the Bean strain. The pro-
duction method was originally described in detail by Siegel and Metzger [58], which
was updated for the clinical product by Setler 20 years later [59].

To date, only BoNT serotypes A and B have been made available for clinical
uses. Other serotypes have been tested in man [60]-[64], but none have yet become
commercial products and have progressed no further than proof-of-principle tests
in man.

2.4 The Critical Mixture of Safety and Good
Manufacturing Practice

There are two main challenges that override the manufacturing processes for clinical
BoNT production.

The keyword to drive the processes is ‘containment’. Due to the high potency
of BoNT and the sporulation abilities of the production organism, a detailed but
risk-based approach to safe operation must be taken to protect both the operators
and the environment. The production environments will normally be high-grade
rooms with special air-handling systems and these must not become contaminated
or lengthy decontamination procedures will need to be followed that ensure (and are
validated to ensure) the elimination of any spores, bacteria and BoNT—all of which
must be considered separately. Only limited data are available on, for example, the
persistence of BoNT after decontamination of surfaces [65]. Information on typical
methods of decontamination by formaldehyde or other fumigants is also available
and useful [66], [67].
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Coupled with the safety aspects, manufacture must proceed in accordance with
the cGMP requirements of the national or regional licensing authorities from whom
marketing authorisations are sought for the products. These are laid down in detail and
few, if any, exceptions are granted by the authorities because of the nature of either the
product or the organism. This is especially the case since the current manufacturers
have been compliant with these standards for many years, firmly setting the quality
goals that any new manufacturer must meet for market entry.

The safety and containment requirements for facilities handling human pathogens
such as C. botulinum are defined in three documents which are widely available as
the basis for the standards. These are from the World Health Organisation [68], the
United States Health and Human Services (HHS; Center for Disease Control and
Prevention, CDC) [69] and the United Kingdom Health and Safety Executive Advi-
sory Committee on Dangerous Pathogens [70]. Each of these contains descriptions
of the standards to be applied. Within each country, different organisations will also
be involved in the legislative and standards process—for example, CDC is the branch
of the HHS responsible for both C. botulinum and, separately, for work with BoNT,
including handling, storage and shipping. Amounts of BoNT up to 0.5 mg are not
regulated under current US legislation (see Code of Federal Regulations 42CFR73.3
((D3))).

The C. botulinum organism is currently considered in somewhat different ways
by different countries. In the USA, BoNT (the toxin and not the producing organism)
is one of six Category A Bioterrorism Agents defined by CDC. The definition of such
an agent is as follows [71]:

High-priority agents include organisms that pose a risk to national security
because they

* Can be easily disseminated or transmitted from person to person;

* Result in high mortality rates and have the potential for major public health
impact;

e Might cause public panic and social disruption and

* Require special action for public health preparedness.

Both BoNT and the bacterium are however included on the select agent list in the
USA [72] and in 42CFR 73.3. A detailed publication on what is required for the
security of such agents has been prepared by both CDC and the US Department of
Agriculture [73] and describes all aspects of a facility security policy and procedure,
from personnel access to chain of custody requirements. These are additional to the
other biosecurity measures that have to be taken for safe handling and processing,
as described earlier.

In the UK, C. botulinum (not BoNT) is defined as a hazard group 2 biological
agent whereas, in contrast, Bacillus anthracis is in hazard group 3 [74]. The list
also indicates that a vaccine is available, but vaccination of individuals involved
with the organism also has potential risks associated with the vaccine itself. In fact,
the only commonly available vaccine has been withdrawn from use mainly due to
efficacy issues [75]. New generation BoNT vaccines are being actively developed
[76], [77]. Detailed risk assessments on vaccination are therefore called for before
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its adoption as a standard procedure in the production environment. Availability of a
suitable vaccine remains a key issue if any company risk assessments indicate that
vaccination is a vital part of their production strategies.

To meet these dual requirements, manufacturers generally can adopt two ap-
proaches. Firstly, mainly due to the significant quantities of BONT being handled
and the high concentrations of the production organisms, which are quite unlike
those found in a normal pathology or microbiology environment such as a diagnos-
tic laboratory, manufacturers can uprate the pathogen-handling categorisation for
their facilities to the next level or higher. This enables a high degree of re-assurance
that handling of the organism and toxin is under the strictest containment proce-
dures. Secondly, an increase in the categorisation means that the work should be
performed in class III microbiological safety cabinets, which are fully contained,
negative pressure units with glove-port access only (Fig. 2.1). The exhaust air from
these cabinets is then high-efficiency particulate arrestant (HEPA) filtered through
monitored and tested specific grades of filter specifically for environmental protec-
tion. Occasionally, pictures of these production cabinets from manufacturers are
shown at presentations in symposia or in their product literature, but, apart from
these, nothing else is published about the technology involved.

2.5 The Production Processes

There are many references to procedures and processes for the manufacture of BONT,
covering several decades (see, for example, [47], [78]-[81]), but until the 1990s,
these of course did not focus on (or even envisage) any clinical uses and hence
clinical quality of product. Nevertheless, these original processes formed the basis
for clinical product manufacture that subsequently occurred.

2.5.1 Botox® Family

The only detailed publication that describes manufacture of clinical products is that
of Schantz and Johnson, in the early 1990s [47]. As the originators of Oculinum®
(later to become Botox®), they published in detail the exact process used for the man-
ufacture of DS at that time (Fig. 2.2), which, as described, was based on the original
method of Duff and colleagues [82], [83]. In particular, the method described was
that used for DS batch 79-11, made in November 1979. This batch was critical in
the clinical trials for the product and, subsequently, for the launch of commercial
product. The batch lasted for many years after manufacture and was distributed as
Botox® by Allergan until 1997 [84] (approval by FDA of alternative DS) or later
in other markets outside the USA. This was despite the fact that batch 79-11 was
reported as losing potency over the nearly 20 years since manufacture [47]! The pro-
cess was ‘classical’, involving the original first stage of BoNT precipitation with an
acidification step, followed by several stages with salt solution, ethanol precipitation



2 Botulinum Toxin as a Clinical Product: Manufacture and Pharmacology 15

High Efficiency Particulate Arrestant (HEPA) filter

Glove port (may be round or oval dependant on operator preference)

LTI
@
]

Filtered air out (higher flow rate)

| IMII

—

L1111 111

Stainless steel
work chamber at ———>
negative pressure

Pass box or /
separate airlock =
for material
transfer in/out ‘ . . .

Substantial frame
for stabilisation |——>
and levelling

©Copyright Toxin Science Limited,
2011

Fig. 2.1 Schematic drawing of class III microbiological safety cabinet used for manipulation of
high-potency/volume BoNT-containing materials

and crystallisation in the presence of ammonium sulphate [47]. A clear specifica-
tion for the DS was established (Table 2.1), as they described [47]. Interestingly,
the specification included a measurement of the amount of residual nucleic acids
present, as a proportion of the protein obtained (expressed as an Ajgp:Asgo ratio),
which indicated that these were considered contaminants at that time. The DP was
stabilised with human serum albumin (HSA) in a formulation that was intended to
be physiological in properties, with sodium chloride as the second component [47].

Some years later, in 2008, a further paper—this time published by Allergan—
claimed that the method was still used to manufacture the Botox® DS [85],
[86]. However, in between times, an inspection report of an Allergan-contracted
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Production Scheme for Oculinum / Botox
Batch 79-11 (200mg)

Clostridium botulinum
HALL Strain

Seed Culture
(500mL) 37°C

Multiples

2% Hydrolised casein

1% Yeast Extract
0.5% Dextrose

Main Culture
(12 - 16L) 37°C
{Carboy)

Combine
Multiple

Cultures

‘Wash Precipitate with water

Extract Toxin
1AM HaCl pH 6.5-6.8

Extract Toxin
0.05M Phosphate pH 6.8

Reprecipitate
15% Alcohol minus 5°C

Dissolution
Sodium Phosphate pH 6.8

Crystallisation
Ammonium Sulphate 0.9M
1to 2 weeks #°C

Recrystallise
and store in mother liquor
0.05M sodium phosphate pH 6.8
0.9M Ammonium Sulphate
4°C or minus 20°C

Fig. 2.2 Production scheme employed for manufacture of Oculinum®/Botox® batch 79-11, the
original product first licensed in the USA in 1989. (Scheme based on details in reference [44])
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Table 2.1 Drug substance (bulk active BoNT) specification for original Oculinum®/Botox® pro-
duced by Edward Schantz for initial clinical trials and subsequent product licensure. (Based on
reference [47])

Product parameter Specification
Strain Hall
Absorbance (in 0.05 M sodium phosphate buffer pH 6.8) Maximum at 278 nm
A260/A278 nm ratio 0.6 or less
Specific toxicity (mouse potency) 3 x 107 420 % mouse LDs, per mg
Extinction coefficient (absorbance) 1 mg per ml toxin in 1.65
1 cm light path

establishment [87] indicated that the process had changed in various aspects from
the original Schantz and Johnson [47] method and this was raised in the follow-up
correspondence [48]. No direct response was received to these questions and the
subject has not been addressed since. Although Allergan produced DS at this con-
tractor for a time, the current production of DS is believed to take place in Irvine,
Orange County, CA with finished DP originating from the Allergan Westport facility,
in Ireland—as noted on the labelling in most countries for the product family.

2.5.2 Dysport® Family

Two papers have summarised how the Dysport® family of DP are manufactured
[34], [88]. The process is described as ‘precipitation, column chromatography and
dialysis’. The use of column chromatography in the Dysport® DS process was in fact
criticised by Schantz and Johnson in their main paper [47] as something that should
be avoided, but the Dysport® experience has shown and demonstrated the validity
of using such methods of production.

Many attempts have been made by authors in the past to cite a specific reference
[80] as describing how the Dysport® family of products is manufactured. However,
these attempts have been repeatedly criticised by the manufacturer (see, for example,
[89]). The publication cited was nearly 10 years before Dysport® was licensed as a
therapeutic product at the end of 1990. The errors in such claims have been detailed
[89]. A second publication [81] has recently been cited as again describing the
production process [51], but there are very few details therein, which only mention
an eight-stage process with 46 in-process and quality control tests using a 30-litre
stainless steel fermenter. There is no literature or other information to support if these
data are accurate for the Dysport® process today.

These incorrect citations have, in turn, led to errors in published product-specific
data, especially product characteristics, which has not been helpful to clinicians [89].
These errors have also included data on DP formulations [21]. Consequently, Pickett
and Perrow published in 2010 [90] a definitive description of the current BONT
formulations available in the market, with DS characteristics included (Table 2.2).
Regrettably, reviews are still being published, at the time of writing the present
chapter, that include erroneous product data [21], [91] and which do not even cite
the source of the data they used.
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Table 2.2 Characteristics of current major BoNT products. (©2012 Toxin Science Limited. Repr-
oduced with permission)

Production Uhvial Excipients
FrOMct strain PIOCESS | prstgest| (i vial)

Fermentation
Dysport® Hall Disis 300/500  HSA Lactose

Chromatography sU 125u9 25mg

Fermentation H s A

Azzalure® Hall Dialysis 125 sU Lactose
Chromatography 125u9 25mg

Fermentation

Allergan Precipitation 100/200 B HSA  NaCl

Botox® ‘
“hy per' “Crystallisation” 500ug  0.9mg

. ® Fermentation
Vlgtabel & Allergar] dien 50V HSA NaCl
Vistabex® “hyper’ “Crystalisation” 500ug  0.9mg

Xeomin® Hall [Unpublished]  100/200X ~FSA Sucrose
img  Smg

Bocouture® Hall [Unpublished] ~ 508  MISA Sucrose

img  Smg

2.5.3 Xeomin® Family

No publication exists to describe the manufacture of the Xeomin® product family.
Even a recent publication, claiming in the title to consider manufacturing of the
product, does not [92]. As for the facilities and equipment used, limited data have
been presented in congresses on the manufacturing process and this seems to follow
other processes used previously for purified BoNT. In addition, data included in patent
applications by the scientists who developed the product have contributed towards
the process data available [93]. This source is, however, somewhat restrictive and
not mainstream for clinicians seeking further information on this product family.
Repeated requests have been made for such data to be published and hence made
available to the clinical community, but this has not yet happened.
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2.5.4 Myobloc®/Neurobloc®

There are publications available which describe how the type B BoNT product is
manufactured [59], [94], [95]. The process applied is similar to that for BONT type
A except that an additional stage of BoNT activation is required for full activity to
be obtained. [59], [95]-[97]

2.6 Consistency and Quality of Products

For clinicians to be able to judge the merits of the different products available, clear
and unequivocal product data need to be made readily available [21], [91]. Aspects
such as consistency of products manufactured over time, stability, biochemical char-
acteristics and potency are key to assist in the comparisons. Such data are, however,
very limited for reasons that are not entirely clear.

Because of the product licensing procedures and the subsequent DP quality re-
lease procedures by the licensing authorities, consistency of final products should
be inherent, or the products would not be available for marketing. These are facts.
However, data should be available to the clinical community in order to judge product
consistency for themselves.

2.6.1 The Initial Oculinum®/Botox® Issues

When Oculinum® was first licensed by the US FDA, all the product originated from
one batch of bulk toxin [47]. This batch was labelled as 79-11 being made in Novem-
ber 1979. The batch lasted for many years of commercial production and sales, but
was found to have significant issues about potency [47], [98]. Approximately 90 %
of each finished product vial was found to be inactive BoNT, material that had been
inactivated by the final stages of the manufacturing process for the vials [83], [98].
For patients, this meant that they were being given some ten times more BoNT-
related protein than needed to achieve the therapeutic effect. As a consequence,
many patients developed neutralising antibodies to BoNT protein, especially when
being treated with the higher doses used for conditions such as cervical dystonia
or stroke-related paralyses. This was recognised in the early 1990s [99]-[101]. In
addition, the treatment regimens at that time often used so-called booster injections,
where patients would be retreated after a short time interval (usually weeks) if their
initial response was not felt to be sufficient [102]. Up to 17 % of patients with cervical
dystonia were reported with these antibodies [103] and hence became refractory to
BoNT therapy. These data have been revised downwards more recently, based upon
long-term experience with the current Botox® product [104], [105]. Interestingly,
this issue did not seem to occur as much with patients outside the USA [83] as another
batch of Botox® DS was apparently used to supply those markets.
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These issues relating to the product were reported by the originators of the BONT
DS [47], [83], but not by Allergan. The originators also identified ways in which the
inactivation in the DP manufacturing process could be eliminated and proposed new
formulations that might be considered which retained almost the entire potency [98].

In the event, Allergan chose to replace the DS batch with a new designated BCB-
2024 [84]. New preclinical testing was carried out [84], followed by clinical studies
in cervical dystonia. Initial comments were that the new DS batch was of signifi-
cantly higher potency and caused side effects in patients, but later reports recorded
equivalence in efficacy and safety profiles with the original [ 106]-[108]. FDA finally
approved the new DS in 1997 [84]. There was no change in the formulation com-
position of the DP, but no details have ever been made available as to whether the
actual DP process was changed or not, in line with the recommendations from the
originators of the product [83], [98].

These initial issues with Botox®, effectively a significant inconsistency of the
product to yield consistent clinical results over time, have not occurred again. Aller-
gan have only published limited analytical data on the later and current DS materials
used [48], [85], [86], but have offered no reassurances to the clinical community
that such issues will not occur again. Allergan does, however, appear to continue to
focus on the science related to neutralising antibody formation [109]-[111] and has
recently published a meta-analysis on the use of Botox® in various clinical indica-
tions, which demonstrates an overall low level of antibody response to the product
when used in various clinical applications [105]. Today, the number of patients de-
veloping neutralising antibodies to the product is no greater than for any of the other
type A BoNT products [112].

2.6.2 Consistency of the Dysport® Product Family: The History
of Protein Load

In 2003, Ipsen made available the first data on the consistency of Dysport® over time
[113]. These data were published due to an argument that had developed between the
manufacturers as to how much toxin-related protein (both neurotoxin and complex-
related proteins) was there in a vial of each product. At that time, the Merz products
were not available and the debate was between Dysport® and Botox®.

Because of the number of patients who had developed antibodies to early BoNT
therapies, the subject of ‘protein load’ had emerged. Protein load was defined as
the amount of all toxin-related protein per vial of product—both neurotoxin and
complex-related proteins (but excluding the HSA excipient) and was represented in
nanograms. Giving a patient the least possible amount of toxin-related protein was
considered one way of minimising the potential for that patient to develop antibodies
and hence become ‘resistant’ to treatment [114].

One early reference had cited a predecessor product to Dysport® as containing
12.5 nanograms protein load per vial [ 115]. Conversely, the data available for Botox®
had indicated that this only contained 5 nanograms per vial [84], [108], [116]. The
argument was established.
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On review, the Stell reference [115] was found not to describe Dysport® and this
was documented several times by Ipsen scientists [34], [117], [118]. In evidence, they
produced in total four publications [34], [113], [117], [118], the last of which in 2008
[34] demonstrated a 15-year consistency of product data and only 4.35 nanograms
of toxin-related protein per vial. On a per treatment basis (taking into account the
potency unit differences), this meant that patients treated with Dysport® only received
40-50 % of the toxin-related protein that patients treated with Botox® were given.
The 2008 data also demonstrated DS consistency over the life of the product in
detail and reported biochemical properties including binding and enzymatic activity.
Overall, the product was shown to be of high consistency and quality, with a number
of DS batches being used throughout the product life cycle.

The consistency of Dysport® DP has also been demonstrated in a non-clinical
model of muscle force in the rat (the rat muscle force (RMF) model) [119]-[121].
The model, based on one reported earlier [122] and subsequently developed further
by Ipsen in conjunction with the University of Florida, is clinically relevant since
muscle force is temporarily weakened in a dose-dependent manner using doses that
are similar to those used in humans (on a per kilo basis). The data provided were
reproducible and useful as measures of consistency (Fig. 2.3). The model was used
to show consistency of Dysport® DS made in three different facilities. Unlike other
non-clinical animal models that have been used for BONT products, such as the digital
abduction scoring (DAS) method [84], [123], the RMF method used a quantitative,
non-subjective assessment of the effect of BoNT, in comparison with a placebo.

One further source of consistency data exists for the Dysport® family in the
publically available review reports from the FDA which have been made available
subsequent to product licence approval in the USA. In the clinical sections of these
reports, data are provided of a trial in humans with cervical dystonia which used
DS sourced from two different manufacturing sites (trial reference Y-97-52120-096
[124]). These are highly relevant consistency data since they originate from man.
The data show clearly that no differences in clinical response were found using
material from either source. Essentially, this demonstrates the robustness of the
DS manufacturing process, since transfer between manufacturing sites can be a
severe test of the reproducibility of any biological manufacturing process. An earlier
description of biological product manufacture used to be ‘the process defines the
product’, ashort way of saying how process-dependent biological products used to be.

As Botox® was licensed in the USA many years prior to Dysport®, no such
publically available data exist from FDA records. One publication has described the
licensing process for Botox® [125] and the somewhat abbreviated dossier that was
originally filed and approved.

2.6.3 The Xeomin® Family

No data exist in the public domain on the consistency of the Xeomin® product family.
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Fig. 2.3 Use of the rat muscle force (RMF) model for the assessment, characterisation and
comparison of clinical batches of Dysport® botulinum toxin type A. a Detailed schematic dia-
gram of how the product batches from different manufacturing sources were tested using the method.
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A useful publication, providing detailed non-clinical data and characteristics, was
made available early on in the product’s life (when the product was still known by
the Merz compound number NT201) [126]. This did not, however, provide DS or
DP consistency data.

Unusually, one clinical paper exists which discusses what might be an early
inconsistency of Xeomin® in clinical use [127], which was further tested by the
reporters in additional clinical studies of glabellar line treatment. No continuing
problems were identified and the original issues identified were not repeated.

2.7 Stability of BoNT Products

The subject of stability of the BoNT products has evolved since the products were
first licensed. Table 2.3 shows the licensed storage conditions that are granted now,
for the three main product families.

2.7.1 Shelf-Life Storage

Originally, Botox® had to be stored below — 5 °C whereas Dysport has always been
maintained at refrigerator temperatures of 2—8 °C. Botox® now has a mixed set of
storage conditions, either below — 5 °C or at 2-8 °C. Xeomin storage is below 25 °C
and this has not changed since the product was first licensed. For biological products,
the duration of shelf-life storage for Botox® and Dysport® has increased until the
maximum of 3 years and 2 years, respectively. Of 67 biologics examined recently
for length of shelf life, licensed over an 18-year period, none had a shelf life longer
than 3 years [128].

Since first arriving on the market, Merz has made much of the elevated storage
temperature of Xeomin® and has published storage stability data several times [129],
[130]. In different publications (see, for example, [130]), storage for short periods at
temperatures up to 60 °C has been reported. The stability of the product is excellent
under such conditions. Why? The Xeomin® family has the highest concentration of
HSA excipient per vial (Table 2.2), eight times that found in Dysport® and twice that
of Botox®. HSA is an exceptionally stable human protein. The HSA-manufacturing
process has always included a step of heating at 60 °C for 10 hours as one of the viral

b RMF generation results from a study to identify suitable doses for future studies in the model.
The period of peak paralysis is represented by the band of shading. In this case, peak paralysis is
defined according to specified acceptance criteria (days 2—15). The 0.1 unit dose was used to assess
duration of effect. When muscle force generation returned to 100 %, no further measurements were
made. ¢ Dose-response relationship for Dysport® product batches tested in the RMF model. Peak
paralysis response values highlighted in (b) were used. (Reprinted from Pickett A, O’Keeffe R,
Judge A, Dodd S (2008) The in vivo rat muscle force model is a reliable and clinically relevant test
of consistency among botulinum toxin preparations. Toxicon 52(3):455-464, Copyright (2008),
with permission from Elsevier)
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Table 2.3 Current storage conditions licensed for the different BONT product families in major
regions of the world. (Data taken directly from the official information provided by each regulatory
authority web sites or official product web sites in each region)

Product® EU USA Japan Australia
Dysport® (300 and 2 years at 2-8 °C 12 months at N/A 2 years at
500 Speywood 2-8 °C; protect 2-8°C
units) from light
Azzalure® (125 2 years at 2-8°C N/A N/A N/A
Speywood units)
Botox® (50, 100 3 years at 2-8 °C 3 years at 2-8 °C Below 5°C 2 years at
and 200 units) or at/below (100 units) or 2 (stability data 2-8°C
—-5°C years at 2-8 °C for 50 and 100 (200
(200 units) unit sizes is units) or
provided for 2 3 years
years) (100
units)
Botox® Cosmetic 3 years at 2-8°C 3 years at 2-8 °C Below 5°C (Botox N/A
(50 and 100 (Vistabel®/ (Botox® Vista®)
units)/Vistabel®/ Vistabex®) Cosmetic)
Vistabex® (50
units)/Botox
Vista® (50 units)
Xeomin® (50 and 4 years at 25°Cor  Up to 3 years at N/A N/A
100 units) below (100 room
units) 3 years at temperature
25°C or below 20-25°C
(50 units) (68-77 °F), in a
refrigerator at
2-8°C

(36-46°F), or a
freezer at — 20

to —10°C(—4
to 14 °F).
Bocouture® 3 years at less than N/A N/A N/A
or equal to 25 °C
Myobloc®/ 3years at 2-8°C;  3yearsat2-8°C;  N/A N/A
Neurobloc® protect from protect from
light light

N/A product not available in that country
#Not every product unit size is available in every country

inactivation stages used to provide assurance of freedom from human adventitious
agents [131]. The higher HSA concentration in Xeomin® may, therefore, confer
high temperature stability for the product, probably acting as a protecting protein or
similar. No explanations have been forwarded by Merz for this effect. The standard
storage conditions of the Xeomin® family, at less than 25 °C (perhaps less than 30 °C
in some countries, such as Brazil), cover many shipping conditions, but in higher
temperature climates and summer conditions this will be exceeded, necessitating
shipping under controlled temperature conditions, as for the other BoNT products.
The higher storage temperature for Xeomin® does mean that refrigeration is not
required by most pharmacies for the product.
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Certain of the newer low-unit formulations, such as Azzalure® or Vistabel®, have
the shelf life of their parent. As each product has been submitted for licensing,
individual stability data also have to be submitted to the regulatory authorities for
their review and approval. In cases where the shelf life is shorter than the parent
product, this is likely due to the new product only having stability data to support
the initial shelf life at the time of licensing. This does not mean the new product is
‘less stable’ or of ‘lower quality’ than the parent and no such conclusions should be
drawn. In due course, these shelf lives will be extended.

2.7.2 Reconstitution Stability

The stability of the BoNT products after reconstitution, using the recommended
diluent of sterile 0.9 % sodium chloride, has also been an area of commercial com-
petition. The post-reconstitution time is variable depending on the requirements of
the individual licensing authorities. Details of several licensed conditions are shown
in Table 2.4.

As more data have been generated by the manufacturers, they have been able
to gain extensions to post-reconstitution storage conditions until now when the
maximum post-reconstitution storage time has been reached in the various markets.

Clinicians regularly ask the manufacturers to supply information on reconstitution
stability. In many cases, especially in the aesthetic world, a long reconstitution
time is sought, beyond that stated in the standard supplied product information.
The manufacturers have only been able to supply limited information, basically re-
stating what conditions have been approved by the licensing authorities occasionally
supplemented by small additional studies that they have performed to provide data
if, for example, excursions in storage condition occur. Consequently, clinicians
have performed numerous studies of their own to look at, for example, extended
reconstitution times or even alternative diluents. These studies have provided valuable
data for the clinical community and should be taken into account in any discussions
relating to the individual products. A summary of such studies is provided in Tables
2.5 and 2.6.

These studies have, importantly, looked at maintenance of clinical effects after
long-term reconstitution, together with the microbial content (that is, sterility) of the
reconstituted product—one of the main risks, since the products are essentially a
protein-rich medium (with their content of HSA) for microbial growth after recon-
stitution. Typically, the studies by Hexsel and co-workers on Dysport® [132] and
Yang and colleagues on Botox® [133] have been significant contributors to data on
reconstituted products.
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Table2.4 Current reconstitution storage conditions licensed for the different BONT product families
available in different regions of the world

Product EU USA Japan Australia
Dysport® Upto8hat2-8°C Upto4hat2-8°C N/A Upto8hat
following following 2-8°C
reconstitution reconstitution; following
protect from reconsti-
light tution
Azzalure® Upto4hat2-8°C N/A N/A N/A
following
reconstitution
Botox® Upto24hat Upto24hat Use immediately  Up to24h
2-8°C 2-8°C at 2-8°C
following following following
reconstitution reconstitution reconsti-
tution
Botox® Cosmetic/ Upto4hat2-8°C Upto24hat Use immediately  N/A
Vistabel®/ following 2-8°C (Botox Vista®)
Vistabex®/Botox reconstitution following
Vista® (Vistabel®/ reconstitution
Vistabex®) (Botox®
Cosmetic)
Xeomin® Up to24hat Upto24hat N/A N/A
2-8°C 2-8°C
following following
reconstitution reconstitution
Bocouture® Up to 24h at N/A N/A N/A
2-8°C
following
reconstitution
Myobloc®/ If diluted, use If diluted, upto4h  N/A N/A
Neurobloc® immediately at 2-8°C;
protect from
light

Reconstitution conditions often state that from a microbiological point of view, the product should
be used immediately after reconstitution
N/A Product not available in that country

2.8 New Product Formulations

The current BoNT product formulations have existed, for the main products, for
more than 20 years. In that time, they have changed in no respect. They have shown
themselves to be stable (see above), convenient for use and excellent for patient treat-
ments. The number of reports of patients developing adverse responses immediately
or shortly after injection is limited, taking into account the usage of the products
across the world now [134]. Only recently, with the advent of aesthetic uses, have
alternative versions become available, but these have only reduced the number of
BoNT units per vial and not altered the formulation in other ways. Higher potency
preparations of Botox®, at 200 units/vial, have also been made available recently,
but no similar increase for Dysport® has been marketed.
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So where to now with the formulations? What new approaches are being
considered or studied?

Pickett and Perrow [90] have discussed new formulations, in particular replace-
ment of human plasma-derived HSA with a fully recombinant version; but this
change has not appeared in commercial products to date. The replacement of other
components to ‘modernise’ the formulations was also discussed in their work [90].

Pickett [135] has considered whether a liquid formulation might appear in the
future, perhaps in pre-filled syringes or similar administration devices, effectively
removing the need for reconstitution.

The concept of a liquid formulation for BONT products has been in existence for
many years. BONT type B product has already been provided as a liquid in a vial
since license approval in December 2000. This product may be painful when injected,
likely to be due to the acidic pH of the solution [136]. One key to a successful future
liquid product is, therefore, a formulation that is not painful to the patient and which
has a physiological solution for injection. Shelf-life stability will also be essential to
compete with the existing products, as discussed above.

The patent literature contains numerous references to liquid formulations, filed
by Allergan, Ipsen, Elan/Solstice and MedyTox, together with other individuals (Ta-
ble 2.7). These formulations all have different stabilisers and components, including
the omission of HSA. As such, they should be considered next-generation formu-
lations and will be made available as soon as stability and presentation issues are
determined by the manufacturers. Also, these new formulations will have to show
that they work equivalently in the clinical applications when compared to the current
marketed products!

Devices are now starting to appear that are designed to make BoNT injections
easier. An example is the botulinum toxin automatic injector called Talent™ BT,
recently presented by the Swiss company Primequal [137]. This is effectively a
repeat pen injector, containing the reconstituted product in a syringe which ‘clicks’
each time a trigger is pressed. Does this offer any real advantage? Probably not to
the experienced clinician. The repeat ‘click’ could also be somewhat disconcerting
to the patients. More importantly, the cost of the devices is high (20 € each). Is there
aneed for such high precision of injection volumes? This has not been raised to date
as an issue by the clinical community. Nevertheless, the device has recently gained
innovation awards.

2.9 Pharmacology of Clinical BoNT Products

In accordance with accepted definitions, pharmacology is the study of what drugs
are, how they work and what they do (see, for example, [138]). The pharmacology of
products for human therapy must be determined. Licensing of the products without
these data is not possible. The study of drug pharmacology is therefore a wide
subject, with several subsets such as clinical pharmacology, neuropharmacology,
pharmacogenetics, pharmacoepidemiology and toxicology. However, in the case of
the BoNT products, the major aspect of their pharmacology is the fact that they
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are, quite simply, lethal in minute quantities! Classical pharmacokinetic studies
on adsorption, distribution, metabolism and excretion (ADME studies), for BONT
products used clinically, have not been reported, indeed not performed for obvious
reasons mostly related to limitations on detection. A recent discussion of the subject
by Simpson [139] only dealt with BoNT that had caused intoxication through classical
routes and not through clinical application. The entire pharmacology of the BONT
products is therefore skewed as to what can actually be achieved in practice and what
data can be obtained using standard techniques that is of value in the assessment of
their suitability.

There are several reviews of what has been titled the pharmacology of BoNT, but
in reality, these are subsets such as clinical pharmacology or the mode of action in
animals [95], [109], [140]-[143].

Coupled to this, of course, is the fact that until now every batch of every product
released commercially has been potency tested in animals, a unique situation in the
pharmaceutical world. Added to this are the independent release procedures enforced
by the regulatory authorities, as described earlier. The safety elements are, therefore,
highly enforced and the likelihood of a product being released to the market that is
either super- or subpotent is remote.

The pharmacological aspects are also significantly biased by the fact that animals
are known to have a different sensitivity to the BoNT products than humans (see,
for example, [142], [144]). Mice and rats have different sensitivities to each other
[142] and are significantly less sensitive than human adults. These essential facts
have been overlooked by many scientists studying the effects of BoNT in animals,
most especially when they subsequently make extrapolations to human clinical uses
[145]. Studies have been carried out where, if extrapolated to adults, a dose of 5,000
Botox® units or greater would have been administered (see, for example, [146]-
[148]). Explanations for these differences in BoNT sensitivities between animals
and humans are only now finding explanations, probably in relation to the reduced
sensitivity of human BoNT receptors compared to those of other species [33].

No detailed review of the various animal studies and the related pharmacological
data obtained is possible in the context of the present work since this would warrant
a further chapter. But two aspects are discussed below which are representative of
past approaches and future directions in this area, as illustrations of the subject.

2.9.1 Attempts to Relate Animal Data to Safety in Humans

One of the biggest uses of animal studies with BoNT, relating to clinical use, started
in the late 1990s, when the first work emerged that attempted to relate the results
of animal studies with safety of use in humans. A model was adapted from other
uses that claimed to demonstrate useful results when BoNT was included [123].
The original model, called the tail suspension test, was adapted shortly after this
initial work to be called the digit abduction scoring (DAS) assay. Basically, mice
were injected in one hind limb with different doses of BoNT and then suspended by
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the tail. Trained observers could then ‘measure’ the angle that the foot digits were
extended to in what is normally described as ‘the startle response’ of the animal [84].
However, the scale of effect is arbitrary and the result qualitative. Doses as high as 30
Botox® units/kg were employed and, as commented by the workers themselves, ‘do
not reflect clinical doses’ [123]. In addition, the species difference between rodents
and man was also acknowledged by the investigators.

Nevertheless, this work was evolved to the point at which claims of safety dif-
ferences between the BoNT products were being made, based upon these animal
pharmacological studies [149]. The investigators revised their earlier comments into
using the animal data as representative of human doses (‘translational medicine’).

When these studies were looked at in detail, the results were clearly not as pre-
sented. Exceptionally high comparative doses of products were being used (up to 100
units/kg) [149] and the statistical analysis was flawed [150]. The kinetic analyses,
which purported to show different product characteristics, were shown subsequently
to be identical, when appropriate differences in the potency units of the products
under study were taken into account [150]. There was actually no demonstrable
difference in the dose—response of the products tested [150].

2.9.2 Modern Approaches to Pharmacological Studies

Since the studies of the early 2000s, several groups have regrettably repeated the er-
rors when trying to understand the mechanisms of clinical action, the pharmacology,
of the BoNT products, as discussed above. But new approaches are slowly emerging
that could be of significant value in the future.

The recent work of Hale and colleagues [151] has used the technique of near-
infrared whole body analysis to examine the pharmacokinetics of a detoxified BONT
molecule in mice. The images clearly show the kinetics of BoNT diffusion throughout
the animals (Fig. 2.4). Intramuscular injections in the tail remained localised over the
duration of the study (24 H), but intravenous, intraperitoneal and oral administration
showed dissemination throughout the animal. The mutated BoNT molecule had
previously been shown to bind to neuronal cells and has been well characterised
[152], [153].

This modern approach may herald a new era in ADME studies of BoNT. Future
data and publications are awaited with great enthusiasm by the BoNT scientific and
clinical communities.

2.10 Conclusions

The manufacture and quality aspects of the various main families of clinical BONT
products are defined and established. Although more than 25 years old, the major
products are still finding new clinical applications today and, as always has happened,
clinicians are leading the way in developing those new uses.
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Fig. 2.4 Use of near-infrared technology for whole body in vivo monitoring of metabolism of a
detoxified recombinant botulinum toxin labelled with the dye 800 CW. Images for each scan were
captured at white light, 700 and 800 nm and fluorescent signals were analysed using the Pearl Cam
software supplied with the Odyssey Imaging System (LiCor Inc). (Reprinted from Hale M, Riding
S, Sing Bal Ram (2010) Near-infrared imaging of Balb/c mice injected with a detoxified botulinum
neurotoxin A. Botulinum J 1(4):431-441, Copyright (2010), with permission)

As the decades pass, new technology on formulations and pharmacological aspects
are finding their way into use, to advance even further our understanding of these
essential, potent and fascinating products. The coming 25 years are awaited with
great anticipation.
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Chapter 3
Clinical Use of Botulinum Neurotoxin:
Neuromuscular Disorders

Arianna Guidubaldi, Anna Rita Bentivoglio and Alberto Albanese

Abstract The original clinical application of botulinum neurotoxin was in the treat-
ment of strabismus by local chemical denervation of the neuromuscular junction and
relaxation of the muscle with a duration of several months. This initial application
has been followed by use of the neurotoxin to treat a wide range of disorders of mus-
cle hyper-contraction. Botulinum neurotoxin is now a major clinical product for the
treatment of spasticity and muscle hyperactivity. Muscle relaxation also underpins
the cosmetic use of the neurotoxin. This chapter will review and assess the clinical
utility of the various botulinum products in neuromuscular disorders.

Keywords Botulinum neurotoxin - Dystonia - Blepharospasm - Spasticity - Tremor -
Dyskinesias

3.1 Introduction

In the late 1970s, a botulinum neurotoxin (BoNT) was introduced as a therapeutic
agent for the treatment of strabismus [1]. This pioneering indication has paved the
way to the use of BONT products as therapeutic agents for a wide range of disorders
with muscle hyper-contraction. The list of potential applications of BoNT in clinical
practice has rapidly expanded to encompass dystonia syndromes, tremor, tics, spas-
ticity and other neuromuscular disorders (Table 3.1). We review here this wealth of
information and highlight the therapeutic role of BoNT in neuromuscular disorders.

Several BoNT preparations are now licensed for clinical use [2]. Three branded
products contain BoONT/A (onabotulinumtoxinA marketed as Botox®, abobotulinum-
toxinA marketed as Dysport®, incobotulinumtoxinA marketed as Xeomin®) and one
contains BONT/B (rimabotulinumtoxinB marketed as Myobloc® in Canada, the USA
and Korea and as NeuroBloc® in the European Union, Norway and Iceland). These
products are dosed using noninterchangeable proprietary units and switching from
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Table 3.1 BoNT indications

. . Year Disease First report

in neuromuscular disorders:

first introduction 1980 Strabismus (1
1985 Blepharospasm [24]
1985 Cervical dystonia [57]
1986 Hemifacial spasm [144]
1986 Spasmodic dysphonia [240]
1989 Oromandibular dystonia [88]
1989 Focal hand dystonia [241]
1989 Spasticity [242]
1992 Cosmetic use [243]
1990 Tardive dyskinesias [212]
1993 Cerebral palsy in children [181]
1994 Dystonic tics [202]
1994 Axial dystonia [244]
1995 Focal lower limb dystonia [127]
1997 Freezing of gait [236]

one to another requires expert clinical management. Licensing varies among prod-
ucts and between countries, particularly within Europe, and expands continuously
on indications (Table 3.2).

There is no consensus on how to perform BoNT injections in different neuro-
muscular disorders. Variables such as dosing, dilutions, number of injections per
site, targeting (visual, electromyography (EMG)- or ultrasound-guided) influence
outcome and reduce comparability of data among different centers. BoNT injections
can be intramuscular, subcutaneous, intradermic or intraglandular and are part of a
comprehensive treatment plan.

3.2 Neurological Indications

3.2.1 Dystonia

Dystonia is characterized by sustained muscle contractions, frequently causing repet-
itive twisting movements or abnormal postures resulting in a combination of dystonic
movements and postures [3]. This was the first hyperkinetic movement disorder
treated with BoNT [4]. Localized injections provide a transient symptomatic relief
in primary and non-primary dystonia syndromes, as demonstrated by several random-
ized controlled studies and by a large number of uncontrolled studies. Experience
on the use of BoNT treatment, in focal dystonias, dates back to almost 30 years ago.
Due to this long-lasting experience, treatment of dystonia is currently standardized
across movement disorder clinics.

BoNT is the first-choice treatment for most types of focal dystonia. Itis established
that BoNT/A products, in properly adjusted doses, are effective and safe treatments
of primary cranial (excluding oromandibular) and cervical dystonia and are effec-
tive on writing dystonia [5]. RimabotulinumtoxinB is also an efficacious treatment
for cervical dystonia, but the larger doses required (compared to BoNT/A), pain at
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Table 3.2 Approved indications for BoNT use in neuromuscular disorders
Product name/Toxin type US approved uses EU approved uses
OnabotulinumtoxinA Cervical dystonia Cervical dystonia
Blepharospasm Blepharospasm
Hemifacial spasm Hemifacial spasm
Strabismus Strabismus
Upper limb spasticity Focal spasticity
Glabellar rhytides Cerebral palsy
Glabellar rhytides
AbobotulinumtoxinA Cervical dystonia Cervical dystonia
Neck pain Blepharospasm
Glabellar rhytides Hemifacial spasm
Hyperhidrosis
Strabismus
Focal spasticity
Cerebral palsy
Glabellar rhytides
IncobotulinumtoxinA Cervical dystonia Cervical dystonia
Blepharospasm Blepharospasm
Upper limb spasticity
Glabellar rhytides

RimabotulinumtoxinB Cervical dystonia Cervical dystonia

injection sites and shorter duration of action make it a second-choice option in treat-
ing dystonia [6], [7]. BoNT/A is also effective for focal upper limb and laryngeal
dystonia, but the results are not as convincing as those collected in cases of cranial
and cervical dystonia [8]. The level of evidence for efficacy on focal lower limb
dystonia is even lower [8].

Given the long-standing experience in performing treatments, in recent years sev-
eral long-term studies on the efficacy and safety of onabotulinumtoxinA and abobo-
tulinumtoxinA have been published confirming their safety and efficacy [9]-[11].
IncobotulinumtoxinA has been introduced in Europe and North America only
recently and long-term data on this product are not available. Few studies on rimabo-
tulinumtoxinB have been performed in cervical dystonia and blepharospasm, and
very few ones in oromandibular and upper limb dystonia. The results of these stud-
ies have confirmed the efficacy of rimabotulinumtoxinB but have not responded to
the concern about antigenicity and systemic anticholinergic adverse effects. Shared
experience on rimabotulinumtoxinB is insufficient compared to the large amount of
information published on BoNT/A serotypes [12], [13].

There is informal agreement, albeit no consensus, on the practicalities of BONT
injections for dystonia. Overactive muscles can be identified by direct inspection or
by EMG-guided targeting. As mentioned above, direct inspection is usually sufficient
to target a superficial muscle, such as most facial and some cervical muscles. In these
regions, EMG- or, less commonly, ultrasound-guided targeting provides a second-
line approach whenever improvement of muscle selection is needed. In other body
regions, such as the sublingual muscles, larynx and limbs, targeting is performed
using EMG guidance rather than inspection.
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3.2.2 Blepharospasm

Blepharospasm is a focal dystonia involving the orbicularis oculi and periocular mus-
cles; when associated with oromandibular involvement, it is referred to as “Meige
syndrome.” In blepharospasm, there is excessive (intermittent or persistent) involun-
tary closure of the eyelids, usually bilateral, though it may sometimes be unilateral at
onset. Eye closure is produced by phasic or tonic contractions of the ocular muscles.
Over time, these may become more frequent and continuous, leading to sustained
eyelid closure and functional blindness [14]. Blepharospasm typically begins insidi-
ously between the fifth and the seventh decades. The estimated prevalence increases
with age, ranging from as little as 16 cases per million to as many as 133 per mil-
lion [15], suggesting that in many cases blepharospasm remains underdiagnosed. It
affects twice as many women as men [16].

Initially, blinking may increase in response to bright light, accompanied by a
sensation of eye discomfort. Symptoms then progress very slowly and the eyes may
involuntary shut for long intervals, interrupting the patient’s daily activities, such
as driving or reading. In its most severe form, blepharospasm results in depression
and social isolation. Spasms are absent during sleep. The condition generally takes
several years to worsen and it may progress very mildly in some patients. Spontaneous
remission occurs rarely, most often within the first 5 years [17]. Patients who develop
blepharospasm may experience spread of the dystonia to other body parts. In a recent
update on blepharospasm, studies that evaluated spread to other body regions were
reviewed [18]. A series of 602 patients with primary dystonia showed that in patients
with blepharospasm, spread of the dystonia to other body parts was more likely than
in those with others focal forms [19]. Most spread occurred during the first 2 years
after onset of blepharospasm, whereas the risk of spread remained roughly constant
over time for other dystonias. This is in keeping with other observations that the time
from onset to initial spread is shorter in patients with blepharospasm [20], [21].

In the majority of cases, no identifiable cause of blepharospasm is found, and
secondary cases account for only 10 % of patients [22]. Therefore, primary (essential)
blepharospasm is cured symptomatically. A commonly shared hypothesis is that
blepharospasm is related to hyperexcitability of brainstem neurons, as a result of
basal ganglia dysfunction. Recently, it has been proposed that an abnormal corneal
inputinduced by excessive blinking may exacerbate increased long-term potentiation
type of plasticity, thus leading to blepharospasm [23]. Secondary blepharospasm can
occur in response to provocative, irritating mechanical or light stimuli, commonly
because of a number of ocular disorders, such as blepharitis, trichiasis, dry eye
syndrome and corneal disorders. Additionally, blepharospasm can be observed in a
variety of neurodegenerative disorders.

BoNT/A has been quickly recognized as the treatment of choice for blepharospasm
(14). Prior to its innovative introduction [24], medical and surgical treatments were
rarely successful. Although there is no high-quality, randomized, controlled efficacy
data to support the use of BoNT in blepharospasm, several open-label studies on
large series indicate that it is an efficacious and safe treatment [25]. The Food and
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Drug Administration (FDA) approved BoNT for the treatment of blepharospasm in
19809. Its efficacy has been confirmed by more than 50 open-label studies (accounting
for > 2,500 patients), and by a few controlled studies. Data compiled by American
Society of Ophthalmology showed that BONT/A successfully treats approximately
90 % of blepharospasm patients [26]. In keeping with this, guidelines produced by
the American Academy of Neurology and the European Federation of Neurologi-
cal Societies provide class A recommendation that BONT/A (or BoNT/B if there is
immunoresistance to serotype A) is a first-line treatment for primary cranial (exclud-
ing oromandibular) or cervical dystonia [5], [8]. Other studies have also evidenced
improvement in quality of life after BONT treatment [27].

Injections are typically well tolerated, with dry eye, eyelid ptosis, and mild facial
weakness reported as the most frequent adverse events [26], occurring in less than
10 % of treated patients, and normally of short duration (less than 2 weeks). Treat-
ment commonly starts with small doses that are increased as needed at successive
treatment sessions. The upper limit is found when motor improvement lasting for
2-3 months without appreciable side effects is obtained. The site of injection greatly
influences the outcome. Best results are obtained when low doses of BoNT are placed
at pretarsal, rather than orbital, sites [28]-[31].

Common doses are 20—40 onabotulinumtoxinA U, 75—-175 abobotulinumtoxinA
U or 2,500 rimabotulinumtoxinB U. Higher doses are reported in some publications,
indicating that the therapeutic window for BONT may be quite wide. Very high
doses of onabotulinumtoxinA (> 100 U) have been used in selected cases to treat
refractory blepharospasm [32], [33]. The average latency from the time of injection
to the onset of improvement varies from 3 to 5 days; a benefit lasting for 2—-3 months
is observed in almost all patients. The effect of BoNT/A is reversible and in most
cases injections are repeated approximately every 3—4 months. Common reasons for
lack of efficacy include underdosing and improper injection technique (particularly
placement). Secondary resistance to BoNT is rare and can often be managed [34];
the doses used are lower than in other dystonia types and injections are performed
less frequently.

Several studies have compared different formulations of BoNT in the treatment of
blepharospasm. No differences were found between onabotulinumtoxinA and abobo-
tulinumtoxinA with regard to duration of effect and adverse events in a single-blind,
randomized comparison [35]. Based on these data, a 4:1 conversion rate was sug-
gested for blepharospasm and hemifacial spasm (HFS). A double-blind, crossover
study on 212 subjects compared abobotulinumtoxinA and onabotulinumtoxinA, us-
ing the same 4:1 ratio [36]. The duration of effect was identical in the two groups,
but onabotulinumtoxinA caused fewer side effects, particularly ptosis. Another study
reported different results about the duration of these two BoNT/A brands. A class
IV trial found that onabotulinumtoxinA is more efficacious than abobotulinumtox-
inA in blepharospasm and has a longer duration of effect [37]. More recently, we
compared a large series of patients with blepharospasm who had been treated with
abobotulinumtoxinA or onabotulinumtoxinA for more than 15 years [9]. In this
long follow-up, abobotulinumtoxinA had a longer duration of improvement and
produced more side effects than onabotulinumtoxinA. Both BoNT/A brands were
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effective and safe in patients with blepharospasm but had marked differences related
to patient management. It has been anecdotally reported that abobotulinumtoxinA
is potentially effective in secondary nonresponders to onabotulinumtoxinA, but this
has not been confirmed by controlled trials [38].

IncobotulinumtoxinA, which has been licensed recently, has been reported to
be not inferior to onabotulinumtoxinA for the treatment of blepharospasm. In-
cobotulinumtoxinA was compared to onabotulinumtoxinA in a 1:1 dose ratio in
two randomized, double-blind paralleled studies and no inferiority of efficacy or
difference in tolerability was found [39], [40]. Another double-blind, parallel-
group, multicenter study also reported that incobotulinumtoxinA is effective in
blepharospasm and does not differ from onabotulinumtoxinA in terms of potency,
duration or adverse reaction profile [41].

Another BoNT/A brand (called Prosigne®) is available in China and few other
countries. This has not been widely investigated, and few data are available. In a
small crossover study on 8 patients with blepharospasm, this toxin brand provided
equivalent improvement, with latency, duration and side effects similar to onabo-
tulinumtoxinA [42]. A prospective, randomized, double-blind study has compared
this product to onabotulinumtoxinA in blepharospasm and HFS. The mean duration
of efficacy was comparable (11.3 weeks for either toxin in blepharospasm). Pain
and burning during the injection and the result of the treatment were similar in both
groups. No systemic adverse events were reported; local side effects were similar
in terms of intensity and frequency. Therefore, it has been concluded that onabo-
tulinumtoxinA and the Chinese product have similar efficacy, safety and tolerability
profiles, so that a dose equivalence of 1:1 may be considered for blepharospasm
treatments [43]. These results need to be replicated in larger series, as the quantity
and quality of data supporting the observation are limited.

In addition to BoNT/A, rimabotulinumtoxinB has also been used successfully
in the treatment of blepharospasm [44], but double-blind controlled studies in this
disorder are lacking. In a retrospective review of 16 patients resistant to BoNT/A
and treated with BoNT/B, the mean effect equaled 7.3 weeks and was rated as fair
to excellent in the majority. However, in this study, side effects were common and
included pain at the site of injection, ptosis and dry mouth. Switching to an alternative
BoNT serotype may benefit “secondary nonresponder” patients (those who have
initial clinical benefit from BoNT injections that wanes over time) [45].

Understanding the muscular anatomy is critical to ensure optimal results. Various
BoNT injection techniques have been advocated to optimize response and minimize
adverse effects. The standard treatment techniques involve injection into four sites
around each eyes, two in the upper lid, one medially, and one laterally near the
canthus. Two additional injection sites in the lower lid, one at the lower lateral
canthus and one near the lower lid midline, seem to produce a longer duration of
effects than those in the eyebrows, inner orbital and outer orbital [46]. Blepharospasm
may differentially affect the three concentric parts of the orbicularis oculi muscle;
inadequate results are obtained if the toxin is injected in the orbital portion of a patient
suffering from a predominant involvement of the pretarsal portion of the muscle [29].
In a retrospective study of 25 patients with blepharospasm, compared to preseptal
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placements, pretarsal BONT/A injections produced a better response rate with a
longer duration and lower incidence of ptosis, the most common side effect [31].
It was concluded that pretarsal placement is sufficient to provide optimum results,
leaving the option to add preseptal or orbital injections if necessary. Furthermore,
patients with a predominant pretarsal involvement may have prevalently tonic eye
closure and find it difficult to voluntarily open the eyelids (so-called eyelid-opening
apraxia). In such cases, EMG recordings show loss of the normal reciprocal inhibition
between the levator palpebrae and the pretarsal portion of the orbicularis oculi, with
co-contraction. BONT/A is helpful in these cases if injected in the pretarsal portion
and at doses lower than the ones used in the orbital part of the muscle [28]. Other
muscles that may also be involved in blepharospasm include the corrugator supercilii,
the frontalis and the procerus.

3.2.3 Cervical Dystonia

Cervical dystonia is the most common form of primary focal dystonia, also referred
to as “spasmodic torticollis™; its incidence has been estimated in 5-9/100,000 [47]
and prevalence in 20-200 per million [48]. It is a neurologic condition that causes
abnormal movements and postures of the neck. The phenomenology of cervical dys-
tonia is complex; it can variably combine tonic (slow and sustained) and phasic (fast
and intermittent) movements. Overlying spasms can induce slow and rapid head
jerks. Cervical dystonia arises from involuntary activation of muscles causing turn-
ing (torticollis), tilting (laterocollis), flexion (antecollis) or extension (retrocollis)
of the head; sometimes these are combined with elevation or anterior shifting of
the shoulder. Each of these postures is associated with specific patterns of muscle
overactivity in each patient, with variability from patient to patient. Pain affects ap-
proximately 60 % of cervical dystonia patients and can be the most disabling feature.
Cervical dystonia most commonly presents as a sporadic disorder of adulthood, but
up to 12 % of patients may report a positive family history [49].

Commonly, cervical dystonia starts in the 40s; it is a lifelong condition; perma-
nent remissions are rare, although temporary remissions lasting days to years may
occur [50]. Although not life threatening, cervical dystonia can cause disability and
impair quality of life [51]. Moreover, several disabling conditions (cervical arthritis,
radiculopathy, and myelopathy) may occur concomitantly [52]. Secondary cases of
cervical dystonia have also been described following cervical or brain traumatic in-
jury, or in association with neurodegenerative diseases or cerebral palsy (CP). The
assessment and treatment of secondary forms of cervical dystonia have not been
subject to the same rigorous studies as primary focal cervical dystonia.

Several treatment options are available for cervical dystonia, including oral
pharmacological agents, soft tissue surgery, surgical denervation and deep brain
stimulation (DBS). Oral medications (anticholinergic agents, baclofen and benzo-
diazepines) may be of limited benefit; their use is limited by common side effects.
Although the use of DBS in patients with dystonia is recent, there is growing evidence
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that globus pallidus DBS is an option for patients with severe symptoms [53], [54].
Among the therapeutic interventions available, BoNT is regarded as the first-choice
treatment, due to its efficacy and positive cost/benefit ratio. Up to 85 % of patients
get benefit from BoNT treatment, particularly as it concerns ameliorating head
posture, reducing pain and improving range of motion. For these reasons, this has
long been considered the treatment of choice in cervical dystonia patients [55], [56].

Since the first report of the efficacy of the original North American BoNT/A batch
(Oculinum®) [57], more than 80 studies (mostly uncontrolled or consisting of small
series) have evaluated BoNT in cervical dystonia. Among these, eight prospective,
double-blind, randomized controlled clinical studies provided class I evidence of
the efficacy of BoNT in ameliorating head posture and neck pain (8). Other studies
documented the improvement of health-related quality of life and disability after
BoNT. One study compared abobotulinumtoxinA injections with oral administration
of trihexyphenidyl and found that BoNT/A is more efficacious with fewer adverse
events [58].

All commercially available BoNT brands have proven efficacious in randomized
controlled trials (RCTs) on cervical dystonia. Notwithstanding this evidence, several
questions remain unresolved. The first is whether the three BoNT/A brands are
equivalent and the second is what place the BoNT/B formulation has in the treatment
algorithm. These products are not identical, in either formulation or dose [2] and there
are suggestions of potential differences in efficacy and safety profiles among BoNT
preparations.

In clinical practice, when shifting from one brand of BoNT/A to another or from
BoNT/A to BoNT/B, there is no clear dosing equivalency [59]. Dosing in cervical
dystonia patients varies depending on serotype and brand. Two prospective studies
compared onabotulinumtoxinA to abobotulinumtoxinA. In one blinded, parallel-
arm study, a fixed dose ratio of 1 onabotulinumtoxinA U to 3 abobotulinumtoxinA
U showed similar efficacy, adverse effect profile and duration [60]. However, a sub-
sequent study from the same group did not confirm this observation and reported
that the dose equivalency of onabotulinumtoxinA and abobotulinumtoxinA was less
than 1:3 [61]. Furthermore, a retrospective study analyzing patients switched from
abobotulinumtoxinA to onabotulinumtoxinA or vice versa found a variable dosing
ratio ranging from 3 to 5:1 [62]. This suggests that different brand units cannot
be converted linearly. It is therefore recommended that each BoNT/A brand be ad-
ministered according to the dosing suggestion of the information package and the
patient’s needs. In cervical dystonia, onabotulinumtoxinA doses vary between 70
and 370 U. Doses < 100 U are usually sufficient to relieve cervical pain in the ma-
jority of patients [63]. As for abobotulinumtoxinA, it has been recommended to start
with a dose of 500 U that provides benefit in most patients with minimal risk of
adverse events [64]. A study comparing 250, 500 and 1,000 abobotulinumtoxinA
U in cervical dystonia reported that the magnitude and duration of improvement
was greatest after injections of 1,000 U, at the cost of significantly more adverse
events [65]. IncobotulinumtoxinA has been compared to onabotulinumtoxinA in a
non-inferiority trial reporting that this BONT/A brand is as efficacious and safe at a
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1:1 dose ratio as onabotulinumtoxinA [66]. Direct comparison of onabotulinumtox-
inA and rimabotulinumtoxinB was performed in two studies that established a dose
ratio between 1:40 and 1:66.6 U. Both studies showed comparable efficacy. In the
first study, the onabotulinumtoxinA-treated group had a modestly longer duration of
benefit (approximately 2 weeks) and fewer occurrences of dysphagia and dry mouth
than the rimabotulinumtoxinB group (6). In the second study, there was no difference
in duration or adverse events [67].

A Chinese BoNT/A brand (Prosigne®) has been compared to onabotulinum-
toxinA® in a prospective, randomized, double-blind study. Average duration of
effect and incidence of adverse events were similar; social aspect, pain and qual-
ity of life improved in both groups; the authors concluded that these two BoNTs
were equivalent in terms of efficacy, safety and tolerability profiles, with a dose
equivalence ratio for cervical dystonia of 1:1 [43]. As for blepharospasm, more ex-
perience and higher quality trials are needed for this toxin brand. BoNT/F has also
been shown to improve cervical dystonia symptoms in secondary nonresponders.
However, the benefit duration is much shorter, lasting for approximately 8 weeks
[68]. Increasing the dose prolongs the duration of clinical benefit at the cost of in-
creased adverse effects [69]. It has also been observed that after repeated injections
approximately 33 % of these patients developed resistance to serotype F [68].

In clinical practice, the average total dose injected in patients with cervical
dystonia is 100-300 onabotulinumtoxinA U or incobotulinumtoxinA U, 400-800
abobotulinumtoxinA U, or 10,000-20,000 rimabotulinumtoxinB U. These doses can
vary considerably as the recommended range has to be adjusted depending on the
individual patient’s features. It is also generally accepted that larger doses are asso-
ciated with an increased risk of adverse events [70]. The initial treatment should be
targeted to the most active muscles contributing to dystonic movements and postures.
Most studies report that the average latency of clinical action is around 1 week. The
benefit duration is reported to last between 8 and 16 weeks, although it may be as long
as 5-6 months, especially with repeated sessions. However, on average the patients
need re-treatment every 3—4 months. Duration of benefit has been observed to last
longer in patients with moderate cervical dystonia [71]; efficacy on pain reduction
is more marked than that on involuntary movements.

Adverse events are generally mild or moderate and transient, including pain at
injection site, neck weakness, flu-like symptomatology, hoarseness, dry mouth and
dysphagia [72]. Systemic events include general tiredness and muscle weakness
(occurring even in the placebo arm of controlled studies) [73]. Differences in adverse-
event rate among BoNT preparations may be important for selecting a treatment and
setting expectations. After injection of cervical muscles, the most severe side effect
and dose-limiting factor is dysphagia, caused by migration of BoNT out of the in-
jected muscle. According to some studies, abobotulinumtoxinA is more efficacious
than onabotulinumtoxinA in controlling pain and dystonia [61], but has a higher
incidence of side effects (dysphagia, dysphonia, asthenia, neck weakness), probably
because of a higher diffusion around the injection sites [74]. Dysphagia and dys-
phonia are considered the two most important side effects related to BoNT diffusion
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to the underlying pharyngeal and laryngeal muscles after injection in the sternoclei-
domastoid muscle. Particular care should be taken to avoid diffusion outside the
sternocleidomastoid towards deeper structures, limiting the doses [65] and choosing
the appropriate dilutions and injection sites. There is evidence that autonomic dys-
function is more common with BONT/B compared to BoNT/A [75]. This has been
confirmed by two class I studies [6], [67]. Dry mouth is commonly associated with
BoNT/B injection and seems unrelated to the doses injected, presumably because
BoNT/B blocks the cholinergic release in postganglionic parasympathetic fibers to
the salivary glands (Table 3.3).

Patients with cervical dystonia who do not improve after BoNT treatment are
called primary nonresponders; those who do not improve following a previous suc-
cessful treatment are called secondary nonresponders. Primary failure occurs in
approximately 15-30 % of patients and has several causes, including contractures,
inadequate dosing, inaccurate muscle selection, inaccessibility of the muscles in-
volved or patient’s immunization. For example, in patients with antecollis, BONT
injections may be unsuccessful because of the involvement of prevertebral muscles
that are not accessible for injection. Retrospective studies suggest that secondary fail-
ure to BoNT affects approximately 10—15 % of patients with cervical dystonia [72],
[76]. The occurrence of antibodies to BoNT, revealed by the mouse neutralization
assay, has been reported in one third of secondary nonresponding patients [76]. In
patients who develop resistance to one serotype, treatment with another serotype may
restore clinical efficacy [77]. It is advisable that the frequency of repeated treatments
is reduced as much as possible to minimize the risk of immunization.

3.3 Other Focal Dystonias

3.3.1 Oromandibular and Lingual Dystonia

Oromandibular dystonia (OMD) is a focal form that mainly involves the masticatory
muscles and also affects the lower facial, labial and tongue muscles. Masticatory
muscles spasms can induce jaw closing or opening, lateral deviation, protrusion,
retraction, or a combination of different movements. Involuntary biting of the tongue,
cheek, or lips and difficulty in speaking and chewing is often socially embarrassing
and cosmetically disfiguring. Lingual dystonia often occurs in association with other
OMD forms, but can be isolated as well. It is rare and disabling, impacting daily
activities (e.g., speaking, chewing, swallowing) and causes social disability.

OMD affects women more than men. The mean age at onset is between 50 and
60 years [78]. The picture tends to remain stable, but fluctuations are observed in
individual cases. Although spontaneous improvement may occur with time, complete
remissions are exceptionally rare. Dystonia in OMD is commonly worsened by
action, in particular with specific motor tasks, such as eating or praying [79].

Most patients with OMD have a primary condition, while tardive dystonia repre-
sents the most common cause of secondary OMD. Trauma or procedures involving
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the face or oral and dental structures have been suggested to be causative [80].
Occasionally, OMD has been observed as an accompanying manifestation of neu-
rodegenerative disorders, focal brain lesion or brainstem lesion [81]. Finally, OMD
can lead to secondary complications, such as tension-type headache, increased dental
wear, temporomandibular joint syndrome or temporomandibular joint dislocation.
In order to prevent these complications, early diagnosis and appropriate treatment
are crucial.

The presentation of OMD is highly variable and treatments need to be individual-
ized. Pharmacological therapy is only partially effective [82]. Oral medications,
including anticholinergics, tetrabenazine, baclofen or clonazepam, can be used.
Tetrabenazine, in particular, is helpful in lingual protusion dystonia [83], [84]. Mus-
cle afferent block by intramuscular injection of lidocaine and alcohol has been shown
to be helpful, but further experience and evaluation are needed to determine its long-
term efficacy and benefit [85]. Lastly, pallidal DBS has been performed in a few
patients with positive results and may be considered as an option in some patients
with intractable OMD [86], [87].

3.3.1.1 BoNT Treatment in OMD and Lingual Dystonia

BoNT has become the therapy of choice for OMD, and its use in jaw-opening, jaw-
closing and jaw-deviation OMD has been documented [88], [89], although most
data derive from open studies. The best responses have been reported on jaw-closing
OMD [78].

In jaw-closing and jaw-deviation dystonia, BoNT is injected into both masseters
and temporalis muscles. Typical doses in the masseters are 25 onabotulinumtoxinA
or 100 abobotulinumtoxinA units; in the temporalis muscles typical doses are 20
and 80 units, respectively. If these injections are not sufficient to control dystonic
movements, the internal pterygoid can be injected (with 15 onabotulinumtoxinA U
or 60 abobotulinumtoxinA U). Scanty data are available on rimabotulinumtoxinB
[90], [91]. Suggested doses are 2,500 units in each masseter muscle and 1,000 units
in the pterygoids [92]. There is no experience with incobotulinumtoxinA.

The treatment of patients with jaw-opening dystonia is more challenging; in
this situation, the most important muscle to treat is the external pterygoid that can
be approached transorally or laterally through the mandibular incisure. Notwith-
standing, the digastric and other muscles can play a role. The external pterygoid
is injected with 15 onabotulinumtoxinA units or 60 abobotulinumtoxinA units and
the digastric muscle with 10 and 40 units, respectively. This combination is usually
effective. In some patients, injecting the platysma with 20 onabotulinumtoxinA U,
60 abobotulinumtoxinA U or 1,000 rimabotulinumtoxinB U can provide additional
improvement.

In jaw-deviation dystonia (often combined with protrusion), the contralateral ex-
ternal pterygoid muscle is the most important muscle to treat; when jaw-protrusion
dystonia is dominating, both external pterygoids are often involved. Pterygoid mus-
cle injections have to be performed with EMG guidance, as the muscles are not
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easily accessible to palpation. The use of EMG is often helpful for other jaw muscles
(digastric, masseter, temporalis). BONT may also improve the symptoms of temporo-
mandibular joint syndrome and other oral and dental problems, as well as dysarthria
and chewing difficulties. Transient swallowing difficulties have been reported in less
than 20 % of treatment sessions. BONT treatment may be disappointing in severely
disabled patients for whom other solutions, such as DBS of the globus pallidum
internum, have to be considered.

Lingual dystonia is difficult to treat and significant adverse effects have been re-
ported. The need to preserve functional activity limits the amount of toxin that can be
used. Especially in patients with severe tongue protrusion, results are disappointing
[93]. Injections of 10 onabotulinumtoxinA U or 40 abobotulinumtoxinA U into the
intrinsic tongue muscles can be used in lingual dystonia. More recently, it has been
suggested that lingual protrusion dystonia may be successfully treated by injecting
the genioglossus muscles. However, the risk of dysphagia is high, so it is recom-
mended to start with very low doses (5 onabotulinumtoxinA U) in each genioglossus
muscle and then increase by 2.5 U up to 15 U per treatment session until the patient
achieves a reasonable response. Despite this prudent approach, dysphagia may still
occur [94].

There is no reported experience with rimabotulinumtoxinB or incobotulinumtox-
inA in lingual dystonia.

3.3.2 Spasmodic Dysphonia

Spasmodic dysphonia (SD) is a laryngeal dystonia, most often focal, that some-
times may occur in association with cranial or generalized dystonia. The vocal folds
are normal at rest, but during phonation they develop action-induced, task-specific
contractures causing abnormal movements and muscle spasms during speaking and
resulting in dysphonia [95].

Different types of SD have been identified. The adductor type, caused by spas-
modic activity of the vocal muscle (thyroarytenoid), is the most common; it induces
hyperadduction of the vocal folds during speaking, producing a “strain-strangled”
voice that is harsh, often tremulous, with inappropriate pitch or pitch breaks, breath-
iness and glottal fry. The abductor form is less common; it is due to spasms of the
posterior cricoarytenoid muscles, causing a prolonged, inappropriate abduction of
vocal folds during voiceless consonants. This results in a breathy, effortful, hypo-
phonic voice with abrupt termination of voicing, aphonic or whispered segments
of speech. Some retain that all patients have mixed adductor/abductor involvement
with predominance of either of the two. There are also patients with compensatory
or pseudoabductor forms, who whisper to compensate for the tight adductor spasms
they experience. In some cases, the presentation at onset may change with time;
particularly, adductor may turn to abductor.

In another rare type, the adductor breathing dystonia, there are adductor spasms
during respiration. The paradoxical motion creates stridulous noises during inspira-
tion, but usually does not produce hypoxia. Other laryngeal activities are normal.
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Also a “singer’s laryngeal dystonia” has been identified. In this form, the vocal ab-
normalities occur during singing. SD typically affects patients in their mid-40s and
is more common in women [96], [97]; most often SD symptoms develop gradually
over several months to years.

For many years, the only treatment options for these patients were speech therapy
or psychotherapy, with poor results overall. Speech therapy alone does not yield
significant improvement but combined with BoNT allows treatment of the compen-
satory behaviors superimposed to SD [98]. Although psychotherapy may help the
patients manage the associated social stress and minimize the emotion-related voice
deterioration, there is no evidence that psychotherapy or psychological intervention
can relieve SD.

Occasionally patients may improve with benzodiazepines (i.e., clonazepam, lo-
razepam) or with baclofen, and those with superimposed voice tremor may benefit
from anticonvulsants (i.e., gabapentin, primidone) or beta-adrenergic antagonists
(i.e., propranolol).

Until the introduction of BoNT, surgical interventions had been the only truly
efficacious options, but side effects and disappointing long-term results limited its
usefulness.

3.3.2.1 BoNT Treatment in SD

The first BoONT treatment was performed in 1984 on a patient with adductor SD [99].
Following this pioneering series on adductor SD, patients with abductor SD were
also treated starting in 1988 [100]. In the past two decades, enough evidence has been
produced to conclude that BoONT/A (or BoNT/B if there is resistance to type A) are
the first-line treatment for SD [101]. Currently, BoNT is considered the treatment
of choice for this disorder; most investigators report a 75-95 % improvement in
voice symptoms and a significant improvement in the quality of life. Adverse events
include transient breathy hypophonia, hoarseness and occasionally dysphagia with
aspiration.

Most commonly, adductor SD is treated by injecting percutaneously the laryngeal
adductor muscles under EMG guidance. Unilateral or bilateral protocols have been
proposed for BoNT injections into the thyroarytenoid muscle. Some groups have
proposed treatment with large doses (20-30 onabotulinumtoxinA U) given unilat-
erally to minimize adverse events [102]. When bilateral treatments were compared
with unilateral ones, the latter showed a more favorable efficacy/tolerability profile
[103]. The most experienced injectors, however, retain that after an initial unilateral
treatment of 2.5-7.5 onabotulinumtoxinA U, application of a bilateral protocol in
subsequent treatment session prevents exacerbation of laryngeal dystonia in the un-
treated side [104]. Similar experience has been gathered with abobotulinumtoxinA
[105]. In a prospective study, 31 patients with adductor SD were treated for five con-
secutive times, either unilaterally or bilaterally. Low-dose unilateral injections into
the thyroarytenoid muscles produced comparable results to bilateral treatment, re-
garding duration, voice improvement and complications; moreover, unlike bilateral
injections, unilateral ones were not associated with complete voice loss [106].
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The doses of BoNT used in SD can vary depending on the toxin brand and the
technique used. In the earlier literature, the doses varied from 3.75 to 7.5 onabo-
tulinumtoxinA U for bilateral injections [107], [108] to 15 U for unilateral injections
[102]. Remarkably, up to 50 onabotulinumtoxinA U in each vocal cord have been
used [109]. Lower doses were later recommended [110]. Truong and colleagues
suggested to start with 0.5 onabotulinumtoxinA U or 1.5 abobotulinumtoxinA U
when injecting bilaterally, then to adjust the dose as needed (the estimated average
dose being 0.75-1 onabotulinumtoxinA U or 2-3 abobotulinumtoxinA U) [111].
The duration of improvement is dose related. In the long term, the average latency
of effect was 2.4 days with a peak at 9 days and a duration of 15.1 weeks [104]. This
treatment is generally well tolerated; breathiness was often reported as transient or
mild. Alternating unilateral injections caused significantly less breathy voice than
bilateral injections [103]. A slightly higher incidence of aspiration, dysphagia and
breathiness was reported in the bilaterally injected group of patients, who required
significantly lower doses of toxin to attain benefit [112].

The experience with BoNT/B in SD is limited to the treatment of adductor-type
dysphonia. In one patient who failed to respond to BoNT/A, 250 rimabotulinum-
toxinB U were injected in each vocal fold with beneficial effects lasting for 3.5
months [113]. RimabotulinumtoxinB was found to be safe and effective in a class
IV single-site, open-label study. It has been reported that 8 out of 10 treated patients,
who received 200 rimabotulinumtoxinB U on each side, had a clinical improvement
lasting for 8 weeks [114]. Three patients, who failed to respond to BoNT/A and
subsequently received BoNT/B (up to 1,000 rimabotulinumtoxinB U per side), were
reported to show improvement for approximately 2 months [111]. A direct compar-
ison of BONT/A and BoNT/B was performed on 32 patients with adductor SD who
had been treated with stable BONT/A doses and were followed up for 1 year with
BoNT/B [115]. The conversion rate for laryngeal injections was considered to be
52.3:1. RimabotulinumtoxinB had more rapid onset and shorter duration of action
(10.8 vs. 17 weeks). The safety profile was comparable.

Abductor SD is a difficult-to-treat condition. Usually the posterior cricoary-
tenoid muscles, the cricothyroid muscles or both are involved, but generally only
the posterior cricoarytenoid muscle is injected under EMG guidance.

Bilateral injections are dangerous, as side effects include stridor and airway ob-
struction. Therefore, unilateral injections with 2.5-25 onabotulinumtoxinA U are
performed on the most active side, as determined by fiberoptic laryngoscopy. A
common procedure is to inject 5 onabotulinumtoxinA U into the more active pos-
terior cricoarytenoid muscle. If there is no subjective improvement in voice quality
after 2 weeks, and if no airway symptoms have occurred, then the opposite muscle is
injected with an additional 5 onabotulinumtoxinA U [116]. The following procedure
has also been proposed: 2—4 onabotulinumtoxinA U on the most active side with
1 U in contralateral muscles, or 12 abobotulinumtoxinA U on the most active side
and 3 abobotulinumtoxinA U on the opposite side [111]. A lower dose protocol with
1.25-1.75 onabotulinumtoxinA U in one muscle and 0.9 U on the opposite side has
also been implemented [117]. Generally, if a high dose is required on both sides,
the second side can be injected with a delay of 2 weeks to avoid compromising the
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airway. Simultaneous bilateral posterior cricoarytenoid muscle injections have also
been considered to be safe [118]. The total BoNT dose injected in each session was
between 2.50 and 7.50 onabotulinumtoxinA U, with an average total dose per session
of 4.70 U. There were no life-threatening complications.

In a 12-year long experience on 154 patients, approximately 20 % of them had
significant voice improvement associated to weakening or paralysis of one posterior
cricoarytenoid muscle. The remaining 80 % needed an additional dose of 0.625-2.5
onabotulinumtoxinA U into the contralateral posterior cricoarytenoid. The overall
improvement was around 70 %; the onset of efficacy was on an average 4.1 days
and the benefit lasted for 10.5 weeks. Side effects were observed in 2 % of patients,
consisting of mild exertional wheezing and 6 % mild transient dysphagia to solids
[119]. The cricothyroid muscle can also be injected, under EMG guidance, by per-
cutaneous access. In a large series of SD patients, nine received bilateral injections
(2.5 onabotulinumtoxinA U on each side) in the cricothyroid muscles in addition
to treatment in the posterior cricoarytenoid. These patients still had breathy breaks
despite significant limitation of abduction. Five of the nine injected cases had ben-
efit consisting in a louder voice with fewer breaks. One patient got worse after the
additional injection [104]. Therefore, BoNT is probably effective for the treatment
of adductor SD but there is less evidence to support its use in abductor SD.

In summary, laryngeal dystonia is a heterogeneous condition that can be improved
by BoNT. Different treatment schemes and doses are required to fit the many varieties
of presentations.

3.3.3 Focal Limb Dystonia

Albeit BoNT represents the treatment of choice for focal limb dystonias, functional
outcome of treatments is disappointing compared to that of blepharospasm or cervical
dystonia, particularly because hand movements involve the subtle tuning of many
forearm and hand muscles. Still, there are no effective alternative medical or surgical
treatments. Writer’s cramp (WC) in particular affects the sophisticated function of
writing. As for other occupational cramps, it is difficult to obtain the requested quality
of voluntary movement without weakness.

3.3.3.1 Upper Limb

The upper extremity is affected more commonly than the lower limb. Focal upper
limb dystonia usually begins in the hand and is task specific; with progression, task
specificity is gradually lost. Typical upper limb dystonias include musician’s cramps
and WC, where BoNT has been reported to be effective [120], [121].

Most studies on WC are open-label reports of clinical experiences. A class I ran-
domized, double-blind, placebo-controlled trial in 40 patients with WC treated with
abobotulinumtoxinA showed BoNT/A efficacy based on subjective and objective
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clinical scales [122]. Temporary weakness and pain at the injection site were the
only reported adverse events. This observation has been replicated in three class II
double-blind trials on upper limb injections of onabotulinumtoxinA [123], [124].
Pain is the symptom most frequently improved after treatment, often independently
of motor function. The desired goals of BoNT treatment vary in each patient. The
most immediate goal is to correct abnormal hand posture and relieve discomfort. The
primary goal of restoring normal hand function is extremely difficult to achieve, as a
consequence, despite initial improvement, some patients do not continue injections.
Other patients are dissatisfied with the degree of benefit because BoNT does not
fully correct all the symptoms, in particular loss of speed and coordination that is
especially problematic for professional musicians. Secondary resistance due to anti-
body formation has been described in approximately 10 % of patients treated with the
original onabotulinumtoxinA batch for focal hand dystonia [120]. Type A-resistant
patients have been effectively treated with BoNT/F (68).

The first step in treatment planning is to identify the muscles most severely
affected, separating out dystonic from compensatory movements. After initial in-
spection, EMG muscle selection usually allows to refine the choice of targets [121].
Injections can be performed using EMG- or ultrasound-based targeting.

The dose of BoNT is based on muscle size. Injections are repeated about every 3
months. In WC, the muscles injected usually include finger flexors and extensors and,
if needed, also wrist pronators and flexors. Dose ranges are: 10-50 onabotulinumtox-
inA U or 30-120 abobotulinumtoxinA U per muscle [125]. The importance of EMG-
guided targeting is supported by the observation that only 37 % of needle placements
based on surface anatomy were appropriately localized in the target muscle [126].

3.3.3.2 Lower Limb Dystonia

Foot dystonia can be either idiopathic, in the context of a generalized dystonia, or
symptomatic as in Parkinson’s disease (PD) or in juvenile CP. Successful treatments
with BoNT have been reported but no controlled trials are available [127—129]. BoNT
use is still recommended since therapeutic alternatives are lacking. Higher doses may
be given than in hand dystonia because motor control is less refined.

Lower limb dystonias often present with foot inversion, toe dorsiflexion and/or
ankle plantar flexion. The injected muscles may include tibialis posterior, extensor
hallucis longus, gastrocnemius and long toe flexors.

3.4 Hemifacial Spasm

HFS, a form of segmental myoclonus, is characterized by involuntary, intermittent
and irregular clonic twitches or tonic contractions of the muscles supplied by the facial
nerve on one side of the face [130]. HFS is a sporadic disorder with occasionally
familial occurrence. Some patients may be genetically predisposed to develop HFS,
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but most cases are sporadic [131]. It occurs more commonly in women (2:1) with an
overall prevalence around 10/100,000, but in some populations, such as the Asians,
the prevalence is much higher [132].

Most cases of HFS are attributed to an aberrant or ectopic artery (anterior inferior
cerebellar, posterior cerebellar or vertebral) compressing the facial nerve at the root
exit zone, resulting in an axono-axonal “ephaptic” transmission and a hyperexcitable
facial motor nucleus. However, up to 25 % of unaffected individuals have vascular
loops compressing the facial nerve, suggesting that this phenomenon alone may be
insufficient to cause HFS [133]. Reports which have been associated to HFS include
meningioma, schwannoma, neurinoma of the acoustic nerve, parotid gland tumor and
pilocytic astrocytoma of the fourth ventricle. These space-occupying lesions should
be excluded, in particular in patients with atypical features such as facial weakness
or decreased corneal reflex, or any other evidence of cranial nerve dysfunction.
Sometimes, peripheral facial nerve injury or prior Bell’s palsy can also precede HFS;
in those cases, hyperkinesias often coexist with a mild ipsilateral facial weakness
[134]. Patients without history of Bell’s palsy still may have abnormal EMG findings
suggesting an old facial nerve damage and subsequent pathological regeneration
[130].

Most patients present with unilateral contractions, but bilateral cases of HFS have
been reported [ 135], [136]. Usually, the disorder starts in the orbicularis oculi muscle
and gradually spreads to other muscles, such as the frontalis, procerus, zygomaticus,
risorius, levator labii superioris, depressor labii inferioris, depressor anguli oris and
sometimes also platysma. Although HFS is not a life-threatening condition, it may
have a severe impact on the patient’s aesthetics and causes social disability; moreover,
it sometimes interferes with sleep. Rarely, patients with HFS may spontaneously
remit; most require lifelong treatment.

Treatment options are aimed to reduce or stop muscular twitches and include
medications, BoNT injections, neurosurgery and doxorubicin chemomyectomy.

Several symptomatic drugs have been tried. Anticonvulsant medications (such as
carbamazepine, clonazepam, phenytoin, gabapentin or valproate) have been reported
to improve HFS and to provide mild symptom relief. Among these, carbamazepine
is the most frequently used; it has been reported to alleviate HES in approximately
50 % of patients [137]. However, medications are often ineffective in the long-term
management and side effects may be relevant [138].

A potentially curative approach is provided by microvascular decompression
aimed at separating the aberrant artery from the facial nerve. This technique has
a high success rate (from 88 to 97 %), and in the majority of cases resolution of HFS
is durable, supporting the indication of surgery in younger patients [139], [140]. On
the other hand, symptoms recur in as many as 25 % of patients within 2 years after
surgery; moreover, complications occur in more than 20 % of the patients, some-
times serious, including permanent deafness, facial palsy, excessive bleeding and
even death [141], [142]. Chemical rhizotomy of the facial nerve with doxorubicin
is a potential alternative which has provided promising results. The most frequently
reported adverse event is skin inflammation [143].
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The introduction of BoNT as a therapeutic agent has represented a major milestone
in the effective clinical management of HFS. AbobotulinumtoxinA was first used in
HFS with appreciable results in 6 patients [144]. Based on the experience collected
over the past two decades, BoNT has emerged as the first-choice option for the
symptomatic management of HES [26]. Although experience with BONT mainly
originates from open-label trials, there is no doubt on its efficacy and safety in the
long term [34], [145]-[150]. Two RCTs [151], [152] and more than 30 open-label
studies, encompassing overall more than 2,200 patients, are available on the use of
BoNT/A in HFS. However, as pointed out from a recent Cochrane meta-analysis, the
peculiarities of the different BONT formulations, such as long-term efficacy, safety
and immunogenicity, still need to be investigated [153].

A single-blind, randomized, parallel-design study comparing onabotulinumtox-
inA and abobotulinumtoxinA failed to show differences in efficacy and tolerability
using a 1:4 conversion rate in HFS [35]. It has been anecdotally reported that shift-
ing from onabotulinumtoxinA to abobotulinumtoxinA may relieve HFS in secondary
nonresponders [38], but this observation has not been confirmed by controlled trials.
We recently performed a retrospective evaluation of outcome predictors, efficacy
and safety of onabotulinumtoxinA and abobotulinumtoxinA in more than 100 HFS
patients followed for a 10-year period and observed the following differences [154].
The mean duration of clinical improvement was higher after the injection of abobo-
tulinumtoxinA than onabotulinumtoxinA by approximately 20 days (105.9 4= 54.2
vs. 85.4+41.6 days, respectively, p <0.01). Over time, the duration of clinical
benefit slightly increased with onabotulinumtoxinA, but remained constant with
abobotulinumtoxinA; ptosis and lagophthalmos were more common with abobo-
tulinumtoxinA treatments (p < 0.005). This supported the view that, although both
brands bear the same indications for HFS, they should be considered as two different
products.

There is also experience with BoNT/B in HFS. The clinical effects lasted for about
8.5 weeks in two patients treated with rimabotulinumtoxinB over six consecutive
sessions [91]. Doses ranging from 200 to 800 BoNT/B U are considered appropriate
in HFS [155], but further studies are needed as the experience with BoNT/B in HFS
is quite limited.

In a recent study, 17 patients with HFS, who were previously treated with onabo-
tulinumtoxinA, were blindly converted to incobotulinumtoxinA with a 1:1 conversion
rate and treated continuously for 3 years without evidence of any differences in out-
come or safety profile [156]. Small studies have also assessed the efficacy of the
Chinese BoNT/A brand (Prosigne®) [42], [43] and BoNT/C [157].

The injection technique plays a critical role with regard to clinical response in
HFS patients. Injections are placed subcutaneously and the orbicularis oculi is easily
reached by the local diffusion of BoONT; EMG guidance is not needed. The injections
are placed in the orbicular or pretarsal portion of the eyelids, divided into three to
four sites. Most investigators favor targeting the pretarsal portion, considering that
the outcome is better (higher response rate, longer duration of response and a lower
frequency of side effects), compared with preseptal injections [31]. Treatment of the
periocular region leads to improvement also in the lower facial muscles (probably
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due to local diffusion of the toxin) [148]. At first, the extra-orbicular regions are
not injected, but later, if required, these and other sites (e.g., the medial eyebrow,
procerus, corrugator, frontalis muscle or the paranasal portion of the zygomaticus
major muscle) can be treated. Still, if lower facial muscles are particularly active,
or if there is residual contraction of the mouth following treatment in the orbicularis
oculi, treating other muscles (e.g., the orbicularis oris, levator angularis, risorius,
buccinator, depressor anguli oris or the platysma) should be considered.

In most studies, the average total dose used varies from 12.5 to 60 onabo-
tulinumtoxinA U. from 10 to 160 abobotulinumtoxinA U or from 200 to 800
rimabotulinumtoxinB U. A prudent approach is necessary in cases of post-paralytic
HFS. It is considered that a minimum threshold BoNT dose is necessary to obtain
benefit, particularly for the first treatment session. In subsequent sessions, BoNT
doses need to be increased or reduced based on the patient’s response.

The patients usually improve soon after the first treatment session; primary or
secondary failures are very uncommon. The average latency of clinical benefit varies
from 2 to 6 days, and the overall response to treatment is satisfactory with a successful
outcome in 66—100 % of patients. Patients with HFS have the lowest incidence of
resistance to treatment, probably due to the low dosages used. The mean duration
of benefit varies between 10 and 28 weeks. In most cases, the duration of efficacy
increases with repeated treatments, more rarely it decreases or remains unchanged.
It has also been observed that the duration of benefit is shorter in severe cases than
in those of moderate severity. Prolonged remissions may spontaneously occur in a
minority of patients, after a variable number of years of treatment [158].

The treatment is generally well tolerated; side effects occur in approximately
30 % of the patients and consist mainly of erythema, ecchymosis of the injected
region, dry eyes, mouth droop, ptosis, facial weakness or edema. These are usually
transient and resolve within 1-4 weeks. In several series, facial weakness is the
most commonly reported side effect, occurring in 75-95 % of cases, mostly after
injections in the mid-facial or lower facial muscles [158], [159]. Ptosis may occur
following injections into the orbicularis oculi, particularly if the injection sites are
too medial, abutting the levator palpebrae superioris muscle. Mild symptoms of
exposure keratitis (lacrimation and irritation of conjunctiva) occur in less than 4 %
of treatments, presumably due to a decreased blink rate and incomplete eye closure.

3.5 Spasticity

Spasticity is defined as a velocity-dependent increase in tonic stretch reflexes (muscle
tone) that arises from abnormal processing of sensory afferent inputs to the spinal
cord. Spasticity is a positive sign of the upper motor neuron (UMN) syndrome, that
is a chronic motor disorder caused by UMN lesions. It is a consequence of an insult
to the brain or spinal cord, which can lead to life-threatening, disabling and costly
consequences. It is a central disorder of muscle tone characterized by increased
resistance of an initially passive limb to externally imposed joint motion. Increased
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tone is a reflection of the loss of descending inhibitory (reticulospinal) influences
resulting in increased excitability of dynamic fusimotor (gamma) and alpha neurons.

Besides increased tone, spasticity presents typically with increased muscle stretch
reflexes, muscle spasms and clonus, weakness (spastic paralysis), and impairment of
voluntary movements. Spasticity leads to exaggerated reflexes, posturing (so-called
spastic dystonia), and flexor or extensor spasms, often painful. Late consequences
of spasticity include contracture, fibrosis, tendon shortening and muscle atrophy.

Spasticity is frequently classified by its distribution into generalized, multifocal
and focal ones. Spasticity may occur in diffuse or focal pathological disorders of the
brain and spinal cord, such as stroke, multiple sclerosis (MS), traumatic brain injury,
spinal cord injury and CP.

The goal of spasticity treatment is to reduce motor overactivity in order to improve
movement without worsening weakness (paresis). In addition, reducing antagonist
muscle overactivity may uncover functional residual power. The therapeutic ap-
proach to spasticity requires a comprehensive and multidisciplinary judgment of
functional goals. The time elapsed between the acute event leading to spasticity and
comprehensive patient management influences the long-term clinical picture. Suc-
cessful spasticity management requires a multi-professional task force. All medical
and surgical treatments need to be combined with physical interventions; therefore,
BoNT injections cannot be regarded as a solo approach [160].

BoNT provides an important tool within a rich armamentarium (including phys-
ical therapy, orthosis, medication, etc.) to assemble individualized treatment plans
for patients with UMN syndrome. BoNT is indicated not only to prevent and limit
the functional impairment caused by spasticity, but also to provide functional im-
provement [161]. Safety and efficacy data lead BoNT injections to be considered as
the pharmacological treatment of choice in focal spasticity, to improve limb position
and functional ability and reduce pain [162].

Most studies of BoNT in limb spasticity used electrophysiological or ultrasound
techniques to optimize muscle localization for injection, similarly to focal limb
dystonia. A common approach is also to perform electrical stimulation or EMG
targeting. EMG is not necessary for large, superficial, easily visible muscles, but
is advisable for smaller and deep muscles and particularly applies to forearm and
lower leg muscles, hip flexors (psoas major) and small inaccessible muscles around
the jaw. The use of ultrasonography for locating both superficial and deep muscles
is growing, as it is safe, noninvasive and less distressing than EMG.

The amount of toxin injected into individual muscles depends on the toxin brand,
the muscle size, the number of nerve terminals located in the muscle, the number
of muscles involved, the patient’s age, the severity of spastic contraction and the
patient’s weight [163]. BoNT doses used in spasticity are higher than those used
to treat other movement disorders and the upper dose limits have raised caution,
particularly in children. In children, doses of 6 onabotulinumtoxinA or incobo-
tulinumtoxinA U/kg (body weight) should not be exceeded in each muscle, with a
maximum total dose of 29 U/kg [164]. A safe upper limit for abobotulinumtoxinA
is 30 U/kg, with a maximum total dose of 1,000 U per child [165]. The absolute
maximum abobotulinumtoxinA doses for adult have not been established, but they
should probably not exceed 2,000 units in each session. A safe starting dose for
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children treated with rimabotulinumtoxinB is considered 400 U/kg weight that can
be gradually increased to a maximum total dose of 10,000 U [166]. However, up to
17,500 rimabotulinumtoxinB U have been reported [167].

The duration of action may be appreciated 6 weeks after injection and for up to
9-12 weeks [168]. The exact timing between treatment sessions is variable; some
information can be derived from experience in hyperkinetic movement disorders,
but the clinical effects in spasticity may last longer than in dystonia, resulting in an
average interval between treatments of approximately 3—5 months.

BoNT/A dilution affects treatment efficacy, although there are currently no rec-
ommendations on how to dilute different BONT/A brands in spasticity. A controlled
study has shown that treatment efficacy of onabotulinumtoxinA on biceps brachii
spasticity may vary with changing dilutions [169]: A higher dilution results in larger
injection volumes and greater neuromuscular block, probably because of more easy
spread to neuromuscular endplates remote from the injection site.

BoNT has been used to treat spasticity associated with juvenile CP, cerebral stroke,
brain trauma, amyotrophic lateral sclerosis or MS, but virtually every condition could
be treated, as BoNT decontracts the muscles independently from the cause. The
approved indications generally are, with differences from one country to the other,
upper or lower limb spasticity (regardless of the etiology) and lower limb spasticity
due to CP. Practical management may be as simple as injecting few muscles involved
in adult-onset focal spasticity or involve a complex stepped approach as for some
cases of childhood-onset spasticity requiring gradual tuning. In all cases, physical
treatments are appropriately combined with BoNT injections.

Recent systematic reviews have concluded that BoNT is effective in reducing
upper limb spasticity in adults and reduces muscle overactivity in a dose-dependent
manner [170]. BoNT efficacy is better established for spasticity in the upper, rather
than lower, limb. A limit of current evidence is that, particularly for the case of
poststroke spasticity, functional improvement in patients treated with BoNT has not
been investigated in detail [168]. It is believed that some disabilities related to upper
limb passive and active function can improve, while the functional outcome after
treatment of lower limb spasticity is poorly known. Spastic extension of the lower
limb, in particular, supports standing and walking, functions that may be affected by
BoNT treatments.

As with movement disorders, BONT/A is well tolerated and safe in patients with
spasticity: adverse events are limited and rare. Common side effects observed, in
adults as well in children, include muscle soreness, pain at injection site, skin rash,
fatigue, excessive weakness, influenza-like symptoms, infection and allergic reac-
tion, but are generally reported to be mild and reversible. One study revealed that
the most frequent problem in patients with poststroke spasticity is nausea, affecting
only 2.2 % of cases [171].

There are limited data on the efficacy of BoNT/B in spasticity. One placebo-
controlled trial failed to show efficacy [172] and revealed that dry mouth was a
common side effect. This study also confirmed observations from treatment of dys-
tonia patients that dose-dependent autonomic side effects are common following
treatment with BoNT/B.
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Future research will highlight some of the unanswered issues in spasticity treat-
ment, such as long-term efficacy and safety and cost-effectiveness. There is also
need for good quality studies on lower limb spasticity. Finally, the timing of BoNT
treatment needs to be associated to treatment outcome and stratified by adjunct
management strategies, such as physical and orthopedic interventions.

In adults, spasticity results from diverse etiologies, including stroke, trauma,
MS, neoplasm involving the central nervous system (CNS) and amyotrophic lateral
sclerosis. For the latter indication, there is insufficient documentation to assess the
efficacy and safety of BoNT treatment.

3.5.1 Poststroke Spasticity

In adults, stroke is the most common cause of UMN syndrome. These patients
often present postural patterns characterized by shoulder adduction, elbow and wrist
flexion in the upper limb, and hip adduction, knee extension and ankle plantar flexion
in the lower limb.

Although most hemiparetic patients are able to reach different ambulatory levels
with rehabilitation efforts, upper and lower limb spasticity can impede activities of
daily living, personal hygiene, ambulation, and in some cases, functional improve-
ment. Paresis and increased muscle tone can also cause joint stiffness leading to
contractures.

Observational and controlled studies have shown that BONT/A improves function
and symptoms in adult patients with upper or lower limb spasticity following stroke.
The efficacy of BoONT/B on poststroke upper limb spasticity has been observed in
open-label series, but not confirmed by controlled trials. BoNT is employed as focal
antispastic agents usually as part of complex rehabilitation regimes.

There is evidence that BoONT/A is superior to placebo in reducing upper and
lower limb spasticity after stroke [173]. Notwithstanding the reduction in muscle
tone, there was no overall effect on functional parameters of disability. The different
studies are difficult to compare, as they use different outcome measures to assess
functional parameters. Reduction of hypertonia is maintained for a longer time in
distal than in proximal muscles, probably due to insufficient doses injected into the
larger proximal muscles [168].

Arecent Japanese study on anew BoNT brand assessed the treatment of lower limb
poststroke spasticity in a large, placebo-controlled clinical trial. One hundred twenty
patients were randomized to a single treatment with BoNT/A or placebo, injected into
lateral and medial head of the gastrocnemius, soleus and tibialis posterior muscles.
This is the first large-scale large-scale trial to indicate that BoNT/A significantly
reduced poststroke lower limb spasticity for 12 weeks [174].
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3.5.2  Spasticity in MS

MS is the most common disabling chronic central nervous system disease among
young adults and it is often complicated by spasticity. MS is a common cause of
diffuse or regional muscle overactivity. In MS, it is particularly difficult to differen-
tiate what part of functional disability is due to spasticity, and the administration of
symptomatic short-lasting treatments like BONT may contribute to define this aspect
[175]. In this condition, BoNT has been used to treat thigh adductor spasticity, pes
equines, striatal toe or shoulder adduction. BoNT treatment can also help patients
who are bedridden or wheel-chaired and may prevent the occurrence of decubital ul-
cers and pain. This view has been confirmed by observational and controlled studies.
Using a randomized crossover design, 400 onabotulinumtoxinA U were injected into
the thigh adductor muscles; after 6 weeks, reduction of spasticity and improvement
of hygiene scores have been observed without adverse events [176]. More recently, a
placebo-controlled study with three different abobotulinumtoxinA doses (500, 1,000
and 1,500 U) has been performed in MS patients with hip adductor spasticity [177].
A risk—benefit assessment suggested that the optimal starting dose for treating hip
adductor spasticity in MS is 500-1,000 abobotulinumtoxinA U, divided between the
two legs, with subsequent dose titration as required.

Two studies evaluated the effect of BONT/A on painful tonic spasm in MS patients.
These trials showed that BONT/A is effective in relieving pain (both the intensity and
the number of painful spasms) [178]. Just as for the other indications, also in MS,
physical therapy is recommended in association with BoNT treatment to improve the
outcome [179]. In general, given the small numbers of MS patients studied, there is a
need for further long-term studies on large cohorts. Furthermore, MS-related fatigue
could be aggravated by BoNT, especially considering that large doses are needed for
spasticity.

3.6 Cerebral Palsy

CP is a disorder, presenting early in life, due to prenatal, perinatal and postnatal brain
injury that combines increased or decreased muscle tone, spasticity, muscle weak-
ness, involuntary movements and loss of control of muscle coordination in various
degrees. Muscle hypertonia in children combines with body growth leading to fixed
contractures, torsional deformities of long bones and joint instability, which further
impair the child’s motor performance. Involvement of the lower limbs is responsible
for early gait and balance impairment. The most dynamic developments can be ob-
served during the first 6 years of life and all therapeutic interventions on spasticity
and motor impairment must take into account the dramatic motor development taking
place. Optimal therapeutic results are provided by early intervention that tap into the
developmental potential of the child. Clinical manifestations may vary depending on
the cause of brain injury, with spasticity being the commonest symptom.
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The decision to use antispasticity medications in a child requires a careful as-
sessment of the patient’s impairment in all domains, including the occurrence of
associated weakness or movement disorders, to choose the appropriate interventions.
Reasons to treat spasticity include reduction of pain and muscle spasms, facilitate
brace use, improve posture, minimize contractures and deformity, facilitate mobility
and dexterity and improve patient ease of care as well as hygiene/self-care [180].

Pharmacologic treatment with myorelaxants and non-pharmacologic interven-
tions such as physiotherapy and occupational therapy provide a basis to which BoNT
is added. The first clinical trial with BoNT for spasticity in children with CP was re-
ported almost 20 years ago [181]. Since then, growing evidence indicated that BONT
can decrease muscle tone and improve range in joints served by injected muscles.
BoNT/A has later gained acceptance as an adjunct therapy for spasticity for children
with CP. For the past 10 years, clinical experience from numerous case reports, ret-
rospective and prospective open-label cohort studies and RCTs have described the
potency of BoNT/A to treat upper and lower limb spasticity in children with CP.
Additionally, several independent systematic reviews, meta-analyses and consensus
statements from various groups have confirmed these observations [182].

BoNT/A combined with surgical and nonpharmacological interventions is cur-
rently the best treatment approach for children with CP. The goals of BoNT therapy
go beyond a decrease in muscle tone to influence pain relief, prevention of contrac-
tures, psychological integration and global functional improvement. Scanty data are
available on BoNT/B; they mostly derive from small open-label pilot studies includ-
ing patients who were secondary nonresponders to BoNT/A. There is concern that,
particularly in children, large BoNT doses may lead to a botulism-like symptoma-
tology. In 2009, the US FDA ordered that the manufacturers of BoNT products add
a boxed warning to the prescribing information for each product about the potential
for serious side effects at sites distant from injection. The FDA also ordered the
manufacturers to develop a Risk Evaluation and Mitigation Strategy, and to submit
safety data on injections in children for treatment treatment of spasticity [183]. Pe-
diatric cases involved treatment for spasticity and were described as botulism, or
involved symptoms including difficulty breathing, difficulty swallowing, muscular
weakness, drooping eyelids, constipation, aspiration pneumonia, speech disorder, fa-
cial drooping, double vision or respiratory depression. Serious case reports described
hospitalizations involving ventilatory support and reports of death.

3.7 Tremor

Tremor is defined as a rhythmical, involuntary oscillatory movement of a body part
produced by alternating or synchronous contractions of antagonistic muscles. It
is the most common movement disorder and is etiologically and physiologically
heterogeneous [184]. Essential tremor (ET) is the most common type of tremor and
also the most commonly observed movement disorder. Propranolol and primidone
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usually ameliorate mild or moderate ET, but pharmacotherapy is usually not sufficient
to control tremors of high amplitude that impair daily living activities.

In some of these patients, local injections of BoNT might be proposed before
considering more aggressive intervention such as thalamic DBS. There are no class
I studies investigating BoNT efficacy on tremor, but it is well established that this
treatment is not as successful as in dystonia or spasticity [185]-[188].

BoNT/A has been tested on various tremor disorders in small open-label and
controlled studies and has been proposed as a treatment for essential hand tremor
[185], [186], [188]-[191]. A difficulty with the interpretation of results on tremor
is that in most trials BONT was injected according to a predetermined, rigid proto-
col without individualization to each patient’s need, pattern and severity of tremor
phenomenology. A class II class II placebo-controlled study with onabotulinumtox-
inA reported improvement in tremor severity without amelioration of function and
finger weakness as a side effect [191]. Another class II multicenter, randomized,
placebo-controlled trial showed significant improvement of postural, but not kinetic,
hand tremor in patients with ET who received 50 or 100 onabotulinumtoxinA U
into the wrist flexors and extensors (188). This study provided an explanation for
limited functional improvement, as it showed that kinetic rather than postural tremor
is related to disability. Scant data are available for BONT/B [91].

Primary writing tremor, a task-specific hand tremor related to focal dystonia,
improved in four out of five patients treated with low onabotulinumtoxinA doses
(10-12.5 U) for at least 1 year. The treatment schedule was flexible and involved
the flexor carpi ulnaris, the extensor carpi ulnaris or radialis, the extensor digitorum
communis and the abductor pollicis longus [192].

Data on head and voice tremor are still inconsistent. Although a number of studies
reported efficacy [193]-[195], a class II study on ten patients with head tremor
denied benefit [196]. In essential voice tremor, BONT has been injected into the
thyroarytenoid muscles to reduce tremor amplitude and laryngeal resistance. A class
IV study suggested subjective improvement on vocal strain when speaking (195).
Another class IV open-label study showed a beneficial effect of onabotulinumtoxinA
in 13 patients with isolated vocal tremor and no evidence of SD [197].

Jaw tremor in PD sometimes is not controlled by antiparkinsonian medication and
can improve with BoNT injections. The experience is limited to few patients, who
have been treated with a mean dose of 50 abobotulinumtoxinA U (range: 30—100 U)
in both masseter muscles [198]. Another case report of intermittent rapid focal jaw
tremor mentioned a successful BONT/A treatment into the masseters [199].

Palatal tremor with associated ear click may also be treated with BoNT into the
tensor veli palatini muscle [200]. In these cases, BONT should not be reserved for
refractory cases, but it should be considered a safe and effective first-line therapy
[201]. Tensor veli palatini, levator veli palatini or both have been injected with doses
ranging between 5 and 20 onabotulinumtoxinA U or 5 and 60 abobotulinumtoxinA
U. The treatment is generally safe; velopharyngeal insufficiency or nasal speech has
been rarely recorded.
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3.8 Tics

Tics are relatively brief, intermittent movements (motor tics), or sounds (vocal or
phonic tics), usually preceded by a premonitory sensation; the association of motor
and vocal tics is the clinical hallmark of Tourette’s syndrome. Antidopaminergic
drugs (neuroleptics) are often used to treat troublesome multifocal tics, but the risk
of side effects such as tardive dyskinesias (TDs), hepatotoxicity, prolonged QT
intervals, sedation and depression is quite high. Patients with focal tics affecting the
eyes, the head or the larynx may be treated with BoNT/A in the affected muscles.

The first anecdotal observations were performed in patients with Tourette’s syn-
drome and dystonic tics affecting the eyelids and neck [202]. OnabotulinumtoxinA
treatment reduced the frequency and intensity of tics and ameliorated the associated
premonitory sensory urge; this benefit lasted for several weeks.

Single case reports [203], [204] and case series [205]-[207] have later confirmed
the improvement. One class II, double-blind, crossover study has shown that BONT/A
reduced the frequency of simple motor tics and associated premonitory urge [208].
Despite these objective improvements, the patients did not report a comparable sub-
jective benefit from treatment, indicating the need for further evaluation of disability
outcomes in tic disorders. However, a recent open-label study on 30 patients treated
with onabotulinumtoxinA (2.5 U in both vocal cords) for vocal tics reported that
BoNT/A also ameliorates quality of life [209]. The only relevant side effect was
hypophonia. The long-term outcome of BoNT in tic disorders is still unreported.

On the other hand, BoNT has been also used to control life-threatening tics, such
as dystonic cervical tics that could cause compressive myelopathy or radiculopathy
[210], [211].

3.9 Other Movement Disorders

3.9.1 Tardive Dyskinesias

Drug-induced movement disorders are potentially persistent and disable abnormal
involuntary movement disorders caused by exposure to dopamine receptor-blocking
agents. The term “tardive” indicates iatrogenic origin related to antidopaminergic
agents. The clinical features are quite variable, but most often these movement
disorders present with stereotypic orolingual and facial dyskinesias that are very
characteristic. There is some terminological uncertainty, as some authors use the term
TDs to indicate any drug-induced movement disorder, while others mean uniquely the
facial stereotyped hyperkinetic disorder and use the expression “tardive syndrome”
as an umbrella term to encompass all drug-induced movement disorders. Tardive
syndromes can present features of dystonia, tics, tremor, parkinsonism, akathisia,
virtually the entire spectrum of movement disorders. In a minority of patients, TDs
remit following withdrawal of the causative neuroleptic drug, but the hyperkinetic



3 Clinical Use of Botulinum Neurotoxin: Neuromuscular Disorders 79

disorder commonly persists. Anticholinergics are prescribed in association with neu-
roleptics to reduce the incidence of TDs, but they are ineffective in or may aggravate
TDs once these are manifest. Tetrabenazine, a dopamine-depleting drug, has been
reported to improve TDs, although remission or satisfactory control of symptoms is
not achieved in all cases.

Focal tardive dystonia responds to BoNT treatment as well as primary dystonia
[212]. In particular, tardive blepharospasm and cervical dystonia require the same
BoNT doses used to treat the primary conditions [213]-[215].

Patients with bruxism grind, gnash or clench their teeth during sleep or emotional
conditions. This condition is associated with masseter (and sometimes temporalis)
muscle contracture that occurs also during sleep. When severe or untreated, it can
be associated with headache, dysarthria, temporomandibular joint destruction and
dental wear. Bruxism may be idiopathic or symptomatic to different neurological
conditions, such as parkinsonism, Huntington’s disease, tardive syndromes, CP,
etc. The use of night guards and other dental appliances and procedures may be
helpful, but no strategies are curative. BONT/A has been reported to be effective
with satisfactory clinical control regardless of the etiology [216]. However, there are
no controlled studies on bruxism. The masseter muscles (and the temporalis, when
involved) have been treated bilaterally, with wide-ranging doses, from 25 to 100
onabotulinumtoxinA U.

Some cases of myoclonus have been treated with BoNT. Tinnitus associated with
palatal myoclonus has proven responsive to BONT/A (4-10 onabotulinumtoxinA U
or 30-60 abobotulinumtoxinA U) injected into the tensor veli palatini muscle (or
alternatively into the levator veli palatini).

Also anecdotal reports indicate that akathisia can also be treated with BoNT
injections {Shulman, 1996 10703/id}.

3.9.2 Comprehensive Approach to Motor Symptoms
of Parkinsonian Patients

While most of the motor symptoms, particularly the cardinal features of PD, such as
tremor, bradykinesia, rigidity and gait difficulty, improve with dopaminergic drugs
and other therapeutic options, including DBS, many troublesome symptoms do not
respond to conventional treatments [217].

Motor symptoms amenable of treatment with BoNT include dystonia, contrac-
tures, tremor, painful rigidity and freezing of gait; non-motor symptoms include
sialorrhea, seborrhea, hyperhidrosis, constipation, achalasia and overactive bladder
[218].

Different forms of dystonia may complicate “on” as well as “off” periods in
up to 60 % of PD patients, most often those with early onset [219], [220]. Off-
period dystonia involves more frequently limbs and neck or facial muscles (mainly
periocular) and can be painful, particularly in the foot [221].
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Blepharospasm, apraxia of eyelid opening and oromandibular and cervical dys-
tonia (observed not only in PD but also in other parkinsonisms, such as progressive
supranuclear palsy) can be managed the same way as the corresponding forms of pri-
mary dystonia. Low starting doses of BoNT can be gradually increased until clinical
benefitis achieved. BONT may be also used to relieve pain associated to non-dystonic
contractures of neck or other body regions.

Although BoNT is considered the first-line therapy in primary cervical dystonia,
no class I studies proved BoNT effectiveness in cervical dystonia associated with PD.
While patients with PD often have abnormal neck postures, there is some controversy
whether this abnormality is due to cervical dystonia, rigidity, a combination of the
two or some other mechanisms [219], [222].

Antecollis is the most common abnormal neck posture associated with parkin-
sonism, particularly PD and multiple system atrophy (MSA). Antecollis is difficult
to treat with BoNT; moreover, the bilateral injection of sternocleidomastoid and
scalenus muscles is often associated with dysphagia. The adverse effects can be
avoided by a prudent approach, but treatment failures are common. The contraction
of the submental muscle complex may contribute to antecollis and in some cases,
an injection in this region, with or without concomitant treatment of the sternoclei-
domastoid and scalenus muscles, may improve the abnormal neck flexion. This
approach, however, must be undertaken with great caution as dysphagia and aspi-
ration pneumonia may complicate the treatment. By contrast, retrocollis associated
to progressive supranuclear palsy can be safely and easily treated by injecting the
posterior neck muscles [223].

Axial dystonia may manifest as cervical dystonia or an abnormal posture of the
trunk causing scoliosis, kyphosis, camptocormia, Pisa syndrome or any combination
of these. These axial features are a common cause of physical and social problems in
patients with PD. BoNT has been used to treat axial postural abnormalities, including
scoliosis, with uncertain results [224]-[226].

Camptocormia refers to a severe dynamic abnormal posture of the trunk with
marked flexion of the thoracolumbar spine when standing and walking, almost re-
solved when lying in a supine position. It is associated with parkinsonian disorders
such as PD or MSA [227]-[229]. The abnormal trunk flexion is often associated
with EMG evidence of active contraction in the rectus abdominis. Despite the severe
trunk flexion, patients with dystonic camptocormia can straighten their trunk when
lying down or when raising their hands against a wall. The choice of which muscles
to inject is crucial. Improvement was observed in 9 of 11 camptocormia patients who
received BoNT treatment into the rectus abdominis muscle (300—-600 onabotulinum-
toxinA U) [228]. By contrast, ultrasound-guided injection into the iliopsoas muscles
(500-1,500 abobotulinumtoxinA U on each side) was not effective in four patients
with camptocormia [230].

The most common presentation of dystonia in PD is foot dystonia. Abnormal
foot and hand postures may be seen in up to 10 % of untreated patients with ad-
vanced PD [231]. BoNT may be effective in correcting abnormal postures that did
not yet progress to fixed contractures [232] and alleviating pain associated to peak-
dose dyskinesia and end-of-dose dystonia [220]. EMG guidance may be required
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in order to inject deep muscles, particularly in the legs. Patients with PD and other
forms of parkinsonism (such as progressive supranuclear palsy, corticobasal degen-
eration, etc.) occasionally develop secondary fixed dystonia of the hand which may
be relieved by local BoNT injections (particularly helpful to ease pain and improve
hygiene) [233].

Freezing of gait is a disabling symptom, characterized by a sudden inability to
initiate gait or continue walking, particularly when facing a narrow passage, turning
around or under stressful situations [234], [235]. In most cases, freezing of gait is
poorly responsive to dopaminergic medication. The possibility that freezing of gait is
partly due to involuntary contractions in distal muscles of legs and feet has prompted
clinical trials of BoNT in PD and other parkinsonian disorders. Although initial
reports were encouraging [236], [237], further observations were not confirmatory
[238], [239].

Hand tremor is one of the most recognizable features of PD; it frequently inter-
feres with the ability to hold objects such as newspaper or a cup and can often be
troublesome for patients. Levodopa and other anti-PD treatments are usually effec-
tive in improving this cardinal feature of PD, but other treatment such as DBS must
be considered as well. Some studies have demonstrated that BONT may be of benefit
in PD-related tremor [185], [186].

3.10 Conclusion and Outlook

BoNTs act as focal muscle relaxants and have several indications in clinical practice,
particularly for the symptomatic improvement of hyperkinetic disorders. Solid evi-
dence has been collected for different forms of dystonia and of spasticity. However,
some indications still need to be supported by controlled trials. Long-term observa-
tions have proven that BONT/A brands are safe when used by experienced doctors;
caution is required when high per kilo doses are injected, particularly in children.
There is much less experience with BONT/B than with BoNT/A brands and this gap
needs to be bridged.

BoNTs are useful as solo treatments (e.g., for some focal dystonia forms) or in
combination with physical treatments or other procedures. Consensus algorithms
need to be developed for different indications and different combination strategies,
in order to facilitate homogeneity of BoNT administration among different centers
and distinct specialties.
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Chapter 4
Clinical Use of Botulinum Neurotoxin:
Autonomic Conditions

Dirk Dressler

Abstract Botulinum neurotoxins inhibit the release from cholinergic nerve termi-
nals of the sympathetic and parasympathetic autonomic nervous systems. This has
clinical utility in treating conditions involving hyperactivity of the autonomic nervous
system, including hyperhidrosis, hypersalivation and conditions of smooth muscle
hyperactivity. These clinical uses of the neurotoxin are reviewed in this chapter.

Keywords Botulinum neurotoxin - Autonomic - Hyperhidrosis - Hypersalivation -
Sympathetic - Parasympathetic - Detrusor

4.1 Anatomy

The autonomic nervous system, also called the visceral or vegetative nervous system,
innervates all inner organs via a dense network of slow conducting nerve fibres.
Its function is the—mostly involuntary—maintenance of the equilibrium of body
functions under changing environmental conditions. In general, the sympathetic part
of the autonomic nervous system adapts the organism to ‘fight or flight’, whereas
the parasympathetic part adapts it to ‘rest and digest’. The particular effects of the
autonomic nervous system upon the effector organs are shown in Table 4.1.

The autonomic nervous system can be divided into a central part and a peripheral
part. Its central part is not well understood. Its main components are the nuclei tractus
solitarii, the formatio reticularis and the hypothalamus from where it connects to
the hypophysis and other parts of the brain. Its peripheral part consists of afferent
fibres called viscerosensory fibres mainly travelling with the sympathetic nerves and
entering the spinal cord via the posterior roots. Their cell body is located within the
spinal ganglions. Efferent fibres originate from the spinal cord and can be divided
into sympathetic and parasympathetic ones. The recent discovery of nitric oxide as
a transmitter suggests expanding this concept to include a third efferent pathway.
The efferent peripheral autonomic pathways, which transmit virtually all efferences
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Table 4.1 Effects of the autonomic nervous system upon its effector organs

Effector organ

Parasympathetic nervous system

Sympathetic nervous system

Eye

Lacrimal glands

Pupil constriction Accommodation
increases
Tear production increases

Pupil dilatation Accommodation de-
creases
Tear production decreases

Salivary glands Saliva production increases Saliva production decreases
Sweat glands Sweat production increases
Arteries/skin Constriction Perfusion decreases
‘Centralisation’ of blood flow
Arteries/intestinal Constriction Perfusion decreases
Blood pressure increases

Arteries/muscular Perfusion increases
Arteries/kidney Perfusion decreases
Heart Heart rate decreases Heart rate increases

Cardiac output decreases Contractility increases

Cardiac output increases
Lung Breathing rate decreases Bronchial — Breathing rate increases Bronchial
constriction dilatation

Stomach Motility increases Motility decreases

Acid production increases
Intestine Motility increases Motility decreases
Liver Glycogenolysis Gluconeogenesis
Bladder Detrusor increases Detrusor decreases

Sphincter decreases Sphincter increases
Genitals Sexual arousal/erection Orgasm/ejaculation

Adrenal gland

Noradrenaline/epinephrine secretion

except the innervation of striatal muscles, originate from the spinal cord and the
brainstem. As shown in Fig. 4.1, the first peripheral autonomic neuron is always
cholinergic.

In the sympathetic nervous system, the first peripheral neuron originates from the
thoracic and lumbar spinal cord (‘thoracolumbar origin’). The second one is located
in the paravertebral truncus sympathicus, consisting of its prevertebral ganglia, the
ganglion cervicalis superior and the ganglion stellatum and the prevertrebral ganglia
consisting of the ganglion coelicaum, the ganglion mesentericum superius and the
ganglion mesentericum inferius. The second peripheral neuron is adrenergic and
reaches the effector organ. Only the innervation of the sweat glands is cholinergic,
thus allowing therapeutic modulation by botulinum toxin (BT). The adrenal medulla
is directly innervated by cholinergic first peripheral neurons.

In the parasympathetic nervous system, the first peripheral neuron originates from
the brainstem (nucleus Edinger—Westphal, nuclei salivatorii, nucleus dorsalis nervi
vagi) or the sacral spinal cord (‘craniosacral origin’). The second peripheral neuron
is also cholinergic. It is located close to the effector organ. For the pupil, it is located
in the ganglion ciliary, for the glandula parotis, in the ganglion oticum and for the
glandulae submandibularis and sublinguales, in the ganglion submandibularis. For
the heart, lung, stomach, liver, pancreas, kidney and intestine, all innervated by the
vagal nerve, and for the rectum, bladder and genitals, the second neuron is located
within these organs.
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Fig. 4.1 Autonomic nervous system: overview. BS brainstem, CSC cervical spinal cord, GC gan-
glion coeliacum, GCL ganglion ciliary, GCS ganglion cervicalis superior, GMI ganglion mesenter-
icum inferius, GMS ganglion mesentericum superius, GO ganglion oticum, GP ganglion paroticum,
GS ganglion stellatum, LSC lumbar spinal cord, NE Nucleus Edinger—Westphal, NS nuclei saliva-
torii, NV nucleus dorsalis nervi vagi, SSC sacral spinal cord, 7SC thoracic spinal cord. (Modified

after: Kahle W, Leonhardt H, Platzer W (1979) Taschenatlas der Anatomie fiir Studium und Praxis.
Band 3: Nervensystem und Sinnesorgane. 3 iiberarbeitete Auflage. Thieme-Verlag, Stuttgart)

4.2 Bladder Dysfunctions (see also Chap. 5)

4.2.1 Anatomy and Physiology of the Lower Urinary Tract

The lower urinary tract consists of the bladder and the urethra. The bladder is emptied
by activation of the muscle fibres of the bladder wall, also called M. detrusor vesicae,
and by relaxation of the bladder sphincters, i.e. the internal sphincter, formed by
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muscle fibres of the bladder wall and supported by the M. puboversicalis, and the
external sphincter, formed by muscle fibres of the pelvic floor and supported by the
M. sphincter urethrae.

The M. detrusor vesicae, the internal sphincter and the M. sphincter urethrae
are controlled by the autonomic nervous system. Its sympathetic part activates the
internal sphincter and the M. sphincter urethrae and inhibits the M. detrusor vesicae
putting the bladder into ‘storage mode’. Its parasympathetic part activates the M.
detrusor vesicae and relaxes the internal sphincter and the M. sphincter urethrae
putting the bladder into ‘micturition mode’. The parasympathetic fibres of the lower
urinary tract originate in the sacral spinal cord, their second peripheral neuron in
ganglia located close to the bladder. The sympathetic fibres originate in the lumbar
spinal cord, their second peripheral neuron in the ganglion mesentericum inferior.
The external sphincter consists of striated muscle fibres and is under direct control
of the frontal lobe micturition centre via the pyramidal tract and the nucleus Onuf
in the sacral spinal cord. The central control of the autonomic innervation of the
lower urinary tract is performed by the pontine micturition centre coordinating the
sympathetic and parasympathetic efferences.

4.2.2 Detrusor Sphincter Dyssynergia

Detrusor sphincter dyssynergia (DSD) is defined as an incoordinated action of the
detrusor and the sphincter muscles of the bladder. It is caused by central nervous
system dysfunction and leads to residual urine after micturition causing urinary tract
infection, renal damage and urosepsis.

Therapeutic interventions attempt to release the residual urine by catherisation
(intermittent or permanent) or reduction of the sphincter tonus by medication or
surgery. Problems of these therapies include infections, inadequate efficacy and
incontinence. BT therapy for DSD was introduced as early as 1988 by Den-
nis Dykstra and collaborators [67]. Subsequently, numerous studies [66], [219],
[26], [80], [55], [81] confirm robust effects on urethral pressure, post-micturition
residual urine volume and bladder pressure for approximately 60—90 days. BT is
applied as 100-250 mouse units (MU) Botox® or 150 MU Dysport®. Studies us-
ing Neurobloc®/MyoBloc® or Xeomin® have not been published yet. BT injections
are performed either transurethrally using cystoscopy or transperineally using elec-
tromyography. Other methods for approaching the target muscles include ultrasound
[45], magnetic resonance imaging [220] and fluoroscopic techniques [242].

4.2.3 Idiopathic Detrusor Overactivity

Idiopathic detrusor overactivity, also called overactive bladder or urge syndrome, is
defined as an urgency to micturate in the absence of pathological processes. Addi-
tional symptoms may include incontinence, pollakisuria and nocturia. Prevalence
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of idiopathic detrusor overactivity is considerably high and constantly increasing
with age. Conventional therapy is based upon anticholinergic drugs. Although effec-
tive, this treatment option frequently produces cumbersome systemic anticholinergic
adverse effects, especially in the elderly.

BT injections into the detrusor muscle produce robust therapeutic effects on uri-
nary frequency, urgency, incontinence, quality of life and urodynamic parameters
lasting for 3-9 months [144], [91], [206], [39], [138], [112], [204], [203], [133],
[186]. Two studies are randomised controlled studies [82], [205]. Most studies used
Botox®. Use of Dysport® or Myobloc/Neurobloc® was rare. BT doses range from
50 to 300 MU Botox® with most studies applying 200 MU. Dysport® is used in
doses of 500 MU. BT is spread over about 30 injection sites. Dilutions are usually
100 MU Botox®/10.0 ml of normal saline. NeuroBloc/MyoBloc®, although used
in comparable doses, seems to produce shorter therapeutic effects than BT type A
products [106]. When flexible cystoscopy is used for BT application, intravesical lo-
cal anaesthesia is sufficient. Rigid cystoscopy requires general anaesthesia. Dosing
seems critical so that urinary retention requiring clean intermittent catherisation is
frequent. Urinary tract infection caused by the procedure is another frequent adverse
effect, whereas haematuria is rare [137].

4.2.4 Neurogenic Detrusor Overactivity

Neurogenic detrusor overactivity describes the urgency to micturate usually caused
by spinal cord lesions, less frequently by supraspinal lesions. Conventional treatment
options are identical to idiopathic detrusor overactivity.

BT therapy is widely published and produces robust therapeutic effects on incon-
tinence, maximum cystomeric capacity, maximum detrusor pressure and quality of
life [221], [123], [192], [133], [14], [93], [229], [101], [125], [183], [136], [222],
[200], [120], [216], [121], [84]. Two studies are randomised control studies [222],
[68]. Target muscle is the detrusor vesicae muscle. The procedure is the same as in
idiopathic detrusor overactivity. BT doses vary between 100 and 400 MU Botox®
and 500 and 1,000 MU Dysport®. The duration of benefit ranges from 3 to 12 months.
Treatment results and adverse effects seem to be similar to those seen in idiopathic
detrusor overactivity, only that higher BT doses seem to be necessary [101]. Neuro-
genic as well as idiopathic bladder overactivity can also be treated in children with
Botox® doses of 10-12 MU/kg body weight (up to 360 MU; [119], [107], [216],
[195], [215], [214]) or Dysport® doses of 20 MU/kg body weight (up to 400 MU;
(3D.
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4.2.5 Urinary Retention

Urinary retention may occur in patients with paretic M. detrusor vesicae or overactive
urethral sphincters. Causes include cauda equina lesions and peripheral polyneuropa-
thy. BT injections into the external sphincter can improve voiding [182], [132], but
also may fail [76].

4.2.6 Bladder Pain Syndrome

Bladder pain syndrome or interstitial cystitis has been treated with BT, with ther-
apeutic effects on pain, daytime micturition, night-time micturition and maximal
cystometric capacity [228], [134], [85], [147], [86]. The mechanism of action
remains unclear.

4.3 Pelvic Floor Disorders

4.3.1 Pelvic Floor Spasms

Pelvic floor spasms include a number of heterogeneous pain conditions of unknown
aetiology which are otherwise difficult to treat. They may respond to some degree to
BT. Trials have been reported on vaginism [36], vestibulodynia or coital pain [38],
vulvodynia or dyspareunia [96], chronic perineal pain, dysmenorrhoea, dyspareunia,
dyschezia, nonmenstrual pelvic pain [1], [111], [240], outlet obstruction constipation
[153] and anismus [102], [117], [199]. One study followed a randomised controlled
design [1]. Target muscles include the levator ani, obturatorius internus, puborectalis
and pubococcygeus muscles. Typical doses per target muscle were in the order of
20—40 MU Botox®.

4.3.2 Anal Fissures

Anal fissures describe painful rhagades of the perianal tissue originally caused by
excessive stretching of the anal mucosa and then maintained by inflammation pain-
induced increase of the anal tone. Reduction of the anal tone, therefore, offers a
therapeutic option. Conventionally, this can be achieved by topical application of
isosorbide dinitrate, glyceryl trinitrate, calcium channel blockers or by lateral sphinc-
terectomy. Medical treatment has success rates in the order of 60-80 %. Whilst
nitrates frequently produce headaches, calcium channel blockers are better toler-
ated. Lateral sphincterectomy produces even better therapeutic outcomes and has a
low recurrence rate, but bears the risk of permanent incontinence.
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An injection of 20-40 MU Botox® or 50—100 MU Dysport® into the M. sphincter
ani externus or M. sphincter ani internus can be a therapeutic alternative with suc-
cess rates between medical and surgical treatment [241], [94], [118], [74]. Often,
singular injections may allow the anal rhagades to heal. Subsequent injections may
be applied if necessary. Anal fissures may reoccur. Recurrence rates are higher after
BT therapy than after lateral sphincterectomy. BT therapy can be accompanied by
mild and transient incontinence. BT costs compared to topical medical treatment are
a substantial disadvantage. Pros and cons of the available treatment options suggest
a stepwise approach starting with calcium antagonists, escalating to BT therapy and
eventually initiating surgery [253].

4.4 Prostate Disorders

4.4.1 Benign Prostate Hyperplasia

Benign prostate hyperplasia (BPH), less exactly also called benign prostate hypertro-
phy, describes proliferation of prostate connective tissue (stromal cells) and epithelial
cells in the periurethral prostate (static component) as well as increased prostatic
smooth muscle tone (dynamic component). BPH affects a large percentage of the
ageing male population and leads to urethral obstruction with urinary retention, pol-
lakisuria, dysuria, urolithiasis and increased risk of urinary tract infection [187].
BPH is believed to be associated with increased local testosterone levels. Conven-
tional therapy includes alpha receptor blockers and anticholinergics for relaxation
of intraprostatic smooth muscles as well as 5-alpha-reductase inhibitors to reduce
testosterone production. Whilst medication is only partially effective and may pro-
duce adverse effects, removal or destruction of periurethral prostate tissue using
various minimally invasive or surgical techniques is usually effective, but bears risks
of incontinence and retrograde ejaculation.

BT can relax intraprostatic smooth muscles as well as reduce glandular secre-
tion. Animal experiments also suggest induction of glandular apoptosis [56], [48].
Additionally, BT may improve urinary retention by reducing urethral sphincter tone.

BT, transurethrally usually given in doses of 100-200 MU Botox®, can signif-
icantly improve flow rate, prostate size and quality of life in BPH patients [154],
[135], [46], [47], [48], [226].

4.5 Gastrointestinal Disorders

4.5.1 Gastroparesis

Gastroparesis describes a delayed gastric emptying of non-obstructive origin lead-
ing to postprandial nausea, bloating and early satiety. It is caused by dysfunction
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of the local autonomic nervous system and may be induced by diabetes mellitus,
scleroderma and surgical procedures [258]. In about 30 % of cases, the underlying
process is idiopathic [126]. Antiemetics including metoclopramide and domperidone
as well as erythromycin may be helpful, but may also be accompanied by adverse
effects. Invasive procedures include insertion of jejunostomic feeding tubes, partial
gastrectomy and implantation of gastric stimulators.

An injection of 100-200 MU Botox® into the pyloric sphincter can improve
cardinal complaints [73], [140], [158], [98], [110], [254], [141], [37], [27], [239],
[64], [11], [124], [190], [88]. Two studies followed a randomised controlled design
[12], [78].

4.5.2 Sphincter Oddi Spasms

Sphincter Oddi spasms are diagnosed when the sphincteric pressure rises to more than
40 mmHg [251]. They can produce pancreatitis and liver dysfunction. Endoscopic
sphincterotomy [251] is the treatment of choice, but bears the risk of perforation and
enterocholedochal reflux.

After an initial study performed as early as 1994 [176], several studies showed
that 100 MU Botox® can improve the sequelae of sphincter Oddi spasms [249],
[251]. Since BT therapy has to be repeated over a prolonged period of time, the use
of BT injections as a diagnostic tool to prove the indication of sphincterotomy was
suggested [77].

4.6 Oesophageal Disorders

4.6.1 Achalasia

Achalasia describes aperistalsis and reduced relaxation of the lower oesophageal
sphincter (LES). Clinically, it manifests with progressive dysphagia to solids and
liquids, retention of food and saliva, regurgitation, thoracic pain and weight loss. Its
cause is unknown. Inflammation of the myenteric plexus with ganglial cell loss and
fibrosis indicates sympathetic degeneration [90].

There is no causal treatment. Symptomatic treatment targets reduction of LES
pressure and includes the laparoscopic Heller myotomy and endoscopic pneumatic
dilatations. They are successful in approximately 80 % of the cases [197]. Newer
approaches include endoscopic myotomy and self-expanding metal stents. The most
reliable treatment for achalasia is myotomy followed by dilatation. Both treatments
are well tolerated [99]. Pharmacotherapy, including calcium channel blocking agents,
isosorbide dinitrate, nitroglycerine, anticholinergics and beta-adrenergic agonists,
does not produce satisfactory results [7].

BT was introduced as a treatment for achalasia by Pasricha and his group in
1994 [177]. An injection of 50-200 MU Botox® (usually 80—100 MU) into all four
LES quadrants can improve achalasia for 3-9 months [177], [178], [198], [8], [75],
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[179], [52], [92], [9], [129], [162], [185], [245], [250], [10], [5], [58], [83], [171],
[235], [155], [257], [20]. Adverse effects are mild and transient and include thoracic
pain and reflux. Two studies have been performed using 240-250 MU Dysport®
for the treatment of achalsia [5], [156]. Results are similar to those using Botox®.
BT seems to be reserved for patients who cannot undergo conventional therapies,
including elderly patients, patients with comorbidity and patients with oesophageal
perforation or epiphrenic diverticula [143]. BT therapy may, however, be combined

with conventional therapies for achalasia [259], [15].

4.6.2 Cricopharyngeal Achalasia

In cricopharyngeal achalasia, the upper oesophageal sphincter (UES) is affected,
either primary or secondary to various neurological conditions, including stroke and
Parkinson’s disease, to laryngectomy or to local tumours. UES achalasia can also
be treated with myotomy and dilatation. Overall success rates are similar to LES
achalasia [95].

UES achalsia can be treated successfully with 10-100 MU Botox® [65], [51],
[13], [31], [35], [4], [2], [224], [100], [175], [159], [18] or with 30-120 MU
Dysport® [211], [193], [194] applied to the cricopharyngeal muscle. The success
rate is similar to myectomy or dilatation and tends to be reduced when complex
pharyngo-oesophageal movement disorders are present [95].

4.6.3 Unspecific Oesophageal Spasms

BT injections into the LES have also been used successfully to treat rare forms of
unspecific oesophageal spasms [157], [234].

4.7 Hyperhidrosis

4.7.1 Axillary Hyperhidrosis

Hyperhidrosis describes excessive sweating in the axillary region. It is almost entirely
idiopathic, often with positive family history, juvenile onset and female preponder-
ance at least in specialised hyperhidrosis clinics. Hyperhidrosis of the palms and
soles may be associated. Additional involvement of other typical areas of sweating
including the chest, the back or the head is rare. Axillary hyperhidrosis is, with 90 %
of cases, by far the most common form of hyperhidrosis. Sweating is physiological
and can be separated into thermoregular sweating, predominantly activating eccrine
sweat glands, and emotional sweating, predominantly activating apocrine sweat
glands. It is difficult to separate hyperhidrosis from normal sweating by abstract
or quantitative definition. In clinical practice, however, sweating in hyperhidrotic
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patients is usually so strong that reference to quantitative definitions is unnecessary.
The frequency of hyperhidrosis is reported to be 2.8 % in the general US population
[236]. Hyperhidrosis is medically benign, but may be socially devastating.

Conventional therapies include topical antiperspirants such as aluminium chlo-
ride, iontophoresis, anticholinergic drugs and surgery such as retrodermal axillary
curettage and endoscopic thoracic sympathectomy (ETS) for palmar and axillary hy-
perhidrosis. Benzodiazepines, clonidine and non-steroidal anti-inflammatory drugs
may have supportive antihydrotic effects. Topical antiperspirants and iontophore-
sis have short-term effectivity only, and skin irritation may occur. Anticholinergics
are usually mildly effective only and frequently produce severe systemic adverse
effects. ETS requires a major operation associated with intraoperative risks of bleed-
ing, pneumothorax and haematothorax and post-operative risks of chest pain and
compensatory hyperhidrosis elsewhere in the body.

Axillary hyperhidrosis can be effectively treated with multiple intradermal or
subdermal injections of BT typically placed about 2 cm apart from each other in the
hyperhidrotic skin area. For this, total doses per axilla of 50-100 MU Botox® [40],
[166], [104], [167], [149], [150], [61], 100200 MU Dysport® [212], [213], [207],
[105], [160], 2,000-5,000 MU MyoBloc®/Neurobloc® [59], [170] or 100 MU
Xeomin® [61] may be used. In almost all patients, hyperhidrosis can be abolished.
Adverse effects are virtually nil, except for Neurobloc®/MyoBloc® which may
produce autonomic adverse effects [59], [60]. Skin lesions due to dryness of skin do
not occur. Injection site pain is unpleasant, but tolerable without further treatment.
Due to its disadvantageous pH value, Neurobloc®/MyoBloc® produces increased
injection site pain [59]. The duration of the therapeutic effect is often reported to
be longer than the 12 weeks typically seen in motor indications. Not surprisingly,
a recent formalised assessment of the American Academy of Neurology confirmed
that BT therapy is a safe and effective therapy of axillary hyperhidrosis [168].

Future research needs to address the prolonged duration of action of BT for
treatment of hyperhidrosis. It should also systematically study dose and dilution
optimization for all available products.

4.7.2 Palmar Hyperhidrosis

BT may be successfully used for treatment of palmar hyperhidrosis. For this, 30—
160 MU Botox® per palm may be used [169], [163], [243], [201], [181], [231],
[225], [148], [227], [256]. Usually, BT doses applied per palm were 50 or 100 MU
Botox®, 120-280 MU Dysport® [213], [227], 100 MU Xeomin® [61] or 4,000—
5,000 MU Neurobloc®/MyoBloc® [23], [21], [60]. With this, palmar hyperhidrosis
can be reduced substantially. Sometimes, for anatomical reasons, hyperhidrotic areas
remain.

The major problem of BT treatment of palmar hyperhidrosis is injection pain in
the sensitive fingertips. Several approaches have been suggested to reduce this pain,
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including cryoanalgesia [230], [22], [196], [145], ulnar and median nerve blocks
[41], topical analgesics [30, 180], intravenous regional anaesthesia [33] and ion-
tophoretic BT application [53]. Our experience indicates that ischaemic blockade
induced by a proximal arm cuff produces sufficient anaesthesia together with pre-
vention of haemorrhagic BT wash-out. Speedy BT application of less than 45 s per
palm also helps improve compliance. Occasionally, mild transient hand paresis may
occur. Compensatory sweating elsewhere in the body does not occur.

4.7.3 Plantar Hyperhidrosis

Plantar hyperhidrosis can be safely and effectively treated with 50-100 MU Botox®
per planta [165], [244], [223], [42]. Injection pain is a major unsolved problem.

4.7.4 Diffuse Sweating

Diffuse sweating affects the head, the chest and the back. It may also affect, to
a lesser degree, the axillae, the palms and the feet. Often, it is symptomatic,
caused by infections (viral, bacterial, especially tuberculosis and malaria), endocrine
dysfunction (hyperthyroidism, hyperpituitarism, diabetes mellitus, menopause and
pregnancy, phaeochromocytoma, carcinoid syndrome, acromegaly), neurological
disorders (parkinsonism), malignancies (myeloproliferative syndromes, Hodgkin’s
disease), collagenosis, drugs (antidepressants, Acyclovir, Ciprofloxacin, etc.), intox-
ication and withdrawal (alcohol, heroin, cocaine and other substances). Treatment
is predominantly causal, if possible. Symptomatic conventional therapy is simi-
lar to axillary hyperhidrosis, only more problematic due to its more widespread
distribution.

Frontal hyperhidrosis can be treated with 20-90 MU Botox® [127], [208] and
cranial hyperhidrosis with around 300 MU Xeomin® [61]. Caution has to be applied
to prevent paretic effects upon mimic muscles. Other hyperhidrotic skin areas can
also be treated with BT in the same way [[24], Dressler unpublished observations].

4.7.5 Frey’s Syndrome

Frey’s syndrome, also named gustatory sweating or auriculotemporal syndrome,
describes sweating, flushing and erythema of the temporal skin in patients who
underwent parotidectomy. After parotidectomy, the parasympathetic nerve fibres
originally innervating the parotid gland may aberrantly sprout into the sweat glands
and vessels of the temporal skin. Eating, physiologically activating the parotid gland,
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then induces sweating and flushing. Depending on the detection method, Frey’s syn-
drome may affect almost all patients with parotidectomy. It is, by far, the most
common sequelae of parotidectomy. Although medically benign, it may profoundly
affect the patient’s social interactions. Conventional treatment includes various sur-
gical interventions, radiation, anticholinergics and topical antiperspirants. It is either
of limited efficacy or accompanied by problematic adverse effects.

BT injected into the affected skin produces a safe and reliable relief. Depending
upon the affected skin area, 2.5-150 MU Botox® [218], [54], [29], [164], [142],
[25], [139], [247], [63], around 2,500 MU Myobloc®/NeurBloc® [43] and 60—80
MU Dysport® [218] may be applied.

4.8 Hypersalivation

Hypersalivation describes the presence of excessive saliva in the mouth which may
cause the patient to drool and result in severe embarrassment. Almost always, hyper-
salivation is caused by impaired swallowing of saliva as in parkinsonian syndromes,
in motor neuron disease (amyotrophic lateral sclerosis) and cerebral palsy. Rarely,
it may be caused by a genuine hyperproduction of saliva as sometimes seen with
the administration of neuroleptic drugs. Conventional therapy includes muscarinic
anticholinergic drugs, such as atropine, scopolamine, tricyclic antidepressants for
reduction of watery secretion, beta receptor blocking agent for reduction of mucous
secretion, radiotherapy or resection of the parotid and submandibular glands, lig-
ation of their glandular ducts, neurectomy of the tympanic nerve, mucolytics and
behavioural therapy.

BT therapy of hypersalivation targets the paired parotid glands, producing ap-
proximately 30 % of the saliva, and the paired submandibular glands, producing
approximately 70 % of the saliva. The paired sublingual glands are difficult to target.
With a production of less than 5 % of the saliva, they are not used for BT therapy.
BT injections into the parotid gland are easy to place when anatomical landmarks
are used. BT placement into the sublingual glands is also easy to perform, although
ultrasound guidance has been suggested [114]. The minor salivary glands are spread
over the oral cavity and cannot be targeted with BT.

4.8.1 Hypersalivation in Cerebral Palsy

BT has been applied successfully for drooling in children with cerebral palsy, usually
under general anaesthesia. Several studies have shown the efficacy of Botox® [113],
[71], [237], [115], [116], [209], [16], [191], [252], [6], [173], [210], [232], [255]
and Myobloc®/Neur0Bloc® [252], [189], [19]. Recommended BT doses depend on
the child’s body weight. For Botox®, they are 10-50 MU (parotid gland) and 10—
50 MU (submandibular gland), for Dysport®, 15-75 MU (parotid gland) and 15-75
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MU (submandibular gland) and for Myobloc®/NeuroBloc®, 400—1,000 MU (parotid
gland) and 250-1,000 MU (submandibular gland; [188]). Botox® doses of 5-10 MU
per parotid seem ineffective [34], [103]. Adverse effects are rare and may consist
of dysphagia, weakness of jaw closure, increased saliva viscosity, excessive dryness
of mouth and parotitis. Adjunct therapies may include speech therapy, occupational
therapy, physiotherapy and behavioural therapy.

4.8.2 Hypersalivation in Parkinsonian Syndromes

BT therapy can be used successfully to reduce hypersalivation in patients with parkin-
sonian syndromes. For this, a total dose of 10-80 MU Botox® (usually 50-80 MU) is
injected into both parotid glands [174], [79], [44], [57]. If additional submandibular
injections are performed, the total doses are between 50 and 100 MU with 2/3 of
the total dose injected into the parotid gland and 1/3 into the submandibular gland
[72], [184]. When Dysport® is used, the total doses injected into both parotid glands
are 20-300 MU [28], [89], [146]. When the submandibular glands are to be injected
additionally, the total dose is 450 MU [151].

4.8.3 Hypersalivation in Motor Neuron Disease (Amyothrophic
Lateral Sclerosis)

BT can be successfully used to treat hypersalivation in motor neuron disease, al-
though disorders of the motor neuron are usually considered contraindications. BT
is placed into both parotid glands, sometimes additionally in both submandibular
glands. Adverse effects are mild and transient and similar to those seen in patients with
parkinsonian syndromes. They included mild chewing difficulties, mild dysphagia
and viscous saliva.

For this, Botox® is used in total doses of 12-140 MU with the majority placed
in the parotid gland [87], [184], [152], [246]. Usual doses are around 30-40
MU for each parotid gland and around 10 MU for each submandibular gland.
Myobloc®/NeuroBloc® is used in total doses of 2,500 MU with 1,000 MU applied
to both parotid glands and 2,500 MU to both submandibular glands [109], [49], [50].
Dysport® is used in total doses of 40-150 MU injected into both parotid glands [146].

4.8.4 Hypersalivation Due to Administration of Neuroleptic Drugs

For treatment of hypersalivation induced by the atypical neuroleptic drug clozapine,
Myobloc®/NeuroBloc® is injected successfully in both parotid glands in total doses
of 2,000 MU and into both submandibular glands in total doses of 500 MU [233].
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Fig. 4.2 Neurotransmitters in somatic nervous system
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4.8.5 Hypersalivation in Various Ear—-Nose—Throat Conditions

Occasionally, BT may be used to treat hypersalivation caused by carcinomas of the
larynx, pharynx, parotid glands and connective tissues of the neck [69], [70], [202].

4.9 Hyperlacrimation

4.9.1 Crocodile Tears Syndrome

Crocodile tears syndrome describes the uncontrolled flow of tears during eating in
patients with facial nerve impairment. It is caused by aberrant sprouting of autonomic
facial nerve fibres originally innervating salivary glands. The condition is rare and
medically benign. Usually, it is caused by Bell’s palsy or traumatic facial palsy;
rarely, it maybe congenital. It is named after the observation that crocodiles produce
tears when chewing compresses their tear glands [248].

Crocodile tears syndrome can be effectively treated with BT injections directly
into the lacrimal gland. For this, 2.5 MU Botox® [108], [17], [128], [248] or 20 MU
Dysport® [32], [122], [161] has been used. Occasional ptosis seems to be the only
adverse effect. Lacrimal gland injections may also be used for hyperlacrimation after
submandibular gland autografts and entropion.
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4.10 Other Conditions

4.10.1 Reynaud Phenomenon

BT has been used with controversial results in patients with Raynaud phenomenon
[238], [130], [172].
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Chapter 5
Clinical Use of Botulinum Neurotoxin:

Urogenital Disorders Including Overactive
Bladder

Alex Gomelsky and Roger R. Dmochowski

Abstract Botulinum neurotoxin A (BoNT-A) has emerged as an alternative treat-
ment for many disorders of the lower urologic tract. This toxin inhibits acetylcholine
(ACh) release at the presynaptic cholinergic neuromuscular junction and induces a
flaccid paralysis. This impact on the bladder has made BoNT-A an attractive thera-
peutic option for detrusor overactivity (DO) due to neurogenic and idiopathic reasons
that are refractory to traditional treatment with muscarinic receptor antagonists. Like-
wise, the injection of BoONT-A into the prostate and the external urethral sphincter
has been used for the treatment of benign prostatic hypertrophy (BPH) and detrusor
external sphincter dyssynergia, respectively. The injection of BONT-A may also have
an antinociceptive effect as therapeutic benefit has also been shown in painful blad-
der conditions such as interstitial cystitis (IC). Outcomes in the pediatric population
are encouraging, and serious adverse events after BON'T-A injection are infrequent.

Keywords Botulinum neurotoxin - Detrusor - Prostate - Bladder - Urothelium -
Urologic - Cystitis

5.1 Introduction

Botulinum neurotoxin (BoNT) is produced by the gram-positive, rod-shaped anaer-
obic bacterium Clostridium botulinum. This bacterium was initially isolated by van
Ermengem in 1897, and BoNT is considered by most researchers to be the most
potent biological toxin known to man [1], [2]. The toxin acts by inhibiting acetyl-
choline (ACh) release at the presynaptic cholinergic neuromuscular junction [3],
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and, in sufficient quantities, ingestion of BoNT may cause a variety of symptoms,
from food poisoning (botulism) to paralysis and ultimately death [4]. BoNT has
traditionally been used for the treatment of neural and muscle-related conditions,
such as strabismus, focal dystonias, limb spasticity, and dysphagia ([5], Chapter 3
of this volume). In the past two decades, this therapeutic modality has also garnered
significant attention in the urologic community owing to its effects on lower urinary
tract end organs such as the bladder and prostate. The objectives of this chapter are
to elaborate on the pathophysiology of BoNT in the urinary tract and to evaluate the
impact and complications of this therapy on various urologic conditions.

5.2 Structure and Mechanism of Action

Seven immunologically distinct BoNT serotypes are produced by C. botulinum: A,
B, C1, D, E, F, and G; however, only types A and B are used clinically. Type A, the
more potent and the longer lasting, is the most commonly used serotype in urologic
applications. BoNTs are commonly used clinically as a purified protein complex
(see Chap. 4 of the companion volume to this book, KA Foster (ed) Molecular
Aspects of Botulinum Neurotoxin, Springer, New York) that range in size from 300
to 900 kDa and include a commonly shared 150-kDa exotoxin that is responsible
for the pharmacological activity and protective non-toxin non-hemagglutinin and
hemagglutinin accessory proteins [6]. In the lower urinary tract, the end-organ effects
of BoNTs are mediated at the parasympathetic presynaptic nerve terminal [3]. The
toxin is produced within the bacterial cytosol, and proteolytic cleavage of the 150-
kDa polypeptide results in a 100-kDa heavy chain and a 50-kDa light chain that
remain linked by a non-covalent protein interaction and a disulfide bond [7]-[9].
The heavy chain is considered to be responsible for the toxin binding to its serotype-
specific acceptors on the target cell, while the light chain actively cleaves a specific
site on a protein complex responsible for docking and release of vesicles containing
neurotransmitters from the neuron [10], [11].

To understand the mechanism of BoNT action, it is first important to review the
normal release of ACh from the nerve terminal [3]. While this process is complex,
there are several key steps. In the unactivated state, the presynaptic terminals of
the parasympathetic nerves display syntaxin and synaptosomal-associated mem-
brane protein (SNAP; 25 kDa) on the inner surface of their plasma membrane,
while synaptic vesicles (SVs) containing ACh are located in the cytosol. Neurotrans-
mitter release involves the adenosine-5'-triphosphate (ATP)-dependent transport of
neurotransmitter-containing vesicles to the plasma membrane and release of the
neurotransmitter. Following nerve activation, membrane depolarization, and intra-
cellular calcium influx, synaptobrevin that is located on the SVs forms a soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex
of proteins with the SNAP-25 and syntaxin on the presynaptic membrane. Fusion
of the vesicular membrane with the presynaptic cell membrane results in release of
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AChinto the synaptic cleft, a process called exocytosis. Subsequently, post-junctional
muscarinic receptors are activated and detrusor contraction occurs.

Four steps are required for BoNT-induced paralysis [3]. First, the neurotoxin
diffuses to the cholinergic nerve terminals, where the heavy chain binds to a SV
nerve terminal receptor (SV2 or synaptotagmin). Second, the toxin is internalized
within the nerve terminal via receptor-mediated endocytosis. Next, the light chain
moiety translocates from the endocytotic vesicle through the vesicle membrane via
a protein channel formed by the amino-terminal half of the heavy chain, and the
disulfide bond is reduced allowing the light chain to enter into the cytosol. Finally,
inhibition of ACh release is achieved when the light chain moiety cleaves specific
SNARE proteins, thus exerting its clinical effects. Particular SNARE proteins are
targeted by specific clostridial neurotoxins. For example, BoNTs A and E specifically
target SNAP-25 [12]. BoNT-C1 cleaves both SNAP-25 and syntaxin, while BoNTs
B, D, F, and G cleave vesicle-associated membrane protein (VAMP)/synaptobrevin
[13], [14]. Whichever SNARE protein is cleaved, the result is the same: Vesicle
fusion with the presynaptic plasma membrane is blocked.

5.3 Pathophysiology of BONT

BoNT exerts its effects by inhibiting ACh release at the neuromuscular junction and
direct inhibition of ATP release from presynaptic nerve terminals. The end result is
induction of a flaccid paralysis from reversible chemodenervation [11], [15]. Since
nerve terminals affected by BoNT do not regenerate, their function typically re-
covers due to axonal sprouting and formation of novel synaptic connections [16].
Subsequently, clinical response wanes with time and there may be a need for repeated
injections of BoONT. As new axons contain all of the components necessary for exocy-
tosis, these axons have the capability to form functional sprouts [17], [18]. However,
there is a well-recognized second phase where the sprouts eventually degenerate and
synaptic activity resumes at the original nerve terminals [15]. Degeneration in blad-
der cholinergic nerves remains incompletely understood, as an ultrastructural study
of human bladder specimens before and after BONT-A injection was unable to detect
either signs of nerve fiber degeneration or signs of nerve fiber sprouting [19]. The
time to recover neuromuscular function after induction of paralysis varies signifi-
cantly from 2—4 months to over a year [17], [20]. There is also emerging evidence
that BONT-A injection may affect sensory transmission and modulate the expression
of several urothelial growth factors and peptides. BONT-A reduces the release of glu-
tamate and substance P from sensory neurons and also appears to reduce the release
of neuropeptides such as calcitonin gene-related peptide (CGRP) from the peripheral
terminals of afferent bladder neurons [21], [22]. BoNT-A injection is also associated
with a decrease of sensory fibers immunoreactive to P2X3 and TRPV1 [23]. These
findings suggest that BONT-A may address bladder sensory disorders along several
locations in the cascade [24].
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5.4 Clinical Applications

Commercial preparations of BoNT have different doses, efficacy, and safety profiles
and should not be considered interchangeable. In the USA, commercially avail-
able botulinum toxins include Botox® (type A; Allergan, Inc., Irvine, CA, USA;
Food and Drug Administration (FDA)-recommended name: OnabotulinumtoxinA),
Dysport® (type A; Ipsen Biopharm Ltd., Wrexham, UK; AbobotulinumtoxinA), and
Myobloc® (type B; Elan Pharmaceuticals, Inc., San Francisco, CA, USA; Rimabo-
tulinumtoxinB). An additional type A formulation is available in Europe (Xeomin®;
Merz Pharma GmbH, Frankfurt am Main, Germany). Doses of BoNT are represented
by mouse units (U), with one unit of toxin representing the amount necessary to kill
50 % of a group of female mice. The extrapolated lethal dose of BoNT in humans
would range from 2000 to 3000 units, and since the typical injection doses range
from 200 to 300 units, systemic weakness or paralysis is unlikely even if BoNT is
injected directly into the bloodstream [3]. For the remainder of the chapter, further
discussion of BoNT-A will refer to the Botox®/OnabotulinumtoxinA formulation.

5.5 Injection Technique

In the urologic tract, BONT-A is most commonly administered via injection into the
detrusor, external sphincter, or prostate, and, more recently, via instillation into the
bladder. The amount of toxin, dilution volume, location and number of injections
are only some of the factors to be taken into consideration when planning intradetru-
sor injection. Additionally, these variables may change based on the indication for
injection.

The injection procedure has recently evolved into a minimally invasive option with
minimal anesthetic requirements and the ability to perform the procedure effectively
in the office setting. Antibiotic prophylaxis should be used with intradetrusor BONT-A
injections, as the rate of symptomatic urinary tract infection (UTI) after BONT-A
injection may exceed 7 % [25]. The urinary colonization rate is 31 and 26 % at
6 days and 6 weeks after injection, respectively, with Escherichia coli being the
most common bacterial pathogen isolated (62.5 % of the time). Prior to injection,
anesthesia is delivered via instillation of 50 mL of 1 % lidocaine solution through a
urethral catheter and left to dwell in the bladder for 15-30 min. Schurch et al. have
also suggested that electromotive drug administration (EMDA) may enhance pain
control as compared to intravesical lidocaine alone [26].

Delivery of BoONT-A may be achieved with a rigid or flexible cystoscope and a
25-gauge flexible Williams needle. Others have employed a collagen injection needle
(Bard Medical, Covington, GA, USA). Most studies have reported injection doses
of 100-300 U of BoNT-A, with 100 U being a typical starting dose for idiopathic
detrusor overactivity (IDO) and higher doses for those patients with insufficient re-
sponse to an initial injection or those with neurogenic detrusor overactivity (NDO).
The 100-300 U of BoNT-A are diluted in normal saline at a concentration of 10 U
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per mL. The solution is injected into the detrusor in 0.5-1.0 mL doses at 10-30
sites in a grid-like pattern or in thirds, on the right, middle, and left portions of
the posterior and lateral walls of the bladder. The injection depth is typically sub-
mucosal or superficially intramuscular, and the objective is to raise a submucosal
bleb without blanching the urothelium. The solution can be combined with 0.1 mL
of indigo carmine to allow a more precise mapping of the injection pattern. The
decision on whether to inject or spare the trigone has been widely debated, owing
to the concern of acute urinary retention (AUR) and vesicoureteral reflux (VUR)
after trigonal injection. Certainly, for patients with NDO already performing clean
intermittent catheterization (CIC), this has not been of significant concern. However,
there remains a risk of AUR after trigonal injection in patients with IDO, and most
studies have reported outcomes in this patient population after trigone-sparing BoNT
injections.

The technique varies slightly for injection of the external urethral sphincter, with
200 U of BoNT-A diluted in 4 mL of normal saline. In men, 1 mL injections are
performed in the external sphincter with a Williams needle at the 3, 6, 9, and
12 o’clock positions, while in women, periurethral injection is performed using a
22-gauge spinal needle at the 3, 6, 9, and 12 o’clock positions. The suggested depth
of injection is 2 cm and approximately 10 mm parallel to the urethra.

Prostate injections may be performed via the transperineal, transurethral, and
transrectal approaches, with 100-300 U of BoNT-A delivered in volumes between 4
and 20 mL [27]. The amount of BONT-A delivered varies with prostate size. Patients
with a prostate size of less than 30 mL typically receive 100 U and men with larger
prostates receive 200 U [27]. Men with prostate volumes exceeding 60 mL may
require more than 200 U. Transrectal ultrasound (TRUS) guidance has been used to
direct a 21-gauge, 20-cm Chiba needle through the perineum while the man is in
the lithotomy position. The needle is inserted 1 cm to the left and 1 cm to the right
of the median raphe, and 1-3 cm above the anal sphincter [27]-[29]. The transverse
view has been used to ensure proper needle placement as a bright spot in the center
of the transition zone. The scanning plane is changed to longitudinal and the needle
is further advanced until it is 0.5-1.0 cm from the bladder neck. BoNT-A is then
injected at the cranial, middle, and caudal aspects of the lateral lobe with diffusion
over the lateral prostate lobe confirmed by TRUS monitoring [27].

5.6 Clinical Outcomes of BoNT-A Injection
for Urologic Conditions

As with many other disease processes, studies reporting outcomes are often difficult
to compare. Outcomes after BONT-A administration may be reported as objective
measures culled from a voiding diary or urodynamic assessment or subjective mea-
sures, obtained from responses to validated quality of life (QOL) questionnaires and
indices. The most common measures are summarized in Table 5.1.
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Table 5.1 Outcome measures commonly reported in BONT-A studies

Measure Abbreviation Units

Voiding diary characteristics

Incontinence episodes 1IE #/day
Urinary frequency UF #/day
Total voids TV #/day
Nocturnal voids NV #/day
Urinary urgency uu #/day
Urgency urinary incontinence UUI #/day
Bladder capacity BC mL
Quality of life (QOL) indices

Quality of life score QOL

Urogenital distress inventory UDI-6

Incontinence impact questionnaire 11Q-7

Patient global impression of improvement PGI-I

King’s Health questionnaire KHQ

International prostate symptom score IPSS

International quality of life questionnaire I-QOL

Urodynamic indices

Maximum cystometric capacity MCC mL
Maximal urinary flow rate Qumax mL/sec
Volume at first void Viv mL
Volume at urgency Vu mL
Volume at leakage A% mL
Maximal detrusor pressure Petmax cm H,O
Detrusor pressure at maximal flow Paet @ Qmax cm H,O
Bladder reflex volume BRV mL
Mean voiding pressure MVP cm H,O
Post void residual PVR mL
Others

Pad use Pads #/day
Pad weight PW g/day
Duration of response DR months

5.6.1 Idiopathic Detrusor Overactivity (IDO)

The first mention of BONT-A injection for non-neurogenic urinary storage disor-
ders was by Radziszewski et al. in 2001, with the authors reporting resolution of
urinary incontinence after detrusor injections in seven patients participating in a pi-
lot study [30]. The data regarding IDO and overactive bladder (OAB) symptoms
refractory to medical therapy with muscarinic receptor antagonists and behavioral
therapy continue to emerge, and, in January of 2013, the US FDA approved the use
of onabotulinumtoxinA for IDO and refractory OAB.

A large, phase II, dose-response study evaluating BONT-A for IDO investigated
the optimal injection dose in this patient population [31]. This was a multinational,
randomized, placebo-controlled, and parallel group study that enrolled 313 patients
with idiopathic OAB that was not adequately managed with muscarinic receptor
antagonists (Table 5.2). Patients reported more than eight weekly urgency urinary
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incontinence (UUI) episodes and had an average of eight or more micturitions per
day. The presence of urodynamic DO was not required. Patients received a single
treatment of 50, 100, 150, 200, or 300 U BoNT-A or placebo. The authors found
that BoNT-A demonstrated significant dose- dependent improvements in urinary
symptoms when compared with placebo. Furthermore, urodynamic parameters in
patients with idiopathic OAB and improvement in symptoms were reflected in the
patient’s perception of treatment benefit [32]. Doses above 150 U did not appear to
add much incremental benefit, particularly when balanced with post void residual
(PVR)-related safety parameters.

Tincello et al. performed a double blind, placebo-controlled, randomized trial in
eight UK urogynecology centers between 2006 and 2009 [33]. A total of 240 women
with refractory DO were randomized to active or placebo treatment and followed
up for 6 months. The treatment consisted of 200 U BoNT-A or placebo injected
into the detrusor in 20 sites with the primary outcome being voiding frequency per
24 h. Median voiding frequency was significantly lower after BONT-A compared
with placebo (8.3 vs. 9.67), and similar differences were seen in urgency episodes
(3.83 vs. 6.33) and leakage episodes (1.67 vs. 6.0). Continence was more common
after BONT-A (31 vs. 12 %). UTI (31 vs. 11 %) and voiding difficulty requiring CIC
(16 vs. 4 %) were significantly more common after BONT-A.

Recently, the results of two double blind, placebo-controlled, randomized, mul-
ticenter, phase III, 24-week clinical studies were reported [34], [35]. A total of
1,105 patients inadequately managed with antimuscarinic therapy were randomized
to receive 100 U of BoNT-A (n=557) or placebo (n =548). At week 12, patients
receiving BoNT-A in both studies demonstrated significant improvements versus
placebo in all primary outcome variables (daily frequency of urinary incontinence
episodes (IEs), micturition episodes, and voided volume (VV)). The adverse reac-
tions seen in > 2 % of patients in the BONT-A group versus placebo were as follows:
UTI (18 vs. 6 %), dysuria (9 vs. 7 %), urinary retention (6 vs. 0 %), bacteriuria (4
vs. 2 %), and elevated PVR not requiring CIC (3 vs. 0 %). The proportion of patients
undergoing BoNT-A requiring CIC at any time during the complete treatment cycle
was higher versus those undergoing placebo (6.5 vs. 0.4 %). The duration of CIC
was for a median of 63 days versus 11 days for patients after placebo injection.

A subanalysis of the trial by Dmochowski et al. [31] revealed that a single BONT-A
treatment (> 100 U) resulted in statistically significant and clinically meaningful im-
provement in health-related QOL (HRQOL) as measured by the international quality
of life questionnaire (I-QOL), the King’s Health questionnaire (KHQ) symptom com-
ponent and the Medical Outcomes Study 36-Item Short-Form Health Survey by week
2 compared with placebo and sustained for up to 36 weeks [36]. Assessment with a
modified OAB-Patient Satisfaction with Treatment Questionnaire (PSTQ) and four
Patient Global Assessment questions that assessed changes in symptoms, QOL, ac-
tivity limitations and emotions also showed that patients with OAB are more likely
to be satisfied and/or achieve their primary treatment goal with BoONT-A treatment
than with placebo [37].
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Several authors have suggested risk factors for treatment failure in this population.
Schmid et al. identified low baseline bladder compliance and maximum cystometric
capacity (MCC) < 100 mL as risk factors for treatment failure, while Sahai et al.
suggested that maximal detrusor pressure (Pgemax) > 110cm H,O may predict a
poor response to 200 U injection [38], [39]. Higher doses may be necessary in this
population. Additionally, in a retrospective analysis of 85 patients who underwent
BoNT-A injections for IDO, Makovey et al. determined that BoONT-A therapy may be
more successful in patients with anticholinergic intolerability as compared to patients
with poor medication efficacy (86 vs. 60 %, P =0.02) [40].

Response after the first intradetrusor BONT-A injection may be seen very quickly.
Khan et al. reported that the patient-reported outcome of complete continence (de-
fined as a score of 0 in both the urgency and stress urinary incontinence (SUI)
subscales of the urogenital distress inventory, UDI-6) was 51 % 4 weeks after the
first BONT-A 200 U injection in 74 patients [41]. In those who did not achieve con-
tinence, the median urgency, frequency, and SUI subscores decreased significantly
from pretreatment values.

Several groups have evaluated the safety and benefits of BONT-A reinjection for
the treatment of IDO. Sahai et al. reinjected 20 of their original 34 patients with 200 U,
and nine subsequently underwent a third and fourth injection [42]. Significant im-
provement was observed in OAB symptoms and QOL measures after each injection.
MCC and compliance increased with a decrease in Pgemax during filling cystometog-
raphy (CMG). When comparing OAB symptoms, QOL, and urodynamic parameters
3 months after the first and last injections, no significant differences were found.
Studies by Khan et al. and Game et al. noted that the mean UDI-6 and incontinence
impact questionnaire (IIQ-7) scores decreased after each reinjection, with a median
interval between reinjections typically being 612 months [43], [44]. Likewise, ad-
ditional studies by Granese et al. and Dowson et al. confirmed that reinjections are
safe and efficacious [45], [46]. Finally, a recent review concluded that reinjections
were safe and that reproducible and sustained improvement in symptoms may be
seen after each injection [47].

In 2012, the American Urological Association listed BoNT-A injection as a
third-line treatment option for OAB for those patients refractory to first-line (behav-
ioral therapy) and second-line (antimuscarinic medications) interventions (Evidence
Strength Grade C) [48].

5.6.2 Neurogenic Detrusor Overactivity (NDO)

In 2000, Schurch et al. first reported on the outcomes of BoNT-A in the treatment
of patients with refractory NDO [49], [50]. Nineteen of 21 patients enrolled in a
prospective, nonrandomized study were evaluated at 6 weeks after BONT-A injec-
tion and 11 were evaluated at 16 and 36 weeks. Complete continence was restored
in 17 of 19 cases in which the dose of antimuscarinic medication was markedly
decreased or eliminated altogether. Significant improvement was seen in bladder
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reflex volume (BRV), MCC and maximum detrusor voiding pressure. Mean PVR
increased significantly after injection; however, autonomic dysreflexia manifesting
as a hypertensive crisis during voiding disappeared in three patients with tetraplegia.
Satisfaction was high in the entire group and the overall improvement in urodynamic
parameters and incontinence was persistent in those patients evaluated at 16 and 36
weeks. An updated series by Schurch et al. described the outcomes of a multicenter
evaluation of BoNT-A at eight European sites [51]. Fifty-nine patients with NDO
mostly due to spinal cord injury (SCI) were enrolled and received a single injection
of 200-300 U BoNT-A with subsequent assessments at up to 6 months. There were
significant posttreatment decreases in IEs from baseline in the two BoONT-A groups
but not in the placebo group. In addition, more patients who received BoNT-A re-
ported no IEs during at least one posttreatment evaluation period. Positive treatment
effects were also reflected by significant improvements in bladder function in the
BoNT-A groups, as assessed by urodynamics and in patient QOL. Benefits were ob-
served from the first evaluation at 2 weeks to the end of the 24-week study. No safety
concerns were raised. Additional studies have likewise demonstrated the beneficial
effects of BONT-A in NDO (Table 5.3). The predominant indication for BoNT-A
injection has been suboptimal results obtained with antimuscarinic medications. The
US FDA approved the use of BONT-A for NDO in 2011.

Several prospective, randomized trials evaluating BoNT-A for NDO have since
been published. In a prospective, double blind, multicenter study, patients with NDO
due to SCI and multiple sclerosis (MS) and > 1 daily episodes of urinary incontinence
despite current antimuscarinic treatment were randomized to BONT-A 300 U (n = 28)
or placebo (n =29) [70]. Injection was performed at 30 intradetrusor sites and the
trigone was spared. Patients were offered open-label BONT-A 300 U at week 36
and followed up an additional 6 months while 24 patients, each in the treatment and
placebo groups, received open-label therapy. The primary efficacy parameter was
daily urinary incontinence frequency at week 6, while secondary parameters were
changes in the International Consultation on Incontinence Questionnaire and the
urinary incontinence QOL scale at week 6. The mean daily frequency of Ul episodes
was significantly lower for BONT-A than for placebo at week 6 (1.31 vs. 4.76), and
for weeks 24 and 36. Improved urodynamic and QOL indices for treatment versus
placebo were evident at week 6 and persisted to weeks 24—-36. The most common
adverse event in each group was UTI.

Another multicenter, double blind, randomized, control trial (RCT) enrolled pa-
tients with MS or SCI who had > 14 Ul episodes per week pretreatment [71]. Patients
received 30 trigone-sparing injections of BONT-A: 200 U (n=92), 300 U (n =91)
or placebo (n=92). At week 6, BoONT-A of 200 and 300 U significantly reduced
weekly Ul episodes compared with placebo, and benefit with BONT-A was observed
by the first posttreatment visit at week 2. Improvements in MCC, Pgemax at first
involuntary detrusor contraction and I-QOL at 6 weeks were significantly greater
with both BoNT-A doses compared to placebo. Benefits were observed in both the
MS and SCI populations. The median time to patient request for retreatment was
the same for both BoONT-A doses (42.1 weeks) and significantly greater than placebo
(13.1 weeks). Significant increases in PVR were observed in patients not using CIC
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prior to treatment, and 12, 30, and 42 % of patients in the placebo, 200 U, and 300
U groups, respectively, initiated CIC after treatment. A subanalysis of this study
revealed that NDO patients treated with BoONT-A 200 U or 300 U had significantly
greater improvement in HRQOL and greater treatment satisfaction compared with
placebo-treated patients, with no clinically relevant differences between BoNT-A
doses [72].

Kennelly et al. evaluated the long-term efficacy and safety of repeat BoNT-A
injections in patients with NDO inadequately managed by antimuscarinics [73].
Patients who completed either of the two preceding phase III studies were offered
entry into an extension study and received repeat BoNT-A 200 U or 300 U. The
primary assessment was the change from baseline in weekly Ul episodes at 6 weeks
after each treatment. Additional assessments included > 50 and 100 % reductions
in UI episodes, voided volume (VV), and I-QOL responses. A total of 387, 336,
241, 113, and 46 patients received 1, 2, 3, 4 and 5 BoNT-A treatments, respectively.
Weekly Ul episodes were consistently reduced compared with baseline after repeated
BoNT-A treatment (— 22.7, — 23.3, — 23.1, — 25.3 and — 31.9 for the 200 U group in
cycles 1-5). The proportion of patients reporting > 50 and 100 % (“dry”) reductions
from baseline in UI episodes at week 6 ranged from 73 to 94 % and 36 to 55 %,
respectively. Increases in the voided volume (VV) (mean increase > 130 mL) and
improvements in QOL were also observed after each repeat treatment. The most
common adverse events were UTIs and urinary retention, with no change in the
adverse event profile over time.

Overall satisfaction with BoNT-A injections in the NDO population appears to
be high. In a 5-minute telephone interview of 72 patients with NDO, 66.7 % were
still actively undergoing repeat BoNT-A injections [74]. Of these patients, 90 %
replied that they would consider continuing with BONT-A injections as a long-term
treatment option, while only 15 % of those still undergoing injections thought that
they would consider an alternative permanent surgical option in the next 5 years.
Furthermore, intradetrusor injections of BONT-A produce comparable and significant
improvements in QOL at least 16 weeks (or more) after treatment [75]. This appears
to hold true for patients with either NDO or IDO. Changes in lower urinary tract
symptoms (LUTS), as opposed to improvements in urodynamic parameters, appear to
be the major determinants of improvement in the QOL. Similarly, Schurch et al. found
that the median total subscale I-QOL scores increased significantly from screening
with BoONT-A 300 U compared with placebo at all time points (2, 6, 12, 18 and 24
weeks) and with BONT-A 200 U compared with placebo at all time points for total
score and the Avoidance Limiting Behavior subscale, and at weeks 2, 6, 12 and 18
for the Psychosocial Impact and Social Embarrassment subscales [76].

Karsenty et al. performed a systematic literature review encompassing 18 articles
that evaluated the efficacy and safety of BONT-A in patients with NDO [77]. The typ-
ical injected dose was 300 U and most studies reported a significant improvement in
clinical (~ 40-80 % of patients became completely dry in between performing CIC)
as well as urodynamic (in most studies mean Pgeymax Was reduced to <40 cm H,0)
variables and patients’ QOL, without major adverse events. An additional evidence-
based review conducted by the American Academy of Neurology concluded on the
basis of two class I studies that BONT-A should be offered as a treatment option for
NDO (Level A evidence) [5].
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The long-term effects of repeated BoNT-A injections have also been recently eval-
uated. Several groups concluded that reinjections of BONT-A were effective, with
improvement in urodynamic indices and continence status seen after each injection
[78]-[80]. Most patients were able to eliminate or decrease their use of antimuscarinic
medications. However, Pannek et al. reported some different outcomes from 27 con-
secutive patients with NDO who received at least five injections (mean 7.1 injections)
[81]. After the first injection, MCC, BRYV, continence status, and compliance were
all significantly improved, and Pgemax Was significantly reduced. Compared with
the results after the first treatment, the incontinence rate and the number of patients
with an elevated Pgemax Were slightly increased after the final BONT-A treatment.
The long-term success rate was 74 %; however, every fourth patient required major
surgical intervention. Additionally, there was a significant decrease in Pgemax be-
fore BONT-A treatments, suggesting that BONT-A may lead to impaired detrusor
contraction strength that does not completely recover after treatment.

There has been alot of debate as to whether to exclude the trigone in the injection of
BoNT-A. While VUR has been traditionally viewed as a possible sequela of trigonal
injection, studies by Karsenty et al. and Mascarenhas et al. have concluded that trig-
onal injection does not lead to VUR [82], [83]. Recent evidence has also emerged
to suggest that inclusion of the trigone may be associated with better outcomes.
Abdel-Meguid randomized 36 patients with SCI who discontinued anticholinergics
to receive 300 U BoNT-A into the detrusor only or 200 U into the detrusor and 100
U into the trigone (combined arm) in a 1:1 ratio [84]. On within-group analysis, all
parameters improved significantly compared to baseline. On between-group analysis
at week 8, patients in the combined arm had a significantly greater decrease in incon-
tinence (80.9 vs. 52.4 %) and complete dryness (66. 7 vs. 33.3 %). There was also a
significant improvement in absolute difference for maximum bladder reflex volume
(MBRYV) in favor of the combined arm. Additionally, at week 18, anticholinergics
were needed again in fewer patients in the combined arm.

There is also evidence that BONT-A injections may lead to a decrease in symp-
tomatic UTIs in patients with NDO. After injection in 30 patients, the mean number
of symptomatic UTIs over 6 months decreased significantly from 1.75 £ 1.87 to
0.2+ 0.41, and only three patients presented with symptomatic UTIs [85]. These pa-
tients were the ones who showed less improvement in their urodynamic parameters
(e.g., BRV, MCC, Pyg.max) after injection.

In conclusion, BONT-A may be alogical choice for NDO refractory to therapy with
muscarinic receptor antagonists. NDO stemming from various etiologies, including
SCI, MS, Parkinson’s disease (PD), and multiple system atrophy (MSA) appears to
respond to BoONT-A injection. The optimal dose for patients with NDO appears to
be 300 U. Therapeutic effects are often seen as early as 2 weeks after injection and
the duration of effect is typically 6-12 months. There is a significant improvement
in continence status and many patients are able to decrease or eliminate the use of
antimuscarinics. Urodynamic parameters, such as MCC and Pgeymax, are significantly
improved and QOL scores are markedly improved. Repeat injections are typically
associated with similar outcomes as the first injection. Trigonal inclusion is not
associated with VUR and may actually improve outcomes.
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5.6.3 Safety and Adverse Events Associated with BoNT-A

Adverse events associated with the act of injection, rather than BoNT-A itself, in-
clude bladder pain, hematuria and UTIs. As the mechanism of BoNT-A is local, these
adverse events are typically mild and transient. Additionally, local effects from de-
trusor relaxation may include transient elevation in PVR and possibly AUR. A review
of BoNT-A trials for IDO has revealed that urinary retention occurs in approximately
5 % of patients, while the need for CIC may approach 16 % [86]. However, as Nitti
pointed out, the definitions of both “urinary retention” and the threshold PVR vol-
ume for beginning CIC are inconsistently defined in the literature. For example, Kuo
et al. performed a multivariate analysis in 217 patients with IDO receiving their first
injection [87]. Male gender and baseline PVR > 100 mL. were predictors of AUR,
while baseline PVR > 100 mL and injections of > 100 U of BoNT-A were predic-
tors of straining to void. The incidence of elevated PVR after the procedure was also
associated with comorbidity and UTIs occurred more frequently in women and in
men with a retained prostate. On the other hand, when AUR was defined as a PVR
> 200 mL irrespective of symptoms, 43 % of the patients in the study by Brubaker
et al. satisfied the criteria [88]. The authors stopped their well-designed RCT after
75 % of their patients required antibiotic therapy for a UTI and all patients were
started on CIC whether they were symptomatic or not. The median time to initiation
of CIC was 30 days and the period of CIC lasted a median of 62 days. Patients re-
quiring CIC after the first BONT-A injection may also be more likely to require CIC
with reinjections. Khan et al. defined a PVR > 100 mL in association with LUTS as
the indication to initiate CIC in patients treated with 200 U for IDO [43]. Of their 81
consecutive patients, 43 % required CIC after injection and there was no significant
difference in the rate of CIC in patients who had repeated injections. The authors
concluded that the possibility of AUR and a willingness to perform CIC should be
mandatory in the informed consent process for patients considering this therapy.

Of interest, performing CIC does not appear to significantly impact a patient’s
QOL following BoNT-A injection for refractory IDO [89]. In the 43 % of 65 women
requiring post-procedure CIC, the mean improvement in UDI-6 and I1Q-7 scores was
not statistically different from those women not requiring CIC. QOL comparisons,
likewise, did not reveal any significant differences between women performing CIC
and those who did not. Thus, while all patients should be warned about the potential
for CIC, the improvement in QOL appears to be similar to those women not requiring
CIC. At least in this short-term study, the trouble of performing CIC did not outweigh
the benefits of BONT-A therapy.

The only absolute contraindications to BoNT-A injection are the presence of
active infection and a known hypersensitivity to the agent. Relative contraindi-
cations include preexisting neuromuscular disorders (e.g., myasthenia gravis and
Eaton—Lambert syndrome) and concomitant use of agents that may interfere with
neuromuscular transmission (e.g., aminoglycosides and curare- like compounds),
pregnancy (class C) and nursing mothers, and presence of bladder outlet obstruc-
tion. Since the mechanism of action of BoONT-A is local, adverse events are mild
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and transient and typically occur within the first week after injection. Systemic
adverse events may occur if BoONT-A migrates away from the detrusor. The most
common general adverse events are localized pain, tenderness and bruising, flu-like
syndrome and muscle weakness. Rare adverse events include skin rash, pruritus,
allergic reaction, dry mouth and dysphagia.

A boxed warning has been added to the prescribing information of BONT-A in the
USA to highlight the fact that BoONT may spread from the area of injection to produce
symptoms consistent with botulism. Although rare, symptoms such as unexpected
loss of strength or muscle weakness, hoarseness or trouble talking (dysphonia), trou-
ble saying words clearly (dysarthria), loss of bladder control, trouble breathing,
trouble swallowing, double vision, blurred vision and drooping eyelids may occur
[86], [90], [91]. It is important to understand that swallowing and breathing difficul-
ties can be life- threatening and there have been reports of deaths. It is also important
to be aware that children being treated for spasticity are at greatest risk for severe
adverse events. Finally, as previously stated, it is important to understand that BONT
products are not interchangeable and that the established drug names of the BONT
products have been changed. Naumann and Jankovic assessed the long- term safety
of BoNT-A in a meta- analysis of 36 long- term studies encompassing 2309 patients
[92]. Mild or moderate adverse events were reported in 25 % of patients receiving
BoNT-A compared to 15 % of control patients. Focal weakness was the only adverse
event that occurred significantly more often after BONT-A treatment than control.

5.7 Other Urological Clinical Applications

5.7.1 Detrusor Sphincter Dyssynergia

The use of BoNT for detrusor sphincter dyssynergia (DSD) was actually the initial
application in the urological field [93]. Ten of 11 men with SCI and DSD showed signs
of sphincter denervation on electromyography and bulbosphincteric reflexes showed
a decreased amplitude and normal latency. PVR decreased by an average of 146 mL.
after injection in eight patients and autonomic dysreflexia decreased in five patients.
In the eight patients for whom it could be determined, toxin effects lasted for an
average of 50 days. In a prospective study, Schurch et al. significantly improved DSD
in 21 of 24 patients, with a concomitant decrease in PVR [94]. The effects of BONT-A
injection in this study lasted 3—9 months, necessitating reinjection. Additional studies
have used varying injection techniques (transurethral vs. transperineal) and dosages
of BoNT-A (50-240 U), with maximum duration of response equaling 13 months
[31, [17]. Furthermore, there is evidence that sphincteric injection may improve
dysfunctional voiding [3], [17].

An evidence-based review conducted by the American Academy of Neurology
concluded on the basis of one class I study and two class II studies that BONT-A
should be considered for DSD after SCI (Level B) [5]. In the class I study, BONT-A
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was compared to placebo as a single transperineal injection of 100 U in 86 patients
with MS [95]. PVR was not decreased in the MS patients, which was different from
typical results in patients with SCI. Two small class II studies found that BONT-A
injections for DSD associated with SCI were superior to placebo in terms of PVR,
urethral pressure measurements and detrusor pressure variables (e.g., Pgetmax) [96],
[97]. Mild generalized weakness lasting 2-3 weeks was reported in three patients in
the first study, while no significant adverse events were reported in the second study.

While the overwhelming majority of patients undergoing BoNT-A injection for
DSD experience a significant decrease in PVR, treatment failure is often attributed
to detrusor underactivity and bladder neck obstruction/dyssynergia [94], [98]. De
novo SUI has also been reported in two studies, comprising a key risk factor for
sphincteric injection [99], [100].

5.7.2 Benign Prostatic Hypertrophy/Prostatitis

Since surgical denervation has been shown to produce profound atrophy of the rat
prostate and BoNT-A injection produces a long-term chemical denervation, it was
logical that prostatic injection of BONT-A could be used to potentially treat disor-
ders associated with prostatic enlargement. Doggweiler et al. injected 30 rat prostates
with BONT-A and found that the total prostate volume (TPV) and weight were re-
duced, with a generalized glandular atrophy observed after histological staining
[101]. Clinical outcomes in humans were reported soon thereafter for prostatitis
and benign prostatic hypertrophy (BPH) [102], [103]. In a randomized, placebo-
controlled study, Maria et al. enrolled 30 men with BPH to receive 4 mL saline
injection or 200 U BoNT-A [103]. After 2 months, significantly more patients in
the treated group had subjective symptomatic relief than in the control group. In
patients who received BoNT-A, the symptom score was reduced by 65 % compared
with baseline values and the serum prostate-specific antigen (PSA) concentration de-
creased by 51 % from baseline. In patients who received saline, the symptom score
and PSA concentration were not significantly changed compared with the baseline
values and 1-month values. No local complications or systemic side effects were
observed in any patient.

Silvaetal. investigated the duration of effect after a single 200 U BoNT-A injection
into the prostate in 21 elderly men in urinary retention [104]. The authors found that
TPV reached a nadir by 6 months and recovered to baseline by 18 months. Albeit
nonsignificant, serum PSA showed a 25 % decrease from baseline to month 6. The
11 patients who were followed up for 18 months resumed spontaneous voiding at
month 1. Mean maximal urinary flow rate (Quax) increased while PSA and PVR
decreased. In another study by Chuang et al., 41 men with a Quax < 12 mL/sec
or international prostate symptom score (IPSS) > 8 underwent BoNT-A injection
[105]. Injection dosages were 100 U (21 men, prostate volume < 30 mL) or 200 U
(20 men, prostate volume > 30 mL) into the prostate transperineally under TRUS
guidance. There were no significant local or systemic adverse effects in any man.
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LUTS and QOL indices improved by > 30 % in 76 % of the men, and four of five
men with urinary retention for over a month could void spontaneously at 1 week
to 1 month after the BoNT-A injection. In 29 % of the men there was no change in
prostate volume, yet seven of these men still had a > 30 % improvement in Qpax,
LUTS and QOL. The efficacy was sustained at 12 months. Kuo suggested the use of
BoNT-A injection in men with BPH who were poor surgical candidates [106]. All
ten of his patients had an improvement in spontaneous voiding after treatment. Eight
had an excellent result and two were improved. Both voiding pressure and PVR
were significantly decreased after treatment. TPV was significantly reduced, and
Qmax Was significantly increased after treatment. The maximal effects of BONT-A
appeared at about 1 week and were maintained at 3 and 6 months after treatment. At
6-12 months of follow-up, no patient had recurrence of urinary retention, and the
voiding condition in all patients remained at the posttreatment status.

The role of BONT-A has been investigated as an add-on in men with TPV > 60 mL
and an unsatisfactory response to combined alpha-blocker and 5-alpha-reductase
inhibitor therapy [107]. Thirty men were randomized to BONT-A with combination
therapy, while 30 controls remained on combination therapy. Significant decreases
in IPSS, Quality of Life Index (QOL-I) and TPV, and increase in Qp,,x were observed
at 6 months and remained stable at 12 months in the treatment group. Improvements
in IPSS and QOL-I were also observed at 6 months and a decrease in TPV at 12
months was noted in the control group. However, no significant changes in any
parameters except for QOL-I at 6 and 12 months were noted between the treatment
and control groups. AUR developed in three patients receiving BoONT-A treatment.
Three BoNT-A and two medical treatment patients converted to transurethral surgery
at the end of the study. Thus, the therapeutic effect of BONT-A add-on was similar
to combination medical treatment at 12 months. Chuang et al. also demonstrated
that BONT-A injection may provide therapeutic benefit in men with small prostates
and LUTS [108]. In 16 men with a TPV <30 mL and Qp,,x < 12 mL/sec, subjective
improvement was seen at 1 week and maximal effect was achieved after 1 month.
Benefits, such as improvement in MPV, IPSS, QOL-I and Qy,,x, were maintained at
3 and 6 months of follow-up. In two men who underwent prostate biopsy 1 month
following BoNT-A injection, special staining demonstrated an increase in apoptotic
activity not only in the glandular component but also in the stromal component of
the prostatic tissue.

Oeconomou et al. performed a literature review consisting of the MEDLINE
database as well as abstracts from several international conferences for studies re-
garding the use of BONT-A for BPH [109]. Five experimental studies and ten clinical
studies were found. The level of evidence was 1b for one study and 3 for the other
studies, with grades of recommendation of A and C, respectively. The experimental
studies reported induced relaxation of the prostate, atrophy and reduction of its size
through inhibition of the trophic effect of the autonomic system on the prostate gland.
In the clinical studies, all patients had LUTS due to benign prostatic enlargement,
and TPV varied from <20mL to > 80 mL. The injection dose varied from 100 to
300 U and injection was performed transperineally, transrectally or transurethrally
under general, local or without anesthesia. The follow-up period was 3—19.8 months.
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All studies reported an improvement of Quax, QOL-I, and reduction of IPSS, PSA,
PVR and TPV. Local or systemic side effects were rare. Only patients with retention
needed a urethral drainage catheter. Additional studies published since this review
have described similar outcomes [110].

Finally, Zermann et al. described a benefit from perisphincteric injection of 200 U
of BONT-A in 11 men with chronic prostatic pain [111]. All of the patients suffered
from a pathological pelvic floor tenderness, an inability of sufficient conscious pelvic
floor control, a urethral hypersensitivity/hyperalgesia and a urethral muscle hyperac-
tivity. Basic parameters of bladder function (capacity, sensitivity, compliance) were
normal. The BoNT-A injection was followed by a pelvic floor muscle weakening
and a relief of prostatic pain and urethral hypersensitivity/hyperalgesia.

In conclusion, the injection of BoONT-A into the prostate represents an alternative
and minimally invasive treatment for LUTS associated with BPH. Intraprostatic
BoNT-A injection induced prostate degeneration and apoptosis in the animal model,
and, in clinical studies, BONT-A injection improves Qmax, TPV, PSA, PVR, IPSS and
QOL indices. This therapy may be a promising alternative for medicine-refractory
BPH, poor surgical candidates and prostatitis. Local and systemic side effects are
uniformly rare. It should be recognized that this therapy remains experimental and,
while encouraging, the overall level of clinical evidence at this time is low to support
the routine use of BONT-A for intraprostatic injection.

5.7.3 Interstitial Cystitis/Pelvic Pain

The therapeutic benefits of BoONT-A injection in the lower urinary tract may not be
limited to muscular relaxation and may extend to pain disorders. While the exact
mechanism by which BoNT-A exerts its analgesic effects in humans is incompletely
understood, it has been shown that BoONT-A inhibits the release of substance P from
rat dorsal root ganglia [112]. BoONT-A was the most potent of all of the BoNTs tested
and significant inhibition of substance P release was observed after 4 h of incubation
with continued increase for 8 h. Inhibition then stabilized and remained at steady
levels for 15 days. Chuang et al. also found that intravesical BoNT-A instillation in
a rat model blocked acetic acid-induced bladder pain responses and inhibited CGRP
release from afferent nerve terminals [113]. Likewise, BONT-A administration has
been found to modulate other mediators of the inflammatory response, such as ATP
and cyclooxygenase-2, further providing evidence of possible effectiveness in painful
bladder conditions [114], [115].

Several studies have been conducted implementing BoNT-A in interstitial cys-
titis (IC)/painful bladder syndrome (PBS). Smith et al. treated 13 women with IC
(as defined by the criteria of the National Institute of Diabetes, Digestive and Kid-
ney Disease) with 100-200 U in 20-30 sites [116]. The patients injected in Poland
had Dysport® and the trigone was included in the injection. Overall, 9 (69 %) of
13 patients noted subjective improvement after BONT-A treatment. The Interstitial
Cystitis Symptom Index and Interstitial Cystitis Problem Index mean scores signif-
icantly improved by 71 and 69 %, respectively. Daytime frequency, nocturia and
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pain by visual analog scale decreased significantly by 44, 45 and 79 %, respectively.
The first desire to void and MCC in the seven Polish patients significantly increased
by 58 and 57 %, respectively. Giannantoni et al. reported subjective improvement
in 13 of 15 patients injected with 200 U BoNT-A for IC at 1-month and 3-month
follow-up [117]. The mean visual analog score (VAS), and daytime and nighttime
urinary frequency (UF) were all significantly decreased. At the 5-month follow-up,
the beneficial effects persisted in 26.6 % of cases, and at 12 months, pain recurred
at baseline levels in all patients. Nine patients complained of dysuria 1 month af-
ter treatment and dysuria persisted in four patients at the 3-month follow-up and in
two at the 5-month follow-up. Two patients developed AUR and required short-term
CIC. Kuo and Chancellor compared the clinical effectiveness of BONT-A injections
followed by hydrodistention (HD) with HD alone in patients with IC/PBS [118].
This was a prospective, randomized study that enrolled 67 patients with IC/PBS
who had failed conventional treatments. Of these, 44 patients received suburothelial
injection with 100-200 U BoNT-A followed by cystoscopic HD 2 weeks later, while
23 patients (control group) received the HD procedure only. The IC/PBS symptom
score significantly decreased in all groups, but VAS reduction, functional bladder
capacity (FBC) and MCC increases were significant only in the BoONT-A group at 3
months. Of the 44 patients in the BONT-A group, 31 (71 %) had a successful result
at 6 months. A successful result at 12 and 24 months was reported in 24 (55 %) and
13 (30 %) patients in BONT-A group, respectively, compared with only six (26 %)
and four (17 %) in the control group.

BoNT-A injection may also benefit patients with radiation and chemical cystitis
[119]. Four men with refractory radiation cystitis after prostate radiation (two un-
derwent external beam radiation and two underwent brachytherapy) and two women
with external beam radiation for cervical cancer were treated with 200 U BoNT-A
detrusor injection. Two patients with refractory Bacillus Calmette—-Guerin (BCG)
cystitis were also treated with 100 U bladder BoNT-A injections. Of the six patients
treated for radiation cystitis, one patient noted no improvement, three reported mod-
erate improvement and two had significant improvement in their symptoms. Mean
bladder capacity (MBC) more than doubled to 250 mL, urinary frequency decreased
and PVR remained similar compared to baseline. Similar outcomes were observed
in the two patients with BCG cystitis, including a decrease in the VAS for pain from
eight to two.

5.7.4 Urethral Stricture Disease

Owing to the success of BONT-A in preventing scar formation in facial wounds,
this product was attempted to decrease the scar formation in men with recurrent
posterior urethral strictures [120], [121]. Three men with variable etiologies for their
stricture disease underwent repeat direct visual internal urethrotomy (DVIU) and
BoNT-A injection. Using a 25-gauge Williams needle, 100 U BoNT-A diluted in
2 mL saline was injected circumferentially at the base of the scar into the intervening
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areas between DVIU incisions. Two of the three men had no recurrence of stricture
and subsequently underwent uneventful artificial urethral sphincter implantation.
The third man had a moderate recurrence of his stricture and the lumen diameter
stabilized at 10—12F by 6 weeks. At 9 months, he was voiding to completion without
the need for catheterization.

5.7.5 Detrusor Underactivity

Kuo investigated the effects of BONT-A in treating patients with voiding dysfunction
and concomitant detrusor underactivity [122]. Twenty patients with chronic urinary
retention or severe dysuria received 50 U of BoNT-A via urethral injection into the
external sphincter. Among the 90 % of patients with satisfactory results, mean QOL
score improved significantly, as did urodynamic indices such as mean voiding pres-
sure (MVP), maximal urethral closure pressure and PVR. The subjective maximal
improvement was observed by 1-2 weeks after treatment and was maintained for
3 months. In seven patients, indwelling catheters were removed, and in the four
patients performing CIC, the frequency decreased or CIC was discontinued. The
remaining seven patients with voiding difficulty had a significant improvement in
the obstructive symptom score.

5.7.6 Pediatric NDO

Schulte-Baukloh et al. initially demonstrated encouraging preliminary outcomes in
children with neurogenic bladder refractory to antimuscarinic medications [123],
[124]. A weight-adapted dose of 85-300 U BoNT-A was injected into 40-50 sites
in the detrusor. All 20 children underwent follow-up cystometry within 4 weeks of
injection with improvement in urodynamic indices. Specifically, the MBP decreased
by 32.6 %, BRV more than doubled and MCC increased by 56 % in comparison to
baseline values. Similar positive improvements in urodynamic parameters have since
been reported in additional studies of pediatric neurogenic bladder after undergoing
BoNT-A injection [125], [126]. A pediatric patient with bladder dysfunction due to
posterior urethral valves improved to a similar degree as patients with NDO [126].
Hoebeke et al. evaluated the outcomes of BoNT-A injection in 21 children with
therapy-resistant non-neurogenic DO [127]. One girl had temporary urinary retention
(< 10 days) and one boy had signs of VUR with flank pain during voiding, which
spontaneously resolved after 2 weeks. Two girls experienced one episode each of
symptomatic lower UTI. Eight girls and seven boys with a minimum follow-up of
6 months represented the study group for long-term evaluation. After one injection,
nine patients showed full response (resolution of urge and daytime dryness) with a
significant mean increase in BC. Three patients had a partial response (50 % decrease
in urgency and incontinence) and three remained unchanged. Eight of the nine full
responders were still cured after 12 months, while one of the initially successfully
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treated patients had a relapse after 8 months. The three partial responders and the
one relapser underwent a second injection, with a full response in the former full
responder and in one partial responder.

Several groups have shown a benefit from repeated BoNT-A injections in children.
Schulte-Baukloh et al. evaluated the long-term outcomes with repeated BoNT-A in-
jection in ten children with NDO [128]. All received at least three detrusor injections
and four had received five or more. The relative changes in urodynamic parameters
obtained 6 months after each injection, in comparison with preinjection values, after
the first versus fifth injection were as follows: increase in BRV (81 vs. 88 %), de-
crease in MDP (7 vs. 39 %) and increase in MCC (88 vs. 72 %). Bladder compliance
showed no change 6 months after the first injection and increased by 109 % after the
fifth injection. No major treatment-related adverse events were reported. At a mean
follow-up of 41 months, Romero et al. found that BC, detrusor accommodation and
pressure improved after 4 weeks in all but two of 12 patients [126]. This improvement
decreased after 6 months, although successive injections produced similar changes.
Of 12 patients, 11 received a total of two or three injections, with clinical and uro-
dynamic improvement in eight patients preventing bladder augmentation. Altaweel
et al. also evaluated the effect of repeated BoNT-A injections in 20 children with
NDO due to myelomeningocele unresponsive to medical management [129]. Of the
20, 13 became continent and MBC increased significantly while MDP decreased
significantly. Compliance also increased. At a mean of 8 months, all 13 patients
underwent a second injection which led to similar improvements in MBC, MDP and
compliance. Of the seven patients failing to improve after first injection, six failed to
improve after a second injection. Schulte-Baukloh et al. suggested that patients who
show a failure of therapy after BONT-A injections for which no other causes can be
determined should have their serum checked for BoONT-A antibodies [ 130]. Recurrent
UTI might be a predisposing factor for BONT/A antibodies. Finally, a retrospective
study of seven children with NDO who received 18 injections revealed that social
continence was achieved after the first injection and maximum catheterized volume
and BRYV increased while MDP decreased [131].

A recent study attempted to evaluate whether electromotive administration of
BoNT-A was feasible in children [132]. During instillation of intravesical BONT-A,
a pulsed current generator delivered 10 mA for 15 min through a specially designed
catheter. Significant improvement was observed in MCC, BRYV, Py.m.x and end-
filling pressure. Urinary incontinence was improved in 12 of 15 children and none
required surgical intervention. Skin erythema and burning sensation were observed
in six children.

5.8 Conclusions

A recently published European consensus report on the use of BONT-A in the treat-
ment of lower urinary tract disorders came to several conclusions [133]. Employing
the European Association of Urology levels of evidence, the panel found grade A
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evidence to support the use of BONT-A for intractable symptoms of IDO or NDO in
adults. The panel recommended caution in patients with IDO, as the risk of voiding
difficulty and duration of effect have not yet been accurately evaluated. There was
grade B evidence to support repeated treatment in patients with NDO. The depth and
location for bladder injections should be within the detrusor and injections should
spare the trigone (grade C). Dosage in children should be determined by body weight,
with caution regarding total dose if also being used for the treatment of spasticity,
and minimum age (grade B). Existing evidence was inconclusive for recommenda-
tions in neurogenic DSD, bladder pain syndrome, prostate diseases and pelvic floor
disorders. The panel concluded that the use of BoNT-A in the lower urinary tract
with the current dosages and techniques was considered to be safe overall (grade A).
As mentioned previously, BoONT-A has been approved for both IDO and NDO in
adults by the US FDA.

Itis clear that, while not all of the mechanisms of action are completely understood
in humans, BoNT-A is an appealing option for many disorders of the lower urinary
tract. The adverse event profile is favorable, with severe adverse events (AEs) oc-
curring infrequently. Improvements in bladder diary variables, urodynamic indices
and QOL indicators are uniformly seen. It must be noted that the effects of BoNT-
A injection wane with time and reinjections are invariably necessary to maintain
benefits.
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Chapter 6
Clinical Use of Botulinum Neurotoxins: Pain

Bahman Jabbari and Duarte G. Machado

Abstract Animal data have shown that botulinum neurotoxins (BoNTSs) in-
hibit the release of pain neurotransmitters/neuromodulators (glutamate, substance
P, calcitonin-gene-related peptide) and pro-inflammatory agents (prostaglandins,
bradykinin, histamine) from peripheral nerve endings and sensory ganglia and re-
duce the phenomena of peripheral and central sensitization, major factors for pain
chronicity. A review of class I and II studies (double blind, placebo controlled) using
the criteria set forward by the Therapeutics and Technology Assessment Subcom-
mittee of the American Academy of Neurology shows different levels of efficacy for
a large number of human pain disorders: There exists level A evidence (two or more
class I studies—established efficacy) for pain of cervical dystonia, chronic migraine
and chronic lateral epicondylitis and level-B evidence (one class I or two class IT
studies—probably effective) for postherpetic and posttraumatic neuralgia, pain of
plantar fasciitis, piriformis syndrome and pain in total knee arthroplasty. Level C
evidence (one class II study—possibly effective) denotes allodynia of diabetic neu-
ropathy, chronic low back pain, painful knee osteoarthritis, anterior knee pain with
vastus lateralis imbalance, pelvic pain, postoperative pain in children with cerebral
palsy after adductor hip release surgery, postoperative pain after mastectomy and
sphincter spasms and pain after hemorrhoidectomy. The myofascial pain syndrome
and chronic daily headaches have level U evidence (efficacy not proven due to con-
troversial results). Results of BoNT treatment trials in episodic migraine and chronic
tension headaches justify level A evidence for treatment failure. The end of each
assessed category includes a medical comment and suggestions for improvement
of future studies. For certain pain syndromes, figures are provided to illustrate the
suggested number and site of injections and the appropriate doses.
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6.1 Introduction

Chronic pain is a common medical complaint, and the management of refractory
pain is a huge financial burden to the economy. Despite current availability of a
large number of analgesic drugs, management of chronic pain is still a challenge for
clinicians. Potent analgesics are often helpful, but side effects and drug interactions
limit their clinical utility. Therefore, introduction of new drugs with low side-effect
profiles, such as botulinum neurotoxins (BoNTs), is welcomed in the arena of chronic
pain management.

BoNTs are used widely in clinical medicine for treatment of spasticity, hyperac-
tive movement and autonomic disorders ([1], Chaps. 3—5 of this volume). In these
settings, improvements are believed to result from inhibition of acetylcholine release
from presynaptic vesicles via the inhibitory effect of BONTS upon synaptic proteins
[2]. In addition to acetylcholine, it is now increasingly recognized that both types A
and B toxins (the two in clinical use) inhibit the release of a wide range of neuro-
transmitters, many of which are essential for initiation and chronicity of pain. Earlier
observation of pain relief following treatment of cervical dystonia (CD) with BoNT
type A before improvement of neck posture alerted clinicians to an independent anal-
gesic effect for BoNTSs. This observation, along with emerging animal data, led to an
explosion of clinical trials with BoNTs for pain management in the past two decades.
More recently, the discovery of recombinant toxins (chimeras) as a novel analgesic
provided a formulation with a potential to retarget, specifically, the sensory neurons
for pain treatment [3].

In this chapter, we will first discuss the data derived from animal studies and the
mechanisms suggested for the analgesic effect of BoNT administration. Using the
efficacy evaluation criteria of the American Academy of Neurology (AAN) [4], we
will then review the evidence for efficacy of BoNTSs in human pain disorders. To help
clinicians regarding the practical aspects of BoNT therapy for pain management, we
provide a brief clinical comment after each section. For some indications (common
pain disorders), figures are provided to illustrate location and number of injection
sites and the suggested doses for treatment.

6.2 Animal Studies

The anatomy of pain includes a complex system of substrates, the activation of which
can lead to pain perception. These substrates consist of peripheral pain receptors,
pain-conducting c-fibers, sensory cells in peripheral sensory ganglia and sensory
spinal, brainstem, thalamic and cortical neurons. Neurotransmitters and neuromod-
ulators at these levels are crucial to the conduction and perception of pain. In addition,
pain chronicity and sustenance depends on mechanisms of peripheral and central sen-
sitization. In the former, persistent exposure to a noxious stimulus leads to tissue accu-
mulation of substance P, calcitonin gene-related peptide (CGRP) and glutamate, the
pain modulators which coexist in the nerve terminals [5]. The vasodilation and plasma
extravasation caused by these agents lead to release of a number of inflammatory
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mediators such as histamine, bradykinin, prostaglandin and serotonin, which col-
lectively lead to peripheral sensitization of nerve terminals. Peripheral sensitization
enhances the release of glutamate and substance P from spinal cord neurons with
resultant central sensitization and heightened perception of pain [6]. At the spinal
level, enhanced sensitivity of wide dynamic range (WDR) neurons (caused by periph-
eral sensitization) is also considered a factor since these sensitized neurons begin to
perceive non-nociceptive input as nociceptive [7]. Finally, hyperactivity of the sym-
pathetic nervous system in chronic pain disorders enhances pain and contributes to
chronicity (sympathetically maintained pain).

Experimental animal studies have demonstrated that BoNTs work on many lev-
els of the pain system anatomy and that their actions upon pain transmitters and
modulators reduce peripheral and central sensitization.

a. At the peripheral pain receptor level: Administration of BoNT type A into rat
bladder, along with inhibition of acetylcholine release, inhibits adenosine triphos-
phate (ATP) and purinergic receptors (mediator of sensory excitation) leading to
reduction of painful bladder spasms and actual reduction of pain receptors [8].

b. At the level of sensory cells in peripheral sensory ganglion: In the spinal sensory

ganglion and the trigeminal ganglion, data demonstrate significant inhibitory ac-
tion upon release of pain transmitters and modulators. This is particularly shown
for glutamate, which is believed to be actively involved in development of neuro-
pathic pain [9] and which accumulates in the tissue after peripheral nerve injury.
In an elegant experiment, injection of BoNT type A before formalin into the rat
paw resulted in significant reduction of tissue glutamate accumulation, which par-
alleled marked relief of the inflammation-related pain caused by formalin [10].
This response occurred in a dose-dependent fashion. Martinelli et al. [11] reported
a similar effect on pain relief and glutamate accumulation with local BoNT type
A injection after ligation of the sciatic nerve. The authors further demonstrated
promotion of nerve regeneration in the BoNT type A treated group manifested by
a local increase in regeneration-associated proteins [division cycle 2 (cd ¢2) and
growth associated protein 43 (GAP-43)] in the sciatic nerve and glial fibrillary
acidic protein (GFAP) in Schwann cells. Animals treated with BoNT type A also
demonstrated quicker recovery of walking pattern and weight bearing compared
to controls.
Several lines of evidence demonstrate that BoNTs inhibit the release of pain pep-
tides, substance P, bradykinin, CGRP and glutamate in vitro and in vivo from
the dorsal root and trigeminal ganglia and from rat bladder tissue after injury
[12]-[14]. Also, BoNT inhibits a family of G proteins including Rho guanosine
triphosphatase which is essential for activation of interleukin-1, an important
pro-inflammatory cytokine [15]. Intraprostatic injection of BoNT type A inhibits
cyclooxygenase-2 expression and suppresses capsaicin-induced prostatitis in the
animal model [16]. Collectively, these observations indicate that BoNTs are capa-
ble of reducing peripheral sensitization in chronic pain conditions by alleviating
neurogenic inflammation. Finally, BONT type A impairs sympathetic transmis-
sion and thus can interfere with maintenance of pain via decreasing sympathetic
overactivity (sympathetically maintained pain) [17].
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c. At the spinal cord level: Inhibition of pain-related neuropeptides and cytokines
and peripheral sensitization indirectly reduces central sensitization of spinal cord
neurons. Furthermore, injection of BoNT type A into rat jaw muscles decreases
the electrical discharge of muscle spindles, a major sensory input which can
enhance central sensitization in chronic pain via burdening sensitized WRD neu-
rons [18]. Also, in the aforementioned formalin model of pain in rat paw, it was
shown that pretreatment with BoNT type A reduces development of fos-positive
neurons in lamina I, II, IV, and V of the spinal cord, regions that receive noci-
ceptive input, following formalin administration [10]. Indirect involvement of
spinal cord neurons following peripheral injection was suggested in one study
which demonstrated that injection of I'>—labeled BoNT into one gastrocnemius
muscle resulted in increased radioactivity in the ipsilateral sciatic nerve and hemi-
cord of the cat [19]. In rat paclitaxel-induced neuropathy, unilateral subplantar
injection of BoNT type A resulted in bilateral improvement of mechanical hyper-
algesia [20]. More recently, Back-Rojecky et al. [21] showed more evidence for
the central effect of the toxin after peripheral administration. In diabetic rats with
bilateral allodynia, unilateral subcutaneous injection of BONT type A in the allo-
dynic region of one affected limb improved allodynia in both limbs. Furthermore,
intrathecal injection of the toxin with a smaller dose produced the same effect.
Lastly, femtomolar concentrations of BoNT type A inhibit membrane Na channels
in rat central and peripheral neurons [22]. Overactivity of sodium channels plays
a pivotal role in at least one model of chronic neurogenic pain, erythromyalgia
[23]. Verderio et al. [24] measured the traffic of botulinum toxin A and E in brain
synaptosomes. Inhibitory synapses were found resistant to both toxins, and the
toxins preferentially inhibited the excitatory neurotransmitters.

6.3 Clinical Evidence in Human Subjects

The clinical evidence in this chapter is defined according to the guidelines of the
Therapeutics and Technology Assessment Subcommittee of the AAN [25]. In these
guidelines, level A comprises two or more class I studies, B indicates at least one
class I or two class II studies and C comprises one class II or two consistent class III
studies. Level U refers to unproven evidence, inconsistent results (Table 6.1).

6.3.1 Design of the Review

Class I and class II articles were searched online through PubMed (1966 to the end
of March 2011) and OvidSP including ahead-of-print manuscripts.

Currently, five forms of BoNTs are widely marketed and are used for treatment
of human subjects. Botox (onabotulinumtoxinA), Xeomin (incobotulinumtoxinA),
Dysport (abobotulinumtoxinA), and Prosigne (Chinese toxin) are type A toxins.
Myobloc (rimabotulinumtoxinB) is type B. Prosigne is not approved by the Food
and Drug Administration (FDA) for use in the USA.
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Table 6.1 American Academy of Neurology classification of evidence for therapeutic trials [4]

Class I: A randomized, controlled clinical trial of the intervention of interest with masked or
objective outcome assessment, in a representative population. Relevant baseline
characteristics are presented and substantially equivalent among treatment groups or
there is appropriate statistical adjustment for differences

The following are also required:

. Concealed allocation

Primary outcome(s) clearly defined

. Exclusion/inclusion criteria clearly defined

. Adequate accounting for dropouts (with at least 80 % of enrolled subjects
completing the study) and crossovers with numbers sufficiently low to have
minimal potential for bias

e. For noninferiority or equivalence trials claiming to prove efficacy for one or both

drugs, the following are also required®:

po o

1. The standard treatment used in the study is substantially similar to that used in
previous studies establishing efficacy of the standard treatment (e.g., for a drug,
the mode of administration, dose, and dosage adjustments are similar to those
previously shown to be effective)

2. The inclusion and exclusion criteria for patient selection and the outcomes
of patients on the standard treatment are substantially equivalent to those of
previous studies establishing efficacy of the standard treatment

3. The interpretation of the results of the study is based on an observed-cases
analysis

Class 1I: A randomized, controlled clinical trial of the intervention of interest in a representative
population with masked or objective outcome assessment that lacks one criterion a—e
class I, above, or a prospective matched cohort study with masked or objective
outcome assessment in a representative population that meets b—e class I, above.
Relevant baseline characteristics are presented and substantially equivalent among
treatment groups or there is appropriate statistical adjustment for differences

Class II1: All other controlled trials (including well-defined natural history controls or patients
serving as their own controls) in a representative population, where outcome is
independently assessed, or independently derived by objective outcome
measurements

Class 1V: Studies not meeting class I, 11, or III criteria including consensus or expert opinion

4Note that numbers 1-3 in class I are required for class II in equivalence trials. If any one of the
three is missing, the class is automatically downgraded to a class III

6.3.2 Pain Disorders with Level A Evidence
(Two or More Class I Studies, Efficacy Established)

6.3.2.1 Neck Pain Associated with CD (Eight Class I Studies)

CD is a late-onset focal dystonia characterized by twisting and twitching of the
neck and shoulder muscles. There is often limitation of head movement leading
to different head postures: over-rotation (torticollis), lateral tilt (laterocollis), over-
flexion (anterocollis) and extension (retrocollis) or a combination thereof. Neck
pain is often the most disabling symptom experienced by a majority of the patients
(68-75 %) [26].
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Eight class I studies evaluated the issue of pain in CD in relation to BoNT
treatment. Four investigated type A [27]-[30] and four investigated type B BoNTs
[31]-[34]. One other study compared efficacy and safety of abobotulinumtoxinA
with trihexyphenidyl [35]. In these studies, the response to pain was measured by
different means including a simple pain scoring scale (severe, moderate, mild, none),
the visual analog scale (VAS), and the pain subscale of Toronto Western Spasmotic
Torticollis Rating Scale (TWSTRS). The results uniformly show that treatment of
CD with type A (Botox, Dysport, Xeomin) or type B (Myobloc) BoNTs results in
significant reduction of neck pain (p < 0.05). For example, in the study of Truong
et al. [30] comparing abobotulinumtoxinA with placebo at 4 weeks, the level of pain
reduction measured by VAS was 13.4 mm (on a 100-mm scale) for abobotulinumtox-
inA versus 1.9 mm for the placebo (p < 0.002). AbobotulinumtoxinA is also superior
to trihexyphenidyl in terms of efficacy and better tolerance [35].

Additionally, six prospective, blinded, multicenter studies compared two
serotypes of BoNTs with each other in terms of safety and efficacy and response
to pain [34], [36], [37], [38], [39], [40]. The comparison studies of onabotulinum-
toxinA with rimabotulinumtoxinB [34], [36], [37] and incobotulinumtoxinA [38]
showed that both serotypes effectively reduced pain and there was no significant dif-
ference between the two except in the study of Lew et al. [34], which demonstrated
a significantly higher response rate of pain relief for type B (59 % versus 36 %;
p <0.05). The comparison study of abobotulinumtoxinA with onabotulinumtox-
inA reported slightly more pain improvement in the abobotulinumtoxinA group, but
this difference was not statistically significant. In one report, abobotulinumtoxinA
group demonstrated more side effects [39]. A recent double-blind class II study com-
pared pain efficacy of onabotulinumtoxinA with Prosigne (using 300 units of each)
in patients with CD. Pain efficacy was the same for both toxins at 4 and 16 weeks [40].

Three prospective long-term studies of abobotulinumtoxinA with six or more in-
jections (performed every 3 months) demonstrated sustained responses following
repeated treatments with mild side effects (local pain, subtle weakness, dyspha-
gia) [30], [41], [42] Approximately 20 % of the patients chose not to continue the
treatment due to high cost, dislike of injections and loss of efficacy [41], [42]

Clinical Comment BoNTs are an effective and established treatment for pain in
CD. The degree of pain relief in CD is comparable among type A toxins and is
similar between type A and type B toxins (with the exception of one study which
reported type B being more effective [34]).

6.3.2.2 Chronic Migraine (Two Class I Studies)

Chronic migraine (CM) is defined as headache with a frequency of 15 or more
headache days per month (at least eight migraine type), for more than 3 months,
lasting more than four hours per day [43]. Freitag et al. [44], in a double-blind,
placebo-controlled study, compared the effect of a fixed dose (100 units), fixed site
(glabella, frontalis, temporal, trapezius, suboccipital) paradigm treatment of onabo-
tulinumtoxinA (20 patients) with placebo (21 patients). All patients with medication
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Fig. 6.1 PREEMPT 2: showing significant improvement of pain days from botulinum toxin group
compared to placebo group over all time points of the 24-month blinded arm of the study. (From
Cephalalgia July 2010 with permission)

overuse were excluded. The primary outcome was the number of migraine episodes
experienced over each 4 weeks of the study. The secondary outcomes were number
of headache days and headache index (HI; measure of both intensity and frequency).
OnabotulinumtoxinA was statistically superior to placebo for both primary (p < 0.01)
and secondary outcomes (frequency of pain days p =0.041 at 4 weeks and p = 0.046
at 16 weeks, and HI, p =0.003 at 16 weeks).

In the summer of 2010, the results of Phase 3 Research Evaluating Migraine
Prophylaxis Therapy (PREEMPT) 1 and PREEMPT 2 [45], [46], two large class I,
multicenter studies assessing efficacy of onabotulinumtoxinA in CM, were published.
Each study included approximately 700 patients, with comparable and close numbers
of subjects in both the toxin and placebo groups, evaluated over a 24-week blinded
arm study followed by a 32-week open arm study. Both studies included patients
with medication overuse. The primary outcome for PREEMPT 1 was the number
of headaches episodes, and for PREEMPT 2, the number of headache days, both
evaluated at 24 weeks. A number of secondary outcomes were also evaluated at the
24-week time point. PREEMT 2 met its primary and secondary outcomes at all time
points (Fig. 6.1 and Table 6.2). For the primary outcome, the change in headache days
was 9 for onabotulinumtoxinA versus 6.7 for the placebo (p < 0.001). The pooled data
[47] of the two studies also showed significant change from the baseline in favor of
onabotulinumtoxinA regarding the primary and secondary parameters (Table 6.2).
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Table 6.2 Results (p values) of PREEMPT studies and pooled data comparing botulinum toxin and
placebo with baseline

Parameters PREEMPT 1 PREEMPT 2 Pooled data
Number of HD days 0.006 < 0.001 (primary outcome) < 0.001
Number of HD episodes 0.34 (primary outcome) < 0.003 < 0.001
Number of migraine days 0.002 < 0.001 < 0.001
Number of moderate to severe 0.004 < 0.001 <0.001
HD days
Change in total HIT-6 score  0.001 < 0.001 < 0.001
Total accumulative HD hours < 0.001 < 0.001 <0.001
in HD days
Frequency of triptane intake ~ 0.23 <0.001 <0.001

HD headache, PREEMPT phase 3 research evaluating migraine prophylaxis therapy

A. Corrugator: 5 Ueach side D. Temporalis: 20 U each side E. Occipitalis: 15 U each side F. Cervical paraspinal:

10 U each side
B. Procerus: 5 U [one site)

5 h b
C. Frontalis: 10 U each side 15 U each side

Fig. 6.2 Sites of onabotulinum toxin injection for treatment of chronic migraine based on PRE-
EMPT studies (from Blumenfeldt et al Headache 2010;50:146). The recommended dose varies
between 155-195 units. With permission Wiley publishers

Although PREEMPT 1 did not meet the primary outcome, it met its secondary
outcomes (Table 6.2). The FDA considered headache days a better outcome measure
than headache episodes for the study of CM (PREEMPT 2). OnabotulinumtoxinA
was approved for treatment of CM in the UK and Canada in the summer of 2010 and
in the USA in October 2010. Figure 6.2 shows the site of injections and doses used
in the PREEEMPT studies of CM.

Clinical Comment CM is a major health problem and is believed to account for the
majority of the cases of chronic daily headaches (CDHs). Many clinicians consider
the number of moderate and severe headaches (most troublesome to the patient) a
true measure of patient discomfort and a better primary outcome compared to either
total number of pain days or headaches episodes. This measure was significant for
the toxin group in all three studies (the two PREEMPT studies and the pooled data)
(Table 6.2). Clinical evidence in agreement with PREEMPT data (Fig. 6.1) indicates
that the analgesic effect of botulinum toxin therapy in CM improves with repeated
treatments. Inclusion of patients with medication overuse is considered a weakness
of the PREEMPT studies.
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6.3.2.3 Chronic Lateral Epicondylitis (Three Class I Studies
and One Class II Study)

Wong et al. [48] conducted a prospective, double-blind study in 60 patients
with chronic lateral epicondylitis (CLE). In the toxin group, abobotulinumtoxinA
(60 units) was injected into subcutaneous tissue and underlying muscle, 1 cm from
the lateral epicondyle aimed toward the tender spot. Pain intensity was evaluated by
VAS (primary outcome) at 4 and 12 weeks. In the toxin group, pain measured by VAS
improved significantly (p < 0.001 and p =0.006) for 4- and 12-week time points.
One patient developed weakness of fingers, which lasted for 3 months. However, a
blinded study of 40 patients with CLE by Hayton et al. [49] found no significant
change in VAS or quality of life (measured by the 12-Item Short Form Health Sur-
vey or SF-12) 3 months after injection of abobotulinumtoxinA intramuscularly 5 cm
distal to the maximum point of tenderness at the lateral epicondyle, in line with
the middle of the wrist. In another class I study [50] of 130 patient in 16 centers,
BoNT type A was injected in the painful origin of forearm extensor muscle and
the results were compared with placebo at 2, 6, 12, and 18 weeks. Both VAS and
global assessments improved significantly from week 2 to week 18 at different time
points (p =0.003 and 0.001, respectively). Weakness of the third finger developed
in the number of patients but it did not interfere with work. In a recent class I study,
48 patients randomly received abobotulinumtoxinA (60 units) or placebo under a
double-blind, prospective protocol [51]. The site of injection was one-third of the
way down the length of the forearm from the tip of the lateral epicondyle along
the course of the posterior interosseous nerve. Primary outcome was improvement
of pain at rest (measured by VAS) and secondary outcomes were improvement of
pain at maximum grip and maximum pinch. Outcomes were measured at 4, 8 and
16 weeks. Significant improvement of pain at rest and pain at maximum pinch was
noted in the BoNT group (p < 0.01). Approximately half of the patients in the BONT
group developed pain and muscle spasms in the injected site. One patient developed
significant weakness of the third and the fourth finger which lasted for 2 months.

Clinical Comment The three class I studies with larger number of patients depicted
efficacy of BoNT treatment in CLE. The study of Hayton et al., which disclosed
negative results, had two possible design problems: (1) The first assessment was
done at 3 months, which may be too late since most patients who receive BoNT
treatment show fading of improvement by 3 months. (2) The small sample size of
the study could have led to type II error in statistical assessment. The side effects,
weakness of fingers and wrist extension, limit the practical value of BoNT therapy
in CLE. Future studies may consider smaller doses and more refined techniques to
avoid this side effect.
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6.3.3 Pain Disorders with Level-B Evidence (One Class
I or Two Class II Studies): Probably Effective,
Should Be Considered for Treatment

6.3.3.1 Postherpetic and Posttraumatic Neuralgia with Allodynia
(Each One Class I Study)

Neuropathic pain is a symptom of damage or dysfunction of the peripheral or central
nervous systems, and in some cases it may result from nociceptive injury [52]. The
pain often has a burning quality and may be associated with dermal hypersensitivity
and allodynia. Xiao et al. [53] assessed pain relief by VAS at 1, 7 and 90 days in
a class I study in 60 patients with postherpetic neuralgia (PHN) after administering
BoNT type A, lidocaine or a placebo (20 patients in each group). Pain relief and
improvement of sleep in the BoNT group were superior to that in the lidocaine
and placebo groups (p < 0.05). Patients in the BoNT group also used significantly
less opioids (22 % versus 52 % and 66 %). Ranoux et al. [54] conducted a double-
blind, placebo-controlled study on 29 patients with refractory neuropathic pain, 25
with posttraumatic neuralgia (PTN)/allodynia and 4 with PHN. OnabotulinumtoxinA
(20-190 units) and placebo were injected once intradermally in the painful area
after baseline assessments. Outcomes were evaluated at 4, 12 and 14 weeks with
measurement of pain intensity, thermal and mechanical perception, allodynia to skin
brushing and quality of life. Patients who received BoNT type A had diminished pain
intensity, neuropathic symptoms and allodynic brush sensitivity and reduced number
of pain paroxysms along with improvement of certain quality-of-life markers (general
activity, mood) compared to the placebo group (p < 0.05).

6.3.3.2 Plantar Faciitis (Two Class II Studies)

Pantar faciitis (PF) is the most common cause of heel pain caused by micro-tears and
inflammation as a result of repeated injury. In severe cases, treatment with posterior
night splints, ultrasound, iontophoresis, phonophoresis, extracorporal shock therapy
or local corticosteroid injections can help, but failures are not uncommon. Babcock
et al. [55] investigated the efficacy of onabotulinumtoxinA in 27 patients (43 heels)
with chronic PF (class II). Injection of 40 and 30 units of onabotulinumtoxinA, one
medial to the heel and the other about 1-3 inches anterior to the heel (tender area in
PF) (Fig. 6.3), resulted in significant improvement of the pain in the onabotulinum-
toxinA group. Two months post injection, the study met all three primary outcomes
(reduction of pain intensity measured by pressure algometry, pain frequency and the
Maryland Foot Score) (p < 0.05).

Huang et al. [56] conducted a prospective, double-blind study in 50 patients with
PF and refractory pain. In the toxin group, 50 units of onabotulinumtoxinA were
administered into the heel under ultrasonic guidance. At 3 weeks and 3 months, the
toxin-injected group showed significant pain relief (measures by VAS) compared to
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Fig. 6.3 Sites of BONT-A
injections for plantar faciitis
(30 and 40 units). [99]

S
S
the placebo group (p < 0.001). The toxin-treated group also showed improved gait
at 3 months as measured by increased center of pressure velocity (p < 0.05).

6.3.3.3 Piriformis Syndrome (Two Class II Studies)

The piriformis muscle originates from the anterior part of the sacrum and sacroiliac
capsule and after exiting from the pelvis attaches to the greater trocanter. Spasms
of the piriformis muscle cause pain deep in the buttock referred to as piriformis
syndrome (PS). Childers et al. [57] conducted a double-blind, crossover study in
ten patients with PS. OnabotulinumtoxinA, 100 units, was injected into the piri-
formis muscle under electromyographic and fluoroscopic guidance. The pain relief
(measured by VAS scores) was significant in the onabotulinumtoxinA arm of the
study compared to the placebo arm (p < 0.05). Fishman et al. [58] compared the
results of 200 units of onabotulinumtoxinA with lidocaine and steroid injection and
with placebo injection into the piriformis muscle in 72 patients with PS; 50 % or
better improvement in VAS score was considered significant. Onabotulinumtoxin A
was superior to the placebo (p =0.001) and to steroids + lidocaine (p < 0.005) in
relieving pain.

6.3.3.4 Refractory Painful Total Knee Arthroplasty (One Class I Study)

Refractory pain after total knee arthroplasty (TKA) is common and affects 8—13 %
of the patients after surgery [59]. Singh et al. [60] assessed the efficacy of an intra-
articular injection of 100 units of onabotulinumtoxinA in 54 patients with TKA.
The primary end point was a two grade or more reduction of pain in VAS 2 months
after treatment, and secondary end points included Physician’s Global Assessment of
Change (PGAC), 36-Item Short Form Health Survey (SF-36) and several other scales.
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At 2 months, a significant response in VAS was noted in 71 % of the patients in BoONT
versus 36 % in the placebo group (p = 0.025). Both PGAC and SF-36 (pain subscale)
showed significant change in favor of the onabotulinumtoxinA group (p = 0.003 and
p=0.049, respectively).

Clinical Comment Larger class I studies are necessary to establish the efficacy of
BoNT treatment in these painful disorders. Refinement of the technique and dose
optimization could potentially lead to better results.

6.3.4 Pain Disorders with Level C Evidence (One Class II Study)

Recommendation: Possibly effective. May be used at the discretion of the clinician.

6.3.4.1 Refractory Low Back Pain

Low back pain (LBP) is the most common form of pain in adults producing some form
of disability in 60 % of the patients. Foster et al. [61] studied 31 patients mostly with
chronic spine disease (stenosis, disc degeneration) and LBP of more than 6 months
duration (class II). They used a fixed paradigm of five lumbar-level injections
(L1-L5) with onabotulinumtoxinA, each level receiving 40 units into erector spinae.
Primary and secondary outcomes of pain intensity (VAS) and activities of daily living
(ADLSs) were met and were significantly different from placebo at both 3 weeks and
2 months. At 2 months, 60 % of the patients reported 50 % or more decrease in pain
intensity with improvement of at least two ADLs. The same group of investigators
conducted a prospective study of 14 months’ duration in chronic LBP using the same
technique and rating scales (plus a pain frequency scale) [62]. At 2 months, 52 %
of the patients showed a significant improvement in all scales compared to placebo.
Doses ranged from 250 to 400 units per session. Of early responders, 91 % con-
tinued to demonstrate the favorable response with repeat injections. Three patients
experienced mild, transient, flu-like reactions.

Clinical Comment LBP has a number of causes which may respond differently to
BoNT treatment. The class II study cited above included a heterogeneous group with
predominantly unilateral LBP. Selective studies are needed with focus on different
causes of LBP and in patients with bilateral LBP.

6.3.4.2 Diabetic Neuropathy

In a double-blind crossover study, Yuan et al. [63] studied the effect of onabo-
tulinumtoxinA versus normal saline subcutaneous administration in 18 patients with
diabetic neuropathy. Allodynia and pain sensitivity were assessed by VAS at 1, 4,
8 and 12 weeks. At all time points, onabotulinumtoxin A was superior to saline in
reducing pain (p < 0.05).
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Clinical Comment Study limitation includes the small number of patients. A
double-blind study with larger numbers is needed to support the result of this
crossover designed study.

6.3.4.3 Painful Knee Osteoarthritis (One Class II Study)

Intra-articular injection of low-dose BoNT type A (100 units), high-dose BoNT type
A (200 units), and corticosteroids was investigated in 60 patients, randomly divided
into three groups [64]. The primary outcome, significant improvement of VAS at
2 months, was met only for the low-dose BoNT group (p =0.01). All three groups
showed a statistically significant response to the secondary outcome, in McMaster
Arthritis Index scores for pain, stiffness and function.

Comment One limitation of the study is the large number of dropouts (48 %). It is
also hard to explain why the-low dose group fared better than the higher dose group.

6.3.4.4 Anterior Knee Pain Associated with Vastus Lateralis Imbalance

Investigators of this study injected abobotulinumtoxinA (500 units) or saline (1
cc) randomly into the vastus lateralis muscle of 24 patients with anterior knee
pain [65]. The primary outcomes, improvement in knee pain-related disability and
activity-related knee pain (in VAS) at 3 months, were both met (p < 0.04 for dis-
ability and < 0.003, < 0.02 and < 0.04 for pain in kneeling, squatting and walking,
respectively).

6.3.4.5 Pelvic Pain

Chronic pelvic pain affects 3.8 % of women and imposes an annual burden of approx-
imately US$ 2 billion (direct and indirect costs) to the US economy. In a double-blind,
placebo-controlled study, Abbott et al. [66] investigated the effect of 80 units of on-
abotulinumtoxin A injected into pelvic floor muscles in 60 women with chronic (> 2
years) pelvic pain and pelvic floor spasms. Pelvic pain was assessed by VAS and
pelvic floor pressure was gauged by vaginal manometry monthly for 6 months.
Those patients who were injected with onabotulinumtoxinA reported significant
relief from nonmenstrual pain compared to the placebo group (p = 0.009). The on-
abotulinumtoxinA group also demonstrated a significant decrease in the pelvic floor
pressure (p < 001).

Comment Future studies should provide clearer definitions of primary and sec-
ondary outcomes.
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6.3.4.6 Postoperative Pain in Children with Cerebral Palsy
After Adductor Hip Release Surgery

Barwood et al. [67], in a randomized, double-blinded study, reported significant
alleviation of postoperative pain in 16 children with cerebral palsy who received
BoNT type A injections into thigh adductors before adductor hip release surgery
for prevention of hip dislocation (p < 0.003). There was also a significant reduc-
tion in mean analgesic requirement (p < 0.05) and mean length of hospitalization
(p <0.003).

6.3.4.7 Postoperative Pain After Mastectomy

In a randomized and placebo-controlled study [68] of 48 patients, injection of
100 units of BoNT type A into the pectoralis major, serratus anterior and rec-
tus abdominis muscles before mastectomy reduced postoperative pain significantly
(p < 0.0001) and facilitated reconstruction with a tissue expander. The placebo group
used more narcotics to alleviate pain postoperatively compared to the BoNT type A
group (p < 0.0001).

6.3.4.8 Sphincter Spasms and Pain After Hemorrhoidectomy

In a double-blind study [69] of 50 patients, injection of 20 units of BoNT type A
into the internal rectal sphincter prior to hemorrhoidectomy resulted in significant
reduction of postoperative sphincter spasms (p < 0.05).

6.3.5 Pain Disorders with Level-U Evidence: The Evidence
to Support or Refute Efficacy Is Insufficient Due to
Contradictory Results

6.3.5.1 Myofascial Pain Syndrome

Mpyofascial pain syndrome (MFPS) is characterized by the presence of focal regions
of muscle tenderness and trigger points (tPts) which, upon pressure, provoke radiating
pain. The tPts probably represent erratic or dysfunctional motor end plates with
excessive acetylcholine content. Table 6.3 summarizes the results of class I and 11
studies with BoNT treatment in MPS [70]-[78]. As can be seen in this table, each
one of the nine studies used different doses per tPt, and responses were evaluated at
different time points and with different scales. All studies used BoNT type A toxin,
seven onabotulinumtoxinA and one abobotulinumtoxinA. Four studies (including
one class I) reported significant pain relief at some point after treatment (two at
primary outcome time point), whereas five did not.
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Clinical Comment It is not possible at this time to make a firm statement regarding
the role of BoNT treatment in MFPS due to the diverse nature of the studies. In
positive studies of Gobel et al. [74] and Miller et al. [77], the investigators injected
a larger number of tPts (> 5). The negative results of Ferrante et al. [72] might have
been be confounded by exclusion of patients with more than five tPts; the cohort
probably had a milder form of MFPS. In the study of Bencke et al. [78], pain relief
was achieved at 9 and 10 weeks but not at 5 weeks. The fixed pattern of injection
might have contributed to earlier pain relief. In the study of Ojala et al. [73], the
dose per tPt (5 units) might have been too small to be effective. Future studies of
MFPS should use methodologies which have proved effective in the past, perhaps
with larger doses and with customized rather than fixed designs.

6.3.5.2 Chronic Daily Headaches

Four class I and II studies addressed the issue of CDH directly. All four class I studies
[79]-[82] used a mean change in headache-free days/month as the primary outcome.
Three used a flexible injection paradigm [79]-[81]. In one study [79], BoNT type
A (200 units) increased the number of headache-free days/month significantly (11
days versus 8 days of placebo) (p < 0.05). In another study [80] of 355 patients,
the response to BXT type A was compared to placebo over a 9-month period during
which the patients received three treatment cycles (105-260 units). The study did
not meet the primary outcome. The third study [81] looked at a subset of this cohort,
228 patients with no prophylactic medications. When compared with placebo, the
between-group difference was statistically significant at successive time points (for
the first 3 months, p =0.004, p =0.032 and p = 0.023, respectively). In the fourth
study [82], 702 patients were stratified into four groups, one placebo group and
three treatment groups (75, 150 and 225 units) with a fixed injection paradigm. The
primary outcome measure (an increase in pain-free days) was not met.

Clinical Comment Inconsistent results of the aforementioned studies led to depic-
tion of U evidence for BoNT treatment of CDH by the AAN subcommittee in 2008
[83]. It is fitting to consider each major category of CDH separately, namely CM and
chronic tension headaches (CTHs). As mentioned above, the new data illustrated a
positive response to BoNT treatment for CM (level-A evidence).

6.3.6 Major Pain Disorders with Predominantly
Negative Results: Episodic Migraine and CTHs

6.3.6.1 Episodic Migraine (Four Class I and Four Class II Studies)

The first class I study [84] compared BoNT type A to placebo in 232 patients, each
with four to eight episodes of migraine per month. Up to 25 units BoNT type A was
injected into the frontal and temporal muscles. Both groups showed a reduction in
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frequency, intensity, and duration of migraine headaches but the difference between
two groups was not statistically significant (at 1 and 3 months). Another class I study
[85], investigated the efficacy and safety of BoNT type A in 418 patients with the
same migraine frequency using doses of 7.5-50 units. Both BoNT type A and placebo
decreased the migraine frequency from baseline at each time point between 1 and
4 months after injection. Again, the difference between the two treatments was not
significant. A third class I study [86] enrolled 369 patients, each with 4 to 15 episodes
of migraine/month. The patients were stratified into three treatment groups. The total
dose of BoNT type A ranged from 110 to 260 units (mean 190 units). The primary
outcome was a decrease in frequency of migraine episodes from baseline between
days 30 and 180 post treatment. The primary outcome was not met but patients who
had the highest pain frequency (12—15 per month) responded considerably better to
BoNT type A than to the placebo (p = 0.041). The fourth class I study [87] evaluated
the efficacy and safety of BoNT type A in 495 patients after a 30-day placebo run-in.
Patients were studied in four groups, three on BoNT type A (225 units, 150 units,
75 units) and one on placebo. The primary outcome, frequency of migraine episodes
on day 180, was not met for any of the three groups.

The first class II study [88] investigated the effect BoONT type A administration
(25 and 75 units) into glabellar and frontal muscles. The primary outcome was the
proportion of the patients with 50 % or more reduction of headaches frequency as
compared to baseline. This outcome was not met but the BoNT type A group showed
asignificant decrease in frequency of moderate and severe headaches at 2 months and
of any migraine at 3 months (p < 0.05). The second class II study [89] compared the
effect of two doses of 16 and 100 units of BoNT type A with placebo. The primary
outcome, a change in frequency of moderate or severe headaches per month, was
not met. The study, however, showed a significant decrease in the proportion of
the patients experiencing a reduction of two or more headaches per month. The third
class II study [90] also did not find a significant difference in the frequency and
severity of episodic migraine (EM) between BoNT type A and placebo after the first
of a series of treatments. From the second treatment on, however, the migraine index
(frequency x intensity) was significantly lower for the BoNT type A group at all
measured time points. The fourth class II study [91] compared the effect of BONT
type A and divalproex sodium with saline and divalproex sodium in 59 patients with
EM and CM. Several primary outcomes, including a decrease in frequency, intensity
and disability assessment score, were met for both groups at multiple time points (1,
3, and 6 months). There was, however, no statistically significant difference between
the responses of the two groups at any time point.

6.3.6.2 Chronic Tension Headaches

Four class I studies [92]-[95] (two using onabotulinumtoxinA and two using abobo-
tulinumtoxinA) and three class II studies [96]-[98] (one using onabotulinumtoxinA
and two using abotulinumtoxinA), investigated the efficacy of BoNT treatment in pa-
tients with CTHs. The dose of onabotulinumtoxinA varied from 20 to 150 units and
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that of abobotulinumtoxinA from 30 to 500 units. Although some secondary out-
comes were met, all four class I and two of three class II [96]-[97] studies did not
meet their primary outcome which, for most, was the number of pain-free days.

Clinical Comments All class I studies of EM (less than 15 episodes per month)
and CTH have shown no improvement with BoONT-A treatment hence denoting a
probably ineffective, level A evidence. However, there are important technical issues
that need to be discussed and clarified:

1. EM studies have taken frequency of migraine episodes as a primary outcome.
This is probably an unrealistic measure since what is most disturbing to the patient
is the episodes of moderately severe and severe headaches. Most patients are not
much bothered by subtle and mild headache episodes which do not change their
quality of life. As discussed above, some studies of EM have shown significance
for BoNT treatment in reducing frequency of moderately severe to severe migraine
episodes [88] and others have emphasized the importance of migraine severity by
showing significant reduction of migraine index (frequency x severity) in the second
treatment [90]. We recommend that future studies of EM take the frequency of
moderately severe to severe episodes as the primary outcome measure.

2. The studies of CTH have several limitations:

a. Considering the number of headache-free days (half of the studies) or local skull
tenderness (half of the studies) as a primary outcome is probably also unrealistic.
The study of Silberstein et al. [94] shows that the BoNT group had a 50 % or more
reduction in headaches days (p =0.024) but demonstrated no significant change
in headache-free days. A better measure again seems to be number of days with
moderate to severe headaches.

b. The majority of CTH studies used a small total dose of the toxin (less than
100 units for onabotulinumtoxinA and less than 500 units for abobotulinumtoxinA),
small dose per site, and small number of injected sites. These limitations have been
mentioned by the investigators themselves. Recent successful studies of CM (PRE-
EMPT II) used a larger number of injection sites, coverage of more muscles and
doses larger than 150 units/session (155195 units). Future studies of CTH with
BoNTs may use a technical approach similar to the one which proved effective for
CM.

6.4 Conclusion

Over the past decade, BoNT treatment has shown efficacy in a large spectrum of hu-
man pain disorders. Animal data have provided evidence for a variety of mechanisms
to explain BoNTs’ analgesic effects. To date, with the exception of pain in CD, the
majority of human pain data comes from investigations conducted with botulinum
toxin A and in particular with onabotulinumtoxinA. There is a need for more exten-
sive investigations with other forms of botulinum toxin A and with botulinum toxin
B in treatment of pain disorders. Selection of the appropriate primary outcome and
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proper dosage are crucial for obtaining favorable results in clinical trials with BoNTs
in pain disorders.
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production of the manuscript.
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Chapter 7
Future Developments: Engineering
the Neurotoxin

John Chaddock

Abstract Understanding the structure and molecular basis of neurotoxin function
has opened up opportunities to engineer novel therapeutic proteins that utilise the
neurotoxins and neurotoxin domains. These opportunities and the status of their de-
velopment are reviewed in this chapter, which brings together the findings detailed
in the companion volume to this book, KA Foster (ed) Molecular Aspects of Bo-
tulinum Neurotoxin, Springer, New York, and shows how they can be applied for the
development of innovative therapeutics and research tools.

Keywords Botulinum neurotoxin - Chimera - Domain - Endopeptidase - Targeted
secretion inhibitors - Recombinant - Engineering - Delivery

7.1 Introduction

One of the first questions to answer when proposing a topic such as ‘Engineering
the neurotoxin’ is ‘Why’? Why is it worth the significant investment in time and
resources to alter botulinum neurotoxin (BoNT), the most potent toxin known to
man? What innovation or benefits are going to emerge from such studies? Over what
timescale will these benefits emerge, and for whom? For those who are not close to
the detail of this fascinating class of proteins, these are fair questions to ask and it
is up to those of us exploring the toxin and promoting its uses to provide answers
and to provide evidence of the benefits. The purpose of this chapter is to consider
such questions in light of the preceding chapters and those in the companion volume
to this book (KA Foster (ed) Molecular Aspects of Botulinum Neurotoxin, Springer,
New York) and to provide a commentary that will hopefully inform those inside and
outside the field of the huge potential for medical and scientific advancement from
this novel protein class.

This chapter (1) briefly reviews the scientific advancements that have been
achieved in understanding the relationship between botulinum toxin structure and
biological function; (2) considers the opportunities to modify the amino acid building
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blocks of each domain that comprises the neurotoxin and the impact this can have;
(3) reviews the progress made towards expanding the medical applications of the
toxin through protein engineering; and (4) draws parallels between BoNT and other
bacterial toxin fields (such as diphtheria, Pseudomonas) and comments on the direc-
tion of BoNT research and development. Given the scope of the companion volume
to this book (KA Foster (ed) Molecular Aspects of Botulinum Neurotoxin, Springer,
New York), this chapter will necessarily refer to a number of chapters from that
volume for supportive detail and discussion of specific points.

7.2 Structural Advancements That Have Led to Protein
Engineering Possibilities

Almost 200 years ago between 1817 and 1822, Kerner published the first accurate
and complete descriptions of the symptoms of food-borne botulism and attributed
the intoxication to a biological poison. Indeed, Kerner was also the first to suggest
that the physiological effects of BoNT could be put to therapeutic use [13]. However,
it was not until 1897 when Prof. Emile-Pierre-Marie van Ermengem, a distinguished
microbiologist at the University of Ghent, identified an anaerobic bacterium that he
termed Bacillus botulinus (subsequently classified as Clostridium botulinum) that
released a potent toxin, now termed BoNT that caused the symptoms associated
with food-borne botulism. At this time, the structural organisation of the toxin was
essentially unknown. In fact, it took a further 50 years of experimentation, until
1946, before pure crystalline botulinum toxin of serotype A (BoNT/A) was obtained.
During the following 20 years, the fractionation of crystalline toxin allowed an
understanding of the multi-protein complex nature of the botulinum toxin.

In 1980, Alan Scott published a report on the local injection of BoNT/A into
ocular muscles to correct strabismus [27]. This pioneering work initiated a series
of investigations into the medical applications of BoNT in a range of neuromuscu-
lar conditions. See Chaps. 3 and 6 of this volume for a discussion of this. Twenty
years after the first clinical use of BoONT, the publication of the first X-ray structure
of BoNT/A was reported [20]. This seminal work established the current view of
BoNT structural organisation and ‘brought the molecule to life’. As described in
detail by Subramanyam Swaminathan in Chap. 5 of the companion volume to this
book (KA Foster (ed) Molecular Aspects of Botulinum Neurotoxin, Springer, New
York), the primary, secondary, tertiary and quaternary structure of the BoNT family
of proteins has now been extensively studied. These investigations have facilitated
an in-depth awareness of the molecular architecture of this exciting class of pro-
teins and have enabled comparison with other protein toxins and protein domains
with similar mechanisms of action. The light chain (LC) metalloendoprotease, for
example, shares many features with non-clostridial metalloproteases. Such studies
have also started to enable the correlation of structural differences that lead to dis-
tinguishing functions. For example, the gross three-dimensional arrangements of
BoNT/A and BoNT/B were determined in 1998 [20] and 2000 [30], respectively,
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and were demonstrated to be essentially similar, a three-domain protein in which the
domains are arranged in a linear fashion with the translocation domain in the middle
flanked by the binding and catalytic domains. Even though BoNT/A and BoNT/B
are comprised of receptor-binding domains that have dissimilar binding targets, and
LC domains that cleave different soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE) substrates, the overall tertiary structures of the two
neurotoxins were extraordinarily similar.

With little further holotoxin structural data available, and the known sequence
similarities between serotypes, it was simple to make the assumption that the tertiary
structure of the toxins was likely to be similar across all the serotypes and subtype
classes. However, in 2008 the tertiary structure of BoONT/E was determined [18] and,
though the individual domains showed a high degree of structural similarity with
the A and B cases (indeed, the LC domain of BoNT/E cleaves the same substrate as
BoNT/A), there is a major organisational difference between the holotoxin domains.
Whereas the three domains are arranged in a linear organisation in A and B, in
serotype E the catalytic and binding domains are arranged on the same side of the
translocation domain and consequently share interactions that would be absent in A
or B. The modified organisation of BONT/E has been proposed by Kumaran et al. to
correlate with the observed more rapid onset of action of BoNT/E, BoNT/E being
in a ‘translocation-ready’ conformation [18]. What these observations inform us is
that nature has developed a number of approaches to creating multimeric proteins
and we should strive to determine the structural information for all BoNT subtypes.

Described in detail in Chap. 5 of the companion volume to this book, (KA Foster
(ed) Molecular Aspects of Botulinum Neurotoxin, Springer, New York), structural
data from crystallographic studies are now available for (1) the individual catalytic
domains (LC) of serotypes A, B, C, D, E, F and G; (2) the binding domain (Hc)
of A, B, C, D, F and G; (3) the di-chain LHy species comprising the LC and the
Hy domain of serotypes A and B; and (4) the holotoxins BoNT/A, BoNT/B and
BoNTVE. It should be appreciated that, even with this level of advancement, the cur-
rent level of understanding is not yet fully comprehensive. For example, the structural
understanding of the holotoxins is far from complete: In particular, the recently un-
derstood alternative conformation of BoNT/E indicates that not all holotoxins should
be assumed to have the same overall fold. This could have a significant impact on the
biology of the toxins. Similarly, although the LHx/A and LHN/B structures indicated
a significant similarity to those of the parent neurotoxins, it should not be assumed
that this will be the case for all serotypes. As described later in this chapter when
discussing the LHy as the core of the targeted secretion inhibitor (TSI) platform, the
precise molecular architecture of the domains is critical to the design of effective
engineered proteins.

Understanding the molecular architecture of the individual domains and their in-
terrelationships within the macromolecule has provided an opportunity for at least
two paths of protein engineering. Firstly, this knowledge has enabled the rational de-
sign of mutants to explore individual domain functions. For example, the relationship
between the LC domain and SNARE substrates has been extensively explored and
the catalytic mechanism interrogated. Novel LCs have been created that have altered
SNARE protein targets [9],[31], leading to the possibility to increase the therapeutic
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opportunities for the BONT protein family. Furthermore, structural understanding
has been critical in exploring the binding domain and the specific contributions of
side chains to the binding event that is so crucial to toxicity. As a consequence of such
studies, opportunities to design inhibitors of BoNTs and novel, non-natural proteins
with unique properties have both progressed significantly.

7.3 Engineering Improved Neurotoxins

Nature has evolved a range of neurotoxins that are, somewhat artificially, catego-
rized by their reactivity to standard antisera. Within the seven serotypes of toxin are
represented a range of subtypes (classified as being > 2.6 % difference in amino acid
sequence [3]; for example, there are five subtypes of BONT/A alone. See Chap. 10
of the companion volume to this book (KA Foster (ed) Molecular Aspects of Bo-
tulinum Neurotoxin, Springer, New York) for further discussion of this. This pool
of evolved toxins represents a rich library of proteins that have different properties
and characteristics. Whilst nature has provided this range of BoNTs differing in their
binding selectivity, SNARE substrate specificity and duration of inhibition of neu-
rotransmitter release, the opportunity exists to use structural understanding to create
recombinant variants of the neurotoxins with improved clinical properties. Two of the
most obvious domain features for manipulation are the Hc-mediated binding event
and the LC-mediated substrate cleavage event. One approach to investigate both en-
gineering opportunities is to create hybrids between different serotype/subtypes of
BoNTs and combine the properties of the component domains. For example, Wang
and colleagues [32] have reported the creation of chimeras of BoNT/A and /E in
which the Hec domain of one serotype was expressed recombinantly fused to the LC
and Hy (LHy) of the other serotype. The translocation properties of the hybrid were
clearly differentiated, and they reflected those of the parent LHy domains, whilst the
neuronal specificity was influenced by the identity of the Hc. Such a gross domain-
swapping approach is clearly able to harness the inherent biological properties of the
domains to create novel entities with unique properties and is the most straightfor-
ward approach to BoNT modification. Such an approach to the engineering of the
native BoNT structure through domain switching has been further described by Dolly
as the basis for the construction of Botulinum neurotoxin enzymatically inactive mu-
tants (BoTIMs) (full-length BoNTs incorporating catalytically inactive LC/A) [11].
By recombinantly combining Botulinum neurotoxin enzymatically inactive mutants
(BoTIMs) incorporating LC/E domains, a hybrid protein was constructed that utilised
components within the LC/A element to extend the intracellular persistence of the
LC/E and therefore the duration of action of LC/E-induced SNAP-25 cleavage [32].
Dolly proposed that the LC/E-induced cleavage of SNAP-25 would be advantageous
for specific conditions, for example, in the treatment of various pain states, including
chronic pain [4], [11].

Aside from utilising structural and modelling information to make site-specific or
domain swap-engineered novel proteins, the field is poised to take further advantage
of nature’s efforts to create protein variants. Each BoNT serotype actually represents
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a family of proteins, and as these subtypes are explored for their specific structural
and functional properties, the field will become richer in possibilities for the devel-
opment of novel proteins. As a good example, the BoONT/A family comprises at least
five identifiable subtypes and it has recently been demonstrated that the A2 subtype
of BoNT/A has a faster onset than the current clinical BoONT/A products based on
Al [24]. Also, the A3 and A4 subtypes of BoNT/A have been observed to possess
different catalytic properties to the A1 and A2 subtypes [17]. Further study of sub-
type biology, in particular, concentrating on the catalytic properties of the LC, the
binding properties of the Hc domain, the pH dependency of the Hy domains and
the immunogenic contribution of the domains to defining the serotype family will
greatly enhance the opportunities for creation of new, useful materials, utilising the
broad library that nature has evolved either directly or through the construction of
hybrids or through engineering.

The various molecular strategies employed by BoNTs to bind to the cell are
starting to emerge and are explored in great detail by Rummel in Chap. 6 of the
companion volume to this book (KA Foster (ed) Molecular Aspects of Botulinum
Neurotoxin, Springer, New York). It is now generally understood that BoNT/B and /G
use gangliosides and the intralumenal domain of synaptotagmin as dual receptors,
whilst BoNT/A, D, E use gangliosides and the intralumenal domain of synaptic
vesicle glycoprotein 2 (SV2). A protein-binding domain has however not yet been
identified in BoNT/C suggesting the BoNT/C uses ganglioside only, or an as-yet-
unidentified proteinaceous component. Exploring the domain structures in more
detail, Rummel [25] identified a ganglioside-binding cavity within the C-terminal
sub-domain of the Hc domain (Hcc) of BoNT/A and /B defined by the conserved
motif H...SXWY ...G. The modification of residues within this site modified both
the ganglioside-binding affinity and toxicity of the neurotoxin. By switching the Hec
domain of BoNT/B into BoNT/A, Rummel [26] was able to enhance the potency
of BoNT/A fourfold. Interestingly, specific modifications to the ganglioside-binding
site can both reduce binding and toxicity and enhance it by up to threefold relative
to wild-type toxin. This provides a rational basis for engineering mutated BoNT
with modified, particularly enhanced, potency as improved clinical products. One
such molecule, TrapoX (incorporating a specific mutation of the heavy chain (HC)-
binding site), could lead to lower therapeutic dosages of BoNT if it were developed
into a product [4], which may provide advantages in minimising off-target effects
and maximising tolerance to the protein. As proposed earlier, further investigation
into the properties of the BoNT subtypes may well provide additional opportunities
in this area.

Manipulation of BoNTs through the creation of hybrids is a powerful technique
and could have widespread application, but it is necessarily limited to taking ad-
vantage of the components that exist within the BoNT parent proteins. Given that
BoNT proteins have evolved as pathogenic factors for clostridia, it is reasonable to
assume that there will be application limitations. For example, there exists a major
limitation to using clostridial endopeptidases to cleave SNARE proteins and inhibit
vesicle trafficking in non-neuronal cells. SNAP-25 is restricted in its expression to
neurons, and the ubiquitously expressed homologue, SNAP-23, is not, in man, a
substrate for any of the known serotypes. This means that the SNAP-25-cleaving
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serotypes, BoONT/A, /C and /E, are ineffective at inhibiting secretion and vesicular
trafficking in non-neuronal cells. Understanding the structure—function relationship
of BoNTs and their substrates has recently led to advances that have taken the first
steps to overcoming such limitations, with the reported mutation of a BONT/E LC so
it can cleave human SNAP-23 [9]. Such advancement clearly benefitted from many
years of structural biology expertise and progress in the field. In this particular case,
the precise understanding of the intra-and intermolecular interactions necessary for
the cleavage of SNAP-25 by LC/E was critical to model-led hypotheses that could
be tested by wet-laboratory protein engineering. In this example of extending the
substrate specificity of BoNT, Chen et al. were able to demonstrate the inhibition of
interleukin-8 (IL-8) and mucin release from an appropriately stimulated HeLa cell.
The potential to deliver a mutated LC of serotype E and impact SNAP-23-mediated
vesicle trafficking is therefore a real possibility and it broadens the spectrum of util-
ity of the BoNTs. Furthermore, using a detailed mutagenesis approach, Wang and
colleagues [31] were able to engineer a modified BoONT/C; LC that was unable to
cleave SNAP-25, whilst maintaining syntaxin cleavage ability. Such a molecule has
the potential to be used as a tool to dissect SNARE involvement in intracellular bi-
ology and, possibly, also to extend the therapeutic potential of BoNTs into disease
areas where syntaxin plays a major role.

The combination of structural analysis at the primary, secondary and tertiary level
has also elucidated peptide signals within the BONT sequence that have key biological
significance. A good example of such a discovery is provided by studies on di-leucine
motifs and ubiquitination signals to engineer duration of action properties into novel
proteins. Indeed, the biological advantages of the hybrid molecules reported in the
literature [33] are in a major part proposed to be due to the transfer of such motifs
within the various BoNT domains. The possibility therefore exists to create bespoke
proteins that utilise domains of BoNTs that have been manipulated at the gene level
to include domain-or site-specific mutations that afford the novel proteins with new
biological properties, for example, in terms of substrate target, duration of action
and cellular target.

7.4 Using the Endopeptidase Domain as a Warhead

Understanding the modular structure of the BoNT family, and appreciating the
discrete organisation of the LC, Hy and H¢ domains, has facilitated a number of en-
gineering approaches that aim to utilise the domains in novel molecule construction.
A good example of this approach is provided in the design of new therapeutics based
on a BoNT fragment comprising the LC and Hy domains termed LHy. Variously re-
ferred to as TSIs or targeted vesicular exocytosis-modulating protein (TVEMP), this
novel approach to therapeutic development harnesses the power of the endopeptidase
domain to modify the intracellular processes of the target cells and inhibit secretion.
This approach therefore aims to extend the therapeutic application of BoNT-derived
activities beyond the neuromuscular junction. The manipulation of toxins to create
new therapeutic entities has been the subject of much research and development effort
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Fig. 7.1 Schematic representation of botulinum neurotoxin structure in relation to engineered
targeted secretion inhibitor (TSI) proteins

over many years, most notably in the cancer field with the development of diphthe-
ria toxin-and Pseudomonas exotoxin-derived therapeutics. Where the TSI strategy
makes advances on current targeted cell ablation-style therapeutics is that the bo-
tulinum LC mechanism of action leads to cell manipulation (inhibition of secretion
and membrane receptor/channel presentation) rather than cell death. As described
previously, BoNTs have evolved an exquisite selectivity towards neuronal cells,
by virtue of their selective binding and their neuronally focused substrate cleavage
specificities. Delivering the endopeptidase domain to non-neuronal cells not targeted
naturally by BoNTs is one way of generating more widely applicable therapeutics.
By creating novel recombinant proteins, it has proved possible to deliver the LC into
cell types not sensitive to native BoNTs, cleave the relevant SNARE protein and
thereby inhibit secretion from a range of otherwise resistant cells. This has enhanced
the utilisation of the BoNT domains far beyond that achievable by natural selection.

TSIs are a novel class of multidomain proteins that comprise three basic domains,
each providing a contribution to the function of the whole molecule [15]. The overall
architecture of the TSI platform is illustrated in Fig. 7.1. Firstly, there is the LC
domain of one of the BoNT serotypes, providing the TSI with a SNARE cleavage
capability that is dependent on the LC chosen. Secondly, there is the Hy domain
which provides the intracellular translocation ability for the LC. Thirdly, there is a
binding domain which could be derived from BoNT but is more commonly specified
from a peptide or a protein that interacts with a receptor of choice on the target cell.
The first report demonstrating that a BONT LC endopeptidase could be delivered
into a target cell via a non-native binding ligand used a chemical conjugate of the
nerve growth factor (NGF) and the LHN/A fragment of BoNT/A to cleave SNAP-25
and inhibit noradrenaline release from PC12 cells [5]. This work established that
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retargeting the BONT LHy fragment was a possibility and, importantly, that the
LC could cleave intracellular SNARE proteins in a manner that was comparable
to the situation that exists with BoNT intoxication. Subsequently, a conjugate of
wheat germ agglutinin (WGA) and the LHN/A fragment was constructed and was
observed to deliver the endopeptidase into neuronal and non-neuronal cell types with
a consequent cleavage of SNAP-25 and inhibition of secretion [6]. In the latter case,
in which HIT-T'15 cells were used (naturally resistant to the effects of BoONT/A), this
result demonstrated that it is possible to internalise the endopeptidase into the cytosol
of a cell normally resistant to the effect of BoNT. This confirmed the ability of the
Hy domain to function in the new target cell following binding and endocytosis and
truly demonstrated the scope of TSI beyond the neuron.

With proof of principle established for the retargeting approach by NGF and WGA
conjugates, a therapeutically relevant application of this approach was developed,
targeting a conjugate of Erythrina crista-galli lectin and LHn/A (ECL-LHN/A) to
nociceptive afferents with the intention of inhibiting the release of neurotransmit-
ters from the nociceptors and consequently inhibition of pain. The properties of
ECL-LHn/A were explored in a range of in vitro model systems, and inhibition of
both substance P and glutamate release from cultured embryonic dorsal root ganglion
neurons was observed for at least 25 days following a single treatment. Intrathecally
administered ECL-LHN/A significantly reduced the nociceptive inputs to conver-
gent dorsal horn neurons by primary sensory afferents of the C-fibre and A3J types,
whereas there was little or no effect on sensory inputs from AB-fibres [12]. Intrathecal
ECL-LHN/A also resulted in prolonged withdrawal latency in a ‘hotplate’ model
of acute thermal pain. This effect was sustained for more than 30 days post
administration of the conjugate [8].

These studies with lectin—-LHy conjugates further demonstrated the potential of
the retargeting technology and established TSI as a platform with real potential to
create novel medicines for a range of conditions, though at this stage the exempli-
fication was primarily through neuronal cell targets. The potential to create novel
proteins that enable delivery of a BoNT LC to a diverse range of cell types is now
well established. The ability of such proteins to produce pharmacological effects in
disease-relevant animal models has also established the therapeutic potential of this
approach. The various studies have demonstrated that the retargeted endopeptidase
proteins retain the prolonged duration of action that is the hallmark of BoNTs. This
means that recombinant proteins based upon this approach are particularly suitable
for treating chronic diseases. Chemical conjugates of LHy fragments and protein
ligands enabled the creation of hybrid proteins to deliver a clostridial endopeptidase
into specific target cells. However, there are several drawbacks to using chemical
conjugation to produce therapeutic proteins, a major one being the inevitable hetero-
geneous mixture of species that is created using this process and the difficulties of
controlling such a process within the manufacturing environment. To progress such
a strategy of retargeted BoNT fragments, it was necessary to develop a recombinant
platform that would underpin the TSI approach.

The recombinant expression of a catalytically active, stable LHy fragment of
BoNT/A was first reported in 2002 [7]. Subsequently, the expression and purification
of LHN/B and LHN/C from Escherichia coli was also reported [29]. In all cases, the
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Fig. 7.2 Tertiary structure of the LHy fragment of botulinum toxin of serotype A (BoNT/A) (a)
and BoNT/A holotoxin (b). The light chain (LC) is depicted in red, Hy domain in green, Hey in
blue and Hec in orange

recombinant LHy fragments had very low toxicity because these lack the necessary
H¢ domain with which to bind to acceptors on the neuronal surface. Despite the lack
of an H¢ domain, such recombinant LHy proteins were demonstrated to be stable,
catalytically active and effective at intracellular cleavage of the target SNAREs. The
relative stability and similarity to the parent neurotoxins are supported by recent stud-
ies that have shown recombinant LHy/A [21] and LHy/B [22] to retain the structure
of the equivalent domains in the intact BoNT protein. Even though the LHy fragment
lacks the ~ 50-kDa H¢ binding domain and inter-domain interactions therein, this
surprising observation highlights the stability of such a molecule and therefore the
benefits of such a molecule as a backbone for therapeutic molecule development.
The common structural arrangement of the LHy and BoNT also provides guidance
to site-specific LHy mutagenesis strategies based on BoNT knowledge. Figure 7.2
illustrates the significant structural similarity between LHy/A and BoNT/A.

Given the size and complexity of such a fusion protein, developing a fully re-
combinant chimera protein, which incorporated the translocation and endopeptidase
domains of a BoNT combined with a peptide-targeting ligand, was a challenging
task. Nevertheless, a fully recombinant fusion protein consisting of the LHy frag-
ment of BONT/C; and epidermal growth factor (EGF) has been reported [16]. Such
a molecule combined an ability to bind EGF receptors with the syntaxin-cleavage
activity of the BoNT C LC, thereby providing a novel molecule for the inhibition
of secretory events from cells expressing EGF receptors. Creating fully recombi-
nant proteins that target and deliver LC into a specified cell represents a tremendous
opportunity to develop therapeutic proteins that inhibit secretion from cells involved
in a wide variety of diseases.

Developing the TSI platform further, Syntaxin Ltd have reported that such a plat-
form can lead to a portfolio of engineered molecules that have the potential to lead
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to novel biopharmaceuticals for use in a wide range of diseases. Harnessing the LC
endopeptidase and Hy translocation activities, a series of innovative proteins have
been created that are reported to have potential in the treatment of pain, endocrine
disease (acromegaly) and cancer. As reported by Somm and colleagues [28], recom-
binant TSI proteins have been created that specifically target the somatotroph cells
of the pituitary. Such molecules have been designed to inhibit the excessive release
of growth hormone from pituitary adenomas and are therefore intended for devel-
opment to treat conditions such as acromegaly. These studies report that engineered
TSIs do indeed decrease the circulating levels of growth hormone for many days
when assessed in various preclinical studies. Interestingly, such effects are achieved
only after a single bolus of test material (rather than continuous infusion), and the
material was administered systemically (intravenous; i.v.) rather than being limited
to local administration at the site of therapeutic benefit. Such a novel administration
route for a molecule derived from BoNT indicates the significant progress that has
been made to (1) engineer out unwanted toxic effects that would be inherent in BONT
and (2) engineer in a high level of cell specificity whilst (3) retaining the powerful
biochemical mechanisms of substrate cleavage and membrane translocation.

The development of the TSI platform from a concept to a preclinical reality in
situations where BoNT would be clinically ineffective is a significant step forward.
Though details of targeting domains are not always available, it is noted that natural
peptides and proteins are obvious candidates for achieving effective receptor-ligand
interactions and so ensuring that the TSI locates the target cell. Natural ligands can
have disadvantages or may not be suitable for recombinant expression; however,
the growing field of protein scaffolds and recombinant antibody technologies are
possible routes to expanding the breadth of targeting domains. It is almost inevitable
that the field will take such a direction in order to ensure target cell specificity is
achieved. Many of these scaffolds have pre-existing tertiary structural data available
and their binding interfaces have been extensively studied. The opportunity therefore
exists to combine the BONT and scaffold protein structural information and facilitate
the optimal engineering of the products.

7.5 Clinical Status of Retargeted Endopeptidases

As described in Chaps. 3—6 of this volume, the medical applications of BoNTs are
expanding widely, and the number of approved indications is slowly increasing. Nev-
ertheless, the range of indications suitable for BoNT or engineered BoNT therapies
will likely be restricted to those with a neuronal basis unless efficient engineering
of the Hc domain can be used to establish a BoNT-scaffold platform. The previous
section discusses the opportunities that exist with the TSI platform and notes the
significant advancement that has been made preclinically. But are there clinical data
to support the BoNT fragment-retargeting approach, in the way that fragments of
diphtheria and Pseudomonas toxins have been used to develop novel targeted cell
ablation products? It is exciting to note that clinical studies are under way.
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In the first quarter of 2011, Syntaxin Ltd announced that its partner Allergan had
initiated two phase II trials to evaluate the safety and efficacy of its retargeted en-
dopeptidase drug candidate AGN- 214868. The phase II trials are focused on patients
with post-herpetic neuralgia (PHN; ClinicalTrials.gov Identifier NCT01129531) and
idiopathic overactive bladder and urinary incontinence (ClinicalTrials.gov Identifier
NCTO01157377). With the initiation of phase II trials, the TSI technology platform
reached a significant point of development since the AGN- 214868 candidate was
discovered under the collaboration using Syntaxin’s proprietary discovery platform.
Having successfully achieved a first period of data acquisition, the PHN phase II
trial has been extended to a second period and is estimated to complete in August
2015. Meanwhile, the overactive bladder phase II studies are estimated to complete
late 2013.

7.6 Using the Binding Domain as a Delivery Vehicle

Given that BoNTs very effectively deliver a biologically active effector protein to
a selected cell population, the defined neuronal target cells, there has been a sig-
nificant interest in the potential of the neurotoxins to deliver therapeutic molecules,
particularly biological molecules, into nerve cells. BoNTs could deliver to peripheral
neurones, particularly cholinergic terminals through the H¢ fragment of the neuro-
toxin. The H¢ fragment would be sufficient to target the nerve cell but, without
the translocation domain, it would not deliver to the cytosol. Even full-length HCs
may be insufficient to achieve cytosolic delivery, presumably reflecting the close
co-operative nature of the interaction of the LC and Hyx domains during translo-
cation. Further, the most recent understanding of the properties of the Hy domain
and its requirements for redox, pH and electrical potential differentials indicate the
importance of the Hy domain and particularly the belt component. For these rea-
sons, full-length BoNTs lacking a functional endopeptidase have been proposed as
preferred delivery tools [1], [33].

The first report of the cytoplasmic delivery of a cargo protein using BoNT HC
was by Weller et al. [34]. These authors reported the functional delivery of tetanus
neurotoxin (TeNT) LC into the phrenic nerve by disulphide attachment to the HC of
BoNT/A. This demonstrated that the BoNT holotoxin was capable of translocating
a non-BoNT, albeit related, protein. One application of BoNTs for the delivery of
biomolecules to neurons that has been studied is the replacement of missing enzyme
activities, for example, in lysosomal storage diseases and treatment of oxidative
injury. Bade et al. [1] demonstrated the ability of BoNT/D to deliver a range of
cargo proteins to neurones and achieve enzymatic activity in the neuronal cytosol.
Unfolding of the cargo protein was necessary for translocation into the nerve cell,
and cargo proteins that were insufficiently flexible in their conformation were not
well transported. Understanding the tertiary structure and domain organisation of
BoNTs has no doubt assisted with the interpretation of the success of such complex
multidomain delivery vehicles, although further understanding is required of the
translocation domain and its impact on facilitating the passage of non-clostridial
proteins.
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A variety of delivery approaches have been summarised by Pickett [23] in which
BoNTs have been developed that employ the cellular binding activity of BoNT as
a targeting moiety to deliver the activity of a conjugated, non-native protein. As
biochemical and structural studies have shown that TeNT has a similar modular
arrangement of functional domains as BoNT, Pickett notes that advances in TeNT
engineering may also be applied to BoNT. For example, the binding domains of both
BoNT and TeNT have been utilised to deliver DNA to target cells and enhance the
targeting of other transfection methods. The TeNT HC fragment has been conjugated
to polylysine, which has a high capacity to bind DNA, allowing the transfection of a
range of neuronal cell lines [2]. Recent studies with recombinantly produced BoNT
domains show that proteins can be assembled by non-chemical linking, using tag-
ging with helical motifs from the family of SNARE proteins. Again, structural input
into the relationship between primary sequence and function has been instrumental in
understanding the potential for SNARE-dependent coupling of proteins. Such a strat-
egy may potentially be exploited to use the BoNT-binding domain to deliver future
therapeutics or other cargo into neurons [10]. Indeed, Ferrari and colleagues have re-
cently reported in vivo studies that explored the functionality of a BoNT that had been
reconstituted using the SNARE protein-based ‘protein-stapling’ technology [14].

In a further application of the BoNT-binding domain as a delivery vehicle, Oyler
and colleagues [19] have postulated the use of BONT or BONT HC fragments to
deliver ‘targeted F-box’ agents to BoNT-intoxicated neurons as a potential therapeutic
for BoNT poisoning. For many years, the logic of using the BoNT-binding domain
to deliver BoNT-poisoning ‘rescue’ molecules has been the subject of significant
interest. The F-box strategy is hypothesised to be successful because the targeted F-
box agents cause increased ubiquitination and accelerate the turnover of the targeted
BoNT/A protease within neurons. Although elegant in design, the strategy critically
requires targeted delivery to the correct neuronal population, and BoNT (or fragments
of BoNT) would seem to continue to be the best candidate to achieve this.

In summary, various cargos have been proposed for delivery by suitable non-
toxic BoNT-based vehicles for the treatment of diseased neuromuscular junctions
or to enhance motor neuron function. These include anti-neurotoxin therapies,
anti-neurotrophic viral treatments, neuronal enzyme replacement, ion channel
modulators, neurotrophic factor receptor modulators and protein replacement for
hereditary or autoimmune presynaptic disorders. Whilst an attractive opportunity
supported by model system studies, there are not yet any clinical applications of drug
delivery using a BoNT-based vehicle and more needs to be understood in structural
terms for the translocation domain and how this impacts on its limitations.

7.7 Conclusions

It is clear that the field of BoNT engineering has progressed significantly in the past
few years and it is starting to realise the potential for the development of new prod-
ucts with novel biological mechanisms. It is also well understood that BoNT/A is a
major therapeutic product that can be widely used to treat various neurological and
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Fig. 7.3 The potential for engineering botulinum neurotoxin (BoNT) domains

neuromuscular conditions. The therapeutic success of the BoNTs results from their
specific and potent inhibition of neurotransmitter release from peripheral cholinergic
neurons combined with a duration of action measured in months. The clinical utility
of the neurotoxins is, however, severely constrained, by both their limited range of
target cells and narrow therapeutic window. Advances over the past 20 years in un-
derstanding the structure and biology of BoNTs, combined with the developments
in recombinant protein engineering, are opening up opportunities to engineer novel
therapeutic proteins based upon the unique pharmacological properties of the BoNTs
(Fig. 7.3). One such opportunity, TSI, is already progressing in the clinical setting
and preclinically for a range of indications not treatable with neurotoxin products.
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Similarly, the progress being made to delineate the LC—substrate inter-relationship
is providing innovative proteins with unique modes of action. These developments
will increase the medical benefits achieved through the clinical application of the
native neurotoxins, particularly BoNT/A, while removing the inherent toxicity and
providing proteins with a much-improved therapeutic window. Harnessing the prop-
erties of the neurotoxins’ protein domains in novel recombinant proteins will lead
to the creation of a completely new class of biologics. By inhibiting secretion, these
will treat chronic conditions like chronic pain, which currently have few effective
treatments. Throughout all of this development activity, understanding the relation-
ship between toxin structure (primary, secondary and tertiary) and function has been
integral; without doubt, it will be essential to maximising the potential of this exciting
class of proteins.
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