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Preface

Amyloidosis occurs in a variety of clinical settings and can manifest in a wide
spectrum of clinical presentations. It may occur as an inherited disease or it may
be acquired during the lifetime of the affected individual due to a variety of
underlying disease states. As a consequence of heterogenous etiologies and of the
protean clinical presentations, it is often overlooked until irreversible end-organ
damage has occurred. This volume provides an overview of some of the major
topics in the very broad field of amyloidosis to aid in the understanding of the
nature of amyloidoses.

The first chapter provides a historical overview of the key developments in the
understanding of amyloidosis with respect to biology and diagnosis as well
milestones in the treatment of the major subtypes of the disease. Subsequent
chapters focus on a variety of subtypes of amyloidosis and provide more detailed
discussions of the pathogenesis of specific forms of amyloidosis as well as examine
treatment options for these subtypes. The final chapter discusses major hypotheses
regarding the role of amyloid in Alzheimer’ disease, a disorder that is a major
healthcare issue worldwide but for which the details of its pathobiology remain to
be fully elucidated and for which treatment is entirely unsatisfactory.

There are medical journals devoted largely or entirely to amyloidosis and
therefore one may ask what the role of yet another volume on the topic might be.
New insights are being gleaned into the varied subtypes of amyloidosis yearly,

and current updates are of value in stimulating thought and moving the basic and
clinical investigation forward. More fundamentally, if even one patient ultimately
benefits from the works contained herein, then this present volume may be judged
a success.

This book is dedicated to George P. Studzinski, MD, Ph.D., Professor Emeritus,
Rutgers University, a meticulous scientist, an accomplished educator, and an
exemplary mentor.

Jonathan S. Harrison

Hemato-Oncology Institute,

Sheba Medical Center — Tel HaShomer Hospital,
Ramat Gan, Israel






Chapter1

An Historical Overview of the
Amyloidoses

Jonathan S. Harrison, Yossi Cohen, Irina Ioffe
and Shlomo Bulvik

Abstract

The amyloidoses are a heterogenous group of clinical disorders that share the
common finding of the abnormal deposition of insoluble proteins into various
organs, with the result that these proteinaceous deposits disrupt cellular func-
tion and impair the integrity of the organs involved. Most typically, the abnormal
protein deposition is the consequence of abnormal three dimensional folding of the
culprit protein. The abnormal folding of the protein, in turn, may be due to a germ
line mutation, may be due to an acquired mutation, or may be due to a polymor-
phism or characteristic of a normal protein that leads to abnormal folding, precipi-
tation, and deposition of the protein, particularly when that protein is expressed at
unusually high levels for a prolonged period of time. The clinical manifestations of
an amyloid disorder are the consequences of the array of organs involved, the extent
of amyloid deposition, and co-morbid conditions present in the individual patient.
The array of organs involved, and the extent of organ involvement, in turn, depend
in large part on the specific protein that is responsible for the amyloid deposition,
and the process driving that protein’s production. In this chapter, a chronological
overview is intended to summarize the critical insights into the patho-biology of
amyloid accumulation of various types. These insights have allowed an improved
understanding over time of the of the major subgroups and disease entities of the
amyloidoses, leading to some degree of improvement in diagnosis and treatment
outcomes. Unfortunately, as of this writing, treatment outcomes still remain poor
for a large fraction of patients, and there is need for improvement in all aspects of
the evaluation and management of these diseases.

Keywords: amyloidosis, biological subtypes, medical history

1. Introduction

The amyloidoses are a heterogenous group of clinical disorders that share the
common finding of the abnormal deposition of insoluble proteins into various
organs, with the re sult that these proteinaceous deposits disrupt cellular func-
tion and impair the integrity of the organs involved. Most typically, the abnormal
protein deposition is the consequence of abnormal three dimensional folding of the
culprit protein. The abnormal folding of the protein, in turn, may be due to a germ
line mutation - in which case the disease is a hereditary amyloidosis; the abnormal
folding may be due to an acquired mutation, for example a mutation resulting
in a B cell lymphoproliferative disorder as is seen in AL amyoidosis, also termed
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primary amyloidosis - in which an excess of an abnormal immunoglobulin light
chain misfolds and results in amyloid deposition; or may be due to a polymorphism
in the culprit protein that leads to abnormal folding, then precipitation, and then
deposition of the protein, particularly when that protein is expressed at unusu-

ally high levels for a prolonged time period, as in the subtype of amyloid diseases
termed AA amyloidosis, or as in renal dialysis associated amyloidosis. The clinical
manifestations of an amyloid disorder are the consequences of the array of organs
involved, the extent of amyloid deposition, and co-morbid conditions present in the
individual patient. The array of organs involved, and the extent of organ involve-
ment, in turn, depend in large part on the specific protein that is responsible for the
amyloid deposition, and the process driving that protein’s production.

In this chapter, a chronological overview is intended to summarize the critical
insights, over time, into the patho-biology of amyloid accumulation of various sub-
types. These insights have allowed an improved understanding over time of the of the
major subgroups and disease entities of the amyloidoses, leading to some degree of
improvement in diagnosis and treatment outcomes. Unfortunately, as of this writing,
treatment outcomes still remain poor for a large fraction of patients, and there is need
for improvement in all aspects of the evaluation and management of these diseases.

2. Early observations

Robert Kyle, of the Mayo Clinic, a leading investigator in the field of amyloidosis
over much of the past century, meticulously detailed early observations regarding
cases suggestive of amyloid diseases documented in the medical literature, in a his-
torical review that he published shortly after the turn of this century [1]. Kyle refer-
ences reports by Theophili Bonetti, in Bonetti’s work Sepulchretum sive Anatomia
Practica, which is included in E. R. Long’s book A History of Pathology [2]. Bonetti’s
reports includes descriptions of two autopsies with findings suggestive of amyloi-
dosis. The earliest of these reports is that of Nicklaus Fontanus, from the year 1639,
whose report was of an autopsy of a young man who had evidence of epistaxis,
jaundice, and ascities, with gross pathology showing abnormalities of the liver and
spleen. Kyle also cites the book by Schwartz [3] to note an autopsy report from the
year 1818, by an investigator named Merat, who described “lardaceous” changes
in the liver - that is, changes in the appearance of the liver that appeared to show
infiltration of the liver by a substance resembling lard - porcine fat. Subsequently,
George Budd, in 1852, described several patients with liver infiltration by an abnor-
mal substance, and in his chemical analysis, using the techniques available at the
time, he reported these contained a significant amount of albumin - that is, protein,
measured at sixteen percent of the infiltrate, with only approximately six percent
fat, despite its appearance. Two of the subjects in his series showed similar infiltra-
tion of the kidneys, a pattern consistent with current presentations of amyloidosis
[4]. In 1814, Colin and Gaultier de Chaubry observed the blue color change seen
when starch is stained using iodine together with sulfuric acid. The pathologist
Rudolph Virchow applied the term “amyloid” in the year 1854 to characterize the
brain structures corpora amylacea due to the color changes seen with the application
of iodine, expressing the belief that there was a starch like substance present [5]. In
1842, Carl Rokitansky reported hepatomegaly with hepatic infiltration by a gelati-
nous material, in a series of autopsies of patients with tuberculosis or syphilis. This
may have been the first report of AA amyloidosis in the setting of chronic inflam-
mation and infection. Similarly, in the year 1867, H. Weber reported amyloidosis in
a patient with myeloma, with amyloid having been identified in the heart, kidneys,
and spleen, consistent with what is now termed AL amyloidosis [6].
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In the late nineteenth century, dyes were being widely explored for use in a
variety of biochemical investigations, including for use as histopathologic stains.
The aniline dye Congo Red was developed in 1883, when Paul Béttinger, at the Bayer
Company in Germany, synthesized the compound as a potential pH indicator [7]. In
1923, Bennhold reported administration of Congo Red by intravenous injection into
humans [8]. He injected solutions of Congo Red into twenty-one healthy subjects,
and into twenty-one patients with a variety of illnesses, including patients with
amyloidosis. He noted that in patients with amyloidosis, Congo Red cleared from
the blood significant faster than in healthy individuals or patients with other disease
states. In that report, one patient with a diagnosis of amyloidosis died within a day
of the injection of Congo Red; at autopsy, the liver and spleen appeared to have
been stained red by the injected dye Congo Red. In addition, light microscopy of
histopathologic slides demonstrated red staining. The observation that a so-called
“apple-green birefringence” could be observed in tissue involved by amyloid
deposition under polarized light microscopy was made in the mid-twentieth
century, variously attributed to Missmahl, a student of Bennhold, and to Divry and
Florkin [9]. Over the course of the twentieth century, the technique of Congo Red
staining has been refined, and the chemical basis of the staining has been generally
well characterized. In an excellent review, Yakupova and colleagues detail both
the empiric data, as well as biochemical models, regarding Congo Red staining of
amyloid, in the context of the knowledge of amyloid structure [10]. They detail
the pitfalls involved in the use of Congo Red staining as a histopathologic test for
amyloidosis, and summarize the literature, including a discussion of false positives
and false negatives with regard to the accurate diagnosis of amyloidosis.

As X-ray diffraction became available as a technique to study submicroscopic
structure, this technology was applied to the study of amyloid. Eanes and Glenner
reported X-ray diffraction studies on amyloid filaments in the year 1968 [11], from
which it appeared that amyloid is composed of polypeptide chains in a “cross
conformation” Less than a decade prior to that, Cohen and Calkins applied electron
microscopy imaging to recognize that all subtypes of amyloid exhibit a non-branch-
ing fibrillary structure [12]. Bonar and colleagues refined the characterization of
amyloid fibrils using X-ray diffraction to show that for amyloid fibrils, the cross
proteins - polypeptide chains that form p pleated sheets - the individual strands of
each f sheet run perpendicular to the fibril axis, with 4.1 A spacing [13]. Thus, by
the 1960s, the general structure of amyloid had been defined, although the under-
lying pathophysiology of the various subtypes remained to be more completely
elucidated.

In recent decades, the application of high performance liquid chromatography
(HPLC) and mass spectroscopy (MS) to the analysis of amyloid specimens has
greatly enhanced the ability to diagnosis patients as having specific subtypes of
amyloidosis, and thus has allowed marked improvements in disease-directed
treatments. Mass spectroscopy is an analytical technique that is used to measure
the mass-to-charge ratio of ions. The results are typically presented as a mass
spectrum, a plot of intensity as a function of the mass-to-charge ratio. Comparison
of the results of analysis of a specimen to know materials assists in identification
of the composition of the specimen. The scientific basis for the technology of
mass spectroscopy began with the work of Eugene Goldstein and Wilhelm Wein in
Germany at the end of the 19th century. It was developed into a practical tool by J.J.
Thompson in England, and refined by Arthur Jeffrey Dempster and FW. Aston in
the early 20th century. Similarly, HPLC a technique in analytical chemistry used
to separate, identify, and quantify each component in a sample that is presumed
to be a mixture. The device pumps a highly pressurized liquid solvent containing
the sample mixture through a column filled with a solid adsorbent material, and
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the components are thereby separated and may be identified by comparisons to
know controls. Although conventional liquid chromatography is a technique that
was developed much earlier, modern high pressure liquid chromatography matured
in the 1960s and 1970s. Thus, the application of this technology to characterize
amyloid deposits only began in the 1970s, as discussed later, regarding the work of
Mark Pepys and colleagues in characterizing the amyloid P protein.

3. Insights into patho-biological subtypes and diagnosis
3.1 AA amyloidosis

As noted above, autopsy studies in the nineteenth century, as exemplified by
the report by Rokitansky in 1842, mentioned above, established a relationship
between chronic inflammatory diseases - such as tuberculosis and syphillis, and the
development, in some of these cases, of amyloidosis. Earl P. Benditt, a pioneer in
the field of amyloidosis, together with his colleague Nils Eriksen at the University
of Washington, isolated, by gel electrophoresis, a protein that he initially named
“amyloid of unknown origin” in the year 1961 [14], obtained from specimens of
patients with “secondary” amyloidosis - that is, in patients with underlying chronic
inflammatory diseases. A decade later, in 1971, Benditt and colleagues refined their
identification of the amino acid structure of secondary amyloid, showing a specific
sequence of amino acids at the N-terminus [15]. The following year, in 1972, Levin
and colleagues reported the complete seventy-six amino acid protein sequence of an
amyloid protein from a subject with secondary amyloidosis [16]. A number of other
laboratories identified similar peptide sequences from specimens of secondary amy-
loidisis, differing slightly in length, but all sharing the same N-terminal sequence,
and with lengths on the order of approximately seventy-six amino acids.

These then became known as AA amyloid, or amyloid A protein. In 1975, Linke
and colleagues, using antibodies raised against amyloid A proteins, identified a
serum substance that bound these antibodies. Ultimately, this 104 amino acid
peptide was identified as the serum precursor to tissue amyloid A, and was named
serum amyloid A, or, SAA. There is now a large body of literature detailing the
biology of SAA; the SAA proteins are acute phase reactants, which are important
both in lipid transport and in inflammation, and participate in the interactions
between lipids and the inflammatory process. These molecules are also termed
apolipoproteins, in view of the function that they fulfill in transporting lipids
throughout the body. The genes for human serum amyloid A1 (SAA1) and human
serum amyloid A2 protein (SAA2) map to the region of chromosome 11 p15.1, and
are rapidly synthesized by hepatocytes and secreted into the blood in response to a
variety of inflammatory stimuli. In experimental conditions, exposure to lipopoly-
saccharide from streptococcus pneumonia provokes a dramatic rise in SAA levels and
is associated with chemotaxis of leukocytes as well as a cascade of other inflam-
matory responses. SAA3 appears to be a pseudo-gene, with no significant protein
expression, and SAA4 is expressed constitutively in the liver. AA amyloid fibrils
include deposition of SAA1 and. SAA2, and this typically occurs when a significant
inflammatory process persists over a long period of time. An excellent recent review
of the literature on the structure and biology of serum amyloid A was published by
George Sach in the journal Molecular Medicine [17].

In parallel with studies that defined the identity and structure of the amyloid A
proteins, during the 1960s a number of investigators identified a separate protein
extracted from amyloid deposits, by exploiting antigenic properties, using antibod-
ies to isolate and characterize this protein. Prominent among these investigators
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were Cathcart and Cohen, and their colleagues at Harvard Medical School [18]. In

a series of experiments reported over several years, this protein was defined, and
named amyloid P protein [19], also called in the literature amyloid P component.

In the early 1970s, Mark Pepys in London developed a rabbit antibody to C reactive
protein (CRP) that also precipitated second protein from serum; this proved to

be serum amyloid P (SAP). Over the next two decades, it was discerned that both
CRP and SAP are members of the same class, pentameric molecules that have been
named pentraxins [20]. Pepys and colleagues reported the three dimensional struc-
ture of human SAP using X-ray crystallography in 1994, ultimately finding that this
forms a flattened p “jelly roll” structure [21]. The gene for SAP in humans resides
on chromosome 1 at locus 1q23.2. Human SAP avidly binds to chromatin, displac-
ing H1 histones; this has suggested that SAP may play a role in modulating DNA
biology [22]; however much remains to be determined in this regard. An evolv-

ing literature indicates that the so-called “short pentraxins”, which include CRP

and SAP, are participants in the innate immune response. There is data that both
CRP and SAP interact with pathogens to activate leukocytes, as well as to regulate
complement; this has been carefully reviewed in a paper by Cox, Pilling, and Gomer
of the University of Texas [23]. On average, approximately fourteen percent of the
mass of amyloid deposits are amyloid P protein, across amyloid subtypes. In 1979,
Pepys and colleagues demonstrated that, in vitro, amyloid P protein binds to both
primary amyloid (immunoglobulin light chain amyloid), or AL amyloid, as noted
above, as well as binding to secondary amyloid, such as AA amyloid. The amyloid

P component is thought to stabilize other fibrillary molecules within the amyloid,
such as the amyloid A protein, and inhibit fibril breakdown. Analysis of amyloid
deposits by high performance liquid chromatography and mass spectroscopy has
become an important tool in confirming the specific subtype of amyloidosis in a
patient; a biopsy specimen processed by laser micro dissection can generally be sent
to a reference laboratory for such analysis [24]. Such analysis permits determination
and confirmation of the specific subtype of amyoidosis; e.g., that a particular speci-
men contains AA amyloid, AL amyloid, ATTR amyloid, or a less common subtype
among the amyloidoses. This mass spectroscopy and high performance chromatog-
raphy analysis has demonstrated the presence of other moieties present in amyloid
deposits, prominently including glycos-aminoglycans, in addition to the ubiquitous
amyloid P protein.

In the late 1980s, Pepys and colleagues developed the diagnostic technique of
radioactive iodine labeled SAP scintigraphy for diagnosis and evaluation of patients
with various forms of amyloidosis [25]. This diagnostic modality remains an impor-
tant tool to this day in the assessment of patients with suspected to documented
amyloidosis, including for the purpose of monitoring response to therapy.

In 2007, researchers in the United Kingdom published the findings of a lon-
gitudinal study of 374 patients with AA amyloidosis followed at the Royal Free
hospital [26]. They reported that median survival from diagnosis was 133 months,
and kidney dysfunction was the predominant clinical manifestation. They further
reported that mortality and renal impairment correlated positively with SAA
serum concentrations. In this series, underlying chronic inflammatory disor-
ders included chronic inflammatory arthritis most commonly - predominantly
Rheumatoid arthritis, chronic infections including bronchiectasis, infections in the
setting of chronic injection drug abuse, and infectious complications of paraple-
gia. Less common underlying inflammatory processes included osteomyelitis,
tuberculosis, and periodic fever syndromes such as familial Mediterranean fever;
Crohn’s disease, and Castleman’s disease. Successful management of the underly-
ing inflammatory disorder was associated with improved outcome and lower levels
of SAA in the blood.
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3.2 AL amyloidosis

Robert Kyle of the Mayo Clinic has published several historical reviews of the
disease multiple myeloma. In a manuscript detailing medical observations and
insights regarding myeloma, Kyle and Rajkumar [27] cite a case reported in the
year 1844, of a 39 year old woman who experienced fatigue and bone pain associ-
ated with multiple fractures [28]. The patient died approximately four years after
her initial presentation, and autopsy findings included marrow replacement by
aberrant cells. A landmark case was that of the patient Thomas McBean, who
also developed fatigue and bone pain. Urine specimens from Mr. McBean were
brought to Henry Bence Jones, a chemical pathologist, after the patient’s attending
physician noted a high specific gravity to the urine, as well as opacity of the urine
when boiled. Bence Jones reported the findings of proteinuria [29, 30], although
he considered that the protein was an oxidized albumin. Waldeyer was the first to
use the term plasma cell to describe a specific cell type [31]; however, it was Wright
who felt that the malignant cells of myeloma were plasma cells [32]. H. Weber, in
1867, reported an autopsy with findings of non-traumatic fractures of the sternum,
with the marrow replaced by an infiltrate of small uncleared cells. The heart was
hypertrophied, and amyloid was identified in both the kidneys and the spleen - a
presentation consistent with myeloma complicated by amyloidosis [33]. Kyle writes
that this was the first report of amyloidosis associated with multiple myeloma.
During the first half of the twentieth century, technology evolved to permit the
identification of different classes of Bence Jones proteins, and in 1962, Edelman and
Gally showed that serum monoclonal light chains from a patient with IgG myeloma
shared the same amino acid sequence as the patient’s Bence Jones protein, establish-
ing that Bence Jones protein is derived from clonal paraprotein [34].

Magnus-Levy, who began his career in Germany, but relocated to the United
States early during the Second World War, documented his conjecture that Bence
Jones protein excreted in the urine of myeloma patients might be “the mother
substance” of amyloidosis; this was published in the year 1931 [35]. In 1946,
Herbut and Erf showed that amyloid could be identified within plasma cells, and
concluded corrrectly that plasma cells were the source of amyloid in the setting of
myeloma [36]. Thus, by the mid-twentieth century, it was evident that one form
of amyloidosis was the consequence of a clonal plasma cell disorder. Glenner and
colleagues demonstrated iz vitro that monoclonal immunoglobulin light chains
from myeloma patients could form amyloid fibrils under experimental conditions,
which precipitated after pepsin exposure; the precipitates stained with Congo Red,
and demonstrated green birefringence by polarizing microscopy [37]. In the past
several decades, it has been shown that specific clonal light chain sequences result
in a significant predisposition to misfold, and therefore deposit as amyloid; among
these, the light chain variable region sequences VA1, VA2, VA3, VA6, and V1 are
particularly over-represented as amyloid protein, as compared to other immuno-
globulin variable region sequences [38].

The treatment of primary, or, AL amyloidosis remains unsatisfactory. This
is, in part, due to a frequent delay in diagnosis, which may result either from the
lack of specificity in early symptoms, or due to presentation when there is already
significant end-organ damage that precludes aggressive therapy [39]. Treatment of
all subtypes of amyloidosis are directed, at least in part, to suppressing production
of the misfolding protein. In AL amyloidosis, this means suppressing production
of clonal light chains secreted by the clonal plasma cells. In 1958, Blokhin and
colleagues reported benefit from treatment using melphalan in a small cohort of
patients [40]. Similarly, in 1962, Maas reported a study in myeloma patients treated
using prednisone, versus placebo, and documented the at least transient objective
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anti-neoplastic activity of corticosteroid therapy in treating myeloma [41]. In 1969,
Alexanian and colleagues published a seminal prospective, randomized clinical trial
that established the combination of melphalan and prednisone as the standard of
care as systemic anti-neoplastic therapy for multiple myeloma [42]. That standard
prevailed for several decades, until the turn of this century, when novel agents,
including the imids and subsequently the proteosome inhibitors, were developed.
Consequently, in view of the ability of theses drugs to suppress the malignant clone
of plasma cells in overt myeloma, the same drugs were employed to suppress the
clonal plasma cell population producing amyloid in AL amyloidosis. Toward the
end of the twentieth century, colchicine was used as therapy for AL amyloidosis.
However, a prospective, randomized clinical trial comparing colchicine to melpha-
lan plus prednisone, or all three drugs together, in patients with AL amyloidosis,
showed a survival advantage from melphalan and prednisone [43]. This was
therefore conventional therapy for AL amyloidosis for several decades, until the
advent of the newer agents used to treat multiple myeloma - the imids and proteo-
some inhibitors, and the demonstration that a favorable outcome - as compared

to historical controls - could be obtained in carefully selected patients treated
using high dose melphalan with autologous hematopoietic rescue. To date, there
have been no large, prospective randomized clinical trials in AL amyloidosis of the
newer agents, nor of autologous transplants in AL amyloidosis. However, based on
numerous Phase II trials, a general consensus has evolved, with patients deemed

fit taken to autologous transplant, often after induction therapy. One example of
such a consensus approach is an algorithm for treatment published by the Swiss
Amyloidosis Network [44]. This group currently recommends induction therapy
using the combination of cyclophosphamide, bortezomib, and dexamethasone
(“CyBorD”) followed by high dose melphalan with autologous hematopoietic
rescue, for transplant-eligible patients. For transplant ineligible patients, this group
recommends the monoclonal antibody daratumumab, directed against the plasma
cell surface protein CD 38, either alone or with combination with other agents.
Current investigational therapeutic approaches include novel experimental treat-
ments, such as a monoclonal antibody that can bind and potentially extract amyloid
P protein from organ deposits [45].

3.3 ATTR amyloidosis

In 1952, a neurologist, Andrade, reported detailed observations regarding a
cluster of patients with neurological deficits in the Oporto region of Portugal, with
some of those observations dating back to 1939 [46]. The afflicted patients shared
clinical features of peripheral motor weakness and peripheral sensory deficits, as
well as, in many cases, gastrointestinal and sexual dysfunction. Histopathologic
examination revealed amyloid deposition, and a familial, autosomal dominant
pattern of inheritance was noted. Similar observations were made of familial amy-
loidosis with primarily neurological manifestations - most prominently peripheral
neuropathy and autonomic neuropathy - in Japan, and in Scandinavia in the latter
part of the twentieth century. Eventually, hereditary amyloidosis was identified in
many populations, with clinical syndromes that presented primarily as neurologi-
cal dysfunction, or with clinical syndromes that presented primarily with cardiac
disease. Abnormal electrophoretic mobility transthyretin was noted in many of
these cases. With the advent of the technologies of molecular biology of the gene,
the vast majority of hereditary amyloidosis cases were found to be due to a variety
of mutations in the protein transthyretin became recognized. Hereditary trans-
thyretin amyloidosis, also termed ATTRv amyloidosis (“ATTR variant”) is generally
an autosomal dominantly inherited disorder, due to a variety of mutations in the
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TTR gene that encodes for transthyretin. The TTR gene product is a homodimeric
plasma protein produced primarily in the liver, with additional production and
secretion by the choroid plexus and by retinal epithelia. The TTR protein serves
both as a thyroid hormone binding protein, as well as a retinol binding protein,
and was originally called “pre-albumin” due to its migratory pattern on protein
gel electrophoresis, running ahead of the albumin peak [47]. Beginning in the late
1980s into the early 1990s, DNA sequencing of the TTR gene by many investigators
uncovered numerous mutations in TTR associated with amyloidosis, manifesting
as predominantly either neurological disease, or as cardiac disease- typically with
arrhythmia, with or without heart failure syndrome [48]. As of this writing, more
than 125 different TTR mutations have been identified in the TTR gene locus, that
are associated with ATTR amyloidosis. The most common TTR variants in the
United States include (1) the Val30Met mutation, which is the most commonly
identified mutation worldwide. The syndrome Familial amyloid polyneuropathy
(termed FAP) is most commonly caused by Val30Met. Other relatively common
driver mutations include (2) the Thr60Ala mutation, (3) the Leu58His mutation,
(4) the Ser77Tyr mutation, and (5) the Val122Ile mutation. This last mutation is
predominantly seen in the African-American population, and typically presents
as cardiomyopathy. The syndrome Familial Amyloid Cardiomyopathy (FAC) is
commonly caused by Val122lle.

During the same time period, it was recognized, primarily from autopsy studies,
that there were individuals who were found to have evidence of systemic amyloid
deposition at an advanced age, primarily in the heart, but in some cases affecting
the peripheral nerves, and this has been termed Systemic Senile Amyloidosis (SSA).
Often there is no clinical heart disease in these individuals, but some of these indi-
viduals will indeed develop cardiac disease, ranging from arrhythmia to heart fail-
ure syndrome. There is also increasing evidence that ATTRwt disease is a cause of
carpel tunnel syndrome in the elderly. Analysis of the amyloid from these patients
showed transthyretin as the major component of the amyloid, together with serum
amyloid A protein; there is also data to suggest that the molecule Clusterin may play
arole in the formation of this form of amyloid [49]. Clusterin, also called apolipo-
protein J, is a heterodimeric protein member of the heat shock protein family, and
participates in apoptosis. Critically, gene sequencing of the TTR in these individuals
is normal, as was first documented in a study by Westermark and colleagues in 1990
[50]. This subtype of ATTR amyloidosis is also termed ATTRwt, that is, wild-type
ATTR Amyloidosis. In this disorder, there is misfolding of transthyretin, despite the
normal gene sequence.

When ATTR amyloidosis is suspected due to clinical findings, a tissue diagnosis
of amyloid deposition is a definitive procedure. The finding of amyloid deposition,
however, should be followed by biochemical analysis of the amyloid, either by
mass spectroscopy and high performance chromatography, or by sequencing of the
TTR gene, or both. As noted above, ATTRwt is defined in part by a normal gene
sequence of TTR. As discussed previously, as in all subtypes of systemic amyloido-
sis, nuclear medicine studies may be diagnostic [25, op cit]. Myocardial radiotracer
uptake at bone scintigraphy using an agent such as technicium-99 pyrophosphate is
both sensitive and specific for a diagnosis of cardiac amyloid due to ATTR amyloid,
once monoclonal light chain amyloid has been excluded by immunological studies.
In the management of ATTRv amyloidosis, liver transplant became a standard of
care over the past 25 years, as this replaces the source of the variant, or, mutated
TTR with a liver that produces normal TTR. Liver transplant has been documented
to improve overall survival in ATTRv amylodosis [51]. In ATTRv amyloidosis, the
mutations in the TTR gene appear to destabilize the normal tetrameric state of the
transthyretin protein, resulting in dissociation into monomers prone to misfolding
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and aggregating. Consequently, it was hypothesized that agents that could stabilize
the TTR tetramers might ameliorate the disease by reducing amyloid fibril forma-
tion and deposition. Tafamidis is an oral agent, currently approved in Europe for
the treatment of early stage polyneuropathy ATTR amyloidosis, which appears to
work by stabilizing the transthyretin tetramer. In prospective, randomized clinical
trials, Tafamidis was shown to be safe, with evidence of that it retards neurologi-
cal deterioration [52, 53]; however efficacy was questionable for patients with
advanced disease. Subsequently, a prospective, randomized, placebo controlled trial
of Tafamidis in ATTR cardiomyopathy, both variant and wild type, NCT01994889,
showed a thirty percent reduction in mortality as compared to placebo [54]. This
led to FDA approval in the United States of Tafamidis for the treatment of ATTR
cardiomyopathy. In a randomized, placebo controlled clinical trial, the non-
steroidal anti-inflammatory agent diflunisal was compared to placebo, diflunisal
reduced progression of neuropathy significantly in patients with hereditary ATTR
amyloidosis [55]. However, there were significant toxicities associated with use

of diflunisal, including renal injury, in this study. Use of diflunisal is “off-label”,
but is certainly used at this time for management of some patients with ATTRv
amyloidosis.

More recently, two parenteral agents have been introduced for the treatment
of ATTR amyloidosis with polyneuropathy, both of which work by reducing
messenger RNA for TTR, and thus reducing production of the amyloidogenic
TTR protein. Inotersen, an anti-sense oligonucleotide that binds up TTR mRNA,
is administered subcutaneously once weekly, and was approved on the basis of
the results of a pivotal randomized clinical trial. In that study, the Neuro-TTR
trial, patients randomized to Inotersen demonstrated sustained reductions in
transthyretin protein production, and statistically significant improvement in
quality of life [56]. Similarly, Patisiran is a small, interfering RNA molecule given
intravenously once every three weeks. In the Apollo study, patients with heredi-
tary AT'TR polyneuropathy were randomized to receive Patisiran versus placebo.
Results documented a clinical improvement in neuropathy at eighteen months for
patients treated using Patisiran versus placebo [57]. Both Inotersen and Patisiran
are currently approved for treatment of ATTR polyneuropathy. In sum, for the
estimated 50,000 people living with hereditary ATTR amyloidosis, there are
now a number of medical treatment options with less mortality risk than liver
transplant.

4. Other hereditary amyloidosis

Since 1990, several other molecules with mutations that predispose to
misfolding have been discovered as rare causes of amyloidosis. These include
hereditary renal amyloidosis due to mutations in lysozyme [58] giving rise to ALys
Amyloidosis; mutations in fibrinogen, giving rise to AFib amyloidosis [59] apolipo-
proteins Al, giving rise to AApoAl amyloidosis; mutations in Apolipoprotein AlI,
giving rise to AApoAlIl amyloidosis [60]; mutations in the protein gelsolin, giving
rise to AGel amyloidosis [61].

In addition, leukocyte chemotactic factor-2 related amyloidosis is an unusual
amyloid disorder associated primarily with chronic kidney disease. Originally
characterized in 1998, human LECT?2 is a protein that is predominantly synthe-
sized by hepatocytes. As well as having neutrophil chemotactic properties, it also
appears to participate in repair of tissue injury. Since the beginning of the 21st
century, an increasing number of cases of patients with localized renal amyloidosis
associated with chronic kidney disease have been found, on chemical analysis, to
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have amyloid comprised largely of LECT2. There is a marked over-representation
of Hispanic patients with LECT2 amyloidosis, in particular patients with back-
grounds from Mexico. Although the majority of these unusual cases have renal
involvement only, investigators at the University of California reported a case
with both renal and pulmonary involvement [62]. Genetic polymorphisms in the
LECT?2 gene have been identified that appear to predispose to the development of
amyloidosis, and the over-representation of Hispanic patients suggests that there
is a genetic component to this disease process. However, the precise etiology of the
over-expression and deposition of LECT?2 has not been fully established as of this
writing.

5. Dialysis associated amyloidosis

Dialysis-related amyloidosis (“DRA”) is a relatively common complication
of chronic renal dialysis therapy, with the deposition of amyloid fibrils that are
composed primarily of the molecule 2 microglobulin (“f2M”). p2M is typi-
cally hydrogen bonded to the MHC class I structure present on nucleated cell
surfaces, but urea in the blood can break that bond, with p2M then circulating
in the plasma. In 1975, carpel tunnel syndrome was recognized as a complication
of long term hemodialysis [63]. Within a decade, this was found to be associ-
ated with histology findings of amyloid [64], and $2M was found to accumulate
in patients maintained on dialysis. Soon thereafter, the amyloid deposits seen
in this setting were documented to be composed in large part of $2M [65]. The
amyloid in the setting of chronic renal dialysis therapy is deposited in osteo-
porosis-articular structures and in visceral organs, particularly at the wrists,
the sternum, the knees, and the kidneys. Bone cysts also occur. Under normal
physiological conditions, p2M is eliminated through glomerular filtration and
subsequent reabsorption and catabolism by the proximal tubules. In general, the
serum level of p2M is inversely related to the glomerular filtration rate; there-
fore, in end-stage renal disease patients, f2M levels may increase up to 60-fold.
The $2M may then mis-fold, polymerize, and become deposited in the tissues;
mis-folded intermediate forms of $2M have been reported [66], particularly
truncated forms of p2M that lack the six N-terminal amino acids [67]. It is diffi-
cult to determine the true prevalence of DRA, because formal evaluation is often
not undertaken. DRA is relatively common in patients maintained on long-term
hemodialysis, typically for at least several years, but it has also been documented
in patients undergoing continuous ambulatory Peritoneal dialysis. Aggressive
dialysis, to reduce the chronic elevation of p2M is a costly, but effective, manage-
ment approach.

Instances of localized deposition of amyloid - as distinct from systemic amy-
loidosis — were clearly recognized as a distinct clinical entity only in the twentieth
century. Among the earliest reports of localized amyloid deposition is that by
Gellerstedt in the year 1938 [68]. He described Congo Red positive amyloid deposits
in the islets of langerhans within the pancreas, in a diabetic patient. Since that time,
localized amyloidosis has been reported to occur, in rare cases, in nearly every organ
in humans. However, the most commonly reported sites, by far, are the skin and
the upper aero-digestive tract. Weidner and colleagues from Germany reviewed
the literature regarding localized cutaneous amyloidosis, and identified small case
series and case reports dating back to the year 1985 [69]. Similarly, the upper aero-
digestive tract is a relatively frequent site for identification of localized amyloid
deposits, in the absence of systemic disease. However, these cases are still fairly rare
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overall, in general, and information regarding localized amyloidosis of the upper
aero-digestive tract is primarily derived from case reports and small series [70]. It is
possible that the medical literature may be skewed, and upper aero-digestive tract
amyloid deposits may be over-represented, due to the fact that mass lesions in the
upper aero-digestive tract give rise to symptoms even when the lesions are quite
small, but there are a relatively large number of case reports of localized amyloid in
the regions from the oropharynx to the pulmonary carina. In a retrospective review
from Germany, the larynx was the most commonly involved site, although in that
series localized disease was also seen in the tongue, trachea, and pharynx [71].
Similarly, there are many reports of localized amyloid in the lower gastrointestinal
tract, likely due in part to incidental discovery during screening colonoscopy for
colon cancer. An early autopsy series reported by Ravid and colleagues, published in
the year 1967, detailed the findings from 391 necropsies performed at Tel HaShomer
Hospital [68, op cit]. Most cases of localized amyloidosis are found to be AL amy-
loid, but AA amyloid may also be seen. It remains unclear why some patients with
localized AL amyloid may not progress to systemic amyloid, nor why there is a
tropism for the amyloid deposition to the specific sites in such cases. This is a fertile
area for additional research.

6. Cerebral vascular amyloidosis

Cerebral amyloid angiopathy is a disorder in which there is accumulation of
amyloid within the walls capillaries, as well as of small and medium sized arterial
vessels within the nervous system. This results in weakening of the vessels over
time, and the disorder typically presents in the elderly. Clinically, it may manifest as
either micro-hemorrhages, which can result in cognitive impairment and possibly
vascular dementia, or may manifest as intra-cerebral hemorrhage, which may be
catastrophic. An early description of cerebral amyloid angiopathy was published by
Ishiguro and colleagues in the year 1984. In this autopsy series, the authors identi-
fied seven cases in which patients presented with either intra-cerebral hemorrhage
or with dementia. At autopsy, amyloid deposition was observed in the smaller arte-
rial vessels, including at the sites of hemorrhage [72]. Later analysis of the amyloid
showed this to be deposition of Amyloid Precursor Protein (APP), a membrane
protein that is present in high concentrations at neuronal synapses. Proteolysis of
APP results in amyloid Ap polypeptides. These are a principle component of the
amyloid found in cerebral vascular amyloidosis; amyloid Af polypeptide is also a
component of the amyloid deposits in Alzheimer’s Disease. However, in Alzheimer’s
Disease, the Ap fragments typically extend to amino acids position 42, whereas in
cerebral vascular amyloidosis, the Ap fragments extend only to amino acid positions
39 or 40 [73]. Neurofibrillary tangles, a hallmark of Alzheimer’s Disease, are not
seen in cerebral vascular amyloidosis.

7. Amyloid in Alzheimer’s disease

Amyloid deposition is an integral aspect of the histopathology of Alzheimer’s
Disease. However, the amyloid is only one aspect of the dramatic microscopic
changes seen in the brain when affected by Alzheimer’s disease. Alzheimer’s disease
is discussed in detail in other chapters of this volume, and therefore will not be
reviewed here. A timeline of the many of the most significant observations and
developments in the amyloidoses is provided in Figure 1.
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Figure 1.
A timeline of major developments in Amyloidosis.
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Chapter2

Diagnosis of Amyloidosis: From
History to Current Tools
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Abstract

The term amyloid encompasses a large variety of misfolded proteins with
varying amino acids unified by the antiparallel beta-pleated sheet configuration
and characteristic Congo red staining. The etiology of these proteins is equally
varied, ranging from neoplastic plasma cell disorder, hereditary causes to inflam-
matory disorders. The protean clinical manifestation makes a high index of clinical
suspicion the first crucial step in the diagnosis. A battery of investigations needs
to be carried out for a complete diagnosis of amyloidosis and its underlying etiol-
ogy. Biopsy with Congo red staining constitutes the most important modality for
confirmation of amyloid. For further testing, varying modalities with increasing
complexity, such as immunohistochemistry, electron microscopy, and mass spec-
trometry, need to be employed. We discuss, in the course of the current chapter, this
fascinating protein from a clinical diagnosis perspective. The requisite investiga-
tions are also discussed in detail.

Keywords: amyloid, plasma cell, beta-pleated sheet, misfolded proteins, Congo red,
mass spectrometry

1. Introduction

Amyloid is characterized by homogenous amorphous eosinophilic extracellular
deposits in several tissues on routine histopathological examination. This amor-
phous proteinaceous substance is indeed very heterogeneous; however, all these
types have some properties in common, which thereby define it as amyloid [1].
Understanding this core concept then makes it easy to understand the diagnostic
approach for amyloid. Before proceeding with the diagnostic armamentarium
available for amyloid, we briefly discuss various types of amyloid and their
nomenclature.

2. Classification and nomenclature

Amyloid is characterized by some common properties as follows. These are
fibrillary misfolded proteins that resist degradation by proteasome and macro-
phages leading to deposition. They can either be a normal protein with an inherent
tendency to form amyloid when produced in excess (Example: ATTR) or result of
genetic mutation giving rise to amyloidogenic protein. (Example: AApoAl) X-ray
diffraction shows antiparallel 8-pleated sheet configuration noted on X-ray dif-
fraction and Congo red stained section shows diagnostic apple-green birefringence
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under polarized light [2]. These properties bring them under one roof of amyloi-
dosis. However, due to marked heterogeneity in chemical nature and therapeutic
implications, amyloid is classified in several ways, as follows.

2.1 Systemic versus localized

Clinically, amyloid can be classified as systemic/generalized or localized based
on whether it affects many organs/systems or affects only one site. Localized
amyloid deposits are usually seen in the skin, larynx, and bladder. It is characterized
by an indolent course requiring minimal intervention. However, recurrences can be
a potential concern. At least 19 amyloid types are known to cause exclusive local-
ized deposits. Systemic amyloidosis causes more generalized deposits, affecting the
entire organ-like cardiac deposition in ATTR form or multisystem affection in AL
amyloidosis. The systemic form is associated with 14 different forms of amyloido-
genic proteins [3, 4]. Some forms like AL/AH/ATTR can cause localized deposits
and more generalized systemic disease.

2.2 Primary versus secondary

Another popular way of classifying systemic amyloidosis is primary versus sec-
ondary amyloidosis. Primary is driven by clonal plasma cell proliferation, leading to
excessive misfolded monoclonal light chain production, leading to fibril formation
and amyloid deposition [5]. Whereas secondary amyloidosis is secondary to inflam-
matory processes like autoimmunity, infection likes tuberculosis.

Hereditary another distinct category is hereditary or familial amyloidosis where
genetic mutation leads to the production of misfolded fibrillary protein (FAP).

We can also classify amyloidosis based on its biochemical nature. Thirty-six pro-
teins have been identified as amyloidogenic in humans, and the list continues to grow
with more types getting identified with sophisticated tests like mass spectrometry.

Systemic/ Amyloidtype  Precursor protein Organ predominantly
localized/ both affected
Hereditary Systemic ATTR Transthyretin, variants PNS, ANS, heart, eye,
leptomeninges
Systemic Ap2M f2 microglobulin, ANS
variants
Systemic AApoAl Apolipoprotein A, Heart, liver, kidney, PNS,
variants testis, larynx (C
terminal variants), skin (C
terminal variants)
Systemic AApoAll Apolipoprotein A II, Kidney
variants
Systemic AApoClII Apolipoprotein CII, Kidney
variants
Systemic AApoCIIL Apolipoprotein C III, Kidney
variants
Systemic AGel Gelsolin, variants Kidney, PNS, cornea
Systemic ALys Lysozyme, variants Kidney
Systemic AFib Fibrinogen a, variants Kidney
Systemic ACys Cystatin C, variants CNS, PNS, skin
Systemic ABri ABriPP, variants CNS
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Systemic/ Amyloidtype  Precursor protein Organ predominantly
localized/ both affected
Localized ADanb ADanPP, variants CNS
Localized Ap AB protein precursor, CNS
variant
Localized APrP Prion protein, variant CJD, GSS syndrome, fatal
insomnia
Systemic Prion protein variant PNS
Acquired Both AL Immunoglobulin light All organs, usually except
chain CNS
Both AH Immunoglobulin heavy All organs except CNS
chain
Systemic AA (Apo) Serumamyloid A All organs except CNS
Systemic ATTR Transthyretin, wild type ~ Heart mainly in males,
lung, ligaments,
tenosynovium
Systemic Ab2M f2-microglobulin, wild Musculoskeletal system
type
Systemic AApoAIV Apolipoprotein A1V, Kidney medulla and
wild type systemic
Systemic ALECT2 Leukocyte chemotactic Kidney primarily, Liver
factor-2
Localized Ap AB protein precursor, CNS
wild type
Localized AaSyn a-Synuclein CNS
Localized ATau Tau CNS
Localized APrP Prion protein, wild type CJD, fatal insomnia
Localized ACal (Pro)calcitonin C-cell thyroid tumours
Systemic ACal (Pro)calcitonin Kidney
Localized AIJAPP Islet amyloid Islets of Langerhans,
polypeptidec insulinomas
Localized AANF Atrial natriuretic factor Cardiac atria
Localized APro Prolactin Pituitary prolactinomas,
aging pituitary
Localized Alns Insulin Iatrogenic, local injection
Localized ASPCd Lung surfactant protein Lung
Localized ACor Corneodesmosin Cornified epithelia hair
follicles
Localized AMed Lactadherin Senile aortic, media
Localized AKer Kerato-epithelin Cornea, hereditary
Localized AlLac Lactoferrin Cornea
Localized AOAAP Odontogenic ameloblast- ~ Odontogenic tumours
associated protein
Localized ASeml Semenogelin 1 Vesicula seminalis
Localized AEnf Enfurvitide Iatrogenic
Localized ACatKe Cathepsin K Tumour associated
Localized AEFEMPle EGF-containing fibulin-  Portal veins

like extracellular matrix
protein 1 (EFEMP1)

Aging associated

Table 1.

This table summarizes the common amyloid proteins identified in humans with brief comments related to each

of them [6].
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2.3 Nomenclature

International society of amyloidosis (ISA) recommended in 2018 that the name
of any amyloidosis start with A standing for amyloid followed by suffix sugges-
tive of underlying pathogenic protein. Example- AH stands for the heavy chain
of immunoglobulin giving rise to amyloid [6, 7]. However AH, AL are amyloid
proteins, and AH amyloidosis is the disease.

For amyloidosis caused by various inherited mutations leading to fibrillary protein
production, hereditary is the favored term compared to familial. In hereditary subset
nomenclature recommendation by ISA says single letter coding for amino acid substitu-
tion can be used with mention of amino acid position where substitution is happening.
Example: ATTRV30M or ALysI56T. To indicate the mutation is driving the amyloidosis,
vATTR (variant) is recommended by ISA over (mutant) ATTRm (Table1).

3. History of diagnostic tools for amyloid
3.1 Early advances: till the development of Congo red as a diagnostic tool

Like many other diseases, the first description of amyloid came from autopsy
rooms. It evolved from classical gross description to gross staining with iodine and
sulfuric acid, suggesting starch-like amyloid properties [8].

Botanist Matthias Schleiden followed by Rudolf Virchow used this term amy-
loid, and confusion about its starch-like nature continued [9, 10].

Initially, metachromatic stains were utilized to detect amyloid. However, later
chemist Paul Béttiger discovered a textile dye named Congo red which can bind to
amyloid and Puchtler described the method for histological preparation [11]. Since
then Congo red staining and apple-green birefringence became the gold standard
for establishing the amyloid diagnosis. This early history of diagnosis of amyloido-
sis is dealt with in better detail in another chapter of this book. Hence, we intend to
focus on the history of evolving tools for amyloid typing.

3.2 Modern history of amyloid diagnosis-evolution of tools for amyloid typing

1959, Alan S Cohen and Calkin decoded the fibrillary nature of amyloid under
the electron microscope [12].

Amyloid extraction followed by X-ray diffraction demonstrated cross beta-
pleated sheet structure of amyloid by Eanes and Glenner [13].

More important application of amyloid extraction opened the door for under-
standing biochemical nature and hence the pathogenesis of different types of
amyloid. Glenner and colleagues decoded that AL amyloid was indeed due to the
light chain of immunoglobulin getting misfolded and producing amyloid. AL is the
most common type of amyloidosis affecting humankind.

Identifying these different types of amyloid proteins is what is referred to as
amyloid typing in today’s diagnostic practices. As emphasized earlier this is the
crucial part of work up as treatment may vary from bone marrow transplant for AL
amyloidosis to liver transplant for others.

Amyloid typing tools exploit two principles; one is the immune platform where
antibody against the antigen of interest (amyloid here) is allowed to react. The
immune complex formed is detected by either fluorescence in immunofluorescence
(IF), chromogen in immunohistochemistry (IHC), or coupled this immune reaction
with electron microscopy localizing exact deposition of the complex in immuno-
electron microscopy [14].
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Among the above investigations, IHC and IF have the biggest advantage of being
widely available today. However, over time, researchers found several limitations of
these typing techniques like the IHC panel is usually limited to target AL, AA, and
ATTR amyloid. These tests do not detect mutated and truncated forms and have
cross-reactivity with non-amyloid proteins [15]. Immunofluorescence as a tech-
nique for amyloid typing needs frozen tissue and antibodies used lack specificity
giving inconclusive results [16].

To overcome these shortcomings of immune methods for amyloid typing
breakthrough technology of proteomics mass spectrometry was used. Vrana
et al. used laser micro-dissection to extract the amyloid from Congo red positive
bit of histopathology section and did a proteomic study with mass spectrometry
to classify several types of amyloid by identifying the very nature of pathogenic
protein giving rise to misfolded fibrils [17]. Modification of this technique is
also developed for fat pad aspirate specimens. Details of these amyloid typing
technologies will be discussed in the amyloid typing techniques section of this
chapter.

Decoding the amyloid fibril to its true protein nature was possible with these
typing tools. However, another aspect was to understand some types of amyloidosis
that can be inherited and the treatment concerns they created.

Satoru Tawara and colleagues identified a point mutation in the gene coding
for TTR mutant TTR-related FAP in 1983 [18]. To date, several hereditary types of
amyloidosis have been identified, which are driven by various genetic events. Recent
additions to this list have been fibrinogen A-a chain, lysozyme, apolipoprotein AlI,
and leucocyte chemotactic factor 2 [19].

This brings us to the end of a brief review of how the history of amyloid detec-
tion evolves from gross staining properties confusing it for starch to sophisticated
tools understanding its true proteinaceous nature with typing of amyloid proteins
and deciphering genetic events leading to a subset of these amyloid deposits.
Knowing this background helps us to understand how we use these tools developed
over decades and apply them today for the diagnostic workup of this rather unusual
and mystifying disease.

4. Diagnostic approach to amyloidosis
4.1 Diagnosis starts by suspecting in clinic

Clinically it is relevant to first classify patients as having localized versus
systemic amyloidosis. Localized amyloid is often only a cosmetic concern pre-
senting as a nodule or a plaque most commonly in the skin. Localized cutaneous
amyloid can be AD (keratin) depositing at the site of trauma or An Insulin at the
site of injection, and many more. Rarely polyclonal plasma cells can give rise to a
localized deposit of amyloidogenic light chain in skin, larynx, urinary bladder, and
others. The localized form usually does not require extensive therapy, however, it
can recur [3].

One of the challenges in establishing systemic amyloidosis diagnosis is suspect-
ing it in the correct scenario and ordering the correct test. Coming across such
patients should alert the treating physician to order broad screening tests for
amyloid.

Patient may complain of nonspecific fatigue or weight loss, to symptoms and
signs suggestive of the target organ involved. Classical presentations of systemic
amyloidosis are nephrotic range proteinuria in renal amyloidosis, cardiac failure,
sensorimotor and autonomic neuropathy without apparent cause [4].
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™ AL, AA, AFIB, ATTRmut
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AL, ATTR

4

Figure 1.
Summary of the organ preference by various amyloidosis.

Primary amyloidosis (AL) is the most common type of systemic amyloidosis.
The ratio of primary to non-primary is more skewed in America (20:1) than Europe
(2:1), attributed to the common occurrence of hereditary familial Mediterranean
fever in Europe. The kidney is the most common organ involved by all systemic
amyloidosis except in ATTR. Other organs involved by AL type are the heart, liver
kidney, and nervous system. Hepatomegaly with normal echotexture, easy bruising
around eyes, and macroglossia are other classical pointers to amyloidosis, especially
the commonest form, i.e. AL amyloidosis [3].

Several pointers in history help us to predict the type of amyloidosis. History
of chronic inflammatory disease raises the possibility of secondary AA amyloid.
Positive family history tilts the balance towards the genetic nature of illness initiat-
ing molecular testing for the same. The predominant organ involved also gives us
the clue about the type of amyloidosis under investigation (Figure 1).

Based on history and clinical examination when suspicion for amyloid is a
very high battery of lab tests are advised. Table 2 gives a comprehensive list of
lab tests to be ordered in a case of amyloid to establish the diagnosis with amyloid
typing [20].

4.2 Imaging for amyloid diagnosis/non-invasive amyloid diagnosis

Imaging tools are indispensable when cardiac amyloidosis is suspected. In
patients with left ventricular wall thickness > 12 mm and red flag signs like unex-
plained right-sided heart failure, proteinuria, ECG showing reduced QRS voltage
and conduction defect, and disproportionately increased N-terminal pro B-type
natriuretic peptide (NT-proBNP), one should suspect cardiac amyloidosis. More
than 97% of cases of cardiac amyloidosis are primary AL type or transthyretin type
(both wild and mutant) [21]. Recent position statement of the European Society
of Cardiology Working Group on Myocardial and Pericardial Diseases proposed
non-invasive diagnostic criteria for cardiac amyloidosis though it is applicable for
ATTR type only. Other types of cardiac amyloidosis still require demonstration
on Congo red positive birefringent deposits to establish their diagnosis, which is
discussed later.
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For establishing diagnosis and typing of amyloid

Target organ or surrogate site (abdominal fat pad) biopsy

H & E and Congo red stain

IHC/Immunoelectron microscopy/ proteomic study for amyloid typing

Serum protein electrophoresis (SPEP), Immunofixation electrophoresis ( IFE), Serum free light chain
assay (sFLC) for evidence of monoclonal plasma cell proliferation

Bone marrow aspirate and biopsy with flowcytometry for clonal plasma cells

.

Mutation studies for various hereditary amyloidosis

Work up for rheumatoid arthritis, tuberculosis and other inflammatory conditions associated with AA
amyloidosis
For confirming systemic involvement, assess distribution and complications

.

Renal function test

24 hours urine protein/albumin

Cardiac magnetic resonance/Echocardiography for cardiac involvement

.

Pro NT-B-type natriuretic peptide
* ECG

USG/ CT scan for liver span

Alkaline phosphatase

X ray or CT scan of lung

GIT biopsy with evidence of amyloid

SAP scintigraphy/technetium scintigraphy

Coagulation screen

Table 2.
List of investigations in case of amyloidosis (adapted with permission from Juneja et al. [20]).

Echocardiography and cardiac MRI (CMR) are important imaging tools to estab-
lish cardiac amyloidosis diagnosis. Classical findings on Echocardiography have left
ventricle thickness > 12 mm with two or more of the below

1. Grade 2 or worse diastolic dysfunction
2.Reduced tissue Doppler §', E’, and A" wave velocities (<5 cm/s)

3.Decreased LV global longitudinal strain (absolute value <—15%). Echocardiog-
raphy findings have been recently given a scoring system to predict cardiac
amyloidosis [22].

CMR shows diffuse sub-endocardial or transmural late gadolinium enhance-
ment with abnormal gadolinium kinetics and/or extracellular volume > 0.40%.
These radiological findings need to be supported by either tissue evidence, i.e.
endomyocardial or surrogate site biopsy showing Congo red positive deposits with
amyloid typing for invasive diagnosis of cardiac amyloidosis.

However, for a second most common type of cardiac amyloidosisi.e. ATTR
amyloidosis these Echocardiography and CMR findings can be supported with non-
invasive radiotracer uptake base investigation like 99mTc-pyrophosphate (PYP)
scintigraphy showing grade 2 or 3 myocardial radiotracer uptake and all three
tests for monoclonal protein detection being negative [23]. The idea behind this
approach is that these 3 tests namely serum protein electrophoresis, urine electro-
phoresis, immunofixation and serum-free light chain assay combined have>99%
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sensitivity to pick up monoclonal protein [24]. These tests shall be discussed in
more detail under amyloid typing as a test to demonstrate monoclonal protein
detection. Negative results help us to exclude AL amyloidosis. High-grade tracer
uptake with CMR/Echocardiography findings suggest the possibility of ATTR
amyloidosis and pursue genetic testing to differentiate wild and mutant forms.
However, this again needs to be reemphasized that non-ATTR cardiac amyloido-
sis, any positivity for monoclonal protein, grade 1 scintigraphy results, and suspi-
cious CMR/Echocardiography findings warrants invasive/tissue-based diagnosis
of amyloid with amyloid typing which will be discussed in detail below and is
applicable to different types of systemic amyloidosis.

4.3 Establish the tissue diagnosis of amyloidosis
4.3.1 Site of biopsy

When a clinical profile is highly suspicious of systemic amyloidosis, the first step
in establishing the diagnosis is obtaining the tissue evidence of amyloid deposits.

Based on the complaints and lab findings, the organ involved can be targeted like
liver or kidney. There is always a risk of bleeding, limited accessibility with these
vital organs. However, for screening purposes either an abdominal fat pad or bone
marrow can be targeted as it is involved in 80% of cases of systemic amyloidosis but
may give a false negative result in ~15% cases [25].

4.3.2 Establishing the amyloid diagnosis on biopsy

Electron microscopy reveals the non-branching fibrillary nature of amyloid
with a mean diameter of 10 nm (range 8 nm-12 nm). The fibrillary structure is not
unique to amyloid as fibrils may be seen in other deposition diseases, such as immu-
notactoid glomerulonephritis and glomerular sclerosis. Electron microscopy shows
differences in the characters of fibrils. However, we need a more widely available
technique to confirm the deposits as amyloid [4].

Something as simple as routine histopathological evaluation of biopsy tissue
with special stains comes to our rescue.

Amyloid is identified as an amorphous pink, homogenous, eosinophilic extracel-
lular deposit on routine hematoxylin and eosin stain (Figure 2a). Though it hasa
classical appearance there are microscopic mimics. Fibrosis, Collagen, light chain
and heavy chain deposits, and fibrin can potentially mimic amyloid; hence we need
special stains to confirm amyloid [1].

As mentioned in detail in history, several stains enhance amyloid in different
ways. Metachromatic stain to thioflavins showing fluorescence highlights amyloid.
One stain that stood the test of time and is still most relevant to amyloid diagnosis is
Congo red. X-ray diffraction revealed cross beta-pleated sheet structure of amyloid
which potentially explains the mechanism of Congo red positivity and birefrin-
gence by amyloid.

The non-ionic hydrogen bond between amyloid and Congo red dye imparts it deep
pink to red color. On polarization Congo red stained amyloid demonstrate apple-
green birefringence, which is unique and diagnostic of amyloid unlike its mimics on
histopathology (Figure 2b and c). Since then this text tile dye meant to stain cellulose
fiber of fabric became an indispensable tool for amyloid diagnosis [11].

Congo red positivity with birefringence is now the part of the definition of amy-
loid. A routine light microscope can be easily converted to a polarizing microscope by
adding a polarizer-analyzer pair in the light path [26]. However, one should remem-
ber that stain works better at alkaline PH on a thick cut section of 6 to 10 microns.
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Figure 2b

Figure 2¢

Figure 2.

a. H & E staining showing amorphous, extracellular, eosinophilic material (100X). b. Congo red stain showing
deep pink to red-coloved perivascular amyloid (400X). c. Amyloid deposits showing apple-green bivefringence
under polarized light (400X).

To conclude in the cases with high clinical suspicion one should order target
organ or surrogate site biopsy and send for routine histopathological examination
and special stain with Congo red. Documenting Congo red positive deposits with
apple-green birefringence on polarization establishes the diagnosis of amyloidosis.
It is also one of the diagnostic criteria for the most common systemic amyloidosis,
i.e. primary AL amyloidosis by the International Myeloma Working group [27].

5. Subtyping of amyloid
5.1 Need of amyloid typing

While detection of amyloid is undoubtedly essential, equally important is to
identify its subtype. Rather than being a separate disorder, amyloid deposition
is often a manifestation of an underlying disease process. Amyloidosis causes
symptoms based on organ involvement. However, some of the symptoms might be
attributable to the underlying disease process independent of the amyloid deposi-
tion. Moreover, treatment of the underlying disorder is the only way to stop the
progression of amyloid deposition. The therapy varies widely from liver transplant
to bone marrow transplant depending on the type of amyloidosis. Sub-typing of the
amyloid gives vital clues about the underlying disorder, highlighting the importance
of identifying its subtype.

While apple-green birefringence in a Congo red section under the polarized
microscope is sufficient for the detection of amyloid, its sub-typing is an uphill task.

Following issues need to be addressed after tissue diagnosis of amyloidosis is
established.
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a.Sub-typing of the amyloid.
b.Evaluate for the organs affected by amyloid deposits.
c. Evaluate for amyloid-independent symptoms attributable to the underlying cause.

d.Diagnose the underlying cause and formulate the best possible treatment
option based on it.

Numerous techniques have evolved ranging from simple, widely available
immunofluorescence to complicated scarcely available mass spectrometry to iden-
tify the subtype of amyloid. Each of these techniques has its own merits and will be
discussed subsequently.

5.2 Tools of amyloid typing-immunofluorescence

Immunofluorescence (IF) is based on antigen-antibody reaction. The difference
is that the antibody is tagged to a fluorescent substance necessitating a fluorescent
microscope to visualize the reaction. The staining is done typically on frozen sections
of unfixed tissue. Immunofluorescence can also be performed on formalin-fixed
tissue (when fresh unfixed tissue is unavailable), albeit at a slightly lower sensitivity
[28]. Since the fluorescence fades with time and exposure to light, it is necessary to
view the slides immediately on staining and digitally archive them before it fades.
Moreover, the repertoire of antibodies available for sub-typing by IF is limited.

Due to these numerous limitations, IF is not used for amyloid sub-typing. It
is used to assess kidney and skin biopsies in which kappa or lambda staining may
reveal restriction.

5.3 Immunohistochemistry

Immunohistochemistry (IHC) is a method that helps to detect and localize spe-
cific antigens in a tissue based on antigen-antibody reaction. In the current era, most
of the IHC is being performed on formalin-fixed material for convenience and dura-
bility. The specific antibody against the antigen of interest is added to the tissue. After
washing the unbound antibody, an enzyme (mostly horseradish peroxidase) tagged
secondary antibody is added. This enzyme converts the chromogenic substance giv-
ing a colored reaction. When viewed under a microscope, the presence of the colored
reaction product indicates the presence of the desired protein. Its location in relation
to cell viz. extracellular, intra-nuclear, intra-cytoplasmic can also be determined [29].

The antibodies available to detect amyloid have increased steadily. Anti-amyloid
P component antibody is used to detect the glycoprotein P that is associated with
the amyloid deposits. It is independent of the type of amyloid and the anti-AP anti-
body is positive in virtually all the cases of amyloidosis [30]. Anti-kappa light chain,
anti-lambda light chain, and anti-AA are the commonly used antibodies for amyloid
sub-typing. Other antibodies include those directed against calcitonin, fibrinogen,
lysozyme, transthyretin, -2 microglobulin, and apolipoprotein Al.

The most significant advantage of IHC is the ease and convenience it offers in the
diagnostic process. IHC for sub-typing is performed on the same tissue used for the
detection of amyloid. No separate tissue processing needs to be done. Moreover,
IHC is a widely available and routinely performed test. The slides can be easily
photographed for digital archiving. The slides themselves can be preserved for a
few years for review, if necessary. The diagnostic yield of immunohistochemistry
is highly variable. While some centers have reported sensitivity and specificity
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nearing 90% [30, 31], others have reported being as low as 75% [32]. With correct
standardization of the staining procedure, IHC is a very powerful and convenient
tool for amyloid sub-typing.

However, IHC staining does come with some potential pitfalls that one needs to
be aware of. In a large study including 169 biopsies, Anja et al. found that 13 biopsies
could not be stained either due to insufficient tissue or failure of all the antibodies to
stain the tissues [31]. The antibodies are typically manufactured using native protein
as the antigen. Hence, in some cases with significant alteration in the protein structure
during amyloidogenesis, the antibody may fail to stain the amyloid deposit leading to
lower sensitivity [33]. The other important pitfall encountered by Anja et al. was non-
specific staining in 51 cases. In these, the tissue showed positive staining with more
than one antibody from among the panel of antibodies. In such cases, the antibody
that stains strongly and homogeneously was considered positive while others were
negative. However, in almost 33 cases the staining was inconclusive and clinical and
other patient details had to be considered for final sub-classification. Intense staining
with more than one antibody or inhomogeneous staining with 2 or more antibodies
(in absence of strong staining by anyone antibody) are some of the pitfalls of immu-
nohistochemistry. This inconclusive false-positive staining is either due to non-specific
binding to non-amyloid protein or the presence of normal proteins within the amy-
loid deposits containing the epitope targeted by the antibody (e.g. plasma proteins
entrapped in amyloid deposits may give false-positive reaction with anti-kappa and
anti-lambda antibody). After thorough standardization of the procedure, a dedicated
center may be able to reduce (but not eliminate) such inconsistencies.

In summary, due to easy availability, IHC is an excellent tool for sub-typing of
the amyloid. However, both false positive and false negative staining reactions make
it necessary to employ other diagnostic tools. A dedicated center with rigorous
validation protocols for IHC may be able to achieve high sensitivity and specificity.

5.4 Immunoelectronmicroscope (IEC)

In principle, IEC is similar to IHC relying on the binding of a specific antibody
to the amyloid. However, IEC does offer certain advantages over IHC that make it
a very sensitive and specific modality for confirmation of the presence of amyloid
and its sub-typing.

Transmission electron microscopy relies on a beam of electrons instead of light
to visualize the tissue. The high-energy electrons make it possible to visualize the
tissue at a much higher magnification without losing the resolution. Consequently,
the processing of the tissue for electron microscopy differs vastly from processing
for routine light microscopy. Fixative for electron microscopy is either glutaralde-
hyde or Karnovsky fixative (glutaraldehyde +formaldehyde). Though fresh tissue is
preferred, formalin-fixed tissue can be re-processed for electron microscopy. The
selected areas from semi-thin sections are further subjected to immunoelectron
microscopy. The antigen—antibody reaction is visualized by using protein A/G gold
conjugates. These gold conjugates appear as sharp electron-dense deposits [34].

The biggest advantage of IEC is the direct visualization of the amyloid fibrils.
Thus, any non-specific binding of the gold-labeled antibody to non-amyloid
proteins can be detected improving the specificity to more than 95%. Electron
microscopy not only provides confirmatory detection of amyloid but immunostain-
ing can also help in its sub-typing. In a large study involving 423 cases of systemic
amyloidosis, the sensitivity of IEM was comparable to light microscopy (75-80%).
The specificity in detection and sub-typing was however virtually 100% [35].

The limited availability of electron microscopes precludes its routine use. Also,
the expertise needed for tissue processing and interpretation makes it out of most
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laboratories’ reach. However, the use of IEM at a referral laboratory for the diagno-
sis of cases indeterminate on IHC is possible and may overcome the economic and
technical constraints.

5.5 Mass spectrometry

Mass spectrometry is a powerful, modern tool for proteomics study. Proteomics,
similar to genomics, is the study of all the proteins produced by an organism, an
organ system, or an individual cell. Mass spectrometry uses a sophisticated multi-
step process to isolate and identify the proteins by determining the molecular mass.
Modern developments in mass spectrometry are towards devising ways to accu-
rately quantify the various isolated proteins in the mixture [36].

The initial step is to isolate and concentrate the tissue of interest. In the context of
amyloidosis, it involves careful separation of the congophilic amyloid deposits from
the rest of the tissue. This is usually achieved through laser micro-dissection on a thick
(6-8 micron) section of formalin-fixed tissue. The micro-dissected predominantly
contains amyloid proteins along with other proteins. These proteins are extracted and
then subjected to trypsin digestion to break them into fragments. The proteins need
to be broken down to fragment peptides because intact proteins are too large to be
analyzed efficiently by mass spectrometry. Once generated, these fragments are then
separated from one another using high-performance liquid chromatography. These
uncharged peptides cannot be subjected to mass spectrometry. The next step, prob-
ably the most significant, is imparting a charge to the peptides without dissociating
or fragmenting them. Commonly done by electrospray ionization (ESI), the peptide
can also be charged using matrix-assisted laser desorption/ionization (MALDI).
These ionized peptides are then subjected to “flight” in an electromagnetic field. The
movement of these peptides is dependent on their mass to charge ratio, the software
analyses the data to determine the molecular mass. An expert interpretation is needed
to make sense of the data and the software analysis to reach a definite conclusion
about the various constituents of the protein mixture [37].

The detection and diagnosis of amyloidosis by MS relies on the detection of
“amyloid signature” and detection of specific subtypes. Amyloid signature detects
non-amyloid proteins that are universally associated with amyloid proteins irrespec-
tive of the amyloid subtype. Detection of these proteins gives proof of the presence
of amyloid in the sample. These proteins are Serum Amyloid P component (SAP),
apolipoprotein A4 (APOA4), and apolipoprotein E (APOE). Indeed, in a study by
Vrana et al., 13 out of 20 Congo red negative subcutaneous fat aspirates showed
the amyloid signature implying its higher sensitivity than conventional Congo red
staining to detect amyloidosis [38]. Detection of a specific subtype depends on the
detection of a specific protein. The sensitivity and specificity of MS for amyloid sub-
typing are about 90% and nearly 100% respectively [39]. In some cases, the amyloid
signature protein may be detected but sub-typing may not be possible by MS.

Apart from high sensitivity and specificity, the most significant utility is the identi-
fication of unknown and novel proteins. Unlike antibody-based methods (like IHC or
IEM), MS characterizes all the protein in the micro-dissected material and hence rare
cases of novel amyloid subtypes can also be diagnosed by MS. However, similar to IEM,
high cost, necessary technical expertise makes MS out of reach for most laboratories.

6. Diagnosis of underlying disorder

Management of amyloidosis targets the underlying disorder. No definitive treat-
ment can reverse the amyloid protein that is already deposited, and thus treatment
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aims to control the underlying disorder, preventing further amyloid deposition.
Sub-typing of the amyloid is crucial for the diagnosis of the underlying disorder.
Every effort to subtype the amyloid should be made. In case IHC is indeterminate,
the sample is sent for immunoelectron microscopy or preferably mass spectroscopy
to a referral lab. Once the amyloid is sub-typed, relevant testing can be performed
to confirm the presence of the underlying disorder.

6.1 AL amyloid

AL amyloid is derived from the immunoglobulin light chain, either kappa or
lambda. It is practically secondary to underlying plasma cell dyscrasia, rarely due
to some other type of lymphoma. Plasma cell dyscrasias have been classified into
different sub-types with specific diagnostic criteria [40]. Being a disorder that
affects multiple systems, a battery of tests is needed for a detailed investigation of
plasma cell dyscrasia. Amyloid deposition can be secondary to multiple myeloma or
other monoclonal gammopathies like MGUS or asymptomatic myeloma. However,
occasionally, it may occur in the absence of any detectable plasma cell dyscrasia in
which case it is termed as Primary Amyloidosis. It must, however, be noted that
even primary amyloidosis is due to an underlying clonal plasma cell proliferation
that is so small that routine tests cannot detect it. In such cases, other investigations
like urine electrophoresis and serum-free light chain assay may be helpful.

6.2 AA amyloid

AA amyloidosis is generally due to an underlying inflammatory condition
such as chronic autoimmune diseases, including rheumatoid arthritis and inflam-
matory bowel disease, and chronic infections, like tuberculosis. Occasionally,
familial Mediterranean fever may be the cause of AA amyloidosis. The cause of
AA amyloid deposition is often dependent on the geography-inflammation associ-
ated with AA commoner in developing countries and familial Mediterranean
fever is a commoner cause in people of the Mediterranean region especially Turks,
non-Ashkenazi Jews, Arabs, and Armenians. Thus, in a case with AA amyloid
deposits, the ethnicity of the patient along with a careful clinical examination
of the patient will give a clue to the possible diagnosis. Further investigations in
acquired amyloidosis will be directed towards identifying the underlying cause. In
almost one-fifth of cases, the underlying cause may remain undiagnosed despite
extensive investigations [41].

6.3 Hereditary amyloidosis

Diagnosis of hereditary disorders leading to amyloidosis hinges on the integra-
tion of information obtained by amyloid sub-typing, the clinical details of the
patient, and the genetic test to detect the specific gene mutation.

6.4 Cases when amyloid sub-typing not possible

In occasional cases, despite best efforts, it may not be possible to subtype the
amyloid on tissue biopsy. In such cases, identification of the underlying disease
would be based on the clinical details and ancillary investigations. However, it must
be noted that this approach may lead to misdiagnosis as more than one condition
may co-exist. Most commonly, monoclonal gammopathy may co-exist with other
causes of amyloidosis, especially the hereditary forms [42]. Some of the difficulties
encountered in cases where amyloid typing is not possible on biopsy include:
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1. Hereditary forms often present late in life and have variable penetrance making
family history unreliable.

2.Monoclonal gammopathy is a common incidental finding in many elderly
individuals. Its presence does not imply that the amyloid is AL type.

3.The pattern of organ involvement, though helpful, is often overlapping in
many different types of amyloid.

Thus it is imperative that every effort must be made to subtype the amyloid on
the biopsy material.

1. Summary: Amyloidosis is a disorder of deposition of misfolded protein in
extracellular spaces. Heart, kidney, liver, blood vessels in various organs are
principally affected organs. Chemically amyloid has vast heterogeneity, the
common feature being misfolding of the abnormal protein to form beta-pleated
sheets. The chemical heterogeneity stems from equally varying causes ranging
from hereditary to acquired and malignant disorders.

The clinical manifestations usually pertain to the organ involved. Except for
ATTR cardiac amyloidosis, tissue biopsy is crucial for confirmation and chemical
sub-typing of amyloid. Characteristic apple-green birefringence under polarized
light is a Congo red stained tissue is still the most widely used technique for amyloid
detection. IHC, immune-electron microscopy, and mass spectrometry are increas-
ingly complex but efficient tools for chemical sub-typing of the amyloid. Apart
from that, a battery of investigations is required for confirmation of underlying
disorder and to assess the organs involved by amyloid. Diagnosis of amyloidosis
starts from suspicion in the clinic. Following algorithm summarizes the diagnostic

approach for a suspected case of amyloidosis.
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Amyloidosis
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7. Conclusions

Science has evolved, and there has been significant improvement in our under-
standing of this complex disease called amyloidosis. This has led to better diagnostic
tools, therapeutic options, and eventually better care for patients suffering from
this group of illnesses. However, we still strive to develop techniques for early detec-
tion, preventive strategies, and curative options for this mysterious disease.
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Abstract

Alzheimer’ disease (AD) was defined as a neurodegenerative disorder, being more
affected in the elderly. It is estimated that every 3.2 seconds a person in the world is
affected by the high disease that rate in 2050 to 1 second. Therefore, research has been
carried out on new therapeutic approaches, such as Transcranial Photobiomodulation
and treatment based on antioxidants, such as Resveratrol. Therefore, the objective is
to conduct a literature review on these two approaches and their effects on the treat-
ment of AD. It was carried out according to the PRISMA recommendation and the
articles were selected according to the years of publication (between 2015 and 2020)
and extracted from the following databases: Science Direct, PubMed PMC, Scopus,
PubMed NCBI, SciELO, LILACS, MEDLINE and PEDro. In several studies it has been
reported that both therapies provide improvements at the molecular and behavioral
level, recovering brain functions, acting in a neuroprotective way, improving quality
of life, with few adverse effects and in a less invasive way. Thus, both treatments have
numerous benefits that can be useful in the treatment of AD. However, there is a need
for further research that includes interventions with greater specificity and control, so
that they are defined as ideal doses and treatment protocols.

Keywords: Alzheimer’s disease, dementia, photobiomodulation, LED, resveratrol,
p-amyloid

1. Introduction

Over the past few years Alzheimer’s disease (AD) has been studied as a designa-
tion of neurodegenerative dysfunction, leading to the most causal dementia in
the elderly population [1]. According to the International Alzheimer’s Association
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(2015), it is estimated that there are approximately 46.8 million people with demen-
tia in the world, and it is believed that this number will double every 20 years,
reaching 74.7 million in 2030 and to 131.5 million in 2050. Therefore, it is calculated
that every 3.2 seconds, a new case of dementia is detected in the world and a predic-
tion for 2050 is a new case every second [2].

Alzheimer’ disease (AD) is characterized by several factors, such as the loss
of cholinergic neurons, the formation of intracellular fibrillar tangles of the
hyperphosphorylated tau proteins, and due to the abnormal processing of amy-
loid precursor proteins that causes extracellular deposition of A proteins [3, 4].
Therefore, it is known as a progressive neurodegenerative disorder that is related
to the individual’s age and causes gradual physical and mental decline resulting in
death [5, 6].

Memory impairment is not always the main symptom presented in patients with
Alzheimer’s disease [7]. Some patients may experience significant disturbances in
the visuospatial or language functions [8].

2. Amyloid cascade hypothesis

This hypothesis suggests that the characteristic neurodegeneration of AD
occurs due to the accumulation of beta-amyloid (BA) protein in several brain areas,
triggering the formation of senile plaques and a series of neuron injuries related
processes, and formation of neurofibrillary clusters of the tau protein, which lead to
neuronal dysfunction and cell death (Figure 1) [10-12].

The deposition of senile plaques is a result of an abnormal processing of amyloid
p protein, induced by errors in the proteolytic cleavage of amyloid precursor protein
by p and y secretases. This process results in the production of different fragments,
which are: the p amyloid protein 1-42, highly neurotoxic and prone to aggrega-
tion, found in the brains of patients with AD;  amyloid 1-40, a soluble and less
neurotoxic protein that contributes to local plasticity and is found in healthy brains;
and the p amyloid protein 1-43, presenting high amyloidogenic and neurotoxic
potential, capable of depositing before the other fragments. In AD patients, the
proportion of neurotoxic forms is significantly higher than p 1-40 amyloid [10-12]

B-amyloid formation

This peptide is composed of 39-43 amino acid and was
identified as the major component of the extracellular
plaques characteristics of neurodegenerative processes

g~ AP is a cleavage product of a large, transmembrane protein,
the amyloid precursor protein (APP)

= APP can undergo cleavage in two pathways

'\* In the first, cleavage by the enzyme u-secretase prevents AR
formation and produces the neuroprotective sAPPa fragment
(up-regulates BKCa activity, neuroprotective)

However, if sequential cleavage by B and then y-secretases
predominates, AB is formed.

(Pearson und Peers, 2006)

Figure 1.
p-amyloid (PA) formation [9]. Source: personal file.
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Thus, the excess of BA- protein formed in the brain can trigger the formation of

senile plaques, lead to inflammation, oxidative stress, hyperphosphorylation of the
tau protein and, consequently, cause dementia (Figure 2) [10-12].

Amyloid cascade
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of theteuprotein | p.amyioid protain
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Figure 2.

Simplified schematic of the amyloid cascade. Source: Personal file.

3. Tau protein

The Tau protein is strongly associated to the responsibility of stabilizing and
connecting the microtubes of the axions and dendrites. Conformational modifica-
tions in these structures and the accumulation of amyloid fragments appear to be
responsible for the hyperphosphorylation of the tau protein (Figure 3) [14].

Characteristics of Tau protein

[> It is part of MAPs (Microtubule-associated proteins).
[> Main function: stabilize the microtubules by aggregating the tubulin.

> The human Tau protein gene is located on the long arm of chromosome 17
(17921) and has 16 exons.

In the human brain, Tau is a soluble protein that has six isoforms derived
P> from alternative mRNA splicing, composed of 352-441 amino acid residues
with molecular weight between 37 to 46 KDa.
In the adult brain, all isoforms of Tau are expressed. The ratio between Tau's
P 3R and 4R isoforms is 1:1. Changes in this propertion are related to
neurodegenerative mechanisms,

E}Tau protein is normally found in axons, unlike taupathies, where it is
distributed in the cell body and dendrites.

D> It can be found in soluble or insoluble form, the insoluble being identified in
the paired helical filaments, the main component of neurofibrillar tangles.

{Paula, Buimarses and [ orlenza, 2009}

Figure 3.
Characteristics of tau protein [13]. Source: Personal file.

39



Amyloidosis - History and Perspectives

The hyperphosphorylation of tau in AD begins primarily in the intracellular
process with the sequestration of regular tau and other proteins associated to the
microtubes, causing a structural failure and thus compromising the neuronal and
synaptic function [15].

The hyperphosphorylation hypothesis is due to the fact that, after the phosphor-
ylation, an insoluble filamentous product is generated, which possibly causes the
deregulation of the cytoplasmic cascade of phosphorylation and dephosphoryla-
tions. There is also a relation that the aggregations of p-amyloid may be the activat-
ing event of the protein hyperphosphorylation (Figure 4).

Neurofibrillary tangles of
tau protein

healthy neuron
microtubule
neuron microtubule
with AD

tau protein

5 XS S
£ 4

cQvEagrgrece e L A ks
nnnreme

disintegrating
microtubule

neurofibrillary
tangle

........

structural
failure

Figure 4.
Representation of the structural failure of neuronal microtubules and formation of tau protein tangles. Source:
Personal file.

4. Metal hypothesis

The metal hypothesis is based on the precipitation of f-amyloid by zinc and
copper radicalization, ionic zinc and copper are capable of accelerating the aggre-
gation of Ap, the main component of the deposition of f-amyloid [16, 17]. This
hypothesis is related to the disturbance of endogenous metals in the brain, the ionic
zinc and copper probably act on the cortical glutamatergic synapse, modulating the
response of the inotropic receptor activated by the glutamic acid (NMDA), which
can explain the vulnerability of p-amyloid to the abnormal interaction with the
metallic ions on the synaptic region, leading to the aggregation and causing toxicity

Metal hypothesis

disturbance in cortical NMDA interaction of
glutamatergic receptor beta amyloid
synapses modulation with metal ions

Precipitation
of beta
amyloid by
Zn and Cu

]1ox|c1ty

formation of
beta amyloid
oligomers

5500 excessive
accumulation

Figure 5.
Simplified scheme of the metal hypothesis. Source: Personal file.
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[16]. The metals in the synapses can also lead to the formation of Ap oligomers that
have the role of modulating the long-term potentiation, which controls synaptic
levels of the NMDA receptor, and this excessive accumulation of Ap oligomers on
the synaptic cleft affect the synaptic neurotransmission (Figure 5) [17].

5. Oligomeric hypothesis

The BA is one of the main mechanisms associated to Alzheimer’s disease, and it has
two main alloforms, Af 1-40 and Ap 1-42, the last with more toxic oligomers [18, 19].
Studies show that the soluble oligomers, unlike the plaques, are the main cause of the
synaptic disfunction and neurodegeneration. Oligomeric soluble Ap interacts with
several proteins, such as NMDA glutamatergic receptors and some proteins responsible
for the maintenance of glutamate homeostasis, such as absorption and liberation [18].

It was discovered that A oligomers were seen as intermediates in the path of
disease-causing fibrils instead of impelling fully developed conditions. After that, oligo-
mers were reported as a possible cause of Alzheimer’s disease and neuronal death [20].

In the 2000s it was possible to understand that the PA fibrils are weakly toxic,
but induce the neuroinflammation and, when agglomerating, they become dense
and tend to detach and turn into oligomers. It is believed that currently pA oligo-
mers exert their harmful effects connecting directly to the neuron membranes or to
other specific receptors such as the insulin and glutamate (NMDA) ones, which are
necessary for the neuronal signaling (Figure 6) [20].

Oligomeric hypothesis

toxic amyloid
detachment
beta fibrils of soluble
interaction of become dense ﬁ_; ment formation
beta amyloid 9 of
with proteins oligomers
I binding to the
neurenal | membrane
. neuronal
signaling
failure (insulin and NMDA

receptors)

Figure 6.
Simplified scheme of the oligomeric hypothesis. Source: Personal file.

6. Glutamatergic dysfunction

The glutamatergic hypothesis refers to the biggest excitatory system of the cen-
tral nervous system, the glutamatergic system. In AD, as well as in other acute and
chronic neurodegenerative diseases, the loss of neurons may be due to an excessive
synaptic excitation mediated by the glutamate amino acid, which explains the other
denomination of the hypothesis as excito-toxic [11].

The glutamatergic system includes ionotropic and metabotropic receptors, both
activated by glutamate, but in this hypothesis the ionotropic receptors stand out,
such as NMDA, a-amino-3-hidroxi-5-metil-4-isoxazolepropionic acid (AMPA)
and kainate, which contain ionic channels related to the neuronal polarization and
depolarization processes [11, 21].
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The NMDA receptors are responsible for the control of ion conductance, and
when activated they determine mainly the entrance of Ca*?, which increases the
intensity and duration of the depolarization of the post-synaptic neuron, character-
izing the long-term potentiation (LTP), which strengthens and shapes synapses,
influencing phenomena such as learning and memory [11].

The activation of these receptors is essential, but in excess it can create patho-
genic mechanisms related to neurodegenerative processes due to the calcium
homeostasis, for when it is in high amounts in the intercellular medium, it can
operate in the process of neuron degeneration and death (Figure 7) [21].

Glutamatergic

dysfunction

synaptic
excitation

interference
with calcium
homeostasis

excess

activation of
NMDA
receptors

high amount
inside the cells

involvement in
the neuronal

degeneration and

0o o death process
- ity
HO OH ana prosongamion the
‘duration of depalarization
of the postsynaptic

Figure 7.
Simplified scheme of the hypothesis of glutamatergic dysfunction. Source: Personal file.

7. Cholinergic hypothesis

The importance of acetylcholine (ACh) in the learning process and memory is
known since the 70’, when studies showed a reduction of choline acetyltransferase
(enzyme that synthesizes ACh) in the cortex and hippocampus, and less cholinergic
neurons on Meynert’s basal nucleus in subjects with AD [11, 22].
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Figure 8.
Simplified scheme of the cholinergic hypothesis. Source: Personal file.
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It was demonstrated that substances that inhibit acetylcholinesterase (enzyme
that degrades ACh) cause positive effects on the learning and spatial learning
performance, due to an indirect activation of the cholinergic system [22].

In addition to that, it is been reported that the blocking of muscarinic and
nicotinic receptors leads to cognitive deterioration, indicating the importance
of two kinds of receptors in the mechanism of memory and learning
(Figure 8) [23].

8. Type 3 diabetes hypothesis

Metabolically, the brain is one of the most active organs of the human body
because it processes big amounts of carbohydrates to generate energy as ATP.

The brain does not count with the possibility of turning different substrates into
energy, therefore, there is a higher use of glucose, and in the event that this sup-
ply or the ability of metabolization are compromised, this organ tends to become
unprotected, and synapses failures are likely to happen, resulting in cognitive
alterations [24].

Insulin has an important role in memory processing, it is capable of crossing the
hematoencephalic barrier and is also produced in the brain tissue. Patients with AD
show reduced insulin concentration and a smaller number of its receptors. When
this is corrected with pharmacological intervention, there is an improvement in the
processes related to cognition [25].

Also, studies show that toxic effects of PA might cause resistance to insulin,
and this process may lead to an accumulation of A, which constitutes in a positive
feedback associated to the progressive neurodegeneration process characteristic of
AD (Figure9) [25, 26].
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Figure 9.
Simplified scheme of the type 3 diabetes hypothesis. Source: Personal file.
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9. New therapeutic approaches

Because there are only two classes of compounds commercially available for
the AD treatment, and due to the failure of other approaches, several studies have
been carried out in search of new therapies that are equally effective, safe, or better
for treating the disease [10]. In this chapter, two forms of therapies that have been
widely studied are discussed, namely: transcranial photobiomodulation (with LED)
and treatment with antioxidants (Resveratrol).

9.1 Research method and inclusion of articles

The evaluation of clinical trials carried out on models of Alzheimer’s and/or
dementia that were treated by Photobiomodulation using light emitting diodes
(LEDs) and Resveratrol was performed.

It was carried out in accordance with the PRISMA recommendation, which
consists of a checklist with 27 items and a flowchart in four stages that assist in the
eligibility of the selected questionnaires and work development.

For the Transcranial Photobiomodulation approach, academic articles published
between 2015 and 2020 will be selected in the following databases: Science Direct,
PubMed PMC, Scopus, PubMed NCBI, SciELO, LILACS, MEDLINE e PEDro.

The descriptors will be in the English language only: Alzheimer’s disease, light-
emitting diode.

For treatments with Resveratrol, articles published between 2015 and 2020 will
be selected and found in the following databases: Science Direct, PubMed PMC,
Scopus, PubMed NCBI, SciELO, LILACS e MEDLINE. The descriptors will be in
English: Resveratrol, Alzheimer’s, neuroprotection.

Eight and six articles were selected to Transcranial Photobiomodulation and
Resveratrol, respectively, to elaborate the discussion of this work.

9.2 Description of articles
9.2.1 Transcranial photobiomodulation (using LED)

In areport of a series of cases on subjects with AD or mild to moderately severe
dementia, Saltmarche et al. [27] investigated the effects of photobiomodulation
by 810 nm LED. The sample was composed of 5 patients with moderate to severe
AD. The therapeutic adopted was infrared photo-biomodulation by pulsed LED
(810 nm, 10 Hz), the device placed transcranial and intranasally for 12 weeks. Were
used Mini Mental State Examination (MMSE), Alzheimer’s Disease Assessment
Scale (ADAS- cog) and statistical analysis, being investigated the effect of photo-
biomodulation on clinical dementia. The results suggested that significant improve-
ment in dementia while presenting functional increase, improvement of sleep, and
less outbreaks of anxiety as well as rage, and that this device can be used safely and
that there were no adverse effects.

Chao [28] used 8 participants (mean age: 79.8 + 5.8 years old) diagnosed
with dementia. The patients were treated with intranasally photobiomodula-
tion with the Vielight Neuro Gamma device three times a week for 12 weeks and
analyzed by Alzheimer Disease Assessment Scale-cognitive subscale (ADAS-cog);
Neuropsychiatric Inventory (NPI); Magnetic resonance. The results were based on
cognitive and behavioral function, cerebral perfusion, and functional connectivity
at rest. It was found that the therapy provided improvements in ADAS-cog and PNI,
increased cerebral perfusion and the enhancement of the connectivity between the
posterior cingulate cortex and the lateral parietal nodes in the network in a standard
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way. Furthermore, the therapy was well tolerated and not associated with any
adverse effects, indicating potential use as a viable home treatment for patients with
dementia and AD.

Purushothuman et al. [29] used 2 models of mice with AD, a tau model K3691
(K3), containing 15 animals and the other A model APPs/PSEN1dE9 (APP-PS1)
containing 18 animals. The therapeutic adopted was light from the LED device
(670 nm), cycles of 90s (4 J/em?), 5 days a week, for 4 weeks, exposed 1to 2 cm
above the head. In relation the methods of analysis, they used histology by the
Bielschowsky silver staining method, morphological analysis, histochemical
analysis, and statistical analysis. Evaluating the effects on the cerebellar region, was
observed that the positive effects of LED extend to the other brain regions; provok-
ing a reduction of the neurodegenerative effects caused by AD in the cerebellum,
such as the deposition of A, neurofibrillary tangle formation and oxidative stress
damage. So, in the findings of Purushothuman, LED was shown as an effective and
safe alternative for treatment of neurodegenerative effects, being able to minimize
and delay the pathological changes caused by dementia in different regions of the
brain such as the hippocampus, neocortex and cerebellum.

Han et al. [30] used animal model APP/PSEN1, 30 female mice divided into 3
groups with 10 animals each: treatment group, positive control group, and nega-
tive control group. The therapeutic adopted was LED emitting infrared light for
6 minutes for a period of 40 days, and the animals were analyzed by the method
of Morris Aquatic Labyrinth and the results by statistical analysis. The measured
parameters were spatial memory and cognitive performance after treatment with
LED. The results suggested that infrared therapy emitted by LED can improve the
performance in spatial learning and memory capacity.

Han et al. [31] used animal model C57BL/6 J, being females divided into 3
groups: rats without irradiation (n = 10), rats with irradiation (n = 10), and
normal rats without irradiation (n = 12). The therapeutic adopted was LED with
wavelengths between 1040 nm and 1090 nm, power of 15 mW/cm?2; 6 minutes a
day, for 40 days, suspended for 28 days, and then starting the treatment again for
another 15 days. The measured parameters were spatial memory and the presence
of senile plaques after the LED treatment period. They found that LED is able of
improving performance in spatial learning and moderately reduces senile plaques.

Eltchechem et al. [32] used 60 rats, 30 treated (GT group) and 30 in a control
group (GC group). The treatment was with LED (627 nm 7 W/cm?, 70 mV) in the
frontal region, one time every day for 100 s for 21 days. The methods of analysis
were Morris Aquatic Labyrinth, Open field, histological analysis, immuno-histo-
chemical analysis, and statistical analysis. The measured parameters were the A
deposits in the GT in relation to the GC with 7, 14 and 21 days after LED irradiation.
The results found were better movement, exploration, and spatial memory of the
GT in relation to the CG.

Yue et al. [33] used APP/PS1 AD model mice treated, APP/PS1 control mice
and healthy C57BL/6 mice as a negative control. The treatment was with photobio-
modulation by LED 630 nm with application of 40 minutes and light intensity of
0.55 mW/cm?2 in the skull and abdomen 5 days a week for 2 months. The methods
of analysis were Morris Aquatic Labyrinth, fluorescent microscopy; magnetic
resonance; biochemical analysis and statistical analysis. It was observed destruction
of BA plaques group and activation of the formaldehyde dehydrogenase enzyme,
that degrades formaldehyde, which acts by accelerating the deposition of BA in the
extracellular space and, consequently, attenuation of BA aggregation facilitated
by formaldehyde. In addition, the light reduced BA deposition in the extracellular
space, positively influenced the flow of interstitial fluids and recovered cognitive
functions in AD mice.
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Cho etal. [34] evaluated the effect of photobiomodulation using 610 nm LED on
amyloid plaques, gliosis, and neuronal loss to prevent and/or recover cognitive func-
tions and the ideal time to start therapy. 5XFAD AD model rats were used, divided into
a group that started therapy at 2 months old, and another at 6 months old. The treat-
ment consisted of the simultaneous application of light in two places (midpoint of the
parietal bone and midline of the seventh cervical vertebra) for 20 minutes, 3 times a
week, for 14 weeks. From behavioral tests, immunohistochemical analysis and Western
blot, it was found in the initial stages the reduction of the accumulation of amyloid
plaques, neuronal loss and microgliosis, and the relief of cognitive dysfunction.

9.2.2 Resveratrol: Neuroprotective action

Yin et al. [35] investigated if resveratrol could mitigate the early loss induced by
PA in the neuron excitability in the hippocampus and the mechanism involved on
it. The excitability and the potassium currents dependent on the pyramidal neuron
CA1 voltage of rats were analyzed using the whole-cell patch-clamp technique.

The authors discovered that resveratrol reverted the increase of BA peptide and the
increase induced in the frequency of the repetitive shots, mitigated the decrease
induced by BA in the transitory potassium channels, and rectified the delay on neu-
ron potassium channels. Besides, it was shown that resveratrol decreased the levels
of kinase A (PKA) and inhibited the activation of the signaling path PI3K/Akt.

Sarroca et al. [36] assessed the beginning and progression of the pathology of
Alzheimer’s disease through a diet rich in fat (HFD) and the influence of resveratrol
in this situation. Many evidences suggest that HFD increases the risk of Alzheimer’s
disease (AD), but the molecular mechanisms through which the HFD causes
its negative effects on the brain and the pathophysiology of AD are still widely
unknown. The authors used wild mice (WT) and AD 5XFAD transgenic (5XFAD
mice represent an aggressive model of AD due to the exposure to intraneuronal
p-amyloid-42 in 1,5 months, extracellular amyloid plaques in 2 months, gliosis in
2 months, memory deficits in 4 months and neuronal loss in 9 months) treated
with a control diet of HFD (60% kcal of fat) or HFD supplemented with 0,1% of
resveratrol for 16 weeks. From the analysis of behavioral tests, glucose intolerance
tests, preparation of tissue samples, coloring with Thioflavin-S, Western Blotting,
and proteasome activity test, it was possible to observe that the results showed the
resveratrol reduced the amyloid load aggravated by HFD in 5XFAD model (model
of Alzheimer’s disease with a pathology of low tau protein), the analysis by Western
Blotting showed thar the cortex tissue did not show modification in the levels of tau
protein. However, HFD was responsible for inducing a significant increase in the
levels of pTau in both WT and 5XFAD mice, and resveratrol indicated the ability to
normalize the levels of pTau in both groups fed with HFD. Resveratrol also inhib-
ited the amyloidogenic processing enhanced by HFD.

Ma et al. [37] reported that AD and diabetes mellitus (DM) usually coexist
in patients because one increases the incidence of the other. In this context, the
authors studied the neuroprotection induced by resveratrol in mice with DM
and AD caused by the injection of streptozocin (intraperitoneal) and p-amyloid
1-40 (hippocampus). Through biochemical and immunological analysis it was
demonstrated that resveratrol increased SIRT1 expression, inhibited memory
damage, increased the levels of acetylcholinesterase (responsible for the hydrolysis
of acetylcholine in cholinergic synapses), malondialdehyde (marker of oxidative
stress), interleukin-1p and interleukin 6 (interleukin-1p acts in the hypothalamus
stimulating the release of corticotrophin by the posterior pituitary gland and the
corticotrophin acts on the anterior pituitary gland, releasing adrenocorticotrophic
hormone, and interleukin 6 is responsible for the influence on the immunological
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responses, mediating the acute stage of the inflammation), and showed decreased
levels of choline acetyltransferase (mediator of the synthesis of acetylcholine),
superoxide dismutase (responsible for catalyzing the dismutation of the superoxide
in oxygen and hydrogen peroxide, an important antioxidant defense), and glutathi-
one (causes several antioxidants, neutralizes free radicals).

Corpas et al. [38] evaluated the neuroprotection effects of resveratrol in two
groups of mice: non-transgenic control (NoTg) and AD transgenic model (3xTg-
AD). Both groups were fed with a supplemented diet of 100 mg/kg from 2 months
of age for 10 months. Using Western Blotting, behavior and cognitive tests and
proteasome activity test, it was possible to analyze how resveratrol induced com-
plete protection against memory loss and brain pathology in 3xTg-AD mice and
induced a cognitive increase in healthy NoTg mice. It also reduced anxiety in both
strains, reducing the presence of hippocampal PA and tau protein in 3xTg-AD.

As for the proteostases analysis, an increase of the levels of the enzyme neprisilin
was observed, being responsible for the degradation of f-amyloid, reduction of
amyloidogenic secretase BACE1, increase of the levels of proteasome protein in
both mice groups, vital role in the increasing of the adenosine kinase activated by
monophosphate (AMPK) and the positive regulation of the SITR1 path.

Chen et al. [39] evaluated the levels of resveratrol in Tg6799 mice (transgenic
model with five family mutations on Alzheimer’ disease). The mice were divided
in a group treated with resveratrol (solution 0.5%, 60 mg/kg) and a control group
(treated with saline solution). The treatment was administered orally, daily, for
60 days. To interpret the results, the tests performed were the open field test, Y
maze test, Morris aquatic labyrinth test, coloring with Thioflavin-S, ELISA Ap40
and Ap42 and finally Western Blotting, demonstrating that resveratrol reduced
the disposition of the amyloid plaques, f-amyloid levels of —42 and p-secretase
levels. Resveratrol also reduced the expression of the amyloid precursor protein and
its cleavage products. Besides, there was a behavioral improvement related to the
spatial working memory, according to the Y maze test, and improvement on the
spatial memory deficits, evaluated by the Morris aquatic labyrinth test. However,
resveratrol did not influence the motor function.

Wang et al. [40] used AD model rats (by hippocampal injection of f-amyloid
1-42) to investigate the possible effects of resveratrol on the behavior of spatial
learning, memory and synaptic plasticity, as well as changes on the expression and
phosphorylation of SIRT1 of the protein connecting to the response element of
cyclic AMP (CREB). In addition to the already accepted analysis, protein extraction
and Western Blotting were also done, and it was shown that resveratrol reverted the
spatial learning memory damage evaluated by the Morris aquatic labyrinth, and to
investigate the underlying mechanisms of the neuroprotector effects of resveratrol
on the memory and learning, the long-term potentiation (LTP) was registered in
the CA1 area of the hippocampus. So, it was demonstrated that the AB1-42 hip-
pocampal injection did not affect significatively the basal excitatory post-synaptic
potential (fEPSP), while Ap1-42 suppressed the induction of hippocampal LTP.

In addition to that, resveratrol avoided reductions on the expression of SIRT1 and
phosphorylation of the cyclic AMP response element connecting protein (CREB).

10. Discussion
10.1 Transcranial photobiomodulation

LED is a radiation of varying wavelength, not coherent and which is standing
out in the field of medical treatment and phototherapy for being an alternative
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to the high cost of laser therapy [41]. The use of light with Low-intensity Laser
Therapy or by Light-emitting Diode is called photobiomodulation [42] and among
its functions, it is the stimulation of neural activity, that occurs through interac-
tion with cytochrome c oxidase (unit IV of the mitochondrial electrons transport
chain), which through a series of reactions, stimulates the ATP synthase enzyme
to produce more ATP, improving brain function [27]. LED, however, emerged as
an innovation in the field because it does not give off heat, is portable, is easy to
apply, and is more durable when compared to other methods such as laser therapy
(Figure 10) [27].

Recent advances in optogenetics and the development of microscale LED plat-
forms have elevated the viability of phototherapy for use on target brain cells [43].
The method in the treatment of neurodegenerative diseases is under development,
and studies show that this therapy can act on amyloid aggregates [44, 45].

Although biological effects of the light emitted by the LED have been reported
for a wide spectrum of wavelengths, the research related to the effects on the
Alzheimer disease has focused on the wavelengths in the region of the nearby
infrared. This approach involves the tissue irradiation with a low intensity light and
promotes protective effects on the central nervous system [46].

In this approach, the primary photoreceptors are the mitochondria, and there
is evidence that the action is responsible for preserving and restoring the function
of the neurons by their action on the mitochondrial cytochrome ¢ oxidase enzyme,
which, due to a series of biochemical reactions, results in a greater production of
ATP by the stimulation of the ATP synthase enzyme. Moreover, the effect is also
related to the signaled pathways activated by reactive oxygen species, release of
nitric oxide and increased cyclic adenosine monophosphate. Thus, these factors
work together to produce effects in the regions in which the function was compro-
mised by ischemia, traumatic injuries, and neurodegeneration [47].

Thus, both in animal models and in human patient trials, the treatment pro-
motes satisfactory results. As for the studies described in the results and referring
to those that used animal models, the photobiomodulation, with the different
protocols tested, brought together some results. Results described in iz vivo studies
using animal models showed reduction of hyper phosphorylation of the tau protein,
attenuation of neurofibrillary tangles, decreased oxidative stress markers, reduced
deposition, number, and size of f-amyloid plaques, reduced neuronal loss, form-
aldehyde dehydrogenase activation, positive influence on the flow of interstitial
fluids, and capacity to recover and improve cognitive functions, such as learning
and spatial memory capacity [30-34].

Regarding the application places and treatment time in animal models, most of
the studies focused on the transcranial application, except for the research by Yue
etal. [33] who performed transcranial and abdominal application.

About treatment time, in general, irradiation protocols between 21 and 40 days
were used, except in the study by Cho et al. [34] in which the treatment (both early
and late) was carried out for 14 weeks, and represented a longer irradiation proto-
col, which differs from those established by other authors.
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Figure 10.
Simplified scheme of the action mechanism of photobiomodulation. Source: Personal file.
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In relation to human patients, the effects were mostly focused and described on
mental and cognitive performance states. It was observed that the therapy pro-
vided a significant improvement in dementia, and presented cognitive functional
increase, sleep improvement and fewer anxiety and anger outbreaks [27, 28]. It has
also provided an increase in cerebral perfusion between the posterior cingulate
cortex and the lateral parietal nodules in the network in a standard way [28].

The locations of application and time of treatment in clinical research were
similar. Both studies that involved human models reported the use of transcranial
and intranasal photobiomodulation. The treatment time did not differ either. A
twelve-week protocol was adopted, which the only difference was in the post-
treatment follow-up, with a period of four weeks without treatment being observed
in the research by Saltmarche [27].

As for safety in the human model, the treatment was described as well tolerated
and did not induce any adverse effects. These results support the therapeutic poten-
tial for viable treatment (including home treatment) of patients with dementias.
However, larger, and more controlled studies are still necessary. It is indispensable,
for consolidating the therapy, to clarify the ideal irradiation parameters such as
application time, active treatment, and follow-up, as well as the general efficacy and
safety profile [27, 28].

Regarding considerations for future research, they should be carried out by fol-
lowing longer and not discontinued treatment protocols. As according to Saltmarche
[27] a period of four weeks without treatment, after initiation, resulted in deteriora-
tion of the positive effects achieved with twelve weeks of active treatment, and it
caused difficulties for patients and caregivers. Furthermore, the author describes that
the movement of patients to the clinic for LED applications caused stress. Therefore,
for future work, home treatment is expected, which is possible considering the facil-
ity and viability of the application if it is properly oriented and performed.

Finally, it is interesting to use standardized cognitive assessments that consider
different aspects, such as quality sleep, communication and social interaction,
reduction of anxiety, depression, and disturbing behaviors to cover most of the
effects induced by photobiomodulation.

10.2 Resveratrol

The importance of oxidative stress in AD has been increasingly recognized.
Several studies have shown evidence that oxidative stress may contribute to the
pathogenesis of AD through the formation of oxygen free radicals. Thus, the thera-
peutic focus has also been directed towards the use of antioxidants in the treatment
of AD [10, 48].

Although antioxidants do not provide objective improvement in cognition, they
can delay the natural evolution of the disease due to their supposed neuroprotec-
tive effect [48]. Polyphenols from food consumption plants have already been
confirmed as neuroprotective compounds, including by a reduction on the aggrega-
tion of B-amyloid protein, such is the case of the trans-3,5,4'-trihydroxystylbene,
Resveratrol [12].

Resveratrol is widely found in grapes used to produce red wine and in cereals
and has been tested in different models of the disease (in vitro and in vivo), present-
ing neuroprotective effect and inhibiting the aggregation of fA [12].

Among its different proven forms of action, the following stand out: (a) compe-
tition with coenzyme Q to reduce the oxidative complex, the site of production of
reactive oxygen species (ROS); (b) neutralization of oxygen free radicals formed,;
and (c) inhibition of lipid peroxidation induced by Fenton reaction products, in the
mitochondria (Figure 11) [49].
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Figure 11.
Effects of resveratrol already proven. Source: Personal file.

In vitro studies have shown that Resveratrol has neuroprotective and preventive
effects related to oxidative damage induced by p-amyloid and memory loss by reduc-
ing the accumulation of lipid peroxides, positive regulation of the endogenous antioxi-
dants action and increased expression of memory associated proteins [50]. Although
the effects of Resveratrol are mostly attributed to its antioxidant activity, studies
suggest that its biological activity may be associated with different pathways. Yin et al.
[35] demonstrated that Resveratrol act on the nervous system by inhibiting the electri-
cal activity, relieving f-amyloid induced dysfunction in hippocampal CA1 pyramidal
neurons, associating this effect with the ability to recover potassium currents.

In view of its ability to modulate potassium channels, Resveratrol plays a promising
activity to attenuate neural impairments induced by f-amyloid. However, as the anti-
oxidant has shown a variety of neuroprotective actions, it is also possible that other
signals are involved, such as other ion channels, e.g., calcium and sodium channels,
which can be exploited in the future to elucidate the effects achieved by Resveratrol
due to the relationship with certain central nervous systems disorders [35].

Regarding the in vivo studies, the effects of resveratrol were already expressed
and described in different ways, and among them the ones of note are reduction of
amyloid load and inhibition of the amyloidogenic processing [37-39], neuroprotection
of memory loss, cognitive improvement and acetylcholinesterase inhibition [38, 39],
anxiety reduction, increase on the AMPK levels [36, 39], positive regulation of the
SIRT1 path [37-40] and reversion of the damage on spatial memory [39, 41].

As a future perspective, based on the neuroprotectant activities observed in vitro
and in vivo, it is expected that clinical trials are done with long term treatments and
low formulations with improved pharmacokinetic properties (due to the low avail-
ability shown) to sustain the possibility of a therapeutic alternative for the treatment
of AD, as well as the clarification of its mechanisms of action, safety and efficiency.

11. Conclusion

Thus, it is concluded that both the treatment with Transcranial
Photobiomodulation using LEDs as light sources, and the treatment with
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Resveratrol have numerous benefits that can be useful in the treatment of AD.
However, there is a need for new research that covers interventions with greater
specificity and control, so that the ideal doses and treatment protocols are defined.
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Diagnosis of Cardiac Amyloidosis
Using Non-Invasive Technics
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Abstract

Amyloidosis is a rare multiorgan disease defined by a process of irreversible,
extracellular accumulation of fibrillar proteins in the tissues, including the heart.
Cardiac involvement is seen in most forms of amyloidosis, but it is frequently present
and clinically significant in light chain (AL)-amyloidosis as well as transthyretin amy-
loidosis (ATTR). Cardiac amyloid accumulation leads to a restrictive filling pattern,
which must be differentiated from other forms of restrictive and hypertrophic cardio-
myopathies due to consequences for the treatment. Evolving knowledge of the disease
hasled to a definite diagnosis of the cardiac amyloidosis (CA) using non-invasive and
low-risk diagnostic features, such as scintigraphy (gamma scan) and cardiovascular
magnetic resonance (CMR) imaging using late gadolinium enhancement (LGE) and
T1 mapping technics. The availability and diagnostic accuracy of these technics has
reduced the need for cardiac biopsy. In the following chapter, we will describe com-
mon types of CA, the basic concepts, and updates of non-invasive diagnostic features.

Keywords: Cardiac Amyloidosis, Diagnosis, Non-Invasive Technics,
Imaging Modalities

1. Introduction
1.1 Common types of amyloidosis

Amyloidosis is an infiltrative disease defined by extracellular accumulation of
fibrillar proteins in the tissues, including the heart (cardiac amyloidosis (CA)).
Lately, about 30 different types of amyloidosis have been described, each due toa
specific misfolded protein [1]. Some types of amyloidosis are hereditary others are
caused by abnormal organ or plasma cells producing a precursor protein. Additional
causes involve long-term dialysis or inflammatory diseases. The disease is classified
as “localized amyloidosis” and “systemic amyloidosis”.

The main subtypes of amyloidosis are summarized in the following:

* Light chain amyloidosis (AL, primary amyloidosis): AL-amyloidosis
represents the most common type of amyloidosis with a prevalence of >0.3 per
100,000 of the general population. The incidence is estimated at 8.9-12.7 per
million person-years [2]. The age at manifestation is usually between 60 and
69 years. Precursor protein in AL-amyloidosis is a misfolded immunoglobulin
light chain produced by plasma cells. Deposition of misfolded proteins can
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occur in virtually any organ system. However, in most cases, the heart and
kidneys are involved. Cardiac involvement is described in more than 70% of
the cases with a mortality rate of up to 50% per year after the first episode of
an acute heart failure [3]. The development of AL cardiomyopathy is caused by
the AL amyloid-associated lysosomal dysfunction, oxidative stress, and induc-
tion of autophagy (direct toxicity) [4].

Amyloid transthyretin (ATTR)-amyloidosis: ATTR-amyloidosis is a life-
threatening and progressive type of amyloidosis. Two forms of ATTR can be
distinguished, the mutant transthyretin (ATTRm, referred to as familial or
hereditary transthyretin amyloidosis (FTA)) and the wild-type amyloidosis
(ATTRwt, known as well as senile systemic amyloidosis). The precursor pro-
tein is amyloid transthyretin (TTR), a transport protein, which usually carries
thyroid hormone thyroxine (T4) and retinol-binding protein bound to retinol
in serum and cerebrospinal fluid.

ATTRm is an autosomal dominant condition caused by mutations in the TTR
gene with abnormal secreted by the liver and deposited in various organs.

The type and severity of organ involvement defines its prognosis. ATTRm is
clinically heterogeneous and causes a broad spectrum of symptoms. Most often
patients suffer from mixed clinical phenotype consisting of sensory and motor
impairment and multiple organ failure [5]. Although the exact prevalence of
ATTRm is unknown, recently published data reported a global prevalence

as high as 38,000 persons [5]. In African Americans ATTR-CA is frequently
associated with the mutation Val142Ile (formerly known as Val122Ile), which is
carried by 10% of African Americans with heart failure with reduced ejection
fraction (HFrEF) and by 1.5-3.5% of the general African American population
[6]. In the general Caucasian population this mutation is extremely rare (<
0.005%) [7, 8].

ATTRwt is the most common cause of CA, particularly in the elderly. Ina
population-based autopsy study Tanskanen M, et al. showed its presence in
25% of subjects aged >85 years [9]. Several studies presented concomitant
ATTRwt-amyloidosis in patients with severe aortic stenosis and heart failure
with preserved ejection fraction (HFpEF) [10]. The prevalence among patients,
who underwent transcatheter aortic valve implantation (TAVI) was reported in
8-16% [11]. However, the prevalence in patients with (paradoxical) low-flow,
low-gradient aortic stenosis was reported much higher, with up to 30% [12].
The amyloid protein is being stored in every structure of the heart including
myocardium, valves, and coronary arteries. The accumulation of dysfunctional
proteins in the extracellular space of the myocardium leads to stiffening of the
muscle and impairs the diastolic function of the heart. Heart failure occurs due
to a restrictive filling pattern and impaired systolic function. Common arrhyth-
mias resulting from structural changes usually include atrial fibrillation,
atrioventricular block (AV), and sudden cardiac death (SCD) due to bradyar-
rhythmia or tachyarrhythmia [13].

Serum amyloid A amyloidosis (SAA, secondary amyloidosis): An acute-
phase protein produced in the liver represents the precursor protein of SAA.
An inflammatory disease, such as autoimmune and autoinflammatory disease,
chronic infections, or cancer disease may trigger its production. The most com-
monly affected organs are the kidneys, liver and spleen. Cardiac involvement
in SAA is rarely described in the literature [14].
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* Localized amyloidosis: In localized amyloidosis the amyloidogenic protein
is deposited at the site of production and not transported via bloodstream.
Localized amyloidosis is usually light chain associated, but also serum amy-
loid A protein and TTR have been reported as localized disease. Localized
immunoglobulin AL-amyloidosis is a rare disease. In a large study by the Mayo
clinic 403 of 5551 AL patients (7%) were found for localized immunoglobulin
AL-amyloidosis [15]. In this study, the median follow-up for survival and
progression were 72 and 39 months. Localized amyloidosis is characterized
by deposition of amyloid in a limited area of an anatomical region, such as
isolated atrial amyloidosis caused by the precursor protein of atrial natriuretic
factor (ANF) [16]. All tissues may be involved, but localized amyloidosis typi-
cally involves the laryngo-tracheobronchial tree, skin and urogenital tract.

1.2 Cardiac amyloidosis

CA is aleading cause of restrictive cardiomyopathy due to interstitial deposits of
amyloid impairing the elasticity and contractility of the myocardium and leaving

Amyloid subtype Precursor Origin Affected Clinical signs Therapy
protein Organs
Light chain Mono- Plasma Heart, kidneys,  periorbital Chemotherapy
amyloidosis (AL) clonal light cellsin liver, nerves, hematoma,
chain bone gastro- macro-glossia,
marrow intestinal tract, proteinuria,
liver, soft tissue ~ weight loss
Hereditary Trans- Liver Heart, kidneys, Sudden Tafamidis, or
transthyretin thyretin peripheral and cardiac death, 2-(3,5-dichloro-
variantamyloidosis mutation autonomic arrhythmia, phenyl)-
(ATTRm, familial nervous syncope, benzoxazole
or hereditary system, gastro-  dysautonomia 6-carboxylic
transthyretin intestinal tract (orthostatic acid;
amyloidosis hypotension) Promising
(FTA)) peripheral pharmacologic
sensory-motor strategies to
neuropathy stabilize TTR
Transthyretin Abnormal Liver Heart and Heart failure,
wild-type Trans- peripheral spinal stenosis,
amyloidosis thyretin nervoussystem  bilateral
(ATTRwt, carpal tunnel
senile systemic syndrome
amyloidosis)
Amyloid A Serum Liver Liver, kidneys, Heart failure Treatment of
amyloidosis amyloid A heart (rare) underlying
inflammatory
process
Apolipo-protein Mutation Liver, kidneys, Heart failure, Liver
AA amyloidosis in Apolipo- heart proteinuria, transplantation
protein Al hematuria,
gene edema, hepato-
splenomegaly
Isolated atrial Atrial Heart Heart only atrial no specific
amyloidosis natriuretic fibrillation/ therapy
factor arrhythmia available
Table 1.

Overview of the main subtypes of amyloidosis with the possibility of cardiac involvement.
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the muscle stiff. Early findings include abnormal myocardial relaxation, gradually
advancing to restrictive filling pattern, with signs and symptoms of heart failure.
As specified above, the most common types of CA are AL and ATTR-amyloidosis
(Table1). An early diagnosis is of paramount importance in order to start the ade-
quate treatment according to the disease, which determines the patient’s prognosis.

Previously, the gold standard of CA diagnosis was a histological analysis of
endomyocardial tissue. The invasive nature of an endomyocardial biopsy (EMB)
limits its routine application. The following immediate or late complications are
associated with EMB: pericardial effusion with or without tamponade, arrhythmias,
tricuspid valve damage, pneumothorax, pulmonary embolism, nerve paralysis,
bleeding complications, creation of an arteriovenous fistula, venous thromboembo-
lism, and infections [17]. Major complications caused by EMB are described with a
rate of 1% even when performed in large centers by experienced operators [18-20].
The cause of death is often perforation with tamponade.

Advances in imaging protocols have led to them being primarily used in daily
clinical routine. The following chapter provides diagnostic steps for patients with
CA including the most recent literature.

2. Non-invasive diagnostic techniques
2.1 Standard 12-lead electrocardiography (ECG) and Holter-ECG monitoring

The diagnostic procedure starts with a simple electrocardiogram (ECG), which
may already provide clues for the presence of CA. Historically, CA is a condition
associated with low voltage in the ECG, which usually is defined as a peak-to-peak
QRS amplitude of less than 5 millimeters in the limb leads and/or less than 10 mil-
limeters in the precordial leads [21].

Rapezzi et al. analyzed ECG recordings of AL, ATTRm and ATTRwt-
amyloidosis and found significant differences among the three groups for low
QRS voltage and left bundle-branch block [22]. Left bundle-branch block was
frequently present in ATTRwt (40%), while in AL low QRS voltage was more
common (25% ATTR versus 60% in AL). Boldrini et al. assessed the prevalence
of intraventricular and atrioventricular conduction delays in a cohort of 344 AL
patients. Intraventricular conduction delay due to myocardial amyloid deposits
was associated with worse systolic function, higher mortality, and higher levels of
cardiac biomarker [23]. Further 276 patients with a diagnosis of systemic amyloi-
dosis, admitted to the Beijing Union Medical College Hospital from January 2000 to
December 2011, were evaluated by Cheng and colleagues [24]. The study reported
atrial arrhythmia, low voltage on limb leads, AV-block, and pseudo-infarct pattern
as the most present ECG pattern in CA than control groups. In summary, the study
data suggests a high specificity and a positive predictive value of low voltage on limb
leads and pseudo-infarct pattern for the diagnosis of CA. However, these features
are only observed in some CA patients (50% AL and 30% ATTR) and oftenina
later stage of the disease [25].

The most frequent arrhythmias in CA are atrial fibrillation (45-65%), ventricu-
lar tachyarrhythmias (ventricular tachycardia 9.9% and ventricular fibrillation
0.7%) and AV conduction delays (3.5%) [26]. The risk of SCD is increased, espe-
cially in advanced disease. The Austrian hot spot mutation His108Arg is linked to an
increased incidence of ventricular tachycardia [27]. The proarrhythmic substrate
for ventricular arrhythmias in CA is left ventricular fibrosis leading to micro- and
macro-reentrant circuits [28]. Therefore, Holter-ECG monitoring is recommended
in CA at initial presentation and follow-up.
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Although electrophysiological studies (EPS) do not serve as a diagnostic tool,
research supports their prognostic relevance. For example, in a study by Reisinger et
al., 92% had a prolonged His-ventricular (HV) interval (>55ms), which was identi-
fied as an independent predictor of SCD on multivariate analysis among patients
with AL [29]. In a recently published study by Orini et al., ventricular conduction
and repolarization abnormalities were more pronounced in AL compared to ATTR-
amyloidosis [30].

In conclusion, in patients with AL and ATTR-amyloidosis, ECG and Holter-
monitor are important tools to diagnose AV conduction delays as well as atrial
and ventricular arrhythmias. Implantation of a permanent pacemaker system is
recommended in patients meeting the established criteria for device implantation
[31]. EPS should be considered in the setting of unexplained syncope due to the fact
of common HV prolongation in absence of AV-Block in the 12-lead ECG. Patients
with AL-amyloidosis have a higher risk to develop arrhythmias and suffer from a
poor prognosis. However, implantable cardioverter defibrillator (ICD) for primary
prophylactic therapy did not show a survival benefit in AL-CA. Their use may be
considered in patients with AL or ATTR associated CA complicated with ventricular
arrhythmias causing hemodynamic instability, who are having a life expectancy of
more than one year with good functional status [32-34].

2.2 Cardiac biomarker and laboratory parameter

In suspected CA further laboratory parameters are needed. Due to an underlying
plasma cell dyscrasia in AL-amyloidosis, a monoclonal gammopathy is detected
by electrophoresis and immunochemical measurements of specific isotypes or
free light chains (FLC) pairs. The spike of light chains is referred as “Bence Jones
protein”. For detection of even small amounts of FLC a serum fluorescence lifetime
correlation spectroscopy and a serum FLC (sFLC) assay are of great additional
value [35]. If monoclonal proteins are identified, the patient should be referred to
a hematologist for further evaluation including a bone marrow biopsy. In case, an
AL-amyloidosis can be ruled out, the next step should involve Technetium (Tc)
-labeled cardiac scintigraphy (for further details see chapter 2.5).

Incorporation of sFLC differentiation into the current staging system for
AL-amyloidosis improves risk stratification therapy optimization. Increased values
of cardiac biomarkers such as brain natriuretic peptide (BNP), N-terminal brain
natriuretic peptide (NT-proBNP), and Troponin (Tnl, TnT) are used as screening
parameters for cardiac involvement and clinical outcome. They might also assess the
treatment response. In general, natriuretic peptides and Troponin levels are com-
monly elevated in CA, with a mild elevation seen in ATTR and higher levels in AL
due to a cardiotoxic effect of light chains. The Mayo classification consists of TnT,
NT-proBNP, and FLC-ratio (difference between light chain kappa and lambda) and
helps estimating cardiac involvement and prognosis in AL patients [36].

2.3 Echocardiography

Echocardiography is an essential screening tool for CA and speeds up diagnosis.
The most important finding represents the ventricular hypertrophy associated with
amyloid self-aggregation (Figure 1). However, left ventricular (LV) wall thickening
may also be seen in other conditions, such as long-standing arterial hypertension,
high-grade aortic stenosis, hypertrophic cardiomyopathy (HCM) or storage dis-
eases such as Fabrys disease. Therefore, further echocardiographic characteristics
such as thickening of the atrial septum, valvular leaflets, as well as enlarged atria
and pericardial effusion raise suspicion towards CA. Furthermore, assessment of
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Figure 1.
Echocardiographic imaging showing a parasternal long axis view of a left ventricular hypertrophy and an
apical 4-chamber view demonstrating mitval vegurgitation.

diastolic function is a useful evaluation tool for CA. Diastolic dysfunction usually
appears before pathologic measurements of left or right ventricular (RV) walls and
it is the hallmark of amyloid heart disease [37]. A restrictive filling pattern is found
in up to one-third of the CA population. According to the European classification
of cardiomyopathies, CA may be regarded either as restrictive or hypertrophic
cardiomyopathy based on the severity of diastolic filling impairment [38]. Based
on hypertrophy and diastolic function parameters Aimo et al. developed a simple
score named AMYLoidosis Index (AMYLI), as the product of relative wall thickness
(RWT) and E/e’ ratio, for initial screening of CA patients (AMYLI <2.22 excludes
the diagnosis in patients undergoing a diagnostic screening for CA) [39]. However,
this score needs further validation and is currently not in use for clinical routine.

Historically, “sparkling myocardium” is associated with CA. Granular sparkling
is seen in approximately 25% of CA patients, which is attributed to increased
echogenicity of the amyloid protein [40]. However, scanning with tissue harmonic
frequencies imparts increased echogenicity of myocardium in general and granular
sparkling may be overdiagnosed. In general, “speckled appearance” alone is not
diagnostic of CA, since HCM, end-stage renal disease, harmonic imaging, and
glycogen storage disease produce similar appearance [41].

Speckle tracking as an advanced echocardiography technic is a useful tool to
differentiate CA from other causes of LV hypertrophy including other storage
diseases. Myocardial speckle tracking-based strain imaging of the LV can help in
the differential diagnosis and the presence of relative apical sparing may indicate
CA. While left ventricular ejection fraction (LVEF) is preserved at early stages of
CA, the longitudinal systolic contraction is already impaired [40]. Typically, the
longitudinal strain at the basal and the mid ventricular segments is reduced, while
the longitudinal apical strain of the LV is preserved (apical sparing). Preserved
apical strain can be visualized using the strain ratio or the bull’s eye plot (Figure 2)
[42]. The pathophysiological basis of the apical sparing is not fully understood, but
advanced imaging has shown evidence of amyloid deposition preferably in the basal
and mid ventricular segments. In addition, a normal value of the global longitudinal
strain (GLS) is known as a positive predictor for survival [43].

Although concomitant RV free wall hypertrophy is suggestive of infiltra-
tive cardiomyopathy, an additional RV apical sparing pattern has been shown to
distinguish CA from other storage diseases. Arvidsson et al. examined RV global
and segmental strain of 42 subjects with AT'TR amyloidosis. Patients with ATTR
amyloidosis showed an apex-to-base RV strain gradient with relative apical sparing
[44], RV involvement has been shown to occur most commonly after LV infiltration
and has implications for prognosis [45].
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Figure 2.
Automated strain imaging using speckle-tracking algorithm.

To distinguish CA from other storage diseases, the following echocardiographic
features may be helpful: presence of LV thickening, enlargement of the left atrium
with wall thickening, lower E/e’, longer transmitral early filling wave deceleration
time, reduced longitudinal strain in all myocardial segments with presence of rela-
tive apical sparing, additional RV hypertrophy with apical sparing pattern and mild
pericardial and pleural effusion.

In summary, echocardiography using standard and speckle tracking imaging can
provide many features suggesting amyloid heart disease though none of them are
absolutely specific and further diagnostic tests are needed to accurately diagnose
CA. Nevertheless, the presence of several echocardiographic findings increases the
likelihood of the diagnosis, especially the combination of increased wall-thickness
of the non-dilated LV with a restrictive filling pattern, biatrial enlargement, thick-
ened valves, and pericardial effusion.

2.4 Cardiovascular magnetic resonance (CMR)

If echocardiographic findings hint at the presence of CA, cardiovascular magnetic
resonance (CMR) is used to provide further support for the suspected diagnosis by
evaluation of cardiac function and morphology using steady-state free precession
(SSFP) sequences, tissue characterization via late gadolinium enhancement (LGE)
and T1 mapping. CMR can characterize amyloid deposition in the extracellular
tissue via LGE. In general, the phenomenon of LGE is explained by higher regional
gadolinium concentration in the extracellular space and reduced distribution kinetics
than in normal myocardium. In CA, the interstitium is substantially expanded by
amyloid fiber accumulation, which is demonstrated by LGE in the myocardium with
a dominant subendocardial distribution (Figure 3) [46, 47]. In a study by Pennell et
al., a diffuse subendocardial LGE was observed in 69% [48]. Next to subendocardial
different, other distribution patterns, ranging from the global transmural LGE to
patchy focal LGE, have been described. The differences in the LGE pattern, especially
the “patchy distribution” was explained by incorrect TI settings [49].

Suboptimal “myocardial nulling” is characteristic of CA. It describes the impos-
sibility of adjustment of inversion time to discriminate the blood pool from the
myocardium. An inversion recovery pulse sequence is used to null the myocardial
signal during delayed-enhanced imaging. Usually, the blood pool reaches the null
point before normal myocardium. However, this relationship is reversed in CA.
Phase-sensitive inversion recovery (PSIR) reconstruction is emerging as the most
accurate method to overcome this problem and assess LGE in CA. This technique
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Figure 3.
Cardiovascular magnetic resonance imaging of myocardial late gadolinium enhancement with pronounced
septal and basal distribution.

eliminated the difficulties of accurate TI selection, because tissue with the least
gadolinium always appears nulled [50].

Krombach et al. described in 2007 another technic for the evaluation of CA
using CMR [51]. The authors presented a measurement of myocardial T1 mapping
values without application of LGE in identifying interstitial amyloid infiltration.
Using this parameter, a sensitivity of 80% and a specificity of 94% was achieved in
the study to diagnose CA. Determination of native and postcontrast (after applica-
tion of the contrast agent) T1 mapping, allows for calculation of the extracellular
volume (ECV), which correlates well with histological findings based on cardiac
biopsies [52]. Meanwhile, several studies have demonstrated an increase in native
T1 relaxation time as well as ECV of the myocardium in CA [53]. However, the diag-
nostic significance of ECV is limited due to overlap with other myocardial diseases
associated with LV hypertrophy. Therefore, thresholds for native T1 relaxation time
and ECV have not been established yet [54].

Due to the above-described comprehensive technical features, CMR represents
an alternative to biopsy and has become an established part of the standard clinical
pathway for CA diagnosis. In addition, it may provide prognostic information for
patients with a confirmed diagnosis.

2.5 Cardiac scintigraphy

Tc-labeled cardiac scintigraphy provides incremental value to echocardiography
and CMR, because of the ability to distinguish ATTR CA from other forms of LV
hypertrophy [55]. Radionuclides have affinity towards myocardial amyloid depos-
its, especially towards myocardial ATTR. The binding of the radiotracer towards
myocardial ATTR is supposed to be due to microcalcifications [56]. Three different
technetium-labeled radiotracers are used for the diagnosis of ATTR-CA: **mTc-PYP
(*’mTc-labeled pyrophosphate), *’mTc-DPD (*’mTc-labeled 3,3- diphosphono-
1,2-propanodicarboxylic acid), and *mTc-HMDP (*’mTec-labeled hydroxymethyl
diphosphonate). Grading systems for the degree of uptake in the myocardium on
planar imaging are quantitative and qualitative. Qualitative scores are based on the
heart to contralateral lung uptake (H/CL) ratio with *’mTc-PYP or the heart to whole
body ratio with PmTe-DPD and ’mTc-HDMP (Figure 4) [57].

Gillmore et al. assessed the diagnostic accuracy of all three above-mentioned
tracers in 1,217 patients with suspected CA. Any myocardial radiotracer uptake
was >99% sensitive and 86% specific for detecting ATTR-CA, with the majority of
false-positive results from patients with AL-amyloidosis. A higher amount of myo-
cardial radiotracer uptake (grade 2 or 3) and the absence of monoclonal proteins
in serum or urine had nearly 100% specificity and 100% positive predictive value
for ATTR-CA [55]. Imaging differentiation between AL and ATTR-amyloidosis
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99mTe-HMDP bone scintigraphy for diagnosis of cardiac amyloidosis.

is based on the *mTc-PYP H/CL uptake ratio; a ratio of <1.5 favors AL, whereas
aratio of >1.5 favors ATTR [58]. Semi-quantitative evaluation using **mTc-PYP
planar imaging, a H/CL ratio of >1.5 at 1 h accurately distinguished ATTR from
AL-CA with 97% sensitivity and 100% specificity and a whole-body retention of
*mTc-DPD at 3 h is highly sensitive and specific for ATTR-CA [59].

In conclusion, Tc-labeled cardiac scintigraphy can reliably diagnose ATTR-
amyloidosis in the absence of tissue biopsy, especially in cases of high myocardial
radiotracer uptake and after laboratory exclusion of AL-amyloidosis.

3. Conclusion

Cardiac involvement in amyloidosis has a high mortality rate. For instance,
patients with AL-amyloidosis have a 50% survival rate per year after the first
episode of acute heart failure. Rapid diagnosis and initiation of chemotherapy
are crucial in these patients. Besides, ATTR-amyloidosis may benefit from novel
therapeutic options to improve symptoms and survival. The following features
should raise the suspicion of CA: patients above 60 years of age with a low-flow
low-gradient aortic stenosis, unexplained LV hypertrophy or peripheral sen-
sory neuropathy, and patients with monoclonal gammopathy or elevated FLC
levels. Non-invasive imaging technics are valuable in the assessment of CA and
should be used widely. Cardiac imaging findings in echocardiography, CMR, or
Tc-labeled bone or cardiac scintigraphy, are specific enough to diagnose CA in
the setting of a positive non-cardiac biopsy (Figure 5). EMB with histological
analysis of myocardial tissue is not essential anymore.
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ESC European Society of Cardiology

GLS Global longitudinal strain
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HV His-ventricular

ICD Implantable cardioverter defibrillator
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LVEF Left ventricular ejection fraction
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Chapter 5

A Short Review of Hematopoietic
Transplantation for AL
Amyloidosis

Ivetta Danylesko

Abstract

AL amyloidosis is an uncommon disease with variable clinical presentations;
as such, it is often initially unrecognized and diagnosis is therefore frequently
delayed. As aresult of diagnosis at a point in their disease when patients often
have significant end-organ damage, aggressive therapy with major toxicities can
be extremely challenging. Nonetheless, clinical data have been accumulating over
the past several decades that have demonstrated that patients who were taken to
high-dose therapy—typically using single-agent L-phenylalanine mustard—with
autologous hematopoietic rescue, have a dramatically improved overall survival
than otherwise. In this chapter, the critical clinical data that demonstrate this, and
the risk-adjusted approach to optimize the outcome for patients, are reviewed.

Keywords: AL amyloidosis, hematopoietic transplant, plasma cell dyscrasias

1. Introduction

AL amyloidosis, the consequence of the three-dimensional misfolding and
aggregation of serum immunoglobulin light chains, with consequent end-organ
damage due to the deposition of the amyloid, is an uncommon disorder, resulting
from a clonal proliferation of lymphoid cells of B cell lineage. As such, it shares
many pathobiological characteristics with multiple myeloma, and drugs that have
antineoplastic activity in myeloma and other plasma cell dyscrasias typically are
active in the treatment of AL amyloidosis. However, in large part, because the early
clinical manifestations of AL amyloidosis can be insidious and nonspecific, a major-
ity of patients with AL amyloidosis are not diagnosed until there has been signifi-
cant end-organ damage. The presence of end-organ damage, often in multiple organ
systems critical for the tolerance of antineoplastic therapy, has limited the feasible
treatment options for patients with significant amyloid burden, particularly with
regard to cardiac, hepatic, and renal involvement by amyloid.

Despite the barriers to treatment, however, significant progress has been made,
especially at centers with deep experience in the management of AL amyloidosis.
Clinical data have been accumulated in the past several decades that convincingly
demonstrates—despite little in the way of prospective, randomized trials—that
high-dose antineoplastic therapy with hematopoietic rescue, and most specifically
high-dose melphalan chemotherapy with autologous stem cell rescue—“ABMT,”
improves overall survival in patients with AL amyloidosis. As of this writing,
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criteria for selecting patients for ABMT are evolving, as risk stratification becomes
better defined, and supportive care improves. For patients who are considered for
transplant, these factors also impact the decision as to whether a particular patient
is an appropriate candidate for upfront ABMT, versus induction therapy followed
by ABMT. Similarly, post-transplant maintenance therapy is also the subject of
ongoing clinical research. This review summarizes the data from a number of
important papers published in the peer-reviewed medical literature, all of which
are indexed in the National Library of Medicine of the United States’ searchable
database, PubMed.

2. Evolution of transplant for AL amyloidosis

The historical evolution of the treatment of AL amyloidosis is reviewed else-
where in this volume. The first peer-reviewed report of the efficacy of conventional
doses of L-phenylalanine mustard—melphalan—dates to 1958, when Blokhin and
colleagues in the former Soviet Union reported benefit from the use of melphalan
in a variety of disease states [1]. Shortly thereafter, in 1962, Mass reported some
degree of efficacy of prednisone as a single agent in the treatment of myeloma,
as compared to placebo [2]. However, it was not until 1997 that the efficacy of
melphalan and prednisone for the treatment of AL amyloidosis was reported in the
context of a formal clinical trial. In that year, Kyle and colleagues at the Mayo Clinic
reported the results of a prospective, randomized clinical trial, comparing colchi-
cine alone, melphalan together with prednisone, or the combination of all three
drugs, in treating AL amyloidosis. That study randomized 220 patients who had
biopsy documentation of AL amyloidosis. The authors reported median survival
of 18 months for patients randomized to melphalan and prednisone, the median
survival of 17 months for patients randomized to the three-drug combination, and
median survival of 8.5 months for those treated using colchicine alone [3]. This
study established melphalan with prednisone as a standard of care, although this
approach had by then been in use for more than two decades.

ABMT for patients with amyloidosis began to be explored extensively in the
final decade of the twentieth century at a number of centers around the world.

In 1996, in the journal Blood, Comenzo and colleagues at Boston City Hospital
reported their experience with their first five AL amyloidosis patients treated
using intravenous melphalan at a dose of 100 mg/meter square body surface area
per day for two consecutive days, followed by rescue with autologous peripheral
blood hematopoietic progenitor cells that were collected after filgrastim priming
[4]. Patients underwent this therapy between 2 and 18 months after diagnosis,
with a median of transplant at 5 months from diagnosis; median age was 46 years.
All five patients were alive at the time of publishing follow up, with favorable
hematologic responses—clearing of monoclonal light chains, and clinical improve-
ments with respect to their manifestations of disease, including peripheral neu-
ropathy in the three patients so affected, gastrointestinal dysfunction in the one
patient so affected, and resolution of hepatomegaly in the one patient so affected.
Performance status either was improved or stable for all five patients. Similarly,
Moreau reported a retrospective examination of a series of 21 patients with AL amy-
loidosis treated in France, published in 1998 [5]. In this series, 18 patients received
single-agent high-dose melphalan, in the range of 200 mg/meter square body
surface area, and three patients received the combination of high-dose melphalan
together with total body radiation. Up to 43% of these patients died within the first
month after transplant, an extremely high mortality rate attributable to toxicity,

as opposed to the progression of the disease. However, among the surviving
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12 patients in this series, 10 patients had an objective response to therapy, demonstrat-
ing that the therapy did have efficacy for those who tolerated the treatment. Overall
survival was 57% at a median follow up of 14 months, and Event-free survival was
29.9% [4]. Importantly, they noted five clinical features at the time of transplant
that was associated with outcome. Patient results were significantly worse if there
was (a) greater than 3 grams per 24 hours’ proteinuria; (b) creatinine clearance less
than 30 mL/minute; (c) congestive heart failure syndrome; (d) neuropathy; or
(e) hepatomegaly together with alkaline phosphatase greater than 200. As would be
expected, patients with two or more of these adverse clinical findings had signifi-
cantly poorer outcomes, with overall survival at 4 years of 11.1%, as compared
to the overall survival of 91.7% for patients with fewer than two of these adverse
findings.

Reports such as those by Comenzo and Moreau, and from a number of
other centers around the world regarding the early experiences with autologous
transplant for treatment of AL amyloidosis, led the Intergroupe Francophone du
Myelome (IFM) to conduct a prospective, randomized multicenter clinical trial,
comparing high-dose melphalan with autologous hematopoietic rescue—ABMT—
to conventional-dose melphalan given with dexamethasone. The findings from
this study were reported by Jaccard and colleagues on behalf of the IFM in the
year 2007 [6]. Between the years 2000 and 2005, 100 patients were accrued who
had Eastern Cooperative Oncology Group performance status score of 2 or lower,
with biopsy-proven AL amyloidosis, in the absence of symptomatic multiple
myeloma. In the transplant group, peripheral blood hematopoietic progenitor cells
were collected by cytapheresis following a five-day course of granulocyte-colony
stimulating factor, with a minimum target collection of 2 million CD34 cells per
kg body weight. Conditioning was with melphalan 200 mg/meter square but was
reduced to 140 mg/meter square for patients 65 years of age and older, for those
with left ventricular cardiac ejection fraction less than 30%, those with calculated
creatinine clearance less than 30 mL per minute, and those with liver disease who
had significantly prolonged prothrombin time, elevated total bilirubin greater than
five times the upper limit of normal, or alkaline phosphatase elevated to greater
than five times upper limit of normal. The granulocyte-colony stimulating factor
was administered to accelerate granulocyte recovery following stem cell infusion.
Patients in the control arm were treated using monthly cycles of oral melphalan
10 mg per meter square body surface area on days 1-4 each month, together with
oral dexamethasone 40 mg daily for days 1-4 each month, for up to 18 months,
later emended to stop therapy after 12 months if complete remission obtained.
Dose adjustments were permitted for oral melphalan if clinically appropriate. In
this study, criteria for organ involvement and organ response were meticulously
defined. The two cohorts were fairly well balanced for age, performance status, the
number of organs clinically involved by disease, and organ function.

Among the 50 subjects randomized to the ABMT arm, 13 did not proceed
to transplant, of whom 10 died from complications of the amyloidosis prior to
transplant. Of the 37 patients who did proceed to ABMT, nine died within 100 days
of receiving the melphalan conditioning; transplant-related mortality was 24%.
Among the patients assigned to conventional-dose melphalan, two patients died
from cardiac arrhythmias prior to completing the first month of therapy, and five
additional patients died within the first 130 days after randomization—all from
the progression of the underlying amyloid disease. The results reported showed
that hematologic responses did not differ significantly between the two treatment
groups. Up to 69% of the patients in the conventional-dose therapy group demon-
strated favorable reductions in light chain levels, as compared to 62% in the trans-
plant arm. However, the complete remission rate was 47% in the conventional-dose
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group, as compared to 61% in the high-dose melphalan group. As of the time of data
analysis in August 2006, 51 patients had died out of the initial 100, 20 patients in
the conventional-dose group, and 31 patients in the group assigned to transplant.
With respect to intention-to-treat analysis, the estimated median overall survival
was 56.9 months in the conventional dose cohort, as compared to 22.2 months in
the group assigned to ABMT. The study was powered to detect at 25% survival
advantage for ABMT as compared to conventional-dose melphalan with dexa-
methasone; the study failed to demonstrate the superiority of ABMT. Indeed, in
this study, median overall survival was significantly longer in the conventional-dose
control group, as compared to the autologous transplant group. The authors noted
that had the trial been conducted exclusively at a tertiary referral center with a

very high level of expertise, the mortality in the transplant arm might have been
lower. This study did appear to have a somewhat chilling effect on enthusiasm for
high-dose therapy with the autologous hematopoietic rescue for the treatment of
AL amyloidosis for a brief period of time, but centers with experience continued to
investigate this approach, particularly as supportive care improved and the experi-
ence was gained.

As clinical experience accrued, demonstrating that end-organ function at the
time of transplant largely determined early survival during and shortly after the
transplant, along with the observation that patients who survived the acute toxici-
ties of transplant showed a very high likelihood of a favorable response, it became
clear that selecting appropriate patients for transplant based on organ function,
performance status, and risk stratification was essential to optimize outcome from
high-dose therapy. Over the past 25 years, the application of risk stratification to
patient selection for transplant has translated into decreased acute mortality in
published reports of ABMT for AL amyloidosis. Gertz and colleagues published a
consensus opinion on the definition of organ involvement and treatment response
in AL amyloidosis from the 10th international symposium on amyloid and amyloi-
dosis [7], in 2005. The investigators who participated in writing this report carefully
specified criteria for the diagnosis of AL amyloid—as distinct from other potential
diagnoses, such as myeloma. They also specified the formal definition of specific
organ involvement—for most organs by biopsy documentation but for some organs
noninvasive findings (e.g., for definitive lung involvement, classic diffuse intersti-
tial lung disease on CT imaging together with biopsy-proven AL amyloidosis in a
different organ). Further, they defined criteria for evaluating treatment response
by organ, including definitions of complete response, partial response, stable
disease, and progression of the disease. The rigorous application of these types of
definitions helped to harmonize patient assessment in the context of data reporting,
and analysis of patient responses to ABMT as well as conventional therapies and
investigational agents. Formalizing the criteria for diagnosis, organ involvement,
and response to treatment, in turn, enhanced the analysis of risk stratification of
patients.

Many of the prominent early series of patients with AL amyloidosis treated
by ABMT were reviewed in a paper published by Comenzo and Gertz, two lead-
ers in Amyloidosis research and treatment, in the journal Blood in the year 2002
[7]. These authors summarized from four single-center clinical trials, totaling 87
patients, and from two multicenter reports, totaling 61 patients. Among the 87
patients reported from the four single-center experiences, transplant-related mor-
tality (TRM) was 16 patients, a rate of 21% at that time. A summation of responses
for the four single-center series was a 62% response rate overall. In the two multi-
center series summarized by Comenzo and Gertz (Table 1 in their manuscript)
TRM was measured as 24 patients out of 61 subjects, for transplant-related mortal-
ity of 39% in these two reports, and with overall response rate reported also at 62%.
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During the first two decades of the twenty-first century, increasing numbers of
centers reported their experiences with a series of AL amyloidosis patients undergo-
ing ABMT, and with increased experience, as well as more refined selection criteria
were applied, transplant-related mortality fell over time.

In 2015, D’Souza and her colleagues published an important summary of data
compiled by the Center for International Blood and Marrow Transplant Research
(CIBMTR) regarding the outcome for autologous transplantation to treat AL
amyloidosis. This report analyzed data from 1536 patients with a diagnosis of AL
amyloidosis who underwent ABMT at 134 transplant centers between the years
1995 and 2012, as entered into the CIBMTR database [8]. Data from these patients
were grouped into three chronologic cohorts—the group of patients transplanted
between the years 1995 and 2000; patients transplanted between the years 2001
and 2006; and finally, patients transplanted between the years 2007 and 2012. The
median age at transplantation was 56 for the cohort as a whole, with the median age
gradually rising in successive chronologic cohorts, with most patients undergoing
autologous transplants within 6 months of diagnosis. The underlying plasma cell
clone was lambda in 72% of transplant patients. The median melphalan dose was
175 mg/meter square body surface area for the cohort transplanted between 2001 to
2006 but fell to 143 mg/m2 body surface area during 2007-2012. The percentage of
patients that received antineoplastic therapy prior to transplant was 85% between
2001 and 2006, but the percentage of patients receiving antineoplastic therapy
prior to transplant fell to 67% for those transplanted between 2007 and 2012. Early
mortality—that is, death by day 30 and by day 100, declined significantly over time.
Mortality by day 30 was 11%, and mortality by day 100 was 20%, in the patients
transplanted between 1995 and 2000. However, mortality by day 30 fell to 3%, and
mortality by day 100 fell to 5%, for the cohort transplanted between the years 2007
and 2012. Consistent with the improved outcome associated with decreased early
mortality from transplant over time, overall survival also improved substantially
over time. Five-year overall survival was 55% in the cohort of patients transplanted
between the years 1995 and 2000. This improved to a 5-year survival of 77% for
the cohort transplanted between the years 2007 and 2012. In their discussion, the
authors of this paper attributed improvements in outcome both to improvements
in supportive care, as well as increasing clinical expertise at managing patients
through the transplant process. They also remarked that the best results for ABMT
in AL amyloidosis as of that writing came from high-volume transplant centers,
and noted that in the data set analyzed, ABMT centers performing fewer than four
transplants per year for treatment of AL amyloidosis had higher early mortality
rates than centers that performed a number greater than four transplants per year.
Multivariate analysis in this study indicated that the presence of cardiac involve-
ment, the presence of poor renal function, the presence of poor performance
status (Karnofsky performance status of less than 80%), and use of melphalan
conditioning at a dose of less than 180 mg/meter square body surface area—were
all associated with worse outcome. Figure 1 illustrates an approximation of the
Kaplan-Meier survival curves for patients in the analysis of the CIBMTR data
referenced above.

The conditioning regimen that has become standard over the past quarter-
century for myeloma patients undergoing autologous transplant is melphalan as
a single agent, at 200 mg/meter square body surface area, given either as a single
dose, or divided over 2 consecutive days. Tandon and colleagues from the Mayo
Clinic examined their experience with making adjustments to the melphalan dose
[9]. In this retrospective analysis of 457 patients, 314 of these—69%—received
full-intensity therapy with melphalan given at 200 mg/meter square. Up to 143
patients, that is, 31%, were treated using reduced-intensity therapy, defined as less
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Figure 1.
Probability of overall survival after autologous transplantation in AL amyloidosis for three different time
periods: European bone marrow transplant registry data (after D’Souzaetal, ] clinical oncology 2015 [8]).

than 180 mg/meter square; most often, the reduced dose cohort were treated using
melphalan at 140 mg/meter square. The authors stated that the conditioning dose of
melphalan was adjusted depending on performance status, the patient’s comorbidi-
ties, and the presence of renal insufficiency, defined as serum creatinine greater
than or equal to 2 mg/dL. In their analysis, patients who received full-intensity
therapy were, as expected, overall younger, with better average performance status,
and with less multi-organ involvement by amyloidosis and, in especial, less cardiac
disease, than patients who received dose reduced melphalan. Progression-free
survival was significantly longer in the full-intensity therapy group as compared to
the reduced-intensity therapy group, with four-year progression-free survival of
55% for those receiving full-dose therapy, as compared to 31% for those receiving
dose reduced melphalan. Overall survival was also significantly longer, reported as
86% overall survival at 4 years for the patients receiving full intensity melphalan,
as compared to 54% overall survival at 4 years for the patients who received dose
reduced melphalan. To date, there has been relatively little investigation into alter-
native conditioning regimens. Sanchorawala and colleagues from Boston did report
a small pilot study in which bortezomib at a dose of 1 mg/meter square on days
minus 6, minus 3, plus 1, and plus 4, was added to the conditioning regimen of mel-
phalan. In this study, melphalan was given at either 200 mg/meter square divided
over 2 days—for 8 patients, and melphalan was given at 140 mg/meter square
divided over 2 days for 1 patient who was aged over 65. Hematologic responses were
achieved in 89% of the patients, with no toxic deaths [10]. No long-term follow-up
data were provided. This approach has not been adopted in general, and indeed,
single-agent melphalan at 200 mg/meter square remains the conventional dose
applied to patients for conditioning in the setting of ABMT for AL amyloidosis.
Allogeneic hematopoietic transplantation has very rarely been performed as
therapy of systemic AL amyloidosis [11, 12]. The majority of patients with AL
amyloidosis have a low plasma cell burden. Further, there is a very low risk of
contamination of peripheral blood hematopoietic progenitor cells by the malignant
plasma cell clone. Finally, there is a significantly greater risk of severe complica-
tions from allogeneic as compared to autologous transplant. On the basis of these
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considerations, allogeneic hematopoietic transplant continues to be applied rarely
to the management of systemic AL amyloidosis.

3. Evolution of risk stratification

Clinical prognosis at any point in time for a patient diagnosed with AL amyloi-
dosis correlates, on the one hand, with the biological features of the clone of cells
producing the pathogenic immunoglobulin light chain, and, on the other hand,
with the damage to the end organs that has resulted from the amyloid deposition.
Although the characteristics of the abnormal clone (most often a plasma cell but in
a minority of cases a B cell giving rise to an IgM-associated light chain) may corre-
late with parameters of end-organ damage, it tends to be the measures of end-organ
damage that impact the most on risk stratification useful for assessing patients’ risk
of morbidity and mortality at ABMT. Dittrich and colleagues, from Heidelberg,
Germany, recently reviewed the prognosis and staging of AL amyloidosis [13].
Adverse features of the underlying plasma cell clone that are particularly statisti-
cally significant include bone marrow plasmacytosis greater than 10% morphologi-
cally, and elevation of the involved free light chain, greater than 125 mg/liter in
the plasma, especially when greater than 180 mg/liter [14]. Chromosomal abnor-
malities identified by karyotype or by fluorescent in situ hybridization are also of
prognostic significance [15].

However, with respect to risk for transplant-related morbidity and mortality,
biomarkers of end-organ damage are particularly important to assessing patients
as candidates for high-dose therapy. Numerous organ features and biomarkers have
been examined, but the most prominent markers relate to cardiac function and
renal function, with hepatic and pulmonary function, as well as nutritional status,
also becoming important if impaired. The Mayo Clinic group published a cardiac
staging system for AL amyloidosis patients in 2004, using the two parameters
of (a) elevated circulating serum troponin level as a measure of myocardial cell
damage, and (b) elevated N-terminal pro-B type natriuretic peptide (NT-proBNP)
level [16]. In this system, patients with high-sensitivity troponin levels greater
than 54 pg./microliter, or NT-proBNP greater than 332 ng/liter, but not both,
were categorized as stage I, with a median survival of 130 months. Patients with
troponin level and NT-proBNP above both thresholds were categorized as Stage
III disease and had a median survival of only 10 months. In 2012, the Mayo Clinic
group revised their system to expand the grouping to four stages [17], in the pro-
cess of raising the threshold for the NT-proBNP to greater than 1800 ng/liter and
adding the criterion of the difference between the involved free light chain and the
uninvolved free light chain (termed d FLC) being greater than 180 mg/liter being
an adverse prognostic factor. In this staging system, patients with all the adverse
factors—stage IV disease—had a median overall survival of only 6 months; those
with only the two cardiac adverse parameters had stage III disease with median
overall survival of 24 months. Since then, additional staging systems have been
proposed for assessing cardiac status, but are variations on the Mayo approach.
One means of addressing severe cardiac disease due to amyloid infiltration has
been to take selected patients to heart transplantation, and, upon recovery, follow
heart transplantation by ABMT. Less dramatic approaches that have been widely
applied have included, where appropriate, pre-ABMT implantation of an auto-
mated cardiac defibrillator, and use of ventricular support devices in severe heart
failure that is expected to improve after ABMT. Cardiac support in patients with
AL amyloidosis was recently reviewed in detail by Macedo and colleagues from
Brazil [18].
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Similarly, staging systems to categorize renal end-organ damage in AL amyloido-
sis have been developed. Kastritis and colleagues published a staging system for renal
disease in this setting [19] using the ratio of 24-hour proteinuria (24-hour UPr) to
estimate glomerular filtration rate (e GFR). Patients with a 24-hour UPr/e GFR ratio
less than 30 were defined as Stage I renal disease, and none of these patients required
renal dialysis at 3 years from staging. Patients with the ratio of 30-99, defined as
Stage II, had an 11% rate of requiring renal dialysis at 3 years, and among those with
Stage III disease, defined as a ratio of 100 or greater, 46% required renal dialysis at
3 years. It must be noted, however, that ABMT has been performed successfully for
AL amyloid patients with end-stage renal failure already requiring renal dialysis
pre-transplant. This, of course, requires very careful attention to fluid and elec-
trolyte balance, as well as dosing of medications. Batalini and colleagues reported
on the Boston Medical Center experience with 32 AL amyloidosis patients with
dialysis-dependent end-stage renal failure who underwent autologous hematopoietic
transplants between 1994 and 2016 [20].

Compromised hepatic function obviously can impact medication metabolism,
and severe liver dysfunction will also increase morbidity risks associated with high-
dose therapy. Markers of hepatic function, including prothrombin time, bilirubin
level, and transaminases are critical in assessing the degree of liver dysfunction.
Although hepatomegaly and splenomegaly are common in AL amyloidosis, severe
liver dysfunction due to amyloid is relatively uncommon [21]. However, hypoal-
buminemia is common and may be due to either renal involvement by amyloid
resulting in proteinuria with loss of albumin in the urine; or hypoalbuminemia may
be due to gut malabsorption due to intestinal tract involvement by amyloidosis—as
well as the less likely possibility of impaired hepatic synthesis. If gut malabsorp-
tion is a significant issue, and ABMT is a consideration, then temporary parenteral
nutrition would appear a reasonable means to support a patient until the production
of new amyloid can be stopped through antineoplastic therapy.

Pulmonary involvement by AL amyloidosis is a frequent finding but is often
clinically silent. When pulmonary amyloidosis does manifest, it most commonly
manifests as diffuse alveolar-septal deposition [22]. This can cause ventilation-per-
fusion mismatch and shunting physiology requiring supplemental oxygen and may
improve after ABMT, although the improvement may not manifest until months
after transplant.

Gertz from the Mayo Clinic recently published a review of immunoglobulin light
chain amyloidosis, in which, he highlighted general criteria for transplant [23]. In
his paper, he described patient characteristics associated with a safe outcome—that
is, low transplant-related mortality—including systolic blood pressure above
90 mm Hg; troponin level less than 0.06 ng/mL; age below 70 years, and serum
creatinine of less than 1.8 mg/dL. For AL amyloid patients who are not deemed
transplant candidates, regimens such as conventional-dose melphalan with corti-
costeroids, the regimen of cyclophosphamide with bortezomib and dexamethasone
(“CyBorD”), and the monoclonal antibody daratumumab were suggested. Indeed,
early results from the safety run-in portion of the international, multicenter
phase Il ANDROMEDA study were recently published [24]. In this study, newly
diagnosed AL amyloidosis patients are randomized to either CyBorD or CyBorD
with subcutaneous daratumumab. Palladini and colleagues reported their outcome
data from 28 patients treated in the context of the safety run-in therapy of the arm
consisting of CyBorD plus daratumumab, with the daratumumab administered
subcutaneously weekly in cycles 1 and 2, then every 2 weeks during cycles 3-6, and
then once every 4 weeks for up to 2 years. Patients included in the analysis received
a median of 16 treatment cycles at the time of analysis for publication. No grade
5 treatment-related adverse events occurred. Of the 28 patients, 5 died, of whom
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3 had proceeded to transplant. The overall hematologic response rate was 96% in
this cohort, with a complete hematologic response of 54%. Thus, the approach
of CyBorD with daratumumab appears to be a promising bridge to transplant for
patients who are deemed not eligible for ABMT as upfront therapy.

Huang and colleagues at Nanjing University performed a prospective, random-
ized trial comparing induction therapy using two cycles of bortezomib with dexa-
methasone followed by ABMT, versus ABMT alone. In this study, 56 patients were
enrolled, with 28 patients in each arm [25]. With a median follow up of 28 months,
the survival at 24 months after the initiation of treatment was 95% in the group
that was treated using induction followed by transplant, versus 69.4% survival at
24 months for the group that received transplant without induction. These investi-
gators stated that their preliminary data suggested that the outcome was superior
with induction followed by ABMT as compared to ABMT alone. However, data
regarding the nature and the role of induction therapy is evolving rapidly with the
introduction of newer treatments, and as of this writing, for patients with adequate
organ function as delineated by Gertz above, upfront transplant appears to remain
an appropriate approach.

A general application of risk stratification to decision-making regard-
ing ABMT for AL amyloidosis has been incorporated into practice guidelines
published by the National Cancer Center Network (NCCN), a consortium of
cancer centers in the United States that have the designation of Comprehensive
Cancer Center from the National Cancer Institute of the United States federal
government. Thought leaders from these institutions have, for several decades,
been publishing clinical practice guidelines for the management of the relatively
common malignancies. In a recent iteration of these guidelines, labeled “NCCN
Guidelines Version 1.2021 Systemic Light Chain Amyloidosis,” the guidelines use
the Revised prognostic staging system for light chain amyloidosis incorporating
cardiac biomarkers and serum free light chain measurements, as published by
Kumar, Dispenzieri, Lacy, et al., published in the Journal of Clinical Oncology
in 2012 (17, op cit). These guidelines recommend primary therapy using the
combination of daratumumab—in the subcutaneous form—together with the
regimen of cyclophosphamide, bortezomib, and dexamethasone (Dara-CyBorD).
This is then followed by ABMT if the patient is deemed appropriate for ABMT. For
patients with very small clonal burdens, induction therapy may not be necessary,
and ABMT as initial therapy may be the optimal approach (web address: nccnb.
org/professionals/physician_gls/pdf/amyloidosis.pdf).

4. Stem cell harvesting

There is a significant body of literature detailing experiences with various
approaches to priming for peripheral blood hematopoietic progenitor collection
for AL amyloidosis. Due to end-organ damage by the amyloid protein deposition,
the morbidity of stem cell collection is significantly higher for patients with AL
amyloidosis as compared to patients with multiple myeloma; in one relatively early
study, mortality from stem cell collection was as high as 4% of patients [26]. Ina
recent review paper, Gertz and Schonland summarized nine clinical reports that
included analysis of clinical experience with various mobilization approaches [27].
The majority of these reports describe the use of granulocyte-colony stimulating
factor (G-CSF) as a single agent (most often 10 mg/kg body weight subcutaneously
daily beginning 4-5 days prior to the start of harvesting and continuing until target
stem cell collection is obtained, with a goal usually of 5-10 million CD34 cells per kg
body weight), with grade 2 or greater toxicities ranging between approximately 4%
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and 25%. The most frequent significant toxicity reported is fluid retention, which
is attributed to the G-CSF use in the setting of cardiac and/or renal disease. For
patients who fail to attain target CD34 cell collection, the protein drug plerixafor—
breaks the bond between CXCR-4 and SDF-1 that anchors hematopoietic progeni-
tor cells to the marrow microenvironment—has been used successfully, adding only
modestly to reported toxicity. Regimens using chemotherapy agents in addition to
recombinant cytokines to stimulate the mobilization of stem cells into the periph-
eral circulation have been associated with increased morbidity [28].

5. Post-transplant therapy

Investigators at the Ohio State University reported a retrospective analysis of
50 patients with AL amyloidosis who underwent ABMT at that institution. Of this
series, 28 patients received post-ABMT maintenance therapy and 22 patients did
not. Kaplan-Meier analysis was employed to examine the effect of maintenance
versus no maintenance, and found no statistical difference between the groups
with respect to either progression-free survival or with respect to overall survival
[29]. However, a number of clinical trials have been ongoing to examine the role of
post-transplant maintenance therapy. Investigators at Memorial Sloan Kettering
Cancer Center have been studying bortezomib with dexamethasone as induction
therapy, followed by ABMT, and then followed by maintenance bortezomib with
dexamethasone. Preliminary data from this approach has been listed on the Clinical
Trials.Gov website for the study. For the 19 patients with AL amyloidosis enrolled,
approximately 37% achieved a complete response, with an additional 21% achieving
a partial response, and approximately 5% found to have the stable disease; progres-
sion of disease was reported in only approximately 5% of patients (clinicaltrials.
gov, identifier NCT 01383759). As of this writing, it is too soon to make a definitive
statement regarding the role of post-ABMT maintenance therapy, and currently,
practices vary between different transplant centers.

6. Future directions

The introduction of new antineoplastic therapies effective in treating plasma
cell dyscrasias with novel mechanisms of action, which has occurred over the past
two decades—in especial the proteasome inhibitors and more recently monoclonal
antibodies—has had a substantial impact on the management approach to multiple
myeloma. It is anticipated that just as the landscape has changed for patients with
myeloma, changes in the management of patients with systemic AL amyloidosis
will follow. However, as is evident from the discussion above, myeloma patients
and systemic AL amyloidosis patients are very different clinically, even though they
share common biological features. In part because of the relative rarity of systemic
AL amyloidosis, and in part because so many patients are diagnosed at a point
in time when end-organ dysfunction precludes safe application of ABMT, large,
prospective randomized clinical trials will continue to be a challenge for advancing
improvements in therapy for this disease. However, much progress has been made
in the past quarter-century, and with better recognition of AL amyloidosis and
earlier diagnosis, along with new therapeutic modalities, continued improvements
in outcome may be anticipated.
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Chapter 6

Non-Alzheimers Amyloidoses of
the Neurological System: Cerebral
Amyloid Angiopathy and Familial
Amyloid Polyneuropathy

Gilad A. Muth, Jonathan S. Harrison and Rohan Arvora

Abstract

Amyloid deposition plays a significant, albeit overlooked, role in neurologic
disorders. Deposition of amyloid proteins in both the central and peripheral nervous
systems lead to debilitating, and often deadly, organ dysfunction, including cerebral
amyloid angiopathy, familial amyloid neuropathy, and Alzheimer’ disease (AD).
Alzheimer’s disease is discussed in some detail in a separate chapter within this
book, and therefore will not be discussed in detail in this chapter. In this chapter, we
present the pathological mechanisms, disease manifestations, diagnostic approach,
and treatment modalities for diseases of the nervous system caused by amyloid
deposition. While significant strides have been made over the years in identifying
key underlying pathologic mechanisms, the medical community’s understanding of
these rare conditions remain limited. The primary goal of this chapter is to provide
additional resources and information for clinicians to help identify these disorders
early in their course before they cause irreparable damage to their patients.

Keywords: amyloid, neurology, familial amyloid neuropathy,
cerebral amyloid neuropathy

1. Introduction

Cerebral amyloid angiopathy (CAA) is a disease of the small and medium
vessels of the brain and the leptomeninges. Its hallmark pathological mechanism is
the deposition of f-amyloid, a derivation of the amyloid precursor protein (APP),
which leads to an array of clinical and radiologic findings. While the prevalence
of CAA is challenging to quantify, in an autopsy study from the city of Vantaa,
Finland, almost 70% of brain autopsy specimens from individuals aged 85 years or
older showed some degree of cerebral amyloid deposition [1]. The most prevalent
clinical finding is lobar intracerebral hemorrhage [2], which can be seen on gross
specimen (Figure 1); other presentations can include transient neurologic symp-
toms, inflammatory leukoencephalopathy contributing to cognitive impairment,
or incidental findings of microbleeds or hemosiderosis on MRI. Interestingly, the
hallmark of Alzheimer’ disease (AD) is also an abnormal deposition of f-amyloid;
however, these two diseases are distinctly different, both in the composition of the
amyloid, and in the clinical neurologic manifestations.
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Figure 1.
Lobay intracerebral hemorrhage secondary to amyloid deposition. Photograph courtesy of Roy Rhodes, MD,
Professor of Pathology, Louisiana State University Health Sciences Center, New Orleans.

1.1 Pathophysiology

The principal pathologic mechanism that is responsible for CAA is deposition
of amyloid protein within the cerebral vasculature; specifically, f-amyloid protein
deposition in the tunica media and the adventitia of cortical, subcortical, and
leptomeningeal blood vessels. Amyloid can be viewed on histopathologic specimen
with Congo Red stain (Figure 2). Subsequently, amyloid deposition causes necrosis,
focal wall fragmentation and microaneurysms within the vessel walls [3]. These
pathologic changes create an environment that leads to subsequent vessel leak-
age and even frank hemorrhage; these events can recur continuously throughout
the course of the disease. The amyloid subtype is classified as p-amyloid, which
is derived from the amyloid precursor protein (APP). APP is encoded on human
chromosome 21, and is a membrane protein that is highly expressed at neuronal
synapses. APP is cleaved by the enzymes beta secratase and gamma secratase to
yield AB. The A chains may then, in turn, misfold and polymerize, leading to
amyloid formation and deposition. The complete mechanism of deposition is not
fully understood, however, once deposited, the vasculature is prone to crack [3].
One possible model that has been proposed to promote amyloid deposition is that
the mechanism is secondary to impaired clearance of Ap amyloid through the peri-
vascular drainage pathway [4]. While the APP has been implicated in both CAA and
Alzheimer’s disease, the subsequent pathology and clinical manifestations diverge
quickly based on which isoform of the Ap amyloid is produced. In CAA, both Ap 40
and Ap 42 have been discovered in the walls of the vasculature, however, the Af 40
isoform predominates. In AD, Ap 42 is found in the senile plaques that are histologi-
cally pathognomonic for the disease. Researchers also carefully analyzed cerebral

Figure 2.
Amyloid deposition in the cerebral vasculature, visible through Congo Red stain. Photograph courtesy of Roy
Rhodes, MDD, Professor of Pathology, Louisiana State University Health Sciences Center, New Orleans.
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spinal fluid profiles and discovered that samples from CAA and AD patients were
decreased in AP 40 and Ap 42 respectively [5].

1.2 Genetics

Overall, CAA is a sporadic disease with no specific driver mutation identified
to date; however, genetic susceptibilities have been identified that increase the risk
of the disease [6]. Apolipoprotein E (APOE) is a plasma protein that is involved in
cholesterol transport, and it exists in three different forms. Abnormalities in the
APOE gene, also found to be linked to Alzheimer’s disease [7], are seen in some CAA
patients; specifically, the €2 or e4 alleles have been found in approximately two thirds
of patient with CAA [6]. Furthermore, a dose dependent relationship has been identi-
fied for the €2 allele [8]. Patients with the target alleles are at a higher likelihood for
CAA related hemorrhage, earlier age of onset of disease, and greater risk for hemor-
rhage reoccurrence [9]. Ongoing research continues to work to uncover the specific
mechanisms and the role of each allele; to date, the understanding is that the e4 allele
increases the deposition of the amyloid [10], while the e2 allele changes the integrity
of the cerebral vasculature, allowing for cracking and necrosis that predisposes to
vessel rupture [10]. The e2 allele is also associated with larger intracerebral hemor-
rhages, increased mortality, and worse functional outcomes [11].

1.3 Intracerebral hemorrhage

The most prevalent clinical finding associated with CAA is acute intracerebral
hemorrhage. Intracerebral hemorrhage secondary to CAA has characteristic
imaging features. It is described as a lobar hemorrhage localized to the cortical and
subcortical white matter within a hemispheric lobe of the brain (Figure 3). This is
often compared with hypertensive hemorrhage that is often localized to the deeper
structures of the brain, including yet not limited to, the basal ganglia and the puta-
men [12]. The lobar manifestation often mirrors the underlying distribution of the
amyloid deposition, which has been shown to favor cortical vessels. Less commonly,
cerebellar or subarachoid/subdural hemorrhage can be found, reflecting involve-
ment of cerebellar or leptomeningeal vasculature [13]. Hemorrhages can occur in
any lobe of the cerebrum, however, the lesions are most commonly localized to the
posterior regions of the brain. This localization reflects the specific distribution
of vascular amyloid deposition, particularly in the vessels of the temporal and
occipital lobes [14]. While the direct mechanism and reason is unclear, this is most

Figure 3.
T1 weighted image demonstrating lobar hemorrhage secondary to amyloid angiopathy. Photograph courtesy of
Roy Rhodes, MID, Professor of Pathology, Louisiana State University Health Sciences Center, New Orleans.
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likely attributed to differences in tissue composition of the posterior vasculature
that allows for easier deposition of amyloid [15]. When amyloid deposition occurs
in the leptomeningeal vessels, the hemorrhage can extend beyond brain tissues into
the subarachnoid and subdural spaces [16]. It should be noted that gradient-echo
or susceptibility weighted sequence brain MRI can reveal cortical microbleeds,

and this may be helpful in the diagnosis when identified; these findings are usually
asymptomatic and can be found in the juxtacortical and cortical lobar regions,
preferring the temporal and occipital lobes.

Similar to the presentation of acute ischemic stroke, the clinical signs and symp-
toms of intracerebral hemorrhage associated with CAA depend on the location and
size of the lesion. Unfortunately, given the wide array of non-specific clinical symp-
toms, the accurate diagnosis of CAA remains incredibly challenging even for the most
adept clinician. Currently, the only definitive diagnostic tool is a brain biopsy, which
is rarely performed in vivo and often differed to autopsy. Clinicians can localize the
site of the hemorrhage based on clinical presentation. Associated symptoms include
headache, seizures, or changes in level of consciousness. The imaging revolution of the
late twentieth century was instrumental in the development of the Boston Criteria, a
validated set of criteria that has helped clinicians make the diagnosis of CAA using a
combination of clinical signs and symptoms, and imaging features, or by pathologic
specimen [17]. To date, the Boston Criteria is used as the primary foundation for
research and treatment options for CAA; the criteria will be discussed further below.

1.3.1 Diagnosis

While our understanding of the disease process has significantly improved since
it was first described, and even more so since imaging technology has evolved, the
diagnosis of CAA still remains somewhat elusive. Similar to many other neurologic
conditions, a definitive diagnosis can generally only be established post-mortem,
based upon pathologic examination. The pathologist can view amyloid deposition
on microscopic analysis, as well as see the hemorrhages on macroscopic examina-
tion. In clinical practice, clinical suspicion and MRI are the primary tools at the
physician’s disposal. CAA should be high on the differential diagnosis if MRI
findings are positive for lobar hemorrhage without alternative explanation [17].
Advanced age will also support the diagnosis. Brain biopsy can be used; however, it
is rarely performed in this setting.

The Boston Criteria, along with its updated modified version, is currently used to
diagnose cerebral amyloid angiopathy. A recent paper by Greenberg and colleagues
from the Massachusetts General Hospital details the evolution of the Boston Criteria
[18]. The Boston Criteria were published initially in the year 1995. The authors stated
that the key diagnostic category for the purpose of clinical care and for research
is the category of “probable CAA”, as this appeared to come closest to defining the
disease short of tissue biopsy. In these cases of probable CAA, neuroimaging demon-
strates multiple hemorrhages restricted to lobar regions of the brain. A modification
to include blood or blood derivatives on imaging, in cortical sulci as one additional
hemorrhagic lesion was added to the criteria in the year 2010. This addition is the
basis for the “modified Boston Criteria”. MRI of the brain is the essential tool for
imaging in the Boston Criteria. The Boston Criteria has been validated through mul-
tiple studies, comparing it to the gold standards such as pathologic specimens [19].

1.3.2 Prognosis

Prognosis of intracerebral hemorrhage depends on several factors. Bleeds local-
ized superficially will be less likely to cause any mass effects and will not impede
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on the ventricles. Older patients with larger bleeds have less favorable outcomes.
Overall, the mortality associated with intracerebral bleeds ranges from 10 to 30%
[20]. Proper management can decrease the likelihood of hemorrhagic recurrence,
however, it is not a guarantee. Patients with a prior ICH are 6 times as likely to have
another event than those who have never had one [21].

1.4 Microbleeds and superficial siderosis

While intracerebral hemorrhage is the most common clinical and radiologic
feature of CAA, there are other radiologic aspects of the disease that are important
to mention, including microbleeds and cortical superficial siderosis. Both features
are found incidentally on imaging. Microbleeds in the cortical areas are pathogno-
monic for CAA. They reflect tiny areas of hemosiderin deposition on gradient echo
or other T2 weighted sequences that arise from small vessel disease and primarily
appear in areas with significant amyloid deposition [22]. See Figure 4 for a radio-
graphic image of the microbleeds.

The other incidental imaging finding associated with CAA is cortical superficial
siderosis (cSS), defined as remote, chronic bleeding in cortical sulci. The finding
is usually asymptomatic; however, it is a harbinger for higher risk of intracerebral
hemorrhage [23]. It is a common finding in patients with CAA [24] and rarely
found in patients with ICH unrelated to CAA [25]; the association ultimately led to
the inclusion of ¢SS in the modified Boston criteria [24]. Unfortunately, it predicts
poor functional outcome [26].

1.5 Transient focal neurologic episodes

An associated, albeit rare clinical feature of CAA are transient focal neurologic
episodes (TFNE) [27]. These episodes are characterized as recurrent, brief episodes
consisting of weakness, numbness, and paresthesias. In addition, patients describe
that the symptoms spread over contiguous body parts. Most likely, TFNE represent
deficiencies in the activity of cortical areas secondary to small hemorrhages. Given
the non-specific nature of the symptomatology, the diagnosis and subsequent
management of TFNE remains challenging. Key features that suggest TFNE as
opposed to similar transient neurologic conditions such as migraines or seizure are

Figure 4.

Axial MRI susceptible weighted imaging of chronic microbleeds in the subcortical white matter of the temporal
lobes, in a pattern typical for cevebral amyloid angiopathy. Courtesy of Dr. Shlomo Minkowitz, Assistant
Professor of Radiology at Weill Cornell Medicine, New York, NY.
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the recurrent nature that is localized to the site of prior lobar hemorrhage. Brain
MRI with gradient echo can be used to identify convexity subarachnoid hemorrhage
(cSAH), ¢SS, or CMBs in the cortical regions corresponding to TFNE symptoms.
Interestingly, TFNEs are associated with cSS; in one study, CAA patients with TFNE
were more likely to have ¢SS or cSAH than not [28]. In addition, tests to rule out
other diagnoses can be considered in order to avoid misdiagnosis and subsequent
inappropriate treatment. A case series of CAA patients with TFNE demonstrated
that these patients have higher risks of intracerebral hemorrhage [29]. Proper
diagnosis can avoid possible mistreatment with tPA for a presumed stroke which
can increase the hemorrhagic burden of the disease.

1.6 Cerebral amyloid angiopathy related inflammation and beta-amyloid related
angiitis

Cerebral amyloid angiopathy related inflammation (CAA-ri) and beta-amyloid
related angiitis (ABRA) are distinct processes, but both are caused by an inflam-
matory response to Ap amyloid deposition. Both processes present with a distinct
clinical picture that is characterized as subacute and progressive [30]. Symptoms
include cognitive decline, mental status changes, seizures, headaches, and focal
neurologic deficits [31]. Interestingly, while both processes occur secondary to
inflammation, the clinical course of ABRA is typically more insidious, possibly
mirroring the findings of histopathologic exam. CAA-ri is associated with perivas-
cular inflammation, while ABRA is described as transmural granulomatous inflam-
matory infiltrates, similar to what is observed in CNS vasculitis [32]. The rapid
evolution of ABRA can lead to herniation if not identified and treated early [33].
While not as common as ICH, CAA-ri manifests earlier than the other findings of
CAA [34]. Diagnostic criteria based on clinical and radiographic findings have been
developed and validated for CAA-ri [34]. “Probably CAA-ri” is defined as having at
least 1 typical clinical feature, asymmetric hyperintensities on T2-weighted MRI,
previous evidence of CAA on susceptibility-weighted MRI, and absence of other
causes. Definitive diagnosis can only be made on biopsy which would reveal confir-
mation of perivascular, transmural, or intramural inflammation along with amyloid
deposition within the vasculature within the territory normally affected by CAA.
These criteria were validated with a sensitivity of 82% and specificity of 97% in a
clinical analysis [35]. Other laboratory findings include a normal ESR and CRP [34],
and normal CSF analysis with pleocytosis and mildly elevated CSF protein [36].

A case report describes evidence of increased autoantibodies against amyloid in

the CSF, pointing to a possible autoimmune response produced by the Ap deposits
[37]. Treatment involves the use of immunosuppression. Typical regimen involves a
5-day course of methylprednisolone followed by an oral steroid taper [38].

1.7 Cognitive impairment

Cognitive impairment has been associated with advanced CAA. In fact, on
neuropsychological testing, most CAA patients demonstrate impairments of at
least one domain [39]. A clinical-pathological study showed that moderate to severe
CAA is associated with faster rates of cognitive decline [40]. The population-based
Medical Research Council clinical-pathologic series found a odds ratio for dementia
in CAA patients of 7.7 (95% CI, 3.3-20.4) [41]. As mentioned before, Ap amyloid
plays a role in the pathophysiology of Alzheimer’s disease, leading researchers to
further analyze the connections between the two similar, albeit distinct pathologies.
In one autopsy series, CAA was found in 26% of Alzheimer’s disease brains [42].
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In addition, vascular disease may play a role in cognitive impairment in CAA. Studies
demonstrate a correlation between the existence and prevalence of microbleeds and
cognitive impairment suggesting that cerebral vascular disease may contribute to
clinical neurologic dysfunction [43].

1.8 Management

Once diagnosed, the primary management goal of CAA is focused on preven-
tion of recurrent hemorrhage. As mentioned before, studies revealed that patients
with previous hemorrhage are at increased risk of recurrent hemorrhage, and as
the number of incident hemorrhages increase, the risk of a subsequent event also
increases. A thorough medicine reconciliation is imperative to assess the needs of
the patient given any comorbid conditions and medication risks.

1.8.1 Anticoagulation and antiplatelet therapy

The evaluation of anticoagulative and antiplatelet agents is crucial to assess
risk of future hemorrhages and needs to be individualized for each patient. Initial
assessment of the patient should include factors such as prior intracerebral hemor-
rhage, presence of other imaging findings, class of antithrombotic agent being used
(warfarin, DOACs, ASA, etc.), and the duration of treatment. Patients who are at
high risk for thromboembolic events (e.g. cancer patients, patients with underlying
hypercoagulable conditions, mechanical heart valves, etc.) might need treatment in
order to prevent thrombotic, and subsequent ischemic, events. In addition, athero-
sclerotic disease and atrial fibrillation need to be managed appropriately in order to
decrease risks of thrombosis. New onset ischemic stroke, pulmonary embolism, and
myocardial infarction need to be managed with considerable care since intravenous
thrombolysis is contraindicated in the setting of intracerebral hemorrhage [44]. In
certain cases, endovascular repair and mechanical thrombectomy can be used in
lieu of tPA.

1.8.2 Anti-hypertensives

While hypertensive strokes are usually associated with small vessel disease of
the inner brain areas, special attention needs to be placed on blood pressure man-
agement. The PROGRESS Trial examined the effects of perindopril-based lowering
of blood pressure on the evolution of intracerebral hemorrhage (ICH) in the setting
of clinically defined CAA [45]. In this multicenter, randomized, placebo-controlled
trial, 6105 patients with cerebrovascular disease were assigned to blood pressure
reduction using either perindopril, and in some cases together with indapamide, or
placebo. Outcomes were assessed as either: probable CAA related ICH as defined by
the Boston Criteria, probable hypertension related ICH, and unclassified ICH. With
a median follow up of 3.9 years at the time of publication, the authors reported 16
cases of probable CAA-related ICH, 51 probable hypertension related ICH, and 44
unclassified cases of ICH. Active treatment reduced the risk of CAA-related ICH by
77% in this study. The authors concluded that therapy to lower blood pressure is of
value in providing some degree of protection against ICH in CAA. A subset analysis
of the PROGRESS trial showed that patients with probable CAA and ICH had fewer
hemorrhagic recurrences if their blood pressure was tightly controlled on perindo-
pril [46]. Furthermore, an observational cohort study of patients with known ICH
continued to have higher risks of recurrent lobar hemorrhage if their blood pressure
was inadequately controlled [47].
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1.8.3 Statins

The role of statin therapy in the management of CAA and potential or recur-
rent ICH seems paradoxical given the current understanding of the role of statins
in preventing vascular events. The SPARCL trial showed an increased incidence
of ICH in the statin arm compared to placebo. Given these results, the trial inves-
tigators recommended that perhaps statins should be avoided in patients with a
history of ICH [48]. In addition, retrospective analysis of patients with ICH treated
with statins showed increased incidence of microbleeds, particularly in cortex
and subcortex [49]. Current recommendations are to avoid statins in survivors of
ICH [50], however, further investigations revealed that use of statins prior to ICH
was associated with reduced mortality and disability at 90 days [51]. In addition,
a meta-analysis showed no increase in ICH in patients taking a statin once they
developed radiologic evidence of ICH [52].

2. Familial amyloid polyneuropathy

Familial amyloid polyneuropathy (FAP) represents a group of multisystem, life-
threatening disorders characterized by the deposition of amyloid protein in either
the peripheral motor nervous system, the sensory system, or the autonomic nervous
systems, or in a combination of these subsets of the nervous system. These disorders
are hereditary forms of amyloidosis, which are typically inherited in an autosomal
dominant manner [53]. FAP was first described by Andrade in north Portugal in
1952 [54], and subsequently was described in Japan [55] and Sweden [56]. To date,
three main proteins are implicated in the pathogenesis of the majority of cases of
FAP: transthyretin, apolipoprotein A-1, and gelsolin. The extent of neurological and
non-neurologic organ system involvement is variable, depending on the precursor
protein, making the diagnosis often quite challenging. Early and accurate diagnosis
is necessary to guide further testing, and subsequent treatment options, and could
also contribute to improved research strategies to augment understanding of the

pathophysiology and improve therapy.
2.1 ATTR amyloidosis

The most common type of familial amyloid polyneuropathy is caused by the
misfolding of transthyretin. Transthyretin, the gene for which is located on human
chromosome 18 [57], is produced in the liver, and under normal physiologic condi-
tions, it is responsible for the transport of thyroxin as well as binding of retinol. Due
to the electrophoretic mobility of transthyretin, it was originally named prealbu-
min. While researchers have identified many mutations responsible for the develop-
ment of amyloid secondary to transthyretin, the substitution for methionine for
valine at position 30 of the transthyretin gene is the most common mutation [58].
However, despite the simple missense mutation, disease phenotype is widely vari-
able in severity, symptomatology, and age of onset [59].

2.2 Additional mutations causing FAP

Mutations in the apolipoprotein A1 (APOA1), a protein that is synthesized
mainly in the small intestine and liver, is also associated with FAP. It was first
described by van Allen in Iowa [60]. While at least 16 mutations have been identi-
fied in the APOA1 gene that are associated with amyloidosis [61], neuropathic
symptoms are only associated with the Gly26arg mutation [62]. Similar to FAP

94



Non-Alzgheimers Amyloidoses of the Neurological System: Cerebral Amyloid Angiopathy...
DOI: http://dx.doi.org/10.5772/intechopen.101476

caused by TTR, APOA1 amyloid also causes a length-dependent polyneuropathy;
however, polyneuropathy is not the primary feature of this disease. Renal, hepatic,
and gastrointestinal symptoms are the most frequently documented symptoms.
Treatment is mainly supportive at present, and is geared toward relief of symptoms.
Hepatorenal transplantation for end stage renal disease has been associated with a
decrease in concentration of plasma amyloidogenic proteins along with improve-
ment of neuropathic symptoms [63].

Gelsolin-related FAP was first described in Finland in 1969, and it is referred to
as the Finish type of amyloidosis [64]. The gelsolin gene is located on chromosome
9, and is a protein that normally binds to actin, and regulates the assembly and dis-
assembly of filaments. Mutations in the gene increase the rate of gelsolin cleavage
and cause amyloidosis [65]. Gelsolin amyloid is characterized by the triad of cranial
neuropathies, corneal lattice dystrophy, and cutis laxa [66]. Amyloid deposition in
gelsolin-related FAP affects the upper branch of the facial nerve, leading to bilateral
facial paresis and reduced facial expressions; there is also involvement of the hypo-
glossal, glossopharyngeal, and vagus nerves. Patients typically begin to complain
initially of symptoms of sensory neuropathy around the 5th and 6th decade of life,
in a distribution which affects the lower extremeties. In addition, there are reports
of autonomic involvement in this variant of FAP [67]. Amyloid deposition can
also affect the central nervous system in gelsolin-related FAP; gelsolin amyloid can
cause an angiopathy leading to vascular malformations in the brain and spinal cord
[68]. To date, no specific treatment has been developed for gelsolin amyloidosis.
Management is currently focused on proper ophthalmologic care, and plastic
surgery for facial laxity [69].

2.3 Signs and symptoms

One of the key features of FAP that distinguishes it from other neuropathy pre-
sentations is that it typically involves multiple areas of the nervous system, with focal
neuropathies, sensorimotor polyneuropathies, and autonomic neuropathies. The
most recognized manifestation of focal neuropathy is carpal tunnel syndrome, which
occurs secondary to endoneurial amyloid deposits of the median nerve [70]. Similar
to idiopathic carpal tunnel syndrome, patients usually experience paresthesias in the
thumbs and the second and third digits of the hands, along with significant wrist
pain. The symptoms experienced with FAP are usually significantly more severe than
in idiopathic carpal tunnel syndrome [70]. The sensorimotor neuropathy of FAP is
alength dependent neuropathy that affects the small myelinated and unmyelinated
fibers first [71]. Patients will initially describe symptoms of foot discomfort, character-
ized as numbness, paresthesias, and allodynia. On neurologic exam, patients will have
decreased pin prick and impaired thermal sensation. With disease onset, light touch,
proprioception, motor strength and reflex will be primarily preserved, however, as
the disease progresses and affects larger sensory and motor nerve fibers, patients will
begin to note deficit changes in these areas as well. Patients will, over time, exhibit
significant weakness in their hands and feet, decreased or absent ankle reflexes, and
diminished vibration and proprioception in the distal distributions of the nerves.

The disease will continue to travel proximally, involving the proximal lower extremi-
ties, truck, and the upper extremities. Patients then will begin to have difficulty with
ambulation, secondary to their loss of muscle strength and proprioception. Patients
will then often start to develop joint deformities (e.g. Charcot joints) as well as plantar
ulcers, because of the lack of sensation in their feet [58].

Patients with FAP show significant autonomic dysfunctions as well, particularly
with the early age onset form. Typical sequelae of autonomic dysfunction affecting
the cardiovascular, genitourinary, and gastrointestinal systems will be present.
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Patients will exhibit signs and symptoms of orthostatic hypotension, including
light headedness, dizziness, fatigue, and blurry vision upon standing. Patients often
develop postprandial diarrhea and/or constipation, as well as post-prandial vomit-
ing due to gastroparesis. In particular, the autonomic control of the cardiovascular,
genitourinary, and gastrointestinal systems are affected. With regard to the genito-
urinary system, symptoms may include urinary retention and incontinence, as well
as sexual dysfunction. However, it is important to note that FAP is not associated
with central nervous system involvement [58].

2.4 Pathophysiology

The key pathologic step in the development of FAP is the misfolding of the trans-
thyretin protein, which leads to pathologic deposition within the nervous system.
Under normal physiologic conditions, TTR is a tetrameric protein with surface
receptors that bind retinol and thyroxine, and then carries these in the circulation
[72]. TTR is mainly produced in the liver, but also in the retinal pigment epithelium
of the eyes and choroid plexus [73]. There are also reports of TTR synthesis in the
neurons [74] and peripheral nerve Schwann cells [75]. Upon pathologic misfolding,
ATTR deposits unevenly throughout the nervous system. As the ATTR accumulates,
it causes pathology through damage to the nerves by mechanical compression, blood
vessel invasion, and the toxicity of fibrils to normal cellular and organ structures
[58]. Although many mutations have been identified in the TTR gene in patients
with ATTR amyloidosis, there are also many cases with so-called wild-type ATTR
amyloidosis. In these latter cases, there is abnormal folding of the TTR peptides, but
no mutation identified. The molecular pathophysiology in these cases remains to be
fully elucidated.

2.5 Diagnosis

The diagnosis of FAP can be elusive, considering the relatively low incidence
and the non-specific constellation of symptoms. In fact, the differential diagnosis
of polyneuropathy is quite wide (see Table 1). As always, a thorough history can
potentially help tease out the diagnosis. In endemic areas, a family history can help
make the diagnosis more straightforward, when taken together with the constella-
tion of clinical involvement by signs and symptoms. Molecular diagnostics—that
is, DNA sequencing, either by rapid allele specific oligonucleotide nucleic acid
amplification, or by actual sequencing, will help secure the diagnosis. However,
the diagnosis can be quite challenging in patients without a family history of FAP.
In sporadic cases, keys to the proper diagnosis include the progressive nature of
the disease affecting autonomic, sensory, and motor components of the nervous
system, in addition to involvement of other organs affected by amyloid deposition
(e.g. cardiac involvement, carpal tunnel syndrome). Since neuropathy is often one
of the initial presenting symptoms, it is important that clinicians rule out some
of the more common causes of neuropathy first. A useful adjunct to diagnosis,
typically done prior to molecular diagnostic studies, is Nerve Conduction Velocity
(NCV) studies and electromyography, which will document the specific areas
of and electrical features of the neuropathy. Formal autonomic nervous system,
including Quantitative Sudomotor Axon Reflex Testing (QSART) will document the
extent of dysautonomia. These are typically not specific for FAP, however. Biopsy of
a peripheral nerve may demonstrate amyloid, and analysis of the amyloid material
in the biopsy by High Performance Liquid Chromatography and Mass Spectroscopy
may confirm the amyloid as being composed of ATTR. This is definitive for a
diagnosis of FAP, and in such a case, molecular diagnostics are an adjunct that will
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Metabolic Inflammatory

Diabetes Amyloidosis

End stage renal disease (uremic Monoclonal gammopathy (multiple myeloma,
polyneuropathy) plasmacytoma)

Hypothyroidism Guillain-Barre

Vitamin deficiency (B6, B 12)
Chronic liver disease
Hypothyroidism
Acromegaly

Critical illness related

Chronic idiopathic axonal polyneuropathy
Monoclonal gammopathies

Connective tissue disease

Vasculitis

Sarcoidosis

Chronic inflammatory demyelinating polyneuropathy
Paraneoplastic syndromes

Lymphoma
Toxic Hereditary
Alcohol abuse Charcot-Marie-Tooth

Medication (amiodarone, isoniazid)
Chemotherapy

Heavy metal exposure
Organophosphates

Metabolic disorder (Krabbe disease, mitochondrial
disorders)

Porphyria

Familial amyloidosis

Vitamin B6 excess Sensory/autonomic neuropathies
Liability to pressure palsies

Metachromic leukodystrophy

Infectious

HIV infection

Lyme disease

Syphilis

Leprosy

West Nile

Hepatitis C (cryoglobulinemia)

Table 1.
Differential diagnosis of familial amyloid polyneuropathy.

allow testing of family members. However, nerve biopsy is invasive, and does carry
the risk of causing neurologic damage itself.

2.6 Treatment

The treatment of FAP has progressed significantly over the years since the first
cases were reported. The changes in disease therapy are a reflection of develop-
ments in the understanding of the disease pathobiology, as well as the advance-
ments in medical treatment overall. The approach to treatment is divided into
interventions for symptomatic relief, on the one hand, and disease modifying
agents on the other hand. Common anticonvulsants such a gabapentin and pre-
gabalin [76] are used to ameliorate symptoms, as well as antidepressants such as
the tricyclic antidepressants (TCAs) [77] and serotonin-norepinephrine reuptake
inhibitors (SNRI) [78]. TCAs are particularly helpful in patients who have signifi-
cant night-time symptoms, given their sedatives properties; however, considerably
attention is warranted for exacerbation of autonomic dysfunction. Duloxetine is the
most widely used, and studied, SNRI for the treatment of FAP.

2.6.1 Liver transplantation

Liver transplantation has been a treatment option for management of FAP for
several decades, based on the understanding that replacing a liver producing defective
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TTR with a liver that makes normal TTR protein will improve the long-term outcome.
As an example of the results of liver transplantation in this setting, Yamashita and col-
leagues from Kumamoto University hospital reported on a cohort 80 patients with FAP
due to the mutation Val30Met, managed between January 1990 and December 2010.
The transplant group consisted of 37 patients who had a partial hepatic graft via living
donor transplantation in Japan or who underwent liver transplantation in Sweden,
Australia, or the United States. The non-transplant group consisted of 43 patients with
FAP. The transplant group had prolonged survival (p < 0.001) compared with the
non-transplant group. The estimated probability of survival at 10 years was 56.1% for
the non-transplant group vs. 100% for the transplant group [79].

2.6.2 Disease modifying agents

The first development in disease modifying agents for FAP occurred with the
repurposing of the non-steroidal anti-inflammatory medicine diflusinil. Although
liver transplantation has proved to be a successful treatment option, there are many
barriers to its use, including availability of technical expertise, availability of a
donor, co-morbidities in the patient, and cost. Pre-clinical investigation showed
that diflusinil can bind to the thyroxine binding site of the TTR tetramer, and
stabilize TTR in the tetramer form, thus preventing the TTR protein subunits from
misfolding and being deposited as amyloid. A multicenter, prospective, random-
ized, double-blind, placebo-controlled clinical trial demonstrated that the use of
diflunisal reduces the rate of progression of neurologic impairment [80].

Tafamidis, a thyroxine analogue, is a disease-modifying agent approved for use in
the treatment of FAP. Just as diflusinil can stabilize TTR tetramers, it was hypothe-
sized that a synthetic thyroxine analogue may be able to bind to the thyroxin-binding
sites on the TTR protein and stabilize the TTR tetramers, similarly preventing them
from disassociating, misfolding, and forming amyloid fibrils [81]. A phase III clinical
trial in patients with Val30Met ATTR amyloidosis documented delayed progression
of neuropathic symptoms with use of Tafamidis, as compared to placebo [82]. An
extension study also showed slowing of neuropathy progression [83]. Interestingly,
in addition to slowing down the progression of amyloid neuropathy, Tafamidis has
also proved effective in improving outcome in ATTR amyloid cardiomyopathy [84].

2.6.3 Gene expression modifying therapy

While stabilization of the TTR tetramer has proved to be somewhat effective in
slowing progression of disease, there has, in recent decades, been an active effort
to develop genetic modifying therapy in ATTR amyloidosis. Two gene-silencing
treatments, Patisiran and Inotersen have been developed and are FDA approved.
Patisiran, a small interfering RNA molecule, is delivered parenterally and reduces
TTR production [85]. A phase III trial tested Patisiran against placebo; all endpoints
were met, including a decrease in neuropathic symptoms and increase in quality
of life [86]. Inotersen, an antisense oligonucleotide, was also designed to reduce
the production of TTR. A randomized phase III clinical trial in ATTR amyloidosis
patients demonstrated a statistically significant decrease in neuropathic impairment
[87]. True gene therapy remains to be established for ATTR amyloidosis.

3. Conclusion

Given the constellation of non-specific symptoms, the diagnosis of Cerebral
Amyloid Angiopathy and Familial Amyloid Polyneuropathy remains challenging,
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even to the most adept physician. Despite these challenges, the medical and sci-
entific community’s understanding of the diseases has grown considerably since

the diseases were first identified and continues to grow, reflected by the increasing
number of articles published on the topics. As our knowledge base continues to
expand, not only has our ability to make more accurate and timely diagnoses grown
stronger, but our treatment and management options have increased as well. It is
the authors’ hope that the reader has gained a deeper appreciation for the role of
amyloid in pathology of the neurologic system and that it will help improve the lives
of their patients.

4. Methodology

The information presented in each of the former sections was culled from a
literature search using the National Library of Medicine, PubMed website, using
key search terms. This involved the search terms amyloidosis, cerebral amyloid
angiopathy, and familial amyloid polyneuropathy. From the articles culled, those

published in peer reviewed journals were selected for inclusion, most prominently
describing initial observations and key clinical trials that advanced therapies.
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Edited by Jonathan S. Harrison

This volume presents a comprehensive overview of amyloidosis, beginning with

a general historical overview and proceeding to a discussion of the subtypes of
amyloidosis encountered in clinical medicine. The unifying feature common to all

amyloidoses, that of misfolded proteins, is explored in some detail, and the pathobiology
and manifestations are delineated for major disease entities. Both inherited and
acquired amyloidosis are examined, and a discussion of current treatment approaches
are included for many of these subsets. It is hoped that the volume will be useful to
readers who approach the topic from a wide variety of disciplines.
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