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Preface

Amyloidosis is a term that represents a wide spectrum of protein folding disorders.
The disease may be localized or systemic. The systemic amyloidoses can be either
immunoglobulin light chain derived, related to the deposition of amyloid A pro-
tein in chronic inflammatory conditions, or an inherited disorder usually related to
mutant transthyretin. Normal proteins are known to misfold into amyloid, the clini-
cally most important being native transthyretin in the form of senile systemic amy-
loidosis. This text attempts to comprehensively provide a framework to clinicians
seeing these patients and scientists studying the disorder, with an in-depth treatment
of selected world’s literature, as well as newest developments in the disorder. Because
amyloidosis is so rare, many practicing clinicians are uncomfortable in the diagnosis,
management, classification, prognostication, and therapy of the amyloidoses. This
book calls on the clinical and scientific expertise of the world’s noted experts in the
protein folding disorders.

To understand the protein folding disorders, knowledge of fibril structure and fib-
rillogenesis is essential. Drs. Martin, Randles, and Ramirez-Alvarado cover the essen-
tials in the identification of amyloid fibrils, recognition of the kinetics of fibril forma-
tion, the issues associated with thermodynamic instability, and the mechanism by
which the beta-pleated sheet forms. Whether it is the fully formed fibril or soluble
oligomers which are responsible for the complications of the disease is also dealt
with.

Drs. Palladini, Merlini, and Perlini cover what is known about the in vivo imag-
ing of amyloid fibrils. Unlike most hematologic disorders where sensitive imaging
techniques exist to stage the extent of the disease, the identification and imaging of
amyloid fibrils in vivo have been a challenge for four decades. The chapter covers
radionuclide imaging with SAP, ultrasound, magnetic resonance imaging, and com-
puterized tomography and its role in identifying amyloid deposits.

Drs. Grateau and Stankovic review the diagnosis and classification of amyloido-
sis, reviewing correct nomenclature and clues to an appropriate clinical diagnosis.
A review of available clinical techniques to establish the diagnosis, the pitfalls of
histochemical staining, and the classification of the amyloidosis is dealt with.

Drs. Lavatelli, Palladini, and Merlini review the pathogenesis of systemic amy-
loidosis, dealing with the cellular control mechanisms that regulate misfolding and
the role of the non-fibrillar components of amyloid, including serum amyloid P, gly-
cosaminoglycans, and the impact of molecular crowding.

Drs. Lacy and Leung review supportive care for patients with amyloidosis, dealing
with the role of cardiotropic agents, anti-arrhythmics, implantable defibrillators, and
cardiac transplant. Renal involvement is dealt with in depth, using medical strategies
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vi Preface

to reduce proteinuria, the role of renal transplant for amyloidosis, and the manage-
ment of common complications such as pleural effusions that are recurrent.

Dr. Dispenzieri discusses response assessment and prognosis in evaluating patients
with immunoglobulin light chain amyloidosis, both in terms of the hematologic
response and the role of the immunoglobulin free light chain, and defining organ
response. The use of a clinically relevant staging system is presented.

Since cardiac failure is the most common cause of death in systemic amyloido-
sis, special treatment is given to amyloid heart disease by Drs. Falk and Dubrey
with specifics on the treatment of cardiac amyloidosis. Transthyretin-inherited car-
diac amyloidosis and transthyretin senile systemic amyloidosis are treated indepen-
dently and in depth.

Drs. Bajwa and Kelly deal with the complex issues associated with amyloid neu-
ropathy, clinical manifestations, differential diagnosis, and the role of the sural nerve
biopsy.

Dr. Gertz discusses the conventional treatment of immunoglobulin light chain
amyloidosis from the first use of melphalan and prednisone through the use of the
newest novel agents and their role in suppressing the light chain production by the
clonal plasma cells responsible for the morbidity of the disease.

Drs. Cohen and Comenzo deal with the increasingly important role of high-dose
therapy with stem cell replacement in the management of amyloidosis, including the
key issues of patient selection, risk-adapted therapy, and the role of post-transplant
maintenance therapy.

Dr. Zeldenrust deals with transthyretin amyloidosis, covering the diagnosis, the
prognosis, and the available therapies with in-depth treatise on the use of liver trans-
plantation to manage this devastating disorder.

Dr. Benson draws on his in-depth experience with the rarest forms of amyloid,
including apolipoprotein, lysozyme, and fibrinogen amyloidosis. Without awareness
of these rare forms of amyloidosis, the diagnosis is frequently overlooked and the
patient is not correctly managed.

It is our hope that by comprehensively covering all forms of amyloidosis, from
pathogenesis to therapy, this book can serve as a long-lasting reference volume for
practicing physicians and scientists directly involved in the care of patients with amy-
loidosis, ultimately benefitting the patient population by shortening the diagnostic
evaluation and allowing appropriate timing of necessary therapies.

Rochester, Minnesota, USA Morie A. Gertz, MD
S. Vincent Rajkumar, MD
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Chapter 1
Fibril Structure and Fibrillogenesis

Douglas J. Martin, Edward G. Randles, and Marina Ramirez-Alvarado

Abstract Amyloid fibrils are protein aggregates with a characteristic cross-β struc-
ture found in association with many human diseases. This chapter begins with a
review of some basics of protein biochemistry and the theory of amyloid formation.
The rest of the chapter focuses on the biophysical understanding of amyloid forma-
tion, touching on the kinetics and thermodynamics of fibril formation, different tools
that can be used to probe fibril formation, and current theories on the mechanism
of fibril formation. Finally, we discuss current structural approaches for the study of
amyloid fibrils and several structural models that have been proposed as a result of
these studies.

Keywords Amyloid structure, Fibril formation mechanism, Kinetics of fibril
formation, Thermodynamics of fibril formation, Spectroscopy, In vitro amyloid
formation, Structural models

Introduction

Amyloidosis

The amyloidoses are a diverse group of disorders whose effects are felt in every part
of the body and every corner of the globe. The hallmark of these diseases is the
aggregation and deposition of misfolded protein as insoluble amyloid fibrils. In each
case, the deposits are derived from a different precursor protein: transthyretin (TTR)
in familial amyloidosis, amyloid β (Aβ) in Alzheimer disease, prion protein (PrP)
in Creutzfeldt–Jakob disease, the immunoglobulin light chain in light chain amyloi-
dosis (AL), and β2-microglobulin (β2m) in dialysis-related amyloidosis (DRA), for
example. In spite of their diverse origins, all of these amyloid deposits have a basic
common structure and share many deposited cofactors such as serum amyloid P com-
ponent, apolipoprotein-E, and heparan sulfate proteoglycans [1]. This isomorphism
in such a heterogeneous group of proteins and diseases is unprecedented and suggests
a common pathogenesis. Consequently, physicians and researchers around the world
have devoted a great deal of time and energy to understanding this family of disease
proteins.

Like all other proteins, these disease proteins are composed of a linear chain of
amino acids joined together by amide bonds. Each of the 20 amino acids has a dif-
ferent side chain, ranging in complexity from the single hydrogen atom of glycine
to the indole group of tryptophan. These different amino acids in a unique sequence
determine the three-dimensional structure of the protein and the type of chemistry

1From: Amyloidosis, Contemporary Hematology,
Edited by: M.A. Gertz and S.V. Rajkumar, DOI 10.1007/978-1-60761-631-3_1,
© Springer Science+Business Media, LLC 2010
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it can perform [2]. It is well known that virtually all of the chemical reactions and
structures that make up a living organism are derived from the interaction of these 20
functional groups [3]. The three-dimensional structures of proteins are restrained to
certain patterns, or secondary structures, by the geometry of chemical bonds and the
steric hindrance of atoms, with the two most common patterns being the α-helix and
the β-sheet [3]. The study of amyloid is primarily the study of the β-sheet. Indeed,
the common structure of all amyloid fibrils is called the cross-β motif [4], in which a
series of β-strands are arrayed perpendicularly to the long axis of the fibril (Fig. 1-1).
And though there are amyloidogenic proteins that are either natively unfolded or con-
tain α-helical structures in addition to the many β-sheet amyloid precursors, in these
instances either the entire protein or a portion of it undergoes a conformational switch
and transforms into a β-sheet en route to amyloid formation [5, 6].

It is also important to recall that a protein is not a static structure frozen in a
vacuum. In a living organism or even in solution in a test tube, a protein bends, twists,
and vibrates, colliding with hundreds or thousands of molecules every second. What
we call the structure of the protein is only the most likely state where the energetic
interactions between the amino acid groups are at their most stable. Proteins move
and collide on a timescale we can barely fathom [3]. It is this violent molecular dance
that gives rise to the conformations that can act as amyloid nuclei. The currently
accepted dogma of amyloid formation is that sequence and solution conditions cause
a partial unfolding of the precursor protein from its native state in such a way as
to encourage the formation of a fibril nucleus. Once the nucleus has formed, it can
interact with native precursor proteins and add them to the growing fibril (Fig. 1-1)
[7]. This dogma provides the framework for our discussion of fibril structure and
fibrillogenesis.

Before we go further, we must define precisely what distinguishes an amyloid
fibril from other protein aggregates. The traditional, histopathological definition of
amyloid is an extracellular, proteinaceous deposit characterized by apple green bire-
fringence when stained with Congo red and viewed under polarized light [8]. A more

Fig. 1-1. A hypothetical α/β protein transition from its native state to amyloid. The native
structure first undergoes a partial unfolding of its C-terminus before forming the characteristic
cross-β structure. The cross-β structure shows two possible arrangements for the β-strands;
antiparallel β-strands are shown in green and parallel β-strands are shown in purple. Cross-β
structure adapted from [27].
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recent biophysical definition is broader, including any polypeptide that polymerizes to
form a cross-β structure, whether in vivo or in vitro [9]. Some polypeptides, although
demonstrably cross-β in structure, fail one of the tissue-based tests of amyloid such as
the Congo red birefringence test. This new definition is especially important in light
of the discovery that many nonpathogenic proteins can form amyloid-like fibrils and
will be the definition used in this discussion.

Here we intend to highlight recent findings in amyloid fibril structure and fibrillo-
genesis. We will review some of the techniques used in amyloid research, the kinetic
and thermodynamic considerations of fibril formation, and existing models of fib-
ril structure. Finally we will consider how these findings are contributing to current
therapeutic solutions.

Amyloid Basics

Because of their shared physical and chemical properties, the information derived
from the study of one amyloidogenic protein is frequently if not always illuminating
for the study of other amyloidogenic proteins. This is important to bear in mind as
we talk about the basic research that has been done on amyloid structure because
many studies and models we will reference have not yet been done for more than one
or two amyloid disorders. Understanding fibril formation in simpler, experimentally
tractable systems is a necessary first step to the understanding of the more general
problem. This section will emphasize the macro view of amyloid fibrils, beginning
with the various methods used to identify amyloid fibrils and then discussing the
kinetics and thermodynamics of fibril formation.

Identifying Amyloid Fibrils
The study of fibril formation typically uses either the fluorescent thioflavin T (ThT)
molecule or light scattering to track the progress of the reaction. ThT specifically
binds amyloid fibril species in aqueous samples, resulting in a large increase in the
fluorescence emission around 480 nm [10], while light scattering uses the ability of
amyloid fibrils (and any solid particles in solution) to scatter light of an appropriate
wavelength in order to detect fibril formation. Both techniques have their advantages
and disadvantages. ThT is not absolutely specific for fibrils, so the presence of fib-
rils must be verified independently [10]. In addition, ThT loses signal over time due
to photobleaching of the dye and inner-filter effects resulting from the presence of
fibrils in solution [11]. Light scattering can give you additional information about
the size of the particles being formed but it has the significant disadvantage that it
does not distinguish between amyloid fibrils and amorphous aggregates or even non-
proteinaceous solids suspended in solution [11]. The end result is that fibril formation
tracked by either light scattering or ThT must also be confirmed by an alternative tech-
nique. Electron microscopy, specifically transmission electron microscopy (TEM), is
most frequently used to confirm the presence of fibrils in these sorts of studies. TEM
involves a high-voltage electron beam emitted by an electron gun, usually fitted with
a tungsten filament cathode as the electron source. Stains used in TEM consist of
compounds of heavy metals such as tungsten, osmium, lead, or uranium that selec-
tively deposit electron-dense atoms in or on the sample. These electron-dense metal
atoms and ions enhance contrast by scattering electrons out of the beam. In the case
of amyloid samples, uranyl acetate is commonly used as a contrast agent. Amyloid
fibrils display a characteristic morphology when properly stained and visualized by
TEM, and basic properties like the length and diameter of the fibrils can be mea-
sured (Fig. 1-2a) [12]. TEM studies first revealed the hierarchy of amyloid assembly
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Fig. 1-2. Panel a shows transmission electron micrographs of Aβ1–40 stained with uranyl
formate. The asterisks indicate protofibrils, while the red and black arrows indicate fibrils
with different degrees of twist. Panel b shows a representative synchrotron X-ray diffraction
pattern of amyloid fibrils from a patient with familial amyloidosis (TTR). The black arrow
points to the 4.7 Å intrastrand spacing, while the white arrow indicates the approximately 10 Å
intersheet distance. Panel c is an example of the classic nucleated polymerization kinetics seen
in most fibril formation reactions. The solid line shows the course of polyglutamine aggregation
without seeds, while the dotted line shows a seeded reaction. Note in particular the extended
lag phase seen without seeding. Panel a adapted from [12], panel b from [4], and panel c
from [15].

[13]. Typically, oligomers are the first visible structures formed from a solution of
soluble protein; the oligomers then rearrange into small ‘wormlike’ structures termed
protofibrils. Protofibrils then mature into protofilaments, the first structures that show
the characteristics of amyloid fibrils. These protofilaments then form the higher order
structures that we term fibrils by twisting around one another [14]. Fibrils formed in
vitro do not always show the same higher order structure of tissue-derived amyloid
fibrils, but the spectroscopic and physical properties are indistinguishable.

In most instances, a combination of positive ThT fluorescence and TEM imag-
ing can confirm that a protein aggregate is amyloid. However, if additional proof is
needed or desired, there are several other methods available. The dye Congo red, best
known for its use in the histological detection of amyloid fibrils, is also able to bind
fibrils in vitro [11]. This binding can be observed as a red shift (i.e., a shift of the
peak absorbance to a longer wavelength) in the absorbance spectrum upon binding to
amyloid. This effect is more subtle than the increase in signal found with either ThT
or light scattering, so Congo red remains most used in the histopathological diagno-
sis of amyloid disorders. X-ray diffraction (XRD) of amyloid fibrils may be used to
uniquely identify a protein aggregate as amyloid. XRD measures the reflections cre-
ated by the interaction of an aligned fibril sample with a beam of X-radiation. These
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reflections are normally very weak, but the atoms that are aligned in specific planes
within the sample can create an interference pattern where particular reflections are
enhanced or diminished based on their position relative to the detector. In the diffrac-
tion of aligned fibrils there are two characteristic signals produced at 4.7 and 10 Å
(0.47 and 1.0 nm), corresponding to the intrastrand and stacking distances in β-sheets
(Fig. 1-2b) [4]. These reflections were the first evidence that amyloid fibrils assumed
a cross-β structure and first established that fibrils derived from different proteins
were structurally isomorphic, sharing the cross-β structure.

Fibril Formation Kinetics
As was mentioned earlier, ThT fluorescence and light scattering are the most com-
mon techniques used to track ongoing fibril formation reactions, as in the case of fibril
kinetics. Regardless of the technique, the kinetics of amyloid fibril formation are gen-
erally those of a classical nucleated polymerization reaction, which consists of a lag
phase of variable length followed by a rapid elongation phase and a plateau (Fig. 1-2c)
[15]. In this type of reaction, the rate-limiting step is the formation of a nucleus, or
seed, during the lag phase, from which the reaction can proceed. The nucleus has a
high conformational energy and thus is highly unstable, making its appearance under
normal conditions frustratingly rare. Critically for the timely in vitro study of fibril
formation, this lag phase can be abolished by the addition of preformed seeds to a
solution of precursor protein. This allows study of the elongation phase of the reac-
tion by itself and greatly speeds up the process of fibril formation. In terms of human
disease, this phenomenon helps us to understand the transmissibility of certain aggre-
gates such as prions through the ingestion of preformed fibrils: fibrils ingested orally
can act as seeds for the formation of larger aggregates using the soluble native pro-
tein [16]. It has been shown that the ability of a protein to seed amyloid formation in
another protein (the seeding efficiency) is proportional to the sequence identity of the
two proteins, allowing for transmission between individuals and across species [17].
Studies in yeast have also implicated conformational variations in the fibrils as being
key factors in the efficiency of seeding [18].

Another characteristic of nucleated polymerization is the direct dependence of the
reaction rate on the concentration of the precursor (soluble protein in the case of
amyloid fibrils) [15]. Simply put, if you increase the initial protein concentration,
you will increase the rate of fibril formation. This relationship is an easy way to
determine if a process follows a nucleated polymerization pathway. With AL protein
SMA, for example, it has been shown that there is an inverse concentration depen-
dence for fibril formation rather than a direct dependence [19]. There are several
possible explanations for this behavior, the most likely being the parallel formation
of amorphous aggregates of the AL proteins [20]. This amorphous aggregation could
take the form of generic off-pathway aggregation or it could signify a more specific
protective mechanism against fibril formation arising from the light chain’s ability
to homodimerize [19]. Further studies are necessary to distinguish between the two
possibilities. Fibril formation kinetics can also be used to determine the size of the
nucleus. In a nucleated polymerization reaction, the size of the nucleus can be calcu-
lated from a plot of the fibril formation half-life versus the natural log of the concen-
tration. This analysis has not been done yet for AL but has been done for the related
Ig domains of titin and shows a dimeric nucleus [21]. In a different amyloidogenic
protein, α-synuclein, studies have calculated a monomeric nucleus, indicating that the
nucleus is an alternate conformer of the native protein and not a multimer [15]. Taken
together, these results reinforce the idea that conformational changes in the protein
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are key for fibril formation and emphasize the significant degree of polymorphism in
the pathway to amyloid fibrils.

Thermodynamics
Perhaps the most unique property of amyloid fibrils in the spectrum of human dis-
ease is their remarkable stability. Fibrils of amyloidogenic proteins, including the
prion protein, have been shown to survive high temperatures and pressures as well as
extremes of pH and denaturant without perturbing their structure [22]. It is the stabil-
ity of the fibril structure that prevents the body from effectively clearing the deposits
as it would any other protein deposit. In recent years a method has been developed
to quantitatively assess the thermodynamic stability of amyloid fibrils. This method
makes use of the fact that a reaction in thermodynamic equilibrium cannot progress
to absolute completion. Thus, even in the case of the highly favorable formation of
amyloid, there must be some amount of monomer that is not incorporated into the
amyloid fibrils. By measuring the concentration of monomer, termed the critical con-
centration, we can determine the equilibrium constant and the free energy (�G) for a
fibril formation reaction. From a clinical perspective, it is important to note from this
observation that all aggregates are theoretically reversible. This gives hope that small
molecule or peptide-based inhibitors of fibril formation could not only halt the spread
of the fibrils but also lead to the dissolution of previously formed deposits.

Thermodynamics also plays an important role in the earlier stages of fibril for-
mation. It has been shown on multiple occasions that less stable proteins have a
higher tendency to form amyloid, whether we are discussing amyloidogenic or non-
disease proteins [23–26]. Since a partial unfolding of the precursor protein is needed
for aggregation to occur, less stable proteins have a thermodynamic predisposition
for fibril formation independent of cofactors or other sequence considerations. This
is especially pertinent in AL, where the precursor proteins are almost universally
mutated due to somatic hypermutation.

All of these studies have combined to give us a good picture of the general fea-
tures of amyloid structure and fibril formation. However, they have not enabled us to
understand how the diseases are initiated and how they progress at a molecular level.
There are fundamental questions regarding the structure of fibrils, the identity of the
toxic species, and the molecular steps by which a monomeric or multimeric protein
can transition to an insoluble fibril. We will next look at the progress that has been
made in assessing these questions using newer techniques for the analysis of fibril
structure.

Amyloid Structure

Low-resolution data on fibril structure from X-ray diffraction and electron
microscopy identified the cross-β structure and roughly established the dimensions
of amyloid fibrils, but higher resolution data have not been forthcoming. Technical
factors have prevented the application of the most common structural biology tech-
niques (X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy),
but several new techniques have arisen in the past decade that are allowing the cre-
ation of increasingly more detailed structural models of amyloid fibrils.

Solid-State NMR
The most prominent structural technique used in recent years has been solid-state
nuclear magnetic resonance spectroscopy (ssNMR). Conventional NMR utilizes the
magnetic spin of an atomic nucleus to establish the distances and angles between
residues of a protein. These measurements then serve as constraints on molecular
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dynamics simulations of the protein. By probing multiple nuclei (1H, 15N, 13C) in
two-dimensional (two different nuclei) and three-dimensional (three different nuclei)
experiments, one can acquire enough data to completely solve the protein’s three-
dimensional structure to atomic resolution. The size and insolubility of amyloid
aggregates have necessitated the use of ssNMR instead of conventional solution-
phase NMR spectroscopy. While ssNMR is not yet able to give as high a resolution as
conventional NMR can, the technique provides much greater detail than prior meth-
ods, and technical advances in the field continue to push the resolution higher [27].
Because ssNMR cannot show atomic detail of the protein structure, several competing
models of amyloid fibril structure have arisen to explain the constraints measured so
far. We will discuss the three most prominent models: the β-sheet model, the β-helix
model, and the α-sheet model. It is important to note that these models are highly
dependent on the conditions under which the fibrils were grown in vitro and are not
necessarily mutually exclusive. In fact, it is only once researchers were able to study
fibril structure at a higher resolution that they began to appreciate how much small
variation, or polymorphism, is present in fibril samples, even in those grown under
similar conditions.

The β-Sheet Model
The β-sheet model has been most thoroughly investigated using fibrils derived from
the Aβ1–40 or Aβ1–42 peptides, which are found in Alzheimer disease. Using well-
characterized in vitro fibril formation conditions it has been possible to reproducibly
gather high-resolution NMR data and generate full structural models for Aβ1–40 fib-
rils. From 13C NMR chemical shift data it is observed that residues 10–22 and 30–40
form β-strands, while amino acids outside of this region show either a disordered
structure or non-β-strand conformations. Detailed examination shows that the Aβ1–40
protofilament appears to be stabilized primarily by hydrophobic interactions at the
interface between β-sheets and at the interface between the two layers (Fig. 1-3) [28].
Polar and charged side chains are distributed on the outer surface of the protofila-

Fig. 1-3. A model of amyloid fibril structure from solid-state NMR data. Panel a shows two
views of Aβ1–40, modeled in an antiparallel arrangement. The structure is based on constraints
derived from 13C–13C magic angle spinning ssNMR. Red and blue ribbons indicate β-strand
residues 10–22 and 30–40, while green segments indicate turns or disordered regions. Panel b
demonstrates the concept of staggering in amyloid fibrils. The β-strand shown in blue is shifted
one residue out of phase with the hydrogen bonds in the red strand, leaving a one-residue
overhang at the N-terminus of the red strand. Figure adapted from [28].
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ment, with the exception of a pair of oppositely charged side chains that form a salt
bridge, D23 and K28. This salt bridge formation is consistent with NMR experiments
showing a distance of ∼3.7 Å between the β-strands, approximately the same value
obtained from X-ray diffraction data. Transmission electron microscopy images also
support this model of fibril structure with a 5 nm protofilament diameter, requiring
two layers of Aβ1–40 molecules [28, 29].

There are three additional criteria for the β-sheet model addressed by ssNMR
data. In this model, the β-strands can be arranged either parallel or antiparallel to
one another, their hydrogen bonds can be either in or out of register, and there may be
differing degrees of staggering between β-sheets along the axis of the fibril (Fig. 1-3).
The β-sheet model shown in Fig. 1-3 for Aβ1–40 shows an in-register, parallel β-sheet
structure. This differs from previous models, which included antiparallel β-sheets,
β-hairpins [30, 31], or only the C-terminal β-strand in the cross-β motif of the fibril
[32]. It has been speculated that changes in these higher order properties of the fibril
could account for the newly discovered structural polymorphism of amyloid fibrils.
Though the bulk of the research has been performed on Aβ, this model could be appli-
cable to many other amyloid-forming proteins. This β-sheet model has considerable
flexibility and dynamic range to encompass a variety of cross-β conformations.

The β-Helical Model
The β-helix is a structural motif found in a variety of proteins with many diverse
functions [33]. The peptide chain in a β-helix contains multiple β-strands of about
four to six residues in length that are separated by one to two residue bend or loop
segments (Fig. 1-4a) [34]. The peptide chain winds itself into many turns of a right-
handed or left-handed spiral, roughly triangular in cross-section, and is stabilized
through backbone-mediated hydrogen bonding. β-helices can be 5–10 nm in length
and ∼2–3 nm in width, resembling filamentous subunits in certain amyloid fibrils.
The directions of β-strands and inter-strand hydrogen bonds in β-helices would be
consistent with cross-β fiber diffraction. The β-helix model has been proposed for

Fig. 1-4. Two alternatives to the β-sheet model of amyloid fibril structure. Panel a shows
a β-helical structure derived from the human prion protein, including both the monomeric
subunit and the proposed trimeric arrangement. β-strands are shown in green and α-helices in
blue. Panel b shows the α-sheet structure and mechanism of fibril formation as proposed by
Armen et al. + and –δ indicate the charge distribution of the structure. Panel a adapted from
[34], panel b from [40].
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the human prion protein (PrP) [35], several glutamine- and asparagine-rich model
peptides [36], and the yeast transcription factor Sup35 (another prion protein) [37].

The β-helix has not yet been explicitly shown in high-resolution structures. It
seems that in several cases, using ssNMR data, some structures are actually bet-
ter described as layered β-sheet structures with staggering. Recently, a structure of
Aβ1–40 fibrils was published that showed a structure grossly similar to a β-helix, with
threefold symmetry about the fibril axis [38]. These fibrils were grown under differ-
ent conditions and displaying a twisted morphology by EM. All of these structures
and proposed structures approximate a β-helix in the sense that they have a roughly
threefold axis, but they do not meet the precise criteria for the β-helix as described in
natively folded proteins. Still, the β-helix model has not been explicitly ruled out as a
possibility for amyloid formation.

The α-Sheet Model
Daggett and coworkers have carried out molecular dynamics simulations of the
unfolding of monomeric PrP, lysozyme, TTR, and β2-microglobulin (all of which
are known to form amyloid fibrils) at high temperatures and have observed transient
formation of α-sheet structures [39, 40]. Based on these simulations, Daggett and co-
workers propose that α-sheets may be important intermediates in the conversion of
globular proteins to amyloid fibrils. They also raise the possibility that amyloid fibrils
themselves may contain α-sheets.

An α-sheet resembles a β-sheet in that the peptide segments comprising an α-sheet
have an extended, linear conformation and are linked by backbone hydrogen bonds,
forming a planar assembly (Fig. 1-4b). As in a β-sheet, successive side chains in
each segment are located on alternating sides of the α-sheet. An α-sheet differs from
a β-sheet in that all backbone carbonyl groups point in the same direction, rather
than alternating directions in each peptide segment. This structure might be consis-
tent with the cross-β X-ray fibril diffraction patterns observed for amyloid fibrils, as
well as with TEM and STEM data, but it is unclear whether an α-sheet would be
consistent with the experimental infrared and circular dichroism spectra of amyloid
fibrils. While α-sheets may well occur in partially unfolded proteins or non-fibrillar
aggregates that represent precursors to fibril formation, existing experimental data do
not support the presence of α-sheets in amyloid fibrils.

Steric Zippers
There are many methods beyond solid-state NMR that have been used to probe the
structure of amyloid fibrils. A common theme in structural studies today is the idea
of short amyloidogenic sequences within a larger protein. The theory is that a small
region of the protein sequence drives amyloid formation and the rest of the protein
is insignificant (from the perspective of amyloid) [41]. Based on this theory, several
computer programs have been designed to search protein sequences for these amy-
loidogenic elements in the hope of identifying novel fibril-forming peptides [42–45].
In addition, several groups have begun to study the structure and fibrillogenesis of
these sequences by themselves. David Eisenberg’s group has been a leader in this
field, studying the structure and fibril-forming properties of many of these sequences.
Beginning in 2005, the group found that a number of these sequences form micro-
crystals whose structures were determined using X-ray crystallography (Fig. 1-5)
[46, 47]. These sequences share a common basic fold, which they termed the steric
zipper, where the sequences form a tightly interacting stack of β-sheets that exclude
water from its core. If the structures of these peptides can be shown to be equivalent
to the amyloid fold of larger peptides and proteins, then these images would be the
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Fig. 1-5. Steric zippers as shown in [46]. In panel a, we see a model of the crystal structure of
the GNNQQNY peptide solved to 1.8 Å resolution. Panel b shows the wet and dry interfaces
of the steric zipper structure, with the β-strands shown in black and water molecules in red.

first atomic resolution images of amyloid structure. However, at this time that has not
been shown and it is not clear whether these peptides are necessary and sufficient to
drive fibril formation in the larger precursor proteins.

Atomic Force Microscopy
Atomic force microscopy (AFM) is a very high-resolution type of scanning probe
microscopy, with resolution in the order of fractions of a nanometer. Although it is
termed microscopy, the image is not directly derived from light but rather by ‘feeling’
the surface of a sample with a mechanical probe. AFM has proven useful for address-
ing questions of fibril polymorphism. Looking at fibrils of the AL protein SMA, it
was observed that there are two distinct fibril types formed under normal growth con-
ditions, mirroring the polymorphism of other amyloidogenic proteins and possibly
indicating multiple pathways of fibril formation for this protein [48]. In an ingenious
study, two forms of the yeast prion protein Sup35 were engineered, one containing a
hemagglutinin (HA) tag and the other containing a mutant tag that would not recog-
nize an HA-specific antibody. Addition of the HA antibody to these fibrils resulted in
an easily observable increase in the width of fibrils derived from the HA-tagged pro-
tein. Using this system, it was possible to track the growth of single fibrils and observe
that the different yeast prion strains propagate faithfully, possibly due to undetectable
conformational variants [49].

Hydrogen/Deuterium Exchange
Hydrogen/deuterium (H/D) exchange studies are an excellent source of dynamic
information on fibrils and their soluble precursors and thus make an excellent com-
plement to the types of structural studies discussed previously. The frequency with
which the backbone amide protons (N–H) of a protein exchange with the protons of
water is a function of pH and the solvent accessibility of the protein backbone. This
exchange can be limited if other residues shield the amide proton (as in the hydropho-
bic core of a protein) or if the amide proton is involved in a hydrogen bond. By taking
a protein or fibril sample and transferring it into a solution of D2O at the proper pH,
one can measure how frequently the protons exchange in different parts of the protein
backbone. H/D exchange can be coupled with either mass spectrometry or NMR; in
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mass spectrometry, you look at the rate of mass increase in different fragments of
the protein, while in NMR you can track the replacement of hydrogen by deuterium
residue by residue [50]. This information can provide detailed, global snapshots of an
amyloidogenic protein’s changing conformation in a particular time frame.

H/D exchange studies have been done with many amyloidogenic proteins. In par-
ticular, studies of Aβ fibril structure by this method have been shown to support the
β-sheet model of amyloid fibril formation. These experiments show slow exchange
times and therefore high levels of protection for residues primarily localized at posi-
tion 15–23 and 27–35, making it likely that these residues are locked in a very stable
arrangement (such as the core of an amyloid fibril) [51, 52].

In summary, all of these structural techniques have combined to give us a rea-
sonable idea of what a fully formed amyloid fibril looks like. A core of β-strands is
arranged in either an antiparallel or a parallel manner, depending on the protein. These
strands interact with the strand above and below via hydrogen bonding and with the
facing sheet through either hydrophobic interactions or a polar zipper. Beyond the
residues that make up the fibril core, the remainder of the protein may still retain a
native-like structure and function, but this is largely uncertain. The fibrils are char-
acterized by a very low error rate, having very few misplaced residues despite their
long length and apparent polymorphism. Once a fibril has formed, it propagates its
structure faithfully regardless of the growth conditions.

Analysis of Soluble Proteins
At least as important as structural analysis of fibrils themselves is the analysis of how
soluble, folded proteins convert into insoluble aggregates. In many ways, these stud-
ies face the opposite problem from the analysis of fully formed fibrils; there are many
techniques that can be utilized to collect information, but the intermediate structures
populated during fibril formation are so transient that observation is nigh impossible.
Nevertheless, there have been many recent studies analyzing the solution properties of
amyloidogenic proteins in order to determine what factors predispose them to fibril
formation. Much work has focused on the structure and dynamics of native (non-
amyloidogenic) β-sheet proteins. It has been observed that these proteins prevent
aggregation through negative design elements such as ‘capping’ of exposed hydro-
gen bonding sites and the placement of charged amino acids at key positions [53, 54].
Analysis of these elements has led some groups to design β-breaker peptides for the
inhibition of fibril formation [55]. In AL, analysis of the crystal structure of a κI
O18/O8 germline amyloidogenic light chain designated AL-09 has shown a drastic
alteration in the dimer interface. Restoration of one of the mutations in AL-09 is suf-
ficient to stabilize the protein and restore the dimer interface to that of the germline,
suggesting a role for the light chain homodimer in fibrillogenesis [25, 56]. Work in
β2-microglobulin has shown that copper (II) binding at the surface of that protein
leads to the formation of a hexameric assembly through which fibril formation is
thought to occur [57]. There have been additional studies, too numerous to mention
here, utilizing every technique from molecular dynamics simulations to mass spec-
trometry, but the central idea is that if we can somehow identify the key intermediates
we will better understand how fibrils form and how to prevent this process in vivo.

Clinical Ramifications

A great deal of progress has been made in understanding the in vitro behavior of
amyloidogenic proteins and amyloid fibrils, but important questions abound. High-
resolution studies have enabled the creation of several plausible models of amyloid
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structure; which (if any) represents the true fibril structure? Much has been made
of the discovery that ‘non-amyloidogenic’ proteins can form fibrils [58], does this
mean that the amyloid fold is accessible to all proteins under the proper conditions?
We have seen both the isomorphism and the polymorphism of amyloid fibrils; are
there common pathways that every protein must take to form amyloid structure?
Which of the lessons learned in the in vitro study of amyloid fibrils will translate
in vivo, or better yet, can we leverage this knowledge into mechanistic understanding
and/or new therapies? This last question is particularly important, as the reasons for
amyloid-associated toxicity are unclear. There is an emerging school of thought that
pre-fibrillar oligomers, rather than mature amyloid fibrils, cause cell death [59, 60].
If confirmed, this would drastically change our view of fibril formation, but there is
still a clear need for a greater understanding of how amyloid fibrils form and interact
within biological systems. The great hope is that understanding fibrillogenesis and
the factors that influence it will lead to the development of effective therapeutics, as
has been the case in familial amyloidosis [61].
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Chapter 2
Imaging of Systemic Amyloidosis

Giovanni Palladini, Stefano Perlini, and Giampaolo Merlini

Abstract In systemic amyloidosis, several imaging techniques can be used to detect
the presence, extent, and localization of amyloid deposits, to monitor their progres-
sion and regression, and to assess organ involvement and dysfunction. The presence
of heart involvement is the main prognostic determinant and most efforts have been
directed to the evaluation of cardiac amyloidosis. Heart involvement is classically
diagnosed based on increased ventricular wall thickness and myocardial echogenic-
ity (often referred to as “granular sparkling”) at echocardiography. However, more
refined echocardiographic techniques, such as myocardial integrated backscatter, tis-
sue Doppler, and strain imaging can provide evidence of early heart involvement and
add functional and prognostic information. Magnetic resonance imaging (MRI) and
cardiac scintigraphy with radiolabeled phosphate derivatives showed good sensitivity
and specificity in the detection of heart involvement. In particular, scintigraphy with
radiolabeled aprotinin can detect early amyloid deposits in the heart. Scintigraphy has
the advantage of specific tissue characterization. The prototype of a specific amyloid
tracer is iodinated serum amyloid P component (I-SAP). Scintigraphy with I-SAP is a
useful complement for the diagnosis and provides an estimation of amyloid load, and
serial studies can reveal disease progression and regression. However, I-SAP scintig-
raphy cannot image the heart. Anatomo-functional imaging, via ultrasound, computed
tomography, and MRI scanning, is useful in the diagnosis and follow-up of localized
amyloidosis. Accurate imaging of amyloid deposits can now be combined with the
biochemical assessment of organ, particularly cardiac, damage and with reliable mea-
surement of the circulating precursors. This will improve the care of patients with
amyloidosis and shed light on the pathogenesis of organ damage.

Keywords Amyloidosis, Imaging, Diagnosis, Scintigraphy, I-SAP, Aprotinin,
Ultrasound scan, Echocardiography, Magnetic resonance imaging, Computed
tomography

Introduction

The ability to image a pathologic process provides with an objective means to assess
the presence and extent of a disease, as well as to monitor response to treatment
or determine whether relapse has occurred. Several imaging modalities have been
developed for systemic amyloidosis with the purpose to detect organ involvement,
to determine its extent, to monitor progression and regression of amyloid deposits,
and to characterize known lesions, differentiating them from other pathologies. More
recently, refined imaging techniques have been used to provide functional information
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on the organs involved by amyloidosis. In systemic amyloidoses, one of the most
important prognostic determinants is the presence of heart involvement that can be
detected and studied by echocardiographic techniques and magnetic resonance imag-
ing. Scintigraphy with amyloid-specific tracers is a useful complement in diagnosing
amyloidosis and an accurate means to assess amyloid load at diagnosis and during
the course of the disease. Anatomic imaging, such as computed tomography and
magnetic resonance imaging, is useful in the diagnosis and follow-up of localized
extracardiac amyloidosis.

In this chapter, we review the specific tools that have been developed to image
amyloid deposits and the applications of common imaging techniques to amyloidosis.

Nuclear Imaging

Scintigraphy is a biochemical imaging modality and has the potential advantage of
specific tissue characterization over anatomical imaging, such as computed tomogra-
phy, ultrasound scan, and magnetic resonance imaging. The clinical impact of nuclear
imaging in amyloidosis is mainly contingent upon the specificity of radiotracers for
amyloid deposits. In the last two decades, the scintigraphic scan of amyloid deposits
in vivo has been attempted with several tracers, some specifically designed for imag-
ing amyloidosis and others originally developed for different purposes, like bone trac-
ers, that proved useful also in studying amyloid deposits, particularly in the heart.
Several tracers have been proposed to identify myocardial amyloid involvement that
were recently reviewed [1]. Amyloid deposits can be identified by the use of 99mTc
(technetium)-aprotinin, 99mTc-(pyro)phosphate, 67Ga (gallium), and 111In (indium)-
antimyosin antibody, whereas cardiac innervation can be evaluated by 123I-MIBG
(metaiodobenzylguanidine) scintigraphy. Myocardial perfusion can be evaluated with
99mTc-sestamibi and 201Tl (thallium), and ventricular function has been characterized
by the use of conventional radionuclide ventriculography.

In recent years, the combination of amyloid-specific tracers with tomographic
techniques, such as single photon emission computed tomography (SPECT) and
positron emission tomography (PET), was used to provide accurate high-resolution
localization of amyloid deposits.

Serum Amyloid P Component Scintigraphy

The prototype of a specific amyloid tracer is radiolabeled serum amyloid P compo-
nent (SAP). All amyloid deposits contain SAP, a glycoprotein that reversibly binds
amyloid fibrils independently from the protein of origin [2]. The circulating SAP is
in constant dynamic equilibrium with the SAP bound to amyloid deposits, the lat-
ter representing as much as 200 times in quantity the blood pool in patients with
systemic amyloidosis [3]. Serum amyloid P component can be conjugated with the
short half-life 123I that is used for scintigraphic imaging [4] or with the longer half-
life 125I for metabolic studies [3]. In patients with amyloidosis, 123I-SAP localizes
rapidly to the amyloid deposits, in proportion to their quantity, and persists there,
whereas in healthy subjects and in patients with diseases other than amyloidosis, it
is almost exclusively confined to the blood and is rapidly catabolized in the liver,
and the associated radioactivity is released back in the circulation and excreted in the
urine within 14 days [3]. In patients with amyloidosis, I-SAP is initially cleared from
the blood more rapidly reflecting extravascular localization to the deposits [3]. This
specific dilution phenomenon, due to the constant equilibrium between SAP bound
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to amyloid deposits and the blood pool, renders it possible to use I-SAP to evaluate
amyloid deposits quantitatively and repeatedly in vivo. In particular, the combination
of whole-body γ counting with measurement of radioactivity in 24-h urine collection
allows to derive the size of the extravascular compartment [5].

Scintigraphy with 123I-SAP was developed by Pepys and Hawkins and its use in
patients was first reported in 1988 [6]. Since then, several thousands of scans have
been performed by the London group. Scintigraphy with 123I-SAP can demonstrate
amyloid deposits in the kidneys, liver, bones, spleen, and adrenal glands. The organ
distribution of amyloid deposits detected by 123I-SAP scan can sometimes suggest
a particular type of amyloidosis. For example, bone uptake is pathognomonic of
immunoglobulin light-chain (AL) amyloidosis [4]. However, SAP scintigraphy can-
not detect amyloid deposits in the heart, due to blood pool content, movement, intense
uptake of I-SAP into the adjacent spleen, and lack of a fenestrated endothelium in the
myocardium, hindering the access of the large 127 kDa tracer within the timescale
determined by the short half-life of 123I [7]. Myocardial uptake has been demon-
strated using the longer half-life 131I that, however, is unsuitable for routine clinical
studies [8].

It has been reported that SAP scintigraphy can demonstrate articular β2-
microglobulin amyloid deposits [9, 10], but interpretation is difficult, because syn-
ovial effusion found in pathological joints represents an extension of the blood pool
I-SAP background. Localized amyloid deposits are not imaged by I-SAP scans [11],
and the chief value of SAP scintigraphy in localized amyloidosis is to rule out sys-
temic disease [12].

Although the diagnosis of amyloidosis needs to be based on a tissue biopsy [13],
given the very high specificity of 123I-SAP for amyloid deposits, SAP scintigra-
phy has been proposed as a diagnostic tool. In a study on 189 consecutive patients
with systemic amyloidosis, the diagnostic sensitivity of 123I-SAP in AL amyloidosis
and amyloidosis reactive to chronic inflammation (AA) was 90% [11]. Conversely,
in patients with hereditary transthyretin (ATTR) amyloidosis, sensitivity was much
lower (48%), particularly in subjects carrying non-Met30 TTR mutations (sensitivity
13%) [11]. Indeed, in patients with ATTR amyloidosis, typically involving the heart
and peripheral nervous system, that cannot be imaged by SAP scintigraphy, amyloid
deposits can be identified only if they are also present in other organs, such as the
spleen and kidneys. On the other hand, SAP scintigraphy demonstrates that the dis-
tribution of amyloid within individual organs can be inhomogeneous, accounting for
false negative biopsy results [14]. Moreover, SAP scintigraphy provides information
on the distribution and amount of amyloid that cannot be derived from tissue biop-
sies. The diagnostic sensitivity of SAP scintigraphy can be improved by combination
with the determination of the extravascular compartment, which is greatly increased
in patients with systemic amyloidosis. Increased extravascular retention of 123I-SAP
alone had a 65, 61, and 22% diagnostic sensitivity in AA, AL, and ATTR amyloidosis,
respectively [5].

Serum amyloid P component scans can identify extensive amyloid deposits in
organs in which they have not been suspected clinically [11, 14]. For example, in the
study by Hazenberg et al., 86% of patients with AA amyloidosis and 76% of patients
with AL had amyloid deposits in the spleen that were clinically relevant only in 8
and 18% of subjects, respectively [11]. Adrenal uptake was seen in 20% of patients
with AA amyloidosis, but adrenal failure was present just in 3% [11]. Although cer-
tain organs can continue to function in a normal way despite the presence of sub-
stantial amyloid deposits, they may nevertheless fail under stress, and the possibil-
ity of recognizing asymptomatic amyloid deposits may improve the assessment of
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eligibility to toxic therapies, thus preventing otherwise unexpected treatment-related
toxicity. Conversely, in some cases, clinically relevant organ involvement may not be
accompanied by significant tracer uptake. In the same study, 90% of AA and 83%
of AL patients had clinical signs of renal involvement, but kidney I-SAP uptake was
detected only in 67 and 31% of cases, respectively [11]. Moreover, SAP scintigraphy
revealed a poor correlation between the quantity of amyloid present in a particu-
lar organ and the severity of organ dysfunction [14]. These observations support the
hypothesis that, in AL and AA amyloidoses, the amount of amyloid deposited is not
the only determinant of organ dysfunction.

Scintigraphy with 123I-SAP also provides prognostic information. Measurements
of whole-body amyloid load by SAP scintigraphy correlate with the risk of death and
progression to end-stage renal disease in AA amyloidosis [15]. Additional prognostic
information may come from the determination of I-SAP tissue retention [7]. Hazen-
berg et al. demonstrated that in AL amyloidosis extravascular retention of 123I-SAP
has a prognostic impact that is independent from the presence of cardiac involvement
[5]. Moreover, serial SAP scans demonstrate regression of amyloid deposits in a sig-
nificant proportion of patients in whom it has been possible to reduce or eliminate the
supply of the amyloidogenic precursor. This includes reduction of serum amyloid A
protein (SAA) by control of the underlying inflammatory disease in AA amyloido-
sis [15]; effective chemotherapy with reduction of the involved circulating free light
chains (FLC) in AL amyloidosis [16]; liver transplantation in ATTR amyloidosis [17],
in hereditary fibrinogen amyloidosis (AFib) [18], and in familial apolipoprotein AI
amyloidosis (AApoAI) [19]; and renal transplantation in β2-microglobulin dialysis-
associated amyloidosis (Aβ2m) [20].

Despite the useful diagnostic and prognostic information it can provide, the clini-
cal use of SAP scintigraphy is hampered by several important limitations, such as the
inability to image cardiac amyloid deposits and the unavailability of I-SAP in most
centers. Availability of I-SAP is limited because it is not a commercial product, SAP
is isolated from human sera, and 123I-SAP is produced at a high cost. Attempts of
labeling SAP with the cheaper 99mTc have been made, but conjugation of SAP with
99mTc is technically difficult. Moreover, 99mTc-SAP is a less specific ligand of amy-
loid fibrils than I-SAP, part of the 99mTc separates from SAP in the circulation, and
99mTc-labeled degradation products are cleared incompletely, increasing the back-
ground signal in the kidneys and liver [14].

99mTc-Aprotinin Scintigraphy for Cardiac Imaging

The observation of the presence of antiproteases in amyloid deposits led our group to
hypothesize that a radiolabeled antiprotease could be a specific tracer for amyloid
deposits. We chose 99mTc-conjugated aprotinin, a low molecular weight protease
inhibitor that was used as a cortical renal tracer. It has been reported that apro-
tinin binds specifically to amyloid fibrils, probably through pairing of the β struc-
tures of the antiprotease with exposed structures of the same type on the amyloid
deposits [21]. Aprotinin is known to accumulate in the kidneys masking the whole
abdominal area, thus, we evaluated the capability of 99mTc-aprotinin to detect extra-
abdominal, particularly cardiac, amyloid deposits (Fig. 2-1) [22]. In 1995, in a first
series of 25 patients with systemic amyloidosis, we observed cardiac uptake in 10
of 14 (71%) subjects fulfilling echocardiographic criteria of heart involvement and
in 1 patient who subsequently developed overt cardiac amyloidosis. Cardiac biopsies
were available in four cases (three positive and one negative) and were all concor-
dant with 99mTc-aprotinin uptake [22]. In the same study, localization to the neck
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Fig. 2-1. 99mTc-aprotinin scintigraphy of the heart in a patient with AL amyloidosis and car-
diac involvement.

region (thyroid, salivary glands, and tongue) was also detected in eight patients with
AL amyloidosis [22]. In 2001, in a subsequent study on 78 patients with systemic
AL amyloidosis followed for a median of 31 months, the sensitivity and specificity of
99mTc-aprotinin scintigraphy to detect cardiac involvement were 95 and 97%, respec-
tively, and the scans were able to detect cardiac involvement before it became appar-
ent at echocardiography [23, 24]. Further clinical studies at our center were hampered
by a ban on bovine derivates that precluded further use of aprotinin in patients. In
2002 Schaadt and coworkers found 99mTc-aprotinin uptake in several localizations
(heart, tongue, submandibular glands, intestines, lymph nodes, liver, spleen, pleura,
lungs, joints) in 22 of 23 patients with known or suspected amyloidosis [25]. Biopsy
or autopsy evaluations were available for 20 of the 90 detected localizations and con-
firmed the presence of amyloid deposits [25]. Asymptomatic uptake accounted for
approximately 50% of detected lesions and, notably, in five patients, preceded clin-
ical symptoms [25]. In a more recent retrospective study, involving 18 patients with
biopsy-proven amyloidosis and 17 controls, Han et al. showed myocardial uptake
of 99mTc-aprotinin in all the five patients who had amyloid cardiac involvement as
assessed by clinical, echocardiographic, and magnetic resonance criteria [26]. Four
of these five patients eventually died due to cardiac amyloidosis [26]. In none of
the other 30 patients, who had no signs of cardiac involvement, thoracic uptake of
99mTc-aprotinin was detected [26]. The available data indicate that 99mTc-aprotinin is
a very promising radiotracer for cardiac amyloidosis, with high sensitivity and speci-
ficity and able to detect early cardiac involvement before it becomes detectable by
echocardiography.
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Scintigraphy with 99mTc-Labeled Phosphate Derivatives

Radiolabeled phosphate derivates were developed as bone tracers and they are
believed to localize to amyloid deposits because of their relevant calcium con-
tent. In 1977 Kula et al. visualized calcifications in amyloid deposits with 99mTc-
diphosphonate [27]. Since then, several phosphate derivatives have been tested in
cardiac amyloidosis, including 99mTc-pyrophosphate (99mTc-PYP) [27–32], 99mTc-
(hydroxy)methylene diphosphonate (99mTc-MDP or 99mTc-HMDP) [33], and 99mTc-
3,3-diphosphono-1,2-propanodicarboxylic acid (99mTc-DPD) [34, 35]. The latter was
also shown to help in differentiating AL- and ATTR-type cardiac amyloidosis, sug-
gesting a role of 99mTc-DPD scintigraphy in the evaluation of cardiac amyloidosis
etiology [34].

Overall, although 99mTc-labeled phosphate myocardial scanning seems to be a
sensitive test for the diagnosis of cardiac amyloidosis in patients with congestive heart
failure, it does not appear to be of value for the early detection of cardiac involve-
ment in patients with known amyloidosis. Differently from aprotinin scintigraphy,
positive phosphate scanning seems to correlate with high amounts of amyloid fib-
rils in the heart, but this occurs at an advanced stage of the disease, when clinical
symptoms of cardiomyopathy are already apparent. Thus, the clinical relevance of
99mTc-labeled phosphate myocardial scintigraphy remains uncertain, and according
to Eriksson et al., a high threshold amount of amyloid is probably required to produce
an abnormal scintigram, although lesions with less amyloid can evidently be identi-
fied by echocardiography [36], a finding that was confirmed by Lee et al. [37]. In
the same line, Hartmann et al. showed that 99mTc-PYP scintigraphy is not useful in
screening patients for cardiac involvement in amyloidosis, but that first-pass studies
yield valuable information about diastolic function impairment [38].

Beyond being used to image cardiac amyloidosis, radiolabeled phosphate derivates
have also been reported to localize in extracardiac amyloid deposits, such as amyloid
deposits in the bronchi [39], soft tissues [40], testicles [41], liver [42], and lungs [43].
In patients with amyloidosis localized to the airways, SPECT and PET techniques
with radiolabeled phosphate derivates can provide accurate anatomical localization
[44, 45].

Assessment of Cardiac Innervation with 123I-Metaiodobenzylguanidine

Metaiodobenzylguanidine (MIBG), a structural analogue of the “false” neurotrans-
mitter guanethidine, shares noradrenaline uptake and storage mechanisms in the sym-
pathetic nerve endings, allowing to visualize cardiac innervation when labeled with
123I. The use of 123I-MIBG in patients with amyloidosis was reported for the first
time by Nakata et al. in 1995 [46], who found decreased myocardial activity of
123I-MIBG in all cardiac regions in a patient with severe peripheral neuropathy due to
a TTR-related familial amyloidotic polyneuropathy. Subsequently, a high incidence
of myocardial denervation by 123I-MIBG imaging, even in the presence of normal
LV wall thickness and systolic function, was shown in ATTR patients [47, 48]. Simi-
lar findings were reported in patients with AL amyloidosis, who show signs ranging
from presynaptic sympathetic dysfunction to overt myocardial denervation according
to the degree of congestive heart failure and cardiac autonomic dysfunction [49].

99mTc Pentavalent Dimercaptosuccinic Acid Scintigraphy
99mTc pentavalent dimercaptosuccinic acid (99mTc-(V)-DMSA) is a tumor tracer used
in medullary thyroid cancer and soft tissues tumors, which is taken up by cancer cells
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probably due to the structural similarity with the phosphate ion. Initially, the possi-
bility of imaging plasmacitomas associated with localized AL amyloid deposits with
this tracer has been reported and could be explained by uptake by plasma cells [50].
However, in a patient with systemic AL amyloidosis, 99mTc-(V)-DMSA uptake was
observed in the heart, kidney, liver, spleen, and thyroid and correlated with autopsy
findings [51]. Moreover, cases of myocardial uptake of 99mTc-(V)-DMSA in patients
with systemic amyloidosis and heart involvement have been described [52]. However,
the possibility to image myocardium with 99mTc-(V)-DMSA is hampered by a strong
signal from the blood pool.

Radiolabeled β2-Microglobulin

Since conventional techniques, such as joint ultrasonography, X-ray, CT, or MRI, lack
specificity in evaluating lesions caused by dialysis-related amyloidosis (Aβ2m), imag-
ing of β2-microglobulin deposits has been attempted using β2-microglobulin labeled
with 131I as a radiotracer [53–55]. Tracer accumulations correspond to the typi-
cal distribution pattern of Aβ2m deposits [53, 54]. 111In (indium)–β2-microglobulin
reduces the radiation exposure and improves the optical resolution of this scan
[53, 54, 56]. Recombinant β2-microglobulin has been produced for use as a radio-
tracer [53, 54, 56]. A limitation of β2-microglobulin scintigraphy is that it cannot be
performed in case of residual renal function, because the tracer is rapidly cleared in
the urine.

β2-Microglobulin amyloid deposits can be also imaged by 201Tl (thallium) and
67Ga (gallium) scintigraphy [57].

Radioimaging with Fibril-Reactive Monoclonal Antibodies

Researchers at the University of Tennessee observed that certain murine anti-human
light chain antibodies recognize a conformational epitope common to fibrils formed
from light chain as well as other amyloidogenic precursors such as SAA, TTR, and
ApoAI [58]. Hence, the same group developed a radiolabeled fibril-reactive mon-
oclonal antibody (mAb), conjugated with 125I or 124I, that was tested in mice. In
an amyloidoma mouse model the radioiodinated mAb localized predominantly in
the tumor and could be accurately imaged by SPECT and PET [59]. Combination
of high-resolution SPECT with the radioiodinated mAb and I-SAP with computed
tomography allows accurate anatomical localization of amyloid deposits in AL and
AA mouse models [59].

Other Scintigraphic Tracers
67Ga (gallium) has been proposed to image cardiac involvement in systemic amy-
loidosis, but it proved less sensitive than 99mTc-PYP in this setting [60, 61]. 111In
(indium)-labeled antimyosin antibodies that bind specifically to areas of myocardial
necrosis were used to image cardiac amyloid deposits [62, 63].

Ultrasound Imaging

The echocardiographic features of advanced cardiac amyloidosis are distinctive, with
non-dilated ventricles showing marked thickening of the left and right ventricular
walls, as well as of the interventricular and interatrial septa. Amyloid infiltration
gives a characteristic aspect to the myocardial texture, which has been described as
“granular sparkling” [64–68], due to the granular appearance of the myocardium.
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In the attempt of quantifying the subjective evaluation of increased myocardial
echoreflectivity, tissue characterization can be achieved by cycle-dependent varia-
tion of myocardial integrated backscatter, a measure that has been shown to have a
prognostic potential [69].

Also valve leaflets are often thickened showing increased echogenicity. Concen-
tric left ventricular geometry is almost invariably present [70] due to increased wall
thickness with normal or reduced ventricular diameters, with normal or near-normal
global left ventricular function as assessed by ejection fraction. In the many patients
with reduced end-diastolic diameters and volumes, this leads to reduced stroke vol-
ume that is often associated with increased heart rate to maintain cardiac output. Wall
thickening is disproportionate to the degree of current or prior arterial hypertension
or valve disease, due to myocardial infiltration rather than to cardiomyocyte hyper-
trophy (Fig. 2-2). As a consequence, the ECG limb lead voltages tend to decrease as
the ventricle wall thickens, resulting in a decreased ratio of voltage to echo-derived
left ventricular mass, a finding that strongly suggests an infiltrative cardiomyopathy
[68]. Indeed, a low-voltage pattern (defined as all limb lead voltage <5 mm) is found
in a high proportion of patients.

In a minority of patients (that has been estimated around 5%), the echocar-
diographic aspect may mimic hypertrophic cardiomyopathy [71–75], with normal
or even mildly hyperdynamic left ventricular function and normal voltages on the
12-lead ECG. However, at variance with “true” hypertrophic cardiomyopathy, mitral
valve systolic anterior motion is very uncommon and ECG limb lead voltages are not
in the ventricular hypertrophy range.

Diastolic function is abnormal in both myocardial relaxation and ventricular com-
pliance, with Doppler transmitral velocity profile ranging from an impaired disten-
sibility to a clear-cut restrictive pattern, and Doppler serial studies demonstrate a
progression of diastolic dysfunction as myocardial infiltration progresses [66]. In
advanced disease, left ventricular filling restrictive physiology can be identified by

Fig. 2-2. Two-dimensional directed M-mode imaging of the right and left ventricular cavities
in a patient with cardiac AL amyloidosis. RVEDD: right ventricular end-diastolic diameter;
IVS: end-diastolic interventricular septum thickness; LVEDD: left ventricular end-diastolic
diameter; PW: end-diastolic posterior wall thickness; LVESD: left ventricular end-systolic
diameter.
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combined Doppler studies evaluating transmitral and pulmonary venous flow veloci-
ties. Such a profound alteration in filling dynamics is caused by the association of
left ventricular diastolic dysfunction and impaired atrial contraction, both due to
myocardial amyloid infiltration [64, 76–83]. As a consequence, the Doppler trans-
mitral flow velocity profile shows increased peak early (E) to peak atrial (A) velocity
ratio, reduced E-wave deceleration time, and low-velocity A wave.

Beyond allowing further insights into cardiac diastolic dysfunction in cardiac amy-
loidosis, pulsed tissue Doppler imaging can demonstrate the presence of longitudinal
systolic impairment before the ejection fraction becomes abnormal [84–86]. More-
over, myocardial velocity tissue Doppler indices proved helpful in differentiating
from control subjects patients with biopsy-proven cardiac amyloidosis with border-
line conventional echocardiographic features and non-restrictive LV filling pattern
[87]. Also the ratio of early transmitral flow velocity to early diastolic mitral annular
velocity (E/Em) has been suggested as a useful index of elevated LV filling pressure
in cardiac amyloidosis [88]. Long-axis dysfunction might also be demonstrated by
M-mode echocardiography in both the left [89] and the right ventricles [90], as well
as by strain and strain rate imaging, that may also have potential for evaluating the
prognosis in AL amyloidosis [75, 84, 85, 90–92]. Combined pulsed tissue Doppler
and strain imaging may disclose early signs of infiltrative cardiac disease in both
ventricles, even in the absence of myocardial wall thickening [93]. Moreover, the
evaluation of systolic mechanical deformation by two-dimensional strain imaging
via the speckle-tracking technique has been recently shown to differentiate cardiac
amyloidosis from both asymmetric hypertrophic cardiomyopathy and secondary LV
hypertrophy [75].

Also the myocardial velocity profile, derived from color-coded tissue Doppler
imaging (TDI), can identify transmural heterogeneity, possibly differentiating car-
diac amyloidosis from other causes of left ventricular hypertrophy. At comparable
left ventricular wall thickness, myocardial velocity gradient during systole and early
diastole is in fact depressed in cardiac amyloidosis when compared with hypertensive
heart disease and hypertrophic cardiomyopathy [94]. Contrast echocardiography can
also be used to recognize microvascular dysfunction in patients with cardiac amylo-
dosis [95], relying on the ultrasound detection of microbubble contrast agents that are
confined to the intravascular space.

While echocardiography is an irreplaceable tool for the diagnosis and evalua-
tion of cardiac amyloid disease, only a few reports describe the use of ultrasound
scan for imaging amyloid deposits localized outside the heart, such as enlargement
and increased echogenicity of the thyroid gland in patients with amyloid goiter
[96] or hypoechogenic nodular plicae in the bowel of patients with gastrointestinal
amyloidosis [97]. Ultrasonography has been used to study periarticular changes in
patients with dialysis-related amyloidosis. It has been shown that patients with β2-
microglobulin amyloidosis have increased diameter of supraspinatus tendon, greater
cross-sectional area of the long head of biceps tendon, and increased thickness of
the rotator cuffs and may present echogenic pads between the muscle groups of the
rotator cuffs [98, 99]. These findings indicate that shoulder ultrasound might have a
role in the diagnosis and, possibly, in the follow-up of patients with dialysis-related
amyloidosis.

Computed Tomography

Computed tomography (CT) imaging is of limited value in systemic amyloidosis
mainly because of low specificity. Computed tomography was used to evaluate soft
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tissue [100], intestinal [97], and lymph node involvement [101]. The clinical use-
fulness of CT imaging is probably higher in localized amyloidosis. Several cases of
orbital amyloidosis detected by CT scans were reported [102]. Localizations to the
nasopharynx [103] and larynx [104, 105] have also been identified by CT. However,
these findings were not specific and the final biopsy results were often unforeseen at
the time of the CT scan. Nevertheless, CT imaging can be useful in the follow-up of
localized amyloidosis.

One of the most important applications of CT in amyloidosis is the imaging
of amyloid localized to the lungs and airways. In patients with respiratory tract
amyloidosis standard chest radiography findings are usually non-specific and con-
sist of a reticular pattern due to interlobular septal thickening, nodules, or post-
obstructive features such as atelectasias and consolidation [106]. Reticular patterns
are consistent with systemic involvement. Pleural effusions are common in systemic
amyloidosis, but are usually secondary to heart failure and nephrotic syndrome due to
cardiac and renal involvement. However, pleural amyloid infiltration can be respon-
sible for persistent effusion. Computed tomography recognizes three distinct pat-
terns of localizations to the respiratory system: (1) tracheobronchial amyloidosis, (2)
nodular parenchymal amyloidosis, and (3) diffuse alveolar septal amyloidosis. Tra-
cheobronchial amyloidosis appears as focal or diffuse submucosal deposits resulting
in nodules, plaques, or circumferential thickening often with luminal narrowing
[106, 107]. Localization to segmental airways can result in collapse, consolida-
tion, bronchiectasias, and hyperinflation [106]. In nodular parenchymal amyloido-
sis (Fig. 2-3), nodules are well defined, can be single or multiple with an extremely
variable diameter, are usually subpleural in distribution, and often contain calcifi-
cations [108–110]. Due to non-specific appearance, amyloid pulmonary nodules are
often interpreted as neoplasia [109]. Diffuse alveolar septal amyloidosis is a less com-
mon form of pulmonary involvement, but it is often associated with systemic amyloi-
dosis. It manifests with widespread amyloid deposition involving small vessels and

Fig. 2-3. CT appearance of AL nodular pulmonary amyloidosis, with multiple bilateral
calcified amyloid nodules of variable diameter.
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the interstitium, with reticular opacities, interlobular septal thickening, micronodules,
and, less frequently, ground-glass opacification, traction bronchiectasias, and honey-
combing at high-resolution CT [109]. Diffuse amyloidosis is sometimes accompanied
by mediastinal lymphadenopathy [108].

In β2-microglobulin amyloidosis, destructive arthropathy, spondylarthropathy, and
periarticular cystic bone lesions can be demonstrated by plain X-ray and CT [111].

As to cardiac amyloidosis, ECG-gated enhanced multislice computed tomography
can visualize wall thickening with partial fibrotic changes [112].

Magnetic Resonance Imaging

In systemic amyloidoses, magnetic resonance imaging (MRI) is mainly used in eval-
uating cardiac morphology and function (Fig. 2-4). Cardiac MRI in patients with
advanced cardiac amyloidosis shows an unusual pattern characterized by global
subendocardial late gadolinium enhancement and associated abnormal myocardial
and blood pool gadolinium kinetics [113–117]. These abnormalities are common but
not universally present in cardiac amyloidosis, probably due to expansion of infil-
trated myocardial interstitium in association with impaired segmental and global

Fig. 2-4. Cardiac magnetic resonance imaging from a patient with cardiac AL amyloidosis.
Transverse sections of the right and left ventricular cavities showing increased wall thickness
and global subendocardial late gadolinium enhancement.
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contractility [116]. Amyloid and collagenous fiber deposition was correlated with
late enhancement that was shown to be associated with fibrosis due to ischemia of
cardiomyocytes by small vessel amyloid deposition [118]. In patients with endomy-
ocardial biopsy-proven cardiac amyloidosis, late gadolinium enhancement shows
good sensitivity (80%) and excellent specificity (94%) [119], being strongly cor-
related with heart failure severity as assessed by brain natriuretic peptide [120].
Magnetic resonance relaxometry, measuring T1 and T2 relaxation times of the left
ventricular myocardium, might improve the diagnostic reliability of this technique
[121], and tissue characterization of the myocardium by T1 quantification predicts
survival [122].

A few reports describe the clinical use of magnetic resonance in imaging extrac-
ardiac localizations in systemic amyloidosis. In β2-microglobulin amyloidosis MRI
can show increased thickness of the supraspinatus tendon, capsular thickening at
the hip, and osseous lesions [111, 123]. It has been suggested that MRI can detect
early lesions in asymptomatic patients with dialysis-related amyloidosis [123]. In a
patient with AL amyloidosis and liver involvement, who underwent MRI with an
oral manganese-containing contrast agent, focal areas without contrast uptake and no
bile excretion were detected [124]. These observations correlated with liver biopsy
findings, such as atrophy of the hepatocytes, amyloid deposits in the portal veins,
and compression of bile ducts [124]. Magnetic resonance imaging proved useful
in detecting localized amyloid deposits in the nasopharynx [103], spine [125], lar-
ynx [105], urethra [126], and seminal vesicles [127]. Enhanced T2 relaxation and
hypointensity on T2-weighted MR are considered peculiar characteristics of amyloid
masses.

Conclusion

A wide armamentarium of imaging techniques has been developed for amyloidosis.
Clinical practice will select those tools that will prove helpful in the management of
this disease based on efficacy and availability.

Imaging techniques can provide not only anatomical but also functional informa-
tion, particularly in evaluating cardiac amyloidosis. Functional imaging of cardiac
involvement can now be combined with biochemical assessment of heart dysfunction
with cardiac troponins and natriuretic peptides [128, 129]. This is very relevant since
cardiac involvement predicts prognosis and affects treatment strategy.

Moreover, the imaging of amyloid deposits and the biochemical assessment of
organ dysfunction can now be correlated with reliable measurement of the circulating
precursors, such as FLC in AL and SAA in AA amyloidosis. This has the potential of
answering questions on the pathogenesis of amyloidosis. One of the most important
and still open issues in the field of amyloidosis is the mechanism of organ damage.
Observations with SAP scintigraphy demonstrated that amyloid load is not always
proportional to organ dysfunction [11]. Subsequent clinical observations suggested
that the concentration of the amyloid precursor has a direct impact on biochemi-
cal indices of cardiac dysfunction and prognosis, independently from amyloid load
[130]. Studies are warranted in correlating the extent of disease activity, amyloid
load, biomarkers, and indices of myocardial function that can be derived from several
functional imaging techniques.
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Chapter 3
Diagnosis and Classification

Gilles Grateau and Katia Stankovic

Abstract A high degree of clinical suspicion in the context of a great diversity of
clinical symptoms remains essential to make the diagnosis of amyloidosis that still
relies on tissue biopsy. Standard tissue staining should be completed with Congo red
as this stain gives a specific “apple-green birefringence” for amyloid under polar-
ization. Identifying the type of amyloidosis is crucial to determine clinical manage-
ment, prognosis, and treatment and thus explains that the actual nomenclature of amy-
loid disorders is based on the biochemical nature of amyloid. This typing requires a
confrontation of clinical data to the results of some crucial blood tests such as the
measure of the acute phase response and the search for a monoclonal component,
histology, and genetics. Standard histological analysis is enriched with immunohis-
tochemistry which analyses the fixation by amyloid of a panel of antibodies directed
against most of the common human amyloid proteins. Rarely, sophisticated biochem-
ical methods help to establish the true nature of the deposits. Once the steps have
been cleared the disease can be classified as localized or multisystemic and its nature
established. The main categories of multisystemic amylosis are the immunoglobulinic
variety (AL, A for amyloid and L for light chain of immunoglobulin); amyloid asso-
ciated with inflammation (AA, A for associated); and the transythyretin amyloidosis
(ATTR, TTR for transthyretin) that consists in two varieties, the common “senile”
and the rare hereditary.

Keywords Biopsy, Histology, Congo red, Polarization, Immunohistochemistry,
Nomenclature, Biochemistry, Classification, Diagnosis, Immunofluorescence

During several centuries, amyloid has remained a simple curiosity for the patholo-
gist and amyloidosis has been associated with a kind of fate and renunciation for
the physician. That is no longer true as our knowledge of the nature, mechanisms,
and treatment of amyloidoses has radically changed within two decades. The cor-
nerstone of the modern management is the understanding that treatment of systemic
amyloidoses depends on the molecular type of the amyloid protein, associated mecha-
nisms, and eventually underlying disease. Amyloid deposits in humans can be derived
from more than 25 different types of proteins and many more variants (Table 3-1)
[1]. A limited number of them are involved in systemic amyloidoses, for which
more and more efficient treatments exist, but directly depending on the type of the
amyloidosis [2].

This renders early clinical diagnosis of amyloidosis mandatory and accurate clas-
sification of amyloid deposits imperative.
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Table 3-1. Amyloid fibril proteins and their precursors in human.

Amyloid protein Precursor
Systemic (S) or
localized (L)

Syndrome or involved
tissue

AA AoSAA S Reactive, secondary to
chronic inflammation

AL Light chain of
immunoglobulin

S, L Primary or myeloma
associated

AH Heavy chain of
immunoglobulin

S

ATTR Mutated TTR S Hereditary
Wild-type TTR S, L senile

AApoAI ApoAI S
L

Hereditary
Aorta, meniscus,

vertebral discus
AApoAII ApoAII S Hereditary
AApo AIV ApoAIV S Aging
AGel Gelsolin S Hereditary
AFib Fibrinogen

Aα chain
S Hereditary

ALys Lysozyme S Hereditary
Aβ2 M β2-Microglobulin S Associated with dialysis
ACys Cystatin C S Hereditary
Aβ Aβ protein

precursor AβPP
L Alzheimer’s disease,

aging
Abria ABriPP L Hereditary dementia,

British
ADan ADanPP L Hereditary dementia,

Danish
APrP Prion protein L Spongiform

encephalopathies
ACal Procalcitonin L C-cell thyroid cancer
AIAPP Islet amyloid

polypeptide
L Langerhans’ islets,

insulinoma
AANF Atrial natriuretic

peptide
L Cardiac atria

APro Prolactin L Aging hypophyse,
prolactinoma

AMed Lactadherin L Senile aortic media
AIns Insulin L Iatrogenic
Aker Keratoepithelin L Hereditary corneal

dystrophies
ALac Lactoferrin L Cornea
AOaap Odontogenic

ameloblast-
associated
protein

L Odontogenic tumor

ASemI Semenogline I L
L

Vesicula seminalis

ATau Tau L Alzheimer’s disease,
fronto-temporal
dementia, senile brain

aABriPP and ADanPP are derived from the same gene

The Current Nomenclature of Amyloidoses

The increasing knowledge of the exact biochemical nature of amyloid disorders has
made a logical, easily understood, and possible to be enriched nomenclature abso-
lutely necessary. In fact, in order to avoid a mix of clinical and histochemically based
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designation, the International Society of Amyloidosis has set up a nomenclature based
on the nature of the main protein that constitutes the amyloid fibril. Thus, the fibril
protein, which varies according to the type of amyloidosis, is always designated pro-
tein A plus a suffix which is an abbreviation of the name of the precursor protein.
The fibril proteins involved in the main forms of systemic amyloidosis are designed
as follows: AL is the protein derived from immunoglobulin light (L) chains; AA the
fibril protein derived from the acute phase protein SAA; and ATTR the fibril pro-
tein derived from the plasma protein transthyretin, formerly called prealbumin. This
biochemical nomenclature also allows more detailed designations for specific muta-
tions. Thus ATTRV30M is the name of the most common mutant amyloid protein of
transthyretin nature in Europe where the normal valine residue at position 30 has been
substituted with methionine. In this nomenclature the amyloid disorder itself is simply
denoted by adding the term amyloidosis. Thus AA amyloidosis is the disease created
by the deposition of AA fibril protein in tissues. This term has favorably replaced
secondary or reactive amyloidosis. Likewise AL amyloidosis should be used for the
former primary and myeloma-associated forms. The flexibility of this nomenclature
allows to characterize further an amyloidosis by clinical data. A localized form of AL
amyloidosis is thus designated as localized AL amyloidosis and the systemic form as
systemic AL amyloidosis; when myeloma is defined in association with AL amyloi-
dosis this form is denoted as myeloma-associated AL amyloidosis. Lastly there are
two forms of ATTR amyloidosis: one is genetic and the second one is linked with
ageing and usually called senile ATTR [1].

Clinical Diagnosis—Amyloidosis as a Great Masquerader

A constant complaint of patients with rare diseases is the long delay between the
first symptom and the clinical diagnosis made by physicians. This is also true for
amyloidosis and can be explained in part by the great number of organs and systems
that can be affected by amyloid deposits leading to a large variety of symptoms, none
of them being specific of the disease.

Virtually all organs can be affected by amyloidosis. We will only recall the main
symptoms of systemic and localized amyloidoses, except for the central nervous sys-
tem and amyloid associated with hormonal polypeptides.

Renal abnormalities are the most frequent but also the least specific signs. Protein-
uria is the principal mode of discovery of systemic amyloidosis. Persistent nephrotic
syndrome accompanied with advanced renal failure and enlarged kidneys can be con-
sidered as suggestive of amyloidosis. Cardiac involvement gives relatively consis-
tent signs including heart failure, arrhythmia, or conduction disturbances. Other signs
which are less common include angina pectoris, systemic arterial emboli, pericarditis,
mitral regurgitation, and right ventricular rupture. Cough, hemoptysis, and dyspnea
can also reveal the various types of respiratory tract lesions: bronchial, mediastinal,
and parenchymatous. Hepatic enlargement is common but complications such as por-
tal hypertension, ascites, jaundice, liver rupture are rare. Splenic enlargement is also
common, hyposplenism and splenic rupture are rare. There are many digestive tract
symptoms, reflecting the different levels of anatomical lesions: dysphagia, abdominal
pain, vomiting, hemorrhage, diarrhea, pseudo-obstruction or true occlusion, perfora-
tion, and intestinal infarction. Nerve involvement is essentially a sensory and motor
polyneuropathy starting in the lower limbs. Cranial nerves are rarely affected. Amy-
loidosis is an established cause of the carpal canal syndrome. Muscle involvement
with pseudohypertrophy and functional impairment is uncommon.
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Skin lesions are highly polymorphic: common lesions are petechiae, purpura and
ecchymoses, papules, nodules, and plaques; uncommon lesions are scleroderma-like
diffuse infiltration, bullous lesions, onychodystrophy, and alopecia. Joint amyloido-
sis can present as a symmetric polyarthropathy involving shoulders with the classic
shoulder pad sign, wrists, hands, and knees. Rarely, it may present as a polymyalgia
rheumatica. Spinal cord lesions are uncommon. Fractures secondary to destructive
bone lesions have been reported. Pain and hematuria can be signs of ureteral and
bladder amyloidosis. Rarely, amyloid deposits target the eye involving the eyelid, the
conjunctiva, the cornea, and/or the orbit. Vitreous deposits can mimic uveitis. Dys-
phonia is characteristic of laryngeal amyloidosis.

The least specific but frequent signs in severe forms of the disease are general
signs such as fatigue and weight loss.

In fact, the diagnosis must be considered when there is a combination of non-
specific signs or when a sign is present in a clinical context compatible with the exis-
tence of amyloidosis. The most important context to consider is chronic inflammation.
In this setting, the routine search for proteinuria is mandatory to detect AA amyloi-
dosis and an inquiry of the family medical history directs toward a genetic form. AL
amyloidosis is difficult to diagnose because it has the highest degree of variety of
clinical symptoms and because the context of a plasmacytic disease is not apparent,
except the uncommon cases where a monoclonal component is already known.

How to Make the Diagnosis of Amyloidosis?

The Different Types of Biopsy

The diagnosis of systemic amyloidosis still relies on a biopsy showing amyloid
deposits. Two strategies are possible for the biopsy. First, it can be taken from a
clinically involved organ. Second, it can be taken from a clinically uninvolved organ
which is known to frequently contain amyloid deposits in the systemic forms. In gen-
eral, biopsy of a clinically involved organ is performed as a second-line technique,
and the second strategy should be favored. This implies, however, that the diagnosis
of amyloidosis has been suspected on clinical signs.

Nowadays, three first-line types of biopsy are commonly performed: (1) biopsy
of the gastrointestinal tract: rectal or gastroduodenal; (2) labial salivary gland (LSG)
biopsy; and (3) subcutaneous abdominal fat aspiration biopsy (AFA).

Gastrointestinal Biopsy

Rectal biopsy was introduced in the 1960s by the Tel-Hashomer Hospital group in
Israel for the diagnosis of AA amyloidosis [3]. Rectal biopsy is performed during a
proctoscopy or sigmoidoscopy and is not painful, and the risk of hemorrhage is low;
however, sigmoidoscopy is unpleasant. Many other series have found good sensitivity
of this technique for the diagnosis of systemic AA, AL, and ATTR amyloidoses [4].

Since all gastrointestinal vessels are involved, amyloid deposits can also be found
in gastric or duodenal biopsy obtained during endoscopy. Some data suggest that
gastroduodenal biopsy could be as informative as rectal biopsy [5, 6].

Whatever the place, amyloid may be present as vascular and interstitial deposits
and can affect all the layers of the gastrointestinal wall. It is found more commonly in
submucosa than in muscularis mucosae or mucosa, therefore biopsies should be deep
enough to provide the highest level of sensitivity [7, 8].
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Labial Salivary Gland Biopsy

Accessory salivary glands are situated in the labial mucosa and their biopsies do
not require special endoscopic equipment. Labial salivary gland biopsy has replaced
the older gingival biopsy that was unpleasant and its sensitivity very variable. The
development of labial salivary gland biopsy was inspired by some isolated cases of
amyloidosis revealed by a sicca syndrome and salivary gland infiltration [9]. The
current technique is simple with a short incision and may require no suture. LSG
biopsy can be used for the diagnosis of AL, AA, and ATTR amyloidoses [10, 11].

Abdominal Fat Aspiration

Subcutaneous abdominal fat aspiration biopsy (AFA) as a diagnostic tool of systemic
amyloidosis has been introduced in 1973 by Per Westermark and has been validated
subsequently by many different investigators. Using a disposable syringe and a nee-
dle with an internal diameter of 0.7–1.2 mm, subcutaneous adipose tissue is aspirated
and smeared onto a glass slide, air dried, and stained with Congo red. This procedure,
which is not stricto sensu a biopsy, but rather an aspiration, requires only minimal
local anesthesia of the periombilical subcutaneous tissue which is the preferential site
[12]. AFA is thus simple, does not require specific equipment, bears a negligible risk
of complications, and mainly has no risk of serious bleeding. However, the sample
should not contain fat droplets only, as amyloid is located in the surrounding tissue.
Studies with biopsies from organ and tissue at distant sites as gold standard reported
that sensitivity of AFA ranged from 35 to 84 [8]. Most types of amyloid can be diag-
nosed by AFA, including AL, AA, and hereditary forms [8].

How to Choose Between These Three Techniques?

There is no study rigorously comparing these three techniques. In particular, in series
evaluating AFA, the gold standard biopsy varies from one series to the other. Only
two series compare LSG biopsy with AFA; however, the first one relies on a selected
population of people over 80 years [13]. In the second study, the gold standard is renal
biopsy, which is compared to rectal, labial, and subcutaneous fat biopsy (not AFA)
and suggests that rectal and LSG biopsies have a higher sensitivity to disclose amyloid
deposits than subcutaneous fat biopsy [14]. Another series compares gastroduodenal
and renal biopsies to AFA in Japanese patients with rheumatoid arthritis and suggests
that gastroduodenal biopsy is more sensitive than AFA [6]. Conversely, in the largest
series of 162 patients, AFA was compared with at least one biopsy from another site.
In this series the specificity of AFA is 100 and the sensitivity is 93 when three smears
were thoroughly examined [15]. This last result comes from a tertiary center which is
experienced in AFA and explains why it has good results compared to other studies.
It is thus difficult to express general recommendations with these methods. All these
methods are efficient when they are used by experienced hands.

Liver Biopsy

Vascular involvement is constant in amyloidosis and leads to various bleeding mani-
festations [16]. It is thus usually considered that liver and kidney biopsies in patients
with amyloidosis have a greater risk of bleeding complications. Spontaneous hem-
orrhagic rupture of the liver may occur in AL and ALys amyloidoses [17, 18]. Fatal
accidents have been formerly described with transparietal liver biopsy in AL patients
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who had probably major hemostasis disorders such as acquired factor X deficiency.
Liver biopsy probably increases moderately the risk of bleeding in patients with amy-
loidosis and no overt disorder of the coagulation as in other liver disorders with small
vessel involvement such as sickle cell disease [19]. Experience with fine-needle or
transjugular liver biopsy to decrease this potential risk is limited [20]. Moreover the
majority of the patients undergoing liver biopsy are rather suspected of having neo-
plastic disease rather than amyloidosis, and special precautions are thus generally not
taken.

Kidney Biopsy

Renal involvement is common in AL, AA, and most familial forms of amyloido-
sis and kidney biopsy therefore is an important diagnostic tool. In addition, tissue
obtained from kidney biopsy is ideal for amyloid subtyping [21]. Kidney biopsy
remains often indispensable in case of suspicion of amyloidosis and other types of
renal involvement in systemic disease. Although the risk of moderate bleeding has
been suggested by some series, it seems that in the absence of a hemostatic disorder
and/or uncontrolled hypertension, bleeding risk during kidney biopsy is not increased
in patients with systemic amyloidosis [22, 23].

Other Sites

Heart Biopsy
In rare cases of isolated cardiac symptoms, endomyocardial biopsy alone allows the
diagnosis of amyloidosis [24]. Current statement with endomyocardial biopsy does
not highlight a specific risk for amyloidosis except of the hemorrhagic nature [25].

Nerve Biopsy
Neuronal amyloid deposits are patchy, and thus sural nerve biopsy is not very sensi-
tive [26]. Moreover, it is not a simple procedure; bears a risk of long-lasting discom-
fort, sensory deficit, infection, and wound dehiscence; and should be performed only
in cases that cannot be diagnosed by other means [27].

Bone Marrow Biopsy
Bone marrow biopsy is performed in cases of AL amyloidosis to disclose plasma cell
dyscrasia. It reveals vascular or interstitial amyloid deposits in more than 50 of the
cases and allows immunochemistry [28, 29]. Amyloid deposits may also be found in
AA amyloidosis and incidentally in ATTR amyloidosis [30, 31].

Stains and Their Pitfalls

Amyloid deposits may be apparent, although not constantly, with standard stains such
as hematoxylin eosin (HE) without or with safran (HES), yielding a monomorphous
pale eosinophilic pattern. Conversely, Masson trichrome and Gieson’s elastica stain
are not able to reveal amyloid [8, 32].

It has been shown in the past that several molecules offer specific staining of amy-
loid deposits. Among them thioflavin S and T dyes are sensitive stains for amyloid
deposition and have been used for a long time. An intensive fluorescent reaction
is observed when thioflavin binds amyloid fibril. However, these methods are not
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specific for amyloid. They are at the most helpful in screening, and positive results
should always be confirmed by more specific methods [33].

Congo red still reigns as the “king of dyes” in the diagnosis of amyloid [34]. The
old Bennhold technique has been significantly modified by Puchtler and provides a
better specificity [35]. Others used a slightly modified method by Romhányi [36].
Moreover, following Congo red staining, amyloid gives an “apple-green birefrin-
gence” under polarization which is specific for amyloid and definitely distinguishes
amyloid from collagen. Rather than showing “apple-green birefringence in polarized
light” as usually reported, some authors have recently proposed that more accurately
the phenomenon should be said to show “anomalous colors” [37].

It is important to mention that Puchtler’s Congo red in conjunction with polar-
ization microscopy is highly specific but of limited sensitivity. Small and scattered
deposits can be missed. To increase the sensitivity one can use thicker tissue sections
(5–10 μm instead of 2–5 μm) and/or apply fluorescence microscopy on Congo red-
stained sections so that amyloid yields a yellow–orange fluorescence [38]. This is,
however, not specific and does not allow to free from the polarization phenomenon.

Coupling Congo red with immunohistochemistry using antibodies directed against
amyloid proteins may also increase sensitivity but cannot be considered as an appro-
priate technique for routine detection, as it implies to know the nature of amyloid
deposits to choose the antibody or to use a panel of antibodies against various pro-
teins [39].

All forms of amyloid contain amyloid P component, and antisera against serum
amyloid P component may help first to establish the nature of some deposits of unde-
termined status after staining with Congo red and second to provide a suitable positive
control for immunohistochemical studies [21].

Electron Microscopy

Electron microscopy exhibits, as X-ray diffraction, the fibrillar nature of amy-
loid. On electron microscopy, amyloid consists of rigid, non-branching microfib-
rils of indefinite length, a mean diameter of 1 Å, and a central electron-lucent
core. These characteristics differentiate them from other types of microfibrils which
underline other varieties of extracellular deposits, particularly those derivating from
immunoglobulins [40]. In routine practice, there is no place for the use of standard
electron microscopy for the diagnosis of amyloidosis.

How to Establish the Type of Amyloidosis?

Establishing the type of amyloidosis has become a central issue as the current treat-
ment of systemic amyloidosis directly depends on the molecular type of the amyloid
protein.

This crucial step requires a rigorous strategy aiming at collecting a series of argu-
ments to eventually retain one type of amyloidosis.

Clinical Arguments

The type of amyloidosis is sometimes obvious due to relatively suggestive combina-
tions of arguments. In fact, AL amyloidosis, which comprises the greatest variety of
symptoms, is strongly supported when several of the following organs are involved:
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heart, skin, peripheral nerve, carpal tunnel syndrome, tongue with macroglossia,
joints, and factor X deficiency [28]. In these settings, the added value of a mono-
clonal component renders the diagnosis of AL quite sure. Virtually all patients have a
detectable monoclonal light chain in the serum or urine shown by immunofixation or
an elevation of the immunoglobulin free light chain level revealed by nephelometry.
The association of both techniques is still recommended to enhance the sensitivity
and thus, the combination of immunofixation of both serum and urine with the serum
free light chain concentration has a 100 sensitivity [41, 42]. Bone marrow examina-
tion will demonstrate clonal plasma cells as the source of the light chain production
[29].

Of utmost importance for the diagnosis of AA amyloidosis is the existence of a
disease known to lead to this complication. Usually it is a longstanding inflammatory
disease with marked and constant acute phase response routinely evaluated by the
measurement of blood serum amyloid A (SAA) or C-reactive protein (CRP) [43].
However, when the underlying disease is a cancer, it may be previously undiagnosed
and discovered only at the same time as the amyloidosis [44]. There are also some
cases of AA amyloidosis with no evidence of underlying inflammatory disorder [45].

A history of familial disease with a dominant mode of inheritance should be inves-
tigated in every patient with amyloidosis, mainly when there is a peripheral neuropa-
thy, but also in the case of renal, cardiac, hepatic, cutaneous, or ocular disease.

In fact, it may be more difficult to distinguish the main forms of multisystemic
amyloidosis. Several organs can be frequently affected in two different types of sys-
temic amyloidosis: kidney, liver, gastrointestinal tract, and spleen may be involved in
AL and AA amyloidoses; heart, peripheral nerve, gastrointestinal tract, and kidney
in AL and ATTR amyloidoses. Patients with non-TTR hereditary amyloidosis have
commonly renal involvement that can result from the deposition of apolipoprotein AI
or AII, lysozyme, or fibrinogen αA chain [46]. Clinically, the syndrome is indistin-
guishable from AL amyloidosis.

Histology

Conventional morphology of amyloid deposits does not bring many arguments for
the typing of amyloid deposits, although subtle differences have been emphasized
in the past such as a difference between AA and AL amyloidosis with respect to
the site where amyloid fibrils are deposited [47]. AA fibrils were proposed to be
seen most commonly in association with reticular fibrils, while fibrils associated with
primary and most other amyloid forms were proposed to accumulate in association
with collagen fibers. The difficulty with this classification has made it obsolete and
it is no longer used. It is in fact difficult to determine an amyloid type based on
pattern of distribution in the disease, particularly in the early stages, i.e., at the time
point when the determination of type is of greatest importance. One exception could
be the pure glomerular pattern which is characteristic of AFib amyloidosis in the
kidney [48].

Immunohistochemistry

Important studies to classify the type of amyloid would include immunohis-
tochemical staining of tissues with appropriate commercially available antisera
directed against amyloid proteins. Besides immunohistochemistry, the potassium
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permanganate method helps to characterize amyloid proteins [49]. The sensitivity of
amyloid proteins to permanganate, as shown by loss of Congo red affinity and altered
birefringence, is specific to AA and Aβ2 M amyloids, whereas AL and ATTR amy-
loids are resistant to such treatment. This method is most of the time well correlated
with immunochemistry, but its interpretation is sometimes difficult especially when
amyloid deposits are thick or extensive and the sensitivity to permanganate incom-
plete. Practically, the permanganate method permitted distinction between AA and
AL amyloidosis, but it is now supplanted by immunohistochemistry [50].

Immunohistochemical diagnosis of amyloidosis is a particular and demanding
domain and is still far from being codified when considering the surprisingly wide
range of success in immunohistochemical amyloid typing, ranging from 38 to 87
in recently published series [32]. Its principles and pitfalls have been recently high-
lighted [21, 32, 51, 52].

The first and crucial question for the pathologist is to recognize AL amyloidosis.
This should no more be a diagnosis by default being hold when amyloid deposits are
not reactive with antibodies raised against AA protein. Diagnosing AL requires the
reaction of amyloid deposits with antibodies directed either against kappa or lambda
chains of immunoglobulin. It must be first emphasized that results of immunohis-
tochemical staining frequently are better on frozen tissue samples and this is espe-
cially true for anti-light chains of immunoglobulins. Therefore, immunofluorescence
is the technique of choice for typing amyloid derived from immunoglobulin light (and
exceptionally heavy) chains. Second, due to intrinsic variability of the light chain of
immunoglobulin, standard antibodies may not recognize light chain epitopes in the
deposits. Third, commercially available anti-light chain antibodies lack specificity,
that is, they do not necessarily reveal a predominant immunostaining of one light
chain type. Fourth, they may also cross-react with AA fibrils due to the “sticky”
nature of this material [51, 53].

Conversely, immunohistochemical diagnosis with anti-AA and anti-TTR antibod-
ies is more reliable with immunoperoxydase method, even in fixed tissues [21].

Due to the recent recognition of the diversity of hereditary amyloidoses, the dis-
crimination between AL and these varieties has become the main diagnostic problem
(Table 3-2). In one series of 350 patients from a reference center with a presump-
tive diagnosis of AL amyloidosis and the absence of a family history, 10 of patients
were shown to have genetic amyloidosis, mainly AFib and ATTR [54]. Twenty four
percent of these patients also had a low-grade monoclonal gammopathy which was
particularly misleading. In another series the association of both a monoclonal gam-
mopathy and a mutation in an amyloid protein was found in some patients [55]. In
fact the diagnosis is difficult mainly in two clinical presentations. The first one is
isolated renal amyloidosis with no familial history. This syndrome is associated with
virtually all types of amyloidosis, including a recently discovered novel type with
leukocyte chemotactic factor 2 as amyloid protein [56]. The most frequent heredi-
tary type which can be mistaken with AL is AFib. In most cases, however, a renal
biopsy is performed and the specific glomerular pattern should evoke the diagnosis
which can be further supported by immunohistochemistry with anti-fibrinogen Aα

chain antibodies and confirmed by genetic analysis [48].
The second presentation which may raise diagnostic problems is peripheral neu-

ropathy or cardiopathy or both organs involvement. This syndrome may be associated
with AL as well as ATTR amyloidosis. Amyloid cardiopathy may be encountered
both in the hereditary form and in the senile form of ATTR amyloidosis [57–59]. In
fact ATTR is probably the third most prevalent amyloid in surgical pathology [60]
and this form probably remains underdiagnosed in current practice.
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The greatest diagnosis difficulty is the case of patients with both a monoclonal
component and a mutation in the TTR or in the fibrinogen Aα chain. When this com-
bination is present, patients usually have a genetic amyloidosis [54], but the presence
of a mutation within the sequence of an amyloidogenic protein does not necessarily
indicate that the amyloid in the patient is derived from that mutated protein. Immuno-
histochemistry is here crucial to determine the actual nature of the deposits. In fact,
patients with proven AL amyloidosis, who also had mutations in one of the amyloido-
genic proteins, were thus recently reported [61, 62]. In some of these cases, immuno-
histochemistry may suggest that both κ chains and TTR are deposited in tissues [63].
Co-deposition of more than one amyloid protein, even without an immunoglobulin
light chain, has been reported either in different compartments of an organ or at the
same site [21, 64].

Distinguishing AL from AA is currently considered to be easier. However, exam-
ples of AL diagnosed in a clinical setting suggestive of AA amyloidosis have been
demonstrated [65]. Moreover some inflammatory diseases can be associated with a
monoclonal component and complicated with AA amyloidosis [66] or AL amyloido-
sis [67]. A recent study of amyloid typing on kidney biopsy suggests that immunoflu-
orescence staining for immunoglobulin light chains alone is not sufficient to distin-
guish AL from AA and consequently supports amyloid A immunostain on a routine
basis to avoid misclassification [51].

It is likely that using a panel of anti-light chain antibodies in immunofluorescence
on frozen samples coupled with anti-AA and anti-TTR antibodies on a routine basis
would greatly improve the determination of the nature of amyloid deposits [21]. Other
antibodies would be kept for expert laboratories.

More sophisticated techniques of immunohistochemistry have been used to
improve the accuracy of the diagnosis such as immunolabeling of amyloid fibrils
by colloidal gold particles in different types of biopsy including nerve biopsy [68] or
immunoelectron microscopy [69].

Beyond Immunohistochemistry

When immunohistochemical determination of the chemical type of amyloid remains
inconclusive, other methods are needed, particularly to show the presence of light
chain of immunoglobulin. Several techniques have been proposed by different authors
to go beyond immunohistochemistry and its pitfalls. None of them is routinely used
nowadays.

A first group of methods consists in partially purifying the material obtained
from amyloid-rich tissue sample even of very small size as obtained by standard
biopsy including AFA. The obtained material is then forwarded to enzyme-linked
immunosorbent assays [70]. Some authors have refined the method to measure the
amount of the amyloid A protein in patients with rheumatoid arthritis-associated
amyloidosis and showed it was correlated to the extension of amyloid evaluated with
Congo red staining [71]. After isolation, the protein may also be placed on gel elec-
trophoresis and subjected to Western blot [72]. These methods need appropriate spe-
cific antibodies often monoclonal and private.

By essence biochemical typing is the gold standard to determine the nature of
a protein. Most of the amyloid proteins have been first characterized by extraction,
purification, and sequencing following the discovery of the landmark method of Pras
[73]. These experiments were carried on tissue samples of big size obtained usu-
ally from autopsy and containing large amounts of amyloid material and therefore
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inappropriate for routine diagnosis with samples obtained from biopsies. That is why
biochemical typing of amyloid proteins extracted from routine frozen and formalin-
fixed, paraffin-embedded specimens has been developed for several years [74, 75].

More recently, besides its use in research, the application of proteomics techniques
for amyloid typing has been reported. These very delicate procedures require lesser
amounts of material for study, but a more complex preparation for the mass spectrom-
etry sequence. While such studies are feasible in paraffin-embedded biopsies, fresh,
unfixed tissue is also here preferable [76, 77]. Merger of laser capture microdissec-
tion and mass spectrometry allow to consider the power to extract minute amount of
amyloid deposits [78].

These sophisticated and consuming techniques are available only in highly spe-
cialized research laboratories and have not yet been validated for routine diagnosis of
amyloid.

Genetic Tools

Although some mutations may be shown at the protein level, namely from the plasma
precursor of amyloid protein [79], the mainstay of diagnosing the hereditary amyloi-
dosis is DNA testing. The choice of the gene to sequence is guided by the clinical
presentation and when available by the results of histology and immunohistochem-
istry [55]. Full DNA sequencing usually demonstrates one of the known mutations.
Occasionally, a new mutation will be found by direct DNA sequencing and correla-
tion of disease and genetics will be needed. This may be difficult in case of reduced
penetrance of some mutations and DNA testing results should always be compared to
other data.

Is Amyloid Localized?

Some forms of AL amyloidosis are localized, and the light chain production is local
and not part of a systemic plasma cell dyscrasia where the bone marrow produces
most of the amyloid light chains [80]. Localized forms of amyloid might be sus-
pected right away because of the organ involved. When deposits of amyloid are found
in the urinary tract (bladder, urethra, and ureter), it is virtually always a localized pro-
cess [81]. The other site is the respiratory tract where the commonest localized form
involves the larynx and tracheobronchial tree [82, 83]. These localizations although
not systemic may cause troublesome complications such as hemorrhage and dyspnea.
Most cases of amyloid in the orbit and conjunctivae are localized and the latter may
be mistaken for a lymphoma.

When amyloid deposits are found in one of these localizations, it seems rea-
sonable to set up a minimal workup consisting in physical examination and rou-
tine blood tests—possibly completed if any doubt on another specific amyloid
organ involvement—and a search for a blood monoclonal component with serum
immunofixation and immunoglobulin light chain in blood. A long-term follow-up
is nevertheless mandatory for both managing the local process and detecting poten-
tial emergence of a systemic process as this has been described in very rare cases
[82]. AL amyloidosis localized to the skin deserves the same surveillance. Non-
immunoglobulinic amyloid of various biochemical origin deposits in the atria of the
heart, endocrine tumor, knee joint meniscus, intervertebral disk is localized, and the
diagnosis of systemic amyloidosis should not be made in these cases.
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Chapter 4
Pathogenesis of Systemic Amyloidoses

Francesca Lavatelli, Giovanni Palladini, and Giampaolo Merlini

Abstract Systemic amyloid diseases are complex entities, in which an intricate inter-
play between multiple factors is responsible for protein misfolding and deposition,
with consequent cell and organ dysfunction. The chapter provides an overview of
major past and recent advancements in the study of the molecular bases of protein
misfolding diseases. Many questions are still open, notably the molecular mecha-
nisms underlying tissue targeting and organ dysfunction remain elusive. However,
the use of a multidisciplinary approach has allowed making important steps towards
the clarification of the pathogenic mechanisms, opening the way for the study of new
targeted therapies. It is now clear that interactions with the environment, along with
inherent biochemical and biophysical properties, determine the fate of an amyloido-
genic protein in vivo. During the years, the concept of a direct toxicity of protein
aggregates has emerged, and the pathogenic role of fibrils and prefibrillar species
and the pathways through which the damage occurs have been objects of intense
investigation, leading to a deeper—although not yet complete—understanding of the
molecular events behind organ dysfunction and to the development of new paradigms
in the treatment of systemic amyloidosis.

Keywords Protein misfolding, Fibrils, Oligomers, Tissue targeting, Common
constituents, Cytotoxicity

Introduction

The amyloidoses are a broad group of diseases in which specific proteins aggregate
forming insoluble fibrils that deposit in tissues, leading to cell toxicity and organ
dysfunction. A complex interplay between biochemical, genetic, environmental and
other biological factors sustains the cascade of events that lead to amyloid deposi-
tion and pathology [1] (Fig. 4-1), and important steps towards the clarification of
the pathogenesis of these diseases have been made by biochemical, biophysical and
cell biology investigations on amyloidogenic proteins and affected tissues. However,
many questions still remain to be addressed for a unifying description of the detailed
mechanisms of amyloidoses, and there is a fervid activity among scientists to clarify
the nodal pathogenetic points that could be targeted to prevent, stop or reverse the
damage. Three crucial and partially overlapping processes must be described in this
class of diseases: how the precursors lose their native structure and aggregate into
amyloid fibrils in vivo, which factors determine the tissue targeting and how the pres-
ence of fibrils and aggregates damages cells and tissues, leading to organ dysfunction.

49From: Amyloidosis, Contemporary Hematology,
Edited by: M.A. Gertz and S.V. Rajkumar, DOI 10.1007/978-1-60761-631-3_4,
© Springer Science+Business Media, LLC 2010



50 F. Lavatelli et al.

Increased synthesis
Protein mutation

Folding 
intermediates

Native
protein

Abnormally folded monomeric 
species

Interaction 
with GAGs

Oligomers

Amyloid fibrils

Interaction with 
GAGs/ collagen/ other
tissue components

SAP/GAGs      

Fibril stabilization and protection

Limited 
proteolysis

Tissue targeting
Cytotoxicity

Organ
dysfunction

Fig. 4-1. Pathogenetic steps in the development of amyloid diseases. Intermediate folding
states are populated during the acquisition of the native structure. The acquisition of an alter-
native (misfolded) structure or destabilization of the native structure, which is favoured by
the presence of mutations (as in hereditary amyloidoses), proteolytic remodelling, physico-
chemical stimuli and interaction with other molecules or cell/tissue components (notably
glycosaminoglycans and SAP), renders the protein prone to aggregation into oligomers and
formation of amyloid fibrils. Organ dysfunction may result primarily from the cytotoxicity
of the amyloid protein prefibrillar oligomers and, to a less extent, from the accumulation of
amyloid deposits in the tissues.

In addressing the first point, the isolation of the protein components of natural
amyloid fibrils and their chemical and physical characterization are key investiga-
tive tools. Besides allowing the identification of their protein constituent, fibrils from
biopsy or autopsy specimens are a source of material for biochemical and biophys-
ical in vitro studies and can reveal the presence of in vivo modifications relevant
for protein destabilization and toxicity. The investigation of the molecular basis of
tissue targeting requires the analysis of the interactions between the amyloidogenic
protein and the tissue constituents: cells and matrix components. For dissecting the
mechanisms of tissue damage, appropriate experimental models of toxicity must be
designed, with sensitive assessment of the cell and tissue responses occurring as a
reaction to the presence of amyloid proteins or fibrils.

Protein Misfolding and Aggregation

More than 25 different proteins are known to be causative agents of amyloid diseases
in vivo [2] (see Table 4-1). The primary event behind the onset of amyloidoses is the
loss of the soluble, native state of a protein, with acquisition of an alternative, predom-
inantly β-sheet secondary conformation and consequent tendency to form aggregates
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Table 4-1. Amyloid fibril proteins and their precursors causing the most clinically
relevant amyloid diseasesa.

Precursor
Amyloid
protein Syndrome or involved tissues

Aβ protein precursor
(AβPP)

Aβ Alzheimer’s disease sporadic, aging
Hereditary cerebral amyloid
angiopathy—Dutch type

Prion protein APrP CJD sporadic (iatrogenic), nv CJD
Familial CJD, GSSD, FFI

ABriPP/ADanPP ABri/ADan British and Danish familial dementia
Cystatin C ACys Icelandic hereditary cerebral amyloid

angiopathy
β2-microglobulin Aβ2M Chronic haemodialysis

Joints
Immunoglobulin light

chain
AL Primary, myeloma associated

(Apo) serum AA AA Secondary, reactive to chronic
inflammation, infections, neoplasia

Transthyretin
Senile

ATTR Prototypic FAP, approximately 100 variants
reported
Heart, vessels

Apolipoprotein A-I AApoAI Liver, kidney, heart according to variants, 12
reported
Aortic

Apolipoprotein A-II AApoAII Kidney, heart
Gelsolin AGel Finnish hereditary amyloidosis
Lysozyme ALys Kidney, liver, spleen, lymph nodes
Fibrinogen Aαchain AFib Kidney (liver, heart)b

CJD: Creutzfeldt–Jakob’s disease; nv: new variant; GSSD: Gerstmann–Sträussler–Scheinker’s disease;
FFI: fatal familial insomnia
aThe following proteins may also cause amyloidosis: immunoglobulin heavy chain; (pro)calcitonin; islet
amyloid polypeptide; atrial natriuretic factor; prolactin; insulin; lactadherin; kerato-epithelin; leukocyte
chemotactic factor 2
bRare, but severe
Modified from Westermark et al. [2].

and insoluble amyloid fibrils [3] (Fig. 4-1). Despite the heterogeneous structures and
functions of the precursors, the fibrils are morphologically almost indistinguishable,
although a certain degree of variability is disclosed by the accurate evaluation of
the number of protofilaments assembled within the mature fibre, ranging from three
protofilaments in the fibres deriving from apolipoprotein A-I (apoA-I) to six for fibres
of different chemical composition [1, 4, 5]. Since the end of the 1990s, however, sem-
inal studies have cast new light on the process of amyloid formation, showing that
self-organization into amyloid fibrils is not a specific characteristic of the proteins
known to be causative agents of this class of diseases, but may be regarded as a gen-
eral property, common to most proteins when subjected to opportune conditions, con-
figuring amyloid as a generic, primordial structure enabling proteins to self-organize
[6–10].

This conformational conversion, in vivo, is a pathologic event closely related to
the physiology of protein folding. The acquisition of the fully folded, so-called native
state, is, in fact, a dynamic process that leads to the achievement of the energetically
most stable structure under physiological conditions [3]. The hallmarks of amyloido-
genic proteins are a native conformation that is thermodynamically less stable than
the normal counterpart and a particularly high propensity for self-aggregation dur-
ing the fluctuations between fully unfolded, locally unfolded and folded states, which
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naturally occur during the life of a protein. The exposure to various extracellular dena-
turing stimuli can cause transient unfolding of the polypeptide chain; this is usually
reversible but may, in some instances, bring to surface normally hidden hydrophobic
residues, thus making the protein prone to self-aggregation. Moreover, specific post-
translational modifications, such as proteolytic cleavage, may be favoured by partial
unfolding, thus destabilizing the protein to the point of preventing the reacquisition
of the native structure.

According to the basic mechanisms of amyloid formation, amyloid proteins may
be divided into four categories: (1) proteins with an intrinsic propensity for confor-
mational fluctuations, which further increases with age. Transthyretin, with its ability
to form amyloid deposits in elderly people even in its wild-type form, is one example
of this category of amyloid-forming proteins; (2) proteins which, in spite of their sus-
ceptibility to partial denaturation and self-aggregation, do not normally form amyloid
deposits due to their low serum concentration, but can generate deposits once a per-
sistently high serum concentration is achieved, such as β2-microglobulin (b2-m) in
patients undergoing long-term dialysis; (3) proteins in which the conversion to fibrils
requires the presence of mutations. For instance, human lysozyme, which does not
produce amyloid fibrils in its wild-type form, is the causative agent of an autosomal
dominant hereditary disease transmitted when one of the amyloidogenic variants is
present [11]. In certain proteins, the mutation may favour the proteolytic cleavage
that releases a polypeptide fragment with high propensity for fibrillar aggregation;
(4) proteins in which both mutations and increased concentration concur to amy-
loid formation, as in the case of immunoglobulin light chains in AL amyloidosis
[12–14].

The extreme variability among immunoglobulin light chains complicates finding a
single mechanistic explanation for their low stability, but specific features are known
to be statistically linked to the development of amyloidosis. For example, λ light
chains are more frequently amyloidogenic than κ light chains and, among λ light
chains, those derived from some genes, as Vλ3r (λIII) [15] and Vλ6 [16–19], have
a strong tendency to form fibrils. Moreover, a substantial proportion of the amyloid
clones develop from B cells selected for improved antigen-binding properties, and
pathogenic light chains show evidence of this selection [20].

Among the globular proteins associated with clinical amyloidosis, the systems
characterized in more detail for their transition from a globular monomeric struc-
ture to the fibrillar state are probably human transthyretin, lysozyme and β2-
microglobulin. In the hereditary forms, like ATTR and lysozyme amyloidosis, the
acquisition of an amyloidogenic propensity is the consequence of DNA mutations.
Even single amino acid substitutions, in fact, can cause the loss of intramolecu-
lar bonds, which, in the wild-type form, play a role in maintaining the stability of
the globular structure. More than 100 different TTR mutations have been reported
[21–23], and most of them are amyloidogenic. Transthyretin is a homotetrameric pro-
tein with approximately 60% β-sheet secondary structure. Four monomers associate
non-covalently to form the tetrameric plasma transport protein which has binding
sites for thyroxine in a central channel and surface receptors for RBP/vitamin A.
According to the commonly accepted model, the presence of TTR mutations trans-
lates in the loss of cohesion between the four monomers constituting the tetramer,
which dissociate into monomers that become then prone to aggregation.

During the years it has become clear, however, that the process of amyloid depo-
sition in vivo is affected by a number of biological factors, which have to be taken
into account during in vitro studies, to elucidate the real mechanisms behind amy-
loidoses. To initiate protein fibrillogenesis in vitro, in fact, it is necessary to adopt
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harsh conditions, such as buffer acidification or the use of other chemical or phys-
ical denaturants (as high temperature or addition of co-solvents), which are non-
physiological and almost impossible to be reached at the site of amyloid deposition.
In buffer solutions that reproduce physiological pH, ion strength and temperature, the
proteins known to be amyloidogenic in vivo, either in the wild-type or mutated form,
do not spontaneously convert into fibrils. These observations indicate that physiolog-
ical factors, which are not generally present in the test tube, are required for amyloid
formation [24].

The Fate of Misfolded Proteins Is Regulated by the Cellular
Quality Control Mechanisms

A proper balance between protein synthesis, maturation and degradation is crucial
for cell survival. Protein folding in the cell is a central process, carefully assisted,
from transcription to secretion, by tightly regulated molecular machineries requir-
ing energy consumption [25]. Proteins that do not attain a correctly folded state are
targeted for degradation. However, amyloidogenic proteins, which are susceptible to
extracellular misfolding, must escape the endoplasmic reticulum (ER) quality control
mechanisms to be secreted. The role of the intracellular quality control system in dic-
tating the fate of amyloidogenic proteins has been most thoroughly investigated in the
case of transthyretin. In this form of amyloidosis, experimental models have shown
that, in fact, ER quality control apparatus discriminates amyloidogenic variants com-
pared to the wild type [26, 27], increasing their retention, albeit with an efficacy that
depends on the mutation and on the type of tissue involved [28]. For example, certain
transthyretin variants are scantly secreted by hepatocytes but less retained by choroid
cells, therefore creating a low concentration of the variant in plasma, but a higher
concentration in the cerebrospinal fluid, thus explaining its selective leptomeningeal
deposition.

Differences in secretion efficiency, based on the chaperone content of the endo-
plasmic reticulum in various tissues, may be one of the factors that influence the
tissue specificity, severity and age of onset of extracellular amyloid disease. Thus,
enhancing the clearance of misfolded proteins through increased interaction with
molecular chaperones is a possible therapeutic strategy for systemic amyloidoses.
Clarification of these aspects is particularly important in the perspective of grow-
ing life expectancy and expansion of the aged population, since aging is expected
to be associated with a progressive decrease in folding efficiency and a concomitant
increase in misfolded products.

Detailed Chemical Analysis of Ex Vivo Fibrils and Precursors
Discloses Features of Amyloidogenicity

The presence of post-translational modifications or proteolytic processing is now con-
sidered relevant in destabilizing the amyloidogenic precursor and leading to amyloid
formation under physiological conditions. The biochemical detailed investigation of
the amyloid fibrils and precursors has been crucial for characterizing all the deposited
species and designing appropriate experimental models [14, 29–34]. Proteomics, cen-
tred on protein analysis by mass spectrometry, proved to be a particularly powerful
tool for a global and sensitive dissection of these aspects and has been applied to the
study of isolated fibrils, whole tissues and circulating precursors.
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A very high degree of heterogeneity, in terms of charge properties and molecu-
lar weight, is present in deposited light chains and transthyretin in subcutaneous fat
tissues from patients with, respectively, AL and ATTR amyloidoses [30]. The molec-
ular weight heterogeneity is particularly pronounced in AL amyloidosis, where the
deposits are constituted by tens of different species, consisting of N-terminal frag-
ments of the precursor light chain, missing a progressively longer portion of constant
region. The exact points of truncation in all species are unknown, but they are likely
to reflect specific cleavage mechanisms or involvement of particular undetermined
enzymes. In addition, in AL amyloidosis, the full-length light chain invariably consti-
tutes a large percentage of the deposited proteins. Besides the presence of fragments,
a high degree of charge heterogeneity has been described, which reflects the presence
of possible post-translational chemical modifications, such as deamidation.

Truncation, often occurring between residues 46 and 55 of the protein, is also a
prominent feature in some, but not all cases of transthyretin-related amyloidosis [30,
35–38]. In particular, considerable heterogeneity has been described within the popu-
lation of ATTR patients carrying the Val30Met TTR mutation, suggesting a prominent
role of individual factors in determining the processing and fate of the protein [36].
Occurrence of oxidation of specific transthyretin residues, such as tryptophan 41, is
also a known phenomenon [30, 39].

Proteomics of isolated amyloid fibrils has also had an important role in defining
a new model of disease in other forms of amyloidosis, such as those caused by the
deposition of b2-m [40, 41] and apolipoprotein A-I [42]. Whatever the source of
natural b2-m fibrils analysed so far, 25% or more of b2-m located in the deposits is
invariably cleaved at the N-terminus, with formation of a truncated form of the protein
(DN6 b2-m). Extensive investigation showed the total absence of this cleavage in free
circulating b2-m of plasma, cerebrospinal fluid or excreted in urines. The presence of
fragments of the precursors, instead, is a notorious phenomenon observed in urines
of patients with AL amyloidosis [43, 44], while their presence in the circulation in
vivo is less well defined.

The pathogenetic role of truncation and proteolytic remodelling is controversial. In
some forms of systemic amyloidosis, such as apolipoprotein A-I amyloidosis, consis-
tent experimental data indicate that the cleavages can favour amyloidogenesis [42] or
even dictate the tissue targeting of amyloid deposition, as in the case of transthyretin
amyloidosis [36]. In other amyloid pathologies, such as Alzheimer’s disease, prote-
olytic cleavage of the APP precursor protein, leading to the formation of Aβ40/42,
is universally accepted as necessary for fibril formation [45, 46]. In AL amyloidosis,
its role is less well defined, and it may occur after fibrils are formed and deposited in
tissues. Despite uncertainties on timing of the proteolytic event during in vivo fibril-
logenesis, the way the amyloidogenic protein is processed is associated to the clinical
phenotype, at least in some forms of amyloidosis as ATTR, where the presence of
truncated species in Val30Met patients is related to a later clinical onset and cardiac
involvement [36].

A proteomic approach has also been used for the characterization of circulating
precursors. Sulphonation and cysteinylation of the thiol group on the cysteine 10
residue of serum transthyretin are common physiological modifications, which are
able to modulate TTR stability under denaturing and non-denaturing conditions and
may be involved in the pathogenesis of senile systemic amyloidosis, where fibrils
are formed by wild-type TTR, and in certain variants, such as Phe33Cys, where an
additional cysteine residue is available for conjugation [37, 47, 48].

Accumulating evidence, started from the chemical analysis of amyloid deposits
in Alzheimer’s and other neurodegenerative diseases, is also pointing to the role of
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metals, mainly copper, zinc and aluminium, in favouring the process of protein aggre-
gation and toxicity, since these elements have been found in large amounts in associ-
ation with the deposited proteins [49–51].

Common Constituents: Role in Fibril Formation and Tissue
Targeting

Besides being determined by intrinsic chemical properties, protein folding and
behaviour in vivo can be deeply influenced by the interaction with other proteins
or cells and tissue components.

In addition to the main amyloidogenic protein, amyloid contains a variety of com-
mon constituents, irrespectively of the tissue and disease type (Fig. 4-1). One of these
ubiquitous molecules is serum amyloid P component (SAP), a glycoprotein with a
specific binding site for the common conformation of amyloid, located on the B sur-
face of the pentameric form (pentraxin) of the protein. The common conformational
motif of amyloid, which is recognized with high affinity by SAP, has not been identi-
fied, but it is presumed to be present in all types of amyloid fibrils. In Alzheimer’s dis-
ease, SAP binding to Aβ protein has been suggested to occur in a calcium-dependent
manner [52]. Serum amyloid P protects fibrils from several proteases and from the
activity of phagocytic cells [53, 54]. However, in the clinical setting, it has been
demonstrated that amyloid deposits can be reabsorbed if the supply of the amyloido-
genic protein is reduced or abolished, despite the presence of SAP.

Additionally, other molecules, such as apolipoprotein E, whose role in the disease
pathogenesis is not completely defined, are common amyloid components [55, 56].
In b2-m and reactive amyloidosis (AA), association between fibrils and various forms
of metalloproteinases (MMP-1, MMP-2 and MMP3) was observed by immunohisto-
chemistry [57].

Histopathology has always highlighted the ubiquitous presence of glycosamino-
glycans (GAGs), particularly heparan sulphate proteoglycans (HSPG), in all the nat-
ural amyloid deposits [58], and they are thought to have an important role in their gen-
esis and stabilization. Heparan sulphate, in particular, has an active role in amyloid
formation rather than passively accumulating in amyloid deposits [59a–59b]. One of
the hypothesized roles of proteoglycans is to act as a structural scaffold which facil-
itates the adhesion and orientation of the first nuclei of aggregated amyloid protein,
thus promoting the formation of oligomers. In vitro studies show that heparin and its
analogues accelerate the kinetics of fibrillar aggregation of peptides in different types
of amyloid diseases, such as Alzheimer’s disease, prion diseases, serum amyloid A
(SAA), b2-m and gelsolin amyloidoses [60–67b]. The intimate spatial association
between sulphated proteoglycans and amyloid fibrils has also been demonstrated by
direct visualization with electron microscopy [68]. Since different types of proteo-
glycans, which vary for chemical and structural composition, characterize different
tissues, they are one of the factors that may play a role in directing the localization
of amyloid deposits in target organs. The critical function of the glycosaminoglycan
heparan sulphate in the genesis of amyloid deposits has been demonstrated in cell
culture models [69] and in a transgenic experimental model in which the fragmenta-
tion of heparan sulphate by heparanase over-expression resulted in protection from
reactive amyloidosis (AA amyloidosis) [70]. The observation that use of heparan sul-
phate analogues could arrest the progression of amyloid deposits in vivo [71] and
the identification of specific binding sites for heparan sulphate on serum SAA [72]
leads to the design of specific drugs to inhibit polymerization of amyloid fibrils and
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deposition of the fibrils in tissues [73]. One of these drugs, eprodisate, proved to be
capable of delaying progression of renal damage in patients with AA amyloidosis
[73].

Studies carried out in vitro have demonstrated that surfaces have an aggregation-
inducing action and a direct role on the kinetics of aggregation [74–76]. In the connec-
tive tissue, where amyloid deposits preferentially form, fibrous proteins could mimic
the ordered hydrophilic surfaces offered by synthetic polymers or by the polymeric
structure of minerals like mica. A particularly important role in working as a scaffold
for the growing amyloid fibrils, inferred by histological and imaging studies, has been
postulated for collagen. A close spatial interaction of natural fibres of b2-m and colla-
gen was observed by atomic force microscopy [77], while fibrils from amyloidogenic
immunoglobulin light chains were shown to be growing on collagen, upon incubation
of the precursor with nascent collagen fibrils [78]. The interaction between collagen
and amyloidogenic proteins has been thoroughly investigated in the case of b2-m.
In vitro studies showed that, in a physiologic-like environment, collagen is a potent
promoter of b2-m fibrillogenesis [77], and that the interaction of b2-m with collagen
I and III, which are highly represented in bones and ligaments that are natural target
of the disease, is effective in generating amyloid fibrils under conditions compara-
ble with the biological setting, providing additional clues to the mechanism of organ
targeting.

Additional important surfaces for the promotion of protein fibrillation are lipid
membranes, which can interact with amyloidogenic proteins, including recombinant
light chains, accelerating fibril growth in a manner dependent on membrane compo-
sition [79]. Cellular membranes are considered one of the possible preferential sites
for initiating amyloid aggregation.

The observation that amyloid deposition occurs in the extracellular space
prompted further studies on the pathogenetic role of this compartment, leading to
the development of novel mechanistic hypotheses to integrate the process of assem-
bly forming in its biological environment, such as the theory of the effect of macro-
molecular crowding in increasing the propensity for fibrillogenesis [24]. The direct
consequence of macromolecular crowding, a situation in which biopolymers occupy a
high percentage of the available space, is that little space is left for additional macro-
molecules, which reduce their configurational entropy and therefore increase their
free energy, favouring aggregation. In the interstitial space where amyloid accumu-
lates, macromolecular crowding is determined mainly by the ubiquitous presence
of fibrous proteins, glycosaminoglycans and proteoglycans, which, in addition to
directly interacting with precursor proteins and oligomers as previously described,
may favour amyloidogenesis through a pure ‘excluded volume’ mechanism.

All the above-described biological factors that contribute to the onset and perpet-
uation of protein aggregation and deposition, and which differ between individuals,
may play a role in the biological variability of amyloid diseases, explaining why the
timescale and pattern of amyloid deposition are so variable in vivo.

Misfolded Proteins Cause Cytotoxicity and Tissue Dysfunction

Protein misfolding and amyloid deposition are associated with cellular damage and
tissue injury, which, in systemic amyloidoses, ultimately lead to failure of vital organs
and to the patient death [1] (Fig. 4-1). A universally accepted theory to explain the
mechanisms of damage does not exist, but various pathogenetic hypotheses are sup-
ported by numerous experimental and clinical observations. As different proteins can
generate similar fibrils, via an early oligomerization phase, it is expected that also
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common mechanisms of toxicity occur in the various forms of amyloidoses, possibly
with some stereotyped reactions in diverse tissues.

The deposition of large amounts of fibrillar material can subvert the tissue architec-
ture and consequently cause organ dysfunction [1, 80]. However, the simple explana-
tion of a physical, mechanical substitution of parenchymal tissue by amyloid deposits
seems to be insufficient. Other observations indicate that amyloid fibrils can interact
with local receptors, such as RAGE [81, 82], or, as observed in the cerebral cortex of
patients with Alzheimer’s disease, elicit an inflammatory response, which is related
to the progressive accumulation of Aβ [83].

A growing body of experimental evidence points to the prefibrillar, soluble
oligomers, which constitute the initial stage of aggregation and are transiently present
during the process of amyloid formation, as the most important causative agents of
toxicity [84–92b]. According to this hypothesis, mature amyloid fibrillary deposits
are inactive proteinaceous reservoirs that are in equilibrium with smaller toxic assem-
blies.

This aspect has been studied in detail in the case of transthyretin in ATTR amyloi-
dosis [91] and in case of the Aβ protein [92a, 93], in which soluble precursors have
been shown to be the specific mediators of damage, through generation of oxidative
stress, activation of the apoptotic pathway and interference with synaptic function
and neurotransmission. In ATTR, the presence of non-fibrillar TTR aggregates was
demonstrated in sciatic nerves of asymptomatic individuals, which also presented
increased caspase-3 activation [94]. Soluble oligomers, or even the amyloidogenic
light chains, have also been shown to exert cytotoxicity and contribute to organ dys-
function in AL amyloidosis. This observation derives from direct clinical evidence:
it was observed, in fact, that the reduction of the amyloidogenic free light chain con-
centration caused by chemotherapy translates into a simultaneous reduction of the
serum concentration of the amino terminal fragment of pro-brain natriuretic peptide
(NT-proBNP), a marker of cardiac dysfunction, and a concomitant echocardiographic
improvement in heart function, associated with clinical amelioration, despite unal-
tered amyloid deposits in the myocardium as assessed by echocardiography [90, 95].

Possibly, tissue damage requires the presence of both components: amyloid fibrils
and prefibrillar aggregates. There is no sign of disease in the absence of deposits,
whereas the elimination of the soluble fibrillar precursor may allow the clearance
of signs and symptoms of disease, despite the persistence of unmodified amyloid
deposits. A proposed unifying hypothesis is the existence of a synergic effect between
amyloid fibrils and their precursor. An equilibrium between associating and dissoci-
ating molecules has in fact been observed at the growing surface of the fibril [96],
creating a high concentration gradient of precursor monomers and oligomers, which
can exert their influence on cells situated in proximity of amyloid deposits.

The precise way of interaction between amyloidogenic precursors and cells is
another issue still open for debate. Internalization of amyloidogenic light chains by
a fluid-phase endocytosis has been documented in live cardiac fibroblasts, in which
the protein is subsequently directed to lysosomes and then re-secreted into the extra-
cellular medium [97]. A pore-like activity of annular oligomers, with insertion into
the outer cellular membrane and consequent alteration of the ion and metabolite per-
meability, is an additional mechanism proposed to explain cellular toxicity [98–100].
Once interacting with the cell, different mechanisms of damage may intervene. It
has been demonstrated that, in isolated cardiomyocytes, amyloidogenic light chains
specifically alter the cellular redox state, causing an increase in intracellular reactive
oxygen species and upregulation of the redox-sensitive protein, heme oxygenase-1,
with consequent direct impairment of cardiomyocyte contractility and relaxation,
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associated with alterations in intracellular calcium handling [101a]. Recently, the
activation of p38alpha MAPK pathway has been shown to be involved in the contrac-
tile dysfunction and apoptosis caused by amyloidogenic light chains [101b]. Other
mechanisms, such as activation of nuclear factor kappaB, pro-inflammatory cytokines
and pro-apoptotic caspase-3 [82, 94, 102], have been demonstrated in vivo in clinical
samples and in cell culture systems. In ATTR amyloidosis, activation of the unfolded
protein response pathways has been detected in tissues not specialized in TTR synthe-
sis but presenting extracellular TTR aggregate and fibril deposition [103], and subse-
quent studied on tissues, cultured cells and animal models confirmed the role of TTR,
as well as of other amyloidogenic proteins deposition as an external stimulus to an
intracellular unfolded protein response [104, 105].

Finally, important clues on the molecular mechanisms behind amyloid toxicity
come from the global analysis of changes in the proteome of tissue and cells. Modifi-
cations in the expression of proteins involved in cell survival and energetics have been
described both in cerebral and in systemic forms [30, 106]. In subcutaneous fat tissue
of patients with AL and ATTR amyloidoses, proteins such as αB-crystallin, a small
intracellular chaperone with antiapoptotic activity, aldo-keto reductase I and perox-
iredoxin 6, a thiol peroxidase regulated at the transcriptional level by oxidative stress,
were found to be underexpressed, in comparison to controls. AlphaB-crystallin, in
particular, is able to inhibit the in vivo amyloid fibril formation, specifically the for-
mation of fibrils from the Aβ protein, b2-m and α-synuclein [107–109b]. Considering
that adipocytes are not involved in the synthesis of the amyloidogenic precursors, the
significance of this finding in the setting of systemic amyloidoses is still unclear, but
it does suggest that the extracellular amyloid deposits can influence, or can be influ-
enced by, the expression of intracellular proteins involved in protein folding and cell
survival.

Conclusions

The impressive advancement in the understanding of the molecular mechanisms of
systemic amyloidoses, witnessed in the last decade, has translated in better care of
these severe diseases. The unveiling of the cytotoxicity of amyloid proteins in var-
ious aggregated forms, in the prefibrillar state, has led to the development of new
paradigms in the treatment of systemic amyloidosis. For instance, in AL amyloidosis
a strong relationship between the concentration of the circulating amyloid precursor,
the monoclonal light chains, and the sensitive serum biomarkers of heart dysfunc-
tion [95, 110] has been observed [90] and formed the basis for a more stringent and
effective monitoring of the efficacy of chemotherapy [111].

Several new drugs and novel therapeutic approaches have been developed thanks
to the elucidation of the molecular mechanisms of amyloidoses. Molecules capable
of interfering with the promoting/protective role played by common constituents of
amyloid deposits, such as glycosaminoglycans and SAP, have been designed. Drugs
capable of inhibiting the interaction between glycosaminoglycans and amyloid pro-
teins have been mentioned above. Small, palindromic molecules capable of clearing
SAP from the circulation and thus displacing SAP from amyloid deposits have been
developed and are being tested in patients [112]. In ATTR amyloidosis, drugs binding
to the central channel of transthyretin tetramer, such as diflunisal and Fx-1006A R©,
have proved effective in preventing the tetramer dissociation into monomers, which is
considered the prerequisite first step in the amyloidogenic cascade [113, 114]. These
drugs are currently tested in clinical trials.
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There are grounds for optimism that present progress in understanding the molecu-
lar mechanisms of amyloid diseases will lead, in the not too distant future, to effective
therapies.
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Chapter 5
Supportive Care for Amyloidosis

Martha Q. Lacy and Nelson Leung

Abstract Supportive measures for the care of amyloid patients are reviewed here.
Cardiac issues include medical management of congestive heart failure and arrhyth-
mias including the use of defibrillators and the use of pleural catheters for diuretic-
refractory effusions. The indications for solid organ transplant are reviewed including
heart transplant for AL and non-AL amyloid, liver transplant for ATTR and non-
ATTR familial amyloid, and kidney transplant for AL, AA, and AFib. Medical
management of renal issues including agents to reduce proteinuria and the use of
eprodisate to slow progression of AA amyloid is discussed.

Keywords Amyloidosis, Heart transplant, Liver transplant, Kidney transplant,
Implantable defibrillator

Introduction

The major focus of care for the patient with amyloidosis remains pursuing curative
strategies. However, there are significant interventions that can impact the care of the
patient with amyloidosis. This chapter focuses on this aspect of care. We will discuss
both medical and surgical interventions that are currently in use for supportive care
of patients with amyloidosis.

Cardiac Issues

Use of Cardiovascular Drugs

Considerable caution has to be exercised in the use of certain cardiac amyloid medica-
tions. Amyloid fibrils bind to both digitalis [1] and nifedipine [2]. Care must be taken
because these drugs may be associated with excessive toxicity in amyloid patients,
including increased susceptibility to digitalis toxicity and to hemodynamic deterio-
ration after calcium channel blockers [3, 4]. Angiotensin-converting enzyme (ACE)
inhibitors have been used to improve symptoms of congestive heart failure but may
provoke profound hypotension in AL amyloidosis. Caution must also be taken when
using beta blockers. These drugs are often useful in the management of tachyarrhyth-
mias but one study has shown that the use of beta blockers in patients with cardiac
amyloid is associated with a higher mortality rate [5].
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Management of Pleural Effusions

Management of patients with systemic amyloidosis (AL) who present with diuretic-
refractory pleural effusions is challenging and is associated with a poor prognosis.
Aggressive diuresis is often complicated by hypotension and intravascular volume
depletion. Other options include repeated large-volume thoracentesis, chest tube
placement, pleurodesis by tube thoracostomy, and video-assisted thoracoscopy with
talc insufflation. Serial thoracenteses are often unsatisfactory to patients due to recur-
rence and the need to perform the procedure repeatedly which increase the risk of
complications. Pleural catheters (PleurX), small-bore chest tubes designed to remain
in place for prolonged periods, have been reported to be useful in the management
of recurrent pleural effusions [6] but are associated with risk of infection including
empyema.

Recent reports have suggested a role for bevacizumab in the management of pleu-
ral effusions in AL amyloid [7, 8]. Vascular endothelial growth factor (VEGF) has
been implicated to play a role in both malignant and non-malignant pleural effusions
through its ability to regulate vascular permeability. Moreover, VEGF levels are high
in patients with plasma cell disorders including AL amyloidosis [9–11]. Bevacizumab
is an antibody directed against vascular endothelial growth factor. However, caution
must be used because the safety of utilizing bevacizumab in patients with preexisting
nephrotic syndrome and renal failure has not been determined.

Implantable Cardioverter Defibrillator

Cardiac involvement occurs in approximately 60% of patients with AL amyloidosis
and is associated with a poor prognosis [12]. Approximately two-thirds of patients
with cardiac amyloidosis die of “sudden” types of death, presumably due to heart
arrhythmias [13]. Prophylactic implantable cardioverter defibrillators (ICDs) have
been suggested as an option to reduce this risk. In one study, 19 cardiac AL amyloi-
dosis patients with history of syncope or high-grade ventricular arrhythmias received
an ICD. Two patients with sustained ventricular tachyarrhythmias were successfully
treated with the ICD. Two subsequently underwent cardiac transplant and one died of
an unrelated disease. There were six cardiac deaths, all sudden despite the ICD and
all due to electromechanical dissociation. Thus, the limited available clinical data do
not support widespread use of ICDs.

Heart Transplant for Amyloidosis

Heart transplant for amyloid was first described in 1988 [14]. In recent years it has
been increasingly accepted as a treatment modality for patients with amyloid car-
diomyopathy. Initially amyloid heart disease was considered a contraindication for
cardiac transplant based on the hypothesis that amyloid deposition would recur in the
cardiac allograft. Early reports generated from a survey of heart transplant centers
in the United States, Canada, and Europe showed results inferior to what is seen in
heart transplant for primary cardiomyopathy [15, 16]. Survival at 4 years was 39%
and systemic progression was seen in the majority of patients. However, it is difficult
to draw conclusions based on their experience because patients were seen at a number
of different centers and were not screened to exclude those with extensive systemic
involvement or treated with chemotherapy following the heart transplant. In addition
many of the early reports did not distinguish outcomes in patients with AL versus
non-AL amyloidosis. Heart transplantation for amyloid cardiomyopathy continues to
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generate controversy because of the donor shortage and concerns about recurrence
either in the transplanted heart or other vital organs.

Heart Transplant for AL Amyloidosis

Dubrey and colleagues [17] reported 5-year survival rates following heart transplant
of 38% among amyloidosis patients and 67% among patients without amyloidosis.
In that series 8 of 10 patients had AL amyloid and only 1 of the 8 had chemotherapy
following heart transplant. That patient had significant regression of amyloid deposits
in extracardiac organs documented by radiolabeled SAP scanning. A follow-up study
from the same group [18] described results in 24 patients with amyloid heart disease
who had heart transplants. The group of AL patients who received chemotherapy
after heart transplant had improved survival compared to the group who received no
chemotherapy, but survival was still inferior to what has been reported with heart
transplant for primary cardiomyopathy. UNOS data [19] including 69 heart trans-
plants performed in 24 different centers in the United States also suggest inferior out-
comes for heart transplant in patients with amyloidosis compared to those undergoing
heart transplants for other reasons. One-and five-year actuarial survival rates are 75
and 54% among amyloidosis patients and 82 and 64% among others, respectively.
However, in that series, no distinction was made between patients having transplant
for AL versus non-AL amyloidosis. In addition there was no information regarding
whether systemic chemotherapy or SCT was given to patients with AL amyloidosis.

In recent years there have been a number of reports of sequential heart transplant
followed by SCT for patients with AL amyloid cardiomyopathy [20–23] The largest
series was from Mayo Clinic and reported 11 patients who underwent sequential
orthotopic heart transplant followed by autologous peripheral blood stem cell trans-
plant [24]. The 1- and 5-year survival from heart transplant was 82 and 65%, respec-
tively. The median survival was 76 months from heart transplant and 57 months from
SCT (Fig. 5-1). Similar results have been reported in patients who underwent heart
transplant and were treated with oral melphalan and dexamethasone [25, 26]. These
data suggest that careful screening to include only those patients without significant
other organ involvement followed by effective treatment of the underlying mono-
clonal plasma cell dyscrasia may improve outcomes of heart transplant in AL patients.
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Fig. 5-1. (a) Survival after orthotopic heart transplantation. (b) Survival from the time of high-
dose therapy and stem cell transplantation according to the Kaplan–Meier method. Reprinted
from Lacy et al. [46].
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Heart Transplant for ATTR Amyloidosis

Using the same rationale, some centers have advocated combined heart/liver trans-
plant (CHLT) for ATTR amyloid cardiomyopathy. More than 99% of transthyretin is
synthesized in the liver and secreted into circulation. Orthotopic liver transplantation
removes the source for the pathologic protein. Multiple reports [21, 27] suggest that
CHLT is a feasible treatment option for ATTR amyloid. Between 1987 and 2006,
47 cases of combined heart–liver and heart–liver–kidney were reported to the United
Network for Sharing (UNOS). The most common reason for CHLT was amyloido-
sis (30%). Patient, heart, and liver graft survival rates were 75.6, 75.6, and 73.5%
at 5 years respectively, rates comparable to outcomes in patients with single organ
transplants.

Others have suggested that isolated heart transplant is more appropriate. Patients
with ATTR amyloid mutations typically do not get symptomatic cardiac involvement
until their 5th or 6th decade, suggesting that the patient is unlikely to immediately
develop amyloid in the transplanted heart. CHLT presents more logistical obstacles
as well as potential morbidity. A caution to those advocating this approach is the
finding that the heart involvement in ATTR amyloidosis can progress even after liver
transplant [28, 29]. The hypothesis is that once there is a nidus of amyloid, wild type
TTR can deposit onto it and extend the amyloid matrix [29].

Liver Transplantation for ATTR Amyloid

Orthotopic liver transplant (OLT) was first performed as treatment for ATTR amy-
loid in 1990 by investigators at the Karolinska Institute in Stockholm, Sweden [30].
In 1995 the Familial Amyloidotic Polyneuropathy World Transplant Registry (FAP-
WTR) was started. In the 10 years since the creation of the registry, 539 patients
underwent 579 OLTs [31]. Four hundred and fifty (83%) of the patients carried the
Val30Met mutation. Other mutations represented 12% of the patients and 5% had
missing or unknown mutations. The overall 5-year survival was 77% and was sig-
nificantly better on the patients with the Val30Met mutation compared to the non-
Val30Met mutations (79 versus 56%, p < 0.001).

It takes an average of 5–6 decades for patients with an amyloidogenic TTR
mutation to develop clinically significant amyloidosis and the liver in such patients is
usually not compromised. In many carriers, the genetic disorder never manifests dur-
ing lifetime and only a proportion of patients with FAP develop disease symptoms.
Based on this, centers have been willing to do the so-called domino or sequential liver
transplantation procedure. This procedure means that the removed FAP liver is reused
for transplantation in another patient in need of a liver. Reports from Domino Liver
Transplantation Registry (DLTR) indicate that patient survival is excellent and com-
parable to the survival with OLT performed for other chronic liver disorders [32, 33].
Domino liver transplantation is a tool that makes it possible to increase the number
of liver grafts available for transplantation for patients with ATTR.

Organ Transplantation for Hereditary Non-ATTR Amyloidosis

Hereditary non-ATTR systemic amyloidosis is a rare autosomal dominant condi-
tion in which progressive amyloid deposition in the viscera, especially the kidneys,
frequently leads to organ failure. Mutations in the genes encoding apolipoprotein
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AI (apoAI), apolipoprotein AII (apoAII), fibrinogen Aα-chain, and lysozyme have
been identified as the cause of the disease in different kindreds. Apolipoprotein AI
is secreted by liver and intestine, catabolized in the liver and kidneys and is the
main protein in high-density lipoprotein. At least 16 different mutations in apoAI
have been reported as causes of hereditary amyloidosis [34]. Six variants (Gly26Arg,
Trp50Arg, Leu60Arg, Del70-72, Leu75Pro, and Leu64Pro) have been reported to
cause an amyloid phenotype characterized by renal manifestations in association
with extensive visceral amyloid deposits and hepatosplenomegaly. Gillmore initially
reported combined hepatorenal transplant in a patient with ApoAI amyloidosis in
2001 [35]. Since then there have been 10 other patients reported [36, 37] who under-
went either renal transplant or dual organ transplant (liver/kidney, heart/kidney) with
good results reported in eight. Two patients died from complications of the trans-
plant. It is estimated that approximately 50% of plasma ApoAI is secreted from liver.
Regression after liver transplant suggests that amyloid deposition is a dynamic equi-
librium. Reducing the supply of the amyloidogenic variant alters the balance between
accumulation and regression of amyloid in favor of regression.

Renal Involvement with Amyloid

Renal involvement is common in AL and AA. In a study of 474 patients with AL, 73%
of the patients presented with proteinuria with half in the nephrotic range [12]. Fifty
percent of the patients also presented with abnormal serum creatinine. In patients
with AA, 97% were found to have renal involvement as defined by >500 mg/day
of proteinuria or serum creatinine of >1.5 mg/dL [38]. In this study, 23% of those
with glomerular filtration rate >20 mL/min at baseline progressed to end-stage renal
disease (ESRD). This is compared to a rate of 47% from a 15-year study of 78 Italian
patients with AA [39].The rate of ESRD for patients with AL ranges between 26 and
39% [39, 40]. Median survival of these patients after initiation of dialysis is 11 months
with 20% of the mortality occurring within the first month. The median survival of
AA patients after starting dialysis was 17 months but was not statistically different
from the patients with AL [39].

Medical Strategies to Reduce Proteinuria

Proteinuria may cause worsening of accompanying renal disease. Reduction of pro-
teinuria that is toxic to glomeruli and the tubules is one of the main objectives of
the therapy. Many drugs have been tried for this purpose. Angiotensin-converting
enzyme inhibitors (ACEI) show promise for their antiproteinuric and renoprotective
effects [41]. Losartan, an angiotensin receptor blocker (AT1ra), has also been shown
to reduce proteinuria in AA amyloidosis [42, 43]. Non-steroidal anti-inflammatory
drugs (NSAIDs) have been studied but have not shown any benefit [42]. Cytokine-
directed therapies including infliximab [44] and etanercept [45] have also been suc-
cessfully used, but reports are largely anecdotal and large trials have not been done.

Eprodisate is a member of a new class of compounds designed to interfere with
interactions between amyloidogenic proteins and glycosaminoglycans and thereby
inhibit polymerization of amyloid fibrils and deposition of the fibrils in tissues. A
randomized trial established that eprodisate given orally slows the decline of renal
function in AA amyloidosis [46] (Fig. 5-2). Further studies are planned to confirm
this finding.
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Fig. 5-2. Kaplan–Meier estimates of event-free survival (Panel A) show survival for all
patients. Survival for patients with (Panel B) and for those without (Panel C) the nephrotic
syndrome is also shown. An event is any component of the composite end point of wors-
ened disease. The number of patients at risk for the end point drops markedly between 20
and 24 months because many patients completed their final study visit just before 24 months.
Only patients who completed their final study visit at 24 months or later are included in the
at-risk population at 24 months. Dember et al. [46]. Copyright © 2007 Massachusetts Medical
Society. All rights reserved.
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Kidney Transplant for Amyloid

Kidney transplantation is an option and has been successfully performed in selected
patients with amyloidosis. Disease progression and recurrence are two major obsta-
cles that prevent the wider use of kidney transplantation in this population. Early
death is particularly problematic in AL where patients can succumb rapidly to their
disease [47]. Even in less aggressive forms of amyloidosis (AA), patient survival
can be inferior to the non-amyloidosis patients [48]. Deaths were most commonly
the result of cardiovascular and infectious complications followed by progression of
amyloidosis.

Recurrence of amyloidosis is a major obstacle to kidney transplantation. Recur-
rence can result in graft loss and has been reported in multiple types of amyloidosis
including AL, AA particularly secondary to familial Mediterranean fever (FMF), fib-
rinogen Aα-chain (AFib), and apolipoprotein AI (AApoAI) [36, 49–51]. The usual
time for recurrence is 2–5 years.

Several strategies have been employed to prevent recurrence and disease progres-
sion after kidney transplantation. In AL where the source of the amyloid is a plasma
cell dyscrasia, the goal of hematologic complete response should be achieved. This
has been done successfully with high-dose therapy followed by autologous stem cell
transplantation either before or after kidney transplantation [51, 52]. In AA secondary
FMF, colchicine at doses of 1–2 mg/day successfully reduced recurrence down to less
than 10% from 40% [53, 54]. Lower doses (0.5–1.0 mg/day) may also be effective
although may be less reliable [55]. Anakinra, an interleukin 1 receptor antagonist, has
been reported to be beneficial in preventing AA from recurring after kidney transplant
in a patient with AA due to FMF [56].

For hereditary amyloidosis (i.e., AFib) where the amyloid precursor is synthesized
by the liver, combined liver kidney transplantation has been found to be effective at
preventing recurrence [49]. Delayed progression has been observed in patients with
AFib who received a liver transplantation [36]. Similar strategy has also been used
in AApoAI but since the liver accounts for only a portion of the synthesis, long-term
effectiveness is unknown [36].

Organ Transplant for Hereditary Fibrinogen Amyloidosis

Kidney transplantation has been used in patients with hereditary fibrinogen amyloi-
dosis (AFib) who typically progress to end-stage renal disease (ESRD) but rarely
have significant extra-renal disease. Typically the time from onset of proteinuria to
ESRD is approximately 5 years and the survival is approximately 15 years from onset
of symptoms. In a series of 71 patients with AFib, kidney transplant was described in
10 patients, two of whom received two grafts [49]. Three grafts failed for technical
reasons and never worked. At the time of publication, five of the nine grafts were
still functioning with a median graft survival of 5.9 years. Three of the grafts failed
because of recurrent amyloidosis. Seven patients underwent combined hepatorenal
transplantation. One died of perioperative complications; the remaining six did well
with no evidence of recurrence at 2 years. Similar results were reported with AApoAI.
Five of the eight patients who received kidney transplantation without liver allograft
recurred versus no recurrence in two patients who received combined liver kidney
transplantation [36]. Combined hepatorenal transplant removes the source of the cir-
culating amyloidogenic fibrinogen variant and prevents recurrence of the amyloid in
the transplanted kidney but is associated with increased perioperative risks. Given the
benefit of isolated renal transplant, combined hepatorenal transplant is recommended
only in younger, healthier patients.
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Conclusions

While the primary goal of treatment for all forms of amyloidosis remains cure,
important gains have been made in supportive care for these patients. Optimal medical
management can improve cardiac symptoms, proteinuria, and management of volume
status. Devices such as the PleurX catheter can improve the management of refractory
effusions. Careful and judicious use of organ transplantation, including heart, lung,
and kidneys, can improve both survival and quality of life in patients with amyloi-
dosis. Studies need to be designed to further refine which patients are appropriate to
consider for these options.
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Chapter 6
Assessing Response and Prognosis

in AL Amyloidosis
Angela Dispenzieri

Abstract Advances in assessing response and assigning risk to patients with AL
amyloidosis have been made in the past several decades. Historically the most impor-
tant predictor of overall survival has been the presence and extent of cardiac involve-
ment. Most recently there have been advances for better stratifying cardiac risk; other
risk factors have also been identified. Methods for assessing clinical response criteria
have also improved with readily available means to measure changes of the serum
immunoglobulin free light chain. These developments have been integral for improv-
ing outcomes for these patients.

Keywords Amyloidosis, Prognosis, Response, Cardiac, Free light chain, Biomarkers

Introduction

Immunoglobulin light chain amyloidosis (AL) is a low tumor burden plasma cell
disorder characterized by deposition of insoluble fibrils composed of immunoglob-
ulin light chains. Without treatment, it has an inexorable progressive course due to
uncontrolled tissue damage [1]. Patients have been observed to survive from days to
decades, but historically the most important predictor of overall survival has been
the presence and extent of cardiac involvement [2]. As early as 1991, it was evident
that those patients treated with and responding to chemotherapy survived longest
[3–5]. Response criteria have evolved over time, first with an eye toward symp-
tomatic organ improvement [6], but later to hematologic responses using conven-
tional myeloma-type response criteria [7, 8] and later to an emphasis on changes of
the serum immunoglobulin free light chain concentrations (FLCs) [9]. In addition,
there has been progress in predicting prognosis based on other baseline characteris-
tics, which will be the focus of this chapter.

Assessing Response

Quantifying “response” in patients with AL is a major challenge. Since most patients
have “low tumor burden,” with bone marrows and serum and urine M-proteins
more akin to monoclonal gammopathy of undetermined significance (MGUS) than
myeloma [10], meaningful typical hematologic response assessment had not been
feasible in the majority of patients. Moreover, since these patients do not die due
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to bone marrow crowding from high “tumor burden,” the major focus for response
was improvement in organ function rather than hematologic response. There are
several challenges associated with assessing organ response. First, since amyloid
proteins are insoluble proteins with variable rates of dissolution, organ response is
often delayed with objective improvement occurring after discontinuation of effec-
tive chemotherapy. Second, there are no standardized measures of improvement for
many of the amyloidosis-related abnormalities (e.g., macroglossia, purpura, and pul-
monary involvement).

There have been several major breakthroughs in response assessment in the past
two decades. The first was realization that hematologic response was a valuable end-
point [7, 8]. The second was introduction of the serum immunoglobulin free light
chain, which made patients heretofore unevaluable for hematologic response evalu-
able for hematologic response [11–13]. The third advance was the publication of an
international consensus for measurement of amyloid response [9]. Finally, the recog-
nition of the soluble cardiac biomarker, N-terminal-pro B-type natriuretic peptide
(NT-proBNP), as a helpful gauge of cardiac response is an important [14], but yet
to be validated, advancement in measuring response. Table 6-1 summarizes the first
iteration of the internationally accepted amyloid response criteria. More than likely,
these response criteria will be revised to incorporate more modern parameters and to
address deficiencies in the ensuing decade.

Hematologic Response

It is now recognized that hematologic response not only is important for “real-time”
assessment of the efficacy of therapy, but is one of the most important prognostic
determinants for both organ response and overall survival [15, 16]. When bone mar-
row biopsy, electrophoresis, and immunofixation electrophoresis of the serum and
urine were the only tools available for measurement of hematologic response, fewer
than 50% had “measurable” disease as defined by the multiple myeloma response cri-
teria (i.e., serum M-protein greater than or equal to 1 g/dL or urine M-protein greater
than 200 mg/24 h). Moreover, urine M-protein measurement is not very reliable in a
patient with nephrotic syndrome due to contamination with background non-specific
proteinuria. Many patients were destined to have their hematologic “measurement”
limited to a binary determination of positive or negative immunofixation studies.
However, with introduction of the serum FLC measurement, nearly 75% of patients
now had truly measurable disease [11–13].

Organ Response

Improvement of organ function is clearly the most important response for patients in
terms of both quality of life and overall survival. The internationally accepted organ
response criteria for patients with AL amyloidosis are shown in Table 6-1 [9]. Median
time to organ response is 6–12 months, depending on the treatment [4, 15]. The organ
response criteria focus on renal, cardiac, and liver responses. Hematologic response
typically precedes organ response (Fig. 6-1). Of those patients who achieve a com-
plete hematologic response—be it through high-dose chemotherapy with autologous
peripheral blood stem cell transplantation or through a simpler oral regimen like mel-
phalan and dexamethasone—approximately 66–87% will achieve an organ response
[15, 16]. Of those who achieve a partial hematologic response, 30–56% will achieve
an organ response. It is rare to have an organ response in the absence of a hema-
tologic response. The fact that the odds of achieving organ response are lower in
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Fig. 6-1. Time lag between hematologic response and organ response.

partial hematologic response cohort makes decision making difficult in this group of
patients. Does one give additional treatment to convert partial hematologic responses
to complete hematologic responses? Some authors have taken this approach [17], but
toxicity must be taken into consideration in these very fragile patients.

Aside from the lack of inclusion of criteria for nervous system, soft tissue, and
pulmonary response, the current criteria are limited by the precision and interopera-
tor variability of measuring liver size and of estimating cardiac interventricular sep-
tum and left ventricular septum by echocardiography. Palladini and colleagues have
attempted to address part of the challenge in measuring cardiac response by evalu-
ating serial measurements of serum N-terminal-pro B-type natriuretic peptide (NT-
proBNP) [14], a marker of cardiac dysfunction in light chain amyloidosis (AL) and a
powerful prognostic determinant [18–20]. The authors measured serum NT-proBNP
and circulating FLCs at enrollment and after three cycles of chemotherapy in 51
patients with cardiac AL. In patients in whom FLCs decreased by more than 50%
(partial hematologic response), NT-proBNP concentration decreased by a median of
48%, whereas in the remaining patients it increased by 47% (P = 0.01). The reduction
of NT-proBNP was greater in patients (n = 9) in whom amyloidogenic FLCs disap-
peared at immunofixation (median 53%) than in the remaining responding patients
(median 31%, P = 0.04). Cardiac function in AL appeared to rapidly improve due to
a reduction of the circulating amyloidogenic precursor, despite the amount of cardiac
amyloid deposits remaining apparently unaltered, as measured by echocardiography.
Once these data are validated by others, they should be accepted by the amyloidosis
community as an additional cardiac response criterion.

Prognosis

Prognostic factors can be separated into those existing at diagnosis and those that
occur after or during therapy. Hematologic and organ responses are examples of the
latter and will be discussed first.
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Hematologic and Organ Responses as Prognostic Factors

Achieving organ response is the most important prognostic factor in patients with AL
amyloidosis. Gertz and colleagues first reported in a series of 151 patients treated
with alkylator-based therapy that those 27 patients (18%) with an organ response had
significantly better overall survivals than did those without organ response (Fig. 6-2)
[4]. The median time to achieve organ response was 11.7 months. For the responders,
the median overall survival was 89.4 months with 21 of 27 (78%) surviving 5 years.
This was in stark contrast to a median overall survival of 14.7 months seen in the 126
patients who showed no response to alkylator-based therapy.

Because of the frequent time lag in organ response, hematologic response has
become an important prognostic measure [7, 8]. Not only does hematologic response
using serum and urine M-proteins predict for organ response, it also predicts for
overall survival (Fig. 6-3) [21–23]. Those patients achieving the deepest responses
have longest overall survival. There is debate as to whether the means by which one
arrives at partial or complete hematologic response matter [21]. This is most notable

A

B

Fig. 6-2. Organ response predicts for overall survival. (a) Survival from time of diagnosis of 27
patients with AL with organ response. (b) Survival from time of diagnosis of 126 patients with
AL treated with melphalan who failed to have organ response. Modified from Gertz et al. [4].
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in the context of high-dose chemotherapy with autologous stem cell transplant ver-
sus standard-dose melphalan and dexamethasone. For patients achieving hematologic
CR, the 5-year overall survival is about 70% regardless of the treatment modality used
to arrive at hematologic CR [22–24]. For patients undergoing ASCT and achieving
CR, 10-year survival rates approach 60% [24].

Because of the apparent importance of achieving complete hematologic response,
investigators at Memorial Sloan Kettering have looked at treating those patients who
did not achieve a complete hematological response at 3 months after their ASCT
with adjuvant thalidomide and dexamethasone. Thirty-one patients began adjuvant
therapy, with 16 (52%) completing 9 months of treatment and 13 (42%) achieving an
improvement in hematological response. By intention to treat, overall hematological
response rate was 71% (36% complete response), with 44% having organ responses.
With a median follow-up of 31 months, 2-year survival was 84% (95% confidence
interval: 73, 94) [17].

Until recently, standard multiple myeloma response criteria were used to assess
hematologic response but were limited in that the majority of AL patients did not
have adequate tumor burden to be considered to have measurable disease. Fortu-
nately, the serum immunoglobulin FLC is measurable in the majority of patients and
a 50% reduction of it predicted for eventual organ response and better overall survival
[11–13]. Those patients with the deepest free light chain responses, i.e., normalization
of their involved FLC and/or their FLC ratio, had the best overall survival, especially
after high-dose chemotherapy with peripheral blood stem cell transplantation [12,
17]. Even using a cutoff of less than or equal to 10 mg/dL at day 100 was prognostic
(Fig. 6-4). Although the current response criteria rely primarily on the M-spike and
secondarily on the serum FLC, there are data that changes in the FLC outperform
changes in the intact immunoglobulin [12]. This, however, will have to be validated
in larger series.
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Baseline Characteristics as Prognostic Factors

A list of baseline prognostic factors is shown in Table 6-2. An interesting observa-
tion made in the 1980s is that the baseline risk factors predicting for overall survival

Table 6-2. Prognostic factors in AL.

Category Factor

Referral bias Surviving long enough to attend a tertiary center
selects for healthier patients [26]

Cardiac Congestive heart failure (4 months) [26, 49]
Exertional syncope [57]
LV hypertrophy [32, 58]
LV diastolic dysfunction [33]
Reduced systolic function [32, 58]
Troponins [19]
N-terminal (brain) B-type natriuretic peptide

[18–20] or brain natriuretic peptide [59]
LV outflow obstruction [34]
RV dysfunction [35, 36]
RV dilatation [37]
Atrial dysfunction [38]

Clone Co-existent multiple myeloma [27]
Bone marrow plasma cells [12, 47, 48]
Plasma cell labeling index [47]
Circulating peripheral blood plasma cells [48]
Urine monoclonal light chain in urine [49, 50]
Immunoglobulin free light chain [12]
Presence of t(11;14) translocation [51]

Number of organs
involved

Number of organs involved [4, 8]

Other Weight loss [49]
Male gender [10]
Howell–Jolly bodies [60]
β2-microglobulin [48, 54]
123-I-labeled serum amyloid P component

extravascular retention [55, 56]
Uric acid [61]
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during the first year and after the first year differed [25]. In this multivariate analysis
of 168 individuals with AL amyloidosis, the risk factors for early death included the
presence of congestive heart failure, urine light chains, hepatomegaly, and multiple
myeloma. In contrast, serum creatinine, multiple myeloma, orthostatic hypotension,
and monoclonal serum protein were the most important variables adversely affecting
survival for patients surviving 1 year. Additional prognostic factors have been iden-
tified, which are categorized into five major categories: (1) referral bias; (2) cardiac
factors; (3) factors directly related to the clone; (4) number of organs involved; and
(5) other factors.

Referral Bias

Referral bias exists at large amyloid treatment centers. To be seen at a distant center, a
priori, a patient must be physically able to travel. When we evaluated overall survival
of the 474 AL amyloidosis patients seen at the Mayo Clinic from 1981 to 1992, the
median survival was 2 years; however, the median survival of those patients seen at
the Mayo Clinic within 30 days of diagnosis was only 13 months [26].

Cardiac Factors

In the first published clinical trials, median survival for patients with AL was approx-
imately 15–18 months [27–29]. Patients presenting with CHF or syncope had median
survivals of 4–6 months. It was clear that patients with significant cardiac disease did
worse since they were at the highest risk for sudden cardiac death [30, 31]. Attempts
to better dissect patients’ risk based on the extent of cardiac disease remain a work
in progress, but echocardiography and Doppler studies were the first objective tools
used to define cardiac amyloidosis and predict outcomes. By using echocardiographic
studies (2D and Doppler), 40% of AL patients have cardiac involvement, but only
17% have symptoms of heart failure [30].

As described in Chapter 8, a variety of cardiac abnormalities may be seen in these
patients including left ventricular (LV) hypertrophy [32], LV diastolic dysfunction
[33], LV outflow obstruction [34], right ventricular (RV) dysfunction [35, 36], RV
dilatation [37], atrial dysfunction [38], abnormal strain imaging and strain rate imag-
ing [39–41], reduced ejection time [42], late gadolinium enhancement and abnormal
gadolinium kinetics on cardiac magnetic imaging [43, 44], and rhythm and conduc-
tion abnormalities [45].

The most commonly used echocardiographic features are the measurements of
the interventricular septal thickness and left ventricular ejection fraction [32]. Cueto-
Garcia studied 132 patients with biopsy-proven systemic amyloidosis and sub-
grouped them by left ventricular wall thickness: group I, mean wall thickness 12 mm
or less; group II, mean wall thickness greater than 12 mm but less than 15 mm; group
III, mean wall thickness 15 mm or greater; and group IV, atypical features such as
wall motion abnormalities or left ventricular dilatation. Survival was negatively influ-
enced both by greater wall thickness and by reduced systolic function.

Doppler-derived left ventricular diastolic filling variables are also important pre-
dictors of survival in cardiac amyloidosis [33]. Klein and colleagues performed
pulsed-wave Doppler studies of the left ventricular inflow and obtained clinical
follow-up data in 63 consecutive patients with biopsy-proven systemic amyloido-
sis. The patients were subdivided into two groups according to deceleration time:
group 1 (33 patients) had a deceleration time of 150 ms or less, indicative of restrictive
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physiology, and group 2 (30 patients) had a deceleration time of more than 150 ms.
Of the 25 cardiac deaths, 19 (76%) were from group 1. The 1-year probability of sur-
vival in group 1 was significantly less than that in group 2 (49 versus 92%, P < 0.001).
Bivariate analysis revealed that the combination of the Doppler variables of shortened
deceleration time and increased early diastolic filling velocity to atrial filling velocity
ratio were stronger predictors of cardiac death than were the 2D echocardiographic
variables of mean left ventricular wall thickness and fractional shortening.

Major limitations of echocardiography and Doppler measurements are that they do
not detect early involvement and that there are issues with inter-observer variability.
More recently, Doppler myocardial imaging including strain imaging and strain rate
imaging have been used to detect early regional left ventricular systolic dysfunction
in cardiac amyloidosis at a time when fractional shortening remains normal [39–41].
These abnormalities precede the onset of congestive heart failure and can be detected
by strain and strain rate but are not apparent by tissue velocity imaging. Longitu-
dinal systolic strain most accurately detects longitudinal systolic dysfunction in AL
amyloidosis [41]. Interrogation of six middle segments was sufficient in identifying
patients with advanced amyloid cardiomyopathy [40, 41].

Cardiovascular magnetic resonance (CMR) is also proving to be of use in diag-
nosing and predicting prognosis in patients with AL amyloidosis, but it is an early
science. Two small studies have evaluated the prognostic value of CMR and found
that gadolinium kinetics [43], but not late gadolinium enhancement [43, 44], predict
for overall survival [43]. The 2-min post-gadolinium intramyocardial T1 difference
between subepicardium and subendocardium predicts mortality with 85% accuracy
at a threshold value of 23 ms (the lower the difference the worse the prognosis) [43].
LGE volume was positively correlated with serum level of B-type natriuretic peptide
(BNP; R = 0.64, P ≤ 0.001), and in multivariate analysis, LGE volume proved the
strongest independent predictor of BNP [44].

In addition to structural abnormalities, rhythm and conduction abnormalities play a
significant role in these patients in that they are typically the terminal event [45]. Pal-
ladini and colleagues studied the spectrum of Holter abnormalities found in AL amy-
loidosis and assessed their prognostic significance. Fifty-one patients were included
and 55% had echographic signs of heart involvement and 23% had heart failure.
Complex ventricular arrhythmias were found in 57% of patients, couplets in 29%,
and non-sustained ventricular tachycardia in 18%. Overall median survival was 23.4
months. The multivariate analysis demonstrated that interventricular septum thick-
ness and couplets were independent predictors of survival.

More recently, soluble cardiac biomarkers [troponin T, troponin I, NT-proBNP,
and brain naturietic factor (BNP)] have been shown to be excellent predictors of
prognosis [18–20, 46]. The system was tested both in a transplant cohort and in a
non-transplant cohort. The former group included 242 patients with newly diagnosed
AL who were seen at the Mayo Clinic between April 1979 and November 2000 and
who had echocardiograms and stored serum samples at presentation. Two prognostic
models were designed using threshold values of NT-proBNP and either cTnT or cTnI
(NT-proBNP < 332 ng/L, cTnT < 0.035 mcg/L, and cTnI < 0.1 mcg/L). Depending on
whether NT-proBNP and troponin levels were both low, were high for only one test,
or were both high, patients were classified as stage I, II, or III, respectively. Using
the cTnT+NT-proBNP model 33, 30, and 37% of patients were stages I, II, and III,
respectively, with median survivals of 26.4, 10.5, and 3.5 months, respectively. The
alternate cTnI+NT-proBNP model predicted median survivals of 27.2, 11.1, and 4.1
months, respectively [19]. In the transplanted cohort of 98 patients, 49, 38, and 13%
of patients were in stage I, stage II, and stage III, respectively [20]. Their updated
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Fig. 6-5. Predicting outcome post-autologous peripheral blood stem cell transplant based on
cardiac biomarker staging system. Stage 1, both below biomarkers below cutoff; stage 2, one of
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T < 0.035 mcg/L and NT-proBNP < 332 ng/L (39 pmol/L). Results updated from original
publication published in Blood 2004;104:1881–7. Median follow-up of surviving patients is
35.5 months. Modified from Dispenzieri et al. [20]. Median follow-up of surviving patients is
35.5 months.

survival with a median follow-up of 35 months is shown in Fig. 6-5. The 3-year over-
all survival rates are 87, 66, and 24%, respectively. These routine laboratory tests
are reproducible and relatively inexpensive and will play a major role in assessing
prognosis in patients with AL amyloidosis.

Prognosis as It Relates to the Plasma Cell Clone

The observation made in 1975 that the size of the underlying plasma cell clone
was prognostic was tied into the observation that patients with coexisting multiple
myeloma, which was largely defined based on bone marrow plasmacytosis, had infe-
rior overall survivals. The respective median survival rates with and without coexist-
ing multiple myeloma were at 1 year, 26 and 54%; and at 5 years, 3 and 17% [27].
This observation has withstood the test of time [30, 31]. Bone marrow plasmacytosis,
the proliferative rate of the bone marrow plasma cells, and the presence of circulating
plasma cells are all adverse prognostic markers for overall survival [47].

Circulating peripheral blood plasma cells (PBPCs) detected by a sensitive slide-
based immunofluorescence technique were found in 16% (24 of 147) patients with
AL amyloidosis. Overall survival for patients with high PBPC% (>1%) was poor
(median survival, 10 versus 29 months; P = 0.002). Multivariate analysis revealed
that circulating PBPCs and extent of bone marrow plasmacytosis were independent
prognostic factors for survival. Patients with PBPC% of 2% or higher were signifi-
cantly more likely to have a coexisting clinical diagnosis of multiple myeloma (50
versus 12%, P =0.008) [48].

The plasma cells of patients with AL amyloidosis tend to have a very low prolif-
erative rate. The plasma cell labeling index is a slide-based immunofluorescent test
capable of assessing the proliferative potential of the bone marrow plasma cells in
patients with AL. In one study of 125 patients, 37% had a proliferative index over 0.
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These individuals had a median survival of 15 months in contrast to those with a
labeling index of 0, who had a median survival of 30 months [47].

The presence of light chains in the urine was also noted to be an adverse prognos-
tic factor for patients with AL [49, 50]. Whether this is a function of “tumor burden”
or renal damage is not clear. The absolute level of serum immunoglobulin free light
chains has also been reported to be prognostic [12]. Finally, the presence of translo-
cation 11;14 appears to be an adverse prognostic factor in one small series [51]. If
validated this is an important observation since the translocation 11;14 is found in
40–50% of patients with AL amyloidosis [51, 52].

Number of Organs Involved

It has long been recognized that the more organs involved, the worse the prognosis
for the patient regardless of the treatment [4, 8]. Figure 6-6 illustrates the impact
that the number of organs involved by amyloidosis based on clinical parameters has
on overall survival in 270 patients undergoing ASCT. Whereas median survival had
not been reached at 6 years in those patients with one affected organ, the respective
median survival rates for patients with two and three affected organs, respectively,
were 55 and 25.5 months [53]. In a proportional hazards model, overall survival is
associated with the number of organs involved and the free immunoglobulin light
chain protein level before treatment [12].

The hope is that more objective criteria delineating the extent of organ involve-
ment rather than merely the presence or absence or organ involvement will supplant
the current system of counting organs. The cardiac biomarker system may offer a
viable alternative since elevations of them reflect not only cardiac dysfunction, but
also renal dysfunction [18–20]. Another motivation for migrating away from merely
counting the number of organs involved is that outcomes vary not only due to extent
of involvement, but also based on organ type [26, 49]. In a cohort of 474 patients
with AL seen at the Mayo Clinic between 1981 and 1992 within 30 days of diagno-
sis, the respective median overall survival for patients with congestive heart failure,
orthostatic hypotension, nephrotic syndrome, and peripheral neuropathy was 4, 12,
16, and 28 months, while the median survival of the entire group was 13.1 months
and the 5-year survival was 7% (Fig. 6-7).

Fig. 6-6. The number of affected organs predicts for outcome in 270 patients undergoing autol-
ogous stem cell transplant. Modified from Gertz et al. [53].
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Fig. 6-7. Probability of survival depends on organ involvement at presentation: 474 patients
seen between 1981 and 1992. Modified from Kyle and Gertz [26].

Other Prognostic Factors

Several other important prognostic factors are listed in Table 6-2. Among them,
β2-microglobulin and serum amyloid protein scan retention are among the most inter-
esting and are discussed below.

Patients with normal levels of serum β2-microglobulin have better outcomes than
those with elevated values (median overall survival of 33 and 11 months, respectively)
[54]. The value of β2-microglobulin was independent of the presence of renal failure
or heart failure in assessing prognosis. The median survival of patients who have nor-
mal renal function and an elevated β2-microglobulin value was 9 months compared
with 39 months for those patients with a normal β2-microglobulin value.

Serum amyloid P (SAP) component binds to amyloid. SAP scintigraphy is used
to evaluate the extent and distribution of amyloid. Two studies demonstrate the prog-
nostic utility of the extravascular retention of 123-I-SAP after 24 h in patients with
AL [55, 56]. Hachulla and colleagues studied 24 patients with AL amyloidosis and
found that 24-h tissue retention was elevated in all patients. In addition, the mean sur-
vival in patients with tissue retention greater than 50% was 11.3 versus 24.5 months
in patients with levels less than or equal to 50% [56]. Similarly, Hazenberg and col-
leagues studied the extravascular retention of 123-I-SAP at 24 h in 80 patients with
AL amyloidosis [55]. They found that the extravascular retention of 123-I-SAP after
24 h was strongly associated with the number of organs involved. On multivariate
analysis, both cardiac involvement (hazard ratio, 3.9; 95% CI, 2.0–7.8) and extravas-
cular retention of 123-I-SAP after 24 h of greater than 50% (hazard ratio, 2.0; 95%
CI, 1.1–3.9) were independent predictors of survival. The authors concluded that
although this measurement is prognostic, its sensitivity is only 61%.

Concluding Remarks

Considerable advancements in assessing response and assigning risk to patients with
AL amyloidosis have been made in the past several decades. This progress has
been integral for improving outcomes for these patients. Figure 6-8 demonstrates
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the doubling in the 4-year overall survival enjoyed by patients diagnosed in the past
decade as compared to those diagnosed 40 years earlier.
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Chapter 7
Localized Amyloidosis

Francis Buadi

Abstract The amyloid workshop group has defined guidelines to help differentiate
the various forms of amyloidosis. In localized amyloidosis the amyloidogenic pro-
tein is typically deposited at the site of production and not transported in the blood-
stream. Localized amyloidosis is usually immunoglobulin light chain associated (AL
type), although serum amyloid A protein and transthyretin have been reported as
causing localized disease. Localized amyloidosis typically involves the laryngo-
tracheobronchial tree, urogenital tract, and skin. However, all tissues may be involved,
and other sites described include orbit, gastrointestinal, spine/bone, breast, and soft
tissues. The true incidence and prevalence of localized amyloidosis are unknown.
Localized amyloidosis is less common than systemic amyloidosis and accounts for
about 10–20% of all cases of amyloidosis. The median age at diagnosis seems to be
in the 6th or 7th decade and there appears to be a slight male predominance. The
etiology of localized amyloidosis is unknown, although multiple pathophysiologic
mechanisms have been suggested. Localized and systemic amyloidoses have differ-
ent clinical presentation, clinical course, prognosis, and treatment. It is therefore vital
that all cases of suspected localized amyloid do have an extensive evaluation to rule
out system disease, since this will impact on therapy.

Keywords Localized, Amyloidosis, Amyloidoma, Urogenital, Tracheobronchial,
Amyloid, Cutaneous, Laryngo-tracheobronchial, Immunoglobulin, Transthyretin

Introduction

Amyloidosis is the extracellular deposition of amyloid which is an eosinophilic amor-
phous material with a high affinity for Congo red dye. This may be hereditary or
acquired, and the deposits may be localized or systemic in distribution. The amyloid
workshop group has defined guidelines to help differentiate these two forms of the
disease [1]. In systemic amyloidosis the amyloid fibril protein is typically produced at
distant sites and carried in the bloodstream with deposition at multiple sites, whereas
in localized amyloidosis the protein is typically deposited at the site of production and
not transported in the bloodstream. The amyloid deposits are composed of insoluble
proteins, with beta-pleated sheet conformation in association with serum amyloid
P protein (SAP). SAP is a non-fibrillar serum glycoprotein which binds in a calcium-
dependent manner to amyloid fibrils of all types. The amyloid deposits stain positive
with Congo red dye and show apple green birefringence when viewed under polarized
light. Under electron microscope these are seen as non-branching fibrils 8–10 nm in
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width. The origin of the amyloid protein varies. They may be constituted from normal
protein such as prealbumin (wild-type transthyretin), beta-2 microglobulin, serum
amyloid A protein (SAA) or abnormal protein such as mutated transthyretin (TTR),
monoclonal immunoglobulin light chains, lysozyme, and apolipoprotein A1. Amyloi-
dosis is usually classified based on the constituent protein and whether it is localized
or systemic. Although the true incidence of amyloidosis is unknown it is estimated
to be about 6–14 cases per million [2, 3]. In autopsy series, varying rates range from
0.2%, as reported in the Massachusetts General Hospital and Johns Hopkins Hospital
studies, to as high as 50% in a South African study [4]. Localized amyloidosis is less
common than systemic amyloidosis and accounts for about 10–20% of all cases of
amyloidosis [4, 5]. Ravid reported an incidence of 18.4% in 392 consecutive autopsy
cases [6]. The median age at diagnosis seems to be in the 6th or 7th decade [4, 7, 8].
There appears to be a slight male predominance [7, 8].

The constituent of an amyloid deposit can be determined by using immuno-
histochemical staining, enzyme-linked immunosorbent assay, or liquid chromatog-
raphy tandem mass spectrometry testing [9]. Localized amyloidosis is typically
immunoglobulin light chain associated (AL type), [10–12], although serum amy-
loid A protein and transthyretin have been reported as causing localized dis-
ease [13–16]. Localized amyloidosis typically involves the laryngo-tracheobronchial
tree, urogenital tract, and skin. However, all tissues may be involved, and other
sites described include orbit, gastrointestinal, spine/bone, breast, and soft tissues
[17–21]. Amyloid deposits have also been seen in association with certain malig-
nancies, such as nasopharyngeal carcinoma, breast carcinoma, transitional cell car-
cinoma of bladder, and medullary thyroid carcinoma with histopathology showing
amyloid deposits at the local sites of the tumor [22–27]. The etiology of localized
amyloidosis is unknown, although multiple pathophysiologic mechanisms have been
suggested. Histopathologic review of biopsy samples in cases of localized AL amy-
loid has shown infiltration with clonal and occasionally polyclonal plasma cells or
lymphocytes [28–30]. In these cases the suggestion is that these cells do produce
the abnormal protein responsible for the amyloid [31]. What initiates the migration
of these cells into these areas is not clearly understood. Chronic inflammation and
chronic infection may play a role. There is certainly more to this than chronic inflam-
mation since these amyloid deposits tend to recur after initial treatment even in the
absence of any chronic infection or inflammation. In the case of TTR-localized amy-
loid it may be associated with the avidity of such proteins for certain tissues as is
seen in amyloid-associated carpal tunnel syndrome. In insulin-associated cutaneous
amyloidoma it is clear that this is associated with exogenous insulin injection into the
subcutaneous tissue which starts a cascade of events leading to amyloid formation.

Localized and systemic amyloidoses have different clinical presentation, clinical
course, prognosis, and treatment [32–35]. It is therefore vital that all cases of sus-
pected localized amyloid do have an extensive evaluation to rule out system disease,
since this will impact on therapy. Localized amyloidosis is primarily a localized dis-
ease [36] without progression to systemic disease although rare cases of development
of systemic disease several years after initial diagnosis have been reported [13].

Laryngo-tracheobronchial Amyloidosis

Laryngo-tracheobronchial amyloidosis is an uncommon localized form of amyloi-
dosis, characterized by amyloid deposits restricted to the larynx, trachea, main
bronchi, and segmental bronchi [7, 37, 38]. The actual incidence of localized
laryngo-tracheobronchial amyloidosis in the general population is unknown.
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Laryngo-tracheobronchial amyloidosis represents about 0.5% of all symptomatic
laryngo-tracheobronchial lesions. Most patients usually present with symptoms and
signs of upper airway inflammation or obstruction, which are intermittent and slowly
progressive. The pathogenesis of localized laryngo-tracheobronchial amyloidosis in
the upper airways has not been well defined. Chronic inflammatory conditions such as
infection, allergens, and irritants in the upper airways may play a role in the pathogen-
esis of laryngo-tracheobronchial amyloidosis. Most cases are immunoglobulin light
chain associated suggesting the possibility of chronic infection. Detailed histologic
evaluation of biopsy specimen in most cases has shown local infiltration with clonal
plasma cells most probably involved in the production of the amyloidogenic pro-
tein [28]. Cases of SAA laryngo-tracheobronchial amyloidosis support the chronic
inflammation theory, but these are in the minority.

Diagnosis and Treatment

Presenting signs and symptoms usually depend on the location of the amyloid
deposits. The most common site is the larynx. More than 50% of patients do present
with hoarseness of voice [36, 39]. In severe cases complete loss of phonation may
occur. Airway obstruction symptoms such as wheezing, stridor, and dyspnea at rest
or on exertion are usually seen in these patients and may limit activity [40]. In these
patients pulmonary function test may show features of proximal or upper airways
obstruction. Dysphagia may occur although uncommon. The amyloid deposits tend
to be friable and may bleed causing recurrent hemoptysis. Some patients do present
with recurrent respiratory tract infection with persistent coughing [37, 39–42]. Most
of these patients will have received various therapeutic interventions for respiratory
infection or asthma without improve and may carry a diagnosis of reactive upper air-
way disease. Amyloidosis should be among the differential diagnosis in such patients
during their evaluation.

Chest X-ray may show narrowing of the airway but most often is normal. Com-
puter tomography offers the best radiologic evaluation and may help determine
the extent of disease to aid in surgical treatment [43]. In most cases it will show
nodules, plaques, or thickening of the airways with calcification. Severe narrow-
ing of the airways with post-obstruction collapse may occur [44–46]. On laryngo-
tracheobronchoscopy these may appear as firm, non-ulcerated epithelial nodule,
submucosal plaques, tumors, or circumferential wall thickening [7]. Although cer-
tain morphologic characteristics may suggest amyloidosis, the definitive diagnosis
is made on a histologic evaluation of a biopsy specimen. There appears to be an
increased risk of bleeding with biopsy of the amyloid tissue [47], although some
studies have shown no increased risk of bleeding [48]; however, care must be taken
to reduce this complication. The diagnosis is confirmed by a biopsy specimen stain-
ing positive with Congo red dye and showing apple green birefringence when viewed
under polarized light. Further subtyping by immunohistochemical staining or liq-
uid chromatography tandem mass spectrometry testing of the amyloid deposits will
help determine the origin of the amyloidogenic protein [49, 50]. Almost all local-
ized laryngo-tracheobronchial amyloidosis are of immunoglobulin light chain origin,
which is either immunoglobulin kappa or lambda light chain [12]. It is essential to rule
out system disease in all patients suspected to have localized amyloidosis. Workup
to exclude systemic disease should include evaluation for underlying plasma cell or
B-cell lymphoproliferative disorder. Serum and 24-h urine protein electrophoresis
with immunofixation must be negative for circulating monoclonal protein. Bone
marrow biopsy and aspiration should be negative for involvement with clonal plasma
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cell or B-cell lymphoproliferative disorder and amyloid deposition. Abdominal sub-
cutaneous fat aspirated should be negative for amyloid deposition [51].

There is no standard treatment for laryngo-tracheobronchial amyloidosis. The pri-
mary goal of therapy is preservation of organ function such as phonation and main-
taining a stable patent airway [52]. Therapeutic intervention should be based on
symptoms and extent of disease. Since progression may be slow, some patients can
be monitored with routine evaluation using laryngo-tracheobronchoscopy and serial
CT scans. In cases where therapeutic intervention is indicated, a multidisciplinary
approach to evaluation and treatment is vital. This team must include an otolaryngolo-
gist, hematologist, and pulmonary physicians. Direct removal of the amyloid deposits
is the most effective therapy currently used for localized laryngo-tracheobronchial
amyloidosis. The type and distribution of the amyloid deposits do influence surgi-
cal treatment options. Nodular deposits can be easily removed whereas diffuse wall
deposits cannot be surgically removed without major airway damage. Endoscopic
approach such as micro-direct laryngoscopy with excision of amyloid deposits is
usually the preferred method, although occasionally an open field surgical inter-
vention is required [42, 43]. Endoscopy with removal of the amyloid deposits by
neodymium:yttrium–aluminum–garnet (Nd:YAG) or carbon dioxide (CO2) [7, 48,
53–55] is usually very effective in most cases and is able to control disease with
improvement in symptoms such as stridor, dyspnea, and hoarseness of voice. In a
retrospective review of 32 cases published by Piazza, all but 2 patients were endo-
scopically treated with a median of two endoscopic procedures using Nd:YAG laser
or CO2 laser required to control initial disease [7]. In severe cases tracheostomy may
be required before surgical removal of the amyloid deposits because of risk of bleed-
ing, inflammation, and edema [28]. In Piazza’s series 12.5% of patients required a
tracheostomy. Stenting of significantly stenosed airways has been done in patients
who are deemed not to be surgical candidates and are at significant risk of airway
obstruction. External beam radiation therapy has been successfully used in a limited
number of cases with prolonged remissions [56, 57]. The rationale has been the iden-
tification of clonal plasma cell in the amyloid deposits and the fact that plasma cells
are highly radiosensitive. The typical dose has been 20–24 Gy [58]. In most of these
case reports improvements in functional status, pulmonary function, bronchoscopic
visualization, and CT-based luminal diameters after moderate-dose radiation therapy
were achieved. Systemic therapies with corticosteroids, colchicine, and chemother-
apy drugs have not shown any benefit and are not recommended [13]. Adjuvant
treatment with drugs that reduce mucus secretion, antibiotic prophylaxis, nebuliz-
ers, and occasionally inhaled corticosteroid may provide transient symptom relieve.
Laryngo-tracheobronchial amyloidosis is incurable and intermittent treatment may be
required in a patient’s life time [40, 41]. Although the prognosis of localized amyloi-
dosis is better than systemic amyloidosis, it can still cause significant morbidity and
mortality [32].

Localized Urogenital Tract Amyloidosis

Localized urogenital tract amyloidosis is a rare disease of the urogenital tract. The
bladder appears to be the most common site, although it may involve all parts of
the urinary tract such as the renal pelvis, ureter, and urethra [8, 59–61]. Ureteral
involvement may be unilateral or bilateral [62, 63]. Amyloid deposition in the sem-
inal vesicles and ejaculatory system has been noted in prostate biopsy specimen,
although the clinical significance of this is unknown [64, 65]. The amyloid deposits
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are predominantly located in the lamina propria and muscularis propria although ves-
sel wall involvement is not unusual. Almost all localized urogenital tract amyloidoses
are of immunoglobulin light chain origin, which is either immunoglobulin kappa
(25%) or lambda (50%) light chain [11, 61]. A few cases associated with SAA and
TTR have been reported [61, 66–68]. The etiology of localized urogenital amyloido-
sis is unknown. It has been postulated that this may be due to chronic inflammation
either from recurrent infection or other bladder irritants. It is essential to exclude sys-
temic amyloidosis since systemic amyloidosis may involve all organs of the body
including the urogenital tract. Workup to exclude systemic disease should include
evaluation for underlying plasma cell or B-cell lymphoproliferative disorder. Serum
and 24-h urine protein electrophoresis with immunofixation must be negative for cir-
culating monoclonal protein. Bone marrow biopsy and aspiration should be negative
for involvement with clonal plasma cell or B-cell lymphoproliferative disorder and
subcutaneous fat aspirate should be negative for amyloid.

Diagnosis and Treatment

Most patients usually present with gross painless hematuria (62.5%) [8]. Obstruc-
tive and irritative urologic symptoms such as pain, anuria, recurrent infections,
hydronephrosis, and rarely acute renal failure may occur [69]. Those with ureteral
involvement may present with significant ureter obstruction and hydronephrosis
resulting in flank pain and occasionally renal failure [62, 63, 70]. In a retrospective
study of 31 patients seen at the Mayo Clinic, 24 (77%) had gross painless hema-
turia. In six of these patients, the hematuria was associated with irritative symptoms
of the lower urinary tract such as dysuria, frequency, and nocturia. The remaining
seven patients had only irritative lower urinary tract symptoms [61]. Most of these
patients are usually suspected to have renal stones or malignancy. Urinalysis, urine
culture, and cytology should be obtained as part of initial evaluation. Urinary cytol-
ogy is an essential part of the evaluation and is usually negative for malignant cells.
Evaluation with computer tomography scan, intravenous pyelography, and cytoscopy
with biopsy will usually confirm the diagnosis. CT-urography is non-specific and
tends to suggest a neoplasm or inflammation. Depending on the site of disease it
may show ureteral obstruction, ureteral wall thickening, diffuse bladder wall thicken-
ing, filling defects, and focal masses [44]. Scattered calcification of these lesions is
not uncommon. Under diagnostic flexible cystoscopy, amyloidosis of the urogenital
tract may be seen as nodular masses with ulceration and occasionally active bleeding.
It is not always possible to visually differentiate urothelial malignancy from amy-
loidosis and both have been simultaneously reported in patients [71, 72]. Multiple
adequate biopsies are essential in order not to miss an underlying urogenital malig-
nancy. Histologically the biopsies show amorphous eosinophilic material which stains
positive with Congo red dye and show apple green birefringence when viewed under
polarized light. Immunohistochemical stain typically shows the amyloid to be of
immunoglobulin light chain origin consistent with AL amyloid with rare cases of AA
and TTR types reported. There is a high predominance of lambda light chain [8, 11,
61, 69].

Transurethral resection followed in certain cases with dimethyl sulfoxide instil-
lation into the bladder is the initial preferred treatment. For small localized lesions,
fulguration or laser therapy may be adequate treatment. Transurethral resection alone
is usually successful in controlling the disease in a significant number of cases
[61, 73]. Extensive bladder surgery is usually not required, although in cases of
uncontrollable massive hematuria, partial or total cystectomy has been performed.
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The use of intravesical dimethyl sulfoxide therapy (DMSO) administration as an
adjuvant may help prevent extensive surgery [74]. DMSO is believed to increase the
solubility of amyloid fibrils and may reduce reaccumulation of amyloid protein. Dif-
fuse or locally extensive bladder involvement usually fails to respond to conventional
transurethral destructive surgical procedures. Intravesical DMSO can be a bladder
saving measure and may help resolve ureterovesical obstruction in some patients
[75, 76]. In a Mayo Clinic publication, six patients who continued to have symp-
tomatic disease despite conventional transurethral destructive therapy were treated
every 2 weeks with 30-min instillations of 50 mL 50% DMSO intravesically. Four
patients had disease stabilization for 2–6 years [77]. Renal autotransplant has been
performed in ureter amyloidosis with significant obstruction to help preserve kidney
function [63, 70]. Regular follow-up is required because of a recurrence rate of 54%
[61]. This should include urinalysis and cystoscopy. Urogenital localized amyloidosis
is a localized disease with good prognosis. Systemic progression does not occur and
therefore repeated evaluation for systemic disease without new symptoms suggestive
of systemic disease is unnecessary and should be avoided [61, 78].

Cutaneous Amyloidosis

Cutaneous deposition of amyloid may represent localized disease or a manifestation
of systemic amyloidosis. In primary localized cutaneous amyloidosis there is no vis-
ceral involvement and the disease is confined to the skin. Deposition of amyloid in
the skin and the subcutaneous tissue can result in a variety of different skin lesions
in patients with localized cutaneous amyloidosis. Primary localized cutaneous amy-
loidosis can be divided into three forms: macular, papula (lichenoid), and nodular
forms. Cases having simultaneous features of macular, maculopapular, and lichenoid
lesion are not uncommon. Majority of patients usually have the macular or lichenoid
form of cutaneous amyloidosis [79–81]. The origin of the amyloid proteins in the
macular and lichenoid forms of cutaneous amyloidosis is unknown [82]. It has, how-
ever, been postulated that these may arise from epidermal damage and filamentous
degradation of keratinocytes with subsequent formation of amyloidogenic proteins.
In the nodular form, the amyloid is of immunoglobulin light chain origin. There is,
however, no demonstrable monoclonal protein in the serum and the immunoglobu-
lin light chains are produced by clonal plasma cells located in the amyloid deposits
[79, 83]. Patients presenting with the nodular form of amyloidosis should have a com-
plete evaluation to exclude the possibility of systemic amyloidosis, including a serum
and urine protein electrophoresis with immunofixation, a bone marrow biopsy, and
an abdominal fat pad biopsy. In contrast to the lichenoid and macular forms, in the
nodular variant the skin is more extensively involved with amyloid, with involvement
of the dermal vessels. In lichenoid and macular amyloidosis the amyloid deposits
are typically confined to the papillary dermis and do not involve adnexal structures.
Macular and lichenoid amyloidosis may present as pruritic skin eruption [83, 84]. In
macular amyloidosis, pigmented macules are seen on the back, chest, buttocks, and
limbs [84]. These lesions may remain unchanged for several years. On the other hand
lichenoid amyloidosis first presents as hyperkeratotic papules or plaques on the exten-
sor surfaces of the limbs, and occasionally the abdominal and chest walls. Nodular
localized cutaneous amyloidosis may be more extensive involving the extremities,
trunk, genitals, or face [85]. Regional and racial differences in incidence have also
been reported, with lichenoid amyloidosis common in the Chinese and macular in
Middle Easterners, Central, and South Americans [81, 84, 86].
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Diagnosis and Management

Although the history and clinical features of these skin lesions may suggest cutaneous
amyloidosis, these are non-specific and a tissue biopsy showing the characteristic
histologic features is required. More than one biopsy may be required to arrive at
the diagnosis. The amyloid deposits stain positive with Congo red dye and show the
characteristic apple green birefringence under polarized light. Other stains such as
thioflavin T, periodic acid Schiff (PAS), triphenyl methane dye, and Van Gieson may
be used. The fibrillar non-branching ultrastructure of the amyloid deposits can be
confirmed by electron microscopy [87]. Lichenoid and macular amyloid may react
with anti-keratin antibody, whereas primary systemic amyloid, secondary systemic
amyloid, and familial amyloid usually stain negative [88]. This may be helpful in the
evaluation of patients and confirmation of localized cutaneous amyloidosis.

Most patients with localized cutaneous amyloidosis can be monitored for several
years without the need for therapy. Treatment may be recommended for patients with
severe pruritus or for cosmetic reasons. The type of therapy will depend on the form
of amyloidosis. Deposits of nodular primary cutaneous amyloidosis can be excised
surgically or treated with carbon dioxide laser [89]. These lesions, however, tend
to recur locally. For macular and lichenoid amyloid, therapeutic modalities such as
antihistamines, intralesional corticosteroids, etretinate, and dermabrasion have been
employed with variable success. Topical dimethyl sulfoxide (DMSO) 50% solution in
water may offer some benefit. Ozkaya-Bayazit reported marked clinical improvement
with rapid improvement of itching and flattening of papules in 9 out of 10 patients
after 11 weeks of treatment [90]. However, relapses were seen in the follow-up period.
Both PUVA and UVB phototherapy has also shown some promise in the management
of this condition [91, 92].

Macular and lichenoid amyloidoses are primarily diseases of the cutaneous tis-
sue and do not progress to systemic amyloidosis [81, 85], although there have been
reported cases of progression several years after diagnosis. On the other hand risk of
progression appears to be high in patients with the nodular variant of cutaneous amy-
loidosis. The relationship between this localized form of light chain deposition and
primary systemic amyloidosis has been debated. Studies have shown almost no risk
to nearly a fifth of these patients going on to develop systemic amyloidosis [85, 93,
94]. Patients with nodular amyloidosis who test negative for systemic involvement
should be followed carefully in order to detect any evolution into a systemic disease
by monitoring serum and urine with immunofixation annually.

Others Rare Forms of Localized Amyloidosis

Localized cutaneous amyloid deposits have been seen at sites of insulin injection
[95, 96]. These are thought to be a reaction to the insulin and immunohistochemical
staining with anti-insulin antibody is usually positive. These patients may present
with insulin resistance and evaluation of the insulin injection sites usually will show
subcutaneous nodules [83]. Changing the type of insulin formulation and rotating
the sites of injection may reduce the amyloid deposits and also resolve the insulin
resistance.

Localized orbit and adnexal amyloidoses do occur [97, 98]. Most are immunoglob-
ulin light chain associated, but SAA cases have been reported. It should be empha-
sized for the clinician that localized amyloidosis of the conjunctiva and orbit is
a benign disease without systemic implications. Limited surgical intervention for
cosmetic reasons maybe indicated [99]. There have been cases of orbital amyloid
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deposition in association with localized MALT lymphoma. External beam radiother-
apy following surgical debulking is an effective treatment [100].

Rarely isolated bone amyloidosis is seen in clinical practice [101]. In purely local-
ized amyloid tumor of the bone there should be no evidence of plasmacytoma or
multiple myeloma. The spine seems to be a common site. Depending on its location,
emergency resection may be required such as when it involves the spine with cord
compression [102–104]. The prognosis of this type of amyloidoma is excellent, and
cure can be expected after local resection [103].
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Chapter 8
Amyloid Heart Disease

Rodney H. Falk and Simon W. Dubrey

Abstract Cardiac involvement in patients with amyloidosis is common. It produces
significant clinical symptoms in about 40% of patients with AL amyloidosis. A sig-
nificant proportion of patients with familial amyloidosis have clinical involvement of
the heart, and heart failure is almost always the presenting feature of senile systemic
amyloidosis. The severity of the cardiac symptoms and the response to treatment vary
depending upon the type of amyloid deposition. In this chapter, the different types of
cardiac amyloidosis are reviewed and the diagnostic workup and appropriate thera-
pies are addressed.

Keywords Amyloidosis, Congestive heart failure, Cardiomyopathy

Amyloid Heart Disease: General Overview

The heart is commonly involved in systemic amyloidosis and, when a diagnosis of
amyloidosis in other organs has already been made, symptoms arising from the heart
are readily attributable to its involvement by the disease. Unfortunately, when cardiac
amyloidosis is an isolated disorder, or even when the cardiac manifestations of undi-
agnosed multi-organ amyloidosis predominate, the diagnosis is often not entertained
and may be considerably delayed. Cardiac involvement varies both in severity and
in prevalence among the various subtypes of amyloidosis. AL amyloidosis is asso-
ciated with clinical cardiac involvement in about half the cases, although subclinical
involvement may be detected in almost every case at autopsy or on endomyocardial
biopsy. Transthyretin amyloidosis due to a mutant transthyretin is frequently associ-
ated with amyloid cardiomyopathy, although the prevalence of clinically significant
cardiac disease varies depending upon the specific mutation. Several less common
forms of amyloidosis are also associated with cardiac disease. Senile systemic amy-
loidosis is universally associated with cardiac disease which, other than carpal tunnel
syndrome, is virtually the exclusive manifestation of the disease.

Common to all types of cardiac amyloidosis is a cardiomyopathy characterized
by ventricular wall thickening in the absence of left ventricular dilation (Fig. 8-1).
This thickening is due to amyloid infiltration of the myocardium and the greater
the left ventricular mass, the greater the amyloid burden. As echocardiography
is almost universally available and is usually one of the earliest tests employed
in the investigation of suspected heart disease, the disease can be suspected by
its echocardiographic appearance (Fig. 8-2). Unfortunately, even advanced cases
of cardiac amyloidosis are sometimes misdiagnosed by cardiologists who are not
attuned to these echocardiographic findings, and early stages of the disease are often
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Fig. 8-1. (a) View of the heart in a patient with severe amyloid cardiomyopathy. The atria
(top portion of the specimen) are firm and have not collapsed post-mortem, due to stiffening
from amyloid infiltration. (b) Cut section of the same heart. ICD/pacing wires are seen in the
right atrium (upper portion of figure) and right ventricular apex. Note the small right and left
ventricular cavities with markedly thickened septum and LV free wall typical of amyloidosis.

Fig. 8-2. Apical four-chamber view of a 2D echocardiogram in a patient with advanced AL
cardiomyopathy. The left ventricle (LV) and right ventricle (RV) have a normal cavity size
with thick walls, whereas there is enlargement of both the right atrium (RA) and the left atrium
(LA). A small pericardial effusion (PE) is present.

unrecognized despite a fairly typical appearance. This is most commonly because the
wall thickening seen on echocardiography is mistakenly attributed to left ventricu-
lar hypertrophy, which is by far the commonest cause of thickened left ventricular
walls. In true left ventricular hypertrophy, the electrocardiogram will show normal
or increased QRS voltage, whereas the infiltrative nature of amyloidosis frequently
results in low voltage [1, 2], which may on occasion be extreme (Fig. 8-3). Additional
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Fig. 8-3. Typical ECG appearances in cardiac amyloidosis. (a) Q waves in leads 2, 3 and aVf and in V1-3, suggestive of
an old infarction. The patient had normal epicardial coronary arteries and AL amyloid cardiomyopathy. (b) Extreme low
voltage in a patient with AL amyloidosis. (c) Low normal voltage with a marked right axis deviation and right bundle branch
block pattern in a patient with senile cardiac amyloidosis. The rhythm is a slow atrial flutter, typical of senile amyloidosis
and associated, in this patient, with a clinical deterioration despite a relatively well-controlled ventricular rate.
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clues to an infiltrative cardiomyopathy on echocardiography include right ventricu-
lar free wall thickening (something that is rarely seen in hypertensive or valvular
disease), prominent biatrial dilation, and diffuse valvular thickening. Tissue Doppler
echocardiography, a technique that measures velocities within the myocardium (as
opposed to standard Doppler echocardiography which evaluates velocity of blood
flow within the cardiac chambers), is impaired both in true left ventricular hyper-
trophy and in amyloid heart disease. However, the impairment is much greater in
amyloidosis than in other forms of heart disease.

Magnetic resonance imaging (MRI) is becoming a useful tool in assessing
suspected or documented cardiac amyloidosis. In addition to the much greater accu-
racy of MRI compared to echocardiography for measuring right and left ventricu-
lar wall thickness, a distinctive pattern has been described in patients with cardiac
amyloidosis (Fig. 8-4). This consists of ventricular wall thickening with a diffuse,
predominantly subendocardial, “delayed enhancement” pattern of gadolinium uptake
in the myocardium. The myocardial and blood pool kinetics of gadolinium uptake
are also unusual in patients with cardiac amyloidosis [3]. Several investigators have
attempted to correlate the presence of delayed gadolinium enhancement with prog-
nosis in cardiac amyloidosis, but the small series and inclusion of some patients
with minimal echocardiographic evidence of cardiac involvement makes interpre-
tation difficult [4, 5]. It appears that the mere presence of delayed enhancement
may not be a prognostic indicator when cardiac amyloidosis is present, but analy-
sis of gadolinium kinetics may have prognostic value [6]. Most of the limited lit-
erature currently available is in patients with relatively advanced disease and it is
unclear whether or not cardiac MR will be helpful in determining early cardiac
involvement. The picture is further complicated by recent restrictions on the use
of gadolinium in patients with renal impairment due to the potential for causing
nephrogenic systemic fibrosis [7]. Despite the need for further work in this area,
serial cardiac MR clearly has excellent potential for assessing the progress or regres-
sion of amyloidosis in the heart and will likely gain credence as a useful clinical
tool.

123I-labeled serum amyloid P component has been extensively used in a few cen-
ters for imaging amyloid deposits but it does not image amyloid in the heart due to

a b

Fig. 8-4. (a) Cardiac MRI in advanced amyloid cardiomyopathy showing thickened ventricular and atrial septum.
(b) Delayed gadolinium enhancement in the same patient—the white areas in the ventricular and atrial walls are abnormal
and represent delayed gadolinium uptake in a typical distribution for cardiac amyloidosis.
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blood pool uptake [8]. 99mTc-aprotinin has been quite successful as an isotope for
cardiac imaging and may be fairly specific for cardiac amyloidosis [9]. However,
experience is limited, and the focus on newer echocardiographic techniques and car-
diac MR has steered interest away from radioisotope imaging.

The gross pathologic features of amyloid cardiomyopathy reflect the findings seen
on echocardiography. Histologically, the myocardial cells are separated and distorted
by amyloid deposition [10] (Fig. 8-5). Intramyocardial vessels are frequently infil-
trated by amyloid deposits, resulting in impaired vasodilation, which may result in
myocardial ischemia. On very rare occasions, amyloid deposits have been found in
epicardial vessels resulting in obstructive coronary artery disease indistinguishable
on coronary angiography from cholesterol-laden plaques. Although the predominant
manifestation of amyloid heart disease is congestive heart failure due to myocardial
infiltration with resultant impairment in left ventricular compliance (diastolic dys-
function), amyloid cardiomyopathy may rarely present with small vessel involvement
and minimal or no myocardial infiltration. In such cases, the presenting complaint
may be angina pectoris or significant systolic dysfunction (with no or only mild left
ventricular dilation) due to chronic myocardial ischemia. Diagnosis of amyloidosis
in such cases is extremely difficult unless an endomyocardial biopsy is performed or
unless involvement of other organs in the typical fashion suggests the diagnosis. The
atria are involved in all types of cardiac amyloidosis, as is the conduction system of
the heart [11]. Severe atrial infiltration may lead to atrial standstill in the presence
of electrical sinus rhythm [12]. In such cases, the prevalence of atrial thrombus for-
mation is high (Fig. 8-6), and thromboembolism may be the initial manifestation of
the disease [13–15]. Atrial arrhythmias (fibrillation, flutter, or atrial tachycardia) tend
to occur late in the disease. Significant ventricular arrhythmias have been described,
but are uncommonly seen, possibly because the initial episode of ventricular tachy-
cardia or fibrillation in such a compromised heart may cause instantaneous, non-
resuscitatable cardiac arrest.

The left ventricular ejection fraction in cardiac amyloidosis is often normal even
in the presence of congestive heart failure. However, this does not necessarily reflect
pure diastolic dysfunction. Left ventricular ejection fraction is primarily calculated,
or estimated visually, from the contraction of the heart along its short axis. However,
the subendocardial myocytes are longitudinally oriented and are particularly suscep-
tible to damage. Tissue Doppler imaging can evaluate longitudinal contraction of

a b

Fig. 8-5. (a) H and E stain showing extensive amyloid infiltration of the myocardium (light
pink) which distorts and separates the myocytes (darker pink). (b) Staining with sulfated Alcian
blue (another patient) shows typical amyloid staining with turquoise staining of the amyloid
and yellow myocyte staining.
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Fig. 8-6. (a) Subcostal view of the heart in a patient with sinus rhythm and end-stage amyloid cardiomyopathy. The arrow
points to a thrombus filling the left atrial appendage. (b) Doppler echocardiography and ECG in a patient with cardiac
amyloidosis and atrial failure. The arrow indicates the P-wave of the ECG confirming sinus rhythm, whereas the Doppler flow
across the mitral valve, seen between the two downward systolic “bars” of Doppler flow (representing mitral regurgitation),
is notable for the absence of any flow following the P-wave, representing atrial failure.

the heart and demonstrates that longitudinal systolic dysfunction is universal, and
disproportionately severe, in amyloid heart disease compared both to other types
of heart disease and to the degree of left ventricular ejection fraction impairment
[16–19]. In addition to direct infiltration by amyloid deposits, there is probably addi-
tional myocardial ischemia caused by compression and infiltration of small vessels;
there is some evidence that this may be greater in AL amyloidosis than in other
types [20].

Clinical Findings

The common clinical feature among the various forms of cardiac amyloidosis is the
presence of congestive heart failure associated with a non-dilated left ventricle with
thickened walls and a normal or mildly reduced left ventricular ejection fraction.
Because the disease affects all parts of the heart, biventricular heart failure is usu-
ally present, although the presenting feature is often that of severe right-sided heart
failure. Peripheral edema may be profound and ascites is not uncommon. Careful
physical examination is important in order not to miss the cardiac etiology of the pre-
senting symptoms. When cardiac ascites or congestive hepatomegaly is present the
jugular venous pressure is always elevated, often to the angle of the jaw. However,
if attention is not given to the elevated neck veins, a diagnosis of heart failure may
initially be missed, particularly if attention is misdirected by the report of a normal
ejection fraction on echocardiogram.

Once the disease is suspected, a histological diagnosis needs to be made. In many
cases, amyloid deposition can be found in the fat, and an abdominal fat pad biopsy is
a simple procedure with a relatively high yield. A higher yield will be obtained from
a cardiac biopsy in suspected cardiac amyloidosis although this carries the usual risks
of endomyocardial biopsy. A negative cardiac biopsy in suspected cardiac amyloi-
dosis usually rules out the disease, as infiltration is widespread and is almost always
found in a biopsy specimen. Once a positive biopsy has been obtained, it is critical to
determine the type of amyloid, as this determines the treatment. The specific types of
cardiac amyloidosis are discussed below.
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Types of Amyloidosis and Heart Involvement

AL Amyloidosis

AL amyloidosis is probably the most commonly recognized form of amyloid heart
disease. While organ dysfunction is predominantly due to infiltration of the heart by
amyloid deposits, there is evidence that amyloidogenic light chains may also be inher-
ently cytotoxic. Indirect evidence supporting a toxic component in AL amyloidosis
comes from clinical observation. Patients with cardiac AL amyloidosis and evidence
of active disease have a far worse prognosis than patients with transthyretin amyloi-
dosis despite similar echocardiographic appearances and, after successful chemother-
apy, patients with AL amyloidosis frequently have significant improvement in symp-
toms of heart failure with associated decrease in B-natriuretic peptide (BNP) and
serum troponin despite unchanged echocardiographic appearance [21]. Experimen-
tal in vitro data also suggest cardiotoxicity of amyloidogenic light chains, possibly
related to oxidative stress [22, 23].

The echocardiogram in AL amyloidosis is indistinguishable from that in other
forms of cardiac amyloidosis [24] and, as noted above, is characterized by biventric-
ular thickening, biatrial enlargement, restrictive hemodynamics, and a small cavity
with a relatively preserved ejection fraction. Most patients have evidence of extrac-
ardiac involvement, most commonly heavy proteinuria. Other organs that are com-
monly involved include the peripheral and autonomic nervous systems, liver, and
skin. Periorbital purpura is relatively common and, in the presence of a positive
biopsy for amyloid, is virtually pathognomonic for AL amyloidosis. Confirmatory
diagnosis of AL cardiac amyloidosis does not necessarily require endomyocardial
biopsy if the echocardiogram is typical and if a positive biopsy for amyloid has been
obtained from another site. However, cardiac biopsy may be useful if there is no
extracardiac disease or in a patient with a history of hypertension and ventricular
wall thickening who has evidence of amyloidosis elsewhere but in whom the cause
of wall thickening is uncertain. In skilled hands, endomyocardial biopsy is generally
a safe procedure and the generalized nature of myocardial involvement in amyloi-
dosis of any type virtually guarantees a positive biopsy if the disease is present in
the heart. While we favor immunofluorescence with a panel of antibodies and per-
formed on a fresh, non-preserved biopsy sample [25], to determine the precise type
of amyloid, several other techniques, discussed elsewhere in this book, are equally
valuable [26].

In the absence of treatment, the natural history of AL amyloidosis is rapidly pro-
gressive, with death occurring within 2 years in about 80% of patients [27]. AL amy-
loid presenting with heart failure has a very poor prognosis, with a median survival
as low as 4 months [28]. Merlini and coworkers were the first to suggest that the
circulating level of N-terminal pro-B-natriuretic peptide (NT-proBNP), the terminal
fragment of the prohormone proBNP, had a prognostic implication in AL amyloidosis
[29]. In a multivariate analysis, NT-proBNP appeared to be more sensitive than con-
ventional echocardiographic parameters in detecting clinical improvement or wors-
ening of amyloid cardiomyopathy during follow-up. Other investigators, using either
NT-proBNP or BNP, have reported similar results. It has been suggested that eleva-
tion of BNP in amyloidosis is not only a function of the presence of congestive heart
failure, but may reflect the hormone production by cardiac myocytes compressed by
amyloid deposits [30]. Electron microscopy has revealed higher densities of BNP
granules in myocytes abutting amyloid deposits [31], and patients with echocardio-
graphic evidence of cardiac amyloidosis have similar BNP elevations to those with
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overt heart failure, suggesting that left ventricular filling pressure is not the only
determinant of BNP levels [30]. Cardiac troponin T (TnT) and cardiac troponin I
(TnI) are regulatory proteins of the myofilament that are exclusively expressed by the
heart and that are elevated with myocardial injury. Utilizing high-sensitivity troponin
assays, it can be shown that a significant proportion of patients with cardiac amy-
loidosis have elevation of troponin. A staging system, utilizing serum levels of BNP
or NT-proBNP in conjunction with serum TnT, has been developed and may be of
value in helping to select patients who have a suitable risk for high-dose chemother-
apy and autologous stem cell transplant [32, 33]. In the authors’ opinion, these serum
biomarkers are a useful adjunct to the clinical history and physical examination com-
bined with echocardiography but certainly do not substitute for either.

There are several unusual presentations of cardiac involvement in AL amyloidosis.
An occasional patient is seen in whom electrocardiographic features of left ventricular
hypertrophy are present on the electrocardiogram despite the absence of hypertension
or valve disease [34]. These patients often have a relatively hyperdynamic left ventri-
cle with significant left ventricular thickening. Heart failure may be mild and, despite
the increased thickness of the left ventricle, they may, from a cardiac standpoint,
tolerate aggressive therapy relatively well. It is not clear whether this ECG finding
represents true hypertrophy of the cardiac myocytes as a reaction to the amyloid infil-
tration or whether there is another mechanism. Cardiac amyloidosis is associated with
a small left ventricular cavity and, if the ejection fraction is relatively well preserved
and wall thickening is considerable, left ventricular outflow tract obstruction mimick-
ing hypertrophic cardiomyopathy may occasionally occur [35, 36]. If these patients
are mistaken for true hypertrophic cardiomyopathy and are treated with verapamil or
diltiazem they may experience worsening of heart failure, and this is a clue to the pres-
ence of amyloidosis [37]. Classical angina with minimal epicardial coronary artery
disease is a feature of cardiac amyloidosis. It is not uncommon in patients with typical
amyloid cardiomyopathy but a very small percentage of patients may have normal or
minimally thickened walls [38–40]. Unless there is other organ involvement in such
cases, the diagnosis is often not apparent and requires an endomyocardial biopsy.
Biopsy in such cases reveals perivascular amyloid, which results in impaired small
vessel vasodilation. Small vessel amyloid may also occur in the jaw, leading to jaw
claudication on chewing and occasionally in the limb muscles resulting in exertional
claudication [41–43]. Even more rare is the development of severe systolic dysfunc-
tion with minimal or no left ventricular wall thickening. Unlike classical dilated car-
diomyopathy in which the ventricular cavity may be markedly enlarged, patients with
amyloidosis who present primarily with systolic dysfunction tend to have a normal
or minimally dilated left ventricle. The most likely etiology is small vessel amyloid
leading to global myocardial ischemia. Valvular involvement with amyloid deposi-
tion is not uncommon in systemic amyloidosis but rarely causes significant valvular
dysfunction. It almost invariably occurs in the setting of significant myocardial infil-
tration. Microscopic amyloid deposits have been found in a high proportion of valves
excised at the time of valve replacement in patients without systemic amyloidosis.
The biochemical composition of these deposits is unclear, but they do not seem to be
of clinical importance [44].

Treatment of AL Cardiac Amyloidosis
The approach to management of AL cardiac amyloidosis is twofold: treatment of
the heart failure and treatment of the underlying plasma cell dyscrasia. Patients with
AL amyloidosis of the heart tend to respond poorly to conventional heart failure
therapies. Careful titration of diuretics and salt restriction remains the mainstay of
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management. Calcium channel blockers have no role in the management and their
use is often associated with significant worsening of heart failure [37]. Despite the
presence of severe diastolic dysfunction, there is no evidence of a beneficial effect
of beta blockers except in atrial fibrillation, in which they should be used with cau-
tion due to their negative inotropic effects. There is no role for digoxin in patients
with cardiac amyloidosis who are in sinus rhythm. However, for patients with atrial
fibrillation, cautious use of digoxin may aid in heart rate control although the risk of
digoxin toxicity may be increased, possibly related to abnormal binding of the drug
to amyloid fibrils. Angiotensin-converting enzyme (ACE) inhibitors and angiotensin
receptor blockers are rarely tolerated in AL amyloidosis and may provoke profound
hypotension if used. This may be because vascular tone in this condition is dispropor-
tionately related to angiotensin receptors, because of impaired sympathetic nervous
system function.

Hypotension in AL cardiac amyloidosis may be due to low cardiac output, auto-
nomic neuropathy, or impaired vascular tone due to amyloid infiltration. If auto-
nomic neuropathy is present, the alpha-agonist midodrine can be effective, although
the effect is usually modest. Orthostatic hypotension may require thigh-high sup-
port stockings. Fludrocortisone is generally not tolerated in cardiac amyloidosis due
to its sodium-retaining effects. If permanent pacing is needed for atrioventricular
block, strong consideration should be given to biventricular pacing, as right ventric-
ular pacing alone may further decrease the already impaired stroke volume. Unless
sustained ventricular tachycardia has been documented, there appears to be little role
for implantable defibrillators as most cases of sudden death in cardiac amyloidosis
are due to electromechanical dissociation [45]. We have generally found that, among
patients in whom a defibrillator is implanted, the defibrillation threshold is within
acceptable range. However, extensive amyloid infiltration has occasionally been asso-
ciated with elevated defibrillation threshold and, in such cases, novel lead types may
be of value [46].

Treatment of the underlying plasma cell dyscrasia currently requires chemother-
apy directed toward the underlying clonal plasma cell disease, with the objective of
abolishing, or at least significantly reducing, the production of the amyloidogenic
monoclonal light chains. Resolution of light chain production with chemotherapy is
associated with a reduction of serum NT-proBNP and improvement in survival [21].
High-dose chemotherapy with melphalan supported by autologous stem cell trans-
plantation has been used increasingly in AL amyloidosis [47, 48]. Response rates in
terms of clonal disease remission are encouragingly high, but the procedure is associ-
ated with a high incidence of treatment-related mortality, which tends to concentrate
among patients with cardiac involvement. Of 312/701 AL patients deemed eligible for
high-dose chemotherapy, the median survival was 4.6 years. A complete hematologic
response was achieved in 40%, although the mortality rate in the first 100 days was
13% [48]. Survival was poorer among patients with cardiac amyloidosis compared to
those who had no evidence of heart involvement. In a comparative study of high-dose
chemotherapy with melphalan and associated autologous stem cell transplant com-
pared to a regimen of melphalan plus dexamethasone, no difference in survival was
found although there was a trend toward better survival among patients with cardiac
involvement who were treated with oral therapy [49]. Although high-dose chemother-
apy with stem cell transplant has been successfully used in a significant number of
patients with cardiac disease, results tend to be better in experienced centers and the
published data argue that, for most physicians outside the few specialized centers
treating cardiac amyloidosis, therapy should be initiated with an oral regimen and
then assessing response.
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Regimens using thalidomide, lenalidomide, and bortezomib with or without
associated steroid use are showing promise although have been cases of increased
congestive heart failure among patients with severe cardiac involvement treated with
bortezomib. A report of 22 consecutive patients with AL amyloidosis and New York
Heart Association class IV heart failure highlights the very high mortality in this
disease despite treatment by expert physicians [50]. All patients were treated with a
combination of daily thalidomide, with 4 days per month of melphalan and reduced-
intensity dexamethasone. Three patients were unable to tolerate the dexamethasone
due to fluid retention and six died before completing the third cycle. The median sur-
vival for the whole group was less than 6 months and only four had a durable survival.
The authors noted a delay in diagnosis of over a year from the onset of symptoms in
45% of patients and stressed the importance of the need for a high suspicion of amy-
loidosis in order to lead to an earlier diagnosis. They also addressed the importance
of considering heart transplantation in suitable patients, given the dismal prognosis
of severe heart failure in AL amyloidosis.

Heart Transplantation
The decision to consider a patient with AL amyloidosis for heart transplantation is a
complex one. The majority of patients have significant amyloid involvement of other
organs rendering them unsuitable for cardiac transplantation. Cardiac transplantation
alone does not affect the underlying systemic disorder and amyloid deposition will
continue unless the plasma cell dyscrasia is addressed. Thus, the pros and cons of
treatment of the plasma cell dyscrasia in a patient with severe cardiac amyloidosis
have to be weighed against possibility of early transplantation of the heart.

Early attempts at cardiac transplantation in AL amyloidosis did not address the
underlying disease, resulting in a short-term improvement followed by death from
progressive amyloidosis in the majority of patients [51, 52]. Indeed, in some cases
the transplanted heart itself was the site of recurrent amyloidosis [53]. The results
of heart transplantation in the UK for patients with amyloidosis were reported for a
total of 24 patients, of whom 17 had AL and 7 had non-AL amyloid [54]. These 24
patients represent only 0.44% of the heart transplants performed in the UK between
1984 and 2002. Regardless of the use of adjunctive chemotherapy in some cases, the
5-year survival after heart transplantation for cardiac AL amyloidosis was generally
poorer than following heart transplantation for other indications as progression of the
systemic disease contributed to the increased mortality. The United States’ experience
was recently summarized based on a retrospective analysis of the national database of
United Network of Organ Sharing (UNOS) [55]. Between 1987 and 2001, 69 patients
who had been transplanted for amyloid heart disease were identified, with a mean age
of 51 years. There were five intra-operative deaths and the 1-year actuarial survival
was 74.6% compared to 81.6% for all other patients undergoing cardiac transplanta-
tion during the same period. The 5-year survival was 54% versus 63.3%, respectively,
and 9 of the 29 late deaths were said to be of amyloid-related complications. How-
ever, the authors did not describe the type of amyloidosis, the concomitant disease, or
whether or not adjunctive chemotherapy was given. Similar data have been recently
reported from Spain, with a suggestion that AL amyloidosis may fare worse after
cardiac transplantation than do other types [56].

Heart transplantation followed by autologous stem cell transplantation has been
reported in a limited number of patients. A recent report describes five patients
undergoing combined sequential transplants, of whom two died of progressive amy-
loidosis at 33 and 90 months following heart transplantation. The remaining three
patients were well at the time the report was published [57]. Physicians at Columbia
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Presbyterian Medical Center in New York have described their experience with car-
diac transplantation in 12 patients with cardiac amyloidosis who received a heart
transplant with “extended donor criteria” [58]. Extended donor criteria hearts were
defined as cardiac allografts “not traditionally considered for cardiac transplantation
because of advanced donor age, concomitant non-obstructive coronary artery dis-
ease, inability to obtain a cardiac catheterization, mild left ventricular hypertrophy,
prolonged ischemic time, or positive donor serologies for hepatitis C.” The availabil-
ity and use of such hearts shortens the waiting list and, although possibly associated
with a decreased survival compared to more traditional donor hearts [59]. Twelve
patients had AL amyloidosis and two had familial amyloidosis. Eight of the ten with
AL amyloidosis also underwent high-dose chemotherapy with autologous stem cell
transplantation and the two familial patients underwent liver transplantation in addi-
tion to heart transplantation. The 1-year survival of the group was 75% compared
to 25% in 13 patients who were evaluated for transplantation but did not receive a
heart. At the Mayo Clinic between 1994 and 2005, 11 patients with AL amyloido-
sis underwent sequential orthoptic heart transplantation followed by autologous stem
cell transplantation [60]. Two patients died of complications of stem cell transplant.
Three patients subsequently died from progressive amyloidosis at 66, 57, and 55
months after stem cell transplant. The 1- and 5-year heart transplant survival rates
were 82 and 65%, respectively, with a median survival of 76 months from heart
transplantation and 57 months from stem cell therapy. The authors concluded that
aggressive treatment of the underlying plasma cell dyscrasia after heart transplant
is feasible and may improve long-term outcome in patients with cardiac amyloido-
sis. At the Massachusetts General Hospital, 16 of 21 patients with AL cardiac amy-
loidosis evaluated for cardiac transplantation were listed, nine of whom died while
waiting for an organ. All of the remaining seven underwent cardiac transplantation
followed by high-dose chemotherapy and autologous stem cell transplantation. There
was no treatment-related mortality to the chemotherapy but long-term follow-up is
still pending (Semigran, personal communication). Similar experiences have recently
been reported from groups in Europe [56, 57, 61, 62] and successful cardiac trans-
plantation has been reported following high-dose chemotherapy and autologous trans-
plant [63]. One patient with AL amyloidosis in whom successful combined heart–
kidney transplant was performed without subsequent high-dose chemotherapy has
been reported [64].

While it appears possible to perform combined cardiac transplantation and
autologous stem cell transplantation in patients with light chain amyloidosis, pre-
cise criteria for the optimal candidate for this aggressive therapy have not been
formalized. There is, however, a general informal consensus among experts in
this field that the disease should be clinically isolated to the heart at the time
of cardiac transplantation. There should be no significant proteinuria (less than
500 mg/24 h), no significant neuropathy, and clinically significant hepatic involve-
ment should be excluded. Generally, hepatic involvement in amyloidosis is charac-
terized by an elevated alkaline phosphatase in conjunction with hepatomegaly but,
as liver enlargement may be secondary to right heart failure without amyloid infil-
tration, liver biopsy may be needed in equivocal cases. Chemotherapy and autolo-
gous stem cell transplantation are generally performed within 6 months to 1 year
of heart transplantation in order to avoid further amyloid deposition. Chemother-
apy should be performed by hematologists familiar with stem cell transplantation
and in a center that also regularly performs cardiac transplantation so that the
patient and his/her immunosuppressive therapy can be monitored carefully. Whether
or not the extended donor criteria will prove equivalent to standard donor criteria
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in these patients remains unclear but, in our opinion, precise attention to selection
criteria should be performed regardless of the donor heart status.

Prevention of Sudden Cardiac Death
Sudden cardiac death is common in patients with AL amyloidosis involving the heart.
In most other cardiac diseases associated with sudden death, such as coronary artery
disease, dilated and hypertrophic cardiomyopathy, ventricular fibrillation is the com-
monest etiology of sudden death and the implantable cardioverter defibrillator (ICD),
used either as a prophylactic or therapy or implanted in a survivor of aborted sudden
death, has convincingly been shown to prolong life. Although isolated cases of recur-
rent ventricular arrhythmia with appropriate ICD function have been documented in
cardiac amyloidosis, the majority of deaths appear to be due to pulseless electrical
activity, an event not generally amenable to therapy [65]. In a series of 19 patients
with either non-sustained ventricular tachycardia or high-grade ventricular arrhyth-
mia treated with a prophylactic ICD, only two received shocks for sustained arrhyth-
mia whereas there were six deaths due to electromechanical dissociation [45].

Hereditary Amyloidosis

Hereditary forms of cardiac amyloidosis are usually associated with mutation in the
gene for the plasma protein transthyretin (TTR) and are referred to as ATTR. About
100 different amyloidogenic missense point mutations have been described [66],
and the heart is a frequent target for deposition in ATTR amyloidosis. The amyloid
deposits are composed of a combination of amyloid derived from mutant TTR and
wild-type TTR [67, 68].

Patients with ATTR amyloidosis may present with neuropathy, cardiomyopathy,
or a combination of both. Neuropathy most frequently presents as a progressive sen-
sorimotor and/or autonomic neuropathy. In some cases, the cardiomyopathy predom-
inates and the patient presents with heart failure. However, myocardial infiltration
can be severe in non-AL amyloid before heart failure develops and, if the predomi-
nant clinical manifestation is neuropathy, an associated cardiomyopathy may be over-
looked unless echocardiography is performed. Macroglossia is not a feature, although
carpal tunnel syndrome may be an early indicator of the disease. The penetrance of
hereditary forms of amyloidosis is variable, may vary from kindred to kindred despite
the same mutation and some individuals with the genotype may not develop clinical
disease. The most common transthyretin mutation is the substitution of isoleucine
for valine at position 122 (Val122Ile), which is present in up to 4% of African-
Americans [69]. Val122Ile is almost exclusively found in patients of African descent,
although a single case has been described in a Caucasian [70]. The predominant fea-
ture is a severe cardiomyopathy with minimal or no neuropathy, with the age at pre-
sentation usually around 60 years. Because of the high prevalence of hypertension
and associated left ventricular hypertrophy in the older African-American popula-
tion, the echocardiogram may be mistaken for hypertensive heart disease. However,
hypertensive heart failure rarely presents with right heart failure, whereas this is the
commonest manifestation of amyloid heart disease. The presentation in an African-
American patient of left ventricular thickening disproportionate to any history or
degree of hypertension, particularly when associated with right ventricular thicken-
ing and normal to low voltage on the electrocardiogram, should point strongly to
amyloidosis.

Variants of apolipoprotein-AI (Apo-AI) can also cause amyloid heart disease
[26, 71]. Wild-type Apo-AI has a tendency to form amyloid fibrils, but this is
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localized within intravascular atherosclerotic plaques [72]. Apo-AI mutations can
cause renal disease, which presents with progressive renal failure in the absence
of proteinuria. In a proportion of these patients a progressive cardiomyopathy and
heart failure occur. The precursor protein of fibrinogen amyloidosis is expressed in
the liver and the disease usually presents with progressive renal disease. Combined
liver–kidney transplantation has been successfully performed [73]. Amyloidosis due
to fibrinogen mutations almost exclusively affects the kidney [74], although rare cases
with cardiac involvement have been described [75]. A rarer form of hereditary amy-
loidosis includes variant gelsolin type [76]. Cardiac involvement by the gelsolin type
is usually restricted to conduction disease [77] and may require a permanent cardiac
pacemaker.

Management of Hereditary Forms of Amyloid Heart Disease
Although the echocardiographic features of ATTR and AL amyloidosis are indis-
tinguishable, patients with familial cardiac amyloidosis have a much more indolent
course, and congestive heart failure is generally easier to control [24]. In the absence
of autonomic neuropathy, ACE inhibitors may be tolerated as may low-dose beta
blockers. Renal involvement is not a feature of ATTR amyloidosis although signifi-
cant azotemia may develop late in the disease as cardiac output falls. At present, the
only specific treatment for the transthyretin, fibrinogen [78], and apolipoprotein [73]
amyloidoses is organ transplantation. Orthotopic liver transplantation is widely per-
formed for TTR-associated familial amyloid polyneuropathy [79]. Although this has
proved very successful in halting and even reversing clinical disease associated with
TTR Val30Met, particularly when treated early, paradoxical accelerated progression
of cardiac amyloidosis has occurred following liver transplantation in many patients
with non-Val30Met TTR variants [80–82]. It is believed that this is due to continued
deposition of wild-type transthyretin in the heart, and there is now some evidence that
wild-type transthyretin cardiac deposition may preferentially occur after liver trans-
plantation [83–85]. If feasible, combined heart and liver transplantation should be
considered for selected patients with hereditary TTR amyloidosis who have signifi-
cant cardiac amyloidosis at presentation [86, 87].

In fibrinogen-related amyloidosis the precursor protein is expressed in the liver,
and liver transplantation has been successfully utilized [88]. Limited experience with
hereditary apolipoprotein-AI amyloidosis suggests that amyloid recurs in solid organ
transplants remarkably slowly in the absence of any measure to reduce production of
the respective amyloidogenic apolipoprotein-AI variant. Combined cardiac and renal
transplants have been performed in patients with hereditary apolipoprotein-AI amy-
loidosis, with excellent long-term results [89]. Successful combined liver and kidney
transplantation is also described for apolipoprotein-AI amyloidosis [90]. Overall, the
5-year survival after heart transplantation for non-AL amyloid, combined in some
cases with liver or kidney transplantation, is similar to that after heart transplantation
in general. The major contraindication to heart transplantation in familial amyloidosis
is the presence of severe associated neuropathy. In considering cardiac transplanta-
tion in patients with ATTR amyloidosis, strong consideration should be given also to
transplanting the liver to prevent further mutant transthyretin production. As the liver
otherwise functions normally, the explanted organ can be transplanted into another
patient requiring liver transplantation (domino transplantation) [91, 92], and there
have even been cases of split domino transplantation in which the liver from the amy-
loid patients is given to two recipients The development of amyloid deposits several
years after receiving such a liver has now been described in a small number of patients
[93, 94].
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Potential New Therapies
Elucidation of aspects of the molecular pathogenesis of amyloid and amyloidosis is
generating a variety of novel approaches to therapy [95–98]. Small molecule ligands
that stabilize the native tetrameric structure of TTR and prevent its fibrillogenesis are
being actively investigated for prophylaxis and therapy in TTR amyloidosis [99–103].
The non-steroidal anti-inflammatory diflusinal has recently been found to stabilize the
tetrameric structure of TTR. This action reduces tetramer dissociation and subsequent
monomer misfolding and aggregation into amyloid [104–106]. A trial of its clinical
efficacy in ATTR is in progress and several similar, and possibly more potent, agents
are in development [106]. A major problem with diflunisal in patients with cardiac
dysfunction is aggravation of heart failure. Other strategies, with applications in AL
or ATTR amyloidosis, include stabilizing native structures of other amyloidogenic
proteins and preventing and reversing fibrillogenesis, as well as disrupting established
deposits, using antibodies, synthetic peptides, and small molecule drugs [107, 108].

Senile Systemic Amyloid (SSA)

Wild-type TTR amyloid deposition (SSA) is found at autopsy in about 25% of indi-
viduals over the age of 80 [67], although, in most cases, the deposits are generally
found in small quantities and there is no clinical significance or abnormality dur-
ing life. The clinical picture of senile systemic amyloidosis (SSA) occurs only when
the amyloid deposits are extensive enough to produce an increase in left ventricu-
lar wall thickness. There is some evidence that in SSA the TTR is more likely to
be composed of fragments of the TTR molecule than in patients with FAP, in whom
the deposits appear to contain intact TTR molecules. This difference in architecture
may result in distinct patterns of deposition, and the intact TTR molecular deposits
(but not the amyloid that they can produce) may penetrate into the myocytes [109].
Wild-type transthyretin (TTR) is deposited in clinically significant quantities almost
exclusively in the heart in SSA, despite the term “systemic” in its nomenclature.
Although an occasional patient may be detected in an asymptomatic phase, usually
because an echocardiogram is done to elucidate an abnormal electrocardiogram, the
usual presenting feature is biventricular congestive heart failure. The only other clin-
ical extracardiac feature is a propensity to a history of carpal tunnel syndrome. The
echocardiographic appearance is typical of other forms of amyloidosis, but there is
no neuropathy or other major extracardiac involvement. Senile cardiac amyloidosis is
almost exclusively a disease of elderly men. In a study of 18 patients (17 males) with
amyloid heart involvement due to SSA, the median survival was 60 months. Over
the same period, patients with AL amyloid heart disease at the same institution had a
median survival of only 5.4 months [110]. A report comparing patients with AL and
senile amyloid heart involvement found that patients with SSA had thicker ventricular
walls than those with AL [111]. Most patients with SSA had normal voltage electro-
cardiograms, whereas the majority of those with AL had low voltage. Despite thicker
walls (mean septal thickness of 17.8 versus 14.3 mm ) and despite an older age, the
senile amyloid patients had less severe heart failure and a much longer median sur-
vival (75 versus 11 months). These SSA patients were all elderly males with amyloid
limited to the heart.

Treatment of SSA is symptomatic, with diuretics remaining the mainstay. Not
uncommonly severe right-sided heart failure may be present at the time of presen-
tation. Vigorous treatment often results in significant improvement, with long-term
freedom from recurrence of severe heart failure. As with ATTR, patients may toler-
ate ACE inhibitors or angiotensin receptor blockers. Long-acting nitrates, given for
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pre-load reduction, may have some effect in relieving symptoms of dyspnea. Given
the age of the patients, other, non-amyloid, heart disease may co-exist and should not
be overlooked. The disease tends to progress slowly, and a sudden worsening of heart
failure often represents the onset of atrial arrhythmia. Atrial fibrillation is common
and, if present, warfarin anticoagulation should be used as the thromboembolic risk is
very high. Strong consideration should be given to electrical cardioversion if atrial fib-
rillation or flutter occurs, and amiodarone can be safely used in most patients to help
maintain sinus rhythm. Progressive distal conduction system disease with high-degree
AV block commonly occurs and, if a permanent pacemaker is needed, consideration
should be given to biventricular pacing as right ventricular pacing may aggravate the
already decreased cardiac output. Generally, the advanced age of patients with SSA is
a contraindication to cardiac transplantation. However, an occasional patient presents
in the 7th or even 6th decade, and transplantation has been successfully performed in
such patients [54, 112].

Secondary (AA) Amyloidosis

AA amyloidosis, previously termed secondary amyloidosis, is a rare complication of
chronic inflammatory disorders. The fibrils are derived from the acute phase reac-
tant serum amyloid A protein (SAA). Although cardiac deposits are often present
at histology, echocardiographic abnormalities and clinical symptoms of cardiac AA
amyloidosis are extremely rare, occurring in only about 2% of cases. The prognosis
is thought to be substantially better than in cases of AL amyloid [113]. Treatment
involves suppressing the underlying disease.

Isolated Atrial Amyloid (IAA)

Atrial natriuretic peptide (ANP) is synthesized locally by atrial myocytes [114] and
can be deposited locally within the atria as amyloid. IAA is a disease of the elderly,
with a female preponderance that contrasts with senile TTR amyloid [111]. The inci-
dence of IAA in elderly hearts is high, with one autopsy study describing IAA in 91 of
100 hearts [115]. IAA first appears in the 4th decade and its prevalence increases by
approximately 15–20% per subsequent decade, reaching 95% in those of 81–90 years
of age [116]. It may be important in the development of atrial conduction abnormal-
ities and atrial fibrillation, particularly after cardiac surgery [117–120]. ANP plays
an established integral role in circulatory hemodynamics, although no relationship
has been demonstrated to link IAA and measures of cardiac performance, including
ejection fraction. This suggests that conditions that increase ANP production do not
necessarily promote atrial amyloidogenesis [121].

Isolated atrial amyloidosis can only be diagnosed by pathologic examination of
biopsy or autopsy material, and there are no specific non-invasive features. Manage-
ment of any associated atrial arrhythmia is the appropriate therapy.

Summary and Conclusion

Early detection of cardiac amyloidosis is the best method to obtain the best possible
outcome, as it allows for a broader range of therapeutic options. Clinical awareness
of the disease and a high index of clinical suspicion are critical to early diagnosis,
but, unfortunately, many cases are diagnosed late in the disease. In AL amyloidosis,
severe cardiac involvement precludes high-dose chemotherapy but, in the uncommon
cases where infiltration is limited to the heart, combined heart transplantation and
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chemotherapy offer a hope of long-term survival. Newer chemotherapy regimes, with
less treatment-related mortality than high-dose chemotherapy and stem cell trans-
plant, show promise, even when cardiac involvement is severe and when multisys-
tem disease precludes consideration of cardiac transplantation. The identification of
a patient with familial amyloidosis should lead to genetic counseling, and possibly
genetic screening of offspring, as new therapies, currently in clinical trials, may offer
a way to prevent or delay the onset of the disease and early detection in offspring may
permit better disease management. Senile systemic amyloid still offers a therapeutic
challenge, but drugs to stabilize the amyloidogenic TTR offer a future potential for
slowing disease progression. Finally, once a case of amyloidosis is recognized, it is
vital to precisely determine the type of amyloid as the prognosis and treatment differ
considerably among the types.
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Chapter 9
Renal Amyloidosis

Laura M. Dember

Abstract The kidney is one of the most frequently affected organs in several types of
systemic amyloidosis. Amyloid nephropathy is diagnosed by Congo red positivity of
kidney tissue and by the presence of non-branching, randomly oriented fibrils that are
8–12 nm in diameter and evident by electron microscopy. Amyloid deposits can occur
in the mesangium, glomerular capillary loops, tubulo-interstitium, and/or vasculature
of the kidney. Amyloid nephropathy is typically characterized by nephrotic syndrome
and progression to end-stage renal disease. The rate of decline in kidney function is
variable and can be slowed by treatments that reduce the production of amyloidogenic
precursor proteins or new amyloid deposits.

Keywords Renal, Nephropathy, Kidney, Glomerulus, Proteinuria, Nephrotic syn-
drome, End-stage renal disease, Dialysis, Acute kidney injury, Tubulo-interstitium

Introduction

The kidney is one of the most frequently affected organs in several types of sys-
temic amyloidosis and proteinuria or elevation of serum creatinine is often the initial
disease manifestation. Progressive loss of kidney function with development of end-
stage renal disease is typical for patients with amyloidosis-associated kidney disease.
However, as discussed in this chapter, it is becoming increasingly evident that kidney
function can be preserved with treatments that eliminate production of amyloidogenic
proteins or formation of amyloid deposits.

Types of Amyloidosis That Affect the Kidney

The amyloidoses are classified based on the amyloidogenic precursor protein and
by the distribution of amyloid deposition as either systemic or localized. Systemic
amyloidosis refers to disease in which amyloid deposits form at sites that are distant
from the source of the amyloidogenic protein. In contrast, in localized amyloidosis,
deposits form only at the site of synthesis of the amyloidogenic protein. The kidney
is frequently involved in several of the systemic amyloidoses but not in localized
amyloid disease.

The types of systemic amyloidosis that affect the kidney are shown in Table 9-1.
In AL amyloidosis, the most common of the systemic amyloidoses, clonal plasma
cells in the bone marrow produce amyloidogenic immunoglobulin light chains that
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Table 9-1. Kidney involvement in the systemic amyloidoses.
Disease Amyloidogenic protein Organ involvement

AL amyloidosis Monoclonal immunoglobulin light
chain or fragment

Kidney, heart, liver, gastrointestinal tract,
autonomic or peripheral nervous
system, soft tissue, spleen, thyroid,
adrenal gland

AH amyloidosis Monoclonal immunoglobulin heavy
chain or fragment

Kidney predominates in the small
number of reported cases

AA amyloidosis Proteolytic fragment (AA) of
Serum Amyloid A protein

Kidney, liver, gastrointestinal tract,
spleen, autonomic nervous system,
thyroid, heart

Transthyretin amyloidosis
(hereditary)

Transthyretin Peripheral nervous system, heart,
vitreous opacities. Kidney involvement
is less common

Fibrinogen Aα amyloidosis
(hereditary)

Fibrinogen Aα chain Kidney, liver, spleen. Kidney
involvement is predominantly
glomerular

Apolipoprotein AI amyloidosis
(hereditary)

Apolipoprotein AI Kidney, liver, heart, skin, larynx. Kidney
involvement is predominantly
medullary

Apolipoprotein AII amyloidosis
(hereditary)

Apolipoprotein AII Kidney

Lysozyme amyloidosis (hereditary) Lysozyme Kidney, liver, GI tract, spleen, lymph
nodes, lung, thyroid, salivary glands

Gelsolin amyloidosis (hereditary) Gelsolin Cranial nerves, lattice corneal dystrophy
Senile systemic amyloidosis Transthyretin (wild type) Heart, soft tissue
Dialysis-related amyloidosis Beta-2 microglobulin Osteoarticular tissue; less commonly

involves gastrointestinal tract, blood
vessels, heart

form amyloid deposits in a variety of tissues. Clinically evident kidney involvement
occurs in 50–80% of patients with AL amyloidosis [1–3]. AA amyloidosis occurs in
the setting of longstanding inflammation when a proteolytic fragment of serum amy-
loid A protein (SAA) forms amyloid. SAA is an acute phase reactant synthesized by
the liver in response to inflammation. The most common inflammatory conditions
underlying AA disease are rheumatoid arthritis, familial Mediterranean fever (FMF)
or other auto-inflammatory disorders, inflammatory bowel disease, osteomyelitis,
and bronchiectasis [4]. With the development of effective treatments for many of
these conditions, the incidence of AA amyloidosis is decreasing. However, nearly all
patients with AA amyloidosis have kidney involvement [4]. In hereditary amyloi-
doses, an amino acid substitution resulting from an inherited gene mutation renders
a protein amyloidogenic. Kidney involvement is a relatively infrequent manifestation
of transthyretin (TTR) amyloidosis, the most common of the hereditary forms, but
the kidney is often the predominant organ affected in other forms of hereditary amy-
loidoses such as fibrinogen Aα, lysozyme, apolipoprotein AI and apolipoprotein AII
disease. Immunoglobulin heavy chain (AH) amyloidosis can involve the kidney but
is extremely rare [5]. Senile systemic amyloidosis and beta-2 microglobulin amyloi-
dosis do not affect the kidney. Leukocyte chemotactic factor 2 (LECT2) was recently
identified as the amyloidogenic protein in an individual with nephrotic syndrome,
progressive renal failure, and renal cell carcinoma [6]. The absence of a mutation in
the LECT2 gene led the investigators to hypothesize that LECT2 amyloidosis is an
acquired form of amyloid disease [6].

The kidney is not a frequent target organ for localized forms of amyloidosis. How-
ever, localized AL amyloidosis can occur in the urinary tract when clonal plasma
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cells in bladder tissue produce amyloidogenic light chains. Microscopic or macro-
scopic hematuria is a common presenting symptom of localized AL amyloidosis of
the bladder [7].

Renal Pathology

Light and Electron Microscopies

Amyloid can deposit anywhere in the kidney but glomerular changes typically pre-
dominate (see Fig. 9-1). By light microscopy, amyloid appears as an amorphous
material in the mesangium and capillary walls. Mesangial cells are not increased
in number, but may appear displaced peripherally by the amyloid deposits. When
mesangial amyloid deposition is extensive, the glomerular lesion is nodular and can
look similar to diabetic nephropathy or light chain deposition disease [8]. However,
because the amyloid nodules are comprised of protein rather than extracellular matrix
material, they stain weakly with periodic acid-Schiff, a feature that helps distin-
guish them from lesions of diabetic nephropathy or light chain deposition disease.
Tubular atrophy and interstitial fibrosis without a prominent inflammatory infiltrate
occur with tubulointerstitial amyloid deposition, and high-grade proteinuria can pro-
duce vacuolization of tubular epithelial cells. Amyloid infiltration of blood vessels
may be seen in conjunction with glomerular or tubulointerstitial deposition or as an

A CB

D E F

Fig. 9-1. Glomerular changes seen by kidney biopsy in AL amyloidosis. (A) Light microscopy shows mesangial expansion
with amorphous material that stains weakly with periodic acid-Schiff dye. (B) Immunofluorescence shows strong reactivity
for lambda light chain and (C) weak reactivity for kappa light chain suggesting a clonal source of light chains. (D) Congo
red-stained material in the mesangium has an orange-pink color under non-polarized light and (E) generates apple-green
birefringence under polarized light. (F) Non-branching, randomly arrayed fibrils with diameter of 12 nm can be seen by
electron microscopy. Images provided by Joel Henderson and Helmut Rennke.
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isolated histologic finding. Amyloid deposits isolated in the renal medulla is a feature
in many patients with apoAI hereditary amyloidosis [9–11] and has been described
in some individuals with AA amyloidosis [12]. Medullary limited disease can be
difficult to diagnose since kidney biopsy tissue is often comprised entirely of renal
cortex.

The ordered intercalation of Congo red dye into amyloid fibrils produces the
amyloid-defining apple-green birefringence under polarized light. Because Congo red
staining is not a routine part of the histologic evaluation of most tissues, the diagnosis
of amyloidosis may be missed unless the disease is suspected. However, the likeli-
hood of a missed diagnosis is lower with a kidney biopsy than with biopsies of other
tissues because electron microscopy is a standard component of the pathologic eval-
uation of kidney tissue. By electron microscopy, amyloid appears as non-branching
fibrils with diameters of 8–10 nm arrayed randomly without a specific orientation.
The diameter of the fibrils distinguishes amyloidosis from other fibrillary kidney
diseases such as fibrillary glomerulonephritis and immunotactoid glomerulopathy
which have fibrils of 15–20 and 30–60 nm, respectively [13–15] (see Table 9-2).
Unlike amyloid, the fibrils of immunotactoid glomerulopathy have a microtubular
structure with hollow cores and are arranged in the tissue in highly ordered, parallel
arrays.

Determination of Amyloid Type

The type of amyloidosis can often be determined from immunofluorescence or
immunohistochemistry studies of kidney biopsy tissue using antibodies directed
against amyloidogenic proteins. Reactivity for kappa and lambda light chains is
assessed routinely on kidney biopsies performed for a wide array of indications in
order to determine whether immune deposits are monoclonal or polyclonal. The pre-
dominance of one light chain isotype in such deposits indicates a monoclonal pro-
cess, and in conjunction with Congo red positivity is diagnostic for AL amyloido-
sis. Because conformational changes or proteolytic cleavage of the light chain can
mask or eliminate relevant epitopes, immunoreactivity for the light chain may be
absent in AL amyloid deposits [16]. Most patients with AL disease will have evi-
dence for monoclonal light chain production in the serum, urine, or bone marrow;
however, because the monoclonal protein is typically present in the blood or urine
in low concentrations, immunofixation electrophoresis rather than straightforward
protein electrophoresis is often required for its detection. Nephelometric quantifi-
cation of free light chains in the serum is also useful in establishing the presence
of a monoclonal protein [16]. Because free light chains are filtered by the glomeru-
lus, the ratio of the serum concentrations of the two light chain isotypes rather than
their absolute concentrations should be assessed if the glomerular filtration rate is
reduced as it often is in renal amyloidosis [17, 18]. In contrast to multiple myeloma,
the monoclonal protein in AL amyloidosis is more often of the lambda than kappa
isotype.

Antibodies directed against AA protein are also available and have reasonably
good specificity. Loss of Congo red staining after treatment with potassium per-
manganate is a property of AA amyloid that can distinguish it from other types
[19], but this technique is not as reliable as immunoreactivity with anti-AA anti-
bodies. Antibodies directed against proteins underlying the hereditary amyloidoses
are often not available in clinical pathology laboratories but are used by research
laboratories for either immunohistochemistry or immuno-electron microscopy
[20, 21].
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Clinical Manifestations of Renal Amyloidosis

Chronic Manifestations

Most patients with renal amyloidosis have proteinuria that can range from less than
500 mg/day to greater than 30 g/day. The urinary protein is comprised mostly of albu-
min and many patients have the full nephrotic syndrome which is formally defined
as urinary protein excretion >3.5 g/day, hypoalbuminemia, and edema. Nephrotic
syndrome is often accompanied by hyperlipidemia with elevations in concentrations
of both cholesterol and triglycerides. Severe hypoalbuminemia and diuretic-resistant
anasarca are common. Management of fluid status can be particularly challenging
in patients with heart or autonomic nervous system involvement in addition to renal
amyloidosis. Marked sodium avidity by the kidney or hemodynamic instability can
limit the effectiveness or tolerability of diuretics. When amyloid is confined to the
tubulo-interstitium or vasculature, proteinuria is minimal. In these patients, reduced
glomerular filtration rate (GFR), which is usually evident by elevated serum crea-
tinine concentration, is the principal clinical manifestation. Unlike other causes of
chronic kidney disease, renal amyloidosis is usually not accompanied by hyperten-
sion unless infiltration of the intra-renal vasculature is a prominent feature.

As in any disorder in which there is an overproduction of immunoglobulin light
chains, AL amyloidosis can be accompanied by proximal tubular dysfunction. Injury
to the proximal tubular cells by filtered light chains reduces the capacity of the tubules
to reabsorb glucose, uric acid, bicarbonate, and amino acids from the glomerular fil-
trate. The alteration in proximal tubular reabsorptive function produces Fanconi syn-
drome, the most readily identifiable signs of which are glycosuria and metabolic aci-
dosis. An unusual but well-documented manifestation of renal amyloidosis is nephro-
genic diabetes insipidus caused by amyloid deposition in the peri-collecting duct tis-
sue [22, 23].

Like other infiltrative diseases, amyloidosis can cause enlargement of the kidneys.
However, in most patients the kidneys appear to be of normal size by ultrasound or
other imaging studies [24, 25].

Although the rate of GFR decline is highly variable, gradual but progressive loss
of renal function is nearly universal for all types of renal amyloidosis if deposition
of new amyloid is ongoing. Renal impairment tends to progress less rapidly when
tubulointerstitial rather than glomerular deposition predominates, and, on average,
progression is less rapid in AA or hereditary amyloidosis than in AL disease. By
reducing renal perfusion, amyloidosis-associated cardiomyopathy or autonomic neu-
ropathy can contribute to GFR decline. Relationships between the extent of amyloid
deposition evident by kidney biopsy and the severity of clinical manifestations have
not been demonstrated [26]. Neither urinary protein excretion nor rate of GFR decline
can be predicted based on biopsy findings.

Acute Kidney Injury

Fragile hemodynamic status present in many patients with systemic amyloidosis
increases the susceptibility to acute worsening of kidney function which can occur
with relatively minor alterations in intravascular volume or blood pressure. Renal
amyloidosis can also increase the sensitivity to nephrotoxic agents such as intra-
venous radiographic contrast. As discussed later in this chapter, acute kidney injury
is a frequent complication during treatment of AL amyloidosis with high-dose mel-
phalan and autologous stem cell transplantation [27, 28].
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Assessment of Kidney Function

Methods for estimating kidney function that are used in clinical practice or research
may have limitations when applied to patients with systemic amyloidosis. Because
many of these patients have muscle wasting the serum creatinine concentration may
overestimate the GFR. For the same reason, estimating equations that are creatinine-
based such as the modification of diet in renal disease (MDRD) equation for esti-
mating GFR [29] or the Cockroft–Gault (C–G) equation for estimating creatinine
clearance [30] are potentially problematic. The C–G equation incorporates weight as
a proxy for muscle mass; however, for patients with nephrotic syndrome and substan-
tial edema, the contribution of muscle to total body weight is reduced resulting in an
overestimation of creatinine clearance.

Mechanisms Underlying Kidney Dysfunction

When examining biopsies of kidneys affected by amyloidosis, one can readily
appreciate the deleterious effect that amyloid deposits have on the structure of the
glomeruli, tubules, and vessels, and it is easy to understand why organ dysfunction
accompanying amyloid deposition has long been attributed to a disruption of tis-
sue architecture. However, relatively recent clinical and experimental observations
suggest that tissue amyloid is not the sole cause of disease manifestations and that
precursors to mature amyloid fibrils including precursor proteins, folding interme-
diates, and oligomers have important toxicities independent of the amyloid deposits
[31]. Evidence supporting a role for precursor forms in disease pathogenesis includes
in vitro demonstrations of toxicity of amyloidogenic precursor proteins on cultured
cells or tissues [32–36], detection of amyloidogenic precursor proteins in tissue in the
absence of amyloid [37], a lack of correlation between quantity of amyloid in tissue
and organ dysfunction [38, 39], and alterations in disease biomarkers that occur too
rapidly after precursor protein production elimination to be attributable to degrada-
tion of amyloid deposits [40, 41]. Several of these observations have been made in
the context of renal amyloidosis. For example, exposure of cultured mesangial cells to
amyloidogenic light chains induces phenotypic changes that do not occur if the cells
are exposed to light chains without amyloidogenic potential [34], and reductions in
proteinuria after treatment that eliminates or markedly reduces production of the amy-
loidogenic precursor protein in both AL and AA disease occur in many patients before
substantial degradation of existing amyloid deposits would be expected to occur [31].

Treatment of Renal Amyloidosis

Symptomatic Management of Nephrotic Syndrome

Symptomatic management of patients with nephrotic syndrome generally includes
dietary sodium and fluid restriction to prevent further edema formation. In patients
with amyloidosis-associated autonomic neuropathy, compression stockings can help
maintain intra-vascular fluid volume, and thereby increase the tolerability of salt
restriction and diuretics. Similarly, alpha-1 agonists such as midodrine can improve
blood pressure and enable diuresis. Loop diuretics such as furosemide, bumetanide,
or torsemide often need to be administered in high dosages because of the marked
sodium avidity that accompanies the nephrotic syndrome. When diuretic resistance
is severe, the addition of a thiazide diuretic, such as metolazone, to inhibit sodium
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reabsorption in the distal tubule can enhance the effect of a loop diuretic. For some
patients, intravenous administration of diuretics can be more effective than oral
diuretics, particularly if gut absorption is impaired because of bowel wall edema. If
there is marked hypoalbuminemia (e.g., serum albumin less than 1.5–2 g/dL), intra-
venous administration of albumin may facilitate diuresis either by increasing deliv-
ery of a loop diuretic to the tubular lumen or by increasing oncotic pressure. As in
other proteinuric kidney diseases, angiotensin-converting enzyme (ACE) inhibitors
or angiotensin receptor blockers (ARBs) may decrease proteinuria. The management
of severely nephrotic patients always requires a balance between efforts to remove
excess fluid and alterations in hemodynamics that reduce renal perfusion and GFR.

Lipid-lowering medications, particularly statins, can have some effect on nephrotic
syndrome-associated hyperlipidemia; however, many patients with amyloidosis con-
tinue to have markedly elevated levels of cholesterol and triglycerides despite the use
of such agents. Although patients are at risk for thromboembolic disease, anticoagu-
lation is generally not recommended for such patients in the absence of a thrombotic
event [42].

Impact of Treatment on Kidney Function

Potential targets for treating the systemic amyloidoses include production of the amy-
loidogenic precursor protein, formation of amyloid fibrils, deposition of amyloid into
tissue, and amyloid degradation [43]. Substantial progress has been made in develop-
ing treatments directed at several of these targets; however, currently available thera-
pies all act by reducing precursor protein production. It is now evident that improve-
ments in organ function can occur if amyloid production is halted [2, 40, 41, 44–46].
This has been most clearly demonstrated not only for AL disease but also for AA
amyloidosis and some of the hereditary types.

Treatment for AL Amyloidosis
Treatments for AL amyloidosis include the alkylating agent, melphalan, the
immunomodulating agent, lenalidomide, or the proteosome-inhibitor, bortezomib,
each of which may be administered in conjunction with dexamethasone. All of these
treatments are directed against plasma cells, the source of the amyloidogenic light
chains. Melphalan can be administered orally over many cycles or intravenously in a
dose-intensive manner that requires autologous stem cell transplantation to facilitate
recovery of the bone marrow. The ability to induce a hematologic remission, mean-
ing eradication of amyloidogenic light chain production, has increased markedly over
the past 15 years, first with the use of high-dose melphalan with autologous stem
cell transplantation (HDM/SCT), and more recently with the use of oral melphalan
and dexamethasone, lenalidomide, or bortezomib [2, 46–50]. Many patients are now
offered sequential courses of treatment if there has been an inadequate response to ini-
tial therapy. Comparisons of efficacy of these treatments and approaches for selecting
among them are addressed in Chapters 11 and 12.

For AL amyloidosis-associated kidney disease, the most dramatic effect of treat-
ment is a marked reduction in proteinuria. This was initially demonstrated among
patients treated with HDM/SCT. In a study of 65 patients with AL amyloidosis
and kidney involvement, 12 months after treatment 71% of those with a complete
hematologic response had a renal response, defined as a 50% reduction in urinary
protein excretion in the absence of 25% or greater decrease in creatinine clear-
ance. Among the hematologic responders, the median 24-h urinary protein excretion
decreased from 9.6 to 1.6 g. In contrast, only 11% of patients who had ongoing pro-
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duction of the amyloidogenic light chain had a renal response [40]. Similar results
were found by the same group after 114 patients with kidney involvement had under-
gone HDM/SCT [2]. This experience suggested that reduction in proteinuria is linked
to hematologic response. For most patients who ultimately achieve a renal response,
some reduction in proteinuria is apparent within the first 6 months, but the proteinuria
reduction is progressive over time and it often takes several years before the nadir is
reached [51]. Complete normalization of urinary protein excretion occurs in some
patients but many continue to have mild proteinuria in the range of 150–500 mg/day.
It is likely that reductions in proteinuria occur with other treatments for AL amyloi-
dosis, such as lenalidomide- or bortezomib-based regimens, if the clonal plasma cells
are eradicated; however, the early experience with these treatments has focused on
assessing hematologic response rather than response of affected organs.

The effect of treatments for AL amyloidosis on GFR is more difficult to evaluate
because of the long follow-up required to see differences between treatment groups
or between hematologic responders and non-responders. The competing risk of death
among those who have persistent hematologic disease makes comparisons of GFR
decline between hematologic responders and non-responders particularly challeng-
ing. Nonetheless, there are published data and accumulated impressions suggesting
that the decline in GFR is slowed when light chain amyloid production is halted. In
the study of 65 patients treated with HDM/SCT described above, creatinine clearance
was maintained at ≥75% of the pre-treatment value at last follow-up (12–48 months)
in 90% of those with a hematologic response but only in 48% of those with persis-
tent hematologic disease [40]. In general, stabilization of kidney function, rather than
improvement, should be anticipated if amyloidogenic light chain production is halted.

Treatment for AA Amyloidosis
Reductions in proteinuria have been reported in patients with AA amyloidosis after
receiving treatment for the underlying inflammatory condition, such as TNF recep-
tor antagonists or cyclophosphamide for rheumatoid arthritis [52–55]. The protein-
uria reduction is presumed to be due to suppression of SAA production and resultant
reduction in AA amyloid formation. However, the authors of some of these reports
suggest that these agents have additional anti-amyloid effects. For example, it has
been proposed that anti-TNF therapies, by inhibiting the expression of receptors for
advanced glycation end products (RAGE), might reduce interactions between AA
fibrils and RAGE [32] and thereby prevent AA-mediated cell toxicity [55].

A beneficial effect on renal function decline of inhibiting new AA amyloid has
been suggested by the experience with eprodisate, a small sulfonated molecule with
structural similarity to heparan sulfate moieties. Unlike all of the treatments discussed
above, eprodisate does not act by reducing production of the amyloidogenic precursor
protein. The compound was designed to inhibit interactions between AA amyloid fib-
rils and glycosaminoglycans, interactions known to promote amyloid fibril formation
and stability in tissue [56, 57]. In a multi-national, randomized, placebo-controlled
trial of eprodisate, disease worsening (defined as doubling of serum creatinine, or
50% reduction in creatinine clearance, or progression to ESRD, or death) occurred
in 27% of participants randomized to eprodisate compared to 40% of those random-
ized to placebo [58]. Creatinine clearance declined by 10.9 mL/min/1.73 m2/year
in the eprodisate group compared with 15.6 mL/min/1.73 m2/year in the placebo
group. Interestingly, despite the benefit on renal function, a reduction in proteinuria
was not observed in the patients treated with eprodisate. This observation raises the
question of whether it is the precursors to mature amyloid fibrils, which are not elim-
inated by eprodisate, rather than the mature amyloid fibrils that are responsible for
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proteinuria in amyloidosis [58, 59]. Eprodisate is not available for clinical use as
additional clinical trials are required to confirm the benefit apparent in the initial
trial.

Hereditary Amyloidosis
Orthotopic liver transplantation is considered the definitive treatment for transthyretin
(TTR) amyloidosis, the most common of the hereditary forms [60, 61]. This
approach, which has also been used in small numbers of patients with fibrino-
gen Aα disease [62–64] and apolipoprotein AI disease [65], removes the source of
production of the amyloidogenic precursor protein. Small series of patients with
TTR amyloidosis-associated kidney disease have described reductions in protein-
uria after liver transplantation [66] and stable serum creatinine levels over several
years [39].

Treatment-Associated Kidney Injury

Studies from two large amyloidosis treatment centers found that acute kidney injury
(AKI) occurred as a complication of HDM/SCT for AL amyloidosis in approxi-
mately 20% of patients [27, 28]. In the first of these studies, dialysis was required
in one-fourth of the cases of AKI which represented 5% of the entire cohort of 173
treated patients. AKI was reversible in 46% of the cases and in 44% of those who
required dialysis [27]. A greater proportion (13.8% of 80 treated patients) required
dialysis in the second of these studies. Only one of the patients requiring dialysis
had renal recovery, and 8 of the 11 dialysis-dependent patients died [28]. AKI can
develop during stem cell mobilization, during the period following administration of
melphalan and infusion of stem cells, or as a later phenomenon during bone mar-
row recovery. The etiology of AKI appears to be multi-factorial with hemodynamic
alterations and sepsis as frequent contributors. Patients with impaired renal function,
heavy proteinuria, or cardiac involvement before treatment are at highest risk [27].
Based on the findings of the published studies, as well as ongoing experience with
larger numbers of patients, it is appropriate to anticipate a need for dialysis during the
peri-transplant period if there is significant renal impairment prior to treatment with
HDM/SCT.

A small case series described five patients with plasma cell dyscrasias (three of
whom had AL amyloidosis) who developed acute worsening of kidney function dur-
ing treatment with lenalidomide [45]. Initiation of dialysis was necessary in four of
these patients, and kidney failure was not reversible. A kidney biopsy performed
in one patient showed non-specific changes of tubular atrophy and degeneration.
This report as well as accumulating unpublished experience has led to concerns that
lenalidomide use for AL amyloidosis may predispose some patients to AKI. Distin-
guishing a drug effect from progression of underlying renal amyloidosis is difficult;
however, not all patients with AKI during lenalidomide use had clinically evident
renal amyloid disease, and, for some patients, AKI developed despite normalization
of hematologic markers of the plasma cell disease. Although further investigation is
required before concluding that lenalidomide imparts risk of AKI, close monitoring
of kidney function during use of this agent seems warranted.

Dose Reductions for Renal Impairment

Alterations in drug clearance as a result of renal impairment occur with several of the
treatments for amyloidosis. For lenalidomide, recent pharmacokinetic studies indicate
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a need for dose reduction if creatinine clearance is less than 50 mL/min, and the opti-
mal dose for patients treated with dialysis has not been established [67]. Neither mel-
phalan nor bortezomib require dose alterations with renal impairment. For patients
treated with hemodialysis, it is recommended that bortezomib be administered after
a dialysis session to avoid the possibility of dialytic clearance [68]. Reductions in
dosing of colchicine, which is used to prevent the development of AA amyloidosis
in individuals with familial Mediterranean fever, may be required with renal impair-
ment; development of diarrhea is an early sign of colchicine toxicity and should trig-
ger consideration for dose reduction. Although not available outside of clinical trials,
eprodisate clearance is dependent on kidney function, and dose adjustments based on
creatinine clearance are required.

Dialysis and Kidney Transplantation

Despite the development of new treatments for the systemic amyloidoses, many
patients with kidney involvement will have disease progression such that initiation
of renal replacement therapy is needed. Both hemodialysis and peritoneal dialysis
are appropriate options although specific disease manifestations may make one type
preferable. For example, patients with severe autonomic neuropathy or cardiomy-
opathy might have difficulty tolerating the rapid fluid shifts necessitated by thrice-
weekly hemodialysis and have more hemodynamic stability with peritoneal dialysis
which is a continuous modality. In contrast, a patient with large pleural effusions
or massive hepatomegaly might have difficulty tolerating the large intra-abdominal
fluid dwells required for peritoneal dialysis. Malnutrition is a major source of mor-
bidity for patients with ESRD from any cause and should be of particular concern for
patients with amyloidosis-associated ESRD given the nutritional challenges imparted
by amyloidosis itself.

Although amyloidosis-associated ESRD is irreversible, reducing or eliminating
new amyloid formation may alter the course of extra-renal amyloid disease, increase
life expectancy, and make possible kidney transplantation. Dialysis dependence
may present certain challenges when using aggressive treatments; however, dialy-
sis dependence, in and of itself, should not preclude aggressive treatment. In a small
series of patients with AL amyloidosis and dialysis dependence who underwent treat-
ment with HDM/SCT, a greater requirement for blood products during the period
of cytopenia and mucositis of greater severity were observed; however, the hemato-
logic response rate and treatment-associated mortality were similar for the dialysis-
dependent patients and the overall population of patients undergoing this treatment
[69].

Kidney transplantation is an option for selected patients with amyloidosis-
associated ESRD [69]. Because of the high likelihood of recurrent disease in the
allograft, transplantation should be restricted to those who have undergone treatment
that has halted new amyloid production. The extent of extra-renal amyloid disease
should also be considered in assessing the potential benefits of organ transplanta-
tion. The hematologic relapse rate following HDM/SCT for AL disease is sufficiently
low that kidney transplantation is reasonable for those who have achieved a hemato-
logic remission after this treatment [2]. For AA amyloidosis, suitability for kidney
transplantation depends on the ability to adequately suppress the underlying inflam-
matory condition. Dual liver–kidney transplants have been performed in individuals
with ESRD caused by TTR or fibrinogen Aα disease [63, 64]. The appropriateness of
kidney transplantation is more difficult to determine when there is ongoing produc-
tion of the amyloidogenic precursor protein. Proceeding with kidney transplantation
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might be reasonable if disease is limited to the kidney and if the progression to ESRD
occurred over many years rather than rapidly. For patients who have undergone kid-
ney transplantation before eradication of amyloid production, aggressive treatment
should be considered. Treatment with HDM/SCT is possible after organ transplan-
tation, with temporary discontinuation of those immunosuppressive agents that sup-
press the bone marrow (e.g., mycophenolic acid) and close monitoring for signs of
allograft rejection during reconstitution of the immune system [70].
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Chapter 10
Primary Systemic Amyloid Neuropathy

Harman P.S. Bajwa and John J. Kelly

Abstract Primary systemic amyloidosis (PSA) is a plasma cell dyscrasia. Organ
damage is caused by deposition of amyloid, derived from monoclonal light chains,
in tissues including nerves. PSA damages tissues and leads to combinations of neu-
ropathy and renal, cardiac, and liver failure. The neuropathy of PSA is relatively
stereotyped with damage to small and autonomic nerve fibers and superimposed
carpal tunnel syndrome. The disease is progressive and mortality is high, especially
when there is early involvement of vital organs. Treatment in the past was rela-
tively ineffective. However, with the advent of peripheral blood stem cell transplan-
tation and chemotherapy in selected patients, prolonged survival is possible if the
weight of organ damage at onset of treatment is not too high. Thus, early detection is
paramount.

Keywords Amyloid, Peripheral neuropathy, Amyloidosis, Primary systemic
amyloid, Primary systemic amyloid neuropathy, Familial amyloid neuropathy

Introduction

The peripheral nervous system is frequently affected in amyloidosis. In some studies,
peripheral neuropathy (PN) is the presenting sign of primary systemic amyloidosis
(PSA) or multiple myeloma (MM) in about 15% of patients [1, 2] and may be the car-
dinal manifestation. Hence, understanding the clinical presentation of PN is important
in early diagnosis of PSA. This chapter will focus on primary systemic amyloidosis
neuropathy (PSAN), but will also briefly discuss familial amyloid polyneuropathy
(FAP), which often enters into the differential diagnosis of PSAN.

Case Vignette

A 67-year-old man presented with a 6-month history of pain and numbness in his
lower extremities. He described the pain as burning in his distal legs and feet that
kept him awake at night. The burning was interspersed with sharp, shooting pains
“like needle pricks” in his legs and other parts of his body, including his trunk. He
denied any associated weakness or ataxia. He also complained of the recent onset
of intermittent numbness of his hands that bothered him at night and continued to be
present in the morning upon awakening. He would often rub and shake his hands with
some sensation recovery. More recently, he had developed diarrhea after eating and
had lost 10% in weight despite a good appetite. He also noted that he felt light-headed
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after rapidly rising from a chair or when he got out of bed in the morning. On one
occasion, a week prior to examination, he nearly fainted while taking a prolonged hot
shower.

Examination disclosed distal loss of pain and temperature sensations. Vibration
sense was mildly impaired, and position sense was intact. Sensation was also dimin-
ished in the median nerve distribution of both hands. Strength was intact, but he had
atrophy of distal calf and foot muscles in addition to mild atrophy of the thenar mus-
cles. Ankle reflexes were absent, knee reflexes 1/4, and arm reflexes 2/4 bilaterally.
Gait was antalgic and cautious. He looked pale and gaunt with bruises on his trunk and
eyelids. Peripheral nerves were not palpably enlarged. On orthostatic testing, supine
blood pressure was 146/77, with a regular pulse of 87. After 5 min of standing, blood
pressure dropped to 117/57, with a relatively unchanged pulse of 90. He felt slightly
light-headed, which eased when he sat down.

Laboratory tests showed a mild normocytic anemia. The erythrocyte sedimenta-
tion rate was elevated at 56 mm/h. Serum protein electrophoresis (SPEP) revealed a
slightly low albumin level (3.2 g/dL) with a normal gamma globulin level. The other
routine chemical tests were normal, including a fasting blood glucose, a hemoglobin
A1C level, and a subsequent 2-h glucose tolerance test. Serum immunofixation elec-
trophoresis (SIFE) showed a small IgG kappa monoclonal protein (MP). Urinaly-
sis was normal. Urine immunofixation electrophoresis (UIFE) showed a monoclonal
kappa light chain despite a negative test for Bence-Jones proteins.

Nerve conduction studies showed a distal axonal neuropathy with absent sural
nerve action potentials and mild slowing of leg motor nerve conduction velocities
with a low-amplitude tibial compound muscle action potential (CMAP). In the upper
extremities, studies showed evidence of carpal tunnel syndrome (CTS), worse on the
right. Electromyography (EMG) showed active and chronic changes of denervation in
distal leg and foot muscles. Cardiac R–R interval variation study showed evidence of
autonomic involvement. A fat pad aspirate and sural nerve biopsy were both positive
for amyloid which proved to be kappa light chain-type PSA. Despite treatment with
melphalan and prednisone in addition to supportive measures, the disease progressed,
and the patient died approximately 1 year later.

Clinical Manifestations

PN is the most common initial neurological manifestation of PSA [1, 2]. PSAN is
typically distal, symmetrical, and progressive. Sensory symptoms usually dominate
the initial presentation. In most patients, there is a clear dissociation of sensory signs
with temperature and pain perception affected earlier and to a greater degree than
vibration sense and proprioception. The typical patient presents with painful dyses-
thesias of the distal legs with the involvement of the hands and arms soon after. Distal
weakness and muscle atrophy, although typically present, are not as prominent and
rarely become severe in PSAN [1].

Less common presentations include initial median neuropathy at the wrist (CTS)
due to amyloid deposition in the carpal tunnel, followed by generalized symptoms.
If tissues resected in carpal tunnel surgeries are regularly stained for amyloid,
occasional patients are found to have PSA before presenting with more common
symptoms. About a quarter of patients also present with cardiac failure, slightly more
commonly than presentation with generalized PN and autonomic failure [3]. Rarely,
cranial neuropathies can herald PSA that eventually becomes generalized [1, 4].
Amyloid deposits have occasionally been noted in unusual locations such as trigem-
inal ganglia [5–7]. PSAN can infrequently present as a relatively pure autonomic
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neuropathy due to amyloid deposition in autonomic fibers and ganglia [8, 9]. On
rare occasions, typical PSAN can present with signs of more diffuse upper and lower
extremity motor involvement [10]. In addition, asymmetric presentation of chron-
ically progressive peripheral motor and sensory neuropathies has been associated
with amyloid deposition in the lumbosacral plexus and nerve roots with distal axonal
degeneration [11].

Since the onset of amyloid neuropathy is so variable, a careful search for involve-
ment of small myelinated and unmyelinated sensory and autonomic fibers is helpful
in diagnosis. The finding of selective loss of temperature and pain perceptions in
the distal legs with relative retention of touch sense and proprioception can suggest
amyloidosis. Less commonly, patients may have equal involvement of all sensory
modalities, or even predominant large fiber sensory loss [1]. Motor examination usu-
ally reveals mild to moderate distal weakness with atrophy of intrinsic foot muscles,
which is typically overshadowed by the sensory loss. Deep tendon reflexes are usu-
ally decreased or absent distally. Skin trophic changes and reduced sweating are often
noted. As in our patient, despite amyloid deposition, palpably enlarged nerves are
uncommon [1]. Autonomic dysfunction with frequent sweating and gastrointestinal
or renal involvement, with or without other motor or sensory changes, should suggest
the diagnosis of amyloid neuropathy [9].

Differential Diagnosis

Even with careful neurological examination, PSAN can be difficult to differentiate
from other axonal neuropathies of late life. All of these can present initially with small
fiber sensory loss (pain and temperature), with considerable spontaneous neuropathic
pain and relative sparing of motor and discriminative functions. Though clinically
difficult to differentiate, most of these late-life axonal peripheral neuropathies can be
separated by laboratory testing and biopsy.

However, the disorder that most closely mimics primary PSAN is hereditary or
familial amyloid polyneuropathy [12]. FAP is not a single disease entity but an
umbrella term for several distinctive clinical syndromes due to specific genetic abnor-
malities. Of the various types, FAP types I and II represent the bulk of the cases,
and thus their peripheral neurological involvement will be briefly discussed. Both are
most commonly caused by a point mutation in the transthyretin gene on chromosome
18. The most frequent mutation is a substitution of methionine for valine at position
40 (met 40).

Clinically, FAP type I typically presents with loss of pain and temperature
sensation in the lower extremities, which frequently results in painless ulcers and
amputations. Later, paresthesias and dysesthesias become prominent with defects of
proprioception and touch. Over the years, these symptoms spread to the upper extrem-
ities [13]. Muscle weakness generally developed much later and is accompanied by
prominent distal muscle wasting with associated decreased or absent deep tendon
reflexes. In one study of FAP, autonomic neuropathy ultimately developed in 70% of
patients [14] and impotence is frequent and early. Type II FAP was first described in
a Swiss family living in Indiana [15]. These patients did not develop symptoms until
the fourth or fifth decade of their lives. In these patients, carpal tunnel symptoms due
to deposition of amyloid in the flexor retinaculum were the earliest, and often the
sole manifestations for many years. A sensorimotor peripheral neuropathy eventually
developed in the arms and later in the legs. This disease has a more benign course and
usually spares the autonomic nervous system. Vitreous opacities are prominent and
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can lead to blindness. Even with this clinical and genetic heterogeneity, the diagnosis
of familial amyloid polyneuropathy can be relatively straightforward when there is a
positive family history and a compatible clinical picture [16].

Pathophysiology

In PSA, the amyloid fibrils are derived from monoclonal light chain immunoglobu-
lins. Lambda light chains are twice as common as kappa [17–19]. The monoclonal
light chains are processed by macrophages producing amyloid fibrils that are insol-
uble, resistant to proteolysis, and form protein aggregates [20]. Older theories of
neuropathy pathogenesis, mostly discarded now, have included mechanical compres-
sion and ischemia. It is now thought that the protein aggregates are directly toxic to
nerves and other tissues, similar to the effects of amyloid aggregates in the brain,
as seen in degenerative disorders, such as Alzheimer’s. The anatomic locale of these
deposits vary greatly, ranging from the dorsal root ganglion to the peripheral nerve,
thus possibly accounting for the diverse and complicated presentation of amyloid
neuropathy. Moreover, research has also implicated a potential humoral immune role
in explaining the pathogenesis of amyloid neuropathy. For example, rare patients with
IgM-derived PSA have been shown to display antibodies against myelin-associated
glycoprotein (anti-MAG antibodies), similar to patients with the neuropathy associ-
ated with IgM monoclonal gammopathy without amyloidosis. However, unlike the
latter patients, the neuropathy in the IgM PSA patients does not show the histopatho-
logical demyelinating features that are seen in IgM anti-MAG neuropathy. This sug-
gests that the anti-MAG antibody is an epiphenomenon, and not likely the primary
pathologic factor [20]. Thus, although there may be other pathologic processes affect-
ing patients with PSAN, the main factor is a direct toxic effect of local amyloid
deposits on nerves and other organs.

Histopathology of the sural nerve shows predominant axonal degeneration prefer-
entially affecting small myelinated and unmyelinated fibers [1, 21]. Large myelinated
fibers are also affected to a lesser extent. Electron microscopy confirms the striking
loss of unmyelinated fibers with amyloid deposits in a beta-pleated sheet appearance.
Amyloid deposits typically form a cuff around, and are deposited in, the walls of
endoneural and epineural vessels, which appear thickened on H and E staining. Also,
diffuse or linear streaks of amyloid can be seen in the epineurium with globular-
shaped deposits noted in the endoneurium [1, 21]. These deposits may contribute to
the local structural distortion of the nerve fibers, which originally led to the compres-
sion theory of pathogenesis, now mostly discarded, except in conditions like CTS
[21]. In addition, neuron cell counts in the intermediolateral column are reduced by
50–75% in patients with orthostatic hypotension, possibly explaining the prevalence
and early onset of autonomic disturbances seen in PSA [22].

Diagnosis

With knowledge of the spectrum of the clinical presentation of PSAN complemented
with appropriate testing, the diagnosis of PSAN is no longer elusive. In particular,
nerve conduction studies (NCS) and electromyography (EMG) are useful in docu-
menting findings in PSAN. NCS are usually minimally slowed despite reduction in
motor responses, with sensory nerve responses often being absent [23, 24]. When
sensory nerve action potentials are present, distal latencies are only mildly delayed,
proportional to the slowing of conduction velocities if temperature is well controlled,
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except for patients with superimposed CTS. However, routine nerve conduction stud-
ies early in the disease may not show clear sensory findings, since small myelinated
and unmyelinated sensory fibers, not testable by conventional nerve conduction tech-
niques, are affected first. In these patients, autonomic testing may detect dysfunction
early in the disease, as documented in asymptomatic familial amyloidosis carriers
[9, 25, 26]. Typical EMG findings in PSAN show a symmetrical, primarily axonal
neuropathy affecting the longest axons with findings of distal and symmetric active
and chronic denervation with reinnervation potentials. The longest nerves are maxi-
mally impacted, so distal lower limbs are affected more than upper, with the exception
of CTS.

In addition to these neurophysiological findings, other abnormal laboratory find-
ings and evidence of organ dysfunction outside the peripheral nervous system can
suggest the diagnosis of PSAN (Table 10-1). Anemia is seen in about 50% of the
patients [27], secondary to gastrointestinal bleeding, multiple myeloma, or renal
insufficiency. About 80% of the patients have proteinuria [1, 2, 28], but Bence-Jones
proteins are usually undetectable in patients without MM. Serum creatinine levels are
above 1.3 mg/dL in half of patients. SPEP is usually abnormal, showing hypogam-
maglobulinemia in about 15% of patients with MM and 33% of those with PSA [27].
A narrow monoclonal peak in the gamma region, usually of moderate size (less than
3 g/dL), can be seen in about 40% of patients with PSA. Patients with a monoclonal
spike of more than 3.0 g/dL are more likely to have MM. The gamma globulin peak
can be small, however, and immunoelectrophoresis or immunofixation may be nec-
essary to identify the monoclonal protein in some patients. Therefore, all patients
with idiopathic peripheral neuropathy should undergo SIFE, even if SPEP is nega-
tive. Immunoelectrophoresis or immunofixation electrophoresis, however, is usually
necessary to reveal a monoclonal light chain, which is seen in approximately 75%
of patients. Electrophoresis of an adequately concentrated urine specimen usually
shows a large albumin peak. As in the serum, a localized monoclonal band can be
seen in urine in almost two-thirds of patients with multiple myeloma. Immunofixa-
tion of urine in a patient with unexplained nephrotic syndrome can sometimes help
establish a diagnosis of amyloidosis by detecting a monoclonal light chain [2, 28].
Other tests that can be helpful include serum light chain assay and levels of beta-2
microglobulin [29].

The diagnosis of PSAN ultimately depends on the demonstration of amyloid in
the tissue, either in a sural nerve biopsy or in other tissue. Amyloid appears pink with
hematoxylin and eosin stains. Congo red is the most commonly used stain to identify
amyloid, producing a reddish color routinely, but an apple-green birefringence under
polarized light, diagnostic of all types of amyloid. This stain, however, is not 100%
reliable, since some neural structures, bony trabeculae, and connective tissues can

Table 10-1. Organ involvement with PSA.

Organ
Percentage
involved Syndrome

Kidney 32 Nephrotic
Heart 23 Congestive heart failure,

cardiomyopathy
Autonomic neuropathy 14 Orthostatic hypotension,

impotence, etc.
Median nerve 24 Carpal tunnel
Peripheral nerves 17 Peripheral neuropathy

Adapted with permission from Kyle and Gertz [3]
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display green birefringence as well [30]. Metachromatic stains such as cresyl violet
or methyl violet can be useful, especially in sural nerve biopsies, where metachro-
masia stands out from the background. In occasional cases, all these stains are nega-
tive and electron microscopy is needed to demonstrate the diagnostic amyloid fibrils
that appear as beta-pleated sheets. However, this is a tedious process best restricted
to suspicious areas seen under light microscopy. High-resolution scintigraphic stud-
ies, using 123-I labeled purified human serum amyloid P component, can reveal focal
deposits of all varieties of amyloid [31]. Identification of specific types requires stain-
ing with anti-sera to the abnormal constituent proteins such as kappa or gamma light
chains, beta-2 microglobulin, and transthyretin.

The diagnosis of PSA should be considered in any patient with a sensorimotor
peripheral neuropathy who has an abnormal monoclonal protein in serum or urine
or a suggestive clinical picture. Diagnosis can be confirmed by obtaining appropri-
ate tissue for histological investigation. We generally recommend biopsy of at least
two sites, either at the same time or sequentially, since any individual site, including
sural nerve even in neuropathy, can be negative. Abdominal fat aspirate or biopsy is
an uncomplicated procedure that is positive in about 70–80% of patients [2, 28, 32,
33]. Bone marrow biopsy is positive in only half of patients with amyloidosis, but is
safe and easy to do, and can reveal an abnormal proliferation of monoclonal plasma
cells with appropriate histochemical staining. The presence of more than 20% plasma
cells in the bone marrow, especially if atypical and nucleated, is associated with MM
[2]. Sural nerve and rectal biopsies are both positive in over 80% of patients with
PSAPN, and should be considered when other biopsies are negative. Care should be
taken to include submucosa in the rectal specimen (2). If these tissues are negative and
the diagnosis is strongly suspected, tissue should be obtained from involved organs
(renal, liver, carpal tunnel, small intestine, heart, etc.), which have a high rate of posi-
tivity when clinically affected, but involve more risk. The relatively new technique of
skin biopsies to diagnose small fiber neuropathy can reveal amyloid in blood vessels
of subcutaneous tissues when properly stained [34].

Management

As a general principle, patients with a low burden of amyloid in a non-vital organ sur-
vive longer than patients with advanced multi-organ disease. The median survival of
all patients with primary amyloidosis is about 2 years [28]. In a review of prognosis
and treatment in PSA, several clinical and laboratory features were found to pre-
dict survival [35]. Patients with PN as the sole manifestation of PSA had the longest
survival, ranging from 40 to 56 months [1, 28, 35, 36]. These patients eventually
died from involvement of other organs [1]. Conversely, patients with congestive heart
failure or orthostatic hypotension had the shortest survival, usually less than 1 year
[28, 35]. Nephrotic syndrome and MM have a detrimental impact on survival in PSA
as well [28].

The treatment of PSA has had minimal success until recently, partly due to the
relative resistance of the amyloidogenic clone to chemotherapy, the insolubility of
deposited amyloid and the delay in diagnosis in many cases. Unfortunately, even with
somewhat successful treatment, the symptoms and findings of PN persist or even may
continue to worsen despite improvement in other organs. Dysesthesias tend to disap-
pear or spread proximally as the disease progresses and distal analgesia increases.
Treatment of symptoms with analgesics, tricyclic antidepressants, and newer anti-
convulsants may be helpful in supportive management. In some cases, low-dose nar-
cotics at bedtime can be helpful, either alone, or combined with other medications.
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Side effects can be troublesome in these patients, however, and include worsening
of orthostatic hypotension and gastrointestinal and genitourinary functions. Ortho-
static hypotension can be helped with fitted, supportive elastic stockings that extend
up to the waist, although patients frequently refuse to wear them. Drugs that pro-
mote sodium retention and increase alpha-adrenergic tone can be helpful in the early
stages, but lose their effectiveness as patients develop cardiac, kidney, and autonomic
failure. These interventions are only symptomatic treatments, with long term efficacy
at best anecdotal.

With the introduction of quantitative scintigraphic and turnover studies with radi-
olabeled serum amyloid P component [31], amyloid deposits have been shown to
regress rapidly when the supply of the amyloid protein precursor is substantially
reduced [37]. This constitutes the rationale for alkylating therapy in primary amyloi-
dosis, with the hope of controlling plasma cell proliferation and production of light
chains. Melphalan and prednisone, with or without colchicine and other chemother-
apeutic agents, have been tried in multiple prospective trials [35, 37–40]. Overall,
melphalan and prednisone treatment, continued for at least 1 year, has resulted in
increased survival rates. The highest response rate (39%) was obtained in patients
with nephrotic syndrome with normal serum creatinine levels, and no echocardio-
graphic evidence of cardiac amyloidosis. Fifteen percent of patients with cardiac
amyloidosis also responded [39, 40]. However, peripheral neuropathy did not respond
[1, 2, 37, 40]. The combination of melphalan and prednisone has been proved supe-
rior to colchicine [39], and the addition of colchicine to the above regimen did not
add any benefit in one randomized trial [41]. Thus, a trial of alkylating agents and
prednisone is warranted in most patients.

More recent reports suggest benefit from high dose chemotherapy with melpha-
lan and steroids followed by peripheral blood stem cell transplantation (PBSCT)
[42–44]. PBSCT requires adequate renal, pulmonary, hepatic, and cardiac function
that may be absent in many PSA patients [45]. Small numbers of transplants have
been reported to date with encouraging results. In one study, neurological improve-
ment occurred in four of five neuropathy patients [42]. Another group reported
improved organ function in 12 of 20 patients [43]. Gertz, and colleagues at the
Mayo Clinic, presented a series of 66 patients treated with PBSCT [46]. Of the 66
patients, seven died during the follow-up period. The 2-year actuarial survival was
70%. Patients with limited disease did the best (91% survived for 2 years), whereas
those with multiple organ involvement did the worst (33% of patients with three organ
involvement and 0% of four organ involvement survived 2 years). Thus, early PBSCT
in the first year for those with minimal organ involvement is now the treatment of
choice if the patient qualifies [44, 46, 47]. Unfortunately, many patients do not qual-
ify for this new treatment. Dispenzieri and colleagues found that only 234 of 1,228
patients with amyloidosis satisfied eligibility criteria for transplantation [34]. Diagno-
sis is delayed most (median 26 months) in patients with relatively pure neuropathies
without significant organ failure, who are the most likely to benefit from peripheral
blood stem cell transplantation [1, 48, 49]. Without modern therapy, the disease has
a dismal prognosis [1, 35, 50]. Neurologists are uniquely situated to identify patients
with early PSAN when they are most likely to benefit from PBSCT.

Since for most patients there is no cure, supportive care is important. Cardiac trans-
plantation, hemodialysis, continual peritoneal dialysis, and renal transplantation can
improve survival in highly selected patients with primary amyloidosis, although amy-
loid can accumulate in transplanted organs [35, 37]. Recognition of presentation of
amyloid neuropathy can be vital to early diagnosis and thus management of an other-
wise relentless, generally progressive, terminal course of amyloidosis.
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Chapter 11
Conventional Treatment of Amyloidosis

Morie A. Gertz and Francis Buadi

Abstract All patients with proven light chain amyloidosis deserve a trial of therapy.
Although high dose therapy has been shown to be highly effective, only a quarter
of patients are actually eligible for this technique. Lower intensity treatments are
required for the majority of patients. We review the history of treatment of amyloido-
sis beginning with the use of conventional alkylating agent chemotherapy, the role of
the novel agents bortezomib, lenalidomide, and thalidomide in the treatment of amy-
loidosis. A suggested treatment algorithm is given to help guide decisions regarding
therapy.

Keywords Melphalan, Dexamethasone, Chemotherapy, Treatment of amyloidosis,
Thalidomide, Lenalidomide, Bortezomib

Introduction

By definition, immunoglobulin light chain amyloidosis is associated with a plasma
cell dyscrasia [1]. The current pathophysiology, as it is understood, is that the plasma
cells synthesize immunoglobulin light chains or immunoglobulin light and heavy
chains, or heavy chain fragments [2] that, due to their primary sequence, cannot be
either catabolized completely or undergo misfolding so that catabolic enzymes are
incapable of breaking the protein down to constituent amino acids [3]. These light
chain subunits, which range from 6,000 to 20,000 molecular weight, in other words
half the usual size of a light chain, represent the amyloid fibril subunit. These assem-
ble into protofibrils [4], which undergo winding to form the amyloid fibril, which has
an x-ray diffraction pattern of the beta-pleated sheet and binds Congo red with its tinc-
torial properties of green birefringence under polarized light. The actual mechanism
whereby amyloid deposits produce organ dysfunction remains unclear. Whether the
finally formed amyloid deposit is responsible for the dysfunction or whether soluble,
toxic intermediates mediate the dysfunction that is seen remains a subject of contro-
versy [5].

In theory, there would be two ways to interfere with amyloidosis. One would be
to interfere with the misfolding of the amyloid fibril, thereby rendering it soluble.
Although research is underway with transthyretin amyloid [6], no published studies
exist on attempts to “dissolve” or solubilize amyloid.

It has been demonstrated using I [123]-SAP that amyloid deposits are in dynamic
equilibrium with a soluble pool and that if precursor production is interrupted,
deposits can regress [7]. The equilibrium constant likely varies among light chains,

155From: Amyloidosis, Contemporary Hematology,
Edited by: M.A. Gertz and S.V. Rajkumar, DOI 10.1007/978-1-60761-631-3_11,
© Springer Science+Business Media, LLC 2010



156 M.A. Gertz and F. Buadi

and how much of a reduction in precursor protein production must occur in order to
resorb amyloid deposits remains unknown and is not currently measurable. All cur-
rent strategies to manage amyloidosis involve systemic therapies designed to destroy
the plasma cell responsible for the synthesis of the immunoglobulin light chain [8].
Initial studies of colchicine to treat amyloidosis were published [9], but subsequent
studies demonstrated that colchicine is ineffective therapy and, with greater under-
standing of the pathophysiology of the disease, should not be expected to bene-
fit patients with amyloidosis other than those patients with familial Mediterranean
fever [10].

Every therapy that has been attempted in the management of amyloidosis has been
derived from favorable results obtained in comparable multiple myeloma populations.
In every instance from original alkylator-based therapy [11] to the current use of
novel agents in amyloidosis, efficacy is first demonstrated in a multiple myeloma
population and subsequently applied to amyloidosis patients with generally, similarly
successful results excepting for the fact that patients with amyloidosis have unique
organ dysfunction that tends to increase the toxicity associated with systemic therapy.

High-dose chemotherapy with stem cell reconstitution has been a validated tech-
nique in the treatment of patients with multiple myeloma for over a decade [12].
Unfortunately, only the minority of patients with amyloidosis would be eligible for
safe stem cell transplantation. The majority of patients with multiple myeloma have
excellent performance status and normal organ function with the exception of creati-
nine elevation, which is present in 12% of patients after 4 months of induction therapy
[13]. Amyloidosis patients, on the contrary, have a 50% prevalence of echocardio-
graphic evidence of cardiac involvement, 15% clinically significant liver involvement,
15% debilitating peripheral neuropathy, and 20% serum creatinine elevation [14]. By
virtue of these issues, no more than 25% of patients seen at Mayo Clinic ultimately
are offered stem cell transplantation [15]. The majority of patients require alternatives
to high-dose therapy. It is not clear that high-dose therapy is a consistently preferred
alternative. The single, prospective, randomized study did not favor transplantation
[16], although high-risk patients poorly suited for high-dose therapy were enrolled
and were included in this paper so that further studies need to be done [17]. The
majority of patients with amyloidosis need to be treated conventionally.

Alkylator-Based Therapy

The first reports on the use of alkylator agent chemotherapy for AL were first pub-
lished nearly 35 years ago [18]. Melphalan/prednisone was demonstrated to be an
effective therapy [19]. Disadvantages of alkylator-based therapy include low response
rate and a long time for a response to be recognized. When patients are on alky-
lator therapy, it is difficult to know whether they are destined to fail therapy or
whether additional therapy is appropriate and too early to abandon. The median time
to detect a response for melphalan-treated patients is nearly 1 year. Moreover, mel-
phalan therapy can result in late myelodysplasia. Originally, 7% of exposed patients
developed MDS after melphalan exposure for amyloidosis [20]. With the introduc-
tion of improved supportive care and better salvage regimens, the median survival
has been steadily improving, and the number of patients at risk for developing MDS
is increasing. The most recent updates suggest that the actuarial risk of MDS/ANLL
at 10 years is approaching 20% [21]. Response rates to melphalan-based therapy,
when combined with prednisone, are generally not greater than 30% [22]. One must
keep in mind that the immunoglobulin-free light chain assay, which is currently used
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to assess response, was not available for those studies and prior response rates may be
an underestimate. The key point is that melphalan and prednisone can be administered
to virtually any patient with amyloidosis regardless of performance status, serum cre-
atinine level (with dose adjustment), or the extent of cardiac failure. Therefore, if the
patient is willing to undergo a trial of melphalan and prednisone and accepts the risks,
there is not a good reason to withhold therapy [23].

The best responses to melphalan and prednisone occur in patients with single-
organ nephrotic syndrome without renal insufficiency. The response rate looking at
all patients treated with melphalan and prednisone is 18% if the definition is organ
based [24]. However, if the alkaline phosphatase level is four times normal or the
serum creatinine is >3 mg/dL, responses are rare, and the development of dialysis-
dependent renal failure is likely. Although uncommon, clinically important responses
have been reported with melphalan even in advanced cardiomyopathy, and in prospec-
tive studies, a modest prolongation of survival has been demonstrated in the presence
of amyloid heart failure [25]. In a retrospective analysis of 153 patients treated with
melphalan/prednisone, the 5-year survival of responders was 78% [24]. In a cohort
of 810 patients, the 10-year survival was 4.7%, and all 10-year survivors received
melphalan/prednisone [26]. Of the 30 ten-year survivors, 14 exhibited a complete
hematologic response. Two prospective randomized studies have demonstrated a sur-
vival advantage with melphalan-based therapy. One 3-arm study accrued 219 patients
and randomly assigned them to colchicine 0.6 mg twice daily, standard melpha-
lan/prednisone, or melphalan plus prednisone and colchicine. Half of the patients
had proteinuria in the nephrotic range and 20% had overt clinical heart failure. The
median survival for both melphalan-containing regimens was 17 months compared
with 8.5 months for colchicine alone [27]. A second prospective randomized study
of 100 patients, 50 receiving colchicine and 50 receiving melphalan and prednisone
and colchicine, showed a median survival of 6.7 months in the colchicine group ver-
sus 12 months in the three-drug group [28]. Because there is a survival advantage in
the melphalan-based group, withholding therapy is not justified, but the short median
survival reflects the necessity for better therapies.

In patients whose cardiac status makes anything other than the gentlest therapy
impractical, continuous oral daily melphalan has been used. In a report of 30 treated
patients, 7 of the 13 evaluable after 4 months of therapy achieved partial hematologic
response, in 3 a complete hematologic response. This suggests that melphalan can
provide significant palliation even in patients with advanced disease [29].

Dexamethasone-Based Regimens

Vincristine, doxorubicin, and dexamethasone therapy were reported in eight patients
with AL. Four fulfilled criteria for an objective hematologic response [30]. Vincristine
use is contraindicated in those patients with amyloid peripheral neuropathy, and
doxorubicin is a poor choice with the high prevalence of amyloid cardiomyopathy.
When four patients with amyloid nephrotic syndrome were treated with VAD, three
responded and were alive and in remission for 4–9 years [31]. VAD has been used as
an induction to reduce the plasma cell burden prior to stem cell transplantation, but
clinical improvement associated with VAD did not reduce the transplant-related mor-
tality [32]. Ninety-two patients treated in Great Britain received four cycles of VAD
with an organ response in 42% and a treatment-related mortality of 7% [33]. Nine
consecutive patients with AL were treated with pulse dexamethasone for three to six
cycles, days 1–4, 9–12, and 17–20, followed by maintenance interferon 3–6 million
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Fig. 11-1. Overall survival of 44 amyloidosis patients treated with high-dose dexamethasone.

units three times per week [34]. Improvement in organ involvement was seen in eight
of the nine patients, and six of the seven patients with nephrotic syndrome had a 50%
reduction in proteinuria. We have reported on 44 patients with amyloidosis, a high
proportion of whom had cardiac involvement [35, 36]. The survival of these patients
is shown in Fig. 11-1. A modified, lower dose and lower frequency of dexametha-
sone can produce a response in 35% of patients with a median time to response of
4 months [37]. Ninety-three patients with AL were enrolled in a multicenter cooper-
ative group trial of dexamethasone and interferon. Hematologic complete responses
were seen in 24% and improvement in organ dysfunction was seen in 45% of evalu-
able patients with a median survival of 31 months and an overall 2-year survival of
60% [38]. Heart failure and serum beta 2 microglobulin levels were predictors of
adverse outcome. In a subset of patients eligible for stem cell transplantation, the
estimated 2-year overall survival was 78%. Dexamethasone toxicity in amyloidosis
patients is substantial. Fluid retention occurs in patients with nephrotic syndrome and
heart failure, and dose reductions are common. In the Southwest Oncology Group
Study, 24 patients with cardiomyopathy had a significantly lower response rate. The
median time to hematologic response was 103 days. Toxicity from dexamethasone
is related to the number of organs involved. Statistically, only heart failure predicted
excessive toxicity.

Melphalan with Dexamethasone

The use of melphalan plus high-dose dexamethasone has been reported in the man-
agement of amyloidosis. Patients were selected on the basis of their ineligibility for
high-dose melphalan plus transplant therapy. Of 46 patients, a hematologic response
was seen in 31, and a hematologic complete response was seen in 15 (33%). Improve-
ment in organ dysfunction was seen in 22 patients (48%). Advantages of this regimen
included a 100-day mortality of 4%, resolution of cardiac failure in 6 of 32 patients
with a median time to response of 4.5 months, and only 11% adverse effects [39].
These results were updated with 5-year follow-up. The actuarial survival at 6 years
was approximately 50%, and the progression-free survival was 40% [40]. Patients
who relapse could be re-induced successfully with melphalan and dexamethasone. Of
41 evaluable patients, there were ultimately 30 responders and 11 nonresponders with
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the responders’ median survival not having been reached and nonresponders’ median
survival of just over 2 years. Boston University Medical Center has used pulsed low-
dose melphalan in patients ineligible for stem cell transplant because of severe cardiac
involvement or poor performance status [29]. All patients received growth factor sup-
port, and the melphalan dose was adjusted to produce mid-cycle myelosuppression.
Fifteen patients, median age 55, received a median of three cycles. Eight of ten evalu-
able patients had a hematologic response and two of the eight were complete. Of 15
patients treated, 2 survived 6 months, and 24 months after treatment, 13 have died.
Median survival was 2 months. Ten patients died within 5 weeks of starting treatment.

One hundred and forty-four patients in Great Britain received melphalan IV
25 mg/m2 with dexamethasone 20 mg for 4 days every 21–28 days. Median num-
ber of cycles was three. Fifty-one patients did not receive dexamethasone. Treatment-
related mortality was 2%; 23% had normalization of free light chains; 31% had a 50%
decrease in serum-free light chain; and 46% were nonresponders. The response rate
was higher in patients who received dexamethasone [41]. Most clinical responses
were evidenced within two cycles. Median survival for responders was 44 months,
and amyloid organ dysfunction improved in 14% of patients.

Thalidomide

Sixteen patients were enrolled in a study of thalidomide. The median maximum tol-
erated dose was 300 mg. Fifty percent of the patients experienced grade 3–4 tox-
icity; 25% had to discontinue taking the medication; 25% had a reduction in light
chain proteinuria but not in total urinary protein [42]. In a Mayo Clinic report on 12
patients with thalidomide therapy, 75% had drug-related toxicity [43]. Progressive
renal insufficiency developed in five and deep vein thrombosis and syncope in two.
The median time of thalidomide treatment was a mere 72 days due to intolerance. The
Italian amyloidosis group reported on thalidomide and dexamethasone therapy in 31
patients. Only 11 patients tolerated 400 mg a day for a median of 5.7 months [44].
Twenty experienced grade 3 or greater toxicity. In Great Britain, thalidomide [45]
was administered at a median dose of 100 mg/day but was discontinued in 31% of
patients. The hematologic response rate was 55%. Thalidomide and dexamethasone
appear to be active. However, the toxicity is substantial, and the thalidomide dose is
best started at 50 mg and should not exceed 100 mg. In the Mayo Clinic experience,
the median dose of thalidomide is only 50 mg a day, which might limit its efficacy.
Symptomatic bradycardia has been seen in as many as 26%. Melphalan, thalidomide,
and dexamethasone were administered to 22 patients with advanced cardiac amy-
loidosis. Eight hematologic responses and four organ responses were reported. Six
patients died due to their advanced cardiac amyloidosis before cycle 3, a common
outcome in patients with cardiac amyloidosis [46].

Lenalidomide

Lenalidomide has been combined with dexamethasone in the treatment of amyloi-
dosis [47]. In a phase II trial as a single agent in combination with dexametha-
sone, 34 patients received lenalidomide 25 mg/day. This dose was poorly toler-
ated, but at a reduced dose of 15 mg a day, it was well tolerated. Of 24 evaluable
patients, 7 or 29% achieved a hematologic response and 8 or 38% achieved a partial
hematologic response for an overall hematologic response rate of 67%. Fatigue and
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myelosuppression were the most common treatment-related adverse events (35%),
while thromboembolic complications were seen in 9%. In a second trial, single-agent
lenalidomide was administered, and after three cycles, dexamethasone was added if a
response had not been achieved. Twenty-three patients were enrolled, 13 previously
treated. Cardiac, renal, hepatic, and peripheral nerve amyloidosis was present in 64,
73, 23, and 14%, respectively. Ten patients discontinued treatment within the first
three cycles of therapy either due to rapid progression, death, or intolerance of treat-
ment [48]. There were ten patients who responded: nine required dexamethasone,
one without dexamethasone. The responses were hematologic in nine, renal in four,
cardiac in two, and hepatic in two. Neutropenia, thrombocytopenia, rash, and fatigue
were the most common side effects.

When these data were updated to 37 patients, 22 received 25 mg/day and 15
received 15 mg/day. As of July 11, 2008, five patients remained on active therapy.
The overall hematologic response rate was 41%: one complete and 14 partial. With
a median follow-up of 33.6 months, 22 patients died; only two were possibly related
to treatment. The median response duration and overall survival were 19.2 and 31
months. Overall survival from diagnosis was 48 months. Outcomes were dependent
on underlying risk stratification. High-risk patients, based on cardiac biomarkers,
were more likely to drop out early and were less likely to respond; high-risk patients
had shorter progression-free and overall survival.

In patients with amyloidosis treated with lenalidomide, 43% will develop a
rash [49]. In certain instances, severe rashes required permanent discontinuation of
lenalidomide. A late-onset rash has occurred in 28%. The incidence of dermatologic
adverse effects is higher in amyloidosis than in multiple myeloma. The concurrent
use of dexamethasone did not reduce the risk of a skin rash. Progressive azotemia has
been reported in AL patients treated with lenalidomide and dexamethasone. The onset
of azotemia can range anywhere from 2 weeks to several months and was irreversible
in four. This is an uncommon but serious complication of lenalidomide therapy, and
careful monitoring in AL is required [50].

Bortezomib Treatment of Amyloidosis

By inhibiting proteasome function in multiple myeloma cells, bortezomib activates
stress-activated protein kinase and mitochondrial apoptotic signaling [51]. Borte-
zomib can induce rapid renal improvement targeting NF κB activation and result in
improved kidney function [52]. Amyloid forming light chains can produce a load for
the endoplasmic reticulum that makes these cells more sensitive to proteasome inhibi-
tion [53]. The first case report described a patient with hepatic AL, previously treated
with melphalan, dexamethasone, and thalidomide who received bortezomib with a
reduction in hepatic size from 20 to 10 cm with disappearance of the monoclonal
protein [54]. The National Amyloidosis Center in Britain reported 18 patients treated
with bortezomib, half of whom received dexamethasone, all of whom had received
prior thalidomide. A hematologic response was seen in 77% of patients, 16% com-
plete, 27% organ responses [55]. This experience was updated to 20 patients with a
response rate to bortezomib of 80% with 15% complete responses; 40% had to dis-
continue therapy due to treatment-related toxicity [56]. In 2007, an abstract from a
phase I–II study of single-agent bortezomib was reported. There were seven cohorts
using two schedules of bortezomib weekly on a 5-week cycle, weekly for 4 weeks out
of five, or biweekly 2 weeks out of three [57]. The dose in the weekly schedules was
1.6 mg/m2; biweekly dose was 1.3 mg/m2. Toxicities included ileus, constipation,
nausea, vomiting, and diarrhea. Grade II and IV adverse events were seen in 42%
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Conventional Treatment of AL 

Newly Diagnosed AL 

• Clear evidence of a plasma cell dyscrasia required 
•  Amyloid deposits must be light chain derived by direct
 examination of amyloid 

Transplant eligible Transplant ineligible 

SCT with melphalan Mel-Dex 

Relapse melphalan Dex
Lenalidomide Dex
Bortezomib Dex   

Treat to max response +2 (max 10) 

Consider second-line therapy with bortezomib or 
lenalidomide if hematologic response not seen after

 four cycles or any organ progression by six months   

Fig. 11-2. Therapy algorithm for AL.

of patients. Of 13 patients in cohorts 3–6, there were eight responses (62%). Organ
responses were seen in three cardiac, five renal, and two peripheral nervous system
patients.

Eighteen patients, including seven that had relapsed or progressed after prior ther-
apy, were treated with bortezomib and dexamethasone. Sixteen of the 18 were evalu-
able. Eleven or 61% had two or more organs involved. The serum creatinine was
elevated in six. The bortezomib was administered on a biweekly schedule, 2 weeks of
three with dexamethasone 40 mg 4 days every 21. A median of five cycles was admin-
istered. The hematologic response was 94%, and hematologic complete response was
44% including patients who had failed prior high-dose dexamethasone. Twenty-five
percent of patients had an organ response. These responses were achieved at a median
of 0.9 months. The median time to organ response was 4 months. Neurotoxicity,
fatigue, edema, and postural hypotension were seen, and dose modification or a ces-
sation of therapy was required in 11. The optimal duration, the durability, and the
tolerability of the drug remain undefined [58].

Immunologic Therapy

The development of murine amyloid reactive monoclonal antibodies has provided a
passive immunotherapy approach to the management of AL [59]. Antibodies against
human light chain-related fibrils recognize an epitope common to the beta-pleated
sheet structure of AL and have produced regression in amyloidomas administered
to mice injected with human AL extracts. A chimeric prototype antibody has been
developed [60]. Immunotherapy might benefit individuals with AL amyloidosis.

Conclusion

The optimal therapy for AL amyloidosis is unknown. Virtually all patients receive
some form of cytotoxic chemotherapy. High-dose chemotherapy is widely used but
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is applicable to the minority. Dexamethasone-based therapies including alkylating
agents, immunomodulatory drugs, bortezomib, and antibody therapy are all important
considerations for the management of patients. In Fig. 11-2, a possible schema for the
initiation of therapy in amyloidosis patients is given.
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Chapter 12
High-Dose Therapy in Amyloidosis

Adam D. Cohen and Raymond L. Comenzo

Abstract High-dose melphalan with autologous stem cell support (SCT) has
improved outcomes for patients with systemic AL amyloidosis. A significantly
greater proportion of patients remain alive and progression-free 5 or 10 years post-
therapy than with historical traditional regimens. However, at most only one-third
of newly diagnosed AL patients are eligible for SCT and, as attempts to minimize
morbidity and mortality lead to refined patient selection, fewer AL patients may
ultimately have SCT made available to them. Standard oral melphalan and dexam-
ethasone, as well as combinations that include the novel agents lenalidomide and
bortezomib, may allow for rapid elimination of circulating light chains and achieve
response rates similar to SCT. In addition, as more data are obtained about com-
plete response frequency, response duration, and tolerability of the novel agents in
AL patients, it is possible that the risk-to-benefit ratio of high-dose therapy as ini-
tial treatment will become less favorable and that SCT may become more appro-
priate as second-line therapy. Indeed, the central challenge of the upcoming decade
will be how and when to best incorporate the novel agents, either alone or in com-
bination with both conventional and high-dose chemotherapeutic regimens, into our
armamentarium against AL. Certainly, more randomized clinical trials will be needed
to answer these questions, requiring cooperative group involvement and cooperation
among amyloidosis treatment centers. Fortunately, risk-adapted high-dose therapy
and the novel agents have greatly expanded the options for AL patients compared
with a decade ago and the future continues to look bright.

Keywords Stem cell transplant, Melphalan, Thalidomide, Bortezomib

Background and Rationale

The rationale for high-dose chemotherapy in the treatment of AL amyloidosis is
derived from studies in multiple myeloma and stems from initial observations made
in the 1980s that high doses of intravenous melphalan (100–200 mg/m2) could over-
come plasma cell chemo-resistance in relapsed and refractory myeloma patients
[1, 2]. These observations eventually led to phase III myeloma clinical trials in the
1990s, demonstrating the superiority of high-dose melphalan (HDM) with autologous
hematopoietic stem cell support over continued conventional chemotherapy [3, 4] and
establishing melphalan 200 mg/m2 as the optimal conditioning regimen [5].

Around this time, the treatment of choice for AL amyloidosis patients had become
oral melphalan and prednisone (MP) based on superior response rates and overall
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survival for MP with or without colchicine over colchicine alone in two random-
ized phase III trials [6, 7]. Colchicine had been chosen based on activity in treating
“secondary” AA amyloidosis associated with familial Mediterranean fever, but was
shown to be ineffective for AL amyloidosis in these trials. Despite this superior-
ity, oral MP was associated with response rates of 20–30% with rare complete
responses (CR) and median survival of 12–18 months (compared with 6–8 months
for colchicine), with cardiac AL patients surviving less than 6 months. Only 5%
of patients survived 10 years or more [8], with a significant risk of myelodyspla-
sia/AML in long-term survivors, estimated as high as 20% in some studies [6, 7, 9].
As with myeloma, combining additional cytotoxic agents with MP (e.g., the VBMCP
regimen—vincristine, carmustine, melphalan, cyclophosphamide, and prednisone)
failed to improve long-term outcomes [10]. Thus, by the mid- to late 1990s there
remained a need for novel therapeutic approaches to AL amyloidosis. The impressive
response rates and survival in the myeloma high-dose melphalan trials made this an
attractive strategy to appropriate for AL patients.

Initial High-Dose Therapy Studies

Several case series and phase II studies first demonstrated the feasibility of treat-
ing AL patients with high-dose melphalan and autologous stem cell transplant
(HDM/ASCT) [11–15]. Hematologic responses, including complete responses, were
seen in 50–60% of patients, significantly higher than those reported for oral MP,
and improvement in involved organ function was observed in 40–50%, confirming
the clinical activity of this approach. The most striking observation of these initial
studies, however, was the higher-than-expected treatment-related mortality (TRM),
averaging 21% in early single-center trials [11–13, 16] and as high as 43% in a retro-
spective multi-center series [17]. Frequent causes of death included gastrointestinal
hemorrhage, intractable hypotension, sepsis, arrhythmias/sudden cardiac death, and
multi-organ failure. In addition, growth factor-mediated stem cell mobilization was
associated with morbidity (e.g., volume overload, congestive failure, hypotension,
and tachyarrhythmias) and mortality in a significant minority of patients [11, 12].
More stringent patient selection, risk-adapted melphalan dosing, and better support-
ive care (as described in the next section) have decreased TRM to 5–15% in more
recently reported studies [18–21], though this remains significantly higher than TRM
for other indications (e.g., lymphoma, myeloma) for which high-dose therapy is fre-
quently used.

Despite this high TRM, the impressive hematologic and organ response rates seen
in initial trials and the generally poor outlook for most AL patients led to continued
clinical studies refining the high-dose therapy approach. Recently, retrospective, long-
term outcomes data on over 800 AL patients treated with high-dose therapy have been
published [19, 22–25] (summarized in Table 12-1). The transplant patients described
in these historical series represent the era before the availability of the serum free light
chain assay and cardiac biomarkers; therefore, response data were based on serum
immunofixation results and assessment of cardiac amyloidosis was usually based on
history, exam, echocardiogram, and electrocardiogram. With these caveats in mind,
the results of the initial decade’s work in HDM/SCT for AL remain substantial and
positive.

The largest of these series, from Boston Medical Center (BMC), describes 312
patients treated on sequential high-dose therapy protocols from 1994 to 2002. TRM
was 15.7% (including deaths during mobilization), and median overall survival was
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Table 12-1. High-dose therapy outcomes: large retrospective series.

Center
(references) n

TRMa

(%)
Heme RR
(CR)b

Organ
RRb Med OS

Conditioningc

full/reduced

Boston [19] 312 16 n/a (27%) 26%d 4.6 years 56%/44%
Mayo [23] 282 11 71%(33%) n/a NR at

5 years
67%/33%

Pavia [20] 22 14 55%(36%) 45% 5.7 years 68%/32%
UK [24]

(multi-center)
92 23 37%(20%) n/ae 5.3 years 69%/31%

CIBMTR [25]
(multi-center)

107 27 32%(16%) 26% 3.9 years 46%/54%

n=number; TRM=treatment-related mortality; Heme=hematologic; RR=response rate; CR=complete
response; OS=overall survival; NR=not reached
aIncludes deaths during stem cell mobilization, when reported
bIntent-to-treat analysis
cFull conditioning = melphalan 200 mg/m2 or melphalan 140 mg/m2 + total body irradiation; reduced
conditioning = melphalan 140 or 100 mg/m2

dOrgan response rate of 44% in 181 evaluable patients
eOrgan response rate of 48% in 51 evaluable patients

4.6 years, with 47% alive at 5 years. Median survival for patients with cardiac involve-
ment was 1.6 years, with 29% alive at 5 years. Complete hematologic responses (CR)
were seen in 27% of patients by intention-to-treat (40% in 181 evaluable patients),
and organ responses were seen in 44% of evaluable patients [19]. Similar overall
survival was seen for patients older or younger than age 65, though the attenuated
melphalan dosing used in the majority of the older cohort led to a non-significant
decrease in hematologic complete response rate (44% versus 32%, p=0.19) [26].
An updated analysis focusing on the first 80 patients treated at BMC (1994–1997;
minimum 10 years follow-up) showed a median survival of 57 months (4.75 years),
with 24% of patients surviving over 10 years. For patients achieving a hematologic
CR (n=32, 40%), median survival was not reached and 10-year survival was 53%,
compared with 50-month median survival and 6% 10-year survival for patients with-
out hematologic CR. Deaths amongst CR patients were related to progressive organ
dysfunction (n=12: 6 with hematologic relapse, 6 despite sustained CR), metastatic
solid tumors (n=2), and therapy-related MDS/AML (n=1) [22]. Importantly, objec-
tive improvements in quality of life measures were reported for AL patients undergo-
ing dose-intensive therapy [27].

A similar analysis of 282 consecutive AL patients treated with high-dose therapy
at Mayo Clinic showed a day 100 mortality of 11% and hematologic response rate of
71%, with 33% CR rate. In a landmark analysis of 213 patients who survived at least
6 months, hematologic response was significantly associated with overall survival
(CR>PR>no response, Fig. 12-1), both for the entire cohort as well as those with
echocardiographic evidence of cardiac involvement. Median survival was not reached
in the CR and PR subsets, with 5-year survival over 85% in the CR group [23].

Similar overall survival has been reported in one other single-center [20] and two
multi-center series [24, 25], though treatment-related mortality was higher in the
multi-center setting (Table 12-1). Importantly, in two of the latter series, undergoing
HDM/ASCT more recently was independently associated with improved survival,
implying a learning curve associated with center experience, more stringent patient
selection, and better supportive care. Finally, two studies examined the role of induc-
tion therapy (either MP [28] or VAD [29] (vincristine, adriamycin, dexamethasone))
prior to HDM/ASCT and did not find any significant benefit. Therefore, unlike in
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Fig. 12-1. Survival following high-dose therapy is related to hematologic response. Kaplan–
Meier analysis of overall survival as a function of response for 270 patients who underwent
high-dose therapy and autologous stem cell transplant at Mayo Clinic. Hematologic response
was scored by the current consensus criteria [30]. Reprinted with permission from Gertz
et al. [66]. CR, complete response (n = 94); NR, no response (n = 71); PR, partial response
(n = 105). Tick marks indicate censored patients (alive).

myeloma, the standard has been to go directly to high-dose therapy for ASCT-eligible
AL amyloidosis patients.

The take-home message from these initial experiences is that high-dose therapy
with autologous stem cell support has resulted in unprecedented rates of hematologic
response (especially CR), organ response, and overall survival for patients with AL
amyloidosis, but that the high treatment-related morbidity and mortality continues to
necessitate refinement in patient selection criteria, melphalan dosing, and supportive
care.

In addition, the association of hematologic response, especially CR, with organ
responses and long-term survival following high-dose therapy has now been demon-
strated in multiple studies [19, 21–23], suggesting that additional strategies aimed at
eliminating residual clonal plasma cell disease (e.g., combining high-dose melphalan
with novel agents) are warranted. Moreover, the availability of the serum free light
chain assay (FLC) has enabled a more effective definition of CR to be implemented
(i.e., one that includes negative serum and urine immunofixation as well as normal-
ization of the FLC ratio) [30], allowing greater accuracy in assessing response and
identifying patients who may benefit from further therapy.

Toward a Risk-Adapted Approach to Decreasing Mortality

Analyses of these early studies identified several risk factors associated with
increased treatment-related mortality, including higher number of involved organs
(usually >2), advanced age, poor performance status, and presence of advanced car-
diac involvement (e.g., uncompensated congestive failure, syncope, recurrent pleu-
ral effusions, ventricular tachyarrhythmias) [11–13]. In addition, both frequency and
grade of treatment-related toxicities (especially GI toxicity, edema and bleeding) were
associated with renal function and the dose of intravenous melphalan and were sig-
nificantly higher at 200 mg/m2 compared with 100 mg/m2. These observations led to
a proposal for a risk-adapted approach to high-dose therapy [31], excluding patients
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Table 12-2. Risk-adapted approach to high-dose therapy for AL
amyloidosis.

Good risk (any age; all criteria met)
• One or two organs involved
• No cardiac involvement
• Creatinine clearance ≥ 51 mL/min

Intermediate risk (age < 71; either criteria)
• One or two organs involved (must include cardiac or renal with creatinine

clearance < 51 mL/min)
• Asymptomatic or compensated cardiac

Poor risk (either criteria)
• Three organs involved
• Advanced cardiac involvement

Melphalan dosing: based on risk group and age
Good risk Intermediate risk Poor risk
200 mg/m2 if ≤ 60
140 mg/m2 if 61–70
100 mg/m2 if ≥ 71

140 mg/m2 if ≤ 60
100 mg/m2 if 61–70

Standard therapy
Clinical trials

This research was originally published in Comenzo and Gertz [31]. © the American Society
of Hematology [30]

most likely to have treatment-related mortality (i.e., those with three or more involved
organs or advanced cardiac involvement) and modifying the dose of melphalan based
on age, renal function, and presence or absence of any cardiac amyloid (Table 12-2).
The de facto adaptation of this approach in several centers has contributed greatly
to the decreased treatment-related mortality (TRM) reported in recent retrospective
series (11–16%) [18–20], and the strict application of this strategy in a prospective
phase II study led to a TRM of 4.4% (2/45 patients), the lowest yet reported for an
amyloidosis high-dose therapy trial [21].

The trade-off, of course, for reducing the dose of melphalan is a potentially lower
hematologic response rate. In the Mayo Clinic series, hematologic responses were
seen in 53% of patients receiving melphalan 100 or 140 mg/m2 (n=51), compared
with 75% receiving melphalan 200 mg/m2 (n=120). In the BMC series, complete
hematologic responses at 1 year were seen in 45 and 33% of patients getting melpha-
lan 200 mg/m2 (n=113) and 100/140 mg/m2 (n=68), respectively [19]. These lower
response rates may be overcome, however, by the addition of adjuvant therapy with
novel agents, such as thalidomide [21] or bortezomib [32], for patients with residual
clonal plasma cell disease post-ASCT. This sequential administration of risk-adapted
melphalan followed by additional drugs with non-overlapping mechanisms of activity
may therefore allow the greatest number of AL patients to benefit safely from high-
dose therapy, without compromising the hematologic response rates which appear
critical for long-term survival.

Another important risk-reduction strategy has been the implementation of aggres-
sive supportive care measures during the mobilization and peri-SCT period. Most
of these are admittedly empiric, without formalized measures of their impact on
patient outcomes. Nonetheless, they likely have contributed significantly to improved
treatment-related mortality reported in recent years. To minimize the risk of the rare
but sometimes fatal fluid retention, hypoxia, and hypotension seen with high-dose
G-CSF during stem cell mobilization, we recommend using a twice daily, lower
dose regimen (6 mcg/kg q12 h for 5 days) [33], and we often monitor patients with
significant cardiac involvement or orthostatic hypotension on telemetry during the
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mobilization period and during stem cell re-infusion. In addition, some centers do
not use G-CSF post-SCT because of the fluid retention associated with its use [34],
though this was associated with a delayed median time to neutrophil engraftment
(14 days until ANC > 500/μL compared with 10 days at most centers), which may
increase the risk of infection. Whether pegylated filgrastim (Neulasta R©) is as effec-
tive and better tolerated is currently under investigation [35]. GI bleeding is a sig-
nificant contributor to early treatment-related mortality and can occur as frequently
as 20% of AL patients undergoing HDM/ASCT. This is likely from occult amyloid
deposition in the submucosa which can exacerbate chemotherapy-induced mucositis
and lead to hemorrhage [36]. All patients should be screened with fecal occult blood
testing before and during the SCT period, with positive screening tests prompting
endoscopic evaluation for potentially treatable causes. Patients should receive pro-
ton pump inhibition during the peri-SCT period, with maintenance of platelets over
50,000/μL and hemoglobin over 9 g/dL should occult or obvious GI bleeding become
manifest. Other important supportive measures include use of aggressive immediate-
and delayed-emesis regimens, supporting intravascular oncotic pressure in nephrotic
patients through albumin infusions to keep albumin>2 g/dL, maintaining euvolemia
through judicious but not overaggressive use of diuretics, and maintaining normal
electrolyte levels, especially in cardiac patients.

Finally, several reports have documented the feasibility of performing organ trans-
plantation, particularly heart transplantation, prior to high-dose therapy and stem cell
transplant [37–39]. This sequential approach allows AL patients with advanced car-
diac involvement to become eligible for high-dose therapy and theoretically decreases
their risk of peri-SCT cardiac complications. The use of extended donor criteria to
increase the likelihood of obtaining a donor heart should increase the number of AL
patients who can benefit from this approach and merits further study [38].

High-Dose Therapy Versus Conventional Chemotherapy

A criticism of the improved long-term outcomes reported for high-dose therapy com-
pared with prior conventional therapy studies has been that they reflect a selection
bias, in that only the fittest AL patients undergo SCT. In fact, a retrospective Mayo
Clinic study of 229 AL patients who met SCT eligibility criteria but did not undergo
SCT found that this cohort had a median survival of 42 months, with 5- and 10-year
survivals of 36 and 15%, respectively. These numbers were significantly higher than
those reported in historic series of AL patients or in the oral MP trials, demonstrat-
ing that these were, indeed, a good-risk subset of patients [40]. However, these same
investigators then performed a case-control study examining 126 SCT-eligible AL
patients, 63 of whom underwent high-dose therapy, and 63 who were matched for
age, sex, and clinical variables but were treated conventionally (83% received MP).
Overall survival at 2 years (81 versus 55%) and 4 years (71 versus 41%) significantly
favored the high-dose therapy cohort, suggesting that even within this good-risk pop-
ulation, there was a benefit to high-dose therapy [41].

More recently, however, therapy for AL patients not undergoing SCT has migrated
from oral MP to dexamethasone-based regimens. A SWOG multi-center study of
pulse dexamethasone (40 mg orally daily on days 1–4, 9–12, 17–20 every 35 days)
for three cycles, followed by maintenance for responders with interferon-alpha and
dexamethasone days 1–4 every 28 days, led to hematologic responses in 53%, organ
responses in 45%, and median survival of 31 months [42]. Toxicity was significant,
however, with 7% treatment-related mortality. More promising was the phase II trial
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from the Pavia group using oral melphalan and dexamethasone (Mel/Dex) for 4 days
every month. In 46 SCT-ineligible patients, hematologic responses were seen in 67%
(including 33% CR) and organ responses in 48%, with no treatment-related mortality.
Updated follow-up data showed median progression-free and overall survival of 3.8
and 5.1 years, respectively [43, 44]. This regimen has become widely used for non-
SCT-eligible patients.

Based on these promising results, the French Myélome Autogreffe Groupe (MAG)
conducted a multi-center phase III trial randomizing newly diagnosed AL patients
(n=100) to high-dose melphalan and autologous SCT or oral Mel/Dex for up to
18 months. There were no significant differences observed for hematologic (68%
for Mel/Dex versus 66% for HDM/ASCT) or organ responses (39 versus 45%), but
median overall survival was significantly longer in the oral Mel/Dex arm (56.9 versus
22.2 months, p=0.04) [45]. Several aspects of this trial merit cautious interpretation,
however. First, 13 (26%) of the 50 patients assigned to HDM/ASCT never received
melphalan, due largely to death or early progression during stem cell mobilization.
Another nine patients died within 100 days after SCT (transplant-related mortality
of 24%). Thus, only 56% of HDM/ASCT patients were evaluable for response or
long-term survival. This high early death rate was likely related to three factors: (1)
inclusion of patients who may not have been considered SCT eligible at other treat-
ment centers (e.g., 36% of patients assigned to the high-dose therapy arm had three
or more organs involved with amyloid; 12% had poor LV ejection fraction); (2) the
relative infrequent use of dose-adjusted melphalan despite these high-risk features
(10/37 (27%) patients received MEL 140 mg/m2; the remainder MEL 200 mg/m2);
and (3) treatment in multiple centers, many of which may have had limited experience
with SCT for amyloidosis patients. Nonetheless, a landmark analysis examining only
patients surviving at least 6 months after randomization still showed no advantage in
overall survival for high-dose therapy [45]. Therefore, while the high response rates
and prolonged survival with oral Mel/Dex confirm its place in the treatment of AL
patients, a disparity remains apparent between the outcomes in the SCT arm in this
study compared with recent studies at amyloidosis referral centers, suggesting that
high-dose therapy may best be performed at specialty centers with experience using
SCT for AL amyloidosis patients.

Improving upon High-Dose Therapy

Recently, there have been two separate but complementary approaches for improv-
ing upon current outcomes with high-dose therapy: (1) incorporate new prognostic
factors which can further refine patient selection by identifying patients at high risk
of treatment-related mortality and (2) incorporate novel therapeutic approaches into
high-dose treatment platforms. The former has been led by groups at Mayo Clinic
and Pavia, who first identified cardiac biomarkers such as serum N-terminal pro-brain
natriuretic peptide (NT-proBNP) and troponin I or T as predictive not only of cardiac
involvement but of clinical outcomes in general for AL patients, even in those without
echocardiographic or clinical evidence of cardiac amyloid [46–49]. A staging system
incorporating NT-proBNP and troponin T has been proposed and was able to iden-
tify a high-risk group of patients with poor outcomes following SCT (median OS 8.4
months if both markers were elevated at baseline versus not reached if 0 or 1 marker
was elevated) [48]. Another retrospective study found that elevated troponin T (> 0.06
μg/L) was predictive of treatment-related mortality in patients undergoing high-dose
therapy (28 versus 7% for troponin T < 0.06 μg/L) [50]. Other baseline characteristics
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that have been associated with poor outcome in patients undergoing high-dose therapy
include elevated uric acid, excessive fluid retention during stem cell mobilization, and
the absolute value of the involved serum free light chain [51–53]. In addition, expres-
sion of calreticulin, as measured by gene expression profiling, quantitative RT-PCR,
and immunohistochemistry in plasma cells obtained pre-treatment from AL patients,
was significantly higher in patients achieving a CR post-SCT compared to those with
no response, suggesting that this protein may have value in predicting sensitivity to
high-dose melphalan [54]. While these prognostic factors need to be validated at other
centers and in prospective studies, they provide a framework toward further refining
patient selection to reserve high-dose therapy for those AL patients most likely to
have long-term benefit (and least likely to have treatment-related mortality).

Other approaches for improving upon current outcomes with high-dose therapy
include tandem autologous SCT, use of allogeneic or syngeneic stem cell donors,
and incorporation of novel agents. A single-institution study of tandem SCT for AL
amyloidosis enrolled 62 patients with plans for melphalan 200 mg/m2 and autologous
SCT, followed by melphalan 140 mg/m2 and a second autologous SCT for patients
not in hematologic CR at 6 months after the first SCT. Overall, 32 patients (50%)
achieved a CR (27 after the first, and 5 after the second SCT), with a 50% organ
response rate and median survival not reached after median follow-up of 43 months.
Seven patients were unable to collect enough stem cells for tandem SCT, and TRM
was 9% [55]. Thus, while this approach was feasible, it is unclear whether the added
benefit is worth the morbidity of a second SCT. Allogeneic or syngeneic SCT has
been used only rarely in AL patients, predominantly in previously treated patients,
with durable complete responses reported, but with high rates of acute and chronic
graft-versus-host-disease and high TRM (40%) that make adoption of this approach
outside of a clinical trial not recommended at this time [56].

The novel immunomodulatory agents thalidomide and lenalidomide, as well as
the proteosome inhibitor bortezomib, have now all been shown to have significant
activity in AL amyloidosis, either alone or in combination with other therapies such
as dexamethasone or cyclophosphamide [57–65]. The first study incorporating these
novel agents into a high-dose therapy platform was a phase II trial for newly diag-
nosed AL patients [21] in which 45 patients received risk-adapted high-dose melpha-
lan and autologous stem cell support. Those who did not achieve a hematologic CR
at 3 months received 9 months of adjuvant dexamethasone and thalidomide (or dex-
amethasone alone if there was a history of deep venous thrombosis or neuropathy).
Complete response in this trial was strictly defined, employing serum free light chain
as well immunofixation results. Organ involvement was kidney (67%), heart (24%),
liver/GI (22%), and peripheral nervous system (18%), with 31% having two organ
systems involved. Based on age, creatinine clearance, and cardiac involvement (as
per Table 12-2), six patients were assigned to melphalan 100 mg/m2, 24–140 mg/m2,
and 15–200 mg/m2. TRM was 4.4%, and 31 patients began adjuvant therapy because
of persistent clonal plasma cell disease at 3 months. Median dose of thalidomide tol-
erated was 150 mg daily, and only 52% (n=16) completed all 9 months of therapy,
with 16 and 32% discontinuing for disease progression and toxicity, respectively.
Despite this, 42% of patients getting adjuvant therapy improved their hematologic
response by 12 months post-SCT, with overall and complete response rates of 71
and 36%, respectively, and organ responses of 44%. With median follow-up of 31
months, 2-year progression-free and overall survival was 74 and 84%, respectively.
Overall survival was 63% at 2 years for patients with cardiac involvement. This study
showed prospectively how risk-adapted dosing could decrease treatment-related mor-
tality and demonstrated that sequential therapy with a novel regimen post-SCT can
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deepen hematologic responses, potentially making organ improvement and long-term
disease control more likely.

Because of the poor tolerability of thalidomide seen in this and other studies of
AL patients [58, 60], a subsequent high-dose therapy trial uses the same risk-adapted
trial design but substitutes bortezomib for thalidomide during adjuvant therapy. Of 21
patients evaluable post-SCT, 5 achieved CR and 16 had persistent clonal plasma cell
disease. Fifteen patients received adjuvant therapy. At 1-year post-SCT, the overall
response rate was 92% with 67% achieving CR. Fifty percent of patients had organ
improvement. Adjuvant therapy was tolerated and resulted in improved responses in
88% of patients [32].

While longer follow-up of this approach is obviously needed, the ability to upgrade
responses and achieve a higher percentage of complete responses makes this a rational
strategy to enhance the balance of tolerability and efficacy needed to obtain better
long-term outcomes for AL patients.

Future Directions

High-dose melphalan with autologous stem cell support has improved outcomes for
patients with AL amyloidosis, with a significantly greater proportion remaining alive
and progression-free 5 or 10 years post-therapy than with historical traditional regi-
mens. Unfortunately, only one-third of newly diagnosed AL patients are eligible for
SCT and, as patient selection becomes even more refined to minimize morbidity and
mortality, fewer AL patients may ultimately have this option made available. On the
other hand, the promising activity of oral Mel/Dex, lenalidomide, and bortezomib
may allow for rapid elimination of circulating light chains and sufficient improve-
ment in performance status and organ function to make previously ineligible patients
eligible for SCT. Thus, it is appropriate to re-explore the question of brief induc-
tion therapy prior to SCT now that more active agents and regimens are available.
In addition, as more data are obtained about complete response frequency, response
duration, and tolerability of the novel agents in AL patients, it is possible that the risk-
to-benefit ratio of high-dose therapy as initial treatment will become less favorable
and that HDM/SCT may become more appropriate as second-line therapy. Indeed,
the central challenge of the upcoming decade will be how and when to best incorpo-
rate these agents, either alone or in combination with both conventional and high-dose
chemotherapeutic regimens, into our armamentarium against amyloidosis. Certainly,
more randomized clinical trials will be needed to answer these questions, requiring
cooperative group involvement and cooperation among amyloidosis treatment cen-
ters. Fortunately, risk-adapted high-dose therapy and the novel agents have greatly
expanded the options for AL patients compared with a decade ago and the future
continues to look bright.
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Chapter 13
Secondary, AA, Amyloidosis

Helen J. Lachmann

Abstract AA amyloidosis, otherwise known as secondary amyloidosis, is a
complication of chronic inflammation. The amyloid fibrils are derived from the hep-
atic acute phase reactant, serum amyloid A protein. Clinically AA amyloidosis has
a predominantly renal presentation with proteinuria and renal impairment. Untreated
disease will progress to end-stage renal failure. Treatment depends on complete con-
trol of the underlying chronic inflammatory condition, and if this can be achieved
long-term outcomes are favourable. Median survival in patients with AA amyloidosis
now exceeds 12 years although renal failure eventually develops in more than 40%.

Keywords AA amyloidosis, Serum amyloid A protein (SAA), Cytokines,
Inflammation, Arthritis, Renal, Proteinuria

Introduction

AA amyloidosis, otherwise known as secondary amyloidosis, is a complication of
chronic inflammation and is the third commonest type of systemic amyloidosis seen
in the United Kingdom. It has a predominantly renal presentation and is responsi-
ble for approximately 15% of the new cases of systemic amyloidosis in the United
Kingdom each year.

Pathology

In AA amyloidosis the amyloid fibrils are derived from the acute phase reactant,
serum amyloid A protein (SAA) [1]. SAA is an apolipoprotein of high-density
lipoprotein, which, like C-reactive protein (CRP), is synthesized by hepatocytes under
the transcriptional regulation of proinflammatory cytokines, particularly tumour
necrosis factor (TNF) alpha, interleukin-1 (IL-1) and interleukin-6 (IL-6) [2]. The
median plasma concentration of SAA in healthy blood donors is 3 mg/L [3], but this
can increase rapidly to over 2,000 mg/L during a brisk acute phase response. AA amy-
loidosis can complicate any chronic disorder that stimulates a frequent or prolonged
acute phase response. Although sustained overproduction of SAA is a necessary pre-
requisite for the development of AA amyloidosis it is not sufficient as AA amyloid
deposition occurs in a minority of patients with inflammatory diseases [4–6]. The
factors beyond supply of SAA, the amyloid fibril precursor protein, which predis-
pose to development of AA amyloidosis, are largely still unclear but one important
contributor appears to be the SAA gene isotype. There are four SAA genes in man, all
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on chromosome 11. SAA1 and SAA2 are responsible for the acute phase response;
SAA4 is expressed constitutively; and SAA3 is a pseudogene. There are a number
of isoforms at the SAA1 and SAA2 loci [7]. Susceptibility to AA amyloidosis is
increased among individuals who are homozygous for their SAA1 allele [8, 9], and
studies in Japan suggest that SAA1γ is more inherently amyloidogenic than the α

and β isotypes [10, 11]. Similar results have been reported in SAA2 where the allele
SAA2α2 is significantly overrepresented in Caucasian patients with AA amyloidosis
complicating juvenile inflammatory arthritis [12].

Epidemiology

The exact prevalence of AA amyloidosis is unclear as diagnosis is difficult and it is
almost certainly underreported. Biopsy and post-mortem series suggest that the preva-
lence of AA amyloidosis in patients with chronic arthritides is between 3.6 and 5.8%
[4, 5, 13]. Extrapolating from published data on the prevalence and lifetime incidence
of amyloidosis in rheumatoid arthritis, ankylosing spondylitis and juvenile idiopathic
arthritis patients and on the prevalence of these chronic arthritides, an upper limit for
the community prevalence of AA amyloidosis in the general European population can
be estimated at 1.8/10,000 people. An observation that remains unexplained is that the
incidence of AA amyloid is lower in the United States and much higher in parts of
central Europe and Scandinavia [14, 15] and, perhaps by the same, as yet unknown,
mechanisms, its prevalence in Europe is believed to have decreased substantially over
the past 40 years [16].

The list of chronic inflammatory, infective and neoplastic disorders that can lead
to AA amyloidosis is almost without limit (Table 13-1), and the predominant aeti-
ology varies among different populations [17]. In the Western world the commonest
predisposing conditions are the chronic inflammatory arthritides which account for
60% of cases. Chronic infections are the major underlying cause in the developing
world but account for only 15% of cases in the United Kingdom [18] (Table 13-2).
Amyloidosis occurs exceptionally rarely in systemic lupus erythematosus and ulcer-
ative colitis reflecting the unusually modest acute phase response evoked by these
particular conditions. AA amyloidosis can complicate cytokine-producing tumours,
particularly localised Castleman’s disease which secretes IL-6. The inherited fever
syndromes, which are significant causes of amyloid in affected populations, carry an
exceptionally high risk of complication by AA amyloid deposition. These diseases
include familial Mediterranean fever (FMF), TNF receptor-associated periodic syn-
drome (TRAPS) [19], cryopyrin-associated periodic syndrome (CAPS) and meval-
onate kinase deficiency (MKD) [20]. All present early in life, and clinical attacks are
accompanied by a very striking acute phase response in which the peak SAA level
may exceed 2,000 mg/L. The pattern of lifelong recurrent attacks accompanied by
a massive increase in the supply of a potential amyloid precursor protein probably
provides the explanation for the striking relative risk of AA amyloidosis in these dis-
eases, and there are data to suggest that the availability of effective disease control in
the form of colchicine in FMF has reduced the risk of developing amyloidosis from
60 to 13% [21].

The median latency between onset of inflammation and diagnosis of amyloid is
approximately 17 years for all of the major underlying disease groups, although some
individuals develop clinically significant amyloid in less than 12 months and others
only after many decades. The median age at diagnosis is 50 years but presentation in
childhood, although becoming less common, is still well recognised, and at the other
extreme patients may not develop clinical amyloidosis until their ninth decade.
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Table 13-1. Conditions reported to be complicated by AA amyloidosis.

Conditions associated with systemic AA (secondary) amyloidosis

Inflammatory arthritides
Adult Still’s disease [41]
Ankylosing spondilitis [6]
Juvenile idiopathic arthritis [5]
Psoriatic arthropathy [42]
Reiter’s syndrome [43]
Rheumatoid arthritis [44]

Systemic vasculitis
Giant cell arteritis [45]
Polyarteritis nodosa [46]
Polymyalgia rheumatica [47]
Systemic lupus erythematosis [48]
Takayasu’s arteritis [49]

Autoinflammatory disorders
Cryopyrin-associated periodic fever

syndrome [50]
Familial Mediterranean fever [51]
Mevalonate kinase deficiency [52]
SAPHO syndrome [53]
TNF receptor-associated periodic syndrome

[54]

Chronic infections
Bronchiectasis [30]
Chronic cutaneous ulcers [55]
Chronic pyelonephritis [56]
HIV [57]
Leprosy [58]
Osteomyelitis [31]
Q fever [59]
Subacute bacterial endocarditis [60]
Tuberculosis [17]
Whipple’s disease [61]

Inflammatory bowel disease
Crohn’s disease [62]
Ulcerative colitis [63]

Neoplasia
Adenocarcinoma of the lung, gut,

urogenital tract [64]
Basal cell carcinoma [65]
Carcinoid tumour [66]
Castleman’s disease [34]
Gastrointestinal stromal tumour
Hairy cell leukaemia [67]
Hepatic adenoma [68]
Hodgkin’s disease [69]
Mesothelioma
Renal cell carcinoma [70]
Sarcoma [71]
Peritoneal pseudomyxoma

Immunodeficiency states
Common variable immunodeficiency

[72]
Cyclic neutropenia [73]
Hyperimmunoglobulin M syndrome

[74]
Hypogammaglobulinaemia [75]
Sex-linked agammaglobulinaemia [76]
HIV/AIDS

Other conditions predisposing to
chronic infections

Cystic fibrosis [77]
Epidermolysis bullosa [78]
Intravenous and subcutaneous drug

abuse [32]
Kartagener’s syndrome [79]
Paraplegia [80]
Sickle-cell anaemia [81]

Other
Atrial myxoma [82, 83]
Behcet’s disease [84]
Inflammatory aortic aneurism [85]
Retroperitoneal fibrosis [86]
Sarcoidosis [87]
Sinus histiocystosis with massive

lymphadenopathy [88]

As with all types of amyloidosis, AA appears slightly commoner in men who
account for 56% of the largest characterised series [18]. This is particularly striking
when it is remembered that rheumatoid arthritis is a disease with a marked female
predominance. In the large series from the United Kingdom there was significant
overrepresentation of ethnic groups originating from the eastern Mediterranean and
an underrepresentation of people of African origin. The relative paucity of AA amy-
loidosis in Americans of African origin has previously been noted [22]. This does not
appear to be due to protection from amyloidosis in general and may be due to the rel-
atively low number of patients of African origin who suffer from rheumatoid arthritis
or to the lack of other factors predisposing to AA amyloidosis in general such as SAA
type.
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Table 13-2. Major underlying causes of AA amyloidosis
in the United Kingdom.

Underlying disease
Percentage
of cases

Chronic inflammatory arthritis
Rheumatoid arthritis
Juvenile idiopathic arthritis
Other chronic inflammatory arthritides

60
33
17
10

Chronic sepsis
Bronchiectasis
Injected drug abuse
Complications of paraplegia
Other chronic sepsis

15
5
4
2
4

Periodic fever syndromes 9
Familial Mediterranean fever 5
TNF receptor-associated periodic
fever syndrome

2

Cryopyrin-associated periodic
syndrome

1

Mevalonate kinase deficiency 0.5

Crohn’s disease 5
Miscellaneous
Castleman’s disease
Neoplasia
Vasculitis
Other

6
2
1
1
1.5

Unknown
No diagnosis made despite extensive
investigation

6

Clinical Features

Extensive AA amyloid deposition can occur without causing symptoms [23]. The
predominant clinical manifestations of AA amyloidosis are renal and more than 95%
of patients present with proteinuric kidney dysfunction. Approximately 5% of cases
will not have proteinuria despite extensive renal amyloid deposition. Haematuria,
tubular defects and diffuse renal calcification occur rarely [24]. Just over 50% of
patients have nephrotic syndrome at presentation and 75% of cases present with
an estimated glomerular filtration rate of more than 30 mL/min, i.e. chronic kidney
disease stage 1, 2 or 3. Approximately 10% of patients are at end-stage renal failure
when the diagnosis is made, and progression to dialysis dependence is eventually
seen in almost 50%. The spleen is infiltrated in almost all cases and the adrenal
glands in at least a third, although clinical hypoadrenalism is not common. The liver
and gut are also frequent sites of AA amyloid deposition, and hepatosplenomegaly
is present in 9% of cases at presentation. Hepatic failure due to AA amyloidosis
is exceptionally rare, and gut dysfunction causing motility disorders and malab-
sorption does occur but generally only in exceptionally advanced disease. Cardiac
amyloidosis is also not usually a clinical problem. Suggestive echocardiographic
and electrocardiographic abnormalities are seen in about 2% of cases, and biopsy
evidence of cardiac amyloid deposition has been reported at post-mortem or in
patients with generally advanced disease and established renal failure. Neurological
involvement is also not typical. Autonomic neuropathy does not appear to be a
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common feature. Mild peripheral neuropathy is occasionally seen, mostly in patients
with long-standing end-stage renal failure, and there are likely to be multiple other
metabolic factors contributing to the neuropathic symptoms.

Treatment

It is now well recognised that the outcome in systemic amyloidosis of all types is
related to the supply of fibril precursor protein [25, 26]. If the supply precursor can
be reduced sufficiently this can alter the equilibrium between amyloid deposition and
turnover in favour of amyloid regression. As the fibril precursor protein in AA-type
amyloid is the acute phase reactant SAA the aim of treatment must be sustained
and complete control of the underlying inflammatory disease process [25, 27–30].
Clearly the choice of therapy depends on the nature of the underlying disease process
but therapeutic success must always be assessed by the long-term control of SAA
production or, if this is not available, CRP measurements, performed frequently—in
our practice monthly.

Most patients with inflammatory arthritis have previously failed to respond to con-
ventional disease modifying anti-rheumatoid drugs such as methotrexate and many do
well with anti-TNF therapies or other biologics such as anti-CD20 antibodies or anti-
IL-1 or IL-6 therapies. In patients who fail to respond to these agents there may still be
a role for therapy with alkylating agents such as chlorambucil or cyclophosphamide
[27]. Treatment of chronic sepsis is based on long-term appropriate antimicrobials
and may need to be combined with surgical debridement or excision of infected tissue
[31]. In patients with long-term drug addiction this must be combined with support to
enable them to stop self-injecting with contaminated apparatus or drugs [32]. Treat-
ment of the periodic fever syndromes is highly specific. Excellent disease control can
be achieved in the majority of patients with FMF with long-term colchicine prophy-
laxis. In CAPS anti-IL-1 therapies have proven remarkably effective [33]. TRAPS and
MVK have proven to be more difficult to treat but many patients respond to anti-TNF
or anti-IL-1 therapies. Crohn’s disease often responds to conventional immunosup-
pression or anti-TNF therapies. Some patients do require surgical bowel excision as
well. Castleman’s disease, a rare IL-6-secreting tumour, can sometimes be completely
excised [34], and in those cases where surgery is not feasible or curative there is evi-
dence for benefit for anti-IL-6 therapies [35]. The 6% of patients in whom the under-
lying inflammatory disease cannot be identified are a serious management challenge,
and therapy in these cases has to be empirical—guided by frequent assays of SAA.

Specific therapies tailored to control the underlying inflammatory state must be
combined with general supportive measures. Kidneys extensively infiltrated by amy-
loid are exquisitely vulnerable to intercurrent insults such as hypoperfusion, hyper-
tension, nephrotoxic drugs and surgery, all of which should be avoided.

Many patients will eventually require renal replacement therapy. Survival on dial-
ysis is now comparable with that of non-diabetic-associated end-stage renal failure
[36], although earlier series reported less good outcomes [37]. Recent experience of
renal transplantation in selected patients has been encouraging with long-term graft
and patient survival exceeding that set by British and American standards. Recurrent
amyloidosis is surprisingly infrequent. The encouraging outcomes in patients whose
underlying disease can be controlled has resulted in some cases receiving living donor
renal transplants [38].

As SAA production can be modified by medical management it is absolutely vital
that levels are measured serially and management changes tailor according to the
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results. Nonetheless for many clinicians measurement of CRP is often more useful as
SAA measurement is available only in a relatively limited number of research labo-
ratories. Median CRP also predicts clinical outcome and can be used as a surrogate
marker of SAA provided its values are interpreted with some caution. CRP and SAA
rise and fall in parallel but some patients may have 5- or even 10-fold SAA bias,
and as a result although elevated levels of median CRP are strongly associated with
a poor outcome levels of less than 10 mg/L will include some patients with signifi-
cantly higher SAA concentrations, and consequently low CRP levels may sometimes
be falsely reassuring.

Outcome

The prognosis in AA amyloidosis has improved significantly and median survival
is now just under 12 years, which compares very favourably with median survival in
AL amyloidosis [39]. Prognosis is related to the degree of renal involvement. Without
treatment the outlook was bleak. Almost three-quarters of patients reached end-stage
renal failure within 5 years of diagnosis, and once the serum creatinine was elevated
beyond the normal range half the patients were dead within 18 months. Although
AA amyloid is a relatively unusual complication of juvenile idiopathic arthritis it has
been reported to be responsible for 40–50% of all deaths in these patients. Fifty per
cent of juvenile idiopathic arthritis patients with amyloidosis have been reported to
die within 5 years and a further 25% within the following 10 years.

Factors at presentation that are associated with a worse prognosis in this type
of amyloidosis included older age, reduced serum albumin concentration and end-
stage renal failure [18]. There is little difference in outcome between different groups
of underlying diseases, although multivariate analysis in one study has suggested
patients with periodic fever syndromes have slightly better survival. Increased pro-
duction of SAA is the most powerful risk factor for death with evidence of an almost
18-fold increased relative risk between patients with completely normal levels of
SAA production (median of ≤ 4 mg/L) compared to patients with a median SAA
of ≥ 155 mg/L. SAA production also predicts the risk of development of end-stage
renal failure and median SAA levels in patients whose renal function improved has
been reported as 6 mg/L compared to 28 mg/L in patients whose renal function wors-
ened by consensus criteria. Renal failure is more likely to supervene in patients with
chronic sepsis or Crohn’s disease perhaps reflecting the increased risks from surgery
in patients with Crohn’s and additional comorbidity burdens in patients with chronic
sepsis—particularly the injecting drug users who have particularly poor outcomes.
AA amyloid deposits gradually regress in the majority of patients whose inflamma-
tory disease remains in remission, but the rate varies substantially between different
individuals [40]. These differences suggest that the amyloid deposits are either more
stable in some patients than in others or that individuals simply differ in their capacity
to mobilise amyloid. Renal function, however, especially proteinuria, often improves
even when the amyloid deposits only remain stable, and equally, in a minority of
cases, amyloid regression may be seen on SAP scintigraphy (a nuclear medicine tech-
nique for imaging amyloid deposits) without improvement in renal function. Residual
amyloid deposits may be present to a substantial extent in some patients who appear
to have been in complete clinical remission for decades. This is very relevant in terms
of patient management as the presence of even a small amount of amyloid may serve
as a template for further rapid amyloid accumulation should there be a recrudescence
of inflammatory activity.



Chapter 13 Secondary, AA, Amyloidosis 185

Conclusion

The causes of AA amyloidosis have changed in line with the predominant causes of
refractory and chronic inflammation in the general population. That amyloidosis now
presents at an older age is likely to be due to both the increasing predominance of
inflammatory arthritis as the underlying cause and the improvements in its medical
care. The longer latency between onset of inflammation and presentation of amyloi-
dosis suggests that many of these patients may have less florid inflammation than in
the past. Although almost 30% of patients still present with established or incipient
end-stage renal failure, AA amyloidosis is a potentially reversible disease and rig-
orous control of the underlying inflammatory disease can result in improvement in
renal function and prolonged survival. In this disease every effort should be made
to establish the aetiology of the underlying inflammation and to provide treatment
aimed at producing sustained complete normalisation of the inflammatory response.
It is hoped that in the near future these management options will be combined with
specific anti-amyloid therapies.
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Chapter 14
ATTR: Diagnosis, Prognosis, and

Treatment
Steven R. Zeldenrust

Abstract ATTR is the most common form of inherited systemic amyloidosis. The
signs and symptoms of ATTR are often subtle and overlap with more common dis-
eases, including AL. Treatment for ATTR is most effective early in the course of
the disease, making timely diagnosis critical. Orthotopic liver transplantation is the
only proven effective therapy. Recent reports have suggested that amyloid deposition
may progress after liver transplantation in some cases. Emerging therapies designed
to prevent circulating TTR from forming amyloid are currently being tested and hold
promise for patients not eligible for solid organ transplant and for those with progres-
sive symptoms after transplant.

Keywords Transthyretin, Prealbumin, Hereditary, Liver transplantation, ATTR

Transthyretin-associated systemic amyloidosis (ATTR) is the most common form of
hereditary systemic amyloidosis worldwide. The clinical manifestations of ATTR are
indistinguishable from those of the more common immunoglobulin light chain associ-
ated form of amyloidosis (AL), making accurate diagnosis difficult. New proteomic
technologies have aided in establishing the diagnosis, but are not widely available.
The aggressive use of chemotherapy for AL and the availability of new treatment
options for ATTR have made it even more critical to identify ATTR in newly diag-
nosed systemic amyloidosis.

Background

Over 100 different mutations of the TTR gene have been reported to date, most asso-
ciated with the development of amyloidosis [1]. Considerable heterogeneity is seen
in the clinical manifestations of the disease, depending on which organs are pre-
dominantly affected. Specific clinical syndromes are associated with each mutation,
although some variation occurs even in patients with the same mutation (Table 14-1).
The prognosis for individual patients varies according to which organs are predomi-
nantly affected.

Diagnosis

The most crucial step in establishing a diagnosis of amyloidosis is considering it in
the differential diagnosis in the first place. It is not uncommon that patients will have
been evaluated for a specific symptom for years before amyloidosis is recognized as
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Table 14-1. ATTR variants.

Mutation Codon change Clinical features Geographic kindreds

Cys10Arg TGT–CGT Heart, eye, PN USA (PA)
Leu12Pro CTG–CCG LM UK
Asp18Glu GAT–GAA PN South America, USA
Asp18Gly – GGT LM Hungary
Asp18Asn – AAT Heart USA
Val20Ile GTC–ATC Heart, CTS Germany, USA
Ser23Asn AGT–AAT Heart, PN, eye USA
Pro24Ser CCT–TCT Heart, CTS, PN USA
Ala25Ser GCC–TCC Heart, CTS, PN USA
Ala25Thr – ACC LM, PN Japan
Val28Met GTG–ATG PN, AN Portugal
Val30Met GTG–ATG PN, AN, eye, LM Portugal, Japan, Sweden,

USA (FAP I)
Val30Ala – GCG Heart, AN USA
Val30Leu – CTG PN, heart Japan
Val30Gly – GGG LM, eye USA
Val32Ala GTG–GCG PN Israel
Phe33Ile TTC–ATC PN, eye Israel
Phe33Leu – CTC PN, heart USA
Phe33Val – GTC PN UK, Japan, China
Phe33Cys – TGC CTS, heart, eye, kidney USA
Arg34Thr AGA–ACA PN, heart Italy
Arg34Gly AGA–GGA Eye UK
Lys35Asn AAG–AAC PN, AN, Heart France
Lys35Thr – ACG Eye USA
Ala36Pro GCT–CCT Eye, CTS USA
Asp38Ala GAT–GCT PN, heart Japan
Trp41Leu TGG–TTG Eye, PN USA
Glu42Gly GAG–GGG PN, AN, heart Japan, USA, Russia
Glu42Asp – GAT Heart France
Phe44Ser TTT–TCT PN, AN, heart USA
Ala45Thr GCC–ACC Heart USA
Ala45Asp – GAC Heart, PN USA
Ala45Ser – TCC Heart Sweden
Gly47Arg GGG–CGG/AGG PN, AN Japan
Gly47Ala – GCG Heart, AN Italy, France
Gly47Val – GTG CTS, PN, AN, heart Sri Lanka
Gly47Glu – GAG Heart, PN, AN Turkey, USA, Germany
Thr49Ala ACC–GCC Heart, CTS France, Italy
Thr49Ile – ATC PN, heart Japan, Spain
Thr49Pro – CCC Heart, PN USA
Ser50Arg AGT–AGG AN, PN Japan, France/Italian,

USA
Ser50Ile – ATT Heart, PN, AN Japan
Glu51Gly GAG–GGG Heart USA
Ser52Pro TCT–CCT PN, AN, heart, Kidney UK
Gly53Glu GGA–GAA LM, heart Basque, Sweden
Glu54Gly GAG–GGG PN, AN, eye UK
Glu54Lys – AAG PN, AN, heart, eye Japan
Glu54Leu GAG–CTG Heart, AN, eye UK
Leu55Pro CTG–CCG LM USA, Taiwan
Leu55Arg – CGG Eye, PN Germany
Leu55Gln – CAG Heart, PN, AN USA
Leu55Glu CTG–CAG Heart Sweden
His56Arg CAT–CGT Heart USA

(continued)
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Table 14-1. (continued)

Mutation Codon change Clinical features Geographic kindreds

Gly57Arg GGG–AGG CTS, heart Sweden
Leu58His CTC–CAC CTS, AN, eye USA (MD) (FAP II)
Leu58Arg – CGC Heart, PN, AN Japan
Thr59Lys ACA–AAA Heart, CTS Italy, USA (Chinese)
Thr60Ala ACT–GCT PN USA (Appalachian)
Glu61Lys GAG–AAG Heart, PN Japan
Glu61Gly – GGG PN, CTS, heart USA
Phe64Leu TTT–CTT/TTG LM, PN, eye USA, Italy
Phe64Ser – TCT Heart Canada, UK
Ile68Leu ATA–TTA Eye, LM Germany
Tyr69His TAC–CAC Heart, CTS, AN Canada, USA
Tyr69Ile – ATCa Eye, CTS, PN Japan
Lys70Asn AAA–AAC PN, eye, CTS USA
Val71Ala GTG–GCG PN, AN France, Spain
Ile73Val ATA–GTA Kidney Bangladesh
Ser77Tyr TCT–TAT PN, AN, heart USA (IL, TX), France
Ser77Phe – TTT PN, CTS, skin France
Tyr78Phe TAC–TTC Heart France
Ala81Thr GCA–ACA Heart USA
Ala81Val GCA–GTA Heart, CTS, eye UK
Ile84Ser ATC–AGC Heart, eye USA (IN), Hungary

(FAP II)
Ile84Asn – AAC Heart, PN USA
Ile84Thr – ACC Heart Germany, UK
His88Arg CAT–CGT PN, heart Sweden
Glu89Gln GAG–CAG PN, heart Italy
Glu89Lys – AAG Heart USA
His90Asp CAT–GAT PN, CTS, heart UK
Ala91Ser GCA–TCA Heart France
Glu92Lys GAG–AAG Heart, PN, AN, Kidney Japan
Val94Ala GTA–GCA Heart, PN Germany, USA
Ala97Gly GCC–GGC PN, heart Japan
Ala97Ser – TCC Heart, CTS, PN Taiwan, USA
Ile107Val ATT–GTT PN, heart USA
Ile107Met – ATG PN, AN Germany
Ile107Phe ATT–TTT PN, AN UK
Ala109Ser GCC–TCC Heart Japan
Leu111Met CTG–ATG PN, heart Denmark
Ser112Ile AGC–ATC PN, AN, eye, LM Italy
Tyr114Cys TAC–TGC CTS, skin Japan, USA
Tyy114His – CAC PN, CTS, AN Japan
Tyr116Ser TAT–TCT Heart France
Ala120Ser GCT–TCT Heart Afro- Caribbean
Val122Ile GTC–ATC Heart, PN USA
�Val122 – ��� Heart, eye, PN USA (Ecuador), Spain
Val122Ala – GCC Heart, eye, PN USA

AN, autonomic neuropathy; CTS, carpal tunnel syndrome; eye, vitreous deposits; LM, leptomeningeal;
PN, peripheral neuropathy.
a Double nucleotide substitution.

the underlying cause. When the diagnosis is made late in the clinical course of the
disease, treatment is either ineffective or impossible due to poor performance sta-
tus. In a series of 52 North American patients with ATTR, the median time from
onset of symptoms to diagnosis for patients presenting with peripheral neuropa-
thy only was 30 months, while those with cardiomyopathy had a median time to
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diagnosis of 22 months [2]. Thus, the clinician must have a high degree of suspicion
for the presence of amyloidosis in evaluating patients with progressive peripheral
or autonomic neuropathy, congestive heart failure, nephrotic syndrome, or refractory
diarrhea.

The diagnosis of systemic amyloidosis requires a pathologic demonstration of
amyloid in some tissue. As with AL, the biopsy method of choice in ATTR is the
subcutaneous fat aspirate, which is positive on Congo Red staining in about 75% of
patients [2]. In patients with a negative fat aspirate in which a high clinical suspicion
of amyloidosis remains, a biopsy of the organ suspected to be involved is indicated.
The resulting Congo Red stain should be performed and interpreted at a center with
experience in amyloidosis, as false-positive results are common. Thioflavin T stain-
ing and electron microscopy are used to confirm amyloid deposits in some cases of
cardiac and renal amyloidosis, respectively.

Once the presence of amyloidosis has been confirmed by one of the above meth-
ods, care must be taken to identify the amyloid precursor protein correctly. It is not
appropriate to rely solely on the presence of a monoclonal protein in the serum or
urine to classify patients as having AL, as several studies have shown that a sig-
nificant number of patients with hereditary amyloidosis have incidental monoclonal
gammopathies [3, 4]. As patients with systemic amyloidosis are often quite ill at the
time of diagnosis, it is crucial to obtain a definitive diagnosis with a high degree of
sensitivity with a rapid turnaround time.

In an effort to identify patients with ATTR, we have been routinely screening the
plasma of all newly diagnosed amyloid patients for variant forms of TTR by liquid
chromatography-mass spectrometry [5, 6]. This methodology provides a relatively
rapid and inexpensive means of detecting a high percentage of variant TTR proteins.
Others have shown that screening by isoelectric focusing can also be used to detect
circulating variants of TTR [7, 8]. Much like the finding of a monoclonal protein
in the serum or urine, the presence of a variant form of TTR in the serum cannot
be used as definitive evidence to establish the diagnosis of ATTR, but must be con-
firmed by direct sequencing of the TTR gene and examination of the amyloid deposits
themselves. However, such a finding should prompt the clinician to exclude ATTR
from the diagnosis and is recommended for all newly diagnosed systemic amyloidosis
patients.

Immunohistochemical staining of the amyloid deposits with a battery of antibod-
ies directed against the proteins known to cause amyloidosis has been the gold stan-
dard of identifying the amyloid-forming precursor. The results of immunostaining
must be interpreted with caution, however, as most of the proteins implicated in
systemic amyloidosis are abundant in the serum, resulting in high background lev-
els [9]. Immunostaining remains highly sensitive for the detection of AA deposits,
but equivocal staining for immunoglobulin light chains and TTR is not uncommon
[10, 11].

The recent advances in proteomics using mass spectrometry to identify proteins
present in minute quantities have led to the use of this technology in identifying
amyloid precursor proteins. Chemical typing of amyloid deposits can be accom-
plished from formalin-fixed, paraffin-embedded biopsy specimens, as well as from
subcutaneous fat aspirates [12]. We routinely perform mass spectrometry-based anal-
ysis on all positive fat aspirate samples to confirm the identity of the amyloid
precursor protein. While this type of analysis is not widely available, it can be
performed at our center as well as others on a send-in basis with reasonable
turnaround time.
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Prognosis

The prognosis of patients with ATTR varies considerably based on the predominant
organ involvement. As in AL, amyloid deposition can occur in any organ system, but
patients tend to present with symptomatic involvement of a single organ or system.
Different TTR variants predispose patients to predominant cardiac, nerve, CNS, and
other presentations, but there is considerable variation among individuals with the
same mutation (Table 14-1).

Cardiac

Cardiac involvement is not uncommon, with a fourth of patients having evidence of
cardiomyopathy at the time of diagnosis [2]. Symptomatic cardiac disease becomes
more common as the disease progresses, with nearly two-thirds of all patients ulti-
mately developing appreciable cardiac amyloid. The typical presentation of cardiac
involvement in ATTR is congestive heart failure, with no history of ischemia. Depo-
sition of amyloid within the myocardium is not always uniform, but symmetric thick-
ening of the intraventricular septum (IVS) and posterior free wall are typically seen.
The electrocardiogram may show low-voltage changes in the limb leads or the pseu-
doinfarction pattern due to loss of anterior forces.

The echocardiogram is the gold standard for diagnosing cardiac amyloid, with
demonstration of concentric ventricular hypertrophy as the classic finding. A granu-
lar, sparkling pattern indicative of an infiltrative cardiomyopathy is pathognomonic.
More rarely, thickening of the valves occurs. Preservation of systolic function is seen
in earlier stages of the disease, when diastolic dysfunction is the predominant finding.
The measurement of strain rate by Doppler echocardiography can be useful to detect
early systolic dysfunction [13, 14]. Cardiac biomarkers, which have been found to be
highly sensitive predictors of outcome in AL, have not been studied extensively in
regard to prognosis in ATTR [15]. It appears that the heart is more tolerant of ATTR
amyloid deposits than those of AL, as it is not uncommon for ATTR patients to have
an IVS thickness in excess of 20 mm at diagnosis with minimal symptoms. Patients
with AL are usually symptomatic with much earlier cardiac involvement. This find-
ing is in keeping with a study of troponins and B-natriuretic peptide (BNP) in ATTR
patients, in which the BNP correlated significantly with IVS thickness and strain rate
abnormalities [16].

Other imaging modalities may be helpful, such as cardiac magnetic resonance
imaging (MRI) to detect delayed gadolinium enhancement, which has been found to
be informative in three-fourths of patients with cardiac amyloidosis [17]. The use of
scintigraphy using 99mTc-labeled phosphonates has been reported to allow discrimi-
nation of cardiac involvement by AL from ATTR, but is not widely used for diagnos-
tic purposes [18]. More commonly, retention of these compounds in the myocardium
is incidentally noted on a routine bone scan, leading to the ultimate diagnosis of car-
diac involvement by ATTR. Whole body amyloid load can be assessed using radio-
iodine-labeled SAP scintigraphy, but is not available in the USA [19].

In addition to the purely mechanical effects of amyloid deposition on cardiac func-
tion, advanced disease can result in conduction delays. This most commonly presents
as asymptomatic bundle-branch block or atrial fibrillation; however, atrioventricular
nodal block and even tachyarrhythmias can occur. Sudden death is a common cause of
mortality among those with cardiac involvement. Rarely, classical angina symptoms
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may occur due to extensive vascular deposits, which result in diffuse subendocardial
ischemia.

Of particular note in regard to cardiac involvement in ATTR is the V122I mutation
found in a high percentage of African-Americans. Estimates of the allele frequency
have shown that 3–4% of African-Americans carry the V122I mutation, which may
account in part for the increased incidence of cardiovascular mortality in older blacks
[20, 21]. Despite the relatively high frequency of the allele, recognition of the disease
is poor, and therefore treatment is often inappropriate.

Overall survival in ATTR, as in AL, is directly related to the extent of cardiac
involvement. In ATTR patients with symptomatic cardiomyopathy, the median sur-
vival is 3.4 years, which is considerably better than the median survival of less than 1
year for AL patients with cardiac involvement [2, 22]. As noted previously, this may
reflect a less toxic effect of ATTR amyloid deposits compared to AL deposits. Alter-
natively, the pace of amyloid deposition may be slower in ATTR than in AL. While
cardiac involvement in ATTR is directly related to prognosis, the clinical impact of
ATTR deposits is less significant than those in AL patients.

Renal

Involvement of the kidneys is less frequent in ATTR than in AL, with up to one-third
of ATTR patients showing evidence of proteinuria at some stage of the disease [23].
Renal deposits can occur in a glomerular, tubular, or vascular pattern, resulting in
proteinuria and/or renal insufficiency. As with cardiac disease, the incidence of renal
involvement varies between the different known TTR mutations, as well as among
individuals with the same mutation. Up to 10% of patients may develop end-stage
renal disease and eventually require hemodialysis [23].

A study of Japanese patients with the V30M mutation identified pre-transplant
renal amyloid burden, as detected by the amount of affected glomeruli on renal
biopsy, and extent of proteinuria as independent predictors of successful outcome
with liver transplantation [24]. Progression to end-stage renal failure requiring
hemodialysis confers an unfavorable prognosis, with survival rates of 54.5% at
1 year and 38.4% at 2 years [25].

GI

Gastrointestinal symptoms are quite common in ATTR patients, with over 50%
exhibiting some form of GI disturbance at diagnosis [26]. The prevalence of GI tract
involvement increases with disease duration, ultimately affecting nearly all patients
with some mutations [27]. Patients may develop either malabsorption due to submu-
cosal amyloid deposition or dysmotility as a result of autonomic neuropathy. Diarrhea
is a common complaint in ATTR, and it can be difficult to differentiate between direct
involvement of the GI tract and dumping due to denervation from the history alone.
Autonomic dysfunction typically results in alternating diarrhea and constipation. In
some cases, endoscopy with full thickness biopsy of the intestinal lumen can often
be helpful in establishing the underlying cause. Steatorrhea can result from direct
involvement of the GI tract or rapid transit secondary to autonomic dysfunction. Fecal
fat measurement is the gold standard for quantifying malabsorption, but measurement
of the serum beta-carotene level has been proposed as an easier and reliable alterna-
tive [28]. Malnutrition due to GI involvement is a strong predictor of poor outcome,
and duration of GI symptoms correlates with survival in some studies [26].



Chapter 14 ATTR: Diagnosis, Prognosis, and Treatment 197

Ocular

Vitreous opacities are common in ATTR, resulting in vision loss and often requiring
vitrectomy to restore vision [29]. Increased intraocular pressure with resultant glau-
coma can also be seen, requiring more aggressive surgery [30]. More rarely, direct
involvement of the ciliary body can cause the scalloped pupil deformity seen in both
Japanese and Swedish patients [1]. TTR is synthesized locally in the eye by the pig-
mented retinal epithelium [31]. As a result, case reports of progressive vitreous amy-
loidosis following curative liver transplantation have been reported, suggesting that
continued local synthesis of variant TTR by the retina can lead to progressive intraoc-
ular deposits [32, 33].

Peripheral and Central Nervous System

One of the cardinal clinical features of ATTR is a progressive length-dependent,
axonal sensorimotor neuropathy, seen in up to 90% of patients with ATTR [2]. Nearly
half of the patients will develop bilateral carpal tunnel syndrome. The initial reports of
ATTR by Andrade emphasized the peripheral neuropathy associated with the V30M
mutation in Portuguese patients [34]. This predominant peripheral nerve involvement
led to the use of the term familial amyloidotic polyneuropathy (FAP) to describe the
clinical disease. Several distinct patterns of peripheral nerve involvement were char-
acterized, with some patients exhibiting initial symptoms in the lower limbs. A second
pattern was seen in the Indiana-Swiss form of the disease, with predominant upper
limb symptoms [35]. This form was subsequently called type II FAP, to distinguish
it from the earlier reported form of the disease, which became known as type I FAP.
Eventually, with a growing number of cases identified without significant neuropathy
and a change in the nomenclature of systemic amyloidosis to reflect the precursor
protein, the term ATTR was proposed to replace FAP [36].

Considerable variability in the onset and pace of progression of peripheral neu-
ropathy has been noted since the original descriptions of the disease. Portuguese
patients tend to develop symptomatic disease in their twenties and thirties and show
rapid progression of the disease with death resulting in 7–10 years, while Swedish
patients with the same V30M mutation are frequently asymptomatic until the sixth or
seventh decade [37]. Japanese patients with the V30M mutation can develop either
early-onset or late-onset symptoms, with a milder disease course seen in older patients
[38, 39]. While genetic and environmental effects have been postulated to explain this
difference in phenotype, no specific factors have been identified.

Autonomic dysfunction can proceed peripheral nerve involvement in many cases,
resulting in orthostatic hypotension, gastrointestinal dysmotility, sexual impotence,
dyshidrosis, and urinary retention. In some cases, evidence of autonomic neuropathy
can be clearly detected before other neurologic features are evident [40]. In severe
cases of gastrointestinal involvement, pseudo-obstruction can occur with resulting
intractable nausea, vomiting, and malnutrition.

More recent case reports have demonstrated direct involvement of the central ner-
vous system (CNS) in some cases of ATTR [41–44]. Amyloid deposition in the lep-
tomeninges has been shown in patients with cerebral infarction, hemorrhage, ataxia,
seizures, and even dementia. Interestingly, TTR has also been implicated in the local-
ized amyloid plaques characteristic of Alzheimer’s disease, but no evidence of depo-
sition within the brain parenchyma has been demonstrated in these patients [45, 46].
The mechanism by which the amyloid deposits lead to the above clinical symptoms
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is unclear, but it appears that local expression of variant TTR by the choroid plexus,
rather than circulating plasma protein, contributes directly to the amyloid deposits in
these cases [47]. This theory is supported by evidence of new leptomeningeal amy-
loidosis in patients following orthotopic liver transplantation, as only variant TTR
produced by the choroid plexus could produce such deposits [32].

Overall Prognosis

Given the wide variation in clinical presentation in individual patients with ATTR,
even those with the same underlying variant, it is difficult to predict overall survival
at diagnosis. As a group, patients with ATTR tend to fare better than those with AL.
The median survival in ATTR is between 5 and 15 years, compared to a median of
only 20 months for AL [2, 22]. As in AL, the site of predominant organ involvement
is crucial in determining survival. The presence of symptomatic cardiomyopathy in
ATTR patients is associated with a median survival of only 3.4 years, compared to
less than 1 year for AL patients with heart failure due to amyloid. This discrepancy
suggests that the rate of amyloid deposition and/or toxic effects of the deposits them-
selves are different in the two diseases. Other factors that have been identified as
prognostic are age at diagnosis, male sex, and the presence of peripheral or auto-
nomic neuropathy. Death in ATTR can result from progressive cardiac impairment,
leading to sudden death in some cases. Inanition due to progressive neuropathy has
also been reported. End-stage renal disease is a significant cause of mortality in some
kindreds [25].

Treatment of ATTR

No specific therapy currently exists to remove existing amyloid deposits of any
source. Therefore treatment for all types of amyloid involves removing or reduc-
ing the supply of the precursor protein. In the case of ATTR, the liver is primarily
responsible for the production of circulating TTR. As a result, orthotopic liver trans-
plantation (OLT) has been used as potentially curative therapy beginning in 1990 in
Sweden [48]. The excellent surgical outcome and reported symptomatic improve-
ment in the original patients have led to widespread acceptance of the procedure. The
Familial Amyloidotic Polyneuropathy World Transplant Registry (FAPWTR) reports
over 1,450 transplants performed in 17 countries as of June 2008 [49].

Surgical outcomes are generally excellent, as ATTR patients are not in liver failure
at the time of transplant, reducing the perioperative mortality and morbidity. Overall
survival is also good with 77% alive at 5 years [50]. Death is primarily due to cardiac
causes and sepsis. Factors prognostic of a better outcome are modified body mass
index (mBMI) ≥ 600, disease duration ≤ 7 years, and V30M mutation (versus non-
V30M) [50]. Others have shown the presence of severe neuropathy or autonomic
symptoms at the time of transplant confer a worse prognosis [51].

One of the main benefits of OLT in ATTR is a subjective improvement in
neurologic symptoms. According to the latest FAPWTR report, 42% of patients
reported improvement in their neurologic symptoms [50]. Motor deficits were noted
to improve in 37%. In a report from Japan, seven of eight patients experienced an
improvement in neurologic symptoms with associated improvement in EMG find-
ings following OLT [52]. Similar improvement was noted in a more heterogeneous
cohort of nine FAP patients in the USA, with all showing an improvement in symp-
tomatic, autonomic, and sensorimotor neuropathy following OLT [53]. Other studies
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have failed to demonstrate such a benefit. In a report on 25 French FAP patients that
underwent OLT, no improvement was noted in any patient and 40% showed pro-
gression of their neurologic deficit following OLT [51]. Similarly, stable peripheral
neuropathy with no objective improvement has been reported from the UK [54]. Our
experience has been similar, with only 35% of patients undergoing OLT showing
stable or improved peripheral neuropathy [55]. It has been argued that the lack of
improvement seen in the latter series may be associated with a longer duration of dis-
ease, more severe neurologic deficits at the time of transplant, and/or the presence of
patients with a non-V30M mutation. In any case, it appears that OLT can be beneficial
in halting the progression of peripheral neuropathy in some patients.

A second reported benefit of OLT is an improvement in nutritional status. In a
long-term follow-up of the first 20 Swedish patients to undergo OLT, the nutritional
status improved in a majority of patients [56]. Similarly, BMI improved in five of six
(83%) patients with pre-operative evidence of malnutrition in a series from Boston
University [57]. This has been attributed in large part to improved gastrointestinal
motility. In fact, autonomic symptoms were among the first signs of improvement
following OLT in some cases.

The benefit of OLT for patients with significant cardiac involvement is less clear.
Cardiac complications are a significant cause of mortality following OLT [50, 57].
Early reports suggested stable or improved cardiac status following OLT, but subse-
quent studies have shown that progression of cardiac involvement based on echocar-
diographic findings is not uncommon [55, 57–59]. Conduction defects have also been
demonstrated to worsen following OLT, even leading to potentially fatal arrhythmias
[60]. Progressive cardiac disease can occur in patients with no known pre-operative
cardiac involvement and is not limited to specific TTR mutations.

Of greater concern is the more recent suggestion of a paradoxical increase in the
rate of amyloid deposition in the myocardium following OLT [59]. The rationale for
the use of OLT in FAP assumes that removal of the circulating amyloid precursor
should halt the formation of additional amyloid deposits. Analysis of the composi-
tion of amyloid deposits from patients noted to have progressive disease after OLT
has shown that the proportion of wild-type TTR increases after transplant [61, 62].
Thus, it appears that pre-existing amyloid fibrils can induce the formation of rapidly
progressive deposits composed primarily of wild-type TTR after OLT.

A similar situation occurs in the eye, in which progressive vitreous deposits have
been documented in patients following OLT [33]. Presumably localized production
of variant TTR by the pigmented retinal epithelium is responsible in this scenario, as
opposed to circulating wild-type TTR as seen in the heart. More disturbingly, progres-
sive amyloid deposits in the leptomeninges after OLT have also been shown to result
in fatal intracranial hemorrhage, presumably due to de novo deposition of variant
TTR produced by the choroid plexus [63, 64]. The concern of unmasking silent lep-
tomeningeal deposits or accelerating clinically insignificant cardiac deposition with
potentially fatal consequences has resulted in confusion regarding the utility of OLT
in ATTR patients, particularly those with non-V30M variants. Further longitudinal
studies must be performed to document and quantify the risks and benefits of liver
transplantation in these patients.

Of interest, since the synthetic function of the liver is intact in patients with ATTR,
the explanted liver can be transplanted into another individual through a procedure
known as a domino transplant [65–67]. The result is a net increase in the number
of available organs. It is assumed that the long latency before symptoms develop in
ATTR patients will reduce the risk of symptomatic amyloid developing in recipi-
ents of the variant-producing liver. The FAPWTR reports that a total of 655 domino
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transplants have been performed in 17 countries as of June 2008 [49]. Recipients
most often had end-stage liver disease secondary to malignancy or viral hepatitis.
Tumor recurrence is the leading cause of mortality among domino recipients. The
first reports of amyloid deposits in the peripheral nervous system and gastric mucosa
in recipients of ATTR livers have now appeared [68, 69]. At least one of these cases
has necessitated a second liver transplant [68].

In areas where ATTR is endemic, such as Sweden, Portugal, and Japan, it is pos-
sible to recognize affected individuals at a point in the disease at which a liver trans-
plantation is apparently beneficial. Unfortunately, patients in most other countries
may have a prolonged period of symptoms before the underlying disease is correctly
identified. As a result, many patients are either too old or have advanced symp-
toms at the time of diagnosis and are therefore not considered candidates for such
an aggressive surgical approach. This has prompted the search for alternative forms
of treatment.

It was initially noted in some Portuguese V30M patients that a more benign clini-
cal course occurred when a second mutation, T119M, was present [70]. The T119M
variant was not found in patients with ATTR by itself, suggesting it was a non-
amyloidogenic polymorphism. Further studies showed that hybrid TTR tetramers
containing both the T119M and the V30M variants had a reduced amyloid-forming
potential compared to those composed solely of V30M [71]. The reduced amyloido-
genic potential was attributed to an increase in the stability of the tetramer when both
variants were present, thereby resulting in a decrease in the availability of the V30M
monomer.

Additional studies showed that small molecules could bind to the TTR tetramer
and confer a similar increase in stability [72]. One of the compounds shown to have a
stabilizing effect is the non-steroidal anti-inflammatory diflunisal. While not the most
potent in terms of stabilization, the safety profile of diflunisal makes it an ideal choice
for use in clinical trials in humans. Orally administered diflunisal has been shown
to provide sufficient serum levels to stabilize TTR tetramers and prevent dissocia-
tion [73]. These findings have prompted a randomized, placebo-controlled, double-
blind international phase III clinical trial evaluating the efficacy of diflunisal in ATTR
patients with neuropathy as the major endpoint. An even more potent stabilizer of the
TTR tetramer has been designed and is currently being tested in patients with ATTR
in a phase II/III clinical trial [74]. The results of these trials are eagerly awaited as
proof of the concept that stabilization of the TTR tetramer will slow or halt the devel-
opment of amyloid deposits and result in clinical benefit.

Alternative approaches have sought to block production of TTR altogether, based
on the finding that mice in which the TTR gene was knocked out show no pheno-
typic effects attributable to the loss of the TTR protein [75]. The use of antisense
oligonucleotides in mice transgenic for the I84S human TTR gene has shown the
feasibility of using this approach to suppress TTR expression for substantial periods
[76]. Others have shown that ribozymes can be used to similarly suppress TTR syn-
thesis [77]. Gene therapy via targeted conversion of the mutant allele has also been
reported to be possible both in vitro and in vivo [78]. Doxycycline has been shown
to disrupt existing TTR amyloid fibrils in vitro [79]. When tested in vivo in a mouse
model of ATTR, administration of doxycycline to transgenic mice resulted in a lack
of congophilic amyloid deposits. These approaches hold promise for the development
of effective therapy for patients unable to undergo liver transplantation. In summary,
ATTR remains a devastating disease despite the significant gains in understanding the
pathogenesis of the disease. However, for the first time since the advent of liver trans-
plantation nearly 20 years ago, there is new hope for patients that effective treatment
may soon be available.
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Chapter 15
Other Systemic Forms of Amyloidosis

Merrill D. Benson

Abstract While the transthyretin amyloidoses are the most common form of
hereditary amyloidosis, mutations in a number of other proteins are associated with
systemic amyloidosis. Some give clinical features similar to TTR amyloidosis but
others have unique phenotypes. Proteins that we now know cause familial forms
of systemic amyloidosis include apolipoprotein-AI (ApoAI), fibrinogen Aα-chain,
lysozyme, apolipoprotein-AII (ApoAII), gelsolin, and cystatin C. The diseases asso-
ciated with these proteins are all inherited in an autosomal dominant Mendelian fash-
ion with varying degrees of penetrance. In addition, the newly characterized systemic
amyloidosis associated with leukocyte chemotactic factor 2 (LECT 2) is also included
in the non-TTR forms of systemic amyloidosis, although no inheritance pattern has
been noted. Several of these mutant proteins (fibrinogen, lysozyme, apolipoprotein-
AI, apolipoprotein-AII) are characterized particularly by renal failure. Gelsolin has
a unique phenotype of lattice corneal dystrophy, cranial nerve palsy, and cutis laxa.
Cystatin C amyloidosis is characterized by cerebral vascular angiopathy and death
from intracranial hemorrhage. While the numbers of patients with these various forms
of amyloidosis are unknown they must be considered when evaluating any patient
suspected of having familial amyloidosis.

Keywords Fibrinogen, Lysozyme, Apolipoprotein-AI, Apolipoprotein-AII, Gel-
solin, Cystatin C, LECT 2

A number of human proteins can participate in amyloid fibril formation and pro-
duce systemic amyloidosis. While immunoglobulin light chain (AL) is the most com-
mon and amyloid A (AA) the longest recognized, the proteins that cause familial
forms of systemic amyloidosis have a fascination of their own. Similar to Ig light
chains and SAA, these proteins that give systemic amyloidosis are plasma proteins,
unlike proteins that are associated with only localized deposition of amyloid fib-
rils [islet amyloid polypeptide (IAPP), procalcitonin, semenogelin I, keratoepithelin,
atrial natriuretic factor (ANF), Aβ-protein precursor (AβPP)]. Unlike Ig light chains
and SAA the plasma amyloid precursor proteins in general do not cause amyloidosis
as a result of overproduction, but instead, most are mutant forms of their naturally
occurring counterpart. While most familial amyloidosis patients are heterozygous for
a causative mutant protein, only in transthyretin (TTR) amyloidosis are both the vari-
ant and the normal versions of the precursor protein found in the amyloid fibrils.
Since TTR amyloidosis is discussed elsewhere (Chapter 14) we leave the reasoning
for that phenomenon to others. The forms of systemic amyloidosis to be considered
here are listed in Table 15-1. All are familial forms of amyloidosis with autosomal
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Table 15-1. Other systemic forms of amyloidosis.

Type of amyloid
First clinical
description

First
characterized
biochemically

Where first
discovered

ApoAI 1969 [1] 1988 [2] United States
Fibrinogen Aα-chain 1975 [27] 1993 [22] United States
Lysozyme 1982 [39] 1993 [37] United Kingdom
ApoAII 1973 [44] 2001 [46] United States
Gelsolin 1969 [52] 1990 [53, 54] Finland
Cystatin C 1972 [61] 1986 [62] Iceland
LECT2 2008 [64] 2008 [64] United States

dominant inheritance except for leukocyte chemotactic factor 2 (LECT 2) which is
the most recent to be characterized, and there are insufficient data to speculate on the
mechanism of pathogenesis.

Before we start a few words on pathogenesis. . .
Like TTR amyloidosis the other forms of familial amyloidosis are caused by muta-

tions in the fibril precursor protein. Unlike TTR there is no evidence for incorpora-
tion of the normal allele product into the fibril, and most of the proteins are partially
proteolyzed to give the fibril subunit. This suggests that metabolic processing of the
precursor protein is a required step in the pathway to β configuration and fibril for-
mation. In apolipoprotein-AII (ApoAII), reduction of a disulfide bond present in the
plasma dimeric protein is required since only the variant allele product is incorpo-
rated into the amyloid fibrils. Certainly this is not a post-fibril formation event. In
apolipoprotein-AI (ApoAI) amyloidosis caused by amino acid substitutions in the
C-terminal region of the protein, the amyloid fibrils contain only the N-terminal
approximately 93 amino acid residues. It has not been determined whether the amy-
loid fibril subunit is all from the variant precursor protein, but this does suggest that
the causative mutation, which is remote from the fibril product, exerts its effect some-
where in the cellular degradative machinery. Also in favor of an important role for
proteolytic processing in amyloid formation is the fact that many of the amyloid pro-
teins, unlike Ig light chains and TTR, do not have significant β-structure in their native
state. In fact ApoAI and ApoAII are more like SAA which has amphipathic structure
and is part of HDL. Only lysozyme has been shown to have significant β-structure.

Table 15-1 lists the types of systemic amyloidoses that are discussed in this chap-
ter. When possible the year of the first clinical description of each type, which has
subsequently been verified by biochemical analysis, and the first year of the bio-
chemical verification are noted. Otherwise the order of tabulation is at the author’s
discretion. Apolipoprotein-AI (ApoAI) which has the greatest number of recognized
amyloidogenic mutations and fibrinogen Aα-chain amyloidosis are the most preva-
lent of these types of hereditary amyloidosis and deserve a working knowledge by
the practicing internist. Lysozyme and apolipoprotein-AII (ApoAII) amyloidoses are
relatively uncommon and are usually considered only when the more common forms
have been excluded. Gelsolin and cystatin C amyloidoses are mostly restricted to
their countries of origin (gelsolin in Finland; cystatin C in Iceland). While affected
individuals and/or families may be seen in other countries, a high degree of pene-
trance makes family history a significant factor in bringing this diagnosis to attention.
Leukocyte chemotactic factor 2 (LECT2) is only recently discovered and, while a
systemic disease, a genetic predisposition has not been determined.
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Apolipoprotein-AI (ApoAI) Amyloidosis

The first clinical description of ApoAI amyloidosis which was subsequently veri-
fied by biochemical analysis was by Van Allen et al. in 1969 [1]. A family with
ApoAI amyloidosis came to attention because of peripheral neuropathy, although
most affected members died from renal insufficiency. It was not until 1988 that tissue
became available for isolation of amyloid fibrils. Characterization of the amyloid fib-
ril protein revealed that it contained an amino terminal portion of apolipoprotein-AI
with a substitution of arginine for glycine at position 26 from the amino terminus
[2]. Since that time, 14 other mutations in ApoAI associated with systemic amyloido-
sis have been described. Table 15-2 lists these mutations and the clinical features of
the various syndromes that they cause. While most of the ApoAI amyloidoses show
typical autosomal dominant inheritance, inheritability has not been verified for all of
them. The ApoAI amyloidoses show considerable degree of clinical variation. Muta-
tions within the amino terminal 75 amino acid sequence usually cause nephropathy
with interstitial and medullary renal amyloid deposition. In some instances hepatic
amyloid may be a more prominent feature. Only the Gly26Arg mutation has been
shown to be associated with peripheral neuropathy. An interesting observation is the
difference between the clinical manifestations of ApoAI mutations in the amino ter-
minal compared to the carboxyl terminal portion of the molecule. Mutations in the
first 75 amino acid portion of ApoAI cause renal, hepatic, and occasionally cardiac
amyloid deposition. Mutations in the carboxyl terminal portion of the protein from
residue 90 and including residues 170–178 cause dermal and laryngeal amyloid depo-
sition and patients die with amyloid cardiomyopathy. In all types of ApoAI, however,
it is the amino terminal 80–96 amino acid residues that are found in the amyloid
fibrils.

Gly26Arg: This first amyloid-associated mutation in ApoAI was discovered in the
Midwestern United States [1]. The original report gives an in-depth clinical descrip-
tion of the manifestations of the systemic disease and deserves review. Subsequent
reports of amyloid-associated ApoAI mutations have concentrated on the biochemical
and molecular biology aspects of the disease and have been relatively short on clinical
description. While renal failure was the major cause of death peripheral neuropathy
was the uniform factor that brought the Iowa kindred to medical attention. Clinically,
the neuropathy is similar to that described for TTR amyloidosis beginning in the
lower extremities with shooting pains, dysesthesias, and weakness. The neuropathy is
steadily progressive and subsequently involves the upper extremities. In severe cases
muscle atrophy and diminished stretch reflexes are noted. The average age of onset
of disease in the original report was 35 years and the average life span after onset was
16 years. Amyloid deposition in surgical biopsies was demonstrated in liver, stomach,
testis, duodenum, and vagus nerve. At autopsy, generalized amyloid deposition with
significant deposits in spleen, liver, adrenals, meninges, choroid plexus, nerve trunks,
and ganglia was found. In particular, large deposits were found in testis and kidneys.
The renal amyloid was described as mainly interstitial with little glomerular involve-
ment, and this has been the finding with other forms of ApoAI amyloidosis where
nephrotic syndrome, or even significant proteinuria, is rare. Another observation in
this family was elevation of cerebral spinal fluid protein concentration, a finding that
has not been appreciated or investigated with other families. A high incidence of
gastric ulcer disease was found in members of this family, but its relationship to the
amyloid syndrome is still not known. This has not been a reported finding with other
families with ApoAI amyloidosis, even those with the Gly26Arg variety. One clinical
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finding that is relatively consistent among the Gly26Arg patients is the early onset of
hypertension which is probably related to the renal amyloid.

Other families with this mutation have been described and most have not shown
evidence of neuropathy, even when followed for long periods of time [3]. A revisit to
the Iowa kindred, however, has shown that the first sign of disease in several family
members has been elevated serum creatinine, and renal biopsies have shown intersti-
tial amyloid deposition. In one case testicular biopsy has also been positive for amy-
loid. Neuropathy has developed later. Metabolic studies of members of this family
using radiolabeled ApoAI demonstrated a reduced plasma residence time of the vari-
ant AI supporting the hypothesis that increased catabolic processing of the amyloid
precursor protein is an important factor in amyloidogenesis [4]. A G→C transition in
codon 26 (exon 3) is the causative mutation [5].

Trp50Arg: This mutation was first reported in the amyloid of a 45-year-old Polish
man who developed hematuria by age 34 and died shortly after kidney transplanta-
tion [6]. His clinical course was characterized by a moderate degree of proteinuria,
hepatomegaly, splenomegaly, and subsequent renal failure. His father had hepatic
and renal amyloidosis and died at age 45. This mutation has also been discovered in
patients from Israel. The mutation is the result of a T→C transition in codon 50 of
ApoAI causing a substitution of normal tryptophan by arginine. Biochemical analysis
of isolated amyloid revealed amino terminal fragments of ApoAI extending as far as
residue 93. Diagnosis is usually made by restriction fragment length polymorphism
(RFLP) analysis using the restriction enzyme Msp 1 which cuts the variant allele
PCR product. The mutation can also be identified by direct nucleotide sequencing of
ApoAI exon 4.

Leu60Arg: This mutation, the result of a T→G transversion at the second neu-
cleotide position of codon 60, causes relatively early-onset renal amyloidosis with
members of the kindred affected by age 25 [7]. Hypertension and heart failure have
been reported and, as with the Trp50Arg mutation, N-terminal ApoAI peptides of
residue 1–93 were found biochemically.

Leu64Pro: This mutation causes renal amyloid, but unlike other ApoAI mutations
in the N-terminal region it is associated with nephrotic range proteinuria [8]. Renal
biopsy showed extensive glomerular as well as interstitial amyloid deposition. Bio-
chemical analysis of fibril subunit protein showed the N-terminal ApoAI fragment
to span from 1 to approximately 96 residues. As with other ApoAI amyloid proteins
only the variant was found in the fibril deposits.

�60–71 ins Val/Thr: This mutation was reported in a Spanish family with slowly
progressive and fatal liver amyloidosis which was clinically diagnosed by age 40 [9].
DNA sequencing revealed a deletion of 35 nucleotides (codons 60–71) with a five
nucleotide insertion which maintained the wild-type reading frame. Diagnosis can be
made by direct nucleotide sequencing of ApoAI exon 4 and the variant protein can
be detected by gel electrophoresis because of the ten amino acid difference from the
wild-type protein.

�70–72: This mutation was found in a South African family with renal amy-
loidosis [10]. It is the result of a 9-base pair deletion in exon 4 of ApoAI which
gives loss of residues Glu70Phe71Trp72. Disease onset is in the mid-twenties
and death is from renal failure. DNA diagnosis is made by direct nucleotide
sequencing.

Asn74 Frameshift: This mutation was discovered in a 48-year-old woman with
renal failure who had massive vascular and interstitial amyloid deposits in the uterus,
ovaries, and pelvic lymph nodes [11]. A 67-year-old woman relative also had amyloid
deposits in biopsies of the large intestine. The mutation is an insertion of an adenine
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in the third base position of codon 74 causing a change of asparagine to lysine and a
frameshift theoretically coding a new carboxyl peptide of 105 amino acids.

Leu75Pro: This mutation was found in several families in Northern Italy. It has
also been discovered in at least three unrelated families in the United States [12,
13]. The amyloid is mainly hepatic, although some individuals have decreased renal
function with hypertension and modest increase of serum creatinine. Renal amyloid
has not been documented in most of the individuals who were diagnosed by liver
biopsy. The amyloid is deposited mainly in the portal tracts of the liver and appears
not to shorten life span. Most individuals are over 50 years of age. The mutation is
a T→C transition in the second position of codon 75 and can be detected by RFLP
using the restriction enzyme HpaII.

Leu90Pro: This mutation was first identified in a family from France in which
affected individuals had skin infiltration of amyloid in the face and upper torso [14].
They also had laryngeal amyloid deposits causing hoarseness. Affected individuals
died from cardiac amyloidosis in sixth decade of life. Individuals in this family did
not have evidence of renal amyloidosis, and it would appear that residue 90 of ApoAI
is the dividing point between the renal phenotype and the cardiac phenotype of ApoAI
amyloidosis. The mutation is the result of thymine to cytosine point mutation in the
second position of codon 90 [15].

Ala154 Frameshift: This mutation was reported in a woman who presented
with nephrotic syndrome at age 58 [11]. Renal biopsy showed glomerular amyloid
deposits. The only other clinical information was that the patient did not have hyper-
tension. The mutation is a duplication of GC in codon 154 of the cDNA which would
still code for Ala154 but causes a frameshift which theoretically would give a total
protein length of 200 amino acid residues. The presence of nephrotic syndrome in a
patient with an ApoAI mutation is unusual. So far only one affected subject has been
described.

Leu170Pro: This mutation was reported in a 52-year-old man who had swallowing
difficulties [11]. Amyloid was demonstrated on biopsy of vocal chords but the patient
did not have evidence of systemic disease. This is included in the list of systemic
ApoAI amyloidosis because of the laryngeal involvement and similarity to the phe-
notype of other mutations in this region of the ApoAI protein. The original description
said there was no family history of amyloidosis, so there is a possibility that this is
the result of a somatic mutation.

Arg173Pro: This mutation is associated with cutaneous, laryngeal, and cardiac
amyloid deposition very similar to Leu90Pro [16]. The original diagnosis was from
skin biopsy. Affected subjects develop thickened skin with nodularity often by age
20 and have hoarseness from laryngeal deposits at an early age (Fig. 15-1). Car-
diac amyloid is slowly progressive but is eventually the cause of death. The dis-
ease is the result of a G→C transversion in the second base position of codon 173
(CGC→CCC) resulting in an Arg to Pro substitution. The mutation can be detected
by direct nucleotide sequencing of ApoAI exon 4 or by an Nco1 restriction enzyme
recognition site when PCR products are produced with an induced mutation restric-
tion analysis (IMRA) primer [16]. The mutation was originally discovered in related
families on the west coast of the United States. Affected individuals have also been
evaluated in the Netherlands and in England. Individuals with this mutation have had
heart transplantation and some have survived at least 10 years after transplantation.

Leu174Ser: This mutation in the carboxyl terminal region of ApoAI was found in
an Italian family in which affected individuals had severe restrictive cardiomyopathy
[17]. The mutation is a T→C transition in the second position of codon 174 giving
a Leu to Ser substitution. Amyloid protein from the heart of one affected individual
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Fig. 15-1. View of posterior neck of a patient with ApoAI Arg173Pro Systemic amyloidosis.
Amyloid deposits beneath the epidermal basement cell layer cause a macular appearance and
darkened pigmentation.

revealed the amino terminal ApoAI subunit to end at position 93. Affected individuals
have low plasma levels of ApoAI similar to those with the Gly26Arg mutation [4]. At
least one individual in the family had good results from heart transplantation at age
56. The mutation can be identified by direct nucleotide sequencing of exon 4 or by
use of RFLP with Eag I.

Ala175Pro: This mutation was found associated with laryngeal amyloid in a young
British man. No cardiac involvement was reported but, as with Leu170Pro, the sim-
ilarity to other amyloidosis mutations in this region deserves consideration as a sys-
temic form of the disease [18].

Leu178His: This mutation was reported in a French family with cardiac, laryngeal,
and dermal amyloidosis with onset in the fourth decade of life [19]. It is due to a
thymine to adenine transversion in the second base position of codon 178.

Diagnosis and Treatment

As mentioned previously, diagnosis of many of the ApoAI mutations can be made
by RFLP using specific endonucleases. This is appropriate for members of a kindred
with a known mutation; however, with the increased availability of direct nucleotide
sequencing, this is probably the best approach to making DNA diagnosis in individ-
uals suspected of having this type of amyloidosis. Only the Gly26Arg mutation is
in exon 3, the rest in exon 4 which, while a fairly large exon, is now amenable to
PCR amplification and direct nucleotide sequencing. As for treatment, there is no
specific medical therapy. Renal and/or cardiac transplantations, however, have been
quite successful for many individuals. Survival with renal transplantation has been
as long as 27 years and with heart transplantation as long as 13 years [20]. In one
patient with Gly26Arg mutation who was studied in detail it was demonstrated that
liver transplantation reduced the serum concentration of the variant ApoAI to a degree
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commensurate with previous studies that indicated 50% of ApoAI is synthesized by
the liver and the remaining by the gastrointestinal tract [21]. That patient was reported
as alive at 7.8 years with a combined liver/kidney transplant and no recurrence of
amyloid. Transplantation of only the affected organ (kidney, heart) without liver trans-
plantation may also be associated with prolonged survival [20]. Heart transplantation
has been performed for patients with Gly26Arg, Arg173Pro, and Leu174Ser with
good results. While it is hypothesized that early liver transplantation may prevent the
renal amyloid disease, the picture is not clear. In light of the variable penetrance of
these syndromes, preemptive liver transplantation is not indicated before vital organ
involvement has been demonstrated. However, once an organ such as the kidney has
been seeded with amyloid fibrils, it is not clear whether liver transplantation would
stop the amyloid process even though serum levels of the mutant protein have been
halved. Obviously development of a medical therapy would be advantageous.

Fibrinogen Aα-Chain Amyloidosis (A Fib)

Hereditary renal amyloidosis has been associated with nine different mutations in
the fibrinogen Aα-chain protein. The first was described in 1993 in a patient who
had a syndrome characteristic of this disease (hypertension, proteinuria, and pro-
gressive azotemia) [22]. Glomerular amyloid deposition without significant medium-
sized vessel involvement is characteristic of this disease (Fig. 15-2). Other organ sys-
tems may be involved including the liver and spleen, especially in patients who have
been maintained on dialysis for renal failure. Recently peripheral vascular and car-
diac amyloid deposition has been appreciated in some patients. For those cases that
have been studied biochemically, the amyloid fibrils are composed of a fragment of
the protease-sensitive carboxyl terminal region of the fibrinogen Aα-chain [23]. In

Fig. 15-2. Renal histology in fibrinogen Aα-chain amyloidosis is distinguished by dense
glomerular amyloid deposition and loss of renal tubules giving an appearance of glomeruli
collapsing on one another.
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all cases the patients have been heterozygous for the disease mutation, but only the
variant peptide has been found in fibril deposits. While the first mutation described
with A Fib was a substitution of leucine for arginine at position 554 of the fibrinogen
Aα-chain, the most prevalent form is the glutamic acid to valine substitution at posi-
tion 526. Thus far all amyloid-associated mutations in the fibrinogen Aα-chain gene
have been found to be associated with nephropathy and they all give a similar clinical
picture.

Arg554Leu: This mutation was first discovered in a family of Mexican and Peru-
vian descent in which the propositus had hypertension and proteinuria in the third
and fourth decade of life [22]. He had renal transplantation at age 40 but died 10
years later with recurrent amyloid nephropathy. Members of his family were affected
with nephrotic syndrome by as early as age 24 with rapid progression of azotemia.
This mutation has also been found in an African-American kindred in the United
States with a later age of onset and a French kindred with proteinuria and renal fail-
ure occurring at approximately age 50 [24, 25]. The mutation, a G→T transversion
in the second position of codon 554, can be detected by RFLP with the restriction
endonuclease StyI.

Glu526Val: The most common type of fibrinogen Aα-chain amyloidosis was orig-
inally discovered in the United States in families of Irish origin but affected indi-
viduals have been identified in the United Kingdom and Europe [26]. The clinical
syndrome is typical of fibrinogen Aα-chain amyloidosis with hypertension, protein-
uria, and subsequent renal failure. Clinical onset of proteinuria may occur by age 40,
but later onset has been documented and penetrance would not appear to be 100%.
The clinical course from onset of proteinuria to dialysis or death is approximately
10 years. The diagnosis can be made by DNA sequencing or by RFLP to detect the
MaeIII restriction endonuclease site created by the A→T transversion in the second
position of codon 526. The first clinical description of a family that was subsequently
proven to have this mutation was by Alexander and Atkins in 1975 [27]. A family
described by Mornaghi et al. in 1982 also had this mutation [28, 29].

1629delG: This fibrinogen Aα-chain mutation was discovered in an American
family with affected individuals presenting with proteinuria and azotemia by approx-
imately age 40. Deletion of guanine in the third position of codon 524 gives a reading
frameshift which results in a novel 23 residue peptide and a premature stop codon
[30]. In this family, decreased plasma fibrinogen levels were found. DNA diagnosis
can be made by direct nucleotide sequencing.

1622delT: This fibrinogen Aα-chain gene mutation (deletion of a thymine in the
second position of codon 522) causes a clinical syndrome which is similar to the
1629delG [31]. In the only family studied, nephrotic syndrome occurred as early as
age 12 and amyloid recurred in a transplanted kidney within 1 year. Direct DNA
sequencing was used to detect this mutation which gives a reading frameshift.

Glu540Val: This mutation was discovered in a German family with a clinical syn-
drome typical of the other fibrinogen Aα-chain renal amyloidoses [32]. Affected sub-
jects presented with proteinuria in the fifth decade of life and progressive azotemia
within 10 years.

Del1636-1650, InsCA1649-1650: This mutation was discovered in a 7-year-old
Korean girl who presented with proteinuria and renal failure [33]. She also had hep-
atomegaly. The renal pathology was similar to the other forms of fibrinogen Aα-chain
amyloidosis. This single case probably represents a somatic or novel germline muta-
tion since analysis of DNA from the propositus’ parents failed to detect the mutation.
Since the amyloid was not biochemically analyzed, it is not certain that it represents
the same fibrinogen Aα-chain fragment as the other types.
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1632delT: Recently three additional mutations in fibrinogen Aα-chain have been
found in patients with renal amyloidosis [34]. One was discovered in a Chinese
patient with a deletion of a thymine in the third base position of codon 525. This
would leave the coding for threonine at 525 followed by a 22 residue novel peptide.
This patient was reported to have a family history of amyloidosis with proteinuria
presenting in the fourth decade

Thr538Lys: This mutation is the result of a cytosine to adenine transversion in
the second position of codon 538 [34]. It was discovered in a Chinese patient who
presented with proteinuria in the fourth decade and also had biopsy-proven amyloid
neuropathy.

Pro552His: This mutation was found in an Afro-Caribbean patient with nephrotic
syndrome. It is the result of a cytosine to adenine transversion in the second position
of codon 552 which gives a substitution of histidine for the normal proline [34].

As with many of the TTR ApoAI mutations some of the fibrinogen Aα-chain muta-
tions have been described in only single individuals and there are very limited clinical
data available. However, unlike ApoAI and TTR, all fibrinogen Aα-chain mutations
thus far described have been associated with glomerular amyloidosis causing signifi-
cant proteinuria as a presenting clinical feature. Only the one patient with Thr538Lys
has been proven to have amyloid neuropathy by biopsy.

Treatment

There is no specific medical treatment for fibrinogen Aα-chain amyloidosis. A num-
ber of renal transplants have been done, but practically all have resulted in amyloid
deposition in the graphs within 10 years. In patients who are maintained on renal
dialysis, amyloid involvement of liver and spleen may become massive. Of great sig-
nificance is the fact that hepatic transplantation would appear to be curative for this
condition [35, 36]. Fibrinogen is synthesized strictly by the liver, and hepatic trans-
plantation removes the variant protein. The question arises, of course, after DNA
diagnosis when should a DNA-positive subject receive liver transplantation? If the
liver transplant is done early enough, then no kidney transplantation would be needed.
On the other hand, the lack of complete penetrance of the mutation would suggest that
liver transplantation should not be done until renal amyloid deposition is documented.
It would appear that there should be a window of opportunity between time of devel-
opment of proteinuria or elevated serum creatinine with proof of diagnosis by renal
biopsy when hepatic transplantation can be accomplished and native kidney function
maintained. One problem may be the association of hypertension with this syndrome,
but this may respond to conventional medical therapy.

Lysozyme Amyloidosis (A Lys)

Lysozyme amyloidosis was first characterized biochemically in 1993 when tissues
from a member of a family described by Zalin et al. in 1991 became available [37,
38]. Characterization of lysozyme as an amyloid subunit protein led to identification
of a second mutation which was in a family originally described by Lanham et al. in
1982 [39]. These clinical descriptions of lysozyme amyloidosis note predominantly
renal involvement with both glomerular and interstitial amyloid deposition. Spleen,
liver, and lung amyloid was also noted, but evidence of peripheral nerve involvement
was lacking. Three other mutations in lysozyme associated with amyloidosis have
now been described and are characterized by renal amyloidosis.
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Lysozyme is a bacteriolytic enzyme synthesized by polymorphonuclear leukocytes
and macrophages. Its molecular size is approximately 14,000 daltons and the tertiary
structure has been characterized by X-ray diffraction. Lysozyme has considerable
beta sheet configuration, and it is suggested that the amyloid-associated mutations
result in partly folded intermediates which allow aggregation of full-length lysozyme
protein as β-fibrils [40].

Ile56Thr: This mutation was identified in amyloid protein isolated from renal tis-
sue of a 50-year-old man who died from staphylococcal septicemia [37]. He also had
amyloid in the ileum, liver, lymph nodes, peripheral nervous system, rectum, thyroid,
and spleen. Death in the family was usually associated with renal failure. An interest-
ing observation was the tendency to develop petechiae or purpura. A T→C transition
in second position of codon 56 of exon 2 of the lysozyme gene can be identified by
direct nucleotide sequencing. All affected individuals have been heterozygous for the
mutant allele.

Asp67His: This mutation was discovered in a family originally described clinically
in 1982 [39]. Renal amyloidosis was associated with hypertension and death in the
late thirties or forties. Amyloid was also present in the adrenals and spleen and only
vascular amyloid in the liver. A G→C transversion in the first base of codon 67
produces an Asp to His substitution [37]. Direct DNA sequencing is used to identify
this exon 2 mutation.

Trp64Arg: This mutation was first described in a French family with hereditary
amyloidosis characterized by renal failure [41]. Affected individuals demonstrated
nephrotic syndrome by age 30 with subsequent azotemia within approximately 10
years and also had Sicca syndrome due to salivary gland amyloid. The mutation is
a T→C transition at the first nucleotide position of codon 64 in exon 2. This results
in an arginine replacement of tryptophan. Affected individuals have received renal
transplantation with greater than 15 years of survival despite evidence of amyloid
deposition in the transplanted kidney.

Phe57Ile: This mutation was discovered in a Canadian family of Italian origin with
amyloidosis characterized by hypertension by age 20, renal insufficiency by age 30,
and death or need for dialysis by approximately age 40 [42]. As with other lysozyme
amyloidoses, renal involvement is glomerular with some interstitial deposition, but
vascular amyloid also may be a prominent feature. One affected individual had kid-
ney transplantation at age 23 and has survived greater than 15 years. The mutation
is a T→A transversion at the first position of codon 57 resulting in the replacement
of Phe by Ile and can be detected by direct nucleotide sequencing or by RFLP anal-
ysis using a restriction enzyme Tsp509I. Members of this family also had a DNA
polymorphism C→A transversion at the second position of codon 70 giving replace-
ment of threonine by asparagine, but this polymorphism did not segregate with the
amyloidosis.

Trp112Arg: This mutation was discovered in a 36-year-old German patient with
renal and gastrointestinal amyloid deposition [43]. The mutation is a T→A transver-
sion at the first position of codon 112 giving replacement of tryptophan by arginine
and can be detected by direct DNA sequencing.

Diagnosis and Treatment

Lysozyme amyloidosis does not give quite as clear a clinical picture as the fibrino-
gen Aα-chain amyloidoses. Gastrointestinal, liver, and spleen deposition may lead
to medical attention before end-stage renal disease. Some patients with nephrotic
syndrome come to clinical attention due to this manifestation. Also, not all affected
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patients have hypertension. The presence of Sicca syndrome (associated with the sali-
vary gland amyloid deposition) may be a clue in a patient who also has either gas-
trointestinal or renal manifestations. There is no specific medical treatment; however,
lysozyme amyloid usually occurs quite early in adult life and appears to be relatively
slow to progress. A number of individuals have had satisfactory renal transplantation
with graft function for greater than 15 years.

Apolipoprotein-AII (Apo AII) Amyloidosis

Weiss and Page in 1973 described a family with non-neuropathic amyloidosis in
which renal failure was the cause of death [44]. For this reason it was dubbed the
Ostertag type of amyloidosis, although obviously we have never been able to docu-
ment the type of amyloidosis described by Ostertag first in 1932 and later in 1950
[45]. In the family of Weiss and Page two sisters died at ages 47 and 52 after demon-
strating hypertension, edema, and subsequent azotemia. Involvement of adrenals and
blood vessels of many organs was described. When one of the members of the next
generation died 25 years later, amyloid fibrils were extracted from renal tissue and
found to have ApoAII as the fibril subunit protein [46]. The amyloid protein was
found to be the entire ApoAII molecule plus a 21 amino acid residue extension which
was coded by the 3′ untranslated region of the gene. The causative mutation was a
T→G transversion in the first position of the stop codon of ApoAII. This resulted in
a replacement of the stop codon by glycine which was then followed by 20 additional
residues before a new stop codon was encountered. ApoAII, normally part of the
HDL fraction of plasma, and the 21 amino acid extension of the amyloid precursor
protein are predicted to have amphipathic helix structure, a finding that is character-
istic of serum amyloid A and apolipoprotein-AI. The finding of full-length ApoAII
in the amyloid fibril is against proteolysis of the precursor protein being an important
factor in amyloidogenesis as is suspected for SAA and ApoAI where only portions of
the molecules are incorporated into the fibrils.

Stop78Gly: This mutation causes amyloidosis at a relatively early adult age. The
amyloid deposition is prominent not only in kidney glomeruli but also in the walls of
blood vessels. The causative mutation, a T→G transversion in the first position of the
stop codon, can be detected by direct nucleotide sequencing or use of Bst 1 restriction
endonuclease which recognizes the site caused by the mutation [46]. Identification
of carriers, however, is easily accomplished with Western analysis since the protein
product of the variant allele has a significantly larger molecular mass and can be
identified by electrophoresis of non-reduced plasma which shows both normal and
variant forms of ApoAII, plus their hetero-dimers since Apo AII is covalently linked
through its one cysteine residue by a disulfide bond. While proteolytic processing is
not suspected as a culprit in amyloid pathogenesis, it is obvious that the disulfide bond
must be reduced before incorporation into amyloid since only the variant ApoAII is
found in fibril isolates.

Stop78Ser: This mutation was identified in a Caucasian male at age 42 [47]. A
renal biopsy showed glomerular and vascular wall amyloid deposition. The patient
had very slowly progressive deterioration in renal function over at least 10 years. The
mutation, a G→C transversion in the second position of the stop codon, results in
coding for a serine residue followed by the same 20 amino acid elongation at the
carboxyl terminus as with the stop 78 glycine mutation. Western blot analysis can be
used for testing carriers or an RFLP with Nla3 restriction endonuclease can be used.

Stop78Arg: This mutation was discovered in a Russian gentleman who had immi-
grated to the United States [48]. Proteinuria and hypertension were noted by age 34
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and slowly progressive renal insufficiency led to dialysis by age 60. He gave a history
that his father had died from kidney failure. The mutation is a T→C transition in the
first position of the stop codon resulting in an arginine residue followed by the same
20 amino acid extension as with the other stop codon mutations. A Spanish family
with a stop to Arg ApoAII mutation has also been described, but the mutation was
found to be a TGA to AGA instead of TGA to CGA [49].

Stop78Leu: This mutation, a G→T transition in the second position of the stop
codon, has been reported in a patient with renal amyloidosis with glomerular,
interstitial, and vascular amyloid deposits associated with slowly progressive renal
failure [50].

Diagnosis and Treatment

ApoAII amyloidosis is one of the rarer forms of renal amyloidosis and is not likely
to be the subject of initial laboratory testing for a patient who presents with unknown
type of familial amyloidosis. Even so, since all of the mutations have been in the stop
codon and the amyloid precursor protein is significantly larger than the normal allele
product, Western analysis using ApoAII-specific antibodies easily detects carriers
of the causative mutations. The disease does tend to occur at a relatively early age
(30–40 years) and should be suspected in patients with renal insufficiency without
evidence of neuropathy. Cardiac amyloidosis is associated with this form of amyloid
in some individuals, but would not appear to be a defining factor in the life span
unless the patient has renal transplantation or is maintained on dialysis for a number
of years. One individual with the stop to Gly mutation has recently had a second renal
transplant after his first graft failed at 14 years [51].

Gelsolin Amyloidosis (AGel)

Meritoya described the syndrome of lattice corneal dystrophy, cranial neuropathy,
and cutis laxa of facial skin in 1969 [52]. It is a systemic form of amyloidosis with
deposits in the heart, kidney, and other internal organs. The largest focus of this dis-
ease is in Finland where it is appreciated with autosomal dominant inheritance. The
causative mutation is substitution of aspartic acid by asparagine at position 187 of
plasma gelsolin [53, 54]. Affected individuals often have lattice corneal dystrophy by
the third decade of life. Some patients need corneal transplantation, but this condi-
tion is not life threatening. Facial palsy particularly with blepharoptosis can become
very distressing and often requires intervention by plastic surgery. Families with this
mutation have been found in the United States, Holland, and Japan [55, 56]. Hap-
lotype analysis suggests that the mutation in Japanese patients represents a second
mutation event.

Another mutation in gelsolin Asp187Tyr was found in kindreds in Denmark and
Czechoslovakia [57]. Clinically the syndrome is similar to the Finnish disease. Nor-
mally, gelsolin amyloidosis is not associated with shortened life span, although indi-
viduals who are homozygous for the Asp187Asn mutation have been shown to have
accelerated renal disease. The amyloid fibril protein represents a 71 amino acid
residue internal fragment of gelsolin which contains the mutated residue. No evi-
dence of incorporation of the normal allele product has been found in the few cases
that have been studied biochemically. Gelsolin is synthesized by both skeletal muscle
and macrophages and is encoded by a single gene on chromosome 9 [58–60]. It is
essential for cytoskeletal reorganization through its actin cleaving property; however,
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the amyloid precursor is probably plasma gelsolin which has a higher molecular
weight than cellular gelsolin due to an alternative splicing site. The genetic mutation
is caused by a G→A transition in the Asp187Asn disease and a G→T transversion in
the Asp187Tyr families. There is no treatment other than plastic surgery to alleviate
disturbing features of facial palsy (drooling) and blepharoplasty to aid with vision
(Fig. 15-3). Corneal transplantation is occasionally needed for the lattice corneal dys-
trophy.

Fig. 15-3. This gentleman with gelsolin amyloidosis has had blepharoplasty to aid vision and
plastic surgery to decrease drooling caused by the facial palsy. The neuropathy is exemplified
by the two photos: (a) facial view, and (b) attempt to smile.

Cystatin C

Hereditary cerebral hemorrhage with amyloidosis (HCHWA) was first described in
families in Iceland who were affected with leptomeningeal amyloidosis [61]. It is an
autosomal dominant disease which presents in the third or fourth decade of life and
causes death by repeated intracranial hemorrhage. This is a systemic disease with
deposits of amyloid in internal organs which have been demonstrated at autopsy. The
causative mutation is a T→A transversion in the second nucleotide of codon 68 which
results in substitution of leucine by glutamine (Leu68Gln) in cystatin C, and bio-
chemical analysis reported only the mutant peptide in fibril isolates [62]. This disease
can be confused with leptomeningeal forms of TTR amyloidosis or hereditary cere-
bral hemorrhage with mutations in the Alzheimer βPP gene; however, family history
and ethnic origin help to differentiate these syndromes. Cystatin C, originally named
gamma trace protein when isolated from urine, is a serine protease inhibitor. The amy-
loid subunit protein lacks the first ten residues of mature cystatin C. While there is no
specific treatment for this disease it has been shown that increased temperature causes
aggregation of the variant cystatin C protein in vitro and it has been hypothesized that
fever may promote amyloid formation in carriers of the mutant gene [63].

Leukocyte Chemotactic Factor 2 (LECT2)

LECT2 was first described as an amyloid fibril subunit protein in 2008 [64]. It
was isolated from the kidney tissue of a patient who presented at 54 years with
nephrotic syndrome and subsequently had progressive renal insufficiency requiring
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hemodialysis by age 61. While this type of amyloidosis would appear to be primar-
ily nephropathic it fits the pattern of other types of systemic amyloidosis. LECT2 is
synthesized by the liver, and previous studies suggest that it is a possible chemotactic
and growth factor [65–68]. So far other patients with this type of amyloidosis have
presented with kidney disease, but to date there have been too few patients identi-
fied to expand on the clinical picture of this disease. The renal biopsies show a fairly
unique pattern of glomerular and interstitial amyloid and medium-sized blood vessels
also have amyloid deposition. There is no evidence that this is a hereditary type of
amyloidosis and, therefore, no DNA testing is available. At present diagnosis depends
on immunohistochemistry using specific anti-LECT2 antibody or biochemical anal-
ysis of fibril protein. The standard approach to this disease from the renal pathology
viewpoint is to examine those cases of kidney biopsies in which evaluation for other
forms of nephropathic amyloidosis has been nonrevealing. Discovery of LECT2 renal
amyloidosis has extended the list of proteins that can cause amyloidosis and suggests
that there are probably more to come.

Differential Diagnosis of Systemic Amyloidosis

In this chapter we have been mainly interested in reviewing aspects of the sys-
temic amyloidoses other than immunoglobulin light chain (AL), reactive (AA), and
transthyretin (hereditary or senile systemic). In evaluating the patient with systemic
amyloidosis, however, we must keep all types of amyloidosis in mind since there is
often considerable overlap in the clinical features of these diseases. A precise diag-
nosis is essential if we are to offer the best counseling as to prognosis and recommen-
dations for appropriate treatment if available. With hereditary amyloidosis, genetic
counseling is of great importance. Patients want to know whether their children will
develop the disease and whether testing positive for the gene mutation means the sub-
ject will inevitably develop amyloidosis. Many of the hereditary amyloidoses appear
sporadic due to lack of diagnostic expertise in evaluation of their ancestors or incom-
plete penetrance of the gene mutation. The diagnosis of a hereditary form of amy-
loidosis with its implications for future generations can be devastating news to the
patient. We have seen from the previous pages that essentially all of the hereditary
forms of amyloidosis can be detected by DNA or protein analysis. As the numbers of
proteins and their mutations have expanded a strict laboratory approach to diagnosis
is neither cost-effective nor prudent. As clinicians we must recognize distinguishing
features of these diseases so that we can formulate a rational differential diagnosis.
Confirmation can then be made by specific laboratory tests. Two things must be kept
in mind in this exercise: First, incomplete penetrance of many of the hereditary muta-
tions makes the taking of a thorough family history, while very important, not as
useful as one would hope. We must always remain suspicious. Second, the patient
with systemic amyloidosis may present with diagnostic features that are misleading.
Many patients with late-onset disease have monoclonal immunoglobulin proteins in
the serum or urine and these may be only incidental findings [69]. Patients with hered-
itary forms of amyloidosis can also have one of the common inflammatory conditions
such as Crohn’s disease, rheumatoid arthritis, or ankyloisng spondylitis which are
unrelated to the systemic amyloidosis. An increasing problem is presented by the
elderly individual who has cardiomyopathy which may be a manifestation of AL
amyloidosis, senile cardiac amyloidosis, or a hereditary form of transthyretin amy-
loidosis associated with TTR mutations which give amyloidosis in the later stages
of life.
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Where to Start with Laboratory Testing

There are actually a few clues which point in some direction: Peripheral neuropathy
in a patient with a family history of amyloidosis is in favor of transthyretin amyloi-
dosis; however, neuropathy associated with strong family history of kidney failure
is suggestive of the ApoAI Gly26Arg amyloidosis. Cutaneous amyloidosis with a
history of vocal hoarseness is consistent with ApoAI amyloidosis. Slowly progres-
sive renal insufficiency is more consistent with lysozyme or ApoAII amyloidosis.
Proteinuria and hypertension with subsequent azotemia suggest fibrinogen Aα-chain
amyloidosis. For many patients with diagnosis of amyloidosis made by kidney biopsy,
there are histologic features which suggest one form of systemic amyloidosis versus
the others. ApoAI amyloidosis almost always gives interstitial renal amyloid deposi-
tion. Fibrinogen Aα-chain amyloid gives extensive glomerular deposits (Fig. 15-2).
Lysozyme amyloidosis and ApoAII amyloidosis usually show glomerular, blood ves-
sel, and interstitial deposits. These clues should be considered before proceeding with
either DNA analysis or biochemical characterization of amyloid fibrils. Recently,
mass spectroscopy or amino acid sequencing of isolated fibril proteins has added
to our ability to precisely identify the form of amyloidosis involved [70]. Immuno-
histochemistry has been and continues to be a valuable tool in differential diagnosis,
but unfortunately it may be noninformative or misleading when not performed in
laboratories with extensive experience.

When Is the Time to Proceed to DNA Testing?

For the patient who is a member of a family with a known amyloid-associated gene
mutation, this is easy. Genetic testing should be done, however, if only to confirm
that the patient’s symptoms are not expression of some other disease which warrants
different treatment. Unlike TTR, for which a number of commercial DNA diagnostic
laboratories are available, DNA analysis for other types of hereditary amyloidosis is
quite limited. Consultation with a medical center that specializes in the evaluation
and treatment of patients with amyloidosis is advised.

Treatments

Specific treatments for the types of systemic amyloidosis discussed in this chapter
have not advanced any further than the treatment for TTR amyloidosis. Transplanta-
tion of affected organs in ApoAI, including either kidney or heart, has shown varying
results. Whether liver transplantation to reduce the amount of circulating precursor
protein adds to the survival outcome is not clear. Some patients have obviously
benefitted, but variation in natural progression of disease has obscured a definitive
assessment. Both lysozyme and ApoAII amyloidoses appear to be relatively slowly
progressive, and renal transplantation has met with good results for many patients.
In the case of fibrinogen Aα-chain amyloidosis, however, most of the mutations
are associated with relatively rapid progressive loss of renal function and kidney
transplantation is usually met with recurrence of amyloid in the graft. This form of
hereditary amyloidosis, however, appears to be the only one that can be cured by
liver transplantation. Biochemical analysis has shown that only the variant form of
fibrinogen Aα-chain is incorporated into the fibrils. Therefore, liver transplantation
stops the supply of the necessary ingredient for advancement of disease. Obviously,
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continued research is needed to develop specific medical treatments for each of these
conditions either by modulating the production of mutant proteins or by interfering
with their transition to β-fibrils.
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tissue Doppler echocardiography, impairment, 110

clinical findings
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Amyloid structure
AFM, 10
analysis of soluble proteins, 11
β-helical model, 8–9
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See also Computed tomography (CT); Magnetic resonance

imaging (MRI)
Angiotensin-converting enzyme inhibitors (ACEI), 65, 69, 115,
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Angiotensin receptor blockers (ARBs), 69, 115,
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ARBs, see Angiotensin receptor blockers (ARBs)
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183–184
Atomic force microscopy (AFM), 10
Atrial arrhythmias, 111
Atrial thrombus formation, 111, 112f
ATTR, see Transthyretin-associated systemic amyloidosis
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B
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choice of biopsy techniques, 37
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AFA biopsy, 36–37
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LSG biopsy, 36–37

strategies, 36
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B-natriuretic peptide (BNP), 113, 195
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Bone marrow biopsy, 38, 78, 97–100, 150
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dose in weekly schedules, results, 161
improved kidney function, 160
mitochondrial apoptotic signaling, activation, 160
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CAPS, see Cryopyrin-associated periodic syndrome (CAPS)
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heart transplant for AL amyloidosis
oral melphalan/dexamethasone, treatment with, 67
survival after orthotopic heart transplantation, 67, 67f
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heart transplant for amyloidosis
treatment for amyloid cardiomyopathy, controversies,
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heart transplant for ATTR amyloidosis
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domino/sequential liver transplantation procedure, 68
OLT treatment, 68
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bevacizumab, role, 66
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VEGF, 66
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use of cardiovascular drugs
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2D echocardiogram view of AL cardiomyopathic patient,
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123I-labeled serum amyloid P component, imaging of,
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as left ventricular hypertrophy, misdiagnosis, 107–108
MRI, “delayed enhancement” pattern of gadolinium uptake,
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analysis of gadolinium, prognostic factor, 110

99mTc-aprotinin, imaging of, 111
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amyloid infiltration of myocardium, 111, 111f
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Cutaneous amyloidosis, 100–101, 221

diagnosis/management, 101
macular/papula/nodular forms, 100

Cystatin C
leptomeningeal amyloidosis

causative mutation, 219
HCHWA, 219

serine protease inhibitor, 219
Cytokine-directed therapies, 69
Cytokine-producing tumours, 180
Cytokines, proinflammatory, 58, 179
Cytotoxicity of amyloid proteins, 56–58

D
Development of amyloid diseases, pathogenetic steps, 50f
Dexamethasone-based therapy

high-dose dexamethasone, overall survival rates, 158f
low-dose treatment in AL patients, 158
patients with cardiomyopathy, Southwest Oncology Group

Study, 158
VAD treatment of patients with nephrotic syndrome, 158

Diagnosis and classification
amyloid fibril proteins/its precursors in human, 34t
amyloid localization, 44
amyloidosis, diagnosis

AFA biopsy, 37
bone marrow biopsy, 38
choice of biopsy techniques, 37
electron microscopy, 39
gastrointestinal biopsy, 36
heart biopsy, 38
kidney biopsy, 38
labial salivary gland biopsy, 37
liver biopsy, 37–38
nerve biopsy, 38
stains and their pitfalls, 38–39

clinical diagnosis—amyloidosis as a great masquerader,
35–36

nomenclature of amyloidoses, 34–35
type of amyloidosis, establishing

beyond immunohistochemistry, 43–44
clinical arguments, 39–40
genetic tools, 44
histology, 40
immunohistochemistry, 40–43

Diagnosis of PSAN
abdominal fat aspirate or biopsy, 150
bone marrow biopsy, 150
demonstration of amyloid, sural nerve biopsy, 149–150
NCS/EMG study, 148–149
organ dysfunction with PSAN, 149t
serum light chain assay/levels of beta-2 microglobulin

tests, 149
skin biopsies, small fiber neuropathy diagnosis, 150
sural nerve and rectal biopsies, 150

Dialysis and kidney transplantation
HDM/SCT, treatment with, 139–140
hemodialysis/peritoneal dialysis, 139

in patients with amyloidosis-associated ESRD, 139–140
Dialysis-related amyloidosis (DRA), 1, 18, 21, 23, 26, 130t,

139–140
Diffuse alveolar septal amyloidosis, 24
Dimethyl sulfoxide therapy (DMSO), 100–101
DLTR, see Domino Liver Transplantation Registry (DLTR)
DMSO, see Dimethyl sulfoxide therapy (DMSO)
Domino Liver Transplantation Registry (DLTR), 68
Domino transplant, 119, 199
Doppler imaging, 23, 111–112
DRA, see Dialysis-related amyloidosis (DRA)

E
Echocardiographic techniques, 16
Echocardiography, 19–20, 23, 57, 81, 85, 107–108, 110–111,

114, 118, 195
limitations, 86

Electromyography (EMG), 146, 148
Endoplasmic reticulum (ER), 53, 160
End-stage renal disease (ESRD), 18, 69, 71, 137, 139–140, 196,

198, 216
Epidemiology of AA amyloidosis

complicated conditions associated with AA amyloidosis,
180–181, 181t

cytokine-producing tumours, 180
incidence rates in US, central Europe and Scandinavia, 180
major underlying diseases in UK, 182t

inherited fever syndromes, high risk factors, 180
ER, see Endoplasmic reticulum (ER)
ER quality control mechanism

secretion efficiency, factor influencing onset
of amyloidosis, 53

transthyretin variants, example, 53
ESRD, see End-stage renal disease (ESRD)
Establishing type of amyloidosis

beyond immunohistochemistry
biochemical typing of amyloid proteins, 43–44
proteomics techniques, 44

clinical arguments
diagnosis of AA amylodosis, 40
diagnosis of AL amylodosis, 39–40
diagnosis of multisystemic amyloidosis, 40

genetic tools
DNA testing, 44

histology, 40
immunohistochemistry

AL from AA, distinguishing, 43
amyloid reaction with anti-AA/anti-TTR antibodies, 41
amyloid reaction with anti-light chain antibodies, 41
genetic amyloidosis, difficulty in diagnosis, 43
peripheral neuropathy/cardiopathy, diagnostic

problems, 41
pitfalls in diagnosis of AL amyloidosis, 42, 43t
potassium permanganate method, 40–41

Extended donor criteria hearts, 117

F
Facial palsy, 218–219
Familial amyloid polyneuropathy (FAP), 68, 119–120, 145,

147–148, 197
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Familial Mediterranean fever (FMF), 71, 130, 139, 156, 166,
180, 181t, 182t

Fanconi syndrome, 134
FAP, see Familial amyloid polyneuropathy (FAP)
FAP type I, 147
FAP type II, 147–148
Fibril formation kinetics, 5–6

See also Nucleated polymerization reaction
Fibril formation mechanism, 3–4
Fibrillary diseases of kidney, 133t
Fibril nucleus formation, 2
Fibril-reactive monoclonal antibodies, radioimaging with, 21
Fibril structure and fibrillogenesis

amyloid fibrils, identification of
fluorescent ThT/light scattering techniques, 3
fluorescent ThT/TEM technique, 4
TEM technique, stains used, 3, 4f
XRD, 4–5

amyloidosis
amide bonds, protein binding, 1
amyloid, definition, 2–3
insoluble amyloid fibrils, 1
three-dimensional structures, patterns, 1

amyloid structure
AFM, 10
analysis of soluble proteins, 11
β-helical model, 8–9
hydrogen/deuterium exchange, 10–11
α-sheet model, 9
β-sheet model, 7–8
solid-state NMR, 6–7
steric zippers, 9–10

clinical ramifications, 11–12
fibril formation kinetics, 5–6

See also Nucleated polymerization reaction
thermodynamics, see Thermodynamics of fibril formation

Fibrinogen Aα-chain amyloidosis (A Fib), 213–215
Arg554Leu, 214
1629delG, 214
Del1636-1650, InsCA1649-1650, 214
1622delT, 214
1632delT, 215
Glu526Val, 214
Glu540Val, 214
Pro552His, 215
Thr538Lys, 215
treatment, 215

FLC, see Free light chain (FLC)
FMF, see Familial Mediterranean fever (FMF)
Free light chain (FLC), 18, 40, 57, 77–78, 83, 84t, 88, 132, 156,

159, 166, 168, 172
French Myélome Autogreffe Groupe (MAG), 171

G
67Ga (gallium), 21
Gamma trace protein, see Cystatin C
Gastroduodenal biopsy, 36–37
Gastrointestinal biopsy

gastroduodenal biopsy, 36
rectal biopsy, 36

Gelsolin amyloidosis (AGel), 130t

Asp187Asn disease, cause of genetic mutation, 219
Asp187Tyr mutation, 218
corneal transplantation for lattice corneal dystrophy, 219
facial palsy and blepharoplasty, treatment, 218–219, 219f
substitution of aspartic acid by asparagine, muation by, 218
syndrome of facial skin, 218

Genetic ATTR, 35
GFR, see Glomerular filtration rate (GFR)
Gingival biopsy, 37

See also Labial salivary gland (LSG) biopsy
Glomerular filtration rate (GFR), 69, 132, 134, 182
Glomerulus, 132
GNNQQNY peptide, crystal structure of, 10f
“Granular sparkling,” 21

H
HA, see Hemagglutinin (HA)
HCHWA, see Hereditary cerebral hemorrhage with amyloidosis

(HCHWA)
HDM, see High-dose melphalan (HDM)
HE, see Hematoxylin eosin (HE)
Heart biopsy, 38
Heart transplant for AL amyloidosis

oral melphalan/dexamethasone, treatment with, 67
survival after orthotopic heart transplantation, 67, 67f
survival after stem cell transplantation, 67, 67f

Heart transplant for ATTR amyloidosis, 68
β-helical model

Aβ1−40 fibrils, threefold symmetry, 9
derived from PrP, 8–9, 8f

Hemagglutinin (HA), 10
Hematoxylin eosin (HE), 38
Hepatic enlargement, 35
Hepatorenal transplant, 69, 71
Hepatosplenomegaly, 69, 182
Hereditary amyloidosis

Apo-AI mutations, cause, 118–119
hereditary forms of amyloid heart disease, management

combined cardiac/renal transplant, Apo-AI amyloidosis,
119

combined heart/liver transplant, TTR amyloidosis, 119
heart transplantation in familial amyloidosis,

contradictions, 119
orthotopic liver transplantation, 119

neuropathy/cardiomyopathy, clinical features of, 118
potential new therapies

IAA, 121
secondary (AA) amyloidosis, 121
SSA, treatment of, 120–121

Val122Ile in African-Americans, 118
Hereditary cerebral hemorrhage with amyloidosis (HCHWA),

219
High-dose melphalan (HDM), 134, 136, 158, 165–166,

171–173
High-dose therapy in amyloidosis

background and rationale
colchicine, “secondary” AA amyloidosis treatment, 166
HDM, phase III myeloma clinical trials, 165
oral melphalan/prednisone, randomized phase III trials,

165–166
future directions, 173
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High-dose therapy in amyloidosis (cont.)
improving upon high-dose therapy

approaches, 171
calreticulin expression, effects, 172
incorporation of novel agents, 172
tandem autologous SCT, 172
thalidomide/lenalidomide/bortezomib, use of, 172–173
use of allogeneic/syngeneic stem cell donors, 172

initial high-dose therapy study
AL patients with HDM/ASCT, treatment feasibility, 166
FLC, CR accuracy, 168
high-dose therapy outcomes, 167–168, 167t
survival rates, Kaplan–Meier analysis, 168f
TRM, causes, 166

risk-adapted approach, 169t
aggressive supportive care measures implementation,

169–170
GI bleeding, contributor to TRM, 170
organ transplantation prior to therapy, feasibility, 170

vs. conventional chemotherapy
high-dose melphalan/autologous SCT trials, 171
oral MP to dexamethasone-based regimens, SWOG

study, 170–171
SCT eligibility criteria, 170

High-dose therapy vs. conventional chemotherapy
high-dose melphalan/autologous SCT trials

early death rates, causative factors, 171
oral MP to dexamethasone-based regimens, SWOG study,

170–171
SCT eligibility criteria, 170

Histology, 40
Human prion protein (PrP), 9
Hydrogen/deuterium exchange

amyloidogenic proteins, study in, 11
coupling with mass spectrometry/NMR, 10–11

Hypertensive heart disease, 23, 118

I
IAA, see Isolated atrial amyloid (IAA)
ICDs, see Implantable cardioverter defibrillators (ICDs)
Imaging of systemic amyloidosis

computed tomography, 23–25
‘heart,’ prognostic determinant, 16
MRI, 25–26
nuclear imaging

cardiac innervation with 123I-metaiodobenzylguanidine,
assessment of, 20

99mTc-aprotinin scintigraphy for cardiac imaging, 18–19
99mTc pentavalent dimercaptosuccinic acid scintigraphy,

20–21
other scintigraphic tracers, 21
radioimaging with fibril-reactive monoclonal

antibodies, 21
radiolabeled β2-microglobulin, 21
SAP scintigraphy, see SAP scintigraphy
scintigraphy with 99mTc-labeled phosphate

derivatives, 20
See also Scintigraphy

ultrasound imaging, see Ultra sound scan/imaging
123I-metaiodobenzylguanidine, cardiac innervation with, 20
Immunofluorescence, 41

Immunoglobulin light chain amyloidosis (AL), 77, 101, 155
Immunohistochemistry

AL from AA, distinguishing, 43
amyloid reaction with anti-AA/anti-TTR antibodies

immunoperoxydase method, 41
amyloid reaction with anti-light chain antibodies

immunofluorescence technique, 41
complex techniques in diagnosis

immunolabeling of amyloids by gold particles, 43
genetic amyloidosis, difficulty in diagnosis, 43
peripheral neuropathy/cardiopathy, diagnostic problems, 41
pitfalls in diagnosis of AL amyloidosis, 42, 43t
potassium permanganate method, 40–41

Immunologic therapy, 161
Immunoperoxydase method, 41
Implantable cardioverter defibrillators (ICDs), 66
(Indium)-labeled antimyosin antibodies, 21
Inflammation, see Chronic inflammation
Inherited fever syndromes, risk factors of AA amyloidosis

CAPS, 180
FMF, 180
MKD, 180
TRAPS, 180

Intraventricular septum (IVS), 195
In vitro amyloid formation, 4
Iodinated serum amyloid P component (I-SAP), 16–18, 21, 89
I-SAP, see Iodinated serum amyloid P component (I-SAP)
Isolated atrial amyloid (IAA), 121
IVS, see Intraventricular septum (IVS)

J
Joint amyloidosis, 36

K
Kidney

biopsy, 38, 43, 131f, 132, 134, 138, 221
dysfunction, mechanisms, 135
function assessment, 135
transplant for amyloid

amyloidosis recurrence prevention in AL/AA,
strategies, 71

hereditary amyloidosis, combined liver kidney
transplantation, 71

recurrence of amyloidosis, obstacle, 71
Kinetics of fibril formation, 5–6

See also Nucleated polymerization reaction
“King of dyes,” see Congo red

L
Labial salivary gland (LSG) biopsy, 36–37
Laryngeal amyloidosis, 36
Laryngo-tracheobronchial amyloidosis

chronic inflammatory conditions, role in pathogenesis of, 97
diagnosis/treatment

computer tomography, aid to surgical treatment, 97
endoscopy by Nd:YAG/CO2, 98
external beam radiation therapy, 98
larynx, common site of attack, 97
pulmonary function test for airway obstruction

symptoms, 97
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staining techniques used, 97–98
therapeutic interventions for respiratory infections, 97

symptoms, 97
Laryngotracheobronchoscopy, 97
LECT2, see Leukocyte chemotactic factor 2 (LECT2)
LECT2 amyloidosis, 130
Left ventricular hypertrophy, 23, 107–108, 109f, 110, 114,

117–118
Lenalidomide, 116, 136–138, 159, 172–173

combined treatment with dexamethasone, 159
development of skin rashes, 160

Leptomeningeal amyloidosis, 198, 219
Leukocyte chemotactic factor 2 (LECT2), 41, 130, 206,

219–220
Lichenoid amyloidosis, 100
Liver biopsy

in AL patients with acquired factor X deficiency, 37–38
increased risk of bleeding, 38
in patients with sickle cell disease, 38

Liver transplant for ATTR amyloidosis
DLTR reports, 68
domino/sequential liver transplantation procedure, 68
OLT treatment, 68

Localization patterns by CT, respiratory system
diffuse alveolar septal amyloidosis, 24
nodular parenchymal amyloidosis, 24
tracheobronchial amyloidosis, 24

Localized amyloidosis
cutaneous amyloidosis, 100

diagnosis/management, 101
laryngo-tracheobronchial amyloidosis, 96–97

diagnosis/treatment, 97–98
rare forms of, 101–102
urogenital tract amyloidosis, 98–99

diagnosis/treatment, 99–100
LSG biopsy, see Labial salivary gland (LSG) biopsy
Lysozyme amyloidosis (A Lys), 130, 130t, 215–216

Asp67His, 216
diagnosis/treatment, 216–217
Ile56Thr, 216
Phe57Ile, 216
Trp64Arg, 216
Trp112Arg, 216

M
Macular amyloidosis, 100
MAG, see French Myélome Autogreffe Groupe (MAG)
Magnetic resonance imaging (MRI), 195

clinical applications, 26
patients with endomyocardial biopsy-proven cardiac

amyloidosis, study, 26
of patient with cardiac AL amyloidosis, 25f

Magnetic resonance relaxometry, 26
MDRD equation, see Modification of diet in renal disease

(MDRD) equation
Melphalan/prednisone therapy

advanced cases, reports of, 157
MDS/ANLL risk/median survival time, 156
response rates in patients with nephrotic syndrome, 157

Melphalan with dexamethasone, 158–159
Metaiodobenzylguanidine (MIBG), 16, 20

Metolazone, 135
Mevalonate kinase deficiency (MKD), 180, 181t–182t
MGUS, see Monoclonal gammopathy of undetermined

significance (MGUS)
MIBG, see Metaiodobenzylguanidine (MIBG)
Midodrine, 115, 135
MKD, see Mevalonate kinase deficiency (MKD)
MM, see Multiple myeloma (MM)
M-mode echocardiography, 23
Modification of diet in renal disease (MDRD) equation, 135
Monoclonal gammopathy of undetermined significance

(MGUS), 77
MRI, see Magnetic resonance imaging (MRI)
Multiple myeloma (MM), 78, 83, 85, 87, 132, 145, 149, 156,

160, 165

N
Nephrogenic diabetes insipidus, 134
Nephropathy, 131, 207, 208t–209t, 214
Nephrotic syndrome

symptomatic management of
ACE inhibitors/ARBs, proteinuric kidney diseases, 136
alpha-1 agonists, use of, 135
compression stockings use in patients with autonomic

neuropathy, 135
dietary sodium/fluid restriction, 135
hypoalbuminemia, intravenous administration of

diuretics, 136
lipid-lowering medications, 136
loop diuretics administration, 135

Nerve biopsy, 38
Nodular amyloidosis, 100
Nodular parenchymal amyloidosis, 24
Nomenclature of amyloidosis, 34–35
N-terminal pro-B-natriuretic peptide (NT-proBNP), 81, 113
NT-proBNP, see N-terminal pro-B-natriuretic peptide

(NT-proBNP)
Nucleated polymerization reaction, 5

lag/elongation phase, 5
seeding efficiency, 5
size determination of nucleus, 5
study in human disease, 5
study in yeast, 5

O
Oligomers, 4, 50f, 55–57, 135
Organ transplant

hereditary fibrinogen amyloidosis, 71
combined hepatorenal transplant, 71

hereditary non-ATTR amyloidosis, 68–69
Orthotopic liver transplantation (OLT), 68, 119, 138, 198

P
Pathogenesis of systemic amyloidoses

common constituents, role in fibril formation and tissue
targeting, 55–56

ex vivo fibrils/precursors, chemical analysis of, 53–55
protein misfolding and aggregation, 50–53

amyloid diseases, causative fibrilproteins/precursors, 51t
amyloid proteins, categories, 51t
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Pathogenesis of systemic amyloidoses (cont.)
cellular quality control mechanisms, 53
cytotoxicity and tissue dysfunction, 56–58
development of amyloid diseases, pathogenetic

steps, 50f
protein folding/unfolding, physiology, 51
TTR mutations in globular proteins, 52

PBSCT, see Peripheral blood stem cell transplantation (PBSCT)
Peripheral blood stem cell transplantation (PBSCT), 151
Peripheral neuropathy (PN), 20, 40–41, 88, 145, 147, 149,

150–151, 156, 183, 193, 197, 199, 207, 221
Persistent nephrotic syndrome, 35
PET, see Positron emission tomography (PET)
Plasma cell dyscrasia, 155
Pleural catheters, 66
Pleural effusions, management of

aggressive diuresis, effects, 66
bevacizumab, role, 66
pleural catheters, use of, 66
VEGF, 66

PN, see Peripheral neuropathy (PN)
Polarization, 39
Positron emission tomography (PET), 16
Prealbumin, 35, 96
Primary systemic amyloid, 101

See also Primary systemic amyloidosis (PSA)
Primary systemic amyloidosis neuropathy (PSAN), 145–151

case vignette of 67-year-old man
nerve conduction study, 146
orthostatic testing, results, 146
SPEP/SIFE/UIFE evaluation, 146

clinical manifestations
CTS, symptoms, 146
motor/sensory changes, amyloid neuropathy diagnosis,

147
PSAN, symptoms, 146

diagnosis
abdominal fat aspirate or biopsy, 150
bone marrow biopsy, 150
demonstration of amyloid, sural nerve biopsy, 149–150
NCS/EMG study, 148–149
organ dysfunction with PSAN, 149t
serum light chain assay/levels of beta-2 microglobulin

tests, 149
skin biopsies, small fiber neuropathy diagnosis, 150
sural nerve and rectal biopsies, 150

differential diagnosis
FAP, mimic of primary PSAN, 147
FAP type I/II study, 147–148
by laboratory testing and biopsy, 147

management
amyloid neuropathy, early recognition, 151
high dose chemotherapy followed by PBSCT, 151
melphalan/prednisone treatment, 151
PN, sole manifestation of PSA (survival study), 150
treatment of side effects, 151
treatment with analgesics/tricyclic antidepressants/

anticonvulsants, 150
pathophysiology

axonal degeneration, 148
monoclonal light chain immunoglobulins, 148

nerve/tissue toxicity by protein aggregates, 148
neuropathy in the IgM PSA patients, 148

Primary systemic amyloidosis (PSA), 145
Prognosis assessment, AL amyloidosis

baseline characteristics as prognostic factors, 84–85
prognostic factors in AL, 84t

cardiac factors
cardiac abnormalities, 85
cardiac biomarker staging system, outcomes, 86, 87f
CMR study, 86
echocardiography/Doppler studies, limitations, 85–86
Holter abnormalities, 86

factors directly related to the clone, 87–88
hematologic/organ responses as prognostic factors

alkylator-based therapy, survival rates, 82, 82f
hematologic response by serum/urine M-proteins,

overall survival rates, 82, 83f
survival rates based on serum FLC concentration, 83, 84f
thalidomide/dexamethasone treatment for CR, 83

number of organs involved
number of affected organs by autologous stem cell

transplant, 88f
probability of survival and organ involvement, 89f

other factors, 89
other prognostic factors, 89
referral bias, 85

Protein misfolding and aggregation, 50–53
amyloid diseases, causative fibrilproteins/precursors, 51t
amyloid proteins, categories, 51t
cellular quality control mechanisms

ER control mechanism, 53
cytotoxicity and tissue dysfunction, 56–58
development of amyloid diseases, pathogenetic steps, 50f
protein folding/unfolding, physiology, 51
TTR mutations in globular proteins, 52

Proteinuria, 35, 134
treatment, medical strategies

ACEI, 69
cytokine directed therapies, 69
eprodisate, randomized trials (Kaplan–Meier estimates),

69, 70f
Proteolytic cleavage, 52, 54, 132
Protofibrils, 4, 4f, 155
PrP, see Human prion protein (PrP)
PSA, see Primary systemic amyloidosis (PSA)
PSAN, see Primary systemic amyloidosis neuropathy (PSAN)

R
Radioiodine-labeled SAP scintigraphy, 195
Radiolabeled β2-microglobulin, 21
Rectal biopsy, 36
Renal abnormalities, 35
Renal amyloidosis

clinical manifestations
acute kidney injury, 134
assessment of kidney function, 135
chronic manifestations, 134

mechanisms underlying kidney dysfunction, 135
renal pathology

determination of amyloid type, 132–133
light/electron microscopies, 131–132
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treatment of
dialysis and kidney transplantation, 139–140
dose reductions for renal impairment, 138–139
impact of treatment on kidney function, 136–138
symptomatic management of nephrotic syndrome,

135–136
treatment-associated kidney injury, 138

types of amyloidosis that affect kidney, 129–131, 130t
Renal involvement with amyloid

kidney transplant for amyloid
amyloidosis recurrence prevention in AL/AA,

strategies, 71
hereditary amyloidosis, combined liver kidney

transplantation, 71
recurrence of amyloidosis, obstacle, 71

medical strategies to reduce proteinuria
ACEI, 69
cytokine directed therapies, 69
eprodisate, randomized trials (Kaplan–Meier estimates),

69, 70f
organ transplant for hereditary fibrinogen amyloidosis

combined hepatorenal transplant, 71
Renal pathology

determination of amyloid type
AL/AA type determination, techniques used, 132
immunofluorescence/immunohistochemistry study, 132
monoclonal/polyclonal protein deposits, detection, 132

light/electron microscopies
congo red staining, apple-green birefringence upon

polarization, 132
fibrillary diseases of kidney, 133t
glomerular changes in AL amyloidosis by kidney

biopsy, 131f
Renal replacement therapy, 139
Respiratory tract lesions, 35
Response assessment, AL amyloidosis

advances in, 78
hematologic response

“measurable” disease, 78
partial/complete responses, 78–81
serum FLC measurement, 78

organ response
amyloid organ involvement and response to therapy,

79t–80t
hematologic response preceding, 81f
NTproBNP, prognostic determinant, 81

S
SAA, see Serum amyloid A protein (SAA)
SAA genes in man, 179–180
SAP, see Serum amyloid P component (SAP)
SAP scintigraphy

AL and AA amyloidoses
amyloid deposits/severity of organ dysfunction,

correlation, 17–18
clinical use, limitations, 18
determination of specific type of amyloidosis

bone uptake/myocardial uptake, 17
as diagnostic tool, 17
123I-SAP, identification of amyloid deposits, 16–17
SAP conjugation with 123I/125I, 16

serial SAP scans, disease specificity, 18
Scintigraphy

amyloid-specific tracers coupled with tomographic
techniques, 16

See also Tomographic techniques
cardiac innervation, evaluation, 16
myocardial perfusion, evaluation, 16
tracers, amyloid deposits identification, 16
ventricular function, evaluation, 16

Scintigraphy with 99mTc-labeled phosphate derivatives
calcifications in amyloid deposits, 20
congestive heart failure, diagnosis, 20
localization in extracardiac amyloid deposits, 20

Secondary (AA) amyloidosis, 121
clinical features

chronic kidney disease stages (GFR more than
30 mL/min), 182

peripheral neuropathy in end-stage renal failure, 183
proteinuric kidney dysfunction, 182

epidemiology
complicated conditions associated with AA amyloidosis,

180–181, 181t
incidence rates in US, central Europe and Scandinavia,

180
major underlying diseases in UK, 182t

outcome
improvement in renal function, 184
overproduction of SAA, risk factor, 184
prognosis, degree of renal involvement, 184
worse prognosis presentation, factors, 184

pathology
juvenile inflammatory arthritis in Caucasian patients,

180
SAA, overproduction of, 179–180

treatment
anti-TNF therapies, patients with inflammatory arthritis,

183
Castleman’s disease treatment, 183
choice of therapy, criteria, 183
Crohn’s disease treatment, 183
CRP, marker of SAA, 183–184
long-term colchicine prophylaxis, FMF treatment, 183
renal replacement therapy, 183
treatment of chronic sepsis, 183

Seeding efficiency, 5
Senile ATTR, 35
Senile systemic amyloid (SSA), 54, 107, 120–121,

130, 130t
Serum amyloid A protein (SAA), 18, 96, 121, 130,

130t, 179
Serum amyloid P component (SAP), 1, 16, 39, 55, 151
Serum immunofixation electrophoresis (SIFE), 146
Serum protein electrophoresis (SPEP), 146
α-sheet vs. β-sheet, 9
β-sheet model

criteria based on ssNMR data, 8
fibrils derived from Aβ1−40/Aβ1−42 peptides, 7
model of fibril structure, 7f

SIFE, see Serum immunofixation electrophoresis (SIFE)
Single photon emission computed tomography (SPECT), 16
Skin lesions, 36
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Solid-state nuclear magnetic resonance spectroscopy (ssNMR),
6–7

vs. conventional NMR technique, 7
Soluble proteins, analysis

AL-09, analysis of crystal structure, 11
β2-microglobulin, copper binding on, 11
β-sheet proteins, analysis, 11

Speckle-tracking technique, 23
SPECT, see Single photon emission computed tomography

(SPECT)
Spectroscopy, 6
SPEP, see Serum protein electrophoresis (SPEP)
Splenic enlargement, 35
SSA, see Senile systemic amyloid (SSA)
ssNMR, see Solid-state nuclear magnetic resonance

spectroscopy (ssNMR)
Stem cell transplant, 67, 67f, 71, 78, 83–84, 87f, 88f, 114–117,

134, 136, 151, 156, 158–159, 166, 168f, 170
Steric zippers, 10f

David Eisenberg’s group
study of fibril structure/properties, 9

Structural models of amyloids
AFM, 10
analysis of soluble proteins, 11
β-helical model, 8–9
hydrogen/deuterium exchange, 10–11
α-sheet model, 9
β-sheet model, 7–8
solid-state NMR, 6–7
steric zippers, 9–10

Supportive care for amyloidosis
cardiac issues

heart transplant for AL amyloidosis, 67
heart transplant for amyloidosis, 66–67
heart transplant for ATTR amyloidosis, 68
implantable cardioverter defibrillator, 66
liver transplant for ATTR amyloidosis, 68
management of pleural effusions, 66
organ transplantation for hereditary non-ATTR

amyloidosis, 68–69
use of cardiovascular drugs, 65
See also Cardiac issues in amyloidosis, supportive care

renal involvement with amyloid
kidney transplant for amyloid, 71
medical strategies to reduce proteinuria, 69–70
organ transplant for hereditary fibrinogen

amyloidosis, 71
Symptoms of amyloidosis

cardiac disturbances, 35
carpal canal syndrome, 35
chronic inflammation, 36
dysphonia, laryngeal amyloidosis, 36
fatigue and weight loss, 36
hepatic enlargement, 35
joint amyloidosis, 36
persistent nephrotic syndrome/enlarged kidneys, 35
proteinuria, systemic amyloidosis, 35
renal abnormalities, 35
respiratory tract lesions, 35
skin lesions, 36
splenic enlargement, 35

Systemic forms (other) of amyloidosis, 206t
ApoAI amyloidosis, 207–212

diagnosis/treatment, 212–213
Apo AII amyloidosis, 217–218
cystatin C, 219
differential diagnosis of systemic amyloidosis, 220
A Fib, treatment, 213–215
A Gel, 218–219
laboratory testing/DNA testing, treatments, 221–222
LECT2, 219–220
A Lys, diagnosis/treatment, 215–217

Systemic vs. localized amyloidosis, 129

T
99mTc-aprotinin scintigraphy for cardiac imaging

cardiac biopsies, 18
extra-abdominal (cardiac) amyloid deposits, detection,

18, 19f
99mTc-aprotinin uptake in several localizations, study, 19

99mTc-conjugated aprotinin, 18
99mTc pentavalent dimercaptosuccinic acid

(99mTc-(V)-DMSA), 20–21
99mTc pentavalent dimercaptosuccinic acid scintigraphy, 20–21
99mTc-(V)-DMSA, see 99mTc pentavalent dimercaptosuccinic

acid (99mTc-(V)-DMSA)
TDI, see Tissue Doppler imaging (TDI)
TEM, see Transmission electron microscopy (TEM)
Thalidomide treatment

Italian amyloidosis group reports, 159
Mayo Clinic reports, 159
and melphalan/dexamethasone administration, results, 159
300 mg, maximum tolerated dose, 159
symptomatic bradycardia, 159
toxicity levels, 159

Therapy algorithm for AL, 161f
Thermodynamics of fibril formation

less stable proteins, role, 6
thermodynamic stability of fibrils, assessment, 6

Thioflavin T (ThT), 3
ThT, see Thioflavin T (ThT)
Tissue Doppler echocardiography, 110
Tissue Doppler imaging (TDI), 23
Tissue targeting, 50f, 55–56
TNF receptor-associated periodic syndrome

(TRAPS), 180
TnI, see Cardiac troponin I (TnI)
TnT, see Cardiac troponin T (TnT)
Tomographic techniques

PET, 16
SPECT, 16

Tracheobronchial amyloidosis, 24
Transmission electron microscopy (TEM), 3
Transthyretin, see Transthyretin-associated systemic

amyloidosis (ATTR)
Transthyretin-associated systemic amyloidosis (ATTR),

191–200
background

ATTR variants, 192t–193t
cardiac involvement

advanced disease complications, 195–196
congestive heart failure, 195
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Doppler echocardiography, systolic dysfunction
detection, 195

echocardiogram, diagnostic tool, 195
IVS thickening, 195
MRI, gadolinium enhancement detection, 195
radioiodine-labeled SAP scintigraphy, 195
troponins/BNP study, 195
V122I mutation, 196

diagnosis
amyloid precursor protein, identification of, 194
biopsy method of choice, 194
immunohistochemical staining, detection of AA

deposits, 194
median time evaluation of diagnosis, 193–194
screening methods, 194

GI, 196
ocular, 197
overall prognosis, 198
peripheral and CNS

clinical features of ATTR, 197
FAP as ‘ATTR,’ emergence, 197
Japanese patients with V30M mutation, 197
peripheral nerve involvement, 197
pseudo-obstruction in gastrointestinal involvement

cases, 197
TTR expression by choroid plexus, cause of

amyloidosis, 198
prognosis, 195
renal, 196
treatment, see Treatment of ATTR

TRAPS, see TNF receptor-associated periodic syndrome
(TRAPS)

Treatment-associated kidney injury, 138
Treatment of AA amyloidosis

anti-TNF therapies, patients with inflammatory
arthritis, 183

Castleman’s disease treatment, 183
choice of therapy, criteria, 183
Crohn’s disease treatment, 183
CRP, marker of SAA, 183–184
long-term colchicine prophylaxis, FMF treatment, 183
renal replacement therapy, 183
treatment of chronic sepsis, 183

Treatment of AL cardiac amyloidosis
hypotension treatment, 115
thalidomide/lenalidomide/bortezomib, use of, 116
twofold management

treatment of heart failure, 114
treatment of underlying plasma cell dyscrasia,

114–115
Treatment of ATTR

domino transplant, 199–200
liver transplantation for endemic ATTR, 200
OLT, 198
OLT benefits, FAPWTR reports, 198–199

use of OLT in FAP, rationale, 199
surgical outcomes, 198
TTR synthesis, suppression of, 200
TTR tetramers, amyloidogenic potential of, 200

Treatment of renal amyloidosis
dialysis and kidney transplantation, 139–140

HDM/SCT, treatment with, 139–140
hemodialysis/peritoneal dialysis, 139
in patients with amyloidosis-associated ESRD,

139–140
dose reductions for renal impairment, 138–139

bortezomib, 139
colchicine, 139
lenalidomide, 138–139

impact of treatment on kidney function, 136–138
symptomatic management of nephrotic syndrome,

135–136
ACE inhibitors/ARBs, proteinuric kidney

diseases, 136
alpha-1 agonists, use of, 135
compression stockings use in patients with autonomic

neuropathy, 135
dietary sodium/fluid restriction, 135
hypoalbuminemia, intravenous administration

of diuretics, 136
lipid-lowering medications, 136
loop diuretics administration, 135

treatment-associated kidney injury, 138
treatment on kidney function, impact of

hereditary amyloidosis, 138
treatment for AA amyloidosis, 137–138
treatment for AL amyloidosis, 136–137

Treatment on kidney function, impact of
hereditary amyloidosis, 138
treatment for AA amyloidosis, 137–138
treatment for AL amyloidosis, 136–137

Treatment-related mortality (TRM), 166
TRM, see Treatment-related mortality (TRM)
Troponins, 195
Tubulo-interstitium, 134
Type I FAP, 197
Type II FAP, 197

U
UIFE, see Urine immunofixation electrophoresis

(UIFE)
Ultrasonography, 23
Ultra sound scan/imaging

Doppler imaging
diastolic dysfunction, 22–23
systolic mechanical deformation, evaluation, 23
transmural heterogeneity evaluation, TDI, 23

echocardiographic mimic of hypertrophic
cardiomyopathy, 22

“granular sparkling,” 21
ultrasonography, dialysis-related amyloidosis

study, 23
ventricular cavities imaging, cardiac AL amyloidosis

patients, 22f
United Network of Organ Sharing (UNOS), 116
UNOS, see United Network of Organ Sharing (UNOS)
Uranyl formate, 3, 4f
Urine immunofixation electrophoresis (UIFE), 146
Urogenital tract amyloidosis, 98–99

bladder, common site of attack, 98
diagnosis/treatment

CT-urography, 99
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Urogenital tract amyloidosis (cont.)
DMSO administration, 100
multiple adequate biopsies, 99
patients with painless hematuria, study, 99
transurethral resection with dimethyl sulfoxide

instillation, 99

urinary cytology, 99
urologic symptoms, 99

immunoglobulin light chain origin, 99

V
Val122Ile, 118
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