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Amyloidoses represent a group of diseases characterized by the pathological
accumulation in the extracellular area of insoluble misfolded protein material
called "amyloid”. The damage to the tissue organization and the direct toxicity
of the amyloidogenic substrates induce progressive dysfunctions in the organs
involved. They are usually multisystem diseases involving several vital organs,
such as the peripheral nerves, heart, kidneys, gastrointestinal tract, liver, skin, and
eyes. Transthyretin amyloidosis (ATTR) is related to abnormalities of transthyretin
(TTR), a protein that acts as a transporter of thyroxine and retinol and is
produced predominantly in the liver. ATTR is classified as hereditary (ATTRv)
and wild type (ATTRwt). ATTRvV is a severe systemic disease of adults caused by
mutations in the TTR gene and transmitted in an autosomal dominant manner
with incomplete penetrance. Some pathogenic variants in TTR are preferentially
associated with a neurological phenotype (progressive peripheral sensorimotor
polyneuropathy); others are more frequently associated with restrictive heart
failure. However, many mutations express a mixed phenotype with neurological
and cardiological involvement. ATTRv is now a treatable disease. A timely and
definite diagnosis is essential in view of the availability of effective therapies that
have revolutionized the management of affected patients. The purpose of this
review is to familiarize the clinician with the disease and with the correct diagnostic
pathways in order to obtain an early diagnosis and, consequently, the possibility
of an adequate treatment.
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Introduction

Although hereditary transthyretin amyloidosis (ATTRv) is globally the most frequent
form of familial amyloidosis, it is a rare disorder with a largely variable worldwide prevalence
(1-3).Itis caused by autosomal dominant mutations in the transthyretin (TTR) gene (TTR),
located on chromosome 18 (4).

TTR is a protein synthesized in the liver, pancreas, choroid plexus, and retinal
pigment epitelium (I, 5). Its primary function is to transport the thyroid hormone
thyroxine in the plasma and cerebrospinal fluid and the retinol-binding protein (RBP)
bound to retinol in the plasma (1, 5). Pathological dysfunction of TTR protein is
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related to the aggregation of misfolded proteins causing
extracellular deposition of amyloid-insoluble fibrils and local
tissue damage (6). While wild-type TTR amyloidosis (ATTRwt)
is an acquired condition that mainly affects the heart, develops
with age and commonly affects men over the age of 60, ATTRv
provides a wide range of clinical presentations that differ for
age of onset, organ involvement, and severity of disease (7).
It may present with infiltrative cardiomyopathy (hereditary
transthyretin amyloidosis cardiomyopathy, or ATTRv-CM) and/or
length-dependent sensory motor polyneuropathy (hereditary
ATTRv-PN),
variably associated with autonomic dysfunction (7). However,

transthyretin amyloidosis polyneuropathy, or
ATTRv is a multisystem disorder, and clinicians should always
investigate possible eye, kidney and gastrointestinal involvement
(8-12). The heterogeneity in clinical presentations depends mostly
on genotype and ethnicity (13, 14). Thanks to the institution
of an online registry for mutations in ATTRv, awareness of
genotype-phenotype correlation has been rising in the past
decade (13). Regarding global distribution, endemic and non-
endemic areas have been described (14-17). Patients from
endemic areas (e.g., Portugal, Sweden, Japan) usually present with
early-onset involvement of small nerve fibers, while late-onset
length-dependent sensory-motor polyneuropathy is frequent in
non-endemic areas (14-17). In this review, we discuss the latest
acquisitions into the pathology and clinical aspects of ATTRv, with
a focus on ATTRv-PN and its management and treatment.

Epidemiology

The global prevalence of ATTRv is estimated to be around
10,186 people, with a range between 5,000 and 38,000 (2). The
so-called endemic clusters are described in Portugal, Sweden,
Brazil and Japan where some specific endemic sub-regions (e.g.,
area of Povoa do Varzim/Vila do Conde, Skellefted, and Pited,
Nagano/Kumamoto/Ishikawa) were also reported (2, 17-22).
Prevalence in endemic countries ranges from 0.9 to 204 (per 1 000
000 persons) countrywide, yet in endemic sub-regions, it may reach
1,631 (per 1 000 000 persons) (19).

While smaller endemic foci were also reported in Cyprus and
Mallorca (15, 16), in the rest of Europe, the incidence of ATTRv
is highly variable with countrywide lower rates (2, 19). In Italy,
the prevalence is around 4.33/million with regional clusters in
Tuscany, Latium and mainly in Southern Italy as Sicily, Calabria,
and Puglia (3, 23). However, data from the Italian Registry may be
underestimated because of the voluntary participation and the high
rate of unrelated patients, suggesting that relatives of affected ones
did not always undergo familial segregation (3).

In the last few years, an increasing number of ATTRv late-
onset cases have been reported in many countries across Europe,
the USA, China, and India (2, 14). With the growing awareness
of the disease, the more frequent use of genetic testing, and the
benefits of the currently available disease-modifying therapies, the
incidence and prevalence of ATTRv are likely to increase over the
years, especially in regions where it is not endemic.

The age of onset is usually between the 2nd and 5th decades
of life in endemic areas, while late-onset cases (7-8th decade) are
more often reported in non-endemic countries (1).
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ATTRv affects males and females usually with no significant
gender prevalence, yet the parent-of-origin effect in carriers is
hypothesized because maternal inheritance of the mutation seems
to be related to a higher risk of disease (24). However, in
families with late-onset disease, a male predominance has been
reported (25).

From biology to pathophysiology

TTR is an evolutionarily conserved carrier protein synthesized
in the liver, choroid plexus, and retinal pigment epithelium (1, 5).
It was originally called “prealbumin” because of its pattern of
migration at electrophoresis (ahead of albumin) (26). However, this
term is no longer used as it may be misleading because TTR has no
structural relationship with albumin and doesn’t share features with
“proalbumin” or “other prealbumins”.

Although its main function is to transport thyroid hormones
in the plasma and cerebrospinal fluid and to play a role in
vitamin A transport, it is also implicated in many cellular processes
such as autophagy, proteolysis, nerve regeneration, and glucose
homeostasis (27).

Genetics

The TTR gene is located on chromosome 18 (18q11.2-q12.1)
and spans about 7.0 kilobase pairs (26, 27). First sequenced in
1974 by Kanda et al., it consists of four exons and three introns
(4,26,27). TTR protein structure is a stable homo-tetramer (28, 29).
Each subunit contains 124-128 amino acids arranged in eight
antiparallel sheets (28, 29). A double-barreled hydrophobic channel
forms two binding sites for transport function (28, 29).

More than 150 mutations in the TTR gene have been
described
Mutations in Hereditary Amyloidosis Database (http://www.

in literature and online databases such as the

amyloidosismutations.com/) (13). Most of them are point
mutations, mainly missense pathogenic variants (30). However,
a small amount does not lead to an amyloidogenic pathway, and
exceptionally few changes (e.g., T119M) have shown a protective
role by stabilizing TTR structure and reducing cardiovascular
risk (31-33).

Every mutation shows a different pattern of clinical
presentation including variable heart and nerve involvement,
age of onset, and disease progression (Figure 1). Some pathogenic
mutations may be associated with prominent peripheral nerve
involvement (ATTRv-PN) as Val30Met, Ala97Ser and Ser50Arg,
while others are predominantly linked to cardiomyopathy (ATTRv-
CM) such as Ile68Leu, Vall22lle, Thr60Ala and LeulllMet
(7, 16, 34). However, most of the known mutations show a mixed
phenotype with neurological and cardiological symptoms and
signs, with clinical heterogeneity also evident within subjects
sharing the same mutation because of the incomplete penetrance
(7, 16, 34).

The Val30Met variant, resulting in the substitution of valine
by methionine at position 30 on the TTR protein, was the
first identified mutation of the TTR gene (35). It is the most
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FIGURE 1
Genotype—phenotype correlation in ATTR amyloidosis. ATTR,
amyloid transthyretin; WT, wild type.

frequently reported both in endemic and non-endemic areas, being
responsible for about 70% of ATTRv (7, 14, 30, 35).

Val30Met
polyneuropathy associated with autonomic dysfunction (35, 36).

phenotype is  characterized by  familial
In subjects from endemic areas, penetrance is usually high and
could be about 90% at 80 years of age (37). Symptom onset occurs
usually earlier than in those affected by other mutations, according
to the THAOS study (7). However, phenotype expression varies
with ethnicity and age. At age 50, penetrance is 60% in Portuguese
households but only 18% and 11% in French and Swedish
households, respectively (37, 38).

Clinical variability may depend on several genetic and
environmental factors, but they are not entirely established, and
further studies are needed (37, 38). The hypothesis of a common
founder is suggested by haplotype features shared among Spanish,
Portuguese, and Japanese patients from Kumamoto and Nagano
(39). Penetrance is significantly higher when the pathogenic
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variant is inherited from the mother, and a sort of anticipation
phenomenon (higher penetrance in younger generations) was
observed more frequently in descendants of affected women
(40). Indeed, patients who inherited the maternal TTR mutation
manifested earlier symptoms of disease than those with an affected
father in the first global observational survey of ATTRv (THAOS-
Transthyretin Amyloidosis Outcome Survey) (7). Therefore, a
parental imprinting phenomenon and a role for mitochondrial
genome in influencing expression of the TTR-Val30Met mutation
have been hypothized as well as a role for non-coding variants in
contributing to TTR gene expression and, consequently, phenotype
expression (41).

The variant Val122Ile is another widespread pathogenic change
more frequently detected in the USA among African American
people with a prevalence of 3-4% and in West African populations
(7, 30, 42). It mainly results in a predominant cardiac phenotype
consisting of restrictive hypertrophic cardiomyopathy with only
mild neurological involvement, raising the risk of heart failure in
carriers (42, 43).

Some other mutations have been associated with small family
groups with common origins, including Thr60Ala in Northern
Ireland, Phe64Leu in Sicily, Ser50Arg in Mexico, Ser77Tyr,
Ser77Phe in France and Ala97Ser in Taiwan (17-21).

Pathology and pathophysiology

ATTRv is
predominantly by reduced stability of TTR tetramers and

a protein misfolding disease characterized
increased dissociation into monomers (44). Consequentially, TTR
fibrils are predisposed to misfolding, abnormal aggregation, and
subsequent extracellular deposition, as happens in other systemic
amyloidoses. The accumulation at different sites eventually leads
to progressive multiorgan dysfunction (7-12).

The biochemical aspects of the amyloid fibrils may appear
different depending on the age of onset and the specific
causal mutation (6, 45). The pathological hallmark of an
early-onset ATTRv Val30Met mutation is full-length amyloid
fibrils (type B) usually long and thick (6, 45). On the other
hand, late-onset ATTRv Val30Met forms display a mixture of
full-length and TTR non fibrillar fragments (Type A) with
short and thin aspect (6, 45, 46). Similarly, other mutations
resemble this last type of morphological aspect of amyloid
deposits (6, 45, 46). Different types of amyloid fibrils have
a different affinity to Congo red staining: type A fibrils
display a weaker congophilia leading to a poor possibility
in detecting amyloid deposition in the biopsies of late-onset
patients (47).

The accumulation of amyloid deposits in both endoneurium
and endoneural blood vessels, added to an early disruption
of the blood-nerve barrier, is the leading cause of nerve
damage (48). The type of nerve fibers involved could vary
depending on the age of onset (48). While in the early-
onset forms small nerve fibers are primarily damaged, in
the late-onset forms large fibers are preferentially involved,
with relative sparing of small myelinated and unmyelinated
fibers (48).
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Moreover, amyloid deposition involves dorsal root ganglia
(DRG) and sympathetic ganglia, with different impacts according
to the onset of Val30Met-related ATTRv (49). In fact, in the early-
onset cases, neuronal cell loss is more severe in sympathetic ganglia
than DRGs, vice versa in the late-onset forms (49).
Val30Met
suggest that the initial site of amyloid deposition may be

Pathological findings in the variants  also
the DRGs and autonomic ganglia with subsequent spreading
along the entire length of the peripheral nerves through
the proximal-distal physiological gradient of the endoneural
fluid (47, 48). In fact, an axonal loss due to dying-back
degeneration was observed and TTR aggregates are not steadily
found in sural nerve biopsy despite the finding of axonal
loss (50).

Schwann cells play a key role in early pathogenic changes
in the peripheral nerves (49, 50). Some studies have shown
that an atrophy of non-myelinating Schwann cells in direct
contact with amyloid fibrils is evident in patients with early-
onset AT TRy, suggesting that mechanical amyloid-induced damage
to Schwann cells plays an important role in the loss of small-
diameter nerve fibers (49). Differently, non-myelinating Schwann
cell morphology is relatively well preserved in late-onset cases,
even though amyloid deposits are in close contact with such cells
(49, 51).

Since the Val30Met mutation leads to structural abnormalities
in endothelial cells by inducing apoptosis and inhibiting their
migration, a role for them, which are the first-line barrier to the
circulating mutant transthyretin, has been hypothesized in starting
large fiber damage characteristically in late-onset forms (47, 52).

From clinical features to diagnostic
approach

The clinical manifestations are heterogeneous and are
influenced by several different factors, such as age of onset,
genotype, penetrance of mutation, geographic origin, and
disease duration.

In early-onset phenotypes, symptoms onset is between the
2nd and 5th decade of life while the late-onset phenotype
shows clinical manifestation at >50 years of age and usually has
variable penetrance, lack of family history, and fewer autonomic
symptoms (17).

Potentially every organ can be affected by ATTRv with different
severity, including peripheral nerves, the central nervous system,
the heart, the eyes, the kidney, and the gastrointestinal system.
In Nativi-Nicolau et al’s study, it is underlined that patients
with ATTRv have multiple symptoms and hospitalizations before
diagnosis and a statistically significant difference was found
comparing the comorbidities of ATTRv patients and matched
controls in cardiovascular, musculoskeletal, gastrointestinal,
metabolic, nervous system, and ocular systems (53).

Nonetheless, peripheral nerves and heart appear to be the main
targets of the TTR-related pathological process (1, 3, 7, 53, 54).
In Figure 2, an overview of the main clinical aspects of ATTRv is
reported, which are detailed below.
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Neurological features of ATTRv

Small fiber neuropathy and large fiber
polyneuropathy

Different neuropathic phenotypes in patients carrying the same
mutation as Val30Met are reported in the literature (17, 54). In the
early-onset phenotype, small fibers are first affected, which results
in a typical small fiber neuropathy with autonomic involvement
(17, 54). Following disease progression and damage to larger fibers,
the involvement of all sensitivities and motor impairment become
evident with length-dependent progression (17, 54, 55). Differently,
in the Val30Met late-onset phenotype, larger myelinated fiber
involvement is predominant over the small nerve fiber damage,
thus prevalent symptoms are sensory loss in all modalities and early
muscle atrophy and weakness, with consequently gait impairment
(17, 54). Therefore, it has been hypothesized that late-onset and
early-onset patients do not share the same pathomechanism (48).

Small-fiber neuropathy is characterized by neuropathic pain
along with other positive sensory symptoms and impaired pain
sensitivity, while tactile sensitivity and proprioception remain
preserved (3, 7, 17, 56). The diagnosis for clinicians is guided by
symptoms and neurological examination, eventually confirmed by
skin biopsy (57).

Typically, the large fiber neuropathy associated with ATTRyv is
characterized by a rapidly progressive and disabling sensorimotor
axonal neuropathy (1, 57, 58). Disease progression occurs faster
than in other hereditary or idiopathic neuropathies (59). Severe
neuropathic involvement increases disability as patients may finally
be wheelchair-bound or bedridden (60).

Autonomic dysfunction

Autonomic involvement is related to early amyloid deposition
in the DRG and sympathetic ganglia and is frequently described
in the early stages of disease as the first clinical manifestation
in some cases (49). Symptoms of autonomic involvement include
orthostatic hypotension, reduced sweating, erectile dysfunction,
dry eyes and mouth, bladder abnormalities, and gastrointestinal
motility alterations (49, 61). Gastrointestinal symptoms are
variable, as ATTRv patients may present with premature satiety,
gastric distension, recurrent nausea and vomiting, diarrhea,
and/or constipation (17, 49). In the late-onset forms, autonomic
dysfunctions are often mild and may remain under-recognized
if not properly investigated (49). Symptomatic treatments are
required to reduce symptomatic disability and improve the quality
of life of patients.

Carpal tunnel syndrome

Patients complaining of numbness and tingling at the hands
along the median nerve distribution with or without evidence of
muscle weakness at the right abductor pollicis brevis and positive
Tinél and Phalen signs at neurological examination should raise
the suspicion of carpal tunnel syndrome (CTS) (62). CTS is a
very common compression neuropathy, affecting around 6% of
the general population during their lives (63). AT TRv-related CTS
is not simply caused by compression linked to amyloid fibrils
(64, 65). Differently from idiopathic CTS, ATTRv patients showed a
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Main clinical manifestations of ATTRv.

morpho-functional dissociation of the median nerve at ultrasound
studies, as parameters of nerve enlargement did not correlate with
neurophysiological severity (64, 65).

CTS has been recognized as an early, even if non-specific,
manifestation of ATTRv (7, 62, 63). In the study by Karam et al.
from 2019, CTS occurred in two-thirds of patients with ATTRy,
and, more importantly, it may predate the diagnosis by up to ten
years (63). Sperry et al. found amyloid deposits on tenosynovial
tissue biopsy in 10 out of 98 patients (median age 68 years)
undergoing carpal tunnel surgery for idiopathic carpal tunnel
syndrome, and two of them were diagnosed with ATTRv (66).

Taken together, these findings support the concept that carpal
tunnel syndrome should be considered a red flag for diagnosis,
especially when it involves both sides, has an early onset without
risk factors (such as hand-working activities or comorbidities),
there is a positive family history, and/or is severe-extreme degree
(1,67).

Lumbar canal stenosis

Lumbar canal stenosis is the narrowing of the spinal canal,
which leads to compression of nerves and eventually the spinal
cord (68).

Frontiersin Neurology

It usually affects people over 50 years old, with a prevalence of
1.7-13.1% in the general population (68, 69). The most frequent
symptoms reported by patients are pain and weakness of the lower
limbs, associated with cramping in the calves (68, 69).

Lumbar canal stenosis secondary to thickening of the flavum
ligament may be an early clinical presentation of ATTRv (70-72).

As amyloid deposition potentially occurs in every tissue,
including synovial tissue, it is not surprising to find amyloid
deposition in patients undergoing orthopedic surgeries (73). In
Yanagisawa et al. study on 95 flavum ligament specimens, all
specimens resected from patients with spinal canal stenosis had
amyloid depots, out of whom 45% were TTR positive (72).

Therefore, lumbar canal stenosis may be considered an element
of suspicion of a possible accumulation of amyloid, even though
it does not discriminate between genetically and non-genetically
determined forms.

Myopathy

Although rarely encountered, myopathy is reported as a
possible clinical manifestation of ATTRv as a result of muscle
damage linked to amyloid accumulation in muscles, especially
in the perimysium (74, 75). Affected patients develop proximal
weakness and myogenic changes on electromyographic study (74,
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75). Since it may not always be easy to distinguish clinically
between muscle and nerve involvement, amyloid myopathy may be
underdiagnosed (74, 75).

Central nervous system involvement

Although central nervous system (CNS) involvement is
rare, leptomeningeal amyloidosis has been described mostly as
associated with non-Val30Met mutations (Leul2Pro, Ala25Thr,
Gly53Glu, Tyr114Cys, Asp18Gly, or Tyr69His) (72, 76, 77).

While before liver transplantation therapy, the average survival
of patients was 7-10 years from disease onset, the increased
survival secondary to transplantation allowed to unmask elective
CNS manifestations that may become evident 15-20 years after
the onset of systemic disease (78, 79). They are related to the
continued production of amyloid by the retinal epithelium and
choroid plexuses which is unaffected by transplantation (78,
79). TTR amyloid may deposit in the media and adventitia
of the small cerebral arteries and veins, as well as at the
subarachnoid and leptomeningeal levels (58, 80, 81). When
findings of leptomeningeal amyloidosis associate with vitreous
involvement, a syndrome called familial oculolectomeningeal
amyloidosis (FOLMA) is defined (81).

Clinical manifestations are a consequence of the development
of brain small vessel disease and may include ischemic stroke,
cerebral and subarachnoid hemorrhage, cognitive impairment,
ataxia, and epilepsy (58, 78, 79, 82). The most frequently reported
manifestations are transient focal neurological episodes (TFNE, or
“amyloid spells”), which are characterized by stereotyped, relapsing
clinical episodes that tend to have negative symptoms (for instance
sensory loss, focal motor weakness) (78, 79).

Magnetic resonance imaging (MRI) studies may detect
leptomeningeal enhancement and eventually could be helpful to
guide cerebral biopsy, while CSF analysis is not specific and usually
shows moderate hyperproteinorrachia (83, 84).

It is important to keep in mind the possible cerebral
involvement of ATTRv in elderly patients complaining of cognitive
impairment or recurrent vascular events (82-84).

Non-neurological features of ATTRv

Cardiac involvement

Severe cardiac involvement occurs more frequently in the
late-onset phenotype and is associated with increased mortality
risk (60). Typically, myocardial involvement is infiltrative due to
amyloid accumulation (85, 86). The electrocardiogram in ATTRv
patients may show an anterior “pseudo-infarction” pattern and
T-wave abnormalities (85, 86). Conduction disorders such as
branch block, atrioventricular block, and sinus-atrial block are
also reported (85, 86). Amyloid accumulation leads to an increase
in the thickness of the walls of the right and left ventricles and
of the atrial septum (hypertrophic phenotype), which is detected
by echocardiogram ultrasound (85, 86). Consequently, restrictive
physiology puts patients at risk of diastolic heart failure as the
disease progresses (85, 86).
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Heart valve involvement is also common and often
accompanied by valve regurgitation (85, 86).

Patients with the Val30Met mutation from endemic areas tend
to have less severe cardiac involvement than patients with the same
mutation from a non-endemic area or with no Val30Met mutations
(85, 86).

Overall, cardiac involvement is very heterogeneous, affecting
more severely late-onset phenotypes, and is one of the most
important prognostic factors for survival in patients affected

by ATTRv.

Ocular involvement

Among ATTRv patients, 10% present with ocular involvement
that usually appears later in the course of the disease, such
as vitreous opacities, chronic open-angle glaucoma (COAG),
abnormal conjunctival vessels (ACVs), keratoconjunctivitis sicca
(KCS) and corneal neuropathy (87).

A typical ocular pattern may be present in ATTRv called
“scalloped pupil”, defined as irregular pupillary margins and
fringed edges (88).

Renal involvement

Infiltrative renal amyloidosis causes nephrotic syndrome and
progressive renal failure (10, 11, 89). Approximately one third
of patients from endemic areas and 6% of patients from non-
endemic areas present with renal involvement, which has been
described only in the Val30Met ATTRv patients and is thought to
be extremely rare in the ATTRwt (10, 11, 89).
detected with different
distributions including pericapsular, vessels, interstitium of

Amyloid renal deposits were

the medulla and cortex, and tubular basement membrane (89).

Gastrointestinal involvement

The prevalence of gastrointestinal manifestations appears to
be between 56 and 69%, depending on the type of mutation (82).
Gastrointestinal manifestations are various, and the most common
symptoms are diarrhea, steatorrhea, and involuntary weight
loss, which often appear before developing symptoms related to
neuropathy or constipation (12, 89). Less frequently, possible
pseudo-obstruction (dysautonomic slowness of the gastrointestinal
tract) has been described with a particularly severe prognosis,
generally not responding to pro-motility agents (89). Hepatic
involvement is frequent, usually presenting as a mild hepatomegaly
and an elevated alkaline phosphatase level (89, 90).

Diagnostic pearls and pitfalls

Clinical manifestations of ATTRv in endemic areas make
diagnosis relatively easy in such a setting.

Not only are clinicians more likely to be aware of clinical
characteristics because of the higher prevalence of ATTRv, but
specific phenotypes are also well described in the literature.

In endemic areas, early-onset phenotypes are more frequent,
and a positive family history is usually detected with high
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penetrance (7, 17, 44, 54). In these cases, the diagnosis is
usually achieved within 1 year from the onset of the symptoms
(7, 17, 44, 54). Differently, in non-endemic regions, diagnosis
delay may be over 3 years longer for several reasons, such as
negative family history, heterogeneity in presentation at onset,
and more complex differential diagnosis in cases mimicking other
forms of neuropathy (e.g., chronic inflammatory demyelinating
polyneuropathy, CIDP) (44).

In this setting, the rate of ATTRv diagnosis within 6 months is
lower, occurring in only 35% of patients, with more than a third
of patients consulting more than five physicians before receiving a
correct diagnosis (91).

Neurophysiological features

The electrophysiological characteristics are variable because
of different involvement patterns and may depend on the time
at which the neurophysiological study is performed, making the
diagnosis very difficult (58, 92). We suggest nerve conduction
studies (NCS) should be performed in all four limbs, including
studies of the median nerve bilaterally.

In the early-onset phenotype, the involvement of small nerve
fibers is clinically relevant and the NCS may be normal, while in
the late-onset phenotype an axonal damage of the large fibers is
usually detected (54). Early involvement of the upper limb nerve,
other than median nerve, seems more frequent compared with
idiopathic polyneuropathy and could be regarded as a suspicion
clue (93, 94). For these reasons, we suggest to always investigate
an apparently idiopathic axonal polyneuropathy as a possible
presentation of ATTRv.

A composite clinical and electrophysiological score to screen
patients with ATTRv has been recently proposed. It is constituted
by seven total items, ranging from 0 to 12. Authors set the cut-off >
5 points to discriminate ATTRv patients with a sensitivity of 96.6%
and a specificity of 63.6% (94).

Although  axonal damage is the most reported
feature, demyelination has also been described and may
lead to misdiagnosis with other acquired or hereditary

polyneuropathies (95).

Imaging of the peripheral nerve

Ultrasound study

Through the ultrasound study of the median nerve, a distinctive
CTS pattern has been described in ATTRv with respect to the
idiopathic form (64). In ATTRv-linked CTS, an inverse correlation
between cross-sectional area and severity of CTS was observed,
which may be related to ischemic nerve damage after amyloid
deposition (64, 96). Most of the nerves have been found to be
significantly larger than those of carriers, mainly at proximal sites
both in the upper and lower limbs (64). Although polyneuropathy
is a distal length-dependent process, this finding may be explained
by the focal pattern of amyloid deposits that are located at proximal
sites (64).
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MRI neurography

MRI neurography (MRN) is a promising method to identify
lesions of the peripheral nerve resulting from the accumulation
of amyloid (97). The first studies of the MRI approach in ATTRv
started in the early 2010s, detecting focal hyperintensity in the
proximal nerves of four limbs compared to healthy controls
(97, 98). In the Kollmer et al. study, signal quantification at
proximal sites (thigh level) detected a significant increase in proton
density and T2-relaxation time in symptomatic patients, while
asymptomatic carriers showed only increase in proton density
(97). Recently, ATTRv-PN was differentiated from ATTRv pre-
symptomatic carriers and healthy controls by using MRN and
DTI of the sciatic nerve (98). The method was also able to detect
subclinical changes in asymptomatic carriers, thereby facilitating
early diagnosis and evaluation of progression (99).

Imaging of the heart

Ultrasound study

Ultrasonography is certainly the first-line, less expensive,
and most accessible method of approaching a patient with
suspected cardiac amyloidosis (100, 101). The main cardiac
structural findings secondary to amyloid accumulation, although
nonspecific, include granular/scintillating appearance of the left
ventricle (LV), bilateral atrial enlargement, and ventricular wall
thickening, particularly at the level of the septum, with preserved
ejection fraction, at least in the early stages of disease (100, 101).
The measurement of ventricular myocardial stiffness, known as
longitudinal strain, seems to be very useful in differential diagnosis
since, in patients with amyloidosis, there is an increase in cardiac
muscle stiffness secondary to amyloid accumulation (100-103).
“Apical sparing” is considered a pattern highly suggestive of
amyloidosis, with greater involvement at the base and in the mid-
ventricular regions than at the apex, and may differentiate amyloid
cardiomyopathy from other forms of hypertrophic heart disease
(102, 103).

Cardiac magnetic resonance imaging

Cardiac magnetic resonance (CMR) is an advanced method
for studying the structure and function of the heart and is
useful in confirming the changes already visible on the ultrasound
studies, such as left ventricular hypertrophy, atrial dilatation,
and diastolic dysfunction (101, 102). After gadolinium-based
contrast medium administration, a rather characteristic pattern was
reported with initial subendocardial late gadolinium enhancement
(LGE) followed by transmural enhancement (104). LGE allows a
diagnosis of cardiac amyloidosis with high sensitivity (85%) and
specificity (92%) (105). However, some limitations in performing
CMR may include moderate/severe renal failure, poor patient
compliance, and incompatible intracardiac devices (102-105).

Bone scintigraphy

Bone scintigraphy using technetium-labeled bisphosphonates
(99mTc-labeled  3,3-diphosphono-1,2-propanodicarboxylic acid
(DPD), 99mTc-labeled pyrophosphate (PYP), and 99mTc-labeled
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hydroxymethylene diphosphonate (HMDP)), is a well-established
tool to detect cardiac amyloidosis (106-111). After incidentally
finding uptake of bone tracer in a patient affected by familial
amyloidotic polyneuropathy, a small group of ATTRv patients
underwent bone scintigraphy in 2002, showing increased extra-
osseous uptake in the heart, hips, and shoulder (106). A recent
study reviewed bone scintigraphy scans performed for any clinical
indication from 2009 to 2020, unveiling cardiac uptake in 0.7%
(107). Myocardial uptake has been shown to be sensitive in the
early phases of ATTRv and it is calculated by a semi-quantitative
method with a visual comparison between cardiac and bone uptake
and stratified into grades according to Peruginis classification
(106-111). A higher grade corresponds to a higher uptake (109).
The finding of increased cardiac uptake on scintigraphy has
>99% sensitivity in diagnosing ATTR, but with a low specificity
(about 68%) compared with endomyocardial biopsy (109).
Although positivity was also found in patients with other forms
of amyloidosis, especially AL amyloidosis, in the latter condition
the uptake is typically low grade; thus, as the degree of uptake
increases, the specificity of the test for the diagnosis of ATTR
increases (110).

Although positivity of bone scintigraphy with a medium to high
degree uptake, in the absence of monoclonal components in serum
and urine, is considered highly suggestive for ATTRv, in some
specific mutations bone scintigraphy may have low sensitivity, even
in the presence of cardiac involvement, i.e., the Phe64Leu variants
(110, 111). The mechanism of this low avidity of the tracer for
individual mutations is not entirely clear (111).

Biopsies

Amyloid deposits are detected by Congo Red staining in
different tissues, mainly fat aspirate and salivary gland tissue but
also nerve, skin, myocardium, kidneys or gastrointestinal mucosa
(112). On tissue confirmation of TTR amyloidosis is useful in cases
of concomitant monoclonal serum or urine components and can be
obtained by immunohistochemistry or mass spectroscopy in order
to differentiate ATTRv from other forms of hereditary or acquired
amyloidoses (112). However, false negative or false positive results
may be observed due to the irregular distribution of amyloid in the
tissues (112).

Fat aspirate are widely used for the diagnosis of systemic
amyloidosis. It has the advantage of being a simple and low-
cost procedure with high specificity, but its sensitivity is variable
(113). In Quarta et al. study on 600 patients affected by cardiac
amyloidosis, fat aspirate tested positive in <45% of ATTRv patients
and about 15% of ATTRwt subjects (113).

A biopsy can be performed on a minor salivary gland having
a sensitivity of about 90% (25, 114). In a large clinicopathological
study, TTR amyloid deposits were found less frequently than other
systemic amyloidoses, yet interestingly, non-V30M mutant ATTRv
and ATTRwt were strongly associated with amyloid nodules located
in close contact with salivary excretory ducts (114).

Nerve biopsies are usually performed on sural nerves and
may reveal primary axonal neuropathy with possible secondary
demyelination, axonal regeneration, and remyelination, together
with endoneurial amyloid deposits and vascular alterations with a
sensitivity of about 80% (25, 114, 115).
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Skin is a target tissue for minimal invasive biopsies that have
a sensitivity of about 70% and may detect amyloid as a marker of
disease onset (25, 112).

Taking into account the varying sensitivity of biopsy
techniques, the diagnosis should not rely on biopsy findings
when the clinical suspicion is strong and supported by other
surrogate tests (e.g., bone scintigraphy).

Genetics

The molecular test for the TTR gene on blood samples is
now the gold standard to minimize lost time (1). The detection
of known pathogenic mutations virtually leads to a conclusive
diagnosis (1). Otherwise, any finding of variants that are not known
or of undefined clinical significance can be further investigated
with histochemical studies on tissue. As ATTRv is a severe but
treatable disease, testing of potential pre-symptomatic carriers is
suggested (116).

Diagnostic approach and differential
diagnosis

The differential diagnosis of typical length-dependent axonal
polyneuropathy includes many acquired conditions such as
diabetic, vasculitic or uremia neuropathies as well as hereditary
neuropathies such as axonal Charcot-Marie-Tooth disease (48).
Familial and patient history has to be collected, paying attention
to ATTRv “red flags” (e.g., dysautonomia, bilateral tunnel
carpal syndrome).

A rapid progressive course represents a relevant clinical
aspect for raising the suspicion of ATTRy, especially in late-onset
phenotypes that, once clinically manifested, worsens faster than
the early-onset phenotype and the other peripheral neuropathies
considered for the differential diagnosis (117, 118).

Main neurological, cardiological and general “red flags” are
listed in Table I and a proposal of schematic flow-chart for the
neurologcal diagnostic approach is reported in Figure 3.

Laboratory tests should always be performed to rule out
acquired neuropathies and elements suggestive for amyloid
deposition must be systematically searched both in the neurological
and in cardiological and gastroenterological setting.

Diagnosis may be challenging if other hematological disorders
are suspected (e.g., POEMS, AL amyloidosis) or if genetic testing is
not conclusive (detection of novel variants or VUS), so second- or
third-level investigation such as MRI neurography or target tissue
biopsy may be needed (48, 119).

In cases of prevalent demyelinating changes at
electroneurography, ATTRv neuropathy may be misdiagnosed for
CIDP (48, 119). A large cohort study compared ATTRv clinical
manifestations to CIDP and POEMS ones (120). Neuropathic
pain was far more frequently reported and more severe in ATTRv
patients than in CIDP patients, but severe pain was also observed in
POEMS syndrome (120). The presence of dysautonomia appears to
be more distinctive for differentiating ATTRv from CIDP/POEMS
(120). In nerve conduction studies, reduced sensory conduction
velocity of the median and ulnar nerves was more frequent in

frontiersin.org


https://doi.org/10.3389/fneur.2023.1242815
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Poli et al.

TABLE 1 Main red flags in diagnosing ATTRv.

Multisystem involvement red flags Unexplained weight loss (>5kg)

10.3389/fneur.2023.1242815

Gastrointestinal motility disorders

Vitreous deposits

Kidney disorders (proteinuria, kidney failure)

Neurological red flags

Family history of peripheral nerve disease (especially if associated with cardiac involvement)

Neuropathic pain and/or progressive sensory disturbances

Autonomic dysfunctions (erectile dysfunction, orthostatic hypotension, neurogenic bladder)

Idiopathic bilateral carpal tunnel syndrome

Biceps tendon detachment and/or trigger finger

No response to immunotherapy (when the clinical suspicion is CIDP or other immune-mediated polyneuropathy)

Rapid disease progression

Cardiological red flags Positive family history

Cardiac hypertrophy; left ventricular wall thickness >12mm

Arrhythmia

Hypotension or normotension if previously hypertensive; lipothymias

Paradoxical low flow/low gradient aortic stenosis

Excessively elevated NT-proBNP relative to the degree of heart failure

Persistent elevated troponin levels

Discordance between EKG voltage and wall thickness

Atrioventricular conduction disorder

ATTRv (120). In Du et al. study, the pattern of myelinated nerve
fiber density (MFD) in sural nerve biopsies of 41 ATTRv patients
was compared to other neuropathies (95). MFD was milder in
CIDP than ATTRy, with a slower MFD reduction per year (95).
Overall, differentiating ATTRv from CIDP may be challenging, but
severe neuropathic pain and dysautonomia should raise suspicion
for ATTRv.

From treatment to follow-up

Symptomatic therapy and disease-modifying treatments aimed
at preventing further production of amyloid should be considered
after every diagnosis.

A few disease-modifying therapies have been developed over
the past 30 years.

Liver transplantation was first applied to suppress the
production of mutant TTR in 1990 (121).

Subsequently, stabilizing drugs of the tetrameric TTR structure
were developed, such as Diflunisal and Tafamidis. The first is a
non-steroidal anti-inflammatory drug, and the latter is a small
molecule designed to stabilize TTR (122, 123). They share a similar
mechanism to stabilize TTR by occupying thyroxine-binding sites
of circulating TTR proteins (122, 123).

More recently, TTR gene silencers have been released aimed
at blocking mRNA synthesis and reducing the production of
TTR (124).
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Intolerance to ACE inhibitors and beta blockers

Liver transplantation

The first report on the outcome of liver transplanted ATTRv
patients was in 1993 (125). Since then, hundreds of transplants
have been performed, mostly in patients with Val30Met mutation
(121). Long-term transplantation outcomes included in FAP World
Transplant Registry showed that survival at 20 years was 53.3%,
certainly higher than the natural history of disease and that
independent predictive factors for survival were lower age at
transplantation, short disease duration from onset, higher mBMI
and presence of Val30Met mutation (121). The main causes of
mortality were septicemia (22%) and cardiovascular (22%) and
transplant-related complications (14%) (121). Although survival in
transplanted patients was prolonged when performed in the early
stages, limited efficacy in reducing neuropathy and cardiopathy
progression has been observed that continued after liver transplant
(121, 126).

Finally, CNS and eye damage also tended to progress
or appeared after transplantation, resulting from local TTR
production unaffected by liver transplantation (78, 79).

TTR stabilizers

Diflunisal
Diflunisal is a nonsteroidal anti-inflammatory, salicylic acid
derivative, which acts by inhibiting cyclooxygenases 1 and 2 thereby
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FIGURE 3

Schematic flow-chart for the neurologist’s diagnostic approach to ATTR.
effective the earlier it is started, we propose an early genetic test, now easily and rapidly available, in the presence of signs of involvement of the
peripheral nervous system and at least one red flags. In case of doubtful response, the diagnostic tools available today such as bone tracer
scintigraphy, evaluation of a possible multisystem involvement and tissue biopsy studies can help in better defining the diagnosis and evaluating a
possible tissue accumulation of TTRwt. At the same time and, in case of negativity of the genetic study or aforementioned tests, analyses must be
started to identify possible other causes of peripheral neuropathy including the search for monoclonal gammopathy.

Since ATTR is a potentially treatable disease and the therapy is more

mediating the inflammatory response (127). It was evaluated at a
dose of 250 mg twice daily in a phase 1 study, proving effective in
stabilizing the TTR protein in its native state, thereby reducing its
degradation (127).

Later, Diflunisal was administered in a 2-year, randomized,
double-blind, placebo-controlled trial in 130 patients with ATTRv
(64 Diflunisal vs. 66 Placebo) (128). The study showed a statistically
significant reduction in neuropathy progression, as assessed by
using specific scales (Neuropathy Impairment Score plus 7, NIS+7)
(128). Currently, the drug is not approved for use in patients with
ATTRy, so it can only be used off-label. Chronic use of Diflunisal is
somewhat limited because of inpossible gastrointestinal and renal
adverse effects (129).

Tafamidis

Tafamidis is a molecule that can selectively bind TTR in plasma,
making it more stable and preventing dissociation into monomers
and thus amyloidogenesis (130, 131).

The efficacy of Tafamidis in TTRv was tested in an 18-
month randomized, double-blind, placebo-controlled trial (123).
A total of 128 patients were enrolled (65 Tafamidis vs. 63
Placebo), all with Val30Met mutation with early onset phenotype,
signs of peripheral polyneuropathy and fair overall clinical status
(Karnofsky performance status >50) (123). When administered
at a dose of 20mg once daily, no significant difference in the
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primary outcome, probably due to the high number of dropouts
and the short observation period was observed (123). However,
improvement in small and large nerve fiber function in individuals
with TTR-FAP, slowing the disease’s course and lessening the
severity of the condition (123).

Following these results, other studies were conducted in
patients with mutations other than Val30Met and with late-onset
phenotype showing slowed disease progression even if not arrested
(132-135). In all the studies, the side effects were superimposed
on the placebo group, with no serious adverse events even in the
long-term follow-up (132-135). Based on these results, Tafamidis
has been approved in Europe and some other regions of the world
for early forms of ATTRv.

In 2018, Tafamidis was tested
demonstrating a

in a ATTR-ACT trial

significant reduction in mortality and
hospitalization related to cardiological issues, in association
with lower disease progression and reduced decline in quality of
life (136).

For these reasons, it was approved by FDA and subsequently by

EMA for ATTRv-CM.

Molecular therapy

Gene silencing strategies developed to treat ATTRv are focused
on the use of antisense oligonucleotides (ASO) or small interfering
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RNA (siRNA) (124). Two drugs, Inotersen (ASO) and Patisiran
(siRNA), have been recently approved for the treatment of mild and
moderate stages of ATTRv (124).

ASO

Inotersen is an ASO that has the ultimate effect of reducing
circulating TTR levels, resulting in the limitation of tissue
deposition (130-132). It selectively binds TTR mRNA causing its
degradation and thereby inhibiting synthesis of both mutated and
wild-type form, and is administered weekly subcutaneously (130-
132). It has been approved by the FDA and EMA for treating
ATTRv-PN after the promising results of the NEURO study -
ATTR (137). This randomized controlled trial enrolled 172 patients
and showed statistically significant differences in the modified
Neuropathy Impairment Score+7 (NIS +7) and quality of life
scales between the Inotersen group and the placebo group after
15 months of follow up (137). Specifically, in the Inotersen group,
36.6% of patients had a stable or improved NIS+7 compared
with the 19.2% of patients in the placebo group (137). Moreover,
in patients with moderate to severe cardiomyopathy, no signs of
cardiac disease progression emerged (54, 56, 57).

Three patients the
glomerulonephritis, while one patient developed a fatal cerebral

in Inotersen arm  developed
hemorrhage associated with reduced platelet count (<10,000
per cubic millimeter) (137). These findings should prompt to
check and monitor blood count and renal function before starting
the drug and during treatment. However, the real-life data are
encouraging in that they confirm the negative effect on platelets

but in the absence of serious adverse events (138-140).

siRNA

Patisiran is a siRNA that specifically targets a genetically
conserved sequence in the 3’ untranslated region of all variant
and wild-type TTR mRNA (141). Patisiran is formulated as lipid
nanoparticles and is administered via intravenous infusion and
transported by blood to the liver, the primary source of TTR protein
in the circulation (141). The apolipoprotein opsonized in the lipid
capsule of the nanoparticle is recognized by the apolipoprotein-
E receptors of hepatocytes, and the drug is internalized by
endocytosis. that delivers the siRNA to hepatocytes (141). Through
the natural RNA interference (RNAi) process, Patisiran causes the
catalytic degradation of TTR mRNA in the liver, resulting in a
reduction of serum TTR protein (141). Patisiran was first approved
for therapeutic usage by the FDA and the EMA in August 2018,
for the treatment of mild or moderate (stages I and II) ATTRv-PN
(58, 142).

In the phase III APOLLO placebo-controlled study, the efficacy
of Patisiran (0.3 mg/kg every 3 weeks for 18 months) was tested,
and a total of 225 patients were randomly assigned to receive
Patisiran or placebo, accounting for clinical severity and genotype
(142). Improvement from baseline in mNIS + 7 scores occurred
in 56% of participants in the Patisiran group and only 4% of
those who received placebo, along with improvement in Norfolk
QoL scores (51.4% of patients in the Patisiran group vs. 10.4% in
the placebo group), in gait speed (53% of patients who received
Patisiran vs. 13% of those who received placebo), and in the
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COMPASS-31 measure of autonomic symptoms (143). In a 126-
patient subpopulation with cardiac involvement, Patisiran reduced
the thickness of the left ventricular wall by 0.9 + 0.4 mm, reduced
overall longitudinal deformation by —1.4 & 0.6%, and increased
cardiac output by 0.38 & 0.19 L/min (144).

An ongoing trial involving Patisiran is the APOLLO-B
study (NCT03997383), a multicenter, phase III, randomized, and
placebo-controlled study that investigates the drug in ATTR-CM
patients, with an estimated study completion date of June 2025 (58).

Common adverse reactions occurring with Patisiran include
mild to moderate peripheral edema and infusion-related reactions.

Vutrisiran blocks the production of TTR by targeting
and silencing specific messenger RNAs (145). An open-label
multicenter study (HELIOS-A) compared the efficacy of vutrisiran
administered by subcutaneous injection once every 3 months to
122 patients and Patisiran (0.3 mg/kg) by intravenous infusion once
every 3 weeks for 18 months to 42 patients (145).

The treatment with Vutrisiran met the primary endpoint
(improvement in the modified mNIS+7 at 9 months) and achieved
statistically significant results on secondary measures such as
the Norfolk Quality of Life Questionnaire-Diabetic Neuropathy
(Norfolk QoL-DN) and the timed 10-meter walk test (10-MWT)
improvement (145).

The most reported adverse events included arthralgia, dyspnea,
and a decrease in vitamin A; mild and transient reactions at the
injection site were reported in five patients (145).

The drug developer announced that HELIOS-A met all
secondary endpoints measured at 18 months, thus the FDA
approved the drug for ATTRv-PN in June 2022 and EMA in
September 2022.

Upcoming therapeutic options

Eplotersen

Eplotersen is a ligand-conjugated ASO that can inhibit
transthyretin production. It is administered subcutaneously every 4
weeks (124). In the NEURO-TTRansform Study, the drug showed
statistically significant results in both reducing TTR values and
blocking clinical worsening (assessed by NIS+7) with improvement
in quality of life, in 144 patients treated for 66 weeks (146). The
safety profile was superimposable to that of placebo (146).

CRISPR-Cas9 editing

The CRISPR/Cas9 system is based on the use of the Cas9
protein, which can break DNA and can be programmed to
make specific changes to the cell genome (124). The molecule is
introduced into the cell through an RNA molecule that acts as a
guide (guide RNA) (124).

NTLA-2001, an in vivo gene-editing therapeutic drug based on
the Clustered Regularly Interspaced Short Palindromic Repeats and
Associated Cas9 Endonuclease (CRISPR-Cas9) system, consists of
a single guide RNA targeting TTR and a lipid nanoparticle encasing
messenger RNA for the Cas9 protein (147). Targeted knock-out
of TTR caused serum TTR protein concentrations to drop in a
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small sample of individuals with hereditary AT TR amyloidosis with
polyneuropathy with very moderate side effects (147).

AG10

AG10 (Acoramidis) is a highly selective orally taken TTR
stabilizer that has been created to mimic the hyperstabilizing
protectiveeffect of the T119M variant (148, 149). A randomized,
double-blind, placebo-controlled study evaluating safety and
tolerability of AG10 in ATTRv-CM patients with symptomatic
chronic heart failure showed that the treatment was well-tolerated
and achieved near-complete TTR stabilization especially at the
higher doses (149). Consistently positive results from a phase
3 ATTRibute-CM study for patients with transthyretin amyloid
cardiomyopathy (ATTR-CM) were recently announced and results
should be submitted to the US FDA before the end of 2023 (150).

Management and outcome measures

To monitor the disease evolution in clinical practice and to
define the efficacy of treatment in a “real-world” setting, robust
outcome measures are needed (151).

ATTRv management requires a multidisciplinary approach,
including regular neurological, cardiac, renal, and ocular
evaluations. A comprehensive list of assessments for monitoring
progression in somatic and autonomic neuropathy and cardiac
dysfunction (including the related indicators of progression,
sensitivity to progression, suggested frequency of assessment
and clinically significant worsening that may prompt a
change in therapy) has been recently described and includes
different neurological (R-ODS  Rasch-built Overall
Disability Scale; PND polyneuropathy disability; SFN-SIQ
small-fiber neuropathy and symptom inventory questionnaire;

scales

NIS neuropathy impairment score; Sudoscan; COMPASS-31
Composite Autonomic Symptom Score-31; IOMWT and 6MWT
10/6-min walking test) as well as cardiac tools (12-lead ECG,
c¢MRI cardiac magnetic resonance imaging, KCCQ Kansas City
Cardiac Questionnaire) and other general health measures
(eGFR estimated glomerular filtration rate, mBMI modified body
mass index, Norfolk QOL-DN Norfolk Quality of Life-Diabetic
Neuropathy, SF-36 36-item Short-Form Healthy Survey) (151).

The FAP staging system is widely used for hATTR and focus
on the progressive walking impairment and neuropathy severity
throughout the disease (32, 63). It was developed in Portugal in
1980 and considers three stages: (1) FAP 1 is defined by unassisted
walking with mild bilateral foot and leg neuropathy; (2) FAP 2 is
defined by the need for assistance in walking by crutches or canes
with neuropathy spreading throughout the body; (3) FAP 3 is the
most severe stage in which the patient becomes wheelchair-bound
or bedridden and the neuropathy is severe. Although FAP is widely
used, it is not sensitive enough to monitor short-term progression
(43, 53, 152).

An interesting score system is the Neuropathy Impairment
Score (NIS) which was designed to provide standard, quantitative,
and overall scores of neurological impairments for continuous
patient clinical trials and

assessment, predominantly in
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epidemiological studies (63). NIS includes weakness, reflexes,
and sensory evaluation as clinical variables, with a greatest
emphasis on weakness. Total NIS goes from a minimum score of 0
to a maximum score of 244, indicating greater impairment.

The NIS-lower limb (NIS-LL) score is a subset of the NIS that
evaluates the same variables only in the lower limbs (63, 153).

To overcome some NIS and NIS-LL limitations, NIS+7
was created. It considers the same NIS items added to seven
other assessments that have been included to better characterize
and quantify the neuropathic damage (63). Five of these
measures are focused on three lower limb nerves: distal motor
latency of the tibial nerve; amplitude of the compound action
potential of the peroneal nerve; distal motor latency and
conduction velocity, and amplitude of the action potential of the
sural sensory nerve. The other two additional components of
NIS+7 are the vibration detection threshold (VDT), a sensory
measurement taken at the big toe, and the heart rate response
to deep breathing (HRdb) as a measurement of autonomic
involvement (63).

Modified NIS+7
Ionis

(mNIS+7)
specifically  for

Alnylam and mNIS+7
ATTRv
primary endpoints
mNIS+7
NIS+7
sensation and

were created randomized

controlled trials. They were used as
Phase III  ATTRv-PN
considers the same ratings and
but discards the VDT for
includes smart somatotopic
(SSTQST) (43, 62).

A current hot topic is the optimal timing for starting

in  two studies.

scores as the
evaluating
sensation

quantitative testing

therapy in pre-symptomatic subjects with pathogenic variants in
TTR and positive family history who are at risk of developing
symptoms in the future. A consensus approach suggested to
offer genetic testing in the context of genetic counseling to pre-
symptomatic relatives aged 18 or older and recommended a
regular follow-up not later than 10 years before the PADO for
positive subjects which has to include baseline visit followed
by a second visit after 6 months if symptoms are not
reported, then every 12-24 months, and more frequent (6-12
months) as the predicted age of onset of symptomatic disease
approaches (154).

Conclusions

ATTRv is a severe systemic disease, primarily affecting the
peripheral nerves and the heart, distributed throughout the world,
and clinically and genetically heterogeneous.

Heterogeneity makes the disease difficult to diagnose, often
resulting in enormous loss of time and increased disability for
the patient.

Advances in molecular genetics have led to the discovery
that have been
controlling the disease and improving several clinical aspects.
benefit of the
stage of the disease, but early therapy is recommended to

of molecules shown to be effective in

Most patients from treatment regardless

minimize organ damage. Therefore, a timely and definite
diagnosis is essential in view of the availability of effective
have revolutionized the

therapies that management of

affected patients.
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Therefore, the goal of clinicians must be to intercept
the signs of the disease early, suspect and diagnose it

as early as possible in order to start treatment as soon

as possible.

Future  challenges  will be  evaluating  effective

therapy for patients in advanced stages of the disease,

determining the impact of gene therapy, and assessing
the potential benefits of combined therapies using
drugs with different mechanisms of action, as well
as the effects of disease-modifying therapies in

pre-symptomatic individuals.

Author contributions

LP, ME and AP contributed to conception and design
of the study. LP and BL wrote the first draft of the
manuscript. SCP, FC, BR, and SD performed bibliographic
research and wrote sections of the manuscript. MF and
AP contributed to draft. All
contributed to manuscript revision, read, and approved the

revision of the authors

submitted version.

References

1. Ando Y, Coelho T, Berk JL, Cruz MW, Ericzon B-G, Ikeda S-i, et al. Guideline of
transthyretin-related hereditary amyloidosis for clinicians. Orphanet ] Rare Dis. (2013)
8:31. doi: 10.1186/1750-1172-8-31

2. Schmidt HH, Waddington-Cruz M, Botteman MEF Carter JA, Chopra AS,
Hopps M, et al. Estimating the global prevalence of transthyretin familial amyloid
polyneuropathy. Muscle Nerve. (2018) 57:829-37. doi: 10.1002/mus.26034

3. Russo M, Obici L, Bartolomei I, Cappelli E Luigetti M, Fenu S, et al. ATTRv
amyloidosis Italian Registry: Clinical and epidemiological data. Amyloid. (2020)
27:259-65. doi: 10.1080/13506129.2020.1794807

4. Tsuzuki T, Mita S, Maeda S, Araki S, Shimada K.
of the human prealbumin gene. ] Biol Chem. (1985)
7. doi: 10.1016/S0021-9258(17)39013-0

5. Episkopou V, Maeda S, Nishiguchi S, Shimada K, Gaitanaris GA, Gottesman
ME, et al. Disruption of the transthyretin gene results in mice with depressed levels
of plasma retinol and thyroid hormone. Proc Natl Acad Sci USA. (1993) 90:2375-
9. doi: 10.1073/pnas.90.6.2375

6. Koike H, Nishi R, Ikeda S, Kawagashira Y, Iijima M, Sakurai T, et al. The
morphology of amyloid fibrils and their impact on tissue damage in hereditary
transthyretin amyloidosis: An ultrastructural study. J Neurol Sci. (2018) 394:99-
106. doi: 10.1016/j.jns.2018.09.011

7. Coelho T, Maurer MS, Suhr OB. THAOS - The Transthyretin Amyloidosis
Outcomes Survey: initial report on clinical manifestations in patients with hereditary
and wild-type transthyretin amyloidosis. Curr Med Res Opin. (2013) 29:63-
76. doi: 10.1185/03007995.2012.754348

8. Beirdo JM, Malheiro ], Lemos C, Beirdo I, Costa P, Torres P. Ophtha.lmological
manifestations in hereditary transthyretin (ATTR V30M) carriers: a review of 513
cases. Amyloid. (2015) 22:117-22. doi: 10.3109/13506129.2015.1015678

9. Haraoka K, Ando Y, Ando E, Sandgren O, Hirata A, Nakamura M, et al. Amyloid
deposition in ocular tissues of patients with familial amyloidotic polyneuropathy
(FAP). Amyloid. (2002) 9:183-9. doi: 10.3109/13506120209114820

10. Bahirwani R, Forde KA, Mu Y, Lin E Reese P, Goldberg D, et al. End-stage
renal disease after liver transplantation in patients with pre-transplant chronic kidney
disease. Clin Transplant. (2014) 28:205-10. doi: 10.1111/ctr.12298

11. Solignac J, Delmont E, Fortanier E, Attarian S, Mancini ], Daniel L, et al. Kidney
involvement in hereditary transthyretin amyloidosis: a cohort study of 103 patients.
Clin Kidney J. (2022) 15:1747-54. doi: 10.1093/ckj/sfac118

12. Wixner J, Mundayat R, Karayal ON, Anan I, Karling P, Suhr OB.
THAOS investigators. THAOS: gastrointestinal manifestations of transthyretin
amyloidosis—-common complications of a rare disease. Orphanet ] Rare Dis. (2014)
9:61. doi: 10.1186/1750-1172-9-61

Structure
260:12224-

Frontiersin Neurology

10.3389/fneur.2023.1242815

Acknowledgments

The authors are members of a healthcare provider part of
the European Reference Network for Neuromuscular Diseases
(ERN Euro-NMD).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

13. Rowczenio DM, Noor I, Gillmore JD, Lachmann HJ, Whelan C, Hawkins PN,
et al. Online registry for mutations in hereditary amyloidosis including nomenclature
recommendations. Hum Mutat. (2014) 35:E2403-12. doi: 10.1002/humu.22619

14. Zhen DB, Swiecicki PL, Zeldenrust SR, Dispenzieri A, Mauermann ML, Gertz
MA. Frequencies and geographic distributions of genetic mutations in transthyretin-
and non-transthyretin-related familial amyloidosis. Clin Genet. (2015) 88:396-
400. doi: 10.1111/cge.12500

15. Dardiotis E, Koutsou P, Papanicolaou EZ, Vonta I, Kladi A, Vassilopoulos D, et al.
Epidemiological, clinical and genetic study of familial amyloidotic polyneuropathy in
cyprus. Amyloid. (2009) 16:32-7. doi: 10.1080/13506120802676948

16. Parman Y, Adams D, Obici L, Galin L, Guergueltcheva V, Suhr OB,
et al. Sixty years of transthyretin familial amyloid polyneuropathy (TTR-FAP)
in Europe: where are we now? A European network approach to defining the
epidemiology and management patterns for TTR-FAP. Curr Opin Neurol. (2016)
29:53-513 doi: 10.1097/WC0O.0000000000000288

17. Koike H, Misu K, Ikeda S, Ando Y, Nakazato M, Ando E, et al. Study Group
for hereditary neuropathy in Japan. Type I (transthyretin Met30) familial amyloid
polyneuropathy in Japan: early- vs late-onset form. Arch Neurol. (2002) 59:1771-
6. doi: 10.1001/archneur.59.11.1771

18. Sousa A, Coelho T, Barros J, Sequeiros J. Genetic epidemiology of familial
amyloidotic polyneuropathy (FAP)-type I in P6voa do Varzim and Vila do Conde
(north of Portugal). Am ] Med Genet. (1995) 60:512-21. doi: 10.1002/ajmg.1320600606

19. Schmidt H, Cruz MW, Botteman ME, Carter JA, Chopra A, Stewart M, et al.
Global epidemiology of transthyretin hereditary amyloid polyneuropathy: a systematic
review. Amyloid. (2017) 24:111-2. doi: 10.1080/13506129.2017.1292903

20. Inés M, Coelho T, Conceig¢do I, Duarte-Ramos F, de Carvalho M, Costa
J. Epidemiology of transthyretin familial amyloid polyneuropathy in Portugal:
a nationwide study. Neuroepidemiology. (2018) 51:177-82. doi: 10.1159/0004
90553

21. Liu Y-T, Lee Y-C, Yang C-C, Chen M-L, Lin K-P. Transthyretin Ala97Ser in
Chinese-Taiwanese patients with familial amyloid polyneuropathy: genetic studies and
phenotype expression. ] Newurol Sci. (2008) 267:91-9. doi: 10.1016/j.jns.2007.10.011

22. Hellman U, Suhr O. Regional differences and similarities of FAP in Sweden.
Amyloid. (2012) 19:53-4. doi: 10.3109/13506129.2012.670813

23. Cappelli E Franco AD, Vergaro G, Mazzoni C, Argird A, Pieroni
M, et al. Prevalence of transthyretin-related amyloidosis in Tuscany:
data from the regional population-based registry. Int ] Cardiol. (2023)
382:87-90. doi: 10.1016/j.ijcard.2023.03.063

24. Bonaiti B, Olsson M, Hellman U, Suhr O, Bonaiti-Pelli¢ C, Planté-Bordeneuve
V. TTR familial amyloid polyneuropathy: does a mitochondrial polymorphism entirely

frontiersin.org


https://doi.org/10.3389/fneur.2023.1242815
https://doi.org/10.1186/1750-1172-8-31
https://doi.org/10.1002/mus.26034
https://doi.org/10.1080/13506129.2020.1794807
https://doi.org/10.1016/S0021-9258(17)39013-0
https://doi.org/10.1073/pnas.90.6.2375
https://doi.org/10.1016/j.jns.2018.09.011
https://doi.org/10.1185/03007995.2012.754348
https://doi.org/10.3109/13506129.2015.1015678
https://doi.org/10.3109/13506120209114820
https://doi.org/10.1111/ctr.12298
https://doi.org/10.1093/ckj/sfac118
https://doi.org/10.1186/1750-1172-9-61
https://doi.org/10.1002/humu.22619
https://doi.org/10.1111/cge.12500
https://doi.org/10.1080/13506120802676948
https://doi.org/10.1097/WCO.0000000000000288
https://doi.org/10.1001/archneur.59.11.1771
https://doi.org/10.1002/ajmg.1320600606
https://doi.org/10.1080/13506129.2017.1292903
https://doi.org/10.1159/000490553
https://doi.org/10.1016/j.jns.2007.10.011
https://doi.org/10.3109/13506129.2012.670813
https://doi.org/10.1016/j.ijcard.2023.03.063
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Poli et al.

explain the parent-of-origin difference in penetrance? Eur ] Hum Genet. (2010)
18:948-52. doi: 10.1038/ejhg.2010.36

25. Adams D, Ando Y, Beirio JM, Coelho T, Gertz MA, Gillmore JD, et al.
Expert consensus recommendations to improve diagnosis of ATTR amyloidosis with
polyneuropathy. J Neurol. (2021) 268:2109-22. doi: 10.1007/s00415-019-09688-0

26. Whitehead AS, Skinner M, Bruns GA, Costello W, Edge MD, Cohen AS, et al.
Cloning of human prealbumin complementary DNA. Localization of the gene to
chromosome 18 and detection of a variant prealbumin allele in a family with familial
amyloid polyneuropathy. Mol Biol Med. (1984) 2:411-23.

27. Kanda Y, Goodman DS, Canfield RE, Morgan FJ. The amino acid
sequence of human plasma prealbumin. ] Biol Chem. (1974) 249:6796-
805. doi: 10.1016/S0021-9258(19)42128-5

28. Liz MA, Coelho T, Bellotti V, Fernandez-Arias MI, Mallaina P, Obici L, et al.
Narrative review of the role of transthyretin in health and disease. Neurol Ther. (2020)
9:395-402. doi: 10.1007/s40120-020-00217-0

29. Blake CC, Geisow M]J, Swan ID, Rerat C, Rerat B. Structure of human plasma
prealbumin at 2-5A resolution. A preliminary report on the polypeptide chain
conformation, quaternary structure and thyroxine binding. ] Mol Biol. (1974) 88:1-
12. doi: 10.1016/0022-2836(74)90291-5

30. Lahuerta Pueyo C, Aibar Arregui MA, Gracia Gutierrez A, Bueno Juana E,
Menao Guillén S. Estimating the prevalence of allelic variants in the transthyretin
gene by analysing large-scale sequencing data. Eur ] Hum Genet. (2019) 27:783-
91. doi: 10.1038/s41431-019-0337-1

31. Wakita Y, Sato T, Chosa K, Suico MA, Sasaki R, Kawano S, et al.
Characterization of non-amyloidogenic G101S transthyretin. Biol Pharm Bull. (2018)
41:628-36. doi: 10.1248/bpb.b17-01021

32. Bersano A, Bo RD, Ballabio E, Cinnante C, Lanfranconi S, Comi GP, et al.
Transthyretin Asn90 variant: amyloidogenic or non-amyloidogenic role. ] Neurol Sci.
(2009) 284:113-5. doi: 10.1016/j.jns.2009.04.015

33. Parker MM, Ticau S, Butler ], Erbe D, Merkel M, Aldinc E, et al
Transthyretin-stabilising mutation T119M is not associated with protection
against vascular disease or death in the UK Biobank. Amyloid. (2020)
27:184-90. doi: 10.1080/13506129.2020.1758658

34. Jacobson DR, Pastore RD, Yaghoubian R, Kane I, Gallo G, Buck F, et al. Variant-
sequence transthyretin (isoleucine 122) in late-onset cardiac amyloidosis in black
Americans. N Engl ] Med. (1997) 336:466-73. doi: 10.1056/NEJM199702133360703

35. Zaros C, Genin E, Hellman U, Saporta MA, Languille L, Wadington-Cruz M,
et al. On the origin of the transthyretin Val30Met familial amyloid polyneuropathy.
Ann Hum Genet. (2008) 72:478-84. doi: 10.1111/j.1469-1809.2008.00439.x

36. Saraiva MJ, Birken S, Costa PP, Goodman DS. Amyloid fibril protein in familial
amyloidotic polyneuropathy, Portuguese type. Definition of molecular abnormality in
transthyretin (prealbumin). J Clin Invest. (1984) 74:104-19. doi: 10.1172/JCI111390

37. Gorram E Olsson M, Alarcon E, Nuel G, Anan I, Planté-Bordeneuve V. New data
on the genetic profile and penetrance of hereditary Val30Met transthyretin amyloidosis
in Sweden. Amyloid. (2021) 28:84-90 doi: 10.25077/jwa.28.2.84-90.2021

38. Planté-Bordeneuve V, Carayol J, Ferreira A, Adams D, Clerget-Darpoux
E Misrahi M, et al. Genetic study of transthyretin amyloid neuropathies:
carrier risks among French and Portuguese families. J Med Genet. (2003)
40:e120 doi: 10.1136/jmg.40.11.e120

39. Ohmori H, Ando Y, Makita Y, Onouchi Y, Nakajima T, Saraiva MJM, et al.
Common origin of the Val30Met mutation responsible for the amyloidogenic
transthyretin type of familial amyloidotic polyneuropathy. J Med Genet. (2004)
41:e51. doi: 10.1136/jmg.2003.014803

40. Hellman U, Alarcon E Lundgren HE, Suhr OB, Bonaiti-Pellié C,
Planté-Bordeneuve V. Heterogeneity of penetrance in familial amyloid
polyneuropathy, ATTR Val30Met, in the Swedish population. Amyloid. (2008)
15:181-6. doi: 10.1080/13506120802193720

41. Torio A, De Lillo A, De Angelis F, Giroloma M, Luigetti M, Sabatelli M, et al.
Non-coding variants contribute to the clinical heterogeneity of TTR amyloidosis. Eur |
Hum Genet. (2017) 25:1055-60. doi: 10.1038/ejhg.2017.95

42. Arvanitis M, Koch CM, Chan GG, Torres-Arancivia C, LaValley MP, Jacobson
DR, et al. Identification of transthyretin cardiac amyloidosis using serum retinol-
binding protein 4 and a clinical prediction model. JAMA Cardiol. (2017) 2:305-
13. doi: 10.1001/jamacardio.2016.5864

43. Parcha V, Malla G, Irvin MR, Armstrong ND, Judd SE, Lange LA, et al.
Association of Transthyretin Val1221le variant with incident heart failure among black
individuals. JAMA. (2022) 327:1368-78. doi: 10.1001/jama.2022.2896

44. Adams D, Koike H, Slama M, Coelho T. Hereditary transthyretin amyloidosis:
a model of medical progress for a fatal disease. Nat Rev Neurol. (2019) 15:387-
404. doi: 10.1038/s41582-019-0210-4

45. Thse E, Ybo A, Suhr Ob, Lindqvist P, Backman C, Westermark P. Amyloid fibril
composition is related to the phenotype of hereditary transthyretin V30M amyloidosis.
J Pathol. (2008) 216:253-61. doi: 10.1002/path.2411

46. Sobue G, Nakao N, Murakami K, Yasuda T, Sahashi K, Mitsuma T,
et al. Type I familial amyloid polyneuropathy. A pathological study of the

Frontiersin Neurology

10.3389/fneur.2023.1242815

peripheral nervous system. Brain. (1990) 113:903-19. doi: 10.1093/brain/
113.4.903
47. Suhr OB, Wixner J, Anan I, Lundgren H-E, Wijayatunga P,

Westermark P, et al. Amyloid fibril composition within hereditary Val30Met
(p. Val50Met) transthyretin amyloidosis families. PLoS ONE. (2019)
14:€0211983. doi: 10.1371/journal.pone.0211983

48. Tozza S, Severi D, Spina E, Iovino A, Aruta E Ruggiero L, et al. The neuropathy
in hereditary transthyretin amyloidosis: a narrative review. ] Peripher Nerv Syst. (2021)
26:155-9. doi: 10.1111/jns.12451

49. Koike H, Ikeda S, Takahashi M, Kawagashira Y, Iijima M, Misumi Y,
et al. Schwann cell and endothelial cell damage in transthyretin familial amyloid
polyneuropathy. Neurology. (2016) 87:2220-9. doi: 10.1212/WNL.0000000000003362

50. Murakami T, Sunada Y. Transthyretin amyloid neuropathy: the Schwann cell
hypothesis. Adv Exp Med Biol. (2019) 1190:371-8. doi: 10.1007/978-981-32-9636-7_24

51. Choi ML, Gandhi S. Crucial role of protein oligomerization in the
pathogenesis of a Alzheimer’s and Parkinson’s diseases. FEBS J. (2018) 285:3631-
44. doi: 10.1111/febs.14587

52. Nunes RJ, de Oliveira P, Lages A, Becker JD, Marcelino P, Barroso
E, et al. Transthyretin proteins regulate angiogenesis by conferring
different molecular identities to endothelial cells. J Biol Chem. (2013)
288:31752. doi: 10.1074/jbc.M113.469858

53. Nativi-Nicolau J, Fine NM, Ortiz-Pérez JT, Brown D, Vera-Llonch M, Reddy SR,
etal. Clinical manifestations and healthcare utilization before diagnosis of transthyretin
amyloidosis. ] Comp Eff Res. (2022) 11:1031-44. doi: 10.2217/cer-2022-0074

54. Conceigdo I, De Carvalho M. Clinical variability in type I familial amyloid
polyneuropathy (Val30Met): comparison between late- and early-onset cases in
Portugal. Muscle Nerve. (2007) 35:116-8. doi: 10.1002/mus.20644

55. Sekijima Y, Ueda M, Koike H, Misawa S, Ishii T, Ando Y. Diagnosis
and management of transthyretin familial amyloid polyneuropathy in Japan: red-
flag symptom clusters and treatment algorithm. Orphanet ] Rare Dis. (2018)
13:6. doi: 10.1186/s13023-017-0726-x

56. Pinto MV, Dyck PJB, Liewluck T. Neuromuscular amyloidosis: unmasking the
master of disguise. Muscle Nerve. (2021) 64:23-36. doi: 10.1002/mus.27150

57. Holland NR, Stocks A, Hauer P, Cornblath DR, Griffin JW, McArthur JC.
Intraepidermal nerve fiber density in patients with painful sensory neuropathy.
Neurology. (1997) 48:708-11. doi: 10.1212/WNL.48.3.708

58. Carroll A, Dyck PJ, de Carvalho M, Kennerson M, Reilly MM,
Kiernan MC, et al. Novel approaches to diagnosis and management of
hereditary transthyretin amyloidosis. J Neurol Neurosurg Psychiatry. (2022)
93:668-78. doi: 10.1136/jnnp-2021-327909

59. Lin X, Yarlas A, Vera-Llonch M, Baranwal N, Biber ], Brown D, et al. Rate of
neuropathic progression in hereditary transthyretin amyloidosis with polyneuropathy
and other peripheral neuropathies: a systematic review and meta-analysis. BMC Neurol.
(2021) 21:70. doi: 10.1186/s12883-021-02094-y

60. Ungerer MN, Hund E, Purrucker JC, Huber L, Kimmich C, Siepen F, et al.
Real-world outcomes in non-endemic hereditary transthyretin amyloidosis with
polyneuropathy: a 20-year German single-referral centre experience. Amyloid. (2021)
28:91-9. doi: 10.1080/13506129.2020.1855134

61. Gonzalez-Duarte A, Valdés-Ferrer SI, Cantd-Brito C. Characteristics and natural
history of autonomic involvement in hereditary ATTR amyloidosis: a systematic
review. Clin Auton Res. (2019) 29:1-9. doi: 10.1007/510286-019-00630-y

62. Severi D, Aruta E Iovino A, Spina E, Nolano M, Manganelli E et al. Can
we identify hereditary TTR amyloidosis by the screening of carpal tunnel syndrome
patients? Neurol Sci. (2022) 43:3435-8. doi: 10.1007/s10072-021-05851-6

63. Karam C, Dimitrova D, Christ M, Heitner SB. Carpal tunnel syndrome and
associated symptoms as first manifestation of hATTR amyloidosis. Neurol Clin Pract.
(2019) 9:309-13. doi: 10.1212/CPJ.0000000000000640

64. Salvalaggio A, Coraci D, Cacciavillani M, Obici L, Mazzeo A, Luigetti
M, et al. Nerve ultrasound in hereditary transthyretin amyloidosis: red
flags and possible progression biomarkers. J Neurol. (2021) 268:189-
98. doi: 10.1007/s00415-020-10127-8

65. Leonardi L, Di Pietro G, Di Pasquale A, Vanoli E, Fionda L, Garibaldi M, et al.
High-resolution ultrasound of peripheral nerves in late-onset hereditary transthyretin
amyloidosis with polyneuropathy: similarities and differences with CIDP. Neurol Sci.
(2022) 43:3387-94. doi: 10.1007/s10072-021-05749-3

66. Sperry BW, Reyes BA, lIkram A, Donnelly JP, Phelan D, Jaber W, et al.
Tenosynovial and cardiac amyloidosis in patients undergoing carpal tunnel release. |
Am Coll Cardiol. (2018) 72:2040-50. doi: 10.1016/j.jacc.2018.07.092

67. Samdes R, Taipa R, Valdrez K, Gongalves I, Pires MM, da Silva AM, et al.
Amyloid detection in the transverse carpal ligament of patients with hereditary
ATTR V30M amyloidosis and carpal tunnel syndrome. Amyloid. (2017) 24:73-
7. doi: 10.1080/13506129.2017.1313222

68. Lai MKL, Cheung PWH, Cheung JPY. A
developmental ~lumbar spinal stenosis. Eur
87. doi: 10.1007/500586-020-06524-2

review of
29:2173-

systematic
Spine  J.  (2020)

frontiersin.org


https://doi.org/10.3389/fneur.2023.1242815
https://doi.org/10.1038/ejhg.2010.36
https://doi.org/10.1007/s00415-019-09688-0
https://doi.org/10.1016/S0021-9258(19)42128-5
https://doi.org/10.1007/s40120-020-00217-0
https://doi.org/10.1016/0022-2836(74)90291-5
https://doi.org/10.1038/s41431-019-0337-1
https://doi.org/10.1248/bpb.b17-01021
https://doi.org/10.1016/j.jns.2009.04.015
https://doi.org/10.1080/13506129.2020.1758658
https://doi.org/10.1056/NEJM199702133360703
https://doi.org/10.1111/j.1469-1809.2008.00439.x
https://doi.org/10.1172/JCI111390
https://doi.org/10.25077/jwa.28.2.84-90.2021
https://doi.org/10.1136/jmg.40.11.e120
https://doi.org/10.1136/jmg.2003.014803
https://doi.org/10.1080/13506120802193720
https://doi.org/10.1038/ejhg.2017.95
https://doi.org/10.1001/jamacardio.2016.5864
https://doi.org/10.1001/jama.2022.2896
https://doi.org/10.1038/s41582-019-0210-4
https://doi.org/10.1002/path.2411
https://doi.org/10.1093/brain/113.4.903
https://doi.org/10.1371/journal.pone.0211983
https://doi.org/10.1111/jns.12451
https://doi.org/10.1212/WNL.0000000000003362
https://doi.org/10.1007/978-981-32-9636-7_24
https://doi.org/10.1111/febs.14587
https://doi.org/10.1074/jbc.M113.469858
https://doi.org/10.2217/cer-2022-0074
https://doi.org/10.1002/mus.20644
https://doi.org/10.1186/s13023-017-0726-x
https://doi.org/10.1002/mus.27150
https://doi.org/10.1212/WNL.48.3.708
https://doi.org/10.1136/jnnp-2021-327909
https://doi.org/10.1186/s12883-021-02094-y
https://doi.org/10.1080/13506129.2020.1855134
https://doi.org/10.1007/s10286-019-00630-y
https://doi.org/10.1007/s10072-021-05851-6
https://doi.org/10.1212/CPJ.0000000000000640
https://doi.org/10.1007/s00415-020-10127-8
https://doi.org/10.1007/s10072-021-05749-3
https://doi.org/10.1016/j.jacc.2018.07.092
https://doi.org/10.1080/13506129.2017.1313222
https://doi.org/10.1007/s00586-020-06524-2
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Poli et al.

69. Fanuele JC, Birkmeyer NJ, Abdu WA, Tosteson TD, Weinstein JN. The impact
of spinal problems on the health status of patients: have we underestimated the effect?
Spine. (2000) 25:1509-14 doi: 10.1097/00007632-200006150-00009

70. Cakar A, Atmaca MM, Kotan D, Durmus H, Deymeer E, Oflazer P, et al. Lumbar
Spinal Stenosis: A Rare Presentation of Hereditary Transthyretin Amyloidosis. Noro
Psikiyatr Ars. (2020) 59:77-9. doi: 10.29399/npa.26124

71. Carr AS, Shah S, Choi D, Blake ], Phadke R, Gilbertson J, et al. Spinal
Stenosis in Familial Transthyretin Amyloidosis. ] Neuromuscul Dis. (2019) 6:267-
70. doi: 10.3233/JND-180348

72. Yanagisawa A, Ueda M, Sueyoshi T, Okada T, Fujimoto T, Ogi Y, et al. Amyloid
deposits derived from transthyretin in the ligamentum flavum as related to lumbar
spinal canal stenosis. Mod Pathol. (2015) 28:201-7. doi: 10.1038/modpathol.2014.102

73. Wininger AE, Phelps BM, Le JT, Harris JD, Trachtenberg BH, Liberman
SR. Musculoskeletal pathology as an early warning sign of systemic amyloidosis: a
systematic review of amyloid deposition and orthopedic surgery. BMC Musculoskelet
Disord. (2021) 22:51. doi: 10.1186/s12891-020-03912-z

74. Pinto MV, Milone M, Mauermann ML, Dyck PJB, Alhammad R, McPhail ED,
et al. Transthyretin amyloidosis: Putting myopathy on the map. Muscle Nerve. (2020)
61:95-100. doi: 10.1002/mus.26723

75. Ungericht M, Wanschitz J, Kroiss AS, Rocken C, Schuetz T, Messner
M, et al. Amyloid myopathy: expanding the clinical spectrum of transthyretin
amyloidosis-case report and literature review. J Nucl Cardiol. (2023) 30:1420-
6. doi: 10.1007/s12350-022-02990-x

76. Petersen RB, Goren H, Cohen M, Richardson SL, Tresser N, Lynn A, et al.
Transthyretin amyloidosis: a new mutation associated with dementia. Ann Neurol.
(1997) 41:307-13. doi: 10.1002/ana.410410305

77. Sekijima Y, Hammarstrém P, Matsumura M, Shimizu Y, Iwata M, Tokuda
T, et al. Energetic characteristics of the new transthyretin variant A25T may
explain its atypical central nervous system pathology. Lab Invest. (2003) 83:409-
17. doi: 10.1097/01.LAB.0000059937.11023.1F

78. Sousa L, Coelho T, Taipa R. CNS involvement in Hereditary Transthyretin
Amyloidosis. Neurology. (2021) 97:1111-9. doi: 10.1212/WNL.0000000000012965

79. Maia LE, Magalhdes R, Freitas ], Taipa R, Pires MM, Osério H,
et al. CNS involvement in V30M transthyretin amyloidosis: clinical,
neuropathological and biochemical findings. J Neurol Neurosurg Psychiatry. (2015)
86:159-67. doi: 10.1136/jnnp-2014-308107

80. Brett M, Persey MR, Reilly MM, Revesz T, Booth DR, Booth SE, et al.
Transthyretin Leul2Pro is associated with systemic, neuropathic and leptomeningeal
amyloidosis. Brain. (1999) 122:183-90. doi: 10.1093/brain/122.2.183

81. Ellie E, Camou F, Vital A, Rummens C, Grateau G, Delpech M, et al. Recurrent
subarachnoid hemorrhage associated with a new transthyretin variant (Gly53Glu).
Neurology. (2001) 57:135-7. doi: 10.1212/WNL.57.1.135

82. Planté-Bordeneuve V, Said G. Familial amyloid polyneuropathy. Lancet Neurol.
(2011) 10:1086-97 doi: 10.1016/S1474-4422(11)70246-0

83. Jin K, Sato S, Takahashi T, Nakazaki H, Date Y, Nakazato M, et al. Familial
leptomeningeal amyloidosis with a transthyretin variant Aspl8Gly representing
repeated subarachnoid haemorrhages with superficial siderosis. J Neurol Neurosurg
Psychiatry. (2004) 7:1463-6. doi: 10.1136/jnnp.2003.029942

84. Mitsuhashi S, Yazaki M, Tokuda T, Yamamoto K, Ikeda S. MRI analysis on a
patient with the V30M mutation is characteristic of leptomeningeal amyloid. Amyloid.
(2004) 11:265-7. doi: 10.1080/13506120400000749

85. Rapezzi C, Quarta CC, Riva L, Longhi S, Gallelli I, Lorenzini M, et al.
Transthyretin-related amyloidoses and the heart: a clinical overview. Nat Rev Cardiol.
(2010) 7:398-408. doi: 10.1038/nrcardio.2010.67

86. Rapezzi C, Longhi S, Milandri A, Lorenzini M, Gagliardi C, Gallelli I, et al.
Cardiac involvement in hereditary-transthyretin related amyloidosis. Amyloid. (2012)
19 Suppl 1:16-21. doi: 10.3109/13506129.2012.673185

87. Minnella AM, Rissotto R, Antoniazzi E, Di Girolamo M, Luigetti M, Maceroni
M, et al. Ocular Involvement in Hereditary Amyloidosis. Genes (Basel). (2021)
12:955. doi: 10.3390/genes12070955

88. Lessell S, Wolf PA, Benson MD, Cohen AS. Scalloped pupils in familial
amyloidosis. N Engl ] Med. (1975) 293:914-5. doi: 10.1056/NEJM197510302931808

89. Fenoglio R, Baldovino S, Barreca A, Bottasso E, Sciascia S, Sbaiz L, et al. Renal
involvement in Transthyretin Amyloidosis: The double presentation of Transthyretin
Amyloidosis deposition disease. Nephron. (2022) 146:481-8. doi: 10.1159/000522370

90. Ebert EC, Nagar M. Gastrointestinal manifestations of amyloidosis. Am J
Gastroenterol. (2008) 103:776-87. doi: 10.1111/.1572-0241.2007.01669.x

91. Lousada I, Comenzo RL, Landau H, Guthrie S, Merlini G. Patient experience with
hereditary and senile systemic amyloidoses: a survey from the Amyloidosis Research
Consortium. Orphanet ] Rare Dis. (2015) 10:P22. doi: 10.1186/1750-1172-10-S1-P22

92. Russo M, Mazzeo A, Stancanelli C, Leo RD, Gentile L, Di Bella G, et al.
Transthyretin-related familial amyloidotic polyneuropathy: description of a cohort of
patients with Leu64 mutation and late onset. J Peripher Nerv Syst. (2012) 17:385-
90. doi: 10.1111/j.1529-8027.2012.00436.x

Frontiersin Neurology

10.3389/fneur.2023.1242815

93. Théaudin M, Lozeron P, Algalarrondo V, Lacroix C, Cauquil C, Labeyrie C, et al.
Upper limb onset of hereditary transthyretin amyloidosis is common in non-endemic
areas. Eur ] Neurol. (2019) 26:497-€36. doi: 10.1111/ene.13845

94. Tozza S, Severi D, Spina E, Paolantonio A, Iovino A, Gulielmiono V, et al. A
compound score to screen patients with hereditary transthyretin amyloidosis. J Neurol.
(2022) 269:4281-7. doi: 10.1007/s00415-022-11056-4

95. Du K, Chu X, Tang Y, Zhao X, Yu M, Zheng Y, et al. Patterns of myelinated
nerve fibers loss in transthyretin amyloid polyneuropathy and mimics. Ann Clin Transl
Neurol. (2022) 9:1059-68. doi: 10.1002/acn3.51599

96. Granata G, Luigetti M, Coraci D, Grande AD, Romano A, Bisogni G, et al.
Ultrasound evaluation in transthyretin-related amyloid neuropathy. Muscle Nerve.
(2014) 50:372-6. doi: 10.1002/mus.24168

97. Kollmer J, Hund E, Hornung B, Hegenbart U, Schénland SO, Kimmich C, et al.
In vivo detection of nerve injury in familial amyloid polyneuropathy by magnetic
resonance neurography. Brain. (2015) 138:549-62. doi: 10.1093/brain/awu344

98. Hodel J, Benadjaoud S, Benadjaoud MA, et al. 3-T MR neurography of lumbo-
sacral plexus in hereditary transthyretin-related amyloidosis with polyneuropathy. Eur
Radiol. (2022) 32:7865-71. doi: 10.1007/s00330-022-08748-w

99. Gasparotti R, Salvalaggio A, Corbo D, Agazzi G, Cacciavillani M, Lozza A,
et al. Magnetic resonance neurography and diffusion tensor imaging of the sciatic
nerve in hereditary transthyretin amyloidosis polyneuropathy. ] Neurol. (2023) 17:1-4.
doi: 10.1007/s00415-023-11813-z

100. Zadok OIB, Eisen A, Shapira Y, Monakier D, Iakobishvili Z,
Schwartzenberg S, et al. Natural history and disease progression of early
cardiac amyloidosis evaluated by echocardiography. Am ] Cardiol. (2020)
133:126-33. doi: 10.1016/j.amjcard.2020.07.050

101. Gertz MA, Benson MD, Dyck PJ, Grogan M, Coelho T, Cruz M, et al. Diagnosis,
prognosis, and therapy of transthyretin amyloidosis. ] Am Coll Cardiol. (2015) 66:2451-
66 doi: 10.1016/j.jacc.2015.09.075

102. Patel RK, Fontana M, Ruberg FL. Cardiac amyloidosis: multimodal imaging
of disease activity and response to treatment. Circ Cardiovasc Imaging. (2021)
14:€009025. doi: 10.1161/CIRCIMAGING.121.009025

103. Phelan D, Collier P, Thavendiranathan P, Popovi¢ ZB, Hanna M, Plana JC, et al.
Relative apical sparing of longitudinal strain using two-dimensional speckle-tracking
echocardiography is both sensitive and specific for the diagnosis of cardiac amyloidosis.
Heart. (2012) 98:1442-8. doi: 10.1136/heartjnl-2012-302353

104. Austin BA, Tang WHW, Rodriguez ER, Tan C, Flamm SD, Taylor DO,
et al. Delayed hyper-enhancement magnetic resonance imaging provides incremental
diagnostic and prognostic utility in suspected cardiac amyloidosis. JACC Cardiovasc
Imaging. (2009) 2:1369-77. doi: 10.1016/j.jcmg.2009.08.008

105. Zhao L, Tian Z, Fang Q. Diagnostic accuracy of cardiovascular magnetic
resonance for patients with suspected cardiac amyloidosis: a systematic review and
meta-analysis. BMC Cardiovasc Disord. (2016) 16:129. doi: 10.1186/s12872-016-0311-6

106. Puille M, Altland K, Linke RP, Muller MK, Kiett R, Steiner D, et al. 99mTc-DPD
scintigraphy in transthyretin-related familial amyloidotic polyneuropathy. Eur J Nucl
Med. (2022) 29:376-9. doi: 10.1007/s00259-001-0730-0

107. Salvalaggio A, Cipriani A, Righetto S, Artioli P, Sinigiani G, Michieli L,
et al. Incidental cardiac uptake of 99mTc-diphosphonates is predictive of poor
outcome: data from 9616 bone scintigraphies. J Nucl Cardiol. (2022) 29:3419-
25. doi: 10.1007/s12350-022-02961-2

108. Abulizi M, Cottereau AS, Guellich A, Vandeventer S, Galat A, Van der Gucht
A, et al. Early-phase myocardial uptake intensity of 99mTc-HMDP vs. 99mTc-DPD
in patients with hereditary transthyretin-related cardiac amyloidosis. ] Nucl Cardiol.
(2018) 25:217-22. doi: 10.1007/s12350-016-0707-9

109. Perugini E, Guidalotti PL, Salvi F, Cooke RMT, Pettinato C, Riva L, et al.
Noninvasive etiologic diagnosis of cardiac amyloidosis using 99mTc-3,3-diphosphono-
1,2-propanodicarboxylic acid scintigraphy. J Am Coll Cardiol. (2005) 46:1076-
84. doi: 10.1016/j.jacc.2005.05.073

110. Gillmore JD, Maurer MS, Falk RH, Merlini G, Damy T, Dispenzieri A,
et al. Nonbiopsy diagnosis of cardiac transthyretin amyloidosis. Circulation. (2016)
133:2404-12. doi: 10.1161/CIRCULATIONAHA.116.021612

111. Musumeci MB, Cappelli E Russo D, Tini G, Canepa M, Milandri A,
et al. Low sensitivity of bone scintigraphy in detecting phe64leu mutation-
related transthyretin cardiac amyloidosis. JACC Cardiovasc Imaging. (2020) 13:1314-
21. doi: 10.1016/j.jcmg.2019.10.015

112. Luigetti M, Romano A, Di Paolantonio A, Bisogni G, Sabatelli M. Diagnosis
and treatment of hereditary transthyretin amyloidosis (hATTR) polyneuropathy:
current perspectives on improving patient care. Ther Clin Risk Manag. (2020) 16:09-
123. doi: 10.2147/TCRM.S219979

113. Quarta CC, Gonzalez-Lopez E, Gilbertson JA, Botcher N, Rowczenio D, Petrie
A, et al. Diagnostic sensitivity of abdominal fat aspiration in cardiac amyloidosis. Eur
Heart J. (2017) 38:1905-8. doi: 10.1093/eurheartj/ehx047

114. Jamet M-P, Gnemmi V, Hachulla E, Dhaenens C-M, Bouchindhomme B,
Delattre C, et al. Distinctive patterns of transthyretin amyloid in salivary tissue:
a clinicopathologic study of 92 patients with amyloid-containing minor salivary

frontiersin.org


https://doi.org/10.3389/fneur.2023.1242815
https://doi.org/10.1097/00007632-200006150-00009
https://doi.org/10.29399/npa.26124
https://doi.org/10.3233/JND-180348
https://doi.org/10.1038/modpathol.2014.102
https://doi.org/10.1186/s12891-020-03912-z
https://doi.org/10.1002/mus.26723
https://doi.org/10.1007/s12350-022-02990-x
https://doi.org/10.1002/ana.410410305
https://doi.org/10.1097/01.LAB.0000059937.11023.1F
https://doi.org/10.1212/WNL.0000000000012965
https://doi.org/10.1136/jnnp-2014-308107
https://doi.org/10.1093/brain/122.2.183
https://doi.org/10.1212/WNL.57.1.135
https://doi.org/10.1016/S1474-4422(11)70246-0
https://doi.org/10.1136/jnnp.2003.029942
https://doi.org/10.1080/13506120400000749
https://doi.org/10.1038/nrcardio.2010.67
https://doi.org/10.3109/13506129.2012.673185
https://doi.org/10.3390/genes12070955
https://doi.org/10.1056/NEJM197510302931808
https://doi.org/10.1159/000522370
https://doi.org/10.1111/j.1572-0241.2007.01669.x
https://doi.org/10.1186/1750-1172-10-S1-P22
https://doi.org/10.1111/j.1529-8027.2012.00436.x
https://doi.org/10.1111/ene.13845
https://doi.org/10.1007/s00415-022-11056-4
https://doi.org/10.1002/acn3.51599
https://doi.org/10.1002/mus.24168
https://doi.org/10.1093/brain/awu344
https://doi.org/10.1007/s00330-022-08748-w
https://doi.org/10.1007/s00415-023-11813-z
https://doi.org/10.1016/j.amjcard.2020.07.050
https://doi.org/10.1016/j.jacc.2015.09.075
https://doi.org/10.1161/CIRCIMAGING.121.009025
https://doi.org/10.1136/heartjnl-2012-302353
https://doi.org/10.1016/j.jcmg.2009.08.008
https://doi.org/10.1186/s12872-016-0311-6
https://doi.org/10.1007/s00259-001-0730-0
https://doi.org/10.1007/s12350-022-02961-2
https://doi.org/10.1007/s12350-016-0707-9
https://doi.org/10.1016/j.jacc.2005.05.073
https://doi.org/10.1161/CIRCULATIONAHA.116.021612
https://doi.org/10.1016/j.jcmg.2019.10.015
https://doi.org/10.2147/TCRM.S219979
https://doi.org/10.1093/eurheartj/ehx047
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Poli et al.

gland biopsies. Am ] Surg Pathol. (2015) 39:1035-44. doi: 10.1097/PAS.00000000000
00430

115. Mak G, Chum M, Lu JQ. The value of nerve biopsy in transthyretin
amyloidosis with competing comorbidities. Can ] Neurol Sci. (2022) 49:725-
7. doi: 10.1017/¢jn.2021.175

116. Obici L, Kuks JB, Buades J, Adrans D, Suhr OB, CoelhoT,
et al. Recommendations for presymptomatic  genetic  testing and
management of individuals at risk for hereditary transthyretin amyloidosis.
Curr  Opin  Neurol. (2016) 29:527-35. doi: 10.1097/WC0.00000000000
00290

117. Dohrn MF, Récken C, De Bleecker JL, Martin J-J, Vorgerd M, Van den Bergh PY,
et al. Diagnostic hallmarks and pitfalls in late-onset progressive transthyretin-related
amyloid-neuropathy. ] Neurol. (2013) 260:3093-108. doi: 10.1007/s00415-013-7124-7

118. Conceigdo I, Gonzalez-Duarte A, Obici L, Schmidth HHJ, Simoeau D, Ong M,
et al. “Red-flag” symptom clusters in transthyretin familial amyloid polyneuropathy. J
Peripher Nerv Syst. (2016) 21:5-9. doi: 10.1111/jns.12153

119. Gertz M, Adams D, Ando Y, Beirdo JM, Bokhari S, Coelho T, et al. Avoiding
misdiagnosis: expert consensus recommendations for the suspicion and diagnosis
of transthyretin amyloidosis for the general practitioner. BMC Fam Pract. (2020)
21:198. doi: 10.1186/s12875-020-01252-4

120. Lozeron P, Mariani L-L, Dodet P, Beaudonnet G, Théaudin M, Adam C, et al.
Transthyretin amyloid polyneuropathies mimicking a demyelinating polyneuropathy.
Neurology. (2018) 91:e143-52. doi: 10.1212/WNL.0000000000005777

121. Ericzon B-G, Wilczek HE, Larsson M, Wijayatunga P, Stangou A, Pena
JR, et al. Liver transplantation for hereditary transthyretin amyloidosis: after
20 years still the best therapeutic alternative? Transplantation. (2015) 99:1847-
54. doi: 10.1097/TP.0000000000000574

122. Berk JL, Suhr OB, Sekijima Y, Yamashita T, Heneghan M, Zeldenrust SR, et al.
Familial amyloidosis consortium. the diflunisal trial: study accrual and drug tolerance.
Amyloid. (2012) 19(Suppl 1):37-8. doi: 10.3109/13506129.2012.678509

123. Coelho T, Maia LE Martins da. Silva A, Cruz MW, Planté-
Bordeneuve V, Lozeron P, et al. Tafamidis for transthyretin familial
amyloid polyneuropathy: a randomized, controlled trial. Neurology. (2012)

79:785-92. doi: 10.1212/WNL.0b013e3182661eb1

124. Aimo A, Castiglione V, Rapezzi C, Franzini M, Panichella G, Vergaro G,
et al. RNA-targeting and gene editing therapies for transthyretin amyloidosis. Nat Rev
Cardiol. (2022) 19:655-67. doi: 10.1038/s41569-022-00683-z

125. Holmgren G, Ericzon BG, Groth CG, Steen L, Suhr O, Andersen
O, et al. Clinical improvement and amyloid regression after liver
transplantation in  hereditary transthyretin = amyloidosis. Lancet.  (1993)
341:1113-6. doi: 10.1016/0140-6736(93)93127-M

126. Yazaki M, Mitsuhashi S, Tokuda T, Kametani F, Takei Y-I, Koyama J,
et al. Progressive wild-type transthyretin deposition after liver transplantation
preferentially occurs onto myocardium in FAP patients. Am ] Transplant. (2007)
7:235-42. doi: 10.1111/j.1600-6143.2006.01585.x

127. Sekijima Y, Dendle MA, Kelly JW. Orally administered diflunisal stabilizes
transthyretin against dissociation required for amyloidogenesis. Amyloid. (2006)
13:236-49. doi: 10.1080/13506120600960882

128. Berk JL, Suhr OB, Obici L, Sekijima Y, Zeldenrust SR, Yamashita T, et al.
Repurposing diflunisal for familial amyloid polyneuropathy: a randomized clinical
trial. JAMA. (2013) 310:2658-67. doi: 10.1001/jama.2013.283815

129. Tkram A, Donnelly JP, Sperry BW, Samaras C, Valent J, Hanna M. Diflunisal
tolerability in transthyretin cardiac amyloidosis: a single center’s experience. Amyloid.
(2018) 25:197-202. doi: 10.1080/13506129.2018.1519507

130. Coelho T, Merlini G, Bulawa CE, Fleming JA, Judge DP, Kelly JW, et al.
Mechanism of action and clinical application of Tafamidis in hereditary Transthyretin
Amyloidosis. Neurol Ther. (2016) 5:1-25. doi: 10.1007/s40120-016-0040-x

131. Bulawa CE, Connelly S, Devit M, Wang L, Weigel C, Fleming J, et al. Tafamidis,
a potent and selective transthyretin kinetic stabilizer that inhibits the amyloid cascade.
Proc Natl Acad Sci U S A. (2012) 109:9629-34. doi: 10.1073/pnas.1121005109

132. Planté-Bordeneuve V, Gorram E Salhi H, Nordini T, Ayache SS, Le Corvoiser
P, et al. Long-term treatment of transthyretin familial amyloid polyneuropathy
with tafamidis: a clinical and neurophysiological study. J Neurol. (2017) 264:268—
76. doi: 10.1007/s00415-016-8337-3

133. Lozeron P, Théaudin M, Mincheva Z, Ducot B, Lacroix C, Adams D, et al.
Effect on disability and safety of Tafamidis in late onset of Met30 transthyretin familial
amyloid polyneuropathy. Eur J Neurol. (2013) 20:1539-45. doi: 10.1111/ene.12225

134. Cortese A, Vita G, Luigetti M, Russo M, Bisogni G, Sabatelli M, et al.
Monitoring effectiveness and safety of Tafamidis in transthyretin amyloidosis in Italy:
a longitudinal multicenter study in a non-endemic area. J Neurol. (2016) 263:916-
24. doi: 10.1007/s00415-016-8064-9

135. Barroso FA, Judge DP, Ebede B, Li S, Steward M, Amass L, et al
Long-term safety and efficacy of tafamidis for the treatment of hereditary

Frontiersin Neurology

10.3389/fneur.2023.1242815

transthyretin amyloid polyneuropathy: results up to 6 years. Amyloid. (2017) 24:194-
204. doi: 10.1080/13506129.2017.1357545

136. Maurer MS, Schwartz JH, Gundapaneni B, Elliott PM, Merlini G, Waddington-
Cruz M, et al. Tafamidis treatment for patients with Transthyretin Amyloid
Cardiomyopathy. N Engl ] Med. (2018) 379:1007-16. doi: 10.1056/NEJMoal
805689

137. Benson MD, Waddington-Cruz M, Berk JL, Polydefkis M, Dyck PJ, Wang AK,
et al. Inotersen treatment for patients with hereditary transthyretin amyloidosis. N Engl
J Med. (2018) 379:22-31. doi: 10.1056/NEJMoal716793

138. Benson MD, Dasgupta NR, Rissing SM, Smith J, Feigenbaum
H. Safety and efficacy of a TTR specific antisense oligonucleotide in
patients  with  transthyretin amyloid cardiomyopathy. Amyloid.  (2017)

24:219-25. doi: 10.1080/13506129.2017.1374946

139. Dasgupta NR, Rissing SM, Smith J, Jung J, Benson MD. Inotersen
therapy  of  transthyretin  amyloid cardiomyopathy.  Amyloid. ~ (2020)
27:52-8. doi: 10.1080/13506129.2019.1685487

140. Luigetti M, Antonini G, Di Paolantonio A, Gentile L, Grandis M. Leonardi L,
et al. Real-life experience with inotersen in hereditary transthyretin amyloidosis with
late-onset phenotype: data from an early-access program in Italy. Eur ] Neurol. (2022)
29:2148-55. doi: 10.1111/ene.15325

141. Kalola UK, Pellegrini MV. Patisiran. In: StatPearls. Treasure Island (FL):
StatPearls Publishing. (2023).

142. Adams D, Gonzalez-Duarte A, O’Riordan WD, Yang CC, Ueda M, Kristen AV,
et al. Patisiran, an RNAi therapeutic, for hereditary transthyretin amyloidosis. N Engl |
Med. (2018) 379:11-21. doi: 10.1056/NEJMoal716153

143. Gonzélez-Duarte A, Berk JL, Quan D, Mauermann ML, Schmidt HH,
Polydefkis M, et al. Analysis of autonomic outcomes in APOLLO, a phase III trial
of the RNAI therapeutic patisiran in patients with hereditary transthyretin-mediated
amyloidosis. ] Neurol. (2020) 267:703-12. doi: 10.1007/s00415-019-09602-8

144. Minamisawa M, Claggett B, Adams D. Association of Patisiran, an RNA
interference therapeutic, with regional left ventricular myocardial strain in hereditary
transthyretin amyloidosis: the APOLLO study. JAMA Cardiol. (2019) 4:466-
72. doi: 10.1001/jamacardio.2019.0849

145. Adams D, Tournev IL, Taylor MS, Coelho T, Planté-Bordeneuve V, Berk JL, et al.
Efficacy and safety of vutrisiran for patients with hereditary transthyretin-mediated
amyloidosis with polyneuropathy: a randomized clinical trial. Amyloid. (2023) 30:1-
9. doi: 10.1080/13506129.2022.2091985

146. Khella SL, Marques W, Dasgupta N, Chao CC, Parman Y, Franca MC,
et al. Eplontersen in hereditary ATTR-polyneuropathy: week 66 final analysis of
the phase 3 NEURO-TTRansform study. In: American Academy of Neurology
2023 Annual Meeting. Available online at: https://www.aan.com/MSA/Public/Events/
AbstractDetails/55222 (accessed 29 August, 2023).

147. Gillmore JD, Gane E, Taubel J, Kao ], Fontana M, Maitland ML, et al. CRISPR-
Cas9 in vivo gene editing for transthyretin amyloidosis. N Engl ] Med. (2021) 385:493—
502. doi: 10.1056/NEJMo0a2107454

148. Miller M, Pal A, Albusairi W, Joo S, Pappas B, Tuhin MTH, et al. Enthalpy-
driven stabilization of transthyretin by AG10 mimics a naturally occurring genetic
variant that protects from transthyretin amyloidosis. ] Med Chem. (2018) 61:7862—
76. doi: 10.1021/acs.jmedchem.8b00817

149. Judge DP, Heitner SB, Falk RH, Maurer MS, Shah S], Witteles RM,
et al. Transthyretin stabilization by AG10 in symptomatic transthyretin amyloid
cardiomyopathy. ] Am Coll Cardiol. (2019) 74:285-95. doi: 10.1016/j.jacc.2019.03.012

150. Bridgebio Announces Consistently Positive Results from Phase 3 AT TRibute-
CM Study of Acoramidis for Patients with Transthyretin Amyloid Cardiomyopathy
(ATTR-CM). Available online at: https://bridgebio.com/news/bridgebio-announces-
consistently- positive- results- from- phase- 3-attribute- cm- study- of-acoramidis- for
patients- with- transthyretin-amyloid- cardiomyopathy-attr-cm/ (accessed 29 August,
2023).

151. Adams D, Algalarrondo V, Polydefkis M, Sarswat N, Slama MS, Nativi-Nicolau
J. Expert opinion on monitoring symptomatic hereditary transthyretin-mediated
amyloidosis and assessment of disease progression. Orphanet ] Rare Dis. (2021)
16:411. doi: 10.1186/s13023-021-01960-9

152. Yamamoto S, Wilczek HE, Nowak G, Larsson M, Oksanen A, Iwata
T, et al. Liver transplantation for familial amyloidotic polyneuropathy (FAP):
a single-center experience over 16 years. Am ] Transplant. (2007) 7:2597-
604. doi: 10.1111/j.1600-6143.2007.01969.x

153. Dyck PJ, Boes CJ, Mulder D, Millikan C, Windebank AJ, Dyck PJB, et al.
History of standard scoring, notation, and summation of neuromuscular signs.
A current survey and recommendation. J Peripher Nerv Syst. (2005) 10:158-
73. doi: 10.1111/j.1085-9489.2005.0010206.x

154. Grandis M, Obici L, Luigetti M, Briani C, Benedicenti F, Bisogni G, et al.
Recommendations for pre-symptomatic genetic testing for hereditary transthyretin
amyloidosis in the era of effective therapy: a multicenter Italian consensus. Orphanet |
Rare Dis. (2020) 15:348. doi: 10.1186/s13023-020-01633-z

frontiersin.org


https://doi.org/10.3389/fneur.2023.1242815
https://doi.org/10.1097/PAS.0000000000000430
https://doi.org/10.1017/cjn.2021.175
https://doi.org/10.1097/WCO.0000000000000290
https://doi.org/10.1007/s00415-013-7124-7
https://doi.org/10.1111/jns.12153
https://doi.org/10.1186/s12875-020-01252-4
https://doi.org/10.1212/WNL.0000000000005777
https://doi.org/10.1097/TP.0000000000000574
https://doi.org/10.3109/13506129.2012.678509
https://doi.org/10.1212/WNL.0b013e3182661eb1
https://doi.org/10.1038/s41569-022-00683-z
https://doi.org/10.1016/0140-6736(93)93127-M
https://doi.org/10.1111/j.1600-6143.2006.01585.x
https://doi.org/10.1080/13506120600960882
https://doi.org/10.1001/jama.2013.283815
https://doi.org/10.1080/13506129.2018.1519507
https://doi.org/10.1007/s40120-016-0040-x
https://doi.org/10.1073/pnas.1121005109
https://doi.org/10.1007/s00415-016-8337-3
https://doi.org/10.1111/ene.12225
https://doi.org/10.1007/s00415-016-8064-9
https://doi.org/10.1080/13506129.2017.1357545
https://doi.org/10.1056/NEJMoa1805689
https://doi.org/10.1056/NEJMoa1716793
https://doi.org/10.1080/13506129.2017.1374946
https://doi.org/10.1080/13506129.2019.1685487
https://doi.org/10.1111/ene.15325
https://doi.org/10.1056/NEJMoa1716153
https://doi.org/10.1007/s00415-019-09602-8
https://doi.org/10.1001/jamacardio.2019.0849
https://doi.org/10.1080/13506129.2022.2091985
https://www.aan.com/MSA/Public/Events/AbstractDetails/55222
https://www.aan.com/MSA/Public/Events/AbstractDetails/55222
https://doi.org/10.1056/NEJMoa2107454
https://doi.org/10.1021/acs.jmedchem.8b00817
https://doi.org/10.1016/j.jacc.2019.03.012
https://bridgebio.com/news/bridgebio-announces-consistently-positive-results-from-phase-3-attribute-cm-study-of-acoramidis-for-patients-with-transthyretin-amyloid-cardiomyopathy-attr-cm/
https://bridgebio.com/news/bridgebio-announces-consistently-positive-results-from-phase-3-attribute-cm-study-of-acoramidis-for-patients-with-transthyretin-amyloid-cardiomyopathy-attr-cm/
https://bridgebio.com/news/bridgebio-announces-consistently-positive-results-from-phase-3-attribute-cm-study-of-acoramidis-for-patients-with-transthyretin-amyloid-cardiomyopathy-attr-cm/
https://doi.org/10.1186/s13023-021-01960-9
https://doi.org/10.1111/j.1600-6143.2007.01969.x
https://doi.org/10.1111/j.1085-9489.2005.0010206.x
https://doi.org/10.1186/s13023-020-01633-z
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Hereditary transthyretin amyloidosis: a comprehensive review with a focus on peripheral neuropathy
	Introduction
	Epidemiology
	From biology to pathophysiology
	Genetics
	Pathology and pathophysiology

	From clinical features to diagnostic approach
	Neurological features of ATTRv
	Small fiber neuropathy and large fiber polyneuropathy
	Autonomic dysfunction
	Carpal tunnel syndrome
	Lumbar canal stenosis
	Myopathy
	Central nervous system involvement

	Non-neurological features of ATTRv
	Cardiac involvement
	Ocular involvement
	Renal involvement
	Gastrointestinal involvement

	Diagnostic pearls and pitfalls
	Neurophysiological features
	Imaging of the peripheral nerve
	Ultrasound study
	MRI neurography

	Imaging of the heart 
	Ultrasound study
	Cardiac magnetic resonance imaging
	Bone scintigraphy

	Biopsies
	Genetics
	Diagnostic approach and differential diagnosis

	From treatment to follow-up
	Liver transplantation
	TTR stabilizers
	Diflunisal
	Tafamidis

	Molecular therapy
	ASO
	siRNA

	Upcoming therapeutic options
	Eplotersen
	CRISPR–Cas9 editing
	AG10

	Management and outcome measures

	Conclusions
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


