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Abstract

Hereditary transthyretin (ATTRv) amyloidosis is a rare and autosomal dominant disorder associated with muta-

tions in the transthyretin gene. Patients present with diverse symptoms related to sensory, motor, and autonomic
neuropathy, as well as gastrointestinal, ocular, cardiac, renal and orthopedic symptoms, resulting from the deposi-
tion of transthyretin amyloid fibrils in multiple organs. The progressive nature of ATTRv amyloidosis necessitates

pre- and post-onset monitoring of the disease. This review article is primarily based on a collation of discussions

from a medical advisory board meeting in August 2021. In this article, we summarize the best practices in amyloidosis
centers in three major endemic countries for ATTRv amyloidosis (Japan, Brazil, and Portugal), where most patients
carry the Val30Met mutation in the transthyretin gene and the patients' genetic background was proven to be

the same. The discussions highlighted the similarities and differences in the management of asymptomatic gene
mutation carriers among the three countries in terms of the use of noninvasive tests and tissue biopsies and timing
of starting the investigations. In addition, this article discusses a set of practical tests and examinations for monitoring
disease progression applicable to neurologists working in diverse medical settings and generalizable in non-endemic
countries and areas. This set of assessments consists of periodic (every 6 to 12 months) evaluations of patients’
nutritional status and autonomic, renal, cardiac, ophthalmologic, and neurological functions. Physical examinations
and patient-reported outcome assessments should be also scheduled every 6 to 12 months. Programs for monitoring
gene mutation carriers and robust referral networks can aid in appropriate patient management in pre- to post-onset
stages. For pre- and post-symptom onset testing for ATTRv amyloidosis, various noninvasive techniques are available;
however, their applicability differs depending on the medical setting in each country and region, and the optimal
option should be selected in view of the clinical settings, medical environment, and available healthcare resources

in each region.
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Background

Hereditary transthyretin (AT TRv) amyloidosis is an auto-
somal dominant disorder associated with mutations in
the transthyretin (T7TR) gene [1]. Pathogenic mutations
in the TTR gene cause destabilization of transthyre-
tin tetramers, resulting in the aggregation of insoluble
amyloid fibrils and their deposition in multiple organs
[1]. Patients with ATTRv amyloidosis exhibit a variety
of symptoms associated with sensory, motor, and auto-
nomic neuropathy [1, 2]. Gastrointestinal manifestations,
ocular involvement, cardiac disorders, renal impairment,
central nervous system manifestations, and carpal tun-
nel syndrome (CTS) are also common clinical symptoms
[1-6].

Because AT TRv amyloidosis progresses slowly or mod-
erately and several therapeutic options are available now,
it is essential for attending physicians to capture the early
signs and symptoms of disease onset [1, 7-10]. Fam-
ily members of patients with ATTRv amyloidosis often
have pathogenic mutations in the TTR gene and are at
risk of developing the disease; thus, they are primary tar-
gets for monitoring early signs and symptoms [7, 11, 12].
Indeed, in the Transthyretin Amyloidosis Outcomes Sur-
vey (THAOS) Registry, more than one-third of asymp-
tomatic TTR gene mutation carriers developed ATTRv
amyloidosis within a median of approximately 2 years of
enrolment [13]. Once a patient has been diagnosed with
ATTRv amyloidosis, it is important to initiate treatment
and continuously monitor disease progression and treat-
ment response [13].

Amyloidosis experts worldwide have issued several
recommendations for the management of asymptomatic
TTR gene mutation carriers [7, 11, 12], as well as those
for continuous monitoring of disease progression after
disease onset [14, 15]. Additionally, in 2022, the Inter-
national Society of Amyloidosis (ISA) issued guidelines
for the treatment and monitoring of AT TRv amyloidosis,
which include a minimum set of assessments to moni-
tor disease progression [16]. Practical and convenient
guidance for pre— and post-symptom onset testing for
ATTRv amyloidosis that could benefit both amyloidosis
specialists and general neurologists working in diverse
medical settings would be useful.

This review article is based on the authors’ clinical
experience and a collation of discussions from a medi-
cal advisory board meeting in August 2021. The meeting
was joined by authors from Japan, Brazil, and Portugal
and included physician neurologists from amyloidosis
referral centers who routinely treat patients with ATTRv
amyloidosis in collaboration with clinicians from other
specialties. This review article was composed as an ini-
tiative to propose a practical approach for family testing
and pre— and post-symptom onset testing for ATTRv
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amyloidosis. In this article, after summarizing the general
overview of ATTRv amyloidosis, we discuss the follow-
up strategy for TTR gene mutation carriers and diversity
of methods used to capture the signs of disease onset. We
also present the critical roles of referral centers and refer-
ral networks as well as a set of practical patient follow-up
methods that can be implemented in various neurology
practice settings. In addition, future perspectives in the
management of ATTRv amyloidosis are highlighted.

Currently, the availability of equipment and tests to
perform patient assessments differs across countries,
regions, and medical institutions, and the medical proce-
dures applied in routine practice are primarily based on
each physician’s clinical experience. Published evidence
from Japan, Brazil, and Portugal, the three endemic coun-
tries that share the same patient genetic background [17],
is sufficient to discuss the optimal strategy for testing and
monitoring of ATTRv amyloidosis; however, evidence
derived from non-endemic countries remains lacking,
which necessitates practical approaches generalizable to
regions outside the endemic countries.

ATTRv amyloidosis: general overview and epidemiology
The global number of patients with ATTRv amyloidosis
was estimated to be 10,186 (range: 5526—38468) [18].
However, the evidence supporting this estimate is hetero-
geneous and carries a risk of bias, and the broad range of
the estimated prevalence indicates the need for increased
awareness regarding this rare disease among neurologists
[18].

More than 140 different mutations in the TTR gene
have been reported [19], and the primary symptoms of
ATTRv amyloidosis may vary depending on the genetic
mutations involved [1]. The most common mutation
associated with the onset of ATTRv amyloidosis is Val-
30Met (p.Val50Met) [1, 20]. Patients with ATTRv amy-
loidosis carrying this mutation can be categorized into
two groups: patients with early-onset disease (age<50
years), who are more common in the endemic areas, and
those with late-onset disease (age>50 years), who are
also observed in non-endemic areas [21]. The late-onset
disease can sometimes manifest as sporadic cases [22,
23]. According to the THAOS Registry, approximately
35%—40% of patients with ATTRv amyloidosis carrying
the Val30Met mutation were classified as having late-
onset disease [2, 24]. The severity of the initial symp-
toms has been reported to differ between late-onset and
early-onset diseases [21, 24]. The penetrance of the Val-
30Met mutation is generally high in early-onset disease
and low in late-onset disease [1], may be greater in cases
of maternal inheritance and in men [25, 26], but varies
greatly among families or individuals [26, 27]. Data for
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other mutations remain insufficient to establish the exact
penetrance [28].

Several countries, such as Portugal, Brazil, Japan, and
Sweden, have been historically considered endemic
foci of the disease [10, 20]. In addition, cases have been
reported in other countries, and non-Val30Met muta-
tions have been often observed [2]. The characteristics
of patients with ATTRv amyloidosis differ substantially
among regions [29-40] (Table 1). However, these results
should be interpreted with caution because the sample
size varies widely among reports. Moreover, some pub-
lications are not based on nationwide surveillance, and
thus, the number of patients assessed in each publica-
tion may be substantially lower than the total number of
patients in each country or region.

Follow-up methods for pre-symptomatic TTR gene
mutation carriers

As TTR gene mutation carriers are at risk of developing
ATTRv amyloidosis, monitoring of early signs and symp-
toms of disease onset in this population is crucial [7, 11,
12].

Need for a follow-up program for TTR gene mutation carriers
For the appropriate pre—symptom onset testing for TTR
gene mutation carriers, a follow-up program consist-
ing of genetic counseling, predictive genetic testing (for
those who agree), and routine follow-up visits is crucial
(Fig. 1).

Predictive genetic testing offered to family members
of known disease carriers allows the determination of
whether an individual has pathogenic TTR mutations
and is at risk of developing ATTRv amyloidosis. Such
individuals should receive genetic counseling in advance
and be fully informed about the risks and benefits of
undergoing genetic testing. The decision to offer pre-
dictive genetic testing to individuals who have difficulty
making an autonomous decision (e.g., minors) must be
made based on local guidelines for genetic testing and
diagnosis. Those who have tested positive for TTR gene
mutations should be offered periodic follow-up genetic
counseling sessions to increase their awareness of the
disease. In addition, follow-up visits to enable the earliest
detection of disease onset should be scheduled [7, 12, 27,
41].

Differences in the follow-up methods between Japan, Brazil,
and Portugal

Amyloidosis experts have proposed optimal management
strategies for asymptomatic TTR gene mutation carriers
[7, 11, 12]; however, clinical practice for carrier manage-
ment often differs between countries or regions because
of differences in medical settings.
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The discussions held at the August 2021 advisory board
meeting highlighted the similarities and differences in
follow-up methods for asymptomatic T7R gene mutation
carriers between Japan, Brazil, and Portugal (Table 2). In
all three countries, follow-up before the disease onset
is initiated in individuals originating from kindred with
early-onset disease when they test positive for pathogenic
mutations; in those originating from kindred with late-
onset disease, follow-up is initiated 10 years before the
predicted age of onset regardless of genotype (it should
be noted that the age at onset may differ between the
affected parent and child, especially in mother-son pairs
[42]). Generally, referral centers in Brazil and Portugal
actively employ noninvasive tests to monitor patients at
the asymptomatic stage [11]. In contrast, Japanese refer-
ral centers perform tissue biopsies in addition to non-
invasive tests for asymptomatic phase monitoring [7].
Moreover, in Japan, follow-up strategies differ slightly
between individuals at risk of early-onset disease versus
late-onset disease. For individuals at risk of early-onset
disease, annual tissue biopsy is scheduled for the early
detection of amyloid deposits and early diagnosis. For
those at risk of late-onset disease, annual biopsy is not
necessary but can be scheduled at the physician’s discre-
tion (Table 2).

Biopsy
As ATTRv amyloidosis is characterized by the deposition
of transthyretin amyloid fibrils in organs and tissues, tis-
sue biopsy using Congo red staining is commonly used
for diagnosis, in conjunction with amyloid typing and
genotyping [1, 10]. Commonly used biopsy sites include
salivary glands, abdominal fat pads, skin, and gastrointes-
tinal tract [43—-46]. However, the invasive nature of tissue
biopsies poses a substantial burden on patients undergo-
ing the procedure. Moreover, diagnostic accuracy may
vary depending on the biopsy site. Based on published lit-
erature, the sensitivity ranged from 73% for subcutaneous
tissue to 91% for abdominal fat [43—45, 47]. In individu-
als at risk for the disease with cardiomyopathy, endo-
myocardial biopsy is also a good option. The sensitivity
of endomyocardial biopsy is 100%, but this technique is
highly invasive and needs to be performed in special-
ized centers and by skilled operators [47]. The specificity
was reported to be 99% for abdominal fat biopsy [44] and
100% for subcutaneous abdominal fat aspiration [45]. Of
note, the variability in the sensitivity of biopsies remains
a controversial issue because the underlying data have
been derived from multiple studies conducted in diverse
settings.

In Brazil and Portugal, biopsies of the salivary glands
and skin are used to establish a definitive diagno-
sis. In these countries, grade 2 or 3 bone scintigraphy
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Fig. 1 Follow-up program for the management of TTR gene mutation carriers. °The prerequisites for offering predictive genetic testing should
follow the local guidelines for genetic testing and diagnosis. ATTRv hereditary transthyretin, DMT disease-modifying treatment, TTR transthyretin

sometimes replaces biopsy in late-onset cases with
myocardiopathy. In rare cases, a positive biopsy may
not be confirmed in the first years of disease, but a
diagnosis can be made if other causes of neuropathy
and myocardiopathy are excluded. In contrast, Japanese
amyloidosis specialists commonly perform abdominal
fat or abdominal skin biopsies because of their suit-
ability for annual follow-ups; an auxiliary diagnosis by
noninvasive tests such as scintigraphy is useful, but the
final definitive diagnosis is made by biopsy (Table 2).
Theoretically, amyloid deposition begins before the
onset of signs and symptoms of amyloidosis, indicating

the usefulness of periodic biopsy monitoring at asymp-
tomatic stages [7, 48]. Periodic biopsy of asymptomatic
TTR gene mutation carriers has been shown to help
detect amyloid deposits earlier than the manifestation
of clinical symptoms, although the number of patients
assessed in the study was limited [7].

The utility of biopsy is discussed based on the expe-
rience in Japan, Portugal, and Brazil. For an accurate
diagnosis of ATTRv amyloidosis using this technique,
involvement of well-trained pathologists and amyloi-
dosis specialists is essential. Diagnostic methods may
be customized based on the medical settings of each
country.
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Noninvasive tests and examinations

Several noninvasive or less invasive tests and examina-
tions have been introduced to capture the early signs of
ATTRv amyloidosis. Such tests and examinations are
performed at referral centers in Japan, Brazil, and Portu-
gal to manage TTR gene mutation carriers (Table 2). The
types of noninvasive tests and examinations used in Japan
and the other two countries differ slightly. For example,
nerve conduction studies, sudomotor tests, heart rate
tests, and quantitative sensory testing (QST) [49-53] are
more commonly performed in Brazil and Portugal than
in Japan. The details and clinical implementations of non-
invasive techniques for monitoring ATTRv amyloidosis
are discussed in the next section (Management of ATTRv
amyloidosis).

No published studies have directly compared biopsy
and noninvasive testing as a measure to capture the
early signs of ATTRv amyloidosis. However, case series
reported from Japan may partly explain the utility of
biopsy in detecting disease onset earlier than the mani-
festation of clinical symptoms [7].

Management of ATTRv amyloidosis

The critical roles of Amyloidosis centers and referral networks
In the US, Japan, Brazil, and many European countries,
referral centers specializing in amyloidosis have played
critical roles in the diagnosis, follow-up, and treatment
of patients, as well as in conducting clinical research
for amyloidosis [6, 37, 54—60]. As demonstrated in the
French FAP Network, which consists of a coordinat-
ing center in Paris and specialized rare neuromuscu-
lar disease centers located across the country [36], a
referral network (Fig. 2) is crucial for the appropriate

Referral centers

7\

» Confirmed diagnosis

* Detailed patient follow-up

« Treatment response monitoring
« Patient data centralization

« Clinical research hub

Collaboration
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management of TTR gene mutation carriers and patients
with ATTRv amyloidosis [61, 62]. In some countries,
establishment of a referral network or amyloidosis center
of excellence (CoE) may not be feasible; in such cases,
treatment of patients with ATTRv should be considered a
multidisciplinary team approach.

To establish an amyloidosis CoE and a robust referral
network within a country, a report from Sofia, Bulgaria,
can be referred to as a case study [60]. According to this
report, the formulation of a multidisciplinary team was
the first step in establishing a CoE, which involved a
range of experts such as neurologists, ophthalmologists,
cardiologists, gastroenterologists, nephrologists, geneti-
cists, physiotherapists, psychologists, pathologists, and
nurses. The CoE in Sofia plays a significant role in the
education of staff at other referral centers and local hos-
pitals, as well as in the collaboration with local patient
advocacy groups [60].

Treatment options

Because transthyretin is mainly produced in the liver,
liver transplantation has been the standard treatment for
ATTRv amyloidosis since the 1990s [1, 63]. However, the
number of liver transplantation cases for ATTRv amy-
loidosis has declined in the past several years owing to
the introduction of pharmacotherapeutic agents [16].
Moreover, the survival of patients who underwent this
procedure is not always favorable as anticipated [64, 65].
Disease-modifying treatments (DMTs) such as tafamidis
meglumine (transthyretin stabilizer), patisiran, vutrisiran
(small-interfering RNA), and inotersen (antisense oli-
gonucleotide) have been approved for the treatment of
ATTRv amyloidosis by multiple regulatory agencies [63,

IR
686
BDHBO

» Suspected diagnosis and patient
referral to referral centers

* Routine patient follow-up with
instructions from referral centers

Fig. 2 Model for a referral network in the post-onset management of ATTRv amyloidosis. Collaboration between referral centers and local clinics
can be achieved by knowledge dissemination, patient referral, or other forms. ATTRv hereditary transthyretin
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66]. The approved dose of tafamidis for patients with the
polyneuropathy phenotype (ATTRv amyloidosis with
polyneuropathy) is 20 mg daily as tafamidis meglumine,
and this drug is also approved for the treatment of tran-
sthyretin amyloid cardiomyopathy at a higher dose (80
mg daily as tafamidis meglumine or 61 mg daily as taf-
amidis) in many countries [16]. Diflunisal, an oral non-
steroidal anti-inflammatory drug, has demonstrated
efficacy in delaying neuropathy progression and improv-
ing the quality of life in patients with ATTRv amyloido-
sis [63]; however, its clinical implementation is currently
restricted to off-label use [16]. The introduction of these
pharmacotherapeutic options, which are most effective in
patients who are the best candidates for liver transplanta-
tion (i.e., young, early-stage patients with the Val30Met
mutation), has drastically reduced the role of liver trans-
plantation in the treatment of ATTR amyloidosis [16].
Patient access to ATTRv amyloidosis treatment varies
by country. For example, in Japan, liver transplantation,
tafamidis meglumine, and patisiran are available [67],
and vutrisiran was approved in September 2022 [68]. In
Brazil, liver transplantation and tafamidis meglumine
are the only available treatment options [58], whereas
liver transplantation, tafamidis meglumine, patisiran,

* Echocardiogram (e.g., increased ventricular
¢
5'\ + Biomarkers (e.g., BNP/NT-proBNP elevation)
» NYHA functional class

wall thickness)
Neurological assessments: every 6-12 months [

* ECG (e.g., low voltage and arrhythmia)
* Nerve conduction study (CMAP/SNAP)

Physical examinations: every 6—12 months

Y

* Blurry vision
« Cardiac function (shortness of breath, palpitation)

* Gastrointestinal function (nausea/vomiting,
diarrhea, unintentional weight loss)

* Lower limb assessment (sensory abnormality,
muscle weakness, temperature and pain
sensation abnormality)

+CTS
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and inotersen are all available in Portugal (Teresa Coelho,
personal communication). In Italy, diflunisal is among
the preferred treatment options, in addition to liver
transplantation and DMTs [55]. Off-label diflunisal is a
common treatment choice in Sweden [69]. In China, tafa-
midis meglumine was approved in 2020 for the treatment
of ATTRv amyloidosis [38].

Proposal for a set of practical assessments for routine clinical
use

In real-world clinical scenarios, neurologists treating
patients with ATTRv amyloidosis often need to select
the most suitable tests and examinations depending on
their clinical experience and feasibility of each medical
procedure. To aid in the selection of tests and examina-
tions by amyloidosis specialists and general neurologists,
a set of practical and convenient assessments for moni-
toring ATTRv amyloidosis progression (Fig. 3) would be
useful. This set consists of assessments of patient’s nutri-
tional status, autonomic function, and renal function
scheduled every 6 months and cardiac function assess-
ments, ophthalmologic examinations, and neurological
assessments scheduled every 6 to 12 months. The cardiac
and ophthalmologic assessments can be scheduled more

e Ophthalmologic examinations: every 6-12 months?®

§ Nutritional status: every 6 months

@9 - mBMI

Autonomic assessments: every 6 months

* Dry eye
« Vitreous opacities
* Glaucoma

(o) « Orthostatic hypotension
m « Urinary disturbance
m « Erectile dysfunction
« Abnormal sweating

Renal assessments: every 6 months

G

PRO instruments: every 6-12 months

*eGFR
* Proteinuria

* Norfolk QoL-DN
« EQ-5D
* COMPASS-31

Fig. 3 Set of practical tests and examinations for monitoring ATTRv amyloidosis progression. ®Cardiac and ophthalmologic assessments can

be scheduled more frequently when any apparent symptoms are observed. ATTRv hereditary transthyretin, BNP brain natriuretic peptide, CMAP
compound muscle action potential, COMPASS-31 Composite Autonomic Symptom Score 31, CTS carpal tunnel syndrome, £CG electrocardiography,
eGFR estimated glomerular filtration rate, EQ-5D EuroQol 5-dimension, mBMI modified body mass index, NT-proBNP N-terminal pro-brain natriuretic
peptide, NYHA New York Heart Association, QoL-DN Quality of Life-Diabetic Neuropathy, SNAP sensory nerve action potential
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frequently when any apparent symptoms are observed
(Fig. 3). Some tests and examinations may be performed
at referral centers or by ophthalmologists, internal medi-
cine specialists, or cardiology specialists.

Noninvasive tests and examinations for ATTRv amyloidosis
progression monitoring

Various noninvasive tests and examinations can be used
to monitor disease progression in patients with ATTRv
amyloidosis. In addition, individual treatment responses
should be monitored as part of follow-up visits after
disease onset because the response to DMTs may dif-
fer among patients [70, 71]. The tests and examinations,
indices to detect disease progression, and feasibility of
the tests and examinations to be performed in neurology
clinics are summarized in Table 3.

Peripheral neuropathy assessments

For routine patient assessments, it is advisable to perform
physical examinations focusing on peripheral neuropathy
in the lower limbs. Sensory abnormalities, muscle weak-
ness, and abnormalities in temperature and pain sensa-
tion may suggest disease progression in patients with
ATTRv amyloidosis (Fig. 3).

In terms of noninvasive tests to assess peripheral
neuropathy, the THAOS Registry has captured nerve
conduction study data based on local/regional clinical
practice, which measure the amplitude and velocity of the
sural and peroneal nerves at the left, right, or both sides
of the body [49]. According to the analyses of nerve con-
duction data captured in the THAOS Registry, the mean
sural sensory nerve action potential (SNAP) was 19.2 uV
in amplitude and 50.7 m/s in velocity; the mean pero-
neal nerve compound muscle action potential (CMAP)
was 16.4 mV in amplitude and 51.7 m/s in velocity [49];
these data may be helpful for monitoring ATTRv amyloi-
dosis progression in routine clinical settings. The SNAP
and CMAP amplitude and velocity values decreased with
advanced disease stage, indicating their utility in moni-
toring ATTRv amyloidosis progression [49].

QST assesses sensory loss and gain in response to ther-
mal and mechanical stimuli [50]. Research findings using
QST have suggested that patients with ATTRv amyloido-
sis have impaired cold perception and mechanical hyper-
algesia in their hands [50]. However, the instruments
and methodological approaches for QST are yet to be
standardized; therefore, its suitability in routine patient
follow-ups and the establishment of universally appli-
cable cutoff scores warrant further investigation [14].
Moreover, based on our experience, QST may be a time-
consuming procedure and thus may not always be used
in routine clinical practice.
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The Neuropathy Impairment Score (NIS) is a com-
posite score designed to quantify neuropathic muscle
impairments [72]. The Neuropathy Impairment Score-
lower limb (NIS-LL) is a subset of NIS that assesses
neuropathic impairments in the lower limbs [72]. Both
scales have been used successfully to detect neuropa-
thy progression in patients with ATTRv amyloidosis in
multiple clinical studies [72, 73] and in clinical settings
[74-76]. A 7- to 16-point increase in the NIS total score
[16] or > 2-point worsening of the NIS-LL total score [73]
can be an indicator of disease progression. However, the
NIS and NIS-LL are subjective scales assessed by physi-
cians and may cause variability in the results; therefore,
the involvement of trained and experienced neurologists
is crucial to maximize benefit from using these scales
[72]. Updated versions of the NIS, such as the Neurop-
athy Impairment Score+7 (NIS+7) and the modified
NIS+7 (mNIS+7), have been used in several clinical
trials [77-80] but may not be suitable for routine clini-
cal use because of their complexity. Other scales to meas-
ure the overall disease status, such as the familial amyloid
polyneuropathy (FAP) stage and polyneuropathy disabil-
ity (PND) score, can be used but may not be sufficiently
sensitive [81].

Autonomic function assessments

Orthostatic hypotension can be detected by measur-
ing the supine versus orthostatic blood pressure. ATTRv
amyloidosis progression should be suspected when a
patient shows a>20-mmHg decrease in systolic blood
pressure or > 10-mmHg decrease in diastolic blood pres-
sure 3 min after standing up from a sitting or supine posi-
tion [82]. Orthostatic hypotension and other autonomic
dysfunctions such as urinary disturbance, erectile dys-
function, and abnormal sweating (Fig. 3) can be assessed
primarily through medical examinations.

The sudomotor test was developed as a noninvasive
neurophysiological technique to quantify sudomotor
function through local electrochemical skin conduct-
ance using sweat chloride [51]. A specifically designed
device (Sudoscan™) is required to perform this test. This
technique can detect autonomic dysfunction in patients
with ATTRv amyloidosis; when using the feet, the elec-
trochemical skin conductance cutoft value is reportedly
66 uS, with a sensitivity and specificity of 76% and 85%,
respectively [51].

The heart rate response to deep breathing or heart rate
variability test is an indicator developed to detect cardiac
autonomic dysfunction, but the results may be heavily
affected by the presence of arrhythmias [52]. Therefore,
this test should be applied in conjunction with careful
review of patients’ electrocardiography (ECG) data by an
expert [52].
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Cardiac symptom assessments

Echocardiography and ECG are helpful for monitoring
the levels of cardiac amyloidosis in routine clinical set-
tings [83]. Patients with ATTRv amyloidosis progression
may present with increased ventricular wall thickness on
echocardiography or exhibit characteristic ECG findings
such as low QRS voltage, conduction disturbance, and
arrhythmia [83]. Results from blood tests to monitor car-
diac function (e.g., brain natriuretic peptide, N-terminal
pro-brain natriuretic peptide, troponin T, and troponin
I) [84] are also convenient biomarkers. To evaluate the
degree of cardiac symptoms in each patient, the New
York Heart Association functional classification, which
classifies the severity of heart failure symptoms as Class I
to Class 1V, is useful [83].

During routine patient follow-up, physical exami-
nations should include cardiac function assessments.
Cardiac findings, such as shortness of breath and palpita-
tions, can be signs of disease progression in patients with
ATTRv amyloidosis (Fig. 3).

Cardiac magnetic resonance imaging and myocardial
scintigraphy using *™technetium-labeled tracers are also
powerful diagnostic modalities for monitoring disease
progression [83, 85]. However, patient assessment using
these modalities may require the involvement of centers
and experts specializing in the diagnosis of ATTRv amy-
loidosis. Moreover, the diagnostic sensitivity of **™tech-
netium-labeled tracer scintigraphy is low for some TTR
genotypes such as Ser77Tyr (p.Ser98Tyr) and Phe64Leu
(p.Phe84Leu) [85], as well as early-onset Val30Met muta-
tion [86].

CcTs

Patients with ATTRv amyloidosis commonly develop
CTS as initial symptom manifestation [5, 6]. These find-
ings underpin the usefulness of CTS assessments for
monitoring disease progression in routine neurologi-
cal practice. CTS can present as thenar muscle atrophy,
numbness in the thumb to the thumb side of the ring fin-
ger, difficulties in fine motor skills such as buttoning up,
or inability to create a neat circle (perfect O-sign) with
the thumb and index finger [67, 85]. In addition, Phalen’s
test, reverse Phalen’s test, and Tinel’s sign test are helpful
for routine clinical use. Phalen’s test examines the exac-
erbation of dysesthesia due to increased carpal tunnel
pressure by keeping the wrists flexed for 1 min. Reverse
Phalen’s test examines the same sign as Phalen’s test using
extended wrists. Tingling pain observed when the car-
pal tunnel is tapped with a hammer is characterized by
Tinel’s sign and is a finding suggestive of CTS [67]. CTS
can be also identified using nerve conduction studies
[87].
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Nutritional status

Approximately 30% of patients with ATTRv amyloidosis
present with unexplained weight loss [88, 89]. Body mass
index (BMI) and modified BMI (mBMI) are helpful in
monitoring wasting and autonomic gastrointestinal dys-
function in patients with ATTRv amyloidosis [76]. The
mBMI, which is calculated by multiplying the BMI (kg/
m?) by the serum albumin level (g/L), is recommended
over the conventional BMI because it corrects the effect
of edema resulting from low serum albumin levels [76].
An observational, cross-sectional, single-center study
conducted in Portugal reported a statistically significant
decrease in the mean mBMI with advanced ATTRv amy-
loidosis stage, from 1199.0 in healthy adults to 759.7 in
patients with the Coutinho stage 3 disease (wheelchair
bound or bedridden) [76].

In addition, disease progression should be suspected in
patients presenting with findings suggestive of gastroin-
testinal dysfunction such as nausea, vomiting, diarrhea,
and unintentional weight loss (Fig. 3).

Renal assessments

Estimated glomerular filtration rate (eGFR) and renal
biomarkers such as urinary proteins can be used for
assessing renal function in routine clinical settings
(Fig. 3). According to research findings derived from
patient data review in an Italian center, among 46
patients with ATTRv amyloidosis, 15% showed reduced
eGER (<60 mL/min/1.73 m?) and 22% showed abnormal
urinary protein excretion (> 150 mg/24 h) and/or albumi-
nuria (>30 mg/24 h or mg/g creatinine) [4].

Ophthalmologic examinations

Ocular involvement is another indicator of ATTRv amy-
loidosis [3]. Typical ophthalmologic findings associated
with ATTRv amyloidosis include vitreous opacity and
glaucoma [3], and patients may complain of symptoms
such as dry eye and bleariness (Fig. 3).

Patient-reported outcomes

Disease progression in patients with ATTRv amyloido-
sis can be monitored using patient-reported outcome
(PRO) instruments (Fig. 3, Table 3). Notably, in non-
English-speaking countries and regions, the availability
and validity of the PRO questionnaire translated into
the local language need to be checked before its clinical
implementation.

The Norfolk Quality of Life-Diabetic Neuropathy
(QoL-DN) questionnaire consists of 47 items evaluat-
ing neuropathic symptoms in the feet, legs, hands, and
arms; complications; activities of daily living; and generic
health status [90]. It has been used in clinical trials for
ATTRv amyloidosis [77-80] and has been suggested to
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be a reliable measure of disease progression [76]. The
approximate baseline Norfolk QoL-DN score reported
for previous clinical trials of patients with ATTRv amy-
loidosis ranged from 47 to 60 [77-80].

The EuroQol 5-dimension (EQ-5D) is a self-adminis-
tered questionnaire developed by the EuroQol group to
assess an individual’s generic health status [91]. Accord-
ing to a multi-institutional, longitudinal, prospective,
observational study conducted in Portugal, the estimated
EQ-5D utility value for a patient with ATTRv amyloido-
sis was 0.51, which was 0.27 point lower than that for the
general population (0.78) [92].

The Composite Autonomic Symptom Score 31 (COM-
PASS-31) is a 31-item self-administered questionnaire
developed for the quantitative assessment of patients’
autonomic symptoms [93]. A total COMPASS-31 score
of 30, a score recorded at baseline in a phase 3 clinical
trial of patisiran, can be an indicator of ATTRv amyloido-
sis progression [77, 78].

Furthermore, several PRO instruments have been used
for the self-assessment of the quality of life of patients
with ATTRv amyloidosis, such as the Kansas City Cardi-
omyopathy Questionnaire, Patient General Assessment,
and 36-Item Short Form Survey [94]. However, their suit-
ability for disease progression markers, strengths, limita-
tions, and feasibility to be performed in routine clinical
settings should be evaluated thoroughly before introduc-
tion into routine neurology care.

Future perspectives

Amyloidosis specialists worldwide have actively devel-
oped expert recommendations to manage TTR gene
mutation carriers and improve the early diagnosis of
ATTRv amyloidosis [10-12, 27, 28, 41, 62, 95, 96]. More-
over, proposals for the minimum set of assessments
provided in the ISA guidelines [16] and the set of assess-
ments discussed in this article are expected to facili-
tate appropriate patient management after the onset of
ATTRv amyloidosis.

However, several challenges remain unaddressed. For
example, the future role of biopsy and its significance in
asymptomatic stage management should be discussed in
greater detail. Additionally, a robust psychological care
process to alleviate the psychological burden of the dis-
ease is crucial. Such a process would be beneficial not
only to at-risk individuals or patients developing ATTRv
amyloidosis but also to their relatives and caregivers [97].
Regarding the monitoring of ATTRv amyloidosis pro-
gression after disease onset, novel tests and assessments
are being explored, such as urinary transthyretin [98],
intraepidermal nerve fiber density [46, 99], nerve ultra-
sound [100], metabolomics analysis [101], serum inflam-
mation markers [102], corneal confocal microscopy and
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electroretinogram [103], plasma neurofilament light
chain [104], and gait parameter analysis [105]. Further
clinical research is warranted to establish the diagnostic
accuracy of these assessments and investigate their fea-
sibility in routine neurological practice. An international
consensus on genetic counseling protocols, patient edu-
cational programs, simplified questionnaires or disease
scoring systems, and validated clinical markers for treat-
ment responses would provide adequate guidance for
routine clinical use.

Limitations

This review has some limitations. First, most epidemiol-
ogy data of ATTRv amyloidosis reported by the THAOS
Registry are derived from the countries where the Val-
30Met mutation is the predominant genotype. There-
fore, the generalizability of the findings to other countries
may be limited. Moreover, the diagnostic methods and
indices to detect disease progression discussed in the
current review are based on the experience in Japan,
Brazil, and Portugal and may need adaptation before use
in other countries where non-Val30Met mutations are
predominant.

Conclusions

For the appropriate pre- and post-symptom onset test-
ing for ATTRv amyloidosis, it is important to capture
the signs of disease onset in asymptomatic T7TR gene
mutation carriers and monitor disease progression after
diagnosis. Our discussion at the advisory board meeting
revealed that the methodology used to monitor T7TR gene
mutation carriers differs among countries in terms of the
use of noninvasive tests and tissue biopsies. For moni-
toring ATTRv amyloidosis progression, developing a set
of tests and examinations that can be applied in diverse
medical settings could allow effective patient follow-up.
This literature could serve as a guide for neurologists
around the world in choosing the tests and examinations
based on their feasibility to best manage TTR gene muta-
tion carriers and patients with ATTRv amyloidosis. We
hope that this review will assist neurologists in better
understanding the management of ATTRv amyloidosis in
routine practice.

Abbreviations

ATTRv Hereditary transthyretin

BMI Body mass index

CMAP Compound muscle action potential
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