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Hereditary transthyretin amyloidosis (hATTR) is a progressive life-threatening disease that typically presents as progressive sensorimotor 
polyneuropathy, restrictive cardiomyopathy, or a combination of both. Patients with hATTR-associated polyneuropathy (hATTR-PN) 
typically require assistance walking after 5–6 years, and die within 7–10 years from the onset of neuropathy. The presence of progressive 

neuropathy associated with multisystemic symptoms, including signs of cardiomyopathy, should raise a suspicion for possible hATTR-PN. Diagnosis 
of hATTR is established by genetic testing and confirmation of amyloid deposition in the tissue. Non-invasive imaging with nuclear scintigraphy 
may demonstrate cardiac TTR amyloid. Recently approved treatments of hATTR-PN are changing the natural history of this progressive disorder. 
Early diagnosis is expected to lead to more effective treatment, especially now that we have several medications showing improved outcomes 
in treatment of hATTR-neuropathy (inotersen, patisiran, tafamidis, diflunisal) and cardiomyopathy (tafamidis). Ongoing and future studies will 
investigate potential benefits of knockdown therapies in hATTR-associated cardiomyopathy and wild type ATTR.
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Hereditary transthyretin amyloidosis (hATTR) is a progressive life-threatening disease that typically 

presents as progressive sensorimotor polyneuropathy, restrictive cardiomyopathy, or a combination 

of both.1 Patients with hATTR-associated polyneuropathy (hATTR-PN) typically require assistance 

walking after 5–6 years, and die within 7–10 years from the onset of neuropathy.2 However, clinical 

manifestations of amyloidosis can affect other organs as well, including kidneys, connective tissue, 

and eyes.3 Clinically, hATTR may be difficult to distinguish from the other major type of amyloidosis, 

light chain amyloidosis (AL), as prominent involvement of peripheral nerves and cardiomyopathy are 

a shared trait. Combined, hATTR and AL are almost 100 times more common than all other types of 

amyloidosis together.4 Rarely, these two types of amyloidosis may also present in the same patient.5 

This review includes discussion of epidemiology, clinical features, diagnosis, and treatment of hATTR, 

with a focus on hATTR-PN.

Epidemiology
Worldwide prevalence of hATTR follows two patterns: a high density of the most common mutations 

in endemic areas, and sporadic and late onset in non-endemic areas. The highest prevalence of 

hATTR-PN is found in endemic areas in northern Portugal and Sweden, and specific regions of Japan, 

with most cases caused by the variant Val30Met.6 While initial reports of hATTR in Portuguese patients 

with Val30Met emphasized early onset of neuropathy, more recent worldwide studies show increased 

prevalence in the elderly, with more than 70% of patients diagnosed after the age of 60.4,7 

In northern Portugal, the typical age of onset of hATTR is in the 30s, and by the age of 50, almost 80% of 

gene mutation carriers will have clinical manifestations of hATTR.8 In contrast, in Sweden, hATTR with 

the same transthyretin (TTR) mutation, Val30Met, manifests much later, and by the age of 60 only 22% 

of patients will become symptomatic.9 The onset of hATTR-PN may occur even after the age of 80.10 

Most patients have heterozygous TTR mutations, while homozygous TTR mutations are associated 

with an earlier onset and more rapid progression.11,12 In addition to endemic areas, Val30Met can 

be seen in other ethnic groups and geographic regions worldwide, usually with a late onset after 

the age of 50.6 In the USA, the most common TTR mutation is Val122Ile, with an almost exclusively 

cardiac phenotype and disproportionately high prevalence among African–Americans.6 Rarely, hATTR 

with Val122Ile mutation may present with a dominant neuropathy phenotype.13 It has been estimated 

that this TTR mutation can be found in up to 3.4–3.9% of African–Americans, and there is often a 

late age of onset.14,15 Uncommonly, the Val122Ile variant is found in other ethnic groups as well.13,14 
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Other common TTR mutations in the USA include Thr60Ala with mixed 

phenotype and increased prevalence with Irish–Scottish ethnic background, 

and Val30Met with predominant neuropathic phenotype.6 The global 

prevalence of hATTR-PN has been estimated between 10,000 and 38,000.16 

Wild type ATTR (wtATTR), previously also known as senile amyloidosis, is 

seen with accumulation of TTR amyloid deposits in the presence of normal 

TTR genotype, predominantly in the heart. WtATTR is much more common 

than hATTR, although its prevalence in the general population has not been 

established. It has been estimated that up to 13% of patients with heart 

failure with preserved ejection fraction may have wtATTR.17 It predominantly 

affects elderly men, with a median age at diagnosis of 78.6 years, with 

18.5% of patients being women.18 While wtATTR is more common in the 

elderly, it has been known to affect patients as young as 47 years of age, 

and the median survival from diagnosis is only 3.6 years.19 

Pathophysiology of nerve injury in hATTR
hATTR is an autosomal dominant hereditary disorder associated with 

more than 140 pathogenic TTR mutations leading to amyloid deposition, 

primarily affecting heart and peripheral nerves (Table 1).20–34 In its natural 

form, circulating TTR forms tetramers and serves as a shuttle protein 

for thyroxine and retinol-binding protein.35 Variant TTR from pathogenic 

mutations is more unstable leading to dissociation of TTR tetramers 

into monomers.35 Subsequently, amyloid deposits are formed from TTR 

monomers. Amyloid deposits often consist of both mutant and wild-type 

TTR, and it has been estimated that tissue deposits in most patients with 

hATTR may contain only 65–75% mutant TTR, while the rest is wild-type 

TTR (from the normal allele).20

Amyloid nerve injury is primarily caused by the accumulation of amyloid 

deposits in the endoneurium and nerve vasculature.20 Amyloid deposition 

starts around the endoneurial blood vessels with an early disruption of 

the blood–nerve barrier, which may facilitate buildup of amyloid in the 

endoneurial space.36 Patchy distribution of amyloid deposits in peripheral 

nerves may potentially explain some of false-negative nerve biopsies, as 

only a short nerve segment is examined. Teased-fiber studies demonstrate 

segmental demyelination in proximal nerve segments, while diffuse fiber 

loss with axonal degeneration is observed in distal nerve segments.37 

Demyelination could be also partly attributed to injury of Schwann cells 

caused by amyloid deposits.36 Cumulative effects of multifocal amyloid 

lesions in proximal nerve segments might also contribute to the typical 

clinical picture of length-dependent neuropathy in hATTR.37

Clinical presentation and diagnosis of neuropathy 
associated with hATTR
Clinical presentation of hATTR-PN
hATTR-PN is a progressive disease with relentless worsening of symptoms 

and escalating disability.2 Clinical presentation and multisystemic 

manifestations of hATTR, to some degree, correlate with genotype; however, 

there may be a phenotype variability, even within the same family. While 

patients with hATTR typically present with a neuropathy-predominant or 

cardiac-predominant phenotype, most patients will have varying degrees 

of both nerve and cardiac amyloid deposition. Systemic deposition of 

amyloid results in a wide spectrum of symptoms reflecting multisystemic 

involvement, and amyloid neuropathy should be suspected in the presence 

of “red flag” symptoms, including bilateral carpal tunnel syndrome, 

restrictive cardiomyopathy, dysautonomia, and renal abnormalities.1,3 

Late onset systemic amyloidosis can often be preceded by carpal tunnel 

syndrome for a decade or longer, due to amyloid deposits in tenosynovial 

tissue. In a study by Sperry et al., amyloid deposits were reported in 

tenosynovium of 10% of patients following carpal tunnel release, with a 

median age of 68 years, including seven patients with ATTR and two with 

AL (men >50 years, women >60 years).38 

The most common phenotype of hATTR-PN is length-dependent symmetric 

painful axonal sensorimotor polyneuropathy with dysautonomia.39 

Phenotype patterns of amyloid neuropathies and dysautonomia include 

generalized autonomic failure with painful large fiber polyneuropathy, 

generalized autonomic failure with polyneuropathy without pain, isolated 

generalized autonomic failure, polyneuropathy without generalized 

autonomic failure, and small fiber neuropathy with generalized autonomic 

failure.39 Clinical signs of dysautonomia may be absent at the onset 

of neuropathy, especially with late onset hATTR-PN after the age of  

50 years.40 Electrodiagnostic testing in hATTR-PN typically shows axonal 

sensorimotor polyneuropathy with length-dependent involvement. Less 

common neuropathy phenotypes include demyelinating sensorimotor 

polyneuropathy (which may resemble chronic inflammatory demyelinating 

Table 1: Common hATTR mutations and phenotypes

Mutation Predominant clinical phenotype Endemic regions and ethnic groups References

Val30Met Early onset: neuropathic

Late onset: mixed

Portugal, Sweden, Japan, Brazil 23–25

Ser50Arg Neuropathic Mexico, Italy, France, Japan 26

Thr60Ala Mixed Ireland, Scotland, England, Greece 27, 28

Phe64Leu Mixed Italy 29

Glu89Gln Mixed Italy 29

Ile68Leu Cardiac Italy, Bulgaria, Germany 30

Leu111Met Cardiac Danish 31

Val122Ile Cardiac African-Americans, Caribbean, West-African heritage 32, 33

Asp18Gly Leptomeningeal Hungary 34

Tyr69His Oculoleptomeningeal Canada, Scotland, USA, Sweden, Germany 22

hATTR = hereditary transthyretin amyloidosis.
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polyneuropathy), radiculopathy or radiculoplexopathy, motor neuropathy, 

and predominant upper extremity neuropathies (Table 2).22,41–47 

Clinical progression of hATTR-PN is usually described by staging based 

on Familial Amyloid Polyneuropathy (FAP) stage or Peripheral Neuropathy 

Disability (PND) score (Table 3).48 Dysautonomia is often among the most 

debilitating symptoms of hATTR, including orthostatic hypotension, 

syncope, and gastrointestinal dysmotility. In most patients with hATTR-PN 

orthostatic hypotension is primarily neurogenic, but the symptoms may be 

affected by the heart failure as well. Other manifestations of dysautonomia 

may include cardiac arrhythmias, neurogenic bladder, erectile dysfunction, 

and sweating abnormalities.49

Diagnosis of hATTR-PN
Diagnosis of hATTR is often delayed due to a wide spectrum of clinical 

presentations leading to unnecessary investigations, potentially harmful 

therapies, and delayed treatment.50 The presence of progressive 

neuropathy associated with multisystemic symptoms, including signs of 

cardiomyopathy, should raise a suspicion for possible hATTR-PN.1,3 While 

carpal tunnel syndrome often precedes the diagnosis of hATTR, its predictive 

diagnostic value is limited by its ubiquitous nature and high prevalence in 

the general population. In patients with known family history of hATTR, any 

new onset of peripheral neuropathy, dysautonomia, or cardiac symptoms 

should be considered as a possible manifestation of hATTR.1 Additionally, in 

patients without known family history, hATTR should be considered in the 

differential diagnosis of refractory progressive polyneuropathy, even in the 

absence of dysautonomia or cardiomyopathy. A wide spectrum of clinical 

presentations leads to a delay of diagnosis by an average of 4 years, often 

resulting in unnecessary testing and inappropriate treatment, with patients 

being evaluated by multiple physicians before diagnosis is made.50

The diagnosis of amyloidosis is established by the detection of amyloid 

deposits in tissue and accurate amyloid typing. Genetic testing is 

needed to confirm or exclude the diagnosis of hATTR (versus wtATTR). 

Easier access to genetic testing has greatly facilitated the diagnosis of 

hATTR, though we should not mistake non-amyloidogenic variants of 

TTR like Gly6Ser and Thr119Met, especially since Thr119 is associated 

with a lower risk of hATTR, even in the presence of pathogenic TTR 

alleles.21,51 An online database of TTR mutations is a helpful resource in  

the evaluation of patients with uncommon TTR variants (available at: 

http://amyloidosismutations.com/mut-attr.php).21 

In patients with pathogenic TTR mutations it is preferable to confirm amyloid 

deposition in the tissue, which is a pathogenic event establishing that the 

patient has moved beyond the status of mutation carrier.1 The presence 

of amyloidosis in the tissue may be confirmed histopathologically, using 

biopsy or fat aspirate for example; or noninvasively, using bone scintigraphy 

or positron emission tomography (PET) scans.52,53 Bone scintigraphy tracers, 

technetium pyrophosphate (PYP), hydroxymethylene diphosphonate 

(HMDP), or diphosphono-1,2-propanodicarboxylic acid (DPD), allow an 

inexpensive, noninvasive method of demonstrating accumulation of TTR 

amyloid fibrils in cardiac tissue with high specificity and sensitivity;53,54 

while PET scans are much more complex and expensive, and are typically 

not used in daily clinical practice. PET scans are also not specific for 

TTR amyloid deposits. Rarely, bone scintigraphy may be false-positive 

with deposition of non-TTR amyloid in the heart, primarily with AL.55 

Additionally, paraproteinemia is not diagnostic of light chain amyloidosis, 

and monoclonal gammopathy of unknown significance is fairly common 

in ATTR.56 PET scans may allow non-invasive diagnosis of leptomeningeal 

amyloidosis using 11C-PiB or other amyloid-binding ligands.52 Cardiac 

magnetic resonance imaging may also demonstrate amyloid deposits, but 

cannot distinguish ATTR from AL.57 

On histopathological specimens, the presence of amyloidosis is confirmed 

with various stains including Congo red, but such stains do not allow typing of 

the amyloid (ATTR versus AL). Technical inadequacy of biopsy sampling and 

processing, and patchy distribution of amyloidosis in biopsied tissue, may 

also limit the sensitivity of histopathologic examination. Immunotyping with 

anti-TTR or anti-light chain antibodies has limited sensitivity and specificity, 

and cannot distinguish hATTR from wtATTR.1 Most accurate amyloid typing 

on tissue specimens is obtained by mass spectrometry, which is the gold 

standard and is available in few centers.58,59 Nerve biopsy is now pursued 

less frequently, due to comorbidity associated with the procedure, easier 

access to genetic testing, possible false-negative biopsies, and the option 

to confirm amyloid deposition with lower morbidity procedures, including 

fat aspirates, gastrointestinal tract, or salivary gland biopsies.60,61 However, 

nerve biopsy may be very helpful in patients with progressive neuropathy 

when alternative causes of neuropathy are considered and may provide 

histopathological confirmation of amyloid deposition in the peripheral nerve.  

Amyloid deposition can be also demonstrated with skin punch biopsy.62	

ATTR in other organs and tissues
Cardiac ATTR amyloidosis
Amyloid TTR cardiomyopathy (ATTR-CM) is the most common clinical 

manifestation of ATTR. Cardiac-predominant phenotype of hATTR is 

Table 2: Uncommon phenotypes of hATTR-PN

Neuropathy phenotype TTR mutations References

Demyelinating polyneuropathy Val122Ile, Val30Met, Ile107Val 42, 43, 46

Mononeuropathy multiplex Thr60Ala 47

Polyradiculopathy Leu12Pro, Tyr69His 22, 41

Radiculoplexus neuropathy Val30Met 44

Motor neuro(no)pathy Val93Met 45

hATTR-PN = hereditary transthyretin amyloidosis-associated polyneuropathy;  
TTR = transthyretin.

Table 3: Severity of hATTR-PN measured by familial amyloid 
polyneuropathy and polyneuropathy disability scores48

Stage FAP stage PND score

0 Asymptomatic

I Mild, symptoms limited to 

lower limbs, ambulatory

I – sensory symptoms, walking normally

II – walking difficulties, does not require 

support or cane

II Moderate symptoms, needs 

support for ambulation

IIIa – one stick or one crutch needed  

for ambulation

IIIb – two sticks or two crutches needed 

for ambulation

III Severe, bedridden or 

wheelchair-bound

IV – patient confined to a bed  

or wheelchair

FAP = familial amyloid polyneuropathy; hATTR-PN = hereditary transthyretin  
amyloidosis-associated polyneuropathy; PND = polyneuropathy disability.
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estimated to be at least four times as common as a neuropathy-predominant 

phenotype, although many patients have a mixed phenotype. Cardiac 

involvement is even more dominant with wtATTR, which almost exclusively 

involves the heart in most patients, with the exceptions of carpal tunnel 

syndrome, lumbar stenosis, and few patients with mild neuropathy.19,63 In 

patients with late onset hATTR-PN, cardiac amyloidosis may be present with 

limited clinical manifestations, at least in the early stages of the disease. The 

presence of ATTR-CM has a great impact on survival in ATTR and estimated 

median survival from diagnosis of ATTR-CM associated with Val122Ile 

mutation is 25.6 months, compared to 43 months with wtATTR.64

Amyloid deposition in the myocardium typically leads to restrictive 

cardiomyopathy with left ventricular hypertrophy, diastolic dysfunction, 

and heart failure with preserved ejection fraction.65 Diagnosis of ATTR-CM 

has been greatly facilitated by non-invasive scintigraphy demonstrating 

TTR amyloid deposition in the myocardium, and obviating the need for 

endomyocardial biopsies.54 In addition to increased thickness of the left 

ventricular wall, ATTR-CM is commonly associated with arrhythmias and 

cardiac conduction disturbances. Atrial fibrillation may affect almost 

two-thirds of patients with ATTR-CM, although it may be more common 

with wtATTR.18,19,65 A permanent pacemaker may be required in 25–36% 

of patients with hATTR and 43% with wtATTR.66,67 Patients with sustained 

ventricular tachycardia and high burden of non-sustained ventricular 

tachycardia may also benefit from implantation of a defibrillator.65

When compared with AL-CM, ATTR-CM is less commonly associated with 

kidney disease and patients are usually less symptomatic despite greater 

wall thickness and lower ejection fractions.65 Currently, tafamidis is the 

only medication approved in the USA for the treatment of ATTR-CM.68 

Knockdown therapies are currently approved only for treatment of  

hATTR-PN, but the results of clinical studies suggest that inotersen and 

patisiran are also beneficial for cardiac manifestations of ATTR.69,70 

ATTR in other organs and tissues
In hATTR, we can find amyloid deposition in many other organs and tissues, 

including the kidneys, eyes, meninges, and connective tissue. Most of the 

circulating TTR in the serum comes from the liver, but TTR is also produced 

in retinal cells and choroid plexus. Vitreous deposition of hATTR deposits 

may be the first clinical manifestation of hATTR. Ocular amyloid deposits 

were reported in up to 24% of examined patients with hATTR, more 

commonly in women (46% versus 15%).71 Clinical manifestations of ocular 

amyloidosis include vitreous amyloid, neurotrophic keratitis, glaucoma, and 

tortuous retinal vessels.71

Rarely, few TTR mutations may lead to leptomeningeal amyloid deposition, 

which can lead to seizures, cognitive decline, and brain hemorrhage.72 

Other clinical manifestations of leptomeningeal amyloidosis may include 

ischemic stroke, hydrocephalus, encephalopathy, ataxia, spasticity, and 

radiculopathies. Leptomeningeal amyloid deposition in liver transplant 

recipients has uncertain clinical significance.52 Muscle amyloidosis has 

been reported in patients with hATTR and wtATTR-associated neuropathy 

and myopathy.73,74 Deposition of TTR amyloid fibrils in connective tissue, 

including muscle tendons, may precipitate carpal tunnel syndrome and 

biceps brachii ruptures.38,75 Currently available knockdown therapies for 

ATTR do not seem to affect mutant TTR production in the retina and choroid 

plexus and may not be effective for treatment of ocular and leptomeningeal 

ATTR manifestations.76

Other types of ATTR neuropathies
Wild type ATTR
While wtATTR primarily affects the heart, some patients may also develop 

peripheral neuropathy. The clinical course of neuropathy associated with 

wtATTR is typically indolent without significant dysautonomia.63,73,77,78 In 

addition to peripheral neuropathy, patients with wtATTR may also develop 

radiculopathies due to spinal stenosis associated with wtATTR.79 

Acquired (post-domino liver transplantation) ATTR
Domino liver transplantation has been used in the treatment of hATTR, 

whereby the explanted liver from a liver-transplant recipient with hATTR 

is transplanted into a patient with liver failure, as such, the liver explant is 

otherwise functional, except for the production of mutant TTR. The rationale 

for domino transplantation was that patients with liver failure would have 

very short life expectancy without transplantation, and initial estimates 

suggested that only 0.4% recipients may develop amyloidosis from liver 

allograft with a delayed onset of acquired ATTR, many years after the 

transplantation.80 However, more recent studies showed that up to 48% of 

patients may eventually develop systemic TTR amyloid deposition, including 

at least 8% with an acquired ATTR-PN.81 Symptoms of acquired ATTR-PN 

start after a median of 7 years, although the onset has been reported as 

early as 2 months after transplantation.82 Rarely, acquired post-transplant 

ATTR-PN may have a fulminant course, as seen with rare Asn23Ser variant.83

Treatment of ATTR
If left untreated, hATTR-PN follows a progressive clinical course with 

a rapid functional decline and survival of 7–10 years.2 Until recently, the 

only available treatment options for hATTR included liver or liver–heart 

transplantation and off-label use of the TTR stabilizer, diflunisal, which both 

slow the progression.84,85 The TTR stabilizer, tafamidis, was approved in 

Europe, Japan, and Brazil in 2012 for the treatment of early and intermediate 

stages of hATTR-PN,86 and it was made available in the USA in 2019 only 

for treatment of ATTR-CM (both hereditary and wild type).68 Tafamidis is 

not approved for the treatment of ATTR-PN in USA at this time. Another 

TTR stabilizer, diflunisal, is a repurposed non-steroidal anti-inflammatory 

drug (NSAID) that has been available for treatment of arthritis in the USA 

since 1982. Recent studies showed promising results with blocking of TTR 

expression (knockdown), leading to US Food and Drug Administration (FDA) 

approval of the small interfering RNA (siRNA)-based patisiran, and the 

antisense oligonucleotide-based inotersen in 2018.87,88 

The TTR stabilizers tafamidis and diflunisal reduce formation of amyloid 

fibrils by stabilizing the TTR molecule in its tetramer conformation, while 

patisiran and inotersen knock down the production of both mutant and 

wild-type TTR. Commonly used measures of efficacy of hATTR in clinical 

trials include various measures of quality of life, including the Norfolk 

Quality of Life–Diabetic Neuropathy (QOL-DN) and neuropathy severity 

scales, that are mostly based on the Neuropathy Impairment Score (NIS), 

including NIS-lower limbs (LL), NIS+7 and modified NIS+7.89

Knockdown of the TTR gene
Two knockdown treatments that were recently approved by the FDA, 

patisiran and inotersen, use sequence-driven cleavage to reduce levels 

of TTR mRNA in the liver and its protein product. These two medications, 

respectively, block the production of TTR by distinct mechanisms, with  

double-stranded siRNA and antisense oligonucleotides, but the main 

principle remains the cleavage of TTR mRNA through RNase H and  
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RNA-induced silencing complex.90 Serum levels of TTR are reduced by  

75–85% with knockdown therapies.

Treatment with inotersen and patisiran typically stabilizes symptoms, and 

some patients may even show improvement. Clinical studies have shown 

significant differences in measures of quality of life (Norfolk QOL-DN 

scale), neuropathy outcome scores (NIS +7/mNIS+7), and 10-minute 

walk tests in treated patients when compared with a placebo group.87,88 

Furthermore, 36% and 50% of patients treated with inotersen, and 56% and 

51% of patients treated with patisiran, had an improvement of neuropathy 

outcomes and quality of life at 15 and 18 months, respectively.87,88 Patisiran 

is given intravenously, whereas inotersen is given subcutaneously. Prior to 

patisiran infusions, patients need to be premedicated with corticosteroids, 

acetaminophen, and H1/H2 blockers.91 The use of inotersen is associated 

with the risk of potentially fatal thrombocytopenia and glomerulonephritis, 

and continuous monitoring is needed.88 Lowering of serum TTR level also 

reduces vitamin A level, so vitamin A supplementation is recommended 

with both TTR knockdown therapies. So far, there are no reports of major 

medical problems attributable to prolonged knockdown of TTR.

Another knockdown siRNA investigational treatment, revusiran, was 

abandoned after a study showed greater, predominantly cardiovascular, 

mortality in the treatment arm of a cardiomyopathy study (12.9% versus 

3.0%), although subsequent analysis did not show any deleterious effects of 

revusiran on cardiac function.92 Non-ambulatory and terminal stage patients 

have been excluded from clinical studies and are unlikely to attain major 

benefits with such treatment, although their quality of life may improve. 

At this time, knockdown therapies are approved only for the treatment of 

hATTR-PN, and initial studies suggest benefits for hATTR-CM, as well. Studies 

investigating the use of knockdown therapies in wtATTR are in progress.

TTR stabilization
In its natural form, circulating TTR forms tetramers and amyloid deposits 

are formed from TTR monomers following destabilization and dissociation 

of TTR tetramers. Dissociation of TTR tetramers is the rate-limiting step of 

amyloidogenesis, and slowing of dissociation leads to reduction of clinical 

symptoms.93 Pathogenic TTR variants are associated with greater rates of 

TTR tetramer destabilization. Several compounds stabilizing TTR tetramers 

have been used in treatment of ATTR, including tafamidis, diflunisal, and 

most recently, experimental medication AG10.

Tafamidis has not been approved for the treatment of hATTR-PN in the USA 

after initial neuropathy studies, due to limited benefits, but it was approved 

for treatment of patients with early-stage hATTR-PN (stage I) in Europe, Japan, 

and Latin America (Table 4). A clinical trial enrolling patients with a Val30Met 

mutation showed that at 18 months, treatment with tafamidis was associated 

with a greater chance of slower progression (NIS-LL responders defined as 

having decline of <2 points) when compared with placebo (60% versus 38%), 

but the co-primary endpoints of the study were not met (NIS-LL and Norfolk 

Quality of Life [TQOL] scales).94 Long-term studies with tafamidis have shown 

slowing of progression in patients with Val30Met and other TTR mutations.95,96 

One-third of the patients treated with tafamidis may still do well after 3 years 

of treatment.95 Early treatment often delays the onset of progression of 

neuropathy symptoms.97 Additionally, tafamidis also reduced the risk of 

mortality in patients with early and late onset ATTR-PN Val30Met compared 

with untreated patients.23 In patients with ATTR-CM (both hATTR and wtATTR), 

tafamidis was shown to reduce all-cause mortality by 13% and the risk of 

cardiovascular hospitalizations by 31%, with reduced rate of worsening on 

a 6-minute walk test (p<0.001).68 The dose of tafamidis in ATTR-CM trial was 

four times higher than previously used in treatment of ATTR-PN.68,94

Diflunisal is an NSAID that binds to a thyroxine-binding site on TTR and 

stabilizes circulating TTR tetramers, leading to reduction on amyloid 

formation. The use of diflunisal for 2 years in patients with stage I and 

stage II hATTR-PN reduced the rate of progression and improved patients’ 

quality of life, whereas 29.7% of patients remained clinically stable 

compared with 9.4% of patients treated with placebo.84 However, there is 

a safety concern with the long-term use of NSAIDs (including diflunisal) in 

patients with significant cardiac disease, renal insufficiency, and the risk of 

gastrointestinal bleeding. 

Table 4: Currently available treatments for ATTR 

Drug Approval status Dosing Efficacy Concerns

Inotersen  

(Tegsedi®, Akcea Therapeutics,  

Boston, MA, USA)

PN: approved 300 mg weekly SC mNIS+7: 19.7 points better  

than placebo;

Norfolk QOL-DN: 11.7 points better 

than placebo

Thrombocytopenia, 

glomerulonephritis

Patisiran

(Onpattro®, Alnylam Pharmaceuticals, 

Cambridge, MA, USA)

PN: approved 0.3 mg/kg every  

3 weeks IV

mNIS+7: 34 points better than 

placebo;

Norfolk QOL-DN: 21.1 points better 

than placebo

Local extravasation may 

cause irritation

Tafamidis

(Vyndaqel® and Vyndamax® Pfizer,  

New York, NY, USA)

PN: stage I in EU, Brazil, Japan 20 mg PO PN: more NIS-LL responders  

(45.3% versus 29.5%)

CM: approved for hATTR and 

wtATTR

80 mg PO* CM: lower mortality  

(29.5% versus 42.9%)

Diflunisal

(Dolobid®, Merck & Co., Inc.,  

Kenilworth, NJ, USA)

Off label 250 mg BID PO 29.7% with stable NIS+7 after 2 years 

(versus 9.4% with placebo) 

Hypertension, nephropathy,  

gastrointestinal bleeding

AG10 Experimental 400/800 mg PO Pending Experimental medication

*Also available as a similar formulation of the same medication dosed at 61 mg daily (Vyndamax).
ATTR = transthyretin amyloidosis; BID = twice daily (bis in die); CM = cardiomyopathy; hATTR = hereditary transthyretin amyloidosis; IV = intravenous; mNIS+7 = modified Neuropathy 
Impairment Score; NIS-LL = Neuropathy Impairment Score-Lower Limb; PN = peripheral neuropathy; PO = by mouth (per os); QOL-DN = Quality of Life–Diabetic Neuropathy;  
SC = subcutaneous; wtATTR = wild-type transthyretin amyloidosis.



108

Review  Neuromuscular Diseases

US NEUROLOGY

Overall, while there are no studies allowing head-to-head comparison, TTR 

knockdown therapies seem to be more effective than TTR stabilizers in the 

treatment of hATTR-PN.98 Nevertheless, clinical studies demonstrated that 

TTR stabilizers may delay the progression of neuropathy in ATTR when used 

early in the disease course. Similar treatment choices are not available for 

ATTR-CM in clinical practice, and currently only tafamidis is approved for 

treatment after studies showed a reduction of all-cause mortality and of 

cardiovascular hospitalizations.68 Studies of knockdown therapy of ATTR-CM 

are in progress. Tafamidis and diflunisal are oral medications and do not 

require premedication or laboratory testing.

AG10 is another highly selective TTR stabilizer that is currently undergoing 

clinical trials. Initial studies showed that it was well tolerated and restored 

low serum TTR levels to normal, but the final results showing its efficacy 

from clinical studies are still pending at this time.99 In addition to TTR 

stabilizers, another option is treatment with amyloid fibril disruptors, 

including a combination of doxycycline and ursodiol, and limited clinical 

studies suggest that such a combination may stabilize hATTR-PN.100

 
Transplantation—liver, heart, domino
Liver transplantation was the first therapy to slow the progression of 

ATTR, as 95% of circulating TTR in human body is synthesized in the liver, 

even though the liver in patients with TTR remains otherwise functional. 

Liver transplantation has been used in the treatment of hATTR since 1990 

with more than 2,000 patients receiving a transplant.85 Following liver 

transplantation, symptoms of hATTR-PN may stabilize or mildly improve in 

most patients.101,102 However, wild type TTR amyloid may continue to deposit 

in the heart and peripheral nerves, even after liver transplantation.103,104

Depending on TTR mutation, post-liver transplantation survival at 10 years 

varies widely from 21–85%.105 Early-onset patients with Val30Met TTR 

mutation benefit the most from liver transplantation, and poor survival has 

been noted in most patients with leptomeningeal amyloidosis.85 In a study 

from Japan, before the availability of knockdown treatments, the estimated 

probability of survival at 10 years after transplantation for patients with 

Val30Met TTR mutation was 100% compared with 56% for non-transplant 

patients.106 Median overall survival of untreated patients with Val30Met 

TTR mutation and patients who underwent liver transplantation was 11.61 

and 24.73 years, respectively.23 In addition to classic liver transplantation 

from deceased donors, some patients with hATTR underwent domino 

liver transplantation, whereby the explanted liver allografts from patients 

with hATTR were transplanted to patients with liver failure. Domino liver 

transplantation may also lead to development of acquired TTR amyloid 

polyneuropathy in recipients of domino liver explants, typically at 7–9 years 

after transplantation.82 Poor nutritional status and longer duration of 

disease prior to transplantation are also risk factors for poor outcome after 

liver transplantation.85

Heart transplantation is controversial in patients with hATTR-CM due to 

the complicated clinical course and continued production of mutant TTR 

by the native liver.65 Additionally, advanced age and multiple comorbidities 

will increase the risk of potential complications associated with heart 

transplantation. Combined liver and heart transplantation may be an option 

for some patients with refractory heart failure and survival may be greater 

than with transplanted liver alone.107 The use of knockdown therapies in 

liver transplant recipients is also being explored (NCT03862807), especially 

since this should reduce the formation of wild type TTR amyloid fibrils, 

which may continue after transplantation.

Supportive treatment
hATTR is a multisystemic disorder and requires multidisciplinary approach. 

Close cooperation between neurologists and cardiologists is essential, and 

with multisystemic clinical manifestations, other specialties are needed, 

including nephrologists, gastroenterologists, ophthalmologist, and physical 

therapists. In addition to treatment of underlying hATTR, most patients 

with hATTR-PN also require symptomatic therapy of neuropathic pain, 

dysautonomia, and other associated symptoms, similarly as with other 

types of peripheral neuropathy. Symptomatic treatment of cardiomyopathy 

is focused on reducing polypharmacy, maintenance of euvolemia with 

avoidance of medications that can cause symptomatic hypotension, and 

consideration of pacemaker placement.65

Conclusion
Overall, new approved treatments of hATTR-PN are changing the natural 

history of this progressive disease. The currently available treatments 

mostly slow down and arrest the progression of amyloid deposition, 

so early diagnosis and timely treatment remain essential for more 

effective management. Diagnosis of hATTR has been greatly facilitated by  

non-invasive imaging of cardiac amyloid with nuclear scintigraphy  

(PYP/DPD/HMDP) and ease of access to genetic testing. Early diagnosis 

is expected to lead to more effective treatment, especially now that we 

have several medications showing improved outcomes in treatment of  

hATTR-neuropathy (inotersen, patisiran, tafamidis, diflunisal) and 

cardiomyopathy (tafamidis). There may be a role for possible combination 

of knockdown stabilizers and TTR stabilizers, and reduction of serum 

TTR levels may also allow lower dosing of TTR stabilizers. Ongoing and 

future studies will investigate potential benefits of knockdown therapies 

in hATTR-CM and wtATTR, and new ways to utilize TTR stabilizers in the 

treatment of ATTR. Future treatments will also target mutant TTR formation 

in the central nervous system and the eye. 

1.	 Ando Y, Coelho T, Berk JL, et al. Guideline of transthyretin-related 
hereditary amyloidosis for clinicians. Orphanet J Rare Dis. 
2013;8:31.

2.	 Adams D, Coelho T, Obici L, et al. Rapid progression of familial 
amyloidotic polyneuropathy: a multinational natural history study. 
Neurology. 2015;85:675–82.

3.	 Conceicao I, Gonzalez-Duarte A, Obici L, et al. “Red-flag” symptom 
clusters in transthyretin familial amyloid polyneuropathy.  
J Peripher Nerv Syst. 2016;21:5–9.

4.	 Rowczenio D, Quarta CC, Fontana M, et al. Analysis of the TTR 
gene in the investigation of amyloidosis: a 25-year single UK 
center experience. Hum Mutat. 2019;40:90–6.

5.	 Sidiqi MH, McPhail ED, Theis JD, et al. Two types of amyloidosis 
presenting in a single patient: a case series. Blood Cancer J. 
2019;9:30.

6.	 Maurer MS, Hanna M, Grogan M, et al. genotype and phenotype 
of transthyretin cardiac amyloidosis: THAOS (Transthyretin 

Amyloid Outcome Survey). J Am Coll Cardiol. 2016;68:161–72.
7.	 Andrade C. A peculiar form of peripheral neuropathy; familiar 

atypical generalized amyloidosis with special involvement of the 
peripheral nerves. Brain. 1952;75:408–27.

8.	 Plante-Bordeneuve V, Carayol J, Ferreira A, et al. Genetic study of 
transthyretin amyloid neuropathies: carrier risks among French 
and Portuguese families. J Med Genet. 2003;40:e120.

9.	 Hellman U, Alarcon F, Lundgren HE, et al. Heterogeneity of 
penetrance in familial amyloid polyneuropathy, ATTR Val30Met, in 
the Swedish population. Amyloid. 2008;15:181–6.

10.	 Miyake Z, Nakamagoe K, Ezawa N, et al. Late-onset transthyretin 
(TTR)-familial amyloid polyneuropathy (FAP) with a long disease 
duration from non-endemic areas in Japan. Intern Med. 
2019;58:713–8.

11.	 Reddi HV, Jenkins S, Theis J, et al. Homozygosity for the V122I 
mutation in transthyretin is associated with earlier onset of 
cardiac amyloidosis in the African American population in the 

seventh decade of life. J Mol Diagn. 2014;16:68–74.
12.	 Tojo K, Sekijima Y, Machida K, et al. Amyloidogenic transthyretin 

Val30Met homozygote showing unusually early-onset familial 
amyloid polyneuropathy. Muscle Nerve. 2008;37:796–803.

13.	 Stancanelli C, Gentile L, Di Bella G, et al. Phenotypic variability 
of TTR Val122Ile mutation: a Caucasian patient with axonal 
neuropathy and normal heart. Neurol Sci. 2017;38:525–6.

14.	 Yamashita T, Hamidi Asl K, Yazaki M, Benson MD. A prospective 
evaluation of the transthyretin Ile122 allele frequency in an 
African-American population. Amyloid. 2005;12:127–30.

15.	 Jacobson DR, Alexander AA, Tagoe C, Buxbaum JN. Prevalence 
of the amyloidogenic transthyretin (TTR) V122I allele in 14,333 
African-Americans. Amyloid. 2015;22:171–4.

16.	 Schmidt HH, Waddington-Cruz M, Botteman MF, et al. Estimating 
the global prevalence of transthyretin familial amyloid 
polyneuropathy. Muscle Nerve. 2018;57:829–37.

17.	 Gonzalez-Lopez E, Gallego-Delgado M, Guzzo-Merello G, et al. 



109

Neuropathy Associated with Hereditary Transthyretin Amyloidosis—Diagnosis and Management

US NEUROLOGY

Wild-type transthyretin amyloidosis as a cause of heart failure 
with preserved ejection fraction. Eur Heart J. 2015;36:2585–94.

18.	 Gonzalez-Lopez E, Gagliardi C, Dominguez F, et al. Clinical 
characteristics of wild-type transthyretin cardiac amyloidosis: 
disproving myths. Eur Heart J. 2017;38:1895–904.

19.	 Grogan M, Scott CG, Kyle RA, et al. Natural history of wild-type 
transthyretin cardiac amyloidosis and risk stratification using a 
novel staging system. J Am Coll Cardiol. 2016;68:1014–20.

20.	 Benson MD, Kincaid JC. The molecular biology and clinical 
features of amyloid neuropathy. Muscle Nerve. 2007;36:411–23.

21.	 Rowczenio DM, Noor I, Gillmore JD, et al. Online registry for 
mutations in hereditary amyloidosis including nomenclature 
recommendations. Hum Mutat. 2014;35:E2403–12.

22.	 Blevins G, Macaulay R, Harder S, et al. Oculoleptomeningeal 
amyloidosis in a large kindred with a new transthyretin variant 
Tyr69His. Neurology. 2003;60:1625–30.

23.	 Coelho T, Ines M, Conceicao I, et al. Natural history and survival in 
stage 1 Val30Met transthyretin familial amyloid polyneuropathy. 
Neurology. 2018;91:e1999–2009.

24.	 Conceicao 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.

25.	 Koike H, Tanaka F, Hashimoto R, et al. Natural history of 
transthyretin Val30Met familial amyloid polyneuropathy: analysis 
of late-onset cases from non-endemic areas. J Neurol Neurosurg 
Psychiatry. 2012;83:152–8.

26.	 Gonzalez-Duarte A, Soto KC, Martinez-Banos D, et al. Familial 
amyloidosis with polyneuropathy associated with TTR Ser50Arg 
mutation. Amyloid. 2012;19:171–6.

27.	 Carr AS, Pelayo-Negro AL, Evans MR, et al. A study of the 
neuropathy associated with transthyretin amyloidosis (ATTR) in 
the UK. J Neurol Neurosurg Psychiatry. 2016;87:620–7.

28.	 Sattianayagam PT, Hahn AF, Whelan CJ, et al. Cardiac phenotype 
and clinical outcome of familial amyloid polyneuropathy 
associated with transthyretin alanine 60 variant. Eur Heart J. 
2012;33:1120–7.

29.	 Mazzeo A, Russo M, Di Bella G, et al. Transthyretin-related familial 
amyloid polyneuropathy (TTR-FAP): a single-center experience in 
Sicily, an Italian endemic area. J Neuromuscul Dis. 2015;2:S39–48.

30.	 Gagliardi C, Perfetto F, Lorenzini M, et al. Phenotypic profile of 
Ile68Leu transthyretin amyloidosis: an underdiagnosed cause of 
heart failure. Eur J Heart Fail. 2018;20:1417–25.

31.	 Svendsen IH, Steensgaard-Hansen F, Nordvag BY. A clinical, 
echocardiographic and genetic characterization of a Danish 
kindred with familial amyloid transthyretin methionine 111 linked 
cardiomyopathy. Eur Heart J. 1998;19:782–9.

32.	 Dungu JN, Papadopoulou SA, Wykes K, et al. Afro-Caribbean heart 
failure in the United Kingdom: cause, outcomes, and ATTR V122I 
cardiac amyloidosis. Circ Heart Fail. 2016;9:e003352.

33.	 Quarta CC, Buxbaum JN, Shah AM, et al. The amyloidogenic V122I 
transthyretin variant in elderly black Americans. N Engl J Med. 
2015;372:21–9.

34.	 Garzuly F, Vidal R, Wisniewski T, et al. Familial 
meningocerebrovascular amyloidosis, Hungarian type, with 
mutant transthyretin (TTR Asp18Gly). Neurology. 1996;47:1562–7.

35.	 Giao T, Saavedra J, Cotrina E, et al. Undiscovered roles for 
transthyretin: from a transporter protein to a new therapeutic 
target for Alzheimer’s disease. Int J Mol Sci. 2020;21:2075.

36.	 Koike H, Ikeda S, Takahashi M, et al. Schwann cell and endothelial 
cell damage in transthyretin familial amyloid polyneuropathy. 
Neurology. 2016;87:2220–9.

37.	 Hanyu N, Ikeda S, Nakadai A, et al. Peripheral nerve pathological 
findings in familial amyloid polyneuropathy: a correlative study 
of proximal sciatic nerve and sural nerve lesions. Ann Neurol. 
1989;25:340–50.

38.	 Sperry BW, Reyes BA, Ikram A, et al. Tenosynovial and cardiac 
amyloidosis in patients undergoing carpal tunnel release. J Am 
Coll Cardiol. 2018;72:2040–50.

39.	 Wang AK, Fealey RD, Gehrking TL, Low PA. Patterns of neuropathy 
and autonomic failure in patients with amyloidosis. Mayo Clin 
Proc. 2008;83:1226–30.

40.	 Koike H, Misu K, Sugiura M, et al. Pathology of early- vs late-onset 
TTR Met30 familial amyloid polyneuropathy. Neurology. 
2004;63:129–38.

41.	 Brett M, Persey MR, Reilly MM, et al. Transthyretin Leu12Pro 
is associated with systemic, neuropathic and leptomeningeal 
amyloidosis. Brain. 1999;122:183–90.

42.	 Briemberg HR, Amato AA. Transthyretin amyloidosis presenting 
with multifocal demyelinating mononeuropathies. Muscle Nerve. 
2004;29:318–22.

43.	 Mathis S, Magy L, Diallo L, et al. Amyloid neuropathy mimicking 
chronic inflammatory demyelinating polyneuropathy. Muscle 
Nerve. 2012;45:26–31.

44.	 Sole G, Casenave P, Vital C, et al. Familial amyloid polyneuropathy 
associated with nodular lumbosacral radiculoplexopathy.  
J Peripher Nerv Syst. 2012;17:138–9.

45.	 Lozeron P, Lacroix C, Theaudin M, et al. An amyotrophic lateral 
sclerosis-like syndrome revealing an amyloid polyneuropathy 
associated with a novel transthyretin mutation. Amyloid. 
2013;20:188–92.

46.	 Lozeron P, Mariani LL, Dodet P, et al. Transthyretin amyloid 
polyneuropathies mimicking a demyelinating polyneuropathy. 
Neurology. 2018;91:e143–52.

47.	 Zivkovic SA, Mnatsakanova D, Lacomis D. Phenotypes of late-onset 
transthyretin amyloid neuropathy: a diagnostic challenge.  
J Clin Neuromuscul Dis. 2019;21:1–6.

48.	 Coutinho P, Marins da Silva A, Lopes Lima J, Resende Barbosa 
A. Forty years of experience with type I amyloid neuropathy: 
review of 483 cases. In: Glenner G, e Costa PP, de Freitas AF 
(eds). Amyloid and Amyloidosis. Amsterdam: Excerpta Medica, 
1980;88–93.

49.	 Gonzalez-Duarte A. Autonomic involvement in hereditary 
transthyretin amyloidosis (hATTR amyloidosis). Clin Auton Res. 
2019;29:245–51.

50.	 Plante-Bordeneuve V, Ferreira A, Lalu T, et al. Diagnostic pitfalls in 
sporadic transthyretin familial amyloid polyneuropathy (TTR-FAP). 
Neurology. 2007;69:693–8.

51.	 Saraiva MJ. Transthyretin mutations in hyperthyroxinemia and 
amyloid diseases. Hum Mutat. 2001;17:493–503.

52.	 Sekijima Y, Yazaki M, Oguchi K, et al. Cerebral amyloid angiopathy 
in posttransplant patients with hereditary ATTR amyloidosis. 
Neurology. 2016;87:773–81.

53.	 Ruberg FL, Grogan M, Hanna M, et al. Transthyretin amyloid 
cardiomyopathy: JACC state-of-the-art review. J Am Coll Cardiol. 
2019;73:2872–91.

54.	 Maurer MS. Noninvasive Identification of ATTRwt cardiac 
amyloid: the re-emergence of nuclear cardiology. Am J Med. 
2015;128:1275–80.

55.	 Rubin J, Maurer MS. Cardiac amyloidosis: overlooked, 
underappreciated, and treatable. Annu Rev Med. 2020;71:203–19.

56.	 Phull P, Sanchorawala V, Connors LH, et al. Monoclonal 
gammopathy of undetermined significance in systemic 
transthyretin amyloidosis (ATTR). Amyloid. 2018;25:62–7.

57.	 Perugini E, Rapezzi C, Piva T, et al. Non-invasive evaluation of 
the myocardial substrate of cardiac amyloidosis by gadolinium 
cardiac magnetic resonance. Heart. 2006;92:343–9.

58.	 Klein CJ, Vrana JA, Theis JD, et al. Mass spectrometric-based 
proteomic analysis of amyloid neuropathy type in nerve tissue. 
Arch Neurol. 2011;68:195–9.

59.	 Vrana JA, Gamez JD, Madden BJ, et al. Classification of 
amyloidosis by laser microdissection and mass  
spectrometry-based proteomic analysis in clinical biopsy 
specimens. Blood. 2009;114:4957–9.

60.	 Lecadet A, Bachmeyer C, Buob D, et al. Minor salivary gland 
biopsy is more effective than normal appearing skin biopsy 
for amyloid detection in systemic amyloidosis: a prospective 
monocentric study. Eur J Intern Med. 2018;57:e20–1.

61.	 Suzuki T, Kusumoto S, Yamashita T, et al. Labial salivary gland 
biopsy for diagnosing immunoglobulin light chain amyloidosis:  
a retrospective analysis. Ann Hematol. 2016;95:279–85.

62.	 Ebenezer GJ, Liu Y, Judge DP, et al. Cutaneous nerve biomarkers 
in transthyretin familial amyloid polyneuropathy. Ann Neurol. 
2017;82:44–56.

63.	 Ng B, Connors LH, Davidoff R, et al. Senile systemic amyloidosis 
presenting with heart failure: a comparison with light  
chain-associated amyloidosis. Arch Intern Med. 2005;165:1425–9.

64.	 Ruberg FL, Maurer MS, Judge DP, et al. Prospective evaluation 
of the morbidity and mortality of wild-type and V122I mutant 
transthyretin amyloid cardiomyopathy: the Transthyretin 
Amyloidosis Cardiac Study (TRACS). Am Heart J. 2012;164:222–8.e1.

65.	 Castano A, Drachman BM, Judge D, Maurer MS. Natural history 
and therapy of TTR-cardiac amyloidosis: emerging  
disease-modifying therapies from organ transplantation to 
stabilizer and silencer drugs. Heart Fail Rev. 2015;20:163–78.

66.	 Givens RC, Russo C, Green P, Maurer MS. Comparison of cardiac 
amyloidosis due to wild-type and V122I transthyretin in older 
adults referred to an academic medical center. Aging Health. 
2013;9:229–35.

67.	 Okamoto S, Hornsten R, Obayashi K, et al. Continuous 
development of arrhythmia is observed in Swedish transplant 
patients with familial amyloidotic polyneuropathy (amyloidogenic 
transthyretin Val30Met variant). Liver Transpl. 2011;17:122–8.

68.	 Maurer MS, Schwartz JH, Gundapaneni B, et al. Tafamidis 
treatment for patients with transthyretin amyloid cardiomyopathy. 
N Engl J Med. 2018;379:1007–16.

69.	 Dasgupta NR, Rissing SM, Smith J, et al. Inotersen therapy of 
transthyretin amyloid cardiomyopathy. Amyloid. 2020;27:52–8.

70.	 Solomon SD, Adams D, Kristen A, et al. Effects of patisiran, an 
RNA interference therapeutic, on cardiac parameters in patients 
with hereditary transthyretin-mediated amyloidosis. Circulation. 
2019;139:431–43.

71.	 Reynolds MM, Veverka KK, Gertz MA, et al. Ocular manifestations 
of familial transthyretin amyloidosis. Am J Ophthalmol. 
2017;183:156–62.

72.	 Benson MD. Leptomeningeal amyloid and variant transthyretins. 
Am J Pathol. 1996;148:351–4.

73.	 Lam L, Margeta M, Layzer R. Amyloid polyneuropathy caused by 
wild-type transthyretin. Muscle Nerve. 2015;52:146–9.

74.	 Pinto MV, Milone M, Mauermann ML, et al. Transthyretin 
amyloidosis: putting myopathy on the map. Muscle Nerve. 
2020;61:95–100.

75.	 Geller HI, Singh A, Alexander KM, et al. Association between 
ruptured distal biceps tendon and wild-type transthyretin cardiac 
amyloidosis. JAMA. 2017;318:962–3.

76.	 Goncalves P, Martins H, Costelha S, et al. Efficiency of silencing 
RNA for removal of transthyretin V30M in a TTR leptomeningeal 
animal model. Amyloid. 2016;23:249–53.

77.	 Zivkovic S, Soman P, Lacomis D. Late-onset peripheral neuropathy 
in patients with wild type transthyretin amyloidosis (wtATTR). 
Amyloid. 2019;29:1–2.

78.	 Wajnsztajn Yungher F, Kim A, Boehme A, et al. Peripheral 
neuropathy symptoms in wild type transthyretin amyloidosis.  

J Peripher Nerv Syst. 2020;25:265–72.
79.	 Wang AKG. Neurologic improvement after cervical 

decompression in wild type cervical amyloidosis. In: Dyck PJ (ed). 
Companion to Peripheral Neuropathy. Philadelphia: Saunders 
Elsevier, 2010;145–7.

80.	 Ericzon BG, Larsson M, Wilczek HE. Domino liver transplantation: 
risks and benefits. Transplant Proc. 2008;40:1130–1.

81.	 Adams D, Lacroix C, Antonini T, et al. Symptomatic and proven de 
novo amyloid polyneuropathy in familial amyloid polyneuropathy 
domino liver recipients. Amyloid. 2011;18(Suppl. 1):174–7.

82.	 Mnatsakanova D, Zivkovic SA. Iatrogenic amyloid polyneuropathy 
after domino liver transplantation. World J Hepatol. 2017; 
9:126–30.

83.	 Dixit N, Castano A, Farr MJ, et al. Rapidly progressive 
transthyretin-mediated amyloidosis in a domino liver transplant 
recipient of a Ser23Asn donor. J Clin Neuromuscul Dis. 
2016;17:142–5.

84.	 Berk JL, Suhr OB, Obici L, et al. Repurposing diflunisal for familial 
amyloid polyneuropathy: a randomized clinical trial. JAMA. 
2013;310:2658–67.

85.	 Ericzon BG, Wilczek HE, Larsson M, et al. Liver transplantation for 
hereditary transthyretin amyloidosis: after 20 years still the best 
therapeutic alternative? Transplantation. 2015;99:1847–54.

86.	 Waddington Cruz M, Benson MD. A review of tafamidis for the 
treatment of transthyretin-related amyloidosis. Neurol Ther. 
2015;4:61–79.

87.	 Adams D, Gonzalez-Duarte A, O’Riordan WD, et al. Patisiran, an 
RNAi therapeutic, for hereditary transthyretin amyloidosis.  
N Engl J Med. 2018;379:11–21.

88.	 Benson MD, Waddington-Cruz M, Berk JL, et al. Inotersen 
treatment for patients with hereditary transthyretin amyloidosis. 
N Engl J Med. 2018;379:22–31.

89.	 Dyck PJB, Gonzalez-Duarte A, Obici L, et al. Development of 
measures of polyneuropathy impairment in hATTR amyloidosis: 
from NIS to mNIS+7. J Neurol Sci. 2019;405:116424.

90.	 Levin AA. Treating disease at the RNA level with oligonucleotides. 
N Engl J Med. 2019;380:57–70.

91.	 FDA. Onpattro (patisiran) prescribing information. August 2020. 
Available at: www.accessdata.fda.gov/drugsatfda_docs/
label/2018/210922s000lbl.pdf (accessed October 17, 2020).

92.	 Judge DP, Kristen AV, Grogan M, et al. Phase 3 multicenter study 
of revusiran in patients with hereditary transthyretin-mediated 
(hATTR) amyloidosis with cardiomyopathy (ENDEAVOUR). 
Cardiovasc Drugs Ther. 2020;34:357–70.

93.	 Hammarstrom P, Wiseman RL, Powers ET, Kelly JW. Prevention 
of transthyretin amyloid disease by changing protein misfolding 
energetics. Science. 2003;299:713–6.

94.	 Coelho T, Maia LF, Martins da Silva A, et al. Tafamidis for 
transthyretin familial amyloid polyneuropathy: a randomized, 
controlled trial. Neurology. 2012;79:785–92.

95.	 Plante-Bordeneuve V, Gorram F, Salhi H, et al. Long-term 
treatment of transthyretin familial amyloid polyneuropathy 
with tafamidis: a clinical and neurophysiological study. J Neurol. 
2017;264:268–76.

96.	 Barroso FA, Judge D, Ebede B, et al. Long-term safety and  
efficacy of tafamidis for the treatment of hereditary transthyretin 
amyloid polyneuropathy: results up to 6 years. Amyloid. 
2017;24:194–204. 

97.	 Waddington Cruz M, Amass L, Keohane D, et al. Early intervention 
with tafamidis provides long-term (5.5-year) delay of neurologic 
progression in transthyretin hereditary amyloid polyneuropathy. 
Amyloid. 2016;23:178–83.

98.	 Plante-Bordeneuve V, Lin H, Gollob J, et al. An indirect treatment 
comparison of the efficacy of patisiran and tafamidis for the 
treatment of hereditary transthyretin-mediated amyloidosis with 
polyneuropathy. Expert Opin Pharmacother. 2019;20:473–81.

99.	 Judge DP, Heitner SB, Falk RH, et al. Transthyretin stabilization by 
AG10 in symptomatic transthyretin amyloid cardiomyopathy.  
J Am Coll Cardiol. 2019;74:285–95.

100.	Obici L, Cortese A, Lozza A, et al. Doxycycline plus 
tauroursodeoxycholic acid for transthyretin amyloidosis:  
a phase II study. Amyloid. 2012;19(Suppl. 1):34–6.

101.	Adams D, Samuel D, Goulon-Goeau C, et al. The course and 
prognostic factors of familial amyloid polyneuropathy after liver 
transplantation. Brain. 2000;123:1495–504.

102.	Shimojima Y, Morita H, Kobayashi S, et al. Ten-year follow-up 
of peripheral nerve function in patients with familial 
amyloid polyneuropathy after liver transplantation. J Neurol. 
2008;255:1220–5.

103.	Yazaki M, Liepnieks JJ, Kincaid JC, Benson MD. Contribution of 
wild-type transthyretin to hereditary peripheral nerve amyloid. 
Muscle Nerve. 2003;28:438–42.

104.	Yazaki M, Mitsuhashi S, Tokuda T, et al. Progressive wild-type 
transthyretin deposition after liver transplantation preferentially 
occurs onto myocardium in FAP patients. Am J Transplant. 
2007;7:235–42.

105.	Suhr OB, Larsson M, Ericzon BG, et al. Survival after 
transplantation in patients with mutations other than Val30Met: 
extracts from the FAP world transplant registry. Transplantation. 
2016;100:373–81.

106.	Yamashita T, Ando Y, Okamoto S, et al. Long-term survival 
after liver transplantation in patients with familial amyloid 
polyneuropathy. Neurology. 2012;78:637–43.

107.	Banerjee D, Roeker LE, Grogan M, et al. Outcomes of patients with 
familial transthyretin amyloidosis after liver transplantation.  
Prog Transplant. 2017;27:246–50.


