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Neuropathy is a major feature of the amyloidoses, a group of

disorders resulting fromextracellular deposition of insoluble

aggregates of amyloid fibrils in various tissues. The different

types of amyloid are classified by the precursor plasma

protein that composes the amyloid fibrils. Acquired forms

arise from misfolded monoclonal κ or λ light chains in

primary systemic amyloid (AL), serum amyloid A protein

in secondary amyloidosis (AA), and β2-microglobulin (β2M)

in dialysis-associated amyloidosis. Hereditary forms include

transthyretin (TTR), apolipoprotein A1, gelsolin, lysozyme,

fibrinogen, amyloid-β, and cystatin C. Among the hereditary

subtypes, TTR is the most common variant worldwide. In

cases without family histories, genetic testing documenting

TTR point mutations has permitted reclassification of appar-

ent sporadic or monoclonal gammopathy of unknown sig-

nificance (MGUS)-related cases of amyloid neuropathy as

hereditary amyloidosis.1 Although classic presentations of

length-dependent sensory loss are most common, atypical

presentations of neuropathy including predominant upper

limb neuropathy, pure small fiber neuropathy, and carpal

tunnel syndrome (CTS) often lead to delayed diagnosis.

Hereditary Forms of Amyloid Neuropathy

Transthyretin Amyloidosis

Transthyretin is a plasma transport protein for retinol-bind-

ing protein and thyroid hormone.2 It circulates in the tetra-

meric confirmation of four TTR proteins, each consisting of

127 amino acid residues. The TTR gene is located on chromo-

some 18q11.2–12.1.3 The protein is predominantly produced

in the liver, with small amounts synthesized in the retinal

pigment epithelium of the eye and the choroid plexus.4,5

Point mutations destabilize the tetrameric TTR, inducing

protein misfolding and aggregation into insoluble amyloid

fibrils that deposit in major organs leading to transthyretin

amyloid disease (ATTR).

Genetics and Epidemiology

Neuropathic hereditary transthyretin amyloidosis (hATTR) was

first described in Portugal in 1952,6 with large groups of

patients later identifiedin Japan, Sweden, andSouthAmerica.7,8

To date, 140 different TTR mutations have been identified

(http://amyloidosismutations.com). The estimated global
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Abstract Peripheral neuropathyoccurs in the settingofbothhereditary andacquiredamyloidosis. The

most common form of hereditary amyloidosis is caused by 1 of 140 mutations in the

transthyretin (TTR)gene,whichcan lead toneuropathichereditary transthyretin amyloidosis

(hATTR; previously referred to as transthyretin familial amyloid polyneuropathy), whereas

acquired immunoglobulin light chain (AL) amyloidosis is the most common acquired form.

Patients typically present with a sensorimotor polyneuropathy, focal neuropathy such as

carpal tunnel syndrome,orautonomicneuropathy.Whenneuropathy is thesoleordominant

presenting symptom, the diagnosis is commonly delayed. With the advent of new drug

therapies for AL amyloidosis and hATTR amyloidosis, including proteasome inhibitors, TTR

silencers, and TTR protein stabilizers, the neurologist is uniquely positioned to diagnose

neurologic manifestations of systemic amyloidosis, leading to earlier disease identification

and treatment. This article reviews the epidemiology, clinical presentations, pathophysio-

logy, diagnostic workup, and treatment of neuropathy in the setting of amyloidosis.
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prevalence of neuropathic hATTR is 10,186 persons (range,

5,526–38,468),9,10most of which aremissense pointmutations

inherited in an autosomal dominant manner. Worldwide, the

most common mutation is a substitution of Methionine for

Valine at position 30, the ATTRVal30Met mutation, which

causes the classic phenotype of neuropathic hATTR. However,

themost commonmutation in theUnited States is the ATTRVa-

l122Ilemutation,11andmorethan3%ofAfricanAmericanswith

amyloidosis carry this mutation,12 which is principally asso-

ciated with late-onset cardiomyopathy. Although cardiac man-

ifestationsprevail, rates ofneuropathyhavebeenreported inup

to10 to38%of thesepatients.11,13Penetrance, or theproportion

of gene carriers who manifest clinical disease, is variable by

mutation type. ThepenetranceofATTRVal30Met carriers by the

age of 80 is 91% in Portuguese, 86% in French, and by the age of

90, it is 69% in Swedes.14,15 Genetic anticipation has been

demonstrated in Portuguese hATTR families, particularly

when the trait is maternally inherited.16

Pathophysiology

Amyloid is identified as eosinophilic extracellular deposits

with apple green birefringence on Congo red staining or by

electron microscopy (►Fig. 1). In autopsy studies, amyloid

deposits are found in peripheral nerves, autonomic nervous

system, choroid plexus, cardiovascular system, kidneys, as

well as spinal cord roots, and spinal ganglia.17 Loss of

myelinated nerve fibers within the vagus nerve and celiac

ganglia is seen on pathologic studies.18 Amyloid fibril

deposition occurs in a patchy fashion and leads to direct

blood vessel damage, mechanical compression, and poten-

tially toxic effects. On nerve biopsy, histologic findings

include axonal degeneration in small myelinated and

unmyelinated fibers with Wallerian degeneration. Amyloid

nodules can indent and compress myelinated fibers and can

be found in the epineurium, perineurium, and endoneurium

on light microscopy.19–21

An electron microscopic study of 49 sural nerve biopsies

from patients with ATTRVal30Met demonstrated that amy-

loid fibrils cause direct Schwann cell damage, with loss of

small fiber axons in early-onset cases. Disruption of blood–

nerve barriers including loss of tight junctions and fenestra-

tion of endothelial cells was also found, regardless of amyloid

deposition.22 Breakdown of the blood–nerve barrier at the

dorsal root ganglia and sympathetic gangliamake these areas

vulnerable and enable exposure to amyloid proteins.23

Clinical Features

The clinical features of the ATTRVal30Met mutation differ

depending onwhether the mutation is endemic (localized to

a certain area with a traceable family history) or nonen-

demic. Even in this mutation, there is clinical heterogeneity

within and between ethnic groups and there is a spectrum of

clinical presentations.

Individuals with the ATTRVal30Met mutation living in

endemic regions in Japan, northern Portugal, Sweden,

Cyprus, and Majorca exhibit the classic presentation,24

with earlier onset of neuropathy in the third or fourth decade

of life, and prominent small myelinated and unmyelinated

fiber involvement. Patients can present with distal sensory

loss that is described as dissociated, with selective involve-

ment of pain and thermal abnormalities early in the course.

Later, larger myelinated sensory and motor fibers are

affected which can impair light touch, vibration, joint posi-

tion sensation, and eventually distal motor weakness that

progresses proximally.20,25

Given the extent of small fiber involvement, patients can

have severe autonomic dysfunction involving the cardiovas-

cular, gastrointestinal, and genitourinary systems. Pure

small fiber neuropathy and pure autonomic dysfunction

are less common manifestations. Patients may complain of

dry eyes and mouth. Orthostatic hypotension may lead to

lightheadedness while standing, and even syncope. Gastro-

intestinal symptomsmay present with alternating postpran-

dial diarrhea and severe constipation. This is primarily the

result of loss in inhibitory and increase in excitatory enteric

neurons which affect peristalsis, and rarely due to over-

whelming amyloid deposition in the muscularis mucosae.26

Erectile dysfunction often occurs early in men, and impaired

bladder innervation leads to increased urinary retention,

incomplete bladder emptying, and neurogenic bladder dys-

function. Light-near dissociation of pupillary reaction can

also occur, aswell as irregular pupillarymarginswith fringed

edges known as scalloped pupils, a unique sign in patients

with hATTR.6,27

Besides the peripheral nerves, amyloid deposits in the

kidneys, heart, gastrointestinal tract, eyes, leptomeninges,

and vessels can also present with a host of organ manifesta-

tions. Endoneurial amyloid deposition in the transverse

ligament can cause median nerve entrapment and can

manifest as clinical CTS.21 Cardiac conduction defects and

cardiomyopathy can cause life-threatening arrhythmias and

death. Renal insufficiency, proteinuria, and vitreous amyloid

deposition may also occur. With advanced neuropathy and

organ involvement, weight loss and cachexia develop; mean

survival is less than 10 years from diagnosis due to cardiac

failure, malnutrition, or infection.1,28,29

Fig. 1 Congo red stain showing a nerve fascicle containing apple

green birefringence of Congo red materials (arrows) deposited on the

endoneurial blood vessel walls. (Courtesy of Lan Zhou, MD, PhD.)
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Individuals with ATTRVal30Met from nonendemic areas

typically have a later onset of disease (older than 50 years),

male predominance, and obscure family history.30–32 Unlike

the classic phenotype, the clinical picture progresses less

rapidly, and patients have relatively mild autonomic dysfunc-

tion early in the disease. Patients can present with CTS and

generalized sensorimotor polyneuropathy involving both

large and small fibers at onset, rather than with dissociated

sensory loss.33

Other Neurologic Presentations

Atypical presentations of neuropathy in hATTR can also

occur, delaying diagnosis. Patients may present with upper

limb onset of neuropathy with predominant sensory symp-

toms, with lower limb symptoms developing up to 2 years

later.34 Pure motor weakness without sensory or autonomic

involvement has been observed in the Ala25Thr mutation.

The Glu54Lys TTR variant can cause a rapid progression of

polyneuropathy, autonomic dysfunction, and cardiomyopa-

thy.35 Ataxic phenotype of Tyr77Ser in France and Germany

has been reported, presenting with a rapid course of an

ataxic, broad-based gait, sensory loss affecting mostly vibra-

tion, and joint position sense, with little muscular weakness

and diffuse areflexia.36,37

Patientsmaypresentwith onlyautonomicdysfunction38or

CTS.21 Certain mutations such as Leu58Arg,39 Try114His,40

and Ile84Ser41 can present with CTS as the only neurologic

manifestation in addition to other systemic manifestations. In

a retrospective study of 76 patients with neuropathic hATTR,

CTS was an initial presenting symptom in 33%, with no other

symptoms for a mean period of 4.6 to 5.6 years.42 In another

prospective studyofmales age� 50years and females age�60

years undergoing surgery for “idiopathic”CTS, 10 of 96 (10.4%)

demonstrated positive Congo red staining on tenosynovial

biopsy, including 2withAL and7with TTR subtype, previously

undiagnosed. Upon subsequent cardiac workup, two patients

were found tohave early cardiac involvement.43AsCTSmaybe

anearlymanifestationof amyloidosis, sampling andCongo red

staining of the flexor retinaculum should be considered in

patients presenting with idiopathic CTS, particularly if bilat-

eral. In addition to neuropathy, hATTR has been shown to be

associated with other neurological and musculoskeletal com-

plications, including tendon rupture and spinal stenosis from

deposition in the ligamentum flavum.44 Amyloid myopathy is

relatively rare but has been reported in several TTR

mutations.45–47

Central Nervous System Involvement

TTR mutations with primarily central involvement due to

production of TTR by the choroid plexus and/or retinal

epithelium can lead to oculoleptomeningeal amyloidosis.5,48

Multiple mutations have been reported, including Val30Gly,

Asp18Gly, Leu12Pro, AL25Thr, Phe64Ser, Val127Met, Ala36-

Pro, Tyr69His, Gly53Glu, Tyr114Cys variants, as well as

Val30Met,49–55 with a varied clinical spectrum that includes

vitreous opacities, dementia, seizures, visual disturbances,

ataxia, subarachnoid hemorrhage, hydrocephalus, and spas-

ticity. Neuropathy may or may not be a concurrent feature.

Magnetic resonance imaging of the brain with and with-

out contrast is the imaging modality of choice in these

patients, demonstrating leptomeningeal enhancement or

focal hemorrhage. Elevated CSF protein can also be seen. A

ventriculoperitoneal shunt is often placed if hydrocephalus

is noted, although given the continued production of amyloid

protein, shunt failure may occur.53

Interestingly, patients older than 50 years with

ATTRVal30Met amyloidosis demonstrated cognitive dysfunc-

tion in a recent study in which neuropsychological testing

was performed on untreated patients with ATTRVal30Met.56

Diagnosis/Workup

In patients with a family history of neuropathy, hATTR should

be considered in presentations of sensorimotor polyneuro-

pathywith or without autonomic dysfunction. Genetic testing

has replaced the need for nerve biopsy in these patients.

However, being amutation carrier does not necessarily confer

clinical disease, due to variable penetrance. In sporadic pre-

sentations, the diagnosis is often delayed or a misdiagnosis is

made, and is initially suspected in only 38% of patients with

neuropathy without a family history.36 ATTR should be con-

sidered in patientswithout a family historywith an idiopathic

progressive axonal polyneuropathy, particularlywhen there is

associated CTS, autonomic dysfunction, or other systemic

involvement such as cardiac dysfunction. In a study of 90

patients who presented as nonhereditary cases in a nonen-

demic area, mean interval to diagnosis was 4 years with a

range of 1 to 10 years, and 18 cases were mistaken for chronic

inflammatory demyelinating polyneuropathy (CIDP).57

Although genetic testing is often not done in the initial battery

of testing, given the availability of new treatments for hATTR

amyloidosis, we suggest considering genetic testing early in

the diagnostic workup.

Various diagnostic scales have been used to measure dis-

ease progression in hATTR. The Neuropathy Impairment

Score-Lower Limbs (NIS-LL) and Norfolk Quality of Life-Dia-

betic Neuropathy (Norfolk QOL-DN) have been shown to be

reliable measures of hATTR severity.58 Nerve conduction

studies (NCS) and electromyography (EMG), which can eval-

uate large nerve fibers, demonstrate a predominantly axonal

neuropathywithdemyelinating features. Sensorynerve action

potentials are often affected first, and more severely than

compound muscle action potentials (CMAPs) with reduced

amplitude or absent potentials. Later, CMAPs become

decreased or absent. Needle EMG often demonstrates large

neurogenic appearingmotorunits andfibrillationpotentials in

a distal symmetric pattern.19,20,59–62 Compared with other

types of neuropathy such as diabetic polyneuropathy, a recent

study showed that low ulnar sensory nerve conduction velo-

city, impaired cold sensation, and mechanical hyperalgesia at

the hands may be more common in hATTR,63 and skin tem-

peraturemaybe lower inhATTRpatients comparedwith those

with diabetic neuropathy.64

While axonal features are prominent, evidence of demye-

lination may lead to delayed or misdiagnosis with CIDP. In a

study of 194 patients with hATTR, 13 of 84 patients of French

ancestry had late-onset demyelinating hATTR. Predictors of
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demyelinating hATTR were pain, dysautonomia, small fiber

sensory loss above the wrists, upper limb weakness, and

absence of ataxia. The most frequent demyelinating features

were prolonged distalmotor latency of themedian nerve and

reduced sensory conduction velocity of themedian and ulnar

nerves. Nerve biopsy showed severe axonal loss and occa-

sional segmental demyelination–remyelination.65

In patients with normal NCS/EMG, autonomic function

testing (AFT) and quantitative sudomotor axon reflex testing

can identify small fiber involvement. Skin biopsy may reveal

reduced intraepidermal nerve fiber densities (IENFD) and

amyloid deposition.66 IENFD has been found to be reduced in

asymptomatic non-Val30Met mutation carriers.67 A battery

of small fiber testing including laser evoked potentials,

sympathetic skin responses, measurement of cold and

warm detection thresholds, and heart-rate variability may

identify early neuropathy in asymptomatic hATTR carriers or

those with subjective sensory complaints or inconsistent

sensory deficits on clinical exam.68 In a recent study, cuta-

neous amyloid was found in 70% of hATTR and 20% of hATTR

without clinical neuropathy. Amyloid burden was associated

with reductions in IENFD, sweat gland, pilomotor nerve fiber

densities and NIS-LL.69

In cases in which the diagnosis remains unclear after

noninvasive testing, nerve biopsy may be considered, which

can demonstrate amyloid deposits in the endoneurial and

epineural connective tissue, and deposits in endoneurial and

epineurial blood vessel walls. Given the patchy, nonuniform

deposition, with distal fiber degeneration due to proximal

amyloid deposits, a negative sural nerve biopsy for amyloid

does not exclude the diagnosis.70,71 Nerve biopsy sensitivities

range from 60 to 86% and vary among centers.57,72,73 Amyloid

can also be found in the flexor retinaculum during carpal

tunnel release. In a study of 16 patients with ATTRVal30Met

and neurophysiologic CTS who had a carpal tunnel release,

amyloid was found in the transverse carpal ligament in 14

patients (87.5%). In all but one case, the CTS preceded the

polyneuropathy.74 If nerve or skin biopsy is negative, tissue

may also be obtained by abdominal fat pad, salivary glands,

gums, rectal submucosa, heart, or kidney—provided organ

dysfunction isdemonstratedsignalingamyloid involvement.21

Magnetic resonance neurography can detect lesions of the

sural nerve in asymptomatic carriers. In one study, T2 and

proton spin density reliably differentiated between hATTR,

mutated TTR carriers, and healthy controls. T2 relaxation

time was higher in patients with hATTR only. This marks

potentially a noninvasive method to detect early neuropathy

involvement in asymptomatic carriers.75

Treatment

Treatment options for hATTR have blossomed in the last

decade. The goal of treatment includes disease-modifying

therapy to preventmisfolding ofmutant TTR (TTR stabilizers);

TTR silencers; symptomatic treatment for autonomic dysfunc-

tion, CTS, and neuropathic pain; genetic counseling; and

psychological support for the patient and their families. A

multidisciplinary approach including assessments from car-

diology, ophthalmology, nephrology, gastroenterology, and

possibly rehabilitation is suggested. Regular monitoring of

these patients enables tracking of their disease progression

and targeted therapy to prevent further amyloid deposition.

Symptomatic Therapy

Symptomatic therapy should be initiated early in the diag-

nosis to help alleviate discomfort from neuropathic pain,

treat CTS, and help themanifestations of autonomic dysfunc-

tion. Data for neuropathic agents are based on studies of

diabetic and other forms of neuropathy. Anticonvulsants

such as gabapentin and pregabalin, and serotonin norepi-

nephrine reuptake inhibitors such as duloxetine and venla-

faxine, are commonly used. Tricyclic antidepressants

including nortriptyline and amitriptyline are often avoided

in these patients as they can worsen concurrent autonomic

symptoms such as orthostatic hypotension and urinary

retention. Topical agents such as lidocaine patches and

high-dose capsaicin can also be considered. CTS can be

treated with decompression surgery. Among autonomic

symptoms, orthostatic hypotension can be addressed symp-

tomatically by wearing compression stockings. Fist-line

medication management typically starts with midodrine.

Fludrocortisone can also be used but caution should be taken

as it can cause supine hypertension. Pyridostigmine and

droxidopa are newer agents that can be considered.76 Alter-

nating constipation and diarrhea can be helped by adding

fiber to the diet to increase stool bulk, or treating with

loperamide to reduce bowel peristalsis.77

Liver Transplantation

Liver transplantation has historically been the standard of care

in the treatment of hATTR. As the liver is the main producer of

amyloid, the goal of liver transplantation has been to remove

the source of ATTR. The first liver transplant was in 1990 in

Sweden.78 Early liver transplantation in ATTRVal30Met

patients has been shown to have better rates of survival at

10 years than patients who did not receive transplants.79

According to the world registry of liver transplants for non-

Val30Met cases, somevariantshavehadexcellent survival rates

including Leu111Met, Val71Ala, and Leu58His, while others

including Ser50Arg, Ser77Phe, or Ser77Tyr mutation did not.80

Wild-type TTR amyloid often deposits in the liver after

transplantation.81 Cerebral amyloid angiopathywas found to

occur in 11% of ATTR patients after liver transplantation, on

average of 16.8 years after onset of disease.82 Limitations of

liver transplantation include the limited availability of

organs, life-long immunosuppression, and high cost of trans-

plantation. Domino liver transplants consist of liver trans-

plant from the hATTR patient to a non-hATTR patient with

liver disease and short life expectancy. Amyloid neuropathy

may develop in these patients.

Transthyretin Stabilizers

Diflunisal

Diflunisal is a nonsteroidal anti-inflammatory agent (NSAID).

It binds toT4 binding sites of tetrameric TTR, which stabilizes

TTR and decreases fibril formation.83 In an international,
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double-blind 24-month study on 130 hATTR patients with

clinical peripheral or autonomic neuropathy, patients were

randomized to receive either 250 mg diflunisal twice daily or

placebo. The primary end point was the difference in poly-

neuropathyprogressionbetween treatments,measuredby the

NIS plus 7 nerve test (NIS þ 7) which ranges from 0 (no

neurological deficits) to 270 (no detectable peripheral nerve

function). In the study, the progression of polyneuropathywas

significantly less inpatients receivingdiflunisal–NIS þ 7of8.7

points (95% confidence interval [CI], 3.3–14.1) in the diflunisal

group compared with NIS þ 7 of 25.0 points (95% CI, 18.4–

31.6) in the placebo group, a difference of 16.3 points (95% CI,

8.1–24.5points;p <0.001). Additionally, quality-of-life scores

demonstrated significant improvement in the treatment

group; 29.7% of the diflunisal group and 9.4% of the placebo

group exhibited neurological stability at 2 years (<2-point

increase in NIS þ 7 score; p ¼ 0.007).84

A study in Japan of 40 patients with hATTR reported a

sustained effect of diflunisal 500 mg/day on cardiac and

neurological function in 14 patients treated up to 48months.

Diflunisal was found to significantly increase serum TTR

concentration at 12 months of treatment and stabilized

TTR tetramer structure in each patient. Interestingly, ulnar

CMAP amplitude, cardiac wall thickness, and ejection frac-

tion did not show deterioration after 24 months of treat-

ment. However, diflunisal-related adverse events including

acute renal injury and thrombocytopenia resulted in dis-

continuation of the drug in three patients.85

A retrospective analysis of off-label use of diflunisal in

hATTR patients reported discontinuation of treatment in

57% of patients, largely due to gastrointestinal side effects.86

Contraindications to using NSAIDs in patients with severe

congestive heart failure (New York Heart Association class

IV) or renal insufficiency (estimated creatinine clearance <30

mL/min) may limit use of diflunisal in certain hATTR patients.

Tafamidis

Tafamidis is a thyroxine-like small ligand inhibitor that stabi-

lizes mutant TTR tetramers inhibiting dissociation intomono-

mers, mimicking the biology of diflunisal. A randomized,

double-blind study of 120 hATTR patientswith ATTRVal30Met

sensory peripheral neuropathy examined the effects of tafa-

midis 20 mg once daily or placebo on disease progression for

18months.Despite secondaryoutcomemeasuresdemonstrat-

ing less neurologic deterioration, less decline in quality-of-life

metrics, and improved nutritional measures among treated

subjects, the study failed to meet its coprimary end points

(total qualityof life [TQOL] score [p ¼ 0.116] andpreventionof

neurologic progression in the lower leg [p ¼ 0.068]) by inten-

tion to treat analysis. On the basis of this failed analysis, the

FDA did not approve the drug for marketing. Nonetheless, the

European Medicines Agency granted conditional approval of

tafamidis for sale as treatment for FAP stage I in 2011; the drug

is currently marketed in Europe, Japan, and South America for

stage I sensorimotor peripheral neuropathy in patients with

hATTR amyloidosis.87

Subsequently, two open-label tafamidis extension stu-

dies, one of 12 months88 and another of up to 5.5 years89

demonstrated reduced rates of neurological deterioration

over 30 months and delayed neurologic progression when

instituted early in the disease. Among early-onset patients, a

retrospective population-based survival analysis of more

than 3,200 Portuguese patients with ATTRVal30Met amyloi-

dosis revealed a 75% reduction in mortality risk for ortho-

topic liver transplant recipients and a 91% reduction in the

tafamidis-treated cohort.90 Overall, TTR tetramer stabilizers

primarily slow down neurologic disease progression while

less often arresting nerve injury in patients with hATTR

amyloid polyneuropathy.

Transthyretin Gene Silencers

Anti-sense oligonucleotides (ASOs) and small interfering

RNAs (siRNAs) are gene silencing therapies being developed

to inhibit hepatic production of mutant and nonmutant TTR.

Inotersen

ASOs are strings of nucleotides that prevent targeted protein

expression by binding to the messenger RNA that encodes

the protein and prevents translation. The ASO inotersen was

tested in the NEURO-TTR study, a phase 3 study of 172 adults

with hATTRwith polyneuropathy. Patients were randomized

to receive weekly subcutaneous injections of inotersen (300

mg) or placebo (112 patients in the inotersen group and 60

patients in the placebo group). In the trial, both primary

endpoints were met, with significant benefit inhibiting,

slowing, or even improving sensorimotor polyneuropathy

as measured by comprehensive and quantitative metric,

NIS þ 7 (p < 0.0001), and quality of life by the Norfolk

QOL-DN (p ¼ 0.0006). Results were independent of hATTR

mutation type, disease stage, and cardiomyopathy status at

baseline. The main safety concerns included thrombocyto-

penia and glomerulonephritis.91 Patients were found to have

significant impairment in quality of life compared with the

general population.92 An open-label study of these patients

is currently ongoing (NCT02175004).

Patisiran

siRNAs are double-stranded RNAs that target a sequence of

mRNA conserved across wild-type and all TTR variants,

inhibiting TTR synthesis in the liver. Patisiran, a siRNA, was

evaluated in a double-blind phase 3 study. Two hundred and

twenty-five patients with hATTR amyloidosis with poly-

neuropathy were randomized to receive intravenous pati-

siran (0.3 mg/kg) or placebo once every 3 weeks (148 to the

patisiran group and 77 to the placebo group). The primary

end point was the change from baseline in mNIS þ 7 at

18 months. Norfolk QOL-DN, 10-minute walk test, and

modified BMI (mBMI) were also assessed. Patisiran signifi-

cantly slowed, stopped, or in 56% of treated subjects

improved neurologic function by mNIS þ 7 measures over

18 months of treatment. Additionally, patisiran better pre-

served gait speed and mBMI compared with the placebo

group. The safety profile was similar to placebo.93 Patisiran

recently became the first FDA-approved siRNA therapy, with

a formal indication of neurologic manifestations of hATTR

disease.
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Apolipoprotein A1

Hereditary amyloidosis associated with mutation of apoli-

poprotein A1 is relatively rare. Originally described in a

family from Iowa in 1969,94 it is associated with renal,

hepatic, and gastrointestinal involvement that presents in

the fourth decade.95 Of the 16 mutations of the APOA1 gene

identified, the Gly26Argmutation can cause a length-depen-

dent polyneuropathy, although it also has nonneuropathic

forms.95,96 The Leu178His variant is characterized by neuro-

pathy, cardiac amyloidosis, skin lesions, and deposition of

amyloid in the vocal cords causing dysphonia.97 Biochemical

analysis of the amyloid fibrils in these families demonstrates

a variant fragment of apolipoprotein A1, themajor protein of

high-density lipoprotein. No specific therapies exist for

hereditary amyloidosis associated with apoprotein A1.

Experience with liver transplantation has been variable98

and has not had asmuch success as in patients with hATTR.96

Gelsolin-Related Neuropathy

Hereditary neuropathy associated with mutation of gelsolin,

also referred to as the Finnish type, is also rare, although it

demonstrates a worldwide distribution. It typically presents

in the third decade of life and is characterized by corneal

lattice dystrophy, progressive cranial neuropathies, cutis

laxa, and other systemic involvement.99 The cranial neuro-

pathies that develop typically present with facial nerve palsy

involving upper and later lower nerve branches as well as

trigeminal neuropathies. Lower cranial nerves are involved

later, which can result in bulbar palsies. On EMG, facial

myokymia can also be observed. A sensorimotor neuropathy

develops later in the disease course.100–103 Renal and cardiac

involvement alongwith posterior column involvement in the

spine and cerebral amyloid angiopathy have also been

reported.104 Autonomic dysfunction is not typically part of

the clinical presentation, but when it does occur, it ismild.105

Unlike other types of hereditary amyloidosis, nerve root

involvement is more prominent compared with more distal

nerves. Amyloid deposition can be found in most tissues,

although there is a predilection toward blood vessel walls,

perineurium, and basement membranes on autopsy studies,

whereas TTR is found in the endoneurium, epineurium, and

perineurium.100,105,106 Survival in patients with the gelsolin

mutation is similar to survival in unaffected family mem-

bers.100 Treatment options are few and include symptomatic

therapies, including plastic surgery for cutis laxa and ble-

pharochalasis, and corneal transplantation.

Acquired Forms of Amyloid Neuropathy

AL Amyloidosis

AL amyloidosis is the most common form of systemic amyloi-

dosis in the United States, with an estimated prevalence of 2.5

per 100,000 and 1,274 to 3,200 new cases diagnosed

annually.107 It is a multisystem disease in which amyloid

fibrils composed of monoclonal immunoglobulin light chains

producedbyanunderlyingclonalplasmacell dyscrasiadeposit

in vital organs including the heart, kidney, peripheral and

autonomic nerves, gastrointestinal tract, joints, skin, and

blood vessels of organs. Patients are middle aged to elderly,

with a male predominance. Presenting symptoms include

congestive heart failure, nephrotic syndrome, peripheral

edema, dyspnea, hepatomegaly, renal failure, orthostatic

hypotension, marked weight loss, fatigue, cardiac arrhythmia,

macroglossia, intermittent claudication, diarrhea, abdominal

pain, back pain, purpura, CTS, and neuropathy.19,108

Peripheral neuropathy occurs in up to 17 to 35% of

patients with AL amyloidosis,108–110 and is often an inciden-

tal physical exam finding at diagnosis.19,109 Small fiber

modalities are typically affected first, presenting with a

distal, length-dependent symmetric sensory loss of pain

and temperature sensation, although sensory loss is not

dissociated in roughly half of cases as it is in hATTR.19 As

large fibers become affected, patients may have numbness

and motor weakness. Weakness typically develops later

comparedwith numbness and starts in the big toe extensors,

and can progressmore proximally to extensors and flexors of

the feet causing foot drops. Over time,weakness can progress

requiring orthopaedic appliance of wheelchair.19

Whenneuropathy is the presenting symptom,mean symp-

tom duration to diagnosis is 29 to 48 months.62,109 Sixty-five

percent of patients with neuropathy also have symptoms of

autonomic neuropathy, including orthostatic hypotension,

urinary retention, fecal incontinence, or impotence.62 CTS

can occur in up to 21% of patients with AL amyloidosis.108

Similar to hATTR, patients with AL amyloidosis can present

with atypical presentations of neuropathy including cranial

neuropathy and facial diplegia, multiple cranial neuropathies,

CIDP, mononeuropathy, multiple mononeuropathies, mono-

neuritis multiplex, multiple cranial neuropathies, and lumbo-

sacral radiculoplexopathy.60,61,111–117 Amyloid myopathy is

more common in AL amyloidosis than in hATTR amyloidosis,

and can cause an isolated amyloid myopathy.118

Labs/Diagnostic Workup

Demonstration of a plasma cell dyscrasia and amyloid in the

tissue is required for the diagnosis of AL amyloidosis. Unlike

multiple myeloma in which κ light chain is more common,

the λ is more common than κ light chain by 50% in AL

amyloidosis. Serum and urine protein immunofixation elec-

trophoresis (IFE) is more sensitive than serum and urine

protein electrophoresis, particularly in the diagnosis of small

or nonmalignant monoclonal gammopathies.119 The serum

free-light chain assay has more than a 10-fold greater

sensitivity compared with IFE and should be obtained in

patients with possible amyloid neuropathy.120,121

Other laboratory abnormalities include anemia, renal fail-

ure, proteinuria, transaminitis with liver involvement, or

elevated CK in patients with coexistent amyloid myopathy.

ElevatedCSFproteinmayalsobeseen in thesettingofanormal

cell count, which misleads some to the diagnosis of CIDP.19,60

Treatment

Median survival of AL amyloidosis patients presenting with

neuropathy is 25 to 35 months.122 While survival may be

longer than in patients without peripheral neuropathy,62,109

interestingly, autonomic neuropathy may be an independent,
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adversedeterminantof survival in thesepatients.123Thecause

of death is typically from congestive heart failure or renal

failure. While initially thought that neuropathy does not

improve with treatment,62,124 there is mounting evidence of

improvement in peripheral neuropathy110,125 and autonomic

neuropathy126with regression ofdisease andnormalizationof

serum-free light chains.

The mainstay of treatment options is chemotherapy and

autologous peripheral blood stem cell transplantation in

selected patients. Historically, chemotherapeutic agents

have included melphalan and dexamethasone.126,127 The

most effective therapy is currently high-dose intravenous

melphalan and autologous peripheral blood stem cell trans-

plantation, which has been shown to induce hematologic

remission, improve 5-year survival, and reverse amyloid-

related disease.126

The class of immunomodulating agents include thalido-

mide, lenalidomide, and pomalidomide. Thalidomide has

been limited by side effects including severe fatigue, brady-

cardia, edema, constipation, neuropathy, and exacerbation of

cardiac and renal dysfunction.128,129 In one study, lenalido-

mide, alone or in combinationwith dexamethasone, induced

hematologic responses in 67% of patients with AL amyloi-

dosis who had failed prior treatment. Compared with tha-

lidomide, the side effect profile was less toxic and did not

cause neuropathy or constipation but did cause rash, renal

impairment, and cytopenias.130

Proteasome inhibitors such as bortezomib, particularly in

combination therapy, have demonstrated promising results.

Combination therapy with cyclophosphamide, bortezomib,

and dexamethasone (CyBorD) was shown to have a response

in 16 of 17 patients (94%), with 71% achieving complete

hematological response and 24% achieving a partial

response.131 In a larger study of 230 AL patients treated with

CyBorD, hematologic response was 60% and improved survival

was 67% at 2 years.132 Pomalidomidewith dexamethasone has

been demonstrated to produce hematologic response in 50% of

24 evaluable patients. The median time to best hematologic

responsewas three cycles, andmedian duration of hematologic

response was 15 months.133 Another study of 28 patients

demonstrated a hematologic response in 68% of patients and

improved survival. Median time to response was 1 month.134

Phase I and II trials of daratumumab, a monoclonal antibody

targetingCD38, have shown that the drug is toleratedwell,with

rapid hematologic response after one dose.135

Given the array of new treatment options, 50 interna-

tional amyloid experts were recently surveyed about their

treatment algorithm. Seventy-three percent considered

autologous stem cell transplant as the first-line therapy, if

medically feasible. CyBorD was the preferred strategy (72%),

excluding stem cell transplant.136 Please see ►Fig. 2 for an

algorithmic treatment guideline of AL amyloidosis (►Fig. 2).

AA Amyloidosis

AA amyloidosis, or secondary amyloidosis, is a rare systemic

disorder that can occur in any chronic inflammatory dis-

order. Recent research suggests that obesity and age may be

susceptibility factors for AA amyloidosis.137 The amyloid

fibrils are composed of serum amyloid A protein, which is

an acute phase reactant synthesized in the liver. Thekidney is

the organ most commonly targeted. Mean survival after

diagnosis is 133 months.138 AA amyloidosis rarely has neu-

rological manifestations, although reports of peripheral

neuropathy and autonomic neuropathy exist.139–141

β2-Microglobulin

β2-Microglobulin-associated amyloidosis is seen in patients

on long-term hemodialysis. The β2 protein which is normally

brokendown in the renal tubules can accumulatewith chronic

renal failure. β2-Microglobulin can deposit in the flexor reti-

naculum and cause CTS.142A kindred has been describedwith

Asp76Asn variant β2-microglobulin. Clinical symptoms

including gastrointestinal symptoms, autonomic neuropathy,

and weight loss develop in the sixth decade. Unlike dialysis-

associated amyloidosis, in which wild-type β2-microglobulin

deposits around bones and joints secondary to high elevations

of circulating β2-microglobulin, this variant’s β2-microglobu-

lin amyloid deposits in vivo despite normal plasma β2-micro-

globulin concentrations, suggesting fibrillogenicity of the

variant under physiological conditions.143

Wild-Type TTR

Previously known as senile systemic amyloidosis, TTR wild

type or ATTRw is a sporadic form of amyloidosis character-

ized by deposition of wild-type TTR. Most deposition occurs

in the heart leading to heart failure and atrial fibrillation,

although deposition in the liver, urinary and gastrointestinal

tracts, and connective tissues also occurs. CTS may often be

an early complication that allows for earlier diagnosis before

cardiac involvement develops.144

New diagnosis of AL amyloidosis

Transplant eligible Transplant ineligible

HDM/SCT Mel/Dex or

CyBorD

≥ Hem VGPR

Yes No

Observation Clinical trial

Fig. 2 Guidelines for treatment of AL amyloidosis. (Courtesy of

Vaishali, Sanchorawalla, MD.) CyBorD, cyclophosphamide, bortezo-

mib, dexamethasone; Dex, dexamethasone; HDM, high-dose mel-

phalan; Mel, Melphalan; SCT, stem cell transplant; VGPR, very good

partial response.
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In a series of 102 TTR cases and 32 isolated cardiac AL

cases seen at the UK National Amyloidosis Center, 48% of

ATTRw patients reported a history of CTS that preceded the

onset of clinical symptoms of heart failure in 77%, amedian of

8 years before the diagnosis of amyloidosis was made. In this

study, mean survival of patients with ATTRwwas 2.71 years,

and for cardiac AL amyloidosis survival was 0.87 years.

Median survival from onset of symptoms was much longer

in the ATTRw group—6.07 years compared with 1.7 years in

the cardiac AL group.145

Neuropathy was not previously thought to occur in

ATTRw; however, the Transthyretin Amyloidosis Outcomes

Survey (THAOS) has reported sensory neuropathies in up to

30% in a group of 67 patients with ATTRw, specifically

affecting motor function in 15% and autonomic function in

25% of the cohort.146 Other isolated cases have been

reported.122,147 A single-institution retrospective study of

107 ATTRw patients followed by cardiology and 10 ATTRw

patients followedbyneurology demonstrated 30.8% (n ¼ 33)

of the cardiology group had neuropathy symptoms, and 100%

(n ¼ 10) of the neurology group had neuropathy diagnosed

by either EMG/NCS or skin biopsy. The authors concluded

that symptoms of peripheral neuropathy are common in

patients with ATTRw.148

Conclusions

In conclusion, neuropathy is a commonmanifestation of both

hereditary and acquired forms of amyloidosis, and may

present with progressive sensorimotor polyneuropathy,

focal neuropathy, autonomic neuropathy, as well as other

unusual clinical presentations. Diagnosis is often delayed

when neuropathy is the presenting feature of amyloidosis. It

is prudent that neurologists consider the diagnosis in

patients with neuropathy, with or without a family history,

given our currently knowledge about sporadic, nonendemic

types of hATTR. Given new treatments for both AL and hATTR

amyloidosis, it is essential that our approach to diagnosis and

treatment as neurologists be revised, so that these patients

may be identified and treated earlier.
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