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ABSTRACT

Diagnoses of amyloidosis, particularly transthyretin amyloid cardiomyopathy (ATTR-CM), are steadily

increasing throughout the world, but the condition remains underdiagnosed. Patients with amyloidosis

may present to a range of medical and surgical specialties, often with multisystemic disease, and a high

index of clinical suspicion is required for diagnosis. Bone scintigraphy and cardiovascular magnetic reso-

nance (CMR) imaging offer highly sensitive and specific imaging modalities for cardiac amyloidosis. His-

tological confirmation of amyloid deposition and amyloid type remains the cornerstone of diagnosis for

most amyloid types, with transthyretin amyloid cardiomyopathy the exception, which may be diagnosed

by validated nonbiopsy diagnostic criteria in the majority. Histological diagnosis of amyloid has been

enhanced by laser capture microdissection and tandem mass spectrometry. Early diagnosis and treatment

prior to the development of end-organ damage remains essential to improving morbidity and mortality for

patients with amyloidosis.
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INTRODUCTION
The amyloidoses are a spectrum of diseases with a common

final pathological pathway of protein misfolding, insoluble

extracellular fibril formation, disruption of tissue structure,

and organ dysfunction. Presentation of systemic amyloid-

osis is heterogeneous with several organ systems potentially

affected. Patients present to a range of medical and surgical

specialties and a high index of suspicion is required for

diagnosis. Following confirmation of amyloid deposition,

determining the amyloid fibril type is crucial to guide treat-

ment and inform prognosis. Treatment of many types of

amyloid have improved substantially in recent years,
e.

nterest: SL reports none. JDG reports serving as an

ard member for Akcea, Alnylam, Eidos, and Intellia.

oth authors had access to the data and a role in writing

eprints should be addressed to Julian D. Gillmore, MD,

myloidosis and Acute Phase Proteins, Division of Medi-

Campus), University College London, Rowland Hill

3 2PF.

: j.gillmore@ucl.ac.uk

The Authors. Published by Elsevier Inc. This is an open access

mons.org/licenses/by-nc-nd/4.0/)

1016/j.amjmed.2022.01.004
although no treatments to accelerate removal of existing

amyloid deposits are currently available, and advanced dis-

ease at diagnosis continues to carry a poor prognosis.1

Reducing diagnostic delay and commencing treatment early

is crucial to improving patient outcomes.
PATHOLOGY
The key pathological step in amyloid deposition is protein

misfolding and aggregation, which leads to extracellular

deposition of amyloid fibrils, disruption of local cellular

structure, impaired organ function, and symptomatic amy-

loidosis. More than 30 “amyloidogenic” proteins have been

identified in humans.2 The propensity for protein misfolding

increases in the presence of abnormal protein structure (eg,

abnormal fibrinogen Aa-chain protein in hereditary fibrino-

gen Aa-chain amyloidosis), excessive concentration of a

structurally normal protein (eg, serum amyloid A [SAA] pro-

tein in systemic [AA] amyloidosis), or for unknown reasons

associated with the aging process (eg, transthyretin [TTR]

protein in wild-type transthyretin [ATTR] amyloidosis).2,3

The amyloidogenic protein defines the amyloid type and clin-

ical phenotype and informs diagnosis, treatment, and
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prognosis. Light chain amyloidosis (AL), transthyretin amy-

loidosis (ATTR), and serum amyloid A amyloidosis (AA) are

the most common types of amyloidosis.
AMYLOID TYPES
Features of the most common amyloid types are outlined
CLINICAL SIGNIFICANCE

� Diagnoses of amyloidosis, particularly
transthyretin amyloid cardiomyopathy
(ATTR-CM), are steadily increasing
throughout the world, but the condi-
tion remains underdiagnosed.

� Early diagnosis and treatment is essen-
tial to improving prognosis and pre-
venting advanced organ dysfunction.

� Bone scintigraphy and cardiac mag-
netic resonance imaging offer highly
sensitive and specific imaging modali-
ties for cardiac amyloidosis.

� ATTR-CM may be diagnosed by vali-
dated nonbiopsy diagnostic criteria in
the majority of patients.
in Table 1. Clinical phenotype is

dictated by the amyloid type,

although there remains variability

within the same amyloid type; for

example, systemic AL can present

with cardiac failure due to deposi-

tion of amyloid in the myocar-

dium or nephrotic syndrome due

to deposition in the kidney, among

other presentations. Trends in the

diagnosis of amyloidosis have

changed significantly in recent

years. Systemic AL remains the

most commonly diagnosed amy-

loid type, although there has been

a rapid rise in diagnoses of

ATTR.5 This reflects increased

awareness, advances in cardiac

magnetic resonance (CMR) imag-

ing and bone scintigraphy, and the

widespread adoption of validated
Table 1 Summary of the Fibrillary Precursor Protein, Underlying Cause
Types

Amyloid type Fibrillary precursor protein Underlying caus

AL amyloidosis Monoclonal immunoglob-
ulin light chain

B cell dyscrasia

Wild-type ATTR
amyloidosis

Wild-type transthyretin Unknown, assoc
aging

Hereditary ATTR
amyloidosis

Variant transthyretin TTR gene mutati

Systemic AA amyloidosis Serum amyloid A Chronic inflamm
conditions

LECT2 amyloidosis LECT2 Unknown
Fibrinogen Aa-chain
amyloidosis

Variant fibrinogen Fibrinogen gene

AApoA1 amyloidosis Variant ApoA1 AApoA1 gene mu
Lysozyme Variant lysozyme Lysozyme gene m

Gelsolin amyloidosis Variant gelsolin Gelsolin gene mu

AA = serum amyloid A amyloidosis; AL = light chain amyloidosis; ATTR = transt

system.
nonbiopsy diagnostic criteria.6-8 Conversely, diagnoses

of AA have fallen substantially following the widespread

use of biologic therapy in the treatment of chronic

inflammatory conditions.

AL may be localized or systemic. When AL type amy-

loid deposition is limited to 1 location in the absence of a

systemic B-cell clonal disorder, the condition is termed
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hyretin amyloidosis; LECT2 =
“localized AL.” Common sites

include the bladder, larynx, tonsil,

skin, and lung (pulmonary nodules);

treatment is with surgical resection

if associated with troublesome

symptoms, and prognosis is gener-

ally excellent.9 In systemic AL, an

underlying B-cell clonal dyscrasia

produces circulating amyloidogenic

monoclonal light chains that can

deposit as amyloid in almost any

tissue. Concomitant multiple mye-

loma may be confirmed, but often

the clonal disorder is subtle and

would be otherwise considered a

monoclonal gammopathy of

unknown significance (MGUS). At

diagnosis, cardiac and renal

involvement are present in up to

70% and 60% of patients, respec-

tively, whereas liver,
reatment of the Most Common Amyloid
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gastrointestinal, soft tissue, peripheral, and autonomic

nerve involvement can also occur.10

ATTR occurs when the normal transthyretin tetramer

dissociates into amyloidogenic monomers and may be

hereditary (hATTR), associated with a TTR gene mutation

predisposing to protein misfolding, or wild-type

(wtATTR), in which an unmutated TTR gene produces

TTR protein that misfolds for unknown reasons.11

wtATTR mostly affects elderly males, presenting as a

restrictive cardiomyopathy (wtATTR-CM) often with a

history of carpal tunnel syndrome or spinal stenosis.

hATTR commonly presents with either neuropathy

(ATTR-PN), cardiac failure (ATTR-CM), or both (ATTR-

mixed) depending, in part, on the specific TTR mutation.

The p.V142I TTR variant is most commonly associated

with a dominant cardiac phenotype, whereas p.T80A is

typically associated with a mixed phenotype. The p.V50M

TTR variant typically causes ATTR-neuropathy when dis-

ease onset is younger than 50 years of age, and ATTR-

mixed when older than 50 years.12 hATTR has an autoso-

mal dominant pattern of inheritance, but disease pene-

trance is incomplete.
TREATMENT AND THE IMPLICATION OF
DIAGNOSTIC DELAYS
The universal aim of treatment in systemic amyloidosis is to

reduce ongoing amyloid formation and allow natural amyloid

clearance. At present there are no approved treatments to

actively accelerate removal of existing amyloid deposits. There-

fore, early diagnosis and commencement of therapy before

advanced organ dysfunction occurs is essential. However, diag-

nostic delay remains common.13−15 Patients have often visited

several physicians by the time of diagnosis, and diagnostic

delay is associated with more advanced disease at

diagnosis.15,16 Reasons for diagnostic delay are multifactorial

and include disease rarity and phenotypic heterogeneity, lack of

physician awareness, other disease mimicry, and until recently,

a lack of sensitive noninvasive investigations.17
PRESENTATION AND RED FLAGS
Patients with amyloidosis present to a range of specialties

including cardiology, hematology, nephrology, gastroenter-

ology, neurology, orthopedics, and hand surgery, among

others. The likelihood of systemic amyloidosis increases

significantly in the presence of multisystemic dysfunction

and active inquiry and investigation is required.

Certain populations are at risk of developing amyloid-

osis and benefit from active monitoring for suggestive signs

and symptoms. Patients at risk of systemic AL include those

with clonal disorders such as monoclonal gammopathy of

uncertain significance, multiple myeloma, Waldenstrom

macroglobulinemia, and chronic lymphocytic leukemia.

Patients at risk of systemic AA include those with chronic

inflammatory conditions such as inflammatory arthropa-

thies, periodic fever syndromes, and inflammatory bowel

disease, and either recurrent or chronic infections such as
bronchiectasis and tuberculosis. Routine inquiry for symp-

toms and assessment of renal function, urine dipstick, liver

function, and NT-proBNP improve the likelihood of diag-

nosing amyloidosis early. Patients with a family history of

hATTR may be offered predictive genetic testing, and car-

riers should undergo age-appropriate work up depending on

the amyloid type.18

Cardiac amyloidosis is most commonly AL or ATTR

type and typically presents with symptoms of heart failure

or conduction abnormalities. Red flags for cardiac AL

include rapid onset heart failure symptoms, systemic symp-

toms such as weight loss and fatigue, other organ system

involvement, and presence of a clonal disorder. ATTR-CM

typically has a more indolent heart failure presentation than

cardiac AL but should be considered in elderly Caucasian

males or individuals of African ancestry particularly when

there is a history of carpal tunnel syndrome, spinal stenosis,

or tendon rupture. The most common hATTR-CM is associ-

ated with the p.V142I TTR variant, which affects individu-

als of African ancestry; the population prevalence of this

particular variant is nearly 4%, although disease penetrance

appears to be low. Other red flags for hATTR include

peripheral or autonomic neuropathy, a family history of car-

diac disease or neuropathy, and Irish (p.T80A), Portuguese,

Japanese, or Swedish (all p.V50M) ancestry.

Renal amyloidosis presents with proteinuria and or

chronic kidney disease depending on the location of amy-

loid deposits within the kidney. New onset proteinuria in

high-risk groups is a red flag for the development of amy-

loidosis.

Soft tissue amyloid deposition gives rise to nail dystro-

phy, easy bruising, carpal tunnel syndrome, macroglossia,

shoulder infiltration, and periorbital bruising. Both macro-

glossia and periorbital purpura are pathognomonic of sys-

temic AL. Carpal tunnel syndrome occurs in both AL and

ATTR, and in ATTR especially may predate diagnosis by

many years.19 Flexor retinaculum histology obtained at car-

pal tunnel decompression surgery may demonstrate amy-

loid deposition.

Peripheral neuropathy is present in up to 15% of patients

with AL at diagnosis and is often the presenting feature in

neuropathic forms of hATTR (eg, associated with p.V50M

and p.T80A variants).20

Visceral organ amyloidosis presents with nonspecific

symptoms such as fatigue, weight loss, anorexia, and

abdominal fullness; rarely, advanced liver amyloidosis can

cause jaundice.
APPROACH TO DIAGNOSIS
The diagnosis of systemic amyloidosis requires a stepwise

approach starting with a high index of suspicion.3 A com-

prehensive history is crucial to identify extent of organ

involvement and relevant underlying conditions. This is fol-

lowed by basic investigations (Table 2) to support the initial

clinical suspicion and assess organ function. Subsequent

histological demonstration of amyloid deposits and the



Table 2 Noninvasive Investigation Options for Systemic Amyloidosis

System Investigation Suggestive findings

Cardiac Cardiac biomarkers Persistently elevated serum NT-proBNP and troponin
ECG Heart block, atrial arrhythmia, small QRS complexes, poor R wave progression, pseudoinfarc-

tion pattern
Echocardiogram Biventricular hypertrophy, small left ventricular cavity, reduced global longitudinal strain

with apical sparing, pericardial effusion, diastolic dysfunction
DPD scintigraphy Cardiac uptake >99% sensitive for ATTR-CM also present in »30% of cardiac AL amyloidosis21

CMR Elevated T1, increased extracellular volume, late gadolinium enhancement in a subendocar-
dial, diffuse, or transmural pattern22-24

Renal Creatinine and eGFR Frequently abnormal but may be normal
Urinary proteinuria Nephrotic range common in AL and AA amyloidosis. Often minimal in ALECT2 and hereditary

amyloidoses. Not a feature of wtATTR amyloidosis.
Peripheral NS Nerve conduction

studies
Small fiber neuropathy in early disease, progressing to a large fiber axonal sensorimotor lower
limb predominant neuropathy20. Carpal tunnel syndrome, especially in ATTR

Autonomic NS Postural blood pressure Postural blood pressure drop, especially in AL and hATTR
Liver Liver function tests Raised GGT and alkaline phosphatase. Raised bilirubin in advanced disease

Ultrasound abdomen Hepatomegaly and or splenomegaly
Special SAP scintigraphy Identifies amyloid deposits in the liver, spleen, kidneys, adrenal glands and bones25. Does

not provide information on the gastrointestinal tract, NS, or myocardium
Genotyping Consider in all cases of ATTR amyloidosis and in the presence of a suggestive family history

AA = serum amyloid A amyloidosis; AL = light chain amyloidosis; ATTR = transthyretin amyloidosis; ATTR-CM = transthyretin amyloid cardiomyopathy;

CMR = cardiac magnetic resonance imaging; DPD = 99mTechnetium labeled 3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy; ECG = electrocardiogram;

eGFR = estimated glomerular filtration rate; GGT - gamma-glutamyl transferase; hATTR = hereditary ATTR; NS = nervous system; SAP = 123Iodine-labeled serum

amyloid P scintigraphy; wtATTR = wild type ATTR.
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amyloid fibril protein are usually required to confirm the

diagnosis, followed by investigations to identify underlying

causes. ATTR-CM is the exception to the requirement for

histological confirmation because the diagnosis can often

be made using a validated nonbiopsy diagnostic algorithm

(discussed below).5
CARDIAC INVESTIGATIONS
Serial serum NT-proBNP may be used to screen for the

development of cardiac amyloidosis in at-risk groups,

although they can be normal in early disease. Echocardiog-

raphy offers a widely available noninvasive tool to screen

for features of cardiac amyloidosis such as left ventricular

hypertrophy of >12mm26 (Figure A); ventricular hypertro-

phy alone is of limited sensitivity and specificity, although

suspicion increases in the absence of an alternative cause,

and with concomitant small or normal QRS voltages on the

electrocardiogram. More advanced echocardiographic

measures such as global longitudinal strain offer greater

specificity for diagnosing cardiac amyloidosis although are

not widely acquired and are further limited by significant

interoperator variability (Figures B and C). Cardiac uptake

by 99mTechnetium labeled 3,3-diphosphono-1,2-propanodi-

carboxylic acid (DPD; Figures E and F) or pyrophosphate

(PYP) scintigraphy is >99% sensitive for cardiac ATTR

amyloid deposition but only 86% specific due to cardiac

uptake in a proportion of patients with cardiac AL.5 Gado-

linium-enhanced CMR is unique in allowing the characteri-

zation of myocardial tissue and is highly sensitive and

specific for cardiac amyloidosis. Characteristic findings
including raised native T1 signal, increased extracellular

volume, and late gadolinium enhancement (Figures G, H,

and I, respectively).27 Cardiac AL and ATTR-CM cannot

be distinguished by CMR or DPD scintigraphy alone, and

further workup is essential to avoid incorrect diagnosis and

allow early commencement of appropriate treatment.
INVESTIGATIONS OF UNDERLYING DISORDER
Early assessment for a clonal disorder is essential to iden-

tify patients with systemic AL who may benefit from urgent

chemotherapy. The combination of serum free light chain

assay and serum and urine protein electrophoresis with

immunofixation will identify the underlying clonal disease

in up to 99% of patients with systemic AL;28 however, it is

important to note that there may be an incidental clonal dis-

ease in association with ATTR-CM such that identification

of amyloid and a clonal disease alone are insufficient to

confirm a diagnosis of AL.

If AA is diagnosed on the basis of histology, focused

history and investigations are required to identify the

underlying cause of chronic inflammation, a necessary

prerequisite for the diagnosis. Serial measurement of the

acute phase protein SAA (or C-reactive protein as a sur-

rogate) is required to determine the degree of ongoing

inflammation and is used to monitor response to anti-

inflammatory treatment. Outcome in AA is directly

related to SAA concentration with sustained suppression

of SAA after diagnosis to below <3 mg/L conferring

the most favorable prognosis.



Figure Imaging features of systemic amyloidosis. Echocardiography: (A) 4-chamber view with biventricular

hypertrophy, and (B and C) “bullseye” pattern of apical sparing of longitudinal strain and reduced global longitudinal

strain. Nuclear medicine imaging: (D) SAP scintigraphy demonstrating liver amyloid deposition, (E) DPD scintigra-

phy with Perugini grade 3 cardiac uptake, (F) single-photon emission computer tomography (SPECT) demonstrating

biventricular cardiac uptake. Cardiac magnetic resonance imaging: (G) diffusely elevated T1 values at 1149 ms, (H)

diffusely elevated extracellular volume of 63%, and (I) diffuse transmural late gadolinium enhancement. DPD = 3,3-

diphosphono-1,2-propanodicarboxylic acid; SAP = serum amyloid P.

S6 The American Journal of Medicine, Vol 135, No S1, April 2022
NONBIOPSY DIAGNOSIS OF ATTR-CM

A diagnosis of ATTR-CM can be made without histology if

all of the following validated nonbiopsy diagnostic criteria

are met: heart failure, a suggestive or characteristic amyloid

echocardiogram or CMR, a Perugini grade 2 or 3 DPD/PYP

scan, a normal serum free light chain ratio, absence of a

serum paraprotein by electrophoresis and immunofixation,

and absence of urinary Bence Jones protein by urine immu-

nofixation.5 Diagnosis of ATTR-CM should be followed by

sequencing of the TTR gene to distinguish between

hATTR-CM and wtATTR-CM. A negative plasma cell dys-

crasia workup using all 3 of the tests listed is essential to
exclude cardiac AL, which is associated with cardiac

uptake on DPD scintigraphy in approximately 30% of

patients and a Perugini grade 2 or 3 DPD scan in up to 10%

of cases.21
AMYLOID CONFIRMATION AND TYPING
Histological identification and typing of amyloid deposits in

an affected organ is the gold standard for amyloidosis.

When a target organ biopsy is deemed high risk, screening

biopsies such as a fat aspirate, bone marrow trephine, or

gastrointestinal biopsy may identify amyloid with varying

sensitivities.29 Amyloid appears as an acellular, eosinophilic



Law and Gillmore How to Approach a Diagnosis of Amyloidosis S7
material on light microscopy, with randomly orientated

nonbranching fibrils of approximately 10 nm in diameter on

electron microscopy.3 Amyloid deposition is confirmed by

observing apple green birefringence following Congo red

staining when viewed under cross polarized light. Amyloid

type may be determined by immunohistochemical staining

using a panel of antibodies, although sensitivity is limited

with up to 30% cases showing no immune-specific stain-

ing.30 Laser capture microdissection and tandem mass spec-

trometry of amyloidotic tissue is able to identify presence

and type of amyloid in >95% of cases including >80% of

those in which immunohistochemistry is indeterminate and

requires only a small quantity of amyloidotic tissue.30,31
SUMMARY
Diagnoses of amyloidosis, particularly ATTR-CM, are

steadily increasing throughout the world, but the condition

remains underdiagnosed. Bone scintigraphy and CMR offer

highly sensitive and specific imaging modalities for cardiac

amyloidosis, and a validated nonbiopsy diagnostic algorithm

enables diagnosis in the absence of histology in a majority of

patients with ATTR-CM. Histological diagnosis of amyloid

has been enhanced by laser capture microdissection and tan-

dem mass spectrometry. Early diagnosis prior to the develop-

ment of end-organ damage remains crucial to improving

morbidity and mortality for patients with amyloidosis.
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