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Abstract 

Background Hereditary transthyretin amyloid (ATTRm) amyloidosis is a 
systemic disease mainly affecting the peripheral nervous system and the 
heart. The disease is inherited in an autosomal dominant manner with a 
varying penetrance. It is caused by mutations in the transthyretin (TTR) 
gene. Today more than 100 disease causing mutations are known. The V30M 
mutation that is endemic in parts of Portugal, Japan and northern Sweden is 
the best studied and comprises the majority of the reported disease cases in 
the world. The prevailing theory on the pathogenesis of hereditary 
amyloidosis has been that TTR mutations decrease the stability of the 
circulation tetrameric TTR leading to dissociation of the tetramer into free 
monomers that after misfolding form amyloid fibrils. However, recent 
studies have shown that in many patients the amyloid fibrils contains not 
only full length transthyretin, but also transthyretin fragments caused by 
proteolysis of TTR at position 46-52. In ATTRm amyloidosis caused by the 
V30M mutation, two distinct sub populations are seen, one with disease 
onset early in life and a mainly neuropathic disease and the other with late 
onset disease and with both neuropathic disease and a progressive 
cardiomyopathy. These phenotypical findings have been tied in Swedish 
patients to differences in amyloid fibril composition. Generally, patients with 
early onset disease have amyloid fibrils containing only full-length 
transthyretin (type B) whereas patients with late onset disease have amyloid 
containing both full -length and fragmented transthyretin (type A). Until 
recently, the only available treatment for the disease was liver 
transplantation. Patients with type A fibrils, especially males, have 
significantly worse survival after liver transplant due to progressive amyloid 
cardiomyopathy. Furthermore, it appears that type A fibrils may be the most 
common finding in other mutations. 

 This thesis work aims to in depth investigate the impact amyloid fibril 
composition has on cardiac manifestations of the disease and on the 
outcome of available and novel modalities for cardiac amyloid imaging.  

Methods The four studies included in the thesis were done as part of the on 
going clinical research at the Swedish centre for transthyretin amyloidosis in 
Umeå.  Western blot analysis of amyloid fibril composition has been a part of 
the routine work up since 2008, and the cohorts in all studies were recruited 
from patients in whom amyloid fibril composition has been determined in 
biopsy specimens and genetic investigation had identified a TTR mutation. 
Available echocardiographic data were analysed to find predictors for left 
ventricular hypertrophy and systolic function as measured by strain analysis 
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in a large cohort of 105 patients (Study I). Electrocardiograms from 117 
patients were gathered and retrospectively interpreted and analysed to 
investigate the impact of amyloid fibril composition on frequency and 
development of ECG abnormalities (Study IV).  DPD scintigraphy, cardiac 
biomarkers, clinical data and echocardiograms were analysed in a cohort of 
53 consecutive patients to assess the impact of amyloid fibril composition on 
the outcome of DPD scintigraphy and its relationship with cardiac 
hypertrophy (Study II). To evaluate the usefulness of positron emission 
tomography (PET) using the amyloid specific tracer PIB, 10 patients, five 
with each fibril type, were selected and examined. The patients selected had 
a similar age of onset and similar echocardiographic findings (Study III).  

Results Study I: Type A fibrils, male gender and age were independent 
factors associated with increased LV thickness. The distribution of amyloid 
fibril composition did not differ between the sexes, but in patients with type 
A fibrils, females had lower median septal and posterior wall thickness 
(p<0.01). These differences remained after correction for height (p=0.04). 
Females with type A fibrils also had significantly better left ventricular septal 
strain (p=0.04). The difference in strain between the sexes was not apparent 
in patients with type B fibrils. 

Study II: Ninety-seven per cent of patients with type A fibrils had 
pathological cardiac DPD uptake compared to none of the patients with type 
B fibrils. Among patients with normal septal thickness, none of 15 patients 
with type B fibrils had positive scintigraphy compared with 2 out of 2 with 
type A fibrils (P<0.01) Cardiac biomarkers, demographic data and were 
significantly different, but could not differentiate between type A and type B 
fibrils in individual patients.  

Study III: All patients had pathological cardiac PIB retention. In patients 
with type B fibrils the retention was significantly higher (p<0.01) than in 
patients with type A fibrils. Based on the selection criteria, no significant 
differences were seen in various echocardiographic measurements.  

Paper IV: All patients had a high prevalence of AV-blocks, LAH and 
anterior infarction pattern, especially at follow up. Patients with type A 
fibrils had significantly more electrocardiographic abnormalities compared 
to those with type B fibrils, both at diagnosis (p<0.01) and at later follow up 
(p=0.03).  

Conclusion Study I clearly shows that type A fibrils are associated with 
more pronounced cardiac involvement. Furthermore, even though type A 
amyloid fibrils were as common among females as among males, women 
exhibited less severe cardiomyopathy. In study II we showed that DPD 
scintigraphy appears to be a very good tool for non-invasive determination of 
amyloid fibril composition. Studies III and IV showed that patients with type 
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B amyloid had cardiac involvement even without echocardiographic or DPD-
scintigraphic evidence of amyloid cardiomyopathy and that ECG 
abnormalities were common irrespectively of amyloid fibril composition, 
and increased with time for both groups.  
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Abbreviations 
AL Immunoglobulin light chain amyloid 

ATTR Transthyretin amyloid 

ATTRm Variant transthyretin amyloid 

ATTRwt Wild type transthyretin amyloid 

AV Atrioventricular 

CMR Cardiac magnetic resonance imaging 

CRT Cardiac resynchronization therapy 

DPD 3.3-diphospohono-1.2-propanodicarboxylic acid 

ECG Electrocardiogram 

EMB Endomyocardial biopsy 

FAC Familial amyloid cardiomyopathy 

FAP Familial amyloid polyneuropathy 

GI Gastrointestinal 

HCM Sarcomeric hypertrophic cardiomyopathy 

HFpEF Heart failure with preserved ejection fraction 

IVSd End-diastolic interventricular septum thickness 

LA Left atrium 

LAH Left anterior hemiblock 

LGE Late gadolinium enhancement 

LTx Liver transplantation 

LV Left ventricle 

LVEF Left ventricular ejection fraction 
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NYHA New York heart association 

PET Positron emission tomography 

PIB Pittsburgh compound B 

PND Polyneuropathy disability 

RI Retention index 

SAP Serum amyloid P component 

siRNA Small interfering ribonucleic acid 

SPECT Single photon emission tomography 

TTR Transthyretin 
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Populärvetenskaplig sammanfattning 
Ärftlig transthyretinamyloidos 

Transthyretin (TTR) produceras huvudsakligen i levern och cirkulerar i 
blodbanan där det fungerar som transportör av thyreoideahormon och 
retinol. Cirkulerande TTR är uppbyggt av fyra identiska aminosyrekedjor 
(monomerer), en s.k. tetramer. Så länge dessa sitter ihop bildar de inte 
amyloid, men splittras tetrameren så monomererna frias är de mycket 
benägna att veckas felaktigt och bilda amyloid. Amyloiden fälls ut i kroppens 
vävnader där den både har toxiska effekter men också är skadlig genom att 
störa mikrocirkulationen och trycka undan den friska vävnaden. 

Transthyretin (ATTR) amyloidos förekommer både som en sporadisk 
sjukdom i ärftliga former. Den sporadiska formen av ATTR amyloidos kallas 
wild type ATTR (ATTRwt) amyloidos och påverkar nästan uteslutande 
hjärtat. Denna sjukdom drabbar främst män och ger nästan uteslutande 
hjärtproblem. Den ärftliga formen orsakas av fel, s.k. mutationer, i 
arvsanlaget för proteinet transthyretin. Det finns idag över 100 sådana 
mutationer beskrivna. Ärftligenheten är autosomalt dominant. Detta innebär 
att varje barn till en individ som bär anlaget har 50 % riska att ärva det, 
oavsett kön. Penetransen, d.v.s. risken för en mutationsbärare att utveckla 
sjukdom, varierar kraftigt mellan de olika mutationerna. Ärftlig ATTR 
amyloidos är en systemsjukdom som påverkar främst hjärta (kardiomyopati) 
och perifera nerver (polyneuropati), men också magtarmkanalen, ögonen 
och vissa fall centrala nervsystemet. Vilka organ som drabbas hårdast 
bestäms till viss del av den sjukdomsorsakande mutationen, men också av 
andra, okända, faktorer.  

Ärftlig ATTR amyloidos är globalt en ovanlig sjukdom, men i populationer 
som växt i relativ isolering kan frekvensen av mutationsbärare vara hög. En 
sådan population är befolkningen i Västerbotten och Norrbotten. I 
regionerna kring Lycksele, Skellefteå och Piteå uppskattas att ca 2 % av 
befolkningen är bärare av den sjukdomsorsakande mutationen 
transthyretinmutationen V30M. Denna mutation orsakar såväl hjärt som 
nervsjukdom. Det är sedan länge känt att patienter som insjuknar i ung ålder 
främst drabbas av polyneuropati, medan patienter som blir sjuka senare i 
livet både drabbas av polyneuropati och kardiomyopati.  

Amyloid kardiomyopati  
Kardiomyopatin som ses vid amyloidos kännetecknas av tilltagande 

förtjockning av och ökande styvhet i hjärtmuskulaturen.  Detta leder till 
försämrad pumpförmåga och hjärtsvikt. Många av de mediciner som 
fungerar vid hjärtsvikt med andra orsaker har ingen påvisad positiv effekt 
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vid amyloid kardiomyopati och ger ofta patienterna potentiellt farliga 
biverkningar.  

Vid amyloidos är det också vanligt med hjärtrytmstörningar. Många 
patienter drabbas av förmaksflimmer och störningar i hjärtats 
retledningssystem som utan pacemakerbehandling kan vara livshotande. 

Två typer av ATTR amyloidos 
ATTR amyloidos orsakad av mutationen V30M kan yttra sig på olika sätt. 

En patientgrupp insjuknar tidigt i livet, före 50 års ålder, och får främst 
polyneuropati. Den andra gruppen drabbas senare i livet och i tillägg till 
polyneuropati drabbas dessa också av kardiomyopati. I mindre studier har 
dessa sjukdomsuttryck knutits till skillnader i sammansättningen av 
amyloiden hos de olika patienterna. I amyloid från patienter med tidig 
sjukdomsdebut finner man enbart intakta TTR molekyler (typ B) medan 
amyloid hos patienter med sen debut också innehåller fragmenterat TTR 
(typ A). Hur fragmenteringen av TTR sker är än så länge oklart, men 
forskare i Storbritannien har nyligen reproducerat fragmentering av TTR i 
provrör och visat att efter att delar av monomererna spjälkats av TTR 
tetrameren blir uttalat instabil och att amyloid då bildas väldigt snabbt.  Det 
verkar som om amyloid innehållande enbart fullängdstransthyretin, d.v.s. 
typ B, är något som är nästan unikt för V30M mutationen. Vävnadsanalyser 
från patienter med andra mutationer och från patienter med ATTRwt 
amyloidos har alltid visat typ A amyloid.  

Vi har i Sverige sedan 2008 analyserat amyloidsammansättningen hos alla 
patienter som diagnosticerats med ATTR amyloidos och detta 
avhandlingsarbete syftar till att kartlägga hur hjärtengagemanget ser ut hos 
patienter med de två olika typerna av amyloid.  

Material och metoder 
I fyra delarbeten har patienter med känd amyloidsammansättning 

undersökts med både etablerade och nya undersökningsmetoder. EKG och 
ultraljudsundersökning av hjärtat (ekokardiografi) är grundläggande 
hjärtundersökningar som använts i åratal för att diagnosticera 
hjärtsjukdomar. Dessa båda metoder är väl studerade vid amyloid 
kardiomyopati. Det vanligaste fyndet vid ekokardiografi är förtjockning av 
hjärtats väggar. I EKG ser man ofta avvikelser förenliga med störningar i 
hjärtats retledningssystem.  

Två nyare undersökningsmetoder utvärderades också, DPD skintigrafi och 
PET-DT. Bägge dessa undersökningar är s.k. nuklearmedicinska 
undersökningar, vilket innebär att en markör märkt med ett radioaktivt 
ämne injiceras i kroppen. Markören binder till det man önskar påvisa och 
man kan sen med en kamera registrera var upptaget är stort. DPD är 
ursprungligen en tracer avsedd för att undersöka processer i skelettet som 
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har visat sig vara mycket känslig för att påvisa ATTR kardiomyopati. PET-DT 
har tidigare använts vid Alzheimers sjukdom, som orsakas av en annan typ 
av amyloid, och markörer som binder specifikt till amyloid har tagits fram 
för detta ändamål. I små studier har dessa markörer visat sig vara 
användbara också vid amyloid kardiomyopati. 

Undersökningsfynd 
I det första delarbetet utvärderade vi vilka faktorer som är förknippade 

med förtjockning av hjärtmuskulaturen vid ATTR amyloidos och fann att 
förekomst typ A fibriller, manligt kön och hög ålder alla var associerade med 
ökad väggtjocklek. Då nästan uteslutande män drabbas av den icke ärftliga 
formen av ATTR amyloidos, var vi intresserade av om fragmentering av TTR 
var vanligare hos män, men fördelningen mellan typ A och typ B fibriller 
skiljde sig inte mellan könen. 

I det andra arbetet undersökte vi patienter med DPD skintigrafi, och fann 
att alla patienter med typ B amyloid hade normala fynd, medan patienter 
med typ A amyloid hade patologiskt upptag i hjärtat. Det tredje arbetet 
utvärderade PET-DT med en amyloidspecifik markör, PIB, hos 10 patienter. 
Det visade sig att alla patienter hade patologiskt upptag av PIB. Något 
förvånande var att patienterna med typ B amyloid hade mycket högra upptag 
än de med typ A.  

Det fjärde arbetet fokuserade på EKG-fynd och hur dessa förändras över 
tid. Vi fann att patienter med typ A amyloid hade mer EKG avvikelser än de 
med typ B amyloid, men att även patienter med typ B amyloid löper en 
kraftigt ökad risk för allvarliga retledningsrubbningar.  

Sammanfattning 
Det framstår som helt klart att samma genetiska defekt alltså kan orsaka 

två skilda men överlappande sjukdomsbilder, och att fragmentering av TTR 
är mycket central i utvecklingen av den allvarliga hjärtpåverkan som ses hos 
många patienter med ATTR amyloidos. Fragmenteringen sker hos patienter 
av bägge könen, men mäns hjärtan tycks mer benägna att förtjockas och 
försämras i sin funktion. Det verkar dock som att alla patienter med ATTR 
amyloidos, oavsett kön och amyloidsammansättning, löper risk att utveckla 
hjärtrytmstörningar.  

Det är av vikt att fastställa vilken typ av amyloid den enskilda patienten 
har, då detta påverkar vilken behandling som kan erbjudas. DPD skintigrafi 
tycks kunna skilja de två fibrilltyperna.  
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Aims 

The general aims of this thesis were to investigate the impact that amyloid 
fibril composition has on cardiac imaging and development of 
electrocardiographic abnormalities in hereditary transthyretin amyloidosis 
patients. 

Specific aims 
 
I: To investigate the impact of sex on amyloid fibril composition and to 
determine the impact of age, sex and amyloid fibril composition on left 
ventricular wall thickness in patients with ATTRV30M amyloidosis. 
 
II: To determine the relationship between amyloid fibril composition and the 
outcome of DPD scintigraphy in patients with ATTRm amyloidosis. 
 
III: To determine if amyloid fibril composition affects the outcome of the 
novel cardiological method PIB-PET. 

IV: To describe the impact of amyloid fibril composition on prevalence and 
development of electrocardiological abnormalities in patients with 
ATTRV30M. 
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Introduction 
Amyloid diseases 
Rudolf Virchow introduced the term “amyloid” to the world of medicine in 
1854. The word amyloid is actually a misnomer. It is derived it from the 
Latin word amylum, meaning starch, and Virchow believed that what he saw 
in his microscope was composed of polysaccharides. He was soon proven 
wrong, and these extracellular deposits were in shown 1859 to be 
proteinaceous (1). It was not until the introduction of the electron 
microscope that Cohen and Calkins in 1959 described the amyloid fibril (2). 
Since then, almost 40 human proteins have been shown to give rise to 
amyloid in the human body, see table 2 (3). Despite being formed from a 
wide variety of precursor proteins and giving rise to vastly different clinical 
manifestations, the architecture of the amyloid fibril is similar in all amyloid 
diseases.  

After translation from RNA, proteins achieve their functional form after 
folding. The major part of peptide domains is folded into one of two 
hydrogen-bond stabilized structures, the α-helix or β-sheet. Since protein 
folding is a complex process with many pitfalls, several safe guards to ensure 
that misfolded proteins are cleared are operating. It is suggested that 
amyloid formation depends on formation of misfolded amyloid precursor 
proteins that are bound together in β-sheets forming thin filaments. These 
filaments are in turn twisted around each other forming the amyloid fibrils. 
Together with other components, one of which is serum amyloid P 
component (SAP), found in all types of amyloid, the insoluble fibrils are 
deposited extracellularly in the body’s tissues (4, 5). The pathogenic effect of 
amyloid deposits is thought to be mainly exerted through mass effects such 
as pressure or inhibition of blood flow, but more direct, apoptosis inducing 
toxic effects certainly play a role in some amyloid diseases (5).  Why some 
proteins form amyloid fibrils and what circumstances that trigger the 
misfolding in vivo remains largely unknown, but factors such as pH and 
concentration of precursor proteins play a role, at least in vitro (5). 

Amyloid formation is involved in a number of human pathologies, e.g. 
amyloid deposits are seen in the islets of Langerhans in type 2 diabetes (6). 
However, it is generally agreed upon that the term amyloidosis should be 
reserved for diseases were the amyloid formation is extracellular and 
constitutes the main disease mechanism (7).   

 Classification of amyloidoses and amyloid nomenclature 
Amyloidoses are designated as local or systemic depending on the 
distribution of the amyloid deposits in the body. An example of a local 
amyloidosis is Alzheimer’s disease where amyloid is formed from Aβ-protein 
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precursor in the brain. In the systemic amyloidoses amyloid is formed from 
circulating proteins and amyloid deposits are found in virtually all tissues. 

Amyloid nomenclature has changed as the knowledge of the precursor 
proteins has increased. The earlier nomenclature dividing amyloidosis into 
primary and secondary is abandoned and the nomenclature is now based on 
the precursor protein and if the disease is inherited or not, see tables 1 and 2  
(7).  All types of amyloid have names starting with an “A”, denoting amyloid, 
followed by letters identifying the precursor protein. The amyloid disease is 
designated “amyloidosis”. Thus, the amyloidosis in this thesis is ATTR 
amyloidosis, where A stands for amyloid and TTR for transthyretin the 
precursor protein.  

The terms familial amyloid polyneuropathy (FAP) and familial amyloid 
cardiomyopathy (FAC) are still in use describing the two main phenotypical 
expressions of hereditary ATTR amyloidosis. However, several organ 
systems are often affected in the same individual, and wide variations are 
seen in the presentation of the disease even between patients with same 
genetic background to the disease. This makes the distinction between FAP 
and FAC difficult and the abbreviations less useful and not recommended by 
the nomenclature committee of the International Society of Amyloidosis. It 
is recommended that hereditary ATTR amyloidosis is designated ATTRm 
amyloidosis, where m stands for variant (mutant) TTR; alternatively, the 
mutation in the TTR gene can be placed after ATTR when describing a 
specific type of ATTRm, e.g. ATTRV30M. 

 
Table 1. Most common forms of systemic amyloidoses with heart 
involvement 

Acquired Hereditary 
Wild type transthyretin (ATTRwt) 

amyloidosis 
Variant transthyretin (ATTRm) 

amyloidosis 
Immunoglobulin light chain (AL) 

amyloidosis 
Variant apolipoprotein (AApoA1) 

amyloidosis 
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Table 2. Amyloid fibril proteins and their precursors in human (7) 

 

A=acquired, H=hereditary, CNS=central nervous system, PNS=peripheral nervous system, 
ANS=autonomous nervous system, CJD=Creutzfelt Jacobs disease, GSS=Gerstmann-
Sträussler-Scheinker 

Transthyretin amyloidosis 

Transthyretin 
Transthyretin (TTR), previously called prealbumin, is a transport protein 
that functions as a transporter of thyroxin and retinol binding protein in 
serum and cerebrospinal fluid (8). The name is derived from the proteins 
function (Transporter of thyroxin and retinol). In its functional form TTR 
is a tetramer made up of four identical subunits (monomers), each a 127-
residue polypeptide with a high degree of beta-sheet structures even in its 
functional form (8). Circulating TTR is synthesized in the liver, but small 
amounts of TTR are also produced in the eyes (retinal pigment epithelium), 

Fibril	
protein	

Precursor	protein	 Systemic	
and/or	localised	

Aquired	or	
hereditary	

Target	organ	

AL	 Immunoglobulin	light	chain	 S,L	 A,	H	 All	organs,	usually	except	CNS	
AH	 Immunoglobulin	heavy	

chain	
S,	L	 A	 All	organs	except	CNS	

AA	 (Apo)	Serum	amyloid	A	 S	 A	 All	organs	except	CNS	
ATTR	 Transthyretin,	wild	type	 S	 A	 Heart,	ligamens,	tenosynovium	
	 Transthyretin,	variants	 S	 H	 PNS,	ANS,	heart,	eye,	leptomeninges,	

leptomeninges	
Aβ2M	 Β2-Microglobulin,	wild	type	 S	 A	 Musculoskeletal	system	
	 Β2-Microglobulin,	variants	 S	 H	 ANS	
AApoA1	 Apolipoprotein	A	I,	variants	 S	 H	 Heart,	liver,	kidney,	PNS,	testis,	larynx	(C-

terminal	variants),	skin	(C-terminal	variants)	
AApoAII	 Apolipoprotein A II, variants	 S	 H	 Kidney	
AApoAIV	 Apolipoprotein A IV, wild 

type	
S	 A	 Kidney	medulla	and	systemic	

AApoCII	 Apolipoprotein C II, variants	 S	 H	 Kidney	
AApoCIII	 Apolipoprotein C III, variants	 S	 H	 Kidney	
AGel	 Gelsolin,	variants	 S	 H	 PNS,	cornea	
ALys	 Lysozome.	variants	 S	 H	 Kidney	
ALECT2	 Leucocyte	chemotactic	

factor-2	
S	 A	 Kidney,	primarily	

AFib	 Fibrinogen	α,	variants	 S	 H	 Kidney,	primarily	
ACys	 Cystatin	C,	variants	 S	 H	 PNS,	skin	
ABri	 ABriPP,	variants	 S	 H	 CNS	
ADan	 ADanPP,	variants	 L	 H	 CNS	
Aβ	 Aβ	protein	precursor,	wild	

type	
L	 A	 CNS	(Alzheimers	disease)	

	 Aβ	protein	precursor,	
variants	

L	 H	 CNS	(Alzheimers	disease)	

AαSyn		 Α-Synuclein	 L	 A	 CNS	
ATau	 Tau	 L	 A	 CNS	
APrP	 Prion protein, wild type	 L	 A	 CJD,	fatal	insomnia	
	 Prion	protein,	variants	 L	 H	 CJD,	GSS	syndrome,	fatal	insomnia	
	 Prion	protein,	variants	 S	 H	 PNS	
ACal	 (Pro)calcitonin	 L	 A	 C-cell	thyroid	tumors	
AANF	 Atrial	natriuretic	factor	 L	 A	 Islet	of	Langerhans,	insulinomas,		
APro	 Prolactin	 L	 A	 Pituitary	prolactinomas,	aging	pituitary	
Ains	 Insulin	 L	 A	 Iatrogenic,	local	injection	
ASPS	 Lung	surfacant	protein	 L	 A	 Lung	
AGal7	 Galectin	7	 L	 A	 Skin	
ACor	 Corneodesmosin	 L	 A	 Cornified	epithelia,	hair	follicles	
AMed	 Lactadherin	 L	 A	 Senila	aortic,	media	
Aker	 Kerato-epithelin	 L	 A	 Cornes,	hereditary	
ALac	 Lactoferin	 L	 A	 Cornea	
AOAAP	 Odontogenic	ameloblast-

associated	protein	
L	 A	 Odontologic	tumors	

ASem1	 Semenogelin	1	 L	 A	 Vesicula	seminalis	
AEnf	 Enfurvitide	 L	 A	 Iatrogenic	
CNS=central	nervous	system,	PNS=peripheral	nervous	system,	ANS=autonomous	nervous	system,	CJD=Creutzfelt	Jacobs	disease,	
GSS=Gerstmann-Sträussler-Scheinker	
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the central nervous system (choroid plexus) and in the islets of Langerhans 
(glucagon cells). The folding of the monomers and later assembly into a 
tetramer takes place in the liver prior to secretion into the plasma (9). TTR 
has a short half-life in plasma of about 2-3 days.   

Transthyretin amyloidogenesis 
ATTR can be derived from variant TTR (ATTRm), or from wild type TTR 
(ATTRwt). Why TTR forms amyloid is poorly understood, as are the 
determinants for its anatomical deposition and the specific mechanisms for 
tissue damage. 

Since the mid-1990s the prevailing theory suggests that disease-causing 
mutations destabilizes the TTR tetramer (10). This destabilization permits 
formation of TTR monomers, which after misfolding aggregate into ATTR. 
This hypothesis has been strengthened by in vitro studies where high 
concentrations of stabilizers of the tetramer such as thyroxin and, later on, 
other small molecules prevented amyloid formation (11). The theory has also 
been proven in patients where two different TTR stabilizers, Tafamidis and 
Diflunisal, have been proven to reduce disease progression in ATTRm 
amyloidosis patients with polyneuropathy (12, 13).   

An additional proposed pathway for TTR amyloidogenesis, which is 
central to this thesis, is that TTR undergoes proteolytic cleavage at residues 
46, 49 and 52 releasing highly amyloidogenic C-terminal fragments, see fig. 
1. The region of the TTR monomer containing these residues is situated in 
the D-strand, a region that easily slips away from the TTR tetramer and this 
explains why proteolysis occurs in this region (14). The finding of ATTR 
fibrils containing C-terminal fragments was initially described post mortem 
in patients with wild type ATTR (ATTRwt) amyloidosis, the disease 
previously called senile cardiac amyloidosis or senile systemic amyloidosis 
(15). In these patients, the majority of the amyloid was formed from C-
terminal TTR fragments. When investigating patients with ATTRm 
amyloidosis, it was revealed that in some patients the amyloid fibrils 
contained only full length TTR, whereas others contained a mix of fragments 
and full length TTR (16). Further studies have showed that amyloid 
containing C-terminal fragments is the finding in most TTR mutations and 
in ATTRwt amyloidosis (17). The proteolytic cleavage as a pathway for 
amyloid formation has since been reproduced in vitro using recombinant 
wild type and variant TTR with the S52P mutation (18, 19). These studies 
showed that fragmentation could be triggered by shear stress, which has also 
been described in other conditions (20). 
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Fig. 1. Suggested pathways of ATTR amyloid formation. In type B amyloid 
full-length TTR monomers dissociate from the tetramer, misfold and 
aggregate into amyloid fibrils. In type A, dissociation is preceded for 
proteolytic cleavage at residues 46,49 0r 52 which facilitates dissociation. 
Image from Suhr et al, J intern Med 2017 (21). 
 

Epidemiology and genetics of hereditary transthyretin 
amyloidosis 
ATTRm amyloidosis is inherited in an autosomal dominant manner with age 
dependent and varying penetrance. The TTR gene is located on chromosome 
18 and appears prone to mutation. Since 1983, when the first disease causing 
mutation in the gene was described, more than 120 mutations have been 
identified (22, 23), most of them amyloidogenic. When designating TTR 
mutations, the amino acid sequence of the mature protein is traditionally 
used rather than including the 20 amino acid long signal sequence. The 
mutation where valine is substituted for methionine at position 30 in the 
mature protein (V30M) would, if taking the signal sequence into account, be 
designated p.V50M. No amyloidogenic mutations have been identified in the 
signal sequence, so in this thesis and the included original articles the 
traditional numbering has been used.  

ATTRm amyloidosis has been described in most parts of the world. It is a 
very rare disease and a true global prevalence is hard to estimate. In a recent 
consensus article on ATTRm amyloidosis and polyneuropathy, Parman et al 
writes that in Europe, around 3500 patients currently alive have the 
diagnosis (24). The authors also found large variations in its prevalence 
between different countries, ranging from 1.5/million in Germany to 
190/million in Portugal. The disease is probably underdiagnosed and 
misdiagnosis is common. Common misdiagnoses include hypertensive heart 
disease or sarcomeric hypertrophic cardiomyopathy (HCM) in the case of 
patients with mainly cardiomyopathy or lumbar spinal stenosis or chronic 

to disassembly of the TTR tetramer into monomers
that after misfolding reassemble as amyloid fibrils
[3, 4] (Fig. 1). However, alternative pathways for
amyloid formation have been suggested [5–8]
(Fig. 1), and the identification of different fibril
compositions, either a mixture of full-length and
truncated TTR (type A) or full-length only (type B),
provides additional support for alternative path-
ways [9] (Fig. 2). It has been shown that proteolysis
of TTR leads to formation of several amyloidogenic
fragments [10], and in particular TTR C-terminal
fragments starting at residues 46, 49 or 52 have
been the subject of increased interest because
these fragments are present in both wt-ATTR and
in the majority of h-ATTR deposits [9, 11]. Type B
ATTR is predominantly described in patients with
h-ATTR amyloidosis caused by the Val30Met muta-
tion and an early disease onset, that is before the
age of 50 [12]. In addition, type B fibrils have also
been found in two patients with the Tyr114Cys
mutation [11]. However, early-onset h-ATTR Val30-
Met amyloidosis dominates in the areas of cluster-
ing in Portugal, Japan and Brazil, where some of
the largest populations with the disease are found
[13–15]. In Sweden, however, a mixture of patients
with early- and late-onset Val30Met amyloidosis,
that is either type A or B fibrils, are found [12, 16].

ATTR fibril composition can be identified by west-
ern blotting; however, the current commercial
antibody used by most laboratories does not rec-
ognize the C-terminal fragments so to determine
the ATTR fibril composition, an antibody that
recognizes these fragments must be utilized [12].

The lack of commercial antibodies with the
required affinity is probably an important reason
why the implication of ATTR fragments has not
been widely investigated.

In autopsy material, different organs from the same
patient were examined for amyloid fibril composi-
tion, and all the organs displayed the same type of
ATTR. Therefore, biopsy material obtained from the
subcutaneous fat will display the same ATTR fibril
composition as all other organs including the heart
[12]. Similarly, repeated biopsies from the same
patient over time showed no change in ATTR fibril
type [17].

So far, type B fibrils have only been found in
patients with the TTR Val30Met and Tyr114Cys
mutations, whereas type A fibrils are found and in
all other mutations tested as well as in wt-ATTR
[11]. However, the number of mutations for which
the fibril composition has been established is
limited to 29 out of more than 120 mutations;
therefore, more mutations need to be characterized
with regard to their amyloid fibril composition,
relationship with age at onset of disease and
phenotype.

Although the findings of different forms of ATTR
fibrils in ATTR amyloidosis patients are interesting,
it would remain unclear whether they are of any
interest to the clinician; that is, do these different
forms have any impact on outcome of commonly
used diagnostic methods, on patients’ presenting
symptoms, or on the response to therapy? Below

TTR tetramer

Misfolded monomers
Full-length TTR

Proteolytic clea-
vage at residues
46, 49 and 52

Amyloidogenic
N-terminal 
fragment

A-fibrils

B-fibrils

?

Fig. 1 Suggested pathways of transthyretin amyloid (ATTR) fibril formation. The pathway for type B fibrils with
dissociation of the tetramer where misfolded full-length TTR assembles into amyloid fibrils; the pathway for type A fibrils
undergoes proteolytic cleavage at residues 46, 49 or 52, which results in dissociation of the tetramer and further amyloid
formation from monomers. It is unclear whether misfolded monomers undergo cleavage after disassembly.

O. B. Suhr et al. Review: ATTR fibril composition
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inflammatory demyelinating polyneuropathy (CIDP) in patients with mainly 
polyneuropathy (25, 26).  

ATTR V30M  
The mutation responsible for most of the reported cases of ATTRm 
amyloidosis is V30M. The first cases of hereditary amyloidosis were 
described by Andrade in 1952 (27) in Portuguese patients. He had observed a 
deadly progressive peripheral and autonomic polyneuropathy in the Póvoa 
de Varzim area that appeared to be inherited in an autosomal dominant 
manner. Andrade’s patients’ onset of disease was in their third or fourth 
decade of life, and their estimated survival after onset was 10-15 years. In 
1965 the first cases of familial amyloidosis were found in Sweden and was 
described by Andersson (28) The first description of the disease from Japan, 
where it is also primarily found in endemic areas was published in 1968 (29). 
In Sweden, the patients are generally older at onset than in Japan and 
Portugal, but already in the 1970s, it was suggested that the different 
populations suffered from the same hereditary amyloid disease. Since then, 
patients have been diagnosed all over the world, partially following the 
migrations of the Portuguese population but also due to spontaneous 
mutations with local founders. The Swedish ATTR V30M patients all share a 
common founder with a mutation occurring 400 to 500 years ago. The first 
evidence that TTR was the precursor protein was found in 1978 (30) and the 
mutation was identified in the early 1980s (31). 

Hereditary transthyretin amyloidosis in Sweden 
 The prevalence of V30M mutation carriers in parts of northern Sweden is 
very high. In the Lycksele, Piteå and Skellefteå areas, the mutation carrier 
frequency is close to 2 % translating into an estimated 7000 mutation 
carriers (32). Fortunately, the penetrance of the mutation is generally low, 
with estimated penetrance of only 1.7 % at 30 years of age and 22 % at the 
age of 60(33). Other mutations have been found, many of which appear to 
have their origin in Sweden, see table 3. Over the last 40 years, 
approximately 900 patients with symptomatic ATTRm amyloidosis have 
been diagnosed, the vast majority being ATTRV30M patients. Of these, 
around 350 are alive today. 
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Table 3. TTR mutations found in Sweden, clinical findings and origin 
Mutation Phenotype Origin of proband or 

family 

V30M 

(Val30Met) 

Polyneuropathy, cardiomyopathy, gastrointestinal disturbancies, 

eye deposits, renal complications 

Sweden 

V30L 

(Val30Leu) 

Polyneuropathy, cardiomyopathy, gastrointestinal disturbancies Finland 

F33L 

(Phe33Leu) 

Polyneuropathy, cardiomyopathy, gastrointestinal disturbancies Poland 

A45S 

(Ala45Ser) 

Cardiomyopathy, carpal tunnel syndrome Sweden 

A45D 

(Ala45Asp) 

Polyneuropathy, cardiomyopathy, gastrointestinal disturbancies Ethiopia 

G53E 

(Gly53Glu) 

Cardiomyopathy Sweden 

L55Q  

(Leu55Gln) 

Polyneuropathy, cardiomyopathy, gastrointestinal disturbancies Serbia 

G57R 

(Gly57Arg) 

Cardiomyopathy, polyneuropathy Sweden 

T60A) 

(Thr60Ala) 

Polyneuropathy, cardiomyopathy, gastrointestinal disturbancies Sweden 

Y69H 

(Tyr69His) 

CNS complications, eye deposits Sweden 

E89K 

(Glu89Lys) 

Polyneuropathy, cardiomyopathy Sweden 

H88R 

(His88Arg) 

Cardiomyopathy, polyneuropathy Sweden 

A97S 

(Ala97Ser) 

Polyneuropathy, gastrointestinal disturbancies, eye deposits, 

cardiomyopathy 

Malaysia, China 

V122I 

(Val122Ile) 

Cardiomyopathy USA/Sweden 

 

Clinical manifestations of transthyretin amyloidosis 
ATTR amyloidoses cause a wide variety of symptoms, ranging from cognitive 
disorders caused by amyloid deposits in the central nervous system to 
gastrointestinal problems thought to be secondary to autonomic neuropathy 
(34). However, the main clinical problems affecting most patients are 
polyneuropathy and/or cardiomyopathy (34). The disease-causing mutation 
is a strong determinant for clinical phenotype. E.g. the mutations V122I and 
L111M cause mainly cardiac disease, whereas most patients with ATTRV30M 
have polyneuropathy (34, 35). Attempts have been made to categorize 
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mutations as either “cardiac” or “polyneuropathic” or “mixed”(36). However, 
variation of the phenotype is noted not only between but also within 
different mutation populations.  

Two amyloid fibril types, two clinical phenotypes 
ATTRV30M amyloidosis can be divided into distinct phenotypes that are 
related to age at onset (37). The first, predominantly found in the endemic 
areas of Japan and Portugal, and which accounts for about half of the 
Swedish patients, has disease onset before the age of fifty. This ”early onset” 
disease is characterised by progressive peripheral, length dependent, axonal 
polyneuropathy affecting small unmyelinated nerve fibres. Disturbed 
temperature sensations and neuropathic pain are additional common 
findings (37). Most patients also have autonomic polyneuropathy leading to 
severe GI disturbancies, impotence and orthostatic hypotension. In these 
patients, there is little or no structural cardiac disease, but cardiac 
conduction disturbancies are often present (38, 39). In the other, patients 
with ”late onset” disease, i.e., above the age of 50, marked cardiac 
involvement as well as polyneuropathy is present at the time of diagnosis. 
There are also differences in the presentation of the neurological 
manifestations of the disease. Motor neuropathy dominates in many late 
onset patients and in autopsied cases the larger myelinated fibbers appear 
more affected than in early onset cases (37).  

In  2004, Bergström et al described post mortem findings of two distinctly 
different amyloid fibril compositions within the ATTRV30M population and 
their different distribution in heart tissue (16). In one, termed type A, the 
amyloid contained only full-length TTR, and in the other, type B, the 
amyloid was composed of both full length and fragmented TTR. Type A is 
deposited all through the myocardium and type B mainly in the 
subendocardium and subepicardium. In 2008 Ihse et al published a study of 
33 ATTRV30M patients where the amyloid fibril composition was put in 
context of clinical findings, tying type A amyloid to late onset and type B 
amyloid to early onset disease (40). In the same study, four patients were 
examined post mortem, and it was found that the amyloid fibril composition 
was the same in all organs examined.  

ATTR amyloid cardiomyopathy 
The cardiomyopathy seen in ATTR amyloidosis is classified as hypertrophic 
and restrictive (41). The increased wall thickness seen in amyloid 
cardiomyopathy does not represent true myocardial hypertrophy but rather 
amyloid deposits, which in severe cases can be more abundant than 
myocardial tissue. In contrast to AL amyloid cardiomyopathy, where loss of 
cardiac function can be found in patients with minor hypertrophy, the 
hypertrophy in ATTR amyloidosis is often pronounced at the time of 
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symptom onset with interventricular septum thickness sometimes exceeding 
20 mm before the patients’ symptoms causes them to seek medical attention. 
The hypertrophy and diastolic dysfunction are not limited to the left 
ventricle (LV) and symptoms of right sided heart failure with peripheral 
edema and swelling within the abdomen such as GI tract and liver often 
dominate. Systolic function as measured by left ventricular ejection fraction 
(LVEF) is preserved until late in the disease process, but reduced LVEF is 
probably a strong predictor of death (42). Other predictors of worse outcome 
reported are elevated Troponin T (43), advanced age and echocardiographic 
signs of elevated filling pressures (44). General fatigue is a common 
symptom, maybe more common than the for heart failure typical shortness 
of breath. Despite high left atrial pressures, pulmonary edema is uncommon, 
maybe due to right ventricular involvement.  

 
Fig. 2. Typical apical 4 chamber view from patient with ATTR 
cardiomyopathy. Note thickening of left and right ventricles. Top left: 
Transmitral pulsed Doppler recording showing high E/A-ratio and short 
deceleration time, suggesting restrictive filling pattern. 
 

Many patients with primarily cardiac manifestations also have a history of 
carpal tunnel syndrome. To my knowledge, this was first described in the 
Danish population with the L111M in 1962, but carpal tunnel syndrome has 
since been described in other mutations as well, usually preceding overt 
cardiac involvement (36, 45-47). 
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Non-hereditary ATTR amyloidosis 
Cardiac ATTRwt amyloid deposits are found in ~25 %of all individuals over 
80 years (48). Symptomatic disease is mainly seen in older men (49). The 
disease has historically been termed senile cardiac amyloidosis and senile 
systemic amyloidosis. That amyloid is often found in the hearts of the elderly 
was described as early as 1876 but in the 1960s more comprehensive clinical 
and pathological descriptions appeared (50). It was later discovered that the 
amyloid precursor protein was wild type TTR (51, 52). It was also in patients 
with ATTRwt that the presence of truncated TTR was first noted. What 
triggers the amyloidogenesis in the elderly remains unknown. 

Diagnosis is usually after the age of 60 and over 90 % of the patients are 
males (34, 49). Mohammed et al found a prevalence of cardiac ATTRwt 
deposits of 15 % in a control group that had died in their eighties due to non-
cardiovascular causes (53). In the same study, the prevalence of ATTRwt in 
patients with a clinical diagnosis of heart failure with preserved ejection 
fraction (HFpEF) was around 20 % compared to only 5 % in an age matched 
control group that had died of non-cardiovascular causes.  

The disease affects the heart in the same way as most types of ATTRm 
amyloidosis, only with a generally slower disease progression and later onset 
(42). Estimated survival after diagnosis is in various studies reported to be 
around three years. Factors associated with worse outcome are similar to 
those in ATTRm, namely elevated troponin T, cardiac pacing at diagnosis, 
reduced mitral annular plane systolic excursion (MAPSE), and severe 
symptoms (49, 54). Neurological manifestations are limited to carpal tunnel 
syndrome and spinal stenosis, which, however, are common (49). Close to 
one-half of patients diagnosed with ATTRwt have carpal tunnel syndrome, 
usually preceding symptomatic cardiac manifestations by years. In a study of 
material obtained from carpal tunnel surgery, the investigators found ATTR 
amyloid in about one-third of patients with idiopathic carpal tunnel 
syndrome(55). 

AL amyloidosis 
This thesis does not touch upon AL amyloidosis, but the disease has many 
similarities with ATTR amyloidosis. It is an important differential diagnosis 
and a lot of work, especially in cardiac imaging, has initially been done in 
cohorts of AL patients, therefore it is mentioned here.   

The precursor proteins in AL amyloid are monoclonal immunoglobulin 
light chains (7). An abnormal clone of plasma cells that overproduce lambda, 
or more seldom, kappa light chains causes most cases. Thus, the disease is 
similar to and often overlaps with multiple myeloma. About 5-10 % of 
myeloma patients also have AL amyloidosis and about the same proportion 
of patients with AL amyloidosis have multiple myeloma (56).  
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The most common manifestation of AL amyloidosis is nephrotic 
syndrome with cardiomyopathy being the second most common cause of 
diagnosis. Other organ systems affected are liver and gastrointestinal tract, 
macroglossia and the peripheral nervous system.  

Early diagnosis of cardiac AL amyloidosis is essential, since untreated 
survival is abysmal. Treatment aims to remove or suppress the plasma cell 
by using chemotherapeutic agents. Novel pharmaceuticals, when introduced 
early enough, can profoundly change the course of the disease. The cardiac 
manifestations are similar to those seen in ATTR amyloidosis, but AL 
amyloid appears to be more toxic to the myocardium, resulting in more 
severe cardiac dysfunction despite less amyloid deposits and 
hypertrophy(57).  

Diagnosing amyloidosis 
The proven presence of amyloid deposits in a tissue sample is the gold 
standard to setting the diagnosis. Since ATTR amyloidosis is a systemic 
disease with amyloid deposits present in various tissues, biopsies from 
organs causing symptoms are not necessary, and thus a number of methods 
have been suggested for tissue sampling. In Sweden, we have a long tradition 
of abdominal fat pad biopsies. These allow for sampling of large amounts of 
tissue with a low risk of complications. Sampling sites used at other centres 
are the salivary glands, rectum and peripheral nerve. In ATTRm and AL 
amyloidosis, fat pad biopsies have a high sensitivity, according to experts 
around 90 % for AL amyloidosis and at least 75 % in Swedish ATTRm 
patients (personal communication with Per Westermark). A lower sensitivity 
is reported in ATTR amyloidosis with mainly cardiac manifestations, where 
sensitivity has been reported to be as low as 15 % (58). Of note is that North 
American and British physicians seem to prefer needle aspiration which 
yields much less material and thus probably has a lower sensitivity. 

Endomyocardial biopsy (EMB) probably has a higher sensitivity, but is 
associated with an estimated 1-2 % risk of complications such as damage to 
the tricuspid valve, cardiac tamponade or ventricular arrhythmias (59). 
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Fig. 3. Congo red stained abdominal fat biopsy examined without (left) and 
with (right) polarized light and crossed bars (Per Westermark). 

 
Different types of amyloid share many histological properties, e.g. green 

birefringence when stained with Congo red dye (60) and affinity for amyloid 
specific agents such as the fluorescent dye thioflavin T (61), see fig. 3. 
Specialized methods such as mass spectrometry, immunohistochemistry, 
immunofluorescence or western blot using specific antibodies are therefore 
used to determine precursor protein of the amyloid deposits. Antibodies 
against TTR are commercially available, but the antibodies used in this 
thesis are produced in house in Uppsala, Sweden. These antibodies target 
the C-terminal parts (residue 50-127) of the TTR molecule (62) and thus 
when used in western blot analysis are able to identify the presence of TTR 
fragments as well as full length TTR (16). 

Treatment of hereditary ATTR amyloidosis 
Until 1990 no specific treatment existed for ATTR amyloidosis. Treatment 
was symptomatic and was aimed at reducing the impact of painful 
polyneuropathy, treating infections (mainly urinary tract infections due to 
bladder dysfunction), preventing wasting due to GI disturbancies and fluid 
offload, and maybe cardiac pacemaker for conduction disturbances to 
prevent Adam-Stokes attacks and sudden death.  

Liver transplantation 
The first liver transplantation (LTx) for ATTRm was performed in 1990 in a 
Swedish ATTRV30M amyloidosis patient (63). Despite the emergence of 
pharmacological treatment, LTx remains a viable treatment option in 
selected patients. The rationale behind LTx is that removing the source of 
the variant TTR halts disease progress. Since the first transplant, around 
2000 patients have been entered into the Familial Amyloid Polyneuropathy 
World Registry (64). For early onset V30M patients, the procedure 
drastically improves survival, but for patients with late onset disease and 
most other mutations, especially for patients with cardiac involvement, the 
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results have been less impressive (65). A marked progression in 
cardiomyopathy due to continued cardiac deposition of ATTRwt has been 
identified as the main reason for the worse prognosis after LTx in these 
groups, with worse survival in males than in females (66). In a study 
regarding the impact of amyloid fibril composition, Gustafsson et al showed 
a strong relationship between type A fibrils and development of heart failure 
post transplant (67). However, early LTx might still be an option in selected 
patients, even carrying mutations known to cause mainly cardiomyopathy 
(68).  

RNA interference and Antisense oligonucleotides 
A promising treatment modality now in the late stages of clinical trials 
utilizes small interfering ribonucleic acid (siRNA) to selectively silence TTR 
gene expression. The treatment concept has been proven in clinical studies 
where the drug Patisiran reduced the amount of circulating TTR by 
approximately 85 % (69). A phase III study focusing on polyneuropathy is in 
its finishing stages. A similar effect is achieved with antisense 
oligonucleotides (ASO) that bind to RNA, and in doing so prevent expression 
of a target gene. IONIS-TTRRX has been shown to reduce the amount of 
circulating TTR in the same way as the siRNAs (70). In a recently completed 
phase III trial focusing on ATTR polyneuropathy, IONIS-TTRRX was proven 
to be effective in greatly slowing disease progress. Unfortunately, several 
cases of thrombocytopenia were reported in the treatment arm of the study 
(71). The effects these drugs have on cardiac involvement have not been 
evaluated. 

Small molecule inhibitors 
As mentioned earlier, a central step in the pathogenesis of ATTR amyloidosis 
is the dissociation of the TTR tetramer. Several molecules have the ability to 
bind to the thyroxin-binding site in the tetramer, and in doing so to some 
degree prevents this from happening. Originally, in vitro studies showed that 
large concentrations of thyroxin prevented amyloidogenesis, but such 
concentrations are unattainable in vivo, so other molecules have been 
investigated. Currently, two pharmaceutical agents, Tafamidis and 
Diflunisal, have proven efficacy on the neuropathic aspects of the disease 
in randomized controlled trials (12, 13). Neither trial was engineered to 
assess the effect on cardiac manifestations.  A phase III trial is ongoing 
investigating the utility of Tafamidis in ATTR cardiomyopathy is ongoing 
and results are expected in 2018 (72). 

Epigallocatechin gallate (Green tea) 
In vitro studies suggest the epigallocatechin gallate, which is abundant in 
most types of green tea, inhibit the amyloid fibril formation of several 
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amyloid precursor proteins (73). An open label study of 19 patients with 
ATTR cardiomyopathy treated with green tea or green tea extract showed no 
increase in left ventricular wall thickness over 12 months follow-up 
suggesting that that the treatment might inhibit disease progression (74). 

Fibril degradation 
Doxycycline, an antibiotic, can disrupt ATTR amyloid fibrils. Experiments 
in animal models have shown improvement in some tissue markers 
associated with ATTR deposition. In combination with taurodeoxycholic 
acid, a more pronounced, synergistic effect was seen. This treatment thus 
aims at removing already deposited ATTR. An open label, phase II, trial 
support beneficial effects in humans (75).  

Interestingly, despite being harmful to human tissue, amyloid generally 
does not trigger an immunoresponse. Antibodies targeting SAP (anti-SAP) 
combined with a small molecule that depletes SAP are being developed as a 
promising method for triggering an immunomediated removal of amyloid 
deposits. Since SAP is part of amyloid deposits regardless of precursor 
protein, this treatment could be beneficial in all types of amyloidosis (76). 
Promising results from a phase I study have been reported and anti-SAP is 
currently studied in a phase II trial (77). 

Conventional heart failure medication 
To my knowledge, there are no studies evaluating conventional heart failure 
medication in patients with ATTR cardiomyopathy, but most expert opinion 
and my personal experience suggests that it has no beneficial effects and 
might even be harmful(78). The majority of patients with ATTR amyloidosis 
have preserved LVEF until the very last stages of cardiomyopathy (79). 
Despite overwhelming evidence of beneficial effects in heart failure with 
reduced LVEF, there is little support for the use of angiotensin converting 
enzyme inhibitors (ACEi), angiotensin receptor blockers (ARB) and beta 
blockers (BB) in patients with heart failure with preserved LVEF (80). 
Patients with concomitant polyneuropathy often suffer from orthostatism 
that is generally worsened by ACEi and ARBs. Neither is chronotrope 
insufficiency rare and worsened by BB. Digoxin sensitivity has been 
described in patients with cardiac amyloidosis since the 1960s (50, 81). In 
vitro experiments have shown that digoxin binds to amyloid fibrils and, thus, 
high intracardiac concentrations could occur even with therapeutical serum 
levels of digoxin (82). Digoxin should not be used in patients with amyloid 
cardiomyopathy. 

Control of fluid balance with loop diuretics and mineralocorticoid 
receptor antagonists often relieve symptoms and are generally well 
tolerated and remain the mainstay for pharmacologic treatment of heart 
failure symptoms. Amiodarone is sometimes recommended for treatment 
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of symptomatic atrial fibrillation, but no clinical trials exist evaluating the 
drug in patients with amyloid heart disease (78).  

Electrocardiography and electrophysiology 
A high prevalence of cardiac rhythm disorders has been reported in ATTR 
amyloidosis since the very first descriptions of the disease (38, 50, 83). Sinus 
node dysfunction as well as atrioventricular (AV) and intraventricular 
conduction disturbanicies were all common findings in Portuguese and 
Swedish ATTRV30M patients with mainly neurological symptoms. Post 
mortem studies have shown large concentrations of ATTR amyloid in both 
sinus node and atrioventricular conduction system in patients with 
ATTRV3oM(84, 85). To what extent clinical symptoms of dizziness, syncopal 
episodes and chronotropic insufficiency are caused by amyloid depositions 
and autonomous polyneuropathy is often hard to determine, but many 
patients require pacemaker implantation.  Compared to in HCM patients, 
deaths due to ventricular arrhythmias are considered relatively uncommon. 

Electrocardiographic findings that appear common in many ATTR 
amyloidosis populations are AV-blocks, left anterior hemiblock (LAH), 
anterior infarction pattern (QS pattern in V1-V3), and low voltage, see fig. 4 
for example (57, 79, 86). The finding of low voltage is traditionally associated 
with amyloid cardiomyopathy, but most investigators find lower prevalence 
this in ATTR than in AL amyloidosis patients (57). However, when analysing 
electrocardiographic findings in ATTR patients in relation to left ventricular 
thickness, Damy et al found that one-third of the patients with severe left 
ventricular hypertrophy displayed low voltage on their ECGs, thus, an 
inverse relationship between LV hypertrophy and QRS voltage is a finding 
that should raise the suspicion of amyloid cardiomyopathy (87). In patients 
with a more pronounced cardiac disease, atrial fibrillation is common. For 
example, a study of ATTRv122I amyloidosis patients reported that 64 % of 
their patients had atrial fibrillation (42). 
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Fig. 4. ECG from a 68-year-old patient with ATTR amyloid 
cardiomyopathy with severe thickening of the myocardium showing atrial 
flutter, left anterior hemiblock, low voltage and abnormal R-progression in 
the anterior leads.  
 

Ambulatory ECG recording such as holter-ECG has been evaluated and 
used in ATTR amyloidosis patients.  The findings from different studies have 
been similar, with a higher rate of AV-blocks, supraventricular tachycardia 
and atrial fibrillation than that detected on routine resting ECG examination 
(86).  

 Hörnsten et al. reported that LTx does not halt the progress of cardiac 
rhythm disturbances (88, 89). Whether or not this phenomenon is tied to 
progressive infiltration of ATTRwt as has been seen in patients with type A 
fibrils has not been investigated. 

Cardiac pacing in ATTR amyloidosis 
 Many patients with ATTR amyloidosis develop cardiac bradyarrhythmias, 
both sinus node dysfunction and AV-blocks, necessitating pacemaker 
implantation (90). There are no guidelines concerning indications for pacing 
in cardiac amyloidosis. In the European guidelines for cardiac pacing and 
resynchronization therapy from 2013, amyloidosis is only mentioned as a 
differential diagnosis to sarcomeric hypertrophic cardiomyopathy(91). In a 
review article from 2012, Banypersad et al. from the UK recommends that 
the indications for cardiac pacing in amyloid cardiomyopathy should be 
similar to those generally employed (92). The same year, however, 
Algallarondo from a French ATTR amyloidosis centre suggested that 
prophylactic pacing outside of conventional guidelines appeared beneficial 
and that 24 % of their patients with prophylactic pacemakers developed a 
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high degree AV-blocks over a mean observation time of 45 months (93). In 
their material, 100/262 patients had had pacemakers implanted. 

We generally follow conventional guidelines with a liberal attitude 
towards implantations in patients with signs of progressing conduction 
disturbances in resting ECG or Holter ECG and/or symptoms that could be 
caused by bradyarrhythmia.  

No clear survival benefit has been proven by prophylactic either cardiac 
pacing or implantable cardioverter devices, but many studies on longevity 
have mixed ATTR and AL amyloidosis patients. The discussion of cardiac 
resynchronization therapy (CRT) is also not resolved. A small study on 
hemodynamics showed negative impact on LV filling pressures in patients 
with RV pacing (94). To my knowledge, no clinical studies on the efficacy of 
CRT have been performed and indications for CRT, if any, are unknown.  

Diagnosing ATTR amyloid cardiomyopathy 
There are two principal ways in which a cardiologist can come to be involved 
in the diagnostic work up of patients with ATTR amyloidosis. One is when 
encountering a patient with primarily cardiac symptoms or signs that should 
raise the suspicion of amyloid cardiomyopathy. Even at specialist centres 
such as ours, ATTR cardiomyopathy is often misdiagnosed for sarcomeric 
hypertrophic cardiomyopathy or hypertensive heart disease (25, 95). The 
clinical symptoms and signs (concomitant polyneuropathy, carpal tunnel 
syndrome, absence of sign of hypertrophy, LAH or AV-blocks in ECG, 
proteinuria) described earlier should raise suspicions of the diagnosis, but 
due to the rarity of AL and ATTRm amyloidosis and the advanced age of 
most ATTRwt amyloidosis patients these are often not recognized. Cardiac 
imaging modalities and awareness of findings suggesting amyloid infiltration 
are therefore relevant for identifying patients.  The other situation is where 
we have a carrier of a mutation or a patient with a confirmed diagnosis of 
systemic ATTR amyloidosis where the degree of cardiac involvement 
influences treatment, follow-up and probably prognosis. The following 
sections will describe the cardiac imaging modalities used and evaluated in 
this thesis from these two perspectives. 

Echocardiography 
Due to the low cost and availability of echocardiography it remains the most 
useful tool for diagnosis and monitoring of patients with ATTR 
cardiomyopathy. Increased LV wall thickness was among the first findings 
identified in patients with amyloid cardiomyopathy (96, 97) and it remains 
very central to its diagnosis. In patients with systemic amyloidosis, an end-
diastolic interventricular wall thickness (IVSd) exceeding 12 mm is often 
used as a diagnostic criterion for cardiac involvement (98). This arbitrary cut 
off was originally set for patients with AL amyloidosis and fails to take 
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gender differences and other causes for myocardial hypertrophy into 
account. No specific cut off has been presented for ATTR amyloidosis, but 
many authors defining cardiac involvement in ATTR amyloidosis also have 
used the 12 mm cut off. 

 
Fig. 5. Echocardiographic 2D and M-mode images from a 50-year-old male 
with ATTR cardiomyopathy. Note severe thickening of both 
interventricular septum and posterior LV wall and low systolic wall 
thickening. 

 
Besides increased wall thickness, that is generally symmetric and affects not 
only the left ventricle, but also the atria and right ventricle, a number of 
other findings are common in amyloid cardiomyopathy. The finding of 
increased wall thickness with low systolic thickening is also typical for 
amyloid infiltration (99). Thickening of the valves, small or moderate 
amounts of pericardial fluid, normal sized or small LV cavity, enlarged left 
atrium (LA) and hyper refractile ”granular sparkling” which were identified 
as signs of AL cardiomyopathy already in the seventies and later shown to be 
present in ATTR cardiomyopathy are other findings suggestive of amyloid 
cardiomyopathy (100). The identification of “granular sparkling” is highly 
dependent on user experience and machine settings. In the 1980s, Doppler 
technology allowed for non-invasive determination of LV filling conditions 
and restrictive filling pattern with high transmitral E/A-ratio described 
together with reduced systolic function and increased LV wall thickness as 
predictors of death in AL amyloidosis (101). All of these findings, however, 
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were shown to be very rare in the large Portuguese ATTRV30M population 
and in Swedish and Japanese patients with early disease onset. 

 
Fig. 6. Example of speckle tracking analysis from a patient with ATTR 
cardiomyopathy. Note reduced strain, especially in the basal and 
midventricular parts of the LV. The apex is relatively spared. 
 

More recently, focus has been turned to methods for myocardial 
deformation using tissue Doppler and later 2D strain or speckle tracking 
echocardiography (102). Strain or strain rate is a unitless measurement of 
dimensional or deformational change expressed as percentage. This allows 
analysis of both local and global myocardial function, see fig. 6 for example 
(103). These modalities allow for more sensitive evaluation of myocardial 
function than visual interpretation of 2D images or M-mode measurements. 
Using speckle tracking echocardiography, Phelan et al recently described a 
typical pattern of ”relative apical sparing” in patients with both AL and 
ATTR cardiomyopathy that could be helpful in differentiating amyloidosis 
from other causes of myocardial hypertrophy (104). The authors found that 
in patients with amyloid cardiomyopathy had relatively preserved 
myocardial deformation in the apical part of the LV compared to patients 
with sarcomeric HCM or aortic stenosis. They also observed that the 
reduction in strain was directly proportionate to the degree of wall 
thickening. In AL cardiomyopathy reduced strain is associated with worse 
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prognosis, but whether this holds true for ATTR cardiomyopathy remains to 
be investigated (105). 

 

Cardiac magnetic resonance imaging 
Cardiac magnetic resonance imaging (CMR) provides 3D high spatial 
resolution of the whole heart without the limitations of poor 
echocardiographic windows. The same findings seen in echocardiography, 
i.e. increased myocardial and valve thickness, dilated atria and typically 
normal or small LV cavity, can be seen with CMR as well (106). In addition, 
CMR techniques that rely on tissue characterization are useful for 
differentiating amyloid cardiomyopathy from other causes of LV 
hypertrophy. Abnormal late gadolinium contrast enhancement (LGE), 
prolonged T1 time and increased extracellular volume are all findings that 
have been shown to identify amyloid cardiomyopathy. Many types of LGE 
abnormalities are encountered in patients with amyloid cardiomyopathy. 
Suboptimal nulling, diffuse subendocardial or transmural LGE as well as 
atrial LGE are all seen in various degrees in patients (107). LGE is also seen 
in some patients prior to overt thickening of the myocardium (107). Native 
T1 mapping has been studied both in patients with AL and ATTR 
amyloidosis (108, 109). The ATTR patients studied were mainly ATTRwt 
patients, and there was an overlap in T1-time between these and patients 
with hypertrophic cardiomyopathy, but it is still a very promising diagnostic 
tool, especially in patients where gadolinium cannot be used, mainly patients 
with renal insufficiency. Native T1-mapping is still in its evolving stages. All 
manufacturers do not provide necessary sequences and software and studies 
in more patient groups are required in order to decide its clinical value. 

Nuclear imaging 
Since endomyocardial biopsies have risks, modalities with higher diagnostic 
accuracy than echocardiography and CMR are often desired. Nuclear 
imaging modalities have the ability to via tracers that interact with amyloid 
and with high specificity detect amyloid deposits. The interest in nuclear 
imaging in this setting dates back to the 1970s, when scintigraphy utilizing 
the bone tracer 99m-technecium-labeled pyrophosphate (99mTc-PYP) was 
evaluated (110). 99mTc-PYP had limited accuracy. Patients with other 
diseases (sarcoidosis and dilated cardiomyopathy) also had positive scans, 
limiting its specificity. Many ATTRV30M amyloidosis patients with a 
definite heart involvement had negative scans, suggesting low sensitivity 
(86, 97). 
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3,3-diphosphono-1.2-propanodicarboxylic acid scintigraphy 
In the first study on 3,3-diphosphono-1.2-propanodicarboxylic acid (DPD) 

in cardiac amyloidosis by Perugini, only 15 patients, 10 with ATTR and 5 
with AL amyloidosis were included (111). Since all patients with ATTR and 
none of the AL amyloidosis patients had positive uptake it was suggested 
that the molecule had the ability to differentiate between the two precursors. 
However, a later study by the same group concluded that a mild uptake is 
seen in some patients with AL amyloidosis as well (112). Uptake is usually 
graded on a three-grade scale based on planar images according to 
Perugini’s original publication, and uptake grade 2 or 3 is almost 
pathognomonic to ATTR amyloidosis, see fig. 7. Grade 1 uptake, however, is 
also seen in about one-third of patients with AL amyloidosis and a handful of 
patients with AL amyloidosis have been reported with uptake grade 2 (113). 
In a recent study from the UK, it was also reported that analysis of single 
positron emission computed tomography (SPECT) images was more 
sensitive than that of planar images (113)  

DPD scintigraphy has been quite extensively evaluated, both in ATTRm 
and ATTRwt, and in a recent article Gilmore et al suggested that DPD 
scintigraphy could be central in a non-invasive diagnostic algorithm for 
cardiac amyloidosis (114).  
 

 
Fig. 7. Examples of DPD scintigraphies graded according to Perugini et al 
(111). 
0: No uptake and normal bone uptake 
1:  Mild cardiac uptake, inferior to bone uptake 
2: Moderate cardiac uptake with attenuated bone uptake 
3: Strong cardiac uptake with mild/absent bone uptake. 
 

Visual	scoring	of	cardiac	reten1on	
score	0,	absent	cardiac	uptake	and	normal	bone	uptake;	
score	1,	mild	cardiac	uptake,	inferior	to	bone	uptake;	
score	2,	moderate	cardiac	uptake	associated	with	a=enuated	bone	uptake;	or	
score	3,	strong	cardiac	uptake	with	mild/absent	bone	uptake.	

Score	0	 Score	1	 Score	2	 Score	3	
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Positron Emission Tomography 
Positron emission tomography (PET) allows for better spatial resolution, 
higher sensitivity and more detailed grading of tracer uptake compared to 
SPECT. In addition, amyloid specific tracers have been derived from 
Thioflavin T for the purpose of diagnosing Alzheimer’s disease (115). The 
first of these tracers was Pittsburgh compound B (PIB), which also was the 
first tracer used for imaging amyloid in the heart in systemic amyloidosis 
(116). In a pilot study, Antoni et al showed tracer retention in patients with 
AL, ATTRm and ATTRwt amyloidosis (116).  Since then, other, similar 
tracers have also been evaluated in patients with systemic amyloidosis, with 
similar findings, and it appears that PET using amyloid specific tracers have 
a high sensitivity for imaging cardiac amyloid, but its place in the clinical 
setting remains to be determined (117, 118).   
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Materials and methods  
Patient population 
All subjects in the thesis work were recruited from patients seen at the 
Swedish centre for hereditary ATTR amyloidosis in Umeå.  

Since the studies focused on amyloid fibril composition, not all patients 
seen were eligible for inclusion. Common for the four studies is that the 
patients had their diagnosis verified histologically and genetically, and 
amyloid fibril composition was determined by western blot analysis. The 
western blot analysis requires a significant amount of amyloid in a biopsy to 
be interpretable. Our experience is that in about 10 % of the cases the 
analysis is inconclusive. Currently, reliable amyloid fibril typing has been 
done in around 150 individuals 

Since the studies have focuses on different aspects of the diseases cardiac 
manifestations, the study populations differ, but as seen in table 4 there is 
significant overlapping. 
 
Table 4. Patients included in studies I-IV 

Study I II III IV 

I 107 39 3 98 

II 39 52 10 39 

III 3 10 10 8 

IV 98 39 8 117 
Bold numerals indicate the number of patients included in studies I-IV. 
Normal numerals indicate patients also included in other studies. E.g. 
Study II included 52 patients. Of these, 39 were also part of the Study I 
cohort, 10 of the study III cohort and 39 of the study IV cohort. 

Study I 
This was a retrospective study where ATTRV30M amyloidosis patients were 
included. In all, 107 patients were eligible for inclusion. Thirteen patients 
were excluded from the echocardiographic part of the study due to cardiac 
comorbidities namely previous cardiac surgery (n=5), previous myocardial 
infarctions (n=1), severe aortic stenosis (n=1), ventricular pacing (n=4) or 
atrial fibrillation (n=2) 
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Study II 
From March 2012 to May 2014 55 patients were evaluated for ATTRm 
amyloidosis at the university hospital in Umeå. All underwent DPD 
scintigraphy. In 52 patients, amyloid fibril typing was conclusive and these 
were included in the study. This study also included patients with non-V30M 
ATTR amyloidosis. 

Study III 
In this pilot study we wanted to specifically investigate the impact of amyloid 
fibril composition on the novel method PIB-PET. From the cohort in study II 
we selected 10 patients, five with type A and five with type B fibrils, on the 
criteria of being of similar age and having similar echocardiographic 
findings. All patients had ATTRV30M. One patient had iatrogenic ATTR 
amyloidosis, being the recipient of a liver from a ATTRV30M amyloidosis 
patient in a domino transplant procedure (119). This study also included a 
control group of five healthy volunteers. 

Study IV 
In this retrospective study we identified 117 ATTRV30M amyloidosis 
patients in whom amyloid fibril composition had been determined and ECG 
recorded at diagnosis.  In order to describe both the impact of amyloid fibril 
composition and disease progression, we wanted follow up investigations. In 
99 patients, we had at least two ECG registrations performed at the time of 
or after definitive diagnosis with at least a one-year time interval between 
the registrations. One patient underwent a heart transplant shortly after the 
first ECG recording and was thus excluded from the follow up analysis.  

Patient characteristics and definitions of disease onset 
In studies II and III all patients were seen at Umeå university hospital at the 
time of the study investigations. Data were collected from the patients and 
from their medical records on relevant health conditions and recorded in 
medical records. A focus was placed on conditions affecting cardiac function 
and left ventricular thickness, e.g. atherosclerotic heart disease, 
hypertension, valvular disease and renal failure. Study I and study IV were 
retrospective, and the information had to be obtained from the patients’ 
medical records that are electronic since 2002. 

Disease onset 
Since disease onset is often hard to define in ATTRm amyloidosis, in studies 
II, III and IV the date on which the diagnostic biopsy was performed was 
used where available. In some instances, diagnosis was set at other hospitals 
and information on exact diagnosis date was not present in medical records. 
For these few instances a date was approximated from later record entries. 
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Hypertension 
Deciding on whether high blood pressure is high enough to cause left 
ventricular hypertrophy is very difficult, both in clinical and research 
settings. In addition, patients with ATTR amyloidosis often have low blood 
pressure due to autonomic polyneuropathy (57). We therefore applied a 
liberal definition of hypertension in studies I and II, namely a diagnosis of 
hypertension in medical records, treatment with an blood pressure lowering 
agent with that indication stated in the prescription, or the finding of two 
separate measurements of either a systolic blood pressure exceeding 140 
mmHg or a diastolic blood pressure exceeding 90 mmHg.  

On NYHA and PND scores 
New York Heart Association (NYHA) class is an often-used grading tool for 
assessing severity of heart failure. In the patient cohorts included in this 
thesis however, it is very difficult to determine NYHA-class, mainly due to 
restrictions imposed by neurological disability. Since most of our ATTR 
amyloidosis patients do not experience the typical shortness of breath, even 
when severely decompensated, but rather general fatigue, even in patients 
with less severe polyneuropathy we chose not to include NYHA class in any 
of the studies. 

Polyneuropathy disability (PND) score is reported in study II. This is a 
generally accepted and easy way of grading the severity of polyneuropathy 
(120). It was included in the report to give a more comprehensive picture of 
the patient cohort. PND-score is graded from 0 to IV (0 = No sensory 
disturbancies; I = Sensory disturbances in the feet, but no impaired walking 
capability; II = Walking impairment, but walking without aid; IIIA = 
Walking with one stick or crutch; IIIB = Walking with two sticks or crutches; 
IV = In wheelchair or immobilized.) 

Histopathological diagnosis 
Diagnostic biopsies were obtained from abdominal fat in all patients but one, 
in that patient who was part of both study I and study II, diagnostic biopsy 
was obtained from the vitreous body. All tissue samples were analysed by 
Per Westermark. Initially, the presence of amyloid was detected using 
microscopy and Congo red staining. Amyloid typing was performed using 
immunohistochemistry with specific in house rabbit antiserum (62).  

Amyloid fibril type determination 
After determining that the amyloid contained TTR, western blot analysis was 
performed in all cases according to a standardized method (16, 121-123). All 
samples were prepared by one experienced laboratory assistant and 
interpreted by Per Westermark and Elisabeth Ihse.  
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Endomyocardial biopsy 
In studies II and III, EMBs were performed. Several tissue samples were 
obtained from the right ventricle according to standard procedure (59). In 
study II, the biopsies were performed as diagnostic procedures in clinical 
practice.  

Genetic diagnosis 
Genetic diagnostics were performed in all patients. In patients with a family 
history of ATTRV30M amyloidosis a PCR test for that mutation was used. In 
patients without family history sequencing of the TTR gene was performed 
to settle the diagnosis. 

Doppler Echocardiography 
Echocardiography was used in all four studies. In study I all image material 
was gathered at our centre as part of our ongoing research program. In 
studies II and III echocardiography was performed as part of the study 
protocols. Image acquisition was performed mainly by three experienced 
investigators using Vivid7 and Vivid9 (GE Healthcare, Horten, Norway). A 
standardized examination protocol including image acquisition from 
parasternal, apical and subcostal views in accordance with guidelines set by 
the American Society of Echocardiography has been in place since 2005 
(124). Digital image storage has been available since 2007. Offline analysis 
was performed using Echopac PC versions 113 and 114 (GE Ultrasound, 
Horten, Norway).  

In study I, we presented a comprehensive list of findings.  We chose IVSd 
as the outcome parameter for the multiple regression analysis since it is a 
defining echocardiographic finding in patients with ATTR cardiomyopathy 
(41, 57). Since LV wall thickness differs between the sexes, and does not 
always correspond to clinical disease severity (42), we also performed 
measurements of LV strain using speckle tracking. Since the material was 
retrospectively gathered and apical three-chamber view has not been part of 
our echocardiography protocol, only apical two and four chamber views were 
analysed.  In study III, image material was collected by the authors and LV 
global strain could be analysed using apical two, three and four chamber 
views. 

Since study IV focused on ECG findings, not all patients had stored image 
material of sufficient quality for reliable retrospective interpretation within a 
reasonable time frame of the ECG registrations. We therefor settled for the 
IVSd reported by the investigator performing the original echocardiography. 
For determining whether the patient had findings consistent with status post 
anterior infarction we reviewed both the available image material visually 
and the reports for local wall motion abnormalities. 
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Electrocardiography 
ECGs were analysed in studies II and IV. In study II, all ECGs were recorded 
at the time of the DPD scintigraphy and included in the report to provide a 
broad background on the study subjects. They were therefore only 
interpreted as normal or abnormal where normal was defined as a complete 
absence of pathologic findings as defined by the Minnesota code (125).  

Study IV focuses on ECGs and thus findings are reported more in detail. 
Patient records in Västerbotten and Norrbotten County were scrutinized for 
the first ECG stored after time of diagnosis and the latest ECG recording 
available. ECGs were interpreted according to the Minnesota code (126). 
Inferior infarction pattern has a very low specificity due to its close 
relationship to respiration and was thus not reported (127). Its prevalence 
did not differ between the two subgroups of ATTRV30M patients.  

DPD Scintigraphy 
All DPD scintigraphies in studies II and III were performed at the university 
hospital in Umeå. Patients were scanned using a hybrid SPECT-CT gamma 
camera (Infinia Hawkeye, General Electric Medical Systems, Milwaukee, WI, 
USA) with a high-resolution (LEHR) collimator after intravenous injection 
of 99mTc-DPD. The whole planar images reported in the studies were 
acquired 5 min and 3 h post-injection. Image acquisition and interpretation 
was performed according to a standardized method (111). Visual scoring of 
cardiac DPD retention was performed independently by two experienced 
specialist in nuclear medicine using the three-graded scale suggested (i.e. 0 
= no cardiac uptake and normal bone uptake; 1 = mild cardiac uptake 
inferior to bone uptake; 2 = moderate cardiac uptake accompanied by 
attenuated bone uptake; 3 = strong cardiac uptake accompanied by mild or 
absent bone uptake). One interpretation was done by the responsible 
clinician and a later blinded interpretation was done by another specialist in 
nuclear medicine. There were no disagreements. In the report and analysis 
an uptake of 1, 2 and 3 were considered DPD positive. 

In study III we wanted all imaging to be comparable and performed 
within one year. Two patients thus underwent a second DPD scintigraphy. In 
the other seven cases we used the DPD scintigraphies from study II.  

Positron Emission Tomography 
The 11C-PIB-PET procedures in study III were performed at the PET-centre 
at Akademiska Sjukhuset, Uppsala. The method was identical to that which 
had been used in a previous study on an unselected cohort of patients with 
amyloid cardiomyopathy (116). After a low-dose CT scan, a dynamic 
emission scan was stared simultaneously with an intravenous injection of 
11C-PIB and continued for 25 minutes. Using a Discovery ST PET/CT scanner 
(GE Healthcare). After image reconstruction, analysis could be performed 
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using dedicated software as described by Kero et al (128). A PIB-retention 
index (RI) was calculated by dividing tracer activity in the LV wall (outlined 
semiautomatically) 10-15 minutes after tracer injection by the activity 
centrally in the LV 0-15 minutes after injection. Global PIB-RI was presented 
numerically. The pattern of PIB retention was also presented visually as 
polar maps.  

Cardiac biomarkers 
Troponin T and NT-proBNP are reported in studies II and III. Analysis was 
performed at the clinical chemistry laboratory of Umeå University according 
to standard clinical practice using a Cobas 8000 machine and troponin T hs 
STAT and proBNP II STAT reagents (Roche Scandinavia, Bromma, Sweden). 

Cardiac magnetic resonance imaging 
Eleven of the patients included in study II underwent CMR. Investigations 
were performed using a Philips 1.5 T Intera or Achieva scanner (Philips, 
Best, The Netherlands). LV mass was measured and compared to a 
published normal material(129). At 10-20 min after injection of gadolinium 
(gadopentetate dimeglutamine), phase-sensitive inversion recovery 
sequences were applied and analysed regarding LGE. Any LGE, focal or 
diffuse, was categorized as positive.  

Statistics 
Numerical data were expressed as median (interquartile range) in study I 
and as median (min-max) in studies II, III and IV. Categorical data were 
expressed as count (percentages). Since most data were skewed, non-
parametric tests were utilized in all studies. When comparing groups, Mann 
Whitney U was used for numerical data and for distribution of categorical 
data Fisher’s exact test was used. For analysing correlations in study II we 
used Spearman’s rank correlation test. Since study III included comparison 
of PIB-RI between three groups, Friedman test was used. Simple regression 
was used in study I to assess the relation between age and IVSd. Study I also 
included a multiple regression analysis evaluating the impact of age, sex, 
hypertension, disease duration and amyloid fibril type. Since IVSd was 
slightly skewed, the variable was transformed to the natural logarithm (ln) 
for regression analysis. Values of p< 0.05 were considered significant. 
Statistical analysis was performed using IBM SPSS statistics version 22 and 
Graphpad Prism 5. 

Ethics 
All parts of studies I-IV had been approved by the Regional Ethical Review 
Board in Umeå, Sweden, as part of the larger ongoing research program on 
ATTR amyloidosis (06-084M). Study II and study III were approved 
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separately because DPD scintigraphy, PET and endomyocardial biopsies 
were not part of the original program (2013-407-31M and 2015-435-32M). 
The studies were conducted in accordance with the Helsinki declaration. All 
subjects consented to the investigations and publications after having 
received written and oral information on the procedures.
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Results 
Study I 

Patient characteristics 
The study included 72 males and 35 women. The women had longer disease 
duration (median 4 vs. 2 years, p=0.02) and tended to be older although age 
difference was not significant. Sensory neuropathy was the reason for 
diagnosis in 97 % of the females and 86 % of the males. Seven per cent of the 
males and none of the females had had cardiac symptoms leading up to 
diagnosis. Forty-nine patients (45.8 %) had hypertension.  

The distribution of the amyloid fibril types did not differ significantly 
between the sexes. 

Echocardiography 
A total of 31 female and 63 male patients had their echocardiograms 
analysed. Patients with type A fibrils had higher IVSd compared to type B 
patients (17 mm vs. 11 mm, p<0.01). Males with type A fibrils had higher 
IVSd compared to females with type A fibrils (18 mm vs. 14 mm, p<0.01) 
and lower septal basal strain (-7.8 vs. -11.9, p=0.04). There were no 
significant differences between the sexes regarding IVSd in patients with 
type B fibrils. In patients with type B fibrils, age was significantly correlated 
to IVSd in both sexes (p<0.01 in both sexes).  

The impact of age, disease duration, hypertension, sex and amyloid fibril 
type was analysed in a multiple regression analysis. Amyloid fibril type A 
(B=0.203, CI 0.115-0.290), higher age (B=0.008, CI 0.005-0.012) and male 
sex (B=0.202, CI 0.123-0.282) were associated with higher IVSd. 
Hypertension and disease duration had no significant impact.  

Study II 

Patient characteristics 
Of the 52 patients included, 31 had type A and 21 type B fibrils. Patients with 
type A fibrils were older (71 years vs. 57 years, p<0.01), had a later age of 
disease onset (65 years vs. 49 years, p<0.01), and had higher troponin T (33 
ng/L vs. 11 ng/L, p<0.01) and NT-proBNP (1240 ng/L vs. 67 ng/L, p<0.01) 

Echocardiography and CMR 
All patients underwent echocardiographic investigation. Patients with type A 
fibrils had higher IVSd (17 mm vs. 11 mm, p<0.01), E/e´(14 vs. 7, p<0.01) 
and LA diameter (42 mm vs. 36 mm, p=0.02). Eleven patients underwent 
CMR. All patients with type A fibrils and none of those with type B had 
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increased LV mass. There were 3/6 type A patients and 1/5 type B patient 
that had pathological LGE.  

DPD scintigraphy 
None of the patients with type B fibrils displayed any cardiac uptake. All type 
A patients except one had pathological DPD uptake. The study included two 
patients with type A fibrils and normal IVSd (12 mm). These patients also 
had pathological DPD scans. The patient with a negative DPD scan and type 
A fibrils had a very thin band of fragmented TTR in her western blot.  

All positive DPD scans had uptake grade 2 or 3. The degree of uptake was 
related to IVSd (p<0.01).  

Study III 

Patient characteristics 
Ten patients were selected on account of being of similar age and having 
similar echocardiographic findings. Five had type A and five type B fibrils. 
All 10 had ATTRV30M amyloidosis and all but one had sensory neuropathy 
as their primary symptom, in this one patient amyloidosis had been 
diagnosed due to renal failure. There were no significant differences in age, 
disease duration, prevalence of hypertension, NT-proBNP or Troponin T 
between the fibril types. 

Echocardiography and DPD 
All patients with type A fibrils and none of those with type B fibrils had 
positive DPD scintigraphies. There were no significant differences in the 
echocardiographic parameters IVSd, LA volume, LVEF or LV global strain. 

PIB-PET 
All ten patients had increased myocardial PIB 
uptake compared to healthy volunteers 
(p<0.01), see fig. 8. Patients with type B fibrils 
had three times higher global LV PIB-RI 
(0.042 vs. 0.138, p<0.01). PIB uptake was 
relatively homogenous in patients with type A 
fibrils, whereas 4/5 patients with type B fibrils 
had patchy and unevenly distributed uptake.  

 
Fig. 8. Polar plots reconstructed from PIB-RI 
A: Healthy volunteer 
B. Patient with type B fibrils 
C: Patient with type A fibrils  

A	

B	

C	

PIB-RI	 MBF	
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Endomyocardial biopsies 
One patient with type B fibrils had previously undergone EMB, and the 
tissue contained amyloid. Only one of the remaining four patients agreed to 
the procedure. In that patient, the biopsy showed rich subendocardial as well 
as myocardial amyloid deposits.  

Study IV 

Patient characteristics 
Of the 117 patients, 77 (65.8 %) patients were male. Fifty-seven (48.7 %) had 
type A fibrils. Patients with type A fibrils were older than those with type B 
both at diagnosis (68 years vs. 55 years, p<0.01) and at follow up (74 years 
vs. 65 years, p<0.01). Follow up time was longer in patients with type B 
fibrils (type A 3.8 years vs. type B 7.3 years, p<0.01).  Most patients were 
diagnosed due to neurological symptoms. 

Cardiac pacemakers 
Thirty-three patients had cardiac pacemakers at the time of follow up. Four 
pacemakers were implanted prior to diagnosis. The most common cause of 
pacemaker implantation was AV-block II or III (n=12).  

There were no clear differences in the distribution of pacemaker 
indications between the two patient groups, but patients with type A fibrils 
had a higher, although not significant, portion of implantations (44 % vs. 27 
%, p=0.06).  

Electrocardiography 
ECGs were abnormal in 77.4 % of type A patients and 45 % of type B patients 
at diagnosis (p<0.01). At follow up 93.0 % of type A and 74.5 % of type B 
patients had abnormal ECGs (p<0.01). 

The most common ECG pathologies in both patient groups were left axis 
deviation, anterior infarction pattern, T-waves changes and AV-blocks. Both 
patient groups developed more ECG abnormalities during follow-up. This 
also held true for patients that underwent LTx. Thirty-nine type B patients 
were liver transplanted; of these 61.5 % had normal ECGs at baseline and 
30.8 % at follow-up. Twelve type A patients underwent LTx; of these, only 
one had a normal ECG at follow-up. 

There was no significant difference in the prevalence of any single ECG 
abnormality or the prevalence of normal ECGs between the sexes. 
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Fig. 9. ECG from a 67-year-old woman with ATTR V30M amyloidosis, type 
B fibrils, normal cardiac wall thickness and negative DPD scintigraphy. 
Note AV-block 1, left anterior hemiblock and anterior infarction pattern. 
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Discussion  
Methodological considerations 

Patient selection and determination of amyloid fibril type 
Patient selection in this thesis has its limitations. ATTRm amyloidosis is a 
rare disease and performing prospective studies is difficult and patient 
inclusion is slow and time consuming. In study I and study IV we opted to 
identify patients retrospectively from records kept at the ATTR amyloidosis 
centre at the university hospital in Umeå. Fortunately, patient work up has 
been done in a standardised fashion with thorough medical records and ECG 
and echocardiography as standard investigations of nearly every patient.  
Since we have not only performed amyloid tissue typing in patients at the 
time of diagnosis, but also at later visits, the study cohorts reflect the 
prevalent ATTR amyloidosis population rather than the newly diagnosed 
patients. Since patient inclusion was done retrospectively, a bias toward 
survivors is probably present. Another selection bias is that patients with 
primarily cardiac involvement tend to have less amyloid in fat, and many of 
the patients with inconclusive western blots are such patients. 
 

 
Fig. 10. Examples of western blots 
A: Type A amyloid. Too much material making it hard to distinguish the 
lines. 
B: Type A amyloid. Adequate amount of material. 
C: Type B amyloid. Too much material. 
D: Same patient as in C, but the material has been diluted. 
E: Type B amyloid. Adequate amount of material. 
 

The amyloid fibril typing was performed on material from abdominal fat 
biopsies and not cardiac biopsies. The argument that amyloid fibril type is 
the same in fat as it is in the heart is based on post mortem investigations on 

A	 B	 C	 D	 E	

3	

2	

1	 1. Full-length	TTR	
dimers	

2. Full-length	TTR	
3. Fragmented	
TTR	
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a small number of subjects. It is strengthened by our findings in study II and 
study III, where the findings tied very well with the patient’s amyloid fibril 
type. It is, however, possible that thin bands of fragmented TTR could be 
missed during the western blot interpretation, particularly in cases with little 
amyloid in fat biopsies, which sometimes happens in association with 
cardiomyopathy. The process of determining the contents of amyloid 
requires an adequate amount of amyloid. Too much or too little material will 
make the blots hard to interpret, see figure 10. 

Prior to study IV, old western blot analyses were re-analysed. In ten 
patients who had been part of the previous study cohorts, the analysis was 
not considered conclusive. 

Echocardiography 
All measurements were done offline and without knowledge of the patients’ 
amyloid fibril type. No reproducibility calculations were performed, 
however, the echocardiographic measurements and techniques used in this 
work are all well established. In study I, image material was collected 
retrospectively, but the images were recorded as part of our on-going 
amyloidosis research. The image material was of good quality. LVEF is 
usually preserved in ATTR cardiomyopathy until very late disease stage and 
we therefore used speckle-tracking technology to assess LV function. LV 
global strain was measured using only apical two and four chamber views. 
This might affect the comparison of our findings with those of other studies. 

Electrocardiography 
We chose to look at resting ECGs since it is a ready available modality. For 
the detection of arrhythmias, resting ECG has lower sensitivity than long 
term recordings (86), but serial long term ECGs were mainly performed in 
transplanted patients.  

DPD scintigraphy and PIB-PET 
DPD scintigraphy has been advocated as a gold standard for non-invasive 
diagnosis of cardiac ATTR amyloidosis, but the mechanisms by which the 
tracer interacts with the amyloid remain unclear. Studies II and III 
investigate the impact of amyloid fibril composition on two sets of nuclear 
imaging modalities and tracers and show that they produce very different 
results.  

In 2015 Hutt et al reported that SPECT reconstructions could increase the 
sensitivity DPD scintigraphy (113). In study II we only reported the findings 
from planar images. However, SPECT images have also been analysed 
without any convincing signs of uptake above background in type B patients. 
Because post mortem studies have shown large amounts of amyloid in 
patients with type B fibrils, we conclude that some, as yet unknown, factor 
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intrinsic to the amyloid also affects its uptake (16). Calcium metabolism is 
believed to be important to the interaction between DPD and ATTR amyloid. 
Amyloid fibrils are rich in calcium ions, and more amyloid would mean more 
binding sites for the tracer, but as seen in patients with AL amyloidosis, the 
degree of DPD uptake probably reflects more than just the amount of 
amyloid within the heart. Microcalcification is another suggested 
explanation to the high sensitivity of DPD for ATTR amyloid 
cardiomyopathy (130).  

PIB-PET is a novel modality, and its sensitivity and specificity remain to 
be fully investigated. The results from the PIB-PET-scans were unexpected. 
Differing from DPD, PIB binds directly to amyloid of all kinds. PIB-PET has 
better spatial resolution than scintigraphy, and allows for more exact 
quantification of tracer retention. As we set up the study, we hoped to be 
able to use the modality for measuring cardiac amyloid burden. Before we 
could start evaluating the method in a larger unselected material, we wanted 
to investigate it with regards to amyloid fibril composition. We knew from 
post mortem studies that both patient groups had cardiac amyloid deposits, 
but did not expect the PIB retention to be higher in patients with type B 
amyloid than in those with type A. The finding does not solely represent 
amyloid burden, but other factors have to be involved. It is quite possible 
that type B fibrils have a higher affinity for PIB than type A fibrils, similar to 
what is seen with Congo red. 

Microcirculation, different deposition patterns, and properties intrinsic to 
the interaction between tracer and amyloid are possible explanations, but 
other explanations such as differences in tracer clearance from the blood are 
also possible. Whether serial scans in individuals would yield information on 
disease progression or in a future treatment success we do not know. As of 
today, PET using PIB and other similar substances is a promising method for 
the detection of cardiac amyloid, but more studies are needed to understand 
its role in diagnosis and follow up of ATTR amyloidosis patients. 

The introduction of LTx 25 years ago has drastically changed the 
landscape of ATTR amyloidosis. The excellent results in early onset (type B) 
patients have led to us treating a previously unknown patient group. It is 
becoming apparent that these long-term survivors suffer a risk of central 
nervous complications to the disease caused by TTR synthesized locally 
within the CNS (131). PET technology can hopefully provide insights into 
this new aspect of the disease. 

Ethical considerations 
In this thesis, we subjected patients to potentially harmful radiation (DPD 
and PIB-PET). Potential risks were discussed with all patients prior to the 
procedures. In study III we asked patients to undergo EBM, despite not 
knowing if the result would affect their individual treatment. In order to not 
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pressure the patients, this communication was not held by the treating 
physician. We felt it necessary to compare the results from PIB-PET to tissue 
samples in the group with negative DPD scintigraphies since this group has 
previously not been investigated and indisputable proof of amyloid deposits 
was important both for the understanding of PIB-PET and the disease itself.  

ATTRm amyloidosis is a deadly disease that we still do not fully 
understand. Treatment options, especially for patients with cardiomyopathy, 
are, unfortunately limited. Since populations around the world have 
different mutations and different characteristics, this research needs to be 
performed here in Sweden. We feel that the knowledge gained from the 
studies outweigh their risks. Hopefully, these studies have brought us a small 
step closer to understanding the disease thus allowing for better care for 
both current and future patients. 

Clinical implications 

Amyloid fibril type and age 
ATTR V30M amyloidosis is often described as early or late onset but we 
consider a classification based on the underlying disease mechanisms more 
adequate. The phenotypical expressions described in the thesis are not new. 
Electrophysiological abnormalities in the absence of morphologic 
cardiomyopathy were described early on in the Portuguese population, 
which mainly has early onset patients (86). In analogy with study II, early 
work on bone tracers noted the absence of cardiac uptake was in some 
patients with clear signs of cardiac involvement (86, 97). The authors did not 
know that different pathways for ATTR formation existed, and therefore 
interpreted their findings as lack of sensitivity. The tendency for more 
pronounced myocardial hypertrophy in ATTRV30M amyloidosis patients 
with late onset is also not a new finding (37). There is however, an overlap in 
this age distinction, and the classification by age does not hold true for other 
mutations, where cardiomyopathy of some degree most often is a part of the 
disease regardless of age of onset. More than a few of the patients included 
in this thesis had type B fibrils and disease onset after the age of 50.  

Correct histopathological diagnosis including determination of amyloid 
fibril composition is therefore essential for prognostication and treatment 
decisions. Prior to study II, the assumption that amyloid fibril composition 
was the same in all of the body’s organs was based on post mortem findings 
from a rather small number of patients and was often questioned (40). Our 
very consequent findings of type A amyloid in abdominal adipose tissue in 
all patients with positive DPD scintigraphies, even those with normal cardiac 
wall thickness, strengthens this theory and probably allows for non-invasive 
determination of amyloid fibril composition.  
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Fragmentation of TTR or possibly inability to clear fragmented TTR from 
the circulation appears closely related to aging. Why this is remains to be 
investigated. 

Amyloid fibril type and sex 
ATTR cardiomyopathy is more common in men. This holds especially true 
for ATTRwt amyloidosis where about 90 % of patients are male (49). Study I 
shows that this difference between the sexes is most likely not caused by 
differences in the tendency for TTR to fragment but the effects thereof. In 
type A patients male sex was associated with more severe cardiac 
hypertrophy and loss of function as measured by LV global strain. We draw 
the conclusion that through unknown pathways males appear more 
vulnerable to cardiac amyloid deposits. This also reflects in survival after 
liver transplant. Male late onset V30M patients have worse survival after 
transplant than females (132). 

Another interesting observation, not further investigated, is that males 
had an almost 2:1 dominance in this Swedish material that is seen in both 
type A and type B patients. Since type A amyloid causes more severe cardiac 
symptoms in males, this could very well explain more males being 
diagnosed, but the male dominance in type B patients needs further study. 

Amyloid fibril type and cardiac involvement 
The heart appears to be a target organ for amyloid deposition regardless of 
type of ATTR fibrils, perhaps because it is so highly circulated. Other factors 
probably play a role. The in vitro findings that proteolysis and subsequent 
amyloid formation was induced by shear stress might be part of the 
explanation (18). Reasoning that similar conditions might occur in the heart, 
it has been suggested that fragmentation takes place within the vessels of the 
myocardium and this could explain the propensity for type A amyloid to 
deposit in the heart (19). There are data suggesting that misfolding of full 
length TTR happens already in the hepatocytes (133). If this is true, 
misfolded precursors of type B amyloid would reach the heart via the 
circulation.  

Type A amyloid and the heart 
The presence of fragmented TTR in amyloid is associated with more 
pronounced cardiac involvement. Study I is the largest study conducted on 
the impact of amyloid fibril composition on cardiac morphology and 
function performed. Study II strengthens this link, showing that DPD uptake 
is linked to the presence of type A amyloid. DPD scintigraphy is a very well 
investigated modality with a high sensitivity that in our study and others was 
shown to accurately identify patient with or at risk of developing ATTR 
cardiomyopathy (112, 114). In study IV the prevalence of electrophysiological 
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abnormalities was higher in patients with type A amyloid than in patients 
with type B. 

Type B amyloid and the heart 
Type B amyloid is prevalent in the heart and is not benign. In study IV we 
found that patients with type B amyloid suffer a risk of significant cardiac 
conduction disturbancies that does not seem to be eliminated by LTx. DPD 
scintigraphy does not detect these deposits, but PET utilizing amyloid 
specific tracers do. The higher degree of tracer retention in type B patients 
seen in study IV probably does not reflect larger amounts of cardiac amyloid, 
but more likely the higher availability of the amyloid for the tracer to bind to 
or other factors intrinsic to the interaction between amyloid and tracer.  

A few, mainly older, patients in studies I and IV had increased IVSd. In 
study I, age correlated with IVSd in type B patients but not in type A 
patients. This might indicate that with time the deposits of type B amyloid 
also reach such amounts that measurable thickening of the myocardium 
appears. Another possibility is that with older age, TTR fragmentation 
appears also in patients that early in their disease have type B amyloid. 
However, this has never been shown, and patients have been investigated 
more than 15 years after disease onset, and in these patients, the fibril type 
remained the same (134). A third possibility, as mentioned earlier, is that in 
some patients, the classification of amyloid fibril type is simply wrong or 
does not adequately reflect the fibril composition in the myocardium in all 
individuals. 

 

Summary 
ATTR amyloidosis always affects the heart. In patients where amyloid 
formation involves proteolysis of TTR, type A amyloid, cardiac involvement 
is often more severe, both regarding morphologic changes, functional loss 
and cardiac electrophysiology, than in patients with ATTR amyloid formed 
from full-length TTR, type B amyloid. Type B amyloid appears to be mainly 
arrhythmogenic. 

With knowledge and awareness of the disease, ECG and echocardiography 
are very useful tools for the diagnosis of ATTR amyloidosis. DPD 
scintigraphy is a very accurate tool for diagnosis of ATTR amyloidosis in 
patients with type A amyloid and may be a surrogate for histopathological 
amyloid fibril typing. PET utilizing amyloid specific tracers appears to 
visualize cardiac amyloid deposits regardless of precursor protein, which 
might prove useful, but the clinical applications of the modality are not yet 
settled.   
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