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Amyloid diseases, in general, cause formation and deposition of insoluble 
amyloid fibrils either locally or systemically, disrupting normal organ 
function. Gelsolin amyloidosis is an autosomal dominantly inherited 
amyloidosis in which a point mutation in the gelsolin gene results in systemic 
deposition of gelsolin-derived amyloid. Gelsolin amyloidosis belongs to the 
Finnish disease heritage, and patients are thus primarily observed in 
Finland. Only the c.640G>A major mutation has been detected to date in 
Finland, but worldwide also rarer disease-causing gelsolin gene point 
mutations have been found. The disease manifests generally as progressive 
ophthalmological, neurological, and cutaneous symptoms. 

The aim of this study was to extend knowledge on the genetic background 
and clinical features of gelsolin amyloidosis. This study aimed to determine 
whether all the Finnish gelsolin amyloidosis patients descend from the same 
common ancestor or whether sporadic mutations have taken place. The 
clinical picture, prevalence of different symptoms, clinical course, and sex 
differences were of interest. One of the targets was also to identify rarer, 
possibly disease-related symptoms. Individual clinical studies were designed 
to clarify cardiac manifestations and hearing ability in gelsolin amyloidosis 
patients.  

A Finnish national patient registry was founded, and information on 
symptoms and disease course in addition to genealogic data was inquired. 
The data were complemented by medical records and telephone interviews. 
The genetic background was evaluated by means of classical genealogy and 
haplotype analysis. Data in the cardiac study were collected through clinical 
examinations, electrocardiograms, and cardiac magnetic resonance imaging.  
Hearing abilities were examined by automatic pure tone audiometry and 
speech-in-noise test, in addition to clinical examinations and standardized 
hearing evaluating questionnaires. 

Altogether 79 gelsolin amyloidosis families were identified. The same 
c.640G>A mutation-associated haplotype, uncommon in the general Finnish 
population, was demonstrated in all of the 62 families investigated. In total, 
information on 227 patients was gathered in the registry. The first symptoms 
were reported on average at the age of 40 years, followed by neurological and 
cutaneous symptoms. Eye-related symptoms seemed to be more severe in 
women who also reported symptoms on average four years earlier than men. 
In addition to well-known symptoms, cardiac pacemakers were observed in 
4% and atrioventricular or intraventricular conduction disorders in 43% of 
patients. Impaired hearing was commonly reported (40% of patients), but 
subsequent hearing evaluations did not indicate any disease-related 
impaired hearing.  
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The study strongly indicated that all Finnish gelsolin amyloidosis patients 
share a common ancestor. Knowledge of the prevalence of ophthalmological, 
neurological, and cutaneous symptoms increased. The study indicated that 
eye-related problems may be somewhat more severe in women, although no 
major sex differences were seen. Earlier suspicions of disease-related 
conduction disorders were strengthened. On the other hand, hearing 
impairment does not seem to be one of the clinical features, contradicting the 
previous literature.
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Amyloidoosit ovat joukko sairauksia, joissa liukenemattomia 
amyloidisäikeitä muodostuu ja kertyy joko paikallisesti tai systeemisesti eri 
kudoksiin tai elimiin haitaten näiden toimintaa. Gelsoliiniamyloidoosi on 
autosomissa vallitsevasti periytyvä systeeminen amyloidoosi, jossa 
gelsoliinigeenin eri pistemutaatiot johtavat gelsoliiniperäisen amyloidin 
muodostumiseen. Gelsoliiniamyloidoosipotilaita tavataan pääasiallisesti 
Suomessa, sillä tauti on osa Suomen tautiperintöä. Suomessa on tavattu 
toistaiseksi ainoastaan c.640G>A-valtamutaatiota, mutta maailmalla 
taustalta on löydetty myös muita harvinaisempia tautia aiheuttavia 
pistemutaatioita. Gelsoliiniamyloidoosi ilmenee pääasiallisesti etenevin 
silmä-, hermosto- ja iho-oirein. 

Tämän tutkimuksen tavoitteena oli laajentaa tietämystä taudin 
geneettisestä taustasta, kliinisestä kuvasta ja taudinkulusta sekä tutkia 
sukupuolten välisiä eroja taudinkulussa- ja kuvassa. Pyrimme selvittämään, 
löytyykö kaikille suomalaisille gelsoliiniamyloidoosipotilaille yhteinen esi-isä 
vai onko Suomen gelsoliiniamyloidoosipotilaiden taustalla useampi 
satunnainen gelsoliinigeenin mutaatio. Taudin kliinisen kuvan osalta 
tavoitteena oli luonnehtia eri oireiden esiintyvyyttä ja tunnistaa mahdollisia 
harvinaisempia tautiin liittyviä oireita. Tutkimuksen myötä perustimme 
erilliset kliiniset tutkimushaarat sydän- ja kuuloilmentymien osalta. 

Perustimme kansallisen potilasrekisterin Suomen 
gelsoliiniamyloidoosipotilaille. Keräsimme kyselylomakkeella sekä 
sairauskertomuskirjausten avulla kattavasti tietoa eri oireista, niiden 
ilmestymisajankohdasta sekä potilaiden sukutietoja. Haastattelimme 
valtaosaa myös puhelimitse tietojen tarkentamiseksi. Klassisen 
sukututkimuksen sekä haplotyyppianalyysin avulla tutkimme taudin 
geneettistä taustaa. Sydänilmentymiä tutkittiin kliinisen tutkimuksen, 
sydänfilmin sekä sydämen magneettikuvauksen keinoin. Kuuloilmentymiä 
kartoitettiin kliinisen tutkimuksen ja standardoidun kuuloa arvioivan 
kyselyn ohella automaattisella äänesaudiometrialla sekä hälypuhetestillä.  

Tunnistimme yhteensä 79 gelsoliiniamyloidoosisukua. Sama c.640G>A-
mutaatioon liittyvä haplotyyppi löytyi kaikilta tutkimiltamme 62 
gelsoliiniamyloidoosisuvulta, eikä tämä haplotyyppi ole yleinen muussa 
suomalaisessa väestössä. Potilasrekisteriin tallennettiin yhteensä 227 
potilaan tiedot. Potilaat tulevat oireisiksi keskimäärin 40 vuoden iässä 
tyypillisesti silmäoirein, joita seuraavat myöhemmin ilmenevät hermosto- ja 
iho-oireet. Naisilla silmäoireet näyttävät olevan vakavampia miehiin 
verrattuna, ja naiset raportoivat ensioireita keskimäärin neljä vuotta miehiä 
aikaisemmin. Jo aikaisemmin hyvin kuvattujen oireiden ohella havaitsimme 
sydämentahdistimia 4 %:lla potilaista ja eteis-kammiojohtumisen tai 
kammion sisäisen johtumisen häiriöitä todettiin 43 %:lla potilaista. Kuulon 
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alenemaa raportoitiin usein (40 %:lla potilaista), mutta tarkemmat 
kuulotutkimukset eivät kuitenkaan antaneet viitteitä tautiin liittyvästä 
kuulonalenemasta.  

Tutkimus antoi vahvan viitteen siitä, että kaikki suomalaiset 
gelsoliiniamyloidoosipotilaat polveutuvat yhteisestä esi-isästä. Tutkimus 
tarkensi tietämystä silmä-, hermosto- ja iho-oireiden yleisyydestä ja antoi 
viitteitä siitä, että vaikka suuria sukupuolten välisiä eroja ei näytä esiintyvän, 
saattavat silmäoireet naisilla olla vakavampia. Lisäksi aikaisempi epäily 
tautiin liittyvistä sydämen johtumishäiriöistä vahvistui. Toisaalta aiemmin 
tautiin liitetyt kuuloviat eivät tämän tutkimuksen valossa näytä olevan osa 
taudin kliinistä kuvaa.  
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AA amyloid A  
AApoAI apolipoprotein AI amyloidosis 
AFib fibrinogen Aα-chain amyloid 
AGel gelsolin amyloid 
AL immunoglobulin light chain amyloid 
ALys lysozome amyloid 

AMTAS Automated Method for Testing Auditory 
Sensitivity 

ANOVA univariate analysis of variance 
ASCT  autologous stem cell transplantation  
ATTR transthyretin amyloid 
ATTR-CA transthyretin cardiac amyloidosis 
ATTRv hereditary transthyretin amyloid 
ATTRwt wild-type transthyretin amyloid 
AV atrioventricular 
CA cardiac amyloidosis 
cGSN cytosolic gelsolin 
CLA corneal lattice amyloidosis 
CMR cardiac magnetic resonance imaging 
EAC external auditory canal 
ECG electrocardiogram 
ECM extracellular matrix 
EF ejection fraction 
EMA European Medicines Agency 
ESRD end-stage renal disease 
FIN-GAR Finnish Gelsolin Amyloidosis Registry 
FMST Finnish matrix sentence test 
IVCD intraventricular conduction delay 
LAHB left anterior hemiblock 
LBBB left bundle branch block 
LBBB left bundle branch block 
LGE late gadolinium enhancement 
LVH left ventricular hypertrophy 
MANOVA multivariate analysis of variance 

MGUS monoclonal gammopathy of unknown 
significance 

pGSN plasma gelsolin 
PTA pure tone average 
RBBB right bundle branch block 
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SAA serum amyloid A protein 
SAMY Finnish Amyloidosis Association 
SAP serum amyloid P-component  
SNP single-nucleotide polymorphism 
SNR signal-to-noise ratio 
SRT speech reception threshold 

SSQ Speech, Spatial and Qualities of Hearing 
Scale 

TTR transthyretin 
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Gelsolin amyloidosis (AGel amyloidosis) is an autosomal dominantly 
inherited systemic amyloidosis first described by the Finnish 
ophthalmologist Jouko Meretoja in 1969  (Meretoja,  1969). The disease is 
also known as Meretoja disease, gelsolin-related amyloidosis, amyloid 
polyneuropathy IV, familial amyloidosis, Finnish type as well as amyloidosis 
V and corneal lattice dystrophy type II.  Pathogenic variants in the gelsolin 
gene trigger a pathologic cascade of events that results in formation of 
amyloid oligomers and accumulation of mature amyloidogenic fragments 
(Solomon et al., 2012) in several tissues, giving rise to a variety of symptoms.  

AGel amyloidosis is part of the Finnish disease heritage, and thus, 
patients are primarily seen in Finland. However, over time, several cases and 
kindreds have been reported worldwide. To date, only the major mutation, 
c.640G>A (p.Asp214Asn), has been found in Finland, and all Finnish 
patients have been suggested to descend from a common ancestor  (de la 
Chapelle, Tolvanen et al., 1992; Paunio et al., 1995). Outside Finland, 
however, apart from the major mutation, other gene variants causing 
gelsolin-derived amyloidosis have been identified. Only symptomatic 
treatment is thus far available, and the care of the patients is not centralized 
in Finland. Therefore, epidemiological knowledge of the number of patients 
is scarce, and estimations from about 400 patients up to 1000 gene defect 
carriers have been presented  (Meretoja, 1973; Meretoja, 1976). 

AGel amyloidosis is most commonly characterized by progressive 
ophthalmological, neurological, and cutaneous symptoms  (Meretoja, 1969). 
For unknown reasons, the severity of the phenotype in heterozygotes varies 
from mild to severe handicap, with no effect on the lifespan (Schmidt, E. K. 
et al., 2020; Schmidt, E. K. et al., 2016). Homozygous patients have early-
onset disease and develop life-threatening kidney disease already in early 
adulthood  (Ardalan et al., 2007; Maury et al., 1992; Meretoja, 1973). 
Previous studies, mostly case reports, have indicated cardiac involvement, 
especially conduction defects, to be disease-related  (Alabdali et al., 2015a; 
Caress et al., 2017; Chastan et al., 2006; de la Chapelle, Kere et al., 1992; 
Fernandez et al., 1997; Kiuru et al., 1994; Meretoja, 1973; Purcell  et al., 
1983; Sack et al., 1981; Stewart et al., 2000). Likewise, hearing impairment is 
speculated to be part of the disease  (Hornigold et al., 2006; Kiuru, 1992; 
Luttmann et al., 2010; Makioka et al., 2010; Meretoja, 1973; Pihlamaa et al., 
2016; Shoja et al., 2009), but studies with larger numbers of patients 
focusing on these manifestations are needed.   

A national patient registry, the Finnish Gelsolin Amyloidosis registry 
(FIN-GAR), was established to gather the Finnish patients and 
comprehensively collect information on the clinical features and natural 
course of the disease. A genealogy combining classical methods and 
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haplotype analysis was conducted to determine whether all Finnish patients 
descend from a common ancestor or whether several sporadic mutations 
have taken place. Cardiac manifestations and hearing acuity were explored in 
individual studies focusing on these subjects to clarify whether these are 
prevalent in this patient population. This study strove for better 
understanding of the clinical features and genetic background of Finnish 
AGel amyloidosis patients.   
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Amyloidosis refers to a group of diseases in which proteinaceous material, 
amyloid, is deposited in the extracellular space of tissues. Amyloid diseases 
may be local, affecting only one specific tissue, or deposited systemically in 
various tissues. Amyloidogenesis and subsequent amyloid deposition are 
involved in many common diseases, such as Alzheimer’s disease  (Greenberg 
et al., 2020), and may also play a crucial role in very rare diseases like 
hereditary amyloidoses. The term “amyloid” was first used in 1838 by 
botanist Matthias Schleiden and was later incorporated into the medical 
literature by pathologist Rudolf Virchow in 1854   (Kyle, 2001). The term 
“amyloid” refers to “starch-like”, stemming from a characteristic color 
reaction for starch in iodine-sulfuric acid test. In 1859, the true 
proteinaceous nature of amyloid, instead of starch, was revealed  (Sipe & 
Cohen, 2000).  

According to the latest amyloid nomenclature by the International Society 
of Amyloidosis, 41 different precursor proteins have been identified to be 
able to form amyloid fibrils in humans  (Benson et al., 2020). The fibrillar 
structure of amyloid consists of twisted protofilaments that wind together in 
parallel fashion. These protofilaments are formed of stacked polypeptide 
chains in a cross β-sheet structure. Additional constituents of amyloid fibrils 
include invariably serum amyloid P-component (SAP) and heparan sulfate 
proteoglycan, but also several other molecules are found in amyloid deposits. 
SAP is thought to inhibit fibril degeneration, but generally the function of 
these additional components remains unclear  (Benson et al., 2020). 
Amyloid deposits bind Congo red dye and exhibit birefringence under 
polarized light  (Sipe & Cohen, 2000).  

Protein misfolding is the basis of the pathogenesis of amyloid diseases. 
Some precursor proteins have intrinsic propensity to misfold and others may 
adopt abnormal conformation due to point mutation or proteolysis. In some 
cases, only a fragment of the precursor protein is amyloidogenic, and 
conformational changes enable enzymatic cleavage to release these 
fragments. In addition to intrinsic properties of different amyloid precursors, 
microenvironmental factors and local concentration of amyloidogenic 
species contribute to amyloid deposition  (Merlini & Bellotti, 2003). 

The amyloid fibril formation is generally accepted to take place by a 
nucleation-dependent polymerization mechanism. Simplified, this model 
involves thermodynamically unfavorable lag phase in which amyloidogenic 
monomers aggregate and form a nucleus. Once this rate-limiting step is 
achieved, the elongation phase, an energetically favorable rapid addition of 
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monomers, takes place. Finally, in the saturation phase a plateau in fibril 
growth and degradation is achieved and mature amyloid is deposited  (Chiti 
& Dobson, 2017; Merlini & Bellotti, 2003).  Amyloid seeding refers to a 
phenomenon in which already formed amyloid fibrils accelerate 
fibrillogenesis by reducing the time in lag phase, as the elongation phase may 
begin directly from the existing fibril ends  (Westermark, Per & Westermark, 
2013).   

In addition to the disruption of tissue architecture and subsequent 
dysfunction, amyloid fibrils influence the protein homeostasis network, they 
release and catalyze the formation of toxic prefibrillar intermediates (mainly 
amyloid oligomers), and they are also directly toxic  (Chiti & Dobson, 2017; 
Merlini & Bellotti, 2003; Siddiqi et al., 2019). Prefibrillar intermediates seem 
to play a key role in the tissue damage and are considered even more toxic 
than mature amyloid. Today, mature amyloid is suggested to serve as a 
reservoir for these toxic species rather than being totally stable deposits  
(Siddiqi et al., 2019). The reason for specific tissue tropism of amyloid 
deposits derived from different precursors is yet to be discovered. The 
microenvironment, existing amyloid seeding, and specific features of the 
affected tissues probably contribute to this  (Merlini & Bellotti, 2003).  

Altogether seven systemic amyloid diseases are known to be acquired (Table 
1), meaning that they are not inherited or congenital but develop later in life.  
The most common forms are briefly presented in the following sections. 
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Immunoglobulin light chain amyloidosis (AL amyloidosis) is the most 
common systemic amyloidosis. In population-based studies, the annual 
incidence has been shown to be 12-12.5 per million, and the prevalence is 
estimated to be 40-58 per million, increasing with age, as the median age for 
diagnosis is 63 years (Duhamel et al., 2017; Kyle et al., 2019; Muchtar et al., 
2019; Quock et al., 2018)    

Abnormally proliferated clonal plasma cells or rarely mature B-cell 
neoplasm overproduce one type of amyloidogenic lambda or kappa light 
chains (in 75-80% and 20-25% of cases, respectively), eventually resulting in 
amyloid deposition (Merlini et al., 2018). Somatic mutations in the light 
chain variable region gene predispose to unfolding, endoproteolysis, and 
release of amyloidogenic variable domain of the light chain (Morgan & Kelly, 
2016). Altered proteostasis enables protein aggregation promoted by other 
factors, including the tissue microenvironment. Once formed, both pre-
amyloid species and deposited amyloid contribute to the phenotype (Merlini 
et al., 2018). In addition to variable domains, also constant domains as well 
as full-length immunoglobulin light chain have been shown to be 
constituents of amyloid  (Olsen et al., 1998). Monoclonal gammopathy of 
unknown significance (MGUS) (Kyle et al., 2018) and certain single-
nucleotide polymorphisms  (da Silva Filho, M I et al., 2017) are other risk 
factors for AL amyloidosis.  

Any tissue, excluding the brain, can be affected, but the most involved 
organs include the heart (heart failure with preserved ejection fraction, 
diastolic dysfunction) and kidneys (proteinuria, renal failure). Peripheral 
nervous system (sensorimotor peripheral and autonomic neuropathy, carpal 
tunnel syndrome), liver (hepatomegaly), and gastrointestinal tract 
(malabsorption, weight loss, bleeding) manifestations are also common. 
Periorbital purpura and macroglossia are seen (Bianchi & Kumar, 2020; 
Merlini et al., 2018). Most patients have multi-organ involvement, yet one-
third of patients have only one affected organ  (Muchtar et al., 2019). 
Prognosis strongly depends on the severity of cardiac involvement, ranging 
from months to years  (Dispenzieri et al., 2004; Kumar et al., 2012; Siddiqi & 
Ruberg, 2018). Early diagnosis is valuable for effective treatment and 
prevention of end-organ failure.  

Treatment aims to suppress the production of amyloidogenic light chains 
by targeting the underlying plasma cells. Approximately 20% of AL 
amyloidosis patients are considered to be low-risk patients, being eligible for 
autologous stem cell transplantation (ASCT), while chemotherapy is used for 
intermediate- and high-risk patients, who are not candidates for ASCT. After 
initial chemotherapy, for some, ASCT might become an option. 
Immunotherapy targets the reabsorption of amyloid deposits and possibly 
plays a role in the future management of amyloidoses. Currently, there is an 
ongoing clinical trial for one anti-amyloid fibril antibody (CAEL-101) 
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(Palladini et al., 2020). Comprehensive supportive treatment, improving the 
quality of life and preserving organ function, is essential in the management 
of AL amyloidosis  (Cibeira et al., 2020). 

Wild-type transthyretin amyloidosis (ATTRwt amyloidosis), formerly known 
as senile systemic amyloidosis, is, if not the most common, one of the most 
common causes of cardiac amyloidosis  (Gonzalez-Lopez et al., 2017b). The 
prevalence increases with age, showing a marked male predominance (Kroi 
et al., 2021). Histologically, autopsy studies of individuals aged 80 years or 
over have shown 25% of the hearts to contain ATTRwt amyloid fibrils  
(Cornwell et al., 1983; Tanskanen et al., 2008), but the exact prevalence of 
clinically significant ATTRwt amyloidosis is unknown. The disease seems to 
be relatively common among patients undergoing aortic valve replacement  
(Castano et al., 2017) and patients having heart failure with preserved 
ejection fraction   (Gonzalez-Lopez et al., 2015). Clinically significant 
ATTRwt is suspected to be underdiagnosed  (Gonzalez-Lopez et al., 2017).  

Amyloid fibrils are derived from transthyretin (TTR), which is produced 
mainly by the liver and serves as a transporter for thyroxin and retinol 
binding protein  (Gonzalez-Lopez et al., 2017; Siddiqi & Ruberg, 2018). For 
unknown reasons, the tetrameric structure of wild-type TTR becomes 
unstable with increasing age and dissociates into monomers. These 
monomers aggregate into toxic oligomers and eventually deposit as amyloid 
systemically, predominantly into the myocardium. Apart from the cardiac 
involvement, heart failure, and conduction disturbances, among others, 
extracardiac manifestations include carpal tunnel syndrome, lumbar spinal 
stenosis, and biceps tendon rupture. The typical age of onset is in the 7th or 
8th decade  (Pinney et al., 2013; Ton et al., 2015), and thus, the former name 
senile systemic amyloidosis. If untreated, ATTRwt amyloidosis results in 
fatal heart failure, with a median survival of about 2-3 years  (Cruz Rodriguez 
& Tallaj, 2021). 

An association has been noted between hearing loss and transthyretin 
amyloidosis (in both wild-type and hereditary diseases). Hearing impairment 
seems to be more common and severe than in age-related expected values. 
Hearing impairment was found to be sensorineural in ATTRwt amyloidosis. 
An assumption of inner ear involvement of amyloid was presented and 
impaired hearing was proposed to be a red flag for suspicion of ATTR 
amyloidosis (Bartier et al., 2019; Bequignon et al., 2017).  

Today, in addition to supportive treatment, specific disease-modifying 
treatment is available for this previously incurable disease. Tafamidis acts as 
an TTR stabilizer, preventing its dissociation into monomers and further 
amyloid assembly. It is an effective and approved treatment for TTR cardiac 
amyloidosis (ATTR-CA)  (Rapezzi et al., 2021).  Gene silencers patisiran and 
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inotersen, approved for polyneuropathy caused by hereditary transthyretin 
amyloidosis (ATTRv amyloidosis), suppress the production of TTR and are 
under investigation for ATTR-CA. As the disease-modifying treatment aims 
to halt or slow the progression of the disease, early diagnosis and initiation of 
treatment before cardiac damage are crucial. In addition to the 
forementioned, other therapeutics aimed at TTR stabilization and clearance 
of amyloid are currently being investigated  (Garcia-Pavia et al., 2021). 
 

Serum amyloid A amyloidosis (AA amyloidosis) is a rare complication of a 
long-term inflammatory condition. Due to the better management of 
inflammatory diseases, its prevalence has decreased in Western countries  
(Nuvolone & Merlini, 2017; Westermark, G. T. et al., 2015). Chronic 
inflammatory arthritis has been the most common underlying malady, but 
the epidemiology has changed and there is a substantial increase in 
uncharacterized inflammatory disorders underlying AA amyloidosis  (Lane et 
al., 2017). 

Amyloid fibrils are derived from serum amyloid A protein (SAA) encoded 
mostly by SAA1 and less frequently by SAA2 genes  (Sun & Ye, 2016a). This 
acute-phase protein is produced mainly by the liver in response to 
proinflammatory cytokines during inflammatory states  (Jumeau et al., 2019; 
Sun & Ye, 2016b; Yoshizaki, 2011). Persistent high SAA plasma concentration 
is a requirement for amyloid formation, but additional factors, which are not 
fully understood, are needed in the process of fibril formation. AA amyloid 
consists mainly of misfolded N-terminal parts of SAA, prone to adopt β-sheet 
configuration. C-terminal cleavage – whether being a pre- or 
postfibrillogenic event – probably plays an important role in the 
pathogenesis  (Obici & Merlini, 2012; van der Hilst 2011; Westermark et al., 
2015).  

Proteinuria, renal insufficiency, and diarrhea may raise clinical suspicion 
of the disease  (Papa & Lachmann, 2018). Kidney involvement is 
predominant, presenting as proteinuria, nephrotic syndrome, or end-stage 
renal disease (ESRD). In addition to the kidneys, amyloid deposits are 
commonly found in the liver, spleen, gastrointestinal tract, and adrenal 
glands  (Lachmann et al., 2007a). Acute complications, such as organ 
rupture, bleeding, or intestinal obstruction, are rare but possible. 
Cardiomyopathy and neuropathy are uncommon  (Kuroda, 2013; Lachmann 
et al., 2007b; Papa & Lachmann, 2018).  

Reports of the median age at diagnosis vary from 50 to 55 years   
(Lachmann et al., 2007; Tanaka et al., 2003). In a study with 374 patients, 
the median survival after diagnosis was 11 years. Prognosis is, however, 
variable and strongly depends on SAA production, and thus, on adequate 
treatment targeting the underlying inflammatory disease. Decreased SAA 
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production is associated with prolonged survival, while increased production 
is a risk factor for ESRD and death. The estimated 10-year survival is 90% 
with serum SAA concentration under 10 mg/L and 40% with values over 40 
mg/L  (Gillmore et al., 2001). 

Treatment aims to control the underlying inflammatory process and 
normalization of SAA production inducing amyloidogenesis  (Papa & 
Lachmann, 2018). Biologics, immunosuppressive drugs, or corticosteroids 
are used, depending on the underlying condition, to suppress SAA 
production  (Okuda, 2019).  

Hereditary systemic amyloid diseases are rare conditions with autosomal 
dominant inheritance. Together, these 13 different disease entities are 
estimated to account for approximately 5-10% of all systemic amyloidoses 
(Picken, 2020; Pinney & Hawkins, 2012; Rowczenio et al., 2014). In the 
following section, some common forms of hereditary amyloid diseases other 
than AGel amyloidosis are briefly discussed. 

ATTRv amyloidosis is the most common type of hereditary systemic 
amyloidosis  (Picken et al., 2015). The global prevalence estimations vary 
from 5000-10 000 up to 38 000 patients  (Schmidt et al., 2018), with a 
higher prevalence in endemic areas, Portugal, Sweden, and Japan (Hawkins 
et al., 2015). The disease is caused by over 120 different pathogenic variants 
in the gene coding for TTR (Picken et al., 2015). The underlying mutation 
promotes the destabilization of the homotetrameric quaternary structure, 
causing its dissociation, followed by partial misfolding of monomers, their 
self-assembly into oligomers, and eventually mature amyloid fibril formation  
(Naiki et al., 2020).  

Progressive peripheral polyneuropathy and cardiomyopathy are the major 
clinical features, although the phenotypes are highly heterogeneous and 
often overlapping, depending on the pathogenic variant, sex, age at onset, 
and geographic location. Other manifestations include autonomic nervous 
system dysfunction, nephropathy, gastrointestinal tract dysfunction, ocular 
involvement, carpal tunnel syndrome, and weight loss  (Hawkins et al., 2015; 
Manganelli et al., 2020). Hearing loss (sensorineural or mixed/conductive) 
has also been associated with ATTRv (Bartier et al., 2019). Without 
treatment, the median survival from diagnosis is 2.5-4 years with phenotypes 
predominated by cardiomyopathy and 5-15 years with phenotypes 
predominated by polyneuropathy (Hawkins et al., 2015). 

Previously, liver transplantation or combined heart and liver 
transplantation alongside symptomatic treatment were the only treatments 
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for ATTRv amyloidosis  (Hawkins et al., 2015), but now disease-modifying 
therapies are available for most patients. Two TTR gene silencing drugs, 
patisiran and inotersen, have been approved by the European Medicines 
Agency (EMA) and the U.S. Food and Drug Administration (FDA) for 
treatment of ATTRv polyneuropathy (stages 1 and 2). Tafamidis, a kinetic 
stabilizer of wild-type and mutant TTR, is indicated for the treatment of 
ATTR-CA and stage 1 polyneuropathy  (Adams & Slama, 2020). 
 

Apolipoprotein AI amyloidosis (AApoAI amyloidosis) represents possibly the 
second most common familial systemic amyloidosis, although the exact 
prevalence is unknown (Picken et al., 2015). Cases or kindreds have been 
reported in Europe, USA, South Africa, and Japan (Picken et al., 2015; 
Rowczenio, D. et al., 2011; Yoshinaga et al., 2020), with altogether 23 
different pathogenic ApoAI variants to date causing hereditary amyloidosis  
(Arciello et al., 2016; Colombat et al., 2020; Moutafi et al., 2019). Although 
the pathogenesis remains unclear, the amyloid fibrils are known to mostly 
comprise N-terminal fragments of AApoAI regardless of the causative 
mutation or its location (Arciello et al., 2016). Often the phenotype is 
nephrotic, but various other manifestations, including the liver, heart, 
spleen, skin, larynx, gastrointestinal tract, testes, and retina, have also been 
reported (Colombat et al., 2020; Rowczenio et al., 2011). Peripheral 
neuropathy has been observed in some of the patients harboring the 
p.Gly26Arg mutation (Picken et al., 2015). The phenotype varies from 
indolent to aggressive, in the worst case causing end-organ failure and death 
at a young age, but generally the course of the disease is slow (Rowczenio et 
al., 2011). No curative therapy exists, but organ transplantations have been 
used with good outcome (Gillmore et al., 2006). 
 

Altogether 17 pathogenic variants in the fibrinogen Aα-gene are known to 
cause hereditary fibrinogen Aα-chain amyloidosis (AFib amyloidosis)  
(Meyer et al., 2020) with variable penetrance  (Gillmore et al., 2009). This 
disease, discovered worldwide, is the most common cause of hereditary renal 
amyloid disease at least in Europe  (Stangou et al., 2010a). Patients present 
typically with proteinuria and hypertension at disease onset and develop 
ESRD within 5 years  (Gillmore et al., 2009; Stangou et al., 2010). Other 
extrarenal manifestations, including visceral, vascular, cardiac, and 
neurologic involvement, may be present as well, but AFib amyloidosis is 
predominantly a kidney disease (Stangou et al., 2010). The age of onset 
typically lies between 50 and 60 years (Gillmore et al., 2009; Meyer et al., 
2020), although the range is wide and especially for those with frameshift 
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mutations the symptoms manifest earlier, the median age at diagnosis being 
24.5 years. The median survival from clinical presentation is estimated to be 
approximately 15 years (Gillmore et al., 2009). 

Treatment options include hemodialysis and organ transplantation. Both 
the underlying mutation and disease phenotype should be considered when 
choosing the organ transplantation strategy  (Meyer et al., 2020) between 
supportive isolated kidney transplantation and possibly disease-halting or 
even curative liver or combined liver and kidney transplantation (Meyer et 
al., 2020; Stangou et al., 2010). 
 

So far, only 14 families suffering from lysozyme amyloidosis (ALys 
amyloidosis) have been described in the literature. Except for one South 
Asian family, all are of European origin  (Iqbal et al., 2019). Eight pathogenic 
variants in the lysozyme gene have been identified to be associated with 
systemic amyloidosis  (Scafi et al., 2019). Formation of partially unfolded 
transient intermediate species due to decreased native-stage stability of the 
variant lysozyme leads to amyloid fibril formation  (Ahn et al., 2016; Booth et 
al., 1997). The disease has remarkable phenotype variation in age of onset as 
well as in organ involvement. Median survival from diagnosis is 18 years, 
depending, however, on possible life-threatening complications. Sicca 
syndrome alongside kidney, gastrointestinal tract, liver, lymph node, skin, 
and spleen manifestations are known, and possible cardiac involvement has 
been reported recently. ESRD and spontaneous hepatic rupture are life-
threatening. Of note, no neuropathy, common to hereditary amyloidoses, is 
present. Treatment is currently supportive or symptomatic. Kidney and liver 
transplantations have been performed because of ESRD and spontaneous 
hepatic rupture (Dobson et al., 2010; Scafi et al., 2019).  

The infiltration of amyloid into the heart has been documented in at least 11 
different amyloid diseases, but AL and ATTR (both wild-type and hereditary 
forms) amyloidoses account for most clinically significant amyloid 
cardiomyopathies  (Maleszewski, 2015). In this section, pathophysiology, 
clinical features, diagnostics, and treatment are discussed with a particular 
focus on AL and ATTR cardiac amyloidoses (CA).  

Heart failure with preserved or mid-range ejection fraction (EF) and 
consequent symptoms are the most typical manifestation of CA, often 
accompanied by atrial fibrillation or conduction defects  (Papathanasiou et 
al., 2020). In AL amyloidosis, in addition to amyloid deposition and 
subsequent mechanical disruption and other unclear cellular-level pathology, 
also direct light chain myocyte toxicity is seen  (Shi et al., 2010). Thickened 
and stiff ventricle walls reduce the compliance of ventricles, causing diastolic 
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dysfunction and, via elevated filling pressures, biatrial dilatation. Substantial 
reduction of the EF is not seen until an advanced stage of cardiac 
insufficiency, although an impairment in the left ventricular global 
longitudinal strain, reflecting ventricular systolic dysfunction, is present 
much earlier  (Siddiqi & Ruberg, 2018). In addition to the myocardium, 
amyloid can be deposited in any part of the heart, including, for instance, the 
valves, giving rise to valvular dysfunction and pericardial effusion  
(Maleszewski, 2015; Papathanasiou et al., 2020). In AL amyloidosis, 
involvement of the small arterioles is commonly seen, potentially causing 
angina pectoris and heart infarction  (Mueller et al., 2000). Of note, the risk 
of intracardiac thrombosis and embolism is markedly increased in patients 
with cardiac amyloidosis, even if they had a sinus rhythm  (Feng, D. et al., 
2007). 

Clinical suspicion of heart problems should be raised early, but this is 
challenging since symptoms are non-specific and preliminary investigations 
are not diagnostic. Thus, integrating information from different sources, 
starting from patient history and clinical presentation, is necessary (Zhang et 
al., 2021). Dyspnea, fatigue, exercise intolerance, peripheral edema, syncope, 
palpitations, atrial fibrillation, conduction defect, and thromboembolism are 
typical. These are particularly suggestive when combined with extra-cardiac 
manifestations such as carpal tunnel syndrome, peripheral neuropathy, 
lumbar spinal stenosis, ruptured biceps tendon, orthostatic hypotension, 
gastrointestinal symptoms, or proteinuria  (Gertz et al., 2020; Papathanasiou 
et al., 2020; Zhang et al., 2021). In addition, ATTRwt-CA seems to be quite 
common in patients with aortic valve stenosis  (Castano et al., 2017).  

In the primary care electrocardiogram (ECG), echocardiogram and 
laboratory testing are usually readily available and together with patient 
history and presentation offer tools for raising suspicion of cardiac 
amyloidosis – the key for early diagnosis. In ECG, low voltage in limb leads, 
pseudo-infarct pattern, and relatively low QRS voltage, particularly in 
patients with increased LV wall thickness in echocardiogram, are 
characteristic findings. Often atrial fibrillation, atrioventricular, or 
intraventricular conduction defects are also seen  (Ash et al., 2021; Francesco 
et al., 2020; Papathanasiou et al., 2020; Zhang et al., 2021). Left and right 
ventricular diastolic dysfunction, restrictive filling, and subsequent biatrial 
dilatation are typical echocardiographic findings alongside biventricular 
increased wall thickness, thickened atrial and ventricular septum, and valve 
leaflets. EF is often normal or slightly reduced, although impaired left 
ventricular global longitudinal strain with typical apical sparing pattern is 
commonly observed  (Falk & Quarta, 2015; Itzhaki et al., 2020).  

The ability to characterize myocardial tissue and the possibility for 
dynamic imaging of cardiac function make cardiac magnetic resonance 
imaging (CMR) a useful tool, not only in early detection but also in assessing 
prognosis and response to treatment  (Papathanasiou et al., 2020). CMR has 
a sensitivity and specificity of 85.7% and 92%, respectively, in diagnosing 
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cardiac amyloidosis, although it is unable to differentiate the type of cardiac 
amyloidosis  (Brownrigg et al., 2019). Diffuse subendocardial or transmural 
late gadolinium enhancement together with increased extracellular volume 
measures indicate an interstitial infiltrative process. Elevation in native T1 
relaxation time is seen and has the potential to detect cardiac amyloidosis 
already in its early stage. Additionally, cardiac anatomy and function can be 
assessed (Papathanasiou et al., 2020).  

To confirm the diagnosis, biopsy is often but not always needed. The 
diagnosis of ATTR-CA may be achieved also noninvasively by bone 
scintigraphy. The method uses technetium-labeled bisphosphonates that 
localize to ATTR cardiac amyloid deposits. The diagnosis can be set if grade 2 
or 3 uptake is seen (visual Perugini score) and monoclonal disorder, notably 
common also in ATTR amyloidosis  (Geller et al., 2017), is absent. In AL 
amyloidosis, there is typically little or no uptake in bone scintigraphy  
(Merlini et al., 2018). Endomyocardial (or extracardiac biopsy, e.g. fat pad if 
diagnostic) biopsy is needed in the diagnosis of AL cardiac amyloidosis and 
often in differential diagnosis between AL and ATTR- CA or when verifying 
cardiac involvement in other amyloidoses. Genetic testing with ATTR 
amyloidosis is needed to differentiate wild-type and hereditary forms  (Ash et 
al., 2021).  

Early diagnosis is warranted since treatment prevents further amyloid 
formation and progression of cardiac disease  (Zhang et al., 2021), which is 
the most important prognostic factor in this cardiac disease, with poor 
prognosis if left untreated  (Pregenzer-Wenzler et al., 2020). In addition to 
disease-modifying treatments with ATTR-CA and ASCT and chemotherapy 
used in AL amyloidosis, alongside organ transplantation with carefully 
selected patients in both entities, proper symptomatic treatment with 
understanding of the unique features in the management of heart failure and 
conduction disease caused by amyloidosis is crucial (Ash et al., 2021).  

In localized amyloidosis, amyloid deposits are found only in one organ, and 
usually amyloidogenesis takes place near the deposition site, unlike in 
systemic diseases  (Picken, 2020; Picken et al., 2015). To date, localized 
amyloidosis has been associated with 22 different precursor proteins, a few 
of which may manifest as both localized and systemic. Especially AL 
amyloidosis, in addition to the systemic form, may present as single or 
multiple tumor-like nodules in one tissue. Probably one of the most common 
diseases involving local amyloid deposition is Alzheimer’s disease, where 
multiple small deposits of Aβ precursor protein-derived amyloid is found in 
the cerebral cortex (Benson et al., 2020; Westermark, 2012). The disease is, 
however, rarely referred to in connection with local amyloidosis. This might 
be because the central role of amyloid itself or its formation in the disease 
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development is not entirely certain  (Benson et al., 2020). Isolated atrial 
amyloidosis is another very common form of localized amyloidosis where 
amyloid derived from atrial natriuretic peptide deposits solely in cardiac 
atria  (Fikrle et al., 2013). The differential diagnostics between localized and 
systemic forms can sometimes be difficult, but it is very important since 
prognosis in localized amyloidosis is generally excellent (Picken et al., 2015). 
However, in rare cases localized amyloidosis may be life-threatening  
(Paccalin et al., 2005). As with systemic disease, localized amyloidoses are 
associated with increasing age, but the pathogenetic mechanisms remain 
obscure  (Picken et al., 2015). Treatment includes surgical or laser removal of 
the local lesions (Leung et al., 2012), if applicable. 

An inheritable amyloidosis featuring corneal lattice dystrophy, progressive 
cranial neuropathy, and skin changes was described in 1969 by 
ophthalmologist Jouko Meretoja  (Meretoja, 1969). Upon discovery, the 
disease was observed to cluster in two distinct areas in Finland: the 
Kymenlaakso region and South Tavastia (Valkeala and Lammi 
municipalities)  (Meretoja, 1973). Later, in 1990, the amyloid was verified to 
be composed of fragments derived from gelsolin  (Haltia et al., 1990; Maury 
et al., 1990a), and the underlying mutation in Finnish patients, c.640G>A in 
gelsolin, was discovered  (Levy et al., 1990; Maury et al., 1990b). AGel 
amyloidosis is part of the Finnish disease heritage, which includes 
monogenic diseases that are markedly more common in Finland than in 
other populations (Norio, 2003). Nevertheless, the disease is rare in Finland, 
with estimations ranging from 400 to 1000 gene carriers  (Meretoja, 1976; 
Meretoja, 1973). As is usually the case in rare diseases, the exact prevalence 
or incidence is unknown. The disease seems to be equally common in both 
sexes. In a genealogic study of 56 families, including 207 patients, 61% were 
females; however, the sex distribution was determined to be equal after 
correction for higher mortality in men, higher number of female probands, 
and  a larger proportion of those unexamined being men  (Meretoja, 1973).  

The first case report with similar clinical presentation was published in 
Czechoslovakia in 1959  (Klaus et al., 1959). Later, in 1992, the patient was 
indeed verified to have AGel amyloidosis due to another point mutation in 
the gelsolin gene, c.640G>T  (de la Chapelle et al., 1992), representing the 
second most common gene variant of the disease. Thus, AGel amyloidosis is 
not exclusively limited to Finland,  despite being endemic. Over the years, a 
total of 53 reports of AGel amyloidosis patients or kindreds outside Finland 
have been published (Table 2), the most recent one in Bosnia and 
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Herzegovina in 2021 (Potrc et al., 2021). Today, observations of AGel 
amyloidosis have been made in Europe, Asia, and North and South America, 
and there is one case report of a patient of African descent  (Oregel et al., 
2018) (Table 2 and Figure 1).  
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In previous studies, no gelsolin variant other than c.640G>A has been 
observed in Finland. This has raised suspicion of a common ancestor for 
Finnish patients, supported by an identical haplotype discovered in 10 and 7 
studied Finnish families (de la Chapelle et al., 1992; Paunio et al., 1995). 
Earlier strong geographic clustering of AGel amyloidosis is probably 
explained by the internal structure of the isolated Finnish population. Early 
sparse settlement with little migration or gene flow has enabled a founder 
effect (a small number of people establishing a new population) and genetic 
drift (random fluctuations in allele frequencies of a population over time) to 
take place in a small expanding subpopulation  (Kere, 2001). Genealogic 
research has dated the earliest suspected patient back to the 17th century,
and Dr. Meretoja hypothesized that the mutated gene would have been 
carried from Lammi to Valkeala in the 14th or 15th century (Meretoja, 1976). 

From a global perspective, the c.640G>A/T mutation and the 
dissimilarity between haplotypes observed between some Japanese and 
Finnish patients harboring the c.640G>A mutation  (Paunio et al., 1995) as 
well as between Czech and Danish patients harboring the c.640G>T 
mutation (de la Chapelle et al., 1992) bring up the possibility of a mutational 
hotspot at c.640G. Located at this site is a transition-prone CG dinucleotide 
(c.640G is preceded by C) known to be a mutational hotspot that most 
commonly causes CG TG or CG CA transitions (Cooper & Krawczak, 
1990). A recent hypothesis gives a possible explanation for why mutations at 
different sites in gelsolin gene may cause the same disease. These mutations 
disturb the normal gelsolin protein domain interactions and compromise the 
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coverage of the amyloidogenesis-triggering cleavage site (Zorgati et al., 
2019).   

The clinical features of the c.640G>A/T variants are characterized most 
comprehensively. The classic triad of ophthalmological, neurological, and 
cutaneous manifestations is accompanied by rarer symptoms, such as renal 
manifestations or cardiac conduction disease, which are typical in patients 
harboring the major c.640G>A mutation. Nevertheless, for unknown 
reasons, there is intrinsic variation in the severity and spectra of clinical 
features (Kiuru-Enari & Haltia, 2013). The phenotype of the c.640G>T 
variant is similar to the one of c.640G>A, but no observation of renal 
involvement is reported in the literature  (Caress et al., 2017; Chastan et al., 
2006; Contegal et al., 2006; Darras et al., 1986; de la Chapelle et al., 1992; 
Park et al., 2016; Solari et al., 2011; Winkelman et al., 1971). The genotype-
phenotype correlation of other variants is based thus far on individual case 
reports, which are prone to confounding factors such as comorbidities. 
Moreover, there is no follow-up to detect subsequent manifestations. Table 3 
characterizes the phenotype-genotype correlations in AGel amyloidosis.  Of 
note, in original publications presenting novel c.1631T>G  (Cabral-Macias et 
al., 2020) and c.1738G>A  (Potrc et al., 2021) mutations, amyloid subtyping 
was not performed, and thus, the observed amyloid is not proven to be 
gelsolin-derived. These are, however, included in Tables 2 and 3, as the 
clinical features raise a clear suspicion of AGel amyloidosis. By contrast, a 
case report of a novel gelsolin frame-shifting mutation, c.100dup, was 
excluded since no evidence of amyloid aggregates was shown. This variant 
presented with epileptic seizures and multiple lesions in brain (Feng, X. et 
al., 2018). 
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Gelsolin is a six-domain protein consisting of two homologous halves (G1-G3 
and G4-G6) (Nag,. et al., 2013) encoded by gelsolin gene located on 
chromosome 9 at q32-34 (Kwiatkowski et al., 1988b). The known three 
gelsolin isoforms, cytosolic gelsolin (cGSN), plasma gelsolin (pGSN), and 
gelsolin-3, are alternatively spliced from the same gene   (Kwiatkowski et al., 
2008; Vouyiouklis & Brophy, 1997). In contrast to the widely expressed 
cGSN, pGSN is produced mainly by muscle tissue, but also skin expression 
has been observed (Kwiatkowski et al., 1988a; Paunio et al., 1997). Gelsolin-3 
in turn is synthesized by the brain, lungs, and testis  (Vouyiouklis & Brophy, 
1997). Gelsolin is a multifunctional protein known for its ability for actin 
filament assembly and disassembly (Li et al., 2012; Sun., et al., 1999). Apart 
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from regulating the cytoskeleton, cell morphology, and motility  (Burtnick et 
al., 1997), cGSN contributes to numerous other cellular functions such as 
regulation of apoptosis, cellular signaling, phagocytosis, and transcriptional 
regulation  (Kwiatkowski, 1999; Li et al., 2012; Sun et al., 1999). One of the 
main functions of pGSN is being part of an extracellular actin scavenger 
system, severing and removing actin filaments released by dead cells from 
the circulation (Lee & Galbraith, 1992), thus preventing an increase in blood 
viscosity and direct toxic effects of F-actin  (Bucki et al., 2008; Sudakov et 
al., 2017). Like cGSN, it has a variety of other roles, including modulating 
immune response and involvement in inflammatory states  (Piktel et al., 
2018). The functions of gelsolin-3 have yet to be discovered  (Vouyiouklis & 
Brophy, 1997) .  

Gelsolin belongs to a superfamily of nine proteins with partially 
overlapping functions  (Li et al., 2012). It is hypothesized that this 
compensatory function of other proteins might explain why mice lacking 
gelsolin are viable, having normal development, fertility, and survival for at 
least one year. Compared with wild-type (GSN +/+) mice, an increase in 
bleeding time (probably due to decreased platelet shape changes) and slower 
migration of neutrophils and fibroblasts have been observed  (Witke et al., 
1995).   

 

AGel amyloidosis is mostly caused by a point mutation at c.640G>A/T, 
compromising Ca2+ binding of domain 2, which is crucial for activation and 
stabilization of gelsolin. The mutation leads to abnormal intermediate 
conformation of the protein, uncovering the cleavage site for proprotein 
convertase furin (an α-gelsolinase)  (Chen et al., 2001; Huff et al., 2003; 
Kazmirski et al., 2002) that is normally covered by gelsolin domain 3  
(Zorgati et al., 2019). The other seven Ca2+ binding sites of gelsolin are not 
affected, and eventually, activated conformation may be achieved and 
mutant gelsolin is functional  (Nag et al., 2009; Solomon et al., 2012; Zorgati 
et al., 2019). The activation of mutant gelsolin by Ca2+ takes longer, and thus, 
this variant of gelsolin spends more time in intermediate conformations  
(Nag et al., 2009; Solomon et al., 2012; Zorgati et al., 2019), enabling a small 
fraction of this variant to undergo endoproteolysis by furin in the trans-Golgi 
network  (Huff et al., 2003). Even though the mutation is present in cGSN as 
well as pGSN, AGel amyloid is derived only from pGSN  (Kangas et al., 1996).  

This aberrant cleavage generates two fragments: a C-terminal 68 kDa 
fragment (C68) and a remnant fragment that is probably rapidly degraded 
(Solomon et al., 2012). C68 is secreted from cells and undergoes a second 
cleavage in the extracellular matrix (ECM) primarily by MT1-MMP and 
possibly other MT1-MMP-like proteases, releasing amyloidogenic 8 kDa and 
5 kDa fragments  (Page et al., 2005). Both fragments are found in AGel 
amyloid fibrils, but the majority comprise 8 kDa fragments  (Maury, 1991; 
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Page et al., 2009), which have been demonstrated to form amyloid faster 
than 5 kDa fragments  (Solomon et al., 2009). Amyloidogenic fragments 
seem to be derived from local C68, secreted by nearby cells, rather than from 
circulating C68 at least in muscle tissue, skin, and likely cornea, where 
circulation is absent (Page et al., 2009; Paunio et al., 1997). C68 does not 
deposit as amyloid, but it may form oligomers  (Solomon et al., 2009). AGel 
amyloid is generated by the nucleated polymerization mechanism, which is 
hastened by increased concentration, seeding (presence of already deposited 
amyloid), and glycosaminoglycans found in the ECM  (Page et al., 2005; 
Solomon et al., 2009).  

AGel amyloidosis is inherited in an autosomal dominant fashion, 
resulting in amyloid deposits in a variety of tissues, especially the cornea, 
vessel walls, neural sheaths, and basement membrane of many organs 
(Meretoja & Teppo, 1971). In addition to amyloid deposition disrupting the 
tissue architecture, cytotoxicity of pre-amyloid oligomers and abnormal 
functioning of gelsolin may contribute to the disease phenotype (Boni et al., 
2018).   

Other mutations that do not directly affect the calcium binding in gelsolin 
have been observed to cause peptide changes in gelsolin domains 2, 4, and 5. 
Based on one study, domain 2 is close to the limit of stability and any 
alteration disturbing the interaction between domains 2 and 3 (as domain 3 
normally covers the furin cleavage site) will predispose the molecule to 
endoproteolysis by furin. Domains 1, 4, and 5 are proposed to partially 
contribute to the protection of furin cleavage, possibly explaining why 
mutations in other locations will also predispose the gelsolin variant to furin  
(Zorgati et al., 2019). Recently, an alternative non-proteolytic 
oligomerization-triggered pathway has been suggested to be additional to the 
main proteolytic pathway  (Boni et al., 2018). Interestingly, wild-type 
gelsolin has been found in amyloid deposits in pituicytoma  (Ida et al., 2013) 
and mutant gelsolin (c.640G>A) has been shown to be able to form amyloid 
oligomers in acidic conditions (Srivastava et al., 2018). Thus, more research 
is needed to characterize the pathogenesis of AGel amyloidosis in greater 
detail. 

Peripheral corneal lattice lines spreading towards the centrum, termed 
corneal lattice amyloidosis (CLA), gelsolin type (previously referred to as 
corneal lattice dystrophy type II), are pathognomonic and together with 
positive family history diagnostic for AGel amyloidosis  (Meretoja, 1973). 
Apart from stromal amyloid deposits contributing to the lattice lines, corneal 
amyloid deposits are seen under Bowman’s layer, in the epithelial basement 
membrane, and in other ocular structures, including conjunctiva, sclera, 



 31 

ciliary nerve perineuria and ciliary vessel walls, optic nerve sheaths, 
trabecular and lens epithelial cells, stroma of the ciliary body, and capillary 
lamina of choroid  (Meretoja, 1972).  

CLA is typically the first manifestation of the disease. Usually in 
heterozygotes, CLA arises at 20-35 years of age  (Meretoja, 1972). In 
homozygotes, CLA appears earlier, already at the age of 12-13 years  (Maury 
et al., 1992; Meretoja, 1972). Visual impairment is, however, thought to be 
due to recurrent corneal erosions and scarring of the stroma, rather than 
amyloid deposits  (Kessel et al., 2020). In some cases, ophthalmologic 
pathology may even lead to blindness (Akiya et al., 1996; Boysen et al., 1979; 
Luttmann et al., 2010; Meretoja, 1972). Damage or loss of corneal nerves 
probably contributes to the reduced corneal sensitivity  (Rosenberg et al., 
2001). Other ophthalmologic features noted in AGel amyloidosis include 
dermatochalasis, ectropion, entropion lagophthalmos, eye dryness, corneal 
ulcers, open angle glaucoma, cataract, and hypersensitivity to light  (Carrwik 
& Stenevi, 2009; Dammacco et al., 2020; Kiuru, 1992; Meretoja, 1972).  
 

The amyloid deposits of the peripheral nervous system are found in spinal 
roots and dorsal root ganglions, cranial nerve roots  (Kiuru, Salonen et al., 
1999; Kiuru-Enari et al., 2002; Makishita, Hideo et al., 1996), and sometimes 
along the entire nerve  (Tanskanen et al., 2007) involving the endo-, peri-, 
and/or epineurium alongside the vascular structures  (Kiuru et al., 1999; 
Kiuru-Enari et al., 2002; Makishita et al., 1996; Meretoja & Teppo, 1971; 
Starck et al., 1991). In the facial nerve, which is particularly affected, a 
destruction of a single branch has been seen (Meretoja & Teppo, 1971). In an 
autopsy study of an 82-year-old patient, amyloid accumulation in the 
trigeminal nerve roots was found in addition to the facial nerve roots 
(Makishita et al., 1996). Similar predominantly proximal nerve involvement 
is seen also in peripheral limb nerves  (Kiuru-Enari et al., 2002). Amyloid 
deposits of the autonomic nervous system have been noted in the superior 
cervical ganglion, cervical sympathetic trunk, and vagal nerve in addition to 
vascular involvement  (Kiuru et al., 1994; Meretoja & Teppo, 1971). Cerebral 
and spinal amyloid angiopathy is a characteristic feature of AGel 
amyloidosis. Additionally, amyloid is seen in the meninges and both pituitary 
and pineal glands but not in brain tissue  (Kiuru et al., 1999; Meretoja & 
Teppo, 1971). 

Slowly progressing bilateral peripheral facial nerve paresis or paralysis is 
a hallmark of AGel amyloidosis, starting from the upper branch and affecting 
usually motor nerves, with abnormal taste sensation being atypical  (Kiuru, 
1992; Pihlamaa et al., 2016). Facial myokymia is the first sign of nerve 
damage, diminishing as the nerve damage progresses  (Kiuru, 1992). 
Together with hypoglossal nerve involvement, facial nerve paresis 
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complicates oral functions, such as eating and speaking, mimicking 
somewhat bulbar amyotrophic lateral sclerosis (ALS), as in three Czech AGel 
amyloidosis sisters who were first misdiagnosed with ALS  (de la Chapelle et 
al., 1992; Klaus et al., 1959). Lagophthalmos also promotes eye dryness. Lack 
of expression together with cutis laxa and sometimes muscle atrophy causes 
a mask-like impression, affecting social encounters. The facial nerve is most 
strikingly affected, but also trigeminal nerve involvement is commonly seen 
(Kiuru, 1992; Pihlamaa et al., 2016).  It contributes to eye dryness due to 
reduced corneal sensitivity and attenuated blink reflex, as well as oral 
functions together with hypoglossal nerve involvement, manifesting as 
tongue furring, atrophy, and fasciculations. Impaired hearing is commonly 
reported by patients, and abnormal tune fork tests have been observed in 
addition to individual abnormal audiograms  (Hornigold et al., 2006; Kiuru, 
1992; Luttmann et al., 2010; Makioka et al., 2010; Meretoja, 1973; Pihlamaa 
et al., 2016; Shoja et al., 2009). Signs of oculomotor dysfunction were 
observed in two-thirds of patients in one clinical study  (Pihlamaa et al., 
2016). Findings and symptoms of other cranial nerves are less often 
reported, but generally cranial neuropathy is widespread and progresses with 
age (Kiuru, 1992; Pihlamaa et al., 2016).   

Peripheral neuropathy is primarily sensory (Kiuru, 1992).  Numbness, 
paresthesias, and loss of vibration sense are typical symptoms (Kiuru et al., 
1999; Kiuru, 1992; Pihlamaa et al., 2016). Tendon reflexes might be weak 
and later totally absent (Kiuru, 1992; Meretoja & Teppo, 1971). Fine motor 
skills may be compromised  (Kiuru, 1992). Usually, peripheral neuropathy is 
relatively mild, but in rare cases it might be severe  (Tanskanen et al., 2007). 
Carpal tunnel syndrome is also frequently reported  (Boysen et al., 1979; 
Chastan et al., 2006; Darras et al., 1986; Kiuru & Seppalainen, 1994; Kiuru et 
al., 1994; Makioka et al., 2010; Stewart et al., 2000).  Orthostatic 
hypotension and decrease in heart rate variation represent mild autonomic 
nervous system involvement  (Kiuru et al., 1994). Cardiac I-123–labeled 
metaiodobenzylguanidine (MIBG) myocardial scintigraphy has revealed 
cardiac sympathetic denervation to potentially have a role in conduction 
disorders, sometimes seen in AGel amyloidosis (Chastan et al., 2006). 

Clinical signs of central nervous system are rare. One case of severe 
peripheral nerve damage together with posterior column degeneration 
resulted in difficult sensory ataxia, eventually causing death (Tanskanen et 
al., 2007). Visuoconstructive and spatial problems were associated with AGel 
amyloidosis in a controlled neuropsychological study, which also showed 
depression to be more prevalent among patients with AGel amyloidosis  
(Kantanen et al., 2014).   

 

The amount of amyloid accumulation in skin correlates with disease severity  
(Pihlamaa, Suominen et al., 2016). Amyloid deposits are found in the 
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epidermal basement membrane and in basal laminae or basement 
membrane of eccrine sweat glands, sebaceous glands, and hair follicles as 
well as around smooth muscle cells, subcutaneous fat cells, blood vessel 
walls, and nerve perineuria  (Haltia et al., 1990; Ikeda et al., 2007; Kiuru, 
1992; Kiuru-Enari et al., 2005; Maury et al., 2000; Meretoja & Teppo, 1971; 
Pihlamaa et al., 2016; Purcell et al., 1983). Additionally, amyloid 
accumulation is typical alongside elastic fibers, which are fragmented and 
diminished  (Kiuru-Enari et al., 2005; Koskelainen et al., 2020). Elastin, a 
component of the elastic fibers, is partly or entirely lost  (Koskelainen et al., 
2020). In addition to amyloid deposition, epidermal atrophy and loss of 
dermal appendages (eccrine sweat and sebaceous glands and hair follicles) 
are observed  (Kiuru-Enari et al., 2005). 

Cutis laxa, non-elastic and loosely hanging skin, is a characteristic feature 
of AGel amyloidosis  (Kiuru, 1992; Kiuru-Enari et al., 2005; Meretoja, 1973). 
Blepharochalasis and scalp and forehead laxity are commonly the first signs, 
followed by the involvement of other parts of the face and ears, as well as the 
back, hands, elbows, and knees in more advanced stage of the disease  
(Kiuru, 1992; Kiuru-Enari et al., 2005; Kiuru-Enari & Haltia, 2013; Meretoja, 
1973). Cutis laxa contributes to restriction of the visual field, predisposes to 
eye dryness and subsequent corneal ulcers, and affects oral functions. The 
effect on facial appearance, an impression of early aging and lack of 
expression  (Pihlamaa et al., 2011), is marked and may understandably cause 
depression or worsened quality of life (Kantanen et al., 2014; Laine et al., 
2010; Rintala et al., 1988). Treatment by plastic surgery, most commonly a 
forehead lift, can be helpful but due to disease progression reoperations are 
often needed (Pihlamaa et al., 2011). In addition to cutis laxa, skin is typically 
dry, itchy, and atrophied. Thinning and/or loss of body hair is observed, and 
the skin is susceptible to bleeding and bruises even after minor trauma  
(Kiuru, 1992; Kiuru-Enari et al., 2005). Lichen amyloidosis has been 
reported in a handful of patients  (Ikeda et al., 2007; Meretoja, 1973). 

 

Cardiac deposits of gelsolin-derived amyloid have been found in the peri-, 
myo-, and endocardium as well as in cardiac vessels  (Kiuru et al., 1994; 
Maury & Baumann, 1990; Meretoja & Teppo, 1971; Meretoja, 1973; Schmidt 
et al., 2019). In one case, the coronary artery was almost occluded by amyloid 
deposits (Meretoja, 1973). In the largest histopathological study containing 
25 cardiac tissue specimens of autopsied patients, small amyloid depositions 
were present in every patient in both cardiac parenchyma and vessels. In the 
myocardium, amyloid colocalized with fibrosis  (Schmidt et al., 2019).  

Despite the amyloid accumulation in the heart, clinically significant 
cardiac amyloidosis presenting with heart failure seems to be rare. Even 
though Meretoja concluded that cardiac failure is part of the disease 
(Meretoja, 1973), later studies do not support this conclusion. Patients do not 
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generally present with clinical signs and symptoms of heart failure, and 
echocardiographic findings regarding cardiac amyloidosis are unusual at 
least in patients aged up to 74 years (Kiuru et al., 1994). Cardiovascular 
diseases also do not represent a more common cause of death  (Schmidt et 
al., 2016). However, an individual case report of cardiac transplantation has 
been published. The patient presented with severe heart failure and had a 
cardiac pacemaker due to complete atrioventricular heart block  (Fernandez 
et al., 1997).     

Several studies, mostly case reports, have observed 1st,  2nd, or 3rd degree 
atrioventricular and intraventricular conduction defects as well as atrial 
fibrillation and one sick sinus syndrome in AGel amyloidosis patients, 
sometimes requiring cardiac pacemakers  (Alabdali et al., 2015b; Caress et 
al., 2017; Chastan et al., 2006; de la Chapelle et al., 1992; Fernandez et al., 
1997; Kiuru et al., 1994; Meretoja, 1973; Purcell et al., 1983; Sack et al., 1981; 
Stewart et al., 2000). Cardiac MIBG scintigraphy revealed cardiac 
sympathetic denervation in two patients who also had conduction defects  
(Chastan et al., 2006). Alongside conduction defects, valvulopathies  (Cabral-
Macias et al., 2020; Chastan et al., 2006; Kiuru et al., 1994; Steiner et al., 
1995) have been occasionally detected, and the self-reported prevalence of 
heart valve diseases was higher than in healthy relatives  (Laine et al., 2010). 

 

Renal amyloid accumulation is commonly seen in patients harboring the 
c.640G>A mutation. Mainly the glomerular amyloid burden is clearly greater 
in homozygotes  (Ardalan et al., 2007; Maury et al., 1992; Meretoja, 1973) 
but to a lesser extent is found also in heterozygotes  (Fernandez et al., 1997; 
Haltia et al., 1990; Makishita et al., 1996; Maury et al., 1990; Yamanaka et 
al., 2013; Zhang et al., 2021). Usually, clinical renal involvement is mild and 
limited mainly to transient proteinuria  (Fernandez et al., 1997; Kiuru, 1992; 
Meretoja, 1973; Zhang et al., 2021), seen in 49% of 72 heterozygous patients 
aged >40 years  (Meretoja, 1973). By contrast, homozygous patients develop 
life-threatening renal amyloidosis manifesting as proteinuria already in the 
2nd decade of life, followed by nephrotic syndrome and progressive kidney 
failure. ESRD is typically reached around the age of 30 years (Meretoja, 
1973). However, the clinical presentation varies, and nephrotic syndrome or 
nephrotic range proteinuria and even death due to ESRD  (Boni et al., 2018; 
Rowczenio, D. et al., 2014) have been observed in individual cases also in 
heterozygous patients  (Steiner et al., 1995; Yamanaka et al., 2013).   

The underlying mutation may, however, have a role in kidney 
involvement. Patients harboring mutation c.633C>A or c.580G>A have thus 
far been reported to have isolated kidney disease. On the other hand, to my 
knowledge, there are no publications regarding renal manifestations in 
variants other than c.633C>A and c.580G>A and c.640G>A. 
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Amyloid myopathy 

Skeletal muscle amyloid deposition is a constant feature in AGel amyloidosis  
(Kiuru, 1992; Kiuru-Enari et al., 2002; Rintala et al., 1988). Peri- and 
endomysial AGel deposits, sometimes encircling muscle cells, and in older 
patients minor myopathic changes (internal nuclei, targetoid/ring fibers, and 
hypertrophied fibers) are seen in AGel amyloidosis in addition to vascular 
deposits  (Kiuru-Enari et al., 2002; Tanskanen et al., 2007).  Occasionally 
seen limb muscle atrophy and weakness as well as more common 
macroglossia and dysphagia probably have a neurogenic etiology, but 
primary muscle involvement might be a contributing factor  (Kiuru, 1992; 
Kiuru-Enari et al., 2002; Tanskanen et al., 2007).  
 

 

Amyloid angiopathy 

Amyloidotic vessel wall involvement is observed in almost every organ but 
focuses mainly on smaller arteries, arterioles, and capillaries (Kiuru et al., 
1994; Kiuru-Enari et al., 2002; Meretoja & Teppo, 1971). Prominent 
pathology of the arterial wall, including collagen derangement, elastolysis, 
and AGel deposition together with vascular smooth muscle cell 
reorganization probably result in more fragile arteries with abnormal 
mechanical features and vascular permeability  (Koskelainen et al., 2016). 
The susceptibility to bruising and increased pre- and postoperative bleeding 
in AGel amyloidosis patients  (Kiuru et al., 2000; Kiuru-Enari et al., 2005; 
Pihlamaa et al., 2011) is probably due to generalized amyloid angiopathy, 
together with altered platelet activation  (Kiuru et al., 2000).,  
 

Pharyngo-oro-dental problems 

Oral dryness is seen in the majority of patients  (Juusela, P. et al., 2013), and, 
together with eye dryness, these sicca symptoms may lead the clinician to 
consider Sjögren's syndrome (Juusela, P. et al., 2009). Amyloid deposits in 
salivary glands and facial nerve pathology probably contributes to oral 
dryness. Xerostomia interferes with, for instance, speaking, eating, and 
sleeping and predisposes to caries and oral candidiasis  (Juusela et al., 2013). 
Risk of periodontitis has been suggested as well (Juusela, P. L. et al., 2015). 
Obstructive sleep apnea may be related to AGel amyloidosis, considering the 
hypertrophy and abnormal laxity of pharyngeal soft tissues and tongue in 
addition to neurogenic tongue and pharyngeal dysfunction  (Kiuru et al., 
1999; Shoja et al., 2009).  
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The natural course of AGel amyloidosis is slow, causing severe disease 
burden mostly later in life  (Kiuru-Enari & Haltia, 2013). In a clinical study of 
30 patients, most of the patients were in good health in the 7th decade (Kiuru, 
1992). However, the severity of the disease is variable for unknown reasons  
(Kiuru-Enari & Haltia, 2013). Meretoja suggested mortality of AGel 
amyloidosis patients to be somewhat increased  (Meretoja, 1973), but, 
according to recent reports, it seems that the life span is not shortened  
(Schmidt et al., 2020; Schmidt et al., 2016). Fertility is not affected in AGel 
amyloidosis (Meretoja, 1973). 

In heterozygous patients, the disease manifests usually at the age of 25-30 
years with CLA (Kiuru, 1992; Meretoja, 1973). Facial nerve paresis becomes 
clinically significant usually in the 4th or 5th decade, but subclinical 
involvement is seen already earlier in electromyoneurography  (Kiuru & 
Seppalainen, 1994; Kiuru, 1992; Kiuru, 1998; Kiuru-Enari et al., 2005). 
Polyneuropathy and cutis laxa appear most commonly in the 5th decade  
(Kiuru & Seppalainen, 1994; Kiuru, 1992; Kiuru-Enari et al., 2005). On the 
contrary, CLD, facial nerve paresis, and proteinuria may be seen already in 
the 2nd decade, and progression of the disease is rapid in homozygous 
patients. Life-threatening ESRD, seen around the age of 30 years  (Ardalan 
et al., 2007; Maury et al., 1992; Meretoja, 1973), may lead to early death  
(Maury et al., 1992; Meretoja, 1973).  

Demonstration of CLD along with typical symptoms of peripheral facial 
paresis and cutis laxa constitute the clinical diagnosis (Kiuru-Enari & Haltia, 
2013; Meretoja, 1973). Positive family history is usually involved in 
diagnostics, reinforcing the clinical suspicion. The diagnosis can be 
confirmed by histopathological examination (Congo red staining and 
amyloid typing) of biopsies obtained from, for example, the skin, muscle, 
rectum, or subcutaneous abdominal fat tissue (Kiuru, 1992). Nowadays, 
genetic testing is readily available, and demonstration of the underlying 
mutation confirms the diagnosis  (Paunio et al., 1992), although 
demonstration of typical clinical findings and positive family history are 
considered diagnostic and DNA verification is not necessarily needed.  

So far, there is no curative or disease-modifying treatment available for AGel 
amyloidosis. Symptomatic treatment is, however, important in improving 
the quality of life. Regular use of lubricating eye drops is essential, and 
patients should be followed up by an ophthalmologist due to a variety of 
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ocular manifestations, some of which may go unnoticed due to reduced 
corneal sensitivity. Intraocular pressure control is important as well  
(Carrwik & Stenevi, 2009). Corneal transplantation may improve vision but 
due to amyloid deposition in the graft, relatively poor graft survival, and 
visual outcome, the treatment should be offered only to carefully selected 
patients  (Mattila et al., 2015).  

Plastic surgery (Pihlamaa et al., 2011) may provide substantial aid to 
facial laxity and the social and esthetic handicap caused by a bloodhound-
like facial appearance, improving also eating, drooling, and speech problems  
(Pihlamaa et al., 2016; Rintala et al., 1988; Starck et al., 1991). Re-operations 
are often required because of the progressive nature of the disease. Eyelid 
surgery may be needed to expand limited visual fields due to drooping 
eyelids or correcting ectropion and further reducing the evaporation surface 
and eye dryness. Dialysis or kidney transplant is usually needed in 
homozygous patients  (Ardalan et al., 2007; Maury et al., 1992). In one case, 
the function of the allograft was stable after a 6-year follow-up and no 
proteinuria was observed  (Shoja et al., 2009). One heart transplant 
performed in an AGel amyloidosis patient has been reported (Fernandez et 
al., 1997). The comprehensive care should also consider treatment of possible 
carpal tunnel syndrome and obstructive sleep apnea, not forgetting good 
dental care, oral lubricants, and regular follow-up by a dentist  (Juusela et 
al., 2013). 

Several strategies are possible in the specific treatment of AGel 
amyloidosis. Inhibition of furin would prevent the formation of C68 and 
further amyloidogenic fragments, but since furin has an important role as an 
endoprotease, activating many proprotein substrates  (Thomas, 2002), it is 
likely that side effects would appear  (Page et al., 2005). MMP inhibitors 
would also aim to inhibit the formation of amyloidogenic fragments. 
Hypothetically, ECM mimetics would reduce the accelerating effect of ECM on 
amyloidogenesis  (Page et al., 2005), but they seem not to be effective in 
AGel amyloidosis in vitro  (Solomon et al., 2011; Suk et al., 2006). One of the 
most promising therapeutic innovations are different nanobodies that bind 
in the specific site of the gelsolin variant molecule. Nanobody (Nb) 11 has 
been shown to protect against cleavage for furin  (Giorgino et al., 2019; Van 
Overbeke et al., 2015; Zorgati et al., 2019) in vitro as well in a mouse model 
and has shown its potential also in different gelsolin variants (D187N, G167R 
and N184K)  (Giorgino et al., 2019). Nb 1-3 protected C68 proteolysis by 
MTP1-MMP both in vitro and in the mouse model  (Van Overbeke et al., 
2014). A bispecific nanobody, combining the two nanobodies, showed 
promising results in the mouse model  (Verhelle et al., 2017).  
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Sex differences in amyloid diseases seem to be a relatively unexplored field, 
with limited literature concerning only some amyloid diseases. For instance, 
in hereditary cerebral hemorrhage with amyloidosis – Dutch type, a cerebral 
amyloid angiopathy caused by a point mutation in Aβ precursor protein 
gene, the mortality rate of women was 1.7-fold higher than that of men 
(Bornebroek et al., 1997). In Alzheimer’s disease, cognitive decline and brain 
atrophy are more profound among women in more advanced stages of the 
disease  (Ferretti et al., 2018). Isolated atrial amyloidosis is encountered 
mostly in elderly women  (Steiner., 1987). 

Sex differences have been examined most thoroughly in ATTR 
amyloidosis, and probably the clearest difference is in ATTRwt amyloidosis, 
affecting mostly older men. A prevalence of 2-19% for women has been 
reported  (Gonzalez-Lopez et al., 2017a). There are suggestions that women 
have later onset and milder phenotype than men. However, reports on sex 
differences according to disease phenotype are conflicting, some suggesting 
later onset and more benign clinical presentation and others finding the 
phenotypes to be similar  (Bruno et al., 2021; Gonzalez-Lopez et al., 2017; 
Kristen et al., 2015).  

Concerning ATTRv amyloidosis, no general conclusions on differences 
between the sexes can be drawn due to different mutations and geographic 
locations. In a study involving a variety of mutations, the male-to-female 
ratio was approximately 60:40 and female gender seemed to be a protective 
factor against cardiac involvement until menopause  (Rapezzi et al., 2008). 
The age of onset in female Val122Ile variants was higher and clinical course 
was suggested to be less severe (Batra et al., 2021) than in men. Also, among 
Portuguese ATTRv patients, women had higher age of onset than men (Sousa 
et al., 1995). Two studies involving Swedish Val30Met patients showed both 
male preponderance and more severe cardiac involvement in men  
(Arvidsson et al., 2015; Hornsten et al., 2010). In Japanese non-endemic 
Val30met late-onset patients, the male-to-female ratio was 10:1 and women 
were more often asymptomatic carriers  (Misu et al., 1999). No sex 
differences in age of onset, age of death, or disease duration were found in 
Val30Met patients on the Balearic Islands  (Munar-Ques et al., 2005).  

The management of amyloid diseases focuses generally on the following 
strategies: 
 
Suppression of precursor protein synthesis 
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By transplantation of the organ producing the precursor protein, the main 
source of precursor proteins and further amyloid is removed. For instance, 
liver transplantation is used in ATTRv and AFib amyloidoses  (Carvalho et 
al., 2015; Stangou et al., 2010b). In AFib amyloidosis, liver transplantation is 
potentially curative, but in ATTRv amyloidosis the disease may progress 
because of amyloidogenic wild-type TTR depositions, probably because of 
the already existing amyloid fibrils  (Carvalho et al., 2015). In AL 
amyloidosis, ASCT combined with chemotherapy targets the plasma cells 
producing amyloidogenic light chains. Unfortunately, only a limited number 
of patients are eligible for this treatment  (Gertz, M. A. & Dispenzieri, 2020). 
In AA amyloidosis, the high concentration of serum amyloid A protein, a 
requirement for amyloidogenesis, is suppressed by treating the underlying 
condition. Gene silencers, antisense oligonucleotides, and small interfering 
RNA reduce the serum TTR levels, thus slowing the progression of ATTR 
amyloidosis (Gertz & Dispenzieri, 2020). Finally, antigen-binding 
nanobodies represent a novel strategy to prevent the formation of precursor 
proteins.  
 

Stabilization of the precursor protein 

Stabilizing the precursor protein prevents crucial steps in amyloidogenesis. 
Tafamidis is an effective and approved therapeutic in ATTR amyloidosis, 
inhibiting dissociation of the tetrameric TTR, thus preventing the initiating 
step of amyloidogenesis  (Maurer et al., 2018). Another stabilizer, AG10, is 
currently under investigation and a phase III clinical trial is ongoing 
(NCT03860935). Diflunisal is an non-steroidal anti-inflammatory drug, 
shown to stabilize ATTR in vitro, but it has problematic adverse effects  
(Dohrn et al., 2021; Maurer et al., 2018).  
 

Clearance of amyloid deposition 

Currently, there are no approved therapeutic agents able to remove amyloid 
depositions. Anti-SAP monoclonal antibody targets the SAP found in 
amyloid deposits independent of precursor protein. Complete clearance of 
amyloid and restoration of tissue architecture were seen in a mouse model  
(Bodin et al., 2010), and promising results were obtained in a phase I clinical 
trial  (Richards et al., 2015). However, the phase II trial (NCT03044353), 
including patients with cardiac involvement, was prematurely terminated 
because of an unfavorable risk/benefit profile. PRX004 is an antibody 
targeting non-native transthyretin aggregates, being currently under 
investigation (NCT03336580), as is the combination of doxicycline and 
tauroursodeoxycholic acid. The latter molecules synergistically disrupted 
ATTR fibrils in a mouse model  (Cardoso et al., 2010), but the results in 
phase II studies have been variable and adverse effects have emerged 
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(Garcia-Pavia et al., 2021). A phase III clinical trial is ongoing 
(NCT03481972). 
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I) To explore the genetic background of the disease and determine whether 

all Finnish patients share a common ancestor. 

II) To create a national gelsolin amyloidosis patient registry in Finland to 

characterize the clinical features and natural course of the disease. 

III) To investigate whether sex-related differences exist in the clinical 

features or natural course of the disease. 

IV) To evaluate cardiac manifestations in gelsolin amyloidosis. 

V) To assess otologic manifestations in gelsolin amyloidosis. 
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A questionnaire regarding known and suspected features of AGel 
amyloidosis and the year of their onset was designed. In addition, medical 
conditions, medications, operations, and genealogical information were 
inquired. The questionnaire was sent by the Finnish Amyloidosis Association 
(SAMY, a total of 228 members in 2013) to all its members with AGel 
amyloidosis. Patients participating in the study were requested to contact 
their relatives who were not members of SAMY and were known to have 
AGel amyloidosis. If medical records were available, relevant information 
was added to the registry (about 20% of patients). Additionally, 16 deceased 
patients who had taken part in previous AGel amyloidosis studies of the 
research group were included in the registry. Medical records were available 
for all deceased patients. To complement the data and improve accuracy, 184 
of 211 living patients (87%) were also contacted by phone after the 
questionnaire had been returned. Information was gathered between 
October 2013 and August 2014. 

IBM SPSS v. 19.0 (SPSS, Inc., an IBM company, New York, NY, USA) was 
utilized for the analyses. Frequencies and the median age of onset of 
symptoms or signs were computed. Normality was tested and evaluated for 
continuous variables, and the Mann-Whitney U test was used for univariate 
analyses. Fisher’s exact test was used in the comparison of dichotomous 
variables. The cumulative prevalence of symptoms according to the patient’s 
age at time of onset (based on data from patients with the symptom of 
interest) was outlined. Age-dependent proportions between the sexes were 
compared using the Log Rank (Mantel–Cox) test. 
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Genealogical information was obtained from the questionnaire sent to 
patients in the FIN-GAR. Some patients also submitted thorough genealogies 
alongside the questionnaire. Interview by telephone provided more accurate 
information on ancestors, relatives, and geographic origin of the family. In 
addition, our research group was in possession of genealogic data from 
previous studies. Civil and parish registers were utilized to complement the 
data. Finally, based on all available information from different sources, 
nuclear families were identified by classical genealogy. From each nuclear 
family having at least one patient in the FIN-GAR, one or two index patients 
were chosen. A blood sample was obtained from these index patients. Figure 
2 illustrates the index patient selection process. 

DNA was isolated from white blood cells using the standard procedure of the 
Wizard® Genomic DNA Purification kit. White blood cells and their nuclei 
were lysed and after protein precipitation, DNA was precipitated and 
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rehydrated. After measuring the purity and concentration, the samples were 
titrated to a concentration of 50 ng/μl. The CoreExome single-nucleotide 
polymorphism (SNP) arrays and GenomeStudio v. 2011.1 software (Illumina, 
Inc., San Diego, CA, USA) were used in genotyping of the samples. Quality 
control for identity by descent and sex to remove duplicates was performed 
using PLINK software  (Purcell, S. et al., 2007). The gelsolin gene variant site 
(rs121909715, GRCh37 chr9:g.124073097G>A) was sequenced by Sanger 
sequencing in 33 patients in whom the c.640G>A mutation had not been 
previously verified. The following primers were used for generating the 
amplicon: 5 -CACTGTGTTGCTGGAAAGCC-3  and 5 -
CGTGGATGTACCCAAGTCCC-3 . 

 

The homozygosity haplotype method was used in analyzing patients’ 
haplotypes  (Miyazawa et al., 2007). Minor allele frequency of at least 10% 
within the genotyped patient samples and a genotyping rate of 95% or more 
were included in the analysis. Two different methods were used to confirm 
that the shared haplotype at the gelsolin gene locus associated with the 
mutation c.640G>A did not occur by chance. Firstly, 10 000 random 
permutations of the SNP array marker labels and an identical homozygosity 
haplotype analysis for each such permutation of the data were performed. 
Secondly, an equal sample size (n=68) was randomly drawn 10 000 times 
from a larger population-based cohort of elderly Finns (Vantaa 85+ years, 
n=300)  (Tanskanen et al., 2017), and the gelsolin locus haplotype sharing 
was studied with the same marker set and methodology.  

The focus of Study IV was to describe the relationship between ECG findings 
and cardiac magnetic resonance (CMR) findings. In total, 51 patients aged 
≤50 years were chosen from the FIN-GAR. Exclusion criteria were an 
implanted cardiac pacemaker, claustrophobia, and metal instruments in the 
body that could interfere with CMR. The diagnosis was genetically verified 
for all patients. Clinical cardiovascular examination and patient interviews 
regarding general health status, cardiac events and symptoms, medications, 
and family history of cardiac pacemakers were performed by the same 
physician (Tuuli Mustonen). Survival status and clinical history were 
obtained from the medical records and/or by telephone contact in October 
2020, three years after the initial investigations.  
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ECGs were measured and analyzed by an experienced physician (Arttu 
Holkeri). A low QRS voltage was defined as QRS amplitude 0.5 mV in all 
limb leads or 1.0 mV in all pre-cordial leads. Poor R wave progression was 
defined as R wave amplitude 3.0 mm in V3 and RV2 RV3 and no left bundle 
branch block (LBBB) or left ventricular hypertrophy (LVH) present. Pseudo-
infarction pattern was defined as pathological Q-waves in two contiguous 
leads and no LBBB or LVH  (Thygesen et al., 2012). LVH on ECG was 
assessed using the Sokolow–Lyon and Cornell voltage criteria. The American 
Heart Association’s recommendations were used for the interpretation of 
intraventricular conduction disturbances  (Surawicz et al., 2009). First-
degree atrioventricular (AV) block was defined as PR interval >200 ms.  

The structure and function of the heart were studied using CMR with cine 
imaging and late gadolinium enhancement (LGE) assessment. Anatomical 
LVH was defined as left ventricular wall thickness >12 mm, and severe LVH 
as wall thickness ≥15 mm. CMR methods and results have been described in 
detail previously (Lehmonen et al., 2019). 

AGel amyloidosis patients aged between 50 and 66 years in the FIN-GAR 
were invited by mail or informing of the current study at the annual patient 
organization meeting (SAMY). In January 2021, patients were interviewed 
regarding AGel amyloidosis symptoms and hearing problems. Clinical 
examination was performed by the same physician (Tuuli Mustonen) and 
included pneumatic otoscopy, tuning fork tests, and thorough clinical 
examination of cranial nerves. A 48-item Speech, Spatial and Qualities of 
Hearing Scale (SSQ)  (Gatehouse & Noble, 2004) questionnaire in Finnish to 
self-describe hearing-related difficulties was completed.  

Pure-tone thresholds were determined using the Automated Method for 
Testing Auditory Sensitivity (AMTAS) operated by Tuuli Mustonen. The 
method provides equivalent thresholds with manual audiometry in air-
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conduction testing  (Margolis et al., 2010). Air-conduction thresholds were 
obtained on every octave between 250 Hz and 8 kHz with a RadioEar DD450 
circumaural headset. If needed, bone-conduction thresholds were obtained 
between 500 Hz and 4 kHz with a RadioEar B81 bone conductor placed on 
the forehead under an elastic AMBAND headband. Masking noise was used 
on the non-test ear. AMTAS was run with a GSI AudioStar Pro clinical 
audiometer (Grason-Stadler, Eden Prairie, MN, USA). The obtained hearing 
thresholds at each frequency as well as pure tone averages (the average of the 
hearing thresholds at 0.5, 1, 2, and 4 kHz) were compared with sex- and age-
matched reference values based on the ISO 7029 (2017) standard  (Acoustics, 
2017). Reference values were generated for every fifth percentile, resulting in 
21 age- and sex-matched audiograms, which were then compared with the 
audiograms obtained for the AGel amyloidosis patients with the Mann-
Whitney U test. The Bonferroni method was used to adjust for multiple 
comparisons.  

Speech reception thresholds (SRT) in noise were measured for both ears 
separately with the Finnish matrix sentence test (FMST) (Dietz et al., 2014) 
using the Oldenburg Measurement Applications version 1.3 software 
(HörTech gGmbH, Oldenburg, Germany). The software was run on a laptop 
PC connected to an external RME Fireface 802 audio interface and 
circumaural Sennheiser HDA200 headphones. The familiarization phase 
included familiarization with the word matrix in writing. This was followed 
by 20 five-word sentences chosen pseudorandomly from the word matrix 
with the speech presented at 75 dB and the noise at 65 dB SPL (i.e. fixed ten 
dB signal-to-noise ratio, SNR). Next, 20 sentences were presented with 
varying speech level and fixed 65 dB SPL noise level (i.e. adaptive signal-to-
noise ratio). This adaptive procedure resulted in SRT, defined by the SNR at 
which 50% of the words in the sentence are correctly understood. The 
obtained SRTs were then compared with a control group of non-AGel 
amyloidosis patients with a comparable range in pure tone average (PTA) 
thresholds. After a logarithmic transformation on the data, a linear 
regression model was applied between PTA and SRT. Equality of the slopes 
and the intercepts between the two linear regression models were tested 
using the F-test. 

The audiologic profile (SSQ, PTAs, SRTs) between patients reporting 
hearing difficulties and patients reporting normal hearing was compared by 
applying a multivariate analysis of variance (MANOVA). A univariate 
analysis of variance (ANOVA) with Bonferroni correction for multiple tests 
was then applied separately to each dependent variable.   

Studies I-V were approved by the Ethics Committee of Helsinki University 
Hospital. All patients included in the studies signed an informed consent. In 
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clinical Studies IV and V, the participating patients were informed of their 
personal results, and, when necessary, patients were referred to a healthcare 
unit for further investigations. 
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Genealogical research resulted in the identification of 79 AGel amyloidosis 
families, including 707 verified or suspected patients. The earliest ancestors
were born in the 1820s. One example of a family from the Kivennapa 
municipality is presented in Figure 3. A strong clustering of the identified 
nuclear families was seen in the Kymenlaakso region (37% of the families 
identified) and in Lammi (13% of the families identified). Interestingly, 11% 
of the families originated from Karelian Isthmus (Figure 4). 
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SNP array data were available from 68 index patients, representing 62 
families (78%). All of the studied index patients had the same c.640G>A 
mutation. Also, all patients shared a common 17-SNP-marker haplotype that 
was 361 kb in length (GRCh37 coordinates 9:124003326–124364349) in 
chromosome 9 (Figure 5). After excluding one index patient, the shared 
common haplotype increased to 1290 kb in length and included 55 SNP 
markers (Table 4). The likelihood of the result occurring by chance was very 
slim. Firstly, when permutating the marker data there was zero occurrence of 
the result in 10 000 simulated permutations of the data. Secondly, using a 
population-based sample of elderly Finns (Vantaa 85+ years, n=300) and the 
same methodology and markers, the same number of samples (n=68) was 
drawn randomly 10 000 times, resulting in no shared haplotypes in any of 
the random samplings. This result indicates that all nuclear families in the 
study have a common ancestor. 
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A total of 227 patients were entered in the FIN-GAR. The first symptom was 
reported to be ophthalmological in 167 patients (73.6%), at the mean age of 
39 years. The first symptom was neurological in 28 patients (12.3%) and 
dermatological in 25 patients (11.0%), reported at the mean age of 42 and 44 
years, respectively. The development of some of the characteristic symptoms 
is shown in Figure 6.  Usually, the first manifestation was CLA, which was 
reported by the patients at the median age of 42 years. CLA was followed by 
other symptoms during the sixth and to a lesser extent the seventh decade 
(Table 5). The different symptoms and signs and their frequencies are 
presented in Table 6.  

Eyelid operation had been performed on 115 patients (68.5%), facial 
plastic surgery on 96 patients (44.9%), and carpal tunnel surgery on 55 
patients (24.2%). Cardiac pacemaker had been implanted in 9 patients 
(4.0%), and renal transplantation surgery had been performed on 5 patients 
(2.2%).  
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In total, 156 women (68.7%) and 71 men (31.3%) were enrolled in the FIN-
GAR. Women reported first symptoms to appear four years earlier (median 
age of 39 years vs. 43 years) than men (Figure 7) which was statistically 
significant (p=0.01). Women were diagnosed earlier, at a median age of 39 
years versus men at 43 years (p = 0.053). The initial symptom was more 
often ophthalmological (81.6% vs. 61.4%) but less often cutaneous (6.6% vs.
21.4%) or neurological (11.2% vs. 15.7%) in women than in men.

Table 7 shows the median age of appearance of common AGel amyloidosis 
symptoms or signs in both sexes. CLA developed eight years earlier in 
women (41 years vs. 49 years, p=0.011). Corneal ulcers, impaired vision, and 
glaucoma seemed also to develop earlier in women, but the difference was 
not significant. The prevalence of symptoms and signs according to sex are 
presented in Table 8. Dry eyes were significantly more common in women 
(98% vs. 89.6%). Premature retirement due to eye manifestations of AGel 
amyloidosis was seen in 19 women (41.3% of women retiring before normal 
retirement age) and 4 men (20% of men retiring before normal retirement 
age).
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A total of 51 patients were evaluated for cardiac manifestations. 
Atrioventricular and/or intraventricular conduction disturbances were found 
in 22 patients (43%). First-degree AV block was found in nine (18%), left 
anterior hemiblock (LAHB) in six (12%), left bundle branch block (LBBB) or 
right bundle branch block (RBBB) in seven (14%), and non-specific 
intraventricular conduction delay (IVCD) in two patients (4%). Two patients 
presented with both first-degree AV block and LAHB. The prevalence of 
conduction disturbances increased with age (Table 9). Low voltage and 
pseudoinfarct pattern were seen in two patients (4%). In the three-year 
follow-up, one pacemaker was implanted, and one patient had died. The 
cause of death was not available.  

≤

First-degree AV block or prolonged QRS duration was found in 45% of 
patients with LGE in CMR versus in 8% of patients without LGE. Of the 
patients having conduction disturbances, LGE was found in 19 (86%) (Table 
10). LGE was present in 8 patients (50%) with normal ECG (n= 16). In total, 
three patients met the criteria for hypertrophic and two for dilatating 
cardiomyopathy based on CMR (Mustonen et al., unpublished results). 
 
 



 60 

 
 

Audiologic assessment was performed for 46 patients. A total of 18 patients 
(39%) reported hearing difficulties. When hearing was self-evaluated with 
the SSQ questionnaire, the mean results were 8.2 for speech, 8.3 for spatial, 
and 8.6 for qualities subscales. In pure tone audiometry, the mean PTA was 
17.1 dB for both ears, with no significant difference between air and bone 
conduction thresholds. No statistical differences were found in PTAs 
(women, p=0.213; men, p=0.054) or hearing thresholds at individual 
frequencies between the patients and the reference values (Figure 8 and 
Table 11).  
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In the Finnish matrix sentence test, the mean SRT was -8.2 dB SNR for the 
right ear and -8.0 dB SNR for the left ear. Compared with a control group 
with a comparable range in PTA, the relationship between SRT and PTA in 
AGel amyloidosis patients was similar. In a linear regression model after a 
logarithmic transformation, no statistical significance was found between the 
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slopes (F(1, 133)=1.321, p=0.253) or the intercepts (F(1, 134)= 3.445 , 
p=0.066) (Figure 9). 

The audiologic profile between patients reporting hearing difficulties and 
patients reporting normal hearing was different in multivariate analysis (F(7, 
35) = 5.294, p < 0.0005; Wilk's Λ = 0.486, partial η2 = 0.514). The effect of 
reported hearing loss was statistically significant in the Speech and Qualities 
subscales of the SSQ but not in the objective hearing measurements. 
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In this thesis, we elucidated the genetic background of AGel amyloidosis by 
showing c.640G>A mutation as well as a uniform haplotype in all 66 Finnish 
nuclear families investigated. Thus, these families descend from a common 
ancestor. By creating a national patient registry, we characterized the natural 
course of the disease and estimated the prevalence of different symptoms. 
We showed minor but noteworthy sex differences in the clinical picture, as 
women seemed to have somewhat earlier onset and more severe eye-related 
problems. Suspected disease-related symptoms and findings, such as cardiac 
conduction defects and subjective hearing impairment, were identified from 
the registry data, and individual studies were designed to explore these 
topics. We observed that conduction defects were relatively common in AGel 
amyloidosis and were associated with septal LGE in CMR. When hearing 
abilities were investigated thoroughly by means of self-reporting as well as 
more objective audiologic measurements, hearing was generally not found to 
be more impaired in AGel amyloidosis than in the general population, 
contradicting previous studies.   

The results of Study I strongly indicate that all Finnish patients share the 
same c.640G>A major mutation and, further, a common ancestor. This 
finding is consistent with previous studies with smaller sample sizes (de la 
Chapelle et al., 1992; Paunio et al., 1995). In most AGel amyloidosis cases 
observed outside Finland, haplotype analyses have not been performed.  
Globally, one kindred from the USA with Scandinavian ancestors shared the 
Finnish haplotype  (Steiner et al., 1995). On the other hand, in Japan, at least 
two different haplotypes have been found  (Taira et al., 2012). One Japanese 
haplotype was noted to be different from the Finnish haplotype (Paunio et 
al., 1995). Thereby, it is likely that all Finnish patients descend from the 
same local ancestor, but on a global scale sporadic mutations have also taken 
place. A similar phenomenon has been seen in ATTRv amyloidosis.  A 
common origin of the mutation is demonstrated for Portuguese and Brazilian 
p.Val30Met variants, yet Swedish p.Val30Met variants have a different 
founder  (Almeida et al., 1995; Zaros et al., 2008). On the other hand, 
haplotype analyses in AFib amyloidosis have so far indicated uniform 
haplotypes regarding the p.Glu545Val mutation in Portuguese and Brazilian 
patients and the p.Glu526Val mutation in Irish, Polish, English, and German 
patients (Gillmore et al., 2000; Tavares et al., 2019).  

Genetic variance in monogenic disorders may have a huge impact on the 
disease phenotype, and thus, on treatment and prognosis. Research on 
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genotype-phenotype correlations has been of great interest in, for instance, 
ATTR amyloidosis, as the phenotype can be cardiac, neurological, or mixed, 
depending on the amyloidogenic mutation  (Rapezzi et al., 2013) in the 
transthyretin gene. In AGel amyloidosis, the triad of ophthalmological, 
neurological, and cutaneous findings is generally reported to be uniform 
regarding the c.640G>A gene variant, but there is still variation in the 
severity of symptoms and in some rarer clinical features such as renal and 
cardiac manifestations  (Kiuru-Enari & Haltia, 2013). The reason for the 
variation of the disease phenotype remains unclear, and several disease-
modifying factors may exist. Different gelsolin variants presumably explain 
at least partly the phenotype differences seen most evidently in c.580G>A 
and c.633C>A variants, both featuring solely renal manifestations according 
to current knowledge  (Efebera et al., 2014; Sethi et al., 2013). In Finland, 
however, this is not the case, as only 640G>A variants have thus far been 
found. 

Dr. Meretoja speculated the common Finnish ancestor to be a man called 
Matti Oravalae from Lammi, living in the 14th or 15th century in South-
Tavastia, who later would have brought the disease to Valkeala, Kymenlaakso 
region  (Meretoja, 1976). The genealogy conducted in our study was 
extensive. The earliest suspected patients were born in the 1820s, but we 
were not able to proceed further with the classical genealogic methods. 
Despite this, clear geographical clusters of the origin of the identified 
families could be seen in the Kymenlaakso region and in Lammi. 
Interestingly, 11% of the families originated from Karelian Isthmus, 
representing the third most common place of origin. Only two families were 
mentioned to originate from Karelia in Meretoja’s studies, but it seems that 
this area can be considered a third geographical cluster of origin.  

The FIN-GAR registry data demonstrate the multifaceted clinical picture of 
AGel amyloidosis, emphasizing the impact on the patient’s quality of life. 
AGel amyloidosis shares many clinical features common to all amyloid 
diseases such as involvement of the heart, kidneys, peripheral nervous 
system, skin, oral cavity, and eyes  (Muchtar et al., 2021). Although AGel 
amyloidosis seems not to shorten lifespan  (Schmidt et al., 2020; Schmidt et 
al., 2016) like many other amyloid diseases, most commonly ATTR and AL 
amyloidoses  (Siddiqi & Ruberg, 2018), the functional and socio-esthetic 
handicap is considerable. This is reflected by the high number of eye and 
facial surgeries, ca. 70% ja 45%, respectively, often required several times 
due to the progressive nature of the disease  (Pihlamaa et al., 2011). 
Compared with the general Finnish population, AGel amyloidosis does not 
generally have a major impact on the age of retirement  (Schmidt et al., 
2020). However, for 23 patients (35%), AGel-related eye problems were the 
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reason for early retirement.  Early retirement in Finland is not granted 
lightly, requiring at least a 60% (or 40% in partial retirement) decrease in 
one’s ability to work. 

Figure 10 summarizes the similarities and differences between AGel 
amyloidosis and other amyloid diseases in general. AGel deposition has been 
demonstrated in a variety of inner organs  (Meretoja & Teppo, 1971; Schmidt 
et al., 2019). However, clinically significant muscle, lung, liver, GI tract, or 
spleen manifestations, typical in other amyloid diseases  (Muchtar et al., 
2021), are uncommon. Instead, CLA gelsolin type, progressive cranial 
neuropathy, and cutis laxa, which are uncommonly seen in other amyloid 
diseases, are characteristic for AGel amyloidosis. 

In addition to the characterization of already known and possible AGel 
amyloidosis-related findings and symptoms, Study II also estimates the 



 66 

frequency of individual symptoms and signs. The most common 
ophthalmological symptoms or findings were dry eyes and CLA, reported by 
over 90% of patients. Facial nerve paresis and polyneuropathy represented 
the most common neurologic manifestations, reported by 70% of patients.  
Drooping eyelids, dry skin, and cutis laxa were reported by 85%, 83%, and 
77% of patients, respectively. Corneal ulcers, myokymia, and abnormal 
bruising were also common, described by more than half of patients. The 
frequency of carpal tunnel syndrome, a typical manifestation in amyloid 
diseases in general  (Muchtar et al., 2021), was remarkably high (37.9%) also 
in AGel amyloidosis. This is ten times as high as the prevalence in the general 
Finnish population, 3.8%, according to the Finnish Health 2000 survey 
(Kaila-Kangas, 2007).  Another distinctive finding was the 4% frequency of 
implanted cardiac pacemakers. In a population-based study in Australia, the 
overall prevalence of cardiac pacemakers in 2009 was 0.47% in adults (aged 
18 years or older) and 2% in the age group over 75 years (Bradshaw et al., 
2014). The high frequency of cardiac pacemakers in registry patients with 
AGel amyloidosis suggests that cardiac conduction disorders are common.  
This is supported by individual case reports of AGel amyloidosis patients 
with cardiac manifestations  (Alabdali et al., 2015; Caress et al., 2017; 
Chastan et al., 2006; de la Chapelle et al., 1992; Fernandez et al., 1997; Kiuru 
et al., 1994; Meretoja, 1973; Purcell et al., 1983; Sack et al., 1981; Stewart et 
al., 2000).  

One of the main purposes of Study II was to define the order and time of 
appearance of different symptoms. Amyloid diseases typically manifest in 
adulthood and, excluding homozygous patients, AGel amyloidosis is not an 
exception. The reason for the relatively late clinical manifestation in amyloid 
diseases is unknown. Loss of protein homeostasis has been proposed, 
meaning that numerous molecules fail to maintain the native conformation 
and correct concentration and location of proteins (Merlini et al., 2018). The 
crucial role of early diagnosis at a pre-symptomatic stage has emerged 
alongside treatment possibilities, most recently regarding disease-modifying 
treatment targeted to hinder or halt the progression of ATTR amyloidosis  
(Garcia-Pavia et al., 2021). Pre-symptomatic diagnosis in AGel amyloidosis 
might be more easily achievable than in some other amyloidoses because of 
the 100% penetrance, dominant inheritance pattern, and pathognomonic 
CLA, usually seen before other symptoms in early adulthood (20-30 years) in 
heterozygous patients (Meretoja, 1973). According to our study, 
heterozygous patients noticed symptoms later, at a mean age of 39 years, 
even though the disease clinically manifests already in the 3rd decade. The 
disease is generally obvious from middle age onwards. Studies II and III 
outline the natural course partly from the patient’s perspective, describing 
also when the disease affects one’s quality of life. 

As in other amyloid diseases, knowledge about possible sex differences in 
the clinical course of AGel amyloidosis is scant, and the subject has not been 
the focus of any previous study. Study III indicated that sex could be one of 
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the disease-modifying factors. Relative to men, women reported first 
symptoms four years earlier and, most significantly, CLA developed eight 
years earlier. Even though the first symptom was ophthalmological in both 
sexes, men reported cutaneous and neurological symptoms more often as 
initial signs of the disease (cutaneous: 21.4% vs. 6.6% and neurological: 
15.7% vs. 11.2%, respectively). The lower median age of diagnosis of AGel 
amyloidosis in women is most likely at least in part explained by the earlier 
reported development of CLA, as it in many cases leads to the initial 
diagnosis.  Early retirement is a more objective indicator of disease severity 
than self-reporting. Of patients retiring early in our sample, the reason for 
early retirement was nearly two times as likely caused by AGel amyloidosis-
related eye problems in women (41%) than in men (21%). Generally, the 
prevalence of different symptoms was higher for women, but differences 
were significant only regarding dry eyes. In summary, women may have 
somewhat earlier disease onset and independently or perhaps due to this 
more severe eye-related problems. Nevertheless, striking sex differences are 
not seen in the general clinical course.  

Another conspicuous finding is the larger proportion of female patients 
repeatedly reported in AGel amyloidosis research, seen also in studies not 
utilizing the FIN-GAR registry for recruitment (Kantanen et al., 2014; Kiuru, 
1992; Kiuru-Enari et al., 2005; Meretoja, 1973; Schmidt et al., 2016). This 
makes it difficult to draw conclusions on sex differences. Gender 
disproportion has been noted in ATTRwt amyloidosis, in which the male 
proportion is estimated to be 86.9%, although the proportion of females 
seems to increase if patients older than 80 years at diagnosis are included 
(Kroi et al., 2021). In 1973, Dr. Meretoja studied sex distribution in AGel 
amyloidosis in his patient series that included 127 women and 80 men. After 
correcting for higher mortality in men and higher number of female 
probands, the sex ratio in AGel amyloidosis corresponded to 1:1  (Meretoja, 
1973).   

Even though AGel amyloidosis belongs to amyloid diseases infiltrating the 
heart  (Kiuru et al., 1994; Maury & Baumann, 1990; Meretoja & Teppo, 1971; 
Schmidt et al., 2019), it has been unclear whether the histologically verified 
tissue deposition causes clinically significant cardiac disease. For instance, in 
a Finnish population-based study of autopsied individuals over 85 years of 
age, ATTRwt deposition in the myocardium was found in 25% (Tanskanen et 
al., 2008), yet clinically manifesting ATTRwt cardiac amyloidosis has thus 
far being extremely rare in Finland. This may reflect incomplete knowledge 
on clinical implications of ATTRwt cardiac deposition, underdiagnosis, or 
likely both.  



 68 

Several factors support the impression that AGel amyloidosis does not 
commonly cause heart failure. Firstly, the life expectancy in AGel 
amyloidosis is not shortened  (Schmidt et al., 2016), which would likely be 
the case if clinically significant CA was prevalent. Secondly, clinical 
examination and ECG findings in Study IV and CMR assessed in the same 
population  (Lehmonen et al., 2019) as well as a previous clinical study on 30 
patients who underwent echocardiogram  (Kiuru, 1992) did not suggest AGel 
amyloidosis-related cardiac insufficiency. Still, especially regarding rarer 
findings, phenotypic variation is seen between individuals  (Kiuru-Enari & 
Haltia, 2013). Based on CMR, three patients met the criteria for hypertrophic 
cardiomyopathy and two for dilatating cardiomyopathy, and they were 
referred to cardiology for additional investigations (Mustonen et al., 
unpublished results). Unfortunately, we have no have further data on these 
patients. Moreover, one cardiac transplantation for an AGel amyloidosis 
patient has been performed due to heart failure  (Fernandez et al., 1997). 
Thus, it seems that amyloid-induced heart failure is not part of the usual 
clinical picture of AGel amyloidosis. 

Study IV indicates that cardiac conduction disorders, both 
atrioventricular and intraventricular, are relatively common in AGel 
amyloidosis. This is supported by several case reports  (Alabdali et al., 2015; 
Caress et al., 2017; Chastan et al., 2006; de la Chapelle et al., 1992; 
Fernandez et al., 1997; Kiuru et al., 1994; Meretoja, 1973; Purcell et al., 1983; 
Sack et al., 1981; Stewart et al., 2000) and the prevalence of cardiac 
pacemakers observed in Study II. First-degree AV block was seen in 18% in 
addition to LAHB, RBBB, and LBBB in 12%, 8%, and 6%, respectively. For 
comparison, in a meta-analysis, first-degree AV block was observed in over 
6% of the general population aged over 60 years (Perlman et al., 1971) and 
the prevalences of LAHB, RBBB, and LBBB have each been 2% in the elderly 
general Finnish population  (Haataja et al., 2013). In our three-year follow-
up, only one of the patients received a cardiac pacemaker, and based on the 
conduction defects observed in Study IV, pacemakers seem to be rarely 
needed. However, considering that pacemaker was one of the exclusion 
criteria in Study IV and pacemakers were relatively common in the FIN-GAR 
registry, follow-up of these patients from middle age onwards may be 
indicated for early detection of conduction defects, requiring a pacemaker 
implantation. 

Conduction disorders are common in cardiac amyloidosis  (Giancaterino 
et al., 2020), often involving the His-Purkinje system, resulting in 
atrioventricular conduction delay. The pathophysiology behind this is not 
fully understood. In addition to amyloid infiltration of the conduction system  
(James, 1966), fibrosis and atrophy  (Ridolfi et al., 1977) as well as cardiac 
sympathetic denervation  (Chastan et al., 2006) could be etiological factors. 
A notable association between conduction disorders and LGE in CMR was 
observed. Unlike typical transmural LGE in ATTR amyloidosis and global 
subendocardial LGE in AL amyloidosis  (Dungu et al., 2014), in AGel 
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amyloidosis LGE concentrates in the interventricular septum and inferior 
parts of the heart  (Lehmonen et al., 2019). This raises the hypothesis that 
the CMR-demonstrated septal pathology somehow interferes with cardiac 
conduction. Verification of this hypothesis requires further research, and no 
conclusion on causality can been drawn based on our results. 

The hypothesis of hearing impairment in AGel amyloidosis is based on the 
known progressing cranial neuropathy as part of its clinical course, in 
addition to clinical observations of vestibulocochlear nerve involvement in 
several AGel amyloidosis studies, mostly case reports  (Hornigold et al., 
2006; Kiuru, 1992; Luttmann et al., 2010; Makioka et al., 2010; Meretoja, 
1969; Pihlamaa et al., 2016; Shoja et al., 2009).  Facial nerve paresis is one of 
the most striking features of the disease, but cranial neuropathy is not solely 
limited to the 7th cranial nerve. Involvement of other cranial nerves, 
especially trigeminal and hypoglossal nerves in the elderly, has been noted in 
clinical studies   (Kiuru, 1992; Pihlamaa et al., 2016). Histologically, amyloid 
deposits have been demonstrated in facial and trigeminal nerves in a 
postmortem study of one AGel patient  (Makishita et al., 1996). It is not 
known why facial and trigeminal nerves are particularly affected; one 
possibility could be the anatomical proximity of these cranial nerves. 
However, cranial neuropathy seems to be widespread in AGel amyloidosis  
(Kiuru, 1992; Pihlamaa et al., 2016), with the possibility of vestibulocochlear 
nerve involvement as well.  

Study V showed that hearing impairment is not a common clinical feature 
of AGel amyloidosis even at an advanced stage of the disease. It remains 
open why ca. 40 patients considered their hearing to be compromised, even 
though pure tone audiometry and speech-in-noise tests revealed no such 
impairment.  Based on the literature to date, otological amyloid involvement 
seems to be extremely rare, presenting mainly as local masses in the external 
ear  (Hosoi et al., 2014; Sethi et al., 2018; Shokri et al., 2018; Wasano et al., 
2014; Wenson et al., 2012) rather than causing neural dysfunction. The 
possibility of audiological involvement in AGel amyloidosis cannot, however, 
be completely dismissed due to the significant phenotype variation between 
individuals and slow progression of the disease. Hypothetically, involvement 
of the vestibulocochlear nerve is clinically evident only at a very advanced 
age, when presbycusis is also common, making it more difficult to isolate the 
effect of AGel. 

Study V highlights the importance of systematic and critical research of 
individual clinical features alongside more general clinical characterization 
of a disease, as in Studies II and III, in rare systemic diseases. As the number 
of AGel amyloidosis patients and the amount of research regarding the 
disease are limited, physicians as well as patients may sometimes incorrectly 
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attribute non-related symptoms to the disease. In addition to identifying 
symptoms caused by the disease, it is important to distinguish which 
symptoms are not related to the disease. This helps to better allocate the use 
of healthcare resources, to support the diagnostic approaches, and, most of 
all, to relieve the mental burden of the disease on patients.  

A limitation shared by all five studies in this thesis is the sample size. To 
draw conclusions, a much larger number of patients is preferable. However, 
the sample size can be considered a strength as well, considering the rarity of 
the disease. Extensively identifying the patients and gathering data on them 
in a patient registry are vital in rare disease research. We roughly estimate 
that our registry sample represents at least one-third of the Finnish AGel 
amyloidosis patients. 

In Study I, the coverage of the AGel families was not 100%. Therefore, it 
cannot be definitely ruled out that some of the Finnish AGel patients would 
not share a common ancestor. However, a 78% coverage of the identified 
families is high and very strongly indicates a common ancestor, based also 
on geographical clusters and previous studies on the subject. The 
homozygosity haplotype method is reliable and additionally two methods, 
described in detail in the Subjects and Methodology section, were used to 
ensure that the result was not a coincidence. 

In Studies II and III, data were based largely on the patient’s self-
reporting, giving rise to obvious inaccuracy of the reported symptoms and 
timelines. The data were in part made more accurate by interviewing in 
detail the patients by phone and extracting data from hospital medical 
records for 20% of the patients. However, due to the slow disease 
progression and the retrospective study design, it is naturally difficult for the 
patients to recall the symptoms and to remember the exact time of onset of 
individual symptoms. Study II roughly estimates the prevalence of different 
symptoms and the natural course of the disease in part from the patient’s 
perspective. Some of the data can, however, be considered very precise such 
as the prevalence of cardiac pacemakers, operations, and exact diagnoses like 
cataract. In Study III, about two-thirds of patients were women, being a 
major limitation for observation of sex differences. However, it is the first 
study focusing on sex differences and had significant differences been 
present, these probably would have emerged also in Study III. 

No matched control group was included in Study IV. When evaluating 
possible cardiac amyloidosis, an echocardiogram and biomarkers (N-
terminal propeptide of brain natriuretic peptide and troponin) would have 
been of great value. The follow-up of 3 years is short, especially considering 
the slow disease progression. LGE in CMR is an unspecific finding and no 
causality between LGE and conduction defects can be determined. It should 
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also be noted that the patients with cardiac pacemakers were excluded, and 
therefore, the true prevalence of conduction defects may be underestimated, 
strengthening the conclusion that conduction defects belong to the clinical 
features of AGel amyloidosis.  

Study V evaluates hearing abilities reliably in patients up to 
approximately 60 years of age. The approach on hearing abilities is 
systematic and the results were similar in every audiologic evaluation 
applied.  Since the disease is progressive in nature, it is, however, possible 
that hearing impairment would be seen only in the late phases of the disease.  

One of the most important goals in AGel amyloidosis research is to identify 
reliable biomarkers to measure disease progression and to enable clinical 
treatment trials in the future. It is important to keep the FIN-GAR registry 
up to date and to expand it, possibly even on an international level. However, 
new data regulation, such as the GDPR and the Finnish Act on the Secondary 
Use of Health and Social Data, while improving data security, privacy, and 
individuals’ data rights, poses novel challenges for patient registries. 
Another future perspective would be to identify still undiscovered factors 
contributing to phenotype variation. Cardiac involvement of the disease 
warrants more research, including also patients with cardiac pacemakers. In 
addition, haplotyping of the patients could be extended to the international 
level to determine whether most of the worldwide AGel amyloidosis kindreds 
have arisen sporadically, indicating that there may be more cases globally to 
be identified than we might expect. 

It is vital to continue research of AGel amyloidosis, with the key objective 
of one day being able to provide effective treatment for patients. 
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Based on Studies I-V, the following conclusions are made:  
 

1) All 62 Finnish AGel amyloidosis families investigated share the same 
c.640G>A mutation and a uniform haplotype, showing that they and 
likely all Finnish AGel amyloidosis patients descend from a common 
ancestor.  
 

2) Patients experience their first symptoms, ophthalmological in most 
cases, on average in their forties, followed by neurological and 
cutaneous symptoms. A variety of symptoms and several surgical 
operations indicate a significant impact on patients’ quality of life.   

 
3) Women seem to have somewhat earlier onset of the disease and more 

severe eye-related problems, however, overall, sex differences are 
minor. 
 

4) Conduction defects are relatively common in AGel amyloidosis, but 
amyloid cardiomyopathy is uncommon. 
 

5) No marked disease-related hearing impairment is seen in patients at 
least up to the age of 60 years.  
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