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Abstract: Genotyping divides transthyretin cardiac amyloidosis (ATTR-CA) in hereditary (ATTRv)
and wild type (ATTRwt) forms. This study investigated the prevalence and clinical presentation of
ATTRv in a contemporary cohort of consecutive ATTR-CA patients diagnosed at a tertiary Danish
amyloidosis center. Age at diagnosis, clinical- and echocardiographic data, and transthyretin (TTR)
genotype were recorded. Relatives of ATTRv patients underwent clinical phenotyping and predic-
tive gene testing. Genetic testing in 102 patients identified four TTR variant carriers: p.Pro63Ser,
p-Ala65Ser (n = 2) and p.Vall42Ile. The mean age of ATTRv index patients was significantly lower
compared to ATTRwt patients: 70.2 £ 1.2 versus 80.0 & 6.2, p-value: 0.005. Evaluation of ATTRv
families identified seven TTR variant carriers with a median age of 65 years (range 48-76) and three
were diagnosed with ATTR-CA by DPD-scintigraphy. Family members with ATTR-CA were all
asymptomatic and had normal levels of cardiac biomarkers. In conclusion, the prevalence of ATTRv
in a contemporary Danish ATTR-CA cohort is 4%. ATTRv index patients were significantly younger
age at diagnosis than ATTRwt patients. Non-p.Leul31Met TTR variants have reduced penetrance
at the age of 65 years in which approximately half of variant carriers have asymptomatic ATTR-CA
with normal LV systolic function and cardiac biomarker analyses.
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1. Introduction

Transthyretin amyloidosis (ATTR) is caused by abnormal deposition of misfolded
transthyretin protein that aggregates as amyloid fibrils in various organs [1]. Transthyretin
is a plasma transport protein produced primarily in the liver. ATTR is divided into two
subtypes; an acquired wild-type variant (ATTRwt) and a hereditary form (ATTRvt), the latter
caused by genetic missense variants in the TTR gene encoding tranthyretin. Accumulation
of transthyretin in the heart causes amyloid cardiomyopathy (ATTR-CA) which leads to
progressive biventricular heart failure with restrictive pathophysiology [2-5]. In ATTRYv, the
variant transthyretin may also accumulate in other organs than the heart. Among patients
with ATTRy, the nervous system is often involved with amyloid deposition in the peripheral
nerves causing a phenotype with familial polyneuropathy while other TTR missense variants
lead to a mixed cardiac and polyneuropathy phenotype [1]. Frequent clinical precursors
of the ATTR-CA phenotype are carpal tunnel syndrome (CTS), spinal stenosis, or tendon
ruptures caused by amyloid fibril accumulation in these connective tissues. These clinical
precursors often precede a subsequent diagnosis of ATTR by several years [6].

Data from the National Amyloidosis Center (NAC), United Kingdom (UK) using the
NAC-score prognostic staging system has highlighted that the presence of a variant TTR geno-
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type is associated with a higher disease burden and increased mortality than ATTRwt [7,8].
The different ATTRv genotypes also have prognostic impact in terms of the anticipated age-
related penetrance and phenotypic disease expression, e.g., cardiac versus nervous system
involvement [9]. Therefore, it is suggested that all patients with confirmed ATTR-CA undergo
TTR genotyping to screen for ATTRv [1,10]. More than two decades ago the p.Leul31Met TTR
founder variant associated with primary cardiac involvement was described in a large family
of Danish ATTRv patients and has since been considered as the primary ATTRv variant in Den-
mark [9,11,12]. However, an increasing number of patients with ATTR are diagnosed due to an
increased awareness of the disease and with the introduction of improved diagnostic methods
that more easily raise the suspicion of ATTR-CA and subsequently confirm the diagnosis. In
particular, the use of echocardiographic longitudinal strain analysis with identification of the
relative apical sparring pattern in conditions with left ventricular (LV) hypertrophy (LVH) [13].
Furthermore, the increasing use of bone scintigraphy (99mTechnetium-3,3-diphosphono-
1,2-propanodicarboxylic acid [99m-Tc-DPD]) has undoubtedly contributed to the increased
number of patients diagnosed with ATTR-CA. This advancement in the screening process and
the diagnostic algorithms used in routine clinical practice might change the conception of the
prevalence and genetic spectrum of other TTR variants in Danish ATTR-CA patients [1,14].
The aims of this study were therefore to report the results of TTR genotyping in a contem-
porary cohort of consecutive ATTR-CA patients diagnosed at a tertiary referral amyloidosis
center in Denmark; secondly, to describe the clinical characteristics among ATTRv versus
ATTRwt patients at time of diagnosis; and, lastly, to report genotype-phenotype relations in
identified ATTRv families.

2. Materials and Methods

Consecutive patients who were given a definitive ATTR-CA diagnosis at the Depart-
ment of Cardiology, Aarhus University Hospital in the period from January 2008 to Decem-
ber 2020 were included in a retrospective analysis. The study was carried out in accordance
with the Declaration of Helsinki. All patients were investigated by 12-lead electrocardio-
gram (ECG), transthoracic echocardiography (TTE), and cardiac biomarker analysis with
baseline determinations of plasma N-terminal pro-brain natriuretic peptide (NT-pro-BNP)
and estimated glomerular filtration rate (eGFR). Echocardiographic parameters included
measurements of LV end-diastolic diameter, LV ejection fraction, interventricular wall thick-
ness, LV global longitudinal strain, left atrial size, and graduation of diastolic dysfunction
according to standard protocols [15]. Relative apical sparring of longitudinal strain was
calculated by the formula: (average apical LS/(average basal LS + mid-LS) with a cut-off
value of 1.0 being suggestive for ATTR-CA [13]. Cardiac light chain amyloidosis (AL)
was excluded in all patients as patients who had an abnormal plasma kappa/lambda free
light chain ratio and presence of plasma- or urine monoclonal proteins. In such patients,
transthyretin amyloid subtyping was made by immunostaining and protein mass spectrom-
etry of endomyocardial biopsies [1]. In the remaining patients without suspicion of plasma
cell disease, ATTR-CA was diagnosed by a positive 99m-Tc-DPD-scintigraphy (Perugini
grade > 1) according to standard diagnostic algorithms [14]. Age and National Amyloido-
sis Center (NAC) stage at the time of diagnosis were recorded [7]. TTR genotyping was
performed using next-generation sequencing methods.

Next, relatives of ATTRv index patients were offered predictive genetic testing for
the TTR variant by direct Sanger sequencing, and variant carriers underwent clinical
phenotyping with ECG, TTE, and cardiac biomarker analysis as described previously [3].
A 99m-Tc-DPD scintigraphy was performed if ATTR-CA was suspected in variant carriers.
If possible, the age and cause of death of deceased family members were recorded by
interviews of family members, and if possible, DNA extracted from formalin-fixed paraffin-
embedded non-cardiac tissue was tested for the identified TTR variant by direct Sanger
sequencing. All alive ATTRv carriers gave written informed consent to publication of their
genetic findings.
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Statistics

Normal distributed continuous variables are expressed as mean with standard devia-
tions (SD), and otherwise as medians with interquartile ranges. Differences between group
means were compared with the Wilcoxon rank-sum test.

3. Results
3.1. Clinical Characteristics of the ATTR-CA Cohort

During a 13-year period, 102 patients were diagnosed with ATTR-CA and underwent
TTR genotyping (Table 1). A preliminary report from the entire ATTR-FAP and ATTR-CA
cohort in the period from 2001 to 2019 has been published previously as a conference
abstract [16]. In the last three years of the period (2018-2020), a 4- to 6-fold increase in
ATTR-CA diagnostic activity was observed (Figure 1). All genotyped ATTR-CA patients
except one were Caucasians and 93% were males. Half of the patients were diagnosed by
99m-Tc-DPD scintigraphy. The remaining patients had abnormal plasma kappa/lambda
free light chain ratio or monoclonal plasma or urine protein. In these patients, transthyretin
amyloid deposits were detected by use of immunohistochemistry or amyloid subtyping
protein mass spectrometry of endomyocardial biopsies (Table 1). Two-thirds of patients had
paroxysmal or persistent atrial fibrillation or -flutter; 25% had atrioventricular conduction
disease treated with pacemaker device, and 28% had obstructive coronary artery disease
with a >90% coronary artery stenosis or previous revascularization. Previous CTS surgery
had been performed in 39% of the patients. None of the patients had obvious symptoms or
signs of sensory-motor polyneuropathy or autonomic dysfunction.

Table 1. Baseline characteristics of 102 patients diagnosed with ATTR-CA.

No TTR Variant (n = 98) TTR Variant (n = 4) p-Value
Mean age at diagnosis (years) [range] 80.0 & 6.2 [65.7-93.4] 70.2 + 1.2 [69-71.3] 0.005
Male sex 93% 100% 0.582
Diagnostic method
DPD-scintigraphy 47% 50%
Endomyocardial biopsy 33% 25%
Protein mass spectrometry 20% 25%
LV end-diastolic diameter (mm) 475+ 5.6 495+ 6.2 0.524
LV ejection fraction (%) 48.1 +10.7 39.8+£21.2 0.480
Interventricular septum (mm) 17 +3 20+ 8 0.437
LV global longitudinal strain (%) —-12.4+3.7 —95+41 0.204
NT-proBNP (ng/L) * 1871 [889; 3706] 2641 [1962; 3772] 0.343
eGFR (mL/min) 63.1+19.7 58.5 +27.7 0.737
Mean NAC-stage 1.5£07 1.75+1.0
NAC-stage 1 63% 50% 0.534
NAC stage 2 24% 25%
NAC-stage 3 13% 25%
Atrial fibrillation or -flutter 63% 100% 0.126
Pacemaker 24% 75% 0.026
Implantable cardioverter defibrillator 3% 75% 0.001
Previous carpal tunnel surgery 38% 100% 0.137
Obstructive coronary artery disease 27% 25% 0.946

* Median with IQR; LV: left ventricular; NT-proBNP: N-terminal pro-brain natriuretic peptide; eGFR: estimated

glomerular filtration rate; NAC-stage: National Amyloidosis Center stage [7]; TTR: transthyretin gene.
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Figure 1. Numbers of ATTR-CA patients diagnosed annually in the period from 2008 to 2020.

3.2. ATTRv Index Patients

Sequencing of the coding regions of the TTR gene identified four (4%) patients, all
with Danish (Caucasian) ethnicity, who carried the TTR variants: c.187C>T/p.Pro63Ser;
¢.193G>T/p.Ala65Ser (1 = 2); and c.424G>A /p.Vall42lle. ATTRv index patients were charac-
terized by a significantly younger mean age at diagnosis (70.2 & 1.2, [range 69.0-71.3] versus
80.0 & 6.2 [range 65.7-93.4]; p-value 0.005), than ATTRwt patients (Figure 2). All other clinical
characteristics of ATTRv patients were comparable to ATTRwt patients (Table 1).

3.3. Family Studies of ATTRv
3.3.1. Family 1—p.Pro63Ser

The index patient (II-2, age 71, Figure 3, Table 2) was diagnosed with ATTR-CA
after twelve months of progressive exertional limitation and dyspnea (NYHA IIB-IIIA)
with subsequent development of edemas and orthopnea. Two years previously, he was
diagnosed with chronic atrial fibrillation suspected attributed to hypertensive heart disease.
Examinations showed severe left ventricular hypertrophy (LVH) with severely reduced
LV function (LVEF 19%; LV-GLS-5.5%) and a longitudinal strain plot showing a relative
apical sparring pattern. The patient complained of sensory disturbances in the radial
fingers suggestive of CTS. A DPD-scintigraphy confirmed ATTR-CA being in NAC-stage 2
(NT-proBNP 3091 ng/L; eGFR 75 mL/min). A cardiac resynchronization pacemaker with a
cardioverter defibrillator (CRTD) was implanted due to slow atrioventricular conduction
and non-sustained ventricular tachycardia in chronic atrial fibrillation. Three years later,
at the age of 74, the patient was still alive but had progressed to NAC-stage 3. There was
no family history of heart failure, and the parents died 72- and 86-years old, respectively.
The identified p.Pro63Ser TTR variant was considered of unknown significance since it
had not been reported before in ATTR-CA patients and was absent in control exomes
(https:/ /gnomad.broadinstitute.org/, accessed on 31 October 2021).
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Figure 2. Age distribution of ATTR-CA patients according to TTR genotype.
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Figure 3. Pedigrees of families with identified TTR variants. Squares indicate males and circles
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Table 2. Clinical phenotypes in TTR variant carriers.
ID  Age* ECG TTE '(DPI(’;D) NT(';’;’BNP (n‘:LG/iﬁn) CTS
mm mm ) Gy FALS LAE DD

Family 1—p.Pro63Ser

1I-1 76 SR 14 47 60 n/a n/a + 2 0 444 88 -

11-2 71 AF 15 58 30 —5.7 1.93 + 2 3 3091 75 +

11-3 72 SR, AVB 10 49 52 -21 0.81 - 1 0 81 90 -
Family 2—p.Ala65Ser

111 69 AE AVB, 28 47 51 —6.7 112 + 1 n/a 2191 46 +

nsVT

1I-2 73 SR 11 49 62 —21.1 0.69 - 1 3 <50 >90 -

1I-3 49 SR 10 48 69 -21.3 0.69 - 1 2-3 <50 >90 -
Family 3—p.Ala65Ser

II-1 69 SR, AVB, 18 50 45 —7.7 1.58 + 3 3 4452 26 +

nsVT

-2 69 SR 13 48 63 —22.2 0.67 + 1 0 <50 66 -

I-1 48 SR 9 50 57 -18.7 0.54 - - 0 <50 >90 -
Family 4: p.Val142Ile

II-1 71 SR 15 41 52 —14.6 1.18 + 2 3 1732 87 +

1I-3 64 SR 16 49 51 —18.9 1.29 + 2 3 354 88 +

1I-3 40 SR 8 40 58 —25.1 0.59 - - - <50 >90 -

* At diagnosis or at last screening for ATTR-CA; ECG: 12-lead electrocardiogram; TTE: transthoracic echocardiog-
raphy; DPD: 99mTechnetium labelled 3,3-diphosphono-1,2-propanodicarboxylic acid (99mTc-DPD) scintigraphy;
NT-proBNP: N-terminal pro-brain natriuretic peptide; eGFR: estimated glomerular filtration ratio (CKD-EPI for-
mula); CTS: carpal tunnel syndrome; IVS: interventricular septum; LVEDD: left ventricular end-diastolic diameter;
LVEEF: left ventricular ejection fraction; GLS: global longitudinal strain; RALS, relative apical longitudinal strain;
LAE, left atrial enlargement (>34 mL/m? body surface area); DD: diastolic dysfunction grade (1-4) [15]. Data
from index patients are shown in bold letters.

To assess the pathogenicity of the p.Pro63Ser variant family, screening was initiated.
The index patient had two siblings both carrying the TTR variant. The younger brother
(II-3), who was 72-years old had a pacemaker implanted due to total atrioventricular block
but had no symptoms of heart failure. Thorough investigations with TTE, cardiac magnetic
resonance imaging (CMR), and DPD-scintigraphy ruled out ATTR-CA, and a possible
explanation for atrioventricular block and septal midwall late gadolinium enhancement
on cardiac magnetic resonance imaging was a previous titer-verified Borrelia Burgdorferi
infection (Table 2). The 76-year-old sister (II-1) had mild left ventricular hypertrophy
on both TTE. A subsequent 99m-Tc-DPD scintigraphy showed no cardiac DPD uptake.
Based on these findings, evidence for a pathogenic impact of the p.Pro63Ser variant in
development of ATTR-CA could not be established.

3.3.2. Family 2 and 3—p.Ala65Ser

The p.Ala65Ser variant was identified in two non-related families. The index pa-
tient (II-1, age 69, Figure 3, Table 2) in family 2 was previously described [17]. In brief,
the index patient was diagnosed with ATTR-CA in NAC-stage 1 (NT-proBNP 2191 ng/1;
eGFR 46 mL/min) after admission for a syncopal episode. CTS surgery was performed
seven years previously. A TTE showed severe LVH and endomyocardial biopsies stained
positive for transthyretin. Continuous ECG monitoring revealed short runs of non-sustained
ventricular tachycardia and episodes of atrioventricular block, and a dual-chamber im-
plantable cardioverter was implanted. The patient died of septicemia after seven years of
follow-up. The parents with unknown genetic status died of non-cardiac causes at the age
of 83 and 92 years, respectively. The brother (II-2) and the youngest son (III-3) were variant
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carriers. Both were asymptomatic and had normal biomarker analyses. They were both
diagnosed with ATTR-CA-based cardiac DPD uptake (Perugini grade 2-3).

In family 3, the index patient was diagnosed with advanced ATTR-CA NAC-stage 3
(NT-proBNP 4452 ng/L; eGFR 26 mL/min) at the age of 69. He had significant comorbidity
with diabetes, arterial hypertension, obesity, prior mitral valve annuloplasty, and CTS.
Coronary artery disease was ruled out, and despite treatment with CRTD, he died after
18 months of follow-up of biventricular heart failure. Predictive genetic testing of the
brother (II-2, age 69), and the son (III-1, age 48 years) was positive. However, in contrast
with the affected variant carriers in family 2, both had normal biomarker analyses and
Perugini grade 0 on DPD scintigraphy. Post-mortem DNA analysis of the father (I-1)
confirmed a carrier status of the p.Ala65Ser variant. The father died suddenly at the age of
72 years after in-hospital cardiac arrest in relation to colorectal surgery. Two years prior
to this, the father had a coronary artery bypass surgery procedure performed after which
there had been considerations about pacemaker implantation due to bradycardia. The
family reported a history of congestive heart failure symptoms. No data were available
about ECG or TTE findings or information about other relatives.

3.3.3. Family 4—p.Val142lle

This 71-year-old index Caucasian patient (II-1, Figure 3, Table 2) presented with heart
failure symptoms and a history of CTS. TTE, CMR, and biomarkers were suggestive of
ATTR-CA, NAC-stage 1 (NT-proBNP 1732 ng/1; eGFR 87 mL/min), which was confirmed
by a positive DPD scan and an endomyocardial biopsy with amyloid subtyping. Three
years after the diagnosis, at the age of 74, the patient had progressed to stage 2 NAC.
Relatives were invited for screening and the 64-year-old brother (II-3) also carried the
p-Vall42lle variant and was diagnosed with an early asymptomatic stage of ATTR-CA with
only mildly elevated NT-proBNP on 354 ng/l. Postmortem genetic analysis of their father
(I-1) was positive for the variant. The father had died at 73 years old of prostatic cancer
without a prior heart failure diagnosis. One younger carrier (III-3) was unaffected at the
age of 40.

4. Discussion

Transthyretin cardiac amyloidosis is increasingly diagnosed worldwide. The increased
disease awareness and availability of diagnostic DPD scintigraphy have identified the
presence of ATTR-CA in approximately 13% of patients with heart failure with preserved
ejection fraction and in 16% of patients with aortic valve stenosis [2,18-20]. Expert con-
sensus recommends that all ATTR-CA patients should undergo TTR genotyping to rule
out ATTRv [1]. In our cohort of genotyped Caucasian ATTR-CA patients with Danish
ancestry, the overall frequency of identified TTR variants was less than 5%. Furthermore,
we observed that the Danish ATTRv patients were amongst the youngest patients in our
cohort having a mean age of 70 years, and all had a prior history of CTS. The previously
reported and well-characterized Danish p.Leul31Met variant has a complete penetrance
in the age span between 40 and 60 years [11]. Therefore, ATTRv patients in Denmark are
typically characterized by being 10-30 years younger at the time of diagnosis compared to
ATTRwt patients having a mean age of 80 years. Thus, our data indicate that genotyping in
ATTR-CA patients with Danish ethnicity could be focused on those diagnosed before the
age of 75 or those with a positive family history suspicious for ATTR-CA or CTS. As the
ATTRv phenotype overlaps with hypertrophic cardiomyopathy; it is also recommendable
to include the TTR gene in hypertrophic cardiomyopathy gene panels [21,22].

The observed prevalence of ATTRv in Denmark corresponds well with the DISCOV-
ERY study including 1007 ATTR-CA patients (83% US patients) with an overall prevalence
of ATTRv of 7.4% [23]. The vast majority of ATTRv patients were African Americans (89%)
and 92% were carriers of the p.Vall42Ile founder variant [23]. The National Amyloidosis
Center, UK, reported a much higher prevalence of ATTRv of 46.7% in their cohort with the
vast majority being the p.Vall42lle variant [24]. This discrepancy in ATTRv frequencies
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may reflect selection bias where ATTRv patients are overrepresented at tertiary amyloidosis
centers. Furthermore, the UK NAC cohort has a more mixed ethnicity in contrast with
the Danish cohort, which likely explains the difference in TTR variant frequencies [24].
Moreover, our study was limited by the relatively small sample size compared to the UK
NAC and DISCOVERY cohorts.

The p.Vall42lle variant is very rare in Caucasians with a minor allele frequency
of 0.003098% in control exomes compared to 1.62% in Africans/African American and
0.05926% in Latinos/Hispanics [25]. In UK NAC ATTRv patients, 42% had the p.Vall42lle
variant and all were of African or Caribbean ethnicity [24]. In DISCOVERY, they reported
four non-African Americans with the p.Vall42lle variant [23]. Surprisingly, we report a
Danish family in which p.Vall42lle co-segregated with a late-onset ATTR-CA phenotype in
two affected brothers with no known African ancestry. Likewise, the p.Vall42lle variant has
been reported sporadically before in two English families and three Italian patients [26-28].
This could indicate a common worldwide founder p.Vall42lle allele originating in Africa, or
that codon 142 is a mutational hotspot. A case-control study in African Americans showed
that the p.Vall42lle allele is clearly associated with the risk of developing congestive heart
failure, and the phenotype in the Danish p.Vall42]le carriers resemble the phenotype in
African Americans and African Caribbean patients with respect to disease onset and lack
of neurological involvement [29,30].

Studies of TTR variant pathogenicity in terms of age-related clinical penetrance and
variable phenotypic disease expression are often limited by small family sizes. However, we
sought to investigate the pathogenicity of identified variants by in-depth genetic analysis
of ATTRv families and clinical phenotyping of seven asymptomatic variant carriers.

The ATTRv index patients with p.Ala65Ser and p.Pro63Ser variants all had CTS and
developed ATTR-CA phenotypes comparable to p.Vall42lle carriers with a mean age of
70 years at diagnosis. With the inclusion of our data, the p.Ala65Ser variant has now
been reported in four unrelated ATTR-CA patients [31,32]. Family studies of the variants
were limited by small family sizes. Currently, our data from family 1 do not indicate
any pathogenic impact of the p.Pro63Ser variant. Opposite to the p.Leul31Met variant
that expresses complete age-related penetrance between the age of 40 to 50 years, the
p-Ala65Ser and p.Vall42lle variant had reduced penetrance of the ATTR-CA phenotype as
only three of five non-index carriers had signs of silent ATTR-CA without symptoms or
elevated biomarkers [33]. Predictive genetic testing should be offered to relatives at risk
of disease development to identify ATTRv patients as early as possible. Asymptomatic
ATTRv patients could be future candidates for early disease-modifying treatment which is
rapidly developing. Clinical trials have assessed the effect of different treatment strategies;
transthyretin stabilizers that counteract tissue amyloid disposition, e.g., tafamidis, reduc-
tion in hepatic transthyretin secretion by antisense oligonucleotides (inotersen), and small
interfering ribonucleic acids (patisiran/vutisiran) [34-36].

5. Limitations

The study has several limitations. The study included consecutive patients diagnosed
with ATTR-CA a tertiary referral center over a 13-year period, but data was compiled
retrospectively without a strict imaging protocol including cardiac magnetic resonance
imaging. Furthermore, the study was a single-center study with a relatively small and
unequal group sample size compared to other studies, which could introduce a lack of
statistical power and risk of type 1 statistical errors.

6. Conclusions

The prevalence of ATTRv in a contemporary cohort of Danish ATTR-CA patients
was 4%, and symptomatic ATTRv index patients were characterized by a cardiac ATTR
phenotype preceded by CTS and an age of approximately 70 years at the time of diagnosis.
The prevalence of ATTRv may exhibit geographical variations, however, in Danish patients,
genetic screening for ATTRv could be reserved to ATTR-CA patients with an age below
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75 to 80 years at the time of diagnosis. Predictive genetic testing of relatives and clinical
screening of variant carriers with 9m-Tc-DPD scintigraphy identifies individuals at risk of
disease development and diagnoses ATTRv in early and asymptomatic stages.
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