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CONTEMPORARY REVIEW

Cardiovascular Diseases That Have 
Emerged From the Darkness
Barry J. Maron , MD; Martin S. Maron , MD; Mathew S. Maurer , MD; Ethan J. Rowin , MD;  
Bradley A. Maron , MD; Nazzareno Galiè, MD

ABSTRACT: It is important for both the patient and physician communities to have timely access to information recognizing 
rapid progress in the diagnosis and treatment of familiar but relatively uncommon cardiovascular diseases. Patients with 3 
cardiovascular diseases (ie, hypertrophic cardiomyopathy, pulmonary arterial hypertension, and transthyretin (TTR) cardiac 
amyloidosis (ATTR)]), once considered rare without effective management options and associated with malignant prognosis, 
have now benefited substantially from the development of a variety of innovative therapeutic strategies. In addition, in each 
case, enhanced diagnostic testing has expanded the patient population and allowed for more widespread administration 
of contemporary treatments. In hypertrophic cardiomyopathy, introduction of implantable defibrillators to prevent sudden 
death as well as high-benefit:low-risk septal reduction therapies to reverse heart failure have substantially reduced morbid-
ity and disease-related mortality (to 0.5% per year). For pulmonary arterial hypertension, a disease once characterized by a 
particularly grim prognosis, prospective randomized drug trials with aggressive single (or combined) pharmacotherapy have 
measurably improved survival and quality of life for many patients. In cardiac amyloidosis, development of disease-specific 
drugs can for the first time reduce morbidity and mortality, prominently with breakthrough ATTR-protein–stabilizing tafa-
midis. In conclusion, in less common and visible cardiovascular diseases, it is crucial to recognize substantial progress and 
achievement, given that penetration of such information into clinical practice and the patient community can be inconsistent. 
Diseases such as hypertrophic cardiomyopathy, pulmonary arterial hypertension, and ATTR cardiac amyloidosis, once linked 
to a uniformly adverse prognosis, are now associated with the opportunity for patients to experience satisfactory quality of life 
and extended longevity.
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Medical conditions once considered largely un-
treatable without effective management op-
tions, and with obstacles to reliable clinical 

identification can be associated with an impaired flow 
of information regarding innovations that reduce dis-
ease burden. Important progress in diagnosis and 
treatment of relatively uncommon cardiovascular dis-
eases may be underrecognized in the practicing physi-
cian community and general public.

As clinical investigators long engaged with such 
diseases, we regard this review as an opportunity 
to present evidence substantiating clinical innova-
tions and paradigms that have significantly reduced 
mortality and morbidity in 3 important but complex 

cardiovascular conditions: hypertrophic cardiomyopa-
thy (HCM), pulmonary arterial hypertension (PAH), and 
ATTR (transthyretin) cardiac amyloidosis (Figures 1 and 
2). Although each of these diseases is notable for once 
being considered ominous and uncompromising, we 
report here those relevant medical achievements that 
have transformed contemporary clinical practice for af-
flicted patients.

HYPERTROPHIC CARDIOMYOPATHY
Historical Perspectives
HCM is an inherited and globally distributed heart 
disease known for 60  years,15,16 characterized by 
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heterogeneous clinical profile and natural history in-
cluding progressive heart failure, atrial fibrillation/em-
bolic stroke, and highly visible sudden deaths in the 
young (including competitive athletes)1 (Figure 1). After 
its initial comprehensive clinical description in 1964,17 
HCM was regarded for many years as rare and grim, 
and difficult to reliably diagnose or effectively man-
age. Early on, available treatments were limited to β-
blockers and high-risk surgical myectomy, with overall 
disease-related mortality once considered to be 6% 

per year.1,18 However, over the past 20 years, patients 
with HCM have benefited greatly from major advances 
in diagnosis and management, as well as an enhanced 
understanding of natural history, ultimately evolving into 
a contemporary treatable disease, achieving a >10-fold 
reduction in mortality (Figures 2 and 3).1,2,107

Diagnosis
Several epidemiologic studies have shown HCM to be 
a relatively common inherited heart disease with an es-
timated prevalence of 1:500 considering the disease 
phenotype or 1:200 more broadly accounting for famil-
ial transmission and genetic diagnosis, and presenting 
at virtually any age from childhood to the elderly.1,19

Contemporary imaging with echocardiography 
and cardiovascular magnetic resonance imaging has 
demonstrated the morphologic heterogeneity of the 
HCM phenotype comprising numerous patterns of 
left ventricular (LV) hypertrophy ranging from mild and 
segmental to massive.20,21 Also, laboratory genetic 
testing has identified a subgroup of relatives with sar-
comeric gene mutations considered pathogenic who 
do not express LV hypertrophy, but are capable of 
developing the disease phenotype and transmitting 
the mutant gene to offspring as an autosomal dom-
inant trait.23

Nonstandard Abbreviations and Acronyms

AMBITION	 Ambrisentan and Tadalafil 
Combination Therapy in Subjects 
With Pulmonary Arterial 
Hypertension

APOLLO	 The Study of an Investigational 
Drug, Patisiran (ALN-TTR02), for the 
treatment of Transthyretin (TTR)-
Mediated Amyloidosis

ATTR	 (transthyretin) cardiac amyloidosis
HCM	 hypertrophic cardiomyopathy
mPAP	 mean pulmonary artery pressure
PAH	 pulmonary arterial hypertension

Figure 1.  Hypertrophic cardiomyopathy: clinical spectrum and outcome.
FW, free wall; LA indicates left atrium; LV, left ventricle; LVOT, left ventricular outflow tract; RV, right 
ventricle; VS, ventricular septum; and VT/VF, ventricular tachycardia/ventricular fibrillation.
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Treatment Advances and Clinical Course
Notably, for patients who develop disease-related 
complications, innovative clinical interventions have fa-
vorably altered natural history, making the dismal early 
reputation acquired by HCM now obsolete.1–6,24–39,107,108 
Specifically, reversal (or modification) of clinical course 
is now possible with contemporary treatment mo-
dalities that target specific adverse pathways1,2,24: (1) 
sudden death risk, (2) progressive heart failure due 
to LV outflow obstruction, (3) refractory heart failure 
in nonobstructive patients, and (4) consequences of 
atrial fibrillation. However, HCM has not proven to be 
a uniformly progressive condition, given that even in a 
referral cohort about one-half of patients experience 

stable clinical course with little or no symptomatology, 
and most others (90%) incur only one of the potential 
adverse pathways.24

Primary prevention of arrhythmic sudden death 
became a reality in HCM with the introduction of im-
plantable cardioverter-defibrillators to the patient 
population in 20003 for terminating potentially lethal ven-
tricular tachyarrhythmias (3%–4% per year in high-risk 
cohorts),1,2,4,5,24–27,32,33 using an enhanced risk stratifica-
tion algorithm that identifies those patients susceptible 
to sudden death events and candidates for implantable 
defibrillators with high sensitivity (ie, 95%).5 Reversal of 
advanced heart failure due to LV outflow obstruction can 
be achieved with low-risk:high-benefit surgical septal 
myectomy28–31 (or its selective alternative, percutaneous 
alcohol septal ablation),38 Symptom relief by one or more 
New York Heart Association functional class is attainable 
in >90% of patients, also associated with low operative 
mortality (0.6%) when performed in high-volume HCM 
surgical environments.28–31 Advanced heart failure thera-
pies35,36 have been effective, with a 5-year survival of up 
to 90% after transplant in end-stage nonobstructive pa-
tients; aggressive anticoagulation prophylaxis mitigates 
atrial fibrillation-related embolic stroke.34

Traditional pharmacologic options with negative 
inotropic agents, such as β-blockers, verapamil, and 
disopyramide, can control symptoms for variable peri-
ods of time in many patients, but rarely alter the long-
term clinical course of HCM. Relevant in this regard is 
the potential introduction of mavacamten into the HCM 
treatment armamentarium, a novel small-molecule 
selective allosteric inhibitor of cardiac myosin ATPase 
that mitigates actin-myosin cross-bridging, acting clin-
ically as a strong negative inotropic agent to reduce 
LV contractility, outflow obstruction, and symptoms.108 
Although not approved for use by the Food and Drug 
Administration at the time of this writing, mavacamten 
and other drugs in this class would potentially have 
the palliative capability of controlling symptoms and 
delaying myectomy in some patients, but also with a 
risk of excessive systolic dysfunction and heart failure.

The current HCM-related mortality rate has been 
reduced to only 0.5% per year (10-year survival after 
diagnosis 95%), a consequence of contemporary 
management strategies using implantable defibrilla-
tors, septal reduction, and anticoagulant drugs, but 
also reflecting the diversity of the HCM clinical spec-
trum, which includes many patients with low lifetime 
risk; 95% of patients with HCM are in New York Heart 
Association classes I/II at long-term follow-up, includ-
ing some who experience benign clinical course with 
extended longevity often without requiring major treat-
ment interventions1,2 (Figure 1-3). HCM has become an 
uncommon primary cause of premature death largely 
due to progressive refractory heart failure in the ab-
sence of outflow obstruction.37 Consequently, the 

Figure 2.  Constructed Kaplan-Meier curves showing 
reduction in all-cause mortality associated with 
contemporary treatment advances for 3 diseases.
A, Hypertrophic cardiomyopathy, current treatment vs prior 
eras.1–6 B, Pulmonary arterial hypertension, current treatment vs 
pretreatment era.7–12 C, ATTR (transthyretin) cardiac amyloidosis, 
treatment with tafamidis vs conventional treatment.13,14

Contemporary treatment era

Prior to routine implementation 
of modern treatment

Contemporary treatment era

Prior to implementation 
of modern treatment

ATTR  Cardiac Amyloidosis

Pulmonary Hypertension

Hypertrophic Cardiomyopathy

Tafamidis

Placebo

Months since First Dose
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Figure 3.  Timeline of clinical advances in hypertrophic cardiomyopathy (HCM).
ACC indicates American College of Cardiology; AHA, American Heart Association; CMR, cardiovascular 
magnetic resonance; ESC, European Society of Cardiology; and SAM, systolic anterior motion.

1958 First modern report (Teare)

1961 Medical treatment: beta-blocking agents

1962 First surgical myectomy

1964 First comprehensive disease descrip�on (Braunwald)

“Idiopathic hypertrophic subaor�c stenosis”

1969 Mitral valve systolic anterior mo�on (SAM) as mechanism of obstruc�on

1970 HCM Mortality: 6%/year

1970 Echocardiography introduced

1979 Name proposed (hypertrophic cardiomyopathy; HCM)

1980 verapamil introduced

1982 disopyramide introduced

1990 First HCM gene (MYH7)

1994 First HCM-heart transplant

1995 Es�mated HCM prevalence (1:500)

Alcohol septal abla�on introduced

1996 Surgical septal myectomy: low risk/ high benefit

1999 HCM frequently stable/compa�ble with normal longevity

2000 Implantable defibrillators introduced to HCM

2003 First ACC/ESC expert consensus panel for HCM

Commercial gene�c tes�ng

2010 CMR introduced to HCM

2011 ----- ACC/AHA Guidelines for HCM

2014 ----- ESC Guidelines for HCM

2015 ----- Reduced HCM mortality recognized: 0.5%/year
Es�mated HCM prevalence (1:200)

2020 New nega�ve inotropic drug proposed (mavacamten)
New AHA/ACC guidelines for HCM
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HCM-related mortality rate is lower than other cardiac 
(or noncardiac) disease-related causes that constitute 
the overall risks of living (eg, cancer or congestive heart 
failure).6

Conclusions
After more than a half century, advances in thera-
peutics, diagnostics, and understanding of the HCM 
disease spectrum and its relevant mechanisms, pur-
sued relentlessly by clinical investigators and practi-
tioners using evidence-based and guideline-directed 
personalized treatment strategies, have transformed 
HCM into a starkly different disease entity. Over the 
past several years, HCM has evolved from a condi-
tion once considered uniformly progressive with a poor 
prognosis and limited management options to a highly 
treatable disease with low morbidity and mortality, of-
fering potential for normal or extended longevity. These 
management paradigms, which include substantial re-
duction in the long-standing, highly visible risk for ar-
rhythmic sudden death, have resulted almost solely 
from a multitude of real-world clinical studies and reg-
istry observations, but with limited insights from mo-
lecular and basic science.

Therefore, because of heterogeneity of disease 
presentation, treatment options for HCM are more di-
verse than for PAH or cardiac amyloidosis, and have 
transformed HCM into a highly treatable disease in 
which the vast majority of patients can now harbor a 
reasonable expectation for normal or extended lon-
gevity with good quality of life. To this purpose, ded-
icated multidisciplinary HCM centers have emerged, 
implementing specialized disease management.1,2 
Future challenges for HCM include an increased 
number of cardiac surgeons experienced with the 
myectomy operation, and wider dissemination and 
implementation of contemporary treatment strategies, 
including in the most populous regions and countries 
(eg, China and India) where particularly large numbers 
of patients with HCM reside.

PULMONARY ARTERIAL 
HYPERTENSION
Historical Perspectives
Perhaps no other cardiovascular disease has been 
characterized by such a profoundly dismal progno-
sis as pulmonary arterial hypertension (PAH), which 
includes the idiopathic (formerly primary pulmonary 
hypertension), the heritable, and associated forms.7 
Through the first World Health Organization sympo-
sium on PAH in Geneva in 197540 and until the mid-
1990s, PAH was universally regarded as an unrelenting 
essentially untreatable condition of young women 
with virtually 100% mortality within 2 to 3 years after 

diagnosis (median survival 2.8 years),8 even acquiring 
the designation “kingdom of the near dead.”9

Although classified as a rare condition (<1% of the 
general population, estimated at 30  000 patients in 
the United States), PAH is likely more common than 
initially believed.7,9,109 Diagnosis of PAH requires in-
creased pulmonary artery pressure and pulmonary 
vascular resistance (≥3.0 WU), with normal pulmonary 
arterial wedge pressure (≤15  mm  Hg), unrelated to 
left heart or valvular disease or other causes of pul-
monary hypertension,109 and measured by cardiac 
catheterization under resting conditions. A propor-
tion patients can be reliably identified by noninvasive 
estimates of pulmonary artery pressure with Doppler 
echocardiography.41

PAH is characterized by vascular injury with oblit-
erative arteriopathy due to different processes includ-
ing vasoconstriction, inflammation, proliferation, and 
thrombosis of the distal pulmonary arterial branches. 
These pathogenic events lead to right ventricular af-
terload, cavitary dilation, and systolic dysfunction, with 
the end-stage pathophysiology defined by decompen-
sated right heart failure7,9,109 (Figure 4).

The clinical profile of PAH has changed substan-
tially since its modern description 70 or more years 
ago as vascular (arteriolar) sclerosis,10 now with an 
increasing proportion of severely affected men and 
older age at diagnosis (ie, average 50 years old).7,109 
PAH has accumulated substantial evidence over 
25 years from a series of 43 short-term randomized 
clinical trials leading to regulatory approval of 12 
pharmacologic agents responsible for changing the 
course of the disease (Figures 2,4,5).7,11,42–52,109 PAH 
may also affect pediatric patients, often associated 
with genetic disorders and/or congenital heart dis-
ease with uncertain prognosis.53

Treatment Advances and Clinical Course
Drug strategies in PAH have largely focused on ex-
erting vasodilatory activity with reverse remodeling, 
selectively targeting pulmonary arterioles. All 12 PAH-
approved pharmacotherapies modulate 1 of 3 major 
signaling pathways administrated with a variety of me
thodologies7,11,42–52,109: (1) prostacyclin signaling (eg, 
epoprostenol, iloprost, treprostinil, selexipag),11,45,50 
(2) endothelin receptor antagonists (eg, ambrisentan, 
macitentan, bosentan),46,48,51 and (3) nitric oxide bioac-
tivity (eg, tadalafil, sildenafil, riociguat).49,52,54 In a sub-
set of patients with PAH, high-dose calcium channel 
blockers have sustained clinical resolution,55–57 includ-
ing in patients initially experiencing beneficial response 
to vasodilator therapy.57

Historically, about 30 years ago, continuous intra-
venous administration of epoprostenol was approved 
as a landmark treatment for PAH.11,45 Oral therapy 
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followed, with clinical trials and meta-analyses showing 
that PAH-specific therapy with single drugs (and later 
with combinations) could improve exercise capacity, 
cardiopulmonary hemodynamics, and survival, as well 
as reduce the time to clinical worsening.11,42–52,54–56

PAH-related mortality has been reduced substan-
tially. Three-year survival is now 70% compared with 
<50% in the era before approval of pulmonary vasodi-
lator therapy (1980–1995),10 albeit still progressive, with 
a significant annual mortality of about 10% per year, 
20-fold that of HCM.7,58,59,109 In a meta-analysis, short-
term pharmacotherapy reduced mortality by 43%,45 
and a Spanish registry reported 1-, 3-, and 5-year sur-
vival of 87%, 75%, 65%, respectively.59 Risk stratifica-
tion tools have emerged to define the standards for 
successful treatment: 6-minute walk distance >440 m, 
peak oxygen consumption >15  mL/min per kg, right 
atrial area <18  cm2 on echocardiography, cardiac 
index >2.5 L/min per m2, and absent or low symptom 
burden with routine physical activity.58,60

Most recently, PAH has transitioned to an early-
aggressive strategy in newly diagnosed patients,7,58,60 
including recommendations for initiating dual drug 
therapy to target multiple different pathways.61–63 This 
shift to a combined treatment strategy, culminated in 
the multicenter randomized double-blind and placebo-
controlled AMBITION (Ambrisentan and Tadalafil 
Combination Therapy in Subjects With Pulmonary 
Arterial Hypertension) trial.63 Combined administra-
tion of oral ambrisentan and tadalafil in comparison to 
monotherapy resulted in control of disease progres-
sion, with lower risk of clinical failure and PAH hospi-
talizations, and improved quality of life and exercise 
tolerance. These pharmacotherapy advances are no-
table, given that the only definitive intervention for PAH 
is bilateral lung transplantation associated with 5-year 
30% mortality.64

Diagnosis
Clinical definition of pulmonary hypertension of any 
cause (including PAH) traditionally requires mean pul-
monary artery pressure (mPAP) of ≥25 mm Hg meas-
ured by right heart catheterization at rest.7,9,10,40,58,109 
However, this hemodynamic criterion was based only 
on expert consensus opinion >40  years ago in the 
absence of normative data or evidence of associated 
clinical risk.40,58 In 2016, a large consecutive national 
referral cohort (n=21  727) demonstrated a continu-
ous relationship between mPAP and adjusted all-
cause mortality beginning at mPAP 19 to 20 mm Hg.12 
Normal mPAP is 14±3 mm Hg (upper limit 20 mm Hg) 
in healthy volunteers.

As a result of this and other supportive epide-
miologic studies41,64–69 in well-characterized at-risk 
subpopulations, a revised definition of pulmonary 

hypertension has been proposed by lowering the 
mPAP level to ≥20  mm  Hg, including patients with 
PAH.65,70,71 This evolution in diagnostic criteria has im-
plications for earlier pulmonary hypertension diagno-
sis and preventive treatment,12,65–71,73 although there 
have not as yet been prospective clinical trials focused 
on patients specifically in the mPAP range of 20 to 
24 mm Hg.

Figure 4.  Pulmonary arterial hypertension (PAH): 
pathophysiology and outcome, showing an example of 
the severe primary abnormality of PAH from a patient with 
marked medial and intimal thickening and luminal narrowing 
of small pulmonary arteries.
mPAP indicates mean pulmonary arterial pressure; PAWP, 
pulmonary artery wedge pressure; PVR, pulmonary vascular 
resistance; and WU, Wood units.
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Figure 5.  Timeline of clinical advances in pulmonary hypertension.
AMBITION indicates Ambrisentan and Tadalafil Combination Therapy in Subjects With Pulmonary 
Arterial Hypertension; IV, intravenous; mPAP, mean pulmonary artery pressure; PAH, pulmonary 
arterial hypertension; PHAROS, Pulmonary Hypertension Assessment and Recognition of Outcomes in 
Scleroderma; RCTs, randomized controlled trials; REVEAL, Registry to Evaluate Early and Long-Term 
PAH Disease Management; SERAPHIN, Study With an Endothelin Receptor Antagonist in Pulmonary 
Arterial Hypertension to Improve Clinical Outcome; and WHO, World Health Organization

1951 First hemodynamic classifica�on/clinical reports

1975 WHO diagnos�c criteria (mPAP≥ 25mmHg)

1981 First heart-lung transplant

1987 “Kingdom of near dead” (survival: median 2.8 years; 3 years < 50%)

1992 Calcium channel blockers benefit PAH long-term

1996 First pharmacologic evidence for therapeu�c benefit (IV epoprostenol)

1996-2012 Short-term RCTs (8 drugs; ↑exercise capacity; ↓ mPAP/func�onal class)

2005 Sildenafil

2006 Registries (REVEAL; PHAROS; France)

2008- 2009 Ambrisentan; Bosentan; Tadalafil

2009 Meta-analysis (reduced mortality 44%)

2012 Epoprostenol and bosentan

2013 SERAPHIN (macitentan)

2015 AMBITION trial (combined therapy: ambrisentan and tadalafil)

Bosentan and Sildenafil

GRIPHON trial (selexipag)

3 year survival: 70%

2016 Data suppor�ng revised diagnos�c criteria (mPAP≥19mmHg for pulmonary 
hypertension)

2018 ------ 6th World Symposium of Pulmonary Hypertension proposal for revised 
diagnos�c criteria
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Expanding the definition of PAH further by reduc-
ing the pulmonary vascular resistance threshold from 
3.0 to 2.2  WU would also represent an opportunity 
to capture patients earlier in their clinical course and 
has been considered in the literature,72,73,110 but not 
as yet incorporated into official guidelines on classifi-
cations. Consequently, contemporary PAH diagnosis 
in conjunction with data assembled from randomized 
clinical trials and large prospective registries have con-
temporized PAH demographics, epidemiology, and 
prognosis.

Conclusions
The modern therapeutic approach to PAH in the clini-
cal trial era evolved from an earlier period when suc-
cess was measured by delaying mortality in end-stage 
disease, including reliance on lung transplantation. A 
disease that was without effective treatment for dec-
ades, PAH is now characterized by evidence-based 
decision-making with aggressive pharmacotherapy 
guided clinical management (Figure  5). As a result, 
PAH has become a treatable cardiovascular disease 
with a realistic aspiration for impeding disease pro-
gression and improving survival, although perhaps 
not yet with the promise of long-term life expectancy 
(Figure 2).

Nevertheless, underrecognition and misdiagnosis 
of PAH persists in the community, underscoring the 
potential benefits of specialty referral centers of excel-
lence.74 Diagnosis often requires a high index of clinical 
suspicion, given that PAH is usually associated with 
nonspecific signs and symptoms, similar to those char-
acteristic of other cardiac and pulmonary diseases.

CARDIAC AMYLOIDOSIS
Historical Perspectives
ATTR cardiac amyloidosis, the most common type 
of systemic amyloidosis, an underdiagnosed cause 
of restrictive cardiomyopathy and heart failure with 
preserved ejection fraction in the aging population 
(>60 years), has been historically regarded as untreata-
ble, with a rapidly progressive clinical course. Although 
cardiac amyloidosis is not a new disease and has been 
recognized for at least 50 years, only in the past dec-
ade have noninvasive diagnosis and disease-specific 
therapy been accessible to increasing numbers of pa-
tients. Of the 3 diseases discussed here, ATTR cardiac 
amyloidosis is the most recent to emerge as a treat-
able condition (Figures 2).13,75–82

Cardiac amyloidosis is caused by aggregation and 
deposition of the misfolded transthyretin amyloid pro-
tein and fibrils (synthesized in the liver) deposited within 
the extracellular myocardium, resulting in increased left 
ventricular wall thickness.83–86 The disease process 
derives either from inherited mutations (eg, ATTRv, 
variant) or an acquired aging form (eg, ATTRwt, wild 
type; previously termed senile cardiac amyloidosis), 
leading to debilitating heart failure symptoms with 
diffuse fibrosis, diastolic dysfunction, atrial fibrillation, 
conduction system disease, or peripheral polyneurop-
athy13,75–82 (Figure 6).

ATTR cardiac amyloidosis has been universally 
associated with poor survival and prognosis (median 
survival 3.6 years after diagnosis), dependent on the 
extent of cardiac involvement.13,75–82 Although ATTR 
cardiac amyloidosis has been generally considered 
uncommon, recognition is increasing and its precise 

Figure 6.  ATTR (transthyretin).
Pathophysiology of ATTR amyloid cardiomyopathy.
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prevalence is unresolved. Deposits of ATTR-amyloid 
have been identified at autopsy in 25% of hearts from 
patients >80 years old, 13% of those hospitalized for 

heart failure with preserved ejection fraction, 16% with 
aortic stenosis undergoing transcatheter aortic valve 
replacement, and 5% of those diagnosed with HCM.

Figure 7.  Timeline of clinical advances in TTR (transthyretin) cardiac amyloidosis.
99mTc-PYP indicates technetium TC 99M pyrophosphate; hATTR, hereditary ATTR (transthyretin) 
cardiac amyloidosis; Val30met, variant in which methionine replaces valine at the 30th position of TTR 
protein (Portuguese variant); and Val122Ile, variant in which isoleucine replaces valine at the 112nd 
position of TTR protein.

1952 First report: amyloidosis (neuropathy) 

1977 Senile amyloidosis (wild type) 

1983 First muta�on-TTR (Val30Met) 

1984 Prealbumin (transthyre�n) as cause of TTR amyloidosis (ini�al descrip�on) 

1989 Val122Ile muta�on 

1990 First hepa�c transplant (familial amyloido�c polyneuropathy) 

1997 Val12Ile muta�on (in 4% African-Americans with TTR) 

2005 Noninvasive diagnos�c test: 99mTc-PYP scin�graphy 

2011 Tafamidis approved for TTR-polyneuropathy in Europe 

2013 Repurposing diflunisal for TTR polyneuropathy 

2018 

2019 

2021 

Pa�siran/inotersen approved for hATTR with hereditary polyneuropathy 

Tafamidis for TTR cardiomyopathy 

CRISPR-Cas9 gene edi�ng for transthyre�n amyloidosis proposed to silence 

TTR liver produc�on 
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Diagnosis
Seminal advances in basic science,83–86 diagnosis, 
and treatment13,75–82 have emerged that substantially 
change the clinical landscape of ATTR cardiac amyloi-
dosis (Figure 7), for the first time contributing to reversal 
of its dismal reputation. For much of its history, clinical 
identification has frequently been delayed or missed 
because of limited specificity and unreliability of diag-
nostic tests, including electrocardiography, echocar-
diography, and cardiovascular magnetic resonance 
imaging, as well as logistical and interpretive difficulties 
associated with endomyocardial and extracardiac bi-
opsy and histopathology.

However, noninvasive diagnosis specific for 
ATTR cardiac amyloidosis now allows reliable, 
more frequent, and earlier clinical identification 
without the requirement for invasive cardiac biop-
sy.87–89,90 Namely, over the last 10 to 15 years, there 
has been substantial interest in the technetium-
labeled pyrophosphate nuclear scintigraphy scan 
(99mTc-PYP radiotracers that bind to deposited 
cardiac amyloid fibrils) in combination with blood 
and urine testing to assess monoclonal proteins 
and exclude light chain amyloid cardiomyopathy, 
which has proved highly sensitive and specific 
for ATTR cardiac amyloidosis permitting earlier 
diagnosis.87–89,90

Treatment Advances and Clinical Course
Oral tafamidis (Vyndaqel; Pfizer), initially approved 
in the European Union in 2011 to delay peripheral 
nerve impairment in transthyretin amyloid polyneu-
ropathy, is the first Food and Drug Administration–
approved treatment for ATTR cardiac amyloidosis (in 
May 2019),14,91–95 representing a breakthrough shift in 
targeted management (Figure 2C), of a previously un-
treatable disease.14 Now, patients with cardiac ATTR 
amyloidosis are being offered hope with evidence 
that tafamidis targets the basic disease mechanism 
by selectively stabilizing and inhibiting ATTR amyloid 
formation.83–86,96

Tafamidis slows disease progression, representing 
a distinctive alternative to older medical remedies that 
were not disease-specific for amyloidosis and largely 
confined to supportive heart failure measures (eg, di-
uretics, aldosterone antagonists, anticoagulants, an-
tiarrhythmic drugs),13,75,76,80–83 or in rare cases heart 
transplant.97 In a multicenter international randomized, 
double-blind, placebo-controlled study (n=441) over 
30 months, orally administered tafamidis was associ-
ated with an excellent safety profile and 33% reduc-
tion in all-cause mortality, 32% reduction in the rate of 
cardiovascular-related hospitalizations, while imped-
ing decline in functional capacity and quality of life; 7 
to 8 patients were needed to treat to prevent 1 death 

over 2.5 years14 (Figure 2). Tafamidis is more effective 
when administered early in the course of the disease 
before significant cardiac dysfunction and advanced 
heart failure has developed. Two TTR silencing drugs 
inhibiting TTR hepatic synthesis and expression, pa-
tisiran (Onpattro)98 and inotersen (Tegsedi)99 have 
achieved Food and Drug Administration approval for 
TTR-related polyneuropathy. APOLLO showed that 
patisiran decreased left ventricular wall thickness, 
global longitudinal strain, NT-proBNP (N-terminal pro-
B-type natriuretic peptide) and adverse cardiac out-
come compared with placebo.100 Whether silencers 
are more effective than stabilizers and the potential 
benefits of combination therapy will be determined by 
future trials.

Conclusions
TTR protein stabilizing tafamidis and other rapidly 
emerging novel therapies for cardiac amyloidosis, cou-
pled with widely available noninvasive nuclear scintig-
raphy, represent a new standard of care, and promise 
upsurge in diagnoses of cardiac ATTR. Leveraging 
emerging therapies such as tafamidis, with efficient 
disease recognition, will permit more timely initiation of 
treatment to slow disease progression, potentially miti-
gating those pathologic and functional changes that 
dictate prognosis.

Nevertheless, remaining obstacles for ATTR cardiac 
amyloidosis are its perceived rarity and heterogeneous 
expression, an enduring reputation as an incurable 
condition, and the paucity of dedicated amyloidosis 
centers offering specialized care. Also, cardiac ATTR 
often presents with nonspecific symptoms to a diverse 
group of clinicians (ie, hematologists, neurologists, and 
cardiologists) that can result in delayed or incorrect di-
agnosis of HCM or other conditions associated with LV 
wall thickening and heart failure.

A currently evolving dilemma is recognition that ta-
famidis may not be cost-effective at a high price (list 
price $225  000 per year), the most expensive car-
diovascular medication now available.101–103 This is a 
particular concern because hereditary transthyretin 
amyloidosis ATTR95 disproportionately affects a mi-
nority population in the United States, and therefore 
tafamidis has the potential to increase health dispari-
ties due to unequal access to treatment.104

FINAL PERSPECTIVES AND 
DETERMINANTS OF PROGRESS
The 3 major but relatively uncommon cardiovascular 
conditions discussed here were once considered omi-
nous and essentially untreatable (or even hopeless), 
conveying highly uncertain futures to affected patients. 
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Although these diseases are driven by different mor-
phologies, clinical presentations, pathophysiology, and 
diagnostic criteria, they are nevertheless similar with 
regard to heterogeneity in clinical presentation and the 
importance of early recognition.

Most importantly, there is now sufficient objective 
progress for all 3 of these diseases to warrant chang-
ing the clinical narrative to one of optimism. Often, 
medical science has been forced to overcome numer-
ous obstacles, including the reluctance of industry and 
the wider physician community to support diseases 
considered rare and essentially untreatable, to never-
theless develop novel medical and interventional ther-
apies that have substantially reduced morbidity and 
mortality (Figure 2).

With PAH, pharmacologic strategies have been for-
mulated, consistent with principles of evidence-based 
personalized medicine, to improve functional capacity 
and survival, albeit not yet providing extended longev-
ity. Over the years, a series of randomized clinical trials 
with single drugs (or combinations) have identified a 
variety of 12 beneficial medical strategies with naturally 
occurring or synthetic compounds.11,42–52

In ATTR cardiac amyloidosis, significant clinical ad-
vances have evolved more gradually. Diagnostic non-
biopsy nuclear imaging has made the ATTR cardiac 
amyloidosis diagnosis much more accessible to the 
practicing community, permitting earlier initiation of phar-
macologic treatment. Introduction of tafamidis as the first 
disease-specific drug, designed specifically to stabilize 
and/or inhibit amyloid TTR protein formation, is capable 
of reducing mortality and improving quality of life.14

HCM is much more common than PAH and cardiac 
amyloidosis (1:200–1:500 of the general population, 
respectively),19 with the advantage of being carefully 
scrutinized clinically in large patient populations for 
>50 years. As a result, management innovations and 
a variety of targeted treatments used in HCM cohorts 
(eg, implantable defibrillators to prevent sudden death 
and high-benefit:low-risk myectomy surgery to reverse 
heart failure), have surpassed the other 2 diseases 
making HCM a highly treatable condition consistent 
with normal or extended longevity.

We have searched for unifying themes that could 
explain the seminal advances in therapeutics and diag-
nostics that have evolved into clinical practice for HCM, 
PAH, and ATTR cardiac amyloidosis, and could poten-
tially provide relevant insights for application to other 
cardiac or noncardiac diseases.

Although there is no evidence that treatment and 
diagnostic strategies were systematically coordinated 
or facilitated, one consistent factor that emerges from 
each of the 3 complex diseases is an association with 
dedicated clinical investigators focused on the specific 
patient population over their professional careers (up 
to 50 years in some cases). Without such allegiance to 

relatively uncommon diseases with dismal prognosis, 
these conditions would be easily forgotten or ignored.

For PAH, treatment strategies evolved by the selec-
tion of drugs for early randomized trials that were tai-
lored to the basic disease pathophysiology (ie, to relax 
and dilate pulmonary arterioles) to reverse remodeling 
along the molecular pathways of prostacyclin signal-
ing, endothelin receptor antagonists, or nitric oxide 
bioactivity. Such assembly of evidence in a rare dis-
ease such as PAH is unique and required a high de-
gree of global cooperation by investigators and centers 
for patient recruitment.

For example, epoprostenol, one of the first drugs 
shown to be effective in PAH, is a synthetic analog of 
prostacyclin with acknowledged vasodilatory prop-
erties.11,45 In contrast, sildenafil, which blocks the en-
zyme phosphodilsterase,52 followed a much different 
pathway, beginning in 1989 as a drug developed by 
Pfizer for chest pain in patients with ischemic heart 
disease to dilate coronary arteries and then adopted 
as a treatment for erectile dysfunction (as Viagra) 
based on its vasodilatory properties that increase ar-
terial blood flow, and only later to PAH based on this 
pathophysiology.

In the case of ATTR cardiac amyloidosis, seminal 
biophysical studies of transthyretin (prealbumin) and 
elucidation of the basic biology of the disease led to 
the development of tafamidis in the laboratory as a 
molecular disease-specific and structure-based drug, 
which in turn resulted in creating a pharmaceutical 
company and ultimately well-designed interventional 
trials. The classic model of a basic science discovery 
leading to specific drug development followed by clin-
ical trials that has been demonstrated by tafamidis is 
unique among the 3 diseases analyzed here.96

The scenario in HCM has been much different, 
because most of the important current therapies are 
interventional, with the progress due to innovations in 
clinical science and practice, independent of the 30-
year unfulfilled basic science aspiration for a molecu-
lar cure that eradicates the causative HCM gene and 
therefore the overall disease process. Specifically, the 
implantable defibrillator was adopted from coronary 
artery disease by clinical investigators searching for a 
strategy to prevent sudden death in HCM,3–5,20,25 but 
initially without assurance that device therapy would 
be effective in high-risk patients given the unique un-
derlying electrophysiologic substrate characteristic of 
HCM.

Septal myectomy operation was designed 60 years 
ago specifically for patients with HCM and subaortic 
obstruction by Dr. Andrew G. Morrow at the National 
Institutes of Health (who himself had the same dis-
ease),106 even before the precise mechanism by which 
outflow gradients are generated was completely un-
derstood (ie, mitral valve systolic anterior motion). 
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Strategies for the management of atrial fibrillation in 
HCM have been modified from other cardiac diseases. 
In contrast, mavacamten, although not yet approved by 
Food and Drug Administration, has recently become a 
first-in-class HCM-specific negative inotropic drug de-
signed with a molecular structure to suppress LV con-
tractility and therefore reduce outflow gradients and 
symptoms.108

CONCLUSIONS
It is unfortunate that the recognition of significant pro-
gress in medicine, and particularly with complex car-
diovascular diseases, may evolve slowly. Also, general 
acceptance of important innovations may require time to 
penetrate the consciousness of the public, patients, and 
practicing community. In this review it was our intention 
to underscore and provide visibility for recent paradigm 
shifts in diagnosis and management that have changed 
the clinical course and perceptions on 3 important and 
less common cardiovascular diseases discussed here: 
HCM, PAH, and cardiac amyloidosis.
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