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Hypertrophic cardiomyopathy—both obstructive hypertrophic cardiomyopathy (oHCM) and nonobstructive hypertro-

phic cardiomyopathy (nHCM) subtypes—is the most common monogenic cardiomyopathy. Its structural hallmarks are

abnormal thickening of the myocardium and hyperdynamic contractility, while its hemodynamic consequences are left

ventricular outflow tract or intracavitary obstruction (in oHCM) and diastolic dysfunction (in both oHCM and nHCM).

Several medical therapies are routinely used to improve these abnormalities with the goal to decrease symptom

burden in patients with HCM. Current guidelines recommend nonvasodilating beta blockers as first-line and nondi-

hydropyridine calcium channel blockers followed by disopyramide as second- and third-line medical therapies for

symptomatic oHCM and give weaker recommendations for beta blockers and calcium channel blockers in nHCM.

These recommendations are based on small studies—mostly nonrandomized—and expert opinion. Our review will

summarize the available data on the effectiveness of commonly prescribed medications used in oHCM and nHCM to

uncover knowledge gaps, but also new data on cardiac myosin inhibitors. (JACC Adv 2023;2:100622) © 2023 The

Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
O bstructive hypertrophic cardiomyopathy
(oHCM) and nonobstructive hypertrophic
cardiomyopathy (nHCM) are usually

inherited cardiomyopathies due to gene mutations
of the sarcomere leading to abnormal thickening of
the myocardium, myocyte disarray, and hyperdy-
namic contractility. The definition of hypertrophic
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cardiomyopathy (HCM) is usually a maximal left ven-
tricular (LV) wall thickness $15 mm (or $13 mm in in-
dividuals with pathogenic HCM gene mutations or a
family history of HCM) in the absence of identifiable
causes of hypertrophy (eg, LV pressure overload,
infiltrative cardiomyopathies). The hemodynamic
consequences of these myocardial abnormalities are
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HIGHLIGHTS

� Until recently, medical therapies for
obstructive hypertrophic cardiomyopathy
have been suboptimal to eliminate
outflow obstruction and reduce
symptoms.

� Current guideline recommendations on
the pharmacologic management of hy-
pertrophic cardiomyopathy are based on
small, underpowered studies, most of
which were not randomized.

� Cardiac myosin inhibitors are a novel,
highly effective medication class that
promises to improve symptoms and
quality of life and reduce the need for
invasive therapies in obstructive hyper-
trophic cardiomyopathy.

� Evidence on the effectiveness of beta
blockers or calcium-channel blockers for
improving diastolic function is incom-
plete but may favor calcium-channel
blockers.

ABBR EV I A T I ON S

AND ACRONYMS

ATP = adenosine triphosphate

BB = beta-blockers

cAMP = cyclic adenosine

monophosphate

CCB = calcium-channel

blockers

CMI = cardiac myosin inhibitor

cTnI = cardiac troponin I

HCM = hypertrophic

cardiomyopathy

HFpEF = heart failure with

preserved ejection fraction

IV = intravenous

LTCC = L-type calcium channel

LV = left ventricular

LVOT = left ventricular outflow

tract

MR = mitral regurgitation

NCX = sodium-calcium

exchanger

nHCM = nonobstructive

hypertrophic cardiomyopathy

NT pro-BNP = n-terminal

prohormone of brain natriuretic

peptide

oHCM = obstructive

hypertrophic cardiomyopathy

PKA = protein kinase a

RYR2 = cardiac ryanodine

receptor 2

SRT = septal reduction therapy

VO2 = maximal oxygen

consumption
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left ventricular outflow tract (LVOT) or intra-
cavitary obstruction (in oHCM, defined as a
resting or provocable gradient $30 mm Hg)
and diastolic dysfunction (both oHCM and
nHCM), all of which are putative mechanisms
for the typical clinical symptoms. While med-
ical therapies addressing underlying
pathomechanisms are currently limited,
some therapies have been shown to improve
hemodynamic abnormalities and symptoms
and potentially disease trajectory in patients
with HCM. While invasive therapies are
available and effective in resolving outflow
obstruction, they may not completely
normalize underlying structural and func-
tional derangements and associated
symptoms.

Medical therapy is currently the mainstay
for symptom management for patients with
HCM, as it can resolve or improve symptoms
sufficiently in the majority of patients.
Recent guidelines recommend non-
vasodilating beta-blockers (BBs) as first-line
and nondihydropyridine calcium-channel
blockers (CCBs) followed by disopyramide as
second- and third-line medical therapies for
symptomatic oHCM (Central Illustration).
These recommendations are based on small
studies—most of them are nonrandomized
and underpowered (Table 1)—and expert
opinion. To give practitioners who treat pa-
tients with HCM a more complete picture of
the available evidence and point out crucial
knowledge gaps, this review will summarize
the available data on the effectiveness
of recommended and commonly prescribed
pharmacotherapies.

BRIEF SUMMARY OF THE PATHOMECHANISM

OF OUTFLOW OBSTRUCTION AND DIASTOLIC

DYSFUNCTION IN HCM

The multifactorial nature of underlying mechanisms
for LV hypertrophy, diastolic dysfunction, and LVOT
obstruction in HCM poses significant management
challenges.1 Sarcomeric dysfunction, secondary to
missense gene mutations, appears to be the incepting
mechanism.2,3 These genetic alterations lead to
increased calcium sensitivity and an increase in
myosin ATPase activity. The result is an abundance of
myosin heads shifting from the energy-efficient su-
per-relaxed state to the energy-consumptive active
state.4-7 Excess myosin ATPase activation causes an
increase in myosin-actin cross-bridging,
hypercontractility, and abnormal relaxation,8-11 as
well as the pathognomonic hypertrophic changes in
HCM.12,13 In addition, myocardial ischemia due to
insufficient and abnormal microvascular blood flow
not only causes anginal symptoms but also leads to
ischemic injury, myocardial remodeling with myocyte
disarray, inflammation, and fibrosis.8,10,11 The in-
crease in cardiac workload from outflow tract
obstruction and elevated LV filling pressure renders
the heart unable to maintain normal left atrial pres-
sure13 and cardiac output, resulting in heart failure
symptoms due to diastolic dysfunction and angina.

PHARMACOLOGIC THERAPIES TO RELIEVE

OUTFLOW OBSTRUCTION

Studies investigating improvements in outflow
obstruction are listed in Supplemental Table 1.

BETA-BLOCKERS. BBs were first developed in the
1960s, mainly as blood pressure-reducing agents14

and are broadly categorized into nonselective (with
affinity to both beta-1 and beta-2 receptors) and se-
lective beta receptor blockers (with no or minimal
beta-2 receptor affinity). Commonly used examples
are propranolol, labetalol, and carvedilol; and meto-
prolol, bisoprolol, atenolol, and nebivolol, respec-
tively. Some BBs have more pronounced vasodilating
properties such as carvedilol, labetalol, or nebivolol,

https://doi.org/10.1016/j.jacadv.2023.100622


CENTRAL ILLUSTRATION Mechanisms and Available Evidence of Current Pharmacologic
Treatment Options to Reduce Left Ventricular Outflow Tract Gradient in Obstructive Hypertro-
phic Cardiomyopathy

Zhu M, et al. JACC Adv. 2023;2(8):100622.

Beta-blockers and calcium-channel blockers reduce left ventricular contractile force while increasing left ventricular filling time and volume

via beta 1 receptor and L-type calcium channel modulation, respectively. Disopyramide exerts a negative inotropic effect by modulating

sodium channels and intracellular calcium. Cardiac myosin inhibitors directly decrease myosin-actin interactions with a negative inotropic and

lusitropic effect. ATP ¼ adenosine triphosphate; BB ¼ beta-blockers; CA ¼ calcium; cAMP ¼ cyclic adenosine monophosphate;

CCB ¼ calcium-channel blocker; CMI ¼ cardiac myosin inhibitors; LTCC ¼ L-type calcium channel; LV ¼ left ventricular; NCX ¼ Na(þ)/

Ca(2þ) exchanger; PKA ¼ protein kinase; RYR2 ¼ cardiac ryanodine receptor 2.
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and while they may be more effective in the treat-
ment of hypertension, they can (at least in theory)
worsen LVOT gradients due to afterload reduc-
tion.15,16 Generally, BBs’ beneficial effect in oHCM
stems from a decrease in contractility (negative
inotropic effect) and slowing of the heart rate,
thereby increasing LV filling time and presystolic
cavity size (Figure 1).

Although nonvasodilating BB—specifically meto-
prolol—are currently recommended as first-line
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TABLE 1 Summary of the Current Evidence Base for the Effectiveness of Pharmacologic HCM Therapies

LVOT Gradient Reduction Diastolic Dysfunction

BB CCB Disopyramide Myosin Inhibitors BB CCB BB Vs CCB Disopyramide Myosin Inhibitors

No. of studies 4 4 5 4 4 6 4 5 3

No. of randomized trials 2 0 0 3 3 0 0 0 3

No. of studies published after 2010 4 0 1 4 3 0 0 1 3

Total number of patients studied 176 106 167 425 99 130 134 115 408

BB ¼ beta-blocker; CCB ¼ calcium-channel blocker; HCM ¼ hypertrophic cardiomyopathy; LVOT ¼ left ventricular outflow tract.
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treatment in oHCM, the evidence for its effects on
LVOT obstruction has been limited to small studies
and anecdotal experience.17

In a nonrandomized study of 27 oHCM patients
with a postexercise LVOT gradient >50 mm Hg,
longer-term nadolol (40-80 mg/day) or bisoprolol
(5-10 mg/day) decreased postexercise gradient
from 87 � 29 mm Hg to 36 � 22 mm Hg (P < 0.001),
with 14 patients (52%) achieving a nonobstructive
range (LVOT gradient of <30 mm Hg), 9 patients
(33%) with a reduction of $20 mm Hg but residual
gradient $30 mm Hg, and 4 patients with minimal
gradient reduction.18 Six patients (22%) did not
respond to therapy with persistent severe post-
exercise obstruction (range 58-80 mm Hg). Of note,
ologic Effects of Nonvasodilating Beta-Adrenergic Blockers on the

f Obstructive Hypertrophic Cardiomyopathy
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atient-felt symptoms. LVOT ¼ left ventricular outflow tract.
these nonresponders all shared similar characteristics
of a high body mass index, which could have caused a
relative underdosing of BB therapy.

The first randomized placebo-controlled trial of
metoprolol vs placebo enrolled 29 patients with
oHCM with 2 consecutive 2-week treatment periods
in a cross-over design. Dybro et al17 showed that
compared with those assigned to placebo, patients
randomized to metoprolol (up-titrated to a maximum
daily tolerated dose of 150 mg) had a significantly
lower LVOT gradient at rest (25 mm Hg [IQR: 15 to
58 mm Hg] vs 72 mm Hg [IQR: 28-87 mm Hg];
P ¼ 0.007), at peak exercise (28 mm Hg [IQR: 18-
40 mm Hg] vs 62 mm Hg [IQR: 31-113 mm Hg];
P < 0.001), and postexercise (45 mm Hg [IQR: 24-
100 mm Hg] vs 115 mm Hg [IQR: 55-171 mm Hg];
P < 0.0001). Overall, there was an improvement in
NYHA dyspnea class; however, 90% of patients on
metoprolol reported residual exertional symptoms
(ie, Class II or greater), and the patient-reported
Kansas City Cardiomyopathy Questionnaire score
improved only marginally. Furthermore, peak VO2

during cardiopulmonary exercise testing did not
improve, and neither did pulmonary capillary
wedge pressure from invasive assessment (see
description of therapies to improve diastolic
function for a possible explanation). These findings
suggest that although metoprolol decreases LVOT
obstruction, the effect on wall stress and filling
pressures is lacking, and symptom improvement is
limited.

In a third trial by Monda et al, 92 oHCM patients
with LVOT gradient $50 mm Hg were assigned
increasing doses of bisoprolol until the primary
endpoint of LVOT gradient <30 mm Hg and $1 NYHA
class improvement (or the maximally tolerated dose)
was achieved.19 Bisoprolol decreased the LVOT
gradient to <30 mm Hg in 33 (36%) patients and
to <50 mm Hg in 57 (62%) patients. However, 35
(38%) patients were considered nonresponders.
There were no significant differences in clinical or
echocardiographic characteristics between



FIGURE 2 Pharmacologic Effects of Nondihydropyridine Calcium-Channel Blockers on
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responders and nonresponders except for a higher
number of patients with NYHA functional class III in
nonresponders (n ¼ 10 [29%] vs n ¼ 7 [12%],
P ¼ 0.051).19

Findings from these small studies established the
basis of current guideline recommendations (Dybro’s
study is not included). All studies demonstrated sig-
nificant variability in LVOT gradient reduction,
limited symptom improvement, and a significant
proportion of nonresponders.17 Data from these
studies underscore the need for larger randomized
trials and alternatively, more effective pharmaceu-
tical options, especially for nonresponders. Side
effects and their unknown direct effects on the un-
derlying pathogenesis or disease trajectory pose
additional problems for the use of this medication
class in oHCM.
CALCIUM-CHANNEL BLOCKERS. CCBs can be
categorized into dihydropyridine CCB, which exert
a predominant effect on vasomotor tone (eg,
amlodipine, nifedipine, nicardipine), and non-
dihydropyridine CCB (eg, verapamil, diltiazem),
which predominantly affect intracellular myocyte
calcium, exerting a negative inotropic effect, as well
as atrioventricular conduction slowing.20 While the
effects of the latter group appear to be comparable to
BBs, they do differ in their mechanism, their effect on
peripheral afterload, and other smooth muscle cells
(eg, gastrointestinal tract) (Figure 2). These differ-
ences raise concern for a potential deleterious effect
on LVOT obstruction (from vasodilation) and their
side effect profile (constipation).

In a small study of 13 HCM patients, IV verapamil
followed by an invasive assessment of its hemody-
namic effects showed a significant LVOT gradient
reduction in 10 of the 13 patients, with 2 of the other
3 patients who did not experience a gradient reduc-
tion reporting better exercise tolerance during sub-
sequent treadmill exercise tests. Limited by the small
sample size, they could not detect significant differ-
ences in clinical characteristics between responders
and nonresponders. There was also no significant
correlation between improvement in exercise capac-
ity with resting (r ¼ 0.27) or provoked (r ¼ 0.50) gra-
dients following oral verapamil. These data suggest
that verapamil may affect exertional symptoms not
only by improving LVOT gradients but also by other
mechanisms (see diastolic function section below).21

Anderson et al22 examined the effect of IV and
chronic oral verapamil on LVOT obstruction in 15
patients. With IV verapamil, 6 of the 15 patients
experienced a decrease in LVOT gradient, while the
other 9 either had an increase or no change in
gradient; the entire group had on average no
significant change in mean resting or provoked LVOT
gradient. With orally administered verapamil, 5 of the
11 patients experienced a decrease in LVOT gradient,
while the other 6 had no significant change. Like IV
verapamil, chronic oral verapamil did not reduce the
overall mean resting or provoke an LVOT gradient,
nor was it associated with an improvement in symp-
toms in this small study.

The largest study of IV verapamil by Rosing et al
found that among 62 oHCM patients, mean resting
LVOT gradient decreased from 63 � 34 mm Hg to
29 � 34 mm Hg (P < 0.05). They also reported an
improvement in diastolic function and exercise
tolerance in a subgroup of patients, and this benefit
may have been greater in patients receiving verap-
amil vs propranolol. A larger observational portion of
this study reported some complications, including 9
deaths, although it is unclear if any of these were
related to the treatment with verapamil. Clearly,
interpretation of this study is difficult given the
observational design.23
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Betocchi et al24 studied IV diltiazem (0.25 mg/kg
for 2 minutes followed by 0.014 mg/kg/min for
10 minutes) in 16 oHCM patients. Diltiazem increased
the outflow gradient in 7 of the 11 patients (range þ4
to 68 mm Hg) and decreased the gradient in 4
(range �7 to 10 mm Hg). Overall mean LVOT gradient
remained the same, while cardiac index (likely due to
a lower systemic vascular resistance) and pulmonary
wedge pressure increased. It is unclear how these
acute effects translate into chronic diltiazem use.
This study may, however, explain differential re-
sponses to diltiazem in clinical practice but also raise
concern for the potential of worsening obstruction.24

DISOPYRAMIDE. Disopyramide is a type 1a antiar-
rhythmic, a sodium channel blocker that lengthens
action potential duration and lowers the rate of dia-
stolic depolarization, thus decreasing myocardial
excitability (Figure 3). The negative inotropic prop-
erty, which decreases LVOT obstruction, was a clin-
ical afterthought long after its initial studies and
approval in France in 1969 and in the United States in
1982, but it forms the basis for its use in oHCM.25

Dr Charles Pollick26 led the groundbreaking studies
of intravenous and oral disopyramide in 5 oHCM
patients with invasive hemodynamic assessment.
Following 10 minutes of intravenous disopyramide
(100 mg) administration, the baseline LVOT gradient
was virtually abolished in all patients, with minimal
effects on cardiac output. The LV end-diastolic pres-
sure was unchanged in 2 patients and reduced in 2
others. Oral disopyramide improved symptom-
limited exercise duration.26 In a follow-up study of
43 oHCM patients, Pollick et al27 confirmed the
beneficial effects of disopyramide: resting
gradient was reduced by a mean of 61 mm Hg (range
16-123 mm Hg), with 35 (78%) achieving a resting
gradient of <20 mm Hg. Invasive hemodynamic
assessment confirmed a decrease in pre-ejection
period and ejection time, ie, a negative inotropic ef-
fect; however, cardiac output did not change, likely
due to improvement in mitral regurgitation (MR).27

Kimball et al28 confirmed Pollick’s findings in 25
patients with oHCM, in whom baseline resting LVOT
gradient was reduced from 86 � 34 mm Hg to
27 � 20 mm Hg (P < 0.001). Electrocardiographic
changes from disopyramide were minimal, along with
a slight increase in heart rate.28 Similarly, Sherrid
et al29 evaluated the effects of oral disopyramide in 7
oHCM patients. An initial single dose reduced the
average peak gradient from 64 to 14 mm Hg
(P < 0.0001) with sustained reductions during the 23-
day treatment period. After disopyramide washout,
gradients returned to their pretreatment values
(79 mm Hg). Finally, after rechallenging patients with
disopyramide, the gradient once again declined, to an
average of 30 mm Hg (P < 0.001). The investigators
also showed that higher disopyramide serum levels
correlated with lower outflow tract gradients
(r ¼ �0.77, P < 0.0001).29

In the largest observational study of disopyramide
to date, Sherrid et al30 compared 118 patients with
oHCM who were treated with disopyramide (mean
dose 432 � 181 mg/day) for a mean of 3.1 � 2.6 years in
4 HCM centers with 373 oHCM control patients; 97%
received a beta-blocker as background therapy. In
patients who were treated with disopyramide, resting
LVOT gradient decreased from 75 � 33 mm Hg to
40 � 32 mm Hg (P < 0.0001), and 66% did not undergo
septal reduction therapy. In the 34% who ended up
with septal reduction therapy, resting LVOT gradient
decreased only from 73 � 35 mm Hg to 63 � 31 mm Hg
(P ¼ 0.05).30 There was a statistically nonsignificant
trend towards lower mortality and sudden cardiac
death in disopyramide-treated patients. This real-
world study suggests that a significant portion of
patients appear to derive benefit from disopyramide,
but with some variability in resolution of LVOT
obstruction. The observational nature of this study,
however, limits its validity and interpretation.
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Aside from disopyramide, other sodium channel
blockers with similar properties have been tested
in oHCM. Kajimato et al compared the decrease in
invasively measured LV pressure gradient at rest in
oHCM patients after administration of a variety of
sodium channel blockers (disopyramide, cibenzoline,
pilsicainide), verapamil, and propranolol. In group A
(n ¼ 12, average baseline resting LVOT gradient
90 � 24 mm Hg), LVOT gradient was reduced by
7.7% � 9.9% with verapamil, 19.0% � 20.2% with
propranolol, and 58.6% � 15.0% with disopyramide,
suggesting that disopyramide was more effective
than either verapamil or propranolol. In group B
(n ¼ 12, average baseline resting LVOT gradient
98 � 34 mm Hg), gradients were reduced by
55.3% � 26.6% with disopyramide, 55.3% � 20.6%
with cibenzoline, and 54.7% � 15.4% with pilsicai-
nide, suggesting an equivalent effect from these 3
agents.31

CARDIAC MYOSIN INHIBITORS. Cardiac myosin in-
hibitors—Mavacamten and Aficamten—are a new drug
class, targeting one underlying cause for the devel-
opment of hypertrophy, inefficient cellular ener-
getics, and LVOT obstruction: excessive actin-myosin
cross-bridging leading to hypercontractility. Reduc-
tion of actin-myosin interactions decreases contrac-
tile force and thereby LVOT gradient, but also
improves cellular oxygen demand and myocardial
relaxation (Figure 4).

Mavacamten was first assessed in the PIONEER-
HCM, a phase 2 open label study including 21 pa-
tients with oHCM assigned to 2 dosing levels (cohorts
A and B). Primary efficacy outcome was reduction of
LVOT gradient at 12 weeks. In cohort A, the resting
gradient was decreased by 48 mm Hg (95% CI: �72
to �23 mm Hg, P ¼ 0.006) and Valsalva-provoked
gradient was decreased by 85 mm Hg (95% CI: �114
to �56 mm Hg, P ¼ 0.002). In cohort B, in which a
lower dosing regimen compared to cohort A was
assigned, smaller reductions in LVOT gradient
were seen: �49 mm Hg reduction in resting
gradient (95% CI: �83 to �14 mm Hg, P ¼ 0.004)
and �47 mm Hg in Valsalva-provoked gradient
(95% CI: �82 to �12 mm Hg, P ¼ 0.002).32 In the
PIONEER-OLE (open label extension) study, those
reductions in LVOT gradient were sustained up until
48 weeks.33

The pivotal EXPLORER-HCM multicenter, double-
blind, placebo-controlled, randomized, phase 3
study enrolled 251 patients with obstructive symp-
tomatic HCM randomizing 123 patients to mava-
camten and 128 to placebo. EXPLORER-HCM was a
landmark trial—the largest adequately powered
randomized trial conducted in patients with oHCM to
date. Although the primary endpoint consisted of
improvement in functional class and/or exercise ca-
pacity during cardiopulmonary exercise testing, the
secondary outcome of postexercise LVOT gradient
was 4-fold lower at 30 weeks compared to placebo
with a group difference of �36 mm Hg (95% CI: �43
to �28 mm Hg; P < 0.0001).34 Preliminary data from
the EXPLORER LTE, an ongoing 5-year active treat-
ment extension study, demonstrated durable re-
ductions in resting and Valsalva LVOT gradient, as
well as improvements in functional class and NT-
proBNP levels.35

A third clinical trial of Mavacamten in oHCM—

VALOR-HCM—was a double-blind, multicenter,
placebo-controlled, randomized study evaluating the
eligibility for septal reduction therapy at 16 weeks.
Along with a marked difference between randomiza-
tion arms in SRT eligibility (only 18% of patients
assigned to mavacamten met SRT eligibility criteria),
there was also a marked improvement in postexercise
LVOT gradient among the 112 patients with oHCM
randomized to mavacamten compared to those ran-
domized to placebo [�37 mm Hg vs �1.8 mm Hg
(P < 0.001)].36

Aficamten is a next-in-class cardiac myosin inhib-
itor that was evaluated for its efficacy and safety by
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the REDWOOD-HCM (NCT04219826) and REDWOOD-
HCM open label extension, now FOREST-HCM
(NCT04848506) clinical trials.37 REDWOOD-HCM
enrolled symptomatic oHCM patients in 2 cohorts.
In cohort 1, a lower dose (5 to 15 mg) lowered resting
LVOT gradients from 54 � 25 mm Hg to 13 � 4 mm Hg,
and Valsalva LVOT gradients decreased from
74 � 25 mm Hg to 38 � 14 mm Hg at 10 weeks
(P < 0.0001 for both). In cohort 2, patients received a
higher dose range (10 to 30 mg), resulting in an even
greater reduction in resting and Valsalva-provoked
gradients (58 � 36 mm Hg to 15 � 22 mm Hg and
82 � 37 mm Hg to 30 � 30 mm Hg, respectively, at
10 weeks). As expected, after the 2-week wash-out
period, both treatment cohorts demonstrated an in-
crease in both the resting and Valsalva LVOT gradi-
ents near baseline measurements.38 An interim
analysis of the FOREST-HCM extension study showed
sustained reductions in resting (�33 mm Hg,
P ¼ 0.0003) and Valsalva LVOT gradient (�43 mm Hg,
P < 0.0001 at 24 weeks).37

These and ongoing pivotal and extension studies
will further assess long-term efficacy and safety of
cardiac myosin inhibitors. To date, only mavacamten
is commercially available in the United States. This
new medication class appears to be not only highly
effective in reducing LVOT gradient and improving
symptoms but also safe with a small portion of pa-
tients, however, being at risk for reversible systolic
heart failure, which currently requires close clinical
and echocardiographic monitoring of treated
patients.

PHARMACOTHERAPIES TO IMPROVE

DIASTOLIC FUNCTION IN HCM

Many studies evaluating medication effects on dia-
stolic function in HCM (Supplemental Table 2) are
confounded by the presence of outflow obstruction.
Although a systolic rather than diastolic phenome-
non, outflow obstruction undoubtedly affects intra-
cardiac pressure throughout the cardiac cycle, and
therefore separating the effects on obstruction vs
diastology can be challenging.39

BETA-BLOCKERS. It is common practice to prescribe
BB in patients with diastolic dysfunction, both in
patients with HCM and in other forms of cardiomy-
opathies, including patients with heart failure with
preserved ejection fraction. The hypothesis behind
this strategy is to allow for prolonged filling time of
the left ventricle from a reduced heart rate to over-
come abnormal myocardial relaxation and improve
filling pressure—a mantra that unfortunately is not
grounded in convincing evidence.

Studies on diastolic filling pressures were con-
ducted as early as the 1970s; one such study by
Hubner et al40 demonstrated a potential benefit of
high-dose propranolol (320 mg/day) or practolol
(800 mg/day) compared to placebo in 16 patients with
HCM over the course of 4 weeks. A reduced ‘A’ wave
of an apex cardiogram as well as reduced isovolumic
relaxation time suggested improved LV relaxation
and compliance with propranolol and practolol.
Another explanation for a shortening of the iso-
volumic relaxation time, however, could also stem
from an increase in left atrial pressure (more rapid
initiation of transmitral flow). Furthermore, the
methodology of diastolic function assessment in this
study is anything but contemporary, and thus this
study leaves many questions unanswered.40

Speiser et al41 could not show improved LV diastolic
distensibility, LV chamber stiffness, or the pressure
intercept measured by biplane LV cineangiography
after 15 minutes of IV propranolol administration.
These results also indirectly confirm the notion that
beta agonists (ie, dobutamine) improve diastolic
filling and reduce LV wall stress.42,43

In the aforementioned randomized, double-blind,
placebo-controlled crossover trial by Dybro et al,44

metoprolol treatment led to a reduced heart rate at
rest (57 � 11 beats/min vs 77 � 12 beats/min,
P < 0.0001) and during peak exercise (107 � 9 beats/
min vs 139 � 23 beats/min, P < 0.0001) among the 29
enrolled symptomatic oHCM patients. Such pulse
reduction clearly increases end-diastolic volume and
possibly stroke volume, but not necessarily cardiac
output. In addition, improvement of MR from a
reduction of systolic anterior motion of the mitral
valve could also contribute to improved cardiac for-
ward output. Therefore, it came as a surprise that
treatment with metoprolol did not improve E/e’ nor
invasive measurement of pulmonary capillary wedge
pressure, with the latter showing a detrimental trend
after metoprolol treatment (15 � 6 mm Hg vs
13 � 5 mm Hg, P ¼ 0.06)—puzzling given documented
improvements of LVOT gradient and MR. In addition,
peak VO2 did not improve with metoprolol, nor did
left atrial volume, which may not be unexpected after
such a short treatment period. Taken together, there
is concern that BB—specifically metoprolol in this
study—despite their positive effects on LVOT gradient
and MR, do not lower filling pressures, which sug-
gests worsening of diastolic function or increased
filling pressure from chronotropic incompetence.

https://classic.clinicaltrials.gov/ct2/show/NCT04219826
https://classic.clinicaltrials.gov/ct2/show/NCT04848506
https://doi.org/10.1016/j.jacadv.2023.100622
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As mentioned, E/e’ ratio is a well-established
noninvasive measure of diastolic function and LV
filling pressure. In a separate randomized, crossover
trial of 52 patients with HFpEF, Palau et al45 demon-
strated that withdrawal of BB, predominantly biso-
prolol (n ¼ 46, 88.5%), improved peak VO2 on
cardiopulmonary exercise testing by 2.1 � 1.29 mL/kg/
min (P < 0.001). Echocardiography results point to a
decreased septal E/e’ after BB withdrawal, suggesting
that the improved functional capacity may have been
related to improved diastolic function or a reduction
in chronotropic incompetence. Although this study
interrogates the effects of BB withdrawal on func-
tional capacity and diastolic function in patients with
HFpEF (not HCM), results could possibly be extrapo-
lated to patients with diastolic dysfunction related to
HCM, especially those without obstruction. These
results may also explain the absence of a positive
effect of metoprolol on functional capacity during
cardiopulmonary exercise testing seen in the study by
Dybro et al.44 Those findings also agree with Efthi-
miadis et al,46 who showed that chronotropic
incompetence was present in 50% of patients and
correlated independently with worse peak VO2 and
BB therapy in patients with HCM (both obstructive
and nonobstructive subgroups). A heart rate reserve
of <62 beats/min predicted peak VO2 <80%.

In summary, evidence from small and some
noncontemporary studies leave many questions
unanswered about the effects of BBs on diastolic
function in patients with HCM. The most rigorous
recent studies suggest that they may be detrimental
with potential for worsening diastolic function in
HCM. This effect along with the potential for creating
chronotropic incompetence must be weighed against
positive effects on LVOT obstruction. In patients with
nonobstructive HCM with a “heart failure with pre-
served ejection fraction” phenotype, BBs should be
used with caution, if at all, and as described below,
CCBs may be preferable.45

NON-DIHYDROPYRIDINE CALCIUM-CHANNEL BLOCKERS.

The effects of IV and chronic oral administration of
verapamil on diastolic function have been tested in
multiple (mostly noncontemporary) studies.

The effect of IV verapamil on diastolic function was
further examined by several studies: First, Rosing et al
administered intravenous verapamil in 62 patients
with oHCM, and although it significantly decreased
systolic blood pressure from 118 � 17 mm Hg to
102 � 17 mm Hg (P < 0.001), they found no signif-
icant effect on heart rate, LV end-diastolic pressure,
or cardiac output.23 The LV outflow gradient
significantly decreased from 62 � 34 mm Hg to
29 � 34 mm Hg (P < 0.05), and although overall LV
end-diastolic pressure did not change, in 10 of 12
patients with elevated baseline pressure, LV end-
diastolic pressure indeed decreased, suggesting a
possible benefit in patients with evident diastolic
dysfunction.

Second, Hanrath et al measured the effect of IV
verapamil on LV relaxation and filling in 11 patients
with oHCM or nHCM. A prolonged baseline iso-
volumic relaxation time significantly decreased from
93 � 10 ms to 67 � 15 ms (P < 0.001). The peak rate of
posterior wall thinning increased from 64 � 30 mm/s
to 89 � 38 mm/s (P < 0.001), LV dimension during LV
filling period increased from 14.4 � 2.4 mm to
16.4 � 2.4 mm (P < 0.01), and duration of the LV
relative filling period increased from 47.2% � 4.6% to
49% � 5.3% (P < 0.01), all indicating an improvement
in LV filling properties.47

Third, in a study of acute IV verapamil in 16 pa-
tients with oHCM and nHCM by Tendera et al, LV end-
diastolic pressure decreased from 20 � 6 mm Hg to
17 � 5 mm Hg (P < 0.001), while LV end-diastolic
volume index increased from 82 � 22 mL/m2 to
91 � 23 mL/m2 (P < 0.01).48 In 13 (81%) of the 16 pa-
tients, IV verapamil led to an improvement of the LV
end-diastolic pressure-volume relationship, pointing
again to an improvement in diastolic filling.

In 1984, Anderson et al22 enrolled 15 oHCM patients
with severe symptoms despite beta blockade.
Initially, all 15 patients were given either a 10 mg
bolus or received oral verapamil over a 5-day period
with subsequent exercise testing according to the
protocol previously described by Rosing et al.21 Sub-
sequently, 11 of 15 patients received oral verapamil
for 6 months (average 690 mg/day) and were avail-
able for re-evaluation. After acute verapamil, there
was no significant change in end-diastolic volume or
end-diastolic pressure. However, after chronic treat-
ment, there was a significant increase in end-diastolic
volume from 86 � 18 mL to 110 � 13 mL (P < 0.02) and
stroke volume index from 69 � 19 mL/m2 to
81 � 11 mL/m2 (P ¼ 0.02) with no significant change in
mean LV end-diastolic pressure. All but 2 patients
reported improvements in symptoms, which may
have been from improved diastolic function.

In contrast, TenCate et al were unable to demon-
strate an improvement in isovolumic relaxation time,
peak rate of LV lengthening, and rapid ventricular
filling duration from IV verapamil, while LV systolic
pressure and contractility were reduced.49

Diltiazem, another nondihydropyramide CCB, was
studied in 16 HCM patients during atrial pacing at
baseline and after IV diltiazem.24 The time constant
for isovolumic relaxation during diltiazem adminis-
tration decreased from 74 � 40 ms to 59 � 38 ms
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(P ¼ 0.045), and the peak filling rate increased from
4.1 � 1.3 to 6.0 � 2.4 stroke counts/s (P ¼ 0.004).
Together, these demonstrate an improvement in
active LV diastolic function, although contributions
of changes in left atrial pressure were not evaluated.

BETA-BLOCKERS VS CALCIUM-CHANNEL BLOCKERS.

Several head-to-head comparisons between BB and
CCBs have been done and although most are also
noncontemporary, their results suggest an advantage
of CCBs regarding effects on diastolic function.

In 1981, Bonow et al treated 40 patients with oral
verapamil (320-480 mg/day), 16 of whom were also
treated sequentially with propranolol (80-960 mg/
day).50 Following verapamil administration, peak
filling rate increased and time to peak filling rate
decreased. In contrast, propranolol did not signifi-
cantly change either parameter. The comparison of
these 2 treatment options showed a greater increase
in peak filling rate and a shorter time to peak filling
rate following verapamil compared to propranolol,
strongly suggesting superior effects on diastolic
function from verapamil compared to propranolol.

Another study by Hess et al reinforces this notion,
15 patients with either oHCM or nHCM, LV diastolic
stiffness was studied before and 15 minutes after
administration of propranolol (n ¼ 9) and verapamil
(n ¼ 5).51 LV chamber and myocardial stiffness were
not significantly changed after propranolol or verap-
amil. However, the time constant of LV pressure
decay significantly worsened following propranolol
from 45 to 66 ms (P < 0.05) and improved following
verapamil from 53 to 43 ms (P < 0.05). In addition,
mean LV diastolic filling rate worsened with pro-
pranolol, and the LV midwall lengthening rate
improved with verapamil (P < 0.05). These data point
towards an advantage of CCBs over BBs in the treat-
ment of diastolic dysfunction.

The effects of acute IV diltiazem (10 mg), chronic
oral diltiazem (180 mg/day), and chronic oral pro-
pranolol (60-120 mg/day) on LV diastolic function for
2 weeks were investigated by Suwa et al in 13 HCM
patients.52 IV and oral diltiazem reduced isovolumic
relaxation time from 114 � 26 ms to 99 � 21 ms
(P < 0.01) and from 105 � 26 ms to 77 � 23 ms
(P < 0.01), respectively. IV and oral diltiazem also
decreased the time to peak rate of LV dimensional
lengthening similarly without changes in fractional
shortening. On the other hand, propranolol caused no
remarkable changes in these parameters. These find-
ings point to diltiazem as a superior treatment for
improving LV relaxation and diastolic filling in pa-
tients with HCM.
Doiuchi et al compared the effects of CCBs
(verapamil 120 mg/day [n ¼ 5] and diltiazem 90 to
180 mg/day [n ¼ 21]) with those of BBs (propranolol
30-60 mg/day [n ¼ 32]) on diastolic function. The IIA-
O time and mean MVO-O time, both measures of
diastolic function, were significantly decreased (ie,
improved) from 235 � 77 ms to 205 � 39 ms (P < 0.01)
and 133 � 66 ms to 100 � 34 ms (P < 0.01), respec-
tively, in CCBs but not propranolol. Both CCBs and
BBs significantly decreased the mean A-wave ratio
from 18.0% � 9.8% to 13.7% � 7.3% (P < 0.01) and
from 21.7% � 12.6% to 17.2% � 8.0% (P < 0.01),
respectively. However, in 5 of 7 patients with
obstructive HCM, the A-wave ratio increased
following CCB administration, which may suggest
increased left atrial pressure. The authors argue that
in this obstructive subgroup, CCBs should be used
with caution and that BBs may be preferable, which
may be an oversimplification.53

DISOPYRAMIDE. In current guidelines, disopyramide
is recommended for oHCM patients with residual
obstruction and symptoms despite BB or CCB use.54

Limited data on the effects of disopyramide on dia-
stolic function in patients with HCM suggest minimal
improvements that may only be related to after-
load reduction.55,56

In 1 study, Sumimoto et al56 studied the effect of
disopyramide on the LV diastolic function compared
to diltiazem. Here, 10 patients with nHCM were given
either disopyramide 100 mg or diltiazem 30 mg. Dia-
stolic function was assessed by using Doppler echo-
cardiography 3 hours after administration. Results
reveal that disopyramide significantly increased both
early passive mitral filling velocity (E peak velocity
went from 43.8 � 15.0 cm/s to 51.3 � 16.1 cm/s,
P < 0.01) while decreasing the active atrial filling
velocity, E/A ratio was therefore increased (E/A went
from 0.71 � 0.2 to 1.00 � 0.24, P < 0.01). Similar
changes were observed with diltiazem. Interpretation
of this study is difficult, however, as an increase in E-
wave velocity could indicate an improvement in LV
relaxation, but it could also indicate an increase in
left atrial filling pressure. Tissue velocities (ie, E/e’)
were not evaluated to better understand these
results.

Matsubara et al studied 13 patients with HCM (6
had oHCM, the rest had nHCM). The participants were
given either 50 or 100 mg of disopyramide intrave-
nously at a rate of 10 mg/min after at least a 48-hour
washout of all negative inotropic medications. LV
function was assessed with ventriculography and
invasive hemodynamic measurements before and



TABLE 2 Positive Effects of Mavacamten on Biomarkers, Diastolic Function and Left Ventricular Hypertrophy Observed in the VALOR-HCM Trial

NT-proBNP Troponin I E/e Ratio LV Mass Index Left Atrial Volume Index

Placebo vs
mavacamten group
(week 16-32)

�451 ng/L
(95% CI: �581 to �298)

�6.8 ng/L
(95% CI: �8.5 to �4.3)

�2.6
(95% CI: �4.6 to �0.7)

�10.8 g/m2

(95% CI: �16.1 to �5.5)
�5.5 ml/m2

(95% CI: �8.3 to �2.7)

Mavacamten group
(baseline to
week 32)

�417 ng/L
(95% CI: �706 to �186)

�7.4 ng/L
(95% CI: �11.1 to �4.8)

�3.3
(95% CI: �4.9 to �1.8)

�13.0 g/m2

(95% CI: �18.5 to �7.5)
�6.8 ml/m2

(95% CI: �9.4 to �4.3)

LV ¼ left ventricular.
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after disopyramide infusion. Several indices sug-
gesting improvement in diastolic function were
found: 1) the time constant of LV pressure decay (tau)
shortened from 56 � 10 ms to 44 � 8 ms (P < 0.01); 2)
the constant of LV chamber stiffness (kc) decreased
from 0.049 � 0.017 m2/mL to 0.038 � 0.014 m2/mL
(P < 0.01); however, the latter only in patients with
outflow obstruction; 3) shortening in tau correlated
best with decrease in LV systolic pressure (r ¼ 0.84,
P < 0.01). In contrast, tau was prolonged from
52 � 10 ms to 64 � 11 ms (P < 0.01), and kc was un-
changed in patients without outflow obstruction.
These findings suggest that improvement in diastolic
function was mostly related to the reduction in the
afterload (ie, obstruction) and suggest that dis-
opyramide does not improve diastolic function in
nHCM.57

Fifer et al58 also evaluated the effects of dis-
opyramide on LV diastolic function in HCM. They
recruited 10 HCM patients (6 with oHCM, 1 with mid-
cavitary gradient, and 3 with nHCM). Right and left
cardiac catheterizations were performed after other
concomitant cardiac medications were stopped.
Baseline measurements at steady state were followed
by disopyramide administration with repeat mea-
surements 5 minutes after completing drug adminis-
tration. Diastolic properties (peak rate of decrease in
the LV pressure, time constant of relaxation by de-
rivative method, and logarithmic method) did not
improve in HCM patients without obstruction.58 On
the contrary, Pollick et al27 demonstrated that dis-
opyramide significantly decreased LV end-diastolic
pressure from 19 mm Hg to 16 mm Hg in the setting
of significant LVOT gradient reductions in oHCM.
Both attributed the discrepancies in their results to
the methods employed by each investigator.27,58

Coppini et al studied the effects of disopyramide
(mean dose of 497 mg/day) in 39 symptomatic oHCM
patients using more contemporary methods to assess
diastolic function with echocardiography prior to and
after 96 days of daily disopyramide use. There was no
detectable change in septal E/e’ or lateral E/e’.55
In conclusion, improvements in diastolic function
following disopyramide are seen in oHCM patients
only and are likely related to reductions in LVOT
gradients and LV pressure. At present, there is
insufficient data to support the use of disopyramide
to improve diastolic function in nHCM.

RANOLAZINE. Although the late-sodium channel in-
hibitor ranolazine has theoretical benefits on intra-
cellular calcium load,59 this has not translated into a
measurable benefit on diastolic function in clinical
studies. The only small, randomized trial of ranola-
zine in 80 nHCM patients failed to demonstrate an
improvement in E/e’ on echocardiography and did
not improve natriuretic peptide levels after 5 months
of treatment.60

CARDIAC MYOSIN ATPASE INHIBITORS. Mavacamten
and aficamten were primarily studied in oHCM but
also in smaller nHCM cohorts to assess their effect
on diastolic function as secondary or explor-
atory endpoints.

MAVERICK-HCM was a phase II multicenter,
dose-ranging, double-blind, randomized, placebo-
controlled study to assess the safety and tolera-
bility of mavacamten in patients with nHCM. The
patients were placed in 2 different dosing groups at
week 6 based on drug concentrations. Group 1
(n ¼ 19) target serum drug concentrations were
approximately 200 mg/ml, group 2 (n ¼ 21) target
drug concentrations were approximately 500 mg/ml,
and group 3 (n ¼ 19) received placebo. E/e’ ratio in
the pooled groups 1 and 2 was compared with that
of the placebo arm at 16 weeks. Although there
were reductions in NTproBNP values, changes in E/
e’ and left atrial size were similar between groups.
This proof-of-concept study, however, was limited
by a small sample size.61

In oHCM patients, EXPLORER-HCM demonstrated
improvements in the ratio between early mitral
inflow velocity and lateral early diastolic tissue ve-
locity (E/e’lat) at week 30 by �3.8 (95% CI: �4.7
to �2.8, P < 0.0001) despite a small reduction in left
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ventricular ejection fraction. These changes demon-
strate that the hypercontractility also led to improved
diastolic relaxation—presumably from reduced actin-
myosin interactions.62 EXPLORER-HCM also
included a cardiac magnetic resonance substudy with
35 participants (17 in the mavacamten arm and 18 in
the placebo arm) in which left atrial volume index, a
surrogate of chronic diastolic dysfunction, decreased
from 61 ml/m2 to 42 ml/m2 in the mavacamten group
at the end of 30 weeks, while it increased from 57 to
59 ml/m2 in the placebo group (group
difference �10.3, P ¼ 0.0004).63

In VALOR-HCM (oHCM patients, NCT04349072),
mavacamten led to an improvement of E/e’ at
32 weeks (in the first 16 weeks, no change) by �3.3
(mean, 95% CI: �4.9 to �1.8) and a decrease of left
atrial volume index by �6.8 (mean, 95% CI -9.4
to �4.3) along with significant reductions in LVOT
gradient, NTproBNP levels, and the primary endpoint
of septal reduction therapy eligibility (Table 2).60

29.4% of patients treated with mavacamaten
demonstrated improvement in diastolic dysfunction
compared to 12.8% in the placebo group.64

In REDWOOD-HCM, Aficamten significantly
reduced cardiac biomarkers—cTnI and NT-pro-BNP—
which may be attributed to an improvement in dia-
stolic function, but further studies are needed and
underway for confirmation.38 A list of the effects of
various drug classes in the forementioned studies is
provided in Supplemental Table 3.

CONCLUSIONS

Symptomatic improvement is the main treatment goal
in the management of patients with oHCM and nHCM.
In oHCM, current guidelines make strong (Class I)
recommendations to use BBs (and CCBs), recommen-
dations that are based on small, underpowered studies
with mixed results and short follow-up. Although
recommendations for nHCM patients are less strong,
our review suggests that BBs may worsen diastolic
function and exercise capacity, while CCBs may
improve diastolic function and are thus preferable.
More data on the effectiveness and safety of current
first-line medications used to improve cardiac outflow
obstruction and diastolic function are urgently
needed, especially in nHCM. Given the much stronger
and evolving evidence for the effectiveness of cardiac
myosin inhibitors, both for improvement of relief of
obstruction and improvement of diastolic function,
pending planned head-to-head comparisons with
metoprolol, future guidelines will consider them as a
first-line option for oHCM.
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