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Abstract Microvascular dysfunction can be demonstrated
in most patients with hypertrophic cardiomyopathy (HCM),
both in the hypertrophied and nonhypertrophied myocardial
walls, mostly due to intimal and medial hyperplasia of the
intramural coronary arteries and subsequent lumen reduction. As a consequence, regional myocardial ischemia may
be triggered by exercise, increased heart rate, or arrhythmias, in areas which are unable to increase myocardial
blood flow. In patients with HCM, microvascular dysfunction leading to severe myocardial hypoperfusion during
maximal hyperemia represents a strong predictor of
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unfavorable outcome, left ventricular remodeling with
progressive wall thinning, left ventricular dysfunction, and
heart failure. Accurate quantitative assessment of microvascular dysfunction and myocardial ischemia is not easily
feasible in clinical practice. Although signs of inducible
myocardial ischemia may be detected by electrocardiogram,
echocardiography, or myocardial scintigraphy, the vasodilator response to dipyridamole by positron emission
tomography is considered the method of choice for the
assessment of maximal regional and global flow. Cardiac
magnetic resonance provides further information, by late
gadolinium enhancement (LGE), which may show areas
where replacement fibrosis has occurred following microvascular ischemia and focal necrosis. LGE areas colocalize
with severe regional microvascular dysfunction, are associated with increased prevalence of ventricular arrhythmias,
and show more extensive distribution in the late stages of
the disease, when heart failure is the dominant feature. The
present review aims to provide a concise overview of the
available evidence of microvascular dysfunction and ischemia eventually leading to disease progression and heart
failure in HCM patients.
Keywords Hypertrophic Cardiomyopathy . Microvascular
Dysfunction . Myocardial Ischemia . Positron Emission
Tomography . Outcome

Hypertrophic cardiomyopathy (HCM), the most common
genetically determined heart disease, is characterized by a
wide range of clinical manifestations, from sudden and
unexpected cardiac death to a progressive clinical course
with functional limitation and heart-failure-related complications such as atrial fibrillation (AF) and stroke, ultimately
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leading to heart-failure-related death [9, 18, 25, 30, 48].
Myocardial ischemia occurring at the microvascular level is
a major determinant of the clinical outcome in HCM
patients and is held responsible for some of the adverse
manifestations of the disease ranging from myocardial
infarction to left ventricular (LV) remodeling, systolic
dysfunction, ventricular arrhythmias, and even sudden
death [2, 3, 33, 42]. However, the assessment of ischemia
in HCM patients is limited in clinical practice and is not yet
incorporated in the HCM management guidelines. This is
an important limitation to the understanding of the disease
pathophysiology and risk assessment in the individual
patient. However, recent advances in imaging technology
now provide a more comprehensive perspective in the
evaluation of the causes and consequences of ischemia at
the myocardial level. Here, we review the existing evidence
for microvascular dysfunction and ischemia and its causes
in HCM, as well as the impact it may have in the clinical
progression to systolic dysfunction and heart failure,
including the “end-stage phase.”

The Substrate: Myocardial Ischemia and Infarction Due
to Small Vessel Disease
In 1976, Bartoloni et al. described a case of acute
myocardial infarction leading to rapidly progressing heart
failure and death in an 8-year-old child with HCM, who
was playing football [2]. Postmortem examination of the
heart revealed massive asymmetrical hypertrophy of the
interventricular septum and evidence of recent extensive
anteroseptal necrosis in the area of a deeply tunneled left
anterior descending coronary artery [3]. At the microscopic
level, disarray of the myocardial fibers, areas of fibrosis,
and marked structural abnormalities of the intramural

Fig. 1 Microvascular remodeling in HCM. Abnormal intramural
coronary artery in a hypertrophied and extensively fibrosed region of
the ventricular septum. From Bartoloni Sant Omer [2]
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coronary arteries were noted. The latter were characterized
by intima-medial thickening, causing deformation and
severe narrowing of the vessel lumen (Fig. 1). The authors
concluded that these vessel abnormalities justified a severe
chronic impairment of myocardial perfusion within the
interventricular septum, potentially exposing the patient to
repetitive ischemia and ultimately to myocardial infarction.
Such observation represents the earliest report describing
myocardial infarction in the context of small vessel disease
and tunneled left anterior descending in HCM. Subsequently, other postmortem studies on patients who died suddenly
showed frequent and often extensive areas of myocardial
necrosis, in the absence of atherosclerotic coronary artery
disease, associated with all stages of ischemic injury,
including a chronic-phase characterized by postnecrotic
replacement-type fibrosis [26, 33, 3]. Anatomical remodeling of the intramyocardial coronary arterioles, characterized
by thickening of the vessel wall due to medial hypertrophy
and/or intimal hyperplasia, and perimysial and intra-arterial
fibrosis were associated with severely decreased luminal
area in the majority of cases. These features may be
observed both in the hypertrophied and nonhypertrophied
myocardial segments, with considerable regional variation
within the LV [33], and are commonly detected in surgical
specimens obtained in patients undergoing myectomy
(Fig. 2). The genesis of the small vessel abnormalities
observed in patients with HCM, which have not been
consistently reproduced in transgenic models of the disease,
still lacks a definite explanation.
In addition to the intrinsic structural remodeling of the
microcirculation, other potential relevant factors include
reduced capillary density, myocyte disarray, interstitial
fibrosis, and increased oxygen demand of the hypertrophied

Fig. 2 Intramural coronary artery with medial hypertrophy and
fibrosis, perimysial fibrosis, and markedly reduced lumen. The
specimen was obtained after extended myectomy performed in an
18-year-old HCM patient with an MYH7 missense mutation (trichromic stain, ×10)
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Assessment of Myocardial Ischemia

Fig. 3 Diffuse myocardial disarray and interstitial fibrosis (in blue) in
the same patient (trichromic stain, ×10)

cardiomyocytes [19–21]. Such abnormalities constitute the
anatomical basis for microvascular dysfunction and represent the substrate for ischemia in HCM patients. Regional
ischemia may develop when myocardial oxygen demand is
increased, ultimately leading to myocyte death and replacement fibrosis (Fig. 3). In the long term, cardiomyocyte loss
and generation of fibrosis, in association with the primary
genetically determined myocyte functional abnormalities,
may result in disease progression characterized by adverse
LV remodeling, progressive wall thinning, and dysfunction
[32, 39].

Clinical Features
Most HCM patients complain of atypical chest pain or
tightness occurring at rest or during exercise. Typical
angina is rarely reported and should be carefully evaluated.
Coronary arteriography should be considered, in order to
exclude causes of ischemia involving the epicardial
coronary circulation, such as atherosclerotic disease in the
adults, myocardial tunneling, or anomalous origin of
coronary arteries in the young. However, myocardial
hypoperfusion and ischemia may be clinically silent, as
reflected by HCM patients with severe regional hypoperfusion after dipyridamole injection and even after alcohol
injection in the course of septal alcohol ablation procedures
[4, 11, 22]. Occasionally, patients complain of angina
during supraventricular arrhythmias with rapid ventricular
response, and anecdotal reports clearly show the occurrence
of transmural ischemia, with ST segment elevation, during
paroxysmal AF, occasionally leading to ventricular fibrillation (Fig. 4) [47]. Less frequently, ischemia may be
associated with frequent ventricular ectopics or recurrent
runs of nonsustained ventricular tachycardia on ambulatory
electrocardiogram (ECG).

Over the last decades, several techniques have been
employed to show the occurrence of myocardial ischemia in patients with HCM but all share significant
limitations (Table 1). Ischemic ST-T changes on the
electrocardiogram have been documented during ambulatory ECG (Fig. 5), exercise testing, rapid atrial pacing,
AF with rapid ventricular response rate [14, 42, 47], and
stress echocardiography with dipyridamole [22]. After
alcohol is injected in the first or second septal artery for
septal ablation, most HCM patients show typical ST
elevation in anterior leads, but in some patients minor
ECG changes may be observed [11]. Unfortunately, the
ECG is neither a sensitive nor a specific marker of
ischemia, due to marked basal ST-T alterations secondary
to LV hypertrophy in most patients [14, 34]. Often, LV
wall motion abnormalities may be detected by stress 2D
echocardiography during dipyridamole or dobutamine
infusion. These may be suggestive of myocardial ischemia, but their detection is not easy and their clinical
significance remains unclear [24].
Conventional scintigraphic techniques have been repeatedly used in HCM patients [5, 12, 13]. Defects during
single-photon emission computed tomography (SPECT)
thallium-201 myocardial perfusion imaging are common.
Fixed defects are associated with increased LV cavity
dimensions and reduced systolic function and are usually
interpreted as areas of scarring. Reversible defects induced
by exercise have been interpreted as markers of myocardial
ischemia because of a high concordance with metabolic
evidence of ischemia. Unfortunately, they are not able to
provide absolute quantification of myocardial flow and fail
to correlate with symptoms and outcome, due to intrinsic
limitations of the technique [12].
Positron emission tomography (PET) allows noninvasive assessment of myocardial blood flow (MBF) in
patients with LV hypertrophy and HCM, both at rest
and in conditions of maximal vasodilatation induced by
dipyridamole infusion, by injection of tracers such as
13
N-labeled ammonia or 15O-labeled water [4, 8, 23, 45,
46]. However, it must be emphasized that dipyridamoleinduced maximal vasodilation is not equivalent to
physiologic exercise, which, unfortunately, cannot be
used with PET, as PET requires relative absence of
movement during the study. Recent advances in technology greatly improved spatial resolution, which is
well superior to that of SPECT and allowed PET
noninvasive quantification of regional MBF. In the
majority of HCM patients studied with PET, while
resting MBF is not dissimilar from that of normal
controls, increase in MBF after dipyridamole infusion is
significantly reduced, even below resting MBF, suggest-
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Fig. 4 Atrial fibrillation inducing myocardial ischemia and VF in a
young patient (27 years old) successfully resuscitated from a cardiac
arrest. During EP study, atrial pacing induced AF with rapid AV

conduction; acute ischemia with ST elevation occurred, followed by
ventricular fibrillation. Reproduced with permission of the American
College of Cardiology; from [47]

ing absolute hypoperfusion (Fig. 6) [4]. On average, after
dipyridamole injection, HCM patients are able to increase
their global mean MBF less than twofold, and sometimes
as low as 1 or even less, compared to an average fourfold
in healthy human volunteers. The reduction of coronary

artery reserve, which is the ratio between the maximal and
basal MBF, is independent of age and maximal wall
thickness [4, 23]. It must also be emphasized that MBF
impairment is characterized by marked regional and
individual variability. Thus, each patient may exhibit

Table 1 Clinical relevance and limitations of different techniques for the assessment of microvascular dysfunction and ischemia in HCM.
Reproduced from Maron et al. [29]
Method

Finding

Clinical Relevance

Limitations

Clinical history

Nonanginal chest pain

Ongoing microvascular ischemia

Troponin I

Increased serum levels

Acute myocyte injury

Holter ECG

ST-T changes

Ongoing ischemia

Exercise testing

ST-T changes/
symptoms
Regional wall motion
abnormalities
Regional perfusion
abnormalities
Myocardial bridging/
tunneling of LAD,
associated CAD
Lactate production

Inducible ischemia

Poor sensitivity and specificity. Should prompt
investigation for alternative causes if severe (CAD,
bridging)
Limited utility in HCM due to frequent lack of symptoms
during ischemia. If markedly elevated in association with
symptoms, should also prompt exclusion of CAD
Poor sensitivity; baseline ECG abnormalities often limit
reliability
Poor sensitivity; baseline ECG abnormalities often limit
reliability
Limited experience in HCM; likely poorly sensitive

Stress
echocardiography
SPECT
Coronary
angiography
Coronary lactate
(serum) levels
PET

CMR stress
perfusion
CMR late
gadolinium

Reduced coronary
reserve/blunted
maximal MBF
Reduced coronary
reserve/blunted
maximal MBF
Delayed contrast
enhancement

Inducible ischemia
Regional microvascular dysfunction,
may predict end-stage progression
Exclusion of associated causes of
ischemia

Lack of MBF quantitation; suboptimal sensitive

Anaerobic metabolism/ischemia

Invasive, not applicable in routine clinical practice

Extent and distribution of
microvascular dysfunction, predicts
outcome and LV remodeling
Extent and distribution of
microvascular dysfunction

Limited availability and expensive. Radiation exposure

Replacement scarring after recurrent
ischemia

Prognostic significance still under investigation

Not practical for assessment of microvascular function

Still not widely available; time consuming/expensive.
Validation less robust than PET

CAD coronary artery disease, CMR cardiovascular magnetic resonance, ECG electrocardiogram, HCM hypertrophic cardiomyopathy, LAD left
anterior descending coronary artery, LV left ventricular, MBF myocardial blood flow, PET positron emission tomography, SPECT single-photon
emission computed tomography
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Fig. 5 ECG ambulatory monitoring recording at rest (a) and
during mild effort (walking; b)
in a 48-year-old woman with
HCM. During activity, marked
ST-T segment downsloping
appears, associated with angina
and mild dyspnea

severe impairment of MBF in certain areas of the
myocardium, adjacent to other in which perfusion may
be somehow preserved. Moreover, in agreement with the
diffuse abnormalities of the intramural coronary arterioles
described by pathologists, dipyridamole MBF may be
markedly impaired not only in the hypertrophied ventricular septum, but also in the nonhypertrophied or less
thickened free wall of the left ventricle [4, 17].
Cardiac magnetic resonance (CMR), besides representing a gold standard for morphological assessment and
increasing the diagnostic sensitivity, can now provide
quantification on myocardial flow [35, 43], although it is
still time consuming and not available in clinical practice.
CMR, however, provides further insight into the effects of
regional hypoperfusion and ischemia in HCM patients, by

late gadolinium enhancement (LGE), which is believed to
reflect areas of edema or fibrosis resulting from recurrent
microvascular ischemia and is associated with an increased
incidence of arrhythmias [1].
In a recent study by our group, flow impairment was on
average more severe in LV regions with or adjacent to areas
of LGE [46], suggesting a causal role of microvascular
dysfunction in producing ischemia and replacement fibrosis, as originally postulated by some authors [33]. LGE was
shown to colocalize with microvascular dysfunction. In
segments without LGE but contiguous to fibrotic areas,
maximum flow following dipyridamole infusion was
significantly lower than in those remote from LGE.
Although there is no strong evidence that local microvascular dysfunction is responsible for the occurrence of focal
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Fig. 6 Polar map of regional
quantitative myocardial perfusion after dipyridamole injection
by PET in the same patient as in
Figs. 2 and 3. As shown, maximal MBF ranged from 0.82 to
2.68 ml/mg per minute. The
color scale shows highest values
of flow in yellow and lowest in
dark red
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Mean MBF during coronary vasodilation (dipyridamole 0.56 mg/kg over 4 min)
=1,29 mg/ml/min [0.9 (anterior mid-septal) -2.1 (basal infero-lateral)]

Nuclear Medicine -University of Florence

necrosis and replacement fibrosis, considerable indirect
evidence that increasing degrees of coronary microvascular
dysfunction might play a causative role for myocardial
fibrosis in patients with HCM supports this hypothesis
(Fig. 7) [46].

The Triggers: Exercise, Sinus Tachycardia,
Supraventricular Arrhythmias, LV Intraventricular
Obstruction
The documentation of microvascular dysfunction is not per
se equivalent to demonstrating myocardial ischemia [29].
However, an impaired capacity to increase flow on demand
at the microvascular level sets the stage for recurrent
myocardial ischemia, whenever myocardial oxygen requirements exceed regional blood flow. The most important and
common triggers acting upon the substrate of microvascular
dysfunction to produce ischemia in HCM are represented
by sinus tachycardia or increased ventricular rate, which
may occur during physical exercise, supraventricular
arrhythmias such as paroxysmal AF, and other specific or
nonspecific conditions increasing oxygen consumption,
such as dynamic LV intraventricular obstruction, anemia,
uncontrolled arterial hypertension, and hyperthyroidism
In patients with HCM, coronary sinus lactate production
is greatly increased during atrial pacing as a consequence of
myocardial ischemia, sometimes associated with angina.
Moreover, coronary sinus blood taken after dipyridamole
infusion showed a significant Ph reduction, which was
interpreted as a sign of dipyridamole-induced myocardial
ischemia [14]. Sports involving intense effort and anaerobic

isometric activities resulting in rapid heart rate acceleration
are expected to bear the most adverse ischemic consequences, also due to a critical reduction in the diastolic time
critical for myocardial perfusion. These considerations
therefore provide a rationale for exercise limitation and
pharmacological control of maximal heart rates in young
active patients, in order to prevent asymptomatic myocardial ischemia.
Supraventricular arrhythmias and in particular AF are the
most common complication of HCM, occurring in about
20–25% of patients in a 10-year follow-up [7, 38]. The
onset of paroxysmal AF is almost never well tolerated by
HCM patients, unless they are on active treatment with
atrioventricular blocking agents, such as diltiazem, verapamil, or β-blockers. In some patients, the combination of
loss of atrial contraction and rapid ventricular response may
trigger a vicious circle of low cardiac output, regional
hypoperfusion, and acute myocardial ischemia, which may
generate malignant ventricular arrhythmias (Fig. 4) [47]. To
a less dramatic extent, patients with permanent AF may
also be exposed to recurrent ischemia in the presence of a
significantly impaired coronary flow reserve, if their
ventricular rate is not adequately controlled in their daily
activities. Moreover, MBF is significantly reduced in
patients with at least one episode of atrial fibrillation,
suggesting an association and possibly a causal role for
microvascular dysfunction and myocardial hypoperfusion
in determining the arrhythmia [45].
Finally, in the presence of resting or provocable dynamic
LV outflow obstruction, observed in more than two thirds of
HCM patients [31], the pathological increase in intracavitary pressures may substantially contribute to myocar-
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Fig. 7 Relationship of dipyridamole MBF to delayed contrast
enhancement (DCE) in a 28-year-old female patient with HCM. a
NH3 PET short-axis slice at the level of the basal level LV segments.
The color scale shows highest values of flow in red and lowest in
green. b First pass magnetic resonance short-axis slice at the base of
the LV, showing diffuse septal hypertrophy. c Following gadolinium
infusion, extensive DCE is evident (white signal), involving the
interventricular septum and extending into the anterior wall. There is

close agreement between DCE and areas of reduced flow at PET. d
Diagram illustrating the nomenclature employed for the classification
of myocardial segments with regard to the extent and proximity of
DCE, as follows: (1) transmural DCE; (2) nontransmural DCE; (3)
without DCE but contiguous to the DCE segments; (4) without DCE
and remote from DCE; numbers in italic indicate hMBF (ml/min per
gram) in the segment. Reproduced with permission from [46]

dial hypoperfusion at the subendocardial level and adverse
outcome [20, 27, 28]. Such consequences appear to be
particularly adverse in patients with midventricular obstruction, in whom progressive apical dilatation may occur with
scar formation, which may further progress to LV dilatation, dysfunction, and heart failure [10, 16]. Therefore,
although related to a number of other pathophysiological
effects, the remarkable clinical benefits of surgical myectomy
may be partly mediated by a reduction of microvascular
dysfunction and ischemia at the subendocardial level [6, 40].

adjustment for other clinically relevant variables. Relative
risk for the composite end point of death, stroke, or
progression to New York Heart Association class III–IV
was almost 20-fold in the lowest tertile of flow (Fig. 8) [8].
Of note, at the time of PET, only few of these patients
would have been considered at high risk based on the
current guidelines [27, 28], as severe microvascular
dysfunction could be demonstrated several years before
their clinical progression [8]. Furthermore, patients with the
most impaired microvascular response to dipyridamole
showed a significantly higher incidence of long-term
adverse LV remodeling, with chamber dilatation, wall
thinning, and decline in systolic function (Fig. 9) [39]. All
patients in this cohort who subsequently developed severe
heart failure symptoms and progressed to the end stage
originally belonged to the lowest tertile of dipyridamole
MBF. Therefore, severe microvascular dysfunction seems to
be a critical risk factor for systolic dysfunction, disease
progression, and heart failure in HCM patients, and assessment of maximal MBF after dipyridamole injection represents
a valuable tool for the identification of patients at higher risk.

Disease Progression to Heart Failure and the End-Stage
Phase as a Consequence of Ischemia
Severe microvascular dysfunction has an impact on longterm outcome in HCM patients. In a cohort of 51 HCM
patients prospectively followed for more than 8 years after
a PET flow study, a dipyridamole MBF value in the lowest
tertile (<1.11 mg/ml per minute) was the most powerful
independent predictor of cardiovascular mortality, after
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Fig. 8 Microvascular dysfunction is associated with adverse
outcome. Evidence that dipyridamole MBF by PET predicts
adverse disease outcome in
patients with HCM. Cardiovascular mortality was greatest in
HCM patients with a dipyridamole MBF value in the lowest
tertile. Reproduced with permission of Massachusetts Medical Society; from [8]
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Mean MBF < 1,11 (mg/ml/min)
defines the subgroup at higher risk
of CV death (RR 9,6)

and

unfavourable outcome (RR 20,1)
due to microvascular dysfunction

Management of Microvascular Dysfunction
At present, no specific treatment has been shown to
significantly improve impaired microvascular function. In
clinical practice, control of potential triggers of ischemia
still represents the most effective strategy. Avoidance of
intense competitive sports and strenuous physical effort,
control of heart rate by AV node blocking agents, relief of

Fig. 9 Microvascular dysfunction and LV remodeling. Comparison of
LV end diastolic dimension and ejection fraction at the time of PET
study and at final evaluation expressed as tertiles of MBF after
dipyridamole infusion. Patients with a dipyridamole MBF value in the
lowest tertile showed the greatest change in cavity size and ejection
fraction. Vertical bars indicate mean ± SD for each group. Symbols:
*= p<0.05 versus same group at the time of PET scan; †=p<0.05
versus patients in the highest tertile; ‡=p<0.05 versus patients in other
tertiles. Reproduced with permission [39]

LV outflow obstruction, and management of comorbidity
such as anemia, thyroid dysfunction, and hypertension are
all likely to be beneficial, although no randomized studies
are available for evidence-based implementation. Diltiazem,
verapamil, and β-blockers are known to improve symptoms
[25, 44], as in patients with coronary artery disease,
probably via a reduction in heart rate and oxygen
consumption. Treatment with verapamil did not show
improvement in MBF and coronary flow reserve in HCM
patients, although it led to improved redistribution of
transmural MBF and increased subendocardial perfusion
[17]. Recent studies of the no-reflow phenomenon following myocardial infarction have confirmed a clinically
relevant vasodilator capacity of verapamil on the coronary
microcirculation [41]. In patients at risk of developing atrial
fibrillation, the prophylactic use of amiodarone may
improve symptoms and also prevent arrhythmic recurrences. Angiotensin-converting enzyme (ACE) inhibitors have
also been shown to improve transmural myocardial perfusion and restore impaired subendocardial flow in a canine
model of dilated cardiomyopathy, by virtue of a nitricoxide-dependent mechanism [37]. In a small pilot study,
ACE inhibitors have been shown to reverse small vessel
changes, improve endothelial function, and reduce periarteriolar fibrosis in hypertensive patients [36]. Spironolactone is also a potentially useful drug in this context, for its
capability of interacting with the renin–angiotensin system,
reducing both coronary microvascular remodeling and
fibrosis [29]. Recently, nebivolol has been shown to
significantly improve microvascular function in patients with
idiopathic dilated cardiomyopathy [15]. Therefore, pharmacological treatment may in fact improve the status of the
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coronary microcirculation in HCM. However, further research
is much needed in this field, leading to the development of
novel agents truly capable of reversing microvascular dysfunction and its long-term consequences in HCM patients.

Conclusions
Microvascular dysfunction is an important feature in
patients with HCM, although it is rarely considered in
clinical practice. Its assessment, through the value of
maximal blood flow after dipyridamole injection by PET,
predicts long-term clinical outcome and LV remodeling.
Myocardial ischemia may develop in underperfused myocardial areas and contribute to the development of the
“dilated or end-stage phase.” The clinical armamentarium
to improve MBF is currently limited, although novel drugs
are expected in the near future.
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