
CARDIAC NUCLEAR IMAGING (A CUOCOLO AND M PETRETTA, SECTION EDITORS)

Microvascular Dysfunction in Hypertrophic Cardiomyopathy

Roberto Sciagrà1

Published online: 16 January 2019
# Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
Purpose of Review In hypertrophic cardiomyopathy (HCM), the presence of vessel abnormalities with microvascular dysfunc-
tion is a well-known feature. The aim of this review is to present the evidences that support this notion and to describe the
physiopathologic and clinical consequences of microvascular dysfunction.
Recent Findings After having demonstrated the presence and significance of microvascular dysfunction in HCM, the myocardial
blood flow (MBF) measurement by positron emission tomography (PET) is ready to develop into a clinical tool for disease
evaluation, in particular for patient prognostication. Alternative methods are becoming available, but they are not yet equally
reliable.
Summary By means of MBF measurement using quantitative PET, the importance of microvascular dysfunction in HCM has
been clearly demonstrated, explaining the chest pain and the ischemic abnormalities frequently registered in this disease. The
physiopathologic implications of microvascular dysfunction have been established, and an increasing number of reports indicate
that the assessment of microvascular dysfunction is as well important for patient characterization and prognostication. Most
recently, perfusion measurements using magnetic resonance imaging have been used, but their role is still under debate.
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Introduction

Hypertrophic cardiomyopathy (HCM) is the most frequent ge-
neticmyocardial disease and its prevalence ranges approximately
between 0.16 and 0.29% of the adult population [1–3]. The
diagnosis is based on the detection of left ventricular (LV) hy-
pertrophy, defined as a diastolic wall thickness > 13 mm on
echocardiography or cardiac magnetic resonance (CMR) in the
absence of other recognizable causes of secondary hypertrophy
[1, 4, 5, 6•]. More stringent criteria, as the ≥ 15-mm thickness
proposed by the ESC, could reduce the number of hypertrophic
patients identified as HCM [7]. Most probably, however, the rate
of HCM diagnosis within the population is going to increase,

because of the more extensive familiar screening, and the wider
use of genetic testing and more sensitive diagnostic modalities,
so that prevalence as high as 0.6% has been foreseen [8]. HCM is
an autosomal, single-gene disease, with dominant inheritance
pattern, but with a very wide range of phenotypic expression,
caused by the multiple possible mutations of the causal genes,
and by several nongenetic influences [9–13].

The phenotypic expression of HCM is LV hypertrophy,
with its histologic pattern of myocyte disarray, interstitial fi-
brosis, and thickening and narrowing of the intramural coro-
nary arteries [14–17]. The consequent impairment of diastolic
function and the possible obstruction of the LV outflow tract
(OT) have been considered the main physiopathologic fea-
tures [18–19]. The clinical expression of the disease can be
absent or minimal for many years. Hypertrophy eventually
causes symptoms, related to the diastolic dysfunction, the
LVOTobstruction, and the imbalance between oxygen supply
and demand [20–22]. In particular, effort dyspnea and chest
pain are frequent initial complaints [3–5, 6•, 7, 22, 23]. Left
atrial dilatation and atrial fibrillation are also possible [24–26].
Furthermore, all these factors (hypertrophy, LVOT obstruc-
tion, cellular disarray, fibrosis, and microvascular impairment)
concur in causing various arrhythmias, syncope, and
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(arrhythmic) sudden death, which is the most feared clinical
manifestation of HCM, particularlymenacing in young people
[27–31]. A possible late evolution in a minority of cases is
systolic heart failure [32].

Indirect Evidences of Microvascular
Involvement in HCM

In this quite heterogeneous scenario of anatomical, physio-
pathologic, and clinical manifestations, the importance of vas-
cular abnormalities and myocardial ischemia in HCM has
constantly increased since the time of their first detection
[16, 33]. According to the different modalities and criteria
used to define the presence of ischemia in HCM, its incidence
ranges from approximately 20% to over 60% of patients, with
an average just below 50% [34••]. The structural abnormali-
ties in the small vessels of HCM patients, such as vessel wall
thickening, with prevalent media participation and lumen re-
striction, and reduction in capillary density, have been con-
vincingly demonstrated [16, 17, 35–38]. Together with the
direct vessel involvement, other tissutal disease-related abnor-
malities, such as fibrosis, may contribute to ischemia in HCM
[15, 39, 40]. Autoptic studies had identified signs of prior
necrosis in HCM patients [33, 41, 42]. The relatively frequent
occurrence of chest pain is well known, and several reports
demonstrated the presence of myocardial perfusion abnormal-
ities [23, 43–48]. These abnormalities were initially related to
the presence of epicardial coronary artery disease, and the
current guidelines still include the use of myocardial perfusion
imaging for ruling out coronary artery disease in HCM [5].
However, the negligible role of epicardial vessel stenosis in
causing the ischemic changes and symptoms in HCM patients
was clear very early. Already in 1979, Rubin et al. had tested
the usefulness of thallium-201 for ruling out coronary artery
disease as the cause of anginal symptoms in HCM: in their
study, 9/10 patients with normal coronary angiograms had
indeed normal stress perfusion, but one showed a significant
exercise-induced defect [43]. One year later, Pitcher et al.
identified various patterns of stress and rest perfusion abnor-
malities in thallium-201 scans performed in HCM patients,
who had normal vessels in coronary angiography in the large
majority of cases [44]. In a larger patient cohort, thallium-201
single-photon emission computed tomography (SPECT) reg-
istered perfusion abnormalities, mainly stress-induced, in 41
of 72 patients, and the authors interpreted the data as the dem-
onstration of a dynamic ischemic process that contributed to
the clinical symptoms [45]. The concept was reinforced by
another study that showed the reduction of stress-induced per-
fusion defects in HCM patients after verapamil therapy [46].
Cannon et al. demonstrated that the stress-induced perfusion
defects were related to the occurrence of true ischemia, as
shown by lactate extraction, in the majority of cases, and for

the first time suggested a more severe impairment of the
subendocardium, because of the several patients with transient
ischemic dilation [47]. The importance of subendocardial is-
chemia in HCM was also emphasized by a study by Yoshida
et al., who identified a close relation between the occurrence
of transient ischemic dilatation and an abnormal blood pres-
sure response to exercise [48].

Demonstration of Microvascular Disease
in HCM

Taken together, all these studies converged in indicating mi-
crovascular disease as the main determinant of perfusion ab-
normalities in HCM. However, a direct evidence of abnormal
myocardial blood flow (MBF) without epicardial vessel dis-
ease in these patients could be achieved only by performing
the quantitative measurement of MBF by means of perfusion
positron emission tomography (PET) [49] (Figs. 1 and 2).
This imaging modality is nowadays getting a growing role
in the clinical arena, also because of the wider diffusion of
PET facilities and the major technical advances, but for many
years, its main contribution was to help expanding our knowl-
edge of disease physiopathology, and in this regard, HCMwas
a favorite field of utilization [50]. Camici et al. published the
first demonstration that patients with HCM had an abnormal
response to coronary vasodilation in 1991 [51]. While the
finding of impaired maximal MBF in hypertrophied walls
could be expected on the basis of the abovementioned ana-
tomical abnormalities, already in this very early report, the
complexity of microvascular involvement in HCMwas appar-
ent, because the authors found some degree of impairment
even in the normal, nonhypertrophied walls [51]. Therefore,
the study supported the concept that microvascular dysfunc-
tion is an early phenomenon in HCM and not just a late con-
sequence of the anatomical changes, in particular fibrotic sub-
stitution [51]. The same group published various other studies
in HCMpatients aimed to confirm and better delineate the role
of microvascular dysfunction in the disease. Gistri et al. dem-
onstrated that verapamil did not significantly improved max-
imal MBF in HCM as compared to placebo; however, it fa-
vorably affected subendocardial perfusion, in partial agree-
ment with the visual changes detected by thallium-201
SPECT [46, 52]. This finding was confirmed by a later study
that showed an improvement in the subendocardium/
subepicardium MBF ratio after verapamil treatment, although
the average wall value was not significantly modified [53].
Lorenzoni et al. showed that there was no significant differ-
ence in resting and maximal MBF, and in myocardial flow
reserve (MFR) in HCM patients with versus those without
history of syncope or of nonsustained ventricular tachycardia
[54]. Conversely, the same authors demonstrated that HCM
patients with systolic dysfunction had a lower maximal MBF
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andMFR, and that there was an inverse relation between these
parameters and the severity of the New York Heart

Association class [55]. These reports suggested a potential
clinical role of the assessment of microvascular dysfunction

Fig. 1 Images of an asymptomatic male patient with HCM (septal
thickness 22 mm) and dynamic LVOT obstruction, without
demonstrated genetic abnormalities. Left panel: CMR imaging findings
of limited patchy LGE at the anterior septal junction (yellow arrow).
Middle panel: stress (regadenoson) 13NH3 perfusion PET showing
slightly reduced uptake in the same location (white arrows). Right

panel: stress parametric perfusion images with demonstration of an
extensive maximal MBF reduction, involving the antero-septal wall,
with prevalent impairment of the subendocardial layer (in the color
scale the maximum—yellow—is set at 2.5 mL/min/g of tissue)
(arrowheads)

Fig. 2 Images of a female patient with history of effort chest pain and
previous normal perfusion scintigraphy, with positive genetics for HCM.
CMR imaging (left and middle upper panels) shows borderline septal
and apical thickness. Coronary CTangiography demonstrates completely
normal epicardial coronary vessels (right upper panel). Because of
persistent symptoms, 13NH3 perfusion PET has been performed

showing normal resting perfusion (left lower panel), but a severe apical
perfusion defect during dipyridamole stress (middle panel, arrows), and
a remarkable impairment of maximal MBF in the apex and the septal
subendocardium in the stress parametric perfusion images (in the color
scale the maximum—yellow—is set at 2.5 mL/min/g of tissue) (right
lower panel, arrowheads)
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using quantitative PET for evaluating HCM severity and for
patient prognostication [55]. Indeed, just few years later, the
first demonstration of the clinical value of microvascular dys-
function assessment was published, as reported below, con-
tributing to establishing the role of ischemia in HCM [22]. The
large majority of the studies devoted to the definition of mi-
crovascular involvement, however, were still focused to im-
prove the physiopathologic characterization of HCM.

Features ofMicrovascular Dysfunction in HCM

After that the causative role of microvascular dysfunction for
ischemic symptoms and signs in HCM was demonstrated,
other studies aimed at defining its features and meaning within
the disease spectrum. Tadamura et al. published a paper show-
ing that abnormalities in maximal MBF and MFR can be
registered early in HCM pediatric patients (mean age
13 years), therefore confirming the initial role of microvascu-
lar abnormalities in the disease [56]. The importance of mi-
crovascular dysfunction in HCM was later confirmed at the
other end of the disease spectrum: Ohba et al. demonstrated
that the MFR is more impaired in HCM patients in the end-
stage dilated phase than in patients with dilated cardiomyop-
athy [57]. Other studies were devoted to better understand the
spatial distribution of MVD in HCM. For this aim, CMR
imaging, and in particular the detection of late gadolinium
enhancement (LGE) after gadolinium injection became a most
useful tool for studying the site and the extent of tissutal ab-
normalities in HCM, besides being the reference standard for
HCM diagnosis and prognostication (Fig. 1) [58]. The detec-
tion of LGE was considered as a sign of fibrotic scarring and
almost immediately translated in an adverse prognostic indi-
cator for HCM [59, 60]. Knaapen et al. demonstrated that also
resting MBF can be abnormal in HCM patients, and that these
abnormalities are related to the presence of LGE, but not to
detectable reductions in systolic function [61]. Although the
early involvement of the interventricular septum is an
established feature of the disease, Sotgia et al. showed that
there is a progressive impairment of the microvascular circu-
lation that is minimal in the farther segments and intermediate
in those adjacent to the septum, apparently preceding the in-
surgence of LGE [62]. More recently, the possibility that other
causes together with microvascular dysfunction contribute to
the occurrence of LGE has been suggested, because of the
demonstration of patients with LGE in the absence of MBF
abnormalities [63]. Knaapen et al. registered a more severe
impairment of the subendocardial layers, which they also con-
nected to the presence of LVOTobstruction [64]. Others have
most recently confirmed this observation in a cohort without
significant LVOT obstruction, therefore supporting a central
role of microvascular dysfunction as compared to compres-
sive forces in producing this effect [65]. This interpretation is

in agreement with the observation that maximal wall thickness
is more important than LVOT obstruction for determining the
severity of maximal MBF impairment [66]. Abnormalities in
microvascular circulation are possible causes of the decreased
metabolic efficiency in HCM patients, and probably contrib-
ute to the increase the contractile dysfunction beyond the ef-
fect of myocardial injuries [67, 68]. On the other hand, there is
a relationship between the presence of decreased maximal
MBF and the occurrence of atrial fibrillation [69]. Olivotto
et al. demonstrated that some genotypes present with a more
severe MBF impairment [70]. Another study indicated the
importance of the interaction between genotype and pheno-
type by identifying carriers of a specific mutation, who do not
show microvascular impairment, but have already signs of
reduced metabolic efficiency [71].

Recent reports using both quantitative and gated PET dem-
onstrate that microvascular dysfunction, and in particular the
more severe impairment of the subendocardium, can play a
role in the development of an abnormal and likely ischemic
functional response. Bravo et al. were the first to show a rela-
tionship between the degree of maximalMBF impairment and
the presence of abnormal LV ejection fraction (EF) response
[66]. The same authors registered a high proportion of HCM
patients with transient ischemic dilation, and a more severe
MBF abnormality than in those with normal volumetric re-
sponse [72]. Our group detected a higher prevalence of sub-
endocardial MBF impairment in the HCM patients with sig-
nificant LVEF drop after vasodilator stress [73]. Yalcin et al.
confirmed these findings, indicating subendocardial impaired
MBF as the cause of transient ischemic dilation in a percent-
age of HCM patients and showed a lower LVEF in these
subjects [74]. Another field in which the assessment of micro-
vascular dysfunction has been connected to clinics is the eval-
uation of changes produced by therapeutic interventions in
HCM. As already mentioned, very limited results have been
reached using calcium channel blockers in terms of improved
microvascular reactivity, although they are indicated in pa-
tients who do not tolerate beta-blockers [46, 52, 53]. A signif-
icant objective increase in maximal MBF has been on the
other hand demonstrated as an additional favorable effect in
HCM patients with LVOTobstruction submitted to myectomy
or septal ablation [75–77].

Clinical Meaning of Microvascular
Dysfunction in HCM

Together with their pathophysiologic implications, these last
studies show that the assessment of microvascular dysfunction
could have relevance for the clinical characterization of HCM
patients and that microvascular dysfunction severity could be an
important predictive parameter. This concept is supported by the
adverse prognostic meaning of perfusion defects detected by
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SPECT myocardial perfusion imaging, mostly in the absence of
epicardial coronary artery disease, in HCM patients [78]. The
prognostic value of a blunted vasodilator response as demonstrat-
ed by quantitative PETwas clearly proved in the most important
paper by Cecchi et al., who showed that the outcome of HCM
patients after a long-term follow-up was significantly related to
their level of maximal MBF at the moment of enrolment, with a
9.6 hazard ratio for death from cardiovascular causes and a 20.1
hazard ratio for any unfavorable event in the lowest tertile as
compared to the patients in the two other tertiles [79]. In the same
cohort, the authors also confirmed the tight relationship between
severely blunted maximal MBF and the occurrence of end-stage
systolic heart failure in HCM patients [80]. Although these pa-
pers have been extensively cited as the demonstration that max-
imal MBF impairment is a valuable prognostic indicator, the
clinical scenario of HCM has remarkably changed since the late
1990s, and nowadays, most HCM patients have a relatively un-
eventful course [30, 31, 81]. However, a latest paper has con-
firmed the value of maximalMBF as a prognostic indicator even
in the presence of an extremely small number of events during a
more than 4-year follow-up [82•]. Interestingly, higher overall
values of maximal MBF were registered and there was a clear
increase in the upper threshold of the highest risk group; accord-
ingly, patients who would have been classified as low risk in the
Cecchi’s study would be now in the lowest, highest risk tertile
[82•]. Another new result was the demonstration that the pres-
ence of more diffuse microvascular involvement, showed by
lower values of maximal MBF in the nonhypertrophied lateral
wall, was the most powerful predictor of cardiovascular death in
this series [82•]. Finally, it is of note that young patients with
extreme septal hypertrophy, so far regarded as a high-risk group,
present with a very wide variability of maximal MBF values, so
that the predictive value of septal thickness alone could be
questioned [82•]. With regard to the prediction of death in
HCM, attention has been given to the capability of identifying
patients with increased risk of severe ventricular arrhythmias.
Old studies using myocardial perfusion imaging with thallium-
201 had suggested that there was a higher prevalence of signs of
ischemia in HCM patients with severe arrhythmic episodes, and
that verapamil and beta-blockers had a favorable effect [83]. On
the other hand, PET data had suggested that themaximalMBF in
absolute terms was unable to differentiate them [54]. Most re-
cently, however, a more refined parameter, the maximal MBF
heterogeneity, seems able to help identifying the patients at
higher risk of sustained and nonsustained ventricular tachycardia
[84]. Unfortunately, clinical studies dealing with the capability of
microvascular dysfunction assessment by quantitative PET to
identify HCM patients with high-risk profile for menacing ar-
rhythmias are lacking.

Another field for potential clinical applications of micro-
vascular dysfunction evaluation is the assessment of treatment
effectiveness, in particular since various drugs have been pro-
posed to improve myocardial flow in HCM, with the purpose

to reverse the progression of microvascular dysfunction itself
[85–87]. Certainly, the degree of maximal MBF impairment
could be a helpful surrogate end point to test the efficacy of
these therapies, and maybe it could be superior to the so far
adopted measurement of fibrosis extent [88, 89].

All the abovementioned studies converge in indicating that
the evaluation of microvascular dysfunction could be useful in
at least a proportion of HCM patients, also because the other
prognostic markers do not perfectly identify the high-risk sub-
jects. In particular, it could be useful for a more refined strat-
ification in patients with other unfavorable conditions, such as
left atrial dilatation, significant diastolic dysfunction, or myo-
cardial fibrosis [90]. The current guidelines for HCM prog-
nostication report a grade III (no benefit) recommendation for
the use of quantitative PET in disease prognostication [5].
However, in more recent guidelines about multimodality im-
aging in HCM, it is recognized that quantitative assessment of
MBF could play an interesting role in patient stratification [6].

Alternative Approaches to Microvascular
Dysfunction Assessment in HCM

Among the imaging modalities used for HCM diagnosis,
characterization and prognostication, CMR is the sole that
offers the possibility of performing perfusion studies from
which derive MBF measurements [91••, 92•, 93]. In partic-
ular, there are several recent reports that deal with direct or
indirect flow parameters obtained from perfusion sequences
in CMR and describe their role in HCM characterization.
Ismail et al., using a pixelwise approach to CMR perfusion
data, showed that it is possible to measure both average wall
and layer (subendocardial and subepicardial) MBF at rest
and during adenosine stimulation, with results that allow
differentiating patients with more severe MBF impairment
and more severe morphologic abnormalities, in particular
wall thickness [94]. Other groups proposed indirect param-
eters of MBF, with a fair capability to identify differences in
segments with versus without LGE [95, 96]. However,
methodological problems in CMR measurements of MBF
are still not completely resolved, and differences in the re-
sults’ reliability are reported, according to the interference
of LGE and to the MBF measurement approach [97, 98].
The use of MFR as the reference parameter to overcome the
limitations of the MBF measurements has been as well pro-
posed [99]. Although the central role of CMR for the char-
acterization of HCM cannot be overemphasized, the use of
MBF measurements is still under evaluation, and it is worth
mentioning that two most recent reviews on CMR in HCM
do not include them among the multiple parameters to be
considered [92•, 100]. As for computed tomography (CT),
there are just reports on the use of CTcoronary angiography
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to rule out epicardial coronary disease in HCM patients with
chest pain (Fig. 2) [101].

Conclusion

Coronarymicrovascular dysfunction is a pivotal feature ofHCM,
and probably the most important cause of ischemia in these
patients. The significance of ischemia is not just to explain one
HCM symptom, i.e., chest pain, but most importantly to be one
of the causes of other pathophysiologic changes, such as fibrosis,
electrical instability, and functional evolution. Therefore, the as-
sessment of microvascular dysfunction can be very useful to
characterize the disease severity of the single patient and it is a
mainstay of HCM prognostication. Unfortunately, the lack of a
simple and easy available method for MBF measurement pre-
cludes the widespread evaluation of microvascular dysfunction
in all HCM patients, and has so far as well prevented to explore
the occurrence of MBF abnormalities in the relatives of patients,
or in the subjects with genetic changes only. With regard to these
limitations, however, the constantly increasing diffusion of PET
facilities and the major technical advances in this field could
make possible to include this modality in the work up of at least
selected groups of HCM patients.

Another major obstacle to the definitive establishment of
microvascular dysfunction evaluation in HCM is the lack of
large clinical trials aimed at eventually demonstrating its ca-
pability to positively influence the patient outcome in terms of
risk assessment [102]. Similarly, studies are needed that ex-
plore the response of microvascular dysfunction to the various
possible therapeutic options already in use for HCM, or that
test the potential usefulness of newly proposed treatments.
This is particularly important for those therapies aimed at
correcting physiopathogic mechanisms of the disease before
they reach a phenotypic expression of clinical significance
[91••]. Also with regard to this point, however, the wider
accessibility of PET, the availability of new perfusion tracers,
and maybe the progress of alternative approaches to MBF
quantification, for instance using CMR, are expected to help
overcoming the current difficulties.
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