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Evidence for Microvascular Dysfunction in Hypertrophic
Cardiomyopathy

New Insights From Multiparametric Magnetic Resonance Imaging

Steffen E. Petersen, MD, DPhil; Michael Jerosch-Herold, PhD; Lucy E. Hudsmith, MA, MRCP;
Matthew D. Robson, MA, PhD; Jane M. Francis, DCR, DNM;

Helen A. Doll, MSc, DPhil; Joseph B. Selvanayagam, MBBS, FRACP, DPhil;
Stefan Neubauer, MD, FRCP; Hugh Watkins, MD, PhD, FRCP

Background—Microvascular dysfunction in hypertrophic cardiomyopathy (HCM) may create an ischemic substrate conducive to
sudden death, but it remains unknown whether the extent of hypertrophy is associated with proportionally poorer perfusion reserve.
Comparisons between magnitude of hypertrophy, impairment of perfusion reserve, and extent of fibrosis may offer new insights for
future clinical risk stratification in HCM but require multiparametric imaging with high spatial and temporal resolution.

Methods and Results—Degree of hypertrophy, myocardial blood flow at rest and during hyperemia (hMBF), and
myocardial fibrosis were assessed with magnetic resonance imaging in 35 HCM patients (9 [26%] male/26 female) and
14 healthy controls (4 [29%] male/10 female), aged 18 to 78 years (mean�SD, 42�14 years) with the use of the
American Heart Association left ventricular 16-segment model. Resting MBF was similar in HCM patients and controls.
hMBF was lower in HCM patients (1.84�0.89 mL/min per gram) than in healthy controls (3.42�1.76 mL/min per
gram, with a difference of �0.95�0.30 [SE] mL/min per gram; P�0.001) after adjustment for multiple variables,
including end-diastolic segmental wall thickness (P�0.001). In HCM patients, hMBF decreased with increasing
end-diastolic wall thickness (P�0.005) and preferentially in the endocardial layer. The frequency of endocardial hMBF
falling below epicardial hMBF rose with wall thickness (P�0.045), as did the incidence of fibrosis (P�0.001).

Conclusions—In HCM the vasodilator response is reduced, particularly in the endocardium, and in proportion to the
magnitude of hypertrophy. Microvascular dysfunction and subsequent ischemia may be important components of the
risk attributable to HCM. (Circulation. 2007;115:2418-2425.)
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Hypertrophic cardiomyopathy (HCM) is a disease entity
characterized by the development of cardiac hypertro-

phy without an obvious extrinsic cause, such as pressure or
volume overload, and is a disease of the sarcomere.1 Sudden
cardiac death is a well-recognized feature of this disease, and
HCM is the most common cause of sudden death in the
younger population, particularly in young athletes.2 The risk
of sudden cardiac death increases with multiple clinical risk
factors, such as nonsustained ventricular tachycardia, syn-
cope, exercise blood pressure response, family history of
sudden death, and extreme left ventricular (LV) hypertrophy.3

In addition, marked LV outflow tract obstruction and coro-
nary microvascular dysfunction have been found to be inde-
pendent predictors of sudden death in HCM.4,5 Moon and
colleagues6 demonstrated an association between the extent
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of myocardial fibrosis and progressive ventricular dilatation
and markers of sudden death.

Although adverse microvascular remodeling and coronary
microvascular dysfunction, reflected by an inadequate in-
crease in myocardial blood flow (MBF) in response to a
coronary vasodilator, has been noted in HCM, it remains
unknown whether the impairment of the hyperemic response
is related to the degree of LV hypertrophy.5,7–12 Hypertrophy
is an independent risk factor for sudden death in HCM, but
the underlying mechanism is unclear; potentially sudden
death could be associated with impaired myocardial perfusion
or extent of myocardial fibrosis. Current risk factor stratifi-
cation does not assess either of these parameters reliably.3
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Cardiovascular magnetic resonance imaging (MRI) during
the first pass of a contrast agent allows the evaluation of
myocardial perfusion both at rest and during pharmacological
stress. Cardiovascular MRI first-pass perfusion is an attrac-
tive novel methodology with which to explore the uncertain-
ties regarding myocardial perfusion in HCM: First, it has
been validated against the gold standard of microspheres13;
second, it is characterized by superior spatial resolution
compared with nuclear imaging methods (including positron
emission tomography [PET]), permitting the assessment of
transmural perfusion gradients; third, myocardial perfusion
can be quantified in absolute terms in milliliters per minute
per gram, which has the advantage of identifying abnormal-
ities in perfusion that lead to spatially coherent reductions in
both rest and stress perfusion, therefore potentially creating
the misleading impression of a “normal” perfusion reserve;
fourth, cardiovascular MRI first-pass perfusion data can be
matched within given myocardial segments to other impor-
tant parameters provided by cardiovascular MRI for risk
stratification, such as wall thickness or extent of fibrosis,
which cannot be provided by any other single imaging
modality.14

In the present study we assessed the association of blood
flow in relation to wall thickness and extent of fibrosis with
the use of high-resolution quantitative cardiovascular MRI.
Advancing knowledge and understanding of these pathophys-
iological interrelations may form an important initial step
toward improved clinical risk assessment for sudden cardiac
death in HCM.

Methods
Ethics and Study Population
The study was approved by our institutional ethics committee, and
informed written consent was obtained from each patient. All MRI
data were analyzed in a blinded manner.

Thirty-five consecutive patients with HCM from the University of
Oxford Cardiomyopathy Clinic (9 male/26 female; mean age, 44�15
years) and 14 healthy controls (4 male/10 female; mean age, 39�11
years) were enrolled into the study. The diagnosis of HCM was
based on genetic confirmation of a pathogenic mutation, or when no
genetic confirmation of HCM was available, it was based on the
conventional criteria of LV hypertrophy not originating from other
causes (�15 mm or �13 mm in documented familial disease)
determined by echocardiography.15 Healthy volunteers had no his-
tory of cardiac disease, hypertension, and other cardiac risk factors
and had a normal 12-lead ECG.

Subjects with contraindications for MRI were not enrolled. Typ-
ical contraindications for adenosine applied, including asthma and
higher degree of heart block. All subjects undergoing adenosine
administration had abstained from caffeine intake for at least 12
hours before the study. Table 1 highlights characteristics of HCM
patients and healthy subjects.

MRI Protocol
All cardiovascular MRI examinations were performed on a 1.5-T
MRI system (Sonata; Siemens Medical Solutions, Erlangen, Ger-
many). After scout imaging was performed, steady state free preces-
sion cine images were acquired in horizontal and vertical long-axis
views, and short-axis views were obtained parallel to the atrioven-
tricular groove and included the entire LV.16

A gadolinium-based contrast agent (gadodiamide [Omniscan];
Nycomed Amersham, Amersham, UK) was then administered intra-
venously as a bolus at a dose of 0.025 mmol/kg body wt (injection
rate, 5 mL/s; concentration, 0.5 mmol/mL), followed by a saline

flush of 13 mL at the same rate. Perfusion imaging was performed
every heartbeat during the first pass of the contrast bolus with the use
of a T1-weighted fast (spoiled) gradient echo sequence with
saturation-recovery magnetization preparation, as described previ-
ously.14 Perfusion images were acquired in 3 short-axis sections at
basal (between LV outflow tract and the papillary muscles), midven-
tricular, and apical levels chosen according to recommended guide-
lines.17 To allow sufficient contrast washout, we performed stress
perfusion imaging 10 minutes after the study at rest. Adenosine was
used as the pharmacological vasodilator and was administered at a
rate of 140 �g/kg per minute for at least 2 minutes before and during
data acquisition. After stress perfusion imaging, we gave an addi-
tional dose of 0.1 mmol/kg gadodiamide to reach a total administered
dose of 0.15 mmol/kg. The delayed enhancement images were
acquired after an additional 10-minute delay with the use of an
inversion-recovery prepared, segmented gradient echo sequence, as
previously described (Figure 1).18,19

Image Analysis
Both global LV function and segmental wall thickness were analyzed
with the use of commercially available computer software by manual
tracing of endocardial and epicardial contours (Argus and
Syngo2002B; Siemens Medical Solutions, Erlangen, Germany). The
following global parameters (normalized to the body surface area)
were determined by planimetry of short-axis cine images: LV
end-diastolic volume index (mL/m2), LV end-systolic volume index
(mL/m2), LV stroke volume index (mL/m2), LV ejection fraction
(%), and LV mass index (g/m2). End-diastolic wall thickness was
determined in 6 basal, 6 midventricular, and 4 apical segments.17

For perfusion analysis, the endocardial and epicardial contours
were traced manually with the use of the software MRI-MASS
(Medis, Leiden, the Netherlands). Again, the myocardium was
divided into 16 corresponding segments and was further subdivided
into endocardial (inner 50% of transmural thickness) and epicardial
(outer 50% of transmural thickness) layers. MBF was determined by
model-independent deconvolution of signal intensity curves with an
arterial input function measured in the LV blood pool,13 with explicit
accounting for any delay in the arrival of the tracer (Figure 2).20

Details about the estimation of MBF are provided in the online-only
Data Supplement.

TABLE 1. Baseline Characteristics of Healthy Controls and
HCM Patients

HCM Patients
(n�35)

Healthy Controls
(n�14) P

Age, y 44�15 39�11 0.304

Male gender, % 26 29 0.878

Diabetes 0 0 � � �

Current smoking, n (%) 1 (3) 0 0.651

Weight, kg 80.3�16.0 79.3�9.9 0.788

Height, cm 174.2�10.9 179.4�9.9 0.116

Body surface area, m2 1.96�0.24 1.98�0.17 0.801

Heart rate, bpm 57�8 60�12 0.426

Mean arterial pressure, mm Hg 92�8 97�11 0.168

LV EDV index, mL/m2 78�15 77�15 0.867

LV ESV index, mL/m2 21�12 22�5 0.658

LV ejection fraction, % 74�9 71�4 0.194

Maximum end-diastolic wall
thickness, mm

16.7�6.1 10.2�1.4 �0.0001*

LV mass index, g/m2 88.1�31.2 64.9�13.3 0.0006*

Values are mean�SD unless otherwise indicated. EDV indicates end-
diastolic volume; ESV, end-systolic volume.

*Statistical significance at P�0.05.
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Delayed contrast-enhanced images were quantified with the use of
computer-assisted planimetry with a 16-segment model identical to that
described above. Hyperenhanced pixels were defined as those with
signal intensities �2 SD above the mean signal intensity in remote
myocardium in the same slice.21 The segmental extent of fibrosis was
expressed as a percentage of hyperenhanced pixels within each segment
[ie, segmental extent of fibrosis�100�hyperenhanced pixels/
(hyperenhanced�nonhyperenhanced pixels)]. The incidence of fibrosis
was a dichotomous parameter based on presence or absence of hyper-
enhancement within each segment.

Statistical Analysis
Values are expressed as mean�SD. Regression analysis with the use
of linear mixed-effects models with a random intercept for subject
was performed to take account of within-patient correlations of
repeated measurements.22 The analysis was performed in the R

statistical analysis environment (R, version 2.3.1; The R Foundation
for Statistical Computing, Vienna, Austria, 2006; http://www.r-
project.org/). Linear regression models were used to test for signif-
icant associations between resting or hyperemic blood flow and
end-diastolic wall thickness as a measure of the magnitude of
hypertrophy. The dependent variable was adjusted in the fixed-
effects part of the linear mixed-effects model for differences in age,
gender, rate-pressure product at rest (in the case of resting MBF),
extent of contrast enhancement, and HCM diagnosis. For hyperemic
MBF (hMBF) as the dependent variable, we additionally tested for
the hypothesis that the presence of LV outflow tract gradient
�30 mm Hg caused a significant decrease of MBF. hMBF was
adjusted simultaneously for resting MBF instead of using a ratio of
hyperemic blood flow divided by resting blood flow because the
latter quantity has ill-defined statistical properties. Myocardial ische-
mia and the magnitude of hypertrophy were considered putative
causes of fibrosis. Therefore, logistic regression model analysis was
used to analyze the incidence of myocardial fibrosis and to determine
whether its likelihood is associated with end-diastolic wall thickness
and hMBF. The logistic regression model analysis with repeated
measurements of fibrosis in each patient was performed with a
general linear model with logit link and with mixed effects using
linearization about the best linear unbiased predictors.23 The Student
t test for unpaired data was used for comparison of baseline
characteristics for continuous variables, and the �2 test was used for
categorical data (gender). Statistical significance was taken through-
out at the 5% level (P�0.05).

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results
Study Population
Healthy controls and HCM patients differed only in LV mass
index but not in age, gender, and other characteristics listed in
Table 1. Overall, the HCM patient cohort was considered low
risk according to clinical risk stratification and was mainly
asymptomatic, with 68% in New York Heart Association
class I (Table 2).3 In HCM patients, 475 of 560 segments
(35�16 segments) were used for statistical analysis, with
complete data in each of these segments for wall thickness,
resting and stress perfusion, and delayed contrast enhance-
ment. Incomplete data sets were mainly a result of gaps in

Figure 1. MRI of 31-year-old male
patient with HCM demonstrating asym-
metrical LV hypertrophy and fibrosis in
basal (top row), midventricular (middle
row), and apical (bottom row) short-axis
slices. The schematic represents the
segmentation used as recommended by
the American Heart Association and the
American College of Cardiology.17

Figure 2. Quantitative myocardial perfusion at rest and during
adenosine vasodilatation in the same patient as in Figure 1. Top
panel demonstrates the signal intensity (SI) curves (in arbitrary
units [a.u.]) during the first pass of a contrast agent bolus in the
hypertrophied basal myocardial segment (marked as *). Bottom
panel represents the SI curves in the blood pool used as the
arterial input function.
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perfusion data either because of insufficient data quality or
because of acquisition of only 2 slices during adenosine
infusion in patients with heart rates not allowing acquisition
of a third slice. The contrast-to-noise ratio for all perfusion
studies averaged 23:1�11:1 and was significantly higher
during hyperemia (28:1�12:1) than during rest (18:1�7:1;
P�0.001 for paired t test).

In HCM patients, 142 of 475 myocardial segments (29.9%)
had an end-diastolic wall thickness �12 mm (range for the
475 segments, 1 to 34.5 mm; mean�SD, 10.9�5.0 mm), and

72 of 475 myocardial segments (15.2%) showed delayed
gadolinium contrast enhancement. The extent of delayed
contrast enhancement in segments with any delayed contrast
enhancement ranged from 10% to 100% (mean�SD,
58.8�27.4%). The incidence of fibrosis (P�0.001) was
found to increase significantly across quartiles of end-diastol-
ic wall thickness (Figure 3A). In the logistic regression
model, with end-diastolic wall thickness treated as a contin-
uous variable, the odds for presence of delayed contrast
enhancement in HCM patients were 1.13:1 for each millime-
ter increase in end-diastolic wall thickness (P�0.001).

In healthy controls, the end-diastolic wall thickness ranged
from 3.5 to 11.9 mm (mean�SD, 7.3�1.8 mm).

A proportion of the 35 patients with HCM were on
medications with potential confounding effects on MBF
(Table 2): 15 took �-blockers (43%), 2 were treated with
calcium channel inhibitors of the verapamil/diltiazem type
(6%), 4 were treated with disopyramide (12%), and 6 were on
amiodarone (17%).

Five of 35 HCM patients (14.3%) had a resting LV outflow
tract gradient �30 mm Hg on echocardiography. This param-
eter was documented as a dichotomous variable because of
intraindividual variability of this parameter and on the basis
of the proposed cutoff of 30 mm Hg in a prospective study
demonstrating its prognostic value.4

Myocardial Perfusion Reserve
Resting MBF averaged 0.71�0.27 mL/min per gram in HCM
patients and 0.85�0.30 mL/min per gram in controls. Resting
MBF, adjusted for age (P�0.58), gender (P�0.001), and
resting rate pressure product (P�0.001), was similar in HCM
patients and controls but with a significant (P�0.001) differ-
ence of 0.21�0.06 mL/min per gram between female and
male subjects.

Myocardial fibrosis was observed more frequently in a
segment with poor hyperemic response. Figure 3B demon-
strates the decreasing incidence of fibrosis with increasing

TABLE 2. Clinical Risk Stratification and Medications in
HCM Patients

HCM Patients
(n�35)

NYHA class I/II/ III, % (n) 68.6/25.7/5.7 (24/9/2)

No. of SCD risk factors present
(0/1/2/3 risk factors), % (n)

60/29/9/3 (21/10/3/1)

Family history of SCD 31.4 (11/35)

Unexplained syncope 5.7 (2/35)

NSVT on Holter monitor 8.6 (3/35)

Abnormal exercise blood pressure response 6.9 (2/29)*

Maximum LV wall thickness �30 mm 2.9 (1/35)

Echocardiographic LV outflow tract
gradient �30 mm Hg

14.3 (5/35)

�-Blockers 42.9 (15/35)

Verapamil/diltiazem 5.7 (2/35)

Disopyramide 11.4 (4/35)

Amiodarone 17.1 (6/35)

Values are % (n/N) unless otherwise indicated. NYHA indicates New York
Heart Association; SCD, sudden cardiac death; and NSVT, nonsustained
ventricular tachycardia. For the number of risk factors present, family history
of SCD, unexplained syncope, nonsustained ventricular tachycardia, abnormal
blood pressure response during exercise, and maximum wall thickness
�30 mm were considered.

*Blood pressure response during exercise is not considered a valid risk
factor in HCM patients �40 years of age.

Figure 3. A, Within the HCM patients, the incidence of delayed contrast enhancement (CE) (DCE) within a segment increased with
increasing end-diastolic (ED) wall thickness quartiles (odds ratio, 1.13:1 for each millimeter increase; P�0.001 for wall thickness as
continuous variable in logistic regression model). Square brackets indicate inclusion, and round brackets indicate exclusion of a given
end-diastolic wall thickness cut-point value in the respective quartile range. Error bars represent the 95% CIs for incidence of delayed
contrast enhancement and were obtained by bootstrap with sampling by subject. B, The incidence of fibrosis in a myocardial segment
decreased with increasing hyperemic blood flow, with incidence shown by quartile of hMBF. With hyperemic blood flow treated as a
continuous variable in a logistic regression model, the odds for fibrosis decreased by 2.2:1 (P�0.01) for each 1 mL/min per gram
increase of hyperemic blood flow (P�0.01), with simultaneous adjustment by age and gender.
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hyperemic blood flow. The odds for fibrosis in a myocardial
segment increased by 2.2:1 (P�0.01) for each 1 mL/min per
gram decrease of hyperemic blood flow (P�0.01), with
simultaneous adjustment for age (P�0.11) and gender
(P�0.11).

The average of hMBF in HCM patients was 1.84�0.89
mL/min per gram in HCM patients and lower than the mean
of 3.42�1.76 mL/min per gram in healthy controls (P�0.01
for t test of per-subject means of MBF between HCM patients
and healthy controls). hMBF in myocardial segments re-
mained significantly lower in HCM patients (by �0.95�0.30
[SE] mL/min per gram; P�0.001), with adjustment for age
(P�0.13), gender (P�0.90), end-diastolic segmental wall
thickness (�0.013�0.004 [SE] mL/min per gram per milli-
meter wall thickness; P�0.001), resting MBF (P�0.001),
presence of LV outflow tract gradient �30 mm Hg (P�0.06),
and extent of delayed contrast enhancement (P�0.95) in the
linear mixed-effects model (Figure 4A). hMBF in the endo-
cardial layer of myocardial segments was lower by
�1.23�0.39 mL/min per gram in HCM patients than in
normal volunteers (P�0.001), with simultaneous adjustment
for age, gender, end-diastolic wall thickness (P�0.001),
resting MBF (P�0.001), presence of LV outflow tract gra-
dient �30 mm Hg, and extent of delayed contrast enhance-
ment (P�0.64). The ratio of endocardial to epicardial hMBF
averaged over all segments was 1.08:1 in healthy controls and
0.99:1 in HCM patients (P�0.07 for Wilcoxon rank sum
test). Within the HCM patients, the incidence of a hyperemic
endocardial hMBF lower than epicardial hMBF increased
over quartiles of end-diastolic wall thickness (P�0.03; odds
increased by 1.05:1 per millimeter increase of end-diastolic
wall thickness), suggesting a preferential reduction of hMBF
in the endocardial layer with increasing magnitude of hyper-
trophy (Figure 4C).

Within the group of HCM patients, hMBF decreased by
0.011 mL/min per gram (SE 0.0035) for each millimeter
increase of end-diastolic wall thickness (P�0.005), with

simultaneous adjustment for age (P�0.27), gender difference
(P�0.74), resting MBF (P�0.001), extent of contrast hyper-
enhancement (ie, fibrosis) (P�0.48), and presence of LV
outflow tract gradient of �30 mm Hg (coefficient mean�SE,
�0.86�0.33 mL/min per gram; P�0.02). Similarly, in the
endocardial layer, hMBF decreased by 0.017 mL/min per
gram (SE 0.003) for each millimeter increase of end-diastolic
wall thickness. Figure 5 shows the transmural and endocar-
dial layer averages of hMBF by quartiles of end-diastolic wall
thickness. hMBF in the endocardial layer was modeled as a
function of the transmural hMBF or epicardial hMBF and
end-diastolic wall thickness (quartile) categories. The rate at
which endocardial hMBF increases with transmural or epi-
cardial hMBF was reduced significantly for the 2 highest
end-diastolic wall thickness quartiles (P�0.05), with the
most pronounced interaction effect in the highest end-diastol-
ic wall thickness quartile.

Discussion
In the present MRI study, we demonstrate in patients with
HCM a reduced myocardial perfusion reserve as measured by
hMBF, particularly in the endocardium, and in proportion to
the magnitude of hypertrophy. It has been shown that the
magnitude of hypertrophy is related directly to the risk of
sudden death,24 but the pathophysiological mechanisms of
sudden death remain largely unknown. It was observed
previously that the vasodilator response is impaired in HCM
in both hypertrophied and nonhypertrophied wall segments.10

The association of vasodilator response impairment and
end-diastolic wall thickness observed in the present study
indicates that ischemia is more prevalent and more severe in
hypertrophied segments. The diagnosis of HCM was in itself
associated with a significant reduction of hMBF with simul-
taneous multivariable adjustment, including end-diastolic
wall thickness, LV outflow tract gradient �30 mm Hg, and
extent of delayed contrast enhancement. This suggests that
the vasodilator response in HCM patients is already impaired

Figure 4. A, HCM patients have significantly (P�0.001) lower hMBF than healthy controls after adjustment for differences in age, gen-
der distribution, wall thickness, rest perfusion, and extent of delayed contrast enhancement. B, Similar to the transmural average of
hMBF in each myocardial sector, endocardial hMBF, after adjustment for age, gender, and resting MBF (P�0.01), was lower in HCM
patients than in healthy controls, and endocardial hMBF was significantly higher than the epicardial hMBF in normal subjects (P�0.05)
but not in HCM patients. C, Within the HCM patients, the incidence of hMBF in the endocardial layer (ENDO) was less than hMBF in
the epicardial layer (EPI) and increased over quartiles of end-diastolic (ED) wall thickness (P�0.03), suggesting that an adverse reduc-
tion of hMBF occurs preferentially in the endocardial layer. Square brackets indicate inclusion, and round brackets indicate exclusion of
a given end-diastolic wall thickness cut-point value in the respective quartile range. Error bars represent the 95% CIs.
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in segments without hypertrophy and decreases further with
hypertrophy. Furthermore, our finding of decreased incidence
of myocardial fibrosis with increasing hMBF may suggest a
pathophysiological link between repetitive hypoperfusion
during stress and development of myocardial fibrosis. The
unique ability of cardiac MRI to match perfusion and myo-
cardial fibrosis data in a single investigation thus provides
novel insights into a potential mechanism for the develop-
ment of myocardial fibrosis in HCM patients. It is tempting to
speculate that hypoperfusion and/or the associated fibrosis
may contribute to the increased risk of sudden cardiac death
during or after strenuous physical exercise in these patients.

Myocardial perfusion and perfusion reserve have been
shown to be of prognostic value in patients with HCM, and
these parameters may become an integral part of clinical risk
stratification.5 Elliott and colleagues3 introduced the concept
of risk factor burden, including syncope and family history of
sudden cardiac death, nonsustained ventricular tachycardia,
abnormal blood pressure response, and marked LV hypertro-
phy (�30 mm). The use of MRI in the present study provided
the important advantage of spatially matched, high-resolution
measurements of LV hypertrophy, MBF, and myocardial
fibrosis all made within 1 MRI study of �60 minutes in
duration.25–27 We found reduced hMBF in HCM patients with
and without hypertrophy. This is consistent with PET data
demonstrating impaired microvascular function in both hy-
pertrophied and nonhypertrophied myocardium in such pa-
tients,10 although the resolution of PET is suboptimal for
assessing the magnitude of hypertrophy. In addition, myocar-
dial fibrosis, a possibly important confounding factor, could
also be assessed directly in the present MRI study with high
spatial resolution. Although the results are reported here for a
standardized American Heart Association segment model, the
underlying measurements are made with resolution sufficient
to investigate perfusion, viability, and function in the endo-
cardial and epicardial layers and to show a higher predispo-
sition of the endocardial layer to ischemia. An MRI study
previously showed, in a selected cohort of patients with the
Asp175Asn mutation of the �-tropomyosin gene, an associ-
ation between perfusion and LV hypertrophy by a semiquan-
titative approach rather than by an absolute quantification of
MBF.28 Furthermore, myocardial fibrosis was not assessed in
that previous MRI study, and a confounding of myocardial

fibrosis with perfusion impairments could not be excluded.
The present study clearly demonstrates a higher incidence of
myocardial fibrosis with increasing wall thickness, in agree-
ment with work by other groups,29–31 but the inverse rela-
tionship of LV hypertrophy and perfusion reserve still re-
mains after adjustment for the extent of fibrosis. The
identified association between LV hypertrophy and hMBF
exists in both patients with and patients without outflow tract
obstruction, suggesting that perfusion reserve as a risk factor
does not simply reflect obstruction, an emerging risk strati-
fication parameter with prognostic importance.4 These find-
ings suggest that LV hypertrophy should be interpreted as a
continuous risk parameter rather than a dichotomous one with
an arbitrary threshold. Furthermore, myocardial perfusion
may hold additional prognostic information over LV wall
thickness measurements as part of clinical risk stratification,
which may be particularly valuable in patients with mild LV
hypertrophy and few clinical risk factors, as demonstrated in
our low-risk HCM cohort.

MBF quantification by first-pass MRI has been validated
in experimental work with the use of microspheres.13,32,33 In
the present study we used a smaller dosage of Gd-DTPA
contrast than in most previous studies to maintain a linear
relation between signal and contrast concentration, an impor-
tant assumption of the analysis. The majority of our flow data
in both healthy volunteers and HCM patients at rest and
during hyperemia are in agreement with previous studies
using first-pass MRI and other modalities, such as PET.5,10,27

Slight deviations may be explained by differences in baseline
characteristics, such as age, gender distribution, and blood
pressure, because all of these substantially influence MBF.34

In agreement with data from Camici and colleagues,10 we
confirmed that the MBF at rest in HCM was not different
from that in healthy controls, and this finding was indepen-
dent of wall thickness, myocardial fibrosis, and other poten-
tial confounders.

Recently, we demonstrated decreased MBF at rest in
myocardial segments with significant amounts of delayed
contrast enhancement in patients with ischemic heart dis-
ease.14 Similarly, in our HCM cohort we observed a signifi-
cant association between hMBF and the extent of myocardial
fibrosis as measured by delayed contrast enhancement.

Figure 5. A, Transmural hMBF declined sig-
nificantly with end-diastolic (ED) wall thick-
ness in HCM patients and averaged 0.011
mL/min per gram (SE 0.0035) for each milli-
meter increase of ED wall thickness
(P�0.005), with simultaneous adjustment for
age, gender, resting MBF, extent of contrast
hyperenhancement (ie, fibrosis), and pres-
ence of LV outflow tract gradient of
�30 mm Hg (�0.86�0.33 mL/min per gram;
P�0.02). B, In the endocardial layer, the
hMBF showed an average 0.017 mL/min per
gram (SE 0.003) decline for each millimeter
increase of end-diastolic wall thickness
(P�0.005), and this rate of decline was sig-
nificantly higher in comparison to the epicar-
dial layer (P�0.002 for interaction of myocar-
dial layer with wall thickness).
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We have demonstrated preferential reduction of endocar-
dial hMBF with increasing wall thickness. With the use of the
superior spatial resolution of MRI over PET, this now allows
new insights into the transmural blood flow distribution. A
PET study has shown improved endocardial to epicardial
blood flow ratios in hypertrophied septal segments after
verapamil treatment of HCM patients despite unchanged total
MBF. Endocardial and epicardial flows could not be assessed
in nonhypertrophied segments because of the spatial resolu-
tion limit of PET in that study of �6 mm.11 Muehling and
colleagues35 have demonstrated the feasibility of establishing
a normal range of distribution of endocardial and epicardial
MBF at rest and during administration of adenosine in
myocardium of young healthy volunteers with normal wall
thickness using first-pass MRI.

There may have been some selection bias in the present
study. HCM patients with a high risk of sudden cardiac death
and an internal cardioverter-defibrillator device were ex-
cluded from this study (MRI contraindication), as well as
patients with higher-degree atrioventricular block (adenosine
contraindication). Our patient cohort is thus predominantly at
low risk of sudden cardiac death. This may be viewed as a
strength of the study, suggesting a potential role for hMBF in
the risk assessment of relatively lower-risk patients.

In conclusion, our present study shows that in HCM
perfusion reserve is reduced, particularly in the endocardium,
and in proportion to the magnitude of hypertrophy. Thus,
microvascular dysfunction and ischemia may be important
components of the risk attributable to hypertrophy in HCM,
and future clinical risk assessment should include these
parameters.
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CLINICAL PERSPECTIVE
In the younger population, particularly in athletes, hypertrophic cardiomyopathy (HCM) remains among the most common
causes for sudden cardiac death. Cardiac microvascular dysfunction in HCM may create an ischemic substrate potentially
contributing to a milieu promoting arrhythmia. It remains unknown whether extent of hypertrophy is associated with
proportionally poorer perfusion reserve. Cardiac magnetic resonance imaging was performed to study the interrelations
between end-diastolic wall thickness, resting and hyperemic myocardial blood flow, and extent of myocardial fibrosis.
Although myocardial blood flow was preserved at rest in HCM patients, during adenosine-induced hyperemia the blood
flow reserve was reduced in comparison to healthy controls, and the magnitude of blunted flow reserve was related to the
degree of hypertrophy and particularly in the endocardial layer. The incidence of myocardial fibrosis increased with
increasing end-diastolic wall thickness. These findings suggest that in HCM the vasodilator reserve is reduced, particularly
in the endocardium, and in proportion to the magnitude of hypertrophy. Microvascular dysfunction, subsequent ischemia,
and myocardial fibrosis may be important contributors to natural history in HCM.
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Determination of Myocardial Blood Flow by Model-Independent Deconvolution  

 Signal intensity (SI) averages were measured for 16 myocardial sectors for each 

image of a dynamic series covering the first pass and recirculation of the injected contrast 

agent, using the AHA segmentation model. The resulting signal intensity curves and the 

associated times at which each image was acquired are used for determination of regional 

blood flow. Figure 1, reproduced here from the main body of the manuscript, provides an 

example of signal intensity changes in the inferior-septal segment, for rest and 

hyperemia. A region of interest (ROI) in the center of the left ventricle was used to 

sample signal intensity changes for the arterial input of contrast.  
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Figure 1 (reproduced from main body of manuscript): Quantitative myocardial 

perfusion at rest and during adenosine vasodilatation in the same patient as in figure 1. 
Top figure demonstrates the signal intensity (SI) curves (arbitrary units = a.u.) during the 
first pass of a contrast agent bolus in the hypertrophied basal myocardial segment 
(marked as *) and the bottom figure represents the SI curves in the blood pool used as the 
arterial input function. 

The assumption of a linear relationship between signal intensity changes, and 

contrast agent concentration changes, is central for the analysis and estimation of blood 

flow from signal intensity curves. For this reason a T1-weighted sequence is used, with 

short echo-times to minimize the sensitivity to magnetic susceptibility and motion. Signal 

saturation is most likely to be observed in the left ventricular blood pool, because the 

contrast bolus is more compact in the LV blood pool than during transit through a tissue 

region of interest. With a contrast dosage of 0.25 mmol/kg, we estimate peak contrast 

concentrations in the LV blood pool to be on the order of 1.8 mmol/L with normal LV 

function.1 For Gadodiamide, a concentration of 1.8 mmol/L corresponds to a peak 

relaxation rate constant of approximately 7 s-1. Furthermore, it is important to minimize 

the effects of blood inflow in the ventricular cavity, i.e. the signal enhancement through 

inflow should be reduced by using a slice imaged during diastole to determine the arterial 

input function. Figure 2 shows the relation between signal and relaxation rate measured 
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in phantoms with a saturation recovery prepared gradient echo sequence as used in this 

study, and also illustrates how inflow could alter this relationship. 

 

 
Figure 2: The circles show the relation between signal intensity, measured with a 

saturation-recovery prepared turbo FLASH sequence, and the relaxation rate in saline-
filled phantoms doped with Gd-DTPA contrast agent. The R1 relaxation rate constant of 
the phantoms was determined with a spin-echo sequence. The evolution of the 
longitudinal magnetization of flowing blood, imaged with a non-slice-selective saturation 
recovery prepared turbo FLASH acquisition, was simulated using the approach of Peeters 
et al,2 and assuming a linear phase encoding order. The blue solid line shows the 
simulation result for stationary fluid, while for the green curve a velocity of v=10 cm/s 
was assumed with otherwise identical parameters. The slice thickness was equal to 8 mm 
in the simulations. The dotted line represents a linear extrapolation from the region of 
low R1 values, and corresponds to the assumption of strict linear proportionality between 
signal intensity and signal, which was used for the analysis of the perfusion studies. 

The central volume principle states that the tracer residue in a tissue region can be 

thought of as resulting from the convolution of the measured arterial input with the tissue 

residue impulse response. The tissue impulse response represents the tracer residue curve 

one would observe for a hypothetical arterial input equivalent to a very brief impulse. 

The tissue impulse response has some useful properties for blood flow estimation: The 

area under the tissue impulse response curve equals the effective distribution volume 

during the first pass, and the amplitude or height of the impulse response equals the blood 

flow in and out of the tissue ROI.3, 4  The tissue impulse response, R(t), cannot be 

measured directly, and the measured tissue residue curve, q(t), equals the convolution 

integral for the arterial input function, i(t), and the tissue impulse response, R(t):4 
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To solution of this relationship for the tissue impulse response, R(t), is equivalent to 

the process of differentiation, and division, both of which are much more sensitive to 

noise in the data, than integration. The numerical solution therefore needs to be stabilized 

by imposing some side constraints.  

The process for calculating the impulse response was described previously, and 

summarized here briefly, with examples from the present study. The integral in equation 

[1] can be approximated by a sum over discrete time points t=[t1…tn], that we assume 

equally spaced, with the sampling interval, ∆t, defining the temporal resolution.5-7  The 

myocardial impulse response was represented as sum of B-splines, a generalization of the 

Bézier curve, which imposes some degree of smoothness:  

   )()(
1
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p

j

k
ji tBtR α⋅= ∑

=

  (2) 

In the above sum 
)(k

jB , represents a B-spline of order k, for the knot sequence 

kp+≤≤ τττ K21 , where p+k is the number of knots8, and the αj are weighting factors for 

the spline components. The problem of determining all R(ti) values of the impulse 

response is reduced to the determining the amplitudes, αj, of the p spline components.  

The number of spline components (p) was set to 12, based on previous simulations, and 

p<<n, where n is the number of time points in R(ti).  

Regularization was used to assure that solving for the αj coefficients does not suffer 

from numerical instability.5, 7 Regularization means that side-constraints are applied so 

that the addition of small amounts of noise to the measured data, would only result in 

relatively small changes in the impulse response, as one would expect for linear, “well-

behaved” system. The weight given to the side constraint has to be chosen to balance the 

discrepancy between measured data and the calculated tissue residue curve, against the 

requirement of a reasonably smooth shape of the impulse response. A first order 

difference operator (L), applied to the B-spline coefficients, can be used for this purpose 

as a side constraint to reduce oscillations in the amplitudes of the B-spline coefficients. 

An L-shaped curve is obtained by plotting on a log-log scale the smoothness measure, 
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along the ordinate axis, versus the goodness of fit measure, along the abscissa, for 

different weightings of the smoothness side constraint.9  The horizontal part of the L-

curve indicates the range of λ-values where the side-constraint causes the solution to be 

sufficiently smooth such that the value of the smoothness constraint changes little with 

the regularization parameter λ.  The vertical part of the L-curve corresponds to solutions 

that give rise to small residuals, but the smoothness of the solution, varies dramatically 

with the regularization parameter.  The optimal λ-value (λopt) corresponds to the location 

of the L-curve with the greatest curvature, i.e. the “corner” of the L-curve, i.e. before the 

impulse response starts to show large oscillations in amplitude if λ is further reduced.9-11  

The impulse response, R(t), is calculated from equation 2 as a sum of B-splines with the 

coefficients (αi) that are obtained with λ=λopt.  Finally the predicted tissue response, is 

obtained through equation 1.  Figure 3 shows the L curves that result from the tissue 

curves and the arterial inputs, corresponding to baseline and hyperemic states 

respectively, and shown in Figure 1.  

The Gd-DTPA contrast agent can traverse the capillary barrier. As a result the 

impulse response shows an initial, relatively rapid decay, for the contrast that quickly 

transits through the capillary without escaping into the interstitial space. After this initial 

decay the impulse response falls off at a much slower rate that is not appreciable over the 

time period covered by the first pass measurements, partly reflux of contrast from the 

interstitial space into the vascular space only becomes detectable when the concentration 

of Gd-DTPA in the blood pool declines appreciably. 

Other approaches, based on modeling of the transit and capillary exchange in the 

microcirculation have been used to estimate myocardial blood flow.12, 13 An advantage of 

the model-independent approach used in this study is the absence of model parameters, 

only a few of which can be optimized by fitting to the measured data, with others kept 

fixed at carefully chosen “default” settings. Therefore a largely model-independent 

approach has increasingly been used for analysis of myocardial perfusion with MRI.14-16 
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Figure 3: Left: The value of the smoothness side constraint for the impulse response 

is evaluated for a range of the regularization parameter λ and plotted against the sum of 
the residuals (magnitude) evaluated for the same values of λ, with the corresponding 
impulse response. The shape has an L-shaped knee and the corresponding value of λ 
represents an optimal choice for the regularization parameter. Right: The impulse 
response, shown here for rest (top) and hyperemia (bottom), was represented as a sum of 
B-splines. This B-spline representation was chosen to improve the numerical stability of 
the deconvolution process. The tissue impulse response curves shown here correspond to 
the optimal choices of the regularization parameter. The blood flow is estimated from the 
amplitude of the impulse response.
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