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ABSTRACT
Objective: Areas of intramyocardial late enhancement
(LE) at delayed enhanced magnetic resonance imaging
(DE-MRI) and reduction of myocardial phosphocreatine
(PCr)/ATP-ratio at phosphorus magnetic resonance
spectroscopy (31P-MRS) are both reported in hypertrophic
cardiomyopathy (HCM) and indicate areas of increased
interstitial myocardial space with fibrosis and impairment
of myocardial energy metabolism, respectively. We
sought to ascertain whether in HCM patients the
abnormal features of left ventricular (LV) interstitial space
revealed by DE-MRI correlated with impaired LV energy
metabolism shown at 31P-MRS.
Methods: 19 patients with HCM proved by histological
analysis of multiple endomyocardial biopsies and with
normal coronary arteries, underwent cardiac MRI includ-
ing DE-MRI and 31P-MRS. DE-MRI for detection and
quantification of late enhancement (LE) and 31P-MRS to
assess the myocardial PCr/ATP-ratio were performed by
means of a 1.5-T magnet. 19 healthy subjects, matched
for gender and age were studied by 31P-MRS as control
group.
Results: LE areas in the LV wall were found in 17 out of
19 patients with an extension ranging from 0.8% to 19.5%
of the LV-mass (mean value 7.6% (SD 5.6%). The PCr/
ATP-ratio was lower in HCM patients than in control
subjects (2.18 (0.41) vs 2.41 (0.30); p,0.05). LE% and
PCr/ATP-ratio were inversely related (R = 20.57;
p,0.05) and LE% was the stronger predictor of PCr/ATP-
ratio by multivariate analysis.
Conclusions: This study demonstrated that the known
alteration of the PCr/ATP-ratio observed in HCM patients
is correlated with the presence of fibrotic areas in the
myocardium of the left ventricle.

Hypertrophic cardiomyopathy (HCM) is a primary
myocardial disease characterised by focal or diffuse
myocardial hypertrophy in the absence of hyper-
tension, systemic metabolic disorders, valvular
disease or cardiac tumours. Patients with HCM
may have a variable clinical history: after an
asymptomatic phase, they may evolve into a state
ranging from a benign symptomatic course to
severe heart failure. The ventricular arrhythmias
can be included in the clinical manifestations and
in some patients the dramatic event of cardiac
sudden death can also occur.1 Histologically, HCM
is characterised by myocardial disarray, small
vessel disease and expansion of the interstitial

compartment with areas of replacement fibrosis.2 3

Myocardial fibrosis has been tagged as the final
sign of an ischaemic myocardial process occurring
in HCM patients in a previous histology-necropsy
study performed on the hearts of patients who
died suddenly.4 Delayed enhanced magnetic reso-
nance imaging (DE-MRI) is an accepted tool for
non-invasive identification and quantification of
myocyte viability and myocardial fibrosis.5 A
recent study6 demonstrated that the extension of
myocardial fibrosis, evaluated by measuring the
late enhancement (LE) on DE-MRI images, was
greater in patients at high risk of sudden cardiac
death, probably because myocardial fibrosis could
represent an important background for electrical
instability, triggering ventricular tachycardia or
fibrillation.4

The in vivo alteration of myocardial energy
metabolism has been demonstrated in sympto-
matic and asymptomatic HCM patients using
another non-invasive magnetic resonance (MR)
tool, phosphorus magnetic resonance spectroscopy
(31P-MRS).7–10 The phosphocreatine (PCr)/adeno-
sine triphosphate (ATP)-ratio, derived by cardiac
spectrum of phosphorus, reflects the energy status
of the myocardium, and previous studies reported a
decrease in the PCr/ATP-ratio in HCM patients.7–10

A mismatch between energy supply and energy
demand, an altered glucose metabolism and the
inefficient utilisation of ATP are all issues con-
sidered to explain the PCr/ATP-ratio reduction in
HCM7–10; however it is still unclear whether
alteration of phosphorus metabolism represents a
primary event into the pathogenesis or whether it
is a secondary event.

The relation between the alteration of phos-
phorus metabolism and intramyocardial fibrosis
has never been investigated; thus, we undertook a
study to ascertain whether the reduction in PCr/
ATP-ratio could be linked to the extension of
replacement of myocardial tissue with fibrotic
scars in HCM patients.

METHODS
Nineteen consecutive patients with non-obstruc-
tive HCM were enrolled in the study. HCM was
diagnosed in the presence of a hypertrophic non-
dilated left ventricle (LV) at echocardiography, in
the absence of another cardiac or systemic disease
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capable of producing the magnitude of the hypertrophy
evident.11 In two patients with borderline hypertrophy and
without family history of HCM (patients 3 and 9, table 1) the
diagnosis was confirmed by identifying sarcomeric gene muta-
tion at genetic analysis. All HCM patients had cardiac
catheterisation with coronary angiography (CA), LV angiogra-
phy and LV endomyocardial biopsy (EMB).

Main clinical and echocardiographic features of HCM
patients are summarised in table 1.

All HCM patients underwent cardiac magnetic resonance
imaging (CMR) including morphological and functional evalua-
tion, DE-MRI and 31P-MRS.

A control group composed of 19 normal healthy subjects
matched for age (HCM 43 (17) vs controls 41 (10) years;
p = NS) and gender, underwent 31P-MRS and CMR in order to
obtain reference values for PCr/ATP-ratio and for LV functional
and volumetric parameters.

Exclusion criteria for the subjects included in the control
group were: (1) history of cardiovascular disease, hypertension,
coronary-cerebral or peripheral vascular events or endocrine/
metabolic disease, (2) family history of HCM or sudden death,
(3) any chronic drug treatment.

The study was approved by the ethics committee of our
institution and all subjects gave written informed consent after
explanation of purpose, nature and potential risks of the
protocol.

Cardiac catheterisation and endomyocardial biopsy
All patients had cardiac catheterisation with CA and LV
angiography as well as multiple EMB according to institutional
guidelines. The EMB was performed in the LV by experienced
interventional cardiologists (MP and AF) who took four to six
samples per patient. Myocardial specimens were fixed in 10%
buffered formalin and embedded in paraffin for histology.
Sections, 5-mm thick, were stained with haematoxylin and
eosin, Miller’s elastic Van Gieson, Masson’s trichrome and were

examined by light microscopy. The assessment of fibrosis was
performed on sections stained with Masson’s trichrome using
an automated system (Lucia G software version 4.82, Nikon,
Japan) with manual calibration of stained fibrous tissue.

Cardiac MRI and 31P MR spectroscopy

CMR
CMR studies were performed on a 1.5-T scanner (Gyroscan
Intera Master; Philips Medical System, Best, The Netherlands)
using a five-element cardiac phased-array coil (SENSE-cardiac,
Philips Medical Systems) and a retrospective ECG-triggering
with Vector-cardiogram system.12 Morphological images in the
cardiac short-axis, four-chamber long-axis and two-chamber
long-axis were acquired by using Black-Blood TSE T2-weighted
(BB-T2w) sequences, without and with fat suppression. Cine
images (30 phases/cardiac cycle) were obtained in the same
planes by using breath-hold steady-state-free-precession (SSFP)
sequences. Left ventricle end-diastolic volumes (EDV) and end-
systolic volumes (ESV), stroke volume (SV), ejection fraction
(EF) cardiac output (CO) and end-diastolic wall mass (EDWM)
were calculated from a stack of sequential short-axis cine loops
(8–12 contiguous slices; thickness 8 mm; gap 2 mm) on a
remote workstation using a dedicated cardiac software package
(ViewForum R4.1; Philips Medical System).13

Table 1 Main clinical and echocardiographic features of HCM patients enrolled in the study

Patient Age (years) Sex

Max LV wall
thickness
(mm) LV EDD (mm) EF%

Family
history of
HCM

Family history
of sudden
death

Chest
pain NYHA class AF Syncope VA

1 14 M 13 48 65 Yes No No I No No No

2 27 M 22 52 62 No No No I No No Yes

3 49 F 13 41 63 No No No I No No No

4 44 M 26 46 72 Yes No Yes III No Yes Yes

5 36 M 14 45 65 Yes Yes No III No Yes No

6 59 M 20 55 63 No No Yes III No No No

7 49 M 22 44 60 Yes Yes Yes III No No Yes

8 46 M 18 45 59 Yes No Yes IV Yes No Yes

9 36 M 14 46 69 No No No I No No No

10 64 M 17 80 33 Yes Yes Yes III Yes Yes Yes

11 20 M 34 42 73 No No No I No Yes Yes

12 41 M 19 53 64 No No Yes III No No No

13 26 M 13 47 73 Yes No No I No No No

14 23 M 15 52 69 Yes Yes No I No Yes No

15 17 M 32 42 75 No No Yes I No No Yes

16 67 M 19 49 72 No No No I No No No

17 40 M 17 50 82 No No No III No No No

18 60 F 21 47 80 Yes Yes No I No Yes Yes

19 77 F 22 53 77 No No Yes III No No No

Mean (SD) 43 (17) – 20 (6) 49 (8) 67 (11) – – – 2 (1.1) – – –

AF, atrial fibrillation; EF, ejection fraction; HCM, hypertrophic cardiomyopathy; LV EDD, left ventricle end-diastolic diameter; VA, ventricular arrhythmias: frequent (.10 000/24 h)
ventricular ectopic beats or sustained and non-sustained ventricular tachycardia at Holter-ECG monitoring.

Table 2 Left ventricle volumetric and functional cardiovascular
magnetic resonance (CMR) parameters of patients with hypertrophic
cardiomyopathy (HCM) and control subjects

HCM Controls p Value

End-diastolic wall mass (g) 231 (71) 144 (33) ,0.01

Ejection fraction (%) 66 (12) 61 (4) NS

End-diastolic volume (ml) 139 (51) 140 (22) NS

End-systolic volume (ml) 51 (49) 55 (10) NS

Stroke volume (ml) 87 (18) 85 (14) NS

Cardiac output (litres) 5.2 (1.1) 4.6 (0.9) NS
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The DE-MRI study was performed 10–15 minutes after
peripheral bolus injection of gadolinium-DTPA (Magnevist;
Bayer Schering Pharma AG, Berlin, Germany) (0.2 mmol/kg)
by using a three-dimensional TFE inversion recovery T1-
weighted (3D-IR-TFE) sequence (TR 3.8–4.1 ms; TE 1.2 ms;
FA 15u; inversion time 200–300 ms individually optimised to
null the signal of normal myocardium; matrix 2566256;
thickness 5 mm) as previously described.13 Twenty contig-
uous short-axis DE-MRI images, encompassing the entire LV
from the base to the apex, were semi-automatically analysed
using the workstation described above in order to obtain LE
extension expressed both as volume and as percentage of LV
mass. The semi-automatic quantification of LE was based on
standard deviations above remote area technique14; LE areas
were defined as areas presenting signal intensities six
standard deviations above the mean signal of non-enhanced
myocardium.

31P-MRS
Cardiac 31P-MRS was performed at rest, on the magnet
described above, using a 10-cm-diameter surface circular coil
for transmission and detection of radio frequency (RF) signals at
the 31P resonance frequency (25.85 MHz at 1.5 T). After
localised homogeneity volume adjustment and 31P-coil manual
tuning and matching, the 31P-spectrum was obtained using the
image selected in-vivo spectroscopy (3D-ISIS) technique based
on 192 averaged free induction decays, triggered by the ECG R-
wave with a delay time of 200 ms and a recycle time of
3.6 seconds. 3D-ISIS was employed after testing that the PCr/
ATP-ratios were in close agreement using higher spatial
resolution (two-dimensional ISIS + one-dimensional spectro-
scopic imaging using a one-dimensional phase encoding bar
with 32 rows of 1 cm thickness). The 31P-MRS technique used
has been described more extensively previously.15 16 The 31P-
spectra were transferred to a remote workstation (Sun-Sparc;
Sun Microsystem Inc, Santa Clara, CA, USA) for analysis and
automatically quantified in the time domain, using Fitmasters.
The PCr/ATP-ratio was calculated after correction for the ATP
contribution from blood8 and for partial saturation effects.16 17

An estimate of the signal-to-noise-ratio of each spectrum was
obtained from the relative Cramer-Rao standard deviation
(rCRSD) calculated for the PCr/ATP-ratio.16

Statistical analysis
Data in text and tables are means (SD). Analyses were
performed using the SPSS software (version 13.0). When
parameters showed a skewed distribution (Kolmogorov-
Smirnov test of normality), they were log-transformed before
the analysis. Comparison between patients with HCM and
controls was performed using two-tailed independent-samples t
test, and a p value less than 0.05 was considered to be
significant. Comparisons among the subgroup of patients with
HCM segregated by the severity of LE% was performed using
one-way ANOVA with Bonferroni post-hoc analysis or Kruskal-
Wallis non-parametric test when appropriate. Two-tailed
Pearson’s correlation was performed to establish partial correla-
tion coefficients between variables. The non-parametric correla-
tion coefficient was obtained using Spearman’s rho when
appropriate. To ascertain the importance of the relative
contribution of age, LE% and EDWM to predict the PCr/ATP-
ratio we used stepwise regression analysis (using F ratio-to-
remove of 4 and F ratio-to-enter of 3.996).

RESULTS
Cardiac catheterisation
Cardiac catheterisation showed normal coronary arteries with
normal systolic function. Increased LV end-diastolic pressure
(24.2 (6.5) mm Hg) was found in all patients.

Histology
Histology showed marked hypertrophy and disarray of myo-
cardiocytes suggestive of HCM in all cases. Various degrees of
interstitial and replacement fibrosis were also observed (surface
of the specimens 18.2% (4.3%)).

CMR: functional analysis
LV EDWM was significantly higher in HCM patients when
compared to control subjects (table 2). The other parameters
obtained by the volumetric-functional analysis of cine shot-axis
images (EF, EDV, ESV, SV, CO) were not significantly different
between patients and healthy subjects (table 2).

DE-MRI: LE analysis
LE areas were found in 17 out of 19 patients (89%). The location
and distribution of LE were variable: the inter-ventricular
septum was involved in eight patients, the anterior wall in
seven, the lateral free wall in five and the inferior wall in five
patients. The distribution of LE was unrelated to the vascular
bed of epicardial coronary arteries. Large LE areas, with
intramyocardial or transmural distribution, were present in
eight patients (fig 1A); small intramyocardial spots of LE were
also found in eight patients (fig 1B). Two patients showed vast
areas with a shaded LE (fig 1C), and only one with a
subendocardial distribution.

The volume of LE tissue ranged from 0.7 ml to 62.5 ml (0.8%
to 19.5% of total LV myocardium), with a mean value of 19.2
(16.9) ml that corresponds to 7.6% (5.6%) of total LV
myocardium.

31P-MRS: accuracy and reproducibility
Mean rCRSD was similar in HCM patients and control
subjects—(13 (5) vs 15 (5), respectively, p = NS). A previously
obtained estimation of intra-examination differences14 showed
an intra-assay coefficient of variation of 4% (2%) and an inter-
examination variability (with a time interval 7–16 days) of 8%
(3%).

PCr/ATP-ratio: HCM vs controls
HCM patients showed impairment of energetic myocardial
metabolism documented by a lower PCr/ATP-ratio in compar-
ison with control subjects (HCM 2.18 (0.41) vs controls 2.41
(0.30); p,0.05).

Correlations: DE-MRI vs 31P-MRS
Linear regression analysis showed a statistically significant
negative correlation between LE extension and PCr/ATP-ratio in
HCM patients (LE% vs PCr/ATP: R = 20.57, p,0.01. Pearson)
(fig 2).

Dividing the HCM patients in three groups according to the
extension of late enhancement (group I: ,5%, six patients;
group II: 5–10%, eight patients; group III: .10%, five patients),
we observed a progressive reduction of PCr/ATP-ratio (PCr/
ATP: I = 2.47 (0.15); II = 2.15 (0.15); III = 1.84 (0.06)). The
mean values of LE demonstrated a strong inverse relation with
the mean value of PCr/ATP-ratio for each group (R = 20.61,
p,0.01, Spearman rho) (fig 3).
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The PCr/ATP-ratio was inversely associated not only with the
LE% but also with age and the EDWM (table 3). When we
performed the partial correlation analysis, adjusting the associa-
tion between PCr/ATP-ratio and LE% for age and EDWM, the
association remained statistically significant (R = 20.44; p,0.05).
Moreover, when we performed stepwise regression analysis as
summarised in table 3, LE% (step 1) and age (step 2), but not
EDWM, were selected as significant predictors of the PCr/ATP-
ratio (table 3). The PCr/ATP-ratio was not related to other LV
functional or volumetric parameters.

DISCUSSION
In this study we observed the presence of LE areas in the
myocardium of HCM patients as a common feature. These
areas probably represent regions characterised by intramyo-
cardial fibrosis. The association of delayed enhanced MR
imaging and phosphorus MR spectroscopy for the evaluation
of the HCM patients enrolled in the study allowed us to test
this for the existence of a significant correlation between the
impairment of LV energy metabolism and the extension of
fibrosis.

Figure 1 (A) Delayed gadolinium-
enhanced cardiac magnetic resonance
(DE-MRI) images of a patient with severe
hypertrophy of the interventricular
septum. The four-chamber long-axis and
the two-chamber long-axis images
showed large areas of intramyocardial
late enhancement (LE) located in the site
of greater hypertrophy (white arrow) and
in the basal-medium segments of the
anterior wall of the left ventricle (black
arrows). (B) Delayed gadolinium-
enhanced cardiac magnetic resonance
(DE-MRI) images of a patient with diffuse
hypertrophy of interventricular septum.
Only a small spot of late-enhancement
(white arrow) was observed in the
posterior septum, near the junction with
right ventricular wall. (C) Delayed
gadolinium-enhanced cardiac magnetic
resonance (DE-MRI) images of a patient
with massive hypertrophy of the
interventricular septum and anterior wall
of left ventricle. The two-chamber long-
axis and the short-axis images
demonstrated diffuse massive shaded
late enhancement (black arrows) of the
hypertrophied segments.
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LE areas in HCM
In our study group intramyocardial areas of LE were found in
most HCM patients. This finding is consistent with previous
studies.6 18 DE-CMR is recognised as a useful tool to detect
fibrotic areas in the myocardial wall, allowing a sort of non-
invasive in vivo histological assessment of the myocardium.6 18

DE-CMR has been validated mainly in animal models of
myocardial infarction; the only direct comparison between
DE-MRI and histology in HCM was performed by Moon et al19

in a patient who underwent cardiac transplantation soon after
the MR study. In a segmental analysis, a good correlation
between LE% and the percentage of collagen in the myocardial
wall was found.19

The main factor responsible of myocardial fibrosis in HCM is
considered to be myocardial ischaemia4 in the absence of
coronary artery disease. In our study, as in previous studies,6 18 19

the LE areas did not match the regions of coronary distribution,
but presented a patchy pattern with multiple foci, predomi-
nantly located in the mid layer of left ventricular wall.

The existence of an ischaemic condition in the heart of HCM
patients with normal epicardial coronary arteries has been
demonstrated by myocardial perfusion abnormality detected at
rest-stress first-pass gadolinium MRI,20 by thallium defects on
single photon emission computerised tomography (SPECT)
images21 22 and by the evidence of regional myocardial blood
flow reduction on positron emission tomography.23 The causes
of inadequate perfusion include small vessel disease with
microvascular dysfunction24 and increase in intramural pressure
caused both by impairment of LV relaxation and increased
myocardial stiffness.25 Additional less important mechanisms
could be the systolic compression of septal perforating
branches26 or the transient systolic obstruction of epicardial
coronary arteries due to myocardial bridges.27

Furthermore, the ischaemic state of hearts with HCM more
probably results from the association of impaired microvascular
perfusion and increased myocardial oxygen demand; in fact, the
myocardium of HCM patients needs an increased amount of
oxygen compared with a normal myocardium because of
haemodynamic factors and inefficiency of mutated sarcomeric
proteins.28 29

PCr/ATP-ratio in HCM
In this study, we found a significant decrease in the PCr/ATP-
ratio in HCM patients when compared with control subjects, as
already reported by other authors in both symptomatic and
asymptomatic patients.7–9

The PCr/ATP-ratio is considered an indicator of the energetic
state of the myocardium. ATP is the molecule that directly
provides energy for all cell activities, while the PCr is a sort of
energy reservoir, consumed to maintain constancy of the ATP
concentration when its production does not meet what is
required. Thus, the reduction of the PCr/ATP-ratio observed in
the heart of HCM patients has been considered to be caused by
an imperfect match between energy production and energy
demand.

All factors limiting oxygen supply or enhancing energy demand
have been taken into account to explain the reduction of the
myocardial PCr/ATP-ratio observed in HCM patients.7–10 30 For
instance, Crilley et al remarked on the importance of the
inefficient utilisation of ATP caused by sarcomeric mutations
that increase the cost of force production generating an excess
demand in the myocytes of HCM patients.9 Other authors
consider the ischaemically decreased oxygen supply due to

Figure 2 Correlation between phosphocreatine to adenosine
triphosphate (PCr/ATP) ratio and late enhancement percentage (LE%) in
hypertrophic cardiomyopathy patients: R = 20.57, p = 0.0011
(Pearson).

Figure 3 Correlation between phosphocreatine to adenosine
triphosphate (PCr/ATP) ratio and late enhancement percentage (LE%) in
hypertrophic cardiomyopathy when patients were grouped according to
the extension of fibrosis: R = 20.61, p = 0.006 (Spearman rho).

Table 3 Correlation analysis: results of the correlation among PCr/ATP-
ratio and age, late-enhancement percentage (LE%) and end-diastolic wall
mass (EDWM); stepwise multiple regression analysis: LE% (step 1) and
age (step 2) were selected as significant predictors of the PCr/ATP-ratio;
EDWM was excluded by stepwise analysis

Variable R p Value

Correlation analysis

Age 20.56 ,0.01

LE% 20.57 ,0.01

EDWM 20.37 ,0.01

Stepwise multiple regression
analysis (including age, LE% and
EDWM)

Step 1 LE% 0.57 ,0.01

Step 2 LE% 0.71 0.004

+ (0.03)

Age

EDWM, end-diastolic wall mass; LE%, late enhancement percentage.
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previously explained factors the most important cause of the
alteration observed in the levels of myocardial phosphate
compounds.30

Relation between PCr/ATP-ratio and LE areas
To the best of our knowledge, the PCr/ATP-ratio and the
presence of fibrosis have never been evaluated together in the
HCM patients. In our study HCM patients underwent both 31P-
MRS to measure the PCr/ATP-ratio and DE-MRI to quantify
the intramyocardial fibrosis.

This combined approach provides the first evidence of the
existence of a direct correlation between LE extension and PCr/
ATP reduction, indicating that the patients with a larger
amount of fibrosis are the same patients who have a large
alteration in the PCr/ATP-ratio. Furthermore, when we split the
patients into three groups according to the amount of LE the
grouping reflects very well the severity of the PCr/ATP-ratio
reduction. The mean value of PCr/ATP-ratio of patients with no
fibrosis or with a limited amount of fibrosis (group I ,5% of LE)
is comparable to the PCr/ATP-ratio observed in the control
subjects. Finally, multivariate analysis reveals LE% as the
stronger predictor of PCr/ATP-ratio in HCM patients. All these
findings contribute to suggest that the in vivo evaluation of
myocardial metabolism in HCM patients using 31P-MRS could
be affected by the presence of intramyocardial fibrotic areas.
The association that we observed probably represents the effect
of the inclusion of fibrotic areas in the 31P-MRS acquisition
voxel. The use of a ratio for the evaluation of myocardial
metabolism does not eliminate the effect of LE inclusion
because PCr should be almost absent in the fibrotic tissue while
ATP has more widespread diffusion. Certainly, this result
cannot exclude the possibility that the non-fibrotic myocardium
may also be in a condition of altered energetic metabolism, but
if the impairment of energetic metabolism exists it has been
overestimated by previous 31P-MRS studies that did not consider
the presence of fibrosis. It would be interesting to assess
whether the non-fibrotic areas within the heart of these
patients are also characterised by an impaired PCr/ATP-ratio,
but unfortunately a limitation of this work, as with the other
31P-MRS studies on HCM, is that with the present setting
smaller and selective VOIs would result in a low signal-to-noise-
ratio and, as a consequence, spectra of poor quality and low
reproducibility.

CONCLUSION
The inverse relation observed between the LE extension and the
alteration in the PCr/ATP-ratio suggests that the impairment of
myocardial energy metabolism, detected by 31P-MRS in HCM
patients, may be related to the presence of fibrosis rather than
to a primary myocardial alteration.
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