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OBJECTIVES We sought to identify the histologic basis of myocardial late gadolinium enhancement
cardiovascular magnetic resonance (CMR) in hypertrophic cardiomyopathy (HCM).

BACKGROUND The histologic basis of late gadolinium CMR in patients with HCM is unknown.
METHODS A 28-year-old male patient with HCM and heart failure underwent late gadolinium

enhancement CMR and, 49 days later, heart transplantation. The explanted heart was
examined histologically for the extent of collagen and disarray, and the results were compared
with a previous in vivo CMR scan.

RESULTS Overall, 19% of the myocardium was collagen, but the amount per segment varied widely
(SD � 19, range 0% to 71%). Both disarray and collagen were more likely to be found in the
mesocardium than in the endo- or epicardium. There was a significant relationship between
the extent of late gadolinium enhancement and collagen (r � 0.7, p � 0.0001) but not
myocardial disarray (p � 0.58). Segments containing �15% collagen were more likely to have
late gadolinium enhancement. Regional wall motion was inversely related to the extent of
myocardial collagen and late gadolinium enhancement but not disarray (p � 0.0003, 0.04,
and NS, respectively).

CONCLUSIONS In this patient with HCM and heart failure, regions of myocardial late gadolinium
enhancement by CMR represented regions of increased myocardial collagen but not
disarray. (J Am Coll Cardiol 2004;43:2260–4) © 2004 by the American College of
Cardiology Foundation
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ate gadolinium enhancement cardiovascular magnetic res-
nance (CMR) can detect regions of myocardial infarction
1,2). Regions of myocardial late gadolinium enhancement
lso occur in hypertrophic cardiomyopathy (HCM) (3), and
he extent of enhancement has been associated with clinical
arkers of sudden death risk and progression to heart

ailure (4). The gadolinium contrast agents currently used
or late enhancement imaging distribute in the extracellular
pace, and such regions of enhancement in HCM may
epresent increased myocardial collagen or the disarray
nown to occur in this condition (5–8). To date, there has
een no histologic correlation of late gadolinium enhance-
ent in HCM. We present the first such correlation from

he explanted heart of a patient with HCM who underwent
eart transplantation shortly after CMR.
atient. A 28-year-old man presented with new-onset
eart failure. He had been previously fit and healthy.
chocardiography demonstrated left ventricular (LV) hy-
ertrophy, dilation, and poor LV function. Cine CMR
emonstrated dilation with severe impairment of systolic
unction (ejection fraction 12% [normal �56%], end-
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iastolic volume 536 ml [normal 77 to 195], end-systolic
olume 472 ml [normal 19 to 72]). The maximum wall
hickness was 17 mm, and there was severe LV hypertrophy,
ith a mass index of 272 g/m2 (normal �113). Late
adolinium CMR demonstrated extensive regions of myo-
ardial enhancement amounting to 30% of the LV myocar-
ium. The patient’s condition deteriorated, requiring the
nsertion of a LV assist device and subsequent heart trans-
lantation 49 days after the CMR scan. The explanted heart
howed severe LV hypertrophy and macroscopic scarring.
he epicardial coronary arteries were normal. Microscopy

howed multiple areas of myocyte/myofibril disarray, mainly
n the mesocardial layer, and numerous scars. There was also
n increase in fine interstitial fibrosis in areas without
isarray, as well as plexiform fibrosis in some of the areas
ith disarray. Perivascular fibrosis was also present. The
ndings were diagnostic of HCM in a dilated phase.
MR. This was performed as previously described (4).
riefly, imaging was performed on a 1.5-T scanner (Sie-
ens Sonata, Erlangen, Germany). Fast imaging at steady-

tate precession (FISP) cines were acquired in the two- and
our-chamber views and multiple contiguous short-axis
lanes (7-mm slice thickness, 3-mm gap) from the atrio-
entricular ring plane to the apex. A peripheral bolus
njection of gadolinium-diethylenetriamine pentaacetic acid
DTPA) (0.1 mmol/kg) was then given, and late gadolin-
um images were acquired after 10 min, using a segmented
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nversion-recovery sequence (9). Pixel size was 1.7 � 1.4
m.

pecimen preparation. Routine fixation was performed
ith 10% formol saline. Using morphologic landmarks,

hree short-axis myocardial slices (base, mid, and apical)
orrelating with specific CMR slices were selected. After
hotography, each slice was divided into eight contiguous
V tissue blocks and prepared for routine processing to
araffin wax. Two tissue sections (5 �m) were cut per block.
ne was stained with sirius red (picrosirius red), which

tains collagen red and myocytes yellow (10,11), and the
ther with Masson’s trichrome stain, which stains collagen
lue and myocytes red. The sirius red sections were used for
ollagen quantification, and the Masson’s trichrome sections

igure 1. Comparison of (a) in vivo diastolic cine image, (b) in vivo gadolin
rom an explanted heart, and (d) histologic sections stained with sirius red
ccurred. Regions of gadolinium enhancement correlate with regions of m

Abbreviations and Acronyms
CMR � cardiovascular magnetic resonance
HCM � hypertrophic cardiomyopathy
LV � left ventricle/ventricular
RV � right ventricular
epresentative mesocardial region, which is well defined, is marked by an arrow
or disarray quantification. After collagen quantification, the
irius red slides were digitally scanned and reorganized to
ecreate the three ventricular short-axis slices.

ata analysis. Analysis was performed independently for
he histologic and CMR studies, with researchers for
istology blinded to the CMR results, and vice versa. Each
f the 24 sirius red-stained blocks were divided into suben-
ocardial, mesocardial, and subepicardial layers, making 72
egments. The trabeculated myocardium was not included.
he area of sirius red staining in each segment was
uantified using manual planimetry with area quantification
nd expressed as a percentage of total myocardium in that
egment. The percentage of myocytes demonstrating disar-
ay was quantified. The presence of gross macroscopic
carring was determined by the agreement of two observers.

For CMR, the regional wall motion was assessed by the
greement of two observers on a 4-point scale (0 � normal;
� mild/moderate hypokinesia; 2 � severe hypokinesia; 3

akinesia). There were no dyskinetic segments. Late
adolinium enhancement was analyzed in two ways. Objec-
ive pixel quantification was performed with assessment of

nhanced cardiovascular magnetic resonance, (c) gross specimen of sections
images are to the same scale. After fixation, considerable contraction has
copic unstained pale myocardium and regions of red-stained collagen. A
ium-e
. All
acros
.
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he segmental percentage of enhanced pixels (defined as
yocardium with an image intensity of �2 SD above the
ean value for remote myocardium). As this technique does

ot reflect standard clinical assessment of enhancement,
isual assessment was also performed by two observers using
three-point scale (enhancement absent, intermediate, or

resent). The results of the two observers were combined to
ive a five-point scale.

Linear regression was used to compare the extent of
ollagen, disarray, and enhancement. Nonparametric Wil-
oxon rank comparisons were used for paired group com-
arisons. For comparison of function with enhancement,
ollagen, or disarray, a mean transmural score was taken by
veraging the epi-, meso-, and endocardial scores before
esting. A nonparametric version of the analysis of variance
est (Kruskall-Wallis) was used to compare the percentage
f collagen in different groups of visual gadolinium en-
ancement.

ESULTS

he comparative sections by cine and late gadolinium CMR
re shown next to the ex vivo macroscopic sections and
econstructed, stained histologic samples in Figure 1. The
xplanted heart has contracted down relative to the in vivo
MR due to the effects of formalin fixation. Examination of
orphologic features such as right ventricular (RV) inser-

ion, RV and LV trabeculations, and papillary muscles

igure 2. The range of histologic findings. Reading from left to right: colu
ith sirius red, as shown in Figure 1. Column 2 shows a magnification o

olumn 2 stained with sirius red and Masson’s trichrome, respectively. Row
% collagen but extensive disarray (50%). Row b shows an area that had
acroscopically scarring and extensive collagen (32%) and extensive disarr
emonstrate the parity of the in vivo and ex vivo slice s
ositions. Regions of gross scarring can be seen in the
acroscopic explanted slices before staining, although there

s also some fixation artifact. A comparison of the late
adolinium images, macroscopic slices, and histologic sam-
les showed concordance between the regions of enhance-
ent and collagen.
istology. Overall, 19% of the myocardium was collagen.
he extent of collagen varied widely between segments

SD � 19, range 0% to 71%). There was more collagen in
he mesocardium than in the endocardium (26% vs. 14%, p

0.01) or epicardium (26% vs. 16%, p � 0.04). The extent
f disarray varied widely between segments: 3 (4%) seg-
ents showed no disarray and 23 (32%) segments had

xtensive disarray. There was more disarray in the mesocar-
ium than in the endocardium (p � 0.02) or epicardium (p

0.001). Myocardial disarray was found to be independent
f collagen (r � 0.1, p � 0.45) (Fig. 2).

acroscopic scars. Ten segments demonstrated macro-
copic scarring. These segments had more collagen (41% vs.
5%, p � 0.003), more disarray (37% vs. 24%, p � 0.05), a
igher percentage of enhanced pixels (51% vs. 30%, p �
.03), and a higher likelihood of the segment being scored
s visually enhanced (0.83 vs. 0.48, p � 0.006).
ollagen, disarray, and enhancement. As the degree of

egmental collagen increased, there was a linear increase in
he percentage of enhanced pixels (r � 0.7, p � 0.0001)
Fig. 3), as well as the likelihood of the segment being

shows the macroscopic appearance of the basal two short-axis slices stained
box in column 1. Columns 3 and 4 show a magnification of the box in
ows an area that had no late gadolinium enhancement, and there was only
gadolinium enhancement (arrows in Fig. 1), and the mesocardium had

0%).
mn 1
f the

a sh
late

ay (5
cored as visually enhanced (p � 0.0001) (Fig. 3B). There
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as no relationship between disarray and the percentage of
nhanced pixels (p � 0.58) or visual enhancement. Seg-
ents where both observers agreed there was complete

nhancement had a mean collagen score of 34%, whereas
hen both observers agreed that there was no segmental

nhancement, the mean collagen score was 3%. At a mean
ercentage collagen of 15%, segments were more likely to be
cored as visually enhanced (Fig. 3B).
unction. Regional wall motion was inversely related to

he extent of myocardial collagen and gadolinium enhance-
ent but not disarray (p � 0.0003, 0.04, and NS,

igure 3. (A) The quantitative relationship between the percentage of
ixels per segment showing late gadolinium enhancement and the
ercentage of collagen. (B) The qualitative relationship between the
egmental scoring of late gadolinium enhancement and the percentage of
ollagen.
espectively). p
ISCUSSION

ate gadolinium enhancement CMR relies on the delivery
o the myocardium of intravenous gadolinium chelate,
hich is a biologically inert tracer that freely distributes in

xtracellular water but is unable to cross the intact cell
embrane. Due to a combination of increased volume of

istribution in fibrosis and slower washout kinetics, there is
relative accumulation of gadolinium in areas of expanded

xtracellular space in comparison with normal myocardium,
hich can be detected in the late washout phase (12,13).
he expanded extracellular space in the myocardium can be

aused by various components such as fibrosis, protein
nfiltration, or possibly myocardial disarray with disorga-
ized myocardial fiber packing. This is the first report
onfirming the relationship between the presence of myo-
ardial late gadolinium enhancement in HCM and myocar-
ial collagen, which is a major component of myocardial
brosis.
Although HCM is caused by mutation in genes encoding

omponents of the sarcomere, an important component of
henotypic expression is thought to be due to increased
yocardial connective tissue, a principal component of
hich is collagen (14,15). Different patterns of fibrosis have
een observed (16). There may be a generalized increase in
he normal structural skeletal framework of the myocardium
pericellular, intercellular, and fascicular connective tissue).
n extreme cases, individual myocytes may become encased
n collagen. In addition, there may be fibrosis associated
ith myocardial disarray (plexiform fibrosis), particularly at

he RV insertion points (17), perivascular fibrosis, and
icroscopic replacement scars. However, our knowledge of

he histology of HCM is derived principally from ex vivo
tudy of patients who have died of their disease. Late
adolinium-enhanced CMR may be considered a form of
n vivo histologic assessment, with the additional advantages
hat it can be performed in patients with any HCM
henotype with global myocardial coverage and serially to
otentially monitor disease progression.
Myocardial enhancement in HCM has been demon-

trated in both minimally symptomatic individuals and
ndividuals at high risk of sudden death or myocardial
hinning and dilation (3,4). In a study of minimally symp-
omatic individuals, the mean extent of enhancement was
% (3). In a recent study of 53 individuals with HCM,
atients with progressive LV dilation had more enhance-
ent than controls (28.5% vs. 8.7%, p � 0.001), as did

atients with two or more risk factors for sudden death
15.7% vs. 8.6%) (4). Furthermore, different distributions of
nhancement have been reported with minimally symptom-
tic individuals, with enhancement limited to the RV
nsertion points. Our patient had 30% myocardial enhance-

ent, with multifocal areas of confluence, both of which
ave been linked to progressive disease. Strictly, the corre-

ations found here should not be applied to RV insertion

oint enhancement, as this may represent focal plexiform
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brosis with disarray. Further correlations are awaited, but
his may take time because of the relatively low annual
ortality or need for transplantation in HCM patients.

nterestingly, our data show that in HCM, regions of
nhancement may not represent complete replacement by
brosis, but rather areas of focally increased collagen con-
ent.
tudy limitations. This patient had an extreme phenotype
f HCM. This was inevitable because the study could only
ave been performed if the patient had either died or
ndergone heart transplantation. The ex vivo contraction of
he ventricle made alignment of in vivo imaging and
istology imperfect and may have resulted in an underesti-
ate of the strength of the relationship between collagen

nd enhancement. Myocardial enhancement can be found
n other cardiomyopathies (18,19), and this may also rep-
esent fibrosis, but this is unproven, especially in the
nfiltrative diseases. Future work is needed to determine the
rognostic and diagnostic implications of myocardial en-
ancement in these conditions.
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