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Abstract

Background: Hypertrophic cardiomyopathy (HCM) is one of the commonest inheritable cardiac disorders. Being a
global disease with diffuse myocardial fibrosis, it has a wide range of adverse outcomes ending with sudden
cardiac death. Cardiac magnetic resonance (CMR) with late gadolinium enhancement (LGE) has become a reference
standard for visualization of focal myocardial fibrosis. In the setting of less severe or more diffuse fibrosis, LGE is
unlikely to reveal the presence of abnormal tissue given the lack of normal myocardium as a reference. Direct
measurement of myocardial T1 time (T1 mapping) may improve these methodologic problems of LGE CMR in the
setting of diffuse retention of gadolinium-based contrast material. So, we aim at this study to evaluate the clinical
application of CMRI native and post-contrast T1 relaxation in assessing diffuse myocardial fibrosis non-invasively in
hypertrophic cardiomyopathy.

Results: There was a significant difference between the percent of fibrosis detected by measuring the extracellular
volume percent compared to that detected by LGE, with the former detecting fibrosis in 45.1% of the examined
cardiac segments while the latter showed fibrosis in 20.9% of the cardiac segments. Also, measuring the native T1
values showed evidence of fibrosis in about 32.2% of the cardiac segments superseding the percent of fibrosis
detected using the LGE alone. The ejection fraction percent showed a negative correlation with the left ventricular
mass with a correlation coefficient value of —0.139 where both interstitial and replacement fibrosis play an
important role in the pathophysiology of diastolic dysfunction as well as impairing the myocardial contractility. Also,
in cases of obstruction, the extracellular volume (ECV) is more likely to increase in the basal anterior and antero-
septal segments as well as the basal inferior segment with P values 0.015, 0.013, and 0.045, respectively.

Conclusion: Diffuse fibrosis was found to be difficult to be distinguished using LGE. The unique ability of CMR to
use proton relaxation times provides a quantitative measurement to detect increased interstitial volume in diffuse
myocardial fibrosis. Moreover, it showed that in cases of obstruction, the segments exposed to the highest pressure
are more vulnerable to the fibrotic process denoting a relationship between the pressure gradient and the adverse
myocardial remodeling.
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Background

Hypertrophic cardiomyopathy (HCM) is the commonest
inheritable cardiac disorder, with an estimated preva-
lence of 1:500 in the general population. Its clinical man-
ifestations are wide-ranging, including sudden cardiac
death [1, 2]. It is also an extremely heterogeneous dis-
ease having several phenotypes with the most common
of them is the asymmetric septal form [1, 3-6].

One of the serious findings in HCM patients is the
marked increase in both interstitial and replacement
fibrosis that may be patchy or diffuse [1, 7].

Structural abnormalities of the mitral valve are also
characteristic in many HCM patients, such as increased
leaflet area and secondary leaflet thickening [1, 3]. Sys-
tolic anterior motion (SAM) of the mitral valve is also
common and is caused by the pressure drop in the
narrowed left ventricular outflow tract (LVOT) leading
to partial or complete outflow obstruction with moder-
ate to severe mitral regurgitation [3].

Recently, MRI is established as a useful adjunct to
transthoracic echocardiography in the diagnosis of HCM
as well as identifying its phenotypes and assessing ven-
tricular volumes, function and mass with detection of
the hemodynamic compromises, and wall motion abnor-
malities in addition to its ability to assess myocardial fi-
brosis [2, 7-9].

Myocardial fibrosis is thought to contribute to sudden
cardiac death, ventricular tachy-arrhythmias, left ven-
tricular dysfunction, and heart failure [6, 10]. It is de-
fined as a significant increase in the collagen volume
fraction of myocardial tissue which in turn affects dia-
stolic and subsequently systolic function [11].

Basically, 2 forms of myocardial fibrosis can be distin-
guished: interstitial fibrosis which is an increase in the
interstitial volume fraction without a significant loss of
cardiomyocytes, and replacement fibrosis which indi-
cates the deposition of extracellular matrix to replace
dead cardiomyocytes [12].

In most patients with overt HCM, dense focal fibrosis
can be visualized non-invasively with the use of late
gadolinium enhancement (LGE) and has been reported
in up to 75% of HCM patients mostly as patchy mid-
wall enhancement [2, 10].

However, diffuse myocardial fibrosis is more difficult
to be distinguished using LGE since the myocardial sig-
nal intensity may be nearly isointense and may be glo-
bally nulled thus appearing to be a normal tissue [7, 13].

A unique feature of cardiac magnetic resonance
(CMR) is its ability to use proton relaxation times, such
as T1, to characterize myocardial tissue. These relax-
ation times can be quantified using recently created
mapping sequences, which does not rely on an appropri-
ate choice of the inversion time to achieve signal con-
trast but on a quantitative measurement and, therefore,
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also detects an increased interstitial volume when myo-
cardial fibrosis is diffuse [11, 12]. Thus, the T1 map of
the myocardium is a parametric reconstructed image,
where each pixel’s intensity directly corresponds to the
T1 relaxation time of the corresponding myocardial
voxel [11].

Recently, native T1 mapping has been shown as a
promising new method for fibrosis assessment being a
simpler, safer, and faster method avoiding contrast
agent, high cost, and possibility of nephrogenic systemic
fibrosis in patients with end-stage chronic kidney disease
[14]. Previous studies in patients with HCM demon-
strated that T1 relaxation times are significantly higher
both in the hypertrophied segments and in the remote
myocardium in comparison with healthy volunteers; it
was also observed both in segments with and without
LGE [14].

An improvement to the standard LGE technique in-
volves a quantitative measurement of the T1 relaxation
time after administration of the contrast agent. However,
as the post-contrast T1 is affected by a variety of con-
founding factors, they are alone insufficient to reliably
classify diseased and healthy tissues and unable to provide
quantitative numbers on the amount of fibrosis [11].

The limitations of the single post-contrast T1 mapping
technique can be overcome by a quantitative comparison
of pre- and post-contrast T1 values of the myocardium
and blood [11].

The myocardial extracellular volume (ECV) is mea-
sured as the percent of tissue composed of extracellular
space. This topic is of current interest as a diagnostic
tool for non-ischemic cardiomyopathies as well as for
understanding aging processes [13].

We aimed at this study to evaluate the clinical applica-
tion of CMRI native and post-contrast T1 relaxation in
assessing diffuse myocardial fibrosis non-invasively in
patients with hypertrophic cardiomyopathy.

Methods

e Institutional ethical clearance was taken before
conducting this prospective study.

e Written consent was obtained from patients or their
authorized representatives.

e Among a period of 13 months (from March 2018 to
April 2020), 41 patients were referred to perform
CMR after being diagnosed by echocardiography to
confirm the diagnosis of HCM or for family
screening.

e MRI was done to diagnose the presence of HCM,
detect its phenotype, assess the presence of
obstruction, and measure the gradient as well as
assessing the presence of fibrosis using the routine
LGE method and adding T1 mapping sequence to
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evaluate its clinical application in assessing diffuse
myocardial fibrosis non-invasively.

Inclusion criteria

e DPatients diagnosed as or suspected to be HCM
patients via echocardiography, family history, or
electrocardiogram (ECQG).

Exclusion criteria

e Datients with cardiac pacemakers, implantable
hearing aids, intracranial metal clips, metallic bodies
in the eye, insulin pumps, extreme claustrophobia,
irregular heart rate, renal insufficiency (GFR< 30 ml/
min/1.73 m?), inability to sustain a breath-hold,
morbid obesity, and clinically unstable patients.

CMR protocol

e Full clinical history with revision of previous
laboratory data and cardiac investigations.

e Weight and height of the patients were assessed,
and the patients were reassured and all steps were
explained to them.

Image acquisition

e Examinations were performed using a 1.5-T scanner
(Avanto, Siemens Medical Systems, Erlangen,
Germany) with a master gradient system (45 mT/
mpeak gradient amplitude, 200 m/T/s slew rate) and
an eighteen-element array body surface coil and
thirty-two element spine coil.

e Datients were put in the supine position, head first
with ECG pads placed on the anterior chest wall.

e Scout images were taken followed by cine steady-
state free precession (SSFP) images in 4-chamber, 2-
chamber, short axis (SAX), 3-chamber, and LVOT
planes. All images were acquired using retrospective
gating during a gentle expiratory breath-hold; SAX
cine images were acquired as a stack from the mitral
valve plane through the apex covering the entire
ventricles.

e DPhase-contrast flow images were then acquired: first
in in-plane view along the direction of blood flow
followed by through-plane flow images (30 phases)
centered on the aorta.

e T1 quantification was then performed with modified
Look-Locker inversion recovery (MOLLI) sequence
acquired pre- and 15 min following bolus contrast
administration in 3 short-axis images (basal, mid-
ventricular, and apical levels) with variable inversion
preparation time, during the same cardiac phase at

(2021) 52:58

Page 3 of 9

late diastole using the same imaging parameters.
Typical acquisition parameters were as follows:
echo time/repetition time = 1.03/413.57 ms,

flip angle = 35°, field of view = 450 x 450 mm,
matrix size = 256 x 169, interpolated pixel size =
1.8 x 1.8, GRAPPA = 2, 24 reference lines, car-
diac delay time TD = 500 ms, 0.22-s acquisition
time for a single image, and phase partial Fourier
7/8. The 5(3)3 MOLLI variant was used where
two inversions were used, images acquired after
first inversion 5, pause 3 heartbeats, and images
acquired after second inversion 3.

e LGE images were obtained 6—10 min after
intravenous injection of 0.15 mmol/kg body weight
gadolinium contrast agent using inversion recovery
prepared fast gradient echo sequence. Five minutes
following contrast injection, TI scout was obtained
to select the optimal inversion time for delayed
enhancement imaging. Two-, 3-, and 4-chamber as
well as SAX LGE images were performed covering
the whole ventricle.

Image processing

e Three radiographers (5, 6, and 11 years of
experience in cardiac MR imaging) interpret the
images as being blind to the results of each other to
reduce the bias.

e Using Argus (Siemens Healthcare, Erlangen,
Germany), LV short-axis epicardial and endocardial
borders were manually contoured at end-diastole
and end-systole for determining EDV, ESV, SV, EF,
and myocardial mass.

e Images were assessed to identify the phenotype of
HCM, measure the maximum wall thickness, and
identify its site.

For the evaluation of myocardial ECV, SAX T1 map
images were assessed where a region of interest (ROI)
> 12 pixels was drawn manually on the pre- and
post-contrast images in each of the myocardial seg-
ments (according to the 17 segments’ cardiac model)
excluding the apex giving a total of 16 segments in
each patient. ROI was also drawn in the blood pool
in the pre- and post-contrast images. Those ROIs
were drawn blindly without looking at the corre-
sponding LGE images and were drawn carefully to
avoid contamination and potential partial volume ef-
fects at the endo and epicardial borders (Fig. 1).

ECV was then «calculated using the following
equation:

1 + T1 myo post) - (1 + T1 myo pre)
+ T1 blood post) - (1 + T1 blood pre)

ECV = (1 - hematocrit) (1(
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Fig. 1 Pre- (@) and post-contrast (b) T1 mapping images showing ROl drawn in the 6 basal segments: anterior, antero-septal, infero-septal, inferior,
infero-lateral, and antero-lateral segments as well as the blood pool

e The ECV percent was considered expanded at 30% expected frequency is less than 5 (Chan 2003b).
or more. Correlations between quantitative variables were

e Finally, the LGE images were checked at the done using the Spearman correlation coefficient
different planes for the presence or absence of (Chan 2003c). P values less than 0.05 were con-
enhancement in each segment. sidered statistically significant.

e Data were coded and entered using the Statistical
Package for the Social Sciences version 24. Data Results
was summarized using mean, standard deviation, This study included 29 males and 12 females, age range
median, and minimum and maximum for between 8 and 70 years with a median age of 45 years

quantitative data and using frequency (count) and  (Figs. 2, 3, and 4).
relative frequency (percentage) for categorical

data. Comparisons between quantitative variables The phenotype
were done using the non-parametric Mann- Among the study group, 26 (63.4%) patients had ante-
Whitney test (Chan 2003a). For comparing the clockwise, 8 (19.5%) patients had septal, 4 (9.7%) patients

categorical data, the chi-square (x 2) test was per- had apical, 3 (7.3%) patients had asymmetric, and 2
formed. The exact test was used instead when the (4.8%) patients had concentric patterns of hypertrophy

Fig. 2 a Mid-ventricular LGE image showing inferior insertion point enhancement and faint anterior and AL segment enhancement. b Mid-
ventricular LGE at the same level of planned T1 mapping image showing faint focal inferior insertion point enhancement. ¢ Native T1 mapping
image planned at a different level from that showing enhancement
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v
Basal | Basal | Basal | Basal | Basal | Basal | Mid | Mid ‘ Mid | Mid | Mid ‘Jﬁd Apical | Apical | Apical | Apical
ant AS IS5 inf IL AL ant | AS | IS inf |IL | AL |ant sep inf lat
LGE No LGE
Native
T1 949 | 981 | 993 |987 |988 929 1041 | 1045 | 1020 | 945 | 940 | 1034 | 961 919 916 1019
ECV | 29% |31% [32% |33% |31% |27% |34% |32% |31% |23% |26% | 30% |29% |26% |26% |33%

Fig. 3 Case 1: 26-year-old male patient. MRI showed asymmetric LV hypertrophy having anteclockwise pattern, maximum thickness of 17 mm
affecting the basal antero-septal segment, LVOT obstruction with a peak velocity of 3 m/s, SAM and LV mass of 245 g (indexed 127 g/m?). I: LGE
images at the basal (a), mid-ventricular (b), and apical (c) levels corresponding to the T1 mapping cuts showing no significant enhancement. Il:
SSFP image in LVOT view showing candle flame artifact of LVOTO (arrow). lll: pre-contrast (a—c) and post-contrast (d—f) T1 mapping images at the
basal (a, d), mid-ventricular (b, e), and apical (c, f) levels. IV: enhancement pattern and values of native T1 and ECV at the basal, mid-ventricular,
and apical segments showing no evidence of myocardial enhancement yet ECV expansion in 9 of the 16 cardiac segments

with two patients sharing two phenotypes giving a total
of 43 phenotypic expression. Out of those patients, 12
(29.2%) patients had apical RV hypertrophy and 2 pa-
tients (4.8%) had LV apical aneurysm.

Volumes and function
Volumes and function are expressed in Table 1.

Percent of obstruction and correlating it to the ECV

Among the studied patients, 28 patients (68.3%) had
hypertrophic obstructive cardiomyopathy (HOCM),
while 13 patients (31.7%) had HCM without obstruc-
tion. Correlating the ECV to the presence of obstruc-
tion, the results were statistically significant in the
basal anterior and antero-septal segments (those are
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Basal | Basal | Basal | Basal | Basal | Basal | Mid | Mid | Mid | Mid | Mid | Mid | Apical | Apical | Apical | Apical
ant AS Is inf IL AL ant | AS | IS inf |IL AL | ant sep nf lat
LGE faint | Insert. patchy | patchy
Native
T1 1036 1104 1163 1170 1051 1026 | 1089 | 1066 | 1043 | 1125 | 1109 | 1100 1068 | 1076 1071 1081
ECV | 29% | 41% 41% 34% 37% 38% 30% | 34% | 32% | 32% | 34% | 30% | 36% 32% 44% 36%

Fig. 4 Case 2: 51-year-old male patient. MRI showed LV hypertrophy having apical distribution, mild RV hypertrophy, maximum thickness of 20 mm
affecting the apical segments, mid-cavitary obstruction with LV mass of 189 g (indexed 106 g/m?). I: LGE images at the basal (a), mid-ventricular (b), and
apical (c) levels corresponding to the T1 mapping cuts showing faint basal AS segment and inferior insertion point enhancement and patchy
enhancement of the apical inferior and lateral segments. II: SSFP images in 4-chamber (@) and 2-chamber (b) end-systolic views showing mid-ventricular
to apical hypertrophy with mid-cavitary obstruction. lll: pre-contrast (a—c) and post-contrast (d-f) T1 mapping images at the basal (a, d), mid-ventricular
(b, e), and apical (c, f) levels. IV: enhancement pattern and values of native T1 and ECV at the basal, mid-ventricular, and apical segments showing the
expansion of the ECV and elongation of the native T1 values not only in the segments showing enhancement but in other segments as well

exposed to the highest pressure), as well as the basal
inferior segments with P values of 0.015, 0.013, and
0.045, respectively.

Correlating the ECV to the presence of LGE
LGE was noted in 20.9% of the cardiac segments, while ECV
expansion was noted in 45.1% of the cardiac segments.

Of those segments that showed LGE, only 79.6%
showed ECV expansion while the rest of the segments

(20.4%) representing 4.3% of the entire cardiac segments
did not show ECV expansion. On the other hand, 28.5%
of the cardiac segments showed ECV expansion with no
evident LGE.

Correlating the native T1 value to the ECV

There was elongation of the native T1 value in 32.3% of
the cardiac segments while ECV expansion in 45.1% of
the segments. However, the P values were < 0.05 in 5
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Table 1 Left and right ventricular volumes and functions among the study group
Mean Standard deviation Median Minimum Maximum
LV EF 66.10 1053 68.00 35.00 84.00
LV EDV 156.22 48.81 154.00 76.00 295.00
LV ESV 54.78 2881 50.00 18.00 144.00
LV Sv 101.39 30.17 98.00 49.00 192.00
LV EDVI 86.54 2445 82.00 40.00 176.00
LV ESVI 3239 18.95 28.00 14.00 110.00
LV SvI 55.27 17.22 54.00 18.00 114.00
LV mass 22349 95.54 212.00 85.00 493.00
RV EF 67.78 10.69 70.00 27.00 82.00
RV EDV 122.76 32.69 118.00 81.00 194.00
RV ESV 40.63 22.86 36.00 18.00 137.00
RV SV 82.12 22.50 78.00 38.00 150.00
RV EDVI 67.73 15.90 66.00 40.00 106.00
RV ESVI 2249 11.41 20.00 9.00 65.00
RV SVI 4534 1049 46.00 18.00 66.00

basal segments, 4 mid-ventricular level segments, and 2
apical segments with a linear regression curve proving
that as the native T1 value increases, the probability of
fibrosis increases. In the basal segments, it was found
that at native T1 values 950, 1000, 1100, and 1200 ms,
the probability of fibrosis was 14%, 26%, 65%, and 90%,
respectively.

Correlating the native T1 values to the presence of LGE

We had elongation of the native T1 values in 32.2% of
the segments while LGE in 20.9% of the cardiac seg-
ments. Sixty-two percent of the segments that showed
LGE showed native T1 elongation. Of the entire cardiac
segments, 9.7% showed LGE without evidence of native
T1 elongation, while there was elongation of the T1 in
19.4% of segments without evidence of enhancement.

Correlating the EF% to the LV mass
A negative correlation with a correlation coefficient of —
0.139 was found.

Discussion

Hypertrophic cardiomyopathy is the most common her-
itable cardiovascular disorder, with myocardial fibrosis
being one of its hallmarks [10].

MRI has recently become an important tool for the
evaluation of suspected HCM. It can also be used as a
guide for suitable therapy, risk stratification, and family
screening tool [2, 5].

CMR can detect regional fibrosis by LGE but in diffuse
fibrotic processes defining an area of normal myocar-
dium to be a nulled reference may be impossible [15].

Consequently, several studies have proposed the
measurement of T1 relaxation as a potentially valu-
able tool for the quantitative assessment of myocar-
dial fibrosis [15].

Regarding the phenotype of HCM, the results agree
with Bogaert and Olivotto [3], who stated that “In a re-
cent analysis of the spatial 3D spread of hypertrophy, we
found that the majority of patients with so-called asym-
metrical septal HCM follow a spiral pattern of hyper-
trophy in longitudinal direction following a counter-
clockwise spiral, when viewed from LV apex.”

However, Noureldin et al. [1] stated that the asymmet-
ric phenotype with sigmoid septal contour is the com-
monest phenotype, and Hoey et al. [2] stated that the
asymmetric septal type is the commonest phenotype.
This difference is most likely attributed to the lack of
overall 3D look on the LV, where in the counter-
clockwise pattern, the most hypertrophied segment is
usually the anteroseptal basal segment; however, the
overall pattern of hypertrophy is spiral in an anteclock-
wise fashion when viewed from the cardiac apex.

Regarding the RV hypertrophy, the results are not far
from Hoey et al. [2] who stated that 15-20% of HCM
patients have associated RV hypertrophy. However,
Noureldin et al. [1], said that RV hypertrophy is present
in approximately 18% of HCM patients.

The results regarding the prevalence of obstruction
among HCM patients agreed with Hoey et al. [2] who said
that LVOT obstruction is present in up to 70% of HCM
patients and Noureldin et al. [1] who stated that asymmet-
ric septal hypertrophy with sigmoid septal contour is the
commonest phenotype accounting for about two thirds of
HCM patients and is associated with obstruction.
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Regarding the ECV, the current study proved that it
has a better predictive value for fibrosis than the LGE,
through correlating the ECV with LGE.

This agrees with Kellman et al. [13], who stated that
ECV mapping is a promising technique complementing
LGE imaging in cases of diffuse myocardial disease
states. Also, Taylor et al. [16] and Lu et al. [15] stated
that the T1 mapping technique has enabled better, non-
invasive evaluation of the extent and severity of myocar-
dial fibrosis compared to the conventional LGE tech-
nique to a level that was previously achieved with
invasive procedures such as cardiac biopsy.

The results for correlating the ECV to the native T1
values and the native T1 values to the LGE were in
agreement with Dass et al. [17], who stated that T1 map-
ping is more efficient in detecting myocardial changes in
patients with cardiomyopathies compared to the trad-
itional ways of measuring the myocardial wall thickness
and LGE. Also, Sibley et al. [18] stated that T1 time cor-
relates with interstitial fibrosis in patients with cardio-
myopathy including those without focal LGE.

However, Puntmann et al. [19] stated that native T1 has a
better diagnostic accuracy than post-contrast T1 values and
ECV. This could be due to the small sample size and the
blind quantification of T1 without checking the LGE images.
And that agrees with Nezafat [20] who conducted a study on
ischemic patients and stated that visual detection of infarct
on native T1 maps was only moderate (low 60%).

Regarding the relation of the EF% to the LV mass, we
had a negative correlation indicating that as the mass of
the left ventricle increases, the EF% decreases.

This agrees with Taylor et al. [16] who stated that dif-
fuse fibrosis may play an important role in the patho-
physiology of diastolic dysfunction where reduced LV
ejection fraction is correlated to the increase of ECV in
patients with non-ischemic cardiomyopathy. And as
HCM patients have both interstitial and replacement fi-
brosis, therefore, the myocardial contractility is as well
affected [1, 11].

Correlating the ECV to the presence and absence of
obstruction, the results were of statistical significance in
the basal anterior and antero-septal segments as well as
the basal inferior segments, denoting that there is a posi-
tive relation between the expansion of the ECV at those
segments and the presence of obstruction, knowing that
in cases of left ventricular outflow obstruction, there is
always hypertrophy of the basal anterior and antro-
septal segments and those are the segments exposed to
the maximum pressure. Similar findings were reported
by Ooji et al. [21] who mentioned that there is a
structure-function relationship between elevated LVOT
pressure gradient and adverse myocardial remodeling.

The limitations of this study include the following: (1)
The ECV expansion was considered at values > 30%
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taking the published range of normal ECV value of 20—
30% as a reference, while some papers consider the nor-
mal up to 25.3 + 3.5% and others consider it as 25.4 +
2.5%. (2) The ROIs were drawn blindly without checking
the LGE images, to check the validity of T1 as a tool to
replace LGE. (3) Some segments showed enhancement
at one cut while the T1 mapping cut was planned at a
different level from that showing enhancement. Those
factors may attribute to the absence of ECV expansion
in some segments that showed LGE where some seg-
ments showed focal insertion point enhancement and
others showed subendocardial enhancement, while the
T1 mapping ROI was drawn at the proper segment
location.

Conclusion

Diffuse fibrosis was found to be difficult to be distin-
guished using LGE. The unique ability of CMR to use
proton relaxation times provides a quantitative measure-
ment to detect increased interstitial volume in diffuse
myocardial fibrosis. Moreover, it showed that in cases of
obstruction, the segments exposed to the highest pres-
sure are more vulnerable to the fibrotic process denoting
a relationship between the pressure gradient and the ad-
verse myocardial remodeling.
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