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Abstract

Background: Microvascular dysfunction is an often overlooked feature of hypertrophic car-
diomyopathy (HCM). Our aim was to assess the association between microvascular dysfunction,
wall thickness, tissue characteristics and myocardial deformation in HCM patients, by analyzing
individual myocardial segments.

Methods: Prospective assessment including cardiac magnetic resonance to assess wall thick-
ness, T1 and T2 mapping, extracellular volume, late gadolinium enhancement (LGE) and stress
perfusion. Results were stratified according to the 16 American Heart Association segments.
Results: Seventy-five patients were recruited (1200 segments), 63% male, mean age 54.6+14.8
years, maximal wall thickness of 20.224+4.6 mm. Among the 424 segments (35%) with perfusion
defects, 24% had defects only in the endocardial layer and 12% in both endocardial and epicardial
layers. Perfusion defects were more often detected in hypertrophied segments (64%). Among
the 660 segments with normal wall thickness, 19% presented perfusion defects. Independently of
wall thickness, segments with perfusion defects had a higher T1 (B-estimate 30.28, p<0.001),
extracelluar volume (B-estimate 1.50, p<0.001) and T2 (B-estimate 0.73, p<0.001) and had
late gadolinium enhancement more frequently (odds ratio 4.16, p<0.001). Higher values of
circumferential strain (lower deformation) and lower values of radial strain were found in
segments with perfusion defects (B-estimate 2.76, p<0.001; and B-estimate -10.39, p<0.001,
circumferential and radial strain, respectively).
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Conclusion: While microvascular dysfunction was more prevalent in more hypertrophied seg-
ments, it also had a major presence in segments without hypertrophy. In this segmental analysis,
we found an association between the presence of ischemia and tissue abnormalities, replace-
ment fibrosis as well as impaired strain, independently of the segmental wall thickness.

© 2022 Sociedade Portuguesa de Cardiologia. Published by Elsevier Espana, S.L.U. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Associacoes entre defeitos de perfusao, caracteristicas tecidulares e deformacao
miocardica na miocardiopatia hipertrofica, uma analise segmentar por ressonancia
magnética cardiaca

Resumo

Introducdo: A disfuncdo microvascular € uma caracteristica frequentemente subestimada da
miocardiopatia hipertrofica (MCH). O objetivo do estudo foi avaliar a associacdo entre disfuncao
microvascular, espessura da parede (EP), caracteristicas tecidulares e deformacao miocardica
na MCH, analisando os segmentos miocardicos individualmente.

Métodos: Estudo prospetivo incluindo ressonancia magnética cardiaca para avaliacao de EP, T1
e T2 mapping, volume extracelular (VEC), realce tardio (RT) e estudo de perfusao, estratificados
de acordo com os 16 segmentos da American Heart Association.

Resultados: Foram recrutados 75 doentes (1.200 segmentos), 63% do sexo masculino, idade
média 54,64-14,8 anos e EP maxima de 20,2244,6 mm. Dentro dos 424 segmentos (35%) com
defeitos de perfusdo, 24% apresentaram defeitos apenas no endocardio e 12% apresentaram
defeitos tanto no endocardio como no epicardio. Os defeitos de perfusdao foram detetados
maioritariamente nos segmentos hipertrofiados (64%). Dentro dos 660 segmentos com EP nor-
mal, 19% apresentaram defeitos de perfusao. Independentemente da EP, os segmentos com
defeitos de perfusdao apresentaram maior elevacao de T1 (B-estimate 30,28, p<0,001), VEC
(B-estimate 1,50, p<0,001) e T2 (B-estimate 0,73, p<0,001) e RT com maior frequéncia (OR
4,16, p<0,001). Os segmentos com defeitos de perfusao apresentaram valores mais elevados de
strain circunferencial (menor deformacao) (B-estimate 2,76, p<0,001) e valores mais reduzidos
de strain radial (B-estimate -10,39, p<0,001).

Concluséo: Embora a disfuncao microvascular tenha sido mais prevalente nos segmentos mais
hipertrofiados, esta estava significativamente presente em segmentos sem hipertrofia. Nesta
analise segmentar revelamos uma associacdo entre a presenca de isquémia e caracteristicas
tecidulares, fibrose de substituicao e strain anormal, independentemente da espessura da
parede.

© 2022 Sociedade Portuguesa de Cardiologia. Publicado por Elsevier Espafa, S.L.U. Este é um
artigo Open Access sob uma licenca CC BY-NC-ND (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Introduction

Unexplained left ventricular (LV) wall thickening defines
hypertrophic cardiomyopathy (HCM)' and myocardial fibro-
sis is a prevalent feature with prognostic relevance.?”®
Coronary microvascular dysfunction (CMD) and ischemia
have also been identified as playing an important patho-
physiological role, linked with replacement fibrosis and,
consequently, progressive heart failure, ventricular arrhyth-
mias and sudden cardiac death.””"" Although ischemia
is more pronounced in hypertrophied segments,'>
it may be present in non-hypertrophied segments'®
and may even occur before hypertrophy in mutation
carriers.'®

Cardiovascular magnetic resonance (CMR) parametric
mapping techniques and the calculation of extracellular

volume (ECV) enables more sensitive detection of inter-
stitial fibrosis, with late gadolinium enhancement (LGE)
correlating principally with replacement fibrosis.®*17-20
Abnormalities in native T1 mapping have also been
attributed to intracellular abnormalities, such as altered
calcium pathways and impaired energy homeostasis.?'
Increased T2 values have been described in HCM, associ-
ated with signs of advanced disease, such as higher LV mass,
lower ejection fraction and greater extent of LGE.??
Previous studies using CMR or positron emission tomog-
raphy have described a correlation between the global
burden of CMD and LV hypertrophy, extent of LGE and
higher T1 mapping'®23-2¢ as well as a higher prevalence of
clinical manifestations, incidence of atrial fibrillation (AF)
and worse outcomes.?’2% A limited number of studies have
performed a segmental analysis evaluating microvascular
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dysfunction and tissue characteristics, LV hypertrophy and
LGE.Z4’25

Our aim was to perform a more comprehensive analy-
sis, integrating myocardial deformation and its correlation,
segment-by-segment, with wall thickness, ischemia and
LGE. Due to the intra-individual heterogeneity of the LV in
HCM, we hypothesized that by comparing individual LV seg-
ments instead of a global myocardial evaluation, a more
in-depth correlation could be attained, and novel associa-
tions revealed.

Methods

Study population

This prospective study enrolled consecutive adult patients
with HCM, seen in the dedicated cardiomyopathy clinics of
Santa Marta Hospital (n=70) (Lisbon, Portugal) and Garcia de
Orta Hospital (n=13) (Almada, Portugal). CMR studies were
performed at the Heart Center, Hospital da Cruz Vermelha
Portuguesa (Lisbon, Portugal). The diagnosis of HCM was
established according to current guidelines.”?° Obstructive
HCM was defined according to a peak gradient of >30 mmHg
in the left ventricular outflow tract (LVOT) at rest or after
provocation, on echocardiographic assessment. Inclusion
criteria, exclusion criteria and clinical evaluation including
ECG and echocardiography occurred as previously published
by Aguiar Rosa et al.??

The study followed the principles outlined in the Dec-
laration of Helsinki. The institutional ethics committees
approved the study protocol. All patients provided written
informed consent.

Cardiac magnetic resonance protocol and analysis

All subjects underwent the same CMR protocol as previ-
ously described by Aguiar Rosa et al.2® In brief, CMR was
performed on a 1.5-T magnetic resonance system (Sola,
Siemens, Erlangen, Germany). Using compressed sensing-
based techniques, cine images in three long-axis planes and
sequential short axis slices were acquired. Pre-contrast short
axis T1 maps were generated using a Modified Look Locker
Inversion (MOLLI) sequence and pre-contrast short axis T2
maps were generated using a single shot balanced steady
state free precession acquisition. Stress perfusion 90 sec-
onds after hyperemia was induced by regadenoson (400 mcg
bolus) using 0.05 mmol/kg of gadolinium (Gadovist, Bayer
Schering Pharma AG, Berlin, Germany). LGE images were
acquired 10-15 minutes after intravenous administration of
additional 0.15 mmol/kg of gadolinium at end diastole, using
a breath-held segmented inversion-recovery steady state
free precession sequence after determining the optimal
inversion time using a scout sequence.

CMR interpretation was performed using commercially
available software (CMR42, Circle Cardiovascular Imaging,
Calgary, Alberta, Canada). LV wall thickness, LV mass, end
diastolic volume (EDV), end systolic volume (ESV) and LV
ejection fraction (EF) were measured from short axis cine
images excluding papillary muscles and trabeculations.

For perfusion assessment, the myocardium was divided
into 32 subsegments (16 American Heart Association (AHA)

segments subdivided into an endocardial and epicardial
layer). Ischemic burden for each patient was calculated
as the number of involved sub-segments, assigning 3% of
myocardium to each subsegment. Each segment was ana-
lyzed for the presence or absence of perfusion defects.
Perfusion defects sparing the subendocardium and coin-
cident with LGE were not considered, as subendocardial
involvement is mandatory for microvascular dysfunction
defects. The LGE was analyzed per-segment basis using a sig-
nal threshold versus reference myocardium of >6 standard
deviation.

Three-dimensional longitudinal, circumferential and
radial strains were obtained by manually drawing epicardial
and endocardial contours on the end diastolic frame of short
axis and long-axis images (four-chamber, two-chamber and
three-chamber views), using an automatic feature tracking
algorithm from cine images.

For each patient, each of the 16 AHA segments was
assessed for LV thickness (<11 mm; 12-14 mm; >15 mm),
presence of perfusion defect, T1 mapping, T2 mapping, ECV,
presence of LGE, longitudinal strain, radial strain and cir-
cumferential strain.

Statistical analysis

Statistical analysis was performed using the Statistical Pack-
age for the Social Sciences, V.23.0 for Windows (SPSS). Point
estimates and 95% confidence interval (Cl) are described for
all mean estimates.

Descriptive statistics are presented as absolute fre-
quency (number) and relative frequency (percentage) for
categorical variables and as the mean for continuous varia-
bles.

The Kolmogorov-Smirnov test was used to test normality
assumptions.

A segment-by-segment analysis was performed to assess
the correlation between ischemia, LV hypertrophy, tissue
characteristics and myocardial deformation parameters,
calculated with univariable logistic and linear regressions.
Subsequently multivariable analyses, adjusted for potential
confounders, were performed. Whenever statistical hypoth-
esis testing was used, a significance level of «=5% was
considered.

Results

Seventy-five patients were enrolled. The general baseline
characteristics have been described previously.” In sum-
mary, 47 (63%) were male, mean age was 54.6+14.8 years;
48 (64%) had asymmetric septal hypertrophy and 22 (29%)
had apical hypertrophy. The maximal LV wall thickness was
20.2+4.6 mm.

A total of 1200 segments were analyzed. Stress perfu-
sion and mapping images were interpretable in all segments.
LGE images were not interpretable in 16 segments from one
patient, due to artifacts. The characteristics of each of the
16 AHA segments are presented in Table 1.

Six hundred and sixty (55%) segments had wall thickness
of <11 mm, 210 (17.5%) segments 12-14 mm, and 330 (27.5%)
segments >15 mm. Wall thickness was greater in the basal
and mid septum (AHA segments 2, 3, 8 and 9) (Table 1).
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Table 1 Characteristics of each American Heart Association (AHA) segment.

AHA segments*
Segments 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Wall thickness 13.4£5.2  16.3x4.4  14.7£5.4  10.6x4.2  9.4+2.6 10.6+£3.5  11.6£5.6  13.9£5.6  14.6£5.1  11.9%4.9  10.3+£3.9  10.9+4.2  11.9£5.7  11.8£5.4  11.2+4.8  11.9£5.6
(mm)
Presence of 16 (21.3)  23(30.7) 26 (34.7) 15 (20) 9 (12) 6 (8) 24 (32) 32 (42.7) 33 (44) 44 (58.7) 26 (34.7)  17(22.7)  28(37.4)  44(58.7) 48 (64) 33 (44)
perfusion
defect, n (%)
T1mapping  1011£45.3  1036+44.6  1045+50.2  1046.5+44.9 1029.14£54.2 999+47.3  1007.8+49.5 1030.5+43.2 1044.9+41.8 1033.3£41.4 1020.7+42.2 995.4+50.1 1002.5+55.2 1033.4+48.5 1031.2+43  1018.3+£62.9
(ms)
T2 mapping  50.36+2.89 49.62+3.07 49.47+3.1  50.514+3.24 49.58+3.89 50.07+2.88 51.32+3.45 50.84+4.0 50.4+2.93  49.9542.71 49.81+2.82 50.4+3.0  52.11+4.31 51.71+4.1 50.9+3.42  51.35+3.82
(ms)
Presence of 35 (47.3)  51(68.9)  43(58.1)  24(32.4)  25(33.8)  28(37.8)  35(47.3)  50(67.6) 50 (67.6)  32(43.2) 27 (36.5) 33 (44.6)  44(59.5)  51(68.9)  42(56.8) 40 (54.1)
LGE, n (%)
Extracellular  25.9+5 27.6+45.2  26.845.5  26.844.2  25.5+4.5  24.6+4 27.144.9  27.845.1  27.644.9  26.4+4.2  25.3+4.3  25.4+4.1  27.844.7  28.145.9  27.6+6.5  27.316.8
volume (%)
Longitudinal  -1.794+9.28 -3.77+6.43 -2.05+7.39 -1.45+9.31 3.27+12.67 4.09+11.3 -5.64+8.33 -4.98+48.2  -4.66+7.34 -2.68+9.01 0.06+15.01 -2.71+£13.22 -10.4245.95 -8.6+5.17  -11.36+5.29 -12.86-+4.64
Strain (%)
Circumferential -18.41+6.07 -14.71+5.37 -12.66+5.54 -14.16+5.97 -17.846.59 -20.55+4.9 -18.984+6.32 -18.88+5.14 -15.71+5.15 -13.61+5.19 -18.05£6.73 -18.047.28 -18.16+7.04 -19.43+5.82 -17.28+6.2 -19.55+6.7
strain (%)
Radial strain ~ 23.55+16.93 18.02+13.64 23.98:14.96 31.78+15.55 42.14+24.07 41.97+44.47 27.0+17.48 22.35+12.1 19.45+12.7 24.33+12.57 33.35+19.08 29.01+18.74 27.32+21.84 27.53+21.31 21.27+16.32 23.35+20.35

(%)

HCM: hypertrophic cardiomyopathy; LGE: late gadolinium enhancement.

" Total of 1200 segments analyzed - 16 American Heart Association segments for the 75 hypertrophic cardiomyopathy patients.
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Figure 1

Among the 424 segments (35.3%) with a perfusion defect,
286 (23.8%) only had a defect in the endocardial layer and
138 (11.5%) in both endocardial and epicardial layers. Per-
fusion defects were present in 19% of non-hypertrophied
segments and were more often detected in hypertrophied
segments: in 43.3% of the segments with 12-14 mm and in
63.6% of the segments with >15 mm (Figure 1).

The distribution and prevalence of perfusion defects and
LGE in each of the 16 AHA segments is displayed in Figure 2.

Coronary microvascular dysfunction and tissue
characteristics

The results of univariable regression analysis for potential
factors associated with T1 mapping, T2 mapping, LGE and
ECV are presented in Supplementary Table 1. Subsequently,
a multivariable regression analysis, adjusted for potential
confounders, was performed (Table 2).

Perfusion defects were associated with changes in tis-
sue characteristics, independently of LV wall thickness
(Figure 3). Segments with perfusion defect had a higher
native T1 than those without (B-estimate 30.28, 95% ClI
24.60-35.96, p<0.001), as well as a significantly higher ECV
(B-estimate 1.50, 95% C1 0.81-2.11, p<0.001). T2 values were
also higher in segments with perfusion defect (B-estimate
0.73, 95% ClI 0.32-1.14, p<0.001) (Table 2 and Figure 3).

Furthermore, regardless of the wall thickness, segments
with a perfusion defect more frequently had LGE (OR 4.16,
95% Cl 3.19-5.41, p<0.001) (Figure 2). Among the 424 seg-
ments with perfusion defect, 115 segments (27.1%) did not
present LGE.

Besides perfusion defects, wall thickness and obstruc-
tive HCM were features associated with tissue abnormalities
(Table 2).

Left ventricular myocardial deformation

Univariable regression analyses for longitudinal strain, radial
strain and circumferential strain are shown in Supplemen-
tary Table 2 and the multivariable analyses are described
below.

Left ventricular segments with perfusion defects (%) according to intervals of maximal wall thickness.

A) Perfusion defects (%)

[ ] <20%
21 to 40%
I - so0%
B) Late gadolinium enhancement (%)
[ saox
41 to 55%
I - ss%

Figure 2 Ischemia (A) and late gadolinium enhancement (B)
frequency in individual cardiac magnetic resonance segments
A) Perfusion defects (%).

Higher values of longitudinal strain (reflecting lower
deformation) were found in segments with wall thick-
ness >15 mm (B-estimate 2.28, 95% Cl 0.87-3.69, p=0.002)
compared with non-hypertrophied segments (Table 3). No
association was found between perfusion defects and longi-
tudinal strain in this segmental analysis. Higher values of
circumferential strain (lower deformation) were found in
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Table 2 Multivariable logistic and linear regression analyses for tissue characteristics.

Native T1 mapping

Model B-estimate 95% Cl p-value
Thickness 12-14 mm 16.69 9.29 to 24.08 <0.001
Thickness>15 mm 38.09 31.58 to 44.60 <0.001
Perfusion defect 30.28 24.60 to 35.96 <0.001
LGE 32.04 26.61 to 37.47 <0.001
Diabetes 11.37 2.91 to 19.83 0.009
BMI>25 kg/m? 11.37 3.74 to 18.98 0.004
Male gender -15.52 -22.03 to -9.01 <0.001

Extracellular volume

Model B-estimate 95% Cl p-value
Thickness>15 mm 2.40 1.60 to 3.10 <0.001
Perfusion defect 1.50 0.81 to 2.11 <0.001
LGE 2.92 2.32 to 3.50 <0.001
Diabetes mellitus 2.90 1.90 to 3.81 <0.001
Hypertension 1.50 0.70 to 2.20 <0.001
T2 mapping

Model B-estimate 95% Cl p-value
Perfusion defect 0.73 0.32to 1.14 <0.001
LGE 1.06 0.67 to 1.45 <0.001
Obstructive HCM 1.17 0.73 to 1.61 <0.001
BMI>25 kg/m? 0.001
Male gender -0.50 -0.95 to -0.05 0.030

Late gadolinium enhancement

Model OR estimate 95% Cl p-value
Thickness 12-14 mm 2.66 1.92 to 3.68 <0.001
Thickness>15 mm 9.02 6.42 to 12.67 <0.001
Perfusion defect 4.16 3.19 to 5.41 <0.001
Obstructive HCM 2.08 1.43 t0 2.48 <0.001
Diabetes 1.82 1.26 to 2.63 0.001
BMI>25 kg/m? 2.10 1.52 t0 2.90 <0.001
Hypertension 1.65 1.23t0 2.16 <0.001

Reference categories: Wall thickness<11 mm, non-obstructive HCM, absence of perfusion defect. p-values were obtained using a mixed
effects regression models.
Cl: confidence interval; HCM: hypertrophic cardiomyopathy, LGE: late gadolinium enhancement; OR: odds ratio.

T1 mapping (ms) Extracellular volume (%) T2 mapping (ms)
70 75
1350 p<0.001 p<0.001 p<0.001
70
60
1250 65
50
1150 60
50
950 30
45
850 20 20
750 10 35
Perfusion defect w/o Perfusion defect Perfusion defect ~ w/o Perfusion defect Perfusion defect ~ w/o Perfusion defect

Figure 3  Tissue characterization (T1 mapping, extracellular volume, T2 mapping) features, according to the presence or absence
of perfusion defects.
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Table 3  Multivariable linear regression analysis for left ventricular myocardial deformation parameters.

Longitudinal strain

Model B-estimate 95% ClI p-value
Thickness>15 mm 2.28 0.87 to 3.69 0.002
Obstructive HCM 2.62 1.32 to 3.92 <0.001
BMI>25 kg/m? 3.14 1.56 to 4.72 <0.001
Circumferential strain
Model B-estimate 95% ClI p-value
Thickness 12-4 mm 2.31 1.35to 3.26 <0.001
Thickness>15 mm 5.14 4.32 to 5.97 <0.001
Perfusion defect 2.76 2.01 to 3.50 <0.001
LGE 2.30 1.57 to 3.02 <0.001
Obstructive HCM 1.56 0.75 to 2.37 <0.001
Diabetes 2.43 1.37 to 3.50 <0.001
Male gender 1.72 0.89 to 2.55 <0.001
Radial strain
Model B-estimate 95% ClI p-value
Thickness 12-14mm -9.90 -13.19 to -6.59 <0.001
Thickness>15 mm -19.78 -22.48 to -17.09 <0.001
Perfusion defect -10.39 -12.83 to -7.95 <0.001
LGE -9.84 -12.19 to -7.48 <0.001
Obstructive HCM -4.84 -7.51 to -2.16 <0.001
Diabetes -6.54 -10.07 to -3.00 0.027
BMI>25 kg/m? -4.73 -7.94 to -1.52 0.004
Hypertension -7.06 -9.82 to -4.29 <0.001
Male gender -6.82 -9.55 to -4.09 <0.001

Reference categories: wall thickness<11 mm, non-obstructive HCM, absence of perfusion defect, female gender, BMI<25 kg/mZ. p-values
were obtained by mixed effects regression models. BMI: body mass index; Cl: confidence interval; LGE: late gadolinium enhancement;

HCM: hypertrophic cardiomyopathy.

segments with wall thickness 12-14 mm (B-estimate 2.31,
95% Cl 1.35-3.26, p<0.001), wall thickness >15 mm (B-
estimate 5.14, 95% Cl 4.32-5.97, p<0.001) versus segments
with normal wall thickness, in segments with perfusion
defect (B-estimate 2.76, 95% Cl 2.01-3.50, p<0.001) and
in segments with LGE (B-estimate 2.30, 95% Cl 1.57-
3.02, p<0.001). Lower radial strain values (reflecting lower
myocardial deformation) were found in segments with wall
thickness 12-14 mm (B-estimate -9.90, 95% CI -13.19--
6.59, p<0.001) and wall thickness >15 mm (B-estimate
-19.78, 95% Cl -22.48--17.09, p<0.001) in contrast to non-
hypertrophied segments, segments with perfusion defect
(B-estimate -10.39, 95% ClI -12.83--7.95, p<0.001) and
with LGE (B-estimate -9.84, 95% Cl -12.19--7.48, p<0.001)
(Table 3).

No association was found between T1 and T2 mapping
values, ECV and tissue tracking analysis.

Discussion

In patients with HCM, we performed segmental analysis
and found an independent association between segmental
ischemia and abnormal tissue characteristics. This associa-
tion was noted between ischemia and tissue abnormalities

studied using native T1, ECV and T2 mapping, as well as
replacement fibrosis studied using LGE. In this segmental
analysis, CMD was further related to impaired circumfer-
ential strain and radial strain. Importantly, some of these
associations were uncovered by the current segmental anal-
ysis but were not present in our previous global assessment
of ischemia burden,”® which might be explained by the
inherent intra-individual phenotypic heterogeneity of LV
segments in HCM.

To better appreciate the intrinsic characteristics of HCM
even in segments without overt LV hypertrophy, we aimed
to examine segments with normal wall thickness and seg-
ments with mild hypertrophy for the presence of ischemia
and tissue abnormalities.

As expected, hypertrophied segments had more severe
microvascular dysfunction, with segments >15 mm demon-
strating a higher prevalence of perfusion defects. However,
microvascular dysfunction is only partly explained by hyper-
trophy, since it was also found in 19% of non-hypertrophied
segments, reflecting the existence of intrinsic structural and
functional abnormalities of the small vessels.”” This is a
similar finding to previously published works. %2530

Notably, almost half of segments with mild hypertrophy
had microvascular dysfunction. These findings confirm that
segments with normal wall thickness and segments with mild
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hypertrophy are also important contributors to the overall
burden of ischemia in HCM.

Among the segments with perfusion defects, the suben-
docardium in isolation was involved in two-thirds. This is
in keeping with previous results, including a multimodality
study using invasive LV pressure measurements and nonin-
vasive imaging with echocardiography, CMR and PET. This
study demonstrated that the autoregulatory mechanisms
of the microvasculature are insufficient during vasodilatory
stress, leading to subendocardial ischemia, while the subepi-
cardium was relatively spared.?’

Impact of ischemia in tissue abnormalities

As a hallmark of the disease, severity of wall thickness was
expectedly associated with tissue abnormalities. However,
segments with only mild hypertrophy also showed the pres-
ence of increased T1 mapping and of LGE, displaying tissue
abnormalities even in the absence of overt LV hypertrophy.

Regardless of the severity of hypertrophy, CMD was
consistently related to tissue abnormalities in this study.
Segments with perfusion defects were linked to both
increased ECV and LGE, indicating the presence of both
diffuse tissue abnormalities and replacement fibrosis.'”'®
Hypertrophied myocytes are arranged in disarray, with
increased extracellular matrix accumulation. While reduced
ECV can be seen in cellular hypertrophy*? and in healthy
athletes,?> ECV has been demonstrated to be increased in
HCM in the context of focal or diffuse fibrosis,** albeit with
considerable heterogeneity among HCM patients.*? More-
over, while LGE may not accurately reveal the presence of
abnormal tissue in the setting of less severe or more diffuse
fibrosis, ECV has shown to be a surrogate for the presence
of fibrosis in a significantly higher percentage of cardiac
segments compared to LGE.*

Histologically, the severity of the abnormalities in intra-
mural small vessels was previously found to be co-localized
with fibrotic scars.”'® By CMR stress perfusion, higher
ischemic burden and lower stress myocardial blood flow
were found to be linked to the presence of LGE.?>3¢ This sug-
gests that replacement fibrosis may be partially secondary
to microvascular dysfunction and ischemia.?%37:3¢ However,
while LGE burden is a recognized prognostic factor partic-
ularly in advanced stages, it is tempting to speculate that
ECV may detect earlier pathophysiological changes in HCM.
Similarly, CMD is a pathological feature that seems to have
an impact from an early stage of the disease, and thus may
be a useful marker of disease progression and prognosis. '3

Native T1 mapping reflects diffuse abnormalities in both
the intracellular and extracellular spaces.®’ In HCM, native
T1 may be affected by the intracellular compartment where
altered calcium cycling and sarcomeric calcium sensitivity,
disturbed biomechanical stress sensing and impaired cardiac
energy homeostasis have been detected.”" In our cohort,
higher native T1 levels correlated with myocardial ischemia.
This finding suggests that CMD may be associated not only
with increased diffuse fibrosis but also with intracellular
compartment abnormalities.

T2-weighted imaging, a tissue characterization tech-
nique mainly used to identify edema, can be elevated
in HCM,** both in hypertrophied and non-hypertrophied

segments, despite normal wall thickness and preserved
contractile function, which suggests that tissue abnormal-
ities may precede morphological and functional remodeling
in HCM.** Furthermore, higher T2 values were previously
correlated with higher brain natriuretic peptide levels,
higher LGE extension and nonsustained ventricular tachycar-
diaand have, therefore, been suggested as a possible marker
for arrhythmogenicity.* In our cohort, segments with higher
T2 values were associated with greater LGE extent as well
as with ischemia. To our knowledge, this is the first evidence
of correlation between higher T2 and ischemia.

Impact of microvascular dysfunction on myocardial
deformation

Speckle tracking parameters for systolic function are often
impaired in HCM, such as longitudinal, circumferential and
radial strain. Changes in these parameters vary widely
between segments, reflecting the asymmetric nature of the
disease. They are more prominent in segments with sig-
nificant hypertrophy and fibrosis.*>=* In line with previous
data,”® and using a per-segment analysis, we found a rela-
tionship between wall thickness and LGE and impaired LV
myocardial deformation parameters.

Furthermore, hypoperfused segments showed worse cir-
cumferential and radial strain, independently of wall
thickness or fibrosis, which is a novel - although probably
expected - finding.

As LV performance is determined by several factors
other than ischemia, such as wall thickness and extent
of replacement fibrosis, with considerable heterogeneity
among patients and within the left ventricle,“® in this study
we did not find a correlation between impaired longitudinal
strain and perfusion defects.

Limitations

One limitation of our study is the relatively small population.
Six patients were in AF during the scan, which may have
influenced parametric mapping values. CMR assessment
of tissue characteristics was not validated with histologi-
cal samples. Perfusion defects, a surrogate for myocardial
ischemia, were assessed using a semiquantitative visual
analysis of ischemia in 32 segments, as used in previous
studies comparing stress CMR with invasive evaluation of
fractional flow reserve.'® While the adopted method is
readily available and easily applicable, it relies on visual
assessment and the total of LV assessed is 96% (3% for each
segment).

Conclusion

While perfusion defects were more prevalent in more hyper-
trophied segments, segments with normal wall thickness
and mild hypertrophy accounted significantly for the overall
burden of ischemia in HCM. The presence of microvascular
dysfunction was associated with diffuse tissue abnormal-
ities and replacement fibrosis. Segments with perfusion
defect presented worse LV myocardial deformation assessed
using radial and circumferential strain. Our findings suggest
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that CMD is an important early pathophysiological feature,
impacting on tissue abnormalities (including T1, ECV and
T2 mapping) and LV performance on a per-segment basis,
regardless of the severity of the hypertrophy, with significant
intra-individual heterogeneity among LV segments. These
findings highlight that symptoms in HCM may be attributable
to CMD, which can be impactful even in patients with no
significant hypertrophy.

These abnormalities merit further study and suggest that

ischemia might be a useful and early imaging biomarker,
which could potentially be used to help develop therapies
that may change the progression of the disease and out-
comes.
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