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BACKGROUND: In hypertrophic cardiomyopathy (HCM), myocyte disarray and microvascular disease (MVD) have been implicated in
adverse events, and recent evidence suggests that these may occur early. As novel therapy provides promise for.disease modification,
detection of phenotype development is an emerging priority. To evaluate their utility as early and diseat -§§éeiﬁc biomarkers, we
measured myocardial microstructure and MVD in 3 HCM groups—overt, either genotype-positive (G+LVH+) or genotype-negative
(G—LVH+), and subclinical (G+LVH—) HCM—exploring relationships with electrical changes and genetic substrate.

METHODS: This was a multicenter collaboration to study 206 subjects: 101 patients with.overt HCM (51 G+LVH+ and 50
G—LVH+), 77 patients with G+LVH— and 28 matched healthy volunteers. All underwent 12-lead ECG, quantitative perfusion
cardiac magnetic resonance imaging (measuring myocardial blood flow, myocardial perfusion reserve, and perfusion defects),
and cardiac diffusion tensor imaging measuring fractional anisotropy (lower values expected with more disarray), mean
diffusivity (reflecting myocyte packing/interstitial expansion), and second eigenvector angle (measuring sheetlet orientation).

RESULTS: Compared.with healthy volunteers, patients with overt HCM had evidence of altered microstructure (lower fractional
anisotropy, higher mean diffusivity, and higher second eigenvector angle; all /<0.001) and MVD (lower stress myocardial blood
flow and myocardial perfusion reserve; both A<0.001). Patients with G—=LVH+ were similar to those with G+LVH+ but had
elevated second eigenvector angle (R<0.001 after adjustment for left ventricular hypertrophy and fibrosis). In overt disease,
perfusion defects were found in all G+ but not all G— patients (100% [51/51] versus 82% [41/50]; £=0.001). Patients with
G+LVH— compared with healthy volunteers similarly had altered microstructure, although to a lesser extent (all diffusion tensor
imaging parameters; £<0.001), and MVD (reduced stress myocardial blood flow [P=0.015] with perfusion defects in 28% versus
0 healthy volunteers [P=0.002]). Disarray and MVD were independently associated with pathological electrocardiographic
abnormalities in both overt and subclinical disease after adjustment for fibrosis and left ventricular hypertrophy (overt: fractional
anisotropy: odds ratio for an abnormal ECG, 3.3, A=0.01; stress myocardial blood flow: odds ratio, 2.8, A=0.015; subclinical:
fractional anisotropy odds ratio, 4.0, =0.001; myocardial perfusion reserve odds ratio, 2.2, P=0.049).

CONCLUSIONS: Microstructural alteration and MVD occur in overt HCM and are different in G+ and G— patients. Both also occur
in the absence of hypertrophy in sarcomeric mutation carriers, in whom changes are associated with electrocardiographic
abnormalities. Measurable changes in myocardial microstructure and microvascular function are early-phenotype biomarkers
in the emerging era of disease-modifying therapy.
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Microstructural and Microvascular Phenotype of HCM

Clinical Perspective

What Is New?

+ With the use of diffusion tensor imaging in
hypertrophic cardiomyopathy, evidence of myo-
cardial disarray is detectable in pathogenic sar-
comere mutation carriers even in the absence of
hypertrophy.

+ Diffusion tensor imaging parameters suggestive
of myocardial disarray are related to electrocar-
diographic abnormalities in subclinical and overt
hypertrophic cardiomyopathy.

* In overt disease, the presence versus absence
of sarcomeric mutation has differing effects on
microstructure and microvasculature.

What Are the Clinical Implications?

+ Diffusion tensor imaging may discriminate patho-
genic sarcomere mutations from health and
mutation status in overt disease.

¢ Disarray and ischemia are associated with stage
of phenotype evolution.

Editorial, see p XXX

ing cause of heart failure and sudden death.!
Characterized, clinicallyby-hypertrophy, -HCM
has considerable heterogeneity of presentation and
outcomes.?® Cardiac function, extreme hypertrophy, and
extent of fibrosis are known to be adverse markers, but
these may be late in phenotype development and may
only modestly predict adverse events.?”® Histologically,
HCM is characterized by myocyte hypertrophy and fibro-
sis but also by 2 other features: small-vessel disease
and disarray.®® It is thought that these may be important
in both phenotype development, from subclinical (in the
absence of hypertrophy) to overt disease, and risk; but
until recently, these have been hard to measure clini-
cally, and no study has measured them concurrently.”-®
Novel advances permit quantification of microstructural
indices indicative of disarray and microvascular disease
(MVD), bypassing the need for tissue specimens or ion-
izing radiation.’®™
Cardiac diffusion tensor imaging (cDTI) measures
the diffusion of water within an imaging voxel, thereby
characterizing the myocardial microstructural envi-
ronment. HCM is characterized by: (1) low fractional
anisotropy (FA), a measure of the directional variability
of water diffusion, with low values suggestive of myo-
cyte disarray and collagen deposition; (2) high mean

I Iypertrophic cardiomyopathy (HCM) is a lead-
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Nonstandard Abbreviations and Acronyms

cDTI cardiac diffusion tensor imaging

CMR cardiac magnetic resonance imaging

DTI diffusion tensor imaging

ECV extracellular volume

|E2A| second eigenvector angle

FA fractional anisotropy

G+/G- genotype positive/negative

HCM hypertrophic cardiomyopathy

HV healthy volunteer

LGE late gadolinium enhancement

Lv left ventricular

LVH left ventricular hypertrophy

LVH+/LVH-  left ventricular hypertrophy positive/
negative

MBF myocardial blood flow

MD mean diffusivity

MPR myocardial perfusion reserve

MVD microvascular disease

MWT maximum wall thickness

NSVT nonsustained ventricular tachycardia

OR odds ratio

diffusivity (MD), measuring the magnitude of diffusion,
thought to reflect myocyte packing, with high values
reflecting increased interstitial fibrosis and changes in
intracellular and extracellular volume; and (3) elevated
absolute second eigenvector angle (|[E2A|), reflect-
ing_sheetlet-orientation (functional units of myocytes
that dynamically reorientate throughout the cardiac
cycle to facilitate wall thickening), that conforms to
hypercontracted states (elevated |[E2A|) in systole
with failure to reorientate in diastole, implying roles in
diastolic failure in HCM and increased cardiomyocyte
tension'?71® (Figure 1).

Patients with overt HCM without a detectable sar-
comeric mutation, called genotype-negative (G—LVH+),
represent approximately half of patients and are char-
acterized by fewer events (eg, heart failure or ventricular
arrhythmia), less fibrosis (eg, lower extracellular volume
[ECV] or less scar), and differing morphology (eg, more
apical HCM or more isolated basal septal left ventricular
[LV] hypertrophy [LVH]).""87 Individuals with pathogenic
sarcomeric variants without hypertrophy (G+LVH-)
identified on cascade genetic screening have architec-
tural and functional abnormalities (crypts, trabeculation,
hyperdynamic function, impaired diastolic function, and
myocardial mechanics) and abnormal electrocardio-
graphic findings, conferring a 4-fold risk of progression
to overt disease.'®2°

As novel sarcomere modulators provide promise
for disease modification, early markers of disease are
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Figure 1. Xxxx.

A, Representation of the short-axis imaging plane with a magnified imaging voxel containing *60 000 myocytes. Di Sion tensor imaging

measures magnitudes (eigenvalues L1, 12, and A3) and direction (eigenvectors E1, E2, and E3) of water diffusion. fgmsg;igirnows (green, blue,
and red) representing the 3-dimensional directions of diffusion: the 3 principal eigenvectors. E1 (green) is the direction of maximum diffusivity
orientated along the myocyte long axis. Myocytes are organized into sheetlets, functional units of myocytes that dynamically reorientate to
facilitate wall thickening, reflected by the E2 (blue) angle against the cross-myocyte plane (right angles to E1 projection on the wall tangent
plane). C, Sheetlets angled parallel to the wall tangent have a low absolute second eigenvector angle (JE2A|), and sheetlets positioned
perpendicular to the wall tangent have a high |E2A|, signifying a more contracted sheetlet configuration. If myocytes were perfectly randomly
orientated (isotropic diffusion), fractional anisotropy (FA) would be O; hence, myocyte disarray causes lower fractional anisotropy (FA) values.
Mean diffusivity (MD) is the mean of the eigenvalues, with higher values representing a greater magnitude of diffusion. MD is thought to be
sensitive to myocyte packing and intracellular and extracellular volume shifts. HCM indicates hypertrophic cardiomyopathy. Adapted from Ariga et
al?? and Ferreira et al'* (Copyright © 2014 Ferreira et al, licensee BioMed Central Ltd), Nielles-Vallespin et al'® (Copyright © 2021 Elsevier), and
Das et al'® (Copyright © 2021 Radiological Society of America) with permission.

a rapidly emerging research priority.?' Analyzing the
effect of sarcomeric mutation on phenotype develop-
ment will enhance precision medicine in the future."522
We aimed to investigate the prevalence, extent, and
interrelationships of microstructural alteration and
MVD in both overt and subclinical HCM. We then
studied the associations between these biomarkers
and pathological electrocardiographic findings, non-
sustained ventricular tachycardia (NSVT), and genetic
substrate (genotype positive [G+LVH+] and genotype
negative [G—LVH+]).

METHODS

Study Population

The data that support the findings of this study are available
from the corresponding author on reasonable request. We
formed an academic collaboration consisting of 3 recruit-
ing tertiary referral centers (Barts Heart Centre, St. George’s
University Hospital, and Royal Free Hospital, London, UK) and
a technological collaboration of 2 US sites and 2 UK sites to
deploy advanced cardiac magnetic resonance imaging (CMR)

Circulation. 2023;148:00—-00. DOI: 10.1161/CIRCULATIONAHA.123.063835

techniques: cDTI: Cleveland Clinic (Cleveland, OH) and Leeds
Institute of Cardiovascular and Metabolic Medicine (Leeds,
UK); and quantitative perfusion mapping: National Institutes of
Health (Bethesda, MD) and Barts Heart Centre. Participants
with subclinical or overt HCM who were 18 to 76 years of age
were prospectively and consecutively recruited from databases
of genotyped patients. Ethics approval for the study was given
by the research ethics committee (IRAS 227168). All subjects
gave informed consent for all study procedures. Pathogenicity
for detected variants was assessed with American College of
Medical Genetics criteria.2? Inclusion criteria were as follows: (1)
Overt HCM (G+LVH+ and G—LVH+) was diagnosed accord-
ing to American Heart Association and European Society of
Cardiology guidelines (increased LV wall thickness that is not
solely explained by abnormal loading conditions; maximum wall
thickness [MWT] >15 mm in any cardiac segment by any imag-
ing modality or 213 mm in patients with a first-degree rela-
tive with confirmed HCM).22 (2) Patients with subclinical HCM
(G+LVH—) had pathogenic/likely pathogenic variants con-
firmed on cascade screening but without hypertrophy (defined
as MWT <13 mm; 2 patients were found to have hypertrophy
on their research CMR and were therefore transferred to the
G+LVH+ group). (3) Healthy volunteers (HVs) with no rel-
evant medical history or risk factors for coronary disease were
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prospectively matched for age, sex, and ethnicity to the sub-
clinical HCM (G+LVH—) cohort under the same ethics protocol.
A separate age-, sex-, and ethnicity-matched cohort of HVs
was compared with the overt HCM group to assess whether
any diffusion tensor imaging (DTI) changes were attributable
to demographics variables (n=24; 11 overlapped with the
younger HV group). HVs were not genotyped and were not rel-
atives of those with HCM. To optimize conditions for cDTI and
to reduce the risk of confounding, those with known obesity
(body mass index >30 kg/m?) and poorly controlled hyperten-
sion (poor blood pressure control despite 2 antihypertensives)
were excluded. Presence of LV outflow obstruction and gradi-
ents was collected from clinical echocardiographic data at the
time of recruitment.

Other exclusion criteria were as follows: claustrophobia,
unwillingness to consent, known coronary disease or significant
pretest probability for coronary disease without previous coro-
nary imaging, contraindications to adenosine, pulmonary hyper-
tension, previous alcohol septal ablation or myectomy, previous
cardiovascular surgery, congenital disease, and implantable
cardiac devices.

CMR Image Acquisition and Analysis

All scans were acquired on a single 3-T Prisma (Siemens
Healthineers, AG, Erlangen, Germany). Standard long- and
short-axis cine imaging was performed, with segmentation for
ventricular dimensions and function performed with fully auto-
mated algorithms that exceed human precision.?*? T1 mapping
before and after contrast was performed with Modified Look-
Locker Inversion Recovery (MOLLI 5s[3s]3s) with automated
contouring using Circle CVI42 software (version 5.14.1) and
manual adjustment when required for septal ECV (using same-
day hematocrit) in line with recommendations.?® Fully quantita-
tive vasodilator stress perfusion was performed with a validated
dual sequence approach as-previously-described:'® In-brief,
adenosine was given.intravenously.-at 140 to 210 pyg-kg™"min™!
for a minimum of 4 minutes, until a minimum heart rate increase
of 15 bpm and symptoms suggestive of an adequate physi-
ological stress response. Gadolinium-based contrast (Dotarem,
Gadoteric Acid, Guerbet, UK) was then administered intra-
venously at 0.05 mmol/kg. The same was repeated for rest
imaging, which was acquired at a minimum of 7 minutes after
adenosine. Automated in-line adenosine stress perfusion maps
were acquired to obtain stress and rest myocardial blood flow
(MBF; in milliliters per gram per minute), myocardial perfusion
reserve (MPR,; ratio of stress and rest MBF), and visual perfu-
sion defects (defined according to clinically recommended task
force criteria®”) assessed separately by 2 experienced opera-
tors (G.J. and J.C.M.) from conventional images and perfusion
maps.”®

A second-order motion—compensated single-shot spin-
echo echo-planar imaging DTl sequence was performed for 3
short-axis slices at peak systole following previously described
protocols.''® This was free breathing without respiratory navi-
gation, has been validated both ex vivo and in vivo, and has
been demonstrated to detect microstructural changes in
HCM.™2132° ¢DTI analysis was performed according to previ-
ously described protocols; in brief, data processing was per-
formed with custom-built Matlab software (MathWorks), with
each image quality-controlled for misregistration or artifacts.

4 XXX Xxx, 2023
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Average magnitude images were generated from registered
data by averaging cross-repetitions, and diffusion tensors were
calculated. Contouring was performed on cDTI maps, with ten-
sor eigenvalues, MD, FA, and absolute |E2A| obtained globally
and segmentally. Segments containing artifacts were omitted
from analysis.'?'® Late gadolinium enhancement (LGE) imag-
ing was performed 5 minutes after administration of gadolin-
ium-based contrast agent for pixelwise quantification of focal
fibrosis (defined as signal intensity 5 SDs from the mean of a
remote region of interest and expressed henceforth as abso-
lute grams). Circle CVI 42 (version 5.14.1) was used for LGE
map analysis with automated contouring of endocardial and
epicardial borders and manual adjustment when required.

Digital Electrocardiographic Analysis

A same-day standard resting digital 12-lead ECG was per-
formed with a Mindray Beneheart R3 electrocardiograph
(Shenzhen Mindray Bio-Medical Electronics Co), and auto-
mated analysis was performed by a core laboratory to identify
abnormalities associated with disease progression: abnormal Q
waves (defined as present in >2 contiguous leads and minimum
amplitude of 0.3 mV, 225% of the subsequent R wave, or dura-
tion >40 milliseconds), Sokolow-Lyon index (SV1+RV5/6>3.5
mV) or Cornell criteria (RaVL+SV332.8 mV in men and >2.0
mV in women), and repolariza{iﬁ@ gbriormalities (defined
as T-wave inversion in >0.1 mV in Zfsccéuéﬂtiguous leads or
ST-segment depression >0.1 mV in >2 contiguous leads).20%°
For overt HCM, Holter recordings were available in 99% of
patients (101/102) within 6 months of the CMR, with NSVT
defined as 3 beats 2120 bpm occurring on Holter monitoring.

Statistical Analysis

Statistical analysis was performed with SPSS (IBM SPSS
Statistics, version 28).-Continuous variables were described
as meanxSD. for normally distributed variables and com-
pared with independent-samples t test. For nonnormally dis-
tributed variables (tested with the Shapiro-Wilk test), median
and interquartile range with equivalent comparison tests were
used. Categorical/binomial variables were expressed as abso-
lute values and percentages and compared with %2 or Fisher
exact test as appropriate. Univariable and multivariable linear
regression models were used to determine associations of dif-
fusion tensor, perfusion, fibrosis, and hypertrophy parameters.
Between-group comparisons involving DTl were adjusted for
age (see later discussion), fibrosis, and hypertrophy (sep-
tal ECV, LGE mass, and MWT) and expressed as standard-
ized (3 coefficients and 95% Cls. A variance inflation factor
<3 excluded multicollinearity. Logistic regression models with
inclusion of fibrosis (ECV and LGE) and hypertrophy (MWT)
variables as covariates were used to test for odds ratios (ORs)
for independent risk of electrocardiographic abnormalities and
NSVT. Continuous predictors were normalized before enter-
ing the logistic regression, and ORs are expressed per 1-SD
increase in MD and |E2A| and 1-SD decrease for FA, stress
MBF, and MPR. A 2-sided value of A<0.05 was considered
significant. Multiple testing correction with Bonferroni was
done for the primary end points (perfusion and DTl in patients
with G+LVH— versus HVs and G+LVH+ versus G—LVH+) in
a table-by-table basis (adjusted P threshold=0.05/[number
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of parameters analyzed multiplied by number of compari-
sons]). Age, sex, ethnicity, and body mass index were tested
for associations with DTl parameters (Supplemental Results)
in pooled HVs (n=41), subclinical HCM, and overt HCM. MD
was found to be associated with age in overt HCM; therefore,
age was included in all between-group regression analyses
involving DTI. An exploratory analysis was performed to deter-
mine whether any gene-specific differences could be detected
(Supplemental Results).

RESULTS

Clinical Characteristics

Overall, 206 participants were studied: 101 with overt
disease (b1 G+LVH+ and 50 G—LVH+), 77 with
subclinical HCM (G+LVH—-), and 28 HVs. Of 77 with
G+LVH—, pathogenic/likely pathogenic variants were
60% (46) MYBPC3, 23% (18) MYH?7, 6% (5) TNNI3,
6% (5) TNNT2, 1% (1) MYL2,1% (1) TPM1,and 1% (1)
CSRP3. Of 51 with G+LVH+, pathogenic/likely patho-
genic variants were 55% (28) MYBPC3 25% (13)
MYH?7, 8% (4) TNNI3, 8% (4) TNNT2, 2% (1) CSRP3,
and 2% (1) TNNC1 (Table S3). Demographics and con-
ventional CMR parameters are summarized in Table 1.
Comparisons between overt HCM (all LVH+; n=101)

Microstructural and Microvascular Phenotype of HCM

and HVs are provided in Table S1. To examine the effect
of LVH on parameters in those with pathogenic/likely
pathogenic sarcomere variants, comparisons between
G+LVH— and G+LVH+ are included in Table S2. Of the
overt HCM cohort, 23% (23) had a peak LV outflow
tract gradient 230 mm Hg; these patients’ average gra-
dient at rest was 27 mmHg (18-60 mmHg) and on
provocation was 56 mmHg (38-85 mmHg).

Overt HCM: All LVH+/— Versus HVs

Overt HCM was characterized by higher ejection fraction
and more severe markers of hypertrophy (higher MWT
and higher LV mass) and fibrosis (higher ECV and higher
burden of LGE; Table S1).

Overt HCM: G+/—LVH+/— Versus G—LVH+/—

There were no differences in ejection fraction and MWT.
Patients with G—LVH+ had higher LV mass. G—LVH+
had similar LGE burden and lower ECV (but not after
correction for multiple comparisons; Table 1).

Subclinical HCM: G+/—LVH— Versus HVs

Compared with HVs, patients with G+LVH— had a lower in-
dexed end-diastolic volume, higher ejection fraction, but no
difference in markers of hypertrcp;f—ﬂ(H%WnT or LV mass) and
no difference in markers of fibrosis (ECV4hd LGE; Table 1).

Table 1. Demographics and CMR Variables Across the 4 Groups

P values
Subclinical HCM HV vs G+LVH+ vs
HVs (n=28) (G+LWVH—; n=77) | G+LVH+ (n=51) | G—LVH+ (n=50) | G+LVH— | G—LVH+
Demographics
Age, y 34 (32-39) 31 (23-40) 52 (37-59) 59 (51-65) 0.13 0.005
Female, n (%) 15 (54) 46 (60) 16 (31) 8 (16) 0.57 0.07
BSA, m? 1.84+0.3 1.9+0.2 1.9+0.2 2.0+0.2 0.34 0.37
BMI, kg/m? 24 (22-26) 25 (22-28) 25 (24-28) 26 (24-28) 0.23 0.68
White, n (%) 20 (71) 64 (83) 43 (84) 34 (68) 0.29 0.054
Asian, n (%) 7 (25) 8(10) 7 (14) 11 (22) 0.11 0.28
Black, n (%) 1(4) 5 (6) 1(2) 5 (10) 0.99 0.098
CMR variables

Volumes and mass

LVEDV index, mL/m? | 94421 83+14 72+11 7615 0.009 0.15

LVEF, % 66 (63-68) 71 (67-74) 79 (74-83) 79 (75-82) <0.001* 0.53

MWT, mm 9.3 (8.2-10.2) 9.6 (8.6-10.6) 17.2 (16.4-21.1) | 172 (16.9-21.7) | 0.22 0.41

LV mass index g/m? 53 (45-68) 51 (43-60) 77 (67-92) 96 (81-126) 0.31 <0.001*
Fibrosis markers

ECV septum, % 26.2 (23.8-28.4) | 27.2 (25.3-29.7) | 30.0 (27.1-33.8) | 271 (25.4-30.5) | 0.18 0.009

LGE, present,n (%) | O 6 (8) 47 (92) 48 (96) 0.19 0.68

LGE mass (range), g | O 0 (0-3.8) 7.7 (2.4-14.9) 6.5 (3.1-14.1) 0.13 0.67

BMI indicates body mass index; BSA, body surface area; CMR, cardiac magnetic resonance imaging; ECV, extracellular volume; G+/—,
genotype positive/negative; HCM, hypertrophic cardiomyopathy; HV, healthy volunteer; LV, left ventricular; LVEDV, left ventricular end-diastolic
volume; LVEF, left ventricular ejection fraction; LGE, late gadolinium enhancement; LVH+/—, left ventricular hypertrophy positive/negative;
and MWT, maximum wall thickness.

A Bonferroni correction would require a value of P=0.0036 to declare statistical significance at a nominal type 1 error rate of 0.05
(0.05/14). CMR and demographics variables are considered separately. Table S1 shows overt HCM (all LVH+; n=101) vs HVs.

“Remains significant after Bonferroni correction.
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Myocardial Perfusion

Overt HCM (All LVH+/-) Versus HVs

Patients with HCM had evidence of MVD (lower stress
MBF and MPR) with a higher prevalence of perfusion
defects (91% [92/101] versus 0%; A<0.001; Table S1).

Overt HCM: G+/—LVH+/— Versus G—LVH+/—
There was no difference in global perfusion parameters
(stress MBF or MPR), but all 51 G+LVH+ patients had
perfusion defects compared with 82% (41/50) G—LVH+
patients (F=0.001; Table 2; Figure 2; Figure 3B).

Subclinical HCM (G+/—LVH-) Versus HVs

Patients with G+LVH— had reduced stress MBF but not
after correction for multiple comparisons (Table 2; Fig-
ure 2; Figure 3B). Patients with subclinical HCM had a
higher prevalence of perfusion defects (28% versus 0%;
P=0.002) but no difference in MPR (Figure S1).

Microstructural Indices Measured by DTI

Associations of DTl parameters, fibrosis, and MWT are
presented in Supplemental Results.

Overt HCM (All LVH+/—) Versus HVs

Compared with HVs, patients with overt HCM had evi-
dence of microstructural alteration: lower FA, suggestive
of disarray and higher MD, and higher |E2A|, suggestive
of a more hypercontracted sheetlet configuration (Table
S1). Differences remained after adjustment for fibrosis
and hypertrophy (FA: B=—0.52 [95% CI,—0.32 to —0.68],
P<0.001; MD: p=0.26 [95% CI, 0.05-0.45], A<0.015;
|E2A|: p=0.64 [95% ClI, 0.48-0.80], A<0.001). Results
relating to DTl were similar compared. with age-, sex-,
and ethnicity-matched HVs (Supplemental Results).

Table 2. Diffusion Tensor and Quantitative Perfusion Parameters

Microstructural and Microvascular Phenotype of HCM

Overt HCM: G+/—LVH+/— Versus G—LVH+/—
Although MD and FA were similar, [E2A| was elevated in G—
LVH+ compared with G+LVH+ patients (P=0.011 before
correction for multiple comparisons). Differences remained
after adjustment for fibrosis and hypertrophy (=0.35 [95%
Cl, 0.15-0.55]; A<0.001; Figure 3A; Table 2).

Subclinical HCM (G+/—LVH-) Versus HV

Compared with HVs, patients with G+LVH— had evidence
of microstructural alteration (lower FA, higher MD, and
higher |E2A|), although this was less severe compared
with patients with overt HCM (Table 2). Differences re-
mained after adjustment for fibrosis and hypertrophy
(FA: p=—0.45 [95% CI, —0.28 to —0.62], ~<0.001; MD:
$=0.39 [95% CI, 0.19-0.56], A<0.001; |E2A|: p=0.35
[95% CI, 0.17-0.52], A~<0.001).

Relationships of Microstructural Indices With
Myocardial Perfusion

Overt HCM (All LVH+/-)

All 3 DTI parameters were associated with stress MBF
(all £<0.02), but when fibrosis_and hypertrophy were
accounted for, only |E2A| wa{égqge@pendently associ-
ated (B=—0.30 [95% CI, —0.T 15°=0.47]; P=0.002;
Figure 2).

Subclinical HCM (G+/—LVH-)

Perfusion Defects

Patients with G+LVH— with (n=21) compared with
those without (n=54) focal perfusion defects were
similar in age (P=0.60), sex (P=0.46), MWT (FP=0.43),
and ECV (P=0.85) but had a higher prevalence of LGE
(6 [7%] versus 1/[1%]; P=0.006), similar global stress

P values
Subclinical HCM HV vs G+LVH+ vs
HVs (n=28) (G+LVH—; n=77) G+LVH+ (n=51) G—LVH+ (n=50) | G+LVH— | G—LVH+
MVD
Stress MBF, mL:g~":min ~! 2.77+0.62 1 2.46%0.54 11| 1.771£0.52 L1 | 1.69+0.48 0.015 0.067
Rest MBF, mL-g™"min ~* 0.77 (0.68-0.86) | «> 0.80 (0.66-0.93) | | 0.69 (0.569-0.83) | { 0.64 (0.55-0.79) | 0.76 0.13
MPR 3.47 (2.90-3.75) | « 3.03 (2.562-3.75) | {1 | 2.59(1.96-3.19) | {{ | 2.30(2.01-2.96) | 0.072 0.42
Visual perfusion defects, 0 21/75 (28) 51 (100) 41 (82) 0.002* 0.001*
n (%)
Diffusion tensor
FA 0.34 (0.33-0.36) | ¢ 0.32 (0.30-0.33) | | | 0.28(0.25-0.30) | +{ | 0.28(0.26-0.29) | <0.001* 0.93
MD, 1072 mm?/s 1.46 (1.44-1.49) | 1 1.50 (1.47-1.54) | 11 1.55(1.52-1.59) | 11 1.58 (1.55-1.63) | <0.001* 0.057
|E2A|, ° 41.6 (34.9-472) | 1t 49.5 (43.7-54.4) | 11 | 60.3 (56.0-64.1) | *1 | 64.4 (58.7-66.5) | <0.001* 0.011

|E2A| indicates second eigenvector angle; FA, fractional anisotropy; G+/—, genotype positive/negative; HCM, hypertrophic cardiomyopathy; HV, healthy volunteer;
LVH+/—, left ventricular hypertrophy positive/negative; MBF, myocardial blood flow; MD, mean diffusivity; MPR, myocardial perfusion reserve; and MVD, microvascular

disease.
Arrows indicate comparison with healthy volunteers.

A Bonferroni correction would require a value of P=0.0036 to declare statistical significance at a nominal type 1 error rate of 0.05 (0.05/14). Table S1 shows overt

HCM (all LVH+; n=101) vs healthy volunteers.
“Remains significant after Bonferroni correction.
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HEALTHY
VOLUNTEER

SUBCLINICAL
HCM

OVERT HCM:
G+LVH+

OVERT HCM:
G-LVH+

CINE PERFUSION FA

DIFFUSION TENSOR

Figure 2. Abnormalities in perfusion and diffusion tensor parameters (low FA, high MD, and high |E
absence of hypertrophy in subclinical HCM (G+LVH-) and more severely in overt disease (G+LVH+ a

) CCur| ring in the
G<EVH+).

|[E2A| indicates second eigenvector angle; FA, fractional anisotropy; G+/—, genotype positive/negative; LGE, late gadolinium enhancement;
LVH+/—, left ventricular hypertrophy positive/negative; and MD, mean diffusivity.

MBF (P=0.053), lower global MPR (2.58 [2.31-3.05]
versus 3.15[2.62-3.91]; P=0.011), and no differencein
electrocardiographic abnormalities (FP=0.62; Figure 3C).

Patients with-G+LVH—with-defects-had evidence of
more severe microstructural alteration (lower FA: 0.30
[0.29-0.32] versus 0.32 [0.31-0.33], ~=0.002; higher
|E2A|: 53.4° [47.1-59.8] versus 46.1° [41.3-53.0],
P=0.009; but similar MD: A=0.47).

Global Perfusion

MPR but not stress MBF was associated with FA and
|E2A|, and relationships remained after adjustment for
fibrosis and hypertrophy (FA: =0.33 [95% CI, 0.08-
0.57], P=0.01; and |E2A]: f=—0.32 [95% CI, —0.07 to
—0.57]; P=0.013).

Relationships of Microstructural Indices With
Electrocardiographic Abnormalities

Overt Disease (All LVH+/-) ECG

Overall

Of patients with overt HCM, 84% (85/101) had an ab-
normal ECG. Abnormal ECG was associated with all 3
DTl parameters (all £<0.001), stress MBF, and MPR
(both A<0.016). When accounting for fibrosis, hypertro-
phy, and stress MBF, independent predictors of abnor-
mal ECG were FA (OR, 3.3 [95% CI, 1.3-8.3]; ~=0.01)

Circulation. 2023;148:00—-00. DOI: 10.1161/CIRCULATIONAHA.123.063835

and [E2A| (OR, 2.7 [95% ClI, 1.2-6.0]; ~=0.015). Stress
MBF was also an independent predictor (OR, 2.8 [95%
Cl, 1.2-6.4]; P=0.015 when adjusted for FA, fibrosis, and
hypertrophy):

Individual Electrocardiographic Abnormalities

Regarding individual electrocardiographic abnormalities,
28% (28) had abnormal Q waves; 71% (72) had T-wave
inversion; 49% (49) had ST-segment depression; and
50% (50) met LVH voltage criteria. Logistic regression
analyses of DTlI/perfusion parameters and individual
ECG abnormalities are included in Supplemental Results.

Nonsustained Ventricular Tachycardia

Thirteen percent (13) of patients had NSVT. NSVT was
associated with lower stress MBF (P=0.026), higher
MWT (P=0.002), higher LGE mass (F<0.001), and
higher ECV (P=0.023). No DTI parameter was associ-
ated with NSVT (FA: £=0.08). No DTl or quantitative per-
fusion parameter was independently predictive of NSVT.

Subclinical HCM (G+/—LVH—) ECG

Overall

Of patients with subclinical HCM, 34% (26) had an ab-
normal ECG. An abnormal ECG was associated with all
3 DTI parameters (all £A<<0.001) and MPR (R<0.003).
When adjusted for MPR, fibrosis, and hypertrophy, all
3 DTl parameters remained independently predictive of
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Figure 3. Xxxx.

A, Diffusion tensor parameter changes are detectable in subclinical (G+LVH—) hypertrophic cardiomyopathy (HCM) and measure more severely
in overt disease. Genotype-negative HCM (G—LVH+) is characterized by elevated second eigenvector angle (|E2A|) compared with genotype-
positive HCM (G+LVH+). B, Stress myocardial blood flow (MBF), reflecting microvascular disease, is reduced in subclinical HCM and more
severely in overt disease. €, Subclinical HCM with perfusion defects had lower fractional anisotropy (FA; suggestive of more disarray) compared
with subclinical HCM without perfusion defects. [E2A| indicates second eigenvector angle; HV, healthy volunteer; LVH, left ventricular hypertrophy;
MD, mean diffusivity; and MPR, myocardial perfusion reserve. *F<0.05,”F<0.01.**AL0.001.

abnormal ECG (FA: OR, 4.0 [95% CI, 1.7-9.1], £~=0.001;
[E2A|: OR, 2.8 [95% Cl, 1.4-5.7], P=0.006; MD: OR, 4.8
[95% CI, 2.0-11.4], /<<0.001; MPR: OR, 2.2 [95% ClI,
1.0-4.9], A~=0.049 [FA included as a covariate]).

Individual Electrocardiographic Abnormalities

Regarding individual electrocardiographic abnormalities,
21% (16) had abnormal Q waves; 9% (7) had T-wave
inversion; 12% (9) met voltage criteria for LVH; and no
participant had ST-segment depression. When we con-
sidered associations with individual electrocardiographic
abnormalities in isolation, only FA and MD were predic-
tive of abnormal Q waves after adjustment for MPR, fi-
brosis, and hypertrophy (FA: OR, 5.2 [95% ClI, 1.6—16.0],
P=0.006; MD: OR, 2.3 [95% CI, 1-5.3], P=0.049). There
were no independent predictors of T-wave inversion, ST-
segment depression, or LVH criteria.

DISCUSSION

In the era of cascade genetic screening and emerging
novel therapy, detection of phenotype development in

8 XXX Xxx, 2023

subclinical HCM is-an emerging-priority. Study findings
show that changes in DTl and quantitative perfusion
occur even in the absence of hypertrophy. DTl abnor-
malities in subclinical disease relate to electrocardio-
graphic abnormalities and perfusion defects, showing
the likely importance of disarray and MVD in phenotype
development.

Recent evidence suggests that genotype-positive
HCM and genotype-negative HCM are different in LV
morphology and clinical outcomes.""®'" In overt disease
with LVH, all genotype-positive patients have perfusion
defects, with 18% of genotype-negative patients having
none. DTl abnormalities were unexpectedly more marked
if the patient was gene-negative (more elevated |E2A).
This suggests that changes in DTl and quantitative perfu-
sion are sensitive to mutation status.

This study is both the largest in vivo cDTl study performed
to date and the largest prospective study of subclinical
HCM. The study used a validated DTl sequence and con-
secutive recruitment from genetics databases of 3 referral
cardiomyopathy centers where phenocopies are routinely
screened. The exact mechanisms behind how disarray and

Circulation. 2023;148:00—-00. DOI: 10.1161/CIRCULATIONAHA.123.063835
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MVD are present, even without hypertrophy, in those with
pathogenic sarcomeric mutations are still elusive.

Microstructural Changes, MVD, and Overt HCM

According to several preclinical models, DTI abnormali-
ties are likely related to microstructural alteration (myo-
cyte disarray and abnormal sheetlet orientation), although
further human histological validation is needed.'®?*3' In
line with other studies, overt disease was characterized
by low FA and high MD."?7'522 Although others found
an independent association of FA and MD with fibro-
sis, our study findings also demonstrate an independent
relationship with hypertrophy, mirroring previous histo-
logical work.'??232 Qur study is the first to systematically
examine the presence of microstructural abnormalities,
including disarray, in patients with G+LVH+ and those
with G—LVH+. Genotype-negative HCM has been hy-
pothesized to result in part from polygenic inheritance.”
|[EQA| elevation reflects a hypercontracted microstruc-
tural state in systole with failure to reorientate in dias-
tole.'21415 Although G—LVH+ has been associated with
less severe outcomes and fibrosis, here, it unexpectedly
is related to elevated |[E2A|, suggesting a more severe
microstructural phenotype. Conversely, although both pa-
tients with G—LVH+ and those with G+LVH+ displayed
considerable MVD compared with HVs, all G+LVH+ pa-
tients had visual perfusion defects compared with 82%
of G—LVH+ patients. In overt disease, perfusion defects
are associated with abnormal blood pressure response
to exercise and, in apical HCM, aneurysm formation.33*
In a previous positron emission tomography study, global
MBF was more impaired-in.patients-with G+LVH-+com-
pared with those-with G=LVH+, and although-this-was
not found here, our study also supports the hypothesis of
a more direct deleterious impact of sarcomeric mutation
on microvascular function.®

Microstructural Changes and Subclinical HCM

Subclinical HCM was characterized by LVH and fibrosis
parameters similar to health, and despite this, DTl dem-
onstrated lower FA, suggestive of more myocyte disarray.
Although historically, disarray has been described in HCM
for several decades, its presence in phenotype evolution
was less understood® Recent 3-dimensional histological
analysis uncovered that disarray is detected ex vivo in fe-
tal murine models without hypertrophy® Our previous work
and other investigations have modeled early disease by ex-
amining DTI parameters of nonhypertrophied myocardium
in overt disease; however, this has limitations, as remote
remodeling (in nonhypertrophied segments) occurs by the
time LVH is detected.'®%23 Elevated |E2A| in patients with
G+LVH-—suggests that the hypercontracted microstructur-
al state demonstrated in overt disease is also present be-
fore hypertrophy.'?~'* Elevated |E2A| may have a role in the

Circulation. 2023;148:00—-00. DOI: 10.1161/CIRCULATIONAHA.123.063835
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hyperdynamic function, diastolic dysfunction, and impaired
myocardial mechanics found in this cohort."®3" Overall, our
findings support the hypothesis that altered myocardial mi-
crostructure is an early phenomenon in the disease patho-
physiology, in keeping with animal model work.°

Microstructural Changes and Perfusion
Relationship

Twenty-eight percent of patients with subclinical HCM
had perfusion defects, and these had evidence of low
FA, suggestive of more disarray, and more elevated |E2A|
than those without perfusion defects. This relationship
also persisted into overt disease, with markers of MVD
being independently associated with markers of micro-
structural integrity. A unifying explanation for the findings
of abnormal microstructure, fibrosis, and abnormal micro-
vasculature is the capillary:myocyte coupling hypothesis,
whereby microvasculature and the matrix meshwork are
abnormal even during organogenesis.”® In overt HCM,
compressive forces of hypertrophied myocardium and LV
outflow tract obstruction also worsen ischemia.®® An in-
terrelationship of perfusion, disagray, and myocardial me-

merican

chanics could explain the comﬁéﬁ@g@gmgf perfusion and

microstructural changes with LVH and their continued
association in overt disease.

MVD, Microstructural Changes, and
Pathological Electrocardiographic Findings

In line with other studies in subclinical HCM, pathological
electrocardiographic findings occurred in 34% and were
more-common in overt disease at 84%.72° The study
shows for the first time that microstructural alteration (in-
cluding lower FA, suggestive of cardiomyocyte disarray)
is independently associated with electrocardiographic
abnormalities in subclinical disease. Prognostically, patho-
logical electrocardiographic findings in subclinical HCM
are associated with a 4-fold increased risk of progression
to overt disease.?*® Mechanisms linking disarray to arrhyth-
mia susceptibility include disruption of gap junctions, al-
teration of longitudinal to transverse conduction velocity
ratios, and provision of different pathways for conduction.®
A pioneering DTl study elicited FA of the thickest LV seg-
ment associated with NSVT; however, histological studies
demonstrate large variations in disarray from segment to
segment.3? This relationship was not replicated here when
global FA was used, accounting for the low number of in-
dividuals with NSVT in this relatively low-risk cohort (im-
plantable devices excluded).?? Others have hypothesized
that ischemia results in scar, which, in turn, leads to re-
entry circuits.® We found an independent association of
MVD parameters with abnormal ECG, with MPR associ-
ating with electrocardiographic abnormalities in subclini-
cal HCM, suggesting that the arrhythmogenic potential of
MVD could be more complex than scar formation itself.°
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Limitations

DTl parameters are variably influenced by the presence
of fibrosis and other factors and therefore are not di-
rect measures of disarray. However, the best available
techniques were used for measurement of the important
confounders: fibrosis, perfusion, and hypertrophy. MBF
using adenosine stress is also an indirect measure of
MVD and does not physiologically represent exercise. We
are unable to fully exclude coronary disease, as system-
atic invasive coronary imaging was not performed. HVs
did not undergo genotyping or Holter monitoring. Sub-
clinical genotype-negative disease was not assessed. As
with all contemporaneous cDTI sequences, susceptibil-
ity artifact, particularly in the inferolateral wall, was com-
monly found, and patients with devices were excluded.

Conclusions

Microstructural alteration and MVD occur in overt HCM
and are different in G+ and G— patients; both occur even
in the absence of hypertrophy in sarcomeric mutation
carriers, in whom changes are associated with electro-
cardiographic abnormalities. Microstructural alteration
and MVD are associated with both subclinical and overt
disease, suggesting relationships in phenotype develop-
ment. Measurable changes in myocardial microstructure
and microvascular function are early-phenotype biomark-
ers in the emerging era of disease-modifying therapy.
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