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OBJECTIVE

Type 2 diabetes mellitus (T2DM) is associated with worsened clinical outcomes in
hypertrophic cardiomyopathy (HCM) patients. We sought to investigate whether
HCM patients with T2DM comorbidity exhibit adverse cardiac alterations in myo-
cardial energetics, function, perfusion, or tissue characteristics.

RESEARCH DESIGN AND METHODS

A total of 55 participants with concomitant HCM and T2DM (HCM-DM) (n 5 20) or
isolated HCM (n 5 20) and healthy volunteers (HV) (n 5 15) underwent 31P-MRS
and cardiovascular MRI. The HCM groups were matched for HCM phenotype.

RESULTS

Mean ± SD European Society of Cardiology sudden cardiac death risk scores were
comparable between the HCM groups (HCM 2.2 ± 1.5%, HCM-DM 1.9 ± 1.2%; P5
not significant), and sarcomeric mutations were equally common. HCM-DM pa-
tients had the highest median NT-proBNP levels (HV 42 ng/L [interquartile range
35–66], HCM 298 ng/L [157–837], HCM-DM 726 ng/L [213–8,695]; P < 0.0001).
Left ventricular (LV) ejection fraction, mass, and wall thickness were similar be-
tween the HCM groups. HCM-DM patients displayed a greater degree of fibrosis
burden with higher scar percentage and lower global longitudinal strain com-
pared with HCM patients. PCr/ATP (the relative concentrations of phosphocrea-
tine and ATP) was significantly lower in the HCM-DM group than in both HCM
and HV (HV 2.17 ± 0.49, HCM 1.93 ± 0.38, HCM-DM 1.54 ± 0.27; P 5 0.002). In a
similar pattern, stress myocardial blood flow was significantly lower in the HCM-
DM group than in both HCM and HV (HV 2.06 ± 0.42 mL/min/g, HCM 1.74 ± 0.44
mL/min/g, HCM-DM 1.39 ± 0.42 mL/min/g; P5 0.002).

CONCLUSIONS

We show for the first time that HCM-DM patients display greater reductions in
myocardial energetics, perfusion, and contractile function and higher myocardial
scar burden and serum NT-proBNP levels compared with patients with isolated
HCM despite similar LV mass and wall thickness and presence of sarcomeric mu-
tations. These adverse phenotypic features may be important components of the
adverse clinical manifestation attributable to a combined presence of HCM and
T2DM.
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Hypertrophic cardiomyopathy (HCM) is
the most common inherited cardiomy-
opathy with a population prevalence of
1 in 500 (1,2). HCM is associated with
sudden cardiac death and may lead to
heart failure at any age, although signifi-
cant heterogeneity in phenotypic ex-
pression exists (1,2). Type 2 diabetes
mellitus (T2DM) occurs concomitantly in
9% of patients with HCM and is associ-
ated with worsened clinical manifesta-
tion of HCM (3,4). HCM patients with
T2DM comorbidity (HCM-DM) were
shown to have greater prevalence of di-
astolic dysfunction and pulmonary hy-
pertension, higher New York Heart
Association (NYHA) Class, lower exercise
capacity, and higher long-term mortality
rate (3). Although distinct pathological
entities, HCM and T2DM were shown to
share common features of impaired
myocardial energetics (5–7), coronary
microvascular dysfunction (8,9), and
myocardial fibrosis (10–15) in previous
studies with investigation of these con-
ditions in isolation. The mechanisms for
the adverse prognostic association be-
tween HCM and T2DM are incompletely
understood but likely include the collec-
tive impact of HCM and T2DM on myo-
cardial energy metabolism, perfusion,
and the fibrotic process.
PCr/ATP (the relative concentrations of

phosphocreatine and ATP) is a sensitive
index of the energetic state of the myo-
cardium (16) that can be measured
noninvasively with 31P-MRS. Moreover,
cardiovascular magnetic resonance (CMR)
allows comprehensive evaluation of myo-
cardial structure, function, strain, tissue
characteristics, fibrosis, and perfusion
with excellent reproducibility (17,18). Us-
ing CMR, investigators in previous studies
identified factors associated with adverse
cardiovascular events and mortality in
HCM patients, including replacement fi-
brosis on late gadolinium enhancement
imaging (LGE) (19). In addition to replace-
ment fibrosis assessed with LGE, CMR is
also established as a tool for quantifica-
tion of diffuse fibrosis in quantifying the
extracellular volume fraction (ECV) with
native T1 mapping (20).
Combining 31P-MRS and CMR in an

observational prospective case-control
study, we sought to test the hypothesis
that coexistent diabetes is associated
with greater reductions in myocardial
energetics and perfusion and higher
scar burden in HCM.

RESEARCH DESIGN AND METHODS

This single-center observational prospec-
tive case-control study complied with
the Declaration of Helsinki and was ap-
proved by the National Research Ethics
Committee (reference no. 18/YH/0168).
Informed written consent was obtained
from each participant. The data will be
shared on reasonable request to the cor-
responding author.

Participants
A total of 55 participants including 20
with isolated HCM, 20 with HCM-DM,
and 15 healthy volunteers (HV) were
prospectively recruited. Genetic screen-
ing was undertaken for all HCM patients
for 21 genes. Diagnosis of HCM was
based on the presence of unexplained
left ventricular (LV) hypertrophy (maxi-
mum wall thickness$15mm) (1). An-
derson-Fabry disease was excluded in
all male adult patients with presumed
HCM with a blood test for plasma and
leukocyte a-galactosidase A (21), except
for patients from families with estab-
lished genetic forms of HCM or for pre-
viously diagnosed mutation carriers. In
women with a suspicion for the condi-
tion, GLA gene test is performed for
exclusion.

Two routes were used for recruitment
of the participants with HCM (Fig. 1,
CONSORT diagram). Eligible HCM pa-
tients were recruited from the regional
inherited cardiac conditions (ICC) clinic
over 2 years during their routine clinical
appointment (May 2019–May 2021) and
from a local registry of 426 HCM patients
followed by our regional ICC clinic. This
list was prescreened by an independent
investigator (P.N.) in a nonparticipant fac-
ing role. After each prospective block of
five HCM-DM participants was success-
fully recruited and completed the study
visit, our regional ICC registry was revis-
ited for identifying isolated HCM patients
meeting eligibility criteria as well as for
matching to scanned HCM-DM patients
for age, sex, European Society of Cardiol-
ogy (ESC) risk score profile, and hyper-
tension comorbidity (P.N.). This practice
was repeated for each block of five pa-
tients four times over the 2 years while
this study was conducted. All data were
analyzed in a blinded fashion after the
completion of the study (last participant
last visit). The blinding methodology is
described in QUANTITATIVE ANALYSIS.

HCM-DM patients had an established
diagnosis of T2DM according to World
Health Organization criteria and were
free of known diabetes complications
(22). HV were recruited from local golf
clubs. Ethnicity group was self-reported
by participants.

Exclusion Criteria
Patients with known coronary artery
disease (CAD), cardiac surgery, tobacco
smoking, amyloidosis, permanent atrial
fibrillation (AF), moderate or above val-
vular heart disease, renal impairment
(estimated glomerular filtration rate
[eGFR] <30 mL/min/1.73 m2), and con-
traindications to CMR were excluded.
For the diabetes cohorts, patients with
any other forms of diabetes than T2DM
were excluded. The safety or feasibility
of 31P-MRS has not been assessed in
patients with a pacemaker or implant-
able cardioverter defibrillator (ICD); con-
sequently, 31P-MRS is not licensed for
scanning these cohorts. Therefore, pa-
tients with a pacemaker or ICD were
deemed ineligible for the study.

Anthropometric Measurements
Height and weight were recorded, and
BMI was calculated. Blood pressure was
recorded as an average of three meas-
ures taken over 10 min (DINAMAP 1846
SX; Critikon). Twelve-lead electrocardio-
gram was recorded. A fasting blood sam-
ple was taken for assessments of full
blood count, eGFR, lipid profile, HbA1c,
insulin, and N-terminal prohormone brain
natriuretic peptide (NT-proBNP).

31P-MRS
31P-MRS was performed to obtain the
PCr/ATP from a voxel placed in the mid-
ventricular septum, with subjects lying
supine and a 31P transmitter/receiver car-
diac coil (Rapid Biomedical GmbH, Rim-
par, Germany) placed over the heart, in
the iso-center of the magnet on a 3.0
Tesla magnetic resonance system (Prisma;
Siemens Healthineers, Erlangen, Germany),
as previously described (23).

CMR
The CMR protocol (Supplementary Ma-
terial, scan protocol figure) consisted of
cine imaging with a steady-state free
precession sequence, native pre- and
postcontrast T1 mapping, stress and rest
perfusion, and LGE.
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Native T1 maps were acquired in three
short-axis slices, including segments with
maximal wall thickness, with use of a
breath-held modified look-locker inver-
sion recovery acquisition as previously
described (23). Postcontrast T1 mapping
acquisition was performed 15 min after
last contrast injection.

Perfusion imaging used free-breathing,
motion-corrected automated in-line per-
fusion mapping (18). Adenosine was in-
fused at a rate of 140 mg/kg/min, increased
to a maximum of 210 mg/kg/min according
to hemodynamic and symptomatic response
(a significant hemodynamic response was

defined as >10 bpm increase in heart
rate, or blood pressure drop >10 mmHg
and one or more adenosine-related symp-
toms, e.g., chest tightness, breathlessness)
(24). For perfusion imaging, an intra-
venous bolus of 0.05 mmol/kg gado-
butrol (Gadovist, Leverkusen, Germany)
was administered at 5 mL/s followed by
a 20 mL saline flush with an injection
pump (MEDRAD MRXperion Injection
System; Bayer).

LGE was performed with a phase-sen-
sitive inversion recovery sequence in LV
short- and long-axis planes >8 min after
contrast administration (25).

Quantitative Analysis
All 31P-MRS analysis was performed off-
line with blinding to participant details
by N.J. after completion of the study
using software within MATLAB version
R2012a (MathWorks, Natick, MA) as pre-
viously described (26). The anonymiza-
tion codes were only unlocked once all
data analysis was completed.

All CMR image analysis, except for
the scar percentage quantification on
late gadolinium hyperenhancement im-
aging, was performed by N.J., and scan
contours were subsequently reviewed
by E.L., also blinded to participant details,

Figure 1—CONSORT flow diagram demonstrating the recruitment pathway for all study participants with HCM. MI, myocardial infarction.
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using cvi42 software (Circle Cardiovascular
Imaging, Calgary, Canada). Images for bi-
ventricular volumes and function and LV
maximal wall thickness were analyzed as
previously described (27).
Left atrial (LA) volume and ejection

fraction (EF) were calculated with the bi-
plane area-length method in the horizon-
tal and vertical long axes as previously
described (28). Strain measurements
were performed using cvi42 tissue track-
ing from the short axis images and the
long axis views. Peak circumferential sys-
tolic strain, peak early diastolic strain
rate, and global longitudinal strain (GLS)
were measured (29).
Myocardial perfusion image recon-

struction and processing were imple-
mented using the Gadgetron software
framework (18). Rest/stress myocardial
blood flow (MBF) were measured for
each of the 16 segments with use of
the American Heart Association classifi-
cation. T1 maps and ECV were analyzed
with cvi42 software as previously de-
scribed (15).
The LV short axis stack of late gado-

linium hyperenhancement images was
first assessed visually for presence of
late gadolinium hyperenhancement, fol-
lowed by quantification when late gado-
linium hyperenhancement was present,
as previously described (20). Late gado-
linium hyperenhancement was defined
as areas of signal intensity $5 SD from
normal myocardium and was expressed
as the percentage of LV mass, quanti-
fied in a blinded fashion.

Statistical Analysis
Statistical analysis was performed with
GraphPad Prism software (version 9.0.0).
Categorical data were compared with
Pearson x2 test. All data were checked
for normality with the Shapiro-Wilk test
and are presented as means ± SD or me-
dian (interquartile range) as appropriate.
Differences in continuous variables be-
tween the cohorts were assessed with
one-way ANOVA with post hoc Bonfer-
roni corrections. Differences in nonpara-
metric variables were assessed with
Kruskal-Wallis test. Student t test was
used for comparison of normally distrib-
uted data sets, and Mann-Whitney U
test was used for nonparametric tests
where data were obtained for only two
groups. P value of #0.05 was considered
statistically significant.

Prespecified hypotheses were tested
on three variables including myocardial
PCr/ATP, stress MBF, and scar burden
on late gadolinium hyperenhancement
imaging.

Bivariate correlations were performed
with use of Pearson correlation coeffi-
cient for parametric data or Spearman
rank correlation coefficient for nonpara-
metric data as appropriate.

The correlation analyses were per-
formed to assess the associations be-
tween diabetes control (HbA1c) and
myocardial energetics (PCr/ATP) and be-
tween energetics and perfusion (myo-
cardial perfusion reserve [MPR], global
rest and stress MBF).

These correlation assessments were
performed only for the HCM-DM group
data. Additionally, these correlation as-
sessments between the scar percentage
and the perfusion parameters were per-
formed for the combined data from the
two HCM groups not including the HV
data.

Priori sample size calculations were
performed from the data acquired in
T2DM patients before the study, which
suggested that for detection of an 18%
difference in the myocardial energetics
(mean ± SD myocardial PCr/ATP in T2DM
patients 1.74 ± 0.26, in control subjects
2.07 ± 0.35) (9), 14 participants per group
across the three cohorts would be
needed (with 80% power at a = 0.05).
These recruitment goals were achieved in
the study with 55 participants recruited.

There was only one patient in each
HCM group with LV outflow tract gradi-
ent >30 mmHg at rest. Consequently,
results were not adjusted for the pres-
ence of LV outflow tract gradient.

RESULTS

Participant Demographics and
Clinical Characteristics
Demographics and clinical, genetic, and
biochemical data are shown in Table 1.
Of the 426 HCM patients screened from
the local ICC clinic, 59 (14%) had a diag-
nosis of concomitant T2DM (Fig. 1). A to-
tal of 20 HCM-DM and 20 age- and sex-
matched isolated HCM patients were
prospectively recruited from clinics. Two
isolated HCM patients were found to
have previously undiagnosed silent myo-
cardial infarction on CMR imaging and
were excluded from the final analysis. In
addition, 15 HV completed the study.

Participants across the three groups
showed similar ethnicity distribution. The
two HCM groups were matched for HCM
phenotype (8 apical and 12 asymmetric
septal hypertrophy in HCM-DM and 7
apical and 11 asymmetric septal hyper-
trophy in isolated HCM). There was no
significant difference in ESC sudden car-
diac death risk score (1) (HCM 2.2 ±
1.5%, HCM-DM 1.9 ± 1.2%; P = not signif-
icant), and an equal number of partici-
pants were confirmed with disease-
causing sequence variants in sarcomeric
protein genes between the two HCM
groups (HCM 33%, HCM-DM 30%; P =
not significant). Four HCM-DM and two
HCM patients had a history of paroxys-
mal AF and two patients in each HCM
group had a history of nonsustained ven-
tricular tachycardia on 48-h ambulatory
electrocardiogram monitoring. None of
the patients in either HCM group had pe-
diatric-onset HCM or had undergone
alcohol septal ablation or myectomy.
Reflecting the exclusion of participants
receiving implantable cardioverter/defib-
rillators from the study to prevent unli-
censed use of 31P-MRS, none of the HCM
participants had a previous history of sus-
tained ventricular tachycardia or resusci-
tated cardiac arrest.

While the majority of isolated HCM
patients described no exertional symp-
toms (83% NYHA class I, 17% class II,
none class III or IV), 50% of the HCM-
DM group were classified as NYHA class
I, 45% NYHA class II, and 5% NYHA class
III based on symptom status. In symp-
tomatic patients with NYHA class II or
above, obstructive CAD (>50% of lumi-
nal stenosis) was excluded within the
last 5 years with invasive coronary angi-
ography in eight HCM-DM and five
HCM patients and with coronary com-
puted tomographic angiography in one
HCM-DM patient as part of routine clini-
cal care.

None of the HCM patients had a his-
tory of cerebrovascular events, but four
HCM-DM patients had this background.
HV did not report exertional symptoms.

There were no significant differences
in blood pressure or resting heart rate
across the groups. The HCM and HCM-
DM groups were matched for hyperten-
sion comorbidity. As more participants
in the HCM-DM group was receiving
statin treatment, the LDL cholesterol
levels were lower in the HCM-DM group
than in HV and HCM.
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Table 1—Clinical characteristics and biochemistry

HV (n = 15) HCM (n = 18) HCM-DM (n = 20) P

Age, years 60 ± 12 59 ± 10 64 ± 9 0.25

Female 5 (33) 4 (22) 7 (35) 0.39

White 10 (67) 12 (67) 12 (60) 0.74

South Asian 4 (27) 5 (28) 7 (35) 0.67

BMI, kg/m2 25 ± 3¶ 29 ± 5 32 ± 6 0.0003

Heart rate, bpm 64 ± 11 62 ± 15 69 ± 14 0.11

Systolic BP, mmHg 134 ± 19 123 ± 13 133 ± 18 0.13

Diastolic BP, mmHg 76 ± 8 77 ± 6 76 ± 7 0.91

Creatinine, mmol/L 73 ± 10 81 ± 14 77 ± 19 0.23

eGFR, ml/min/1.73m2 83 ± 8 79 ± 9 78 ± 15 0.39

Total cholesterol, mmol/L 5.3 ± 1.1¶ 5.3 ± 1.2e 3.8 ± 0.7 <0.0001

HDL, mmol/L 1.7 ± 0.4¶ 1.5 ± 0.3 1.2 ± 0.2 <0.0001

LDL, mmol/L 2.9 ± 0.9¶ 3.1 ± 1.1e 1.9 ± 0.6 0.0005

TG, mmol/L 1.3 ± 0.6 1.5 ± 0.7 1.6 ± 0.5 0.48

HbA1c, mmol/mol 37 ± 3¶ 36 ± 3e 56 ± 7 <0.0001

Insulin, pmol/L 35 ± 25¶ 53 ± 48e 139 ± 136 0.001

NT-proBNP, ng/L 42 (35–66)¶† 298 (157–837) 725 (213–2,006) <0.0001

ACEi 2 (11) 9 (45) 0.01

ARB 2 (11) 2 (10) 0.91

b-Blocker 7 (39) 12 (60) 0.32

CCB 5 (28) 8 (40) 0.36

Statin 4 (22) 17 (85) 0.0001

ASA 0 (0) 3 (17) 0.08

DOAC 1 (6) 4 (20) 0.19

Metformin 15 (75) 0.1

Sulfonylurea 1 (5) 0.29

DPP-4i 3 (15) 0.68

GLP-1RA 1 (5) 0.31

SGLT2i 5 (25) 0.08

Genotype positive 6 (33) 6 (30) 0.83

MYH7 4 (22) 2 (10)
MYBPC3 2 (11) 1 (5)
ACTC1 0 (0) 1 (5)
TNNI3 0 (0) 1 (5)

Phenotype

Asymmetric septal hypertrophy 11 (61) 12 (60) 0.94
Apical hypertrophy 7 (39) 8 (40) 0.94

NSVT 2 (11) 2 (10) 0.91

NYHA class

I 15 (83) 10 (50) 0.03
II 3 (17) 9 (45) 0.06
III 0 (0) 1 (5) 0.34
IV 0 (0) 0 (0)

ESC risk score, % 2.2 ± 1.5 1.9 ± 1.2 0.57

Syncope 1 (6) 1 (5) 0.94

Family history of SCD 2 (11) 1 (5) 0.49

Continued on p. 1857
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There was a stepwise increase in me-
dian NT-proBNP levels in the order of
smallest measurements to greatest, re-
spectively (HV 42 ng/L [interquartile
range 35–66], HCM 298 ng/L [157–837],
HCM-DM 726 ng/L [213–8695]; P <
0.0001), with significant increases in
both HCM groups compared with HV.

Cardiac Geometry and Function
CMR/31P-MRS results are shown in Table
2. The HCM groups were comparable in
LV volumes, mass, and EF, with no signif-
icant difference in maximal LV wall thick-
ness between the two groups. As
expected, LV EF, mass, and wall thick-
ness were significantly higher in the
HCM groups compared with HV.
HCM-DM patients showed greater LV

concentricity with a higher LV mas-
s–to–LV end-diastolic volume ratio com-
pared with HV and HCM (Supplementary
Material). Comorbidity with T2DM was
associated with greater reductions in GLS
(P < 0.002), peak systolic circumferential
strain (P = 0.0005), and diastolic strain
(P = 0.002) rate.
There was no significant difference in

mean ± SD LA volumes across the groups,
but there was a stepwise decline in LA EF
in the order of greatest measurements to
smallest: HV 62 ± 7%, HCM 45 ± 10%,
HCM-DM 34 ± 18%; P < 0.0001.
None of the participants with HCM

showed a reduction in noncontrast T1
signal or a characteristic pattern of hy-
perenhancement on LGE suggestive of
Anderson-Fabry disease (30,31).

Myocardial Energetics
HCM-DM patients showed significant
reductions in mean ± SD PCr/ATP com-
pared with HV and HCM patients (HV
2.17 ± 0.49, HCM 1.93 ± 0.38, HCM-DM
1.54 ± 0.27; P = 0.002). The numeric

differences in PCr/ATP between the iso-
lated HCM patients and HV were not
statistically significant.

Five HCM-DM patients were on so-
dium–glucose cotransporter 2 (SGLT2)
inhibitors. The myocardial PCr/ATP for
the HCM-DM patients on SGLT2 inhibi-
tors (1.55, 95% CI 1.00–1.85) was sepa-
rately measured.

Myocardial Perfusion
Changes in rate pressure product (RPP)
from rest to stress and rest and stress
MBF and MPR measurements are sum-
marized in Table 2, with representative
images from each group in Fig. 2. Partic-
ipants from all groups demonstrated a
similar increase in RPP during adenosine
stress.

There was again a stepwise decline in
mean ± SD stress MBF in the order of
greatest measurements to smallest (HV
2.06 ± 0.42 mL/min/g, HCM 1.74 ± 0.44
mL/min/g, HCM-DM 1.39 ± 0.42 mL/
min/g; P = 0.002), with significant re-
ductions in the HCM-DM group com-
pared with the other two groups.

The stress MBF was not significantly
reduced in the isolated HCM group
compared with HV. The rest MBF values
were comparable across the groups.
MPR was also only significantly reduced
in the HCM-DM group compared with
the other groups.

Myocardial Fibrosis and Scar Burden
Presence of midwall hyperenhancement
in a nonischemic pattern was detected
in all HCM patients and none of the HV
(Supplementary Material). Two isolated
HCM patients showed evidence of sub-
endocardial hyperenhancement confirm-
ing the presence of a silent chronic
myocardial infarction. All of their results
were excluded from final analysis.

Comorbidity with T2DM was associ-
ated with greater mean ± SD myocardial
scar percentage on LGE in the HCM pa-
tients (HCM 4 ± 4% vs. HCM-DM 10 ±
8%; P = 0.002).

While the precontrast native T1 map
measurements were comparable across
the groups, median myocardial ECV
measurements were significantly higher
for the HCM groups (HV 25% [interquar-
tile range 23–26], HCM 27% [22–31],
HCM-DM 31% [27–43]; P = 0.006) (Sup-
plementary Material).

Comparison of the Principal Study
Findings Between the HCM Patients
With and Without T2DM
In addition to the myocardial scar per-
centage comparisons on the LGE, direct
comparisons of the principal findings be-
tween the two HCM groups were also
performed separately. These confirmed
significantly higher scar percentage of
the LV mass, and significantly lower GLS,
myocardial PCr/ATP, and global stress
MBF and MPR, in the HCM-DM group
than in the HCM group (Fig. 3).

Correlations
A correlation between the stress MBF
and myocardial scar percentage was de-
tected in the two HCM groups (r =
�0.459, P = 0.01). There was no signifi-
cant correlation between HbA1c and PCr/
ATP in the isolated data from the HCM-
DM group (r = �0.4417, P = 0.1). There
were no significant correlations between
the rest or stress MBF and PCr/ATP.

CONCLUSIONS

Coexistence of T2DM is associated with
worsened clinical manifestation of HCM
(3,4). The current study provides insights
into this prognostic association by showing

Table 1—Continued

HV (n = 15) HCM (n = 18) HCM-DM (n = 20) P

Stroke TIA 0 (0) 4 (20) 0.04

HTN 6 (33) 8 (40) 0.3

PAF 2 (11) 4 (20) 0.45

Data are n (%), median (interquartile range), or mean ± SD. ACEI, ACE inhibitor; ACTC1, actin a cardiac muscle 1; ARB, angiotensin receptor
blocker; ASA, aspirin; BP, blood pressure; CCB, calcium channel blocker; DOAC, direct oral anticoagulant; DPP-4i, dipeptidyl peptidase 4 inhibi-
tor; GLP-1RA, glucagon-like peptide 1 receptor agonist; HTN, hypertension; MYBPC3, myosin binding protein C; MYHY7, myosin heavy chain 7;
NSVT, nonsustained ventricular tachycardia; PAF, paroxysmal AF; SCD, sudden cardiac death; SGLT2i, SGLT2 inhibitor; TIA, transient ischemic
attack; TG, triglycerides; TNNI3, troponin I. eP < 0.05 between HCM-DM and HCM with Bonferroni correction; ¶P < 0.05 between HCM-DM
and HV with Bonferroni correction; †P # 0.05 between HCM and HV with Bonferroni correction. Boldface indicates statistically significant
P value.
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adverse cardiac alterations in myocardial
energetics, function, perfusion, and tissue
characteristics in patients with T2DM and
HCM comorbidity. It is the first prospective
case-control study comparing groups of
HCM patients with and without T2DM,
carefully matched in HCM phenotype, LV
mass, maximal wall thickness, presence of
sarcomeric mutations, and the ESC sudden
cardiac death risk score.

The results of the current study pro-
vide several new findings. First, one-half
of the HCM-DM patients described exer-
tional symptoms, were accordingly classi-
fied as NYHA class II or higher, and had
significantly increased NT-proBNP levels
compared with the HCM group, the
majority of whom described no exer-
tional symptoms and were NYHA class I.

Second, HCM-DM patients displayed a
greater burden of myocardial fibrosis
than HCM patients. Third, reductions in
stress MBF and MPR were more pro-
nounced in HCM-DM patients than in
patients with either disease alone. We
detected amplified alterations in PCr/ATP
in the HCM-DM group compared with
the HCM group. Finally, HCM-DM pa-
tients displayed greater reductions in
strain parameters and LA function com-
pared with HCM patients. Taken together,
while these findings suggest that com-
bined presence of HCM and T2DM may
adversely affect the phenotypic expres-
sion of HCM, as well as symptom status
and plasma biomarkers such as NT-
proBNP, our data cannot prove a causal
link, in line with the cross-sectional

observational nature of the study design.
The causality of this relationship will
need to be investigated in future studies.

This study is limited by a relatively
small sample size, in line with its proof-
of-principle nature and strict inclusion/
exclusion criteria to ensure rigorous
matching of the HCM cohorts in HCM
phenotype, ESC risk score, and presence
of sarcomeric mutations. However, us-
ing the large data set of the EURObser-
vational Research Programme (EORP)
Cardiomyopathy Registry of 1,739 pa-
tients with HCM, Lopes et al. (32) ana-
lyzed the relation of hypertension,
T2DM, BMI, and clinical traits. They
showed the prevalence of hypertension,
T2DM, and obesity was 37%, 10%, and
21%, respectively. In our regional ICC

Table 2—CMR and 31P-MRS findings

HV (n = 15) HCM (n = 18) HCM-DM (n = 20) P

LV end-diastolic volume indexed to BSA, mL/m2 83 ± 18 82 ± 19 76 ± 22 0.08

LV end-systolic volume indexed to BSA, mL/m2 31 ± 7¶ 28 ± 15 26 ± 14 0.02

LV mass, g 99 ± 27¶† 173 ± 63 187 ± 73 <0.0001

LV mass index, g/m2 54 ± 11¶† 90 ± 27 92 ± 40 <0.0001

LV mass to LV end diastolic volume ratio, g/mL 0.65 ± 0.11¶ 1.03 ± 0.31 1.24 ± 0.36 <0.0001

LV stroke volume, mL 95 ± 23† 118 ± 21 101 ± 22 0.01

LV ejection fraction, % 63 ± 4† 70 ± 9 67 ± 9 0.04

LV maximal wall thickness, mm 10 ± 1¶† 20 ± 2 21 ± 4 <0.0001

RV end-diastolic volume indexed to BSA, mL/m2 86 ± 20¶ 79 ± 14e 66 ± 13 0.001

RV end-systolic volume indexed to BSA, mL/m2 35 ± 10 30 ± 10 28 ± 13 0.23

RV stroke volume, mL 95 ± 23¶ 94 ± 16e 75 ± 21 0.008

RV ejection fraction, % 60 ± 6 62 ± 8 58 ± 13 0.42

LA biplane end-systolic volumes, mL 67 ± 17¶† 100 ± 28 113 ± 59 0.0008

Biplane LA EF, % 62 ± 7¶† 45 ± 10 34 ± 18 <0.0001

GLS negative, % 14 ± 3¶ 13 ± 3e 10 ± 4 0.002

Peak systolic circumferential strain negative, % 21 ± 2¶ 20 ± 4e 16 ± 4 0.0005

Peak circumferential diastolic strain rate, s�1 1.19 ± 0.24¶ 0.99 ± 0.21 0.87 ± 0.22 0.002

Mean native T1, ms 1,211 ± 81 1,211 ± 65 1,209 ± 69 0.99

Extracellular volume, % 25 (23–26)¶ 27 (22–29)e 31 (27–43) 0.006

LGE scar percentage of LV mass, % 4 ± 4 10 ± 8 0.007

PCr/ATP 2.17 ± 0.49¶ 1.93 ± 0.38e 1.54 ± 0.27 0.002

Increase in RPP, % 37 33 32 0.3

Stress MBF, mL/min/g 2.06 ± 0.42¶ 1.74 ± 0.44e 1.39 ± 0.42 0.002

Rest MBF, mL/min/g 0.68 ± 0.03 0.59 ± 0.19 0.69 ± 0.16 0.05

MPR 3.19 ± 0.79¶ 3.09 ± 1.06e 2.04 ± 0.82 0.002

Data are means ± SD or median (interquartile range) unless otherwise indicated. BSA, body surface area; RV, right ventricle. eP < 0.05 be-
tween HCM-DM and HCM with Bonferroni correction; ¶P < 0.05 between HCM-DM and HV with Bonferroni correction; †P # 0.05 between
HCM and HV with Bonferroni correction. Boldface indicates statistically significant P value.
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registry, prevalence of T2DM is higher,
at 14%, broadly in line with the higher
T2DM prevalence in the local popula-
tion of Yorkshire compared with the
rest of the U.K. (33). In line with our
findings, Lopes et al. showed that T2DM
was associated with higher NYHA class
and diastolic dysfunction.
Elevated NT-proBNP concentrations

were shown to be a strong predictor of
overall prognosis in patients with HCM
(34). In a recent retrospective study,
Wang et al. (35) reported outcomes of
HCM patients with T2DM comorbidity
undergoing septal myectomy over a me-
dian of 28 years’ follow-up. They showed
that while HCM patients with and with-
out T2DM have similar 3-year cardiovas-
cular mortality after septal myectomy,
there was an association between T2DM
comorbidity and the higher sudden car-
diac death rate in these patients. While
we have excluded patients undergoing
septal myectomy in this study, potentially
relevant for our findings of higher NT-
proBNP levels in HCM-DM patients, they
showed that NT-proBNP was an indepen-
dent risk factor in their cohort of HCM
patients with T2DM comorbidity.
In this study, 33% of the HCM and

30% of the HCM-DM group were geno-
type positive for sarcomeric mutations.
While early studies from specialist refer-
ral centers had suggested that most in-
dividuals with HCM (>60%) carried a
mutant sarcomere protein, in line with
our findings, a large international registry

study (Hypertrophic Cardiomyopathy Reg-
istry [HCMR]) showed genotype-negative
cases to be the majority (36,37). The par-
ticipants in the isolated HCM group in
this study showed similarities with the
HCMR cohort in demographic and clinical
characteristics (mean ± SD age 59 ± 10
vs. 49 ± 11 years, male participant pro-
portion 78% vs. 71%, ESC risk score 1.9 ±
1.2 vs, 2.48 ± 0.56, maximal wall thick-
ness 20 ± 2 vs. 20.6 ± 4.8 mm, LV
mass–to–end-diastolic volume ratio
1.03 ± 0.31 vs. 1.0 ± 0.3, scar percent-
age of the LV mass on LGE 4 ± 4% vs.
3.7 ± 5.2%, respectively), suggesting
that the isolated HCM group in this
study can be considered largely rep-
resentative of the wider HCM popula-
tion (36).

A previous study had shown higher
prevalence of T2DM comorbidity in pa-
tients with an apical HCM phenotype
compared with nonapical HCM pheno-
types, although the reasons for this are
not well understood (3). Supporting this,
the prevalence of apical phenotype was
higher in our regional ICC clinic HCM
cohort among patients with T2DM co-
morbidity. However, in this study HCM
cohorts were carefully matched in HCM
phenotypes to prevent potential biases
related to HCM variant differences.

A recent study investigated whether
genetic variants may contribute to a com-
bined phenotype of HCM and T2DM (38)
showing predominant presence of gain-of-
function variants in adiponectin receptor

ADIPOR1 in HCM patients with T2DM co-
morbidity. ADIPOR1 plays a prominent role
in mediating the insulin-sensitizing effects
of adiponectin. Of potential significant rel-
evance to our finding of greater reduc-
tions in myocardial energetics in HCM-
DM patients, the deletion of ADIPOR1
was shown to result in decreased AMP-
activated protein activity and the induc-
tion of mitochondrial dysfunction (38).

Underscoring the links between early
exposure to the diabetic milieu and fe-
tal myocardial structural and functional
alterations, elevated neonatal IGF-I lev-
els were shown to be associated with
fetal HCM phenotype in fetuses of
women with gestational diabetes mel-
litus (39).

Despite being shown to be predictors
of adverse clinical outcomes including
arrhythmic events and mortality in HCM
(19,40), myocardial fibrosis and reduc-
tions in myocardial perfusion are not
yet included among the criteria of exist-
ing risk scores. We have identified
greater reductions in myocardial perfu-
sion and higher scar burden in HCM-DM
patients. It was proposed that T2DM-as-
sociated endothelial inflammation and
profibrotic signaling may exacerbate the
pathological hypertrophic remodeling in
HCM and worsen coronary microvascu-
lar function (10,41–43). Our findings of
greater reductions in stress MBF and
MPR in HCM-DM support this theory. In
support of the theory that myocardial is-
chemia caused by coronary microvascular
dysfunction in HCM leads to enhanced
scarring (8), we detected significant cor-
relations between the myocardial LGE
percentage and the stress MBF in the
HCM groups.

Although prognostic data related to
an impaired energetic state in HCM are
lacking, it is believed to hold prognostic
relevance in analogy to patients with di-
lated cardiomyopathy (44). It has been
suggested that the high incidence of ex-
ercise-related death in HCM may be ex-
plained by a possible further acute
impairment of myocardial energetics re-
sulting in ion-pump dysfunction, calcium
overload, and ventricular arrhythmias
(7). Supporting this, exacerbation of
myocardial energetic compromise has
been documented in HCM patients dur-
ing exercise activity (7). The correlation
analyses were performed to assess the
associations between diabetes control
(HbA1c) and myocardial energetics (PCr/

Figure 2—Representative examples of midleft ventricular stress perfusion maps from an HV, a
patient with HCM, and a patient with HCM-DM.
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Figure 3—Differences in myocardial PCr/ATP, LV GLS, MPR, and global stress myocardial bloods flow and scar percentage between HCM and HCM-
DM groups. Box and whisker plots show geometric mean, 25th and 75th percentiles, and the minimum to maximum data. Myocardial PCr/ATP (A),
LV GLS (%) (B), global stress MBF (mL/min/g) (C), MPR (D), and myocardial scar percentage on LGE imaging between the two HCM groups where
scar was present (%) (E).
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ATP) only within the HCM-DM group
and did not show significance. Larger
studies of patients with concomitant di-
abetes and HCM are needed for assess-
ment of this relationship.
With regard to comparison of the

functional changes, GLS derived from ei-
ther speckle tracking echocardiography
or CMR is a sensitive marker of LV con-
tractile function, especially in the setting
of a normal LV EF (45). A recent meta-
analysis of HCM studies showed an asso-
ciation of abnormal GLS with adverse
composite cardiovascular outcomes and
ventricular arrhythmias (45). In our study
across the four groups, HCM-DM pa-
tients showed the greatest reductions in
GLS. Moreover, while LV circumferential
strain is also a sensitive index of regional
myocardial function, currently, no studies
have assessed its prognostic value in
HCM or T2DM populations.
While the prognostic role of changes

in LA size is established in patients with
HCM and increased LA diameter corre-
lates with occurrence of AF in patients
with HCM, the prognostic role of LA
function has not yet been explored in
longitudinal studies. In our study, while
the LA size was comparable between
the two HCM cohorts, HCM-DM pa-
tients showed significant reductions in
LA EF, which may be relevant for future
risk of AF occurrence and thromboem-
bolic events. Future studies are needed
to explore this.

Limitations
This study is limited by the small sample
size. The 31P-MRS technique is not li-
censed for scanning patients with a
pacemaker or an ICD; therefore, HCM
patients with these devices had to be ex-
cluded from the study. The midseptal
voxel is the most reproducible cardiac
voxel for 31P-MRS (46,47). Recruiting par-
ticipants who underwent alcohol septal
ablation or septal myectomy could there-
fore lead to iatrogenic abnormalities in
the spectroscopy findings. Therefore, pa-
tients who have undergone these proce-
dures had to be excluded from the
study. However, the HCM groups were
matched for HCM phenotype, with simi-
lar numbers for apical or asymmetric
septal hypertrophy subgroups.
The study is also limited by the high

prevalence of apical HCM, which means
the results may be affected by selection

bias and may not be generalizable to
the wider population with HCM.

There remain potentially important
differences between the HCM and HCM-
DM groups with respect to age and sex.
Due to the small sample size, other po-
tentially important differences between
groups, e.g., concomitant medication,
cannot be accounted for. The matching
of ESC risk score may have introduced
additional unexpected confounding.

Obstructive CAD was excluded within
the last 5 years as part of routine clini-
cal care in all symptomatic HCM pa-
tients who were NYHA class II or above.
For prevention of unnecessary ionizing
radiation exposure, these tests were not
repeated for the study. Therefore, it is
possible that occult CAD could be pre-
sent in the participants.

Conclusion
Coexistent diabetes is associated with
higher NT-proBNP levels; greater reduc-
tions in myocardial energetics, perfusion,
contractile function, and LA function;
and higher scar burden in patients with
HCM. These adverse phenotypic features
may be important components of the
adverse clinical manifestation attribut-
able to a combined presence of HCM
and T2DM.
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