
Systolic blood pressure £110mmHg is associated with
severe coronary microvascular ischemia and higher
risk for ventricular arrhythmias in hypertrophic
cardiomyopathy
Dai-Yin Lu, MD, PhD,*†‡ Hulya Yalcin, MD,*‡ Fatih Yalcin, MD,*‡

Sanjay Sivalokanathan, MD,*‡ Gabriela V. Greenland, MD,*‡ Ioannis Ventoulis, MD,*x

Styliani Vakrou, MD,* Miguel Hernandez Pampaloni, MD, PhD,{

Stefan L. Zimmerman, MD,k Ines Valenta, MD,k Thomas H. Schindler, MD,k

Theodore P. Abraham, MD,*‡ M. Roselle Abraham, MD*‡
From the *Hypertrophic Cardiomyopathy Center of Excellence, Johns Hopkins University, Baltimore,

Maryland, †Institute of Public Health, National Yang Ming Chiao Tung University, Taipei, Taiwan,
‡Division of Cardiology, University of California San Francisco, San Francisco, California,
xDepartment of Occupational Therapy, University of Western Macedonia, Ptolemaida, Greece,
{Department of Radiology and Biomedical Imaging, University of California San Francisco, San
Francisco, California, and kDepartment of Radiology and Radiological Science, Johns Hopkins
University, Baltimore, Maryland.
BACKGROUND Coronary microvascular dysfunction (CMD) and hy-
pertension (HTN) occur frequently in hypertrophic cardiomyopathy
(HCM), but whether blood pressure (BP) influences CMD and out-
comes is unknown.

OBJECTIVE The purpose of this study was to test the hypothesis
that HTN is associated with worse CMD and outcomes.

METHODS This retrospective study included 690 HCM patients. All
patients underwent cardiac magnetic resonance imaging, echocar-
diography, and rhythm monitoring; 127 patients also underwent
rest/vasodilator stress 13NH3 positron emission tomography
myocardial perfusion imaging. Patients were divided into 3 groups
based on their rest systolic blood pressure (SBP) (group 1�110 mm
Hg; group 2 111–140; group 3.140 mm Hg) and were followed for
development of ventricular tachycardia (VT)/ventricular fibrillation
(VF), heart failure (HF), death, and composite outcome.

RESULTS Group 1 patients had the lowest age and left ventricular
(LV) mass but the highest prevalence of nonobstructive hemody-
namics and restrictive diastolic filling. LV scar was similar in the 3
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groups. Group 1 had the lowest rest and stress myocardial blood
flow (MBF) and highest SDS (summed difference score). Rest SBP
was positively correlated with stress MBF and negatively correlated
with SDS. Group 1 had the highest incidence of VT/VF, whereas the
incidences of HF, death, and composite outcome were similar
among the 3 groups. In multivariate analysis, rest SBP �110 mm
Hg was independently associated with VT/VF (hazard ratio 2.6;
95% confidence interval 1.0–6.7; P 5 .04).

CONCLUSION SBP�110 mm Hg is associated with greater severity
of CMD and coronary microvascular ischemia and higher incidence of
ventricular arrhythmias in HCM.

KEYWORDS Hypertrophic cardiomyopathy; Myocardial blood flow;
Rest systolic blood pressure; Summed difference score; Ventricular
tachycardia; Ventricular fibrillation
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Introduction
Hypertrophic cardiomyopathy (HCM) is characterized by
myocyte hypertrophy, fibrosis, electrical and microvascular
remodeling.1–3 Angina resulting from myocardial ischemia
due to coronary microvascular dysfunction (CMD) is
common in HCM. However, the molecular mechanisms by
which mutant sarcomeric proteins lead to medial
hypertrophy of intramural coronary arterioles/arteries and
CMD is unknown.

A significant proportion of HCM patients have hyperten-
sion (HTN).4 In the general population, HTN is associated
with left ventricular (LV) hypertrophy, diastolic
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KEY FINDINGS

- Hypertrophic cardiomyopathy (HCM) patients with
systolic blood pressure (SBP) �110 mm Hg are at high
risk for lethal ventricular arrhythmias.

- SBP �110 mm Hg is associated with severe microvas-
cular dysfunction and myocardial ischemia.

- SBP �110 mm Hg is a marker for severe cardiac HCM
phenotype.
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dysfunction, and microvascular remodeling consisting of
medial hypertrophy,5 perivascular fibrosis, and CMD.6,7

However, the relationship between blood pressure, CMD,
and cardiovascular outcomes has not been examined in
HCM. Because of similarities in microvascular remodeling8

in HCM and HTN, we hypothesized that HCM patients with
HTN would have greater severity of CMD and worse out-
comes. In order to test this hypothesis, we performed a retro-
spective analysis of 690 HCM patients from the Johns
Hopkins HCM Registry,9 stratified by systolic blood pres-
sure (SBP), and examined the association of blood pressure
with myocardial blood flow (MBF) and cardiovascular out-
comes.
Figure 1 Flowchart illustrating hypertrophic cardiomyopathy (HCM) pa-
tient selection. BP5 blood pressure; PET5 positron emission tomography.
Methods
The HCM Registry is approved by the Institutional Review
Boards of the Johns Hopkins Hospital and the University
of California San Francisco (UCSF). All patients met the
standard diagnostic criteria for HCM, namely left ventricular
hypertrophy (LVH) �15 mm in the absence of other causes
such as uncontrolled HTN, valvular heart disease and
HCM phenocopies.10 Patients were enrolled in the Johns
Hopkins HCM Registry from 2005–2016 during their first
clinic visit. The research in this study was conducted accord-
ing to the Helsinki Declaration guidelines on human
research. Informed consent was obtained for use of medical
records for research purposes. During their first clinic visit,
all patients underwent rest and exercise echocardiography,
24-hour Holter monitoring, or implantable cardioverter-
defibrillator (ICD) interrogation, and contrast-enhanced
cardiac magnetic resonance (CMR) imaging as part of their
clinical evaluation. Clinical data, which included symptoms,
comorbidities, medications, and family history of HCM and
sudden cardiac death, was ascertained by the examining
physician (MRA, TPA) during the clinic visits. Self-
reported functional capacity was graded according to the
New York Heart Association classification.11 All patients
were advised to meet with a genetic counselor and were
offered clinical genotyping.

Patients who were asymptomatic or had stable symptoms
were followed yearly; symptomatic patients were followed
more frequently (every 1–3 months). During yearly follow-
up visits, patients underwent exercise echocardiography
and Holter monitoring or ICD interrogation. Patients with
an ICD underwent device interrogation every 6 months or
more frequently if they were symptomatic or experienced
ICD discharges. Patients without an ICD, who had palpita-
tions but no evidence of arrhythmias on Holter monitor or ex-
ercise electrocardiogram, were provided event monitors to
document cardiac rhythm during symptoms.

We retrospectively screened 728 HCM patients. Of these
patients, 38 were excluded because of unavailable BP mea-
surements (Figure 1).We used SBP to stratify patients because
(1) SBP is reported to be superior to diastolic blood pressure
(DBP) and mean arterial pressure (MAP) in terms of reflecting
tissue perfusion12; and (2) SBP has a wider distribution and
better separation compared to DBP in our patient cohort.
HCM patients (n 5 690) were divided into 3 groups using 2
cutoffs of rest SBP obtained before stress echocardiography:
group 1 (�110 mm Hg); group 2 (111–140 mm Hg)l and
group 3 (.140 mm Hg). The lower cutoff point of 110 mm
Hg was determined by locally weighted scatterplot smoothing
analysis (Supplemental Figure 1), and the upper cutoff of 140
mm Hg was set at the threshold of stage 2 HTN.13

Detailed cardiac imaging protocols and data analysis
methods are given in the Supplemental Appendix. In brief,
transthoracic echocardiography was performed at baseline
and after maximum exercise on a treadmill. HCM subtypes
were defined based on peak LV pressure gradients measured
at the level of the left ventricular outflow tract (LVOT) and
mid-LV, at rest, and after provocation (Valsalva, exercise,
amyl nitrite). HCM was classified as nonobstructive (gradi-
ents ,30 mm Hg at rest and provocation); labile obstructive
(rest gradients ,30 mm Hg, provoked gradients �30 mm
Hg); or obstructive (rest and provoked gradients �30 mm
Hg). CMR imaging was performed using a 1.5-T system,
before/after contrast (gadopentetate dimeglumine 0.2
mmol/kg). LV mass and late gadolinium enhancement
(LV-LGE) were quantified. Pixels with signal intensity .6
SD above the mean of normal myocardium were quantified
as LV-LGE.14,15

Myocardial perfusion imaging was performed using a GE
Discovery VCT positron emission tomography (PET)/
computed tomographic system (GE Healthcare, Waukesha,
WI) and a 1-day rest/stress protocol. Vasodilator was admin-
istered 60 minutes after injection of the rest tracer dose (370
MBq of 13N-ammonia). Rest SBP before PET imaging was



Table 1 Clinical characteristics of HCM population (N 5 690) stratified by SBP

Group 1
(�110 mm Hg) (N 5 80)

Group 2
(111–140 mm Hg) (N 5 395)

Group 3
(.140 mm Hg) (N 5 215) P value

Age (y) 46 6 15 50 6 14 60 6 13 ,.001
Male 44 (55) 270 (68) 127 (59) .02
Race .6
White 7 (9) 298 (75) 158 (74)
Black 63 (79) 52 (13) 37 (17)
Other 10 (12) 45 (12) 20 (9)

Body mass index (kg/m2) 29 6 6 29 6 6 30 6 7 .1
HCM type .007
Nonobstructive 35 (44) 127 (32) 51 (24)
Labile 19 (24) 144 (37) 92 (43)
Obstructive 26 (32) 124 (31) 72 (33)

NYHA functional class .3
I 49 (61) 213 (54) 110 (51)
II 27 (34) 134 (34) 82 (38)
III 4 (5) 48 (12) 23 (11)

Pathogenic mutation* 11 (48) 33 (47) 6 (22) .07
Family history of HCM 24 (30) 84 (21) 27 (13) .002
History of VT/VF 7 (9) 15 (4) 3 (1) .02
History of ICD implantation 13 (16) 39 (10) 12 (5) .02
Angina 23 (29) 168 (43) 85 (40) .07
Dyspnea at exertion 36 (45) 222 (56) 122 (57) .2
Syncope 28 (35) 75 (19) 30 (14) .001
AHA SCD risk score† (%) 4.12 6 2.12 3.71 6 2.72 3.41 6 3.14 .2
Comorbidities
History of hypertension 18 (23) 162 (41) 160 (74) ,.001
History of diabetes 7 (9) 29 (7) 29 (14) .05
History of hyperlipidemia 24 (30) 178 (45) 118 (55) .001
History of stroke 3 (4) 8 (2) 8 (4) .4
Creatinine (mg/dL) 0.9 6 0.3 1.0 6 0.3 1.0 6 0.3 .3

Medications
Beta-blocker 56 (70) 277 (70) 158 (74) .7
Calcium channel blocker 11 (14) 95 (24) 82 (38) ,.001
RAS blockade 15 (19) 78 (20) 68 (32) .002

Echocardiography
Septal wall thickness (mm) 21 6 5 21 6 6 21 6 5 .8
Posterior wall (mm) 11 6 3 12 6 3 12 6 4 .005
Left atrial diameter (mm) 41 6 7 42 6 8 43 6 7 .2
E/A 1.5 6 0.8 1.4 6 0.7 1.2 6 0.8 .001
E/A .2 17 (21) 58 (16) 18 (9) .01
E-wave DT (ms) 231 6 65 236 6 70 257 6 72 .001
E-wave DT ,140 ms 5 (6) 17 (5) 6 (3) .4
E/e0 18 6 11 17 6 10 20 6 11 .009
Rest LVOT (peak) gradient (mm Hg) 30 6 40 28 6 29 31 6 33 .4
Stress LVOT (peak) gradient (mm Hg) 58 6 56 70 6 54 75 6 55 .06
LV GLS (%) –15.9 6 4.2 –15.8 6 3.7 –16.2 6 3.6 .5

CMR
LVEDVI‡ (mL/m2) 76 6 20 72 6 15 73 6 15 .5
LVESVI‡ (mL/m2) 27 6 12 26 6 9 24 6 9 .3
LVEF‡ (%) 68 6 10 68 6 9 70 6 10 .02
Cardiac index‡ (L/m2) 3.2 6 0.9 3.1 6 0.9 3.4 6 1.0 .007
LV mass index‡ (g/m2) 73 6 28 77 6 28 85 6 32 .02
LGE presence† 38 (66) 216 (69) 112 (68) .8
LGE percentage (% of LV mass)‡ 16 6 11 15 6 13 13 6 10 .2

Exercise stress hemodynamics
METs 10.2 6 3.8 10.4 6 4.3 8.6 6 3.9 ,.001
Rest (pre-exercise) HR (bpm) 64 6 13 66 6 13 67 6 14 .4
Rest (pre-exercise) SBP (mm Hg) 102 6 6 126 6 8 154 6 11 ,.001
Rest (pre-exercise) DBP (mm Hg) 65 6 10 76 6 9 84 6 11 ,.001
Rest (pre-exercise) PP (mm Hg) 37 6 9 50 6 10 70 6 14 ,.001
Rest (pre-exercise) MAP (mm Hg) 78 6 7 93 6 8 107 6 9 ,.01

Rest (pre-exercise) RPP (bpm*mm Hg) 6586 6 1374 8252 6 1751 10,249 6 2295 ,.001
Exercise stress HR (bpm) 147 6 29 143 6 29 135 6 27 ,.001
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Table 1 (Continued )

Group 1
(�110 mm Hg) (N 5 80)

Group 2
(111–140 mm Hg) (N 5 395)

Group 3
(.140 mm Hg) (N 5 215) P value

Exercise stress SBP (mm Hg) 135 6 31 153 6 33 178 6 34 ,.001
Exercise stress DBP (mm Hg) 74 6 15 78 6 16 87 6 19 ,.001
Exercise stress PP (mm Hg) 61 6 27 75 6 29 91 6 32 ,.001
Exercise stress MAP (mm Hg) 94 6 18 103 6 19 117 6 20 ,.001
Exercise stress RPP (bpm*mm Hg) 20,082 6 6741 22,198 6 7420 24,075 6 6878 ,.001
ABPR 21 (27) 141 (37) 69 (34) .2

Myectomy during follow-up 18 (23) 95 (24) 47 (22) .8
Adverse outcomes
VT/VF 8 (10) 12 (3) 7 (3) .04
HF 8 (10) 18 (5) 13 (6) .2
Death 2 (3) 5 (1) 8 (4) .1
Composite outcome 13 (16) 30 (8) 20 (9) .07

Values are given as mean 6 SD or n (%) unless otherwise indicated.
ABPR 5 abnormal blood pressure response to exercise (SBP increase ,20 mm Hg or SBP decrease during exercise); AHA 5 American Heart Association;

CMR5 cardiac magnetic resonance; DBP5 diastolic blood pressure; DT5 deceleration time; E/A5 ratio of early diastolic mitral flow velocity (E) to late diastolic
mitral flow velocity (A); E/e5 ratio of early diastolic mitral flow velocity (EO to early diastolic mitral septal annulus motion velocity; GLS5 global longitudinal
systolic strain; HCM5 hypertrophic cardiomyopathy; HF 5 heart failure; HR 5 heart rate; ICD 5 implantable cardioverter-defibrillator; LGE5 late gadolinium
enhancement; LV 5 left ventricle; LVEDVI 5 left ventricular end-diastolic volume index; LVEF 5 left ventricular ejection fraction; LVESVI 5 left ventricular
end-systolic volume index; LVOT 5 left ventricular outflow tract; MAP 5 mean arterial pressure (MAP 5 DBP 1 1/3 PP); METs 5 metabolic equivalents;
NYHA5 New York Heart Association; PP5 pulse pressure (PP5 SBP – DBP); RAS blockade5 angiotensin-converting enzyme inhibitor or angiotensin II receptor
blocker; RPP 5 rate–pressure product; SBP 5 systolic blood pressure; SCD 5 sudden cardiac death; VF 5 ventricular fibrillation; VT 5 ventricular tachycardia.
*Available N 5 121.
†available N 5 535.
‡available N 5 363.
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used to stratify patients who underwent PET imaging into 3
groups. Myocardial flow reserve (MFR) was defined as the
ratio of stress MBF to rest MBF. Coronary vascular resis-
tance (CVR) was defined as MAP divided by mean MBF
at rest and stress.16 Corrected rest MBF and Corrected
MFR were computed as follows: Corrected rest MBF 5
(MBFrest ! 10,000/RPPrest), where RPP 5 rate–pressure
product17; and Corrected MFR 5 (Stress MBF/Corrected
rest MBF).6,8,18 The summed stress score (SSS), summed
rest score (SRS), and summed difference score (SDS) (SSS
– SRS5 SDS) were computed to assess regional differences
in myocardial perfusion (inducible ischemia).

We defined 4 outcomes in this study: (1) sustained ventric-
ular tachycardia (VT) (ventricular rate �130 bpm lasting for
�30 seconds) or ventricular fibrillation (VF); (2) heart failure
(HF), defined as new-onset or worsening HF to New York
Heart Association functional class III or IV requiring hospi-
talization; (3) all-cause death; and (4) a composite outcome
including the individual outcomes. If a patient had multiple
adverse events, every event was included for the calculation
of individual outcomes. However, for the calculation of the
composite outcome, only the first event was counted. (For de-
tails of follow-up, see the Supplemental Appendix.)

All analyses were performed using STATA 14 (StataCorp
LP, College Station, TX). Descriptive statistics were per-
formed on patient demographics, hemodynamics, imaging
parameters, and outcomes, stratified by SBP categories.
Normality of distribution was determined via kernel density
plots and the Shapiro-Wilk test. Continuous variables are
given as mean 6 SD and categorical variables as the total
number and percentage. Differences in baseline characteris-
tics among SBP subgroups were determined using analysis
of variance for continuous variables and c2 tests for categor-
ical variables. The association between hemodynamic, echo-
cardiographic, CMR, and PET parameters was analyzed by
Pearson correlation. Kaplan-Meier analysis was used to
examine the cumulative event-free survival for VT/VF, HF,
all-cause death, and composite outcome, and significance
was based on results of the log-rank test. The Cox propor-
tional hazards model was developed to determine the associ-
ation of SBP with individual endpoints with adjustment for
age, sex, HCM type, and history of ICD implantation.
HCM patients with SBP 111–140 mm Hg were considered
the reference group. P ,.05 was considered significant.
Results
We retrospectively studied 690 HCM patients (mean age 53
6 15 years; 64% men). Eighty patients had rest SBP �110
mmHg (group 1; mean SBP 102; DBP 65; MAP 78), 395 pa-
tients had rest SBP 111–140 mm Hg (group 2; mean SBP
126; DBP 76; MAP 93), and 215 patients had rest SBP
.140 mm Hg (group 3; mean SBP 154; DBP 84; MAP
107) (Table 1 and Figure 2). Group 1 had a higher proportion
of younger patients, women, nonobstructive hemodynamics,
history of VT/VF, and ICD implantation compared to groups
2 and 3. Analysis of exercise data revealed that group 3 (rest
SBP .140 mm Hg) had the lowest exercise capacity and
peak exercise heart rate, but resting heart rates were similar
among the 3 groups. Group 1 had the highest prevalence of



Figure 2 Distribution of rest systolic blood pressure (SBP) and rest diastolic blood pressure (DBP) in hypertrophic cardiomyopathy patients. Group 1: Rest
SBP �110 mm Hg; group 2: rest SBP 111–140 mm Hg; group 3: rest SBP .140 mm Hg.

542 Heart Rhythm O2, Vol 4, No 9, September 2023
familial HCM (Table 1), but clinical genotyping performed in
a small proportion of patients (n 5 121) revealed a similar
prevalence of pathogenic variants in the 3 groups
(Supplemental Table 1).

Group 1 had the highest proportion of patients with
restrictive LV diastolic hemodynamics reflected by E/A ratio
.2 and lowest E-wave deceleration time (Table 1). Group 3
exhibited the highest LV ejection fraction and LV mass.
However, LV global longitudinal peak systolic strain,
maximum septal thickness, rest and stress LVOT gradients,
left atrial diameter, prevalence, and quantity of LV scar (re-
flected by LV-LGE) were similar among the 3 groups.

Heart rate at baseline and after vasodilator stress were
similar in the 3 groups, but SBP, DBP, and MAP were signif-
icantly lower at both timepoints in group 1 compared to
groups 2 and 3 (Table 2). As a result, group 1 demonstrated
the lowest RPP at rest and after vasodilator stress. Corrected
rest MBF values (MBFrest ! 10,000/RPPrest) were in the
normal range compared to previously published data from
healthy individuals17 and were similar in the 3 groups. The
main differences observed were in response to vasodilator
stress, with group 1 demonstrating the lowest hyperemic
(stress) MBF and highest SDS reflecting greater severity of
inducible ischemia. Corrected MFR was lowest in group 1,
but the differences were not statistically significant. Rest
and stress CVR were similar in the 3 groups.

Because coronary perfusion pressure, cardiac work, and
metabolic demand influence myocardial perfusion,19 we
examined the correlation of MBF obtained by PET with he-
modynamic and LV structural features (Table 3). Both rest
and hyperemic MBF were positively correlated with age,
rest pulse pressure (PP), mitral E and A waves, and E/e0 ratio.
As expected, rest MBF was positively correlated with rest
heart rate; rest MBF also was positively correlated with pro-
voked peak LVOT gradient. Furthermore, hyperemic MBF
was negatively correlated with LV mass and positively
correlated with rest SBP and MAP. Inducible ischemia
(SDS) was negatively correlated with age, SBP, MAP, PP
at rest/vasodilator stress, mitral A wave, and rest and pro-
voked LVOT gradients. Taken together, our univariate anal-
ysis in HCM patients suggests an inverse correlation between
LVmass and hyperemic (stress) MBF (Figure 3A), and a pos-
itive correlation of rest SBP, rest MAP, and rest PP with hy-
peremic MBF (Figures 3B–3D).

To investigate the possibility of indication bias introduced
by the PET examination, we compared the clinical and imag-
ing characteristics of HCM patients who underwent PET im-
aging (n 5 127) with the remainder of the population (n 5
563). HCM patients who underwent PET imaging were
younger and more symptomatic, but echocardiographic and
BP parameters were similar (Supplemental Table 2).

After average follow-up of 3.1 6 2.7 years, 154 patients
underwent myectomy and 36 underwent alcohol septal abla-
tion for treatment of LV obstruction. There were 27 VT/VF
events, 39 HF, and 15 all-cause deaths in this HCM cohort.
Patients in group 1 had the highest incidence of VT/VF
(Table 1 and Figure 4A), but the incidences of HF, all-
cause death, and the composite outcome were similar across
the 3 groups (Figures 4B–4D).

SBP �110 mm Hg was associated with a higher risk of
VT/VF than SBP 111–140 mm Hg (hazard ratio 3.0; 95%
confidence interval 1.2–7.3; P 5 .02). After adjusting for
age, sex, HCM type, and history of ICD implantation, rest
SBP �110 mm Hg continued to be independently associ-
ated with VT/VF (hazard ratio 2.6; 95% confidence interval
1.0–6.7; P 5 .04) (Table 4).
Discussion
The main result of this study is the association of SBP �110
mm Hg with ventricular arrhythmias and greater severity of
coronary microvascular ischemia in symptomatic HCM pa-
tients. This is contrary to our original hypothesis that HCM
patients with HTN would have the greatest severity of



Table 2 Hemodynamic and PET characteristics of HCM patient subgroup (N 5 127) stratified by SBP*

Group 1
(�110 mm Hg) (N 5 12)

Group 2
(110–140 mm Hg) (N 5 70)

Group 3
(.140 mm Hg) (N 5 45) P value

Hemodynamics prevasodilator (rest)
Rest HR (bpm) 63 6 7 65 6 13 63 6 9 .6
Rest SBP (mm Hg) 106 6 3 128 6 7 159 6 17 ,.001
Rest DBP (mm Hg) 56 6 6 66 6 7 78 6 12 ,.001
Rest PP (mm Hg) 50 6 7 62 6 8 82 6 14 ,.001
Rest MAP (mm Hg) 72 6 4 86 6 6 105 6 12 ,.001
Rest RPP (bpm*mm Hg) 6621 6 606 8366 6 1778 10,075 6 1662 ,.001

Hemodynamics at peak vasodilator
(stress)
Vasodilator stress HR (bpm) 98 6 16 98 6 17 94 6 15 .5
Vasodilator stress SBP (mm Hg) 107 6 11 134 6 22 159 6 24 ,.001
Vasodilator stress DBP (mm Hg) 55 6 8 65 6 10 74 6 9 ,.001
Vasodilator stress PP (mm Hg) 51 6 8 68 6 17 85 6 18 ,.001
Vasodilator stress MAP (mm Hg) 72 6 8 88 6 13 102 6 13 ,.001
Vasodilator stress RPP (bpm*mm Hg) 10,400 6 1618 13,102 6 3368 14,984 6 3496 ,.001

ECG during vasodilator (stress) N514 N572 N542
Ischemic ST-T changes 5 (36) 22 (31) 11 (26) .8
Amplitude of ST depression (mV) 0.1 6 0.08 0.07 6 0.09 0.05 6 0.07 .2

Myocardial blood flow parameters
Rest MBF (mL/g/min) 0.81 6 0.27 0.92 6 0.28 1.06 6 0.49 .04
Corrected rest MBF† (mL/g/min) 1.15 6 0.36 1.16 6 0.48 1.01 6 0.21 .2
Vasodilator stress MBF (mL/g/min) 1.77 6 0.53 2.01 6 0.61 2.28 6 0.77 .03
MFR 2.28 6 0.37 2.33 6 0.77 2.56 6 0.94 .3
Corrected MFR‡ (mL/g/min) 1.82 6 0.71 2.03 6 0.89 2.11 6 0.87 .6
Rest CVR (mm Hg/mL/g/min) 100.89 6 39.13 102.18 6 30.28 111.67 6 36.59 .3
Vasodilator stress CVR (mm Hg/mL/g/
min)

45.70 6 18.51 48.76 6 20.96 51.85 6 24.51 .6

CVR change with vasodilator (%) 57 6 12 52 6 17 51 6 16 .5
SDS 9.4 6 5.6 4.7 6 4.3 4.5 6 5.4 .006

CVR 5 coronary vascular resistance; ECG 5 electrocardiography; MBF 5 myocardial blood flow; MFR 5 myocardial flow reserve; PET 5 positron emission
tomography; SDS 5 summed difference score; other abbreviations as in Table 1.
*SBP obtained before PET examination.
†Corrected rest MBF 5 MBFrest ! 10,000/ RPPrest.
‡Corrected MFR 5 Stress MBF/corrected rest MBF.
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CMD and worse outcomes. The association of SBP �110
mm Hg with ventricular arrhythmias could result from lower
coronary perfusion pressure leading to microvascular
ischemia. Because coronary perfusion pressure is the pres-
sure gradient between aortic diastolic pressures and left ven-
tricular end-diastolic pressure (LVEDP),20 group 1 patients
with the lowest SBP and MAP and the highest LVEDP (re-
flected by high proportion patients with restrictive diastolic
hemodynamics) would be expected to have the lowest coro-
nary perfusion pressures. It should be noted that aortic dia-
stolic BP is dynamic and changes all the time during the
entire diastolic phase. Coronary perfusion pressure is actually
the pressure gradients between “a static DBP1 dynamic PP”
and LVEDP, but not the gradients between DBP and
LVEDP. As such, it is reasonable that we found a significant
correlation of stress MBF with PP but not with DBP
(Table 3).

Myocardial perfusion is determined by coronary perfusion
pressure and autoregulation.19 High myocardial O2 extrac-
tion of 70%–80% at rest necessitates augmentation of MBF
to meet the metabolic demands imposed by LV hypertrophy,
increase in heart rate, contractility, preload, and/or after-
load.20 Resting coronary blood flow is primarily determined
by myocardial demand, which explains our observed positive
association of rest MBF with heart rate (Table 2). Pathologic
LVH, as in the case of HCM, increases myocardial O2 de-
mand, which is met by vasodilation of the coronary microcir-
culation.21 Thus, rest MBF is preserved in HCM,22 and
blunting of hyperemic MBF8 drives the reduction in MFR
observed in HCM/pathologic LVH.8

Pathology studies in HCM reveal myocyte hypertrophy,
replacement/interstitial fibrosis, and coronary microvascular
remodeling characterized by medial hypertrophy, reduction
in luminal diameter2 of intramural coronary arteries/arteri-
oles, and decreased capillary density, as well as perivascular
fibrosis.23,24 Vasodilator infusion induces arteriolar dilation
and increases heart rate and myocardial O2 demand, which
are met by increases in cardiac output and coronary blood
flow. Concentric coronary microvascular remodeling would
reduce microcirculatory compliance, and LV hypercontrac-
tility would increase intramyocardial pressure,25 necessi-
tating a higher driving pressure (SBP, DBP, MAP) to



Table 3 Pearson correlations between hemodynamic parameters, LV structural parameters, and MBF in HCM subgroup with PET imaging
(n 5 127)

Rest MBF Stress MBF MFR SDS

Age (y) 0.277* 0.226* –0.021 –0.259*
Rest hemodynamic parameters
Heart rate (bpm) 0.258* 0.156 –0.135 0.026
Systolic blood pressure (mm Hg) 0.146 0.250* 0.176 –0.218†
Mean arterial pressure (mm Hg) 0.083 0.180† 0.147 –0.179†
Diastolic blood pressure (mm Hg) 0.015 0.091 0.100 –0.118
Pulse pressure (mm Hg) 0.194† 0.281* 0.168 –0.217†

Vasodilator stress hemodynamic parameters
Heart rate (bpm) 0.159 0.136 –0.031 0.167
Systolic blood pressure (mm Hg) 0.104 0.121 0.074 –0.225†
Mean arterial pressure (mm Hg) 0.021 0.100 0.104 –0.217†
Diastolic blood pressure (mm Hg) –0.084 0.062 0.129 –0.185†
Pulse pressure (mm Hg) 0.194† 0.135 0.030 –0.209†

Echocardiographic parameters
Mitral E wave 0.233* 0.310* 0.001 –0.174
Mitral A wave 0.310* 0.342* 0.044 –0.283*
E/A –0.178† –0.081 0.024 0.102
e0 –0.077 –0.025 0.045 0.017
E/e0 0.245* 0.284* –0.018 –0.174
Left atrial diameter –0.156 –0.160 –0.022 –0.091
Rest LVOTG (mm Hg) 0.137 0.131 0.028 –0.179†
Provoked LVOTG (mm Hg) 0.204† 0.159 0.025 –0.242*

CMR parameters
LVEF 0.066 0.087 –0.150 –0.027
Left ventricular mass index (g/m2) –0.140 –0.361* –0.078 0.209
LGE percentage (% of LV mass) –0.213 –0.053 0.110 0.110

LVOTG 5 left ventricular outflow tract gradient; other abbreviations as in Tables 1 and 2.
*P ,.01.
†P ,.05.
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maintain coronary perfusion in the setting of higher heart
rates and O2 demand. This could explain why group 3 pa-
tients with the highest SBP, DBP, and MAP had the highest
hyperemic MBF (Table 2).

Despite LV coronary blood flow occurring mainly in dias-
tole, we observed an association of SBP (not DBP) with hy-
peremic MBF (Table 2). The mechanism could be higher
SBP producing greater pulsatility and larger shear forces
that promote dilation of prearterioles,12 leading to increases
in MBF and coronary perfusion. This could explain why
group 1 patients who had the lowest SBP, DBP, and MAP
also had the lowest hyperemicMBF. Exhaustion of autoregu-
lation at higher coronary perfusion pressures leading to
myocardial ischemia in the setting of low diastolic aortic
pressures could explain the higher SDS scores in Group
1.19 Our results of the beneficial effects of higher SBP,
DBP, and MAP in HCM are supported by a previous study
in patients with HTN, which suggested that DBP in the
mid-80s may be needed to maintain coronary perfusion and
prevent myocardial ischemia in the setting of severe LVH.20

Group 1 had the highest proportion of patients with
restrictive LV diastolic filling, which could contribute to me-
chanical reduction in hyperemic MBF by increasing myocar-
dial and extravascular compressive forces26 and reducing the
diastolic “suction wave”27 that promotes myocardial perfu-
sion. It also is possible that group 1 patients had diffuse
interstitial and perivascular fibrosis and/or greater medial hy-
pertrophy, which would reduce compliance of the microvas-
culature, thus limiting the maximal cross-sectional area
achieved during maximum coronary vasodilation. Cardiac
fibrosis would also increase the risk for reentrant ventricular
arrhythmias by reducing the velocity of impulse propagation
and increasing the dispersion of depolarization and repolari-
zation.28 In our study, the prevalence and amount of replace-
ment fibrosis (reflected by LV-LGE) were similar in the 3
groups, and no association was observed between LV
replacement fibrosis and MBF. However, LV interstitial
fibrosis was not quantified, so we are unable to ascertain
the contribution of interstitial and perivascular fibrosis to
the higher prevalence of ventricular arrhythmias and lower
hyperemic MBF observed in group 1.

We observed an inverse association between LVmass and
hyperemic MBF, which has been described previously in
HCM.22 Lack of vascular proliferation leads to reduction in
maximum perfusion per gram of hypertrophied myocardium,
even if maximum hyperemic absolute flow (mL/min) re-
mains unchanged.19 To our surprise, we observed a positive
association between hyperemic MBF and mitral E, A waves,
and E/e0 ratio, and no association with LV obstruction. The
positive association with diastolic function indices could be



Figure 3 Scatter plots of stress myocardial blood flow (MBF) and left ventricular mass index (LVMI) (A), rest systolic blood pressure (SBP) (B), rest mean
arterial blood pressure (MAP) (C), and rest pulse pressure (PP) (D). In hypertrophic cardiomyopathy, left ventricular mass is negatively correlated with hyperemic
(stress) MBF, whereas rest (prevasodilator) SBP, MAP, and PP are positively correlated with hyperemic MBF.
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from vasodilator-induced augmentation of cardiac output
leading to increases in mitral E- and A-wave amplitude.
Because LV myocardial perfusion primarily occurs in dias-
tole and is influenced by LV cavity and intramyocardial pres-
sures,25,29 lack of association between LV obstruction and
hyperemic MBF, as well as highest hyperemic MBF values
in group 3 with the highest LVEF (reflecting higher contrac-
tility and intramyocardial pressures), suggests that coronary
perfusion pressure is the main driver of myocardial perfusion
in HCM hearts.

Pathology studies in patients with aortic stenosis/LVH
showing lack of concentric microvascular remodeling30 sug-
gest that LV obstruction per se does not promote vascular
smooth muscle cell (VSMC) hypertrophy. It is possible that
group 1 patients have greater degrees of VSMC remodeling
and/or dysfunction compared to group 2 and 3 patients, lead-
ing to reduction of hyperemic MBF. Basic studies are needed
to examine the effect of disease stage and sarcomeric protein
gene mutations on intramural coronary arteries/arterioles,
and VSMC phenotype and function.

Previous studies have demonstrated higher mortality in
hospitalized patients with heart failure with preserved ejec-
tion fraction (HFpEF) and SBP ,120 mm Hg,31 as well as
in patients with heart failure with reduced ejection fraction
(HFrEF) and SBP,130 mm Hg.32 With regard to the mech-
anisms underlying the association between SBP and cardio-
vascular outcomes, it has been suggested that lower cardiac
output leads to lower SBP.12 This is supported by our results
of group 3 patients (SBP .140 mm Hg) having the highest
cardiac index and hyperemic MBF (Table 1). However, un-
like previous studies showing an association between HTN
and adverse outcomes, our study suggests that HCM patients
with higher SBP have higher hyperemic MBF and less coro-
nary microvascular ischemia. This leads us to hypothesize
that agents such as cardiac myosin ATPase inhibitors33–35

that improve LV diastolic function and decrease LV
hypercontractility without reducing BP could augment
coronary perfusion pressure and thus prevent microvascular
ischemia and ventricular arrhythmias.
Study limitations
First, we examined the association of SBP with cardiovascu-
lar outcomes in the entire patient group (n 5 690), and the
association of SBP with PET parameters in a small subgroup
(n 5 127) that underwent PET imaging. The small patient
number and low event rate in the PET subgroup precluded
assessment of the association between MBF and cardiovas-
cular outcomes. Second, we did not measure plasma levels
of N-terminal pro–brain natriuretic peptide (NT-proBNP)
and hence are unable to examine the association between
NT-proBNP, HTN, and ventricular arrhythmias in this
cohort.36 Third, for the stratification process, we used SBP
values obtained before subjects underwent treadmill exercise
testing. Hence, it is possible that SBP used to stratify patients
was higher than that recorded at home. Because almost every
patient would likely have higher office SBPs compared to
their home SBPs, we do not expect this difference to affect
the direction of our conclusions. Lastly, in contrast to previ-
ous studies in patients with HFpEF, HFrEF, HTN, and CAD,



Figure 4 Kaplan Meier curves of ventricular tachycardia (VT/ventricular fibrillation (VF) (A), heart failure (HF) (B), all-cause death (C), and composite
outcome (D) in hypertrophic cardiomyopathy patients. Group 1: Rest SBP �110 mm Hg; group 2: rest SBP 111–140 mm Hg; group 3: rest SBP .140 mm
Hg. Group 1 patients had the highest incidence of VT/VF; however, HF, all-cause death, and the composite outcome were similar across the 3 groups.
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which reported an association of SBP with HF and all-cause
mortality,31,32,37,38 here we demonstrate an association be-
tween SBP and VT/VF. However, we were unable to adjust
for all clinical variables (included in the European Society
of Cardiology39 and American Heart Association guide-
lines10 for sudden cardiac death risk stratification) in our
Table 4 Association of SBP with cardiovascular outcomes in HCM patie

Group 2 (111–140 mm Hg) Group

(Reference) HR (9

VT/VF
Unadjusted HR Reference 3.0 (1
Model 1 Reference 2.9 (1
Model 2 Reference 2.6 (1

Heart failure
Unadjusted HR Reference 2.0 (0

All-cause death
Unadjusted HR Reference 1.7 (0

Composite outcome
Unadjusted HR Reference 1.7 (0

Model 1: adjusted for age, sex.
Model 2: Model 1 1 HCM type, history of ICD implantation.
CI 5 confidence interval; HR 5 hazard ratio; other abbreviations as in Table 1
model because of the small number of events per group.
Our results are supported by a previous machine learning
study in this HCM cohort, which evaluated 93 clinical vari-
ables (including those used for sudden cardiac death risk
stratification in the European Society of Cardiology/Amer-
ican Heart Association guidelines) and revealed an
nts (n 5 690)

1 (�110 mm Hg) Group 3 (. 40 mm Hg)

5% CI) P value HR (95% CI) P value

.2–7.3) .02 1.1 (0.4–2.7) .9

.1–7.2) .03 — —

.0–6.7) .04 — —

.9–4.6) .1 1.3 (0.7–2.7) .4

.3–8.6) .5 3.0 (1.0–9.1) .06

.9–3.3) .1 1.2 (0.7–2.1) .5

.
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association between lower rest SBP (P5 .001) with a higher
risk for VT/VF (HCM-VAr-Risk Model),9 but not with atrial
fibrillation (HCM-AF-Risk Model) or HF (HCM-HF-Risk
Model).40
Conclusion
Lower coronary perfusion pressure in HCM patients with
SBP �110 mm Hg underlies reduction in hyperemic MBF,
coronary microvascular ischemia, and ventricular arrhyth-
mias. Strategies aimed at maintaining coronary perfusion
pressure could prevent coronary microvascular ischemia
and fatal ventricular arrhythmias in HCM.
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