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BACKGROUND: Impaired myocardial blood flow (MBF) in the absence of epicardial coronary disease is a feature of hypertrophic 
cardiomyopathy (HCM). Although most evident in hypertrophied or scarred segments, reduced MBF can occur in apparently 
normal segments. We hypothesized that impaired MBF and myocardial perfusion reserve, quantified using perfusion map-
ping cardiac magnetic resonance, might occur in the absence of overt left ventricular hypertrophy (LVH) and late gadolinium 
enhancement, in mutation carriers without LVH criteria for HCM (genotype- positive, left ventricular hypertrophy- negative).

METHODS AND RESULTS: A single center, case- control study investigated MBF and myocardial perfusion reserve (the ratio 
of MBF at stress:rest), along with other pre- phenotypic features of HCM. Individuals with genotype- positive, left ventricular 
hypertrophy- negative (n=50) with likely pathogenic/pathogenic variants and no evidence of LVH, and matched controls (n=28) 
underwent cardiac magnetic resonance. Cardiac magnetic resonance identified LVH- fulfilling criteria for HCM in 5 patients 
who were excluded. Individuals with genotype- positive, left ventricular hypertrophy- negative had longer indexed anterior mitral 
valve leaflet length (12.52±2.1 versus 11.55±1.6 mm/m2, P=0.03), lower left ventricular end- systolic volume (21.0±6.9 versus 
26.7±6.2  mm/m2, P≤0.005) and higher left ventricular ejection fraction (71.9±5.5 versus 65.8±4.4%, P≤0.005). Maximum 
wall thickness was not significantly different (9.03±1.95 versus 8.37±1.2 mm, P=0.075), and no subject had significant late 
gadolinium enhancement (minor right ventricle‒ insertion point late gadolinium enhancement only). Perfusion mapping dem-
onstrated visual perfusion defects in 9 (20%) carriers versus 0 controls (P=0.011). These were almost all septal or near right 
ventricle insertion points. Globally, myocardial perfusion reserve was lower in carriers (2.77±0.83 versus 3.24±0.63, P=0.009), 
with a subendocardial:subepicardial myocardial perfusion reserve gradient (2.55±0.75 versus 3.2±0.65, P=<0.005; 3.01±0.96 
versus 3.47±0.75, P=0.026) but equivalent MBF (2.75±0.82 versus 2.65±0.69 mL/g per min, P=0.826).

CONCLUSIONS: Regional and global impaired myocardial perfusion can occur in HCM mutation carriers, in the absence of 
significant hypertrophy or scarring.

Key Words: genetics ■ hypertrophic cardiomyopathy ■ quantitative perfusion mapping ■ sarcomere mutations carriers without 
hypertrophy

Hypertrophic cardiomyopathy (HCM) is one of the 
commonest heritable cardiac conditions, prev-
alent in 1 in 500 people, and characterized by 

unexplained left ventricular hypertrophy (LVH). It is 
most commonly caused by autosomal dominant sar-
comere protein gene mutations, identified in up to 50% 
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of patients with HCM.1 Subtle subclinical features occur 
in gene mutation carriers without LVH (G+LVH- ), in-
cluding elongated anterior mitral valve leaflets (AMVL),2 
myocardial crypts,3– 5 hyperdynamic left ventricular (LV) 
function,6 abnormal apical LV trabeculation7 and ab-
normal septal convexity.1

Histologically, HCM is characterized by disarray, 
myocyte hypertrophy, myocardial fibrosis, and small 
vessel disease. These features may also contribute 
to microvascular dysfunction,8 which, with increased 
oxygen demand,6 leads to myocardial ischemia. 
Ischemia, scar, and LVH are adverse prognostic 
markers,9,10 although their precise interrelation-
ships are not known. Myocardial perfusion can be 

quantified using positron emission tomography or 
perfusion cardiovascular magnetic resonance (CMR) 
obtaining myocardial blood flow (MBF, mL/g per 
min) at rest and during vasodilator stress along with 
the derived ratio, the myocardial perfusion reserve 
(MPR). Marked stress perfusion defects can occur, 
particularly in hypertrophied segments.11 The role of 
these in phenotype evolution and the interaction with 
LVH and fibrosis are unclear, as is the precise rela-
tionship to risk.

Recently, quantitative perfusion CMR has been 
developed with completely automated “perfusion 
mapping”.12 This has advantages, including high 
transmural resolution, no ionizing radiation, and no 
manual analysis. Initial results have demonstrated 
abnormal perfusion in both hypertrophied and non- 
hypertrophied segments in HCM.11,13,14 When com-
bined with advanced genotyping including cascade 
screening in dedicated cardiomyopathy services, the 
early evolution of the HCM phenotype can be further 
explored.

We hypothesized that myocardial blood flow and 
myocardial perfusion reserve might be impaired in in-
dividuals with G+LVH-  as a component of subclinical 
HCM.

METHODS
The study was approved by the National Health Service 
Research Ethics Committee and Health Research 
Authority and conducted in accordance with the 
Declaration of Helsinki. All subjects provided written, 
informed consent (REC 18/LO/0188 and 17/SC/0077). 
Patients or the public were not involved in the design, 
conduct, reporting, or dissemination plans of our re-
search. The data that support the findings of this study 
are available from the corresponding author upon rea-
sonable request.

Study Population
Fifty genotype- positive, left ventricular hypertrophy- 
negative (G+LVH- ) “subclinical” subjects (age ≥18 
years) with likely pathogenic/pathogenic variants 
in sarcomeric protein genes were consecutively 
recruited. They were first- degree relatives of in-
dividuals with a diagnosis of HCM identified in our 
Inherited Cardiovascular Disease clinic. The diag-
nosis of G+LVH-  was based on positive genotype 
and not fulfilling diagnostic criteria from ECG and 
echocardiography for familial HCM in relatives, at the 
time of recruitment.15 In more detail, inclusion crite-
ria for the G+LVH-  group were (1) maximal LV wall 
thickness <13  mm by echocardiography/CMR and 
mass within the normal range relative to body sur-
face area, age, and sex, (2) sinus rhythm on 12- lead 

CLINICAL PERSPECTIVE

What Is New?
• This study demonstrates that impaired myo-

cardial perfusion can occur before the devel-
opment of overt left ventricular hypertrophy or 
scarring in hypertrophic cardiomyopathy gene 
mutation carriers.

• The use of quantitative perfusion mapping car-
diac magnetic resonance imaging permits the 
quantification of myocardial blood flow and my-
ocardial perfusion reserve as well as the easy 
visualization of perfusion defects.

What Are the Clinical Implications?
• This alters our understanding of the pathophys-

iology of hypertrophic cardiomyopathy pheno-
type development as it suggests that perfusion 
abnormalities predate the development of left 
ventricular hypertrophy, contrary to what has 
been assumed and understood to date.

• Microvascular dysfunction should be further 
explored in future preclinical hypertrophic car-
diomyopathy studies with quantitative perfusion 
mapping cardiac magnetic resonance as a use-
ful tool to assess this.

Nonstandard Abbreviations and Acronyms

AMVL anterior mitral valve leaflet
ECV extracellular volume
G+LVH-  genotype- positive, left ventricular 

hypertrophy- negative
HCM hypertrophic cardiomyopathy
LGE late gadolinium enhancement
MBF myocardial blood flow
MPR myocardial perfusion reserve
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electrocardiography, (3) no causes of secondary LVH 
(eg, valve disease, hypertension). Subjects (n=5) re-
cruited as LVH negative on echocardiogram, but with 
LV wall thickness ≥13 mm on CMR were considered 
as having fulfilled diagnostic criteria for familial HCM 
and were excluded from the G+LVH-  cohort (but an-
alyzed separately as HCM).

Controls were healthy volunteers with no signif-
icant past medical history, including cardiovascular 
disease. They were matched to unrelated patients 
with G+LVH-  based on age and sex. Exclusion crite-
ria were the presence of conventional contraindica-
tions to CMR.

Electrocardiography
Standard 12- lead ECG was performed in all recruited 
participants. LVH was evaluated using the Sokolov- 
Lyon and Romhilt- Estes criteria. ECGs were analyzed 
by 2 experienced observers.

Genetic Testing and Variant Classification
Following the identification of a likely pathogenic/
pathogenic variant in the proband, as previously de-
scribed,7,16 relatives included in this study had been 
previously counseled and tested for predictive testing, 
according to international guidelines17 and in clinically 
accredited laboratories. All individuals recruited carried 
variants, detected initially in the proband, considered 
to have a sufficient level of evidence for pathogenicity 
as to be eligible for cascade predictive testing. Criteria 
for pathogenicity of the identified variants were how-
ever, additionally reviewed for this study by E.Q. and 
L.R.L.

CMR Acquisition and Analysis
CMR scans were performed at 1.5 Tesla (Aera, 
Siemens Healthcare, Erlangen, Germany) using a 
standard clinical protocol. The protocol consisted of 
cine imaging, native T1 mapping (using a modified 
look- locker inversion recovery sequence, MOLLI), T2 
mapping, stress, and rest perfusion, late gadolinium 
enhancement (LGE) and post- contrast T1 mapping. 
Synthetic extracellular volume fraction (ECV) was 
derived from the native and post contrast T1 maps. 
T1, T2 and ECV mapping was performed for basal, 
mid, and apical short axis and 1 long axis slice 
(4- chamber).

Adenosine vasodilator stress perfusion was per-
formed using a standard clinical approach (adenosine 
(140 mcg/kg per min, increased to 175 microgram/kg 
per min for a further 2 minutes if <10 bpm heart rate 
increase or no symptoms). A gadolinium- based con-
trast agent (gadoterate meglumine, Dotarem, Guerbet, 
Paris, France) was injected into a peripheral vein at 

4  mL/s during peak vasodilator stress at a dose of 
0.05  mmol/kg; 60 images were acquired for basal, 
mid, and apical LV short- axis slices. Rest perfusion 
images were acquired subsequently after an interval of 
6 to 10 minutes. Perfusion mapping was implemented 
using the Gadgetron streaming software image recon-
struction framework.18

CMR was analyzed using commercially avail-
able software (CVI42, Circle Cardiovascular Imaging, 
Calgary, Canada). For parametric analysis of T1, T2 
and ECV maps, LV endo and epicardial contours were 
manually drawn and right ventricular (RV) insertion 
points identified. Borders were offset by 10% and mod-
els for both global and segmental analysis (16 segment 
American Heart Association model) were created for 
each parameter. For parametric map analysis of stress 
and rest myocardial blood flow, endocardial and epi-
cardial contours were applied using machine learn-
ing with 10% border offsets and endo and epicardial 
sub- segmentation giving 32 segments. Endocardial 
and epicardial borders were offset sequentially by 
50% (also automated) and further 16- segment mod-
els created for each.19 Visual perfusion defects were 
assessed from both the conventional and the mapping 
images by 2 independent assessors trained in CMR 
reporting and masked to the genotype (R.K.H. and 
J.A.). Where there was disagreement, a third assessor 
with greater experience was used (L.R.L.).

LV volume analysis was performed by contouring 
each short axis slice in end- diastole and end- systole. 
The maximum LV wall thickness was measured 
manually in end- diastole using the short axis cine 
stack. The presence or absence of LGE was noted 
by segment and globally. The LV was evaluated for 
crypts using standard long axis cines or a “modi-
fied 2- chamber” view using the definition previously 
determined by our group: “the presence of a focal 
myocardial defect in diastole, showing at least partial 
systolic obliteration, and having a depth ≥50% the 
thickness of the adjacent myocardium”.5 Raw AMVL 
length was estimated using previously described 
methods2 and adjusted for body size by dividing by 
body surface area. Fractal analysis was performed 
using the technique previously described by our 
group.7

Statistical Analysis
Statistical analysis was performed in SPSS (IBM 
SPSS statistic, Version 26.0). Continuous variables 
were presented as mean±SD, categorical variables 
as absolute values and percentages. Comparison 
between numerical variables was performed using in-
dependent t- test while the Chi- square test was used 
for categorical variables; equivalent non- parametric 
tests were used as appropriate. Distribution of data 
was assessed on histograms and using Shapiro- Wilk 
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test. Patients with G+LVH-  were compared with con-
trols and with those who had reached diagnostic cri-
teria for HCM (G+LVH+). Within the G+LVH-  group, 
those with and without visual perfusion defects were 
also compared. Linear regression was used to deter-
mine which variables were associated with MPR and 
MBF and to study interaction effects between pre-
dictors. Multivariable models were then fitted which 
included variables identified as statistically significant 
in the univariate analyses while adjusting for partici-
pant age and sex. A variance inflation factor of <3 
excluded multicollinearity. A 2- sided P value of <0.05 
was considered significant.

RESULTS
Fifty subjects with G+LVH-  (17 [34%] men, mean age 
37.6±12.4) were compared with 28 age-  and sex- 
matched healthy volunteers (14 [50%] men, mean age, 
37.9±11.7 years, P=0.919 for age and P=0.228 for sex). 
Five subjects were excluded after CMR detected fa-
milial criteria for HCM. The prevalence of the different 
causal genes is shown in Table 1 with the individual 
variants (all likely pathogenic/pathogenic) shown in 
Table  S1. Apart from 1 individual with symptoms of 
chest pain, all the G+LVH-  individuals were asympto-
matic carriers, with no cardiac medication. Of the 50 
recruited subjects, all were able to tolerate the perfu-
sion protocol and their images were of diagnostic qual-
ity. The apical ECV maps did not reconstruct in 8 of 50 
subjects and 7 of 50 had either 1 or 2 T1/ECV short 
axis slice(s) missing. T2 slice(s) were missing in 5 of 
50 subjects but septal measurements were able to be 
derived in all subjects.

Compared with controls (Table 2), G+LVH-  individ-
uals had longer anterior mitral valve leaflets (P=0.030) 
and the presence of ≥2 myocardial crypts occurred in 
13 of 45 (28.9%) patients with G+LVH-  versus 0 of 28 
controls (P < 0.005). Subjects with G+LVH-  also had a 
lower indexed LV end- systolic volume (P < 0.005) and 

higher LV ejection fraction (P  < 0.005). Fractal anal-
ysis was not different versus controls (P=0.596). In 
G+LVH-  individuals there was slightly higher septal T2 
(+1.5 ms: 49.2±3.8 ms versus 47.7±2.4 ms, P=0.041) 
and slightly higher septal ECV (+1.5%: 25.8±2.4% 
versus 24.3±2.6%, P=0.023). Maximum wall thick-
ness was not significantly higher compared with con-
trols (G+LVH- , 9.03±1.95  mm versus 8.37±1.18  mm, 
P=0.075). The G+LVH-  group had no significant LGE, 
but there was minor non- specific and non- clinically 

Table 1. Genotyping of G+LVH-  and G+LVH+

Causal Gene Mutation,  
n (%)

G+LVH-   
(n=45)

G+LVH+  
(n=5)

MYBPC3 27 (60) 3 (60)

MYH7 9 (20) 1 (20)

TNNI3 5 (11.1) 0 (0)

TNNT2 1 (2.2) 1 (20)

TPM1 1 (2.2) 0 (0)

CSRP3 1 (2.2) 0 (0)

MYL2 1 (2.2) 0 (0)

CSRP3 indicates cysteine and glycine- rich protein 3; G+LVH- , genotype- 
positive, left ventricular hypertrophy- negative; G+LVH+, genotype- positive, 
left ventricular hypertrophy- positive; MYBPC3, myosin binding protein C; 
MYH7, β- myosin heavy chain; MYL2, myosin regulatory light chain; TNNI3, 
cardiac troponin I; TNNT2, cardiac troponin T; and TPM1, α- tropomyosin 1.

Table 2. Characteristics of G+LVH-  Patients Versus 
Controls

Category  
Mean (SD)

G+LVH-   
(n=45)

Control  
(n- 26) P Value

Age, y 37.2 (12.3) 38.9 (11.7) 0.788

No. of men, % 13 (28.9) 14 (50%) 0.085

BSA, m2 1.84 (0.23) 1.93 (0.21) 0.100

LA area indexed, cm2/m2 13.07 (2.2) 12.6 (1.8) 0.354

AMVLi, mm/m2 12.52 (2.1) 11.55 (1.6) 0.030*

≥2 LV crypts n (%) 13 (28.9) 0 (0) <0.005*

LVEDVi, mL/m2 73.7 (14.0) 78.0 (14.8) 0.222

LVESVi, mL/m2 21.0 (6.9) 26.7 (6.2) <0.005*

Ejection fraction (%) 71.9 (5.5) 65.8 (4.4) <0.005*

Massi, g/m2 45.4 (9.9) 52.6 (9.3) <0.005*

SV, mL 97.2 (21.2) 99.5 (25.5) 0.701

Visual perfusion defects 
n (%)

9 (20.0) 0 (0) 0.011*

Mean global stress MBF, 
mL/g per min

2.75 (0.71) 2.78 (0.9) 0.826

Mean MPR 2.77 (0.83) 3.24 (0.63) 0.009*

Mean rest MBF, mL/g per 
min

1.08 (0.37) 0.9 (0.23) 0.011*

Mean subendocardial MBF, 
mL/g per min

2.52 (0.82) 2.65 (0.69) 0.457

Mean subendocardial MPR 2.55 (0.75) 3.2 (0.65) <0.005*

Mean subepicardial MBF, 
mL/g per min

2.8 (0.73) 2.84 (0.59) 0.800

Mean subepicardial MPR 3.01 (0.96) 3.47 (0.75) 0.026*

Subendo:subepicardial 
MBF ratio

0.898 (0.17) 0.934 (0.14) 0.329

Subendo:subepicardial 
MPR ratio

0.87 (1.84) 0.93 (0.13) 0.092

Septal T1, ms 1025.6 (34.6) 1016.0 (31.7) 0.231

Septal T2, ms 49.2 (3.8) 47.7 (2.43) 0.041*

Septal ECV (%) 25.8 (2.4) 24.3 (2.6) 0.023*

MWT, mm 9.03 (1.95) 8.37 (1.2) 0.075

LGE present n (%) 8 (17.8) 0 (0%) 0.020*

AMVLi indicates indexed anterior mitral valve leaflet (length); BSA, body 
surface area; ECV, extracellular volume; G+LVH- , genotype- positive, left 
ventricular hypertrophy- negative; LA, left atrium; LGE, late gadolinium 
enhancement; LV, left ventricle/ventricular; LVEDVi, indexed left ventricular 
end- diastolic volume; LVESVi, indexed left ventricular end- systolic volume; 
Massi, indexed mass; MBF, myocardial blood flow; MPR, myocardial 
perfusion reserve; MWT, maximum wall thickness; and SV, stroke volume.

*indicates significant P value <0.05.
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significant LGE in the RV insertion points in 8(17.8%), 
compared with 0 controls (P=0.020). The LGE was 
limited to the inferior RV insertion point only in 6 of 
8 participants, and in both superior and inferior RV 
insertion points in 2 of 8 participants. This distribution 
of LGE has been documented in otherwise normal 
hearts and is not associated with increased adverse 
outcomes.20

Visual perfusion defects were present in 9 (20%) 
G+LVH-  versus 0 (0%) controls, P=0.011. These 
were in some cases large, Figures 1 and 2, despite 
the absence of LVH fulfilling criteria for HCM. The 
perfusion defects did not follow a coronary distri-
bution and were more common in the septum and 
insertion points. The distribution of perfusion de-
fects seen are typical of overt HCM in the absence 
of epicardial coronary artery disease as previously 

identified by our team,13 and therefore further cor-
onary imaging was not considered necessary. In 
one case of both perfusion defect and limited RV 
insertion point LGE, a computed tomography cor-
onary angiogram had been requested for clinical 
reasons (chest pain), which was negative, Figure 2. 
Two of the patients with perfusion defects had lim-
ited RV insertion point LGE, but the perfusion de-
fects were larger and remote from the LGE in these 
2 individuals, Figure S1 and Figure 2. Other clinical 
causes of possible myocardial microvascular dys-
function were explored. Only 1 of 42 whose past 
medical history could be reviewed had a history of 
diabetes mellitus, but this subject had no perfu-
sion defect; 4 of 42 had a history of hypertension. 
No cardiometabolic risk factors were present in all 
other patients.

Figure 1. Septal perfusion defects in genotype- positive; left ventricular hypertrophy- negative.
A, Adenosine stress perfusion maps in the 3 short- axis slices, where each pixel encodes myocardial blood 
flow as per the color scale. Perfusion defect in the mid- basal septum. B, Raw stress perfusion imaging. 
C, Corresponding short- axis cine (maximum left ventricular wall thickness was 11.7 mm) (perfusion scans 
are acquired partly in systole). Arrows demonstrate the perfusion defects. SAX indicates short axis.
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For global MBF and MPR, G+LVH-  individuals 
had no difference in global, subendocardial or sub-
epicardial stress MBF versus controls, but rest flow 
was slightly higher (MBF 1.08±0.37 mL/g per min 
versus 0.9±0.23  mL/g per min, P=0.011). Global 
MPR was lower in G+LVH-  than controls (2.77±0.83 
versus 3.24±0.63, P=0.009). This was for both 
subendocardial and subepicardial MPR (P<0.005 
and P=0.026 respectively), Figure  3. Within the 
G+LVH-  group, AMVLi (β=0.11, P=0.030), MPR 
(β=0.32, P=0.012), septal T1 (β=0.01, P=0.0098) 
and maximum wall thickness (β=−0.12, P=0.028) 
were significantly associated with stress MBF. 
There were no interaction relationships between 
pairs of predictor variables. Associations with 
MBF were lost after adjustment for age and sex 
in multivariable models, except for global MPR 
(β=0.37, P=0.003). Other features of the subclin-
ical HCM phenotype did not show a statistically 

significant association with stress MBF (number 
of crypts, β=0.01, P=0.912; or LV end- systolic vol-
ume, β=0.02, P=0.248). There was a significant 
association between LVEDVi (β=0.02, P=0.012), LV 
end- systolic volume (β=0.04, P=0.023) and stroke 
volume (β=0.01, P=0.012) with global MPR. There 
were no interaction relationships between predic-
tor variables and all associations with MPR were 
lost after adjustment in multivariable models. There 
was no association between ejection fraction and 
global MPR (β=−0.04, P=0.099).

MBF and MPR were also analyzed on an indi-
vidual 16- segment basis using the American Heart 
Association 16- segment model. There was no signif-
icant difference in MBF for the mean of the lowest 2 
segments (P=0.142) between G+LVH-  and controls, 
but MPR was significantly different (2.03±0.72 versus 
2.56±0.58, P=0.001). There was no significant differ-
ence on a per segment basis in MBF, but MPR was 

Figure 2. Basal septal and mid- right ventricular insertion point significant perfusion defects in genotype- positive; left 
ventricular hypertrophy- negative with minor inferior right ventricular insertion point late gadolinium enhancement and 
normal computed tomography coronary angiogram.
A second example, with the perfusion defects in a slightly different location to that of Figure 1. A, Adenosine stress perfusion maps 
in the 3 short- axis slices. B, Corresponding raw stress perfusion images and (C) Corresponding short- axis cine (maximum left 
ventricular wall thickness was 9.8mm). D, Corresponding short- axis phase- sensitive inversion recovery late gadolinium enhancement 
imaging. E, Computed tomography coronary angiogram image of left anterior descending artery (unobstructed). F, Computed 
tomography coronary angiogram image of left anterior descending artery (unobstructed). G, Computed tomography coronary 
angiogram image of right coronary artery (unobstructed). H, Computerized tomography coronary angiogram image of left circumflex 
coronary artery (unobstructed). Arrows indicate perfusion defects. CTCA indicates computed tomography coronary angiogram; 
LAD, left anterior descending artery; LCx, left circumflex coronary artery; LGE, late gadolinium enhancement; PSIR, phase- sensitive 
inversion recovery; RCA, right coronary artery; and SAX, short axis.
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different between cases and controls in all segments 
except 12, 13, and 14 (Table 3).

ECG changes were present in patients with 
G+LVH-  despite normal mass and wall thickness. 
ECGs were analyzable for Romhilt- Estes criteria in 42 
of 45 subjects and for Sokolov- Lyon in 44 of 45 sub-
jects. A Romhilt- Estes score ≥4 (n=4/42[9.5%]) com-
pared with ≤3 was not associated with a difference 
in wall thickness or mass, whereas those reaching 
Sokolov- Lyon criteria for LVH (n=7/44[15.9%]) had 
a slightly higher LV mass (59.39±9.8  g/m2 versus 
42.5±7.4 g/m2, P < 0.005). Individuals with a Romhilt- 
Estes score ≥4 had lower MBF and MPR (2.14±0.4 
versus 2.8±0.72 mL/g per min, P=0.03 and 2.08±0.59 
versus 2.81±0.83, P=0.08 respectively), but MBF and 
MPR were not lower in individuals with Sokolov- Lyon 
criteria for LVH.

Within the G+LVH-  group, those with focal perfu-
sion defects had lower global stress MBF and MPR 
(2.17±0.77 mL/g per min versus 2.89±0.62 mL/g per 
min, P=0.03; 2.1±0.62 versus 2.94±0.8, P < 0.005) with 
equivalent rest flow. These flow reductions occurred 
in both subendocardium (P=0.02) and subepicardium 
(P<0.005) for MBF and MPR. Visual perfusion de-
fects were not associated with other pre- phenotypic 
features (AMVL, P=0.63; presence of ≥2 myocardial 
crypts, P=0.704; maximum wall thickness, P=0.59; 
LV end- systolic volume, P=0.3; left ventricular ejection 
fraction, P=0.58) (Table 4). Three out of nine (33.3%) 
subjects with G+LVH-  with perfusion defects had a 
Romhilt- Estes score ≥4 versus only 1 of 33 (3%) with-
out (P=0.026). However, only 2 of 9 (22.2%) reached 

Sokolov- Lyon criteria versus 5 of 30 (14.3%) without 
(P=0.619).

All 5 of 50 participants with CMR detected LVH 
had visual perfusion defects (average age 42±14.09). 
Compared with G+LVH- , those with overt hypertro-
phy (G+LVH+) had greater maximum wall thickness 
(14.58±1.21  mm versus 9.03±1.95  mm, P<0.005), 
higher ejection fraction (78.72±4.92% versus 
71.89±5.47%, P=0.032) and lower global mean stress 
MBF (1.91±0.6 mL/g per min versus 2.75±0.71 mL/g 
per min, P=0.031). The comparison for resting mean 
MBF (0.93±0.59 mL/g per min versus 1.08±0.37 mL/g 
per min, P=0.605) and mean MPR (1.99±1.02 versus 
2.77±0.83, P=0.164) was non- significant. Compared 
with controls, G+LVH+ also had greater maximum 
wall thickness (14.58±1.21 mm versus 8.37±1.18 mm, 
P < 0.005), higher ejection fraction (78.72±4.92% versus 
65.77±4.37%, P=0.002) and lower global mean stress 
MBF (1.91±0.6 mL/g per min versus 2.78±0.59 mL/g 
per min, P=0.027). Similarly, a much lower MPR did 
not reach significance (1.99±1.02 versus 3.24±0.63, 
P=0.05). Resting mean MBF was also non- significant 
(0.93±0.59 mL/g per min versus 0.90±0.23 mL/g per 
min, P=0.91).

DISCUSSION
These data show that subjects carrying a known muta-
tion for HCM can have abnormal myocardial perfusion 
before, or in the absence of the development of signifi-
cant LVH or scar and in the absence of other causes of 
myocardial microvascular dysfunction. These defects 

Figure 3. Bar chart comparison between genotype- positive; left ventricular hypertrophy- negative and controls of mean 
global stress myocardial blood flow, subendocardial stress myocardial blood flow, and subepicardial stress myocardial 
blood flow (A) and mean myocardial perfusion reserve, subendocardial myocardial perfusion reserve, and subepicardial 
myocardial perfusion reserve (B).
MBF indicates myocardial blood flow, and MPR, myocardial perfusion reserve.
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can be large and visually obvious by conventional 
CMR perfusion, with quantitation via perfusion map-
ping showing reduced global and segmental perfu-
sion reserve, with a decrease in MBF (not just lack of 
augmentation) in defects compared with rest, during 
adenosine hyperemia.

Phenotype development and its sequence in HCM 
are not well understood. Preclinical “embryological” fea-
tures such as AMVL elongation and crypts are thought 
to be present at birth. ECG changes can occur before 
LVH with significant LGE almost always occurring later, 
after the development of LVH. Traditional thinking sug-
gests that perfusion defects should not occur pre/in 
the absence of LVH that fulfills HCM criteria, a view 
supported by smaller, earlier non- quantitative stud-
ies.21 Where perfusion defects were present in overt 
HCM, flow is lowest within the subendocardium,14,22 
as here. The proposed mechanisms are the effects of 
extravascular compressive forces and elevated intra-
ventricular pressures,23 with increased demand from 
hypertrophied or inefficient myocytes linking in some 
way to microvascular and fibrotic changes cascad-
ing from signalling myocytes. The conventional view 
is therefore that perfusion defects are secondary to 
initial myocyte changes; only subsequently serving as 
a pathway/feedback mechanism exacerbating LVH, 
fibrosis and potentially risk. After all, the sarcomeric 
proteins mutated in HCM induce overt phenotypes 

only in myocardium, with expression in other forms of 
muscle causing only subtle ultrastructural and ener-
getic abnormalities.24

This is unlikely to be the explanation in this cohort, 
as there is no overt LVH. The findings upset a “myocyte 
centric” view of HCM where LVH is a primary mecha-
nism. To explain these findings, we hypothesize several 
possibilities.

Table 3. MPR Using the American Heart Association 
16- Segment Model and Mean of Myocardial Perfusion 
Reserve in the Lowest 2 Contiguous Segments

AHA Segment MPR G+LVH- MPR Control P Value

Mean of lowest 2 
contiguous segments

2.023 (0.72) 2.56 (0.58) <0.005*

1 2.63 (0.58) 3.12 (0.69) 0.008*

2 2.61 (0.93) 3.06 (0.57) 0.026*

3 2.40 (0.77) 3.03 (0.67) <0.005*

4 2.89 (0.67) 3.62 (1.06) <0.005*

5 3.19 (1.20) 3.95 (1.26) 0.016*

6 3.02 (1.08) 3.53 (0.74) 0.021*

7 2.43 (0.86) 2.87 (0.6) 0.015*

8 2.34 (0.76) 2.87 (0.59) <0.005*

9 2.51 (0.88) 2.90 (0.62) 0.033*

10 2.71 (0.91) 3.29 (0.76) 0.005*

11 2.87 (1.03) 3.42 (0.94) 0.024*

12 2.67 (0.92) 3.03 (0.70) 0.071

13 2.89 (1.12) 3.20 (0.89) 0.212

14 2.73 (1.06) 2.97 (0.83) 0.300

15 2.74 (0.96) 3.21 (0.82) 0.033*

16 3.00 (1.01) 3.54 (1.01) 0.031*

AHA indicates American Heart Association, G+LVH- , genotype- positive, 
left ventricular hypertrophy- negative, and MPR, myocardial perfusion 
reserve.

*indicates significant P value <0.05.

Table 4. Characteristics of Patients With G+LVH-  With 
Perfusion Defects Versus Those Without

Category  
Mean (SD)

Perfusion 
Defect (n=9)

No Perfusion 
Defect (n=36) P Value

Age, y 34.6 (16.5) 37.8 (11.2) 0.590

No. of men (%) 3 (33.3) 10 (27.8) 0.704

BSA, m2 1.83 (0.2) 1.85 (0.2) 0.830

LA area indexed, 
cm2/m2

13.38 (1.6) 13.0 (2.32) 0.580

AMVLi, mm/m2 12.81 (2.0) 12.44 (2.1) 0.630

≥2 LV crypts, n (%) 3 (33.3) 10 (27.8) 0.704

LVEDVi, mL/m2 69.73 (9.1) 73.69 (15.0) 0.220

LVESVi, mL/m2 19.12 (5.6) 21.49 (7.1) 0.300

Ejection fraction 
(%)

72.82 (5.4) 71.66 (5.5) 0.580

Massi, g/m2 44.49 (10.6) 45.61 (9.8) 0.780

SV, mL 92.43 (11.5) 98.44 (22.9) 0.280

Mean global 
stress MBF, mL/g 
per min

2.17 (0.8) 2.89 (0.6) 0.030*

Mean MPR 2.10 (0.6) 2.94 (0.8) <0.005*

Mean rest MBF, 
mL/g per min

1.07 (0.3) 1.08 (0.4) 0.910

Mean 
subendocardial 
MBF, mL/g per 
min

1.91 90.8) 2.67 (0.8) 0.020*

Mean 
subendocardial 
MPR

1.89 (0.6) 2.71 (0.7) <0.005*

Mean 
subepicardial 
MBF, mL/g per 
min

2.26 (0.8) 2.93 (0.7) 0.040*

Mean 
subepicardial 
MPR

2.27 (0.6) 3.19 (1.0) <0.005*

Septal T1, ms 1026.5 (36.2) 1025.36 (34.7) 0.930

Septal T2, ms 48.9 (3.9) 49.3 (3.8) 0.780

Septal ECV (%) 24.4 (3.0) 26.2 (2.1) 0.120

MWT, mm 9.43 (2.5) 8.93 (1.8) 0.590

LGE present n (%) 2 (22.2) 6 (16.7%) 0.651

AMVLi indicates indexed anterior mitral valve leaflet (length); BSA, body 
surface area; ECV, extracellular volume; G+LVH- , genotype- positive; left 
ventricular hypertrophy- negative; LA, left atrium; LGE, late gadolinium 
enhancement; LV, left ventricle/ventricular; LVEDVi, indexed left ventricular 
end- diastolic volume; LVESVi, indexed left ventricular end- systolic volume; 
Massi, indexed mass; MBF, myocardial blood flow; MPR, myocardial 
perfusion reserve; MWT, maximum wall thickness; and SV, stroke volume.

*indicates significant P value <0.05.
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One hypothesis is “missed hypertrophy” —  that per-
fusion defects are secondary to myocyte hypertrophy 
missed in the early phase by macroscopic imaging. 
There is some evidence for that, as ECG changes are 
occurring coincidentally. Against this is that perfusion 
defects were present and profound in some patients 
without LVH by ECG criteria.

A second hypothesis is “pre- hypertrophy myocyte 
phenotype switching” —  that myocytes alter expres-
sion profiles and matrix/cell interaction before overt 
LVH. Such switching could well induce fibroblast hy-
perplasia and conversion to myofibroblasts, as well as 
vascular smooth muscle hypertrophy.23 Certainly per-
fusion changes in other diseases have been thought to 
be vascular in origin (eg, Fabry disease).25

The final hypothesis we propose “myocyte:capillary 
embryological coupling hypothesis”, is more thought 
provoking. The heart is built of cells and interstitium, 
and we typically focus on one functional cell type: 
myocytes. But the fundamental unit of tissue, since 
life evolved beyond diffusion limits, is not one spe-
cialist cell but a pair: one for specialized function (eg, 
myocyte/neuron etc), and one specialized in tissue 
exchange —  the capillary. HCM- causing mutations 
cause an embryological phenotype including alter-
ations in clefts, trabeculae, disarray, and the AMVL 
that are detectable pre- birth.26,27 It is therefore plau-
sible, or even likely, that the microvasculature of HCM 
is abnormal right from the beginning of organogene-
sis, well before any overt clinical phenotypic expres-
sion. Here, perfusion defects were mainly septal, as 
is typical with hypertrophy in HCM. Embryologically, 
septation is timed differently to free wall formation 
(occurs later),27 raising the possibility that overt dis-
ease perfusion defects and hypertrophy distributions 
are patterned by embryological sequential gene 
expression. Similar to Ho et al’s findings, ECV was 
higher in our G+LVH-  cohort than controls, further 
supporting their argument that sarcomere mutations 
cause myocardial abnormalities and increased inter-
stitial fibrosis before and independently of overt hy-
pertrophy,28 but also strengthening our hypothesis 
about embryological sequential gene expression.

One other phenomenon was observed, that of 
slightly higher rest flow in HCM mutation carriers. 
This was separate to and independent of stress 
perfusion defects. Rest perfusion is tightly autoreg-
ulated, matching supply and demand. So even if 
there were capillary alterations, rest flow would be 
preserved. If this is not a supply issue, and in the 
absence of reduced oxygen carriage (anaemia), the 
most logical reason for this is increased demand. We 
therefore hypothesize that this may be a manifesta-
tion of sarcomeric “gain of function” with inefficiency 
of hyperdynamic contraction and elevated metabolic 
demand. A second hypothesis could also be that 

mutation carriers have altered their vascular pharma-
codynamics response to adenosine –  and that stress 
vasodilatation lingers in HCM.

All subjects fulfilling criteria for HCM (G+LVH+) 
had visual perfusion defects, which is higher than our 
center’s previously reported rate in HCM of 78%.13 
However, our numbers reported in this article are 
much lower (n=5 versus 101). These subjects had 
lower mean stress MBF than those who were G+LVH- , 
yet mean rest MBF and overall mean MPR were equiv-
alent. This further supports our hypothesis about 
sarcomeric “gain of function” as a preclinical finding. 
Compared with controls, mean stress MBF was lower 
and although there was a large numerical difference in 
mean MPR, this fell just shy of significance (which our 
center has previously reported,13 again likely because 
of the small sample size).

The utility of early phenotype detection for thera-
peutic prevention or attenuation of phenotype devel-
opment is being explored. In animal models, the use 
of the L- type calcium- channel blocker, diltiazem, in 
G+LVH-  mice showed attenuated phenotype progres-
sion compared with placebo- controls.29 A pilot study 
in G+LVH-  in humans showed that diltiazem could 
be used safely without significant adverse effects, al-
though the impact on disease progression remained 
unclear.30 Furthermore, the role of transforming growth 
factor- β activation on fibrosis development and dis-
ease pathogenesis has been explored in mice and the 
impact of inhibiting transforming growth factor- β ac-
tivation using neutralizing antibodies or angiotensin II 
receptor blockers demonstrated a reduction in disease 
progression. The VANISH (Valsartan for Attenuating 
Disease Evolution in Early Sarcomeric HCM) trial is 
underway testing whether the angiotensin II receptor 
blockers Valsartan can attenuate disease progression 
in G+LVH-  humans.31 Whether any of these medica-
tions alters perfusion defects is unknown in G+LVH-  
HCM, and more broadly, these data point to a more 
complex and sequenced phenotype development in 
HCM with new potential therapeutic targets (vascular 
function) and surrogate end points for further study.

Limitations
This is a single time- point observational study; any 
phenotypic development after the time of scanning has 
not been evaluated. Future work should explore those 
with visually identified perfusion defects. Although this 
is the largest series to date, larger prospective cohorts 
are needed. Biopsies have not been performed and 
therefore our assumptions about the role of microvas-
cular dysfunction cannot be confirmed; an alternative 
explanation for an impaired response to adenosine 
cannot be excluded. There was no clinical indication 
to perform anatomical coronary assessment in this 
cohort, and as such we could not fully exclude the 
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presence of epicardial coronary artery anomalies in-
cluding bridging; however, it is highly unlikely that these 
could explain the findings. For fractal analysis, the cine 
short axis stack was performed after stress perfusion, 
ie, in the presence of a half dose of contrast, which 
reduced trabeculae:blood contrast.

CONCLUSIONS
Quantitative perfusion mapping demonstrated that 1 
in 5 patients with G+LVH-  HCM have marked regional 
perfusion defects –  before any detectable significant 
hypertrophy or scar, suggesting that our models of 
HCM phenotype development could be reconsidered. 
Perfusion may be an early therapeutic target and per-
fusion mapping is a useful tool to explore further the 
early HCM phenotype.
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Table S1. List of likely pathogenic/pathogenic variants in the recruited individuals.  

GnomAD and ClinVar accessed Dec 2019. MAF: minor allele frequency. ACMG: American College of Medical Genetics. 

Individua

l 

identifier 

Gene Variant gnomAD[1

] 

MAF 

ClinVar [2] 

classification 

Clinical 

laboratory 

classification 

(following 

ACMG[3] 

guidelines) 

1 TNNI3 

c.470C>T

p.Ala157Val

Not 

reported 

Pathogenic, 

two stars 

Likely pathogenic 

2 

MYBPC3 

c.2373_2374insG

p.Trp792Valfs*41

0.0000174 Pathogenic, 

two stars 

Pathogenic 

3 

TNNT2 

c.305G>A

p.Arg102Gln

Not 

reported 

Pathogenic/lik

ely 

pathogenic, 

two stars 

Likely pathogenic 

4 

MYBPC3 

c.1168delC

p.His390Metfs*16

Not 

reported 

Pathogenic, 

two stars 

Pathogenic 
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5 

TPM1 

Asp175Asn 0.0000159 Pathogenic, 

two stars 

Likely pathogenic 

6 

MYBPC3 

p.Lys543Argfs*12

c.1628delA

Not 

reported 

Pathogenic, 

zero stars 

Pathogenic 

7 MYBPC3 

c.1624+4A>T 0.0000133 Pathogenic/lik

ely 

pathogenic, 

two stars 

Pathogenic 

8 TNNI3 

c.470C>T

p.Ala157Val

Not 

reported 

Pathogenic, 

two stars 

Likely pathogenic 

9 

MYH7 

c.1477A>C

p.Met493Leu

Not 

reported 

Not reported Likely pathogenic 

10 MYH7 

c.1324C>T

p.Arg442Cys

0.0000199 Conflicting 

interpretation, 

1 star 

Likely pathogenic 

11 TNNI3 

c.433C>T

p.Arg145Trp

0.00000402 Pathogenic, 

two stars 

Likely pathogenic 
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12 

MYBPC3 

c.1628delA

p.Lys543Argfs*12

Not 

reported 

Pathogenic, 

zero stars 

Pathogenic 

13 

MYBPC3 

c.3163A>T

p.Lys1055*

Not 

reported 

Likely 

pathogenic, 

one star 

Pathogenic 

14 

MYBPC3 

c.1504C>T

p.Arg502Trp

0.000401 Conflicting 

interpretation, 

one star 

Likely pathogenic 

15 MYBPC3 

c.2096delC

p.Pro699Glnfs*55

Not 

reported 

Pathogenic, 

two stars 

Pathogenic 

16 MYBPC3 

c.1628delA

p.Lys543Argfs*12

Not 

reported 

Pathogenic, 

zero stars 

Pathogenic 

17 MYBPC3 

c.1227-13G>A 0.0000125 Conflicting 

interpretation, 

one star 

Likely pathogenic 

18 MYH7 

c.2389G>A

p.Ala797Thr

0.0000239 Pathogenic/lik

ely 

Likely pathogenic 
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pathogenic, 

two stars 

19 MYBPC3 

c.1624+4A>T 0.0000133 Pathogenic/lik

ely 

pathogenic, 

two stars 

Pathogenic 

20 MYBPC3 

c.2373_2374insG

p.Trp792Valfs*41

0.0000174 Pathogenic, 

two stars 

Pathogenic 

21 MYBPC3 

c.2373_2374insG

p.Trp792Valfs*41

0.0000174 Pathogenic, 

two stars 

Pathogenic 

22 MYBPC3 c.3163A>T

p.Lys1055*

Not 

reported 

Likely 

pathogenic, 

one star 

Pathogenic 

23 

MYBPC3 c.1928-2A>G Not 

reported 

Pathogenic, 

two stars 

Pathogenic 

24 

MYBPC3 

c.1483C>G

p.Arg495Gly

0.00000401 Pathogenic/lik

ely 

pathogenic, 

two stars 

Likely pathogenic 
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25 MYH7 c.1711G>A

p.Gly571Arg

Not 

reported 

Uncertain 

significance, 

one star 

Pathogenic 

26 TNNT2 c.247G>A

p.Glu83Lys

Not 

reported 

Likely 

pathogenic, 

one star 

Likely pathogenic 

27 

MYH7 c.2123G>A

p.Gly708Asp

Not 

reported 

Not reported Likely pathogenic 

28 

TNNI3 c.484C>T

p.Arg162Trp

0.0000402 Pathogenic/lik

ely 

pathogenic, 

two stars 

Likely pathogenic 

29 

MYBPC3 c.1624+4A>T 0.0000133 Pathogenic/lik

ely 

pathogenic, 

two stars 

Pathogenic 

30 

TNNI3 c.484C>T

p.Arg162Trp

0.0000402 Pathogenic/lik

ely 

pathogenic, 

two stars 

Likely pathogenic 
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31 

MYBPC3 c.3293G>A

p.Trp1098*

Not 

reported 

Pathogenic, 

two stars 

Pathogenic 

32 

MYH7 c.2123G>A

p.Gly708Asp

Not 

reported 

Not reported Likely pathogenic 

33 

MYBPC3 c.2167C>T

p.Arg723Cys

Not 

reported 

Not reported Pathogenic 

34 

MYBPC3 c.2458C>T

p.Arg820Trp

0.00000401 Conflicting 

interpretation, 

one star 

Likely pathogenic 

35 

MYBPC3 c.2373_2374insG

p.Trp792Valfs*41

0.0000174 Pathogenic, 

two stars 

Pathogenic 

36 MYBPC3 c.772G>A

p.Glu258Lys

0.0000166 Pathogenic/lik

ely 

pathogenic, 

two stars 

Likely pathogenic 
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37 

MYBPC3 c.2950C>T

p.Gln984*

Not 

reported 

Pathogenic, 

one star 

Pathogenic 

38 

MYBPC3 c.2373_2374insG

p.Trp792Valfs*41

0.0000174 Pathogenic, 

two stars 

Pathogenic 

39 

MYBPC3 p.Val454Cysfs*12

c.1359delT

Not 

reported 

Pathogenic, 

one star 

Pathogenic 

40 MYBPC3 

c.1483C>G

p.Arg495Gly

0.00000401 Pathogenic/lik

ely 

pathogenic, 

two stars 

Likely pathogenic 

41 MYBPC3 c.1224-19G>A 0.0000256 Likely 

pathogenic, 

two stars 

Likely pathogenic 

42 MYH7 c.1750G>A

p.Gly584Ser

Not 

reported 

Pathogenic/lik

ely 

pathogenic, 

two stars 

Pathogenic 
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43 

MYBPC3 c.1224-19G>A 0.0000256 Likely 

pathogenic, 

two stars 

Likely pathogenic 

44 

MYH7 c.1750G>A

p.Gly584Ser

Not 

reported 

Pathogenic/lik

ely 

pathogenic, 

two stars 

Pathogenic 

45 

MYBPC3 c.(2602+1_2603-

1)_(3825_?)del 

NC_000011.9:g.(?_4735

3422)_(47357562_?)del 

Not 

reported 

Not reported Pathogenic 

46 

CSRP3 c.131T>C

p.Leu44Pro

0.000012 Conflicting 

interpretation, 

one star 

Likely pathogenic 

47 

MYL2 c.173G>A

p.Arg58Gln

0.00000795 Pathogenic/lik

ely 

pathogenic, 

two stars 

Likely pathogenic 

48 MYBPC3 c.1504C>T

p.Arg502Trp

0.000401 Conflicting 

interpretation, 

one star 

Likely pathogenic 
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49 MYH7 c.2539A>G

p.Lys847Glu

Not 

reported 

Likely 

pathogenic, 

three stars 

Likely pathogenic 

50 MYBPC3 
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Figure S1. Qualitative and quantitative myocardial hypoperfusion in hypertrophic 

cardiomyopathy (HCM) mutation carriers in the absence of significant hypertrophy 

and fibrosis. A. Adenosine stress perfusion maps in the 3 SAX slices, where each pixel 

encodes myocardial blood flow as per the color scale. B. Corresponding raw stress perfusion 

imaging. C. Corresponding SAX cine. (perfusion scans are acquired partly in systole). 

D. Corresponding SAX PSIR LGE imaging. Arrows demonstrate the perfusion defects. 

LGE = late gadolinium enhancement, PSIR = phase sensitive inversion recovery, SAX = 

short axis. 
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