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Aims Genetic testing in relatives of hypertrophic cardiomyopathy (HCM) patients leads to early identification of pathogenic
DNA variant carriers (G+), before the onset of left ventricular hypertrophy. Routine phenotyping consists of electro-
cardiography (ECG) and transthoracic echocardiography (TTE). Cardiovascular magnetic resonance (CMR) has become
valuable in the work-up of HCM. In this study, we investigated the value of CMR in phenotyping of G+ family members.

Methods and
results

This study included 91 G+ subjects who underwent ECG, TTE and CMR, with a maximal wall thickness (MWT)
,15 mm on TTE. The relative performance of TTE and CMR regarding wall thickness measurements and HCM diagno-
ses was assessed. HCMwas defined as MWT of≥13 mm. Logistic regression was performed to assess whether ECG and
TTE parameters can predict CMR results. Most subjects (75%) had an MWT,13 mm on TTE, of which 23 (34%) were
diagnosed with HCM based on CMR. MWT differences (range 1–10 mm) were often caused by an anterobasal hook-
shaped thickening of the myocardium not visible on TTE. Two of 23 (9%) subjects with HCM on TTE were reclassified
as no HCM on CMR. Normal ECG and TTE results almost excluded reclassifications by CMR. The prevalence of other
HCM-related abnormalities on CMR was low.

Conclusion CMR reclassified 27% of subjects. Subjects with normal ECG/TTE results were reclassified in a low number of cases,
justifying screening with ECG and TTE in G+ relatives. In subjects with abnormal ECGs and/or poor TTE image quality,
CMR is indicated.
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Graphical Abstract

Overview of current study as a structured abstract in top left, demonstrating the use of cardiac magnetic resonance imaging (CMR) on top of
electrocardiography (ECG) and transthoracic echocardiography (TTE) in subjects evaluated for hypertrophic cardiomyopathy (HCM) through
family screening. Presence or absence of HCM as judged by TTE and CMR imaging is cross-tabulated (1). More than a quarter of subjects are
reclassified when using CMR, as shown by the red boxes. Reclassifications mostly occurred in subjects without HCM on TTE (23/68, 34%), and
only rarely in those with HCM on TTE (2/23, 9%). In 10 subjects reclassified as HCM on CMR, a prominent anterobasal hook was found on CMR,
a structure not visible on TTE (2, arrows). Results from ECG and TTE can be used to predict diagnoses on HCM (3), as subjects with normal
ECG/TTE results (defined as the absence of left ventricular hypertrophy on ECG or TTE, and the lack of left ventricular outflow tract obstruction
on TTE), were reclassified in only a small number of cases. These findings highlight the potential role of CMR in family screening for HCM, and
show how ECG and TTE can be used to assess whether or not it is useful to perform CMR studies in this subject group. G+= genotype positive.

Keywords hypertrophic cardiomyopathy • echocardiography • cardiovascular magnetic resonance • genetics • screening

Introduction
Hypertrophic cardiomyopathy (HCM) is the most common
hereditary cardiac condition, with a pathogenic sarcomere gene
variant found in up to 60% of cases.1 Genetic counselling and testing
of HCM patients facilitate cascade screening of relatives. Most
genotype-positive (G+) relatives are phenotype-negative (Ph−) at
initial evaluation [maximal wall thickness (MWT) ,13 mm], and
are followed regularly to assess development of HCM.2 Classically,
phenotyping consists of electrocardiography (ECG) and transthor-
acic echocardiography (TTE), although cardiovascular magnetic res-
onance (CMR) is increasingly used.1,3 Advantages of CMR include
accurate measurement of wall thickness in all segments, the detec-
tion of late gadolinium enhancement (LGE) and myocardial crypts.1

CMR is recommended in case of insufficient echocardiographic win-
dows.1 The additive value of CMR imaging in G+ subjects with no or
borderline HCM is less clear, as is the role of the ECG and TTE in
guiding the decision to perform CMR. In this study, we investigated
the incremental value of CMR in diagnosing HCM and assessed which
subjects are most likely to be impacted by CMR imaging in addition to
the routine assessment by ECG and TTE.

Methods
Study population
For this single-centre retrospective observational study, we screened all
G+ subjects who underwent ECG, TTE, and CMR and had an MWT
,15 mm on TTE. Subjects with TTE and CMR studies performed up
to one year apart from each other were eligible for inclusion. Those
with definite HCM (MWT ≥15 mm), or with a high suspicion thereof
(i.e. apical hypertrophy but with inadequate tissue delineation to allow
accurate measurements), were excluded as were those with pathogenic
variants associated with HCM phenocopies (e.g. amyloidosis). The diag-
nosis of HCM is based on an MWT ≥15 mm, or ≥13 mm in those with
first-degree relatives with HCM or in those with a genetic substrate, not
solely explained by loading conditions, in accordance with the guide-
lines.1,4 The latter cut-off is based on the concept that subtle hyper-
trophy is a sign of disease expression in the context of familial HCM.
This study conforms to the principles of the Declaration of Helsinki.
All subjects gave informed consent for inclusion in the registry.
According to the local institutional review board, this study did not
meet the requirements of a study subject to the Medical Research
Involving Human Subjects Act.
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Genetic analysis and family screening
Genetic counselling and testing is routinely offered to HCM patients vis-
iting our cardiogenetic outpatient clinic. Subjects are considered G+ in
case of a likely pathogenic or pathogenic variant (class 4 or 5), in accord-
ance with the American College of Medical Genetics and Genomics re-
commendations.5 Cascade genetic screening is offered to relatives
targeting the variant found in the proband. G+ relatives are then re-
ferred for cardiac screening. The cardiogenetic testing procedure has
been previously described.6

ECG analysis
Standard 12-lead ECG analysis (10 mm= 1 mV, 25 mm/s) was per-
formed in supine position and during quiet respiration. Left ventricular
hypertrophy (LVH) was evaluated using Sokolow–Lyon criteria
(S V1+R V5 or V6≥ 35 mm or R aVL .11 mm), Romhilt–Estes score,
andCornell voltage criteria (S V3+R aVL.28 mm inmen,.20 mm inwo-
men), based on their superior performance in previous research.7,8

Pathological Q waves were (i) any Q wave.0.02 s or QS in V2-V3, (ii) Q
wave≥0.03 s and≥1 mm deep or QS in I, II, aVL, aVF, or V4-V6 in ≥2 con-
tiguous leads, or (iii) Rwave.0.04 s in V1-V2 and R/S. 1with a concordant
positive T wave in absence of conduction defects.9 T wave inversion (TWI)
was defined as an inversion ≥3 mm in ≥2 contiguous leads.

TTE and CMR analysis
TTE and CMR studies were separately analyzed by two researchers (R.H.,
N.v.d.V.), who were blinded to the results of the other modalities’ data.
To assess intra- and inter-reader reproducibility, a random sample of 30
TTE andCMR studies was analyzed 12months later by the same researchers
and by two others (TTE: A.S., CMR: A.H.). All patients underwent TTE using
a standardized guideline-based protocol.10,11 TTEs were considered normal
in the absence of LVH and left ventricular outflow tract (LVOT) obstruction.
LVH was defined as MWT .10 mm for men and .9 mm for women.11

LVOT obstruction was defined as a gradient ≥30 mmHg at rest or during
valsalva. The anterior mitral valve leaflet (AMVL) was measured in the apical
three-chamber (CH) view, from the tip of the leaflet to the insertion of the
non-coronary aortic valve leaflet.12 Left ventricular (LV) systolic and diastolic
function were analyzed according to the guidelines.10,11 LV diastolic function
was defined as normal, abnormal relaxation, pseudonormal, or restrictive fill-
ing, based on Doppler mitral inflow patterns including early (E) and late (A)
LV filling velocities, deceleration time, tissue Doppler imaging-derived septal
early diastolic velocities (e′) and left atrial dimensions. Image quality was
graded optimal, fair, suboptimal or poor based on the visibility of all segments,
endocardial border delineation and axis alignment.

All subjects seen at our cardiogenetic outpatient clinic are invited to
undergo CMR scanning. Those who undergo CMR scanning represent
approximately 90% of the contemporary outpatient population. The re-
maining 10% either have contra-indications (claustrophobia, metal ob-
jects) or refuse CMR for other reasons. CMR examinations were
performed on different clinical 1.5 T (n= 81) and 3 T (n= 10) systems
(GE Healthcare, Milwaukee, WI, USA) with dedicated cardiac/anterior
array coils, ECG gating and breath-hold techniques. The imaging protocol
consisted of retrospectively ECG-gated steady-state free precession
(SSFP) cine imaging and two-dimensional LGE images.

SSFP images were obtained during breath-hold in a contiguous short-
axis (SA) view, with coverage from base to apex and in standard long-axis
views (2-, 3-, and 4CH). Functional and volumetric measurements were

determined by manually drawing epi- and endocardial contours in end-
systole and -diastole in the SA view, excluding papillary muscles and tra-
beculations from the myocardium. Morphological features such as crypts
were assessed on all available SSFP cine images and AMVL length was
measured in the 3CH view (from the leaflet to its insertion in the poster-
ior aortic wall, mid- or end-diastole).13 Typical SSFP cine imaging
scan parameters were: slice thickness 6–8 mm, interslice gap 2–4 mm,
TR/TE 3.2–4.5/1.4–2.0 ms, flip angle 45–85°, ASSET 2, field of view
280–380× 250–340 mm, acquired matrix 192–280× 160–256, and
30 phases per cardiac cycle.

We registered the presence of ‘anterobasal hooks’, hook-shaped con-
figurations of the anterobasal segment, defined as an isolated hyper-
trophic protuberance with a wall thickness ratio ≥2 compared with
the adjacent myocardium, visible on the long-axis 2CH view and mea-
sured at end-diastole.14

LGE imaging was performed at least 15 min after intravenous admin-
istration of a gadolinium-based contrast agent (0.2 mmol/kg; Gadovist,
Bayer, Mijdrecht, The Netherlands), using a breath-held two-dimensional
segmented inversion-recovery gradient-echo pulse sequence. LGE
images were obtained in SA and long-axis views. If necessary, preset in-
version time was adjusted to null normal myocardium for LGE imaging.
Typical LGE scan parameters were: slice thickness 6–8 mm, interslice
gap 2–4 mm, TR/TE 4.5–7.01/1.2–3.3 ms, flip angle 15–25°, ASSET 1.5,
field of view 280–400× 250–400 mm and acquired matrix 200–256×
160–200. Isolated hinge point fibrosis was registered separately from
mid-myocardial replacement fibrosis contained in the LV myocardium.

Statistical analysis
Values were expressed as mean+ standard deviation, median [25–75th
percentile] or number (%). Continuous data were assessed for normality
using Q–Q plots and the Shapiro–Wilk test, and analyzed using the
Student’s t-test or Mann–Whitney U test. Categorical data were com-
pared using Pearson’s χ² test or Fisher’s exact test. Paired data were
compared using the paired t-test and McNemar’s test. Agreement be-
tween TTE and CMR as well as intra- and inter-reader reproducibility
was visualized using Bland–Altman plots and reported using the intraclass
correlation coefficient (ICC). The cohort was split into groups and ana-
lyzed based on presence or absence of HCM on TTE and CMR. Logistic
regression was used to assess the predictive ability of ECG and TTE para-
meters for reclassifications on CMR. Variable selection was based on the
Akaike Information Criterion. Multicollinearity was assessed by calculat-
ing variance inflation factors, with a cut-off of 5 indicating high multicolli-
nearity. Subjects were stratified according to the presence of ECG/TTE
abnormalities to identify subgroups with low and high odds of reclassifi-
cations and CMR-related abnormalities. We explored which independ-
ent predictors could refine these results by assessing their predictive
ability through receiver operator characteristic curves. Testing was two-
tailed and P values,0.05 were considered statistically significant. All ana-
lyses were performed using SPSS version 25 (IBM Corp., Armonk,
New York) and R version 3.6.1 (https://cran.r-project.org/).

Results

Study population
After excluding two subjects lacking a formal diagnosis of HCM on
TTE but highly suspected thereof (LVH on CT, abnormalities in
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Table 1 Characteristics for total group and TTE subjects, stratified by HCM on CMR

Variables All subjectsa (n=91) TTE−−−−−/CMR−−−−− (n=45) TTE−−−−−/CMR+++++ (n=23) P-value

Age, years 46+ 13 42+ 13 49+ 13 0.03

Male 36 (40%) 13 (29%) 8 (35%) 0.62

Genotype 0.78

MYBPC3 69 (76%) 33 (73%) 18 (78%)

MYH7 12 (13%) 6 (13%) 3 (13%)

MYL2 8 (9%) 4 (9%) 2 (9%)

Other 2 (2%) 2 (4%) 0 (0%)

Negative inotropes 3 (3%) 1 (2%) 0 (0%) 1.00

ECG

QRS duration, ms 95+ 11 92+ 11 97+ 13 0.13

QTc duration, ms 399+ 21 394+ 21 409+ 19 ,0.01

Pathological Q wave 8 (9%) 2 (4%) 2 (9%) 0.48

T-wave inversion 3 (3%) 2 (4%) 0 (0%) 0.55

Sokolow–Lyon criteria 3 2(3%) 2 (4%) 0 (0%) 0.55

Cornell voltage criteria 11 (11%) 4 (9%) 2 (9%) 1.00

Romhilt–Estes score 0.17

,4 86 (95%) 44 (98%) 20 (87%)

4 4 (4%) 1 (2%) 2 (9%)

≥5 1 (1%) 0 (0%) 1 (4%)

Echocardiography

Suboptimal/poor image quality 32 (35%) 14 (31%) 9 (39%) 0.51

Interventricular septal wall thickness, mm 10 [8–12] 9 [8–10] 11 [10–11] ,0.001

Septal curvature ,0.01

Neutral 64 (70%) 43 (96%) 16 (70%)

Reverse 24 (26%) 2 (4%) 5 (22%)

Sigmoid 3 (3%) 0 (0%) 2 (9%)

Posterior wall thickness, mm 8 [7–10] 8 [7–9] 8 [8–9] 0.21

MWT, mm 11 [9–13] 9 [8–10] 11 [10–12] ,0.001

MWT location 0.12

Septum 71 (78%) 28 (62%) 20 (87%)

Posterior 7 (8%) 7 (16%) 0 (0%)

Inferolateral 1 (1%) 1 (2%) 0 (0%)

Concentric 12 (13%) 9 (20%) 3 (13%)

Left atrial diameter, mm 36+ 5 35+ 5 36+ 5 0.33

AMVL length, mm 27+ 4 26+ 3 27+ 4 0.36

Systolic anterior motion of the mitral valve 3 (3%) 0 (0%) 1 (4%) 0.34

Complete 2 (2%) 0 (0%) 1 (4%)

Partial 1 (1%) 0 (0%) 0 (0%)

Without LVOT obstruction 1 (1%) 0 (0%) 0 (0%) -

Chordal systolic anterior motion 2 (2%) 0 (0%) 0 (0%) -

LVOT gradient, mmHg 5 [4–7] 4 [4–5] 6 [5–12] 0.02

Rest valsalva 7 [5–9] 6 [4–7] 8 [4–10] 0.12

LVOT obstruction 4 (4%) 0 (0%) 1 (4%) 0.34

Impaired systolic function 9 (10%) 6 (13%) 2 (9%) 0.71

Mitral inflow E wave, cm/s 73+ 16 76+ 17 71+ 17 0.28

Mitral inflow A wave, cm/s 61+ 18 55+ 16 68+ 22 ,0.01

E/A ratio 1.3+ 0.6 1.5+ 0.6 1.2+ 0.5 0.03

Continued
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the apex suggestive of apical HCM), we included 91 subjects (40%
male, 46+ 13 years). Most (n= 68, 75%) had no HCM on TTE
(TTE−), of which 23 (34%) were diagnosed with HCM following
CMR (CMR+). Of 23 (25%) subjects diagnosed with HCM on TTE
(TTE+), 2 (9%) were reclassified as no HCM on CMR (CMR−).
The number of HCM diagnoses was significantly different between
modalities (P, 0.001).

Table 1 illustrates ECG and imaging characteristics of the total co-
hort and TTE− subgroups, stratified by the presence of HCM on
CMR. Most ECGs were unremarkable, with TWI and LVH by
Sokolow-Lyon criteria being particularly rare. There was some de-
gree of systolic and diastolic impairment, although this was mild in al-
most all cases. There were four subjects with LVOT obstruction,
with peak LVOT gradient values between 32 and 58 mmHg.
Myocardial crypts and mid-myocardial LGE were found in 39
(43%) and 13 (14%) subjects. TTE−/CMR+ subjects were, on aver-
age, 7 years older than the TTE−/CMR− group. They were less likely

to have neutral septal contours (70 vs. 96%, P, 0.01), had a lower
septal e′ velocity and a higher E/e′ ratio accordingly (8.0+ 3.1 vs.
9.8+ 2.5 cm/s; 9.8+ 3.5 vs. 7.8+ 2.2, P, 0.05).

Measurement discrepancies
Overall, MWT was significantly higher on CMR (12.6+ 3.0 vs. 10.6
+ 2.2 mm, P, 0.001), whereas interventricular septum (IVS) thick-
ness was lower (9.8+ 2.1 vs. 10.3+ 2.3 mm, P, 0.001). Mean dif-
ferences were 2.0+ 2.2 mm and −0.5+ 1.6 mm, respectively,
corresponding with poor and good agreement (ICC MWT: 0.49
[0.07–0.72]; IVS: 0.73 [0.60–0.82], Figure 1). Discrepancies in MWT
were present along the full spectrum of measurements, whereas dif-
ferences in IVS values were more pronounced with increasing IVS
thickness on TTE. TTE and CMR agreed on MWT location in 60
(66%) cases, although the difference in MWT was equal in subjects
with and without discrepant MWT locations (1.9+ 2.4 vs. 2.0+
2.2 mm, P= 0.90).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Continued

Variables All subjectsa (n=91) TTE−−−−−/CMR−−−−− (n=45) TTE−−−−−/CMR+++++ (n=23) P-value

Septal e′ , cm/s 8.8+ 2.8 9.8+ 2.5 8.0+ 3.1 0.01

E/e′ ratio 8.9+ 2.8 7.8+ 2.2 9.8+ 3.5 ,0.01

Diastolic function 0.04

Normal 63 (69%) 38 (84%) 13 (57%)

Abnormal relaxation 19 (21%) 4 (9%) 7 (30%)

Pseudonormal filling 9 (10%) 3 (7%) 3 (13%)

LV mass, g/m² 76+ 18 68+ 16 79+ 14 ,0.01

CMR

LV mass, g/m² 49+ 9 46+ 8 49+ 10 0.08

Interventricular septal wall thickness, mm 10 [8–11] 8 [8–9] 11 [10–12] ,0.001

Septal curvature 0.02

Neutral 69 (76%) 43 (93%) 18 (78%)

Reverse 13 (14%) 3 (7%) 1 (4%)

Sigmoid 9 (10%) 0 (0%) 4 (17%)

Posterior wall thickness, mm 7 [6–8] 7 [6–8] 7 [6–8] 0.33

MWT, mm 12 [10–14] 10 [10–11] 14 [13–15] ,0.001

MWT location 0.40

Anteroseptal basal 65 (71%) 30 (67%) 19 (83%)

Anteroseptal mid 2 (2%) 2 (4%) 0 (0%)

Inferoseptal basal 14 (15%) 8 (18%) 3 (13%)

Inferoseptal mid 5 (6%) 1 (2%) 1 (4%)

Anterolateral basal 5 (6%) 4 (9%) 0 (0%)

Myocardial crypts 39 (43%) 19 (42%) 12 (52%) 0.44

Multiple 12 (13%) 5 (11%) 4 (18%) 0.47

Anterobasal hook 26 (29%) 10 (22%) 10 (44%) 0.07

AMVL length, mm 23+ 3 23+ 3 23+ 4 0.95

Myocardial fibrosisb 13 (14%) 0 (0%) 3 (14%) 0.04

Hinge point fibrosis 8 (13%) 2 (5%) 6 (27%) 0.02

Data expressed as mean+ standard deviation, median [25–75th percentile] or number (%). AMVL, anterior mitral valve leaflet. LVOT, left ventricular outflow tract. MWT, maximal
wall thickness.
aIncludes TTE+/CMR+ and TTE+/CMR− groups.
bExcludes isolated hinge point fibrosis.
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Figure 1 Bland–Altman plots visualizing discrepancies between CMR and TTE. Differences between CMR and TTE for MWT (A) and IVS (B)
measurements (y axis) are displayed along the full range of wall thickness values on TTE (x axis). Blue inner line: mean difference, red outer lines:
limits of agreement (mean + 2 SDs).

CMR in HCM family screening 1149



In 32 (35%) subjects with suboptimal and poor TTE image quality,
mean MWT difference was similar to those with satisfactory image
quality (2.0+ 2.5 vs. 1.9+ 2.1, P= 0.82), with a similar reclassifica-
tion rate (31 vs. 25%, P= 0.55).

Mean intra- and inter-reader differences for measurements re-
peated in 30 random subjects were 0.0+ 0.7 mm and 0.5+
1.3 mm for TTE and 0.2+ 1.4 mm and 0.5+ 0.8 mm for CMR (see
Supplementary data online, Figure S1). The implications of these differ-
ences for HCM diagnoses and subsequent reclassifications are shown
in Supplementary data online, Table S1. Over all combinations, on aver-
age 21% of subjects were reclassified using CMR. Intra-reader repro-
ducibility for TTE and CMR MWT measurements was 0.94 [0.89–
0.97] and 0.97 [0.95–0.99], respectively. Inter-reader reproducibility
was 0.78 [0.62–0.89] and 0.92 [0.86–0.96], respectively, indicating
good and excellent inter- and intra-reader reproducibility.

Reclassifications of HCM diagnoses
A total of 25 (27%) reclassifications occurred, predominantly in TTE-
subjects (n= 23, 34%). Table 1 compares ECG and imaging

characteristics between the groups. In the TTE−/CMR+ group
the difference between MWT on CMR and TTE was almost 4 mm
(range 1–10 mm), and was 5 mm or more in 7 (30%) subjects.
Figure 2 illustrates a representative TTE−/CMR+ subject. The
MWT location was the septum in all cases, in 10 (43%) cases being
caused by a hook-shaped protuberance of the anterobasal segment
clearly visible on CMR, but not on TTE (see Supplementary data
online, Figure S2). TTE− subjects with this hook had a higher median
MWT on CMR andMWT difference than those without (13 [11–15]
vs. 11 [10–13] mm and 2.5 [2–4] vs. 1.0 [0–2], P, 0.05 for both).
This characteristic finding was not seen on TTE. In the TTE- group,
modest LVH (MWT 10–13 mm) was found in 24 subjects. Other
HCM-related features (defined here as LVOT obstruction or septal
e′ velocities ,7 cm/s) were found in 11 subjects, 9 (82%) of which
were reclassified. In the 13 subjects without these features, 8
(62%) were reclassified.

There were two TTE+/CMR− subjects, both with poor acoustic
windows. The MWT location in these subjects was the septum on
both modalities, and the MWT difference was 1 and 2 mm. The
ECG showed left axis deviation and intraventricular conduction delay

Figure 2 Representative example of a subject reclassified as HCM on CMR. A and B illustrate parasternal SA (basal level) and apical two chamber
images on TTE, with corresponding orientations on CMR on C and D. MWT on TTE was 11 mm (A, right yellow line, B, orange line), blue line (A, left
line) measures 10 mm. MWT on CMR (red line, panel C) was measured at 16 mm.
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in one subject. Multiple myocardial crypts were visible on CMR in
both subjects, there was no LGE.

Anterobasal hooks
A sub-analysis of subjects with and without hooks was performed to
determine whether this finding was associated with a specific pheno-
typic profile. There were 26 subjects with hooks, most common in
the TTE−/CMR+ group (n= 10, 43%), followed by the TTE+/
CMR+ and TTE−/CMR− groups (n= 6, 29%; n= 10, 22%).
Those with hooks were older, more often female, had an increased
MWT and lower indexed LV mass (see Supplementary data online,
Table S2). Diastolic function was more often impaired and they
had more LVOT obstruction.

Yield of CMR based on ECG and TTE
Logistic regression analysis was performed assessing which variables
were predictive of reclassifications, restricting the analysis to TTE−
subjects, because the factors underlying reclassifications in this group
potentially differ from those in TTE+ subjects. After multivariable
adjustment, significant predictors included MWT/posterior wall
thickness ratio (1.93 [1.19–3.14], P, 0.01) and indexed LV mass
(1.01 [1.00–1.02], P= 0.03), as shown in Table 2.
There were 61 subjects with ECG/TTE abnormalities, defined as

LVH on ECG (Romhilt–Estes, Cornell, Sokolow–Lyon criteria)
and/or LVH (MWT .10 mm for men and .9 mm for women) or
LVOT obstruction on TTE. Of these, 13 (21%) subjects did not
have HCM on any modality. ECG/TTE abnormalities were less spe-
cific for HCM diagnoses (on CMR) when adding other abnormalities
(pathological Q waves or TWI). Specificity improved after excluding
the Sokolow–Lyon criteria from the ECG definition and when apply-
ing a universal cut-off for LVH of.10 mm for both men and women,
shown in Figure 3. Of the 37 subjects without ECG/TTE abnormal-
ities, 3 (8%) were reclassified as CMR+, all of which had an MWT

on CMR of 13 mm. The majority with ECG/TTE abnormalities
were CMR+ (n= 41, 76%), in 20 (49%) cases undiscovered on
TTE. CMR revealed more HCM-related abnormalities in those
with ECG/TTE abnormalities, although this was not statistically sig-
nificant (P= 0.07). Myocardial fibrosis was found only in subjects
with ECG/TTE abnormalities, and only in those with HCM on
CMR. Multiple myocardial crypts were rare (see Figure 3).

To further stratify remaining subjects, we attempted to incorpor-
ate other ECG- and TTE-based predictors of CMR+ status based on
logistic regression results. However, in 31 TTE− subjects with ECG/
TTE abnormalities, no variables had significant predictive utility as de-
termined by their areas under the curve.

Discussion
This study explored the incremental value of CMR on top of clinical
evaluation and phenotyping using ECG and TTE in a cohort of patho-
genic sarcomere gene variant carriers with no or limited LVH.
Twenty-seven percent of subjects were reclassified by CMR. The
number of reclassifications in subjects without ECG/TTE abnormal-
ities was low, indicating that ECG and TTE can be used to guide the
decision to perform CMR.

Being able to predict the yield of CMR based on conventional ECG
and TTE results is clinically useful, guiding decision-making in the
work-up of a larger growing population of ‘phenotype-negative’
sarcomere variant carriers, resulting in a more time- and cost-
effective approach for these subjects. Only three (8%) reclassifica-
tions occurred in subjects with normal ECG/TTE results, and the
additional yield of other CMR-specific abnormalities was low.
These findings suggest that ECG and TTE can be used to determine
whether or not to perform CMR. For a better understanding of the
phenotypic spectrum of HCM and for research purposes, the use of

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Results of logistic regression analyses for the prediction of HCM on CMR in subjects without HCM on TTE.

Variable Univariable Multivariable

Odds ratio P-value Odds ratio P-value

Age (per year) 1.05 [1.01–1.10] 0.03

Corrected QT interval (per ms) 1.03 [1.01–1.07] 0.01 1.00 [1.00–1.01] 0.43

IVS/PWT ratio 31.7 [2.99–542.7] ,0.01

MWT/PWT ratio 30.0 [2.58–547.3] 0.01 1.93 [1.19–3.14] ,0.01

Mitral inflow A wave (per cm/s) 1.04 [1.01–1.07] 0.02

Septal e′ (per cm/s) 0.78 [0.62–0.94] 0.01 1.02 [0.96–1.08] 0.47

E/A ratio 0.26 [0.07–0.81] 0.03

E/e′ ratio 1.33 [1.08–1.70] 0.01 1.05 [1.00–1.11] 0.06

Impaired diastolic functiona 4.18 [1.34–13.79] 0.02

LV mass, indexed (per g/m2) 1.05 [1.01–1.09] 0.01 1.01 [1.00–1.02] 0.03

Reverse curve morphology 5.97 [1.17–44.48] 0.04

Only variables with significant results in univariable analysis are displayed. Variable selection was done in a stepwise manner based on the Akaike Information Criterion.
aIncludes all grades of diastolic dysfunction.
PWT, posterior wall thickness.
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CMR in these individuals will remain valuable for high-volume HCM
centres with specific scientific interest.

IVS measurements on TTE and CMR agreed relatively well, where-
as MWT measurements differed more profoundly, which was not
explained by discrepancies in MWT locations nor by image quality.
In several cases this is explained by the superior performance of
CMR in the three-dimensional appraisal of the LV, with improved
visualization of specific LV segments (i.e. the anterolateral wall), in
other cases with concordant MWT locations CMR measurements
benefited from a more accurate assessment of the myocardial wall.

Unsurprisingly, reclassifications occurred mostly in those with
borderline LVH. In seven (32%) TTE−/CMR+ subjects, the differ-
ence in MWT was .5 mm, indicating that substantial LVH can be
missed by TTE. In several subjects without LVH on TTE, LVH on
ECG predicted HCM on CMR, indicating the importance of the
ECG for these subjects, beyond the appraisal of features suggesting
specific diseases (e.g. apical HCM, HCM phenocopies). The relatively

large number of reclassifications illustrate the value of CMR in the
work-up of subjects evaluated for the presence of HCM. Routine
use of CMR should be considered in centres with sufficient CMR facil-
ities, given the management implications for reclassified subjects. An
additional advantage of CMR is the ability to more reliably compare
measurements longitudinally in the same subject, which is particularly
relevant for those who are re-evaluated for HCM later in life.

The two TTE+/CMR− cases had poor acoustic windows, there-
fore already representing a group for which subsequent CMR scan-
ning is indicated. Importantly, myocardial thickness measurements
are not always interchangeable irrespective of image quality or
MWT location, as seen in previous reports in HCM patients or
sarcomere variant carriers.3,15,16 As the MWT difference was mild,
we believe that this is indicative of the inherent differences between
the two modalities, which by itself should not spur physicians to re-
tract prior given diagnoses. We stress that the practice of dichotom-
izing MWT to diagnose HCM, while clinically useful and necessary,

Figure 3 Yield of CMR imaging following ECG and TTE. ECGswere abnormal in case of positive Cornell criteria or Romhilt–Estes score≥4, TTEs
were abnormal in case of LVH (MWT.10 mm) or LVOT obstruction. CMR reclassifies 8% of those without ECG/TTE abnormalities. CMR reveals
additional abnormalities in all groups, but mostly in those with HCM.
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foregoes the fact that HCM develops along a continuum, and the
possible discrepancies between modalities represent a specific issue
within this paradigm, perhaps calling for modality-specific reference
values. This is further complicated by the fact that normal values
on CMR differ between segments and sex,17 with a mean regional
wall thickness difference of 1 mm between men and women. The
clinical relevance of these differences is demonstrated in a large study
(n= 4972) performed in the Multi-Ethnic Study of Atherosclerosis
cohort, in which unexplained LVH (≥15 mm in ≥2 LV segments
on CMR) was found in 61 men and 6 women, corresponding to a
prevalence of 2.6% of men and 0.2% of women. It would be interest-
ing to see the prevalence after application of sex-specific cut-offs, as
this could also offer an explanation to the predominance of men ob-
served in HCM cohorts.6

CMR allows for the detection of several abnormalities considered
part of the phenotypic spectrum of HCM. Multiple myocardial crypts
in particular have been found to be strongly associated with the pres-
ence of sarcomere gene variants.18 Its value in those with proven
pathogenic variants is unclear. To our knowledge, there are no stud-
ies demonstrating whether multiple myocardial crypts or other
CMR-derived parameters predict progression to HCM. In HCM,
presence of (extensive) LGE is a modifier of sudden cardiac death
risk beyond traditional risk factors. The small number of TTE−/
CMR+ subjects with LGE could indicate missed diagnoses in those
at risk of life-threatening arrhythmias. However, the impact of non-
severe LGE in subjects without other compelling risk factors is likely
very limited. As the occurrence of replacement fibrosis (not confined
to the hinge points) was low, both in the overall group and in reclas-
sified subjects, we believe these abnormalities do not justify perform-
ance of CMR by itself, and it can be considered to forego CMR in this
population if there are no other indications to do so.
An anterobasal hook was present in 26 (29%) subjects, a pattern

akin to the shape of a rounded hook because of its relative hyper-
trophy compared to the adjacent myocardium, which was not found
on TTE images (see Supplementary data online, Figure S2). This pat-
tern of isolated hypertrophy was previously described by Maron
et al.,14 and lacked any specific associations with hypertrophy or
curve morphology. The initial hypertrophic response is presumed
to occur in the basal septum due to increased wall stress in that
area, owing to a larger radius and the influence of non-basal LV con-
traction and right ventricular pressure.19 We hypothesize that this
hook either represents the area of initial hypertrophy or increases
in size in parallel to the basal septum, with the resultant curve
morphology dependent on genetic, cellular or hemodynamic differ-
ences.20,21 The 4 (4%) subjects with LVOT obstruction all had mild
LVH on TTE (MWT 12–14 mm) and more pronounced LVH on
CMR (MWT 15–21 mm) caused by the anterobasal hook. The oc-
currence of LVOT obstruction depends on morphological abnor-
malities, and we suspect that hearts with this particular shape are
prone to LVOT obstruction.21

Limitations
The inherent limitations of retrospective studies apply here. A larger
sample size would allow for more robust analyses. Subjects in which
MWT could not be accurately measured but who were suspected to
have HCM were excluded (n= 2). Contrast echocardiography is not

routinely performed at our centre for wall thickness measurement.
Its use may improve MWT measurements on TTE particularly in
those with poor images, impacting comparisons between TTE and
CMR. Our results would likely change if we would incorporate, for
example, subjects suspected of apical HCM with concomitant TWI
on ECG. Finally, our results are potentially over- or underestimated,
as they are primarily based on single TTE and CMR measurements.
However, absolute intra- and inter-reader differences were small
and reclassifications were common even after considering other
measurement combinations. Also, our results show that reclassifica-
tions are not confined to those with borderline LVH and that differ-
ences between modalities can be profound, indicating that
differences between TTE and CMR are not confined to the error
margins of wall thickness measurements.

Conclusion
In conclusion, CMR reclassified a quarter of all subjects. Only 8% of
subjects without LVH on ECG and TTE are reclassified using CMR,
and they have a low prevalence of LGE and myocardial crypts, indi-
cating that it can be justified to not perform CMR in these subjects.
Conversely, in subjects with abnormal ECGs and/or poor TTE image
quality, CMR is indicated.

Supplementary data online, Figure S1 demonstrates intra- and in-
ter-reader differences for TTE and CMR MWT measurements.
Supplementary data online, Figure S2 gives examples of anterobasal
hooks on CMR. Supplementary data online, Table S1 illustrates
agreement between TTE and CMR for each pair of observers.
Supplementary data online, Table S2 gives baseline, ECG and imaging
data stratified by the presence of an anterobasal hook.

Supplementary data
Supplementary data are available at European Heart Journal -
Cardiovascular Imaging online.
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