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ABSTRACT
ISS
OBJECTIVES The aim of this study was to define the variability of maximal wall thickness (MWT) measurements across

modalities and predict its impact on care in patients with hypertrophic cardiomyopathy (HCM).

BACKGROUND Left ventricular MWT measured by echocardiography or cardiovascular magnetic resonance (CMR)

contributes to the diagnosis of HCM, stratifies risk, and guides key decisions, including whether to place an implantable

cardioverter-defibrillator (ICD).

METHODS A 20-center global network provided paired echocardiographic and CMR data sets from patients with HCM,

from which 17 paired data sets of the highest quality were selected. These were presented as 7 randomly ordered pairs (at

6 cardiac conferences) to experienced readers who report HCM imaging in their daily practice, and their MWT caliper

measurements were captured. The impact of measurement variability on ICD insertion decisions was estimated in 769

separately recruited multicenter patients with HCM using the European Society of Cardiology algorithm for 5-year risk for

sudden cardiac death.

RESULTS MWT analysis was completed by 70 readers (from 6 continents; 91% with >5 years’ experience). Seventy-nine

percent and 68% scored echocardiographic and CMR image quality as excellent. For both modalities (echocardiographic

and then CMR results), intramodality inter-reader MWT percentage variability was large (range –59% to 117% [SD �20%]

and –61% to 52% [SD �11%], respectively). Agreement between modalities was low (SE of measurement 4.8 mm;

95% CI 4.3 mm-5.2 mm; r ¼ 0.56 [modest correlation]). In the multicenter HCM cohort, this estimated echocardiographic

MWT percentage variability (�20%) applied to the European Society of Cardiology algorithm reclassified risk in 19.5% of

patients, which would have led to inappropriate ICD decision making in 1 in 7 patients with HCM (8.7% would have had

ICD placement recommended despite potential low risk, and 6.8% would not have had ICD placement recommended

despite intermediate or high risk).

CONCLUSIONS Using the best available images and experienced readers, MWT as a biomarker in HCM has a high

degree of inter-reader variability and should be applied with caution as part of decision making for ICD insertion. Better

standardization efforts in HCM recommendations by current governing societies are needed to improve clinical decision

making in patients with HCM. (J Am Coll Cardiol Img 2021;14:2123–2134) © 2021 by the American College of Cardiology

Foundation.
N 1936-878X/$36.00 https://doi.org/10.1016/j.jcmg.2021.03.032

Downloaded for Anonymous User (n/a) at Harvard University from ClinicalKey.com by Elsevier on December 06, 
2021. For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://doi.org/10.1016/j.jcmg.2021.03.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmg.2021.03.032&domain=pdf


ABBR EV I A T I ON S

AND ACRONYMS

CMR = cardiovascular magnetic

resonance

ESC = European Society of

Cardiology

HCM = hypertrophic

cardiomyopathy

ICD = implantable

cardioverter-defibrillator

LV = left ventricular

LVH = left ventricular

hypertrophy

MWT = maximal wall thickness

SAX = short-axis

SCD = sudden cardiac death

SEM = SE of measurement
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L eft ventricular (LV) wall thickness in
patients with hypertrophic cardiomy-
opathy (HCM) measured using cardiac

imaging determines diagnosis, risk stratifica-
tion, and therapeutic decisions. The preci-
sion of its measurement influences
estimates of prognosis, so it is key to clinical
confidence and optimal decision making.

Measurement importance is most codified
for HCM. Both the European Society of Car-
diology (ESC) (1–3) and the American College
of Cardiology and American Heart Associa-
tion (4,5) regard LV maximal wall thickness
(MWT) as central to clinical care, including
diagnosis, sudden cardiac death (SCD) risk
stratification, and guiding interventions such
as myectomy. It is used either as a contin-
uous variable in primary prevention risk algorithms
or as a dichotomous cutpoint (MWT >30 mm) to
indicate heightened risk and to determine the clinical
appropriateness of implantable cardioverter-
defibrillator (ICD) placement: ESC Class 2a or 2b
(Level of Evidence: B) (3) and American College of
Cardiology and American Heart Association Class 2a
(Level of Evidence: C) (5).

Consequently, the LV MWT biomarker is a key part
of echocardiographic and cardiovascular magnetic
resonance (CMR) clinical work (2,6). However,
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measurement reproducibility is affected by variations
in scanning protocols, image quality, and readers’
training and reliance on and understanding of avail-
able guidelines.

We sought to define “best-case” global variability
in HCM MWT measurement and assess its potential
impact on clinical decision making using a multi-
institutional cohort of patients with HCM. Accord-
ingly, we measured best-case human performance
(excellent images, experienced clinicians) and
assessed the predicted impact of this measurement
variation on SCD risk stratification and consequent
ICD insertion recommendations.

METHODS

IMAGING DATA SET. Twenty international HCM
centers with both echocardiographic and CMR imag-
ing facilities were invited to share at least 1 pair of
high-quality, temporally matched HCM echocardio-
graphic and CMR data sets from a single patient.
Inclusion criteria were performance of echocardiog-
raphy and CMR within 6 months of each other, with
cines devoid of contrast agent; any morphological
HCM subtype; $15 mm of LV hypertrophy (LVH); and
no individuals with familial HCM criteria and lesser
degrees of hypertrophy. A total of 78 paired
echocardiographic and CMR HCM imaging data sets
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FIGURE 1 Organization of the Analysis Modules Presented to Readers
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From the 78 submitted paired data sets, 17 paired data sets (from 17 patients, ie, 34 data sets) were selected on the basis of image quality by

the scientific committee. Of these 34 data sets, each reader was presented with a total of 14 hypertrophic cardiomyopathy (HCM) data sets

(50% echocardiography [Echo], 50% cardiovascular magnetic resonance [CMR]). Of the 14 HCM data sets, 5 pairs were temporally matched

echocardiographic and CMR data sets from 5 different patients, 1 pair was a CMR duplicate from a different patient, and 1 pair was an

echocardiography duplicate from another patient (7 patients in total per analysis module). Each echocardiography data set was made up of

5 views (a, parasternal long axis; b, apical 4 chamber; c, basal short axis [SAX]; d, mid SAX; and e, apical SAX), as was each CMR data set (f,

left ventricular outflow tract; g, 4 chamber; h, basal SAX; i, mid SAX; and j, apical SAX). In this example, echocardiographic (a to e) and CMR

(f to j) images belong to 2 different patients with HCM. See also Videos 1 and 2. Max ¼ maximum.
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were received (78 patients). From these, 17 pairs (34
data sets) with the best image quality were chosen by
a 10-person expert panel (Supplemental Table 1).
Selected data sets were from 14 centers (8 countries, 5
centers in the United States; Supplemental Table 2),
and time between echocardiography and CMR was
�25 days. All patients had provided written informed
consent conforming to the Declaration of Helsinki
(fifth revision, 2000), and contributing centers had
the approval of their national research ethics services
and Institutional Review Boards. Image views were
standard: for echocardiography, parasternal long
axis, apical 4 chamber, and the 3 usual parasternal
short-axis (SAX) views (base, midcavity, apex), and
for CMR (same patient), 3 chamber, 4 chamber, and
the entire LV SAX cine stack refined to 3 SAX cines
matching the echocardiographic slices using point-to-
curve mean error methodology (Supplemental
Table 3).

Datasets were organized into modules consisting of
14 (of the 34) randomly ordered data sets (Figure 1),
composed of 5 paired echocardiographic and CMR
data sets, 1 duplicate echocardiographic pair, and 1
duplicate CMR pair. Each data set was organized as
follows: parasternal long axis (or 3 chamber for CMR),
Downloaded for Anonymous User (n/a) at Harv
2021. For personal use only. No other uses wit
4 chamber, basal, mid, and apical SAX, with a full
cardiac cycle ready for diastolic frame selection and
caliper measurements. HCM morphological subtype
was defined as previously described (7). The septo-
marginal trabeculum was defined as previously
described (8).
INTERVIEW PROCEDURE. We planned for face-to-
face measurements to take a maximum of 30 min to
ensure reader acceptability. Randomly sorted data
sets were presented using OsiriX MD (Pixmeo) on 15-
inch laptops with retina display. Measurements took
place at 6 cardiac conferences (Supplemental Table 4)
in scheduled face-to-face meetings targeting experi-
enced clinicians and academics who report HCM im-
ages by echocardiography and CMR in their daily
practice. Recruitment was via posters (Supplemental
Figure 1) or direct invitation to senior readers and
guideline contributors (by e-mail or telephone). An
instruction leaflet (Supplemental Figure 2) explained
the analysis exercise. There were 4 steps: first,
readers were shown a brief movie of the images (eg,
Videos 1 and 2) and invited to grade the data set im-
age quality; second, readers completed a web-based
questionnaire to capture professional experience
and reporting practices (Research Electronic Data
ard University from ClinicalKey.com by Elsevier on December 06, 
hout permission. Copyright ©2021. Elsevier Inc. All rights reserved.
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TABLE 1 Professional Profiles of Participating Readers (N ¼ 70) and Their Image Quality

Ratings Before and After Analysis

Readers taking HCM measurements that matter for clinical care as part of routine work

Yes 100

No 0

Clinical measurements of HCM taken primarily on

Echocardiography 51

CMR 13

Both equally 36

Subspecialtya

Cardiomyopathy 39

Echocardiography 70

CMR 36

Otherb 14

Professional rolea

Guideline committee member 11

Head of department/professor of cardiology 24

Service lead 13

Consultant cardiologist 41

Cardiology senior specialist traineec 30

Years in main role

1-5 36

5-10 20

>10 44

Place of work

Europe 73

North America 6

South America 4

Australia 7

Asia 7

Africa 3

Confidence in measuring wall thickness in HCM based on clinical experience

Echocardiography

Below average 0

Average 47

Above average 34

Well above average 19

CMR

Below average 0

Average 41

Above average 33

Well above average 26

Echocardiographic image quality

Preanalysis

Below average 4

Average 17

Above average 56

Well above average 23

Postanalysis

Below average 20

Average 66

Above average 10

Well above average 0

Continued on the next page

Captur et al J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 1 4 , N O . 1 1 , 2 0 2 1

Maximal Wall Thickness in HCM N O V E M B E R 2 0 2 1 : 2 1 2 3 – 2 1 3 4

2126

Downloaded for Anonymous User (n/a) at Harvard University from Cli
2021. For personal use only. No other uses without permission. Copyri
Capture [9,10]); third, readers performed the analysis
without prior instruction on the choice of imaging
plane (readers could look at the clip of a whole cardiac
cycle before selecting which phase to caliper); and
finally, readers were invited to regrade data set image
quality.
IMAGE POST-PROCESSING. Calipers and MWT mea-
surements were saved as regions of interest. Image
post-processing used in-house scripts in MATLAB
R2012b (The MathWorks).

RISK SIMULATION HCM COHORT. To assess the
impact of measurement variability, an international
multicenter cohort of 769 patients with HCM (adult
unexplained hypertrophy $15 mm or $13 mm in first-
degree relatives) was used. Patients were recruited
from dedicated cardiomyopathy clinics at 4 hospitals:
John Radcliffe Hospital, Oxford, United Kingdom
(n ¼ 101; local research ethics committee #09/H0604/
110); The Heart Hospital, University College London
Hospital, London, United Kingdom (n ¼ 110; local
research ethics committee #04/0035 and #11/LO/
0913); the University of Pittsburgh, Pittsburgh,
Pennsylvania (n ¼ 72; local Institutional Review
Board approval #PRO009010051); and Careggi Uni-
versity Hospital, Florence, Italy (n ¼ 486; local Insti-
tutional Review Board approval). Each participant
provided written informed consent conforming to the
Declaration of Helsinki (fifth revision, 2000). Esti-
mates for 5-year risk for SCD were calculated using
the ESC online clinical tool (2,6). Patients were cate-
gorized as having low (<4%), intermediate ($4%-
<6%), or high ($6%) 5-year risk on the basis of their
original clinically available data, which included
MWT by echocardiography. By rerunning the ESC al-
gorithm on each patient, we estimated the impact of
increasing each individual patient’s measurement by
the mean variability of all echocardiographic MWT
measurements, and then of decreasing all measure-
ments by the same percentage, on the numbers of
subjects then allocated within each risk category.

STATISTICAL ANALYSIS. Statistical analysis was
performed in R version 3.0.1 (R Foundation for Sta-
tistical Computing) (11). Distribution of data was
assessed using histograms and the Shapiro-Wilk test.
Continuous variables are expressed as mean � SD and
categorical variables as counts and percentages. Chi-
square or Fisher exact tests were used for compari-
sons of noncontinuous variables between readers of
different levels of expertise. Correlation between
intermodality MWT and SD and mean MWT was
nicalKey.com by Elsevier on December 06, 
ght ©2021. Elsevier Inc. All rights reserved.



TABLE 1 Continued

CMR image quality

Preanalysis

Below average 0

Average 32

Above average 39

Well above average 29

Postanalysis

Below average 11

Average 48

Above average 41

Well above average 0

Values are %. aSubspecialty and roles not mutually exclusive (readers selected all that applied). bGeneral car-
diology, interventional cardiology, congenital heart disease, heart failure, and imaging. cWithin 2 yrs of expected
completion of cardiology specialist training.

CMR ¼ cardiovascular magnetic resonance; HCM ¼ hypertrophic cardiomyopathy.
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assessed using the Pearson correlation coefficient.
Agreement of MWT measurements (intramodality
inter-reader, intermodality intrareader, and intra-
modality intrareader) was calculated as the SE of
measurement (SEM) including the 95% CIs using a 2-
way analysis of variance and random-effects model,
as previously described (12). Intrareader SEMs
expressed the random error by a typical reader, while
inter-reader SEMs expressed a random error in mea-
surements performed by different readers. The SEM is
expressed in the same units as the measurement and
is comparable with the SD. The derived SEMs were
then used to compare variabilities across readers us-
ing paired or unpaired Student’s t-tests for intra- and
inter-reader SEMs, respectively. Agreement between
modalities of severe hypertrophy rulings
(MWT $30 mm) was calculated using Cohen’s kappa.
The Bland-Altman method was used to estimate the
mean difference (bias) and 95% limits of agreement
(�1.96 SD) between paired echocardiographic and
CMR data sets. The percentage variability (13) of MWT
measurements per modality was calculated as the
ratio of the difference in the measured MWT and the
mean MWT for that data set to the mean MWT for that
data set (Equation 1). Percentage variability was
measured separately for echocardiographic and CMR
data sets, and their SDs were subsequently calcu-
lated.

Percentage variability ð%Þ
¼ ðMeasured MWT�Mean MWT for that data setÞ
= ðMean MWT for that data setÞ � 100

(eq 1)

RESULTS

MWT MEASUREMENTS AND PRACTICES.

Echocardiographic and CMR SAX slice matching was
good (point-to-curve errors all <1 mm; range 0.13-
0.98) (Supplemental Table 3). Morphologic subtypes
were reverse-curvature septum (n ¼ 11), sigmoid
septum (n ¼ 3), neutral septum (n ¼ 2) and apical
(n ¼ 1). Seventy readers from 6 continents completed
the analysis (w40 h of collective reading time); 50%
were heads of departments, service leads, or inter-
national guideline committee members. Prior to
caliper placement, readers rated 79% of echocardio-
graphic and 68% of CMR data sets in the 14-data set
analysis module assigned to them as above-average
or well above-average image quality. Following
measurement, these were profoundly downgraded to
10% and 41% (Table 1). Overall, CMR measured MWT
thicker than echocardiography by 3.7 mm (see Bland-
Altman plots in Supplemental Figure 3).
Downloaded for Anonymous User (n/a) at Harv
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MWT VARIABILITY. View. The majority of readers
applied calipers to a combination of parasternal long-
axis or 3-chamber plus 4-chamber plus SAX views by
echocardiography or CMR (57% and 64%, respec-
tively) (Supplemental Table 5, Figure 2, and Supple-
mental Figure 4). The least popular sole views
calipered were echocardiographic 4-chamber (1%)
and CMR 3-chamber (3%) views.
Phase selection. Echocardiography readers were split
between those defining end-diastole at mitral valve
closure and those using the electrocardiographic R
wave. CMR readers consistently took the time of
mitral valve closure to indicate end-diastole. There
were no cases of calipers deployed in the wrong (eg,
systolic) phase.
Intramodality inter-reader variability. The scatter of
HCM MWT measurements between readers was broad
for both modalities (mean SEMs considering all im-
aging data sets 4.63 mm [95% CI: 2.22 mm–7.05 mm]
by echocardiography and CMR and 2.98 mm [95% CI:
1.81 mm–4.16 mm] by CMR) (Figure 3), with no sig-
nificant difference between less and more experi-
enced readers (echocardiography; P ¼ 0.699; CMR; P
¼ 0.239). The percentage variability of echocardio-
graphic MWT measurements ranged from –59% to
117% (SD �20%), and for CMR MWT it ranged from
–61% to 52% (SD �11%).
Intermodality intrareader variability (paired echocardiography
and CMR data sets). There was great variability (high
SEM) between MWT measurements made by the same
reader by echocardiography and CMR (SEM 4.8 mm;
95% CI: 4.3–5.2 mm) and only modest correlation
between modalities (r ¼ 0.56). Less and more expe-
rienced readers had the same variability statistically
(SEMs 4.6 mm [95% CI: 4.0–5.3 mm] and 4.4 mm
[95% CI: 3.6–5.2 mm], respectively; P ¼ 0.100).
ard University from ClinicalKey.com by Elsevier on December 06, 
hout permission. Copyright ©2021. Elsevier Inc. All rights reserved.
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FIGURE 2 Superimposed Examples of Caliper Measurements Applied by a Different Set of Randomly Sampled Readers to Each of 6 Randomly

Selected Analysis Modules
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(A to C) Echocardiography. (D to F) Cardiovascular magnetic resonance. Caliper line colors indicate the different readers per module. Some readers applied

a single maximal wall thickness (MWT) caliper, while others applied multiple calipers per module (all calipers are shown here). Resultant MWTs for each

reader and the views from which these were derived are reported on the right. A4C ¼ apical 4 chamber; bSAX ¼ basal short axis; mSAX ¼ mid short axis;

PLAX ¼ parasternal long axis.
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Intramodality intrareader variability (duplicate data sets,
all readers). For data sets presented twice to the
same reader assessing self-disagreement, SEMs were
similar for echocardiography and CMR (2.1 mm
[95% CI: 1.7–2.6 mm] vs 2.2 mm [95% CI: 1.7–2.7 mm];
P ¼ 0.821). Less experienced and senior readers had
similar variability: echocardiography SEMs were
Downloaded for Anonymous User (n/a) at Harvard University from Cli
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2.0 mm (95% CI: 1.4–2.7 mm) vs 2.1 mm (95% CI: 1.3-
2.8 mm) (P ¼ 0.699), and CMR SEMs were 2.7 mm
(95% CI: 1.8–3.6 mm) vs 2.0 mm (95% CI: 1.2–2.8 mm)
(P ¼ 0.239) (Supplemental Figure 5).
Septomarginal trabeculum. The septomarginal trabec-
ulum was included in MWT less often by echo-
cardiography than by CMR (19% vs 43%; P ¼
nicalKey.com by Elsevier on December 06, 
ght ©2021. Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.jcmg.2021.03.032


FIGURE 3 Box-And-Whisker Plots Comparing Measured MWT Between Pairs of HCM Datasets From the Same Patient (Echocardiography Plus CMR,

Same Color) Arranged From Top to Bottom, in Ascending Order of Average Measured MWT
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The 8 data sets at the top represent the duplicate scans (both echocardiography [black] or both CMR [gray]) and provide a measure of intraobserver

variability. Paired echocardiographic and CMR 4-chamber and short-axis views (right) illustrate the HCM morphology of each patient. The P values for

measurement differences are shown for each data set pair. MWT scatter noticeably broadens from top to bottom, ie, as average measured MWT increases.

Image quality is subjective, so all images are shown here. Centerline denotes the median (50th percentile), box indicates the 25th and 75th percentiles

(interquartile range [IQR]), and whiskers denote the smallest and largest values within 1.5 times the IQR below or above the 25th and 75th percentiles.

Abbreviations as in Figure 1.
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0.002) (Supplemental Table 5). On echocardiogra-
phy, experienced readers included the septo-
marginal trabeculum more often than less
experienced readers (24% vs 13%; P ¼ 0.045).
Septomarginal trabeculum inclusion on CMR was
independent of reader experience (40% vs 50%,
respectively; P ¼ 0.155).

Severe hypertrophy. Inter-reader scatter of MWT mea-
surements increased visually with severe LVH (eg,
data sets 15-17 in Figure 3). Statistically, with
increasing MWT the SD rose (correlation: echocardi-
ography, r ¼ 0.89 [P < 0.0001]; CMR, r ¼ 0.69
[P ¼ 0.004]) (Supplemental Figure 6). This meant that
the MWT measurement variability (1 SD) of data sets
with <24-mm LVH (echocardiography, n ¼ 8; CMR,
n¼ 7) was 3.2 and 2.2mm, respectively, comparedwith
6.1 and 5.1 mm for $24-mm LVH (n ¼ 7 and n ¼ 8;
P < 0.0001 and P ¼ 0.006, respectively). There was
Downloaded for Anonymous User (n/a) at Harv
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only moderate intrareader agreement for
detecting severe LVH rulings (MWT $30 mm) between
modalities (Cohen’s kappa ¼ 0.5; 95% CI: 0.16 to 0.85).

IMPACT OF ECHOCARDIOGRAPHIC MWT VARIABILITY

ON PATIENT RISK STRATIFICATION. The risk simula-
tion 4-center tertiary care HCM sample comprised 769
patients (500 men, mean age 55 � 16 years), of whom
589 were at low risk, 81 at intermediate risk, and 99 at
high risk (Table 2). The estimated �1-SD percentage
variability of echocardiographic MWT measurements
(�20%) when applied to this risk simulation cohort
using the ESC algorithm would lead to risk restratifi-
cation of 150 patients with HCM (19.5%), with 102
patients (13%) converting into or out of a low-risk
category and 48 patients (6%) converting into or out
of a high-risk category. This consists of a þ1 SD
change reclassifying 50 patients from low to inter-
mediate risk, 17 from intermediate to high risk, and
ard University from ClinicalKey.com by Elsevier on December 06, 
hout permission. Copyright ©2021. Elsevier Inc. All rights reserved.
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CENTRAL ILLUSTRATION High Variability of the Maximal Wall Thickness Biomarker in
Hypertrophic Cardiomyopathy Affects Clinical Care

70 Readers at 6 Conferences

No standardized approach

ICD decisions in 1 in 7 HCM
patients potentially impacted

Simulations assess impact of MWT
variability on ESC risk algorithm

MWT measurements
in paired Echo/CMR HCM datasets

High measurement variability

Captur, G. et al. J Am Coll Cardiol Img. 2021;14(11):2123–2134.

Using the best available images and experienced readers, maximal wall thickness as a biomarker in hypertrophic cardiomyopathy has a high

degree of inter-reader variability. The variability by echocardiography estimated from this study means that inappropriate clinical decision

making involving implantable cardioverter-defibrillator placement may occur in 1 in 7 patients. Better measurement standardization efforts in

recommendations by current governing societies are needed to improve clinical decision making in patients with hypertrophic

cardiomyopathy.
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counterintuitively (MWT and risk have an inverse U-
shaped relationship at some ages) downgrading risk
in 1 (Supplemental Figure 7). A further 4 patients
could no longer be risk-scored using the ESC algo-
rithm, as the þ1-SD change inflated MWT to >35 mm,
which the tool rejects. A �1 SD change reclassified 31
patients from high to intermediate risk and 52 pa-
tients from intermediate to low risk. There were no
category jumps. In summary, therefore, and within
this cohort, a þ1-SD MWT change is potentially
equivalent to 8.7% of patients’ being inappropriately
recommended to undergo ICD placement (risk
upgraded to intermediate or high), while a �1-SD
MWT change is potentially equivalent to 6.8% of pa-
tients’ being left potentially unprotected by ICDs (risk
downgraded to low).

DISCUSSION

We have shown that the measurement of MWT as an
imaging biomarker in patients with HCM, both by
echocardiography and by CMR, is challenging
Downloaded for Anonymous User (n/a) at Harvard University from Cli
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because: 1) measurement is unstandardized; 2) there
is high measurement variability within a reader, be-
tween readers, and between modalities; 3) measure-
ment is less reliable as hypertrophy increases; and 4)
measurement variability for echocardiography meant
that when these (best-case) results were applied to a
multicenter clinical cohort, inappropriate clinical
decision making related to ICDs may have occurred in
1 in 7 patients with HCM (Central Illustration).

The data sets here were of high quality (Figure 3,
Videos 1 and 2) and readers were experienced, sug-
gesting that measurement error is likely higher in
usual global practice. Agreement between echocar-
diographic and CMR MWT measurement was poor
(SEM w5 mm), as previously described (14–18). Phe-
lan et al (19) also showed significant wall thickness
measurement differences between echocardiography
and CMR, but counter to our findings, CMR measured
thinner, and there was no association between wall
thickness variability and degree of LVH. This may be
caused by differences in our populations and mea-
surement approaches: Phelan et al. (19) studied
nicalKey.com by Elsevier on December 06, 
ght ©2021. Elsevier Inc. All rights reserved.
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TABLE 2 Multicenter Pooled HCM Patient Data Forming the Basis for the Simulations

Oxford,
United Kingdom

London,
United Kingdom

Pennsylvania,
United States

Florence,
Italy

Original clinical cohort (n ¼ 769)

Total 101 110 72 486

Age, yrs 57 � 13 50 � 15 52 � 16 57 � 17

Male 81 (80) 78 (71) 43 (60) 298 (61)

Echocardiographic MWT, mm 19 � 3 18 � 4 21 � 5 19 � 4

Echocardiographic LAd, mm 39 � 7 45 � 8 42 � 7 45 � 7

Echocardiographic LVOT gradient, mm Hg 14 � 23 32 � 40 61 � 50 31 � 35

NSVT 24 (24) 30 (27) 18 (25) 104 (21)

Syncope 13 (13) 3 (3) 8 (11) 103 (21)

FH of SCD 6 (6) 35 (32) 14 (19) 117 (24)

MWT $28 mm 2 (2) 3 (3) 6 (8) 24 (5)

SCD risk score, % 2.5 � 1.9 3.6 � 3.0 3.9 � 3.8 3.3 � 2.4

SCD risk categorya

Low 87 (86) 79 (72) 50 (69) 373 (77)

Intermediate 6 (6) 12 (11) 14 (19) 49 (10)

High 8 (8) 19 (17) 8 (11) 64 (13)

Simulated cohort data

Total simulated risk reclassificationsb 11 (11) 23 (21) 14 (19) 102 (21)

Simulated [ risk reclassificationsb

Total all groups 6 7 6 48

Low / intermediate 6 6 6 32

Low / high 0 0 0 0

Intermediate / high 0 1 0 16

Magnitude of SCD risk score change 0.23 (0.17-0.37, þ1.19) 0.36 (0.24-0.58, þ2.37) 0.37 (0.22-0.57, þ1.47) 0.39 (0.25-0.57, þ3.03)

Simulated Y risk reclassificationsb

Total all groups 5 16 8 54

High / intermediate 2 9 1 19

High / low 0 0 0 0

Intermediate / low 3c 7 7 35

Magnitude of SCD risk score change 0.30 (0.25-0.53, �1.60) 0.48 (0.34-0.73, �2.65) 0.47 (0.34-0.67, �3.35) 0.46 (0.32-0.71, �3.63)

Values are mean � SD, n (%), or median (interquartile range, maximum). aCategories are based on the 5-yr risk for SCD estimated by the European Society of Cardiology HCM SCD risk algorithm and
imputation of the original clinically available data that included echocardiographic MWTmeasurements. bNet upward ([) and downward (Y) patient reclassifications (reported as counts) of SCD risk categories
resulting from the simulation. cExcludes one case of “counterintuitive” downgrading of risk despite increasing MWT.

FH ¼ family history; HCM ¼ hypertrophic cardiomyopathy; LAd ¼ left atrial diameter; LVOT ¼ left ventricular outflow tract; MWT ¼ maximal wall thickness; NSVT ¼ nonsustained ventricular tachycardia;
SCD ¼ sudden cardiac death.
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patients with HCM who were undergoing surgical
myectomy, only calipered the septum in 3- and 4-
chamber views, and ignored LVH in the lateral wall
or apex.

MWT VARIABILITY AND PRACTICES UNCOVERED BY

THIS STUDY. We found considerable variability be-
tween modalities in terms of how readers used cali-
pers to measure MWT, particularly in the views that
were used and whether the septomarginal trabec-
ulum was included in the measurement or excluded.
Although the inter-reader variability by CMR was less
than that by echocardiography (1-SD percentage
variability of �11% vs �20%, respectively), CMR
variability may be higher in clinical practice when a
full stack of images rather than 3 LV SAX slices are
present. The absence of an electrocardiographic trace
alongside the CMR images potentially constrained
CMR readers to caliper at end-diastole more
Downloaded for Anonymous User (n/a) at Harv
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consistently than by echocardiography. The fact that
a significant number of readers substantially down-
graded their image quality scores after analysis could
reflect how challenging they found it to caliper the
HCM heart for MWT. As we have used an estimate of
MWT variability derived from a small HCM cohort and
applied it to a larger unmatched clinical cohort of
patients, future larger systematic studies of this kind
are needed to validate our findings. Yet the MWT
variability uncovered here raises concerns about the
reliability of MWT cutoffs used for the inclusion of
patients in HCM clinical trials.

CHALLENGES AND SOLUTIONS FOR MWT MEASUREMENT.

Many approaches for HCM MWT measurement have
been published (Supplemental Table 6), but these are
inconsistent and hard to follow. Despite its limita-
tions, MWT does reflect the structural burden of dis-
ease in patients with HCM and predict risk, but these
ard University from ClinicalKey.com by Elsevier on December 06, 
hout permission. Copyright ©2021. Elsevier Inc. All rights reserved.
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data suggest that there is work to do. The problem
appears to be the lack of measurement standardiza-
tion and education and not the modality. Possible
solutions include the provision of more detailed
modality-specific, authoritative, illustrated guidance
on MWT measurement; demonstration of site mea-
surement quality recommended by governing bodies;
acquisition of a gapless 3-dimensional CMR data set;
and use of machine-based MWT measurement ap-
proaches. A machine learning–based MWT algorithm
would have some advantages: first, it would have
zero reread variability on the same images; second, it
could be trained to consistently exclude the septo-
marginal trabeculum and other confounding para-
septal structures; and third, it could avoid the human
pitfall of trying to measure MWT off imaginary radial
spokes emanating from an unreliable LV centrum.
Although automated algorithms are objective, they
lack higher level executive function to consider other
factors; humans typically do not just measure, they
attempt to influence decisions with measurement.

WHY MWT MATTERS CLINICALLY. Of all the ESC al-
gorithm risk factors (2), MWT was the only nonlinear
predictor with an inverse U-shaped relationship to
SCD risk. The interpretation was that SCD risk de-
creases in patients with extreme hypertrophy
($35 mm), although the same algorithm rightly cau-
tions in this domain. As a consequence of this inverse
U-shaped relationship, the publicly available ESC
HCM risk stratification tool incorporates both the
linear and quadratic terms for MWT to improve the
prediction. However, it should be noted that linear
and quadratic terms of MWT will be correlated, which
may potentially lead to wide SEs for both coefficients,
magnifying the impact of measurement error. Error
increases with hypertrophy—a concern as it is typi-
cally these patients in whom ICD decisions are most
needed—at the nadir of the inverse U-shaped curve
(2), or near the 30-mm cutoff (4,5). In 1 patient, we
observed the quadratic model delivering “counterin-
tuitive” downgrading of SCD risk with increasing
MWT (but still <35 mm: going from 28 mm–34 mm)
(Supplemental Figure 7). Another large retrospective
study comparing MWT by 2-dimensional or M-mode
echocardiography and CMR revealed significant
intermodality discrepancy overall (median difference
3 mm) but especially for patients with $30 mm of LVH
(14). The American College of Cardiology and Amer-
ican Heart Association strategy for HCM SCD risk
stratification (4) acknowledges uncertainty and mea-
surement error relaxing the high-risk cutoff to addi-
tionally absorb any patient at the 28- to 29-mm
interface, as if that heart actually measured $30 mm.
Downloaded for Anonymous User (n/a) at Harvard University from Cli
2021. For personal use only. No other uses without permission. Copyri
Our findings are likely most relevant at the borderline
(MWT between 25 and 35 mm), so future imaging
modality–specific HCM guidelines should focus on
these more challenging phenotypes.

In the simulations applied to the multicenter clin-
ical cohort, a relatively conservative echocardio-
graphic MWT percentage variability of 20% caused
significant ICD recommendation changes in 15% of
patients. Multidisciplinary meeting consensus may
help, as will serial measurement, but there is also the
possibility of a “trapdoor function”: measure enough
times, and a patient may end up, through chance,
with an ICD—an irreversible decision. On account of
its high degree of variability, MWT should be
considered with caution when facing irreversible de-
cisions in clinical practice. There is the potential for
harm with both deferring and delivering too early or
inappropriately an ICD (20).

Collectively these findings suggest that major room
for improvement exists, that more robust imaging
biomarkers of risk are needed, and that any single
biomarker or measure cannot completely encapsulate
disease; this holds true for MWT. Although devel-
oping a systematic approach to foster more stan-
dardized measures is certainly important, we also
must recognize that MWT will be just one piece of the
story. Given the challenges and variability of MWT
measurement shown here, it would appear that reli-
ance on any single feature for HCM risk stratification
is to be discouraged and that we must look beyond
just MWT to diagnose and stratify disease. Further-
more, the issue of caliper-based measurement vari-
ability uncovered for the MWT exercise here can
probably be at least partly generalized to any LV wall
thickness measurement (maximal or not), high-
lighting the scale of the problem.

STUDY LIMITATIONS. This study used “best-case”
images. Real-world echocardiographic and CMR im-
ages may have higher variability. We displayed only 3
SAX cine slices for CMR. Intramodality test-retest
variability (ie, with repeated acquisition of new im-
ages) was not captured by this study, and overall
intrareader variability was ascertained for all readers
on a limited number of paired data sets. Only a
maximum of 30 min of readers’ time could be ex-
pected, so the number of paired data sets presented
to readers had to be limited. The 70 readers at con-
ferences might have overstated their current active
measurement skills, and we did not limit recruitment
to readers who made clinical measurements of HCM
on both modalities equally. Echocardiography ex-
perts (51%) measured CMR and vice versa (13%),
although performance via SEMs was the same for
nicalKey.com by Elsevier on December 06, 
ght ©2021. Elsevier Inc. All rights reserved.
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PERSPECTIVES

COMPETENCY IN PATIENT CARE AND PROCEDURAL

SKILLS: The measurement of MWT as an imaging biomarker in

patients with HCM, by both echocardiography and CMR, is

challenging because of unstandardized measurement ap-

proaches, high measurement variability, and worsening reliability

as hypertrophy increases. The measurement variability for

echocardiography estimated from this study means that inap-

propriate clinical decision making related to ICD placement may

be occurring in 1 in 7 patients with HCM.

TRANSLATIONAL OUTLOOK: In patients with HCM, the MWT

biomarker should be applied with caution as part of decision

making related to the insertion of ICDs. Better measurement

standardization efforts in recommendations by current governing

societies are needed to improve clinical decision making in pa-

tients with HCM.
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preferred vs nonpreferred modalities (5.0 mm
[95% CI: 4.5-5.6 mm] vs 4.4 mm [95% CI: 3.5-5.4 mm],
respectively; P ¼ 0.165). In simulations that used the
ESC algorithm, left atrial size measurement vari-
ability was not considered. No attempt was made to
match the ESC SCD risk profiles of patients in the
imaging data set (n ¼ 17) to those in the risk simula-
tion cohort (n ¼ 769), and although the 17-patient
imaging data set was not designed to be representa-
tive of the risk simulation cohort, the 2 cohorts were
similar on the basis of their average echocardio-
graphic MWTs (21.9 � 2 mm vs 19.3 � 3 mm) and
overall SCD risk profiles (3.4% � 2.9% for the imaging
data set [excluding 3 fully anonymized data sets
without available clinical metadata] vs 3.3% � 2.8%
for the clinical cohort). CMR data were not used for
SCD risk estimation in simulations, as CMR data were
not part of the original risk tool (CMR measured
3.7 mm thicker than echocardiography, so substitu-
tion without adjustment into the ESC algorithm is not
acceptable). Because of time restrains, only a few
images could be shown to readers, which may have
contributed to larger variability than expected.

CONCLUSIONS

MWT, a standard imaging biomarker acquired in
almost all cardiac imaging tests, shows a high degree
of inter-reader variability even under optimal condi-
tions. The downstream consequences are quantifiable
for echocardiography using the ESC 5-year risk for
SCD algorithm, in which it may be leading to the
misallocation of primary prevention ICDs in 1 in 7
patients with HCM. Better standardization of MWT
measurement in HCM guidelines by current govern-
ing societies is needed to improve our clinical deci-
sion making in patients with HCM.
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