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Arrhythmogenic cardiomyopathy (ACM) is an inher-
ited cardiomyopathy that can lead to ventricular ar-
rhythmia and sudden cardiac death (1). ACM was ini-
tially described as a disease predominantly involving the
right ventricle (2), hence the term arrhythmogenic right
ventricular cardiomyoparhy (ARVC). However, cardiac
imaging and histopathologic findings have demonstrat-
ed that myocardial fibrofatty replacement can involve
both ventricles (3).

ACM usually has autosomal dominant transmission
with variable expression. Genes encoding for desmosomal
proteins account for approximately half of identified pa-
tients with gene-positive ACM (4). Other nondesmosomal
genes have also been identified as pathogenic in ACM,
including the 7MEM43 gene encoding transmembrane
protein 43. The most frequent 7MEM43 variant is a mis-
sense variant (7MEM43 ¢.1073C>T, p.Ser358Leu), which
is fully penetrant and was initially reported as a cause of
ARVC type 5 in Newfoundland, Canada, but has since
been identified elsewhere (5-7). Despite the often severe
phenotypic manifestation, there are limited data on car-
diac MRI findings in patients with 7AMEM43 variants to
date (8,9). The purpose of this case series was to describe
cardiac MRI findings and clinical outcomes in patients
with 7MEM43 variants, including those with both patho-
genic variants (PV) and variants of unknown significance
(VUS), while highlighting differences between male and
female patients and progression of imaging findings among
patients with follow-up imaging.

Patients

This retrospective case series was approved by the in-
stitutional ethics committee, and the requirement for
written informed consent was waived. Consecutive
adult (218 years of age) patients with a PV or VUS in
the 7MEM43 gene who were referred to our tertiary
hospital network and had at least one cardiac MRI per-
formed between October 2013 and December 2022
were identified.

All genetic testing was performed at an accredited
clinical laboratory, and variants were classified accord-
ing to 2015 American College of Medical Genetics
variant interpretation guidelines (10). Patients were
evaluated with respect to ACM using the 2020 Padua
criteria (3). Those with left ventricular late gadolinium
enhancement (LGE) on MR images and no morpho-
logic, functional, or structural right ventricular crite-
ria were classified as left dominant. Patients who met
morphologic, functional, or structural criteria for both
left and right ventricles were classified as biventricular.
Finally, those who met right ventricular morphologic,
functional, or structural criteria and were without left
ventricular morphologic, functional, or structural crite-
ria were classified as right dominant. We also evaluated
patients using the 2010 modified Task Force criteria for
ARVC for comparison (11).
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Summary

Variants in the 7MEM43 gene were associated with high prevalence
of subepicardial late gadolinium enhancement and left ventricular
dysfunction on cardiac MR images.
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Cardiac MRI

Cardiac MRI studies had been performed using 1.5- or 3-T
scanners (MAGNETOM Avanto Fit and SKYRA Fit; Siemens
Healthineers), including acquisition of long-axis and a stack
of short-axis balanced cine steady-state free precession sections
(section thickness, 8 mm; intersection gap, 2 mm). Depending
on the protocol, LGE images were acquired in some patients
using a two-dimensional phase-sensitive inversion-recovery
technique starting 12 minutes after administration of intrave-
nous contrast material (0.1-0.2 mmol/kg body weight of gado-
butrol; Bayer Healthcare). In patients with MRI performed in
2018 or later, a single midventricular short-axis T1 and T2
mapping section was acquired using a modified Look-Locker
inversion-recovery technique for native T1 mapping (5[3]3 in-
version grouping), and a matching T2 map was acquired using
a T2-prep technique with readout varying with external field
strength (fast low-angle shot at 3 T).

Ventricular volumes, function, and mass were measured ac-
cording to current standards (12). Left and right ventricular
dilatation were defined using sex-specific cut points (13). Left
and right ventricular systolic dysfunction were defined as a left
ventricular ejection fraction less than 55% and a right ventricu-
lar ejection fraction less than 50%, respectively. Presence of LGE
was evaluated visually (present or not) both globally and accord-
ing to the American Heart Association 17-segment model (14),
and the predominant pattern was classified as subendocardial,
midwall, subepicardial, or transmural. A ringlike pattern of LGE
was defined as involvement of at least three contiguous segments
in the same short-axis section (15). Abnormal maximum T1 and
T2 values were defined as 2 SDs above the mean of sequence-
specific local reference values (high T2 defined as >45 msec and
high T'1 defined as >1289 msec at 3 T) (16). In the subset of pa-
tients with more than one MRI acquisition, the most remote and
most recent MR images were analyzed to evaluate for changes in
quantitative parameters over time.

Case Series Findings
Fourteen patients with variants in 7MEM43 were identified
(mean age, 35 years + 13 [SD], nine [64%)] female patients,
five [36%] male patients; Table S1). Eight patients (57%) car-
ried the pathogenic p.Ser358Leu variant (six [75%] of these
patients were female; mean age, 33 years + 15), and six (43%)

patients had a TMEM43 VUS (three [50%] were female; mean
age, 38 years + 11) (Table 1). None of the patients had an ad-
ditional variant associated with ACM (including DSP) or other
cardiomyopathy.

Seven (50%) patients met criteria for biventricular ACM
(PV, three; VUS, four) and four (29%) patients met criteria for
left-dominant ACM (PV, two; VUS, two). Three (21%) patients
did not meet criteria for ACM (all were female patients, had PVs
identified through family cascade screening, and were younger
than 30 years of age). Only four patients met 2010 modified
Task Force criteria for ARVC (all with biventricular ACM; PV,
two; VUS, two).

Clinical and Electrocardiographic Findings

Opverall, nine of the 14 (64%) patients had at least one cardiac
symptom (PV, four; VUS, five), including palpitations in seven
patients, chest pain in two patients, and shortness of breath in
two patients. High-sensitivity cardiac troponin values were el-
evated (>26 pg/mL) in two of eight (25%) patients with avail-
able values (range, 64-196 pg/mL). B-type natriuretic peptide
values were elevated (>100 pg/mL) in two of six (33%) patients
with available values (range, 215-504 pg/mL). Five (35%) pa-
tients had at least one abnormality at electrocardiography (PV,
three; VUS, two) which included a depolarization abnormality
in all five patients, repolarization abnormality in three patients,
and right bundle branch block in two patients.

Cardiac MRI

Cardiac MRI characteristics are summarized in Table 2. At
least one left ventricular abnormality was identified in 11 of 14
(79%) patients, and at least one right ventricular abnormality
was identified in eight (57%) patients. All patients with a right
ventricular abnormality also had a left ventricular abnormality.

Abnormal left ventricular findings on MR images included
left ventricular dilatation in five of 14 (36%; PV, one; VUS,
four) patients, right ventricular dilatation in five (36%; PV,
three; VUS two) patients, systolic left ventricular dysfunction in
eight (57%; PV, four; VUS, four) patients, systolic right ven-
tricular dysfunction in four (29%; PV, two; VUS, two) patients,
LGE in seven of nine (78%; PV, four; VUS, three; all subepicar-
dial) patients with LGE imaging, high T1 in three of four (75%;
PV, three) patients with mapping, and high T2 in one of four
(25%; PV, one) patients with mapping (Figs 1-4, Movie). The
most frequent segment with LGE in the nine patients with LGE
imaging was the basal inferolateral wall (56%; PV, two; VUS,
three), followed by the mid inferolateral wall (44%; PV, three;
VUS, one) (Fig 5). Four (44%; PV, three; VUS, one) patients
had a ringlike pattern of LGE.

Abnormal right ventricular findings included right ventricu-
lar dilatation in five of 14 (36%; PV, three; VUS, two) patients,
systolic right ventricular dysfunction in four (29%; PV, two;
VUS, two) patients, and right ventricular LGE in four of nine
(44%; PV, one; VUS, three) patients with LGE imaging.

Five patients had more than one cardiac MRI acquisi-
tion, with a median interval of 6.5 years [IQR, 1.6-9.6].
Two of these five (40%) patients developed new left and right
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Table 1: Summary of Patient Characteristics by TMEM43 Variant Type

All Patients PV (p.Ser358Leu) VUS
Characteristic (n=14) (n=28) (n=06)
Age (y) 35+13 33+15 38+ 11
Sex
Female 9 (64) 6 (75) 3 (50)
Male 5 (36) 2 (25) 3 (50)
BSA (m?) 1.8+0.2 1.8 +0.1 1.9+0.2
Family history of ACM 8 (57) 8 (100) 0 (0)
Family history of SCD 6 (43) 6 (75) 0 (0)
ACM (Padua criteria) 11 (79) 5 (63) 6 (100)
Biventricular phenotype 7 (50) 3 (38) 4 (67)
Left-dominant phenotype 4(29) 2 (25) 2 (33)
Any cardiac symptoms 9 (64) 4 (50) 5(83)
Palpitations 7 (50) 3 (38) 4 (67)
Chest pain 2 (14) 1(13) 1(17)
Shortness of breath 2 (14) 1(13) 1(17)
Syncope 1.(7) 0(0) 1(17)
ECG findings
ST segment changes 2 (14) 0 (0) 2 (33)
RBBB 2 (14) 1(13) 1(17)
LBBB 17) 1(13) 0 (0)
Depolarization abnormality 5 (36) 3 (38) 2 (33)
Repolarization abnormality 3(21) 2 (25) 1(17)

Note.—Variables are presented as means + SDs or numbers with percentages in
parentheses. ACM = arrhythmogenic cardiomyopathy, BSA = body surface area, ECG
= electrocardiography, LBBB = left bundle branch block, PV = pathogenic variant,
RBBB = right bundle branch block, SCD = sudden cardiac death, VUS = variant of

unknown significance.

Table 2: Summary of Cardiac MRI Findings by TMEM43 Variant Type

All Patients PV VUS
Parameter (n = 14) (n=28) (n=06)
Left ventricle
At least one left ventricular abnormality 11 (79) 5 (63) 6 (100)
Dilatation 5 (36) 1(13) 4 (67)
Systolic dysfunction 8 (57) 4 (50) 4 (67)
Regional wall motion abnormality 8 (57) 3 (38) 5(83)
LGE presence* 7 (78) 4(100) 3 (60)
LGE, no. of segments* 3 (1-5) 5(4-5) 1(0-2)
High T2¢ 1(25) 1 (33) 0 (0)
High native T17 3 (75) 3(100) 0(0)
Right ventricle
At least one right ventricular abnormality 8 (57) 4 (50) 4 (67)
Dilatation 5 (36) 3 (38) 2 (33)
Systolic dysfunction 4 (29) 2 (25) 2 (33)
Regional wall motion abnormality 6 (43) 3 (38) 3 (50)
LGE presence’ 4 (44) 1(25) 3 (60)

Note.—Variables are presented as numbers with percentages in parentheses or medi-
ans with IQRs in parentheses. LGE = late gadolinium enhancement, PV = pathogenic

variant, VUS = variant of unknown significance.

* LGE imaging available in nine patients (four patients with PV and five with VUS).
" Mapping available in four patients (three patients with PV and one with VUS).

Radiology: Cardiothoracic Imaging Volume 5: Number 6—2023 = rcfi.rsna.org

ventricular abnormalities between baseline
and follow-up MRI. Indexed left ventricular
end-diastolic volume increased (median, 89
mL/m? [IQR, 81-94] vs 101 mL/m? [IQR,
83-105]) and left ventricular ejection frac-
tion decreased in the interval (median, 64%
[IQR, 62%-64%] vs 56% [IQR, 54%—
60%]) in the subset of patients with more
than one cardiac MRI acquisition.

Other Cardiac Imaging Findings
Cardiac CT was performed in two (VUS,

two) patients, demonstrating macroscopic
fat along the left ventricular lateral wall cor-
responding to areas of subepicardial LGE
on MR images in both patients (Figs 1, 2).
Thirteen of the (92%; PV, seven; VUS, six)
14 patients underwent transthoracic echo-
cardiography within 1 year of MRI. At echo-
cardiography, left ventricular abnormalities
were identified in six (46%; PV, two; VUS,
four) patients, and right ventricular abnor-
malities were identified in two (15%; PV,
one; VUS, one) patients.

Sex Differences

Most of the clinical and cardiac MRI find-
ings were similar between male and female
patients (Table S2). However, right ventric-
ular dilatation was more frequent in male
patients compared with female (four of five
[80%] vs one of nine [11%]) patients. Male
patients were also more likely to be symp-
tomatic (five of five [100%] vs four of nine
[44%]) and to have significant premature
ventricular contractions (five of five [100%]

vs three of nine [33%]).

Clinical Outcomes

Clinical follow-up was available in all patients
included in the case series, with median clini-
cal follow-up duration of 5.4 [IQR, 2.4-6.5]
years after MRI. Four of the 14 (29%) pa-
tients experienced a major adverse cardiac
event (PV, two; VUS, two; median age at first
event, 42 [IQR 27-55] years). Nonmutually
exclusive events were aborted sudden cardiac
death in two (14%) patients, appropriate im-
planted cardioverter defibrillator discharge in
one (7%) patient, and sustained ventricular
tachycardia in two (14%) patients. There
were no deaths. Nonsustained ventricular
tachycardia occurred in eight (57%; PV, five;
VUS, three; median age at first event, 40
[IQR 27-54] years) patients and significant
premature ventricular beats in eight (57%;
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Figure 1:
years of age (exact age not provided due to potential reidentification risk) with a TMEM43 variant of unknown significance
(p.Gly280Glu) with palpitations and premature ventricular beats at Holter monitoring. (A) Axial noncontrast cardiac CT image
demonstrates extensive subepicardial fat along the lateral left ventricular wall (yellow arrows). (B) Four-chamber 1.5-T steady-state
free precession MR image demonstrates subepicardial chemical shift arfifact along the lateral left ventricular wall (red arrows). (€)
Short-axis and (D) four-chamber late gadolinium enhancement images demonstrate subepicardial late gadolinium enhancement

TMEMA43 arthythmogenic cardiomyopathy. Cardiac CT and MR images in a male patient between 30 and 39

involving the midventricular anterolateral wall, inferolateral wall, and inferior wall (orange arrows.

PV, four; VUS, four; median age first event, 33 [IQR, 26-52]
years) patients. Among patients with LGE imaging, all of the
patients who experienced a major adverse cardiac event and
nonsustained ventricular tachycardia had LGE on MR images.
None of the patients without LGE experienced a major adverse
cardiac event or nonsustained ventricular tachycardia.

Discussion

Although cardiac MRI plays a key role in the diagnosis of

ACM, there are currently limited imaging descriptions in pa-
tients with 7MEM43 variants to date. In this case series of 14
patients with 7MEM43 variants (eight with the pathogenic
p-Ser358Leu variant and six with a TMEM43 VUS), cardiac
MRI demonstrated left ventricular dysfunction in 57%, right
ventricular dysfunction in 29%, and subepicardial LGE in
78%. Left ventricular dysfunction was progressive with in-
terval reduction in left ventricular ejection fraction in the
small subset of patients with follow-up MRI (median, 64% vs

56%). None of the patients without LGE on MR images ex-
perienced major adverse cardiovascular events or nonsustained
ventricular tachycardia.

These findings suggest that biventricular and left-dominant
abnormalities are common in patients with 7MEM43 variants,
similar to patients with variants in desmosomal genes such as
DSP (17). Male patients had higher prevalence of right ventricu-
lar dilatation compared with female patients (80% vs 11%), sug-
gesting that there may be sex-related differences in phenotypic
expression (5,18). Cardiac MRI findings were progressive with
new abnormalities and worsening left ventricular systolic func-
tion in the small subset of patients who underwent follow-up
MRI. This observation suggests the need for ongoing clinical
and imaging follow-up even among patients with initial normal
MRI findings (19).

LGE was frequent, involving the left ventricle in 78% of
patients and right ventricle in 44% of patients, with a ringlike
pattern in 44% of patients. The prevalence of ringlike LGE in
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Figure 2:
59 years of age (exact age not provided due to potential reidentification risk) with a TMEM43 variant of unknown significance
(p.Glu142Gly) with premature ventricular beats at Holter monitoring. (A, B) Short-axis late gadolinium enhancement images at the
(A) base and (B) midventricle demonstrate subepicardial late gadolinium enhancement involving the basal to mid inferolateral wall
(orange arrows). (€) Axial and (D) short-axis noncontrast cardiac CT images demonsrate subepicardial fat along the lateral basal
left ventricular wall (yellow arrows) and right ventricular implantable cardioverter defibrillator lead (blue arrows).

this case series is lower than a reported prevalence of 78% in
patients with DSP-associated cardiomyopathy (20). However,
further study is needed to compare MRI findings between dif-
ferent ACM-related genotypes. The predominant pattern of
LGE was subepicardial, and the most common segment in-
volved was the basal inferolateral wall. All patients who expe-
rienced major adverse cardiovascular events and nonsustained
ventricular tachycardia during follow-up had LGE on cardiac
MR images, raising the possibility that LGE may be an adverse
prognostic indicator in ACM caused by a TMEM43 variant,
as in other cardiomyopathies (21,22). In a prior study of 60
patients with ACM, cardiac MRI findings including LGE and
high T1 were associated with heart failure—related event risk
(23). In our case series, there were no major adverse cardiovas-
cular events or nonsustained ventricular tachycardia events in
patients without LGE during a median of 5.4 years of clinical
follow-up. Given the association of LGE with sudden cardiac
death and the importance of LGE in the appropriate diagnosis

Radiology: Cardiothoracic Imaging Volume 5: Number 6—2023 = rcfi.rsna.org

TMEMA43 arthythmogenic cardiomyopathy. Cardiac CT and MR images in a female patient between 50 and

of left-sided ACM variants, cardiac MRI protocols should
include LGE imaging in patients with pathogenic TMEM43
variants (24,25).

In a genome-wide association study of cardiac MRI-de-
rived LV measurements in 36 041 UK Biobank participants,
common genetic variants were identified in loci near 12 men-
delian cardiomyopathy-linked genes, including TMEM43
(26). Of note, not all variants identified in genes that cause
mendelian disorders are considered pathogenic. Variant
guidelines exist to classify variants into categories ranging
from pathogenic to benign based on criteria using typical
types of variant evidence, including population, computa-
tional, functional, and segregation data (10). Patients with
TMEM43 variants classified as likely benign and benign were
not included in our case series.

Limitations of this case series include a small sample size

and lack of a comparator group. However, to our knowledge,
only isolated cases of cardiac MRI findings in 7MEM43
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Figure 3:  Arthythmogenic cardiomyopathy with TMEMA43 pathogenic variant (p.Ser358Leu). Cardiac 3-T MR images in a
male patient between 50 and 59 years of age (exact age not provided due to potential reidentification risk) with chest pain and

premature ventricular beats at Holter monitoring. The patient had a family history of arrhythmogenic cardiomyopathy. (A) Four-

chamber steady-state free precession MR image demonstrates subepicardial chemical shift artifact along the basal to midventricular

lateral left ventricular wall (red arrows). (B) Native T2 map demonstrates regional high T2 values at the midventricular inferolateral
wall (black arrows). (€) Four-chamber and (D) short-axis late gadolinium enhancement images demonstrate subepicardial late
gadolinium enhancement involving the basal to midventricular anterolateral and inferolateral wall (orange arrows.

variants have been published to date. Importantly, MRI pro-
tocols varied and not all included LGE imaging, as many had
been performed using shorter noncontrast protocols focused
on evaluation of right ventricular size and function. There-
fore, the prevalence and extent of left ventricular abnormalities
might be underestimated.

In conclusion, variants in the 7MEM43 gene are associated
with high prevalence of subepicardial LGE on cardiac MR im-
ages with progressive left ventricular dysfunction. Further stud-
ies are needed to evaluate the association between cardiac imag-
ing findings and adverse outcomes using standardized protocols
and longer-term follow-up.
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