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Background: Electrocardiogram (ECG) has proven to be useful for early detection of
cardiac involvement in Anderson-Fabry disease (AFD); however, little evidence is
available on the association between ECG alterations and the progression of the
disease.
Aim and Methods: To perform a cross sectional comparison of ECG abnormalities
throughout different left ventricular hypertrophy (LVH) severity subgroups, providing
ECG patterns specific of the progressive AFD stages. 189 AFD patients from a
multicenter cohort underwent comprehensive ECG analysis, echocardiography, and
clinical evaluation.
Results: The study cohort (39% males, median age 47 years, 68% classical AFD) was
divided into 4 groups according to different degree of left ventricular (LV) thickness:
group A≤ 9 mm (n=52, 28%); group B 10–14 mm (n=76, 40%); group C 15–19 mm
(n=46, 24%); group D≥ 20 mm (n= 15, 8%). The most frequent conduction delay
was right bundle branch block (RBBB), incomplete in groups B and C (20%,22%) and
complete RBBB in group D (54%, p <0.001); none of the patients had left bundle
branch block (LBBB). Left anterior fascicular block, LVH criteria, negative T waves, ST
depression were more common in the advanced stages of the disease (p <0.001).
Summarizing our results, we suggested ECG patterns representative of the different
AFD stages as assessed by the increases in LV thickness over time (Central Figure).
Patients from group A showed mostly a normal ECG (77%) or minor anomalies like
LVH criteria (8%) and delta wave/slurred QR onset + borderline PR (8%). Differently,
patients from groups B and C exhibited more heterogeneous ECG patterns: LVH
(17%; 7% respectively); LVH+ LV strain (9%; 17%); incomplete RBBB+ repolarization
abnormalities (8%; 9%), more frequently associated with LVH criteria in group C than
B (8%; 15%). Finally, patients from group D showed very peculiar ECG patterns,
01 frontiersin.org

http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2023.1184361&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/fcvm.2023.1184361
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1184361/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1184361/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1184361/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1184361/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2023.1184361
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Parisi et al. 10.3389/fcvm.2023.1184361

Frontiers in Cardiovascular Medicine
represented by complete RBBB+ LVH and repolarization abnormalities (40%), sometimes
associated with QRS fragmentation (13%).
Conclusions: ECG is a sensitive tool for early identification and long-term monitoring of
cardiac involvement in patients with AFD, providing “instantaneous pictures” along the
natural history of AFD. Whether ECG changes may be associated with clinical events
remains to be determined.

KEYWORDS

Anderson-Fabry disease, cardiac involvement, left ventricular hyperertrophy, electrocardiogram

(ECG), bundle branch block, repolarization abnormalities, ECG pattern
1. Introduction

Anderson-Fabry disease (AFD) is an X-linked lysosomal

storage disorder, caused by GLA gene mutations which lead to a

reduction in α-galactosidase A enzyme activity (1, 2). The result

is the accumulation of lysosomal globotriaosylceramide (Gb3)

and related globotriaosylsphingosine (lysoGb3) in many tissues,

including the heart, kidneys, vessels, and peripheral nervous

system (3). The heart is frequently involved, both in the classical

multisystemic disease and in the so-called “late-onset” variant (a

predominantly cardiac disease that generally occurs after the

third decade of life), and cardiovascular involvement is the main

cause of mortality (4). Although our understanding of the

pathophysiological mechanisms and the natural history of the

disease have greatly increased in recent years, together with

improved therapeutic options, there are still several open issues

potentially leading to diagnostic delay and thus impacting on the

long-term prognosis. In recent years, 12-lead electrocardiogram

(ECG) analysis has acquired considerable importance as a

valuable tool in the management of AFD patients, given its

widespread availability, its easy acquisition, and its negligible

cost. Many papers (5–8) have been published describing the

typical ECG pattern of AFD and our group have recently

demonstrated how some of these peculiar electrocardiographic

features can help to differentiate AFD from HCM while

investigating unexplained left ventricular hypertrophy (9);

however, studies aiming to establish an association between the

temporal evolution of ECG patterns with progressive cardiac

involvement are lacking. In the present study we therefore

performed a cross-sectional comparison of ECG abnormalities

across subgroups of increasing severity of left ventricular

hypertrophy (LVH), with the hypothesis that the tracing might

provide a reliable estimation of the underlying disease stage.
2. Materials and methods

In this retrospective, international, multicenter cohort study

215 patients with AFD from six Centres were evaluated:

Cardiology Unit, St. Orsola Hospital, IRCCS Azienda

Ospedaliero-Universitaria of Bologna; Azienda Ospedaliero-

Universitaria Careggi, Florence; Policlinico Universitario

Agostino Gemelli, Rome; Azienda Ospedaliera San Camillo,

Rome; Azienda Ospedaliera Integrata, Verona; Hospital
02
Universitario Virgen de la Arrixaca Ctra, Murcia AFD diagnosis

was based on the measurement of α-galactosidase A enzyme

activity in leucocytes (in male patients) and/or plasmatic lyso-

Gb3 levels with the dried blood spot method. The diagnosis was

confirmed by genetic sequencing of the GLA gene. For each

patient main clinical, echocardiographic, and 12-lead ECG data

recorded at the first evaluation in each participation center were

collected. Records of the first evaluation were revised to extract

the following data: clinical characteristics (age, gender, age at

diagnosis, classic/late onset form, systemic involvement,

cardiologic and AFD specific therapy); main echocardiographic

findings (LV diameters; left ventricle ejection fraction (LVEF),

left atrium diameter (LAD); left ventricle outflow tract

obstruction (LVOT) defined as > defined as an instantaneous

peak Doppler LV outflow tract pressure gradient ≥30 mmHg at

rest or during physiological provocation such as Valsalva

maneuver, standing and exercise (10)). The ECG analysis

protocol was performed as stated below. In accordance with

previous outcome studies on hypertrophic cardiomyopathy

(HCM) [9], data were analyzed in these 4 LVWT subgroups:

group A, ≤9 mm; group B, 10–14 mm; group C, 15–19 mm;

group D, ≥20 mm. For each group, ECG characteristics were

classified, and patterns representative of different AFD stages

were identified. The study was approved by the local Ethics

Committee of the participating centers and was conducted in

accordance with the principles of the most recent revision of the

Declaration of Helsinki.
2.1. ECG analysis

The 12-lead ECG (standard calibration of 10 mm/1 mV and

normal paper speed of 25 mm/s) recorded in the supine position

was independently analyzed at IRCCS University Sant’ Orsola

Hospital of Bologna by three different investigators (V.F., R.B.,

F.D.N.); discrepancies were solved by three senior supervisors

(R.D., E.B., M.B.). For all patients, classical ECG parameters were

collected: heart rate, RR interval, PR interval, QRS complex

duration, QT, and corrected QT (QTc) with Bazett’s formula. In

patients with atrial fibrillation, the arithmetical average of the RR

interval was recorded. PR interval was measured from the

beginning of the P wave to the first QRS deflection and was

classified as normal (120–200 ms—and specified as borderline if

120–130 ms), short (<120 ms); first-degree atrioventricular (AVB)
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was diagnosed if PR ≥ 200 ms. P wave duration and P wave end-to-

Q wave interval in DII were also specified. Corrected QT (Bazett’s

formula) was considered pathological if≥ 450 ms in males and≥
470 ms in females. Intraventricular conduction delay (complete/

incomplete right bundle branch block (RBBB), left bundle branch

block (LBBB), left anterior fascicular block (LAFB), non-specific

intraventricular conduction delay) were defined as previously

stated (11). Left/right atrial enlargement and left/right axis

deviation were considered as dichotomous variables. Left

ventricular hypertrophy (LVH) was defined at the ECG by at

least one of the following criteria: Sokolow-Lyon index (SV1 or

SV2 + RV5 or RV6≥ 3.5 mV); Cornell index (SV3 + R aVL≥
2.0 mV in females and≥ 2.8 mV in males); R wave amplitude in

aVL≥ 1.1 mV. Patients with a Sokolow-Lyon index≥ 50 mm

were classified as having massive LVH. Total QRS score was

defined by the sum of zenith-to-nadir QRS amplitudes of all 12

leads. Other specific ECG characteristics were evaluated:

pseudonecrosis (Q wave deeper than 1/3 of the R wave, and/or Q

wave≥ 40 ms in 2 contiguous derivations except aVR, and/or

absence of R wave amplitude progression in precordial leads);

low QRS voltages (amplitude < 0.5 mV in all DI, DII, and DIII);

fragmented QRS complex (RsR’ pattern ≤ 120 ms in two

contiguous leads, and/or R/S waves notching); T wave alterations

(negative or positive if amplitude≥ 0.1 mV, giant negative or

positive if amplitude≥ 1 mV); slurred QRS onset associated with

borderline PR interval. Maximum T wave amplitude was

measured from the isoelectric line to the apex (either negative or

positive).
3. Statistical analysis

Categorical variables are expressed as frequencies and

percentage; continuous data were expressed as median and IQR.

Comparisons among the four groups were performed with

Pearson’s chi-squared test for categorical variables and using

Kruskal Wallis test for continuous data. A p value≤ 0.05 was

considered statistically significant.
4. Results

Six patients with poor ECG quality, 3 patients with no LVWT

data, and 17 patients≤ 18 years old were excluded; none of the

patient had a paced ventricular rhythm. The final cohort study

was then composed of 189 AFD patients, distributed as follows

within the different LVWT subgroups: group A, n = 52 (28%);

group B, n = 76 (40%); group C, n = 46 (24%); group D, n = 15 (8%).

Table 1 shows the baseline clinical and echocardiographic

characteristics of study population. Of all the189 patients,

73 (39%) were males, with a median age of 47 years old (IQR

35–58). AFD diagnosis was done by family screening programs

(76% of the entire cohort), or systemic manifestations:

9% cardiac, 7% renal, 5% neurologic, 2% ophthalmologic,

1% dermatologic. The classical AFD phenotype was present in

128 patients (68%), while 61 (32%) had a late-onset phenotype.
Frontiers in Cardiovascular Medicine 03
Overall, median LVWT was 13 mm (IQR 9–16), mostly

localized at the interventricular septum (80%); median LV

ejection fraction was 64% (IQR 60–68); 4 patients had an

implantable cardioverter defibrillator (ICD), 3 patients had a

pacemaker (PM).

125 patients (66%) were treated with specific AFD therapy: 111

were on enzyme replacement therapy (79 on recombinant alpha-

agalsidase and 32 on beta-agalsidase A); 14 were on chaperone

therapy with migalastat.

Table 2 summarizes the 12-leads ECG characteristics according

to the 4 different study groups.
4.1. Group analysis

A normal ECG was present in 87% of patients in group A

(LVWT≤ 9 mm), 54% in group B (LVWT 10–14 mm), 11% in

group C (LVWT 15–19 mm), and 7% in group D (LVWT≥
29 mm), respectively (p < 0.001). All patients from group A were

on sinus rhythm, and atrial fibrillation was more prevalent in

groups C and D (7% and 13% respectively). Regarding atrio-

ventricular conduction, PR shortening (<120 ms) was more

frequent in group A (13%), whereas with LVWT increase median

PR interval duration showed a progressive prolongation among

the groups (137 [125–154] vs. 140 [127–160] vs. 160 [130–180]

vs. 170 [130–180] ms respectively, p = 0.002). No differences were

noted between the presence of a borderline PR interval

(120–130 ms) and the increase in LVWT. Median P wave

duration in lead DII was significantly shorter in groups A and B

compared to groups C and D (80 ms vs. 100 ms, p < 0.001),

while P wave end-to-Q wave interval in DII was not significantly

affected by the degree of LVH (p = 0.927). QRS interval duration

gradually increased across the groups, with 24% of patients from

in group C and 60% of patients from in group D showing a

QRS≥ 120 ms (p < 0.001). RBBB presence significantly increased

across the study subgroups (p < 0.001); no cases of RBBB were

noted in group A, incomplete RBBB was observed predominantly

in groups B and C (respectively 20% and 22%), while patients

from group D exhibited exclusively complete RBBB in group D

(54%). None of the patients had LBBB. As LVH increased, LAFB

(0%, 8%, 22%, 40%, p < 0.001) and QRS fragmentation (2%, 11%,

25%, 23%, p = 0.009) had higher prevalence. Corrected QT

interval gradually increased among groups (p < 0.001), and 20%

of patients from group D had QTc≥ 480 ms (p = 0.01). No

differences were found regarding LV pre-excitation prevalence

across the groups; no patient in the entire population showed

low QRS voltages. As expected, all ECG criteria for LVH

evaluated in the study (Cornell index, Sokolow-Lyon index, R

wave amplitude in aVL) statistically augmented among the

groups (p < 0.001), along with total QRS score (126 [105–150] vs.

160 [125–198] vs. 208 [161–269] vs. 230 [150–320] mm,

p < 0.001). Similarly, right ventricular hypertrophy and left atrial

enlargement were more common in patients with higher degree

of LVH (p = 0.02 and p < 0.001 respectively). Group C and D

showed the highest prevalence of pseudonecrosis (respectively

32% and 20%, p < 0.001), mostly in anterior and lateral leads. In
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TABLE 1 Baseline clinical and echocardiographic characteristics of the study population.

Overall
(N = 189)

Group A
(N = 52)

Group B
(N = 76)

Group C
(N = 46)

Group D
(N = 15)

p-value

Male sex 73 (39%) 6 (11%) 32 (42%) 23 (50%) 12 (80%) <0.001

Age at first evaluation (years) 47 (35–58) 33 (25–42) 45 (36–57) 57 (49–67) 53 (49–61) <0.001

AFD phenotype
Classic phenotype 128 (68%) 33 (63%) 53 (70%) 31 (67%) 11 (73%) 0.606

Late onset phenotype 61 (32%) 19 (36%) 23 (30%) 15 (33%) 4 (27%) 0.606

Hypertension (N = 187) 64 (34%) 4 (8%) 29 (38%) 19 (42%) 12 (80%) <0.001

Heart Rhythm
Sinus rhythm 172 (91%) 52 (100%) 68 (89%) 40 (87%) 12 (80%) 0.01

Atrial fibrillation/flutter 13 (7%) 0 6 (8%) 5 (11%) 2 (13%)

Positive family history for SCD (N = 87) 3 (3%) 0 1 (2%) 2 (6%) 0 0.393

Ocular involvement (N = 135) 51 (27%) 15 (29%) 18 (24%) 12 (26%) 6 (40%) 0.048

Neurological involvement (N = 175)
TIA 17 (10%) 4 (8%) 7 (10%) 3 (7%) 3 (23%) 0.162

Ischemic stroke 2 (1%) 0 0 2 (5%) 0

Angiokeratomas (N = 144) 44 (30%) 8 (23%) 20 (33%) 12 (33%) 4 (31%) 0.785

Acroparaesthesia (N = 160) 59 (37%) 16 (36%) 29 (45%) 11 (28%) 3 (23%) 0.232

Gastrointestinal symptoms (N = 142) 40 (28%) 14 (40%) 14 (24%) 9 (25%) 3 (25%) 0.357

Dialysis (N = 185) 9 (5%) 0 3 (4%) 4 (9%) 2 (14%) 0.72

Kidney transplantation (N = 183) 10 (5%) 0 1 (1%) 3 (7%) 6 (40%) <0.001

eGFR (ml/min) 94 (76–112) 112 (92–118) 99 (79–115) 75 (62–84) 68 (48–106) <0.001

Cardiologic therapy (N = 104)
Antithrombotic therapy 34 (18%) 2 (7%) 11 (27%) 15 (59%) 6 (75%) <0.001

Beta-blocker 28 (27%) 1 (4%) 5 (12%) 16 (59%) 6 (75%)

Calcium antagonist 4 (4%) 0 3 (7%) 1 (4%) 0

Anti-arrhythmic drugs 3 (3%) 0 2 (6%) 1 (4%) 0

AFD specific therapy (N = 174)
Alpha-agalsidase 79 (45%) 18 (39%) 35 (49%) 17 (39%) 9 (64%) 0.01

Beta-agalsidase 32 (18%) 5 (11%) 11 (15%) 13 (30%) 3 (21%)

Chaperone therapy 14 (8%) 2 (4%) 5 (7%) 7 (16%) 0

Echocardiogram
LVEDD (mm) 45 (43–48) 43 (42–46) 46 (44–49) 45 (41–48) 47 (42–49) 0.019

LVEDV (ml) 83 (73–105) 77 (72–86) 88 (77–106) 91 (68–110) 73 (64–115) 0.146

LVEF (%) 64 (60–68) 65 (62–69) 64 (60–67) 63 (59–68) 59 (56–67) 0.066

LV mass (g/m2) 115 (79–143) 67 (62–72) 111 (91–123) 156 (121–177) 203 (158–283) <0.001

LAD (mm) 36 (31–41) 30 (29–34) 36 (33–40) 41 (36–45) 48 (44–51) <0.001

LVOT obstruction (N = 166) 3 (2%) 0 0 1 (3%) 2 (15%)

Maximal LVWT localization at echo (N = 87)
Interventricular septum 70 (80%) 12 (92%) 21 (70%) 27 (79%) 10 (100%) 0.24

Postero-lateral wall 12 (14%) 1 (8%) 8 (27%) 3 (9%) 0

Apex 3 (3%) 0 1 (3%) 2 (6%) 0

Symmetric LVH 2 (2%) 0 0 2 (6%) 0

AFD, anderson fabry disease; eGFR, estimated glomerular filtration rate with CKD-EPI (chronic kidney disease epidemiology collaboration) formula; ICD, implanted

cardioverter defibrillator; LAD, left atrial diameter (in parasternal long axis view); LV, left ventricle; LVEDD, left ventricular end diastolic diameter; LVEDV, left ventricular

end diastolic volume; LVH, left ventricular hypertrophy; LVOT, left ventricular outflow tract; LVWT, left ventricular wall thickness; NSVT, non sustained ventricular

tachycardia; PM, pacemaker; SCD, sudden cardiac death; TIA, transient ischemic attack.

Parisi et al. 10.3389/fcvm.2023.1184361
line with LVWT increase, a higher prevalence of LV repolarization

abnormalities was observed: negative T waves were more frequent

in group D (87%, p < 0.001), and involved mostly lateral and

inferior leads. Giant negative T waves were present only in

groups C and D (15% and 33% respectively); they were mostly

symmetrical and involving the anterior or lateral leads (Table 2).

Likewise, ST segment depression was more common in inferior

and lateral leads. Only patients with LVH (LVWT≥ 10 mm)

showed giant positive T waves (7%, 17%, 7% of patients from

group B, C and D respectively p = 0.013), involving mostly
Frontiers in Cardiovascular Medicine 04
anterior leads. Among all groups, maximum T wave amplitude

was higher in patients from group D (8 mm, p < 0.001).
4.2. ECG patterns

As an additional analysis, we evaluated the presence of peculiar

ECG characteristics within the study population, in a view to detect

patterns suggestive of the different AFD cardiac stages, and thus to

describe the progression of LVH along the natural history of the
frontiersin.org
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TABLE 2 ECG features of the study population according to the different groups.

Overall
(N = 189)

Group A
(N = 52)

Group B
(N = 76)

Group C
(N = 46)

Group D
(N = 15)

p-value

Pathologic ECG 97 (51%) 7 (13%) 35 (46%) 41 (89%) 14 (93%) <0.001

Heart rate (bpm) 67 (60–78) 74 (60–83) 67 (60–78) 63 (54–69) 65 (60–78) 0.021

RR interval (ms) 880 (800–1,000) 800 (720–996) 880 (794–1,000) 975 (800–1,090) 900 (800–1,000) 0.024

Sinus rhythm 180 (95%) 52 (100%) 72 (95%) 43 (93%) 13 (87%) 0.582

Atrial fibrillation/flutter 9 (5%) 0 4 (5%) 3 (6%) 2 (13%) 0.364

PR interval (ms) 143 (128–160) 137 (125–154) 140 (127–160) 160 (130–180) 170 (130–180) 0.002

PR interval < 120 ms (N = 180) 16 (9%) 7 (13%) 7 (10%) 2 (5%) 0 0.278

Borderline PR interval (N = 175) 46 (26%) 14 (27%) 19 (27%) 9 (22%) 4 (31%) 0.881

P wave DII (ms) 80 (80–100) 80 (80–90) 80 (80–94) 100 (80–110) 80 (80–120) 0.001

PQ interval (ms) 50 (40–70) 55 (40–70) 54 (40–67) 44 (40–80) 52 (40–70) 0.927

AVB I degree (N = 182) 13 (71%) 0 6 (8%) 6 (14%) 1 (7%) 0.081

Delta wave 8 (4%) 1 (2%) 3 (4%) 1 (2%) 3 (20%) 0.016

QRS interval(ms) 91 (80–110) 82 (80–86) 92 (80–108) 105.5 (95–118) 130 (97–152) <0.001

QRS interval ≥ 120 ms 27 (14%) 0 7 (9%) 11 (24%) 9 (60%) <0.001

RBBB, complete 17 (9%) 0 3 (4%) 6 (13%) 8 (53%) <0.001

RBBB, incomplete 25 (13%) 0 15 (20%) 10 (22%) 0 0.001

Non-specific intraventricular conduction delay 12 (6%) 1 (2%) 3 (4%) 6 (13%) 2 (13%) 0.07

LAFB 22 (12%) 0 6 (8%) 10 (22%) 6 (40%) 0.001

Left axis deviation 23 (12%) 0 6 (8%) 11 (24%) 6 (40%) 0.001

QRS fragmentation 24 (13%) 1 (2%) 8 (10%) 11 (24%) 4 (27%) 0.004

QT interval (ms) 396 (366–420) 380 (360–390) 392 (360–411) 402 (394–438) 434 (400–460) <0.001

QTcB interval (ms) 416 (398–434) 412 (397–425) 413 (392–431) 422 (400–440) 452 (420–470) <0.001

Pathologic QTc interval 9 (5%) 0 1 (1%) 1 (2%) 7 (47%) 0.001

QTc interval ≥ 480 ms 5 (23%) 0 1 (1%) 1 (2%) 3 (20%) 0.001

Left atrial enlargement (N = 182) 41 (22%) 2 (4%) 11 (1%) 19 (43%) 9 (64%) <0.001

Right atrial enlargement (N = 182) 1 (1%) 0 0 1 (2%) 0

Cornell Voltage (ms) 13 (9–20) 10 (7–12) 14 (10–20) 20 (12–26) 16 (12–25) <0.001

Positive Cornell Index 24 (13%) 1 (2%) 7 (9%) 13 (28%) 3 (20%) <0.001

Sokolov Index (ms) 25 (20–35) 22 (18–26) 27 (21–34) 31 (22–46) 30 (18–40) <0.001

Positive Sokolov Index (N = 187) 47 (25%) 3 (6%) 18 (24%) 20 (44%) 6 (40%) 0.001

Massive Sokolov Index 16 (8%) 1 (2%) 5 (7%) 10 (22%) 0 0.002

R wave aVL > 11 mm 47 (25%) 2 (4%) 16 (21%) 20 (43%) 9 (60%) <0.001

LVH, at least one criterion (N = 188) 75 (40%) 6 (11%) 29 (39%) 29 (63%) 11 (73%) <0.001

Total QRS score (ms) 155 (122–212) 126 (105–150) 160 (125–198) 208 (161–269) 230 (150–320) <0.001

R wave V5 amplitude (mV) 15 (11–21) 13 (10–16) 16 (12–25) 19 (12–25) 15 (11–25) 0.002

Slurred QRS onset + borderline PR interval (N = 178) 22 (12%) 5 (10%) 10 (14%) 6 (13%) 1 (9%) 0.9

Pseudo-necrosis 28 (15%) 3 (6%) 7 (9%) 15 (32%) 3 (20%) 0.001

Inferior pseudonecrosis 3 (2%) 0 0 3 (6%) 0

Anterior pseudonecrosis 5 (3%) 0 0 3 (6%) 2 (13%) 0.005

Lateral pseudonecrosis 25 (13%) 3 (6%) 7 (9%) 13 (28%) 2 (13%) 0.006

Poor precordial R wave progression 12 (6%) 2 (4%) 3 (4%) 6 (13%) 1 (7%) 0.196

LV repolarization abnormalities 80 (42%) 5 (10%) 25 (33%) 36 (78%) 14 (94%) <0.001

Negative T waves 71 (38%) 4 (8%) 20 (26%) 34 (74%) 13 (87%) <0.001

Inferior, symmetrical 23 (12%) 2 (4%) 6 (8%) 9 (20%) 6 (40%) <0.001

Inferior, asymmetrical 16 (8%) 2 (4%) 6 (8%) 5 (11%) 3 (20%) <0.001

Anterior, symmetrical 15 (8%) 1 (2%) 3 (4%) 7 (15%) 4 (27%) 0.003

Anterior, asymmetrical 14 (7%) 1 (2%) 6 (8%) 5 (11%) 2 (13%) 0.003

Lateral, symmetrical 29 (15%) 2 (4%) 5 (7%) 16 (35%) 6 (40%) <0.001

Lateral, asymmetrical 37 (20%) 1 (2%) 13 (17%) 16 (35%) 7 (47%) <0.001

Giant negative T wave 13 (7%) 0 1 (1%) 7 (15%) 5 (33%) <0.001

ST-segment depression 55 (29%) 4 (8%) 15 (20%) 28 (61%) 8 (53%) <0.001

Anterior 5 (3%) 0 0 4 (9%) 1 (7%) 0.012

Inferior 19 (10%) 1 (2%) 6 (8%) 8 (17%) 4 (27%) 0.01

Lateral 50 (26%) 4 (8%) 13 (17%) 26 (56%) 7 (47%) <0.001

Giant positive T waves 14 (7%) 0 5 (7%) 8 (17%) 1 (7%) 0.013

Symmetrical (N = 181) 11 (6%) 0 6 (8%) 5 (12%) 0 0.075

Asymmetrical (N = 181) 3 (3%) 0 0 2 (5%) 1 (8%) 0.062

Anterior (N = 187) 13 (7%) 0 5 (7%) 7 (16%) 1 (7%) 0.03

(Continued)
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TABLE 2 Continued

Overall
(N = 189)

Group A
(N = 52)

Group B
(N = 76)

Group C
(N = 46)

Group D
(N = 15)

p-value

Lateral (N = 187) 4 (2%) 0 1 (1%) 3 (7%) 0 0.107

Max T wave amplitude (mV) 5 (4–8) 4 (3–7) 5 (4–8) 7 (4–10) 8 (4–10) 0.009

ST-segment elevation 25 (13%) 0 6 (8%) 15 (33%) 4 (27%) <0.001

Inferior 5 (26%) 0 1 (1%) 3 (6%) 1 (7%) 0.138

Anterior 21 (11%) 0 6 (8%) 12 (26%) 3 (20%) <0.001

Lateral 1 (1%) 0 0 1 (2%) 0

AVB, atrioventricular block; LAFB, left anterior fascicular block; LV, left ventricular; LVH, left ventricular hypertrophy; RBBB, right bundle branch block
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disease (Figures 1, 2). In this view, an important result from this

cohort is that only 13% of the patients with normal wall

thickness (group A) showed ECG abnormalities, which were

quite atypical and represented mainly by isolated negative T

waves in infero-lateral leads (4%), LVH criteria/giant positive T

waves (8%), and delta wave/slurred QR onset together with

borderline PR (8%). Differently, patients with intermediate

phenotypic AFD expression (LVWT between 10 and 14 mm in

group B and 15–19 mm in group C, respectively), showed more

heterogeneous electrocardiographic alterations: LVH/giant

positive T waves (17% and 7% of patients from group B and C,

respectively); LVH + LV strain (9% and 17% from group B and

C, respectively); incomplete RBBB associated with repolarization

abnormalities (8% and 9% of patients in groups B and C,

respectively) which were more frequently associated with LVH

criteria in group C rather than group B (8% and 15%,

respectively). At the other extreme of the spectrum, in patients

from group D (LVWT≥ 20 mm, group D) ECG was profoundly

altered, being the most frequent example represented by

complete RBBB associated to LVH criteria and repolarization

abnormalities (40%), sometimes with QRS fragmentation (13%).
5. Discussion

5.1. P wave and PR interval

PR interval is frequently altered in AFD, and PR shortening

can be detected in the initial phase of the disease, even with no

LVH (12). Consistent with these previous observations, in our

cohort 13% of patients from group A (no LVH), 10% from

group B (LVWT 10–14), and 5% from group C (LVWT 15–19)

had a short PR interval (<120 ms), whereas no patients with

severe LVH (LVWT ≥ 20 mm, group D) showed this alteration.

Another remarkable result in our study is the association of a

borderline PR interval (120–130 ms) with a slurred QRS onset

in patients LVWT≥ 10 mm (14% of patients from both groups

B and C). This specific ECG pattern is considered a

consequence of the increased atrio-ventricular conduction

velocity caused by intracellular glycosphingolipids, without

evidence of an accessory pathway: Birket et al. (13)

demonstrated enhanced sodium channel function, higher

spontaneous action potentials frequency and shorter action

potentials in AFD patient-derived induced pluripotent stem
Frontiers in Cardiovascular Medicine 06
cells, with a higher cellular excitability potentially responsible

for these alterations. This could be the reason of the gradual PR

interval duration increase in line with the progressive LVH and

the severity of the disease observed in our cohort. Specifically,

and according to our results, PR interval increase is mostly due

to the progressive P wave duration augmentation along with

LVWT, and P wave duration has higher specificity than PR

interval (12). Recently, Augusto et al. (14) observed an

interesting biphasic trend of P wave duration during the course

of AFD: at the very beginning, during the pre-hypertrophic

phase, P wave had a shorter duration, reflecting the elevated

intra-atrial conduction velocity, while with the progressive Gb3

accumulation and the consequent atrial remodeling, a pseudo-

normalization first and finally a prolongation in P wave

duration could be observed. In line with these studies, Zada

et al. (15) have shown a statistically significant correlation

between left atrial volume indexed and PQ interval in their 45

cohort of genetically proved AFD patients. P wave shortening at

the initial stages of the disease may be the result of a

coordinated and synchronous instead of sequential bi-atrial

depolarization, due to the sinus node activity preferentially

exiting closer to Bachmann’s bundle. Enzymatic replacement

therapy could interrupt this process and restore the physiologic

atrial activation with a consequent increase in P wave duration,

which thus represents a valuable marker in clinical management

of AFD patients. Therefore, according to other studies in this

field (5, 14), we evaluated P wave end to QRS onset duration,

being this parameter not influenced by modifications in P wave

duration, as well as we did not observe significant changes

among the different LVH degree (p = 0.9).
5.2. Bradi- and tachyarrhythmias

In addition to morphologic and functional myocardial

impairment, AFD also affects the cardiac conduction

system at all levels, from the sinoatrial node to the distal

ramification of Purkinje fibers (16) In a cohort of 53 AFD

patients analyzed by Di et al, bradyarrhythmias were observed as

a common manifestation of cardiac involvement (17)

The authors found that age, LV mass, LV ejection fraction

and LA dysfunction (defined as lower maximal peak positive

strain at echocardiography) were markers associated with

bradyarrhythmias. The mechanisms of bradyarrhythmia in AFD
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FIGURE 2

Histogram of the ECG patterns and their prevalence according to the study groups. Patients are classified into one exclusive ECG pattern. LV, left
ventricular; LVH, left ventricular hypertrophy; RBBB, right bundle branch block.
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are not completely understood, but histological studies described

fibrosis and apoptosis of cardiac conduction tissue as frequent

findings in post-mortem analysis (18–21). Our results are in line

with these reports, and even if the evaluation of cardiovascular

events are not specifically assessed in the study, patients with

indications for pacemaker implantation were mostly from group

D (20% of this group), in which higher left atrial diameters were

observed (median antero-posterior diameter in parasternal long

axis view of 48.5 mm, p < 0.001). In accordance with the study by

Shah et al. (22), in which 4% of AFD patients were diagnosed

with atrial fibrillation during a median follow up of 1.9 years, we

observed a global prevalence of atrial fibrillation of 5%, higher in

patients from groups C and D, even if not statistically associated

with LVWT (7% and 13% respectively, p = 0.364). No patients

without LVH (group A) showed this arrhythmia in our

population, differently from the literature where have been

described cases of lone atrial fibrillation as first clinical

manifestation in AFD patients with normal LV wall thickness

(23). Many factors may be linked to atrial fibrillation in AFD,

such as progressive Gb3 and lyso-Gb3 accumulation, atrial

remodeling, and diastolic dysfunction. Indeed, atrial fibrillation is

seldom observed young adults, being an intermediate-to-late

disease complication (22).
5.3. Left ventricular hypertrophy

In line with the current literature, which reports LVH as the

commonest structural abnormality in AFD patients (24), 72% of

our population showed LVH, defined in our study as LVWT ≥
Frontiers in Cardiovascular Medicine 08
10 mm. This is caused by intra-cellular Gb3 accumulation, by

hypertrophy-inducing growth factors releasing, and by

extracellular matrix remodeling. Experimental studies

demonstrated that, when compared to normal controls of

hypertensive population, plasma of AFD patients induces rat

vascular smooth muscle cells and cardiomyocytes proliferation

in culture (25). Other studies identified a proliferative factor in

plasma of AFD patients, sphingosine-1 phosphate (S1P), and

observed that its levels correlated with LV mass index, being

this molecule capable of inducing cardiac hypertrophy S1P-

treated mice (26). In our study, ECG abnormalities indicative of

LVH such as Sokolow-Lyon and Cornell index can be observed

in all the 3 groups with LVWT ≥ 10 mm, with higher

frequencies as the hypertrophy increased (21%, 44% and 60% of

patients from groups B, C, and D respectively, p < 0.001) As

previously reported, we observed a positive Sokolow-Lyon index

also in 12% of patients with no echocardiographic LVH,

indicating that ECG changes may precede cardiac imaging

abnormalities (27). QRS total score, the algebraic sum of

zenith-to-nadir QRS amplitudes of all 12 leads, correlates with

LV mass with evidence of a higher sensibility for LVH detecting

compared to other ECG criteria (28). We observed a

progressive QRS total score increase in line with LVH

expression, with a QRS total score > 175 mm in all patients with

LVWT ≥ 15 mm. Another ECG sign associated with LVH is

represented by left atrial enlargement, which was statistically

related to LVWT increase (p < 0.001). This could be the result

of LV stiffness increase along with cardiac hypertrophy

progression, leading to higher end-diastolic left ventricular and

atrial pressure.
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5.4. Intraventricular conduction: QRS
interval

Similar to PR interval, QRS alterations in AFD are related to

the progressive glycosphingolipids accumulation and follow a

biphasic pattern. During the initial phase of the disease,

acceleration of intra-ventricular conduction and QRS narrowing

could be observed, whereas in later stages with cellular

hypertrophy and interstitial fibrosis a progressive degeneration of

myocardial conduction system can be detected, leading to QRS

prolongation (5, 12). Indeed, we reported a significant association

between QRS duration and LVH degree, so that 24% of patients

from group C (LVWT 15–19 mm) and more than half patients

(60%) from group D (LVWT≥ 20 mm) had a QRS interval≥
120 ms (p < 0.001). In particular, 20% and 22% of patients from

group B and C respectively showed incomplete RBBB, whereas

patients from group D had only complete RBBB (53%). The

appearance of an atypical/incomplete RBBB rather than a

classical complete one may be explained by the coexistence of

different degrees of LVH intertwined with the conduction delay

hallmarks (rsR’ or pR), and with the progressive increase of Gb3

accumulation, which changes the myocardial substrate both at

truncular and peripheral (Purkinje fibers) level. An important

result is that none of the patients from our cohort had LBBB.

Patients with severe LVH frequently exhibited LAFB (40%),

constantly associated with complete or incomplete RBBB (bi-

fascicular block). Other studies demonstrated RBBB more

commonly than LBBB in AFD patients: the reasons of the

peculiar susceptibility of the right bundle branch are not

completely clear, but could be explained by several factors,

namely the thinner anatomical structure of the RBB compared to

the thicker and broader posterior fascicle of the LBB, its
FIGURE 3

Panel A represents the ECG of 70-year-old women from group C (LVWT = 15 m
bpm, with left atrial enlargement, complete RBBB, and infero-lateral negative T
CMR (panels B and C). AFD, anderson-fabry disease; CMR, cardiac magnetic r
block.
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superficial course at the right ventricular septal prospect, and a

more prevalent early Gb3 accumulation at the basal

interventricular septum level (7, 29). Additionally, we reported a

higher frequency of QRS fragmentation in line with LVH extent

(27% of group D patients), presumably due to the presence of

intra-cardiac fibrosis in the final stage of AFD and consequently

to the potential conduction slowing (30).
5.5. LV repolarization abnormalities

In AFD, ECG abnormalities also involve LV repolarization, and

many studies in this field reported ST segment and T wave

alterations as frequent findings in these patients (8, 31). We

observed a significant association between the presence of LV

repolarization abnormalities and LVH progression (p = 0.001).

The most frequent alterations were negative T waves, noted in

74% and 87% of patients with LVWT≥ 15 mm, mainly in lateral

and inferior leads. Remarkably, 33% of patients from group D

(LVWT≥ 20 mm) showed giant negative T waves (amplitude≥
1 mV), which may resemble the LVH medium-apical distribution

at the echocardiogram. ST segment depression was typically

associated with T waves inversion, involved mostly inferior and

lateral leads, and was significantly more prevalent along as LVH

increased (p = 0.001). LV repolarization abnormalities are likely

secondary to LVH, but several evidence reported an association

with late gadolinium enhancement distribution at cardiac

magnetic resonance, which involves predominantly the LV basal

infero-lateral segments and ECG abnormalities localization (V5,

V6, DIII, aVF) (Figure 3) (32, 33). In our cohort we noticed a

similar prevalence of asymmetrical negative T waves, usually

thought to be secondary to LVH, and symmetrical ones, which
m) with a late onset AFD phenotype and shows normal sinus rhythm at 70
waves, which correspond to the basal infero-lateral LGE distribution at the
esonance; LGE, late gadolinium enhancement; RBBB, right bundle branch
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are more suggestive for the presence of late gadolinium

enhancement (inferior 8% and 12%, anterior 7% and 8%, lateral

20% and 15% respectively). Niemann et al. suggested that the

absence of ST segment or T wave alterations on

electrocardiogram could almost exclude LGE presence at CMR

(7); however, LGE has been recently described in up to 18% of

the patients without ST depression and 13% of the patients

without negative T waves in a large cohort of patients with late-

onset FD with predominant cardiac involvement (34). In

addition, 34% and 27% of patients from groups C and D showed

ST segment elevation, mostly in anterior leads. Cardiomyocyte

hypertrophy, as well as transmembrane ion pumps, interstitial

fibrosis, and inflammation, are associated with QT and QTc

prolongation (12), which we noted to be significantly more

pronounced in line with LVH progression (47% of patients with

LVWT≥ 20 mm).

Of course, arterial hypertension is associated with

electrocardiographic alterations, mostly in terms of LVH signs;

however, as observed in a recent relevant systematic review, when

all the ECG parameters were evaluated, only few were found to

be consistently and significantly associated with blood pressure

values, represented by P wave dispersion, TpTe interval and QTc

interval (35). In our cohort arterial hypertension is more

frequent in groups C and D, but in addition to the expected

ECG abnormalities such as the prolonged QTc interval and the P

wave enlargement, we found other remarkable changes,

represented by the higher prevalence of right bundle branch

block and QRS fragmentation. By the note, none of our patients

exhibit left bundle branch block, which is frequently observed in

patients with arterial hypertension and other age-related

cardiovascular comorbidities, such as valvular diseases and in

particular aortic stenosis (36).
5.6. ECG patterns

Standard ECG analysis through a systematic methodology and

interpretation of the abnormalities with a “cardiomyopathy-

oriented” approach play a pivotal role in the diagnosis and

management of cardiomyopathies (37). In the setting of patients

with hypertrophic phenotype, the ECG is able to predict the

possibility of a phenocopy and can guide the clinician in the

request of second/third level exams needed to achieve the specific

diagnosis (38).

Recently, El Sayed et al. published an interesting longitudinal

cohort study of a large cohort of AFD patients, describing the

evolution of ECG alterations during a follow up of 20 years.

Many of the evaluated ECG parameters showed progressive and

significant changes over time, with P-wave and PR interval

increase, QRS and QTc interval prolongation, increase of LVH

indexes with increasing age. Considering that the age reflects the

longer course of the disease and the progressive accumulation of

glycosphingolipids (expressed in our study by the wall thickness

increase), we observed similar results, with patients from group

C and D older and with more pronounced ECG abnormalities

than patients from groups A and B. Moreover, El Sayed et al.
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performed an interesting comparison between AFD patients and

a matched healthy subjects’ cohort, showing that frontal QRS-

axis is the earliest marker of cardiac disease being already

significant in both male and female AFD patients aged 18–29

years. On the other hand, in addition to the description of the

parameters changes over time, we provide distinct ECG patterns

for each of the study group, which are able to describe the

progressive cardiac involvement by the disease (39).

A previous study from our group (9) defined an easily

applicable ECG-based score for patients with unexplained LV

hypertrophy, able to distinguish between sarcomeric HCM and

AFD, with a good performance. In this view, the different ECG

patterns proposed in this study (Figures 1, 2) may act not only

as red flags for AFD suspicion in the context of hypertrophic

cardiomyopathies’ phenotypes, but also and, more importantly,

to track the progression of the disease, starting from the pre-

hypertrophic phase, going through the mild-to-moderate disease

expression in terms of LVH, and finally reaching the final stage

with severe hypertrophy degree. In other words, ECG presents

itself as the storyteller for patients with AFD.
6. Study limits

Being retrospective and multicenter, our study has some

limitations. Sample size of groups C and D (LVWT≥ 15 mm) is

relatively small. In addition, more than half of the patients with

AFD were already on specific therapy, whose effects on the ECG

are unknown. LV strain and diastolic function parameters, as

well as the degree of valvular disease, were not reported because

a full echocardiographic assessment was not the study purpose.

Finally, considering the heterogeneity in terms of disease burden

before starting AFD specific therapy and therapy duration,

comparisons between untreated and treated patients were not

made.
7. Conclusions

In the present study we describe ECG abnormalities of AFD

and more specifically we provide ECG patterns associated with

different stages of the disease, stratifying the population

according to the severity of LVH, which is the echocardiographic

manifestation of the progressive accumulation of

glycosphingolipids over time. These ECG patterns represent

“instantaneous pictures” along of the natural history of AFD. In

patients with no LVH (pre-hypertrophy stage) some clues of

cardiologic cardiac involvement may be identified at ECG

analysis, such as short/borderline PR interval or

electrocardiographic signs of LVH in a small percentage of

subjects. As LVWT wall thickness increases, LVH criteria,

intraventricular conduction delay (mainly RBBB) and

repolarization abnormalities in terms of negative T waves or ST

segment elevation/depression become more frequent. Finally, in

the last stage of the disease, the main ECG findings were

represented by complete RBBB and LVH, QRS fragmentation, or
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giant negative T waves when LVH distribution was mid-apical.

Whether ECG changes may be associated with clinical events

remains to be determined; however, our study represents the first

step for further analysis in risk stratification for major adverse

events based on such an easy tool.
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