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Patients with Anderson-Fabry disease (AFD) have an elevated incidence of resting arrhyth-
mias and ischemic heart disease, but their exercise arrhythmia burden and ischemic chang-
es are not well understood. In addition, little research has been done on heart rate recovery
in these patients.

We retrospectively reviewed charts of patients with AFD who underwent maximal effort
cardiopulmonary exercise testing (CPET) (n=44; 38.2 + 13.8 yr; 23 men) from 2012 through
2018. Electrocardiographic, Holter monitoring, echocardiographic, cardiac magnetic reso-
nance imaging, and patient demographic data were collected.

No patient had adverse events that necessitated CPET termination, whereas 25 (57%)
had ectopy during CPET, including 3 (7%) with frequent premature atrial contractions and
5 (11%) with frequent premature ventricular contractions. The ectopic burden was higher
during resting electrocardiographic monitoring before exercise. In addition, 7 patients (16%)
had pathologic ST-segment or T-wave changes on CPET, defined as ST-segment changes
>2 mm. Among the patients who had concurrent cardiac magnetic resonance findings with
their CPET (n=27), ST-segment or T-wave changes were associated with left ventricular myo-
cardial mass (r=0.43, P=0.02). Chronotropic incompetence was seen during CPET in 28 pa-
tients (64%); however, only 2 patients (4%) had abnormal heart rate recovery at 1 minute.

This study shows that patients with AFD can safely undergo exercise testing but have a
high incidence of exercise-induced arrhythmias and ischemic changes. Ischemic electrocar-
diographic changes during exercise testing are assoclated with myocardial mass. Despite
the chronotropic incompetence associated with AFD, heart rate recovery appears to be
generally preserved in these patients. (Tex Heart Inst J 2022;49(5):e207363)

nderson-Fabry disease (AFD) is a rare X-linked lysosomal storage disease that

is caused by a mutation in the a-galactosidase A gene that results in impaired

degradation and accumulation of globotriaosylceramide, a sphingolipid."*
Accumulation of globotriaosylceramide in the heart, vasculature, and kidneys results
in progressive cardiovascular disease, including left ventricular hypertrophy, arrhyth-
mias, diastolic heart failure, and small-vessel disease.? Enzyme replacement therapy
(ERT), an established treatment for AFD in the United States since the 1990s, relieves
left ventricular enlargement and normalizes the PR interval.** While the incidence
of arrhythmia and conduction disturbance on the resting electrocardiogram (ECG)
is well established, less is known about the incidence of arrhythmias and ischemic
changes during exercise testing.

The cardiopulmonary exercise test (CPET) is a valuable source of information on a
patient’s overall cardiac function and aerobic fitness and how the heart responds to the
stress of exercise.” In the laboratory, the CPET is performed for multiple reasons, in-
cluding to evaluate functional capacity and ECG pathologic conditions, to determine
disease severity, and to monitor the effects of treatment regimens such as medication
and exercise rehabilitation programs.

In addition to being at increased risk of resting arrhythmias, patients with AFD
have chronotropic incompetence and reduced resting heart rates (HR).” Little is
known about HR recovery after exercise in this population. In patients with similar
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phenotypes, such as hypertrophic cardiomyopathy and
diastolic heart failure, HR recovery on cessation of max-
imal exercise is often abnormal, a phenomenon thought
to be secondary to autonomic dysfunction.*’

Few published studies have involved the use of CPET
to evaluate the exercise arrhythmia burden and HR re-
sponse in patients with AFD. The aims of this study
were 1) to quantify the ischemia and arthythmia burden
in patients with AFD during CPET, 2) to describe the
HR response to exercise in these patients, and 3) to use
imaging data from our cohort to evaluate the relation-
ship between ECG abnormalities and HR response on
CPET with contemporaneous cardiac magnetic reso-
nance (CMR) imaging findings.

Patients and Methods

We retrospectively reviewed the charts of patients with
AFD who underwent screening exercise testing at Cin-
cinnati Children’s Hospital from January 2012 through
June 2018 as part of the local standard of care. This
study was approved by the Cincinnati Children’s Hos-
pital Medical Center Institutional Review Board, and
a waiver of consent was granted because the study used
existing data and involved no more than minimal risk
to the patient.

Data on age, sex, size, and testing date were ob-
tained from chart review. To further categorize the
overall arrhythmia burden in this population, resting
12-lead ECG and 24-hour ambulatory Holter moni-
toring results within 3 months of exercise testing were
also collected. Cardiac imaging data, including CMR
and echocardiographic results, obtained during that
3-month period were recorded as well. In addition, in-
formation was obtained regarding whether the patients
were currently receiving ERT.

For patients who had multiple exercise tests, the first
maximal effort CPET was included in the analysis. All
patients underwent standardized exercise either on the
cycle ergometer by the ramp protocol or on the tread-
mill by the Bruce protocol; the test method was left to
the ordering physician’s preference. The methodology
for exercise testing in the Cincinnati Children’s Hospi-
tal Medical Center Cardiopulmonary Laboratory has
been detailed previously."

Immediately after maximal effort exercise testing, the
patient entered a 3-minute unloaded cooldown period.
Then, the patient lay supine until the test was complet-
ed. Heart rate recovery was recorded at 1, 3, 5, and 10
minutes after exercise and was defined as the difference
between the peak HR and the HR recorded at a specific
time point as previously described." Exercise ECG find-
ings were evaluated for ectopy and ST-segment or T-
wave changes. Ectopy was defined as abnormal if more
than one premature beat was observed on the exercise
ECG. Abnormalities were further described as follows:
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rare ectopy was defined as <5 ectopic beats/hour on
Holter monitoring (or <5% total QRS complexes on
CPET); occasional ectopy, as 5 to 10 ectopic beats/hour
on Holter monitoring (or 5-10% total QRS complexes
on CPET); and frequent ectopy, as >10 ectopic beats/
hour on Holter monitoring (or >10% total QRS com-
plexes on CPET).”*"* ST-segment or T-wave changes
were considered abnormal if a depression >2 mm
was recorded during exercise testing.

Heart rate reserve on exercise testing was calculated as
the difference between the peak and resting HRs. The
chronotropic index was computed as the HR reserve di-
vided by the difference between the predicted peak HR
and the resting HR. The normal range for chronotropic
index was defined as >80%." Abnormal values for HR
recovery in patients with AFD have not been adequately
described, so we used 2 separate cutoffs for the differ-
ence in HR between peak exercise and at 1 minute
after exercise: <12 beats/min and <25 beats/min."">
The percentage of predicted peak oxygen consumption
(Vo,peak) was calculated with use of the established
equations.'®

All CMR imaging was performed with use of a 1.5-T
Philips scanner (Ingenia; Philips Healthcare). Volumetric
and functional assessments were made with use of a stan-
dard cine steady-state free precession (SSFP) short-axis
stack from the mitral valve annulus to the apex. (Vertical
and horizontal long-axis acquisitions were used for refer-
ence.) Typical parameters for SSFP images were as fol-
lows: field of view, 300 x 112 mm; matrix size, 168 x 158
mmy; slice thickness, 6 to 7 mm; pixel resolution, 1.8 x 1.8
mm; repetition time/echo time, 2.3/1.17 ms; phases per
R-R interval, 30; and parallel imaging factor, 2. Patients
whose scans required a gadolinium-based contrast agent
received the macrocyclic agent gadoterate meglumine in-
travenously at a dose of 0.2 mmol/kg. Late gadolinium-
enhanced images were acquired with use of a standard
inversion recovery gradient-echo pulse sequence in the
same geometries as the SSFP acquisitions. The inversion
recovery time was chosen to best null the myocardium.
Volumetric and functional data were obtained with the
QMASS MR (Medis Medical Imaging Systems). To
quantify left ventricular mass, endocardial and epicardial
volumes were measured during diastole. In accordance
with our institution’s convention, papillary muscles and
trabeculations were excluded. Left ventricular mass was
calculated as the myocardial volume multiplied by the
specific gravity of myocardium (1.05 g/mL).

Statistical Analysis

Normally distributed continuous variables were sum-
marized as mean £ SD and were analyzed with use of
¢ tests. Logistic regression was used to determine the
relationship between the binary presence or absence of
ST-segment depressions >2 mm and the CMR param-
eters studied. In addition, logistic regression was used
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to determine the relationship between combined more-
than-rare atrial and ventricular ectopy and the studied
CMR parameters. For all tests, a 2-sided P value <0.05
was considered significant. Statistical analyses were per-
formed with use of JMP, version 14 (SAS Institute Inc.).

Results

Forty-four patients who completed a total of 74 tests
were included in this study (Table I). The results of the
first maximal effort test for each patient were includ-
ed in the analysis. Of those 44 tests, 22 (50%) were
performed on the treadmill according to the Bruce
protocol, and 22 (50%) were performed on the cycle
ergometer according to the ramp protocol. Six of the 44
patients (14%) were not prescribed ERT (agalsidase-f})
before their CPET for the following reasons: 2 patients
had discontinued ERT after experiencing side effects; 1
patient deferred ERT because there was no evidence of
renal, cardiac, or corneal involvement; 1 patient previ-
ously had self-discontinued ERT for lack of benefit; and
2 patients had no stated reason for not taking ERT. The
38 patients (86%) taking ERT at the time of CPET had
a mean total treatment time of 4.3 + 4.1 years. Forty-
one patients (93%) had cardiac imaging done either be-
fore or on the day of their exercise testing; 25 (57%) had
a CMR image only, 12 (27%) had an echocardiogram
only, and 4 (9%) had both (Table I).

Resting ECGs were recorded in 42 patients (95%)
within 3 months before undergoing CPET (Table II).
Comparing the resting ECG and CMR results revealed
significant correlations between the QRS interval and
left ventricular myocardial mass (=0.42; P=0.02) and
between the corrected QT interval and end-diastolic
volume in both the left (r= -0.43; P=0.02) and right
ventricles (r= -0.46; P=0.01).

Of the 44 patients, 37 (84%) wore a Holter moni-
tor within 3 months before undergoing the CPET. Of
those 37 patients, only 6 (16%) had no arrhythmia.
Most patients with ectopy had single or rare premature
atrial and ventricular contractions. Arrhythmias of po-
tential clinical significance included nonsustained atrial
tachycardia or occasional to frequent premature atrial
contractions in 6 patients (16%) and nonsustained ven-
tricular tachycardia or occasional-to-frequent premature
ventricular contractions in 4 patients (11%). Atrial fi-
brillation was noted in 1 patient. There was no signifi-
cant relationship between occasional or greater ectopy
on Holter monitoring and the left ventricular myocar-
dial mass on CMR imaging,

Opverall, none of the 44 patients had to terminate
exercise testing prematurely because of ECG abnor-
malities or safety concerns. On exercise ECGs, 25 of
44 patients (57%) had ectopy, including 3 (7%) with
occasional premature atrial contractions, 3 (7%) with
frequent premature atrial contractions, 2 (4%) with oc-

Texas Heart Institute Journal © 2022, Vol. 49, No. 5

casional premature ventricular contractions, and 5 (11%)
with frequent premature ventricular contractions. No
patient had increased ectopy from baseline during the
later stages of exercise. In addition, 7 patients (16%) had
pathologic ST-segment or T-wave changes, defined as
ST-segment depression 22 mm from baseline in the
inferior leads (n=2), lateral leads (n=2), or inferolateral
leads (n=3). More-than-rare ectopy on CPET was cor-
related with more-than-rare ectopy on the Holter moni-
tor (r=0.66; P <0.0001). The ST-segment depression
during CPET correlated with left ventricular myocar-
dial mass (r=0.43; P=0.02) measured on CMR images.
There were no significant associations between ectopy
or ST-segment or T-wave changes on CPET and ERT
time, percent predicted Vo,peak, or maximal systolic
blood pressure. Ectopy on CPET was associated with
age (r=0.42; P=0.008) and weight (»=0.35; P=0.03), but
not with sex. ST-segment changes on CPET were associ-
ated with age (7=0.43; P=0.0001), but not with weight
Or sex.

TABLE I. Baseline Demographic, Clinical, and
Imaging Data of 44 Patients With Anderson-
Fabry Disease

Variable Value
Sex
Male 23 (52)
Female 21 (48)
Age (yr) 38.2+13.8
Height (cm) 170.7 £8.9
Weight (kg) 779+19.8
Body surface area (m?) 1.9+£0.3
Body mass index 26.8+6.7

ECG results (n=16)

Abnormal systolic function low-normal* 1(8)

LV hypertrophy 6 (37)
CMR imaging results (n=29)

LV hypertrophy 9(33)

Late gadolinium enhancement 8(29)

LV ejection fraction (%) 61.3+73

LV myocardial mass (g/mz) 64.1+18.7

LV end-diastolic volume (mL/m?) 85.1+15.8

LV end-systolic volume (mL/m?) 33.7+11.1

RV ejection fraction (%) 60+4.6

RV myocardial mass (g/mz) 16.6 +4.6

RV end-diastolic volume (mL/m?) 84.9+18.3

RV end-systolic volume (mL/m?) 345+10.9

CMR = cardiac magnetic resonance; ECG = echocardiographic;
LV = left ventricular; RV = right ventricular

* Defined as an ejection fraction of 50% to 55%.

Data are expressed as number and percentage or as mean +
SD.
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TABLE Il. Results of Baseline ECG, Holter Monitor-
ing, and Cardiopulmonary Exercise Test Arrhythmia
Burden in 44 Patients With Anderson-Fabry Disease

TABLE Illl. Results of Exercise Testing in 44 Patients
With Anderson-Fabry Disease

Normal
Variable Value Range

Variable Value
Baseline ECG (n=42)
Predominant rhythm
Sinus 40 (95)
Ectopic atrial 2 (5)
PR interval (ms) 148 +26.6
QRS interval (ms) 954 +145
QTc interval (ms) 419+27.8
Ectopy
None 40 (95)
Single PAC 1(2.5)
Single PVC 1(2.5)
Holter monitor results (n=37)
Sinus as predominant rhythm 37 (100)
Atrial ectopy
None 6 (16)
Rare 25 (68)
Frequent 2 (5)
Frequent with episodes of PAT 3(8)
Atrial fibrillation 1(3)
Ventricular ectopy
None 10 (27)
Rare 23 (62)
Occasional 1(3)
Frequent 1(3)
Frequent with episodes of NSVT 2 (5)
CPET ECG results (n=44)
Sinus as predominant rhythm 44 (100)
Atrial ectopy
None 33 (75)
Single PAC 2 (4)
Rare 3(7)
Occasional 3(7)
Frequent 3(7)
Ventricular ectopy
None 21 (48)
Single 6 (14)
Rare 10 (23)
Occasional 2 (4)
Frequent 5(11)
ST-segment or T-wave changes
None 29 (66)
Nonspecific T-wave changes 6 (14)
ST-segment depression <2 mm 2 (4)
ST-segment depression =2 mm 7 (16)

CPET = cardiopulmonary exercise test; ECG =

electrocardiographic; NSVT = nonsustained ventricular
tachycardia; PAC = premature atrial contraction; PAT =
paroxysmal atrial tachycardia; PVC = premature ventricular

contraction

Data are expressed as number and percentage or as mean £ SD.

The mean percent predicted maximal HR (82.9% +
11.5%; normal, >85%) and chronotropic index (73.3%
£ 17.8%; normal, >80%) were both abnormally low
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Predicted Vo,peak (%)
Maximum SBP (mmHg)

80.2+20.3 >80
175.9+ 21 Varies
66.7+12.5 Varies
Maximum heart rate (beats/min) 151.2+26.2 Varies
Predicted maximum heart rate (%) 829+ 115 >85
845+24.3 Varies
73.3+17.8 >80

Resting heart rate (beats/min)

Heart rate reserve (beats/min)
Chronotropic index (%)

Heart rate recovery* (beats/min)

1T min 44.9+20.3 >12

3 min 60.5+16.5 Varies
5 min 63.8+16.4 Varies
10 min 66.3+17.4 Varies

SBP = systolic blood pressure; Vo,peak = peak oxygen
consumption

* Defined as the difference between heart rate at peak exercise
and heart rate at the designated time point after exercise.

Data are presented as mean + SD.

(Table III). Chronotropic incompetence, defined as
a chronotropic index <80%, was seen in 28 patients
(64%). The chronotropic index correlated with the per-
cent predicted Vo,peak (r=0.37; P=0.01) and the maxi-
mal systolic blood pressure (7=0.36; P=0.02). When HR
recovery was defined as a difference of <12 beats/min
between peak exercise and 1 minute after exercise, 2
patients (4%) had abnormal HR recovery; when HR re-
covery was defined as <25 beats/min, 11 patients (25%)
had abnormal HR recovery. The chronotropic index cor-
related with HR recovery at 1 minute (7=0.43; =0.004)
and 3 minutes (r=0.67; P <0.0001).

When the patients with normal (n=16) and abnormal
(n=28) chronotropic indices were compared, they dif-
fered significantly in the number of arrhythmias present
on the Holter monitor (56% vs 100%; P=0.003) and
CPET (6% vs 64%; P=0.0002), but this difference was
not seen in the patients with pathologic ST-segment or
T-wave changes (25% vs 7%; P=0.11). Unsurprisingly,
patients with normal chronotropic indices had a higher
percent predicted Vo,peak (89.3 + 20.8% vs 74.5 +
18.6%; P=0.02) and maximal systolic blood pressure
(185.5 £4.9 vs 170 £ 3.7 mmHg; P=0.0006).

Discussion

Few studies have evaluated exercise testing results in pa-
tients with AFD, and even fewer have studied the exer-
cise arthythmia burden in this population, even though
resting ECG abnormalities in patients with AFD are
well established. Schiffman and colleagues" reported
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the incidence of atrial and ventricular arrhythmias in
patients with AFD to be as high as 27% to 42%. Our
cohort is noteworthy in that 84% of the patients had
Holter data that showed either atrial or ventricular ecto-
py; this rate is significantly higher than the rates found
in healthy persons.*" This may simply reflect a differ-
ence in how ectopy was defined in previous studies; it
is unclear whether Schiffman and colleagues” included
all ectopy (including a single premature beat) or limited
it to more potentially clinically relevant ectopy. Also of
note, a relatively large percentage of our patients (25%)
had potentially clinically significant arrhythmias (fre-
quent premature atrial or ventricular contractions, atrial
fibrillation) recorded on the Holter monitor. Interpre-
tation of the arrhythmia burden from CPET results
should take this into account.

We found that 59% of patients in our cohort exhibited
either atrial or ventricular ectopy during CPET. More-
over, the 18% rate of frequent premature ventricular con-
tractions in our study cohort is significantly higher than
what has been reported in normal healthy adults.”** Yet,
despite the high prevalence of ectopy during CPET, none
of our patients needed to terminate the testing because of
their ECG abnormalities, providing further reassurance
that exercise testing in this population is safe. It is also
reassuring that, despite their high baseline resting ectopic
burden on Holter monitoring and during early exercise,
our patients had significantly less ectopy during the later
stages of exercise. This implies that the overall ectopic
burden was suppressed by the catecholamine surge that
occurs during exercise, which is typical observation in
patients with structurally normal hearts.”> Our find-
ing is interesting given that previous research showed
an elevated risk of sudden cardiac death (SCD) in pa-
tients with AFD, particularly those with a history of left
ventricular hypertrophy, late gadolinium enhancement
on CMR imaging, or nonsustained ventricular tachy-
cardia.” It remains to be seen whether exercise ECG is
useful for SCD risk stratification.

An additional finding in this study, previously
undescribed, is that 16% of patients had pathologic
ST-segment or T-wave changes (defined as >2-mm ST-
segment depression) during exercise testing, which is a
markedly higher rate than that in a healthy adult popu-
lation.* Because our patients were asymptomatic and
were undergoing screening tests, this finding is poten-
tially worrisome. This population has a high incidence
of premature atherosclerotic coronary artery disease,
secondary to lipid accumulation in the small vessels.”
Even though there were no adverse events in this study,
the relatively high incidence of ST-segment or T-wave
segment changes in these asymptomatic patients could
indicate that aggressive screening for coronary artery
disease and microvascular cardiac disease is warranted
in these patients. An additional mechanism for these
changes could be related to the increased myocardial
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oxygen demand of the thickened muscle. This possibil-
ity is supported by the correlation between pathologic
ST-segment or T-wave changes on CPET and left ven-
tricular myocardial mass on CMR imaging, as well as
by the fact that patients with AFD and left ventricular
hypertrophy are at increased risk of SCD.*

Left ventricular hypertrophy is a well-established as-
pect of AFD and is thought to be secondary to both
concentric myocardial hypertrophy and replacement fi-
brosis.? A previous study showed that myocardial fibro-
sis was a strong predictor of ventricular ectopy in AFD
patients not taking ERT.** Although our cohort was
healthier, with only 25% of patients having late gado-
linium enhancement on CMR imaging, both ectopic
burden and pathologic ST-segment or T-wave changes
were associated with left ventricular myocardial mass on
CMR imaging. In addition, the relatively large ectopic
burden in these patients despite minimal fibrosis and
ERT implies that treatment does not prevent lipid de-
position in the conduction system—the previously pro-
posed mechanism for these changes.” This implication
is somewhat supported by the lack of a significant cor-
relation between ERT time and ectopy on CPET in our
study, although this question could be better addressed
if CPET results were compared between patients taking
and not taking ERT.

The HR response to exercise in AFD has not been
well studied . A lower resting HR and blunted maximal
HR have been well described'*” and were seen in our
cohort. No studies to date have evaluated HR recovery
in these patients, even though it is a potential marker of
autonomic dysfunction in patients with heart failure.®
Heart rate recovery involves reactivation of the parasym-
pathetic system and is highly sensitive to vagal tone.” In
our cohort, the prevalence of HR recovery abnormali-
ties depends on which criterion for normal is used. Only
2 patients had abnormal HR recovery when we defined
it as <12 beats/min at 1 minute after exercise." In ad-
dition, HR recovery correlated with the chronotropic
index, which is somewhat expected because the HR re-
sponse and recovery reflect a healthy balance between
the sympathetic and parasympathetic nervous systems.
The overall normal HR recovery in our cohort may in-
dicate that autonomic dysfunction has little effect on
exercise tolerance in these patients. On the other hand,
when we defined abnormal recovery as <25 beats/min at
1 minute after exercise, as Jouven and colleagues” have
suggested, 11 patients (25%) had an abnormal HR re-
covery. This suggests that autonomic dysfunction plays
a major causal role in one quarter of AFD cases. This
cutoff value is potentially important in that otherwise
asymptomatic adults who have an HR recovery of <25
beats/min at 1 minute after exercise have a 2.2 relative
risk of all-cause mortality when compared with adults
with more normal values.” Additional research on HR
recovery will bring more consensus on normative data
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and will also warrant reexamination in the AFD popu-
lation.

Limitations

This study had several potential limitations. First, the
cohort was relatively small but ranged widely in age,
which is not unusual in studies of uncommon diseases.
Second, patients in this cohort had to be capable of
performing an exercise test, which created a potential
selection bias toward healthier patients. This bias may
explain why the systolic blood pressure response to ex-
ercise in our cohort was normal, which is unusual in
the AFD population. The relatively good health of the
cohort may also explain its low rates of left ventricular
hypertrophy and interstitial fibrosis (Table I), both of
which are risk factors for impaired exercise tolerance.*
Given the known risk factors for arthythmias and isch-
emia, it is reasonable to hypothesize that the burden
for each should be worse in patients with left ventricu-
lar hypertrophy and interstitial fibrosis; however, this
should be confirmed by additional study. Third, be-
cause this was a descriptive retrospective study with a
small cohort, we can draw no conclusions about the
future clinical relevance of the ECG findings. Future
studies should analyze the long-term impact of the atri-
al and ectopic burden in patients with AFD. Last, our
CPET findings should be interpreted in light of the fact
that Vo,peak and peak HR are 5% to 10% higher in
exercise testing with a treadmill than in exercise testing
with a cycle ergometer.

Conclusion

Patients with AFD have a high incidence of arrhyth-
mias on both resting and exercise ECG. In addition,
approximately 15% of such patients have pathologic
ST-segment or T-wave changes on exercise ECG. The
exercise-induced pathologic ST-segment or T-wave
changes in our cohort were associated with elevated left
ventricular myocardial mass, possibly reinforcing the
link between left ventricular hypertrophy and cardiac
events. However, HR recovery tended to be normal.
Future studies should evaluate HR responses in a more
wide-ranging AFD phenotype.
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