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Purpose: Enzyme replacement therapy in infants with Pompe disease prolongs survival, decreases cardiomegaly,

and improves muscle function. Because ectopy has been previously described in these patients, we sought to

determine the prevalence and types of arrhythmias. Methods: Thirty-eight children with infantile Pompe disease

received enzyme replacement therapy in two open-label, multicenter, international, clinical trials. Data were

reviewed on a retrospective basis. The corrected QT interval, ejection fraction, and indexed left ventricular mass

were measured on a scheduled basis from electrocardiograms and echocardiograms. Arrhythmias were identified

and characterized from electrocardiograms, ambulatory electrocardiograms, and point-of-care monitoring. Electro-

cardiogram and echocardiogram measurements were compared in children with and without arrhythmias. Results:

Seven children (18%) experienced arrhythmias. The QT interval, ejection fraction, indexed left ventricular mass, and

rate of reduction of indexed left ventricular mass were not statistically different in those seven versus the other 31

children. Two children with life-threatening arrhythmias had among the highest combined baseline maximum

indexed left ventricular mass and QT interval. Their arrhythmias occurred during severe metabolic stress from

noncardiac illness. Conclusions: There was a high incidence of arrhythmias in our cohort. The relationship of

arrhythmias with enzyme replacement therapy, myocardial fibrosis, or simply longer survival is unknown. Therefore,

further characterization of specific arrhythmia risk factors and continued vigilance regarding screening for arrhyth-

mias in children receiving enzyme replacement therapy is warranted. Genet Med 2008:10(10):758–762.

Key Words: Pompe disease, glycogen storage disease type II, arrhythmias, enzyme replacement therapy,

cardiomyopathy

Pompe disease or glycogen storage disease type II is an au-
tosomal recessive disorder due to lysosomal deficiency of acid
alpha-glucosidase (GAA). Deficiency of this enzyme results in
the excessive accumulation of glycogenwithin the lysosomes of
many tissues including cardiac, skeletal, and smooth muscle
cells. Infantile Pompe disease has the most severe presentation
with minimal or no residual enzyme activity.1,2 Infantile
Pompe disease is uniformly fatal, usually by 1 year of age, if
untreated.3,4

In this disease, the specialized cardiac conduction tissue is
also affected by glycogen accumulation, resulting in the char-
acteristic electrocardiographic finding of a shortened PR inter-
val.5 Occasionally, the shortened PR interval may be due to the
presence of a true atrioventricular (AV)accessorypathway, dem-
onstrating the Wolff-Parkinson-White pattern; these children may
be at an increased risk for supraventricular tachyarrhyth-
mias.6–8 In addition, the ubiquitous electrocardiographic find-
ings of extreme left ventricular hypertrophy and increased QT
dispersion in these childrenmay represent risk factors for sud-
den arrhythmic death from ventricular tachyarrhythmias.9

Clinical trials of enzyme replacement therapy (ERT) using
recombinant human acid alpha-glucosidase (rhGAA) have
demonstrated prolonged overall survival in infants and chil-
dren with Pompe disease. A reversal of cardiomyopathy has
been noted in the majority of patients, and a subset of patients
have achieved motor milestones such as the ability to sit, walk,
and run.10–15 Alglucosidase alfa (Myozyme), rhGAAmanufac-
tured and distributed by Genzyme Corporation for ERT, has
been approved for use as a treatment for Pompe disease in the
United States by the Food and Drug Administration (FDA)
and in Europe by the European Medicines Agency.16,17

Children who receive ERT for infantile Pompe diseaseman-
ifest electrocardiographic changes, including an increase in the

From the 1Department of Pediatrics, Duke University Medical Center; 2Duke Clinical Re-

search Institute, Durham, North Carolina; and 3Genzyme Corporation, Cambridge, Massa-

chusetts.

Ronald J. Kanter, MD, Duke University Medical Center, PO Box 3090, Durham, NC 27710.

E-mail: kante001@mc.duke.edu.

Disclosure: Dr. Kishnani has received research/grant support fromGenzymeCorporation and

is amember of the PompeDisease Advisory Board. rhGAA, in the form of Genzyme’s product,

Myozyme™, is now approved by the US FDA and the European Union as therapy for Pompe

disease. DukeUniversity and inventors for themethod of treatment and predecessors of the cell

lines used to generate the enzyme (rhGAA) used in various clinical trials receive royalty

payments pursuant to the University’s Policy on Inventions, Patents and Technology. Dr.

Benjamin received support from NICHD 1U10-HD45962-05.

Submitted for publication March 11, 2008.

Accepted for publication June 13, 2008.

DOI: 10.1097/GIM.0b013e318183722f

a r t i c l e October 2008 � Vol. 10 � No. 10

758 Genetics IN Medicine



PR interval and a decrease in both the QT dispersion and left
ventricular voltage.9 Despite these improvements, increased
ventricular ectopy has been observed in some treated infants,18

and cardiopulmonary arrest soon after the induction of gen-
eral anesthesia has been observed in others.19,20

With this background, we sought to determine the preva-
lence and types of arrhythmias and their associations to elec-
trocardiographic and echocardiographic findings in children
with infantile Pompe disease undergoing treatment with ERT.

METHODS

A total of 39 children with infantile Pompe disease were
enrolled in two open-label, multicenter, international, clinical
trials (numbered NCT00059280 and NCT00053573) explor-
ing the safety and efficacy of ERT from 2001 to 2005. All chil-
dren had a confirmed diagnosis of infantile Pompe disease
with skin fibroblast GAA activity �1% of normal, hypertro-
phic cardiomyopathy (left ventricularmass index�65 g/m2 by
echocardiogram) and onset of symptoms in the first year of
life. Alglucosidase alfa containing rhGAA produced in Chinese
hamster ovary cells was supplied by Genzyme Corporation
(Cambridge, MA). All participating centers obtained institu-
tional review board approval at their respective institutions
and informed consent was obtained from each patient’s par-
ent/guardian.
Data were reviewed on a retrospective basis. Electrocardio-

grams (ECG) and echocardiograms were obtained on each
child at baseline and at 4, 8, 12, 24, 36, 52, 64, and 78 weeks of
ERT and interpreted at a central laboratory. Measured data
included corrected QT interval (QTc), ejection fraction (EF),
and indexed left ventricular mass (LVMi). Arrhythmias were
documented fromECGs, ambulatory ECGs, and point-of-care
monitoring through review of FDA Form 3500A (Medwatch)
reports, a safety information and adverse event reporting
system of the US FDA. Arrhythmias were defined as being pos-
sibly clinically important (nonsustained supraventricular
tachycardia (SVT), atrial, or ventricular premature beats), def-
initely clinically important (sustained SVT), and life-threaten-
ing (ventricular tachycardia [VT] or fibrillation [VF]). For
purposes of this study, nonsustained SVT was defined as oc-
curring for �5 seconds in duration. This is based on the a
priori belief that these infantswould be unusually vulnerable to
the effects of severe abbreviation of ventricular diastole, as
would result from longer episodes of SVT. VT was defined as
three ormore repetitive ventricular events at�10% faster than
the current sinus rate and not due to a supraventricular focus
or circuit. Other arrhythmias were defined according to stan-
dard definitions. Electrocardiographic and echocardiographic
measurements from children with an arrhythmia occurrence
were compared with children who had not experienced an ar-
rhythmia. Ambulatory ECGs were not performed on a routine
basis in this cohort but were performedwhen clinically indicated.
Reported P values are two-tailed and nonparametric meth-

ods were used, e.g., Wilcoxon rank sum test. Analyses were

conducted using STATA 10.0 (College Station, TX). P � 0.05
was considered statistically significant.

RESULTS

A total of 38 children received ERT. Their demographics
including gender, ethnicity, age at entry into the study, and
duration of ERT are presented in Table 1. One patient was
enrolled but died from a cardiac arrhythmia associated with
anesthesia induction before the initiation of therapy. A total of
seven children (18%) receiving treatment with ERT experi-
enced arrhythmias. The type of arrhythmia, age at ERT initia-
tion, age at arrhythmia onset, duration of ERT at time of
arrhythmia, and results of cardiac tests from these seven chil-
dren are presented in Table 2.
Patient 1 experienced multiple episodes of brief, nonsus-

tained SVT, atrial bigeminy and trigeminy which were demon-
strated on ambulatory ECG monitoring. These episodes
decreased significantly with the administration of propanolol.
Occasional ventricular premature beats were initially noted in
Patient 2 preoperatively and subsequently during surgery for a
muscle biopsy and gastrostomy tube placement at Week 12 of
the study. The frequency of the ventricular premature beats
increased postoperatively, prompting treatment with an intra-
venous lidocaine infusion. This was eventually transitioned to
enteral mexiletine. The frequency of ventricular premature

Table 1
Descriptive demographic features and comparison of cardiac measurements

from patients with and without arrhythmias

Arrhythmia
(n � 7)

No arrhythmia
(n � 31)

Gender

Male 3 17

Female 4 14

Race

White 2 20

Black 0 6

Asian 4 1

Hispanic 1 1

Other 0 3

Age ERT initiateda 7 (6–13) 8 (1–43)

Duration of ERT at last
follow-upa

19.5 (12–23) 12 (1–26)

P

Maximum QTc (ms) 444 (439, 476) 444 (437, 450) 0.20

Maximum LVMi (g/m2) 180 (163, 269) 206 (111, 241) 0.69

Minimum EF (%) 33 (21, 45) 42 (30, 54) 0.20

Maximum decrease in
LVMi (g/m2/wk)

3.3 (0.7, 6.6) 5.2 (2.5, 7.1) 0.25

Measurements displayed as median (25%, 75%).
aAge and duration is in months displayed as median (range).
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beats remained decreased on enteral therapy by ambulatory
ECG. Patient 3 received digoxin for episodes of intermittent
atrial bigeminy. At the initiation of a bronchoscopy under gen-
eral anesthesia, Patient 4 developed SVT followed by VT and
bradycardia. The infant was successfully resuscitated with epi-
nephrine, atropine, and approximately 1minute of chest com-
pressions. In this patient, anesthesia had been started with
ketamine, followed by sevoflurane and succinylcholine before
bronchoscopy. The infant recovered without sequelae. Patient
5 experiencedmultiple episodes of the AV reciprocating tachy-
cardia form of SVT. The initial episode occurred atWeek 52 of
treatment with a heart rate of 280 beats per minute and asso-
ciated symptoms of irritability and decreased appetite. SVT
recurrence ultimately required high dose propanolol for clini-
cal control. Follow-up ambulatory ECG in this patient demon-
strated no SVT recurrence on high dose propanolol. Patient 6
had frequent episodes of pneumonia requiring multiple pro-
longed intubations. At approximatelyWeek 55 of ERT, shortly
after extubation during one of these pneumonias, the patient
experienced increased sputum production and desaturation.
Patient was reintubated, but developed sinus bradycardia and
then VF in the presence of severe metabolic acidosis and hy-
perkalemia. Resuscitation was unsuccessful. Patient 7 had re-
cently completed antibiotic therapy for Klebsiella septicemia
when she was readmitted for lethargy, hyperthermia, dehydra-
tion, andmild renal insufficiency. Two days later, and without
clinical improvement, she experienced the sudden onset of VF,
followed by progressive bradycardia and death. Resuscitation
was not attempted. Blood and urine cultures remained nega-
tive. It should be noted, in this patient ventricular hypokinesia
and severe hypertrophic cardiomyopathy had remained un-
changed from the onset of ERT until death.
Because associations of cardiac tachyarrhythmias or sudden

death with certain ECG and echocardiographic measurements
have been established in other diseases, (including maximum
QTc,21–23 maximum LVMi,24,25 and minimum left ventricular

EF26–28) we evaluated these parameters in our cohort, compar-
ing those with and without arrhythmias (Table 1). The differ-
ences between the two groups were not statistically significant.
A trend toward a lower minimum EF was observed in the ar-
rhythmia group. The two children (Patients 6 and 7) with fatal
arrhythmias seemed to have higher baseline combined maxi-
mum LVMi and maximum QTc, two known risk factors for
sudden death, when comparedwith the other children (Fig. 1).
However, the LVMi that wasmeasuredmonths before death in
Patient 6 had decreased to 119 g/m2, and the QTc that was
measured 1month before death in Patient 7 was normal at 388
milliseconds.

DISCUSSION

Infantile Pompe disease, if untreated, is rapidly fatal. Af-
fected infants present in the firstmonths of life with hypotonia,

Table 2
Description of patients with arrhythmias

Patient Arrhythmia Category
Age ERT

onset (mos)
Age arrhythmia
onset (mos)

Duration of ERT
at arrhythmia
onset (mos)

Minimum
EF%

Maximum
QTc (ms)

Maximum
LVMi
(g/m2)

Maximum rate
of decrease in

LVMi
(g/m2/wk)

1 SVT,
nonsustained

PCI 6 17 11 45 439 180 13.1

2 VPB PCI 7 10 3 33 444 163 6.6

3 Atrial bigeminy PCI 6 7 1 21 438 221 0.7

4 SVT, VT DCI 6 14 8 57 444 163 1.3

5 AVRT DCI 6 18 12 27 476 179 4.7

6 VF LT 6 19 13 36 500 302 3.3

7 VF LT 12 17 5 21 470 269 3.5

AVRT, atrioventricular reciprocating tachycardia;DCI, definitely clinically important; EF, ejection fraction; LT, life threatening; LVMi, indexed left ventricularmass;
PCI, possibly clinically important; QTc, correctedQT interval; SVT, supraventricular tachycardia; VF, ventricular fibrillation; VPB, ventricular premature beats; VT,
ventricular tachycardia.
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Fig. 1. Combined maximum QTc and maximum LVMi for each patient by arrhyth-
mia category. F, no arrhythmia; �, possibly clinically important; ‚, definitely
clinically important; �, life-threatening.
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generalized weakness, and hypertrophic cardiomyopathy with
progression to death secondary to respiratory muscle failure.
ERTwith recombinant humanGAA in infantile Pompe dis-

ease has resulted in a dramatic change in the clinical course in
affected children with prolonged survival, restoration and sta-
bility of motor function, and improvement of cardiomyopa-
thy.10–15 In addition, there are substantial improvements in the
ECG including a decrease in left ventricular voltage, an in-
creased PR interval, and a shortening of QT dispersion.9 It has
been postulated that the reduction of glycogen within the con-
duction system and myocardium results in these changes. De-
spite significant improvements in cardiomyopathy and the
conduction system in infants receiving ERT, there was an un-
expectedly high incidence of arrhythmias (18%) in our cohort.
To understand the etiology of arrhythmogeneisis in individ-

uals with Pompe disease, other types of glycogen or lysosomal
storage disorders with cardiomyopathymay be considered. Se-
vere cardiac hypertrophy and conduction system disease are
common features of Danon disease caused bymutations of the
lysosome associated membrane protein 2 gene. Mutations in
the gene for AMP-activated protein kinase �2 variably results
in Wolff-Parkinson-White pattern, progressive conduction
system disease, and ventricular hypertrophy. Both of these dis-
eases result in accumulation of lysosomal or cytosolic glycogen
leading to left ventricular hypertrophy.29–31 Studies involving
the transgenic mouse model of AMP-activated protein kinase
�2 have provided an anatomic explanation for the cause of
Wolff-Parkinson-White Syndrome in glycogen storage cardio-
myopathy.30,32,33 Cardiac histopathology in this model dem-
onstrated disruption of the annulus fibrosis, the structure
which normally insulates the ventricles from inappropriate
conduction from the atria, by glycogen engorged myocytes.30

Electrophysiological testing has demonstrated alternative AV
conduction pathways consistentwithWolff-Parkinson-White.
Cardiac hypertrophy and arrhythmias are also found in

Fabry disease, a lysosomal storage disorder resulting in the
intracellular accumulation of sphingolipid. In this disorder,
histologic findings of myocardial fibrosis have been correlated
with findings of late gadolinium enhancement by cardiacmag-
netic resonance imaging.34 Patients with findings of late en-
hancement also have significantly higher left ventricular
masses than those who do not. However, ERT in these patients
does not significantly reduce ventricular mass and late en-
hancement on follow-up imaging actually increases.35

Postmortem analyses of infants with Pompe disease before
the advent of ERT revealed excessive amounts of connective
tissue at the approaches to theAVnode, the AVnode itself, and
the penetrating AV bundle. These findings would be expected
to potentiate pathologic bradyarrhythmias. Surprisingly, bra-
dycardias were not noted in our children as primary events. In
addition, focal necrosis, hemorrhage and fibrosis have been
seen in the peripheral Purkinje cells in these postmortem stud-
ies.5 It is possible that excessive connective tissue develops dur-
ing glycogen accumulation early in the disease process which
persists despite clearance of glycogen stores with ERT. This
scarring could lead to myocardial perfusion abnormalities or

represent a direct substrate for ventricular arrhythmias, similar
to the pathophysiology seen in hypertrophic cardiomyopa-
thy.36 Myocardial fibrosis, which is characteristic of hypertro-
phic cardiomyopathy, has also been implicated in causing
spatial dispersion of the cardiac impulse supporting reentrant
arrhythmias, although the exact mechanism is unknown.36–38

Further study of the cardiac histopathology in Pompe disease
after long-term ERT is needed.
Risk factors for sudden death in children having any of a

variety of structural heart diseases include left ventricular hy-
pertrophy,24,25 prolonged QTc interval,21–23 reduced EF,26–28

increased QT dispersion,39,40 and reduced measures of heart
rate variability.41,42 Among those measurements available in
our cohort of children studied, no values were observed which
were statistically more exceptional in those children having
arrhythmias than in those who did not. Increased ventricular
ectopy has been previously reported in children receiving ERT
for infantile Pompe disease during times of rapid decreases in
left ventricular mass; hence, the maximum rate of decrease of
left ventricular mass was also considered.18 Interestingly, a
lower rate of mass reduction was associated with a modest
trend toward arrhythmogeneisis (Table 1). The observed trend
of lower EF in the arrhythmia group (Table 2) requires sub-
stantiation by a larger patient population.
Fatal events occurred during times ofmetabolic stress in two

children (Patients 6 and 7), highlighting the importance of
cardiovascular and pulmonary attention during invasive pro-
cedures and intercurrent illnesses. Anesthesia induction with
its associated vasodilatation, afterload reduction and therefore
potential for reduced coronary perfusion could contribute to
the development of arrhythmias. This has prompted the rec-
ommendation to avoid anesthetic agents with vasodilatory ef-
fects such as propofol or high concentrations of sevoflurane
but, instead, use an agent such as ketamine to better support
coronary perfusion pressure.19,20

Our study was limited by the small sample size and its ret-
rospective design; however, 7 of 38 (18%) children treatedwith
ERT developed arrhythmias. The relationship of arrhythmias
with ERT, myocardial fibrosis, or simply longer survival could
not be ascertained from this experience. We therefore believe
continued routine screening for arrhythmias in patients re-
ceiving ERT is warranted. This may be especially relevant to
those infants with more severe baseline cardiac phenotypes, as
manifest by markedly elevated LVMi and prolonged QTc in-
terval. It is possible that subclinical arrhythmias aremore prev-
alent in this patient group than was realized by this experience.
Periodic ambulatory rhythm monitoring may be considered
for these patients to help answer this question.
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Erratum

In the article “Influence of Genetic Discrimination Perceptions and Knowledge on Cancer Genetics Referral Practice Among
Clinicians” in the September issue of Genetics in Medicine, an asterisk was missing in the legend for Figure 1. The legend should
have stated: *P � 0.001.

Lowstuter KJ, Sand S, Blazer KR, et al. Influence of genetic discrimination perceptions and knowledge on cancer genetics referral
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