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Abstract. Barth syndrome is an X-linked disorder
characterized by dilated cardiomyopathy, cyclic
neutropenia, skeletal myopathy, abnormal mito-
chondria, and growth deficiency. The primary defect
is a mutation in the TAZ gene on the X chromosome
at Xq28, resulting in abnormal phospholipid bio-
synthesis and cardiolipin deficiency. To date, there
has been no systematic evaluation of the cardiac
phenotype. We report five cases of cardiac arrest and/
or placement of an internal cardiac defibrillator with
documented ventricular arrhythmia. We suggest that
ventricular arrhythmia is part of the primary phe-
notype of the disorder and that patients should be
screened accordingly.
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Barth syndrome is an X-linked metabolic disorder
first fully described in 1983 [1]. The syndrome is
characterized by dilated cardiomyopathy (DCM),
skeletal myopathy, neutropenia, short stature, and 3-
methylglutaconic aciduria. Death in childhood is
usually from sepsis or heart failure, although sudden
death has been noted [2]. The disease course can be
variable, even within families. While rare, Barth
syndrome may be underdiagnosed and accurate
incidence rates are unavailable. There are currently
69 living and 62 deceased patients in the Barth Syn-
drome Foundation registry, and 80 cases have been
genotyped by the primary lab.
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Most boys present in infancy with DCM, al-
though presentation with delayed motor milestones
or recurrent infection has been reported. Clinical
cardiac features reported in the literature have in-
cluded left ventricular (LV) dilation and hypertrophy
with varying degrees of congestive heart failure. Left
ventricular noncompaction has been reported, and
autopsy reports have indicated endocardial fibro-
elastosis in some cases [1, 16]. Although no descrip-
tion of the natural history has been published, some
clinicians have noted improvement in the cardiac
function over time in patients who survive past in-
fancy.

Early reports suggested a mitochondrial defect
with respiratory chain abnormalities in skeletal
muscle mitochondria and abnormal architecture of
mitochondria in cardiac muscle [1, 15]. The gene for
Barth syndrome was mapped to Xq28 [4], and the
TAZ gene was subsequently cloned [3] and charac-
terized [5, 10]. Mutations at this locus cause not only
classic Barth syndrome but also other forms of car-
diomyopathy (DCM and LV noncompaction) [5]. It
is known that, via alternative splicing and initiation
sites, this gene encodes a family of proteins, termed
“tafazzins,” that have a shared homology with the
acyltransferases involved in phospholipid biosynthe-
sis [17]. Cardiolipin (CL), a mitochondrial membrane
lipid, is deficient in Barth syndrome patients [19].
More specifically, incorporation of linoleic acid
into CL is significantly reduced [19], resulting in
near-absence of tetralinoleoyl—cardiolipin [18], a CL
subclass. This specific mitochondrial phospholipid
species is enriched in normal skeletal and cardiac
muscle [18]. Many unique mutations in the TAZ gene
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have been described, and no genotype—phenotype
correlation has been demonstrated [10].

We report five cases of ventricular arrhythmia
leading to cardiac arrest or the placement of an
internal cardiac defibrillator (ICD), with the majority
of cases in this series occurring in adolescents or
young adults. All patients were known to have Barth
syndrome prior to documentation of arrhythmia. No
cases occurred during intercurrent illnesses, and all
QTc¢ intervals were normal.

Cases

All Five Cases are Summarized in Table 1.

Case 1

A 13-year-old boy with mild DCM on digoxin [most recent echo
demonstrated stable shortening fraction (SF) of 31% 8 months
prior to cardiac arrest] collapsed suddenly on a playground. He was
found by paramedics to have ventricular fibrillation and was suc-
cessfully defibrillated. Postarrest, the SF was 18%, serum electro-
lytes were normal, and the white blood cell count (WBC) was 1500/
ul. Left ventricular end-diastolic dimension (LVEDd) was 4.38 cm
(Z-score = 2.4), with no significant interval change from the pre-
vious study. An electrocardiogram (ECG) demonstrated normal
sinus rhythm (NSR) with normal conduction intervals (QTc = 413
msec). Brain imaging and electroencaphalogram (EEG) were con-
sistent with severe hypoxic/ischemic injury. Support was withdrawn
and the patient died.

Previous cardiac history included stable LV dimensions and
systolic function and normal conduction intervals by ECG. A
24-hour Holter monitor performed 18 months prior to death re-
vealed a single premature ventricular contraction (PVC) without
other arrhythmia, and ST segment depression was present at ele-
vated heart rates. The patient history was remarkable for episodes
of pallor, nausea, and chest pain not associated with exercise or
palpitations that were thought to be consistent with vasovagal
symptoms. Transtelephonic recordings during these episodes re-
vealed no arrhythmia. Family history was remarkable for sudden
death while playing in a 3-Y-year-old brother with DCM, skeletal
myopathy, and neutropenia consistent with Barth syndrome.

Case 2

An 11-year-old boy with mild DCM (most recent SF was 29% 11
months prior to cardiac arrest) collapsed suddenly at home while
playing. CPR was initiated, Torsades de pointes was recorded, and
he was successfully cardioverted. On admission, serum electrolytes
were normal and WBC was 2100/ul. On echocardiography, SF was
24% and LVEDd was 4.7 cm (Z-score = 2.8). An ECG demon-
strated NSR, inverted T-waves in the lateral precordial leads, and a
QTc of 444 msec. Invasive electrophysiology (EPS) without phar-
macologic stimulation performed 7 days after cardiac arrest
revealed sustained polymorphic ventricular tachycardia (VT) with
triple extrastimulation in the RV apex (cycle length = 400/240/
180/180 msec). A single-lead ICD was placed. Medications at the
time of admission included digoxin, enalapril, vitamin E, coenzyme
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Q, vitamin C, carnitine, cisapride, and ranitidine. Cisapride had
been started > 10 months earlier, and ECG demonstrated normal
conduction intervals after its initiation. The patient history in-
cluded ECG with normal conduction intervals, a 24-hour Hotter
several years prior without evidence of arrhythmia, echocardio-
grams with stable ventricular dimensions and systolic function, and
clinical symptoms consistent with vasovagal physiology (dizziness,
nausea, chest pain, fatigue). Family history was negative.

Three years after ICD implantation, a Holter monitor re-
vealed an eight-beat run of VT. Four years after implantation, the
patient had a discharge from the ICD. Investigation revealed a
narrow QRS tachycardia with a cycle length of 240 msec that was
successfully converted to NSR. An EPS revealed atypical atrio-
ventricular (AV) node reentry tachycardia. The patient underwent
successful slow pathway modification. An aggressive ventricular
stimulation protocol was not performed to determine the induc-
ibility of ventricular tachydysrhythmias. Subsequently, he had an
episode of ventricular fibrillation during active play and was suc-
cessfully defibrillated by a single shock from the ICD.

Case 3

A 16-year-old boy with stable, mildly reduced ventricular systolic
function (SF = 25%-30%) developed palpitations but no syncope.
Multiple ECGs demonstrated NSR with stable right bundle branch
(RBBB) pattern. Medications included digoxin and lisinopril.
Holter monitor revealed frequent uniform PVCs (~ 50/hour) with
couplets. A microvolt T-wave alternans (TWA) test was positive
with sustained alternans at a heart rate of 104. The patient was
placed on atenolol. Follow-up Holter revealed fewer couplets but
no overall change in the total PVCs, and follow-up TWA was
equivocal. Exercise treadmill test with a Bruce protocol was per-
formed; total exercise time was 4.5 minutes, with a maximum heart
rate of 87% predicted. Uniform PVCs improved with exercise and
returned in early recovery including a three-beat run of VT. Holter
monitor performed 3 months after initiation of atenolol revealed
frequent PVCs, couplets, and triplets.

Four months after initiation of atenolol therapy, the patient
presented with chest pain and increased palpitations. Cardiac en-
zymes were normal and repeat TWA on higher-dose atenolol was
positive with sustained alternans at a heart rate of 97. An EPS
without pharmacologic stimulation revealed normal sinus and AV
node function, multifocal ventricular ectopy, and induction of
reproducible VF with triple extrastimuli (cycle length = 600/290/
220/220 msec) in the RV outflow tract, requiring defibrillation. An
ICD was placed.

Other history included episodes of fatigue, nausea, and pallor
consistent with vasovagal physiology that were significantly im-
proved with fludrocortisone. Family history was remarkable for the
sudden death of a 4-year-old brother with DCM and findings
consistent with Barth syndrome.

Case 4

An 18-year-old boy with DCM, poor but stable LV systolic func-
tion [ejection fraction (EF) = 20%] and LV morphology consistent
with LV noncompaction had palpitations and two episodes of
syncope. Electrocardiograms demonstrated NSR with normal
conduction intervals (QTc = 410-420) and left ventricular hyper-
trophy (LVH) with strain. Medical management included digoxin,
lisinopril, coumadin, and granulocyte colony-stimulating factor
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(GCSF). Holter monitor revealed nonsustained ventricular tachy-
cardia (NSVT), and aminodarone was initiated.

Subsequently, the patient suffered syncope and had a cere-
brovascular accident (CVA), resulting in right hemiparesis that was
treated with thrombolytic therapy. Echocardiography revealed LV
thrombus, which was treated with anticoagulation and resolved on
follow-up studies. Due to the history of a recent CVA, an ICD was
placed without an EPS. Subsequent interrogation has revealed no
arrhythmia.

Additional history included episodes consistent with vasova-
gal physiology and a positive tilt-table test with syncope. Family
history was remarkable for a brother with Barth syndrome, an-
other brother who died at 7 months of age from respiratory
symptoms, and a maternal nephew with Barth syndrome who died
during a hospitalization with croup.

Case 5

A 17-year-old boy with stable ventricular systolic function
(SF = 32%-34%) without history of syncope or significant palpi-
tations had normal 24-hour Holter and signal-averaged EGG (SA-
ECG) evaluations. He had an EPS performed to evaluate the risk
of life-threatening arrhythmia, given the documented arrhythmia in
other Barth syndrome patients. This EPS without pharmacologic
stimulation demonstrated normal sinus and AV node function with
easily reproducible sustained polymorphic VT with double and
triple stimuli in the RV apex. An ICD was placed, and no dis-
charges occurred in the first 11 months after implantation. Medical
management included enalapril, carvedilol, digoxin, carnitine,
coenzyme Q, and GCSF. Prior ECG revealed diffusely flat ST
segments with normal conduction intervals (QTc = 405 msec).

Additional history included severe chronic fatigue and vaso-
vagal symptoms (episodic dizziness, abdominal pain, headache
with normal transtelephonic monitoring studies during the symp-
toms). Family history was negative.

Discussion

Barth syndrome is an inherited cardiomyopathy
arising from a single gene defect. The cases reported
here suggest that ventricular arrhythmia may be an
important part of the pathophysiology, morbidity,
and mortality. Of our five patients with documented
ventricular arrhythmia, four had mild LV dilation
with low normal or mildly depressed LV systolic
function, and only one had very poor but stable
systolic function prior to cardiac arrest or ICD
placement. This suggests that the risk of arrhythmia
may be independent of the degree of LV dilation or
dysfunction. Each of these patients was treated dif-
ferently with regard to screening for rhythm distur-
bance. All of these five patients had multiple ECGs
with normal conduction intervals. Two had a positive
arrhythmia screening study (Holter and/or TWA),
one had repolarization abnormalities at elevated
heart rates on Holter but no documented arrhythmia,
one had a normal Holter, and one had no recent
Holter or other arrhythmia screening tests. Three of
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the five patients had EPS, all of which demonstrated
inducible ventricular arrhythmia, and two patients
had syncope prior to ICD placement or cardiac ar-
rest. In addition, one patient had both ventricular
and supraventricular tachycardia. It is interesting to
note that all patients in this group had significant and
recurrent vasovagal symptoms, with nausea, pallor,
and dizziness suggestive of autonomic dysfunction.
Thus, in some cases, it may be difficult to distinguish
symptomatic arrhythmia from vasovagal physiology.
We have had two additional cases of ICD
placement in patients with Barth syndrome for sud-
den cardiac death prophylaxis. One of these patients
was the 21-year-old brother of case 4 and was found
to have mild but stable cardiomyopathy (SF = 27%)
and concentric LVH by echocardiography. Symp-
toms included palpitations, presyncope, and one
episode of syncope. Given the clinical history of
cardiomyopathy and palpitations with a family his-
tory of arrhythmia and death, an ICD was placed as a
primary measure to prevent sudden death. No EPS
was performed. The second additional case was in a
21-year-old patient with DCM and was managed
with digoxin, lasix, captopril, and metoprolol. There
was no history of palpitations or syncope. The LV
dimensions and systolic function have been stable
(SF = 30%). Although no EPS was performed, an
ICD was placed for primary prevention of sudden
death, given the chronic DCM and known serious
arrhythmia in other patients with Barth syndrome.
It is not unexpected that patients with Barth syn-
drome have an increased risk of arrhythmia. In addi-
tion to the underlying substrate of DCM, there is
potential for cardiac rhythm disturbance related to
abnormalities of mitochondrial function. There are
two possible mechanisms for the observed rhythm
abnormalities. One involves adenosine triphosphate
(ATP)-sensitive K+ (Katp) channels in the inner
mitochondrial membrane of cardiomyocytes, which
affect intramitochondrial depolarization and have
important cardioprotective effects during ischemia
and ischemia-related arrhythmia [12]. Altered fatty
acid distribution of the mitochondrial membrane
phospholipids may disturb lipid—protein interactions
and alter mitochondrial ion channels, thus predispos-
ing to arrhythmia. Another potential mechanism in-
volves the role that CL plays in apoptosis. Cardiolipin
is a phospholipid located solely on the inner mito-
chondrial membrane and is nearly absent in patients
with Barth syndrome[18, 19]. Cardiolipin tightly binds
cytochrome C, and release of this cytochrome from the
mitochondrial membrane into the cell is an initial step
in programmed cell death [13]. Cardiolipin is also
required for adenine nucleotide translocase (ANT),
which is important in mitochondrial permeability
[13]. Cardiolipin deficiency is related to increased
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mitochondrial membrane permeability and release of
cytochrome C and other cell death mediators into the
cell, thus inducing apoptosis. Programmed cell death
has been associated with cardiomyopathy and cardiac
rhythm disturbance [13, 14].

Despite significant progress in the diagnosis and
management of arrhythmia in patients with cardio-
myopathy and heart failure, the prediction of patients
at risk for sudden cardiac death has proven extremely
difficult. There is very little information regarding risk
stratification in children, and the current data in the
literature are from the adult population. The Marburg
Cardiomyopathy Study [8] evaluated measures from
echocardiography, signal-averaged ECG, Holter,
baroreflex sensitivity, and TWA testing in idiopathic
DCM in patients aged 16-70 years over 51 £+ 21
months. This study found that LV EF <30%, lack of
beta-blocker therapy, or the combination of LV EF
<30% with NSVT on Holter were the only significant
predictors of major arrhythmic events. However,
other authors have suggested that individual ar-
rhythmia screening studies may be useful in predicting
arrhythmia events, For example, the presence of
NSVT on 24-hour Holter monitor has been shown to
be a risk factor for sudden death in adult patients with
severe congestive heart failure [6]. Both signal-aver-
aged ECG [7] and TWA [9] have also been shown to
have positive predictive power in DCM. Autonomic
dysfunction may also play a role in arrhythmia, and
heart rate variability has been shown to be a predictor
of sudden death in adult patients with CHF [11]. This
is especially intriguing given the symptoms of auto-
nomic dysfunction that appear to be present in these
patients with Barth syndrome.

Although Barth syndrome is a rare form of
DCM, it may be underdiagnosed in boys with car-
diomyopathy. These cases suggest that life-threaten-
ing arrhythmia independent of the degree of cardiac
dilation or dysfunction may be an important clinical
manifestation of this disorder. Of note, two of the five
cases of proven arrhythmia had a family history of
sudden cardiac death in a brother with probable
Barth syndrome, and one had a family history of
death that may have been due to sudden cardiac ar-
rest. There was no demonstrable genotype—pheno-
type correlation between the type of mutation and the
presence of arrhythmia.

Although the literature indicates that screening
for cardiac rhythm abnormality in idiopathic DCM is
not particularly sensitive or specific, we think that
patients with Barth syndrome may represent a special
subset of patients with DCM and an inherent risk of
ventricular arrhythmia. We believe that they should
have an intensified approach to screening for life-
threatening arrhythmia, especially if there is a positive
family history of cardiac arrest. Standardized cardiac
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assessment, including (at a minimum) yearly echo-
cardiography, EGG, and Holter monitoring, should
be considered for patients with Barth syndrome. In
addition, consideration should be given to enhanced
arrhythmia screening, including exercise testing,
SA-ECG, and TWA. It may be prudent to have a low
threshold for performing an EPS to investigate po-
tentially serious arrhythmia, especially in the presence
of symptoms, abnormal arrhythmia screening tests, or
a family history of sudden death. There are no data on
the use of antiarrhythmic medication in this patient
population. Further investigation into the mechanism
of the disease and arrhythmia is warranted.
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