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FIGURE 2 | A typical Brugada syndrome type 1 ECG showing coved ST elevation in leads V1 and V2.

FIGURE 3 | Pharmacological challenge testing unmasking in Brugada

phenotype. Type 1 response to ajmaline challenge test.

of the National Service Framework in the UK requires the
National Health Service (NHS) to provide a dedicated clinic
to assess families with appropriately trained staff (Department
of Health, 2005). A dedicated clinic typically comprises car-
diologists, physiologists, echocardiographers, specialist nurses,
bereavement and genetic counselors, and clinical geneticists
(Lambiase, 2010).

Prior to seeing families in a SADS clinic, as much background
information as possible should be obtained about the index case.
This should include specific clinical information such as previous

FIGURE 4 | Bidirectional VT in CPVT.

clinical encounters with a family physician or visits to the emer-
gency department, as this may yield useful diagnostic information
such as previous ECGs. Additionally, a detailed post-mortem
report should be obtained. Usually a specialist nurse will coor-
dinate the clinic and liaise with families, the family physician as
well as the coroner’s office to obtain relevant background infor-
mation including a copy of the post-mortem report. Moreover,
tissue sections or ideally the whole heart should be reviewed by
a specialist cardiac pathologist to identify any histopathological
evidence of an underlying cardiomyopathic process. For instance,
myocyte disarray suggestive of HCM or local fibrosis and fatty
infiltration indicative of ARVC may be identified (Lambiase,
2010).
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Importantly, prior to conducting any investigations on SADS
families, appropriate counseling must be undertaken to ensure
the implications of the screening tests are well-understood.
Employment, insurance, effects on children and other family
members as well as the psychological impact of test results
must all be appropriately discussed. The outcomes of investiga-
tions can vary from inconclusive non-diagnostic findings, which
require regular follow-up to the need for medical therapy (e.g.,
β-blockers) or even invasive procedures such as the insertion of
an implantable cardioverter-defibrillator (ICD) device (Lambiase,
2010).

CONSULTATION WITH PHYSICIAN
HISTORY
Family screening should start with a detailed evaluation of the
index case. The mode of death may provide useful information
regarding etiology. For instance, long QT (LQT) 1 subtype
(LQT1) and catecholaminergic polymorphic VT is associated
with death while swimming (Tester and Ackerman, 2011).
Syncope in the context of sudden loud noise or alarm is character-
istic of LQT2 and death during sleep suggests the possibility of BrS
and LQT3 (all three associated with an increased risk of arrhyth-
mia during periods of increased cholinergic tone or bradycardia).
Thus, a careful and systematic history from first-degree rela-
tives can be great value in helping to determine the details prior
to pre-syncopal or syncopal events as well as identifying other
symptomatic family members.

Past medical history, previous accidents, prescribed/non-
prescribed and recreational drugs e.g., cocaine use are all of
relevance. Family history including any relatives who may have
died under 40 years of age, family history of cardiac interven-
tions e.g., pacemaker implantation, heart failure or any available
death certification can all be invaluable. Certain markers in the
history including syncope, 2 or more sudden deaths in the fam-
ily at younger (≤40 years) age are all thought to be predictive
markers of a diagnosis in the family (Tan et al., 2005; Behr et al.,
2008).

INVESTIGATIONS
A number of tests may be performed to aid in the screening pro-
cess of SADS families. These will be at the physician’s discretion
and may vary between units. These can include a resting ECG,
exercise ECG, VO2 max tests, signal averaged ECG, transtho-
racic echocardiogram and ajmaline or flecainide challenge test (to
unmask BrS when suspected; Lambiase, 2010).

THE ROLE OF GENETIC TESTING
There has been a steady advance in the potential for gene
testing since the discovery of the channelopathy-causing genes
in the 1990s. With an ever-burgeoning panel of commercially
available diagnostic genetic tests available to the electrophysiol-
ogist, consensus guidance is clearly highly relevant in helping
to determine when and which tests are indicated. The Heart
Rhythm Society/European Heart Rhythm Association Consensus
Statement published in 2011 (Ackerman et al., 2011) aptly
summarizes the current recommendations for genetic screen-
ing. These have been outlined together with overviews of the

principal genetic syndromes associated with SADS in the sum-
mary table [Ackerman et al., 2011; Gollob et al., 2011; Tester
and and Ackerman, 2012; Giudicessi and Ackerman, 2013; above
(Table 2)].

PRACTICAL CONSIDERATIONS OF GENETIC TESTING
Genetic testing is usually employed as a confirmatory tool pri-
marily to facilitate cascade screening of the family. Only after
a thorough clinical assessment (with likely diagnosis established
based on family history, patient background, ECG and pharmaco-
logical testing) should genetic screening be used in clinical prac-
tice. Moreover, genetic counseling (to include a comprehensive
discussion of the relative risks and benefits) is highly recom-
mended prior to any testing (Ackerman et al., 2011). The benefits
offered by testing are in identifying a specific genetic mutation,
which may help, to determine both management and prognosis
of affected family members, best illustrated in the case of LQTS
(see below). Alternatively, where the clinical screening process
does not yield sufficient information to make a diagnosis or may
require a large number of first-degree relatives to be screened, a
single genetic test may prove to be the most cost-effective method.
Furthermore, genetic testing may assist in family planning or for
prenatal diagnosis in a parent who carries a known mutation
(Schwartz et al., 2009). However, the yield of genetic testing varies
considerably among the channelopathies; from 20% in BrS to
75% for LQTS (Ackerman et al., 2011). Hence, a negative test does
not rule out the presence of a particular disease. Furthermore,
the diagnostic, therapeutic and prognostic benefit derived from
a genetic test is also highly disease-specific. Hence, testing must
always be considered in the context of relevant clinical data
(Ackerman et al., 2011).

CLINICAL IMPACT OF GENETIC TESTING
Out of the channelopathies, LQTS testing has the highest yield as
well as the maximum evidence for being able to guide diagnosis
and management (Ackerman et al., 2011). Hence, this syndrome
is well-placed to illustrate the clinical impact of genetic testing.
Testing for the KCNQ1, KCNH2, and SCN5A genes, when LQTS is
clinically suspected, should yield positive LQT1-3 causing muta-
tions in 75% cases (Ackerman et al., 2011). However, as alluded
to earlier negative testing does not exclude the disease where there
is strong clinical suspicion. On the other hand, testing should
not be performed without clinical suspicion, considering there
is a substantial rate of rare variants of unknown significance
(VUS) i.e., where there is insufficient evidence to label muta-
tions as definitely disease-causing (discussed in detail later)—
4–8% in the LQT1-3 genes (Kapa et al., 2009). Identifying a
causative mutation in an index case of LQTS mandates mutation-
specific cascade screening of all first-degree relatives (even when
there is no clinical suspicion in that relative). Helpfully, in the
absence of a clinical phenotype for LQTS in the relative, a neg-
ative genetic test will effectively exclude LQTS (Ackerman et al.,
2011).

Genetic testing can additionally direct therapy in LQTS: β-
blockers are highly protective in the case of LQT1 patients,
moderately protective in LQT2 (Runa et al., 2008) while in
LQT3 other agents such as mexiletine, flecainide, ranolazine, or
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propranolol are indicated (Schwartz et al., 1998; Moss et al.,
2005, 2008; Ackerman et al., 2011). Hence, gene-directed thera-
peutic options are highly significant here. Prognostically, geno-
type appears also to be very significant: for instance, LQT1
transmembrane-localizing missense mutations have a greater risk
of an LQT1-triggered cardiac event compared to a C-terminal
mutation (Shimizu et al., 2004). In LQT2, patients with pore-
region mutations tend to have longer QTc and more severe
clinical manifestations (Moss et al., 2002). For the other prin-
cipal channelopathies—CPVT and BrS, while cascade screening
of index cases is indicated, there is no clear genotype-dependent
differential therapeutic approach nor does genotype influence
prognosis as yet (Ackerman et al., 2011).

In summary, genetic testing serves a vital role in confirmatory
testing of individuals with a robust clinical phenotype and facili-
tates cascade family screening of index cases. However, at present,
it is only in LQTS that genotype helps to clearly direct therapy and
inform prognosis.

MOLECULAR AUTOPSY: THE NEW FRONTIER
Molecular autopsy refers to the use of DNA extracted from tissue
retained after the post-mortem, which can be utilized for confir-
matory testing of a mutation identified in the relative (Lambiase,
2010). This approach facilitates post-mortem genetic testing of
conditions that are known to cause SADS e.g., LQTS. The first
reported case of the use of molecular autopsy to diagnose an
inherited arrhythmia syndrome was by Ackerman et al. (1999).
They found a 9 base pair deletion in the KVLQT1 gene of a 19
year-old, previously fit and well lady, who had died after being
resuscitated following a near-drowning experience. Subsequently,
this same mutation had been found in the proband’s other family
members and appropriate therapy was then offered to the affected
family members.

Only a handful of molecular autopsy series have been reported
to date with one of the largest reported by Tester et al. (2012)
who performed a comprehensive mutational analysis in 173
cases of the LQTS susceptibility genes as well a targeted analy-
sis of the CPVT type 1-associated RYR2 gene. Forty-five puta-
tive pathogenic mutations (25 novel mutations) were identified
(26.0% yield). Correlation of genotype with phenotype demon-
strated that females showing a higher yield than males (38.8 vs.
17.9%) and mutation-positive females were more likely to host an
LQTS-associated mutation while mutation-positive males more
likely to host a CPVT1-associated mutation. Exertion (34.8%)
and sleep (18.6%) were also major triggers. Furthermore, 40.5%
of cases (70/173) were found have a positive personal or fam-
ily history of syncope, seizures, cardiac arrest, near drowning, or
unexplained drowning (in a family member) or a known pro-
longed QT interval. This builds on their earlier study of 49 cases
(Tester and Ackerman, 2007). Data from a series in Denmark
(Larsen et al., 2013) found that in the 0–40 year old popula-
tion, there was a yield of 8.3% in targeted RYR2 gene sequencing.
This follows-up from earlier series including that by Chugh et al.
(2004), who showed in a cohort of 270 sudden death cases over
a 13 year period that there were 12 autopsy negative cases of
which 2 showed a mutation in the KCNH2 gene. More recently,
Skinner et al. (2011) found that in a prospective population-based

long QT molecular autopsy study of 1–40 year-olds, 5/33 had rare
possible LQTS-associated mutations.

PRACTICAL CONSIDERATIONS
In most autopsy studies, DNA extraction is typically based on
formalin-fixed, paraffin-embedded tissue (FF-PET) due to the
comparative ease of storing and transporting tissue (Basso et al.,
2010). However, DNA extracted from this source is thought to be
unreliable for molecular autopsy and usually inadequate for com-
prehensive post-mortem genetic testing (to detect a pathological
mutation; Carturan et al., 2008). Indeed, a study by Doolan et al.
(2008) found no putative pathogenic mutations in a series of 59
cases of sudden expected death when using DNA extracted from
FF-PET. Optimal sources of intact DNA include blood collected
in ethylenediaminetetraacetic acid (EDTA) or frozen heart, liver,
or spleen tissue. Furthermore, 10–15 ml of EDTA blood or 5–10 g
of fresh tissue should be obtained at autopsy and stored at −80◦C
to provide the ideal source of material for comprehensive genetic
testing (Ackerman et al., 2001). In order to try and combat the
limitations of material for autopsy, Gladding et al. (2010) used
DNA extracted from Guthrie blood spots and used whole genome
amplification prior to sequencing. They found out of 19 cases in
their series, 4 had pathological mutations and all probands had
at least one first-degree family member with the same mutation.
This was followed-up by a Danish group (Winkel et al., 2012)
who showed a yield of 11% for 3 major LQTS-associated genes
amongst a cohort of 1–35 year-olds.

The advent of full exonic sequencing will mean that the whole
patient exome can be sequenced. This significantly reduces the
cost of gene testing but also generates enormous quantities of
bioinformatic data with multiple genetic variants and potentially
mutations in other non-cardiac genes being identified. At present,
we only have a limited understanding of the etiology of recog-
nized arrhythmic conditions. Hence, the interpretation of any
additional genetic information must be carefully assessed and
put into the context of the patient/family being screened. This is
particularly important considering we are currently severely ham-
pered by our limited ability to assess the pathogenicity of specific
variants.

RECOMMENDATIONS
Most of the series published so far are a relatively small in size.
Thus, larger studies and analyses are required to help better char-
acterize the yield of mutation detection and also offer better
phenotype/genotype correlations. For instance, helping to iden-
tify clinical correlations between genetic mutations and clinical
characteristics such as age or gender. This would contribute to
guiding the clinical evaluation of the proband’s family members
and improving the cost effectiveness of the current approach.
At present a combined clinical diagnostic approach and molec-
ular autopsy would be recommended, as mutation carriers may
only have minor manifestations of disease and compound het-
erozygotes may have clinically milder or more severe forms of the
condition depending upon the functionality of the complemen-
tary allele gene. For example, if the complementary gene is itself
a polymorphism with a down-regulation in function to 30%, this
cannot compensate for the effects of a non-functioning channel
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and hence significantly reduces repolarization reserve in the case
of LQTS (Crotti et al., 2005).

VARIANTS OF UNKNOWN SIGNIFICANCE
Another major question looms regarding VUS identified on gene
testing. As briefly mentioned earlier, VUS refer to mutations
where there is inadequate evidence to deem them as disease-
causing; increasingly, this is becoming an issue with the declin-
ing costs of genetic screening allowing large sections of the
genome or indeed the whole exome to be sequenced. Cotton and
Scriver (1998) have outlined several criteria that help determine
whether a mutation or variant is indeed a disease-causing muta-
tion (when taken in context of the other clinical data). These
include:

– non-sense/frameshift mutations leading to generation of stop
codons or downstream stop codons, respectively

– insertion/deletion mutations leading to truncated protein
products

– co-segregation of the variant with disease
– absence/rarity of the variant in control populations
– mutations in highly conserved amino acid residues/domains

likely altering the gene product
– functional analysis of the gene product through in vitro expres-

sion analysis

Satisfying any one of the criteria above does not necessarily
point toward a definitive designation as a pathogenic mutation.
Moreover, if taken together the criteria above do not allow for a
variant to be considered disease-causing, it is thereafter deemed
a VUS until further analysis (including functional assessment) is
used to confirm whether it is pathogenic. Moreover, the presence
of a VUS should not be used to assist in the diagnosis of an index
patient nor should it be used for cascade screening of relatives
(Giudicessi and Ackerman, 2013).

In light of recent genome-wide association studies (GWAS),
new insights have been gained into potential variants that may
be associated with increased risk of sudden cardiac death. Arking
et al. (2006) assessed the QT interval extremes in a cohort of
German subjects. They identified NOS1AP, a regulator of neu-
ronal nitric oxide synthase as a potential novel disease-causing
gene modulating cardiac repolarization with one minor allele
explaining up to 1.5% of QT interval variation. Further studies
specifically assessed the effect of NOS1AP variants in known ion
channelopathy populations. Crotti et al. (2009) assessed the clini-
cal manifestations and symptom occurrence in a South African
LQTS population (with a KCNQ1 mutation). They found that
LQTS individuals with the rs4657139 variant in NOS1AP had
greater probability of cardiac arrest and sudden death and had
a greater likelihood of having a more prolonged QT interval.
Taken together these findings would indicate that variants in the
NOS1AP gene could act as genetic modifiers with a potentially
significant impact on electrical function. Tomas et al. (2010) find-
ings supported the work of Crotti et al. (2009). They found in a
LQTS1 cohort with mutations in 5-associated genes that alleles
rs4657139 and rs16847548 were associated with an increased risk
of cardiac events. This would add further evidence to the notion

that specific variants in NOS1AP gene act as risk-modifiers in
known LQTS patients.

Albert et al. (2010) demonstrated in a case-control study of
6 prospective cohorts that 2 common intronic variants in the
KCNQ1 and SCN5A genes were significantly associated with sud-
den death in individuals of European descent (after adjustment
for cardiovascular risk factors). The alleles identified were the
T-allele at rs22832222 in KCNQ1 with a population frequency of
67 and 60% for the C-allele at rs11720523 in the SCN5A gene.

Finally, in the largest meta-analysis of GWAS to date, Arking
et al. (2011) found that there is a strong association with sudden
cardiac death at locus 2q24.2 including the BAZ2B gene, which is
thought to increase risk of sudden cardiac death by >1.9 fold per
allele in individuals of European descent.

While GWAS have opened an avenue to identifying novel VUS
which may indeed go on to be causative or risk-modifying due to
the impact on electrical function, caution must be exercised until
further functional studies are performed to identify the risk of
cardiac events. Hence, the presence of a VUS should not be used
to assist in the diagnosis of an index patient nor should it be used
for cascade screening of relatives at present and is therefore, as yet,
generally not a realistic screening tool (Giudicessi and Ackerman,
2013).

THE POTENTIAL ROLE OF INDUCED PLURIPOTENT STEM
CELL TECHNOLOGY IN FUNCTIONAL ION CHANNEL
MUTATION TESTING AND CLINICAL EVALUATION
Since human embryonic stem cells (hESCs) were first isolated
from blastocysts in 1998, it has become possible to produce
human-induced pluripotent stem cells (hiPSCs) by reprogram-
ming somatic cells with just four genetic factors (Thomson et al.,
1998; Takahashi et al., 2007; Yu et al., 2007). This means that
a skin biopsy can be taken from a patient or SADS index case
and fibroblasts cultured and reprogrammed to create specific cell
lines with cardiomyocytes being the most relevant in the context
of SADS.

These cells can be characterized by techniques including patch
clamping and multi-electrode array (MEA) to interrogate their
electrophysiological behavior (Terrenoire et al., 2013) (Figure 5).
Alterations in calcium handling can be visualized using real-time
microscopy utilizing calcium sensitive dyes (Jung et al., 2011).
There is now data from hiPSC lines carrying mutations that
cause LQTS and CPVT which shows these cells not only reca-
pitulate the clinical phenotypes but the response to drugs can
be reproduced in vitro (Figure 5) (Matsa et al., 2011). This has
an advantage over heterologous cell expression systems for test-
ing individual ion channel mutations using human embryonic
kidney (HEK) cells, and Chinese Hamster Ovary (CHO) cells
which lack the ion channels and cofactors that are relevant to
human cardiac electrophysiology. In the case of LQTS2, caused
by mutations in the IKr channel, hiPSC-derived cardiomyocytes
(hiPSC-CMs) developed arrhythmias when exposed to isopre-
naline, a stressor used clinically to precipitate and diagnose the
condition (Terrenoire et al., 2013). This effect could be reversed
by applying the patient’s own medication, nadolol (a β-blocker),
dantrolene and roscovitin; drugs known to be beneficial in mod-
erating calcium flux, stabilized ion flux in hiPSC models of the
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FIGURE 5 | Potential Uses of iPSC-CMs in the Investigation of SADS.

Derivation of cells (A) Immunostaining for cardiac troponin I (TrpI) and
a-actinin in myocytes derived from hESCs, HF–hiPSC, LQT2–hiPSC, and
MAT–hiPSC, showing characteristic cardiac muscle striations. (B)

Characterization of cellular electrophysiology: Image of an LQT2–hiPSC
beating cluster mounted onto a multi-electrode array for electrophysiology

analysis, and graph showing prolongation in QT interval and field potential
duration in LQT2–hiPSC beaters relative to controls. (From Matsa et al., 2011).
(C) Testing of drugs: (i) Averaged and (ii) raw action potential curves of
LQT2–hiPSC myocytes showing isoprenaline-induced arrhythmogenesis (blue
traces) and attenuation of this phenotype by nadolol (yellow trace) or
propranolol (green trace).

calcium channel disorders, CPVT and Timothy syndrome (linked
to LQT type 8), respectively (Matsa et al., 2011; Pasca et al., 2011;
Yazawa et al., 2011).

However, this approach still requires significant refinement as
there are a number of issues related to iPSC technology which
will affect its application to the evaluation of specific ion chan-
nel mutations. The utilization of this technology and its pitfalls
has been recently extensively reviewed in this journal (Hoekstra
et al., 2012). Mixed cultures of atrial and ventricular myocytes are
obtained affecting cellular electrophysiology and their response
to specific drugs. These selected populations of the derived cells
vary in their membrane potentials compared to other popula-
tions, which will affect the ion channel gating properties and
thereby alter the behavior of a specific mutant ion channel under
investigation. The cells often manifest a more immature elec-
trophysiological phenotype. While Ito1, IK1, and If are present
in hiPSC-CMs (Ma et al., 2011), their contribution to the bio-
physics of the cell has not been verified. The presence of INCX

has not been studied in detail but its functional presence can
also be presumed since intact calcium handling has been demon-
strated (Itzhaki et al., 2011; Lee et al., 2011). Currently, there
is no evidence for the functional presence or absence of IK,ACh.
The functional presence of sarcoplasmic reticulum (SR), ryan-
odine receptors (RyRs), and the calcium-binding protein CASQ2
has been demonstrated (Itzhaki et al., 2011; Lee et al., 2011;

Novak et al., 2012). However, due to the absence of t-tubulin
in hiPSC-CMs, the coupling between calcium influx through
L-type calcium channels and calcium release from the SR through
RyRs is significantly reduced. Therefore, the use of hiPSC-CMs to
study specific cardiac arrhythmia syndromes influenced by cal-
cium handling e.g., CPVT and LQT8, has to be focused on the
biophysical properties of the affected protein. Some of these issues
can be addressed by generating and assessing more refined popu-
lations of iPSCs in order to ensure that they have more consistent
electrophysiological profiles to faciliate mutant protein profiling
and testing of drugs.

Taking into account the technical limitations and current
caveats of utilizing iPSC technology, this approach has potential
value in the field of SADS on a number of fronts. First of all in the
case of an ion channel VUS, the behavior of that channel could
be assessed in the patients’ derived cardiomyocytes to assess the
extent to which it causes significant alterations in ion channel
function, trafficking and action potential duration. Furthermore,
in SADS victims or idiopathic VF survivors where no known dis-
ease causing mutation has been identified, the function of specific
ion channels and cellular electrophysiology could be interrogated
to identify novel causes of lethal arrhythmia and new drug tar-
gets. The specific problem of compound heterozygosity where
more than one VUS is inherited, which may only partially down-
regulate ion channel function/trafficking can also be evaluated in
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FIGURE 6 | Overview of the different strategies in the management of a

SADS family. Abbreviations include: EPS, electrophysiological study; Echo,
echocardiogram; CPEX, cardiopulmonary exercise testing; SAECG, signal
averaged ECG; NGS, next-generation sequencing.

the individual patient. Therefore, one can assess if this particular
combination of defects actually exerts important cellular electro-
physiological abnormalities, which are pro-arrhythmic and not
necessarily manifest on routine clinical testing. This informa-
tion could be utilized to prescribe prophylactic drug therapy and
protect against cardiac arrest in at-risk individuals. This con-
cept has recently been illustrated when hiPSCs were produced
from a healthy donor as well as from a mother and daughter,
wherein the mother was clinically asymptomatic with a moder-
ately prolonged QT interval and the daughter was symptomatic

with an excessively prolonged QT interval (arrhythmias, syncope,
and seizure episodes). Recording action potential durations from
the different hiPSC-cardiomyocytes showed that the clinical pro-
file was reflected in vitro (i.e., action potential longest in the
daughter’s cells, then the mother’s, then the healthy control) and
only hiPSC-cardiomyocytes produced from the daughter devel-
oped spontaneous arrhythmias (Terrenoire et al., 2013). The
next decade should help establish whether in vitro to in vivo
associations can be applied in other conditions with important
mechanistic and therapeutic implications in this and other arenas.

CONCLUSIONS
The diagnosis and management of SADS families is evolv-
ing rapidly (Figure 6 summarizes the current management
approaches). Comprehensive clinical assessment is still the main-
stay of screening families of SADS patients with highly specific
recommendations for complementing clinical assessment with
genetic screening options. Molecular autopsy adds another strat-
egy in the armory of screening of SADS families and validating
cases of SADS. However, with a limited understanding of the
etiology of the heritable arrhythmic syndromes, careful interpre-
tation of the added genetic information in the context of the
family being screened is critical. VUS are as yet not a viable
screening tool but provide a burgeoning data set to validate
through functional studies. Finally, the new techniques of full
exonic sequencing and iPSC technologies will certainly facilitate
diagnosis and management. However, the clinical relevance of
mutation screening and iPSC-derived information will need to
be carefully translated back to the individual relatives, in order
to ensure that any anomalies identified are clinically relevant and
impact on the patient’s well-being and arrhythmogenic risk.
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Background: Ventricular tachyarrhythmias are the most common and often the first
manifestation of coronary heart disease and lead to sudden cardiac death (SCD).
Early detection/identification of acute myocardial ischaemic injury at risk for malignant
ventricular arrhythmias in patients remains an unmet medical need. In the present study,
we examined the sphingolipids level after transient cardiac ischaemia following temporary
coronary artery occlusion during percutaneous coronary intervention (PCI) in patients and
determined the role of sphingolipids level as a novel marker for early detection of human
myocardial ischaemic injury.

Methods and Results: Venous samples were collected from either the coronary sinus
(n = 7) or femoral vein (n = 24) from 31 patients aged 40–73 years-old at 1, 5 min, and
12 h, following elective PCI. Plasma sphingolipids levels were assessed by HPLC. At
1 min coronary sinus levels of sphingosine 1-phosphate (S1P), sphingosine (SPH), and
sphinganine (SA) were increased by 314, 115, and 614%, respectively (n = 7), while
peripheral blood levels increased by 79, 68, and 272% (n = 24). By 5 min, coronary sinus
S1P and SPH levels increased further (720%, 117%), as did peripheral levels of S1P alone
(792%). Where troponin T was detectable at 12 h (10 of 31), a strong correlation was found
with peak S1P (R2 = 0.818; P < 0.0001).

Conclusion: For the first time, we demonstrate the behavior of plasma sphingolipids
following transient cardiac ischaemia in humans. The observation supports the important
role of sphingolipids level as a potential novel marker of transient or prolonged myocardial
ischaemia.

Keywords: sphingolipids, sphingosine 1-phosphate, ischaemia

INTRODUCTION
Despite recent advances in preventing sudden cardiac death
(SCD) due to cardiac arrhythmia, its incidence in the popula-
tion at large has remained unacceptably high. It is responsible for
50% of the mortality from cardiovascular disease in the developed
countries and accounts for 300,000 to 400,000 deaths every year
in the United States. About 80% of SCDs are caused by ventric-
ular tachyarrhythmias that often occur without warning, leading
to death within minutes in patients who do not receive prompt
medical attention. It is the most common and often the first man-
ifestation of coronary heart disease. Early detection/identification
of acute myocardial ischaemia in patients at risk for lethal ven-
tricular arrhythmias remains an unmet medical need. At in vivo,
acute myocardial ischaemia is associated with dramatic electro-
physiological alterations that may lead to malignant ventricular
arrhythmias which occur within minutes of cessation of coronary
flow and are rapidly reversible with reperfusion. This suggests that
subtle and reversible biochemical and/or ionic alterations within
or near the sarcolemma of myocardium during the early stage of

acute ischaemic injury may contribute to the electrophysiological
instability.

Sphingolipids are biologically active lipids (Alewijnse and
Peters, 2008), whose serum sphingosine (SPH) levels were found
to be elevated in animal models of myocardial infarction (MI;
Zhang et al., 2001; Thielmann et al., 2002) and are thought
to have an important cardioprotective role during the ischemic
insult (Karliner et al., 2001). Sphingosine 1-phosphate (S1P) has
been shown to be an important mediator of ischemic pre- and
post-conditioning in both pharmacological and knockout ani-
mal studies (Karliner, 2009), with SIP receptors being expressed
in the myocardium, endothelium, and platelets (Karliner, 2009).
Deutschman et al. (2003) reported that sphingolipid levels are ele-
vated in patients with coronary artery disease (CAD) and that S1P
had a greater predictive value in detecting CAD, than traditional
risk factors. It is not clear whether sphingolipids are markers of
the inflammatory process associated with atherosclerotic CAD
and/or are markers of cardiac ischaemia associated with flow
obstructive coronary artery lesions. During coronary occlusion
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and subsequent reperfusion such as occurs during treatment of
MI with percutaneous coronary intervention (PCI), reactive oxy-
gen species (ROS) are formed that mediate ischaemia-reperfusion
injury based on oxidative stress (Nikolic-Heitzler et al., 2006).
ROS regulate S1P levels through changes in the function of
sphingosine kinase, the final rate limiting step in S1P synthe-
sis (Maceyka et al., 2007). Using samples collected from humans
before and after balloon occlusion of coronary arteries during PCI
we have for the first time investigated whether sphingolipids are
elevated during brief periods of coronary occlusion and there-
fore transient cardiac ischaemia, hence providing novel insight
into pathophysiological mechanisms that occur during ischaemia
reperfusion injury and determined whether change of their level
can be a novel marker for early detection of human myocardial
ischemic injury. To understand whether oxidative stress during
this transient ischaemia may potentially account for changes in
sphingolipids level we also evaluated changes in oxidized LDL
(Ox-LDL) used here as an oxidative stress biomarker.

METHODS
STUDY PROTOCOL
This study complies with the Declaration of Helsinki, was
approved by the North West 8 Research Ethics Committee
of Greater Manchester East and all patients gave written
informed consent before entry. Ethical approval was obtained
from the National Research Ethics committee via the NRES
committee-North West Greater Manchester Central, REC ref-
erence 07/H1008/162. Blood samples were obtained from 31
patients aged 40 to 73 years-old undergoing elective PCI to native
coronary arteries at the Manchester Heart Centre, Manchester,
UK. Procedures were performed via the femoral artery through
standard 6Fr sheaths and peripheral venous samples were col-
lected through a 6Fr femoral venous sheath. Coronary sinus sam-
pling was performed using a 6Fr Amplatz Left-1 catheter (AL-1)
during PCI. Control venous blood samples were obtained either
from the coronary sinus (7 patients) or via the femoral venous
sheath (24 patients) once the guide catheter and guide wire were
in position prior to the PCI procedure. Balloon inflations of
between 30 s and 1 min were performed to predilate the target
lesions. Serial venous samples were then collected from either
the coronary sinus or femoral vein at 1 and 5 min post-balloon
inflation. PCI was then completed as per routine at our center.
Twelve hour post-procedure samples to measure sphingolipid and
troponin T levels were taken from a peripheral vein.

After PCI, blood samples were immediately dispensed into
3 ml ethylenediaminetetraacetic acid (EDTA) tubes with 2-
chloroadenosine (0.05 mmol/liter) and procaine hydrochloride
(0.154 mol/liter) and equilibrated at 4◦C. All blood samples col-
lected were centrifuged briefly to clarify and kept at 4◦C. Once
samples are derivatized, they were diluted into the mobile phase,
kept at 0–4◦C, and analyzed by HPLC as soon as possible. As
an added precaution, standards were alternated with samples to
detect (and correct for) losses over time.

Only patients with angiographic single vessel disease undergo-
ing elective PCI participated in this study, and had documented
normal left ventricular and renal function. Patients with history
of coronary artery bypass graft (CABG), valvular heart disease, or

MI/acute coronary syndrome (ACS) were excluded as were PCI
procedures in patients with chronic total occlusions. Peripheral
blood samples were also taken from 11 healthy controls with no
history of CAD.

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY
S1P standards were purchased from Avanti Polar Lipids, Inc.
(Delfzyl, The Netherlands). All other chemicals, including
o-phthaldialdehyde (OPA), D-sphingosine, D-erythro-
dihydrosphingosine, boric Acid, β-mercaptoethanol were
purchased from Sigma-Aldrich (Dorset, UK). All solvents for
high-performance liquid chromatography (HPLC) were pur-
chased from Fisher Scientific (Leicestershire, UK). All blood
samples collected into EDTA with 2-chloroadenosine and pro-
caine during the procedure were centrifuged at 2056 g for 15 min
at 4◦C. Aliquots of plasma (0.5 ml) were stored at −80◦C until
analyzed by HPLC. Sphingolipids were extracted from samples
and HPLC analysis of sphingolipids (S1P, SPH, and SA) levels
were performed according to Caligan et al. (2000).

DETERMINATION OF TROPONIN T AND HIGH SENSITIVE TROPONIN
T (hsTnT)
Troponin T level in peripheral vein at 12 h after post-PCI was
measured by standard assay (Roche Troponin T). The level of
high sensitive troponin T (hsTnT) in samples from both the
coronary sinus and femoral vein at 1 and 5 min after post-PCI
was also measured by High-Sensitive Troponin T assay (Roche
Diagnostics; Helleskov Madsen et al., 2008). The lower detec-
tion limits of standard and hsTnT assays are 0.01 ug/l and 5 ng/l,
respectively.

DETERMINATION OF Ox-LDL AND hsCRP
Ox-LDL was measured by a commercially available sandwich
ELISA (Mercodia) with specific monoclonal antibody mAb-4E6
as described by Holvoet et al. (1998). A standard curve show-
ing the binding range of Ox-LDL samples was prepared. Internal
controls consisting of high and low standard plasma samples
were included on each microtiter plate to detect potential vari-
ations between microtitration plates. Each sample was assayed in
triplicate. The intra-assay coefficients of variation for all assays
were 5–9%. High resolution CRP (hsCRP) was measured using
a high-sensitivity assay with reagents and a BNII analyzer from
Dade-Behring, Milton Keynes, UK. The intra- and inter-assay
coefficient of variation for the hsCRP assay was 3.9 and 4.6%,
respectively.

STATISTICAL ANALYSIS
All data are reported as means ± sem. Repeated measure One-
Way ANOVA was used to compare values of measurements
between groups. When analysis of variance revealed a significant
difference among values, Tukey’s test was applied to determine
the significance of a difference between selected group means.
P < 0.05 was taken to indicate statistical significance.

RESULTS
Blood samples were taken from total of 31 study participants
undergoing routine elective PCI. Characteristics and coronary
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lesion data of the study cohort are presented in Table 1.
Pre-dilation of the target lesions was performed with angio-
plasty balloons inflated between 14 and 22 Atmospheres (mean
15 Atmospheres) for a period of between 28 and 40 s (mean
31.1 s). During balloon inflation ischemic ECG changes were
noted in 20/31 patients (64.5%) with ST elevation in 13/31
patients (41.9%, mean ST elevation 0.5 mm) and ST depression
in 7/31 patients (22.5%, mean ST depression 0.5 mm). In the
remaining 11/31 patients (35.4%) no ECG changes were observed
although all patients reported transient chest discomfort during
this period.

Using HPLC we analysed plasma levels of sphingolipids in
patients at baseline (pre-balloon inflation) and at different time
course points after balloon inflation (1, 5 min, and 12 h). HPLC

Table 1 | Characteristics and coronary lesion data of the study cohort

(n = 31).

DEMOGRAPHICS

Age (Years; mean ± SEM) 63 ± 9

Sex (% Male) 97

Caucasian (%) 87

% Normal LV function (EF > 60%) 100

% Normal renal function 100

RISK FACTORS

Hypertension (%) 53

Diabetes (%) 15

Hyperlipidemia (%) 85

Smoking (%) 39

BMI (kg/m2) 27.4 ± 4.8

MEDICATION

Antiplatelet therapy (%) 100

B-Blockers (%) 82

ACEi (%) 65

Statins (%) 100

Nitrates (%) 22.5

Ca Blockers (%) 29.5

TARGET VESSEL

LAD 21/37 (67.7%)

RCA 8/31 (25.8%)

Cx 2/31 (6.4%)

VESSEL DIAMETER

2.5–2.99 mm 12/31 (38.7%)

3–3.49 mm 11/31 (35.4%)

3.5–3.99 mm 7/31 (22.5%)

4.5–4.99 mm 1/31 (3.2%)

LESION LENGTH

10–14 mm 4/31 (12.9%)

15–19 mm 5/31 (16.1%)

20–24 mm 11/31 (35.4%)

25–30 mm 8/31 (25.8%)

>30 mm 8/31 (25.8%)

% STENOSIS

50–74% 2/31 (6.4%)

75–94% 22/31 (70.9%)

>95% 7/31 (22.5%)

analysis revealed significant alterations in plasma levels of sph-
ingolipids sampled from the coronary sinus from 7 patients and
peripheral veins from 24 patients following induction of tran-
sient myocardial ischaemia by balloon occlusion of target lesion.
Representative examples of isolation and detection of sphin-
golipids, at baseline and at different time course points after
balloon inflation are shown in Figures 1A,B. Baseline concentra-
tions of S1P measured from peripheral blood samples were more
than 4-fold higher in patients with documented CAD under-
going PCI compared to healthy controls (1.29 ± 0.27 vs. 0.38
± 0.05 μmol/liter; n = 11; P < 0.001; Figure 1C). As illustrated
in Table 2, there was a significant increase in all three sphin-
golipid levels at 1 and 5 min, compared with baseline levels, both
in coronary sinus blood (Figures 2A,B,C) and peripheral blood
(Figures 2D,E,F). S1P showed the largest increase of the three
sphingolipids, with its greatest level at 5 min (Figures 2A,D),
whereas the levels of SPH and SA were highest at 1 min and began
to decrease at 5 min (Figures 2B,C,E,F).

At 1 min following balloon inflation, in coronary sinus, levels
of S1P, SPH, and SA increased by 314, 115 and 614%, respectively,
compared with baseline levels (n = 7, all P < 0.001), whereas
in peripheral blood, levels of S1P, SPH, and SA increased by
79, 68, and 272%, respectively, compared with baseline levels
(n = 24, all P < 0.001). Peripheral sphingolipid levels at 1 min
were consistently very much lower than coronary sinus levels. At
5 min after balloon inflation, in coronary sinus blood, levels of
S1P, SPH, and SA increased by 720, 117, and 320% compared
with baseline levels (n = 7, all P < 0.001), while in peripheral
blood, levels of S1P, SPH, and SA increased by 792, 44, and
56% compared with baseline levels (n = 24, all P < 0.001). At
12 h following the PCI procedure, peripheral levels of S1P were
much lower than that at 1 or 5 min, but were still elevated
compared to baseline [S1P: by 88% (n = 24, all P < 0.001)].
Peripheral SPH and SA levels had declined to below baseline
(decrease of SPH: 33% n = 24, all P < 0.001; SA: 51%, n = 24, all
P < 0.001).

To determine whether the observed increase in sphingolipids
following transient coronary occlusion was related to myocar-
dial necrosis or cardiac ischaemia per se, serum troponin levels
were measured. Elevated 12 h troponin T levels were detectable in
only 10 of 31 study subjects (32.3%), following PCI (Figure 3A),
whereas S1P concentrations were elevated in all subjects stud-
ied. Figure 3B shows 12 h troponin T levels plotted against peak
S1P level in the study participants. For those individuals in
whom troponin T was detectable at 12 h, a strong correlation
was found between peak serum SIP levels and 12 h troponin
T level (R2 = 0.818; P < 0.0001). Furthermore no significant
changes occurred in hsTnT levels in either the coronary sinus
(n = 6) or peripheral blood (n = 12) at 1 and 5 min time points
after transient coronary occlusion as shown in Figures 3C,D,
respectively.

Oxidized LDL (OxLDL) was measured as a biomarker of
oxidative stress in the serum samples obtained. OxLDL levels
in coronary sinus and peripheral blood at different time points
are shown in Figures 4A,B, respectively. At 1 min following bal-
loon inflation, in coronary sinus, levels of OxLDL increased by
16%, compared with baseline levels (n = 7, P = 0.29), whereas in
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Table 2 | Plasma levels of sphingolipids in coronary sinus and peripheral blood in patients who underwent PCI.

Time Coronary sinus (µmol per liter) n = 7 Peripheral (µmol per liter) n = 24

S1P SPH SA S1P SPH SA

Baseline 123.34 ± 7 27.19 ± 9 0.44 ± 0.28 1.23 ± 0.27† 0.31 ± 0.004† 0.0009 ± 0.0002†

1 min 509.13 ± 86* 58.45 ± 5* 3.14 ± 0.35* 2.31 ± 0.06*† 0.52 ± 0.002*† 0.0032 ± 0.001*†

5 min 1008.8 ± 152* 59 ± 1.08* 1.85 ± 0.14* 11.48 ± 2.70*† 0.45 ± 0.005*† 0.0013 ± 0.0001*†

12 h N/A N/A N/A 2.42 ± 0.20* 0.21 ± 0.001 0.0004 ± 0.00004

Concentrations are shown for baseline (pre-balloon inflation) and at 1 and 5 min post-inflation both for coronary sinus and peripheral and also 12 h post-PCI for

peripheral samples. Values are expressed as mean ± sem. N/A denotes not available.
∗P < 0.001 for the comparison between the baseline vs. 1 and 5 min post-balloon inflation.
†P < 0.001 for comparison between coronary sinus and peripheral levels.

FIGURE 1 | Distribution of sphingolipids in coronary sinus blood

(A; n = 7) and in peripheral blood (B; n = 24) in patients who

underwent PCI. Also shown are comparative distributions of
sphingolipids in peripheral blood at baseline (before balloon inflation in a

patient) and in a blood sample from a healthy control (C; n = 11).
Representative examples of relative plasma levels of sphingolipids as
detected by HPLC at baseline and at different time points: 1, 5 min, and
12 h post-PCI are shown.

peripheral blood, levels increased by 29% compared with baseline
(n = 24, all P < 0.001). Peripheral OxLDL levels were consis-
tently lower than coronary sinus levels. At 5 min after balloon
inflation, in coronary sinus blood, levels of OxLDL increased
by 42% compared with baseline (n = 7, all P < 0.001), while in
peripheral blood, levels of OxLDL increased by 60% compared
with baseline (n = 24, all P < 0.001). At 12 h following the PCI
procedure, levels of OxLDL increased by 82% compared with
baseline (n = 7, all P < 0.001 95% CI).

hsCRP levels were measured as a general marker of inflamma-
tion. No significant changes occurred in hsCRP levels in coronary
sinus and peripheral blood at different time points as shown in
Figures 5A,B, respectively.

DISCUSSION
This study demonstrated for the first time plasma sphingolipid
behavior following transient cardiac ischaemia in humans, with
dramatic increases in S1P, SPH, and SA. Levels were markedly
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FIGURE 2 | Changes in sphingolipid concentrations in coronary sinus blood: S1P (A); SPH (B); and SA (C) and comparative concentrations in

peripheral blood for S1P (D); SPH (E); and SA (F), at different time course points following balloon inflation.

increased in both the coronary sinus and peripherally within
1 min of transient ischaemia mediated by short periods of coro-
nary vessel occlusion. To date, no biomarker used in clinical
practice has the ability to detect such transient episodes of cardiac
ischaemia as we observed with sphingolipids.

Cardiac biomarkers, such as cardiac troponins, have become
the standard test in combination with clinical and electrocar-
diographic findings to diagnose and risk stratify patients with
ACS. Recently two studies reported the early diagnosis of MI with
high sensitive troponin assays, demonstrating this to be more
accurate in diagnosing MI, compared to the conventional tro-
ponin test and other markers (Keller et al., 2009). These high
sensitivity tropnin assays have high diagnostic specificity and sen-
sitivity for the diagnosis of ACSs after only 2 or 3 h following the
onset of chest pain (Keller et al., 2009; Bonaca et al., 2010). The
enhancements in troponin assays have enabled resolution of the
99th percentile reference limit at progressively lower concentra-
tions. However, the clinical significance of low-level increases with
sensitive assays is still debated (Bonaca et al., 2010).

Plasma S1P, SPH, and SA levels are more sensitive mark-
ers of transient cardiac ischaemia in the subjects studied in this
report compared to either hsTnT or regular TnT since we did
not observe a significant elevation of hsTnT in coronary samples

of the subjects at 1 and 5 mins following PCI despite marked
changes in sphingolipid levels. Indeed, previous studies have
shown that the greatest diagnostic utility of hsTnT is between 2
and 6 h following ischemic insult (Keller et al., 2009; Bonaca et al.,
2010) which is several orders of magnitude longer than we have
observed with our sphingolipid markers. Furthermore, elevated
troponin T level was detectable at 12 h following PCI in 10 of 31
study subjects (32.3%).

Significant changes observed in oxidized LDL, a biomarker
of oxidative stress, over the same time-course as the changes in
sphingolipids may suggest a role for oxidative stress in the regu-
lation of sphingolipid metabolism as described in animal studies
(Maceyka et al., 2007). The peripheral baseline ox-LDL levels in
our study are similar to those reported by Holvoet et al. (1998)
in their comparison of ox-LDL levels between healthy controls
and CAD patients. Tsimikas and co-workers found, in patients
presenting at the Emergency Room with chest pain, that circu-
lating ox-LDL specific markers strongly reflect the presence of
ACS (Holvoet et al., 2006). Ehara et al. showed that plasma ox-
LDL levels were significantly higher in AMI patients than in stable
angina patients (Ehara et al., 2008) Interestingly, the magnitude of
increase of ox-LDL observed in our study was much greater than
those observed in AMI patients in Ehara et al.’s study suggesting
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FIGURE 3 | Relationship between troponin T levels at 12 h (A)

and peak S1P levels (B) in the study participants. In those
cases where troponin T was detectable there was close correlation

between troponin T and S1P levels (R2 = 0.818; P < 0.0001). (C,D)

Changes in hsTnT concentration in coronary sinus blood and
peripheral blood.

that such an increase would be unlikely due to a rupture of
unstable plaques. Buffon et al. (2000) have similarly observed
transient (<15 min’ duration) elevation of free lipid peroxides in
the coronary sinus during balloon occlusion of the left anterior
descending coronary artery. It is possible that ROS generated sec-
ondary to such ischemic insults may oxidize phospholipids in the
vessel wall or even in plasma, which would then be subsequently
detected as OxLDL in plasma. It is well-known that during the

onset of hypoxia, ROS activates neutral sphingomyelinase, gen-
erating ceramide. Furthermore, ROS also leads to activation of
Sphingosine Kinase 1 in a PKC-dependent manner (Jin et al.,
2002), hence some of this ceramide may be metabolized to S1P
thereby increasing S1P levels, in line with our observations.
Indeed, the differences in sphingolipid response observed dur-
ing cardiac ischaemia between our study and that of Knapp et al.
(2009) in which they observed a decrease in S1P levels following
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FIGURE 4 | Changes in Ox-LDL concentrations in coronary sinus (A) and peripheral (B) blood at different time course points following balloon

inflation.

FIGURE 5 | Changes in CPR concentrations in Coronary sinus (A) and peripheral (B) blood at different time course points following balloon inflation.

MI may be due to the more prolonged ischaemia during MI
resulting in degradation of sphingosine kinase 1 (Maceyka et al.,
2007) and an inhibition of its activity mediated by ROS leading to
decreased levels of S1P and its metabolites (Knapp et al., 2009).

Distinct changes in levels of S1P, SPH, and SA over the 12 h
time course of sampling reflect the complex dynamic metabolism
or inter-conversion of these three sphingolipids in the coronary
and peripheral circulation. Yatomi et al. (1995) showed that about
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50% of SPH was converted to S1P within 5 min in intact platelets
and plasma. These results may explain why our SPH plasma
levels tend to decrease and S1P increases after 5 min. S1P has
been found to be metabolically stable for at least 2 h (Yatomi
et al., 1995) so once released from cardiac myocytes is likely to
circulate in the body, which could account for the 11% of the
5 min S1P peripheral blood levels that was still detectable at 12 h.
Consistently, Sattler et al showed that S1P levels in plasma rise
during the first 12 h of MI and decline thereafter. The authors
demonstrated that in this setting plasma high density lipoprotein-
C (HDL-C), but not other carriers, is the acceptor of S1P as
mirrored by the increase in their S1P content to concentrations
exceeding even those of healthy HDL (Sattler et al., 2010). The
decrease in levels of SA may also be attributed to its very fast
turnover (Yatomi et al., 1997).

Our study also indicates a potential role of sphingolipids
in pathophysiological processes that occur during early cardiac
ischaemia. Vessey and colleagues have demonstrated that sph-
ingolipids are important endogenous cardioprotectants released
by ischemic pre- and post-conditioning in experimental animal
models (Vessey et al., 2009) and pre-treatment with exogenous
S1P provides protection against cardiac I/R injury (Karliner,
2009). Kelly et al. have shown that ethanolamine, a metabolite
of S1P protects the murine heart against I/R injury via activa-
tion of STAT-3 (Kelly et al., 2010). In addition, Theilmeier et al.
have shown that the HDL and its constituent, S1P, acutely pro-
tect the heart against ischaemia/reperfusion injury in vivo via an
S1P3-mediated and nitric oxide-dependent pathway, suggesting
that a rapid therapeutic elevation of S1P-containing HDL plasma
levels may be beneficial in patients at high risk of acute myocar-
dial ischaemia (Theilmeier et al., 2006). Interestingly, Sattler
et al. have recently shown that the amount of plasma S1P not
bound to HDL and the ratio of non-HDL-bound and HDL-
bound S1P in plasma are increased in patients with stable CAD
and MI compared to healthy individuals and are correlated to
the clinical severity of CAD symptoms (Sattler et al., 2010). In
addition the authors also found that the amount of plasma S1P
not bound to HDL is inversely associated with the S1P content
of isolated HDL only in healthy individuals but not in patients
with CAD, implying a functional alteration in the S1P exchange
between HDL-bound and non-HDL-bound S1P plasma pools in
CAD. We recently found that the S1P receptor agonist, FTY720,
a new generation of S1P receptor modulator in phase III clin-
ical trials as an immuno-suppressant agent for the treatment
of auto-immune diseases and in organ transplantation (Budde
et al., 2006), can prevent ischaemia-reperfusion damage in iso-
lated heart and sino-atrial (SA) nodes in the rat (Egom et al.,
2010a). We also showed that FTY720 reduces ischaemia-induced
ventricular arrhythmias and SA nodal dysfunction via activa-
tion of p21-activated kinase (Pak1), a Ser/Thr kinase downstream
of small G-proteins, and Akt (Egom et al., 2010a,b). FTY720
may also inhibit atherosclerosis by suppressing the machinery
involved in monocyte/macrophage emigration to atherosclerotic
lesions (Keul et al., 2007). In contrast to S1P receptors on lym-
phocytes, the authors also demonstrated that FTY720 did not
desensitize vascular S1P receptors suggesting that S1P agonists
that selectively target the vasculature and not the immune system

may be promising new drugs against atherosclerosis (Keul et al.,
2007). In addition, S1P3 receptor may mediate the chemotac-
tic effect of S1P in macrophages in vitro and in vivo and may
play a causal role in atherosclerosis by promoting inflammatory
monocyte/macrophage recruitment and altering smooth muscle
cell behavior (Keul et al., 2011).

Recently, several novel biomarkers including hFABP (Colli
et al., 2007) and cMyBP-C (Govindan et al., 2012) have been
proposed. hFABP is a small soluble cytosolic protein involved
in the transportation of long-chain fatty acids into the car-
diomyocyte is released rapidly into the circulation in response to
cardiomyocyte injury. Due to its solubility, hFABP can be released
more rapidly than structurally bound molecules like cardiac tro-
ponins. Furthermore, it may enter the vascular system directly via
endothelium because of its small size (15 kDA). Thus, hFABP is
regarded as an early sensitive marker of AMI (Colli et al., 2007).
Cardiac myosin binding protein-C (cMyBP-C) is a thick filament
assembly protein that stabilizes sarcomeric structure and regulates
cardiac function; however, the profile of cMyBP-C degradation
after MI is unknown (Govindan et al., 2012).

Are sphingolipids mechanistically relevant to ischaemia-
related arrhythmias? We have recently demonstrated that the
S1P agonist FTY720 may reduce ischaemia-induced ventricular
arrhythmias and SA nodal dysfunction via activation of Pak1, a
Ser/Thr kinase downstream of small G-proteins, and Akt (Egom
et al., 2010a). The detailed mechanisms underlying this protective
effect is likely to be complex, and may involve primary effects on
ion channels/transporters and secondary effect to protect cardiac
myocytes from hypoxia-or ischemia-induced stress and cell death.
Both S1P and FTY720 may have functional effect through IK,ACh

as suggested by previous studies (Guo et al., 1999; Koyrakh et al.,
2005).

The current study has number of limitations. Firstly, the study
was conducted in a limited number of patients hence larger stud-
ies are needed to validate the value of serum sphingolipids level
in the early detection of cardiac ischaemia. Secondly, transient
balloon dilatation is a very different process from plaque rupture
and thrombus/emboli occlusion in clinical situation. Therefore,
the clinical implication of the findings in this study need to be
further studied in larger number of cases of ACSs. Thirdly, since
this was a prospective, observational study, we cannot quantify
the clinical effect associated with the increase in early diagnostic
accuracy. Fourthly, the specificity of serum sphingolipids in the
early detection of cardiac ischaemia is uncertain, since it is possi-
ble that sphingolipids may also be elevated in other cardiovascular
diseases as well as in situations such as sepsis and a variety of
other inflammatory processes that evoke the release of inflam-
matory cytokines and involve the TNF pathway. However, hsTnT
have also been shown to be elevated in aortic dissection, valvu-
lar heart disease and acute decompensated heart failure (Keller
et al., 2009). Finally, it is still to be decided whether the eleva-
tion in Sphingolipids from these patients is derived from vascular
trauma due to PCI or from myocardial ischaemia and/or necrosis,
although the strong correlation with 12 h troponin levels would
suggest that they are less likely to be derived from vascular trauma
alone. In addition, there is no significant correlation between
ECG changes (ischaemia phenotype) and plasma levels of S1P,
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SPH, and SA, This may be due to a limited number of patients
involved in this cohort. However, even in those patients who did
not have ECG changes, ischemic symptoms were experienced.

In conclusion, we demonstrate the behavior of plasma sphin-
golipids level in transient cardiac ischaemia in humans produced
by transient coronary vessel occlusion observed during PCI. The
results show a dramatic increase in plasma S1P, SPH, and SA
levels at very early stages of ischaemia, correlating strongly with
Troponin levels 12 h post-PCI. These molecules therefore may
become novel potentially robust early predictors of acute myocar-
dial ischaemia presenting with ACS therefore provide a crucial
timing window for treating this condition for preventing the
occurrence of fatal ventricular arrhythmias. This study also raises
the question of whether modulating the sphingolipid pathway

may lead to potential therapeutic benefit both before and during
an ischemic coronary event.
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Background: Electrocardiographic early repolarization (ER) occurring in <5% of
general/atherosclerotic populations, is a marker of sudden cardiac death (SCD). The
prevalence of ER in chronic kidney disease (CKD) patients, in whom SCD is common,
is unknown. We aimed to determine the prevalence, contributing factors, and relationship
of ER to all-cause mortality and progression to dialysis in CKD patients.

Methods: A retrospective study of 197 patients with stage 3–5 CKD. Full demographic
data were collected including cardiovascular risk factors and history. All patients
underwent a 12-lead ECG, analysed for the presence of ER and other ECG findings. ER
was defined as elevation of the QRS-ST junction (J point) by at least 0.1 mV from baseline
with slurring/notching of the QRS complex. The primary and secondary endpoints were all
cause mortality and progression to dialysis respectively at 1 year. To control for the effects
of CKD, we evaluated the ECGs of 39 healthy renal transplant donors (RTD).

Results: CKD patients had a mean age of 61.5 (±16.1). Prevalence of ER in pre-dialysis
patients with CKD stage 4 and 5 was higher than in RTD (26.4 vs. 7.7%, p = 0.02). ER
frequency increased with CKD stage (stage 3: 7.7%, stage 4: 29.7%, and pre-dialysis
stage 5: 24.6%), but decreased in dialysis patients (13%). On multivariate analysis only the
QRS duration was a significant independent predictor of ER (OR 0.97, 95% CI, 0.94–0.99,
p = 0.01). At 1-year follow-up, there were 24 (12%) deaths in the patients with CKD of
whom 5 (21%) had ER. ER was not a predictor of all cause mortality (p = 1.00) and had
no effects on the rate of progression to dialysis (p = 0.67).

Conclusions: ER is more common in pre-dialysis CKD patients, compared to healthy RTD
but is not associated with increased 1-year mortality or entry onto dialysis programs.
Further longitudinal studies are indicated to determine whether this increased prevalence
of ER is associated with the rate of SCD seen in this population.

Keywords: early repolarization, chronic kidney disease, sudden cardiac death, dialysis, mortality

INTRODUCTION
The renal and cardiovascular systems have a unique and intri-
cate inter-relationship, with disease or dysfunction in one organ
frequently leading to injury in the other. This complex inter-
action has led to the use of the term “cardio-renal syndrome”
(Ronco et al., 2009; Hajhosseiny et al., 2013). Overall, for sub-
jects with chronic kidney disease (CKD) stage 3, it is more likely
that a patient will develop cardiovascular disease (CVD) than
progress to dialysis-requiring renal failure (CKD stage 5D; Bleyer
et al., 2006; Hajhosseiny et al., 2013). Sudden cardiac death (SCD)
is particularly prevalent amongst patients with CKD, with esti-
mates ranging from 25 to 60% (Herzog, 2003; Pun et al., 2009).

Abbreviations: CKD, chronic kidney disease; ECG, 12-lead electrocardiogram;
ER, early repolarization; SCD, sudden cardiac death.

In dialysis patients, the incidence of SCD is very high; eclipsing
other causes of cardiac death, and rises with both the duration
of time that the patient has been on a dialysis program, as well
as the severity and frequency of dialysis-associated electrolyte
imbalances (Karnik et al., 2001; Bleyer et al., 2006).

Until recently, electrocardiographic early repolarization (ER)
was considered a benign finding on a patient’s electrocardiogram
(ECG). However, a number of recent studies have suggested that
ER may represent an independent marker of sudden arrhyth-
mic cardiac arrest in otherwise healthy individuals (Haissaguerre
et al., 2008; Ghosh et al., 2010; Sinner et al., 2010; Tikkanen et al.,
2012). Despite this, it is currently unknown whether or not there
is a similar increased prevalence of ER in CKD patients in whom
SCD is common. The aim of the current study was therefore to
determine the prevalence of ER, possible contributory factors,
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and whether or not ER is related to all-cause mortality and
progression to dialysis in patients with CKD.

METHODS
PATIENTS
We retrospectively studied adults with stage 3–5 CKD referred to
the Nephrology department at Guy’s and St. Thomas’ Hospital
between March 2007 and December 2011. Our study popula-
tion consisted of newly diagnosed patients with CKD, or patients
with follow-up appointments. In addition, we also studied 39
adults without CKD to control for the effects of renal failure on
ER. These controls were healthy renal transplant donors (RTD)
with no documentation of structural heart disease or a history
of syncope. Full demographic data pertaining to cardiovascu-
lar risk factors, prior cardiac history, current medications, and
concurrent co-morbidities were recorded along with recent lab-
oratory results (renal profile, serum calcium, and hs C-reactive
protein levels). Cardiovascular risk factors were determined by
pre-set defined criteria. Hypertension was defined as a systolic
blood pressure of >140 mmHg, a diastolic blood pressure of
>90 mmHg, or antihypertensive drug use. Smoking was defined
as a current smoker or past heavy smoker (>20 package-years).
Diabetes mellitus was defined as a previously established diag-
nosis, insulin, or oral hypoglycemic therapy, fasting glucose
of >126 mg/dL, or non-fasting glucose of >200 mg/dL. Family
history of coronary artery disease was defined as myocardial
infarction, coronary revascularization, or SCD in a first-degree
relative <65 years old. A 12-lead ECG was performed on all
patients and the primary inclusion criteria were based on CKD
severity and the availability of a recent adequate ECG recording
in their clinical file. Patients with permanent pacemakers were
excluded from the study. All patients were followed up for a min-
imum time period of 12-months from the data of the first ECG.
Written informed consent was obtained from the 19 haemodial-
ysis patients for obtaining an ECG before and after dialysis and
the study was granted institutional ethics committee approval in
accordance with the Helsinki Declaration (1964, amended in 1975
and in 1984).

ECG ACQUISITION AND ANALYSIS
All patients underwent a 12-lead ECG. These were fully inter-
rogated by two electrophysiologists blinded to the clinical data
for relevant electrical intervals (PR, QRS, and QTc durations),
and for bundle branch block, the cardiac axis, left ventricular
hypertrophy (LVH), and ER. The presence or absence of LVH
was assessed according to the Sokolow–Lyon criteria and the QT
interval was corrected for heart rate according to Bazett’s formula.
Early repolarization was defined as an elevation of the QRS-ST
junction (J point) in at least two leads. The amplitude of J-point
elevation had to be at least 1 mm (0.1 mV) above the baseline
level either as QRS slurring (a smooth transition from the QRS
segment to the ST segment—Figure 1A) or notching (a positive
J deflection inscribed on the S wave—Figure 1B) in the inferior
leads (II, III, and aVF), lateral leads (I, aVL, and V4–V6), or both.
The anterior precordial leads (V1–V3) were excluded from the
analysis to avoid the inclusion of patients with right ventricular
dysplasia or Brugada syndrome. In order to account for the effects

FIGURE 1 | The identification of ER from the 12-lead

electrocardiogram. (A) Shows a typical example of a slurred patterned ER
(arrows) while (B) shows the appearance of a notched ER (arrows).

of dialysis on ER, we obtained an ECG recording from 19 patients
on hemodialysis immediately prior to the start of their dialysis
session, and followed this up with the acquisition of another ECG
immediately after their dialysis session had finished.

FOLLOW UP
In order to investigate the prognostic and predictive value of
ER, all patients (CKD and controls) were followed up for 12
months from the start of the study. The primary endpoint was all-
cause mortality (all cause) and the secondary endpoint, the new
commencement of dialysis.

STATISTICAL ANALYSIS
All continuous variables included in the analysis are presented
as mean ± SD. Variables with non-normal distributions are pre-
sented as median with range. Univariate analyses were performed
on continuous variables using the two-sample t-test for nor-
mally distributed variables and the Mann–Whitney U test for
non-normally distributed data. Spearman’s correlation coefficient
was used to assess the relationship between continuous vari-
ables. Multivariable logistic regression was used to determine
the predictors of ER using age, presence of COPD, mineralo-
corticoid receptor antagonist use, heart rate, PR interval, QRS
interval, and dialysis as covariates. Statistical significance for
all analyses was set at the 5% level. All data were collected
and analyzed using SPSS for MAC (Version 19, IBM, Somers,
NY, USA).
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RESULTS
The baseline demographics of the population are given in
Table 1. There were 202 patients with CKD stage 3–5 who were
approached for inclusion into the study. Of these, 5 patients were
excluded due to the presence of a permanent cardiac pacemaker.
In the remaining cohort of 197 patients, the ethnic origin was
Caucasian in 121 (61%), Afro-Caribbean in 60 (31%), and South
Asian in 16 (8%). There was a prior cardiac history present in
62 (32%) patients [8 (4%) congestive cardiac failure, 47 (24%)
coronary artery disease, 14 (16%) myocardial infarction, 8 (4%)
valvular heart disease and 14 (7%) atrial fibrillation].

PREVALENCE OF EARLY REPOLARIZATION IN PATIENTS WITH AND
WITHOUT CKD
Table 2 gives the comparison of baseline demographics between
the 197 patients with CKD and the 39 healthy renal donors who
represented the control group. The healthy renal donors were
of a younger age and were predominantly Caucasian in ethnic
origin. Although there was a tendency to an increased preva-
lence of ER in the CKD population (19.8%) compared with the
renal donors (7.7%), this did not reach statistical significance
(P = 0.07). There was no difference observed in the magnitude or
distribution of J-point elevation. Prevalence of ER in pre-dialysis
patients with CKD stage 4 and 5 was higher than in the RTD (26.4
vs. 7.7%, p = 0.02). Early repolarization frequency increased with
CKD stage (stage 3: 7.7%, stage 4: 29.7%, and pre-dialysis stage 5:
24.6%), but decreased in dialysis patients (13%).

PREDICTORS OF EARLY REPOLARIZATION
In the CKD group of patients, age, gender, ethnicity, prior car-
diac history, cardiovascular risk factors, eGFR, and CKD stage
were unrelated to the presence of ER (Table 3). Similarly, there
was no relationship to the use of cardiac medications or serum
electrolytes and biochemistry. There were however a number of
ECG predictors of ER. Patients with ER had lower heart rates (HR
with ER 71 ± 15 BPM vs. 77 ± 17 without ER, p = 0.03), shorter
QRS durations (QRS duration with ER 84 ± 11 vs. 94 ± 21 with-
out ER, p < 0.01), and shorter QTc durations (QTc duration
with ER 412 ± 22 vs. 427 ± 34 without ER, p < 0.001). On mul-
tivariate analysis (Table 4) with ER as the dependent variable and
age, presence of COPD, mineralocorticoid receptor antagonist
use, heart rate, PR interval, QRS interval, and dialysis as covari-
ates, only the QRS duration remained a significant independent
predictor of ER (OR 0.97, 95% CI, 0.94–0.99, p = 0.01).

EARLY REPOLARIZATION AS A PREDICTOR OF ALL-CAUSE MORTALITY
AND PROGRESSION TO DIALYSIS
At 1-year follow-up, there were 24 deaths. There was no dif-
ference in mortality between those who had ER 13% (5 of 39
patients) to those who did not 12% (19 of 158 patients), p = 1.0
(Figure 2). From the 119 patients who were not already on dialy-
sis at the study commencement, 56 (47%) patients progressed to
either peritoneal or hemodialysis. Of the 29 patients with ER who
were not yet on dialysis, 15 (52%) progressed to renal replacement
therapy, compared with 41 (46%) of the 90 patients without ER
(p = 0.67).

Table 1 | Baseline characteristics of patients with CKD.

CKD (N = 197)

Age (years) 61.5 ± 16.1
Gender (male) n (%) 113 (57)
eGFR (mL/min/1.73 m2) 14.0 (10.0–17.3)
CKD STAGE n (%)

3 13 (6.6)
4 37 (18.8)
5 no dialysis 69 (35.0)
5 dialysis 78 (39.6)

Renal Transplant n (%) 16 (8.1)
Duration of CKD (months) 25 (12–54)
Stroke n (%) 19 (9.6)
COPD n (%) 11 (5.6)
CARDIOVASCULAR RISK FACTOR n (%)

Diabetes 77 (39.1)
BMI (kg/m2) 28.8 ± 6.6
Current smoker 4 (2)
Dyslipidaemia 33 (16.8)
Hypertension 133 (67.5)
Systolic blood pressure (mmHg) 145 ± 25
Diastolic blood pressure (mmHg) 75 ± 15
MEDICATIONS n (%)

β blockers 73 (37.1)
Diuretics 72 (36.5)
Aldosterone antagonist 4 (2.0)
ACE inhibitors 53 (26.9)
ARB 49 (24.9)
CCB 4 (2.0)
Amiodarone 1 (0.5)
Statins 106 (53.8)
Erythropoietin 112 (56.9)
BIOCHEMICAL

Potassium (mmol/L) 4.7 ± 0.7
Calcium (mmol/L) 2.3 ± 0.3
Phosphate (mmol/L) 1.4 ± 0.4
Parathormone (PTH) 191 (97–396)
CRP 6 (5–20)
Hemoglobin (g/dL) 10.8 ± 1.9
ELECTROCARDIOGRAM

Heart rate (bpm) 76 ± 17
PR duration (ms) 162 ± 49
QRS duration (ms) 92 ± 20
QRS axis (◦) 17.3 ± 41.5
Right BBB n (%) 11 (5.6)
Left BBB n (%) 6 (3.0)
Electrical LVH n (%) 33 (16.8)
QTc duration (ms) 424 ± 32

Abbreviations: ACE-I, angiotensin converting enzyme inhibitors; ARB,

angiotensin receptor blockers; BMI, body mass index; CKD, chronic kidney

disease; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein;

PTH, parathyroid hormone.

DISCUSSION
The main finding of the current study is that there is an increased
prevalence of ER in CKD patients (20%) when compared to
healthy controls (8%). We also show that the presence of ER is

www.frontiersin.org May 2013 | Volume 4 | Article 127 | 133

http://www.frontiersin.org
http://www.frontiersin.org/Cardiac_Electrophysiology/archive


Hajhosseiny et al. Electrocardiographic early repolarisation in CKD

Table 2 | Comparison of baseline characteristics of patients with CKD

vs. the renal transplant donors.

CKD Donors p

(n = 197) (n = 39)

Age (years) 61.5 ± 16.1 44.0 ± 11.6 <0.0001

ETHNICITY

Caucasian n (%) 121 (61.4) 35 (89.7) 0.0001

Afro-Caribbean n (%) 60 (30.5) 1 (2.6)

Asian n (%) 16 (8.1) 3 (7.7)

Gender (male) n (%) 113 (57.4) 20 (51.3) 0.48

Height (cm) 167 ± 10 170 ± 9 0.04

Weight (kg) 81 ± 21 76 ± 13 0.13

eGFR (mL/min/1.73 m2) 14 (10–20) 85 (79–92) <0.0001

Early repolarization n (%) 39 (19.8) 3 (7.7) 0.07

PATTERN n (%)

Slurred 26 (66.7) 2 (66.7) 1.00

Notch 13 (33.3) 1 (33.3)

J POINT ELEVATION n (%)

≥0.1 and <0.2 mV 38 (97.4) 3 (100.0) 1.00

≥0.2 mV 1 (2.6) 0 (0.0)

LOCALIZATION n (%)

Inferior 16 (41.0) 0 (0.0) 0.22

Lateral 14 (35.9) 3 (100.0)

Inferior and lateral 9 (23.1) 0 (0.0)

Abbreviations: eGFR, estimated glomerular filtration rate.

associated to a shorter QRS duration in patients with CKD but
that this did not translate to an increased incidence of all-cause
mortality or progression to dialysis at 1-year follow-up.

A number of prior studies have suggested a relationship
between the presence of ER and SCD. Haissaguerre et al. (2008)
conducted a multicentre study of 206 patients resuscitated after an
episode of idiopathic ventricular fibrillation. The authors found
that there was an increased prevalence of ER (31%) when com-
pared to 412 age, gender, and race matched controls (5%), and
that after a median follow-up of 61 months patients with ER
had a significantly higher incidence of ventricular fibrillation than
those cases without ER (HR 2.1, 95% CI 1.2–3.5, p = 0.008). In
another study of 432 victims of a SCD from an acute coronary
event Tikkanen et al. (2012), showed that there was an increased
prevalence of ER (14.4%) when compared to 532 survivors of an
acute coronary syndrome (7.9%). Finally, in a study of 1945 indi-
viduals aged between 35 and 74 years of age (Sinner et al., 2010),
found a greater than 2-fold-increased risk of cardiac mortality in
participants with ER compared to individuals without ER.

Although the exact mechanism of ER-induced arrhythmo-
genicity is still unclear, it has been hypothesized that this may be
related to either an increased susceptibility or vulnerability to car-
diac arrest in critical ischemic conditions such as acute coronary
syndromes (Tikkanen et al., 2012), or to subtle changes in the car-
diac action potential (Benito et al., 2010). Early repolarization in
its simplest form occurs in Phase 1 of the cardiac action potential
and is caused by the cardiac transient outward potassium current
(Ito). If a situation arises where there is a reduced density of the

Table 3 | Comparison of baseline characteristics of adults with ER vs.

those without ER.

Overall ER No ER p

(N = 197) (N = 39) (N = 158)

Age (years) 61.5 ± 16.1 58.1 ± 17.1 62.3 ± 15.8 0.14

Male n (%) 113 (57.4) 22 (56.4) 91 (57.6) 0.89

ETHNICITY n (%)

Caucasian n (%) 121(61.4) 74 (61.2) 47 (38.8) 0.91

Afro-Caribbean n (%) 60 (30.5) 31 (51.7) 29 (48.3)

Asian n (%) 16 (8.1) 8 (50.0) 8 (50.0)

CARDIAC HISTORY n (%)

Congestive heart
failure

8 (4.1) 2 (5.1) 6 (3.8) 0.66

Palpitations 1 (0.5) 1 (2.6) 0 (0) 0.20

Syncope 1 (0.5) 0 (0) 1 (0.6) 1.00

SCD 0 (0) 0 (0) 0 (0) N/A

Coronary artery
disease

47 (23.9) 8 (20.5) 39 (24.7) 0.58

Myocardial infarction 14 (16.1) 1 (2.6) 13 (8.2) 0.31

PCI 18 (9.1) 3 (7.7) 15 (9.5) 0.72

CABG 8 (4.1) 1 (2.6) 7 (4.4) 0.59

Other* 26 (13.2) 5 (12.8) 21 (13.3) 1.00

eGFR
(mL/min/1.73m2)

10.0 ± 7.2 12.0 ± 9.2 10 ± 7–17.0 0.38

CKD STAGE n (%)

3 13 (6.6) 1 (2.6) 12 (7.6) 0.07

4 37 (18.8) 11 (28.2) 26 (16.5)

5 no dialysis 69 (35.0) 17 (43.6) 52 (32.9)

5 dialysis 78 (39.6) 10 (5.1) 68 (43.0)

Renal dialysis n (%) 78 (39.6) 10 (25.6) 68 (43.0) 0.046

Renal transplant n (%) 16 (8.1) 3 (7.7) 13 (8.2) 0.91

CKD duration
(months)

25 (12–54) 30 (11–57) 25 (12–64) 0.61

Stroke n (%) 19 (9.6) 3 (7.7) 16 (10.1) 0.77

COPD n (%) 11 (5.6) 0 (0) 11 (7.0) 0.13

CV RISK FACTORS n (%)

Diabetes 77 (39.1) 16 (41.6) 61 (38.6) 0.78

BMI (kg/m2) 29 ± 7 29 ± 7 29 ± 7 0.86

Current smoker 4 (2) 1 (2.6) 3 (1.9) 1.00

Dyslipidaemia 33 (16.8) 7 (17.9) 26 (16.5) 0.82

Hypertension 133 (67.5) 25 (64.1) 108 (68.4) 0.61

SBP (mmHg) 145 ± 25 141 ± 22 146 ± 26 0.35

DBP (mmHg) 75 ± 15 76 ± 13 75 ± 15 0.76

MEDICATIONS n (%)

β blockers 73 (37.1) 16 (41.0) 57 (36.1) 0.56

Diuretics 72 (36.5) 17 (43.6) 55 (34.8) 0.31

MRA 4 (2.0) 2 (5.1) 2 (1.3) 0.17

ACE inhibitors 53 (26.9) 8 (20.5) 45 (28.5) 0.31

ARB 49 (24.9) 10 (25.6) 39 (24.7) 0.90

CCB 4 (2.0) 0 (0) 4 (2.5) 0.59

Amiodarone 1 (0.5) 0 (0) 1 (0.6) 1.00

Statins 106 (53.8) 19 (48.7) 87 (55.1) 0.48

Erythropoietin 112 (56.9) 18 (46.2) 94 (59.5) 0.13

(Continued)
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Table 3 | Continued

Overall ER No ER p

(N = 197) (N = 39) (N = 158)

BIOCHEMISTRY

Potassium (mmol/L) 4.7 ± 0.7 4.8 ± 0.6 4.7 ± 0.8 0.34

Calcium (mmol/L) 2.3 ± 0.3 2.3 ± 0.2 2.3 ± 0.3 0.51

Phosphate (mmol/L) 1.4 ± 0.4 1.4 ± 0.4 1.4 ± 0.4 0.68

Parathormone (PTH) 191 (97–396) 221 (100–368) 183 (97–404) 0.92

CRP 6 (5–20) 6 (5–12) 6 (5–24) 0.30

Hemoglobin (g/dL) 10.8 ± 1.9 10.8 ± 1.9 10.7 ± 1.9 0.82

ELECTROCARDIOGRAM

Heart Rate (bpm) 76 ± 17 71 ± 15 77 ± 17 0.03

PR duration (ms) 162 ± 49 172 ± 29 160 ± 52 0.18

QRS duration (ms) 92 ± 20 84 ± 11 94 ± 21 <0.01

QRS axis (◦) 17.3 ± 41.5 27.0 ± 25.0 15.0 ± 44.4 0.03

Right BBB n (%) 11 (5.6) 1 (2.6) 10 (6.3) 0.70

Left BBB n (%) 6 (3.0) 0 (0) 6 (3.8) 0.60

Electrical LVH n (%) 33 (16.8) 5 (12.8) 28 (17.7) 0.46

QTc duration (ms) 424 ± 32 412 ± 22 427 ± 34 <0.001

Abbreviations: BBB, bundle branch block; CABG, coronary artery bypass graft;

CCB, calcium channel blocker; DBP, diastolic blood pressure; ICD, implantable

cardiac defibrillator; MRA, mineralocorticoid receptor antagonist; PCI, percuta-

neous coronary intervention; SBP, systolic blood pressure; SCD, sudden cardiac

death.
*Atrial fibrillation, ICD, Valvular heart disease, Ventricular tachycardia.

Table 4 | Multivariate logistic regression analyses for the predictors

of ER.

OR (95% CI) p

Age 0.98 (0.96, 1.01) 0.20

COPD 0.00 (0.00, 0.00) 1.00

Anti-aldosterone 7.95 (0.40, 158.48) 0.18

Heart rate 0.98 (0.95, 1.00) 0.76

PR interval 1.01 (1.00, 1.02) 0.28

QRS duration 0.97 (0.94, 0.99) 0.01

Dialysis 0.55 (0.24, 1.27) 0.16

FIGURE 2 | Kaplan Meier Curve comparing 1-year survival in CKD

patients with ER, without ER, and the renal transplant donors (RTD).

Ito channels in the endocardium compared with epicardium or
mid-myocardium (Li et al., 2002), a large Ito current can occur
that results in electrocardiographic ER and large voltage gradients
that have the propensity to initiate life threatening arrhythmias
(Li et al., 2002; Benito et al., 2010). In addition, an increase
in transmural dispersion of ventricular repolarization, which is
associated with ER (Karim Talib et al., 2012), has been demon-
strated in patients with CKD (Tun et al., 1991; Saravanan and
Davidson, 2010). This increase may partially explain the increased
prevalence of ER in our CKD population.

In the current study, although we showed an increased preva-
lence of ER in patients with CKD, this was not associated with
either all-cause mortality at 1-year or progression to dialysis.
There are a number of potential explanations for this finding.
The sample size in the current study was modest in comparison
to prior studies and it is possible that any true effect of ER on
mortality or progression to dialysis was concealed. It is also pos-
sible that CKD patients represent an entirely different cohort of
patients to that previously studied and that the presence of ER
may not be of prognostic importance. Further studies of larger
cohorts of patients with CKD are indicated to clarify the findings
of the current study.

Interestingly we also showed on univariate analysis that the
presence of ER was related to a slower heart rate and shorter
QRS and QTc durations. Although slower heart rates have been
shown to be associated with ER (Li et al., 2002; Benito et al.,
2010), potentially as a result of time-dependent recovery of Ito

from inactivation (Antzelevitch and Yan, 2010; Benito et al.,
2010), the finding of an association of a shorter QRS duration
to an increased prevalence of ER is discrepant with prior stud-
ies. (Tikkanen et al., 2009, 2012) showed that ER was related to
a slight increase in the QRS duration, while Haissaguerre et al.
(2008) found no relationship between ER and QRS duration. It
is possible that in the current study a broader QRS duration may
have masked subtle J point elevation making the significance of
this finding difficult to interpret. In keeping with prior reports
(Haissaguerre et al., 2008; Watanabe et al., 2010) we also showed
that a shorter QTc interval was associated to ER supporting the
hypothesis that ER and short QT syndrome may share common
cardiac channel genetic mutations (Watanabe et al., 2010).

If ER is shown to be prognostically important in CKD, there
are potential therapeutical applications: antiarrhythmic drugs
such as isoproterenol and quinidine have been shown to reduce
ER or even restore normal ECG patterns (Haissaguerre et al.,
2009). Further, this electrocardiographic marker could contribute
to risk stratification tools to guide ICD therapy in high risk
patients.

STUDY LIMITATIONS
There are a number of limitations to the current study. The sam-
ple size was relatively small with a low incidence of mortality
and progression to dialysis. This may have concealed any poten-
tial adverse effects of having ER. The retrospective design of the
study did not permit the demonstration of any potential tempo-
ral relationships between CKD and ER or adverse clinical events.
There was a difference between the ethnic origin of the patients
with CKD and the RTD that were used as controls. This may have
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magnified the differences in prevalence of ER between the two
groups with prior studies having shown an increased prevalence
of ER in patients of Afro-Caribbean origin. Furthermore, a sig-
nificant proportion of our cohort had a previous cardiac history,
which has been associated with ER. Therefore, we may have over-
estimated the prevalence of ER in our population. However, on
closer analysis of these patients, we found no significant associ-
ation between previous cardiac history and the presence of ER.
Finally owing to the study design, only a single ECG was avail-
able for analysis for each patient and it is unknown whether
the presence of ER was a fixed or more dynamic electrocar-
diographic finding during the study period. Further studies are

indicated to confirm our findings in a larger cohort of patients
with CKD and also to assess for serial electrocardiographic
changes.

CONCLUSIONS
Electrocardiographic early repolarization is more common in
patients with pre-dialysis CKD compared to healthy RTD.
However, this increased prevalence of ER was not associated
with increased 1-year mortality or entry onto dialysis programs.
Further longitudinal studies are indicated to determine whether
this increased prevalence of ER is associated with the increased
rate of SCD observed in this population.
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