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PR
K

A
G

2
C

ardiac
(PC

)syndrom
e

orPR
K

A
G

2
syndrom

e
is

a
rare

autosom
aldom

inantcardiac
syndrom

e
classified

as
a

glycogen
storage

disease
com

bining
cardiac

hypertrophy,W
olff–Parkinson–W

hite
syndrom

e,(W
PW

S)and
progressive

conduction
system

disease
w

ith
conduction

block
It

is
frequently

accom
panied

by
chronotropic

incom
petence

and
advanced

heart
blocks,

leading
to

prem
ature

pacem
aker

im
plantation

after
the

second
decade

(van
der

Steld
2017).A

dditionally,ventricular
dilatation

and
even

congestive
heartfailure

(Siu
1999).The

association
of

these
clinicalfeatures

had
previously

been
recognized

by
severalstudies

since
the

second
halfofthe

tw
entieth

century
(L

ev1966;G
ulotta1977;K

hair
1985).PC

is
consequences

ofm
utations

in
the

J2
subunitofA

M
P

activated
protein

kinase
(A

M
PK

)(G
ollob

2001).Skeletalm
uscle

involvem
ent

w
ith

m
yalgias

orm
uscle

w
eaknessm

ay
also

occurin
a

m
inority

ofpatients(M
urphy

2005).A
M

PK
isa

cellularenergy
sensor,thatisactivated

by
exercise

in
m

uscle
and

increase
in

A
M

P:
ATP

ratio,
stim

ulating
fatty

acid
oxidation,

glycolysis
and

glucose
oxidation.

This
enzym

e
form

a
heterotrim

eric
com

plex
com

prising
a

catalytic
subunit(D)and

tw
o

regulatory
subunits

(β
and

J).Three
isoform

s
ofthe

J
subunits

are
know

n
(J1,

J2
and

J3)
w

ith
different

tissue
expression

(C
heung

2000),and
each

contain
four

repeats
of

a
structural

m
odule

know
n

as
a

cystathionine
β-

synthase
(C

B
S)dom

ains.The
function

ofJsubunits
isuncertain

although
they

could
play

an
im

portantrole
in

the
binding

ofadenosine
m

oieties
of

A
M

P
and

ATP.Pathologicalexam
inations

ofheartsrevealed
vacuolescontaining

polysaccharide
in

patients
w

ith
PR

K
A
J2

m
utations

(A
rad

2002),
and

an
abundantglycogen

accum
ulation

isalso
observed

in
the

m
yocardium

oftransgenic
m

ice
overexpressing

m
utantPR

K
A
J2,w

ith
a

disruption
of

the
AV

connections
providing

a
possible

explanation
for

the
electrophysiological

abnorm
alities.

U
nexpectedly,

histopathological
aspect

of
skeletal

m
uscle

reported
in

tw
o

patients
w

ho
com

plained
of

m
yalgia

exhibited
m

itochondrial
proliferation

w
ith

only
m

inim
al

glycogen
excess

(M
urphy

2005).
N

agata
etalreported

the
observation

ofa
patientw

ith
a

new
m

utation
in

PR
K

A
J2

gene
presenting

a
skeletalm

uscle
involvem

ent
leading

to
the

dem
onstration

ofa
glycogen

accum
ulation

in
m

uscle,cardiom
yopathy

w
ith

an
im

portantbasaldiastolic
septalthicknessof18

m
m

,a
leftventricular(LV

)diastolic
diam

eterof42
m

m
,and

a
norm

alLV
ejection

fraction(LV
EF)(60%

).A
tclinicalexam

ination,the
lim

bs
m

uscle
bulk

and
strength

w
ere

norm
al.U

pper
and

low
er

lim
bs

m
uscle

C
T

scan
w

as
norm

al.A
forearm

exercise
testw

as
perform

ed
tw

ice
w

ith
an

isom
etric

exercise
at70%

of
the

m
axim

alvoluntary
contraction

during
30

s
in

non-ischem
ic

conditions.The
grip

strength
w

as
w

ithin
the

norm
alranges

considering
the

patient
age,

gender,
w

eight
and

forearm
circum

ference.
D

espite
a

sufficient
am

ount
of

physical
w

ork
(80%

of
predicted

m
echanicalvalues),a

m
oderate

increase
oflactate

levelsw
as

observed
afterexercise

afterexercise
forthe

firstand
second

test,respectively
w

ith
a

relative
steadiness

of
am

m
onia

concentration
(N

agata
2010).

PS
is

ocasioned
to

a
unique

defect
of

the
cardiac

cell
m

etabolism
and

has
a

distinctive
histopathology

w
ith

excess
intracellular

glycogen,and
prognosis

differentfrom
sarcom

eric
hypertrophic

cardiom
yopathy

(H
C

M
).

In
1995

PS
w

asm
apped

to
the

locus7q
36

(M
acR

ae1991),and
in

2001
G

ollob
etal.(G

ollow
2001a)identified

the
responsible

gene
encoding

forthe
5’A

denosine
M

onophosphate-A
ctivated

Protein
K

inase
(A

M
PK

),specifically
foritsγ

2 regulatory
subunit(PR

K
A
G2).A

M
PK

isan
enzym

e
deeply

involved
in

cellularATP
m

etabolic
regulation

(Zaha
2012).

Introduction



A
:

A
M

PK
is

a
heterotrim

eric
enzym

e
consisting

of
D

catalytic
α-subunit

that
can

be
activated

by
upstream

kinases
such

as
LK

B
1

via
phosphorylation

ofthe
T172

residue.The
β-and

γ
2-subunitsare

regulatory
and

m
odulate

enzym
e

activity
via

glycogen
(β)and

A
M

P
(γ

).A
M

PK
kinase

and
PR
KA
G
2

subunitA
M

PK
isa

highly
conserved

serine/threonine
protein

kinase
responsible

forcellularenergetic
hom

eostasiscontrol.
Stim

ulated
by

high
adenosine

m
onophosphate

(A
M

P)
concentration

and
A

M
PK

-kinase
activity,

the
enzym

e
counterbalances

ATP
depletion

(G
ollob

2001;Zaha
2012;H

ardie
1997).Itis

com
prised

ofa
catalytic

subunit(α)and
tw

o
regulatory

subunits(β
and

γ).γ
-2

regulatory
subunit

of
A

denosine
M

onophosphate–A
ctivated

Protein
K

inase
(PR

K
A

G
2)

binds
A

M
P,

enhancing
the

α
subunit

activation
(Z

aha
2012).

A
M

PK
is

highly
expressed

in
cardiac

tissue,skeletalm
uscle,brain,placenta,liver,kidneys,and

pancreas
(C

heung
2002).In

cardiom
yocytes

the
enzym

e
regulates

the
glucose

(W
ojtaszew

ski2002)
and

fatty
acids

(H
abets2007)

uptake,storage
and

utilization.PRK
AG
2

m
utations

are
suspected

to
m

odify
the

tridim
ensionalstructure

ofA
M

PK
,altering

its
affinity

forA
M

P
and

m
odifying

the
enzym

e
activity.Studies

on
transgenic

m
ice

have
show

ed
an

enhanced
enzym

atic
activity

during
the

early
stage

ofPS
(A

rad
2003;A

hm
ad2005).

B
:R

elative
positions

ofsom
e

ofthe
hum

an
PR

K
A

G
2

m
utations

found
in

the
γ

2-subunit.C
B

S
=

C
ystathionine

β
Synthase

repeatsequences
that

form
theA

M
P

binding
region.

A
denosine M

onophosphate-A
ctivated Protein K

inase (A
M

PK
) structure 



C
hrom

osom
allocations

C
ytogenetic Location: 7q36.1, w

hich isthe long (q) arm
 of

chrom
osom

e 7 at position 36.1
(M

acR
ae

1995).
M

olecular Location: base pairs 151,556,114 to 151,877,231 on chrom
osom

e 7
(H

om
o sapiens A

nnotation R
elease 108, G

R
C

h38.p7) (N
C

B
I)

O
thers nam

e of PRK
AG
2

gene (D
aniel 2002 )A

A
K

G
, A

A
K

G
2, A

A
K

G
2_H

U
M

A
N

, A
M

P-activated
protein

kinase
J2 subunit, A

M
PK

 J2, C
M

H
6, 

H
91620p, protein

kinase, A
M

P-activated, J
2 non-catalytic

subunitand
W

PW
S

A
denosine

M
onophosphate-A

ctivated
Protein

K
inase

(A
M

PK
)isa

heterotrim
eric

protein
com

posed
of:

A
catalytic

D-subunit;2)
A

noncatalytic
β-subunit,and

3)
A

noncatalytic
regulatory

J-subunit.
Various

form
s

of
each

of
these

subunits
exist,

encoded
by

differentgenes.A
M

PK
is

an
im

portantenergy-sensing
enzym

e
thatm

onitors
cellularenergy

status
and

functions
by

inactivating
key

enzym
es

involved
in

regulating
de

novo
biosynthesis

of
fatty

acid
and

cholesterol.This
gene

is
a

m
em

ber
of

the
A

M
PK

J-subunitfam
ily

and
encodes

a
protein

w
ith

four
cystathionine

beta
synthase,

(C
B

S)
dom

ains.M
utations

in
this

gene
have

been
associated

w
ith

ventricular
pre-

excitation
(W

PW
syndrom

e),progressive
conduction

system
disease

and
cardiac

hypertrophy.A
lternate

transcriptionalsplice
variants,encoding

differentisoform
s,have

been
characterized.

C
B

S
dom

ains



The
PRK

AG
2

gene
provides

instructions
form

aking
one

part(the
J-2

subunit)ofa
largerenzym

e
called

A
M

P-activated
protein

kinase
(A

M
PK

).
This

enzym
e

helps
sense

and
respond

to
energy

dem
ands

w
ithin

cells.Itis
active

in
m

any
differenttissues,including

cardiac
m

uscle
and

m
uscles

and
skeletalm

uscles.A
M

P-activated
protein

kinase
is

likely
involved

in
the

developm
entofthe

heartbefore
birth,although

itsrole
in

this
process

is
unknow

n.A
M

P-activated
protein

kinase
regulates

chem
icalpathw

ays
involving

the
cell's

m
ain

energy
source,a

adenosine
triphosphate

(ATP).
The

breakdow
n

of
ATP

releases
energy

to
drive

m
any

types
of

chem
ical

reactions.A
M

P-activated
protein

kinase
is

activated
during

tim
es

of
cellularstress(such

as
low

oxygen
levels

orm
uscle

exercise),w
hen

ATP
isbroken

dow
n

rapidly
to

produce
energy.IfATP

levelsbecom
e

too
low

,
the

enzym
e

restores
the

balance
of

energy
by

lim
iting

chem
icalreactions

thatrequire
ATP

and
stim

ulating
pathw

ays
thatgenerate

ATP.Studies
suggestthatA

M
P-activated

protein
kinase

m
ay

play
a

role
in

controlling
the

activity
ofothergenes,although

m
any

ofthese
genes

have
notbeen

identified.The
enzym

e
m

ay
also

regulate
the

activity
of

certain
ion

channels
in

the
heart.These

channels,w
hich

transportpositively
charged

atom
s

(ions)
into

and
outof

heartm
uscle

cells,play
criticalroles

in
m

aintaining
the

heart's
norm

alrhythm
.PRK

AG
2

genetic
m

utations
are

rare
and

have
been

recognized
m

ainly
in

the
contextof

patients
w

ith
non-sarcom

eric
fam

ilialH
C

M
associated

w
ith

W
PW

S
(M

urphy2005).A
tleast

seven
m

utations
thatcause

W
PW

S
have

been
identified

in
the

PRK
AG
2

gene.Som
e

people
w

ith
these

m
utations

also
have

features
of

H
C

M
.

R
esearchers

are
uncertain

how
PRK

AG
2

m
utations

lead
to

the
developm

entofthese
heartconditions.They

suggests
thatthese

m
utations

alterthe
activity

of
A

M
P-activated

protein
kinase

in
the

heart,disrupting
the

enzym
e's

ability
to

respond
to

changes
in

cellular
energy

dem
ands.It

is
unclear,how

ever,w
hether

the
genetic

changes
overactivate

the
enzym

e
or

reduce
its

activity.Studies
indicate

that
changes

in
A

M
P-activated

protein
kinase

activity
allow

a
com

plex
sugar

called
glycogen

to
build

up
abnorm

ally
w

ithin
cardiac

m
uscle

cells.
The

accum
ulation

of
this

substance
enlargesthese

cells,w
hich

m
ay

lead
to

H
C

M
.R

esearchers
continue

to
investigate

w
hetheran

abnorm
albuildup

ofglycogen
in

the
heart

is
also

responsible
for

the
problem

s
w

ith
electricalsignaling

thatare
characteristic

of
W

PW
S.A

ltered
A

M
P-activated

protein
kinase

activity
is

related
to

changesin
the

regulation
ofcertain

ion
channelsin

the
heart.These

changesm
ay

help
explain

the
increased

risk
ofarrhythm

iasin
people

w
ith

W
PW

S.PS
can

show
differentexpressivity

both
ofventricularhypertrophy

and
arrhythm

ic
features,ranging

from
an

asym
ptom

atic
condition

to
sudden

cardiac
death

(SC
D

).PS
can

occasionally
lead

to
heartfailure

(H
F),ordem

onstrate
system

ic
involvem

ent(M
urphy2005;B

lair
2001;

G
ollow

2001b).
M

utation
data

are
available

H
um

an
G

ene
M

utation
D

atabase
(w

w
w.hgm

d.org).
PR

K
A

G
2

m
utations

inheritance
pattern

is
autosom

al
dom

inant.
A

lm
ost

all
studies

report
m

issense
m

utations
(G

ollow
2001a;

M
urphy2005;

Zhang
2011).

B
lair

et
al.

(B
lair

2001)
docum

ented
an

insertion
m

utation
(Exon

5:InsLeu)
(The

m
ost

com
m

only
reported

m
utation

w
ere

C
.905G

>A
(A

rg302G
ln)

and
c.1463A

>T
(A

sn488Ile),w
ith

110
and

40
cases(respectively

57%
and

21%
).

N
orm

al function and genetic m
utation



E
pidem

iology
The

prevalence
of

PS
is

currently
unknow

n.
O

ne
study

identified
PS

in
1

of
100

subjects
affected

by
H

C
M

w
ith

prem
ature

sinoatrialoratrioventricular(AV
)conduction

disease
(1%

).
A

rad
etal.found

genetically
confirm

ed
PS

in
7

of24
patients

(29%
)am

ong
a

subgroup
w

ith
both

LV
H

and
W

PW
S

(A
rad

2005).The
observed

prevalence
m

ay
be

rising
because

of
a

larger
availability

of
genetic

testing
for

H
C

M
.

C
ase

reports
of

the
syndrom

e
have

been
described

w
orldw

ide,suggesting
thatPS

can
affectpatientsofany

ethnic
group.

The
PC

syndrom
e.

M
utations

in
the

γ
2

subunit
of

A
M

PK
(the

PRK
AG
2

gene)
appear

to
cause

both
activating

and
inhibiting

form
s

of
cardiac

A
M

PK
.

Various
changes

in
the

controlofglucose
utilization

and
storage

ensue
thatresultin

a
glycogen

storage
cardiom

yopathy
that

is
associated

w
ith

the
developm

ent
of

W
olff–Parkinson–W

hite
Syndrom

e
and

cardiac
hypertrophy.



T
he

involvem
entofA

M
PK

in
the

developm
entofcardiac

hypertrophy
Follow

ing
the

precipitating
event,a

num
berofm

echanism
s

(including
reduced

m
yocardialperfusion)

can
prom

ote
cardiac

m
yocyte

grow
th.H

ypertrophic
grow

th
can

be
adaptive

(physiologicalhypertrophy)
butcan

also
becom

e
m

aladaptive
(pathologicalhypertrophy).A

M
PK

appears
to

have
a

dualrole
in

the
hypertrophic

process,w
here

in
the

early
stages

inhibition
ofA

M
PK

m
ay

be
necessary

forcardiac
grow

th
(orifnotdirectly

involved
in

the
pathw

ay,pharm
acologicalactivation

ofA
M

PK
in

the
early

phase
ofcardiac

hypertrophy
m

ay
be

able
to

preventhypertrophic
grow

th),w
hile

in
the

laterstages
A

M
PK

activation
m

ay
becom

e
essential

form
aintaining

adequateATP
supply.



D
ecreased

activity
during

he
advanced

phase
(Sidhu

2005);a
study

dem
onstrated

an
im

paired
m

yocardialglycogen
uptake

in
adultpatients

w
ith

PS
(H

a
2009).In

hum
ans,

A
M

PK
dysfunction

alters
the

m
yocyte

glucidic
uptake

and
m

etabolism
causing

the
deposition

of
glycogen

and
am

ylopectin,
as

seen
in

glycogen
storage

cardiom
yopathies

(G
ollob

2003).D
uring

cardiogenesis,
the

disruption
of

the
annulus

fibrosus
by

glycogen-filled
m

yocytes
interferes

w
ith

the
norm

alAV
septation,and

can
lead

the
w

ay
to

ventricularpreexcitation
and

reciprocating
arrhythm

ias
(Patel

2003;Sternick
2011).A

study
on

m
ice

confirm
ed

the
correlation

ofglycogen
deposits

w
ith

ventricularpreexcitation
is

PS;the
study

also
dem

onstrated
that

cardiac
hypertrophy,

independently
of

glycogen
storage,

is
caused

by
an

enhanced
insulin

sensitivity
and

protein
kinase

B
activation

(K
im

2014).A
notherstudy

on
m

ice
im

plicated
thatm

utated
A

M
PK

could
unbalance

the
phosphorylation

state
ofcardiac

troponin
and

m
yocardialcontractility

(O
liveira

2012),leading
the

w
ay

tow
ards

H
F.A

M
PK

dysfunction
w

as
found

to
be

related
w

ith
cellular

autophagy
and

apoptosis
in

anim
alm

odels
(N

agata
2010).

A
representation

ofpostulated
intracellulareffects

ofPRK
AG
2

related
enzym

e
dysfunction.H

ow
ever,the

precise
biologicalm

echanism
s

and
their

correlations
w

ith
the

clinicalphenotypes
ofPS,especially

in
hum

ans,are
stillunclear(G

ollob
2001;B

lair
2001;Sidhu

2005).
C

ardiac
hypertrophy

m
ainly

involves
the

LV
and

itis
often

progressive
and

associated
w

ith
both

diastolic
and

systolic
H

F.M
axim

alventricular
w

all
thickness

varied
w

idely
am

ong
the

studies,ranging
from

norm
al

values
to

a
m

ean
of

24
m

m
(confidence

interval
13

–
45

m
m

)
am

ong
A

sn488Ile
patients

and
32.8±7.9

m
m

in
G

lu506Lys
patients.

R
estrictive

m
itral

inflow
D

oppler
pattern,

hem
odynam

ically
significant

LV
O

T
obstruction,and

dilated
progression

w
ere

leading
causes

to
cardiac

transplantor
SC

D
.In

allstudies
ultrasound

im
aging

w
as

routinely
used

to
assess

cardiac
hypertrophy;only

a
m

inority
ofpatients

underw
entcardiovascular

m
agnetic

resonance
(C

M
R

)fortissue
characterization)(Fabris

2013).To
date,no

C
M

R
specific

pattern
w

asfound
to

be
associated

w
ith

PS.
PR

K
A

G
2

syndrom
e

clinicalm
anifestations

Supraventricular
tachyarrhythm

ias
(SV

T)
w

ere
m

ainly
represented

by
atrialfibrillation

(A
F)

and
flutter.SV

T
have

been
frequently

the
first

clinicalsign
in

PS
patients;theircom

plications
w

ere
represented

by
stroke

and
by

the
developm

entofrapid
ventriculararrhythm

ias,in
som

e
cases

leading
to

SC
D

(B
rem

billa-Perrot
2006;

K
rikler

1980).SV
T

w
ere

reported
in

38%
of

PS
patients,and

a
considerable

proportion
of

them
w

as
associated

w
ith

accessory
pathw

ays
(A

Ps)
on

electrophysiological
studies

(EPS).
Pre-excitation

w
as

thus
found

to
be

associated
w

ith
both

com
m

on
A

Ps
and

decrem
entalAV

connections
or

fasciculoventricular
pathw

ays
(G

ollob
2002;

C
harron2007).M

any
authors

reported
different

types
ofA

Psin
A

rg302G
ln

m
utated

patients,
som

e
ofw

hich
w

ere
capable

ofm
aintaining

an
AV

reciprocating
tachycardia.

C
onduction

system
dysfunction,

chronotropic
incom

petence
and

pacem
aker

im
plantation

C
haracteristically,

PS
leads

to
chronotropic

incom
petence

m
ostly

due
to

advanced
AV

blocks,m
arked

sinus
bradycardia

or
sinus

blocks.This
stage

of
the

disease
alm

ostinvariably
occurs

w
ithin

the
third

orfourth
decade

ofage.O
verall,conduction

system
dysfunction

had
a

prevalence
of44%

,and
PM

im
plantation

w
asperform

ed
in



M
ost

cases
of

W
PW

S
occur

in
people

w
ith

no
apparent

fam
ily

history
of

the
condition.

These
cases

are
described

as
sporadic

and
are

not
inherited.Fam

ilial
W

PW
S

accounts
foronly

a
sm

allpercentage
ofallcases

ofthis
condition.The

fam
ilialform

ofthe
disordertypically

has
an

autosom
aldom

inantpattern
of

inheritance,w
hich

m
eans

one
copy

of
the

altered
gene

in
each

cellis
sufficientto

cause
the

condition.In
m

ost
cases,

a
person

w
ith

fam
ilial

W
PW

S
has

inherited
the

condition
from

an
affected

parent.
Fam

ily
studies,

as
w

ell
as

m
olecular

genetic
investigations,indicate

thatW
PW

S,along
w

ith
associated

preexcitation
disorders,m

ay
have

a
genetic

com
ponent.Itm

ay
be

inherited
asa

fam
ilial

trait,w
ith

or
w

ithoutassociated
congenitalheartdefects

(C
H

D
s)

(E
htisham

2005);3.4%
of

those
w

ith
W

PW
S

have
first-degree

relatives
w

ith
preexcitation.The

fam
ilialform

is
usually

inherited
as

a
m

endelian
autosom

aldom
inanttrait.A

lthough
rare,m

itochondrialinheritance
has

also
been

described.The
W

PW
S

m
ay

also
be

inherited
w

ith
other

cardiac
and

noncardiac
disorders,such

as
fam

ilial
atrial

septal
defects,fam

ilial
hypokalem

ic
periodic

paralysis,
and

tuberous
sclerosis.

C
linicians

have
long

recognized
the

association
of

W
PW

S
w

ith
autosom

al
dom

inant
fam

ilialH
C

M
.H

ow
ever,only

com
paratively

recently
w

as
a

genetic
substrate

linking
H

C
M

to
W

PW
S

and
skeletalm

yopathy
described

(G
ollob

2001).
Patients

w
ith

m
utations

in
the

J
2

subunit
of

adenosine
m

onophosphate
(A

M
P)-activated

protein
kinase

(PR
K

A
G

2)
develop

cardiom
yopathy

characterized
by

ventricular
hypertrophy,

W
PW

S,
AV

block,
and

progressive
degenerative

conduction
system

disease.
The

m
utation

isbelieved
to

produce
disruption

ofthe
annulusfibrosusby

accum
ulation

ofglycogen
w

ithin
m

yocytes,w
hich

causespreexcitation.This
is

thought
to

be
the

case
in

Pom
pe

disease,D
anon

disease,and
other

glycogen-storage
diseases.Infantile

Pom
pe

disease
or

glycogen-storage
disease

type
II

is
a

fatalgenetic
m

uscle
disorder

thatis
caused

by
deficiency

of
acid

D-glucosidase
(G

A
A

).These
patients

have
a

shortened
PR

interval,large
leftventricular

(LV
)

voltages,and
an

increased
Q

T
dispersion

(Q
Td).Investigators

appeared
to

have
identified

a
novellocus

in
a

fam
ily

w
ith

W
PW

,M
Y

H
6

p.E1885K
.

A
llofthe

fam
ily

m
em

bersw
ith

W
PW

butnone
ofthe

unaffected
relativesdem

onstrated
thisvariant.M

Y
H

6
variantshave

been
associated

w
ith

atrialseptaldefects,cardiom
yopathies,and

sick
sinussyndrom

e
(B

ow
les2015).

M
utations

in
the

lysosom
e-associated

m
em

brane
protein

2
(LA

M
P2),

w
hich

cause
accum

ulation
of

cardiac
glycogen,

are
thought

to
be

the
etiology

ofa
significantnum

berofH
C

M
sin

children,especially
w

hen
skeletalm

yopathy,W
PW

S,orboth
are

present.
D

anon
disease

is
an

X
-linked

lysosom
alcardioskeletalm

yopathy;m
ales

are
m

ore
often

and
m

ore
severely

affected
than

fem
ales.Itis

caused
by

m
utations

in
the

LA
M

P2
thatproduce

proxim
alm

uscle
w

eaknessand
m

ild
atrophy,LV

H
,W

PW
syndrom

e,and
m

entalretardation.
Patientsw

ith
the

Ebstein
anom

aly
m

ay
develop

W
PW

S.They
frequently

have
m

ultiple
A

Ps,m
ostly

on
the

right,in
the

posteriorpartofthe
septum

or
the

posterolateral
w

all
of

the
right

ventricle.
The

orthodrom
ic

reciprocating
tachycardia

in
such

patients
often

exhibits
R

B
B

B
and

a
long

ventriculoatrial(VA
)interval.

Preexcitation
can

be
surgically

created,as
in

certain
types

of
B

jork
m

odifications
of

the
Fontan

procedure,if
atrial

tissue
is

flapped
onto

and
sutured

to
ventriculartissue.C

ertain
tum

ors
oftheAV

ring,such
asrhabdom

yom
as,m

ay
also

cause
preexcitation.



43%
ofpatients.C

linically,chronotropic
incom

petence
w

as
characterized

by
recurrentsyncope,A

dam
Stokes

syndrom
e

and
often

by
a

rapid
and

criticalonsetw
ith

severe
hem

odynam
ic

instability.
H

eart
failure

and
systolic/diastolic

dysfunction
H

F
w

as
reported

in
about

12%
of

PS
patients;

w
hen

present,
it

w
as

often
severe

and
characterized

by
progressive

ventriculardysfunction.In
G

lu506Lys,exon5:InsLeu
and

H
is142A

rg
carriers,H

F
sym

ptom
sw

ere
frequently

reported
(33%

to
63%

).
Possible

m
echanism

s
forthe

pro-arrhythm
ogenic

phenotype
in

patientsw
ith

PR
K

A
G

2
m

utations.

A
ltered

regulation
of

A
M

PK
activity

m
ay

lead
to

excessive
glycogen

storage
and

thinning
of

the
atrio-ventricular

border
region

know
n

as
the

annulus
fibrosis,resulting

in
accelerated

AV
conduction

and
a

shortened
or

absent
PR

interval.A
M

PK
m

ediated
changes

in
the

properties
of

voltage-gated
sodium

channelsm
ay

sim
ilarly

cause
pre-excitation

by
alterations

in
conduction

velocity
(see

textfordetails).

Sodium
 channel function is affected by 

altered A
M

PK
 



W
PW

syndrom
e

could
be

due
to

genetic
origin,butthere

are
contributions

from
m

etabolic
alterations

and
endocrine

disorders
thatcould

lead
to

glycogen
accum

ulation
and

cardiac
dysfunction

as
seen

w
ith

W
PW

S.
W

olff-Parkinson-W
hite

(W
PW

)
syndrom

e.
M
ayoClinic.com

.
M

arch
19,

2014;http://w
w

w.m
ayoclinic.org/diseases-conditions/w

olff-parkinson-w
hite/basics/definition/con-20043508?M

ETH
O

D
=print.

▪
Fam

ilialatrialseptaldefects(G
utiérrez

R
ojas1999)

▪
Fam

ilial
hypokalem

ic
periodic

paralysis
(R

obinson
2000).

▪
Tuberous

sclerosis
is

a
neurocutaneous

syndrom
e

w
ith

autosom
al

dom
inant

inheritance
(Jim

énez
C

asso
2014)

▪
PC

syndrom
e

(Yang
2017;

Vaughan
2003)

▪
Pom

pe
disease

or
glycogen-storage

disease
type

II(van
der

Beek
2008)

▪
D

anon
disease

(C
heng

2012)
▪

A
lagille

syndrom
e:

M
icrodeletions

of
the

short
arm

of
chrom

osom
e

20
20p12.320p12.3

chrom
osom

al
rearrangem

ents,
non-im

m
une

hydrops
fetalis

due
to

prenatalheartfailure
and

congnitve
disfunction

(M
ills2013)

▪
M

Y
H

6
p.E1885K

(B
ow

les2015)

▪
M

yocardialinfarction
▪

Surgically
created

B
jork

m
odifications

of
the

Fontan
procedure,

if
atrial

tissue
is

flapped
onto

and
sutured

to
ventriculartissue.

▪
C

ertain
tum

ors
of

the
AV

ring,
such

asrhabdom
yom

as.
▪

Thyreotoxicosis
▪

C
ushing

syndrom
e

▪
M

etabolic
dysregukation

C
ongenital heart disease

Fam
ilialpreexcitation

syndrom
e

G
enetic

origin

▪
Ebstein

anom
aly

isolated
or

associated
w

ith
atrial

septaldefect(H
asan

2017)
▪

C
om

plex
congenital

heart
surgery

hypoplastic
left

heart
syndrom

e
(H

LH
S),

w
ith

AV
canal

defect(pseudo-preexcitation)(C
arlson

2015)

A
dquired causes

P
reexcitatio

n
syn

d
ro
m
e
p
o
ssib

le
etio

lo
gies

W
PW

A
cquired causes

C
ongenital heart 

disease

Fam
ilialW

PW



N
on-sarcom

eric
genes

are
also

involved
in

H
C

M
,and

nonsarcom
eric

genes
have

been
postulated

as
m

odifiers
ofthe

phenotypic
heterogeneity

for

this
rason

som
e

researchers
have

proposed
thatthe

disease
should

be
reclassified

into
sarcom

eric
and

non-sarcom
eric

because
pathophysiology

and
prognosis

differsignificantly
betw

een
these

groupings
(O

livotto
2011;M

cN
ally

2015).O
livotto

etaldem
onstrated

the
increased

prevalence

ofsystolic
dysfunction

in
patientsw

ith
H

C
M

w
ith

sarcom
ere

m
yofilam

entgene
m

utations
w

hen
com

pared
w

ith
non-sarcom

eric
and

postulated
an

association
betw

een
genetic

status
and

coronary
m

icrovascular
dysfunction.

Patients
w

ith
H

C
M

w
ith

sarcom
ere

m
yofilam

ent
m

utations
are

characterized
by

m
ore

severe
im

pairm
entof

m
icrovascular

function
and

increased
prevalence

of
m

yocardialfibrosis,com
pared

w
ith

genotype-

negative
individuals.These

findings
suggesta

directlink
betw

een
sarcom

ere
gene

m
utations

and
adverse

rem
odeling

of
the

m
icrocirculation

in

H
C

M
,

accounting
for

the
increased

long-term
prevalence

of
ventricular

dysfunction
and

heart
failure

in
genotype-positive

patients
(O

livotto

2011).The
variable

penetrance
and

expressivity
in

H
C

M
m

eans
thatthe

sam
e

m
utation

m
ay

cause
severe

disease
in

one
person,buta

com
pletely

norm
al

phenotype
in

another.A
ditionally,H

C
M

is
know

n
to

be
m

anifested
by

m
utations

in
12

sarcom
eric

genes
and

dilated
cardiom

yopathy

(D
C

M
)

is
know

n
to

m
anifestdue

to
cytoskeletalm

utations.Studies
have

revealed
thatsarcom

eric
m

utations
can

also
lead

to
D

C
M

.
(Tanjore

2010).G
enotypically

positive
butphenotypically

negative
patients

have
perplexed

researchers,and
suggesta

role
of

m
odifier

genes
in

clinical

outcom
es

(G
arcía-H

onrubia
2016).

O
renes-Piñero

etal
have

show
n

for
the

firsttim
e

thatthe
C

Y
P11B

2
polym

orphism
is

an
independentpredictor

for
A

F
developm

ent
in

H
C

M

patients.Thishighlightsthe
im

portance
ofnon-sarcom

eric
genesin

the
phenotypic

heterogeneity
ofH

C
M

.The
association

w
ith

higheraldosterone

serum
levels

could
relate

to
greaterfibrosis

and
cardiac

rem
odelling.(O

renes-Piñero
2014)

N
on-sarcom

eric
genes involved in H

C
M



(A
)M

acroscopic
im

age
of

a
heartof

a
22-year-old

m
ale

patientw
ho

died
suddenly.H

e
suffered

from
W

PW
and

V
H

.H
e

w
as

160
cm

talland
w

eighed
60

K
g.

(B
)

The
heartw

eighed
786

g,w
ith

obvious
predom

inance
ofbiventricularhypertrophy

and
severe

sym
m

etricalcardiom
egaly,in

both
ventricles.

There
w

asnon-specific
endocardialthickening.

(C
)

A
n

electron
m

icroscopy
im

age
of

glycogen
storage

in
the

m
yocardial

fibers
of

a
m

utation
carrier

patient
(c.869A

>T,
p.K

290I).
The

LV
m

yocardium
show

s
severe

vacuolization
of

the
m

yocardialfiber
cytoplasm

in
an

interstitialfibrosis
area

(H
E;400×).The

rem
ains

of
PA

S-
positive

deposits
inside

cytoplasm
ic

vesiclesare
show

n
in

the
bottom

rightquadrant.The
scale

baris5
μm

.

(C
ourtesy from

 D
r. L

enises de Paula van der Steld, E
scola B

aiana de M
edicina e Saúde Pública -Salvador, BA

 -B
razil)

N
ecropsy

study
w

ith
electron m

icroscopy im
age 



1.
B

radycardia,
2.

Short
PR

interval,
w

hich
is

largely
attributed

to
excessive

glycogen
accum

ulation
in

m
yocytes(Porto

2016;
G

ollob
2003).

D
uring

cardiogenesis,collagen-containing
fibrousringsseparate

the
atria

and
ventricle,and

can
be

disrupted
by

glycogen-filled
m

yocytes,resulting
in

ventricularpre-excitation
(V

PE)and
reciprocating

arrhythm
ias(A

rad
2003.) .

3.
Very

high
Q

R
S

voltages:
C

ardiac
ventricular

hypertrophy:
M

ore
than

50%
of

PS
patients

present
w

ith
LV

H
,

yet
excessive

glycogen
deposition

m
ay

nottotally
accountfor

the
cardiac

hypertrophy.A
recentstudy

show
ed

thatthe
contribution

of
glycogen

to
increased

heart
m

ass
w

as
<5%

in
TG

T400N
m

ice
w

hich
recapitulates

sym
ptom

s
ofpatients

w
ith

PR
K

A
G

2T400N
m

utation
(Banerjee

2010).Proliferation
and

hypertrophy
pathw

ays
are

found
to

be
involved

in
the

developm
entofPR

K
A

G
2

cardiom
yopathy.In

the
TG

T400N
m

ouse
m

odel,B
anerjee

etal.
(B

anerjee
2010).

dem
onstrated

thatearly
activation

of
the

N
F-κB

and
A

ktsignaling
pathw

ay,w
hich

are
triggered

by
inappropriate

A
M

PK
activation,m

ediated
cardiac

hypertrophy.K
im

etalsuggested
thatthe

FoxO
and

m
TO

R
signaling

cascades
w

ere
involved

in
activation

ofthe
proliferation

and
hypertrophy

pathw
ay

related
to

A
M

PK
-γ2

m
utation(K

im
2014).

4.
A

w
idened

Q
R

S
com

plex:consequence
ofventricularpreexcitation,orbundle

branch
block,

5.
ST

segm
ent–T

w
ave,directed

opposite
the

m
ajor

G
w

ave
and

Q
R

S
com

plex,reflecting
altered

depolarization
and/orLV

H
6.

ProgressiveAV
block

7.
Paroxysm

alsupraventricular
tachycardia

8.
D

elta
w

ave:
A

slurring
and

slow
rise

ofthe
initialupstroke

ofthe
Q

R
S

com
plex

(G
w

ave)
9.

A
triofascicularM

ahaim
(A

FM
)pathw

ay(see
nextslide)

AV
bypasstract,w

hich
w

asobserved
in

the
proband

in
the

currentPS
fam

ily,is
the

m
ostdescribed

A
P

in
PS

cases.(van
der

Steld
L

P
2017)

10.
N

odoventricular
and

fasciculoventricular
pathw

ays
are

also
observed

in
patients

w
ith

PS,
suggesting

an
im

portant
role

for
PR

K
A

G
2

in
developm

entofthe
cardiac

conduction
system

(G
ovindan

2010;Sternick
2011;Tan

2008)
11.

O
rthodrom

ic
atrioventricular

re-entry
tachycardia

(AV
R

T
)

12.
A

ntidrom
ic

atrioventricular
re-entry

tachycardia
(AV

R
T

)
13.

M
ahaim

-Type
Pre-excitation

R
eentry

tachycardia
w

ith
typical

LB
B

B
m

orphology
14.

Preexited
A

F
&

A
trialFlutter

in
W

PW
:The

shortestpreexcited
R

-R
intervalduring

A
F

frequently
190

m
illiseconds,and

the
m

ean
R

-R
intervalof200

m
illiseconds.Frequente

hem
odynam

ic
collapse,losing

consciousness.
W

ith
indication

ofdirect-currentcardioversion
(Zhang

2011)
15.

Ventricular
tachycardias

E
lectrocardiographic features in PR

K
A

G
2 C

ardiac syndrom
e



A
FM

has
been

reported
to

account
for

approxim
ately

3%
of

all
the

A
Ps.D

ifferential
diagnosis

betw
een

A
FM

and
W

PW
S

is
very

im
portant

because
both

ofthem
causeAV

RT.

O
ne

ofthe
pointsto

considerdifferentiating
A

FM
from

W
PW

syndrom
e

isthe
change

ofPR
interval.In

W
PW

syndrom
e,PR

intervalduring
sinus

rhythm
is

stable
because

A
Ps

do
notexhibitdecrem

entalconduction
property.M

eanw
hile

in
A

FM
,both

PR
intervaland

Q
R

S
w

aveform
often

change
due

to
decrem

entalconduction
property

in
the

M
ahaim

fiber.Som
etim

es,the
H

olterm
onitoring

dem
onstrated

a
change

in
the

PR
interval

and
narrow

ing
ofthe

Q
R

S
com

plex,w
hich

supported
the

diagnosis
ofA

FM
ratherthan

W
PW

S.

Sternik
etalreported

that61%
ofA

FM
patients

show
ed

rS
pattern

Q
R

S
w

aveform
s

in
lead

IIIin
contrastw

ith
only

6%
of

norm
alheartpatients

w
ith

palpitations
(Sternick

2004).

It
has

been
reported

that
left

bundle
branch

block
causes

rem
arkable

left
ventricular

dysynchrony,w
hich

could
lead

to
future

developm
ent

of

congestive
heartfailure

and
sim

ilarly,A
FM

could
developm

entofcongestive
heartfailure.

Ithasbeen
reported

thatthe
m

ostcom
m

on
site

on
the

atrium
edge

ofA
FM

fibersw
as8:00–10:00

on
the

tricuspid
valve

ring
(87%

).O
fthose,67%

dem
onstrated

M
ahaim

potentialon
tricuspid

valve
ring,w

hich
w

as
considered

the
preferred

ablation
site

(B
ohora

2008.).
G

enerally,due
to

slow

conduction
velocity

in
the

atriofascicular
M

ahaim
pathw

ay
,dualanterograde

AV
conduction

causesfusion
beats.See

The
anatom

icalsubstrate
of

ventricularpreexcitation
in

the
nextslide.

A
triofascicular

M
ahaim

(A
FM

) pathw
ay



T
he anatom

icalsubstrate
ofventricular preexcitation

R
A

L
A

R
D

L
B

B

K
K

B
, W

 and T: B
achm

an, W
enckebach, and T

horelinternodal tracts.
J: Bypass bundle of Jam

es. 
K

 and K
’: K

ent bundles. These are AV
 connections.

A
FM

 and N
F: A

triofascicular
M

ahaim
pathw

ay
and N

odo-fascicular 
tracts.

B
WT

AV

FV

N
V

J

A
FM

N
F

L
PF

L
A

F

SF
Type

B
 W

PW
 

K
ent bundle

betw
een

R
A

and
R

V

TypeA
 W

PW
 

K
ent bundle
betw

een
LA

and
LV

R
V

LV
AV, N

V
 and FV: A

trioventricular, N
odoventricular

and 
Fascicular-ventricular connections.
a: Preferential nodal pathw

ay.
R

A
 and L

A
: R

ight and left atria.
L

A
F, SF, and L

PF: left anterior, septal and left posterior 
fascicles of the left bundle branch (LBB) of the H

is bundle.



Sinusrhythm
,shortPR

interval,broad
Q

R
S

com
plexesw

ith
a

slurred
upstroke

(𝛿)to
the

Q
R

S
com

plexes,type
B”

W
PW

(right-sided
A

P
dom

inant
S

w
ave

in
V

1),
tall

R
w

aves
and

inverted
T

w
aves

in
the

inferior
leads

and
V

4-6
the

appearance
of

underlying
LV

H
and/or

secondary
to

anom
alous

ventriculardepolarization.



EC
G

 show
ing a w

ide and irregular Q
R

S com
plex tachycardia w

ith a variable R
-R

 interval and very high H
R

 (near 300 bpm
).

C
onclusion: preexcited

A
F in a patient w

ith W
PW

S.



Panel
A

.
EC

G
of

a
patient

w
ith

PC
syndrom

e,show
ing

a
shortPR

w
ith

a
delta

w
ave

(negative
in

aV
L,

positive
in

I
and

inferior
leads),

very
high

voltages
in

the
Q

R
S

com
plexes,

w
hich

appear
fragm

ented
in

V
4.

Panel
B

.Transthoracic
echo

ofthe
sam

e
patient,

show
ing

only
m

ildly
increased

w
all

thickness
of

the
lateral

w
all

(14m
m

,
asterisks).

A
pacem

aker
lead

(triangle)
is

visible
in

the
right

side
of

the
heart.Shortaxis

im
age

of
the

left
ventricular

apex
dem

onstrates
evident

trabecules
(arrow

).
Panel

C
.R

N
M

ofthe
sam

e
patient(cine

im
ages)

confirm
ing

the
echocardiogram

findings.
T2

w
eighted

im
ages

and
T1

w
eighted

im
ages

post
contrast

w
ere

unrem
arkable.

The
m

ostcom
m

on
EC

G
feature

ofPS
is

a
shortPR

interval,presentin
68%

ofpatients.A
bundle

branch
block,m

ainly
affecting

the
rightbranch,

w
as

also
w

idely
reported

along
w

ith
a

shortPR
.

In
addition

to
com

plete
bundle

branch
blocks,slurred

Q
R

S
depolarization

phases
and

eccentric
patterns

ofintraventricularconduction
delays

>
120

m
sec

are
reported.

A
dvanced

and
clinically

significantatrio-ventricularorsino-atrialblocks
w

ere
also

com
m

on.H
igh-voltage

Q
R

S
com

plexes
w

ith
secondary

repolarization
abnorm

alities
frequently

developed
even

w
ithoutecho

evidence
ofLV

H
,som

etim
es

accom
panied

by
leftaxisdeviation.

(PanelA
)show

s
a

typicalEC
G

from
a

young
patientw

ith
PS.



The electrocardiogram
 of a patient w

ith the R
302Q

 m
utation. A

trial pacing w
ith large Q

R
S deflections and pathologic T w

aves

Pacem
aker

spike



EC
G

perform
ed

atpresentation
to

hospitalshow
ing

pre-excitation
characteristic

of
antegrade

conduction
through

AV
node

and
the

A
P.N

ote
the

shortPR
interval,slurred

upstroke
ofQ

R
S

com
plex,and

characteristic
tallR

w
aves(A

ggarw
al2015)



EC
G

  post R
FC

A
 day 1 show

ed persistent pre-excitation, though a different pattern as com
pared to her baseline, (A

ggarw
al 2015)



EC
G

 after IC
D

) im
plantation (post ablation day 6) show

ing com
plete AV

 block and ventricular paced rhythm
, (A

ggarw
al 2015)



M
echanism

 of a docum
ented cardiac arrest in a 20-year-old m

ale patient. A
trial flutter w

ith total AV
 block (van der Steld

L
P 2017).



W
PW

S
isusually

characterized
by

a
shortened

PQ
interval,a

w
idened

Q
R

S
com

plex,and
slow

ed
G

w
ave.Prolongation

ofthe
Q

T
intervalisalso

a

likely
clinical

correlate
of

AV
block

and
prem

ature
ventricular

beats
(M

oroe
1988)

that
are

often
observed

in
patients

w
ith

W
PW

/PR
K

A
G

2

m
utations(G

ollob
2001).A

lterations
in

the
biophysicalproperties

ofcardiac
voltage-gated

sodium
channels(such

asprolonged
inactivation)have

previously
been

show
n

to
prolong

the
Q

T
intervaland

predispose
the

m
yocardium

to
arrhythm

ogenic
phenotypes

such
as

long
Q

T
syndrom

e
and

torsade
de

pointes
(B

ennett
1997;

G
rant

2001).
Precisely

how
slow

ed
inactivation

of
the

cardiac
voltage

gated
sodium

channel
m

ay
cause

changesin
conduction

velocity
and

triggerventricularpre-excitation
(a

hallm
ark

ofW
PW

S)in
the

absence
orpresence

ofhypertrophy
isim

portant

and
is

therefore
w

orthy
of

discussion.D
ata

suggest
that

the
predom

inant
α-subunit

sodium
channel

isoform
N

aV
1.5

is
m

ainly
located

in
the

intercalated
disks

atm
yocyte/m

yocyte
gap

junctions,and
m

ay
therefore

function
to

propagate
the

action
potentialfrom

cellto
cell(M

aier
2004;

K
ucera

2002)
in

a
m

anner
roughly

analogous
to

the
nodes

of
R

anvier
found

in
m

yelinated
neurons.

C
om

puter
m

odeling
of

gap
junctional

com
plexes

indicate
thatthe

integralof
the

sodium
current(totalinw

ard
current)

is
a

m
ajor

determ
inantof

conduction
velocity,and

increases
in

inw
ard

sodium
currentcan

speed
up

this
process

(K
ucera

2002;R
udy

2001).Slow
ed

inactivation
ofthe

sodium
channelinduced

by
C

A
-A

M
PK

and
a

negative
shiftin

the
voltage-dependence

ofactivation
m

ay
m

anifestas
pre-excitation

ofventriculartissue
due

to
accelerated

action
potential

propagation
through

eitherexisting
orA

Ps.Forexam
ple,the

bundle
ofH

is
and

Purkinje
fibernetw

ork
are

particularly
susceptible

to
alterations

in

sodium
current

due
to

the
presence

of
prolonged

action
potentials.

Furtherm
ore,

alterations
in

cell
size/architecture

also
likely

contribute
to

generalized
changes

in
conduction

velocity
(K

ucera
2002),a

factorthatis
im

portantw
hen

considering
hypertrophy

in
the

W
PW

S.A
lterations

in

the
biophysicalpropertiesofsodium

channelscan
theoretically

lead
to

ventricularpre-excitation.



R
K

A
G

2
cardiac

syndrom
e

m
ay

presentw
ith

eccentric
distribution

ofLV
H

,involving
focalm

id-infero-lateralpattern
in

the
early

disease
stage,and

m
ore

diffuse
pattern

butfocusing
on

interventricular
septum

in
advanced

cases.In
patients

atearlier
stages

of
disease,w

ithoutLG
E,T1

values
m

ay
be

reduced,w
hile

in
the

advanced
disease

stage
T1

m
apping

m
ay

result
in

higher
values

caused
by

fibrosis.C
M

R
is

a
valuable

tool
in

detecting
diffuse

and
focalm

yocardialabnorm
alities

in
PR

K
A

G
2

cardiom
yopathy.

A
48-year-old

m
ale

patientw
ith

PC
syndrom

e
and

a
pacem

aker.In
short-axis

and
fourcham

bercine
im

ages
septum

is
severely

hypertrophied
(A

-
B

)
(black

arrow
s).

M
axim

al
septal

and
lateral

w
all

thickness
w

as
31

m
m

and
25

m
m

,
respectively.

Papillary
m

uscles
w

ere
excluded

in
the

m
easurem

ents.A
nteroseptal,hypertrophic

areas
exhibitpatchy

late
gadolinium

enhancem
ent(C

-D
)

(w
hite

arrow
s).W

hite
arrow

heads
indicate

artefactfrom
pacem

akerlead.



A
16-year-old

m
ale

patientw
ith

a
PRK

AG
2

m
utation.In

short-axis
cine

im
age

(A
-B

)inferolateralleftventricular
w

all
is

m
ildly

hypertrophied
(10–11

m
m

,
m

axim
al

z-
score

2.3)
(w

hite
arrow

),
no

late
gadolinium

enhancem
entispresent(C

-D
)



Sudden
cardiac

death
SC

D
 occurred in 8.7%

 of a total of 171 patients w
ith available data (m

ean age of death 33.4 years). From
 the data available, SC

D
in PS can occur 

both in the presence (M
urphy 2005; B

lair 2001) and the absence of severe cardiac hypertrophy (Sternick
2006); som

e studies reported cases of 
SC

D
 during sleep (Zhang.2011).

C
urrentdata

are
notsufficientto

clearly
define

the
prevailing

pathophysiologic
process

leading
to

SC
D

,w
hich

could
be

due
both

to
an

abrupt
advanced

heart
block

(Sternick2006)
and

ventricular
fibrillation,

the
latter

deriving
from

SV
T

degeneration
(fast

conduction
through

A
Ps)(M

aron
2003;Sternick

2006;B
rem

billa-Perrot2006)orfrom
m

assive
LV

H
(Spirito

2000;E
lliott2014).In

those
patients

in
w

hich
EPS

w
ere

perform
ed,

ventricular
fibrillation

w
as

induced
only

by
high

atrial
pacing

and
not

by
ventricular

extra-stim
uli

(M
urphy

2005;Sternick
2011).

O
utcom

es
The

age
ofsym

ptom
s

onsetw
asseldom

available.In
general,the

clinicalonsetranged
from

intrauterine
period

(B
urw

inkel2005),early
childhood

(G
ollob

2001;Z
hang

2011),
adolescence

(Sternick
2006;G

ollob
2001;Fabris2013)to

the
fourth

orfifth
decade

ofage
(A

rad
2005).The

m
ean

age
atdiagnosis

am
ong

the
studiesw

ith
available

recordsis30,1
years.

O
verall,82

subjects(43%
)w

ere
im

planted
w

ith
perm

anentPM
due

to
advanced

heartblocksorsinusnode
disease,often

w
ithin

the
third

orfourth
decade

ofage.
Few

studiesreported
data

on
hearttransplant:w

here
such

data
w

asavailable,transplantw
asperform

ed
at19,and

42
yearsofage

(Sternick
2006).

SC
D

occurred
in

8.7%
ofpatients,and

the
m

ean
age

ofdeath
w

as33.4
years;171

of189
patientshad

available
data

aboutSC
D

.
In

the
largestreportavailable

from
M

urpy
etal.(M

urphy
2005)IC

D
sw

ere
im

planted
forprim

ary
prevention

in
tw

o
patients

(age
20

and
22

years)
w

ith
m

assive
LV

H
,one

of
w

hom
had

V
F

during
rapid

right
atrial

pacing
at

EPS.A
fter

a
m

ean
follow

-up
of

31
m

onths,
there

w
ere

no
IC

D
discharges.
Tw

o
patients

w
ere

im
planted

in
otherstudies,one

forprim
ary

prevention
(Sternick

2006)and
one

aftercardiac
arrest.To

date,no
data

have
been

published
abouttheirlong-term

IC
D

follow
-up.

G
enotype-phenotype

association
ofthe

tw
o

m
ostfrequentm

utations
A

trend
tow

ards
certain

phenotypical
features

being
associated

w
ith

specific
m

utations
w

as
noted.

C
.905G

>A
(A

rg302G
ln)

and
c.1463A

>T
(A

sn488Ile)w
ere

the
m

ostcom
m

on
m

utations
w

ith
110

and
40

cases
(respectively

57%
and

21%
).C

onsidering
those

patients
w

ith
available

data
foreach

selected
clinicalfeature,itw

asestim
ated

a
genotype-phenotype

association
betw

een
these

tw
o

m
utations.



Interesting
outliersm

utations
and

extra-cardiac
involvem

ent
To

date,the
m

ostsevere
m

utation,c.1592G
>A

(A
rg531G

ln),w
as

reported
by

B
urw

inkeletal.Itis
characterized

by
an

extrem
e

early
onsetand

a
severe

clinicalcourse
leading

to
death

for
cardiogenic

shock
w

ithin
the

firstthree
m

onths
of

life(2005).A
lthough

PR
K

A
G

2
m

utations
m

ainly
affect

the
heart,

som
e

studies
reported

features
of

system
ic

involvem
ent.

In
the

subset
of

c.1463A
>T

(A
sn488Ile)

m
utated

subjects,
a

15%
frequency

of
skeletalm

yopathy
w

as
observed. 7

Skeletal
m

yopathy
w

ith
elevated

creatine
phosphokinase

(C
PK

)
w

as
also

presentin
Ser548Pro

patients
(L

aforet
2006).

C
.1591C

>G
(p.

A
rg531G

ly)
and

c.
1453A

>G
(Lys485G

lu)
m

utations
w

ere
related

to
the

developm
ent

of
arterial

hypertension
in

adolescence
(50%

of
patients)

(L
iu

2013;
G

ollob
2001).Som

e
studies

suggest(N
agata

2010;
B

urw
inkel2005)

thatsystem
ic

hypertension
observed

in
these

patientscould
representextra-cardiac

involvem
entasw

ell.
O

fnote,no
extra-cardiac

involvem
entw

asreported
am

ong
patientsw

ith
the

m
ostfrequentm

utation
(A

rg302G
ln).

D
ifferentialdiagnosis

PS
should

be
suspected

in
the

setting
of

autosom
aldom

inantH
C

M
coexisting

w
ith

W
PW

S,w
ith

negative
testfor

sarcom
eric

m
utation.In

this
scenario,the

lacking
evolution

to
conduction

system
dysfunctions

can
help

to
exclude

the
diagnosis

ofPS.H
ow

ever,conduction
system

disease
is

notalw
ays

presentin
PS,and

m
oreoveritcould

occurlaterin
the

clinicalcourse
(Zhang

2011;M
ehdirad

1999).
A

lthough
the

clinicalm
anifestations

and
the

inheritance
pattern

m
ay

help
w

ith
the

diagnostic
process,the

diagnosis
ofPS

can
be

confirm
ed

only
w

ith
genetic

testing
by

an
identification

ofa
PR

K
A

G
2

m
utation.

M
ain

genetic
syndrom

es
thatcould

m
im

ic
PS

are
listed

in
Table

of
nextslide;the

m
ore

significantam
ong

them
are

D
anon's

disease
(D

D
)

and
A

nderson-Fabry
disease

(A
FD

).The
firstischaracterized

by
m

assive
LV

H
,H

F,ventricularpre-excitation
and

an
arrhythm

ic
burden

unm
anageable

even
w

ith
defibrillatortherapy,w

ith
a

m
ean

survivalrate
below

25
years

ofage
(Boucek

2011).A
FD

is
characterized

by
concentric

LV
H

,a
short

PR
intervaland

conduction
system

dysfunctions.R
ecognition

of
A

FD
is

relevantas
enzym

e
replacem

enttherapy
is

related
to

a
better

outcom
e

regarding
stability

and
regression

ofsym
ptom

s
(W

eidem
ann

2011).B
oth

D
D

and
A

FD
are

inherited
in

an
X

-linked
pattern,and

they
have

w
ide

extra-cardiac
features

(respectively
intellectualdisability

and
skeletal

m
yopathy

in
D

D
,and

acroparesthesias,renalfailure,cryptogenic
stroke,

angiokeratom
as,cornealand

lenticularopacities,and
gastrointestinalsym

ptom
s

in
A

FD
).



C
ardiom

yopathiesassociated
w

ith
W

olff-Parkinson-W
hite syndrom

e
or

short PR
Syndrom

e/D
isease

Type
ofC

M
P

C
haracterzation

▪
PC

 Syndrom
e

▪
G

lycogen storage disease of 
the heart, lethal congenital. 
O

m
in

num
ber261740

H
C

M

H
eart failure

(M
izuta

1984)

Progressive hypertrophy, W
olff–Parkinson–W

hite syndrom
e, (W

PW
S) and 

progressive conduction system
 disease 

O
nly heart disease. Early death.

D
anon

disease
O

m
in

num
ber300257

H
C

M
, D

C
M

 later and
predom

inatly
in 

fem
ales

X
-linked

dom
inant

M
utation

in
LAM

P2
gene

w
ith

skeletal(progressive
proxim

al
m

uscle
w

eakness
of

the
shoulders,

neck,
and

legs),
cardiac

m
uscle

disorder,
m

ild
intellectual

difficulties,
and

retinal
disease.

G
enetic

defects
in

the
lysosom

e-
associated

m
em

brane
protein

2
(LAM

P2)
gene.M

ales
are

affected
earlier

and
m

ore
severely

than
fem

ales.(death
occur10–15

years
laterin

fem
ales).W

PW
S,

Fabry
disease

H
C

M
G

enetic
lysosom

al
storage

disease,
inherited

in
an

X
-linked

m
anner.

Excessive
deposition

of
neutral

glycosphingolipids
in

the
vascular

endothelium
of

several
organs

and
in

epithelial
and

sm
ooth

m
uscle

cells.
A

nhidrosis
or

hypohidrosis,
R

eddish-purple
skin

rash
in

the
bathing

trunk
area

(angiokeratom
as),Personaland/or

fam
ily

history
ofkidney

failure,acroparesthesias,exercise,heat,orcold
intolerance,

unexplained
cardiac

hypertrophy

Pom
pe

disease
O

M
IM

 N
um

ber: 232300
H

C
M

A
utosom

alrecessive,M
utation

in
G
AA

gene
(reduced/absentacid

m
altase

oracid-α-
glucosidase)

Tw
o

form
s:C

hildhood,juvenile
and

adult-onset.W
ith

cardiom
yopathy

is
referred

to
as

classic
Pom

pe
disease

and
in

the
absence

ofcardiom
yopathy

as
non-

classic
Pom

pe
disease.

H
ypotonia,

progressive
w

eakness,
m

acroglossia,
hepatom

egaly
and

H
C

M
.



PS
onsetofsym

ptom
s

frequently
occurs

w
ithin

the
firstthree

decades
ofage,and

itis
often

characterized
by

tachy
and

bradyarrhythm
ias.M

uch

lessfrequently
H

F
sym

ptom
sorSC

D
can

be
the

firstm
anifestations

ofthe
disease.Prolonged

dynam
ic

EC
G

m
onitoring

and
exercise

stresstesting

could
be

usefultools
in

those
patients

w
ith

syncope,palpitations,orw
ith

a
fam

ilialhistory
of

SC
D

.U
ltrasound

im
aging

and
C

M
R

are
the

gold-

standard
diagnostic

techniques
for

the
identification

and
characterization

of
cardiac

hypertrophy.
Standard

anti-arrhythm
ic

therapy
should

be

initiated
in

those
patients

w
ith

supraventricular
or

ventricular
tachyarrhythm

ias.If
clinically

appropriated,EPS
can

be
usefulfor

diagnosis
and

treatm
entof

A
Ps.G

iven
the

num
erous

life
threatening

consequences
of

PC
syndrom

e,a
prom

ptm
anagem

entof
its

com
plications

is
m

andatory.

PM
im

plantation
is

recom
m

ended
in

patients
w

ith
cardiac

syncope
or

signs
of

chronotropic
incom

petence.H
earttransplantis

indicated
for

end-

stage
H

F
patients.The

lim
ited

literature
available

on
PC

syndrom
e

suggests
thatsudden

death
occurs

in
about10%

ofpatients,and
can

be
due

to

an
abrupt

advanced
heart

block
(Sternick

2006),or
to

V
F

(m
ainly

deriving
from

SV
T

degeneration)
(Sternick

2006;
M

urphy
2005;

M
aron2003;Sternick

2011;Brem
billa-Perrot

2006).H
ow

ever,the
various

PR
K

A
G

2
pathologicalprocesses

(glycogen
accum

ulation,m
assive

hypertrophy,or
cellular

apoptosis)
potentially

leading
to

ventricular
arrhythm

ias
do

notexclude
the

prim
itive

genesis
of

V
F.D

ue
to

the
sm

all

num
ber

of
events

and
to

the
lacking

of
follow

-up
data

published,
risk

stratification
for

ventricular
arrhythm

ias
rem

ains
challenging.

The

identification
of

those
patients

w
ho

could
benefit

from
IC

D
therapy

for
prim

ary
prevention

is
stillnotclear.Individualrisk

factors
should

be

evaluated:
fam

ilial
history

of
SC

D
,syncope

of
suspected

arrhythm
ic

origin,
m

agnitude
of

hypertrophy,non-sustained
V

T,or
particular

C
M

R

patterns
(E

lliott2014).EPS
can

also
have

a
potentialrole

forrisk
stratification,considering

selected
patterns

ofpre-excitation
w

ith
SV

T
and

AV

conduction
defects.A

ccording
to

these
features,an

individualand
tailored

strategy
should

be
applied

case
by

case.Finally,a
focused

fam
ilial

screening
and,w

here
appropriate,genetic

testing,representa
usefultoolfordiagnosis

and
itcan

often
have

im
plication

in
genetic

counseling
as

w
ell.



A
n

accurate
differential

diagnosis
behind

a
hypertrophic

phenotype
of

cardiom
yopathy

is
im

portant
because

of
the

different
tim

ing
of

onset,
clinicalcourse

and,som
etim

es,treatm
entstrategies

ofsarcom
eric

and
non-sarcom

eric
form

s
ofthe

disease.A
red-flags

approach
could

be
useful

to
arise

the
suspicion

of
non-sarcom

eric
form

s
of

H
C

M
.Fam

ilialscreening
and,w

here
appropriate,genetic

testing,representa
usefultoolfor

diagnosis
and

counseling.The
m

ain
therapeutic

goalis
represented

by
carefulrisk

stratification
forSC

D
.A

tthe
presenttim

e,the
m

echanism
s

by
w

hich
m

utations
in

the
PR

K
A

G
2

gene
cause

W
PW

syndrom
e

are
not

clearly
delineated.

W
hile

there
is

a
body

of
evidence

suggesting
that

PR
K

A
G

2
induces

a
glycogen

storage
phenotype

thatprecipitates
W

PW
S

and
hypertrophy,otherdata

suggests
thatsom

e
PR

K
A

G
2

m
utations

can
cause

W
PW

S
in

the
absence

ofhypertrophy.Furtherm
ore,a

data
suggests

thatsodium
channelfunction

is
affected

by
altered

A
M

PK
activity.Itis

likely
that

the
underlying

cellular
dysfunction

occurring
in

fam
ilial

W
PW

S
m

ay
involve

a
com

bination
of

glycogen
storage

and
excitability

abnorm
alities

depending
on

the
PR

K
A

G
2

m
utantin

question
and

w
hetheritisan

activating
orinactivating

m
utation.Forexam

ple,the
inactivating

m
utantR

302Q
and

the
activating

m
utantN

488I
both

cause
hypertrophy;yetthe

R
531G

activating
m

utantcauses
W

PW
S

w
ithouthypertrophy.

Therefore,itis
im

portantto
perform

furtherstudies
aim

ed
atresolving

som
e

ofthese
issues.The

notion
thatsodium

channelfunction
is

affected
by

A
M

PK
m

ay
help

explain
som

e
of

the
discrepancies

apparentin
the

currentbody
of

know
ledge

in
this

area.Further
research

is
w

arranted
in

orderto
provide

additionaldata
concerning

the
W

PW
/PR

K
A

G
2

m
utations

and
the

directinvolvem
entofsodium

channels
and

otherion
channels

in
thisfam

ilialdisease.Even
a

patientw
ith

the
classicalphenotype

m
ay

be
m

issed
because

oflack
ofphysician

aw
areness.D

iagnosisfrequently
is

notconsidered
fora

long
tim

e
w

ith
life-threatening

arrhythm
ias.Itis

very
im

portantthe
early

recognition
ofthisentity

because
these

patientshave
a

progressive
disease.

Subjecting
these

patients
to

ablation
procedures

is
fruitless

as
the

aberrant
conduction

is
due

to
sw

ollen
glycogen

accum
ulated

cardiac
m

yocytes
and

notdue
to

A
Ps.Future

possibility
forgene

therapy
forthis

serious
illness

needs
to

be
explored

in
detail.U

ntil
such

disease
reversing

therapies
are

explored,
these

patients
should

be
considered

for
early

IC
D

placem
ent

as
therapy

for
life-threatening

arrhythm
ias

and
to

preventcatastrophic
events

and
SC

D
.To

date,there
are

no
specific

guidelines
forPS.C

linicians
should

therefore
referto

the
recent2014

European
Society

ofC
ardiology

(ESC
)G

uidelines
forthe

D
iagnosis

and
M

anagem
entofH

C
M

,
keeping

in
m

ind
the

non-sarcom
eric

nature
ofPS.The

authors
propose

a
“red

flags”
based

approach
fordiagnosis

and
m

anagem
ent

according
to

PS
clinicalm

anifestations.X
ie

etal.
further

com
bine

adeno-associated
virus-9

(A
AV

9)
and

the
CR

ISPR
/C

as9
gene-editing

system
to

disrupt
the

m
utant

PR
K

A
G

2
allele

encoding
H

530R
w

hile
leaving

the
w

ild-type
allele

intact.A
single

system
ic

injection
of

A
AV

9-C
as9/sgR

N
A

at
postnatal

day
4

or
day

42
substantially

restores
the

m
orphology

and
function

of
the

heartin
H

530R
PR

K
A

G
2

transgenic
and

knock-in
m

ice.Together,this
w

ork
suggests

thatin
vivo

C
R

ISPR
/C

as9
genom

e
editing

is
an

effective
toolin

the
treatm

entof
PC

syndrom
e

and
other

dom
inantinherited

cardiac
diseases

by
selectively

disrupting
disease-causing

m
utations

(X
ie

2016).

C
onclusion and PR

K
A

G
2 m

anagem
ent 



R
ed flags for PC

 syndrom
e; the m

ore specific features are in bold

C
linicalExam

inations
R

ed Flags
H

istory
Positive fam

ilial history for cardiac hypertrophy and sudden death 
(autosom

al dom
inant inheritance)

A
ge

Young (I-IV
 decade)

EC
G

B
radycardia,short PR

 interval, delta w
ave,bundle

branch
block, very

high voltages

Echocardiogram
C

oncentric left ventricular hypertrophy

D
ynam

ic EC
G

 m
onitoring

Supraventricular arrhythm
ias,signs of chronotropic incom

petence

EPS
Evidence

ofA
Ps

O
ther

M
yalgia, epilepsy, early

onsethypertension



Suggested treatm
ent guidelines for PC

 syndrom
e. This table represents a sim

ple guide and it is not to be considered com
plete or definitive. 

Suggested follow
-up frequencies should be adapted on the basis of patient sym

ptom
s and clinical progression

C
linical feature

D
iagnosis

Proposed Treatm
ent

C
ardiom

yopathy

EC
G

 at least every 1 year
Echocardiography at baseline and every 1-2 years (depending on 
m

orphologic changes or clinical progression)
Exercise stress testing w

ith O
2 consum

ption for effort inducible 
arrhythm

ias and for prognostic assessm
ent

Serum
 B

N
P at baseline and for clinical progression

H
olter EC

G
 m

onitoring/event m
onitor to stratify the risk for sudden 

cardiac death or if sym
ptom

atic patients
C

onsider individual risk factors for SC
D

 and specific EPS patterns.
EPS
D

ynam
ic arterial pressure m

onitoring for patients w
ith hypertension

Standard heart failure treatm
ent, and 

specifically:
• appropriate fluid m

anagem
ent avoiding 

dehydration especially w
hen hypertrophy is 

m
ore severe

• prom
pt consideration for cardiac 

transplantation in those patients w
ith clinical 

progression or end-stage heart failure
Standard anti-arrhythm

ic treatm
ent

Early consideration for PM
 im

plantation
IC

D
 im

plantation
AV

 A
P ablation

H
ypertension treatm

ent avoiding dehydrating 
drugs if systolic and diastolic functions 
preserved

Skeletal m
yopathy

Specialist neurom
uscular evaluation

Physical therapy and rehabilitation
M

uscle biopsy m
ay be perform

ed for diagnostic w
orkup

G
enetic

A
ccurate fam

ilial history and PR
K

A
G

2 genetic testing for probands 
and for at-risk relatives

G
enetic screening
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