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A GENETIC INVESTIGATION INTO INHERITED VENTRICULAR ARRHYTHMIAS

Binoy Skaria

Inherited ventricular arrhythmias are important because a) it can cause sudden cardiac death
b) affected patients are often young and c) it causes great anxiety on the family members. An
understanding of the genetic factors that contribute to inherited ventricular arrhythmias may
help in risk- stratification.

This study focussed on two large Caucasian families. The proband in family A presented
with cardiac arrest secondary to a ventricular tachyarrhythmia and an abnormal ECG. Similar
ECGs were documented in 6 other members in family A, over 3 generations, and they were
further identified by electrophysiological tests to be at high risk of ventricular arrhythmias.
The proband in family B presented with syncope. There was strong family history of sudden
death and syncope. The resting ECGs were within normal limits. Electrophysiological testing
identified 3 family members to be at high risk of ventricular arrhythmias.

Standard investigations showed affected subjects to have structurally normal hearts. The
clinical characteristics did not fit with known conditions associated with sudden death in a
structurally normal heart. It was therefore hypothesised that mutations in a novel gene or
novel mutations in a previously identified gene caused the phenotype.

The aim was to exclude 8 candidate genes by genotyping and pedigree analysis. If any
gene could not be excluded, the aim was to investigate it further. If all 8 genes were excluded,
the aim was to perform a genome wide scan to identify the locus in the genome likely to
harbour the gene of interest.

DNA was available on 7 affected subjects in family A and 5 affected subjects in family B.
Following genotyping, 6 out of 8 genes were excluded. TNNT2 and RyR2, both located on the
long arm of chromosome 1, could not be excluded in family A. RyR2 and ANKB could not be
excluded in family B. TNNT2 was prioritised for mutation screening. Direct sequencing of the
coding exons of TNNT2 and the intron-exon boundaries identified sequence variations in two
subjects but did not demonstrate a common variation in all the affected subjects. In
conclusion, it is likely that the mutated gene in family A is located at lq. However, the
genetic cause for the phenotype in the two families remains unknown and further
investigations are required to identify this.
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1.1 SUDDEN CARDIAC DEATH

Sudden cardiac death (SCD) is defined as 'natural death, from cardiac causes, characterised

by abrupt loss of consciousness, within one hour of the onset of symptoms. The time and

mode of death are unexpected'1. The major mechanism leading to sudden cardiac death in

most cases is ventricular arrhythmia 2.

Due to the inconsistencies in reporting the causes of death, studies have found it difficult to

accurately estimate the incidence and prevalence of sudden cardiac death and its various

causes. Based on reported studies, figures 1 and 2 show the causes of sudden cardiac death in

the white Caucasian population3'5. If all ages are considered in a single chart, it looks similar

to figure 2.

The incidence of SCD in England in people aged 16-64 years is estimated at 11 per 100,000

(3,500 deaths) per year 6. Sudden Arrhythmic Death Syndrome (SADS) is a subset of SCD,

when a cardiac pathologist can find no evidence of cardiac disease and the toxicology screen

is negative. A survey in England estimated the annual death rate for Sudden Arrhythmic

Death Syndrome (SADS) in white Caucasians aged 4 to 64 years as 0.16 per 100,000 per

annum7.

In inherited conditions leading to sudden cardiac death, presymptomatic diagnosis is

sometimes possible. Both drug therapy and implantation of cardioverter defibrillators have

reduced morbidity and mortality in various patient subgroups at high risk of ventricular

arrhythmias8.
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• HCM

• coronary anomalies

D ruptured aorta

• CAD

• unexplained

• ion channelopathies

Figure 1 Causes of sudden cardiac death in those aged <35 years

The major causes of sudden cardiac death in those aged <35 years are HCM (hypertrophic

cardiomyopathy), ion channelopathies, coronary anomalies, CAD (coronary artery disease),

ruptured aorta and unexplained causes.

v j
HCAD

• HCM

• Valvular heart disease

• Ion channelopathies

• unexplained

Figure 2 Causes of sudden cardiac death in those aged >35 years

The major cause of sudden cardiac death in those aged > 35 years is coronary artery disease

(CAD). HCM (hypertrophic cardomyopathy), valvular heart disease, ion channelopathies and

unexplained causes account for the rest.
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1.1.1 Coronary artery disease

Coronary artery disease (CAD) is characterized by accumulation of atheromatous plaques

within the coronary arteries. Plaque rupture 9 and thrombus formation in the coronary arteries

may lead to myocardial ischaemia or myocardial infarction which can induce ventricular

arrhythmias and cause sudden death 10. The major risk factors for developing coronary artery

disease include male sex, age, ethnicity, family history of coronary artery disease, smoking,

diabetes mellitus and dyslipidemia11. CAD can also lead to heart failure which in turn can

cause sudden cardiac death n.

1.1.2 Ion channelopathies

Ion channelopathies are also called primary electrical abnormalities and cause ventricular

arrhythmias in a structurally normal heart. Long QT syndrome (LQTS) is the most well

known ion channelopathy. The other main cardiac ion channelopathies are Short QT

syndrome (SQTS), Brugada syndrome and Catecholaminergic ventricular tachycardia

(CPVT) 13. SQTS is a potassium channelopathy where the QT interval is shorter than 300 ms,

leading to repolarisation abnormalities and ventricular arrhythmias. Brugada syndrome is a

sodium channelopathy with characteristic ECG changes and high risk of ventricular

arrhythmias and sudden death. CPVT is a calcium channelopathy which can lead to

ventricular arrhythmias. These conditions have monogenic transmission in an autosomal

dominant manner in the majority of cases'4.Abnormalities in the repolarisation phase of the

cardiac action potential can lead to cardiac arrhythmias like ventricular tachycardia (VT).

When VT is sustained it can cause hemodynamic compromise and lead to syncope and when

it degenerates into ventricular fibrillation (VF), cardiac arrest occurs.
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1.1.3 Cardiomvopathies

Cardiomyopathies are disorders of the cardiac muscle. They can be inherited or acquired and

can lead to ventricular arrhythmias and sudden death. The main types of cardiomyopathies are

1) hypertrophic cardiomyopathy (HCM) 15 where the walls of the ventricles may become

abnormally thick 2) dilated cardiomyopathy (CMD) 16 where the ventricles are enlarged and

pump less efficiently and 3) arrhythmogenic right ventricular cardiomyopathy (ARVC) where

the ventricle, usually the right, becomes thin, because of fibrofatty deposition.

1.1.4 Other causes of SCD

Congenital heart diseases can cause secondary pulmonary hypertension (Eisenmenger

syndrome) and heart failure, leading to ventricular arrhythmias and SCD17. Electrolyte

abnormalities can lead to ventricular arrhythmias and sudden cardiac death especially in

debilitated patients. Coronary artery anomalies like congenital lesions, coronary artery

embolism, coronary arteritis and mechanical abnormalities of the coronary artery, can cause

sudden cardiac death. Myocarditis often caused by viral infection can lead to cardiac

dysfunction and ventricular arrhythmias. Connective tissue diseases like Marfan's syndrome

can lead to aortic dissection or aneurysmal rupture and sudden death18. Aortic stenosis can

cause sudden death as its first symptom. Other valvular diseases like aortic regurgitation and

mitral stenosis can also lead to progressive cardiac dysfunction and sudden death. In

conditions like Wolff-Parkinson-White syndrome, there is an accessory pathway in addition

to the normal conducting pathways within the heart. Atrial arrhythmias like atrial fibrillation

which is normally not life threatening on its own, can conduct down to the ventricles via the

accessory pathway and lead to ventricular fibrillation and sudden death. Medications can lead

to anaphylactic reaction. They can also cause prolonged QT intervals. Both these mechanisms

can lead to sudden cardiac death. Pulmonary embolism can cause sudden death especially in

people who have risk factors for thromboembolism including immobility, smoking, positive

family history of thromboembolism, malignancy and hypercoagulable states. Table 1

summarises these conditions and the mechanisms by which they cause sudden cardiac death.
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Condition

Congenital heart disease

Electrolyte abnormalities

Anomalous coronary arteries

Myocarditis

Connective tissue diseases- Marfan's

syndrome

Valvular heart disease

Mitral valve prolapse

Wolff-Parkinson-White Syndrome

Medications

Pulmonary emboli

Mechanism causing SCD

Heart failure & arrhythmias

Arrhythmias

Myocardial infarction or

arrhythmias

Heart failure and arrhythmias

Aortic rupture

Arrhythmias and Heart failure

Arrhythmias and heart failure

Arrhythmias

Arrhythmias

Obstruction of the pulmonary

arteries

Reference

17

iy

2U

21

18

22

2'i

24

25

26

Table 1 Other causes of sudden death in the general population
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1.2 ECG CHARACTERISTICS

1.2.1 Normal ECG

The standard 12 lead ECG is a representation of the heart's electrical activity recorded from

electrodes on the body surface. Figure 3 denotes a normal ECG. The sinoatrial nodal (SAN)

cells of the right atrium normally act as a pacemaker and initiates the electrical impulse which

is then conveyed to all atrial myocytes because the cells are coupled via intercellular gap

junctions producing coordinated depolarisation and contraction. Atrial depolarisation is

reflected on the ECG as the P wave. The impulse is conveyed to the AV node and then to the

bundle branches and to the Purkinje fibres, which allow for orderly ventricular depolarisation,

which is observed on the ECG as the QRS complex. Repolarisation of the ventricles, which is

a return to negative resting membrane potential, is reflected on the ECG by the ST segment

and T wave.
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I

Figure 3 Normal ECG

Time (msec)

The P wave represents the activation (depolarisation) of the right and left atria. The QRS

complex represents the activation (depolarisation) of the ventricles. The ST segment &T wave

represent ventricular repolarisation. PR interval indicates the time interval from the onset of

atrial depolarisation to the onset of ventricular depolarisation. The QRS duration indicates the

duration of ventricular depolarisation alone. The QT interval represents the duration of

ventricular depolarisation and repolarisation.
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1.2.2 ECG in LQTS

The QT interval is often measured in lead V2 from the onset of the QRS complex to the end

of T wave, defined as the intersection of isoelectric line and the tangent of the maximal

downward limb of the T wave 27. A typical ECG in LQTS is shown in figure 4.

The QT interval is the total time required for depolarisation and repolarisation to occur and a

prolonged QT interval indicates prolonged action potential duration at the cellular level.

Males with QT interval above 440 milliseconds (ms) and females with QT interval above 460

ms when corrected to heart rate (QTc) [QTc = QT/ (V R-R interval)] are considered to have

prolonged QT intervals28 About 30% of patients with genetically proven LQTS have a normal

QTc 29.In addition to genetic causes of LQTS, acquired conditions like drugs, electrolyte

imbalance and hypothermia lead to LQTS. Several different genes have been described,

which, when mutated, lead to LQTS. Depending on the gene, LQTS is classified as LQT1,

LQT2, LQT3, LQT4, LQT5 and LQT6. There appears to be a genotype / phenotype

relationship in that certain gene mutations produce characteristic ECG patterns (figure 5). The

prolonged QT interval can lead to ventricular arrhythmias (figure 6).
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Figure 4 ECG in LQTS

12 lead ECG in a patient with LQTS. QT is 520 ms. RR interval is 0.8 s

Therefore corrected QT interval, QTc= QT/V(RR interval)=584 ms. The arrow shows a magnified view of one of the 12 leads

showing QT prolongation.
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Figure 5 ECG patterns in LQT syndrome

Gene specific ECG patterns exist that may help to differentiate LQT1, LQT2 and LQT3

patients. Figure shows early onset of broad based T waves with long T wave duration in

LQT1, low amplitude and often notched T wave in LQT2 and late onset T wave with normal

duration and amplitude in LQT3.
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1.2.3 ECG in SQTS

The ECG in SQTS shows a short QT interval (<300ms) and often the T waves appear peaked.

These changes are illustrated in figure 7. In SQTS, the QT interval variability with heart rate,

is much less pronounced than in normal individuals.
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QTc=280ms QTc=220 ms QTc=260ms

Figure 6 ECG in Short QT syndrome

A single lead (V2) ECG shows the features of short QT syndrome (short QT interval, and peaked T waves) in members A,

B & C from the same family ( Gaita et al Circulation, August 18, 2003).
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1.2.4 ECG in Bruqada syndrome

The ECG in Brugada syndrome characteristically shows features of right bundle branch block

(RBBB) and ST segment elevation in the right precordial leads VI- V3 30. Three variants of

the repolarisation pattern in leads VI-V3 are known. Type 1 is diagnostic of Brugada

syndrome and has convex (coved) ST elevation of > 2mm followed by a negative T wave.

Type 2 has a saddleback appearance with a high takeoff ST-segment elevation, with a trough

showing at least 1 mm ST elevation, followed by a positive or biphasic T wave. Type 3 has

either a saddleback or coved appearance with the ST segment elevated <lmm31. Type 2 and

type 3 ECGs are not diagnostic of the Brugada syndrome. Following administration of a

sodium channel blocking agent, if a type 2 or type 3 ECG changes to a type 1 ECG, it is

diagnostic of Brugada syndrome. A 12 lead ECG with type 2 changes is shown in figure 8.

The characteristic features of the three types of ECG changes are illustrated in figure 9. The

ECG pattern may change over time and a random ECG can be normal.
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Figure 7 ECG showing type 2 changes of Brugada syndrome

Figure shows a 12 lead ECG with features of concave ST elevation in V2 and V3, >lmm

(type 2 changes, shown with black arrows) and RBBB pattern (shown with red arrows).
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Figure 8 Repolarisation abnormalities in ECGs in Brugada syndrome

In type 1 pattern, the ST segment elevation is convex >2mm followed by a negative T wave.

In type 2 pattern, the ST segment elevation has a saddleback appearance and is >lmm. In type

3 pattern, the ST segment is elevated <lmm ( A.A.M.Wilde et al, Proposed diagnostic criteria

for the Brugada syndrome, European Heart Journal, 2002, 23, 1648, by permission of Oxford

University Press).
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1.2.5 ECG in CPVT

In CPVT, the ECG at rest may be normal, but during exercise or emotion, ventricular

tachycardia with right bundle branch morphology can occur. Also the QRS axis can

demonstrate a beat-to-beat variation (figure 10). The QT interval is normal at rest and on

exercise.

32



Figure 9 ECG in Catecholaminergic polymorphic ventricular tachycardia

Ventricular tachycardia with right bundle branch (RBBB) morphology (M pattern in VI) and

beat- to- beat alternating QRS axis (arrowed in V5) is shown (Ngai-Shing Mok et al, Chinese

Medical Journal 2006, Vol.119 No.24, 2130, by permission).
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1.2.6 ECG in hypertrophic cardiomyopathv

In hypertrophic cardiomyopathy, the ECG can show features of left ventricular hypertrophy.

Classically this includes tall R waves in leads V5 and V6 and tall S waves in VI and V2. T

wave inversion and ST segment depression may be seen, which again is due to the voltage

changes caused by the cardiac hypertrophy (figure 11).

The basic mechanism responsible for ST segment depression is an abnormality in the current

flow in the subendocardial region32. ST depression can be - a) upward sloping b) planar c)

sagging and d) downward sloping. Of these, downward sloping ST depression is

pathologically the most significant. Although abnormalities in ST segments and T waves are

most commonly seen in coronary artery disease, they may be abnormal in left ventricular

hypertrophy where there is left ventricular systolic overload and the hypertrophied left

ventricle is under strain because of relative left ventricular ischemia.
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Figure 10 ECG in hypertrophic cardiomyopathy

Typical ECG in hypertrophic cardiomyopathy shows features of left ventricular hypertrophy (LVH) -tall R waves in I, V4 & V5 (

shown with red arrows) and deep S wave in VI (shown with blue arrow) and deep T wave inversion in most leads (shown with

black arrows).
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1.2.7 ECGinARVC

The resting ECG may be normal or it may show non-specific T wave inversion and epsilon

waves. Epsilon waves represent late potentials resulting from late activation of myocytes in

the right ventricle. In ARVC, myocytes are replaced with fat, producing islands of the viable

myocytes surrounded by fat. This causes a delay in excitation of some of the myocytes of the

right ventricle and causes the small delayed activity during the ST segment of the ECG33.

They are best seen in leads Vi and V2.

These ECG features in ARVC are demonstrated in figure 12.
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Ill aVF

Rhythm [ II ] 10 mm/mV

Figure 11 ECG in ARVC

12 lead ECG in a patient with ARVC showing T wave inversion in leads III, VI-V4 and

epsilon waves in leads VI & V2 (shown with arrows).
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1.3 ION CHANNELOPATHIES

Ion channels are pore-forming proteins through which ions move in and out of cells. Diseases

caused by mutations in genes that encode ion channel subunits or regulatory proteins that

contribute to cardiac action potential currents or the process of excitation- contraction

coupling are referred to as ion channelopathies. They are an important cause of sudden

cardiac death and can be classified as potassium, sodium and calcium channelopathies.
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1.3.1 Cardiac action potential

The cardiac action potential characteristics are variable within the heart in keeping with the

specific electrical characteristics of the different types of cells. The cardiac action potential in

the ventricular myocyte consists of five phases (Phases 0-4)34 (figure 13). Phase 0 is the rapid

depolarisation which is due to rapid activation of voltage gated Na channels and lead to

inward movement of sodium ions. During phase 1 (early or partial repolarisation) the Na

channels close and Ito (transient outward channel) opens. Phase 2 (prolonged depolarisation

or plateau phase), is the result of slowly decreasing inward Ca2+ (mainly via L-type calcium

channels) and increasing outward potassium currents. This phase is especially long in

ventricular myoctyes and Purkinje fibres (Purkinje fibres are specialised fibres, just beneath

the endocardium, which can rapidly conduct impulses). The sodium channels enter a non-

conducting inactivated state during the plateau phase. The net current during the plateau phase

is small and therefore, small changes in ion current during this phase can have a major impact

on action potential duration and the ECG during this phase is at baseline. Phase 3 (rapid

repolarisation) occurs due to activation of outward K currents (Ikr and Iks). At this stage, the

outward currents are more than the inward currents. In a ventricular myocyte, phase 4 is the

resting membrane potential and describes the membrane potential when the cell is not being

stimulated. Once the ventricular myocyte is electrically stimulated (typically by an electric

current from an adjacent cell), it begins a sequence of actions involving the movement of ions

across the ion channels to produce the action potential of the cell. The adjacent cells are then

electrically stimulated. Table 2 summarises the mechanism for each phase of the cardiac

action potential.

39



+10 -

Voltage
(mV)

-90-

Phase 1

Phase 2

Phase

Phase 3

100
Time (ms)'

200 300

Figure 12 The action potential of a cardiac ventricular myocyte

Figure shows phases of the cardiac action potential of a ventricular myocyte- phase 0- rapid

depolarisation, phase 1- early repolarisation, phase 2- plateau phase, phase 3- rapid

repolarisation and phase 4- slow diastolic depolarisation.

Phase

0

1

2

3

4

Name of phase

Rapid depolarisation

Early repolarisation

Plateau

Rapid repolarisation

Slow diastolic

depolarisation

Mechanism

Rapid activation of voltage gated sodium channels

Inactivation of Na channels & activation of transient outward K

current (Ito)

Slowly decreasing inward calcium currents & increasing outward

potassium currents (Ikr & Iks)

Outward potassium currents (Ikr, Iks) and inward rectifier

potassium current (Iki)

Automaticity

Table 2 Mechanisms underlying phases of the cardiac action potential

The table shows the mechanisms responsible for each phase of the action potential.
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1.3.2 Mechanisms of arrhythmia

When repolarisation is delayed (as manifested by a prolonged QT interval on the ECG), there

is dispersion of refractoriness throughout the myocardium which can lead to unidirectional

block of electrical excitation. The arrhythmia is then triggered by spontaneous secondary

depolarisations (early after-depolarisations) due to reactivation of calcium channels during the

late repolarisation phase.

When the sympathetic nervous system is activated, the inward currents carried by the calcium

channels can increase, and increase the chance of early after-depolarisations, which can then

trigger an arrhythmia. Once the arrhythmia is triggered, it can form a circuit by passing

through relatively inexcitable tissue (re-entry phenomenon). The development of multiple re-

entrant circuits within the heart can lead to ventricular fibrillation and sudden cardiac death.
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1.3.3 Cardiac Potassium channels

The potassium (K+) channels in the heart help to maintain the resting membrane potential,

modulate action potential duration and determine pacemaker activity 35. K+ channels can be

functionally classified as a) voltage gated channels and b) inward rectifying channels. The

cardiac K+ channels are formed by the assembly of 4 principal subunits with auxiliary

subunits (figure 15).

The a-subunit of a voltage gated potassium channel has six membrane spanning domains (Sl-

S6), a voltage sensor (S4) and a pore sequence between S5 & S6. The a-subunit of an inward

rectifying potassium channel has two membrane spanning domains Ml and M2 (figure 14).

Cardiac potassium channels are formed by the assembly of four voltage gated or inward

rectifier pore forming a-subunits with accessory p- subunits and regulatory proteins36(figure

15). Iks and Ikr are examples of cardiac voltage gated potassium channels. Iks conducts the

slowly activating delayed rectifier potassium current in the heart and Ikr conducts the rapidly

activating delayed rectifier potassium current. Iks is formed by four KvLQTl a-subunits

(encoded by KCNQ1) assembling with MinK (P- subunits encoded by KCNE1). Ikr is formed

by four HERG (KCNH2) a-subunits (encoded by KCNH2) assembling with MiRPl (0-

subunit encoded by KCNE2) (figure 15). Mutations in KCNQ1, KCNE1, KCNH2 or KCNE2

can lead to reduction in Iks or Ikr and prolong repolarisation 37 which in turn prolongs QT

interval and predisposes the heart to ventricular arrhythmias.

42



Voltage Gated Potassium Channel

Extracellular

Fig:14(a)

mm mm
imraceiiuiar

Fig:14(b)

Figure 13 Structure of the a-subunit of potassium channels

Figure 14(a) shows the a-subunit of a voltage gated potassium channel with six

transmembrane segments (S1-S6). Segment S4 of the voltage gated channel acts as the

voltage sensor and has + signs marked on it. The pore (P) sequence is located between S5 &

S6. Figure 14(b) shows the a-subunit of the inward rectifying potassium channel with 2

transmembrane segments (Ml & M2) and an intervening pore forming domain. N and C

denote the amino and carboxy terminals of the polypeptide chain. Four such a-subunits

assemble with the auxiliary subunit to form the functional potassium channel.
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Figure 14 General structure of cardiac potassium channels

Four principal (a) subunits in association with the auxiliary (P) subunit form the functional

cardiac potassium channel. For example, Iks and Ikr are voltage gated potassium channels.

Four KvLQTl (a-subunits) with MinK (P-subunit) form Iks channel.

Four HERG (a-subunits) with MiRPl (P-subunit) form Ikr channel.
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1.3.4 Potassium channelopathies

Mutations in the genes which encode the a-subunits of the voltage gated potassium channels

{KCNQl and KCNH2) account for the majority of the potassium channelopathies. Mutations

in genes which code for the potassium channel |3- subunits {KCNEl and KCNE2) and

mutations in KCNJ2 which encodes the inward rectifier potassium channel a-subunit account

for less than 1% of the total cases of the cardiac potassium channelopathies. The various

potassium channelopathies are described below and their genetic aspects are summarised in

table 4.

The disorders are transmitted with variable penetrance and expressivity. (Penetrance is the

frequency with which a specific phenotype is expressed by those subjects with a specific

genotype and expressivity is defined as the severity of the phenotype). For example, LQTS

has a penetrance of only 25%29.

1.3.4.1 LQTS

LQTS can be congenital or acquired. Congenital LQTS can be transmitted in an autosomal

dominant or autosomal recessive manner. The autosomal dominant form of LQTS is also

known as Romano Ward syndrome. Mutations in one of 3 different genes account for the

majority of cases of congenital LQTS (LQT1, LQT2 & LQT3). The autosomal recessive form

of LQTS is also called as Jervell- Lange-Nielsen syndrome (JLNS). Patients affected with

JLNS are homozygous for mutations in either KCNQl3gor KCNEl39, which leads to loss of

Iks and prolonged QT interval. Since Iks is important for the proper functioning of hair cells

in the inner ear, these patients have associated deafness40.
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LQT1

KCNQl encodes the a (pore-forming) subunit, that co-assembles with minK- the P subunit to

form the channel responsible for the Iks (slow component of the delayed rectifier) current.

Mutations in KCNQl can lead to decrease in the repolarising Iks current and cause

prolongation of ventricular repolarisation and lengthening of the QT interval (LQT1)

(OMIM# 192500). Exercise 28, swimming and conditions with increased sympathetic activity

may precipitate cardiac arrhythmias in subjects with LQT1 syndrome41. The structure of

KCNQl is illustrated in figure 16.
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Figure shows the 6 transmembrane segments of the potassium channel subunit, dysfunction of

which leads to LQT1. The polypeptide chain has 676 aminoacids; N and C denote the amino

and carboxy terminals.
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