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Populärventenskaplig Sammanfattning 

Nära hjärtat - nytt tredimensionellt EKG för diagnostiken närmare 
hjärtat, för att rädda barns liv 
Vi har alla hört talas om den där vännen, familjemedlemmen, ungen i kvarteret eller 
sportstjärnan som plötsligt föll död ner på en basketplan, fotbollsplan, löparbana 
eller under något annat idrottsevenemang. Den som är frisk som en nötkärna, med 
fina stipendier och stora drömmar hägrandes vid horisonten. Som sedan plötsligt 
kollapsar, död, ner på marken på grund av plötslig hjärtdöd. 

Plötslig hjärtdöd skall inte nonchaleras. Det kan hända vem som helst - även de där 
idrottarna som ser så friska ut. Den vanligaste orsaken till att dessa människor dör 
är kardiomyopati (en avvikande förtjockning eller uttänjning av hjärtat, som finns 
hos färre än en av 500 personer). Det kan också bero på att personen har en 
avvikande hjärtrytm (arytmi). Bara hos 50 % av dem som har någon av dessa 
sjukdomar upptäcks dessa vid rutinmässig screening. Med den låga sannolikheten 
för att dessa farliga sjukdomar identifieras, används rutinmässig screening med 
elektrokardiogram (EKG, ett 200-kronorstest där en uppsättning elektroder visar 
hjärtats elektriska impulser) inte av vare sig skolor eller vårdcentraler, och 
rekommenderas heller inte av the American Heart Association (AHA). 

Elektrokardiogrammet visar överföringen av elektriska impulser via hjärtats 
muskelfibrer. Dock ses och avläses detta av de flesta kardiologer (hjärtdoktorer) 
oftast i endast två dimensioner. Liksom TV-spelet Mario Bros eller andra spel visar 
mycket mer information i 3D, kan man se mycket mer av hjärtat om man tittar på 
dess elektricitet också i en tredje dimension. Hjärtats elektriska impulser hos 
patienter som plötsligt dör av hjärtattacker har undersökts i tre dimensioner under 
flera år års tid nu. Samtidigt är det endast nyligen som man har börjat göra detta 
även med personer som riskerar att dö plötsligt på grund av kardiomyopati eller en 
avvikande hjärtrytm. Användning av tredimensionellt EKG har hjälpt oss att avgöra 
vem som riskerar att få en förtjockning eller uttänjning av hjärtat, vem som kommer 
att utveckla arytmier samt vem som riskerar att dö en plötslig död. I stora grupper 
med personer som har dessa sjukdomar, har tredimensionellt EKG jämförts med the 
golden standard - hjärtultraljud (ekokardiogram, 10000 kronor per test). Detta i 
syfte att jämföra hur väl det kan diagnosticera kardiomyopati hos idrottare i 
Kalifornien.  

Om användning av tredimensionellt EKG visar sig vara lika effektivt som 
ekokardiogram, kan det förändra hur vi screenar idrottare eller unga människor som 
är i riskzonen för att få dessa dödliga sjukdomar. Hittills visar forskningen att när 
en tredje dimension inkluderas, kan EKG upptäcka såväl kardiomyopati som 
eventuell risk för arytmier (något som ekokardiogram inte kan identifiera särskilt 
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väl). Som en konsekvens av detta kan fler personer som löper stor risk att drabbas 
av plötslig hjärtdöd identifieras genom användning av EKG. 

Endast tiden kan avgöra huruvida the European Society of Cardiology inför en 
rekommendation att använda tredimensionellt EKG. Hittills har det visat lovande 
resultat - det ser ut som att det en dag kan komma att användas för att för att 
identifiera huruvida en patient löper risk att drabbas av arytmi, samt för att 
underlätta tidigare behandling eller att förhindra att du får svårare komplikationer 
av sjukdomen. 
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Abbreviations: 
ACA: Aborted cardiac arrest 

AF:  Atrial fibrillation 

ARVD/C: Arrhythmogenic right ventricular cardiomyopathy/dysplasia 

ECG:  Electrocardiography 

HR: Hazard ratio 

ICD: Implantable cardioverter defibrillator 

LQTSD: Long QT-related sudden death  

LQTS:  Long QT syndrome 

LQT2:  Long QT type 2 

MD:  Medical Doctorate 

MRI: Magnetic resonance imaging 

Mm: millimeter 

ms: milliseconds 

mV: millivolt 

Pd: P-wave duration

PhD:  Doctor of Philosophy

PVM:  P-wave vector magnitude

QRSd:     QRS duration

QRSVM:  QRS vector magnitude

QTc: corrected QT duration

RBBB: Right bundle branch block

SAECG: Signal average electrocardiogram

SPQRS-T angle:    Spatial peaks QRS-T angle 

TAD:  Terminal activation delay 

TwVM:   T-wave vector magnitude

VA:  ventricular arrhythmias

VCG:   Vectorcardiography
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Introduction 

Vectorcardiography 
Most people are familiar with the 12-lead electrocardiogram. Vectorcardiography, 
however, is similar but gives us a way of assessing the electrocardiogram in 3-
dimensional space. It was first described in 1934 by Wilson through a 
communication describing the method of analysis on an electrocardiogram to yield 
more information than had been previously described (1). The concept described by 
Wilson was the ventricular gradient and was barely understood by clinicians and 
only understood by some researchers. This concept of the ventricular gradient and 
concepts related were further developed in the 1950’s which lead to development of 
the understanding of repolarization and depolarization concepts in routine 
electrocardiographic (ECG) tracings (2-3). This basis of the ventricular gradient 
stems from overall concept of electromotive force, which is the difference in 
electrical potential that gives rise to a current (4). Electromotive force can be 
demonstrated visually by drawing an arrow with the length of the arrow proportional 
to the magnitude of the force in a particular direction (Figure 1). The body itself is 
a volume conductor with an irregular limiting boundary surface with the thorax of 
which a large portion is taken up by the heart, having multiple electromotive forces 
generated simultaneously. Thus, any electrical tracing represents an approximation, 
typically of the largest forces at that particular time of measure (4). However, the 
maximum deflection of the vectors of depolarization and repolarization can be seen 
visually and represented in 3-dimensional space by the vectorcardiogram (1). Each 
lead representing the X, Y and Z planes of 3-dimenstional space, are called 
orthogonal leads. Each orthogonal lead should be mutually perpendicular to the 
other leads for each point in the heart and each should retain the same magnitude 
and direction for all points where electromotive forces are generated (4). 

The vectors representing the electromotive forces at any instantaneous time may 
have a different direction during each phase of the cardiac cycle, which include atrial 
depolarization, atrial repolarization, ventricular depolarization, and ventricular 
repolarization. Typically, atrial repolarization (the tau wave) is not well visualized 
due to significant overlap with ventricular depolarization, thus clinically it is not 
very practical to try to measure the tau wave in those with intact atrioventricular 
conduction. Thus, we will focus on the vectorcardiograms representing atrial 
depolarization (represented by the P-wave on the electrocardiogram (ECG). The 
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ventricular depolarization (represented by the QRS-wave on ECG), and the 
ventricular repolarization (represented by the T-wave on ECG) will also be 
discussed. For each complex represented on the ECG (P, QRS and T-waves), a 
vectorcardiogram can be drawn for depolarization/repolarization direction in space 
and magnitude at each particular time occurrence of the depolarization/ 
repolarization. The maximum deflection from the origin of the electrical signal (first 
atrial or ventricular myocardium depolarized, ie. the superior aspect of the left 
ventricular septum for initiation of ventricular depolarization) can be demonstrated 
by a vector that passes through this point from the origin, with the length of the 
vector representing the maximum voltage deviation from the origin. This maximum 
vector voltage deviation from the origin, in a particular direction, can be called a 
vector maximum, which has its own inherent magnitude, measured in millivolts 
(mV) (4).  

Figure 1: P-wave, QRS and T-wave vector magnitudes. 

Although, the vector maxima, have a direction and magnitude, they can each be 
reported separately, including the P-wave vector maximum (Pvm), the QRS vector 
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maximum (QRSVM) and the T-wave vector maximum (TwVM). The magnitude of 
the each of the maximum vectors can change based on increased size of atria or 
ventricles with increasing size or with increased scar burden typically causing 
change in global vector direction and lower maximum deflection from the origin of 
the magnitude of the depolarization or repolarization magnitudes (4). The loop for 
the P-wave during the atrial depolarization is usually mostly located in the left 
infero-posterior quadrant with Pvm of around 0.20mV (4). The loop for the QRS-
wave during depolarization typically is located mostly in the left infero-posterior 
quadrant with QRSVM of around 1.95 millivolts (mV), whereas the T-wave loop 
typically is mostly located in the left infero-anterior quadrant with TwVM of close 
to 0.76mV in adults (4). An angle can be calculated between the vector maxima, 
called the spatial peaks QRS-T angle (SPQRS-T angle), which can be calculated 
utilizing a transform by assessing the heights of the maximum deflection of the QRS 
and T-waves in lead I, II, V1-V6 (Figure 2).   

 

Figure 2: QRS-T components in calculation of the spatial QRS-T angle using Kors’ regression-related method.  
 

The magnitude of the QRSVM can also be affected by left ventricular hypertrophy, 
which can cause an increase in the magnitude and change in direction of this 
maximum vector, especially in the setting of asymmetric left ventricular 
hypertrophy and as compared by an angle between the QRS and T-wave maximum 
vectors, again, called the spatial peaks QRS-T angle (4,5,6).  The spatial QRS-T 
angle can be viewed as a way to quantify the difference between a shift in the 
maximum QRS axis compared to a shift in the maximum T-wave axis, thus allowing 
one to assess early changes in either the QRS or T-wave axes, prior to more obvious 
changes such as T-wave inversions (4). For example, in someone with asymmetric 
left ventricular hypertrophy, the depolarization vector may shift to a more septal 
position, prior to T-wave vector shift as exemplified in Figure 3.  
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Figure 3: Change in depolarization and repolarization vectors in the normal heart and hypertrophic cardiomyopathy.  

Variability of the T-wave amplitude has been associated with dilated 
cardiomyopathy and events in this patient population, while data is scant regarding 
predictive value of the TwVM (7). In paediatric patients, a lower TwVM was 
associated with Kawasaki disease compared to control patients who had higher 
TwVM values (8). 

Table 1: Spatial QRS-T angle calculation based on the Kors’ regression-related formula.  

RMSQRS = QRS 
vector magnitude 
(QRSVM) 

√(QRSX2+QRSY2+QRSZ2) 

RMST = T-wave 
vector magnitude 
(TwVM) 

√(TX2+TY2+TZ2) 

SPQRS-T angle 
(peaks) 

cosign-1[(QRSX*TX_QRSY*TY+QRSZ*TZ)/(RMSQRS*RMST)] 

QRSX 0.38*QRSI-0.07*QRSII-0.13*QRSV1+0.05*QRSV2-0.01QRSV3+0.14*QRSV4 

+0.06*QRSV5+0.54*QRSV6 
QRSY 0.07*QRSI+0.93*QRSII+0.06QRSV1-0.02*QRSV2-0.05*QRSV3+0.06*QRSV4-

0.17*QRSV5+0.13*QRSV6 

QRSZ 0.11*QRSI-0.23*QRSII-0.43*QRSV1-0.06*QRSV2-0.14*QRSV3-0.20*QRSV4-0.11*QRSV5-
0.31QRSV6 

TX 0.38*TI-0.07*TII-0.13*TV1+0.05TV20.01TV3+0.14*TV4+0.06*TV5+0.54*TV6 

TY 0.07*TI +0.93*TII+0.06TV1-0.02*TV2-0.05*TV3+0.06*TV4-0.17*TV5+0.13*TV6 

Tz 0.11*TI -0.23*TII-0.43*TV1-0.06*TV2-0.14*TV3-0.20*TV4-0.11*TV5-0.31TV6 
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Arrhythmogenesis and vectorcardiography 

Atrial abnormality: Atrial fibrillation 
Atrial fibrillation (AF) is an irregularly irregular atrial rhythm with atrial impulses 
between 350 and 600 beats per minute and tends to exhibit irregular ventricular 
responses with fine or course atrial “f” waves in lead V1, as demonstrated in Figure 
4 (9). The two most common mechanisms include cause by unifocal/multifocal 
rapidly discharging foci or by single or multiple re-entry wavelets (10,11, 12).  

 

Figure 4: example of atrial fibrillation, note irregularly irregular QRS intervals and F-waves 

Figure 5A-C demonstrates different possible mechanisms for atrial fibrillation. One 
fairly acceptable mechanism for persistence of wavelet re-entry suggests that 
increase in ryanodine expression and single channel open-probability increase risk 
of sarcoplasmic reticulum Ca2+-release events, causing delayed after 
depolarizations (similar to an R on T phenomenon but P on Tau in the case of atrial 
cells), as well as triggered events which may lead to paroxysmal atrial fibrillation 
(13).  
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Figure 5: A-multiple wave re-entry, B-single ectopic focus, C-single wave re-entry 

Atrial dilation, increase ventricular diastolic pressures and increased scar burden, can 
increase heterogeneity of atrial repolarization which can increase the probability of 
atrial delayed after depolarization (premature depolarization on phase 3 of the atrial 
action potential, Figure 6B). Furthermore, patients with sinus node disease can also 
have an increased burden of ectopic atrial beats, thus worsening atrial fibrillation as 
well (Figure 5A shows sinus node action potential, whereas Figure 5B is a typical 
atrial myocardial cell action potential). Electrical remodelling which can cause the 
above changes in the atrium, can also be caused by repetitive or incessant episodes 
of atrial fibrillation, and atrial fibrillation can beget further atrial fibrillation. Thus, 
treatment of atrial fibrillation can prevent further atrial fibrillation.  

Figure 6 A:Sinus node/pacemaker cell, B: Atrial myocardium, C: Ventricular action potential, 0-4 represent phases of 
the ventricular action potential mediated by the SCN5A (sodium voltage-gated channel alpha subunit 5, phase 0), ITO 
(transient outward potassium current, phase 1), ICA (L-type calcium channel, phase 2), IKr (rapid delayed rectifier, 
KCNH2, phase 2,3) and Iks (slow delayed rectifier, KCNH1, phase 3) cellular ion-channels. action potential  

Stroke and atrial fibrillation. 
AF is a known risk factor for ischemic stroke with a high prevalence noted in these 
patients (14). Furthermore, the impact of ischemic stroke on the risk of subsequent 
development of AF is only beginning to become clear (15,16) with up to 90% of 
patients with ischemic strokes demonstrating ECG diagnosis of atrial fibrillation at 
a median follow-up of 35 days after diagnosis of stroke (3). However, given 
increased risk of repeat stroke and importance of decision to start preventative 
anticoagulation, ability to predict atrial fibrillation and thus start earlier treatment is 
of utmost importance. 
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12-lead ECG and atrial fibrillation 
Atrial substrate leading to atrial fibrillation which can involve enlarged atrial, 
scarred atria or an atrium capable of multiple or one ectopic focus, can lead to 
changes which might be reflective on the 12-lead electrocardiogram. Most of the 
focus has been on identifying changes which can lead to atrial fibrillation with 
assessment at the P-wave regarding its duration, morphology, and irregularity in 
particular ECG leads (17-19).  

P-wave duration has been assessed in a large population of patients 60 years and 
older, as a sub-study of the Framingham Heart Study (17). This unfortunately, was 
not a significant predictor of atrial fibrillation nor mortality outcomes, except when 
very extreme (top 5%) prolonged P-wave durations were assessed (17). One recent 
association found, was that of stroke and advanced intra-atrial block (18). Intra-
atrial block is defined as a delay of conduction which occurs over the Bachmann 
bundle and the left atrium which is depolarized by retrograde activation via muscle 
connections near the coronary sinus (18). This is seen as P-wave duration of at least 
120ms with biphasic (positive-negative) morphology in leads II, III and aVF or 
biphasic (positive negative) morphology in leads III and aVF and with a notched P-
wave in lead II, and which was recently associated with incident stroke risk as an 
independent risk factor and independent of atrial fibrillation burden (18). Please see 
Figure 7 for example of normal and inter-atrial block depolarization schematic, 
vectorcardiogram and lead aVF P-wave example, respectively from top to bottom.  

Another marker of stroke risk is the P-wave terminal force in V1, defined as 
downward deflection duration (ms) of the P-wave in lead V1 multiplied by the 
downward deflection amplitude (absolute value) as seen in Figure 8 (19).  

The P-wave terminal force, P-wave duration (mean and maximum), along with P-
wave total area (calculated by the sum of the upward and downward deflection areas 
in each of the 12-lead ECG) have both been prospectively assessed for risk of 
ischemic stroke in 6741 patients in the multi-ethnic study of atherosclerosis (19). 
Otherwise, when tested prospectively, the P-wave duration measures (mean and 
maximum) and the P-wave area did not demonstrate significance for prediction of 
stroke, however the P-wave terminal force did identify a significant hazard ratio per 
1 standard deviation increase of 1.21 (95% CI 1.03 to 1.21).   

Thus, although there have been models to assess incident stroke, there have not been 
good models for the prediction of atrial fibrillation or risk of repeat stroke in patients 
with prior cryptogenic stroke. Furthermore, vectorcardiography, derived from the 
12-lead ECG has yet to be used for atrial fibrillation or stroke prediction. And given 
the P-wave change in vector in advanced inter-atrial block and other such conditions 
leading to increased atrial fibrillation, it would make sense that these changes could 
be quantified and may have subtle differences earlier on when measured by 
vectorcardiography. 
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Figure 7: Example of normal (A, left) and inter-atrial block (B) in regard to inter-atrial conduction (top), 
vectorcardiogaphic depiction of atrial depolarization (middle) and P-wave morphology/duration (bottom). 

Figure 8: P-wave terminal force measurement (downward amplitude multiplied by P-wave negative duration (mVms). 
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Vectorcardiography and Atrial depolarization 

The only previous studies to assess atrial arrhythmia burden based on the Pvm were 
conducted in patients with congenital heart disease including those with tetralogy 
of Fallot, and those patients with single ventricle physiologies (from hypoplastic left 
heart syndrome, tricuspid atresia, unbalanced atrioventricular canal or other single 
ventricle physiology) who underwent Fontan palliation (20, 21). The Pvm, however, 
did identify flutter and intra-atrial re-entrant tachycardia in those patients with right-
sided congenital heart disease, tetralogy of Fallot, based on lower Pvm cut-off 
values (20). As a univariate predictor, the QRSVM outperformed the Pvm for 
identification of atrial flutter and intra-atrial re-entrant tachycardia in patients with 
single ventricle physiology (21). And although a low P-wave amplitude in lead I is 
associated with displaced conduction and clinical recurrence of paroxysmal AF 
post-radiofrequency ablation, the Pvm had not been assessed as a predictor of atrial 
fibrillation at the time we performed our first study, Paper I (22). Some importance 
from the studies with congenital heart disease patients was that the Pvm significantly 
correlated inversely with right atrial pressure, inversely with left ventricular volume 
and inversely with the QRS duration (QRSd) (20).  
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Ventricular arrhythmogenesis  
Ventricular arrhythmias (VA) may occur for various reasons and can typically be 
considered as abnormal automaticity (warm and up and cool down from focal area), 
re-entry or triggered activity due to early after depolarizations (R on T phenomenon 
causes Torsades Des Pointes, premature ventricular beat on phase 3 of the action 
potential) or by late after depolarizations (premature beat which occurs in phase 4 
of the action potential), as exemplified in Figures 6 and 9. VA’s may be non-re-
entrant (triggered or abnormal impulse initiation) or re-entrant (abnormal impulse 
propagation), with the latter typically due to acquired anatomic injury or structural 
heart disease (23). Although myocardial infarction and subsequent ischemic 
cardiomyopathy makes up a vast number of ventricular tachycardia cases in older 
individuals (23). In in young adults, however, who may otherwise appear healthy, 
there are other non-ischemic cardiomyopathies and ion-channelopathies which may 
cause VA and sudden death, including hypertrophic cardiomyopathy, 
arrhythmogenic right ventricular cardiomyopathy/dysplasia, and long QT 
syndrome. 

Figure 9: Mechanisms of ventricular tachycardia: A-abnormal automaticity, B-re-entry, C and D: triggered activity 
during early (C) and late (D) after depolarizations. 0-4 represent phases of the ventricular action potential mediated by 
the SCN5A (0), ITO (1), ICA (2), IKr (2,3) and IKs (3) cellular ion-channels. 



25 

Left ventricular abnormality: Hypertrophic 
cardiomyopathy  
One example of left ventricular hypertrophy is hypertrophic cardiomyopathy 
(HCM), which has an estimated prevalence of up to 1 in 500 people, and it is the 
most common cause of cardiac death in those patients under 35 years of age in most 
countries (24). The phenotype of HCM can include thickened ventricular walls (at 
least 13-15mm absolute thickness) with or without obstruction to blood flow and 
diastolic dysfunction with asymmetric (85%), concentric (10%) and apical (5%) 
phenotypes (25-26). Patients with HCM can develop sudden death or progression 
towards New York Heart Association (NYHA) class III or IV functional class heart 
failure symptoms (24-26). One study demonstrated up to a 5% sudden death risk 
within a 5-year median follow-up (26). Increased sudden death/VA risk has been 
demonstrated to be associated with increased maximum left ventricular thickness, 
family history of sudden death, unexplained syncope and increased left atrial 
dimension (24-26). Abnormal markers of depolarization, such as QRS 
fragmentation and electrical left ventricular hypertrophy criteria have typically been 
used to identify HCM (27,28). 

12-lead electrocardiogram and hypertrophic cardiomyopathy 
Previous traditional 12-lead ECG markers demonstrating sudden death risk include 
prolongation of the corrected QT interval (QTc) as well as notching in 2-consecutive 
QRS lead complexes, called QRS-fragmentation (27).  

The QRS fragmentation, which, if present in 3 of the following territories on the 
ECG, including inferior, lateral, septal and/or anterior regions, was associated with 
a hazard ratio of 3.4 (95% CI 1.54 to 14.9) for VA/sudden death (27). Although 
thought of as a way to identify small changes in QRS vector due to myocardial 
disorganization and scarring, the QRS fragmentation is still a qualitative parameter, 
which makes reproducibility difficult (27).  

Additionally, other authors have assessed T-wave inversions in the lateral and 
inferior leads as well as sums of the R and S-wave voltages (or Q if larger) in the 
precordial leads, the bipolar leads, or all leads, as well as a dot product between 
those voltages and the QRS duration in patients with HCM (28). Out of 114 total 
patients with hypertrophic cardiomyopathy, age, limb-lead QRS voltage sum, 
precordial lead QRS voltage sum, 12-lead QRS voltage sum (all of them added 
together), the voltage sums multiplied by QRS duration as well as Sokolow-Lyon 
index all identified HCM patients with VA’s (28). Regarding the QTc, if it was 
440ms or longer, the hazard ratio for VA development was 2.4 (95% confidence 
interval (CI), 1.07 to 5.58), but this cut-off is limited as unfortunately in the general 
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population, 5% of normal males will have a QTc of 440ms or greater with a much 
larger number of females also having a QTc of 440ms or longer as normal (27).  

A fairly complex risk score was made based on the study on QRS voltage sum, 
which took into account other risk factors as well, which at a cut-off of 6-points or 
more gave a sensitivity of 84%, specificity of 85%, positive predictive value of 67% 
and negative predictive value of 93% with odds ratio of 28.4 for a patient with HCM 
having VA/arrest (28). The score includes 1 point for QRS axis deviation, 
pathological T-wave inversions in limb leads, for limb-lead QRS amplitude sum of 
7.7mV or more,  for QTc of 440ms or more, and for 12-lead amplitude/duration 
product of 2.2mVms or more, whereas 2 points are given for pathological T-waves 
in precordial leads, ST-segment depression of 2 millimeters (mm) or more, 
dominant S in V4, limb-lead QRS sum of 10mV or greater, 12-lead 
amplitude/duration product of 3mVms or more, and 3 points for limb-lead QRS 
amplitude of 12mV or more or 12-lead amplitude/duration product of 3mVms or 
more (28).  

Vectorcardiography and hypertrophic cardiomyopathy 
In adults, since the inception of the vectorcardiogram, a large spatial QRS-T angle 
was identified as a parameter associated with left ventricular hypertrophy (typically 
larger than 100 degrees, Figure 3) (4). In paediatric and adult populations, the spatial 
peaks QRS-T angle has demonstrated ability to differentiate patients with HCM 
from controls with higher depolarization vector shifted towards the septum in those 
with asymmetric or severe HCM (5, 29, 30). In HCM patients, a higher spatial QRS-
T angle identifies patients with higher absolute maximum left ventricular thickness 
and higher maximum left ventricular thickness Z-score in adult and paediatric 
patients, respectively (29,30). Thus, one might think that an increased spatial peaks 
QRS-T angle might also be associated with increased VA risk.  

Right ventricular abnormality – Arrhythmogenic Right 
Ventricular Dysplasia/Cardiomyopathy  
Another non-ischemic cardiomyopathy, which also causes cardiac death and which 
is the most common cause of cardiac death in young persons in Italy, is 
arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C), which 
occurs in 1 in 5000 people (31). ARVD/C is characterized by fibro-fatty 
replacement of predominately the right ventricle, which predisposes patients to life-
threatening ventricular arrhythmias and usually slowly progressive ventricular 
dysfunction (31). This disease is caused by many different mutations of either 
plakoglobin, plakophilin, Lamin A/C or others but typically follows an autosomal 
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dominant pattern with incomplete penetrance and higher variable expressivity (32). 
The diagnosis is made by combining multiple sources of diagnostic information as 
prescribed by the 2010 Taskforce criteria update (32). Although arrhythmogenicity 
of the disease is important, even diagnosis of the disease can be difficult and require 
multiple modalities of testing, and first-degree relatives may only have incomplete 
expression of the disease thus not meet the same criteria as their probands (33). 
Thus, clinical cascade screening of family members in genotype-negative ARVD/S 
can be complex and changes on the 2010 Taskforce criteria-ECG-changes, in 
particular may only be present in half of family members who would otherwise meet 
2010 Taskforce criteria (34,35). However, the taskforce criteria does not include 
VCG, and although typically electrocardiographic changes may develop prior to 
histologic evidence of myocyte changes, this does not appear to be identifiable by 
the current 12-lead ECG changes prescribed by the 2010 Taskforce criteria (34,35).  

12-lead ECG (2010 Taskforce criteria) and ARVD/C 
Although the aim of the Taskforce criteria is meant to be broad enough to not miss 
cases, it was also revised in 2010 from its original 1994 version as specificity was 
also a concern, thus the ECG criteria by design have an error in sensitivity (32). 
Similar to the rest of the criteria, the 12-lead ECG criteria are composed of major 
and minor criteria. Signal-averaged ECG (SAECG) is a part of the diagnostic 
algorithm for ARVD/C, however, given the lack of signal-averaged ECG 
availability, it can be difficult clinically to obtain these measures, however, they are 
part of the minor depolarization criteria (below) and the concepts can likely be 
applied to a routine 12-lead ECG, but have thus far not yet been applied. 

 

Table 2: Arrhythmogenic right ventricular dysplasia/cardiomyopathy Taskforce ECG criteria. 

ARVD/C 2010 Taskforce ECG criteria 
Repolarization criteria – major 

• T-wave inversions in V1-V3 or beyond in those over 14 years of age (no RBBB) 
Repolarization criteria – minor 

• T-wave inversions in V1 and V2 in those over 14 years old (no RBBB) or in V4, V5 or V6 
• T-wave inversions in V1-V4 (with RBBB) 

Depolarization criteria – major 
• Epsilon wave (reproducible low-amplitude signal between QRS and T-wave in V1,V2 or V3 

Depolarization criteria – minor 
• Terminal activation delay (TAD) of QRS at least 55ms in duration from S-wave nadir to end of 

QRS (V1,V2 or V3 no RBBB) 
• Signal-averaged ECG (SAECG):  

Late potentials present if ⩾1 of the following with QRS⩽ 110 ms: 
                1. Filtered QRS duration ⩾114ms  
                2. Duration of terminal QRS (<40 µV) ⩾38ms  
                3. Root mean square voltage of terminal 40 ms of QRS ⩽ 20 µV 
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Two vectorcardiographic parameters which had not been evaluated in ARVD/C 
patients were the spatial peaks QRS-T angle and the QRSVM. Given the QRSVM 
represents voltage magnitude, which is derived by the root mean square of the X, Y 
and Z voltage magnitudes, it seems very similar to the latter of the SAECG 
parameters. Furthermore, given ARVD/C is typically a right-ventricular disease, 
possibly assessing a right-precordial-directed angle and vector magnitude as a way 
to try to assess right-sided forces only, may be of benefit for detection of disease 
with only an ECG (derived-VCG) needed. 

Vectorcardiography and prediction in right-sided heart disease and in 
the general population 
How the structural heart disease effects the QRSVM has been demonstrated in 
congenital heart, including diseases of the right ventricle (tetralogy of Fallot) 
including arrhythmia prediction in cases with lower QRSVM predicting higher 
burden of VA’s (36). The spatial QRS-T angle did not identify those with VA’s in 
this same cohort of tetralogy of Fallot patients tested (36). 

This spatial QRS-T angle, however, has demonstrated significant value for 
identification of cardiac death in the general population (37,38,39). Thus, its ability 
to identify VA’s in patients with right-sided heart disease may be limited, but 
perhaps directing it towards right-sided forces only may be helpful in ARVD/C.   

Ventricular repolarization abnormality: Long QT 
Syndrome  
One classic example of a syndrome associated with repolarization abnormality is 
Long QT syndrome (LQTS), which is another cause of sudden cardiac death in 
children and young adults. LQTS in an inheritable arrhythmia syndrome which 
affects 1 in 2000 people (40). There are three main subtypes of LQTS including 
down regulations in KCNQ1 (Long QT1-LQT1, present in phase 3 of the ventricular 
action potential), down regulation of KCNH2 (Long QT 2-LQT2, phase 2 and 3 of 
the ventricular action potential), and upregulation of SCN5A (Long QT-3, LQT3, 
phase 0 of the ventricular action potential). Please see Figure 6C for diagram of the 
ventricular action potential.  

12-lead ECG and LQTS
Each type of LQTS is associated with a particular arrhythmic trigger and T-wave 
morphology. LQT1 is associated with broad-based T-waves and sudden death 
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during exercise or swimming (during mammalian vagal reflex as one dives into the 
water) (41). LQT2 is associated with biphasic or flat T-waves and associated with 
sudden death due to being startled, for instance by an alarm clock (41). LQT3 is 
associated with delayed peak T-waves (prolonged ST segment) and sudden death 
while asleep (37).  

Twenty to fifty percent of genotype positive LQTS patients have a normal QTc and 
may still be at sudden death risk (42,43). Given the qualitative changes identifiable 
in patients with LQTS and in particular with LQT2 (biphasic/flat T-waves), one can 
conclude that likely a global marker of T-wave maximum deviation from the origin 
(TwVM) may provide insight into cardiac event-risk in patients with LQT2 without 
corrected QT prolongation in lead II and V5. Thus far only prolongation of the QTc 
has been shown to demonstrate some predictive value for arrhythmic events with a 
QTc of 500ms demonstrating an absolute risk of VA of 40% (44). However, the 12-
lead ECG quantitative parameters have not been able to identify those patients with 
normal QTc intervals at risk for sudden death (44). Recently, however, in Long QT 
2 patients (LQT2), the morphology of the T-wave, qualitatively assessed by 
electrophysiologists, to risk stratify patients with LQT2 with normal QTc intervals 
was assessed (45). This study demonstrated for the first time that the 12-lead ECG 
may be able to help risk stratify LQTS patients with normal QTc intervals, but the 
qualitative methods, based on flattening and biphasic nature of the T-wave, have yet 
to be quantified, and thus may lack reproducibility for those not as comfortable with 
12-lead analysis as the authors (45).

Vectorcardiography and Long QT syndrome 
The only previous study to assess vectorcardiography and LQTS is a study assessing 
610 patients with LQTS (46). In this study, T-wave eigenvector (vector associated 
with linear equation) values differentiated LQT1 from LQT2 and LQT3 with LQT2 
patients having lower T-wave eigenvector values in the first 4 eigenvector values. 
In those with normal QTc intervals, the fourth T-wave eigenvector value (4th largest 
if all maximum vector values lined up maximum to minimum) differentiated LQTS 
patients with cardiac events (symptomatic), from those without cardiac events 
(asymptomatic) (46). However, a special additional program is needed with 
complex calculations to derive the eigenvector values, thus this method is not very 
practical.  Otherwise, one helpful aspect of the above-mentioned study was there 
was also assessment of a spatial QT peak, which did differentiate normal QTc 
interval LQTS patients from controls. The Spatial peaks QRS-T angle nor 
ventricular gradient aided in identification of LQTS from controls nor did those 
measures risk stratify LQTS patients with normal QTc intervals regarding cardiac 
event status (46).  
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Motives for studies 
Overall, the above diseases lack reproducible quantitative parameters that may aid 
in the identification of those at risk for repeat cryptogenic stroke or for sudden death 
by ventricular arrhythmia. Thus, earlier identification of these higher risk patients 
may help prevent further stroke or sudden death by identifying those who should 
have early anticoagulation and those who may need implantable cardioverter 
defibrillators, respectively.  

Only lead-specific ECG criteria have been assessed regarding voltage changes and 
duration of the P-wave seems to be inconsistent regarding prediction of atrial 
fibrillation or stroke (17-19). Thus, vectorcardiography may be able to help by 
assessing absolute voltage magnitude in the atrium as a measure of maximum 
deviation from the sinus node. Similar to findings in congenital heart disease and 
atrial flutter, the P-wave vector magnitude will likely still provide a basis for altered 
structure/atrial pressure/scar formation that would lend to development of atrial 
fibrillation. 

Thus far, very lengthy and time-consuming calculations of all leads and multiple 
parameters (T-wave inversions, voltage dot products, voltage sums in all leads, etc) 
are all aiming at attempting to assess risk for VA’s in patients with HCM (28). 
Given, the ability of the spatial QRS-T angle to identify HCM and even identify the 
degree of maximum left ventricular wall thickness, along with its ability to identify 
VA risk in other subpopulations, it would be reasonable the spatial peaks QRS-T 
angle may have prognostic use in the assessment of VA risk in patients with HCM. 

Although, the 2010 Taskforce criteria has an 12-lead ECG sub-criteria, given the 
ability to only identify half of those with definite diagnosis of ARVD/C, clearly 
further criteria are needed for screening identification of possible ARVD/C patients, 
and thus VCG may be of help (32). Given the predominance of mostly right-sided 
disease in patients with ARVD/C, VCG with direction towards the right-precordium 
may add diagnostic or prognostic aid. 

Risk assessment for LQTS patients with prolonged QTc intervals is important, 
however, thus far, ability to identify those at high risk for cardiac events in those 
with normal QTc intervals (family members identified by cascade screening, etc) 
has not been successful, aside from utilizing very complex derivation of eigenvector 
values or based on qualitative methods (45,46). Thus, there is room for identification 
of more easily calculated parameters for quantitative identification of LQTS 
patients, with normal QTc values, who are at risk for cardiac events. Given the 
morphology of the ECG of LQT2 patients (flat/biphasic T-waves), it would be 
prudent to assess this sub-population of patients with the T-wave vector magnitude 
first to determine prognostic value of the T-wave vector magnitude for cardiac event 
risk. 
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Aims: 

Paper I: To assess the value of the three-dimensional P-wave vector magnitude 
(Pvm) and its relationship to P-wave duration for prediction of new-onset AF after 
ischemic stroke. 

Paper II: To assess whether the SPQRS-T angle would differentiate HCM patients 
with sustained VAs (≥30seconds) from those without VAs with increased predictive 
values compared with the QTc interval. A secondary aim was to assess if those with 
HF (NYHA class III/IV) would also have higher SPQRS-Tangles. 

Paper III: To assess whether right-precordial-directed vectorcardiographic 
parameters, particularly a right precordial-directed-orthogonal QRS-T angle (RPD 
angle) and right-sided depolarization magnitude (right root mean square of the QRS, 
RtRMS-QRS) improve detection of ARVD/C patients who have no depolarization 
or repolarization criteria by 2010 taskforce criteria. 

Paper IV: To assess whether T-wave vector magnitude (TwVM), a quantifiable 
measure of T‐wave flattening, is associated with risk for cardiac events in LQT2 
patients without QTc prolongation. 
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Methods: 

Study cohorts: 

Ischemic stroke survivors (Lund Stroke Registry, Paper I):  
The study population originated from the Lund Stroke Register (LSR) and 
comprised 336 consecutive first-ever ischemic stroke patients included in LSR 
between March 1, 2001 and February 28, 2002 as it had been described previously 
(47). At enrolment in the LSR, 109 ischemic stroke patients had AF detected by 
ECG screening, medical records review or record linkage with the Swedish National 
Patient Register as described previously and were excluded from this analysis (47). 
All patients enrolled signed written consents. The present study sample therefore 
comprised of 227 first-ever ischemic stroke patients (median age 73 years at stroke 
onset (interquartile range 25–75% (IQR 63–80), 92 females) without known AF at 
inclusion in the LSR. We followed up all study subjects until October 17, 2011, the 
date when the information from the Swedish National Patient Register was obtained. 
Informed consent was obtained from all participants included in the LSR. The study 
was approved by the Lund University Ethics Committee. Medical records of all 
study subjects were analysed for history of cardiac failure, hypertension, diabetes 
mellitus, transient ischemic attack (TIA) and ischemic heart disease at baseline. 
Cardiovascular risk profiles measured by CHADS2 and CHA2DS2-VASc scales 
were evaluated for the time of inclusion in the LSR in the acute phase when the 
index ischemic stroke had just occurred (47). 

Hypertrophic cardiomyopathy (Paper II):  
A retrospective study of HCM patients from 2000 to 2013 at the University of 
Colorado Hospital and Children’s Hospital of Colorado was performed. Internal 
review board permission was obtained, and written permission was waived. Patients 
with the diagnosis of HCM by evidence of diastolic dysfunction and 15mm absolute 
septal thickness by echocardiogram were identified by first author chart review 
without knowledge of VA or congestive HF history. The diagnosis of HCM was 
based on echocardiographic evidence of diastolic dysfunction and those with an 
absolute septal or posterior wall thickness of ≥15mm by echocardiographic M-mode 
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measurement during diastole from a parasternal short-axis view by the cardiologist 
seeing the particular patient. Conduction abnormalities did not preclude patient 
participation in this retrospective study. Congestive HF is defined as those HCM 
patients who meet criteria as governed by the NYHA for functional classifications 
for objective or subjective measures (class I–IV). 

Arrhythmogenic right ventricular dysplasia/cardiomyopathy (Paper III):  
A cross-sectional study of patients with ARVC/D from an international cohort from 
the University of Colorado (Denver, CO, USA), Skåne University Hospital (Lund, 
Sweden), Linköping University Hospital (Sweden) and the University of Trieste 
(Italy) undergoing routine follow-up, classified as definite ARVD/C by the 2010 
Task Force criteria was performed. Normal variant ECGs from patients, who did 
not have signs of bundle branch block and not fitting 12-lead ECG major or minor 
depolarization or repolarization criteria by 2010 Task Force guidelines 
(electrocardiographically concealed were compared with ECGs recorded from 1:1 
age- and gender-matched control subjects who were screened in cardiology clinic at 
the University of Colorado (Denver, CO) or at Skåne University Hospital (Lund, 
Sweden) for murmurs or chest pain without family history of ARVD/C and through 
ultrasound and clinical observations were deemed normal. None of the control 
subjects had other underlying cardiac disease (no cardiomyopathy or other notable 
cardiac disease) nor did they have obvious obstructive or restrictive lung disease or 
thromboembolisms. All ECG’s were taken from the first time the patient had 
presented to the particular institution and no patients were on antiarrhythmic 
treatment at the time of their ECG. The study was approved by the Institutional 
Review Boards at each of the institutions noted above. 

Patients with long QT syndrome (Rochester LQTS Registry, Paper IV):  
Patients in this study were from the Rochester‐based LQTS Registry; enrolment into 
the registry has been previously described (48,49). Patients were selected to the 
current analysis if they were shown to be carriers of the disease‐causing mutation in 
KCNH2 (LQT2), had Bazette‐corrected QT interval (QTc) of less than 470ms for 
female and less than 460 ms for male, and were 18 years or older to exclude variation 
of the T‐wave morphology that may be observed in children and adolescents. The 
first recorded ECG at age 18 or older was used and the Bazette‐corrected QTc was 
calculated based on digital calliper QT measurement by an electrophysiologist. Ten‐
second recordings were used. Patients were excluded from the study if they had 
more than one LQTS‐associated mutation. The presence of LQTS‐causing KCNH2 
mutations was verified with the use of standard genetic tests performed in the 
academic molecular genetic laboratories reported previously (48). The study 
population also required the patients who met the above criteria to have ECGs (at 
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time of enrolment in the prospective registry) with flat baselines in leads I, II, and 
V1‐V6 (<0.1mV movement), adequate for assessment of voltage parameters. Poor 
quality ECGs, with movement artifact, were excluded. Patients with LQT2 without 
QTc prolongation were compared with a control population of 1007 individuals who 
belonged to families with genotype‐positive probands, but who were genetically 
tested and found to be negative for LQT‐associated mutations and who also had 
normal QTc intervals (per above). 

Electrocardiogram:  

P-wave analysis (Paper I):  
Sinus rhythm ECG recordings obtained at stroke admission with median time from 
stroke event to ECG registration 0 day (IQR 0–2 days) were extracted from the 
regional electronic database (GE MUSE, GE Healthcare, MegaCare) and processed 
offline. The measurements of Pd, QRSd, PQ interval were performed automatically 
using the University of Glasgow 12-lead ECG analysis algorithm (50). The Pvm 
was calculated automatically as the square root of the sum of the squared P-wave 
magnitudes in leads V6, II and one half of the P-wave amplitude in V2 
( 𝑃𝑉6 + 𝑃𝐼𝐼 + (0.5 ∗ 𝑃𝑉2) ,) based on the P-wave magnitude as defined by the 
visually transformed Kors’ Quasi-orthogonal method (51,52). The Pd/Pvm was 
defined as the Pduration/Pvm and was calculated from the data above automatically 
utilizing MATLAB R2013b (The MathWorks, Inc., Natick, MA, USA) for Linux.   

P wave duration, QRS duration, corrected QT interval and PQ interval were 
measured in ms. Corrected QT was calculated using Bazett's formula: QTc = 
QT/√R-R interval. Pvm was calculated in microvolts. Negative P-wave terminal 
force in lead V1 was also calculated as described previously (47). 

QRST analysis (Paper II): 
Electrocardiograms were taken at a 25-mm/s speed with 10mm/mV for the limb 
and precordial leads (Phillips, Best, Netherlands) and ECG recordings (General 
Electric, Menominee Falls, WI) in sinus rhythm. The spatial peaks QRS-T angle 
was calculated by the Kors’ regression-related method as shown in Figure 2 and 
Table 1 (51). QRST analysis (Paper III):  
The resting ECG closest to time of diagnostic echocardiogram or magnetic 
resonance imaging studies from ARVD/C patients at a speed of 25 mm/s and with 
voltages of 10 mm/mV were assessed (GE, WI, USA or Phillips Healthcare, MA, 
USA).  
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Digital recordings were changed to PDF files and assessed at up to 150% 
magnification and used for vectorcardiographic derivations. Approximations of the 
Kors’ quasi-orthogonal spatial peaks QRS-T angle (normally based on V6 defined 
as the X-axis, lead II as the Y-axis and −0.5*V2 as the Z-axis) were used with 
direction particularly toward the R-wave in V1 (as the Z-axis QRS vector 
magnitude) and S-wave in V5 (as the X-axis QRS vector magnitude) while ignoring 
magnitudes of the S-wave in V1 and the R-wave in V5 (as an attempt to have right-
precordial-directed vector magnitude and angle). Lead II measures maximum 
deviation from baseline (whether R or S) was used as the Y-axis QRS vector 
magnitude, similar to Kors’ quasi-orthogonal method (51). Right-precordial-
directed orthogonal QRS-T angles (RPD angle, degrees, Fig. 7), right-precordial-
directed vector magnitudes (RtRMS-QRS, mV, Fig. 7), and spatial peaks QRS-
Tangles (SPQRS-Tangle, degrees) were measured in ARVD/C and compared to the 
same parameters from control patients.  

The Bazett corrected QT interval (QTc) and the QRS duration (QRSd) were 
measured in milliseconds (ms).  

The spatial QRS-T angle was calculated based on the visual transform estimation 
based on using selected leads and multipliers of those leads to approximate an 
orthogonal system. This is based on the Kors’ visual estimations regression-related 
method, which has been described previously (51,52).  

The RPD angle is similar in calculation to the Kors’ quasi-orthogonal angle, but is 
a right-side restrictive measure meaning only the QRS maximum deviation in the 
orthogonal planes according to the following principles: 

- X-axis: the S-wave deviation only in V5 (ignoring the R-wave in V5, even if it has
a greater deviation from baseline than the S-wave);

- Y-axis: the R or S maximum deviation from lead II;

- Z-axis: the negative one half of the deviation of the R in lead V1.

These measures are then applied in the equation (Figure 2 legend) and inverse cosine 
is taken between the QRS deviations and the T-wave deviations (positive or negative 
in leads V6 (X-axis), II (Y-axis) and negative one half of the deviation in V1 (Z-
axis)). Please see Figure 10 for further detail. The RtRMS-QRS is the vector 
magnitude of the QRS complex based on right-precordial-directed measures (please 
see equation noted above and Figure 10). V5 also more consistently demonstrated 
an S-wave than V6, thus the S-wave in V5 was used. All parameters were assessed 
by the first author if not otherwise noted above, while 10% of the sample was 
assessed by the 5th author to calculate inter-observer variability (per below). 
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Figure 10: RtRMSQRS RPD angle calculations:   
RtRMS-QRS=√(SV52+QRSmaxII2+(-0.5*RV1)2)=√((-0.6mV)2+(-0.4mV)2+(-0.5*0.2mV)2)= 0.73mV 
RtRMST=√(TmaxV52+TmaxII2+(-0.5*TmaxV1)2)=√(0.3mV2+0.2mV2+(-0.5*-0.2mV)2=0.37mV       
RPD angle=cos-1([(SV5*TV5) + (QRSmaxII*TmaxII) + -0.5(RV1*TV1)]/(RtRMSQRS*RtRMST))=     
cos-1([(-0.6mV*0.3mV)+(-0.4mV*0.2mV)-0.5(0.2mV*0.2mV)]/(0.73mV*0.37mV)=172.4 degrees 



38 

T-wave analysis (Paper IV):
ECG measurements were performed by the first author who was blinded to the clinical 
characteristics of the patients. ECG’s were recorded at a speed of 25 mm/s with 10 
mm/mV reference for limb and precordial leads. The corrected QT-intervals (QTc) 
from Bazette’s formula, spatial QRS-T angles, and TwVM were assessed on all 
ECGs. The spatial QRS-T angle was calculated by the peaks method, utilizing the 
method of Kors’ et al (51). TwVM was calculated as the square root of the sum of the 
squared T waves in leads V6, II and one half of the T wave amplitude in V2, given by 
the equation TwVM= 𝑆𝑄𝑅𝑇[(𝑇𝑤𝑎𝑣𝑒𝐼𝐼)^2 + (TwaveV6)^2 + (0.5*TwaveV2)^2], 
based on the T-wave magnitude as defined by the transformed Kors’ Quasi-
orthogonal method, utilizing the beat with a stable baseline (median when it met this 
standard) (51,52). Please see Figure 11 for example TwVM calculation. 

Figure 11: Example calculations for the T-wave vector magnitude (TwVM) including leads II, V2 and V6, which are used 
for the calculation. The example to the left is from a patient with low TwVM of 0.12mV and the example to the right is 
from an LQT2 mutation carrier with a higher TwVM of 0.40mV. 
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Endpoint definitions 

Paper I:  
New onset AF, study endpoint, was assessed during the follow-up period starting 
from the date of enrolment until the end of follow-up or date of death. AF 
documentation was based on information obtained from the regional electronic ECG 
archive which contains all ECG recordings taken in the hospital’s local catchment 
area and also by linkage with national registers: the Swedish Patient Register and 
the Swedish Causes of Death Register. All available ECG recordings for all study 
subjects from the date of enrolment until the end of follow-up in 2011 were reviewed 
for the presen0ce of AF by a trained cardiologist (MB). On surface ECG, AF was 
defined as a rhythm disorder which lasted sufficiently long for a 12-lead ECG to be 
recorded, with irregular RR intervals, indistinct P waves and atrial cycle length of 
200 milliseconds (ms) where distinct atrial activity was visible on surface ECG (47).  

The Swedish Patient Register is administered by the Swedish National Board of 
Health and Welfare and includes data on main and secondary diagnoses at discharge 
from all public hospitals in Sweden starting in 1987. The register uses International 
Classification of Disease (ICD) codes with the 10th edition (ICD-10) used from 
1997 and until today (15). The Cause of Death Register is also provided by the 
Swedish National Board of Health and Welfare and contains information (since 
1961) from death records, including underlying causes of death and up to 20 
contributory causes of death coded to the current edition (ICD-10). The presence of 
the ICD-10 code I48 in the Swedish national registers identified AF diagnosis with 
high specificity and modest sensitivity as we showed recently in a validation study 
on patients with ischemic stroke enrolled in the LSR (47).  

Paper II: 
The primary endpoint of this study was the diagnosis of sustained ventricular 
tachycardia of 30 seconds or of hemodynamic consequence as assessed by ECG, 
Holter or Event monitor, ICD or pacemaker identification of VA.  

Paper III: 
The primary endpoint of this study was diagnosis of arrhythmogenic right 
ventricular dysplasia/cardiomyopathy by the 2010 Taskforce criteria (32). 

Paper IV:  
The primary endpoint of the study was the occurrence of a first cardiac event that 
included syncope (transient loss of consciousness that was abrupt in 
onset/recovery), aborted cardiac arrest requiring defibrillation as part of 
resuscitation (ACA), LQTS-related sudden cardiac death (SCD, defined as abrupt 
in onset, if witnessed-not explained by other cause, if not witnessed-was not 
explained by any other cause) or implantable cardioverter-defibrillator (ICD) 
therapy including anti-tachycardia pacing (ATP) or shock therapy.   
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Statistics 
Baseline clinical characteristics between compared groups using student T-testing 
versus  

Data were assessed for normality using Shapiro–Wilk testing. Normally distributed 
continuous data are presented as mean and standard deviation. Student t‐tests, χ ², 
Fisher’s exact testing and analysis of variance were used to identify significant 
differences between groups. Non-parametric data was presented as median with 
interquartile ranges. Sensitivity, specificity, positive and negative predictive values 
were performed. Receiver operating characteristic (ROC) curve analysis was 
performed to identify threshold values for VCG parameters associated with cardiac 
events. Logistic regression for univariate and multivariate odds rations was 
performed. The cumulative probability was assessed by the Kaplan–Meier method 
with significance testing by the log‐rank statistic. The Cox proportional hazard 
model was used to evaluate the independent contribution of clinical and genetic 
factors to the first occurrence of time‐dependent cardiac events for each study. For 
KCNH2 mutation patients, this was performed from the age of 18 years through the 
end of follow‐up. In the same KCNH2 mutations cohort, the Cox regression model 
was adjusted for the time‐dependent beta‐blocker use (the age at which patients were 
on and off beta‐blocker therapy) and stratified by sex. As preselected QTc inclusion 
overlapped with borderline QTc prolongation, the model was adjusted for QTc 
duration wit 440ms selected as a cut-off for normal vs borderline QTc values. The 
proportionality assumption was tested using time‐dependent covariates created from 
interactions between survival time and various covariates.  

Pearson and Spearman correlation coefficients were used as appropriate for 
parametric and non‐parametric data. Intra-observer and interobserver variability 
were estimated by intraclass correlation coefficients based on a 10% sample of the 
population for each study when appropriate. All analyses were performed using 
SPSS Statistics 20 (SPSS Inc., Chicago, Illinois, USA) for most studies aside from 
study 2 (Left ventricular abnormality) for which GNUPSPP software was used 
(http://www.gnu.org/software/pspp/) . 
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Results: 

Atrial depolarization indices of AF (Paper I):  
Baseline characteristics of all study subjects at time of enrolment are presented in 
AF Table 3. At baseline 227 were fulfilled inclusion criteria and were included in 
the analysis.  All patients had no evidence of AF in the immediate acute phase after 
stroke onset. Detection of new onset atrial fibrillation (10-year follow-up) The 
median time for follow-up was 9.4 years [IQR 6.1–9.9], 115 (51%) stroke patients 
died. Complete follow-up data were available for 112 (49%) of the stroke patients. 
In total, 2588 ECG’s were reviewed with a median number of ECG recordings per 
person of four (IQR 1–9) (40). New onset atrial fibrillation was found in 39 (17%) 
of the stroke patients (Hazard ratio 1.49, 95% confidence interval 0.09– 2.35, p = 
0.121). The median time to AF onset was 3.2 (IQR 1.3 to 5.9) years. ECG and 
clinical predictors of new onset atrial fibrillation after ischemic stroke On ECGs 
obtained in the acute phase after stroke onset, the median QRSd was 96 ms (IQR 
88–108), the median duration of the P wave was 116 ms (IQR 106–124), and the 
median PQ interval was 169 ms (IQR 152–188). The median Pvm was 0.15 mV 
(IQR 0.13 to 0.20) and the median Pd/Pvm was 737 ms/mV (IQR 581 to 955). 

Table 4 depicts univariate and multivariate predictors of new-onset atrial fibrillation 
in stroke patients. Significant univariate predictors of new-onset atrial fibrillation 
included age > 65 years, presence of hypertension, heart failure, QRSd, and Pd/Pvm 
(Table 4). No standard ECG characteristics including P-wave duration, QRS 
duration or negative P-wave terminal force in lead V1 or QRSd were significantly 
associated with new-onset AF during follow-up. Independent predictors of new- 
onset atrial fibrillation were Pvm/Pd and those parameters considered a moderator 
of Pvm/Pd including age > 65 years, hypertension, and heart failure (AF Table 4). 
The C-statistic for the model was 0.71 (95% CI 0.61 to 0.82). 

The area under the ROC curve value for the Pd/Pvm was 0.63 (0.55 to 0.71, p = 
0.013). At an optimal cut-off value of 870 ms/mV the sensitivity, specificity, 
positive and negative predictive values were 51, 79, 40 and 89%, respectively 
(optimized for highest negative predictive value given the ECG the screening value 
of the ECG). A Kaplan-Meier curve based on this cut-off value (Figure 12) provided 
a p-value of <0.001 for differentiation between survival curves for the risk of 
development AF during 10-year follow-up after first-ever ischemic stroke. Sub- 
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Table 3: Baseline clinical characteristics of stroke patients without or with subsequent development of atrial fibrillation (%). 

Parameter Stroke  
n=227 

No AF 
n=188 

AF 
n=39 

P-value 

Age, years 73 [63-80] 73 [61-80] 73 [69 to 80] 0.072 
Male sex  135 (59%) 114 (61%) 21 (54%) 0.693 
Heart Failure  7 (3%) 4 (2.1%) 3 (7.7%) 0.218 
Hypertension  130 (57%) 101 (53.7%) 29 (74.4%) 0.012 
Diabetes 35 (15%) 26 (13.8%) 9 (23.7%) 0.210 
Vascular disease 95 (42%) 77 (41.0%) 18 (46.2%) 0.560 
TIA 49 (22%) 45 (23.9%) 4 (10.3%) <0.001 
New-onset AF 39 (17%) 0 (0.0%) 39 (100.0%) <0.001 
Median time to 
AF/F/up (years) 

3.2 [1.3-5.9]) 9.7 [4.3-10.1] 2.9 [1.2-6.4] <0.001 

P duration 116 [106-126] 116 [106-122] 118 [111-131] 0.224 
QRSd 78 [68-90] 86 [78-94] 88 [75-99] 0.880 
Pvm 0.16 [0.13-0.20] 0.16[0.13-0.20] 0.13[0.11-0.19] 0.006 
P duration/Pvm 711 [560-893] 694 [547-862] 801 [586-1046] 0.009 

AF: atrial fibrillation, F/up: follow-up, Pvm: Pwave vector magnitude, QRSd:QRS duration, TIA: transient ischemic 
attack 

Table 4: Clinical electrocardiographic predictors by Cox regression analyses of new-onset atrial fibrillation during 10-
year follow-up of ischemic stroke patients without known atrial fibrillation at their index stroke. 

 Univariate Multivariate 

Parameter HR (95% CI) P-value HR (95% CI) P-value

Age>65 years 2.88 (1.20-6.89) 0.018 1.04 (1.02-1.07) 0.001 

Hypertension 3.45 (1.40-3.49) 0.007 3.21 (1.35-7.67) 0.008 

Heart failure 4.04 (1.24-13.18) 0.020 2.72 (1.08-6.83) 0.033 

Diabetes 1.83 (0.87-3.87) 0.111 

Male gender 1.22 (0.50-1.59) 0.459 

Stroke group 1.391 (0.855-
2.263) 

0.184 

P duration 1.02 (0.96-1.05) 0.105 

QRS duration 1.02 (1.00-1.04) 0.025 1.01 (1.00-1.02) 0.354 

PQ interval 1.00 (0.99-1.01) 0.966 

Pvm 1.001 (0.994-
1.009) 

0.751 

P duration/Pvm 2.320 (1.367-
3.938) 

0.002 2.02 (1.18-3.46) 0.010 

P terminal force V1 1.00 (1.00-1.00) 0.142 

Pvm: p-wave vector magnitude, 95% CI: 95% confidence interval 
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analyses of patients who do not meet any of the independent predictors (ie. without 
hypertension, who were less than 65 years of age, did not have heart failure and had 
a Pd/Pvm of less than 870 ms/mV), did had a 93.2% chance of not developing atrial 
fibrillation. The positive predictive value for development of AF was 27.9% in a 
patient without hypertension, who were less than 65 years of age and did not have 
heart failure, but with a Pd/Pvm of less than 870 ms/mV. 

 

 

Figure 12: Kaplan-Meijer survival curve for p wave duration/ pwave vector magnitude (Pd/Pv) at a cut-off of 870 
milliseconds/millivolt (ms/mV), p-value <0.001. 
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Left ventricular abnormality (Paper II) 
Electrocardiographic results from 100 HCM patients (mean age, 32.7 ± 17.2 years) 
were assessed. Twenty patients with VAs were identified. Five patients with NYHA 
functional class III or IV HF were identified. Syncope differentiated those with vs 
those without VAs (Table 5). Four patients with VA had ICDs, and 1 patient without 
VA (but with atrial fibrillation) had an ICD. Holter monitoring identified 8 patients 
with VA; loop recording, exercise stress testing, and inpatient telemetry identified 
3, 2, and 4 patients, respectively. 

Corrected QT interval and QRS duration 
The QTc interval differentiated those with VAs from those without VAs with values 
of 440.7 ± 48.1 ms and 472.0 ± 43.4 ms, respectively (P = 0.013; Table 3, Figure 
12A). A QTc interval at a cutoff value of 460 ms gave PPV, NPV, and OR of 28.6%, 
83.3%, and 2.0, respectively (95% confidence interval [CI]: 0.7-5.6). The QRSd did 
not differentiate HCM patients with VAs from those without VAs. Please see Figure 
13A. 

Spatial peaks QRS-T angle 
The spatial peaks QRS-T angle differentiated those with sustained VAs from those 
without VAs (108.2 ± 45.9 degrees vs 144.0 ± 26.7 degrees; P < 0.001; HCM Table 
5, Figure 12B). At an optimum cut-off value of 124.1 degrees, PPV and NPV were 
36.7% and 96.1%, respectively, with an OR of 14.2 (95% CI: 3.1-65.6). Even in 
those without syncope, the SPQRS-T angle significantly differentiated those with 
vs those without VAs (109.3 ± 45.0 degrees vs 142.1 ± 28.6 degrees; P < 0.001). 
Please see Figure 13 B.  

Heart failure 
Only the SPQRS-T angle differentiated those with NYHA class III/IV HF from 
those without NYHA III/IV HF. There were 5 (5%) HCM patients with NYHA 
III/IV classification, all with systolic HF (1 with preserved ejection fraction), with 
a mean SPQRS-T angle of 150.3 ± 9.7 degrees vs 113.9 ± 45.3 degrees (P < 0.001). 
At an optimum cut-off value of 153.4 degrees, the PPV, NPV, and OR were 15.0%, 
98.8%, and 13.9, respectively (95% CI: 1.4-142.3). When those with congestive HF 
or VAs were compared with HCM patients without congestive HF or VA, the PPV, 
NPV, and OR were 44.9%, 96.1%, and 20.0, respectively (95% CI: 4.4 to 91.5), at 
a cut-off value of 124.1 degrees. 



45 

Table 5: Patient demographics and results for hypertrophic cardiomyopathy patients with sustained ventricular 
arrhythmias (VA) and those without sustained ventricular arrhythmias (no VA). Parameters assessed include age, sex, 
history of syncope, atrial arrhythmias, New York Heart Association Heart Failure Class II or IV (NYHA class III/IV), 
maximum septal thickness, QRS duration (QRSd in milliseconds, ms), corrected QT interval (QTc in milliseconds, ms) 
and the spatial peaks QRS-T angle (SPQRS-T angle in degrees).  

  VA  (N=20) No VA (N=80) p-value 

Age (years) 32.7±17.2 33.8±18.4 0.418 

male (%) 13 (65%) 53 (66.3%) 0.833 

Syncope (%) 7 (35%) 2 (2.50%) <0.001 

Atrial arrhythmias (%) 3 (15%) 8 (10%) 0.689 

Nonsustained ventricular arrhythmias (%) 2 (10%) 3 (3.8%) 0.261 

NYHA class III/IV 4 (5%) 4 (5%) 1.000 

Maximum septal thickness (centimeter) 2.4±0.5 2.2±0.4 0.107 

LVOT obstructions presence 2 (10%) 8 (10.0%) 1.000 

Sokolow-Lion voltage criteria (%) 4 (20%) 27 (33.8%) 0.358 

Cornell voltage criteria (%) 8 (40%) 18 (22.5%) 0.190 

Inverted T-waves V4-V6 (%) 10 (50%) 33 (41.3%) 0.650 

QRSd (ms) 116±36  99±22 0.137 

QTc (ms) 472±43 440±48 0.013 

SPQRS-T angle (degrees) 144±26 108±46 <0.001 
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Figure 13 A-B:  
A: Corrected QT interval (QTc) for HCM patients with versus without VA with bracket showing interquartile ranges 
(p=0.018). 
B: Spatial peaks QRS-T angle for HCM patients with versus without VA with bracket showing interquartile ranges 
(p<0.001). 
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Multivariate Analysis 
Logistic regression was used for multivariate analysis utilizing septal thickness, 
syncope, the QTc, and the SPQRST angle in the regression. Only syncope and the 
SPQRS-T angle both remained independent predictors of sustained 

VAs (both P < 0.001). The OR for the SPQRS-T angle was 

1.41 based on a cut-off of 121 degrees (95% CI: 1.20-1.65). 

The R2 value for spatial QRS-T angle vs septal thickness was 0.27. The R2 for the 
QRSd and QTc compared with septal thickness were 0.63 and 0.26, respectively. 

Right ventricular abnormality (Paper III): 
Of a total of 155 patients with the diagnosis of definite ARVD/C by 2010 Task 
Force criteria, 66 patients did not have depolarization or repolarization changes 
consistent with either major or minor criteria (ECG-negative patients) who were 
compared with 1:1 age- and gender matched control patients. ARVD/C Tables 1 
and 2 summarize patient demographic data. Apart from the ECG-related differences 
between ECG-positive and ECG-negative ARVD/C patients, on which group 
definitions were based, no other diagnostic criteria appeared to demonstrate 
significant difference between the groups (Table 6).  

Borderline significant difference was observed in regard to the greater prevalence 
of patients fulfilling minor arrhythmia criterion in ECG-positive ARVD/C patients. 
However, we observed significant differences in regard to the major MRI volume 
criteria, which was twice as common in ARVD/C patients who met ECG criteria 
(ECG-positive ARVD/C) than in those who did not meet 12-lead ECG criteria 
(ECG-negative ARVD/C Figure 14a-d shows comparisons of various parameters 
for controls, ECG-negative and ECG-positive patients. 

Five of our ECG-negative ARVD/C patients had right bundle branch blocks. While 
QRSd did not significantly differentiate ECG-negative ARVD/C patients from 
controls (ARVD/C Table 7), the QTc was significantly longer in ECG-negative 
ARVD/C than in control subjects (ARVD/C Table 8), with resultant optimum 
sensitivity, specificity, positive and negative predictive values shown in Table 9 
with an odds ratio of 5.3 for QTc (95% confidence interval 0.6 to 46.6).  
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Table 6: All ARVD/C, ARVD/C with (+ECG) and without (-ECG) 2010 ECG taskforce criteria with major and minor 
criteria including arrhythmia (arrhyth). 

ARVC Total 
(N=155) 

ECG-positive 
ARVC (N=89) 

ECG-negative 
ARVC (N=66) 

p-value 

Age 42.1 ± 17.3 42.0 ± 17.4 41.7 ± 17.6 0.861 
Sex (% male) 106 (68.4%) 63 (70.8%) 43 (65.2%) 0.488 
Proband (%) 111 (71.6%) 71 (79.8%) 30 (45.5%) 0.012 
Imaging, % 155 (100%) 89 (100%) 66 (100%) 1.000 
major, % 111 (71.6%) 68 (76.4%) 43 (65.2%) 0.082 
minor, % 89 (57.4%) 60 (67.4%) 29 (43.9%) 0.005 
Tissue biopsies (%) 70 (45.2%) 39 (43.8%) 31 (47.0%) 0.745 
major, % 53 (75.7%) 31 (79.1%) 22 (71.0%) 0.576 
minor, % 63 (90.0%) 36 (92.3%) 27 (87.1%) 0.454 
Repolarization abnl major 54 (34.8%) 54 (60.7%) 0 (0.0%) <0.001 
Repolarization abnl minor 20 (12.9%) 20 (22.5%) 0 (0.0%) <0.001 
Depolarization abnl major 13 (8.4%) 13 (14.6%) 0 (0.0%) <0.001 
Depolairzation abnl minor 17 (11.0%) 17 (19.1%) 0 (0.0%) <0.001 
Ventricular arrhyth major 44 (28.4%) 26 (29.2%) 18 (27.3%) 0.858 
Ventricular arrhyth minor 64 (41.3%) 42 (47.2%) 22 (33.3%) 0.1000 
Family History major 84 (54.2%) 48 (53.9%) 35 (53.0%) 1.000 
VII. Genotype + 48 (31.0%) 29 (32.6%) 19 (28.8%) 0.726 
PLN (% genotype +) 1 (2.1%) 0 (0.0%) 1 (5.3%) 0.396 
TTN (% genotype +) 11 (22.9%) 8 (27.6%) 3 (15.8%) 0.488 
PKP2 (% genotype +) 23 (47.9%) 17 (58.6%) 6 (31.2%) 0.083 
DSC2 (% genotype +) 2 (4.2%) 1 (3.5%) 1 (5.3%) 1.000 
DSG2 (%genotype +) 12 (25.0%) 6 (20.7%) 6 (31.5%) 0.501 
DSG3 (%genotype +) 2 (4.2%) 1 (3.5%) 1 (5.30%) 1.000 
DSP (%genotype +) 8 (16.7%) 6 (20.7%) 2 (10.56%) 0.4510 
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Figure 14 A-D:  
A: Spatial peaks QRS-T angle angles for controls, ARVC without ECG changes (-) and ARVC with ECG changes (+) 
B: Right precordial-directed angle (RPD angle) for controls, ARVC without ECG changes (-) and ARVC with ECG 
changes (+) 
C: Right RMS-QRS (right QRSvm) for controls, ARVC without ECG changes (-) and ARVC with ECG changes (+) 
D: QRS duration for controls, ARVC without ECG changes (-) and ARVC with ECG changes (+) 
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Table 7: Detailed electrocardiographical and imaging characteristics of ECG-positive and ECG-negative ARVC/D 
patients including Epsilon waves, upslope S-wave, Signal Average ECG measurements (SAECG) including fractional 
QRS duration (fqrsd), low amplitude signal under 40 microV in the latter part of QRS (LAS40) and root mean square 
amplitude in the last 40milliseconds (RMS40), repolarization abnormalities and echocardiogram/magnetic resonance 
imaging (MRI) including right ventricular end-diastolic volumes (RVEDV). 

ARVD/C 
(n=155) 

ARVD/C  
ECG-positive  
(N=84) 

ARVD/C  
ECG-
negative 
(N=66) 

P-value 

ECG: Depolarization 

Epsilon waves 13 (8.4%) 13 (15.5%) 0 (0.0%) <0.001 

Upslope S-wave ≥55 ms V1,V2 or V3  17 (11.0%) 17 (20.2%) 0 (0.0%) <0.001 

Bundle branch blocks 22 (14.1%) 17 (20.2%) 0 (0.0%) 0.035 

SAECG performed (% total) 63 (40.7%) 32 (38.1%) 31 (41.7%) 0.515 

fQRSd ≥114ms (% of SAECG) 33 (52.4%) 17 (53.1%) 16 (51.6%) 1.000 

LAS40 ≥38ms (% of SAECG) 31 (49.2%) 18 (56.3%) 13 (41.9%) 0.317 

RMS40 ≤20μV (% of SAECG) 28 (44.4%) 13 (40.6%) 15 (48.4%) 0.616 

ECG: Repolarization 

 T-wave inversions V1-V3 >14years no 
RBBB 

54 (34.8%) 54 (64.3%) 0 (0.0%) <0.001 

T-wave inversions V1-V4 with RBBB 12 (7.7%) 12 (14.3%) 0 (0.0%) <0.001 

- T-wave inversions V1 and V2 or in 
V4,V5,V6

8 (5.2%) 8 (9.5%) 0 (0.0%) 0.008 

Imaging 

Echocardiograms performed (% total) 155 (100.0%) 84 (100.0%) 66 (100.0%) 1.000 

Akinesia/dyskinesia/aneurysm echo 111 (71.6%) 65 (77.4%) 43 (65.2%) 0.108 

MRI’s performed (% total) 124 (80.0%) 72 (85.7%) 52 (73.2%) 0.070 

Akinesia/dyskinesia/aneurysm 89 (71.8%) 58(80.6%) 31 (59.6%) 0.272 

RVEDV ≥110ml/m2(M), 100ml/m2(F) 65 (52.4%) 49 (68.1%) 16 (30.8%) <0.001 

RVEDV ≥100ml/m2 but <110 ml/m2 (M), 
≥90ml/m2 but <100ml/m2(F) 

24 (19.4%) 10 (11.9%) 14 (26.9%) 0.106 
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Table 8: Vector and protractor measured angles and their respective p-values for the QRS duration (QRSd, 
milliseconds), corrected QT interval (QTc, milliseconds), the right precordial directed angle (RPD angle), and right root 
mean square QRS (RtRMS-QRS)respectively for different subsets of patients including controls, arrhythmogenic right 
ventricular dysplasia/cardiomyopathy patients who meet 12-lead 2010 Taskforce criteria (ECG-positive), who don’t meet 
12-lead 2010 Taskforce criteria (ECG-negative), who are ECG-negative without bundle branch blocks (BBB) and who 
are ECG-negative who have signal average ECG’s do not have any late potentials (SAECG-). P-values as compared 
to controls. 

Parameter QRSd (ms), 
[p-value] 

QTc (ms), 
[p-value] 

SPQRS-T 
angle 

RPD angle RtRMS-QRS 

Controls (N=66)  92  (86-99) 405 (387- 
430) 

24.1 (13.5 to 
42.1) 

54.4 (48.9 to 
61.5) 

1.54 (1.17 to 
1.90) 

ARVD/C ECG-
positive (N=89) 

104.0  
(94.0-122.0), 
[<0.001]* 

425.0 (403.0 
to 449.0), 
[0.022]* 

43.8 (23.6 to 
72.9), [0.228] 

74.8 (58.4 to 
94.7), [0.971] 

 0.81 (0.63 to 
1.13), [0.371] 

ARVD/C ECG- and 
no BBB (N=66) 

98.0  
(86.0-104.0), 
[0.052] 

412.0 (399.0 
to 430.0), 
[0.061] 

33.6 (16.7 to 
54.2), [0.004] 

76.2 (62.3 to 
92.9), [<0.001] 

0.81 (0.64 to 
1.15), [<0.001] 

ARVD/C ECG-, no 
BBB, SAECG-
negative (N=20) 

93.0  
(85.5-100.0), 
[0.947] 

420.5 (397.5-
430.0), [0.057] 

40.9  
(22.3-55.7), 
[0.081] 

71.2 (60.4-
84.7) [<0.001] 

0.77 (0.67-
1.18), [<0.001] 

 

Table 9: Sensitivities, specificities, positive/negative predictive values and odds ratios (95% CI) for cut-off values based 
on ROC curve analysis for corrected QT interval, spatial peaks QRS-T angle, right precordial directed angle, right root 
mean square QRS, and both right parameters for ECG-negative ARVD/C versus controls. 

 Parameter Cut-off  
AUC 

p-
value 

Sn (%) Sp (%) PPV (%) NPV 
(%) 

Odds ratio 

QRSd 99.0ms 0.64 0.026 48.5 83.3 74.4 61.8 4.7 (2.1-10.6) 

QTc 451ms 0.56 0.289 12.1 100.0 100.0 53.2 19.3 (1.1-342.1) 

SPQRS-T 
angle 

50.8° 0.68 <0.001 30.0 94.0 53.6 50.9 1.2 (0.5-2.7) 

RPD angle 70.2° 0.86 <0.001 72.7 94.0 91.7 80.5 41.3 (13.1-130.2) 

RtRMS-
QRS 

0.81 
mV 

0.85 <0.001 51.5 92.4 92.3 77.5 13.0 (4.6-36.4) 

Both right 
parameters 

N/A N/A N/A 81.8 90.9 90.0 83.3 45.0 (15.8-128.2) 
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The QRSd and the QTc significantly differentiated the ECG-positive versus ECG-
negative ARVD/C patients (p-values of <0.001 and 0.002, respectively). 

Spatial peaks QRS-T angles Both the SPQRS-T angle and the RPD angle 
demonstrated significant differences between ECG-negative ARVD/C patients and 
control subjects (p-value < 0.001, ARVD/C Table 8). The RPD angle showed much 
better sensitivity and specificity than the spatial QRS-T angle (Table 9) and with an 
odds ratio 34 times higher than that for the SPQRS-T angle at 41.3 (95% CI 13.1 to 
130.2). The SPQRS-T angle demonstrated stepwise increase from the lowest value 
in the control group to ECG-negative ARVD/C and the highest value observed in 
the ECG-positive ARVD/C patients. 

Right root mean square QRS voltage The right root mean square QRS (RtRMS-
QRS) progressively and significantly decreased stepwise from the highest mean 
value observed in the control group to the lowest among the ECG-positive 
ARVD/C. Regarding discrimination between control subjects and ECG-negative 
ARVD/C patients, the ROC curve gave an optimum cut-off value of 0.81 mV giving 
an odds ratio of 13.0 (95% CI 4.6 to 36.4). Please see ARVD/C Tables 8 and 9. 

Combined right-precordial directed parameters Based on combined right-
precordial-directed-sided parameters including the RPD angle and RtRMS-QRS, at 
the above noted cut-off values, the sensitivity, specificity and odds ratios were 
90.9%, 83.3%, and 45.0 (95% CI 15.8 to 128.2), respectively. Figure 14 (a-d) shows 
depolarization parameter box plots. 

ECG-negative proband versus ECG-negative non-proband Thirty patients without 
abnormalities on the 12-lead ECG were probands (45.5%). At the cut-off values 
above (70.2 degrees for RPD angle and 0.81 mV for the RtRMS-QRS, respectively), 
the sensitivity for probands was 86.7% and for non-probands 72.5% for 
identification of those without 12-lead ECG abnormalities otherwise, while of 
course maintaining specificity 92.4% and 94.0% respectively. 

ECG-based 2010 taskforce criteria and their relationship to the right-precordial 
ECG parameters When the whole ARVD/C cohort was assessed (N = 155), the 
RtRMS-QRS significantly differentiated those with TAD (terminal activation delay, 
ie. The upslope of the S-wave ≥55 ms, minor depolarization criterion) versus those 
ARVD/C patients with upslope of the S-wave <55 ms (p = 0.006). Patients with and 
without epsilon waves did not demonstrate significant difference in regard to the 
novel right-precordial parameters (Table 7). Patients with different extent of 
repolarization abnormalities, such as no T-wave inversion/T-wave inversion in V1 
(repolarization criterion is not present), T-wave inversion in V1 and V2 only (minor 
repolarization criterion) or T-wave inversions in V1-V3 or beyond (major 
repolarization criterion) were not differentiated by the right-precordial parameters 
(Table 10). The spatial QRS-T angle was lower for those with only T-wave 
inversions in V1 and V2, versus those with more precordial T-wave inversions or 
those without T-wave inversions in the precordial leads (ARVD/C Table 10). 
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Table 10: Novel right-precordial and vectorcardiographic values compared to ARVD/C patients and 2010 Taskforce 
criteria values currently used.  

  SPQRS-T angle 
(degrees) 

RPD angle (degrees)  RtRMS-QRS (millivolts)  

Epsilon-wave +, n=13 54.4 ± 31.3 100.5 ± 42.5 1.0 ± 0.8 

Epsilon-wave -, n=142 54.6 ± 42.0 81.2 ± 31.2 0.9 ± 0.4 

TAD >= 55 ms, n=17 67.0 ± 41.1 92.9 ± 40.7 0.7 ± 0.3* 

TAD< 55 ms, n=138 53.1 ± 41.1 81.7 ± 31.4 0.9 ± 0.5* 

No T-wave inversion/only in 
V1, n=26 

56.7 ± 31.0 83.8 ± 33.8 1.0 ± 0.6 

T-wave inversion V1-V2, n=56 35.0 ± 28.0* 87.5 ± 31.8 0.9 ± 0.4 

T-wave inversion V1-V3 or 
beyond, n=73 

67.7 ± 46.8 78.1 ± 32.4 0.8 ± 0.4 

 

Left ventricular involvement and clinical parameters Twelve total ARVD/C patients 
had left-sided disease (7.7%). Eleven had decreased left ventricular ejection fraction 
(median 52.5%, IQR 50.5 to 54.0%) and three had LVEDVi >100 ml/m^2 (median 
30.8 ml/m^2, IQR 26.5 to 97.0 ml/m^2). Three patients were ECG-negative and one 
had no late potentials. There was only a significant difference in the QRSd with 
those without LV changes at median 100 ms (IQR 90-113 ms) versus those with left 
sided changes at a median of 97 ms (IQR 91.5 to 101 ms). The median values for 
ARVD/C patients with left-sided changes for the QTc, SPQRS-T angle, RPD angle 
and RtRMS-QRS were 417 ms (IQR 401 to 457 ms), 23.0 degrees (IQR 15.6 to 51.5 
degrees), 79.4 degrees (IQR 70.0 to 99.8 degrees), and 0.91 mV (IQR 0.54 to 1.21 
mV), respectively. 

Intra-observer and inter-observer variability Intra-class correlation coefficients for 
the intra−/interobserver variability for the RPD angle were 0.93 and 0.92, for the 
RtRMS-QRS were 0.94 and 0.92. For the SPQRS-T angle, intra−/inter-observer 
variability has previously been described (8,17,26). Variability between automated 
analyses and 1st author calculations gave intra-class correlation coefficients of 
0.971 and 0.917 for RtRMS-QRS and RPD angle. 

Magnetic resonance imaging correlates MRI indexed volumes and ejection fractions 
were compared to the VCG/ECG parameters above. The highest 

R-squared value for a VCG or ECG parameter was 0.24 for the SPQRS-T angle 
correlating to left ventricular ejection fraction (EF). Otherwise the RPD angle and 
RtRMS-QRS correlated poorly to RV indexed volume (indexed RVEDV) with R-
squared values at 0.15 and 0.07, respectively and with RV EF R-squared values of 
0.06 and 0.19, respectively, all without significant p-values. QRSd also correlated 
poorly with indexed RVEDV and RVEF with R-squared values of 0.10 and 0.11, 
respectively without significant p-values. 
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Ventricular repolarization abnormality (Paper IV): 
One hundred and fifty‐four patients met clinical inclusion criteria, of whom 113 
patients had ECG’s suitable for assessment. These 113 patients with LQT2 with 
normal QTc values (mean age 42±16 years, 43% male) comprised the study group 
and were compared with 1007 normal QTc control patients (mean age 41±15 years, 
41% male). LQT2 mutation carriers did not differ from the control group in regard 
to the age at enrolment or gender distribution, however, they had significantly lower 
heart rate, longer QTc (even though still within normal range), QTpeak and Tpeak‐
Tend intervals in comparison with the genotype‐negative subjects (LQT2 Tables 11 
and 12). As previously reported, the proportion of subjects demonstrating visually 
abnormal T wave morphology at inclusion in the registry was nearly five times 
higher among LQT2 mutation‐positive patients than in the control group. The 
proportion of individuals experiencing syncopal episodes was significantly higher 
among LQT2 mutation carriers, however, very few were treated with beta‐blockers 
or had more serious events by the age of 18 (baseline), as shown in LQT2 Table 11. 

Among patients carrying LQT2 mutation who had ECG available for TwVM 
assessment, median TwVM was 0.30mV, which was used as a cut‐off for analyses 
of associations between TwVM and clinical characteristics and study endpoints. 
TwWM was significantly higher in LQT2 men than women:3.8±1.8vs3.0±1.3mV, 
respectively(P=0.020). Intraclass correlation coefficients for the TwVM 
measurements for a 10% sample of the population gave interobserver variability of 
0.94. LQT2 mutation carriers with TwVM≤0.30mV were more likely to be female, 
have lower heart rates, have syncope and receive betablocker treatment (LQT2 
Table 2). Low TwVM was strongly associated with the visually assessed abnormal 
T‐wave morphology: of 35 LQT2 mutation carriers demonstrating abnormal T‐
wave morphology, 26 (75%) had low TwVM (P<.001). There was a trend indicating 
greater proportion of LQT2 pore‐mutation carriers among patients with low TwVM, 
though the difference was not significant (21% vs 11%, P=.144). 

Clinical course in LQT2 patients with normal QTc values 
During follow up, 27 LQT2 mutation carriers had CE, of which 5 were ACA and 
22 syncopal episodes (compared with 62 syncopal episodes and 1 ACA in the 
control group), which were assessed using Kaplan–Meier curve analysis and Cox 
regression analysis as outlined in the Methods. Four ACA events were observed 
among female LQT2 carriers who had low TwVM and one ACA event occurred to 
a male patient with high TwVM.  

Figure 15A shows Kaplan–Meier curve analysis of the risk of cardiac events in 
normal QTc LQT2 mutation carriers dichotomized by the median TwVM and 
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compared with the genotype‐negative controls shown for the entire study cohort and 
separately for men (Figure 15B) and women (Figure 15C).  

 
Table 11: Clinical characteristics for genotype negative LQTS family members with normal QTc values and genotype 
positive LQT2 patients with normal QTc values at baseline (18 years). 

Clinical characteristics Normal QTc 
Genotype- negative 
family  
n=1007 

Normal QTc  
LQT2 Carriers 
N=113 

P Value 

Male, #(%) 414 (41) 49 (43) 0.645 
Age at ECG, yr 41±15 42±16 0.242 
Pore Mutation N/A 18 (16) N/A 

ECG characteristics 
RR, msec 893±166 951±176 0.001 
PR, msec 161±28 163±23 0.807 
QRS, msec 85±14 85±14 0.919 
QTp, msec 305±31 326±42 <0.001 
QT, msec 391±34 421±38 <.0001 
QTc, msec 417±26 434±25 <0.001 
TpTe, msec 86±21 95±30 0.004 
Abnormal T-wave in V5/L2 64 (7) 35 (34) <0.001 
Treatment, #(%) 
Beta-blockers 3 (0) 2 (2) <0.001 
LCTSD 0 (0) 0 (0) N/A 
Pacemaker 1 (0) 0 (0) 1.000 
ICD 1 (0) 1 (1) 0.192 
Cardiac Events, # (%) 
Syncope 62 (6) 15 (13) 0.009 
ACA 1 (0) 0 (0) 1.000 
Appropriate Shock 0 (0) 0 (0) N/A 
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Table 12: Characteristics of electrocardiographically concealed LQT2 patients (genotype positive KCNH2 with normal 
QTc values), based on cut-offs of the median product of the T wave vector magnitude (TwVM) at baseline (18 years).  

Clinical Characteristics TwVM ≤ median TwVM > median P-value 

# of LQT2 Carriers 57 56 
Male, # (%) 17 (30) 32 (57) 0.003 
Age at ECG, yr 44±16 40±15 0.230 
Pore Mutation 12 (21) 6 (11) 0.144 
ECG characteristics 
RR, sec 912±168 991±177 0.017 
PR, sec 163±22 162±24 0.850 
QRS, sec 83±12 87±15 0.102 

QTp, sec 326±45 327±39 0.885 
QT, sec 417±43 425±33 0.202 
QTc, sec 438±22 430±27 0.091 
TpTe, sec 92±33 98±27 0.404 
Abnormal T-wave in V5/L2 26  (50) 9 (17) <0.001 
TwVM 0.22±0.05 0.45±0.14 <0.001 
Treatment, # (%) 
Beta-blockers 1 (2) 1 (2) 1.000 
LQTSD 0 0 N/A 

Pacemaker 0 0 N/A
ICD 0 1(2) 0.495 
Cardiac Events, # (%) 
Syncope 10 (18) 5 (9) 0.269 
ACA 3 (5) 0 0.243 
Sudden cardiac death 1 (2) 1 (2) 1.000 

Appropriate Shock 0 0 N/A

Retroactive ACA/sudden death events (<18 
years) 

2 (4) 0 (0)  0.496 
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Figure 15 A:  
Probability of cardiac event genotype positive KCNH2with normal QTc values based on T-wave vector magnitude 
(Twvm) cut-off value of 0.30mV compared to genotype negative controls for all patients. 

 
Figure 15 B:  
Probability of cardiac event genotype positive KCNH2 with normal QTc values based on T-wave vector magnitude 
(Twvm) cut-off value of 0.30mV compared to genotype negative controls for men only. 
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Figure 15 C:  
Probability of cardiac event genotype positive KCNH2with normal QTc values based on T-wave vector magnitude 
(Twvm) cut-off value of 0.30mV compared to genotype negative controls for women only. 

In the entire cohort, low TwVM was associated with a high risk of cardiac events 
among the LQT2 patients with normal QTc values, while the curve indicating the 
cumulative risk of cardiac events among these same patients with high TwVM was 
overlapping with the one corresponding to the genotype‐negative controls. In the 
univariate Cox regression analysis, TwVM≤0.30mV was associated with the 
increased risk of cardiac events (HR=2.95, 95% CI, 1.25‐6.98, P=0.014) compared 
to LQT2 patients (with normal QTc values) with TwVM>0.30mV. After including 
sex and time-dependent beta‐blockade use in the multivariate Cox regression 
analysis, low TwVM remained a significant predictor of cardiac event risk 
(HR=2.55, 95% CI, 1.07‐6.04, P=0.034). This difference was primarily due to the 
differences observed among women (HRfemale = 3.18, 95% CI, 1.91‐5.98, 
P=<.001; HRmale =1.05, 95% CI, 0.25‐4.37, P=0.947, Table 13).  

After including sex and time‐dependent betablockade use in the Cox regression 
analysis, low TwVM remained a significant predictor of cardiac event risk within the 
LQT2 cohort (HR=2.55, 95% CI, 1.07‐6.04, P=.034). There were no differences in 
LQT2 patients with TwVM>0.30mV compared to controls in respect to survival to CE, 
and whether men and women, just women, or just men were evaluated (LQT2 Table 
13). It is worth stressing that these associations were present in women but not in men 
who presented with low risk of cardiac events. As sensitivity analysis we repeated the 
above Cox analyses while using sex‐specific median TwVM values as cut‐offs in 
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males (≤0.37 mV) and females (≤0.27 mV) and the results were very similar: hazard 
ratio of 3.30 (P < .001) in females and 0.78 (P = .732) in males when comparing risk 
of events in individuals with lower vs higher than median TmVM values. TwVM 
demonstrated a significant association with the risk of ACA/SCD (HR=2.64, 95% 
CI, 1.64‐4.24, P<.001) compared to genotype‐negative family members (Figure 16).  

 

 

Figure 16: Probability of sudden cardiac death or aborted cardiac arrest in genotype positive KCNH2with normal QTc 
values based on T-wave vector magnitude (Twvm) cut-off value of 0.30mV compared to genotype negative controls . 
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Table 13: Probability of cardiac events in the Cox regression analysis in the  ECG concealed LQT2 patients with 
adjustment for time-dependent beta blocker usage based on T-wave vector magnitude cut-off of 0.3mV with female and 
male cohorts also presented separately. The hazard ratio for the genotype-negative control population versus the entire 
genotype negative cohort is also presented. 

All Females Males 
HR 95%CI p-value HR 95%CI p-value HR  95%CI p-

value 
ecLQT2 
TwVM ≤0.30 
mV vs. 
ecLQT2 
TwVM 
>0.30mV 

2.55 1.07-
6.04 

0.034 3.18 1.08-9.40 0.036 0.99 0.17-
5.95 

0.993 

ecLQT2 
TwVM 
≤0.30mV vs.
Genotype-
negative 
control

2.64 1.64-
4.24 

<0.001 3.18 1.91-5.28 <0.001 1.05 0.25-
4.37 

0.947 

ecLQT2 
TwVM 
>0.30mV 
vs. 
Genotype-
negative 
control

1.38 0.72-
2.62 

0.333 1.37 0.64-2.95 0.422 1.39 0.43-
4.52 

0.589 
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Discussion: 

Derived-vectorcardiography including right precordial-directed parameters, 
demonstrate improved prognostic and diagnostic capability over traditional 12-lead 
ECG parameters. Global atrial depolarization vector magnitude, when multiplied by 
the P-wave duration, gives the most predictive ECG measure for predicting atrial 
fibrillation, in a prospective cohort of ischemic stroke patients. Assessing the angle 
difference between the maximum vector of depolarization compared to the 
maximum vector of repolarization, the spatial peaks QRS-T angle, predicts 
ventricular tachycardia in a population of patients with hypertrophic 
cardiomyopathy. Another cardiomyopathy, arrhythmogenic right ventricular 
cardiomyopathy, can be identified with improved diagnostic accuracy by right 
precordial-directed vectorcardiography compared to the ECG or signal averaged 
ECG parameters that are currently part of the 2010 Taskforce criteria. Lastly, 
patients with KCNH2 mutations but normal QTc intervals, have risk of cardiac 
events, and can be risk stratified based on a lower TwVM. Thus, derived-
vectorcardiography involving atrial depolarization, ventricular depolarization, and 
ventricular repolarization appear to have clinical usefulness in the subpopulations 
we assessed, and likely have value in other subpopulations.  

Atrial fibrillation prediction 
Our study demonstrates that a measure of P-wave dispersion by duration and voltage 
assessment from the standard 12-lead ECG, taken during hospital admission for 
ischemic stroke, in the form of Pd/Pvm can predict new-onset AF during follow-up 
while neither P-wave duration nor P-wave terminal force in lead V1 were 
significantly associated with subsequent AF occurrence. The relation of Pd/Pvm to 
new-onset AF remained independent after adjustment for other clinical parameters. 

Presence of AF as previously reported, by the end of the 10-year follow-up AF was 
detected in 15% of our initially AF-free subjects, which corresponds to the reported 
AF incidence for an aging population of 18% in those older than 85 years by the end 
of a 7-year follow-up and 17% of those 65– 74 years by the end of a 6-year follow-
up (14,15,47, 53). Compared with studies based on only ECG screening, studies that 
employed implantable devices generally have shown higher AF detection rates - of 



62 

up to 28–30% in patients with ischemic stroke or TIA, as well as in those with risk 
factors for ischemic stroke (54,55,56,57). 

We previously reported that in the same cohort age > 65 years, presence of 
hypertension or heart failure showed a univariate as well as multivariate predictive 
relation to subsequent AF onset during a 10-year follow-up period (47). Clinical 
parameters we found significant in previous analyses were used in the Cox 
modelling in the current analysis (47). 

P-wave duration divided by 3-dimensional p-wave vector magnitude
(Pd/Pvm)
 Previous literature mostly has focused on P-wave duration as a predictive tool for 
new-onset atrial fibrillation with some success in non-ischemic stroke populations 
(17,58). Although in the subgroup of those <60 years of age, the overall P-wave 
duration yielded a nonsignificant HR (1.15, 95% CI 0.90 to 1.47). It has also been 
shown that maximum P wave duration at the upper fifth percentile was associated 
with long-term AF risk in an elderly community-based cohort (17). In hypertensive 
patients the P-wave duration independently predicted the development of new-onset 
atrial fibrillation (58). However, in a recent publication of our cohort, no significant 
predictive value was found for the P-wave duration as a predictor for new-onset AF 
(47). In another study, prolonged P-wave duration and advanced interatrial block in 
particular have shown an association with AF (18). Furthermore, PTFV1 was not 
found to be a reproducibly significant predictor of AF (47). In patients with recurrent 
atrial fibrillation after catheter ablation, low voltage in lead I (<0.01 mV) was 
associated with recurrence of AF (22). Our results demonstrate that atrial voltage 
dispersion, as measured by Pvm is not in itself alone associated with the 
development of AF. However, our study is the first to show that atrial time duration 
versus voltage dispersion (Pd/Pvm) is a potentially clinically useful predictive 
measure which can be obtained by the ECG alone.  

After our study was published a subsequent study by Nakatani et al, which 
referenced our method, assessed the value of lower Pvm in predicting left atrial low-
voltage areas which found to be the only significant independent predictor (59). This 
provides further pathophysiologic changes, ie. scar formation leading to lower 
absolute vector magnitude in one particular direction, which is quantified by the 
Pvm (59). Another study published subsequent to ours (referenced in our methods 
section), was a study performed to assess the ability of Pvm to identify those patients 
with recurrence of atrial fibrillation after pulmonary vein isolation (ablation) 
procedure (60). This study assessed post-operative ECG and derived the Pvm by our 
same method and found that in 126 consecutive patients with persistent atrial 
fibrillation who underwent catheter ablation, only the Pvm could independently 
predict recurrence of atrial fibrillation based on a cut-off value of 0.13mV, with 
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lower values identifying those with recurrence of atrial fibrillation with freedom 
from atrial fibrillation of 93% if Pwm was above 0.13mV after ablation (60).  

Pvm has also shown predictive value for atrial arrhythmias in patients with 
congenital heart disease, and in particular tetralogy of Fallot patients undergoing 
pulmonary valve replacements (20). In this same study Pvm inversely correlated 
with higher right atrial pressure, left and right ventricular ejection fractions, QRSd, 
and older age (20). In the above publication Pvm was predictive of organized right 
atrial arrhythmias (intra-atrial re-entrant tachycardia and typical flutter), thus in the 
more disorganized left atrial arrhythmia (AF), it appears time dispersion across the 
left atrium must also be taken into account. A risk score based on the above 
parameters might be helpful in ruling out those at risk for atrial fibrillation, and 
furthermore can be automatically calculated, however further reproducibility with 
other ECG systems and automated methods would be required. Our study also 
demonstrated a high specificity and negative predictive value for identification of 
AF in ischemic stroke patients but with low sensitivity and positive predictive 
values. This demonstrates that in our cohort although those who develop AF cannot 
necessarily all be identified (sensitivity 51%) and the value of a Pd/Pvm > 870 
ms/mV does not necessarily identify all of those who may develop AF (positive 
predictive value 30%). Those who do not develop AF, however, are going to be 
those who have a Pd/Pvm <870 ms/mV. Thus, if effectively reproduced 
independently, this may be a reasonable and cost-effective screening test for those 
at risk for developing AF. 

 

The duration of the P-wave when assessed (divided) by its vector magnitude 
predicted atrial fibrillation in cryptogenic stroke patients, whereas no 12-lead 
parameter by itself had atrial fibrillation predictive value.  

Left ventricular abnormality (Paper II): 

Ventricular tachycardia prediction in hypertrophic cardiomyopathy 
Corrected QT Interval and QRS Duration  
Corrected QT interval prolongation has been previously described in HCM patients, 
with 13% having values >480ms (26). However, the association between a 
prolonged QTc interval, specifically >460ms, and VAs, as well as sudden cardiac 
death in HCM, has been described (26). In our study, the QTc interval had too low 
of a predictive value (positive or negative) for any clinical usefulness. 

Spatial Peaks QRS-T Angle The SPQRS-T angle has been previously been shown 
to identify patients with HCM and to predict VA’s in adults with myocardial 
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ischemia; thus, it seems logical that it would predict VA’s in patients with HCM 
(39,61). Hypertrophic cardiomyopathy, however, can involve subendocardial 
ischemia; thus, the SPQRS-T angle is not as robust a predictor as one might have 
thought. Given its positive correlation with worsening HF, it is likely that the 
SPQRS-T angle, given a larger population size, would identify HF in patients with 
HCM (62,63,64). However, identification of significant morbidity from either HF 
or VAs is obtained by utilizing the SPQRS-T angle with improved ORs at the same 
VA optimum cut-off value for the SPQRS-T angle. Thus, arrhythmia and HF risk 
are both conferred by an increase in the SPQRS-T angle. The spatial QRS-T angle 
correlates with reduced left ventricular ejection fraction, left ventricular dilation, 
and increased left ventricular mass and is associated with ischemic scar, which are 
known risk factors for VA’s (65).  Furthermore, the derived spatial QRS-T angle 
from the 12-lead ECG, which was the method used in this study, shows similar 
diagnostic ability to the vectorcardiographically measured spatial QRS-T angle with 
tight Bland-Altman 95% limits of agreement; thus, is a reasonable and clinically 
available tool for risk assessment in HCM patients (30,52). 

In hypertrophic cardiomyopathy patients, an increased spatial QRS-T angle 
identified those patients with sustained ventricular arrhythmias better than any 12-
lead EKG predictor and also had predictive value for those HCM patients with late-
stage systolic heart failure. 

Right ventricular abnormality (Paper III): 

Identification of ARVC in electrocardiographically concealed patients 
We found that patients with ARVD/C, diagnosed using the 2010 revised Task Force 
criteria, exhibit subtle electrocardiographic abnormalities, which do not fit in the 
frame of the depolarization and repolarization criteria outlined in the Task Force 
2010 document. By comparing with a cohort of healthy controls we found that 
ostensibly normal ECG pattern in patients with ECG-negative ARVD/C contain 
signs of abnormal ventricular depolarization and repolarization that can be 
quantified using novel right precordial-adjusted VCG markers. RPD angle, SPQRS-
T angle, and the RtRMSQRS demonstrated significant ability to differentiate 
patients with electrocardiographically concealed ARVD/C from healthy controls. In 
addition, SPQRS-T angle exhibited stepwise increase and RtRMSQRS a decrease 
when control cohort was compared with ECG-negative and ECG-positive ARVD/C 
patients thus suggesting novel markers potential for quantification of 
electrocardiographic ARVD/C phenotype. These may aid in early detection in 
clinical cascade screening. 
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QRSd and QTc  
The QRSd was not a specific marker for -ECG ARVC/D, which is not surprising, 
given the patients don’t meet 2010 taskforce criteria including epsilon waves or 
delayed S-wave upstroke. It does significantly differentiate ECG-positive ARVD/C 
from ECG-negative ARVD/C. The QTc did significantly differentiate patients with 
ECG-negative ARVD/C with minimal diagnostic assistance. The QTc also prolongs 
significantly as the ARVD/ C patients develop Taskforce 2010 ECG criteria, which 
may or may not assist in diagnosis. 

Spatial angles  
Although conventional VCG markers have shown use in left sided heart disease 
(5,29,30,62-65), they have shown limited use in right heart disease (32). For 
instance, in hypertrophic cardiomyopathy, the spatial QRS-T angle improves 
diagnostic ability for detection of hypertrophic cardiomyopathy over conventional 
12-lead ECG parameters, however only detected part of our ECG-negative 
ARVD/C cohort (5,29,30). This same angle, however showed limited prognostic 
ability in other right-ventricle disease patients, namely those with tetralology of 
Fallot and with single ventricle physiology (36,66). The RPD angle had the highest 
identification ability out of all parameters tested and gave the highest odds ratio for 
identification of ECG-negative ARVD/C. Although the SPQRS-T angle 
significantly differentiates controls from ECG-negative ARVD/C, it did not prove 
as clinically useful with less sensitivity and less specificity than the RPD angle. 
Although some cases of ARVD/C include left sided disease (12 patients in our 
cohort), more often than not a right-sided only phenotype is present (32). Thus, even 
though the SPQRS-T angle has prognostic and diagnostic use, and specifically for 
a generally left sided cardiomyopathy, it is not surprising that a right-sided specific 
marker is more helpful in identification of disease in those without other 
depolarization/repolarization abnormalities in ARVD/C as suggested by our 
findings (5,29,30,62-65). This also seemed to be particularly a good marker for 
those family members detected by cascade screening, who likely represent an early 
ARVC/D phenotype. This may be a useful marker for screening and can be 
programmed in most ECG software. 

The RtRMS-QRS or right precordial-directed QRS vector magnitude is simply a 
measure of depolarization dispersion in the right ventricle which should become 
smaller as more fibrosis occurs. The lower the RtRMSQRS, the more dispersion of 
depolarization in the right ventricle would likely occur. The RtRMS-QRS had 
significant identification ability in those with ECG-negative ARVD/C compared to 
control patients with a high specificity. This is useful as it is a simple parameter to 
calculate (Figure 11). Similar to other right side-specific voltage parameters, it has 
low sensitivity for detection of right heart disease in this study, however as a non-
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invasive and cost-effective test, this simple method still detected over one half of 
patients who were not initially detected by ECG (35). Given the fibro-fatty 
infiltration of right ventricular myocardium often observed in ARVD/C, it seems 
logical that dispersion of depolarization (ie. lower RtRMS-QRS) would be affected, 
and furthermore, this has already been identified by the low amplitude of the last 
40ms of the QRS when SAECG has been evaluated (32). Again, this would also 
particularly be helpful in identification of those with early ARVC/D disease, as it 
was able to detect those non-proband family members who represent an early stage 
of ARVC/D and meet 1 of their major criteria by family association alone. 

Combined, the diagnostic value of these parameters demonstrated superior 
identification power than each parameter alone. Combined, without compromising 
specificity, these parameters identified 65/71 (91.6%) of patients who would not 
have otherwise been identified with ECG screening. A high odds ratio was 
determined. These right-sided specific parameters, although not perfectly sensitive, 
combined have an additive identification ability without compromising specificity 
for patients who might otherwise fit 2010 taskforce criteria for definite ARVD/C 
based on genetic testing or further imaging (35). 

Novel right-precordial parameters and the degree of ARVD/C phenotype 
manifestation In the case of the RtRMS-QRS, there appears to be a significant step-
wise progression from control patients to ECG-negative and further on to the ECG-
positive ARVD/C patients, which suggests that these novel VCG/ECG markers may 
be considered as electrocardiographic equivalent of the disease substrate in 
ARVC/D. RtRMS-QRS appears to be related to the conventional 
electrocardiographic disease markers such as terminal activation delay in the right 
precordial leads, however they perform well in differentiating patients with 
ARVC/D from controls also in the “normal” TAD range. This demonstrates the 
ability of the novel VCG/ ECG markers to detect ARVC/D manifesting with subtle 
depolarization abnormalities only and indicate their potential in identification of 
affected family members, which requires additional studies. 

The RPD angle did not have a stepwise progression, however, was similar in number 
between those ARVD/C patients with and those without other depolarization or 
repolarization abnormalities. Also, this parameter did not differentiate the degree of 
T-wave inversion (Table 5), thus must be more affected by depolarization versus
repolarization abnormalities. Even though not a significant difference, the RPD
angle (as well as the other right precordial parameters) demonstrated trends with
Epsilon wave differentiation, which seem to indicate dependence on dispersion of
depolarization. Regardless, all three parameters detect ARVD/C patients with
electrographically concealed changes. Further studies are warranted to define these
changes over time as well as genotype differences.
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Right-precordial directed vectorcardiography can identify ARVD/C patients not 
otherwise identified by 2010 Taskforce 12-lead EKG or signal average EKG 
parameters.  

Prediction of cardiac events in patients with genotype-positive long QT 
2 syndrome and normal QT intervals 
Our study demonstrates the ability of an easily calculated, quantifiable parameter, 
the TwVM, to identify LQT2 patients with normal QTc values at risk for cardiac 
events with increased cardiac events risk being associated with reduced TwVM. 
While an earlier study by our group suggested abnormal T wave morphology, which 
included qualitatively assessed flat, broad or notched T waves, as an indicator of 
mutation penetrance associated with cardiac event risk, the current analysis has 
demonstrated the value of a quantitative (versus recently reported quantitative) 
measure of three‐dimensional T‐wave magnitude for risk stratification of LQT2 
patients with unaffected QTc (45). To our knowledge, this is the first study to 
demonstrate this particular risk factor in the LQTS context.  

Earlier attempts to quantify T‐wave morphology in patients with LQTS involved 
VCG studies and standard 12‐lead ECG based measures such as measured T‐wave 
slope or T‐wave center of gravity (67,68). An advantage of VCG is its ability to 
address three‐dimensional T wave morphology while other T wave measures are 
bound to specific surface ECG leads. For example, the significant association with 
cardiac events in LQTS patients with prolonged QTc values was shown regarding 
the slope of the T‐wave in lead V6 (68). The earlier reported VCG measures, 
however, have been limited to computed eigenvector values. More complicated 
compared to TwVM, the eigenvector values appeared to be able to differentiate 
symptomatic from asymptomatic LQTS patients but are difficult to conceptualize 
and most of the commonly used ECG systems are not able to calculate them (68). 
On the other hand, not all T wave morphology markers have performed as 
significant risk indicators in the context of LQTS with normal QTc values. The 
center of gravity x‐axis (last 25% of T‐wave) in lead I, for example, was an 
independent predictor of cardiac events in LQTS patients with prolonged QTc but 
not in unaffected mutation carriers (68). Our study demonstrated that cardiac event 
risk stratification was similarly determined for female patients with LQT2 (with 
normal QTc values) by our quantitative parameter as by the T‐wave morphology as 
read by electrophysiologist (45). As noted in Table 2, there were more patients of 
female sex with TwVM of less than or equal to 0.3mV. Similar to our earlier report, 
the T‐wave changes noted were not significant for risk stratification in males, 
although the number of male patients with cardiac events were generally low (45).  

In LQT2 patients with normal QTc values, male sex male was associated with higher 
TwVM values. Lower T‐wave amplitudes have been demonstrated in females after 
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oophorectomy with improvement once estrogen replacement was given, thus, likely 
sex hormonal variation affects the TwVM to some degree as well (69). Differences 
in corrected QT interval have also been demonstrated in healthy males and females, 
including menstrual cycle phase‐dependent for females (69-70). However, in a 
population of LQTS patients with normal QTc values, it is difficult to know if subtle 
prolongation would have any significant effect. Otherwise, utilizing the control 
group of genotype negative family members allows a true risk of events within 
families of patients with LQT2 based on their genotype status and ECG findings. 
Given a similar effect on Ikr, implications for risk stratification of patients with QTc 
prolongation on particular medications may be of significance. The TwVM may 
help identify those at risk for torsades, who take QTc prolonging agents given 
similar T‐wave morphologies and effect on Ikr. Future studies should consider this 
approach for risk assessment. 

The TwVM predicted cardiac events in KCNH2 carriers with normal QTc values. 
Please see Table 14 for summary of studies.  

 
Table 14: Diagnosis and arrhythmia prediction (or diagnostic utility) for ECG usefulness, VCG advantage and 
page reference within dissertation. 

Diagnosis  
Arrhythmia (or diagnostic utility) 

ECG usefulness  VCG advantage  Page reference 

Cryptogenic stroke 
Atrial fibrillation prediction 

 None Pd/Pvm predicted 
atrial fibrillation 
develoment. 

Table 4, Figure 12, 
pages 43-44. 

Hypertrophic Cardiomyopathy 
Sustained VA prediction 

Complex algorith including 
multiple voltages in every 
lead give some use, but no 
parameter alone useful. 

Spatial peaks QRS-
T angle alone 
predicted VA. 

Table 5, Figure 
13B, pages 46-47. 

ARVD/C 
Diagnostic utility only  

50% diagnosis rate by ECG 
alone 

RPD angle and 
RtRMSQRS idenfity 
ARVD/C in those 
with normal 
EKG/SAECG’s 

Tables 8,9, Figure 
14B/C, pages 50-
52.  

KCNH2 (LQT2) with normal QTc 
Cardiac Event prediction 

Qualitative morphology 
changes only (question 
reproducibility). 

Lower TwVM 
predicts cardiac 
events in female 
KCNH2 carriers. 

Tables 12-13, 
Figures 15A-C, 
Pages 57-59, 61. 
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Conclusion 

Vectorcardiography has prognostic and significance for identifying atrial and 
ventricular arrhythmias in patients with cryptogenic stroke, hypertrophic 
cardiomyopathy and long QT syndrome, respectively. Right-precordial-directed 
vectorcardiography may help identify more patients with arrhythmogenic right 
ventricular cardiomyopathy/dysplasia than traditional ECG alone and thus if 
independently reproduces, may be a reasonable/cost-effective screening test. 
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Future Perspectives 

We have demonstrated that atrial and ventricular depolarization, as well as 
ventricular repolarization measures with inclusion of the Z-axis can be helpful 
diagnostically and prognostically in out subpopulations. Further studies (although 
one already performed) may find the P-wave vector magnitude helpful for follow-
up of patients after atrial fibrillation ablation procedures in patients without 
structural heart disease. In patients with structural heart disease, further prospective 
study should attempt to validate the Pwvm as a predictor of postoperative 
arrhythmias as well as after ablation of complex flutter.  

The QRSVM and TWVM may be helpful in subpopulation of structural heart 
disease not mentioned in these manuscripts. The idea of a baseline quadrant for each 
subpopulation prior to measurable changes (including single ventricle patients) 
along with a narrow spatial QRS-T angle may help give an additional measure that 
heart failure treatment may or may not be working. Furthermore, when discussing 
risk of cardiomyopathy with ventricular pacing as well as optimum pacing vector 
during cardiac resynchronization therapy, a smaller spatial QRS-T angle as well as 
higher QRSVM and TWVM in a physiologic quadrant in space may also be helpful 
to assess in future studies.  

Lastly, atrial repolarization is always a difficult measure in patients without 
complete heart block and thus the idea of quantifying the Tau wave in these patients 
to assess atrial abnormality (Tau wave vector magnitude) and direction of the Tau 
wave may helpful to identify recurrent atrial arrhythmias or as a non-invasive 
measure of atrial scar. 
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Atrial time and voltage dispersion are both
needed to predict new-onset atrial
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Abstract

Background: Atrial fibrillation (AF) is a known risk factor for ischemic stroke. Electrocardiographic predictors of AF
in population studies such as the Framingham Heart Study, as well as in hypertensive patients have demonstrated
a predictive value of the P-wave duration for development of AF. QRS vector magnitude has had a predictive value
in ventricular arrhythmia development. We aimed to assess the value of the three-dimensional P-wave vector
magnitude and its relationship to P-wave duration for prediction of new-onset AF after ischemic stroke.

Methods: First-ever ischemic stroke patients without AF at inclusion in the Lund Stroke Register were included.
Measurements of P wave duration (Pd), QRS duration, corrected QT interval, and PQ interval were performed
automatically using the University of Glasgow 12-lead ECG analysis algorithm. The P-wave vector magnitude (Pvm)
was calculated automatically as the square root of the sum of the squared P-wave magnitudes in leads V6, II and

one half of the P-wave amplitude in V2 (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PV62 þ PII2 þ 0:5�PV2ð Þ2
q

), based on the P-wave magnitude (Pvm) as

defined by the visually transformed Kors’ Quasi-orthogonal method.

Results: The median age was 73 (IQR 63–80) years at stroke onset (135 males, 92 females). Multivariate predictors of
new-onset atrial fibrillation included age > 65 years, hypertension, and Pd/Pvm. A cut-off value of 870 ms/mV gave
sensitivity, specificity, positive and negative predictive values of 51, 79, 30 and 87%, respectively. The Pd/Pvm was
the only ECG predictor of AF with a significant multivariate hazard ratio of 2.02 (95% CI 1.18 to 3.46, p = 0.010).

Conclusion: P-wave dispersion as measured by the Pd/Pvm was the only ECG parameter measured which
independently predicted subsequent AF identification in a cohort of stroke patients. Further prospective studies in
larger cohorts are needed to validate its clinical usefulness.

Keywords: Atrial fibrillation, Ischemic stroke, P-wave vector magnitude, P-wave duration

Background
Atrial fibrillation (AF) is a known risk factor for ische-
mic stroke [1]. A high prevalence of AF is noted in is-
chemic stroke patients [1]. The impact of ischemic
stroke on the risk of subsequent development of AF is
only beginning to become clear [2, 3]. Information on
development of new AF in ischemic stroke patients

using ECG monitoring has been seldom reported until
recently [4–6]. Clinical cardiovascular risk scoring tools
such as the CHADS2 and CHA2DS2-VASc have demon-
strated association with development of first-ever AF
during 2-year and 10-year follow-up time frames in re-
cent studies [7–9].
Electrocardiographic predictors of AF in populations

such as the Framingham Heart Study, as well as in hyper-
tensive patients have demonstrated a predictive value of
the p-wave duration for development of AF [10, 11]. This
parameter, however, was not predictive in ischemic stroke
patients during a 10-year follow-up [9]. However P-wave
axis change has not been assessed nor has P-wave vector
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magnitude in this population, as the P-wave axis normally
corresponds to 60 degrees with similar variability in the
frontal plane to the QRS axis with more variability in the
transverse and sagittal planes [12]. In regards to voltage
assessment, the P-wave terminal force in V1 of >0.04 mm/
s (PTFV1) has also not reliably been predictive of AF in
this same population [8]. Recently, another P-wave time
measure, the prolongation of the P-wave duration (Pd)
>120 ms along with biphasic morphology in the inferior
leads or in aVF and III along with notched p-wave in II,
known as advanced inter-atrial block, has been shown to
have predictive value for development of atrial fibrillation
in ischemic stroke patients [13]. In a 10-year follow-up in
ischemic stroke patients, the QRS duration (QRSd) has
only had very modest results for predicting AF in ischemic
stroke patients [8]. Thus, to date only one useful time-
dependent independent 12-lead electrocardiographic pre-
dictor for AF in ischemic stroke patients has shown its
value (advanced inter-atrial block), whereas no voltage-
dependent measures have been tested.
Vectorcardiographic (VCG) principles (3-dimensional

parameters, derived from a 12-lead electrocardiogram)
have provided additional diagnostic [14, 15] and prog-
nostic [16–20] information, building upon the traditional
12-lead ECG. Dispersion of ventricular depolarization, as
measured by the QRS vector magnitude has had predict-
ive value in ventricular arrhythmia development pre-
operatively and peri-operatively in patients with
congenital heart disease, independent of QRSd [21, 22].
Furthermore, a low P-wave amplitude in lead I is associ-
ated with displaced conduction and clinical recurrence
of paroxysmal AF post-radiofrequency ablation [23]. A
low 3-dimensional P-wave vector magnitude (Pvm),
however, has not been assessed in any known cohorts
based on the 12-lead ECG or otherwise. Also, this po-
tentially useful tool, which gives the magnitude of the p-
wave in 3-dimensional space has yet to be employed for
the prediction of AF. Given the relationship between P-
wave amplitude and ventricular depolarization duration,
further assessment into time-duration and amplitude
interrelationship is warranted. To date no relationship of
atrial voltage to time duration have been assessed for pre-
diction of AF. Furthermore, P-wave time duration per
voltage assessment has therefore also not been assessed in
predicting AF in ischemic stroke patients or otherwise.
We aimed to assess the value of the three-dimensional

P-wave vector magnitude (Pvm) and its relationship to
P-wave duration for prediction of new-onset AF after is-
chemic stroke.

Methods
Study cohort
The original study population originated from the Lund
Stroke Register (LSR) and comprised 336 consecutive

first-ever ischemic stroke patients included in LSR be-
tween March 1, 2001 and February 28, 2002 as it had
been described previously [8]. At enrollment in the
LSR, 109 ischemic stroke patients had AF detected by
ECG screening, medical records review or record
linkage with the Swedish National Patient Register as
described previously [8] and were excluded from this
analysis. All patients enrolled signed written consents.
The present study sample therefore comprised of 227
first-ever ischemic stroke patients (median age
73 years at stroke onset (interquartile range 25–75%
(IQR 63–80), 92 females) without known AF at inclu-
sion in the LSR. We followed up all study subjects
until October 17, 2011, the date when the informa-
tion from the Swedish National Patient Register was
obtained. Informed consent was obtained from all
participants included in the LSR. The study was ap-
proved by the Lund University Ethics Committee.

Baseline ECG and clinical assessment
Medical records of all study subjects were analyzed
for history of cardiac failure, hypertension, diabetes
mellitus, transient ischemic attack (TIA) and ischemic
heart disease at baseline. Cardiovascular risk profiles
measured by CHADS2 and CHA2DS2-VASc scales [8]
were evaluated for the time of inclusion in the LSR
in the acute phase when the index ischemic stroke
had just occurred.
Sinus rhythm ECG recordings obtained at stroke ad-

mission with median time from stroke event to ECG
registration 0 day (IQR 0–2 days) were extracted from
the regional electronic database (GE MUSE, GE Health-
care, MegaCare) and processed offline. The measure-
ments of Pd, QRSd, corrected QT interval (QTc), PQ
interval were performed automatically using the Univer-
sity of Glasgow 12-lead ECG analysis algorithm [24].
The Pvm was calculated automatically as the square
root of the sum of the squared P-wave magnitudes in
leads V6, II and one half of the P-wave amplitude in

V2 (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PV62 þ PII2 þ 0:5�PV2ð Þ2
q

), based on the P-

wave magnitude as defined by the visually trans-
formed Kors’ Quasi-orthogonal method [25, 26].
Please see Figs. 1 and 2. The Pd/Pvm was defined as
the Pduration/Pvm and was calculated from the data
above automatically utilizing MATLAB R2013b (The
MathWorks, Inc., Natick, MA, USA) for Linux.
P wave duration, QRS duration, corrected QT interval

and PQ interval were measured in ms. Corrected QT
was calculated using Bazett’s formula: QTc = QT/√R-R
interval. Pvm was calculated in microvolts. Negative P-
wave terminal force in lead V1 was also calculated as de-
scribed previously [8].
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Ascertainment of new-onset AF during follow-up
New onset AF was assessed during the follow-up period
starting from the date of enrollment until the end of
follow-up or date of death. AF documentation was based
on information obtained from the regional electronic
ECG archive which contains all ECG recordings taken in
the hospital’s local catchment area and also by linkage
with national registers: the Swedish Patient Register and
the Swedish Causes of Death Register. All available ECG
recordings for all study subjects from the date of

enrollment until the end of follow-up in 2011 were
reviewed for the presence of AF by a trained cardiologist
(MB). On surface ECG, AF was defined as a rhythm dis-
order which lasted sufficiently long for a 12-lead ECG to
be recorded, with irregular RR intervals, indistinct P
waves and atrial cycle length of 200 ms where distinct
atrial activity was visible on surface ECG [27].
The Swedish Patient Register is administered by the

Swedish National Board of Health and Welfare and in-
cludes data on main and secondary diagnoses at

Fig. 1 Example of determining the P wave vector magnitude (Pvm) along with QRS and T wave vector magnitudes

Fig. 2 Example of calculation of the P wave vector magnitude (Pvm)
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discharge from all public hospitals in Sweden starting in
1987. The register uses International Classification of
Disease (ICD) codes with the 10th edition (ICD-10)
used from 1997 and until today. The Cause of Death
Register is also provided by the Swedish National
Board of Health and Welfare and contains informa-
tion (since 1961) from death records, including
underlying causes of death and up to 20 contributory
causes of death coded to the current edition (ICD-
10). The presence of the ICD-10 code I48 in the
Swedish national registers identified AF diagnosis with
high specificity and modest sensitivity as we showed
recently in a validation study on patients with ische-
mic stroke enrolled in the LSR [2].

Statistical methods
Baseline clinical characteristics were compared be-
tween stroke patients who developed AF during
follow-up and those who remained AF-free using chi-
square or Fisher’s exact test for categorical variables
and Student’s t-test versus Mann–Whitney U-testing,
as appropriate, for continuous variables with an ap-
proximately normal distribution or alternatively non-
parametric tests, as appropriate. Parametric data are
presented as mean ± standard deviation, whereas
non-parametric data are presented as median (inter-
quartile range). For log linearity, each variable was
categorized into quartiles where applicable and plot-
ted to assess linearity of the quartiles. The primary
outcome in this study was defined as occurrence of
AF. Subjects who did not develop AF during the 10-
year follow-up were censored at time of death or at
end of follow-up.

Cox proportional hazard regression models were
used to estimate the adjusted hazard ratios (HR) and
their 95% confidence intervals (CI) of new onset AF
associated with clinical and ECG covariates. Univari-
ate Cox regression analyses were performed separately
for each component of CHA2DS2-VASc score and for
each ECG parameter. Clinical factors and ECG pa-
rameters significantly associated with new onset AF in
the univariate analyses were included in a stepwise
regression analysis with backward elimination. Our
Cox model was adjusted for known significant clinical
covariates (known to predispose to AF or known to
have a relationship to the Pd/Pvm). The Kaplan-
Meier product-limit method was used to generate a
survival curve indicating new onset AF during 10-
year follow-up after enrollment in LSR. A Kaplan-
Meier curve was also used to demonstrate discernible
differences at an optimum cut-off for the Pd/Pvm in
identifying incidence of new-onset atrial fibrillation.
Optimum cut-off was assessed by the receiver operat-
ing characteristic (ROC) curve. Cut-off p-values at
0.10 or less were used as entry cut-off values for
multivariate analyses. P values of 0.05 were consid-
ered significant. All analyses were performed using
SPSS Statistics 20 (SPSS Inc., Chicago, Illinois, USA).
No reproducibility testing was performed given our
fully automatic data processing.

Results
Baseline characteristics of all study subjects at time of
enrollment are presented in Table 1. At baseline 227
were fulfilled inclusion criteria and were included in the
analysis.

Table 1 Baseline clinical characteristics of stroke patients without or with subsequent development of atrial fibrillation

Parameter Stroke (N=227) No AF (n=188) AF (n=39) P-value

Age, years 73 [63 to 80] 73 [61 to 80] 73 [69 to 80] 0.072

Male sex (%) 135 (59%) 114 (61%) 21 (54%) 0.693

Heart Failure 7 (3%) 4 (2.1%) 3 (7.7%) 0.218

Hypertension (%) 130 (57%) 101 (53.7%) 29 (74.4%) 0.012

Diabetes (%) 35 (15%) 26 (13.8%) 9 (23.7%) 0.210

Vascular disease (%) 95 (42%) 77 (41.0%) 18 (46.2%) 0.560

TIA (%) 49 (22%) 45 (23.9%) 4 (10.3%) <0.001

New-onset atrial fibrillation 39 (17%) 0 (0.0%) 39 (100.0%) <0.001

Median time to AF onset/end follow-up 3.2 [1.3 to 5.9]) 9.7 [4.3 to 10.1] 2.9 [1.2 to 6.4] <0.001

P duration 116 [106 to 126] 116 [106 to 122] 118 [111 to 131] 0.224

QRSd 78 [68 to 90] 86 [78 to 94] 88 [75 to 99] 0.880

Pvm 0.16 [0.13 to 0.20] 0.16 [0.13 to 0.20] 0.13 [0.11 to 0.19] 0.006

P duration/Pvm 711 [560 to 893] 694 [547 to 862] 801 [586 to 1046] 0.009

Data presented as Median [Interquartile range]
All patients had no evidence of AF in the immediate acute phase after stroke onset
AF atrial fibrillation, TIA transient ischemic attack, QRSd QRS duration, Pvm P-wave vector magnitude
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Detection of new onset atrial fibrillation (10-year follow-up)
The median time for follow-up was 9.4 years [IQR 6.1–9.9],
115 (51%) stroke patients died. Complete follow-up data
were available for 112 (49%) of the stroke patients. In total,
2588 ECG’s were reviewed with a median number of ECG
recordings per person of four (IQR 1–9) [8]. New onset
atrial fibrillation was found in 39 (17%) of the stroke pa-
tients (Hazard ratio 1.49, 95% confidence interval 0.09–
2.35, p = 0.121) as previously reported [2, 8]. The median
time to AF onset was 3.2 (IQR 1.3 to 5.9) years.

ECG and clinical predictors of new onset atrial fibrillation
after ischemic stroke
On ECGs obtained in the acute phase after stroke onset,
the median QRSd was 96 ms (IQR 88–108), the median
duration of the P wave was 116 ms (IQR 106–124), and
the median PQ interval was 169 ms (IQR 152–188). The
median Pvm was 0.15 mV (IQR 0.13 to 0.20) and the
median Pd/Pvm was 737 ms/mV (IQR 581 to 955).
Table 2 depicts univariate and multivariate predictors

of new-onset atrial fibrillation in stroke patients. Signifi-
cant univariate predictors of new-onset atrial fibrillation
included age > 65 years, presence of hypertension, heart
failure, QRSd, and Pd/Pvm (Table 2). No standard ECG
characteristics including P-wave duration, QRS dur-
ation or negative P-wave terminal force in lead V1 or
QRSd were significantly associated with new-onset AF
during follow-up. Independent predictors of new-
onset atrial fibrillation were instead Pvm/Pd and
those parameters considered a moderator of Pvm/Pd
including age > 65 years, hypertension, and heart fail-
ure (Table 2) [28]. The C-statistic for the model was
0.71 (95% CI 0.61 to 0.82).

The area under the ROC curve value for the Pd/Pvm
was 0.63 (0.55 to 0.71, p = 0.013). At an optimal cut-off
value of 870 ms/mV the sensitivity, specificity, positive
and negative predictive values were 51, 79, 40 and 89%,
respectively (optimized for highest negative predictive
value given the ECG the screening value of the ECG). A
Kaplan-Meier curve based on this cut-off value (Fig. 3)
provided a p-value of <0.001 for differentiation between
survival curves for the risk of development AF during
10-year follow-up after first-ever ischemic stroke. Sub-
analyses of patients who do not meet any of the inde-
pendent predictors (ie. without hypertension, who were
less than 65 years of age, did not have heart failure and
had a Pd/Pvm of less than 870 ms/mV), did had a 93.2%
chance of not developing atrial fibrillation. The positive
predictive value for development of AF was 27.9% in a
patient without hypertension, who were less than
65 years of age and did not have heart failure, but with a
Pd/Pvm of less than 870 ms/mV.

Discussion
Our study demonstrates that a measure of P-wave dis-
persion by duration and voltage assessment from the
standard 12-lead ECG, taken during hospital admission
for ischemic stroke, in the form of Pd/Pvm can predict
new-onset AF during follow-up while neither P-wave
duration nor P-wave terminal force in lead V1 were sig-
nificantly associated with subsequent AF occurrence.
The relation of Pd/Pvm to new-onset AF remained inde-
pendent after adjustment for other clinical parameters.

Presence of AF
As previously reported, by the end of the 10-year follow-
up AF was detected in 15% of our initially AF-free

Table 2 Clinical electrocardiographic predictors of new-onset atrial fibrillation during 10-year follow-up of ischemic stroke patients
without known atrial fibrillation at their index stroke

Univariate Cox regression analysis Multivariate Cox regression analysis

Parameter Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

Age > 65 years 2.88 (1.20 to 6.89) 0.018 1.04 (1.02 to 1.07) 0.001

Hypertension 3.45 (1.40 to 3.49) 0.007 3.21 (1.35 to 7.67) 0.008

Heart failure 4.04 (1.24–13.18) 0.020 2.72 (1.08 to 6.83) 0.033

Diabetes 1.83 (0.87 to 3.87) 0.111

Male gender 1.22 (0.50 to 1.59) 0.459

Stroke group 1.391 (0.855 to 2.263) 0.184

P duration 1.02 (0.96 to 1.05) 0.105

QRS duration 1.02 (1.00 to 1.04) 0.025 1.01 (1.00 to 1.02) 0.354

PQ interval 1.00 (0.99 to 1.01) 0.966

Pvm 1.001 (0.994 to 1.009) 0.751

P duration/Pvm 2.320 (1.367 to 3.938) 0.002 2.02 (1.18 to 3.46) 0.010

P terminal force V1 1.00 (95% CI 1.00–1.00) 0.142

Pvm p-wave vector magnitude, 95% CI 95% confidence interval
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subjects, which corresponds to the reported AF incidence
for an aging population of 18% in those older than 85 years
by the end of a 7-year follow-up and 17% of those 65–
74 years by the end of a 6-year follow-up [9, 29]. Com-
pared with studies based on only ECG screening, studies
that employed implantable devices generally have shown
higher AF detection rates - of up to 28–30% in patients
with ischemic stroke or TIA, as well as in those with risk
factors for ischemic stroke [30–32].

Clinical parameters
We previously reported that in the same cohort
age > 65 years, presence of hypertension or heart failure
showed a univariate as well as multivariate predictive re-
lation to subsequent AF onset during a 10-year follow-
up period [8]. Clinical parameters we found significant
in previous analyses were used in the Cox modeling in
the current analysis [8, 28].

P-wave duration divided by 3-dimensional p-wave vector
magnitude (Pd/Pvm)
Previous literature mostly has focused on P-wave dur-
ation as a predictive tool for new-onset atrial fibrillation
with some success in non-ischemic stroke populations
[10, 11]. Although in the subgroup of those <60 years of
age, the overall P-wave duration yielded a non-
significant HR (1.15, 95% CI 0.90 to 1.47). It has also
been shown that maximum P wave duration at the
upper fifth percentile was associated with long-term AF
risk in an elderly community-based cohort [11]. In
hypertensive patients the P-wave duration independently

predicted the development of new-onset atrial fibrilla-
tion [11]. However, in a recent publication of our cohort,
no significant predictive value was found for the P-wave
duration as a predictor for new-onset AF [8]. In another
study, prolonged P-wave duration and advanced intera-
trial block in particular have shown an association with
AF [13]. Furthermore, PTFV1 was not found to be a re-
producibly significant predictor of AF [9]. In patients
with recurrent atrial fibrillation after catheter ablation,
low voltage in lead I (<0.01 mV) was associated with re-
currence of AF [21]. Our results demonstrate that atrial
voltage dispersion, as measured by Pvm is not in itself
alone associated with the development of AF. However,
our study is the first to show that atrial time duration
versus voltage dispersion (Pd/Pvm) is a potentially clin-
ically useful predictive measure which can be obtained
by the ECG alone. Pvm has also shown predictive value
for atrial arrhythmias in patients with congenital heart
disease, and in particular tetralogy of Fallot patients
undergoing pulmonary valve replacements [28]. In this
same study Pvm inversely correlated with higher right
atrial pressure, left and right ventricular ejection frac-
tions, QRSd, and older age [28]. In the above publication
Pvm was predictive of organized right atrial arrhythmias
(intra-atrial re-entrant tachycardia and typical flutter),
thus in the more disorganized left atrial arrhythmia
(AF), it appears time dispersion across the left atrium
must also be taken into account. A risk score based on the
above parameters might be helpful in ruling out those at
risk for atrial fibrillation, and furthermore can be automat-
ically calculated, however further reproducibility with

Fig. 3 Kaplan-Meijer survival curve from stroke onset to atrial fibrillation detection for p wave duration/p-wave vector magnitude (Pd/Pvm) at a
cut-off of 870 milliseconds/millivolt (ms/mV), log rank p-value <0.001
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other ECG systems and automated methods would
be required. Our study also demonstrated a high spe-
cificity and negative predictive value for identification
of AF in ischemic stroke patients but with low sensi-
tivity and positive predictive values. This demon-
strates that in our cohort although those who
develop AF cannot necessarily all be identified (sensi-
tivity 51%) and the value of a Pd/Pvm > 870 ms/mV
does not necessarily identify all of those who may
develop AF (positive predictive value 30%). Those
who do not develop AF, however, are going to be
those who have a Pd/Pvm <870 ms/mV. Thus if ef-
fectively reproduced independently, this may be a
reasonable and cost-effective screening test for those
at risk for developing AF.

Limitations
This study was retrospective and did not use a pre-
specified AF screening protocol, thus the number of
ECG’s available during follow-up analysis was lower
in subjects without detected AF. This may represent
an underestimation of AF in patients with asymptom-
atic AF, given their lack of need to contact health
care providers. Also, the ECG search utilized in this
study was limited to Southern Sweden’s Skania region,
thus other ECG’s possibly performed outside of the
Skania region were unavailable for review. Therefore,
if a patient was mobile and sought healthcare else-
where, these ECG’s would not be included. Other
prolonged data monitoring such as via implantable
devices (e.g. loop recorders) were not available for
data analysis. Our data was, however obtained via
linkage with the Swedish Patient Register, which for
each specific treatment occasion contains up to 20
contributory diagnoses per patient, suggesting that if
observed, AF would have been registered in the Pa-
tient register. Also, during a 10-year follow-up after
stroke a number of confounders such as inability to
detect all episodes of AF and lack of reported events
such as transient ischemic attacks or other parameters
in the CHA2DS2-VASc score calculation as well as
degree of heart failure, which may not have been
taken into account. This is also inherently a limitation
of Registry data along with lack of atrial size/volume
data, which have been shown to be predictors of
atrial fibrillation [32, 33]. Furthermore, the Cox model
assumes constant effect over time, which may not be
complete accurate for every single parameter. Our re-
sults need to be viewed in light of these possible con-
founders. Also the analysis was a post-hoc analysis
performed on a prospectively this prospectively en-
rolled cohort, thus limitations exist regarding assess-
ment of Pd/Pvm compared to other parameters.

Conclusion
Atrial time dispersion over voltage magnitude, as mea-
sured by the Pd/Pvm, appears to have some usefulness
in risk stratifying stroke patients for risk of subsequent
AF in the post-hoc analysis of an observational study on
ischemic stroke survivors. It was the only ECG param-
eter measured which predicted new-onset AF independ-
ently from the clinical covariates. Further prospective
studies in larger cohorts, including investigation regard-
ing non-invasive imaging parameter directly compared,
are needed to validate its clinical usefulness, however,
Pd/Pvm may be worth further investigation for potential
usefulness as a relatively simple and easily available clin-
ical tool for AF prediction after ischemic stroke.
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Background: The spatial peaks QRS-T (SPQRS-T) angle differentiates hypertrophic cardiomyopathy (HCM)
patients from controls. Increased angle confers arrhythmia risk in other populations.
Hypothesis: We predict that the SPQRS-T angle will identify HCM patients with sustained ventricular
arrhythmias (VAs) and those with New York Heart Association class III/IV heart failure.
Methods: Corrected QT interval, QRS duration, and SPQRS-T angle were assessed in HCM patients with VAs
(>30 seconds) and those without VAs.
Results: One hundred HCM patients (mean age, 32.7 ± 17.2 years) were assessed. Twenty patients had VAs.
The corrected QT interval identified VA (P = 0.018) and at 460 ms gave positive and negative predictive values
of 28.6% and 83.3%, respectively, and an odds ratio of 2.0 (95% confidence interval: 0.7-5.6). The SPQRS-T
angle differentiated VA from no VA (P < 0.001) and at 124.1 degrees gave positive and negative predictive
values and an odds ratio of 36.7%, 96.1%, and 14.2 (95% confidence interval: 3.1-65.6), respectively.
Conclusions: The SPQRS-T angle best differentiated patients with VAs.

Introduction
Hypertrophic cardiomyopathy (HCM) has an estimated
prevalence of 1 in 500 individuals and its phenotype
can include thickened ventricular walls (with or without
obstruction of blood flow at the left ventricular outflow
tract), increased risk of progression to New York Heart
Association (NYHA) III/IV functional class, and increased
risk of arrhythmia-induced sudden cardiac death.1–3 An
increase in the corrected QT interval (QTc) has been
associated with increased ventricular arrhythmia (VA) risk
in patients with HCM.4

Recent advances in electrocardiographic (ECG) technol-
ogy, including the ability to automatically transform digital
12-lead ECG data into orthogonal vectorcardiographic data,5

can add further diagnostic6–8 and prognostic9–17 utility to
traditional 12-lead ECGs. Among the derived vectorcardio-
graphic parameters obtainable after such transformations,
the spatial peaks QRS-T (SPQRS-T) angle has notable diag-
nostic utility for conditions in which sudden death may
be an outcome,10–12,15,17 as well as for identification of
HCM in adult18 and pediatric patients.19 The SPQRS-T
angle has also been positively correlated with VA risk in
patients with ischemic heart disease,9 whereas an increased
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angle also correlates with increasing severity of heart failure
(HF).7,8,14,16

We hypothesized that the SPQRS-T angle would differ-
entiate HCM patients with sustained VAs (≥30 seconds)
from those without VAs with increased predictive values
compared with the QTc interval. A secondary aim was to
assess if those with HF (NYHA class III/IV) would also have
higher SPQRS-T angles.

Methods
A retrospective study of HCM patients from 2000 to 2013
at the University of Colorado Hospital and Children’s
Hospital of Colorado was performed. Internal review board
permission was obtained and written permission was
waivered. Patients with the diagnosis of HCM by evidence of
diastolic dysfunction and 15 mm absolute septal thickness
by echocardiogram were identified by first author chart
review without knowledge of VA or congestive HF history.

Electrocardiogram, Echocardiogram, and Heart Failure
Measures

Electrocardiograms were taken at a 25-mm/s speed with
10 mm/mV for the limb and precordial leads (Phillips,
Best, Netherlands) and ECG recordings (General Electric,
Menominee Falls, WI) in sinus rhythm. The diagnosis
of HCM was based on echocardiographic evidence of
diastolic dysfunction and those with an absolute septal or
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posterior wall thickness of ≥15 mm by echocardiographic
M-mode measurement during diastole from a parasternal
short-axis view by the cardiologist seeing the particular
patient. Conduction abnormalities did not preclude patient
participation in this retrospective study.

Congestive HF is defined as those HCM patients who
meet criteria as governed by the NYHA for functional
classifications for objective or subjective measures (class
I–IV).

Sustained Ventricular Arrhythmias

Ventricular arrhythmias were documented by Holter moni-
toring, exercise stress test, or by implantable cardioverter-
defibrillator (ICD)/pacemaker devices in patients with
history of sustained VAs (≥30 seconds) and compared with
those HCM patients without sustained VAs. Given the retro-
spective nature of the study, routine screening was variable
dependent on the cardiologist seen by each patient.

Parameters

Electrocardiograms within 3 months prior to VA docu-
mentation were assessed. The QTc interval, QRS dura-
tion (QRSd), and SPQRS-T angles were assessed. The
vectorcardiographic SPQRS-T angle was visually derived
from conventional 12-lead ECG recordings based on the
method recently described by Cortez et al, utilizing the
method described by Kors by the first author, as shown
in Figure 1A–C.6,20 The QRSd and QTc interval were auto-
matically calculated, whereas the Sokolow-Lion (S-wave in
V1 + R-wave in V5 ≥ 3.5 mV) and Cornell (R-wave in aVL + S-
wave in V4 ≥ 2.5 mV) left ventricular hypertrophy voltage
criteria and inverted T-waves in the lateral leads were also
assessed. All parameters were assessed under blinded con-
ditions (blinded to outcome).

Statistical Analysis

Normality was tested and t testing was used to evaluate
differences between parameters tested between the HCM
patients with VAs and the HCM patients without VAs. A
P value ≤0.05 was deemed significant. Odds ratios (ORs)
were also calculated for each of the criteria, as well as
positive and negative predictive values (PPV, NPV) based
on receiver operating characteristic curve analysis optimum
cutoff values. All statistics were performed using GNU PSPP
software (http://www.gnu.org/software/pspp/). Logistic
regression was used to assess for independent predictors
of VA with a P value cutoff of 0.05. Intra- and interobserver
variability for the SPQRS-T angle has been previously
presented in a cohort that included a subset of the patients
presented here in this manuscript.20

Results
Patient Population

Electrocardiographic results from 100 HCM patients (mean
age, 32.7 ± 17.2 years) were assessed. Twenty patients with
VAs were identified. Five patients with NYHA functional
class III or IV HF were identified. Syncope differentiated
those with vs those without VAs (Table 1). Four patients

with VA had ICDs, and 1 patient without VA (but with
atrial fibrillation) had an ICD. Holter monitoring identified 8
patients with VA; loop recording, exercise stress testing,
and inpatient telemetry identified 3, 2, and 4 patients,
respectively.

Corrected QT Interval and QRS Duration

The QTc interval differentiated those with VAs from
those without VAs with values of 440.7 ± 48.1 ms and
472.0 ± 43.4 ms, respectively (P = 0.013; Table 1, Figure 2).
A QTc interval at a cutoff value of 460 ms gave PPV, NPV,
and OR of 28.6%, 83.3%, and 2.0, respectively (95% confidence
interval [CI]: 0.7-5.6). The QRSd did not differentiate HCM
patients with VAs from those without VAs.

Spatial QRS-T Angle

The SPQRS-T angle differentiated those with sustained
VAs from those without VAs (108.2 ± 45.9 degrees vs
144.0 ± 26.7 degrees; P < 0.001; Table 1, Figure 2). At an
optimum cutoff value of 124.1 degrees, PPV and NPV were
36.7% and 96.1%, respectively, with an OR of 14.2 (95% CI:
3.1-65.6; Figure 3). Even in those without syncope, the
SPQRS-T angle significantly differentiated those with vs
those without VAs (109.3 ± 45.0 degrees vs 142.1 ± 28.6
degrees; P < 0.001).

Heart Failure

Only the SPQRS-T angle differentiated those with NYHA
class III/IV HF from those without NYHA III/IV HF. There
were 5 (5%) HCM patients with NYHA III/IV classification,
all with systolic HF (1 with preserved ejection fraction), with
a mean SPQRS-T angle of 150.3 ± 9.7 degrees vs 113.9 ± 45.3
degrees (P < 0.001). At an optimum cutoff value of 153.4
degrees, the PPV, NPV, and OR were 15.0%, 98.8%, and
13.9, respectively (95% CI: 1.4-142.3). When those with
congestive HF or VAs were compared with HCM patients
without congestive HF or VA, the PPV, NPV, and OR were
44.9%, 96.1%, and 20.0, respectively (95% CI: 4.4 to 91.5), at a
cutoff value of 124.1 degrees.

Multivariate Analysis

Logistic regression was used for multivariate analysis
utilizing septal thickness, syncope, the QTc, and the SPQRS-
T angle in the regression. Only syncope and the SPQRS-T
angle both remained independent predictors of sustained
VAs (both P < 0.001). The OR for the SPQRS-T angle was
1.41 (95% CI: 1.20-1.65).

The R2 value for spatial QRS-T angle vs septal thickness
was 0.27. The R2 for the QRSd and QTc compared with
septal thickness were 0.63 and 0.26, respectively.

Discussion
Corrected QT Interval and QRS Duration

Corrected QT interval prolongation has been previously
described in HCM patients, with 13% having values
>480 ms.21 However, the association between a prolonged
QTc interval, specifically >460 ms, and VAs, as well as
sudden cardiac death in HCM, has been described.4 In this
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Figure 1. (A) Spatial QRS-T angle calculation for a patient with mild hypertrophy (maximum thickness, 15 mm). (B) A spatial QRS-T angle for a patient with
HCM with sustained VAs (spatial QRS-T angle, 141.6 degrees). (C) Sample ECG of an HCM patient without sustained VAs (spatial QRS-T angle, 83.3 degrees).
Abbreviations: ECG, electrocardiogram; HCM, hypertrophic cardiomyopathy; VA, ventricular arrhythmia.
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Figure 2. Corrected QT interval for HCM patients with sustained VAs and
those without VAs (P = 0.018, which gives a significant difference
between the patients). Abbreviations: HCM, hypertrophic
cardiomyopathy; VA, ventricular arrhythmia.

Figure 3. Spatial peaks QRS-T angle (angles) for HCM patients with
sustained VAs and those without Vas (P < 0.001, which gives a significant
difference between the patients). Abbreviations: HCM, hypertrophic
cardiomyopathy; VA, ventricular arrhythmia.

case, the QTc interval had too low of a predictive value
(positive or negative) for any clinical usefulness.

Spatial Peaks QRS-T Angle

The SPQRS-T angle has been previously been shown to
identify patients with HCM18,19 and to predict VAs in adults
with myocardial ischemia9; thus, it seems logical that it
would predict VAs in patients with HCM. Hypertrophic
cardiomyopathy, however, can involve subendocardial
ischemia; thus, the SPQRS-T angle is not as robust a
predictor as one might have thought. Given its positive
correlation with worsening HF, it is likely that the SPQRS-T
angle, given a larger population size, would identify HF
in patients with HCM.7,8,14,16 However, identification of
significant morbidity from either HF or VAs is obtained
by utilizing the SPQRS-T angle with improved ORs at the
same VA optimum cutoff value for the SPQRS-T angle.
Thus, arrhythmia and HF risk are both conferred by an
increase in the SPQRS-T angle. The spatial QRS-T angle
correlates with reduced left ventricular ejection fraction,
left ventricular dilation, and increased left ventricular mass
and is associated with ischemic scar, which are known
risk factors for VAs.22 Furthermore, the derived spatial

Table 1. Patient Demographics and Results for HCM Patients With
Sustained VAs and Those Without Sustained VAs

VAs, n = 20
No VAs,
n = 80 P Value

Age, years 32.7 ± 17.2 33.8 ± 18.4 0.418

Male sex 13 (65) 53 (66.3) 0.833

History of syncope 7 (35.0) 2 (2.50) <0.001

Atrial arrhythmias 3 (15.0) 8 (10) 0.689

Nonsustained VAs 2 (10) 3 (3.8) 0.261

NYHA class III/IV 4 (5.0) 4 (5.0) 1.000

Maximum septal thickness, cm 2.4 ± 0.5 2.17 ± 0.4 0.107

LVOT obstructions presence 2 (10.0) 8 (10.0) 1.000

Sokolow-Lion voltage criteria 4 (20.0) 27 (33.8) 0.358

Cornell voltage criteria 8 (40.0) 18 (22.5) 0.190

Inverted T-waves V4 through V6 10 (50.0) 33 (41.3) 0.650

QRSd, ms 116.8 ± 36.1 98.8 ± 22.0 0.137

QTc, ms 472.0 ± 43.4 440.7 ± 48.1 0.013

SPQRS-T, degrees 144.0 ± 26.7 108.2 ± 45.9 <0.001

Abbreviations: HCM, hypertrophic cardiomyopathy; HF, heart failure;
LVOT, left ventricular outflow tract; NYHA, New York Heart Association;
QRSd, QRS duration; QTc, corrected QT interval; SD, standard deviation;
SPQRS-T, spatial peaks QRS-T angle; VA, ventricular arrhythmia.
Data are presented as n (%) or mean ± SD.

QRS-T angle from the 12-lead ECG, which was the method
used in this study, shows similar diagnostic ability to the
vectorcardiographically measured spatial QRS-T angle with
tight Bland-Altman 95% limits of agreement; thus, is a
reasonable and clinically available tool for risk assessment
in HCM patients.19,20

Study Limitations

This study had limitations, including the size of the HCM
group. This was also a retrospective study, and thus not
prospective in nature, as would be needed to validate
this method. New York Heart Association class III/IV HF
patients were in limited number, so comparisons of these
patients with others may not represent true population
comparisons. Also, although by definition all HCM patients
had some component of diastolic dysfunction, specific
evaluation for diastolic HF was not performed due to
limited numbers of patients. Another limitation in any study
assessing VAs includes identification of VAs in patients
without ICDs, as all VAs might not be documented. The last
ECG prior to arrhythmia diagnosis was used to calculate the
parameters assessed; all patients in the study happened to
have an ECG within 3 months of diagnosis, so these were
the ones used; and, unfortunately, given the retrospective
nature of the study, further time assessment (closer to VA
timing) was not available in all patients, thus this is viewed
as a limitation of the study, regarding optimal timing for
spatial QRS-T angle assessment.

462 Clin. Cardiol. 39, 8, 459–463 (2016)
D. Cortez et al. SPQRS-T angle predicts VA in HCM
Published online in Wiley Online Library (wileyonlinelibrary.com)
DOI:10.1002/clc.22549 © 2016 Wiley Periodicals, Inc.



Conclusion
In our HCM cohort, the SPQRS-T angle and the QTc interval
differentiated HCM patients with VAs from those without
VAs. The SPQRS-T angle best differentiated patients with
VAs with highest predictive values and ORs. The spatial
QRS-T angle had the best predictive values for either VA
or NYHA class III or IV HF identification in HCM patients.
Prospective studies are needed to validate this method.
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Abstract

Background: Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) carries a risk of sudden death.
We aimed to assess whether vectorcardiographic (VCG) parameters directed toward the right heart and a measured
angle of the S-wave would help differentiate ARVD/C with otherwise normal electrocardiograms from controls.

Methods: Task Force 2010 definite ARVD/C criteria were met for all patients. Those who did not fulfill Task Force
depolarization or repolarization criteria (−ECG) were compared with age and gender-matched control subjects.
Electrocardiogram measures of a 3-dimentional spatial QRS-T angle, a right-precordial-directed orthogonal QRS-T
(RPD) angle, a root mean square of the right sided depolarizing forces (RtRMS-QRS), QRS duration (QRSd) and the
corrected QT interval (QTc), and a measured angle including the upslope and downslope of the S-wave (S-wave
angle) were assessed.

Results: Definite ARVD/C was present in 155 patients by 2010 Task Force criteria (41.7 ± 17.6 years, 65.2% male).
-ECG ARVD/C patients (66 patients) were compared to 66 control patients (41.7 ± 17.6 years, 65.2% male). All parameters
tested except the QRSd and QTc significantly differentiated -ECG ARVD/C from control patients (p < 0.004 to p < 0.001).
The RPD angle and RtRMS-QRS best differentiated the groups. Combined, the 2 novel criteria gave 81.8% sensitivity,
90.9% specificity and odds ratio of 45.0 (95% confidence interval 15.8 to 128.2).

Conclusion: ARVD/C disease process may lead to development of subtle ECG abnormalities that can be distinguishable
using right-sided VCG or measured angle markers better than the spatial QRS-T angle, the QRSd or QTc, in the absence
of Taskforce ECG criteria.

Keywords: Arrhythmogenic right ventricular cardiomyopathy, Vectorcardiography, ECG, Cascade screening
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Background
Arrhythmogenic right ventricular dysplasia/cardiomyopathy
(ARVD/C) is an inherited cardiomyopathy characterized by
fibro-fatty replacement of predominately the right ventricle,
which predisposes patients to life-threatening ventricular
arrhythmias and usually slowly progressive ventricular dys-
function [1]. The disease is inherited as an autosomal dom-
inant trait with incomplete penetrance and highly variable
expressivity [1]. Diagnosis is made by combining multiple
sources of diagnostic information as prescribed by the Task
Force criteria, which were updated in 2010 to increase diag-
nostic sensitivity while maintaining specificity [2].
First-degree relatives often have incomplete expression of

the disease [3]. Clinical cascade screening of family mem-
bers in genotype-negative ARVD/C is complicated by the
lack of early specific signs of disease that would identify
those individuals prone to development of disease. Electro-
cardiographic (ECG) changes may develop before histologic
evidence of myocyte loss or clinical evidence of RV dys-
function [4, 5]. However, ECG depolarization and repolari-
zation changes, based on current criteria, are typically only
apparent in around half of family members who eventually
progress to meet Definite ARVD/C by 2010 criteria [5].
The spatial QRS-T angle, a vectorcardiographic param-

eter easily derivable from the 12-lead ECG [6], has been
shown to improve detection of left sided cardiomyop-
athy, particularly hypertrophic cardiomyopathy [7], as
well as the prediction of susceptibility to ventricular
tachycardia and cardiac death both in general popula-
tions [8–10] and in patients with known cardiac
pathology [11–13]. Given this mainly right-sided heart
disease, we hypothesize that right-precordial-directed
vectorcardiographic parameters, particularly a right pre-
cordial-directed-orthogonal QRS-T angle (RPD angle),
right-sided depolarization magnitude (right root mean
square of the QRS, RtRMS-QRS) (Fig. 1) from a baseline
ECG would improve detection of ARVD/C patients who
have no depolarization or repolarization abnormalities
otherwise but who still meet criteria for definite ARVD/C
by 2010 taskforce criteria (by criteria other than ECG).

Methods
Population
A cross-sectional study of patients with ARVC/D from
an international cohort from the University of Colorado
(Denver, CO, USA), Skåne University Hospital (Lund,
Sweden), Linköping University Hospital (Sweden) and
the University of Trieste (Italy) undergoing routine
follow-up, classified as definite ARVD/C by the 2010
Task Force criteria was performed [2]. Normal variant
ECGs from patients, who did not have signs of bundle
branch block and not fitting 12-lead ECG major or
minor depolarization or repolarization criteria by 2010
Task Force guidelines (electrocardiographically concealed

ARVD/C) were compared with ECGs recorded from 1:1
age- and gender-matched control subjects who were
screened in cardiology clinic at the University of Colorado
(Denver, CO) or at Skåne University Hospital (Lund,
Sweden) for murmurs or chest pain without family history
of ARVD/C and through ultrasound and clinical observa-
tions were deemed normal. None of the control subjects
had other underlying cardiac disease (no cardiomyopathy
or other notable cardiac disease) nor did they have obvi-
ous obstructive or restrictive lung disease or thromboem-
bolisms. All ECG’s were taken from the first time the
patient had presented to the particular institution and no
patients were on antiarrhythmic treatment at the time of
their ECG. The study was approved by the Institutional
Review Boards at each of the institutions noted above.

Electrocardiogram
The resting ECG closest to time of diagnostic echocar-
diogram or magnetic resonance imaging studies from
ARVD/C patients at a speed of 25 mm/s and with
voltages of 10 mm/mV were assessed (GE, WI, USA or
Phillips Healthcare, MA, USA). Digital recordings were
changed to PDF files and assessed at up to 150% magni-
fication and used for vectorcardiographic derivations.
Approximations of the Kors’ quasi-orthogonal spatial
peaks QRS-T angle (normally based on V6 defined as
the X-axis, lead II as the Y-axis and −0.5*V2 as the
Z-axis) were used with direction particularly toward the
R-wave in V1 (as the Z-axis QRS vector magnitude) and
S-wave in V5 (as the X-axis QRS vector magnitude)
while ignoring magnitudes of the S-wave in V1 and the
R-wave in V5 (as an attempt to have right-precordial-
directed vector magnitude and angle). Lead II measures
maximum deviation from baseline (whether R or S) was
used as the Y-axis QRS vector magnitude, similar to
Kors’ quasi-orthogonal method [6]. Right-precordial-
directed orthogonal QRS-T angles (RPD angle, degrees,
Fig. 2), right-precordial-directed vector magnitudes
(RtRMS-QRS, mV, Fig. 1), and spatial peaks QRS-T angles
(SPQRS-T angle, degrees) were measured in ARVD/C and
compared to the same parameters from control patients.
The Bazett corrected QT interval (QTc) and the QRS
duration (QRSd) were measured in milliseconds (ms).
The spatial QRS-T angle was calculated based on the

visual transform estimation based on using selected
leads and multipliers of those leads to approximate an
orthogonal system. This is based on the Kors’ visual
estimations regression-related method, which has been
described previously [6].
The RPD angle is similar in calculation to the

Kors’ quasi-orthogonal angle, but is a right-side re-
strictive measure meaning only the QRS maximum
deviation in the orthogonal planes according to the
following principles:
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- X-axis: the S-wave deviation only in V5 (ignoring the
R-wave in V5, even if it has a greater deviation from
baseline than the S-wave);

- Y-axis: the R or S maximum deviation from lead II;
- Z-axis: the negative one half of the deviation of the R
in lead V1.

These measures are then applied in the equation (Fig. 1
legend) and inverse cosine is taken between the QRS de-
viations and the T-wave deviations (positive or negative
in leads V6 (X-axis), II (Y-axis) and negative one half
of the deviation in V1 (Z-axis)). Please see Fig. 1 for
further detail.
The RtRMS-QRS is the vector magnitude of the QRS

complex based on right-precordial-directed measures
(please see equation noted above and Fig. 1).
V5 also more consistently demonstrated an S-wave

than V6, thus the S-wave in V5 was used.
All parameters were assessed by the first author if not

otherwise noted above, while 10% of the sample was
assessed by the 5th author to calculate inter-observer
variability (per below).

Statistics
Parametric measures are given as mean ± standard devi-
ation, while non-parameteric measures are given as me-
dian (1st quartile to 3rd quartile) and were used to
assess statistical significance between the two groups. A
p-value of 0.05 or less was considered significant.
Receiver operating characteristic curves were used to as-
sess optimum cut-off values for sensitivity and specificity
measures. Odds ratios were used. All data were de-
identified. Intra-class correlation coefficients were used
to determine inter−/intra-observer variability by the 1st
and 5th authors’ measurements of the RPD angle, and
the RtRMS-QRS.

Results
Population
Of a total of 155 patients with the diagnosis of definite
ARVD/C by 2010 Task Force criteria, 66 patients did
not have depolarization or repolarization changes con-
sistent with either major or minor criteria (ECG-negative
patients) who were compared with 1:1 age- and gender
matched control patients. Tables 1 and 2 summarize

Fig. 1 Calculation of the right spatial peaks QRS-T angle (RtSPQRS-T angle) and the right root mean square QRS (RtRMSQRS). 0.1 mV × 40 ms = 1
little box. SV5 = Swave maximum deviation from baseline (negative number). QRSmaxII: QRS maximum deviation from baseline (positive or negative

number) RV1: Rwave maximum deviation from baseline (positive number). RtRMS-QRS=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SV52 þ QRSmaxII2 þ −0:5 � RV1ð Þ2
q

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−0:6mV 2 þ −0:4mVð Þ2 þ −0:5 � 0:2mVð Þ2
q

= 0.73 mV. RtRMST=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

TV52 þ TII2 þ −0:5 � TV1ð Þ2
q

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:3mV2 þ 0:2mV2 þ −0:5 � −0:2mVð Þ2
q

=

0.37 mV. RPD- angle= cos−1([(SV5∗TV5) + (QRSmaxII∗TII) − 0.5(RV1∗TV1)]/RtRMSQRS∗RtRMST) =cos−1([(−0.6mV∗0.3mV) + (−0.4mV∗0.2mV) − 0.5(0.2mV∗ −
0.2mV)]/0.73 mV∗0.37 mV) = 172.4 degrees
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patient demographic data. Apart from the ECG-related
differences between ECG-positive and ECG-negative
ARVD/C patients, on which group definitions were
based, no other diagnostic criteria appeared to demon-
strate significant difference between the groups (Table 1).
Borderline significant difference was observed in regard
to the greater prevalence of patients fulfilling minor
arrhythmia criterion in ECG-positive ARVD/C patients.
However, we observed significant differences in regard

to the major MRI volume criteria, which was twice as
common in ARVD/C patients who met ECG criteria
(ECG-positive ARVD/C) than in those who did not meet
12-lead ECG criteria (ECG-negative ARVD/C). Figure 2
shows how the patients were sorted in various categories
to determine the overall ability to detect ECG-negative
ARVD/C patients. Figure 2a-d shows comparisons of
various parameters for controls, ECG-negative and
ECG-positive patients.

QTc and QRSd
Five of our ECG-negative ARVD/C patient had right
bundle branch blocks. While QRSd did not significantly
differentiate ECG-negative ARVD/C patients from con-
trols (Table 2), the QTc was significantly longer in ECG-
negative ARVD/C than in control subjects (Table 3),
with resultant optimum sensitivity, specificity, positive

and negative predictive values shown in Table 4 with an
odds ratio of 5.3 for QTc (95% confidence interval 0.6 to
46.6). The QRSd and the QTc significantly differentiated
the ECG-positive versus ECG-negative ARVD/C patients
(p-values of <0.001 and 0.002, respectively).

Spatial peaks QRS-T angles
Both the SPQRS-T angle and the RPD angle demon-
strated significant differences between ECG-negative
ARVD/C patients and control subjects (p-value < 0.001,
Table 3). The RPD angle showed much better sensitivity
and specificity than the spatial QRS-T angle (Table 4)
and with an odds ratio 34 times higher than that for the
SPQRS-T angle at 41.3 l95% CI 13.1 to 130.2).
The SPQRS-T angle demonstrated stepwise increase

from the lowest value in the control group to ECG-
negative ARVD/C and the highest value observed in the
ECG-positive ARVD/C patients.

Right root mean square QRS voltage
The right root mean square QRS (RtRMS-QRS) progres-
sively and significantly decreased stepwise from the
highest mean value observed in the control group to the
lowest among the ECG-positive ARVD/C. In regard to
discrimination between control subjects and ECG-
negative ARVD/C patients, the ROC curve gave an

Fig. 2 a-d: Box plots comparing parameter values for controls, ECG-negative and ECG-positive comparisons of the a: Spatial peaks QRS-T angle
(median with 1st to 3rd quartiles), b: RPD angle (mean with 2 standard deviations), c: RtRMS-QRS (mean with 2 standard deviations), d: QRS duration
(mean with 2 standard deviations)

Cortez et al. BMC Cardiovascular Disorders  (2017) 17:261 Page 4 of 10



optimum cut-off value of 0.81 mV giving an odds ratio
of 13.0 (4.6 to 36.4). Please see Tables 3 and 4.

Combined right-precordial directed parameters
Based on combined right-precordial-directed-sided pa-
rameters including the RPD angle and RtRMS-QRS,
at the above noted cut-off values, the sensitivity,
specificity and odds ratios were 90.9%, 83.3%, and
45.0 (95% CI 15.8 to 128.2), respectively. Figure 2a-d
shows depolarization parameter box plots.

ECG-negative proband versus ECG-negative non-proband
Thirty patients without abnormalities on the 12-lead
ECG were probands (45.5%). At the cut-off values above
(70.2 degrees for RPD angle and 0.81 mV for the
RtRMS-QRS, respectively), the sensitivity for probands

was 86.7% and for non-probands 72.5% for identification
of those without 12-lead ECG abnormalities otherwise,
while of course maintaining specificity 92.4% and 94.0%
respectively.

ECG-based 2010 taskforce criteria and their relationship
to the right-precordial ECG parameters
When the whole ARVD/C cohort was assessed (N = 155),
the RtRMS-QRS significantly differentiated those with
TAD (upslope of the S-wave ≥55 ms, minor depolarization
criterion) versus those ARVD/C patients with upslope of
the S-wave <55 ms (p = 0.006).
Patients with and without epsilon waves did not dem-

onstrate significant difference in regard to the novel
right-precordial parameters (Table 5). Patients with dif-
ferent extent of repolarization abnormalities, such as no

Table 1 All ARVD/C, ARVD/C with (+ECG) and without (−ECG) 2010 ECG taskforce criteria

ARVC Total
(N = 155)

ECG-positive
ARVC (N = 89)

ECG-negative
ARVC (N = 66)

p-value
ECG-positive vs
ECG-negative

Age 42.1 ± 17.3 42.0 ± 17.4 41.7 ± 17.6 0.861

Sex (% male) 106 (68.4%) 63 (70.8%) 43 (65.2%) 0.488

Proband (%) 111 (71.6%) 71 (79.8%) 30 (45.5%) 0.012

I. Imaging 155 (100%) 89 (100%) 66 (100%) 1.000

major, % 111 (71.6%) 68 (76.4%) 43 (65.2%) 0.082

minor, % 89 (57.4%) 60 (67.4%) 29 (43.9%) 0.005

II. Tissue characterization of the wall,
biopsies performed (% of patients)

70 (45.2%) 39 (43.8%) 31 (47.0%) 0.745

major, % 53 (75.7%) 31 (79.1%) 22 (71.0%) 0.576

minor, % 63 (90.0%) 36 (92.3%) 27 (87.1%) 0.454

III. Repolarization abnormality

major, % 54 (34.8%) 54 (60.7%) 0 (0.0%) <0.001

minor, % 20 (12.9%) 20 (22.5%) 0 (0.0%) <0.001

IV. Depolarization abnormality

major, % 13 (8.4%) 13 (14.6%) 0 (0.0%) <0.001

minor, % 17 (11.0%) 17 (19.1%) 0 (0.0%) <0.001

V. Arrhythmia

major, % 44 (28.4%) 26 (29.2%) 18 (27.3%) 0.858

minor, % 64 (41.3%) 42 (47.2%) 22 (33.3%) 0.1000

VI. Family history

major, % 84 (54.2%) 48 (53.9%) 35 (53.0%) 1.000

VII. Genotype positive 48 (31.0%) 29 (32.6%) 19 (28.8%) 0.726

PLN (% genotype positive) 1 (2.1%) 0 (0.0%) 1 (5.3%) 0.396

TTN (% genotype positive) 11 (22.9%) 8 (27.6%) 3 (15.8%) 0.488

PKP2 (% genotype positive) 23 (47.9%) 17 (58.6%) 6 (31.2%) 0.083

DSC2 (% genotype positive) 2 (4.2%) 1 (3.5%) 1 (5.3%) 1.000

DSG2 (% genotype positive) 12 (25.0%) 6 (20.7%) 6 (31.5%) 0.501

DSG3 (% genotype positive) 2 (4.2%) 1 (3.5%) 1 (5.30%) 1.000

DSP (% genotype positive) 8 (16.7%) 6 (20.7%) 2 (10.56%) 0.4510
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T-wave inversion/T-wave inversion in V1 (repolariza-
tion criterion is not present), T-wave inversion in V1
and V2 only (minor repolarization criterion) or T-
wave inversions in V1-V3 or beyond (major repolari-
zation criterion) were not differentiated by the right--
precordial parameters (Table 5). The spatial QRS-T
angle was lower for those with only T-wave inversions

in V1 and V2, versus those with more precordial T-
wave inversions or those without T-wave inversions in
the precordial leads (Table 5).

Left ventricular involvement and clinical parameters
Twelve total ARVD/C patients had left-sided disease
(7.7%). Eleven had decreased left ventricular ejection

Table 2 Detailed electrocardiographical and imaging characteristics of ECG-positive and ECG-negative ARVC/D patients including
Epsilon waves, upslope S-wave, Signal Average ECG measurements (SAECG) including fractional QRS duration (fqrsd), low amplitude
signal under 40 microV in the latter part of QRS (LAS40) and root mean square amplitude in the last 40milliseconds (RMS40), repolarization
abnormalities and echocardiogram/magnetic resonance imaging (MRI) including right ventricular end-diastolic volumes (RVEDV)

ARVD/C
(n = 155)

ARVD/C
ECG-positive
(N = 84)

ARVD/C
ECG-negative
(N = 66)

P-value ECG
positive/ negative

ECG: Depolarization

- Epsilon waves 13 (8.4%) 13 (15.5%) 0 (0.0%) <0.001

- upslope S-wave ≥55 ms V1,V2 or V3 17 (11.0%) 17 (20.2%) 0 (0.0%) <0.001

Bundle branch blocks 22 (14.1%) 17 (20.2%) 0 (0.0%) 0.035

SAECG performed (% total) 63 (40.7%) 32 (38.1%) 31 (41.7%) 0.515

- fQRSd ≥114 ms (% of SAECG) 33 (52.4%) 17 (53.1%) 16 (51.6%) 1.000

- LAS40 ≥ 38 ms (% of SAECG) 31 (49.2%) 18 (56.3%) 13 (41.9%) 0.317

- RMS40 ≤ 20 μV (% of SAECG) 28 (44.4%) 13 (40.6%) 15 (48.4%) 0.616

ECG: Repolarization

- T-wave inversions V1-V3 > 14 years no RBBB 54 (34.8%) 54 (64.3%) 0 (0.0%) <0.001

- T-wave inversions V1-V4 with RBBB 12 (7.7%) 12 (14.3%) 0 (0.0%) <0.001

- T-wave inversions V1 and V2 or in V4,V5,V6 8 (5.2%) 8 (9.5%) 0 (0.0%) 0.008

Imaging

Echocardiograms performed (% total) 155 (100.0%) 84 (100.0%) 66 (100.0%) 1.000

- Regional akinesia/dyskinesia/aneurysm (% echo) 111 (71.6%) 65 (77.4%) 43 (65.2%) 0.108

MRI’s performed (% total) 124 (80.0%) 72 (85.7%) 52 (73.2%) 0.070

- Regional akinesia/dyskinesia/aneurysm (% MRI) 89 (71.8%) 58 (80.6%) 31 (59.6%) 0.272

- RVEDV ≥110 ml/m2 (M), 100 ml/m2 (F) (%MRI) 65 (52.4%) 49 (68.1%) 16 (30.8%) <0.001

- RVEDV ≥100 ml/m2 but <110 ml/m2 (M),
≥90 ml/m2 but <100 ml/m2 (F) (%MRI)

24 (19.4%) 10 (11.9%) 14 (26.9%) 0.106

Table 3 Vector and protractor measured angles and their respective p-values for the QRS duration (QRSd, milliseconds), corrected
QT interval (QTc, milliseconds), the right precordial directed angle (RPD angle), and right root mean square QRS (RtRMS-QRS)respectively
for different subsets of patients including controls, arrhythmogenic right ventricular dysplasia/cardiomyopathy patients who meet 12-lead
2010 Taskforce criteria (ECG-positive), who don’t meet 12-lead 2010 Taskforce criteria (ECG-negative), who are ECG-negative without bundle
branch blocks (BBB) and who are ECG-negative who have signal average ECG’s do not have any late potentials (SAECG-). P-values as
compared to controls

Parameter QRSd (ms),[p-value] QTc (ms),[p-value] SPQRS-T angle RPD angle RtRMS-QRS

Controls (N = 66) 91.5 (85.5 to 99.0) 405.0 (387.5 to 430.2) 24.1 (13.5 to 42.1) 54.4 (48.9 to 61.5) 1.54 (1.17 to 1.90)

ARVD/C ECG-positive
(N = 89)

104.0 (94.0 to 122.0),
[<0.001]*

425.0 (403.0 to 449.0),
[0.022]*

43.8 (23.6 to 72.9),
[0.228]

74.8 (58.4 to 94.7),
[0.971]

0.81 (0.63 to 1.13),
[0.371]

ARVD/C ECG- and no
BBB (N = 66)

98.0 (86.0 to 104.0),
[0.052]s

412.0 (399.0 to 430.0),
[0.061]

33.6 (16.7 to 54.2),
[0.004]

76.2 (62.3 to 92.9),
[<0.001]

0.81 (0.64 to 1.15),
[<0.001]

ARVD/C ECG-, no BBB,
SAECG-negative (N = 20)

93.0 (85.5 to 100.0),
[0.947]

420.5 (397.5 to 430.0),
[0.057]

40.9 (22.3 to 55.7),
[0.081]

71.2 (60.4 to 84.7)
[<0.001]

0.77 (0.67 to 1.18),
[<0.001]

*indicated significant p-value < 0.050
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fraction (median 52.5%, IQR 50.5 to 54.0%) and three
had LVEDVi >100 ml/m^2 (median 30.8 ml/m^2, IQR
26.5 to 97.0 ml/m^2). Three patients were ECG-negative
and one had no late potentials. There was only a signifi-
cant difference in the QRSd with those without LV
changes at median 100 ms (IQR 90-113 ms) versus those
with left sided changes at a median of 97 ms (IQR 91.5
to 101 ms). The median values for ARVD/C patients
with left-sided changes for the QTc, SPQRS-T angle,
RPD angle and RtRMS-QRS were 417 ms (IQR 401 to
457 ms), 23.0 degrees (IQR 15.6 to 51.5 degrees), 79.4
degrees (IQR 70.0 to 99.8 degrees), and 0.91 mV (IQR
0.54 to 1.21 mV), respectively.

Intra-observer and inter-observer variability
Intra-class correlation coefficients for the intra−/inter-
observer variability for the RPD angle were 0.93 and
0.92, for the RtRMS-QRS were 0.94 and 0.92. For the
SPQRS-T angle, intra−/inter-observer variability has pre-
viously been described [6, 14, 15].
Variability between automated analyses and 1st author

calculations gave intra-class correlation coefficients of
0.971 and 0.917 for RtRMS-QRS and RPD angle.

Magnetic resonance imaging correlates
MRI indexed volumes and ejection fractions were com-
pared to the VCG/ECG parameters above. The highest

R-squared value for a VCG or ECG parameter was 0.24
for the SPQRS-T angle correlating to left ventricular
ejection fraction (EF). Otherwise the RPD angle and
RtRMS-QRS correlated poorly to RV indexed volume
(indexed RVEDV) with R-squared values at 0.15 and
0.07, respectively and with RV EF R-squared values of
0.06 and 0.19, respectively, all without significant
p-values. QRSd also correlated poorly with indexed
RVEDV and RVEF with R-squared values of 0.10 and
0.11, respectively without significant p-values.

Discussion
Main findings
We aimed to assess whether patients with definite
ARVD/C diagnosed using the 2010 revised Task Force
criteria exhibit subtle electrocardiographic abnormalities,
which do not fit in the frame of the depolarization and
repolarization criteria outlined in the Task Force 2010
document. By comparing with a cohort of healthy con-
trols we found that ostensibly normal ECG pattern in
patients with ECG-negative ARVD/C contain signs of
abnormal ventricular depolarization and repolarization
that can be quantified using novel right precordial-
adjusted VCG markers. RPD angle, SPQRS-T angle, and
the RtRMS-QRS demonstrated significant ability to
differentiate patients with electrocardiographically con-
cealed ARVD/C from healthy controls. In addition,

Table 4 Derived-vectorcardiographic angles and their respective sensitivities, specificities, positive and negative predictive values
(PPV, NPV, respectively) and odds ratios (95% confidence intervals) for optimal cut-off values based on ROC curve analysis for the
corrected QT interval (QTc), spatial peaks QRS-T angle (SPQRS-T angle), the right precordial directed angle (RPD angle angle), right
root mean square QRS (RtRMS-QRS), and for both right parameters (RPD angle angle and RtRMS-QRS) at the above cut-off values)
for ECG-negative ARVD/C versus controls

Parameter Optimum cut-off AUC p-value Sensitivity (%) Specificity (%) PPV (%) NPV (%) Odds ratio

QRSd 99.0 ms 0.64 0.026 48.5 83.3 74.4 61.8 4.7 (2.1 to 10.6)

QTc 451.0 ms 0.56 0.289 12.1 100.0 100.0 53.2 19.3 (1.1 to 342.1)

SPQRS-T angle 50.8° 0.68 <0.001 30.0 94.0 53.6 50.9 1.2 (0.5 to 2.7)

RPD angle 70.2° 0.86 <0.001 72.7 94.0 91.7 80.5 41.3 (13.1 to 130.2)

RtRMS-QRS 0.81 mV 0.85 <0.001 51.5 92.4 92.3 77.5 13.0 (4.6 to 36.4)

Both right parameters N/A N/A N/A 81.8 90.9 90.0 83.3 45.0 (15.8 to 128.2)

Table 5 Novel right-precordial and vectorcardiographic values compared to ARVD/C patients and 2010 Taskforce criteria values
currently used

SPQRS-T angle (degrees) RPD angle (degrees) RtRMS-QRS (millivolts)

Epsilon-wave +, n = 13 54.4 ± 31.3 100.5 ± 42.5 1.0 ± 0.8

Epsilon-wave -, n = 142 54.6 ± 42.0 81.2 ± 31.2 0.9 ± 0.4

TAD > = 55 ms, n = 17 67.0 ± 41.1 92.9 ± 40.7 0.7 ± 0.3a

TAD < 55 ms, n = 138 53.1 ± 41.1 81.7 ± 31.4 0.9 ± 0.5a

No T-wave inversion/only in V1, n = 26 56.7 ± 31.0 83.8 ± 33.8 1.0 ± 0.6

T-wave inversion V1-V2, n = 56 35.0 ± 28.0a 87.5 ± 31.8 0.9 ± 0.4

T-wave inversion V1-V3 or beyond, n = 73 67.7 ± 46.8 78.1 ± 32.4 0.8 ± 0.4
aindicates significantly different novel parameter values per 2010 Taskforce ECG parameter differentiation mentioned
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SPQRS-T angle exhibited stepwise increase and RtRMS-
QRS a decrease when control cohort was compared with
ECG-negative and ECG-positive ARVD/C patients thus
suggesting novel markers potential for quantification of
electrocardiographic ARVD/C phenotype. These may aid
in early detection in clinical cascade screening.

QRSd and QTc
The QRSd was not a specific marker for -ECG ARVC/D,
which is not surprising, given the patients don’t meet
2010 taskforce criteria including epsilon waves or de-
layed S-wave upstroke. It does significantly differentiate
ECG-positive ARVD/C from ECG-negative ARVD/C.
The QTc did significantly differentiate patients with
ECG-negative ARVD/C with minimal diagnostic assist-
ance. The QTc also prolongs significantly as the ARVD/
C patients develop Taskforce 2010 ECG criteria, which
may or may not assist in diagnosis.

Spatial angles
Although conventional VCG markers have shown use in
left sided heart disease [7–11], they have shown limited
use in right heart disease [13]. For instance, in hyper-
trophic cardiomyopathy, the spatial QRS-T angle im-
proves diagnostic ability for detection of hypertrophic
cardiomyopathy over conventional 12-lead ECG parame-
ters, however only detected part of our ECG-negative
ARVD/C cohort [7]. This same angle, however showed
limited prognostic ability in other right-ventricle disease
patients, namely those with Tetralology of Fallot [13, 14].
The RPD angle had the highest identification ability out of
all parameters tested and gave the highest odds ratio for
identification of ECG-negative ARVD/C. Although the
SPQRS-T angle significantly differentiates controls from
ECG-negative ARVD/C, it did not prove as clinically use-
ful with less sensitivity and less specificity than the RPD
angle. Although some cases of ARVD/C include left sided
disease (12 patients in our cohort), more often than not a
right-sided only phenotype is present [2]. Thus, even
though the SPQRS-T angle has prognostic and diagnostic
use [7–11], and specifically for a generally left sided car-
diomyopathy [7], it is not surprising that a right-sided spe-
cific marker is more helpful in identification of disease in
those without other depolarization/repolarization abnor-
malities in ARVD/C as suggested by our findings. This
also seemed to be particularly a good marker for those
family members detected by cascade screening, who likely
represent an early ARVC/D phenotype. This may be a
useful marker for screening and can be programmed in
most ECG software.

Right root mean square
The RtRMS-QRS or right precordial-directed QRS vector
magnitude is simply a measure of depolarization

dispersion in the right ventricle which should become
smaller as more fibrosis occurs. The lower the RtRMS-
QRS, the more dispersion of depolarization in the right
ventricle would likely occur. The RtRMS-QRS had signifi-
cant identification ability in those with ECG-negative
ARVD/C compared to control patients with a high specifi-
city. This is useful as it is a simple parameter to calculate
(Fig. 1). Similar to other right side-specific voltage param-
eters, it has low sensitivity for detection of right heart dis-
ease in this study, however as a non-invasive and cost-
effective test, this simple method still detected over one
half of patients who were not initially detected by ECG
[15]. Given the fibro-fatty infiltration of right ventricular
myocardium often observed in ARVD/C, it seems logical
that dispersion of depolarization (ie. lower RtRMS-QRS)
would be affected [1]. Again, this would also particularly
be helpful in identification of those with early ARVC/D
disease, as it was able to detect those non-proband family
members who represent an early stage of ARVC/D and
meet 1 of their major criteria by family association alone.

Combined right-sided parameters
Combined, the diagnostic value of these parameters
demonstrated superior identification power than each
parameter alone. Combined, without compromising spe-
cificity, these parameters identified 65/71 (91.6%) of pa-
tients who would not have otherwise been identified
with ECG screening. A high odds ratio was determined.
These right-sided specific parameters, although not
perfectly sensitive, combined have an additive identifi-
cation ability without compromising specificity for pa-
tients who might otherwise fit 2010 taskforce criteria
for definite ARVD/C based on genetic testing or fur-
ther imaging [2].

Novel right-precordial parameters and the degree of
ARVD/C phenotype manifestation
In the case of the S-wave angle and RtRMS-QRS, there
appears to be a significant step-wise progression from
control patients to ECG-negative and further on to the
ECG-positive ARVD/C patients, which suggests that
these novel VCG/ECG markers may be considered as
electrocardiographic equivalent of the disease substrate
in ARVC/D. RtRMS-QRS appears to be related to the
conventional electrocardiographic disease markers such
as terminal activation delay in the right precordial leads,
however they perform well in differentiating patients
with ARVC/D from controls also in the “normal” TAD
range. This demonstrates the ability of the novel VCG/
ECG markers to detect ARVC/D manifesting with subtle
depolarization abnormalities only and indicate their po-
tential in identification of affected family members,
which requires additional studies.
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The RPD angle did not have a step-wise progression,
but was similar in number between those ARVD/C
patients with and those without other depolarization or
repolarization abnormalities. Also, this parameter did
not differentiate the degree of T-wave inversion (Table 5),
thus must be more affected by depolarization versus repo-
larization abnormalities. Even though not a significant
difference, the RPD angle (as well as the other right-
precordial parameters) demonstrated trends with Epsilon
wave differentiation, which seem to indicate dependence
on dispersion of depolarization.
Regardless, all three parameters detect ARVD/C pa-

tients with electrographically concealed changes. Further
studies are warranted to define these changes over time
as well as genotype differences.

Limitations
The retrospective nature of this study gives inherent lim-
itations. The study control patients were from the USA
and from Sweden and did not include those from Italy,
specifically, which may bias our control results to some
extent. Furthermore, any type of estimation from an
ECG of a parameter, if not automated carries some in-
herent error, although our correlation coefficients were
reasonable for intra−/inter-observer variability.

Conclusion
Patients with ECG-negative ARVD/C bear subtle ECG
abnormalities that can be detected using right-sided
measures including the RPD angle and the RtRMS-QRS.
In combination these parameters can identify almost all
patients with ECG-negative ARVD/C without comprom-
ising specificity. Future studies are warranted to identify
changes in these parameters over time as well as to iden-
tify their utility in clinical cascade screening. If inde-
pendently reproduced, these parameters should be
considered for addition to current ARVD/C guidelines
and may help to cost-effectively screen for ARVD/C in
family members or those at risk.
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Abstract

Introduction: Long QT syndrome (LQTS) mutation carriers have elevated the risk of

cardiac events even in the absence of QTc prolongation; however, mutation penetrance in

patients with normal QTc may be reflected in abnormal T‐wave shape, particularly in

KCNH2 mutation carriers. We aimed to assess whether the magnitude of a three‐
dimensional T‐wave vector (TwVM) will identify KCNH2‐mutation carriers with normal

QTc at risk for cardiac events.

Methods: Adult LQT2 patients with QTc <460 ms in men and <470ms in women

(n =113, age 42±16 years, 43% male) were compared with genotype‐negative family

members (n = 1007). The TwVM was calculated using T‐wave amplitudes in leads V6, II,

and V2 as the square root of (TV62 +TII2 + (0.5*TV2)2). Cox regression analysis adjusted

for gender and time‐dependent beta‐blocker use was performed to assess cardiac event

(CE) risk, defined as syncope, aborted cardiac arrest, implantable cardioverter‐defibrillator
therapy, or sudden death.

Results: Dichotomized by median of 0.30mV, lower TwVMwas associated with elevated

CE risk compared to those with high TwVM (HR=2.95, 95% CI, 1.25‐6.98, P = .014) and

also remained significant after including sex and time‐dependent beta‐blocker usage in

the Cox regression analysis (HR =2.64, 95% CI, 1.64‐4.24, P < .001). However, these

associations were found only in women but not in men who had low event rates.

Conclusion: T‐wave morphology quantified as repolarization vector magnitude using

T‐wave amplitudes retrieved from standard 12‐lead electrocardiogram predicts

cardiac events risk in LQT2 women and appears useful for risk stratification of

KCNH2‐mutation carriers without QTc prolongation.

K E YWORD S

cardiac events, long QT syndrome, T‐wave vector magnitude

1 | INTRODUCTION

Long QT syndrome (LQTS) is one of the most lethal inheritable

arrhythmias and the most common causes of sudden cardiac death

without autopsy finding.1,2 LQTS affects 1 in 2000 people.3 There are

three main subtypes of LQTS defined by mutations in KCNQ1,

KCNH2, and SCN5A with different T‐wave patterns and arrhythmo-

genic triggers as well as specific treatment based strategies.4 For

instance, patients with LQT1 typically have broad‐based T‐waves,

while LQT2 patients typically have biphasic or flattened T‐waves.4



Although in patients with LQT1, the arrhythmogenic risk is

associated with prolongation of the heart rate corrected QT

intervals, the second most common type of LQTS, LQT2, does not

necessarily have arrhythmogenic risk associated with the degree of

QTc prolongation.5 About 20% to 50% of patients with LQTS do not

have prolonged QTc.6,7 Although mutation carriers have a higher risk

of cardiac events than genotype‐negative family members and

therefore the risk of sudden death is still present for anyone with

mutation, assessment for risk of cardiac events is not always straight

forward or apparent for those without QTc prolongation.6,8 Recently,

qualitative measures of the T‐wave appear to demonstrate risk

stratification capability in LQT2 without QTc prolongation, however

quantifiable methods are needed.9

Electrocardiogram (ECG)‐derived vectorcardiographic (VCG) re-

polarization parameters offer the possibility of objective T‐wave

morphology measure and have demonstrated significant diagnostic

and prognostic value in patients at risk for sudden cardiac death.10-19

ECG‐derived VCG has shown prognostic utility in LQTS patients with

prolonged QTc values, while in LQTS patients without QTc

prolongation, neither spatial durations nor the spatial QRS‐T angle

was able to differentiate symptomatic from asymptomatic LQTS

patients.20,21

Assessment of the shape of the T‐wave can be a way to identify

patients with LQT2 without QTc prolongation at risk for cardiac

events4,9; however, qualitative methods may be operator‐dependent
and subject to interindividual variability. The T‐wave vector magnitude

(TwVM) defined as the maximum distance from the origin of the 3‐
dimensional T‐wave loop and calculated from the amplitudes of the T‐
wave in the orthogonal leads offers and attractive quantitative measure

of T‐wave polarity, amplitude and shape and has demonstrated

diagnostic utility in other populations but not in LQTS patients.22

Given the flattening or biphasic shape of T‐waves in LQT2, we

hypothesized that the TwVM, a quantifiable measure of T‐wave

flattening, will identify those LQT2 patients without QTc prolonga-

tion at risk for cardiac events.

2 | METHODS

2.1 | Study population

Patients in this study were from the Rochester‐based LQTS Registry;

enrollment into the registry has been previously described.22-24

Patients were selected to the current analysis if they were shown to

be carriers of the disease‐causing mutation in KCNH2 (LQT2), had

Bazett‐corrected QT interval (QTc) of less than 470ms for female

and less than 460 ms for male, and were 18 years or older to exclude

variation of the T‐wave morphology that may be observed in children

and adolescents. The first recorded ECG at age 18 or older was used

and the Bazette‐corrected QTc was calculated based on digital

caliper QT measurement by an electrophysiologist. Ten‐second
recordings were used. Patients were excluded from the study if they

had more than one LQTS‐associated mutation. The presence of

LQTS‐causing KCNH2 mutations was verified with the use of

standard genetic tests performed in the academic molecular genetic

laboratories reported previously.8

The study population also required the patients who met the

above criteria to have ECGs (at time of enrollment in the prospective

registry) with flat baselines in leads I, II, and V1‐V6 (<0.1mV

movement), adequate for assessment of voltage parameters. Poor

quality ECGs, with movement artifacts, were excluded.

Patients with LQT2 without QTc prolongation were compared

with a control population of 1007 individuals who belonged to

families with genotype‐positive probands, but who were genetically

tested and found to be negative for LQT‐associated mutations and

who also had normal QTc intervals (per above).

2.2 | Clinical data

Clinical data were collected on prospectively designed forms with

information on demographic characteristics, personal and family

medical history, ECG findings, therapy, including QT‐prolonging
medications, and events during long‐term follow‐up. Information about

beta‐blocker use was also collected to allow time‐dependent assess-

ment of their possible impact on the incidence of cardiac events.

2.3 | T‐wave morphology characterization

At enrollment in the registry, all incoming ECGs were assessed by

a cardiologist (WZ or SZR), who were blinded to subjects’ clinical

characteristics, in regard to the T‐wave morphology in leads V5

and II, which was classified as either normal, broad, flat, notched,

negative, or biphasic.20,24 For the purpose of this analysis, T‐wave

morphologies, which were not assessed as normal in either

lead II (L2) or V5, were classified as abnormal, indicating the

possible presence of manifesting ventricular repolarization

abnormality.

2.4 | ECG and derived‐vector evaluation

ECG measurements were performed by the first author who was

blinded to the clinical characteristics of the patients. ECGs were

recorded at a speed of 25mm/s with 10mm/mV reference for limb and

precordial leads. The corrected QT‐intervals (QTc) from Bazette’s

formula, spatial QRS‐T angles, and TwVM were assessed on all ECGs.

The spatial QRS‐T angle was calculated by the peaks method, utilizing

the visually estimated method by Kors' et al.25,26 TwVM was calculated

as the square root of the sum of the squared T waves in leads V6, II and

one half of the T wave amplitude in V2, given by the equation

TwVM= SQRT[Twavell)^2 + (TwaveV6)^2 + (0.5*TwaveV2)^2], based on

the T‐wave magnitude as defined by the transformed Kors’ Quasi‐
orthogonal method, utilizing the beat with a stable baseline (median

when it met this standard).25,26 Please see Figure 1, for example,

TwVM calculation.
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2.5 | Endpoints

The primary endpoint of the study was the occurrence of a first

cardiac event that included syncope (transient loss of consciousness

that was abrupt in onset/recovery), aborted cardiac arrest requiring

defibrillation as part of resuscitation (ACA), LQTS‐related sudden

cardiac death (SCD, defined as abrupt in onset, if witnessed‐not
explained by other cause, if not witnessed‐was not explained by any

other cause) or implantable cardioverter‐defibrillator (ICD) therapy

including anti‐tachycardia pacing (ATP) or shock therapy.

2.6 | Statistical analysis

Data were assessed for normality using Shapiro–Wilk testing.

Normally distributed continuous data are presented as mean and

standard deviation. Student t‐tests, χ ², and analysis of variance were

used to identify significant differences between groups. Receiver

operating characteristic (ROC) curve analysis was performed to

identify threshold values for VCG parameters associated with cardiac

events. The cumulative probability was assessed by the Kaplan–Me-

ier method with significance testing by the log‐rank statistic. The Cox

proportional hazard model was used to evaluate the independent

contribution of clinical and genetic factors to the first occurrence of

time‐dependent cardiac events from the age of 18 years through the

end of follow‐up. The Cox regression model was adjusted for the

time‐dependent beta‐blocker use (the age at which patients were on

and off beta‐blocker therapy) and stratified by sex. As preselected

QTc inclusion overlapped with borderline QTc prolongation, the

model was adjusted for QTc duration wit 440ms selected as a cutoff

for normal vs borderline QTc values. The proportionality assumption

was tested using time‐dependent covariates created from interac-

tions between survival time and various covariates. Pearson and

Spearman correlation coefficients were used as appropriate for

parametric and non‐parametric data. Intraobserver and interobser-

ver variability were estimated by intraclass correlation coefficients

based on a 10% sample of the population. Repeatability was

performed by Daniel Cortez, MD and Pyotr Platanov, MD/PhD. Data

analysis was performed using SPSS (IBM, Chicago, IL).

3 | RESULTS

3.1 | Clinical characteristics

One hundred and fifty‐four patients met clinical inclusion criteria, of

whom 113 patients had ECG’s suitable for assessment. These 113

patients with LQT2 with normal QTc values (mean age 42 ± 16 years,

43% male) comprised the study group and were compared with 1007

normal QTc control patients (mean age 41 ± 15 years, 41% male).

LQT2 mutation carriers did not differ from the control group in

regard to the age at enrollment or gender distribution, however, they

had significantly lower heart rate, longer QTc (even though still

within normal range), QTpeak and Tpeak‐Tend intervals in compar-

ison with the genotype‐negative subjects (Table 1). As previously

reported,9 the proportion of subjects demonstrating visually abnor-

mal T wave morphology at inclusion in the registry was nearly five

times higher among LQT2 mutation‐positive patients than in the

control group. The proportion of individuals experiencing syncopal

episodes was significantly higher among LQT2 mutation carriers,

however, very few were treated with beta‐blockers or had more

serious events by the age of 18 (baseline), as shown in Table 1.

3.2 | Derived T‐wave vector magnitude and clinical
characteristics of LQT2 mutation carriers

Among patients carrying LQT2 mutation who had ECG available for

TwVM assessment, median TwVM was 0.30mV, which was used as a

cut‐off for analyses of associations between TwVM and clinical

characteristics and study endpoints. TwWM was significantly higher in

LQT2 men than women: 3.8 ± 1.8 vs 3.0 ± 1.3mV, respectively (P= .020).

Intraclass correlation coefficients for the TwVMmeasurements for a 10%

sample of the population gave interobserver variability of 0.94.

LQT2 mutation carriers with TwVM ≤ 0.30mV were more likely

to be female, have lower heart rates, have syncope and receive beta‐
blocker treatment (Table 2). Low TwVM was strongly associated with

F IGURE 1 Examples of ECG leads II, V2, and V6 used for
assessment of the vectrocardiographic T wave vector magnitude

from two LQT2 mutation carriers with low TwVM of 0.12 mV (left)
and higher Twvm at 0.40mV (right). ECG, electrocardiogram; TwVM,
T‐wave vector magnitude
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the visually assessed abnormal T‐wave morphology: of 35 LQT2

mutation carriers demonstrating abnormal T‐wave morphology, 26

(75%) had low TwVM (P < .001). There was a trend indicating greater

proportion of LQT2 pore‐mutation carriers among patients with low

TwVM, though the difference was not significant (21% vs 11%,

P = .144).

3.3 | Clinical course in LQT2 patients with normal
QTc values

During follow up, 27 LQT2 mutation carriers had CE, of which 5 were

ACA and 22 syncopal episodes (compared with 62 syncopal episodes

and 1 ACA in the control group), which were assessed using

Kaplan–Meier curve analysis and Cox regression analysis as outlined

in the Methods. Four ACA events were observed among female

LQT2 carriers who had low TwVM and one ACA event occurred to a

male patient with high TwVM.

Figure 2A‐C show Kaplan–Meier curve analysis of the risk of cardiac

events in normal QTc LQT2 mutation carriers dichotomized by the

median TwVM and compared with the genotype‐negative controls

shown for the entire study cohort (Figure 2A) and separately for men

(Figure 2B) and women (Figure 2C). In the entire cohort, low TwVMwas

associated with a high risk of cardiac events among the LQT2 patients

with normal QTc values, while the curve indicating the cumulative risk

of cardiac events among these same patients with high TwVM was

overlapping with the one corresponding to the genotype‐negative
controls. In the univariate Cox regression analysis, TwVM ≤ 0.30mV

was associated with the increased risk of cardiac events (HR= 2.95,

95% CI, 1.25‐6.98, P = .014) compared to LQT2 patients (with normal

QTc values) with TwVM>0.30mV. After including sex and time‐
dependent beta‐blockade use in the multivariate Cox regression

analysis, low TwVM remained a significant predictor of cardiac event

risk (HR= 2.55, 95% CI, 1.07‐6.04, P = .034). This difference was

primarily due to the differences observed among women (HRfemale =

3.18, 95% CI, 1.91‐5.98, P =< .001; HRmale = 1.05, 95% CI, 0.25‐4.37,
P = .947, Table 3). After including sex and time‐dependent beta‐
blockade use in the Cox regression analysis, low TwVM remained a

significant predictor of cardiac event risk within the LQT2 cohort

(HR =2.55, 95% CI, 1.07‐6.04, P = .034). There were no differences in

LQT2 patients with TwVM>0.30mV compared to controls in respect

to survival to CE, and whether men and women, just women, or just

men were evaluated (Table 3).

TABLE 1 Clinical characteristics for genotype negative LQTS
family members with normal QTc values and genotype positive LQT2
patients with normal QTc values at baseline (18 years)

Clinical

characteristics

Normal QTc

Genotype‐
negative family

members n = 1007

Normal QTc
LQT2 carriers

n = 113 P value

Male, #(% 414 (41) 49 (43) .645

Age at ECG, y 41 ± 15 42 ± 16 .242

Pore Mutation N/A 18 (16) N/A

ECG characteristics
RR, msec 893 ± 166 951 ± 176 .001
PR, msec 161 ± 28 163 ± 23 .807
QRS, msec 85 ± 14 85 ± 14 .919
QTp, msec 305 ± 31 326 ± 42 <.001
QT, msec 391 ± 34 421 ± 38 <.001
QTc, msec 417 ± 26 434 ± 25 <.001
TpTe, msec 86 ± 21 95 ± 30 .004
Abnormal

T‐wave in V5/L2

64 (7) 35 (34) <.001

Treatment, #(%)
Beta‐blockers 3 (0) 2 (2) <.001
LCTSD 0(0) 0 (0) N/A
Pacemaker 1 (0) 0 (0) 1.000
ICD 1 (0) 1 (1) .192

Cardiac Events, # (%)
Syncope 62 (6) 15 (13) .009
ACA 1 (0) 0 (0) 1.000
Appropriate

Shock

0 (0) 0 (0) N/A

Abbreviations: ACA, aborted cardiac arrest; ECG, electrocardiogram; ICD,

implantable cardioverter‐defibrillator; LCTSD, left cervicothoracic

sympathectomy; LQTS, long QT syndrome.

Bold values indicate significance, P < .05.

TABLE 2 Characteristics of electrocardiographically concealed
LQT2 patients (genotype positive KCNH2 with normal QTc values),
based on cut‐offs of the median product of the T wave vector

magnitude (TwVM) at baseline (18 years)

Clinical

characteristics

TwVM ≤median TwVM>median

P valueN = 57 N = 56

Male, # (%) 17 (30) 32 (57) .003

Age at ECG, y 44 ± 16 40 ± 15 .230

Pore Mutation, # (%) 12 (21) 6 (11) .144

ECG characteristics
RR, msec 912 ± 168 991 ± 177 .017
PR, msec 163 ± 22 162 ± 24 .850
QRS, msec 83 ± 12 87 ± 15 .102
QTp, msec 326 ± 45 327 ± 39 .885
QT, msec 417 ± 43 425 ± 33 .202
QTc, msec 438 ± 22 430 ± 27 .091
TpTe, msec 92 ± 33 98 ± 27 .404
Abnormal T‐wave

in V5/L2

26 (50) 9 (17) <.001

TwVM 0.22 ± 0.05 0.45 ± 0.14 <.001

Treatment, # (%)
Beta‐blockers 1 (2) 1 (2) 1.000
LCTSD 0 0 N/A
Pacemaker 0 0 N/A
ICD 0 1(2) .495

Cardiac Events, # (%)
Syncope 10 (18) 5 (9) .269
ACA 0 0 N/A
Appropriate

Shock

0 0 N/A

Abbreviations: ACA, aborted cardiac arrest; ECG, electrocardiogram; ICD,

implantable cardioverter‐defibrillator; LCTSD, left cervicothoracic

sympathectomy.

Bold values indicate significance, P < .05.
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It is worth stressing that these associations were present in

women but not in men who presented with low risk of

cardiac events. As sensitivity analysis we repeated the above

Cox analyses while using sex‐specific median TwVM values as

cut‐offs in males (≤0.37 mV) and females (≤0.27 mV) and the

results were very similar: hazard ratio of 3.30 (P < .001) in

females and 0.78 (P = .732) in males when comparing risk of

events in individuals with lower vs higher than median TmVM

values.

TwVM demonstrated a significant association with the risk of

ACA/SCD (HR = 2.64, 95% CI, 1.64‐4.24, P < .001) compared to

genotype‐negative family members (Figure 3).

F IGURE 2 A, Probability of cardiac events dichotomized by the median T‐wave vector magnitude (TwVM of 0.30mV) among the LQT2
patients with normal QTc values compared with genotype‐negative control individuals. B, Probability of cardiac events based on the median
(0.3 mV) T‐wave vector magnitudes (TwVM) for men only. C, Probability of cardiac events based on the median (0.3 mV) T‐wave vector

magnitudes (TwVM) for women only

TABLE 3 Probability of cardiac events in the Cox regression analysis in the ECG concealed LQT2 patients with adjustment for time‐
dependent beta‐blocker usage based on T‐wave vector magnitude cut‐off of 0.3mV with female and male cohorts also presented separately.
The hazard ratio for the genotype‐negative control population versus the entire genotype negative cohort is also presented

All Females Males

HR 95% CI P value HR 95% CI P value HR 95% CI P value

ecLQT2 TwVM ≤0.30mV vs ecLQT2 TwVM> 0.30mV 2.55 1.07‐6.04 .034 3.18 1.08‐9.40 .036 0.99 0.17‐5.95 .993

ecLQT2 TwVM ≤0.30mV vs Genotype‐negative control 2.64 1.64‐4.24 <.001 3.18 1.91‐5.28 <.001 1.05 0.25‐4.37 .947

ecLQT2 TwVM> 0.30mV vs Genotype‐negative control 1.38 0.72‐2.62 .333 1.37 0.64‐2.95 .422 1.39 0.43‐4.52 .589
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4 | DISCUSSION

Our study demonstrates the ability of an easily calculated, quantifiable

parameter, the TwVM, to identify LQT2 patients with normal QTc values

at risk for cardiac events with increased cardiac events risk being

associated with reduced TwVM. While an earlier study by our group

suggested abnormal T wave morphology, which included qualitatively

assessed flat, broad or notched T waves, as an indicator of mutation

penetrance associated with cardiac event risk,9 the current analysis has

demonstrated the value of a quantitative measure of three‐dimensional

T‐wave magnitude for risk stratification of LQT2 patients with unaffected

QTc. To our knowledge, this is the first study to demonstrate this

particular risk factor in the LQTS context.

Earlier attempts to quantify T‐wave morphology in patients with

LQTS involved VCG studies and standard 12‐lead ECG based measures

such as measured T‐wave slope or T‐wave center of gravity.19,27 An

advantage of VCG is its ability to address three‐dimensional T wave

morphology while other T wave measures are bound to specific surface

ECG leads. For example, the significant association with cardiac events in

LQTS patients with prolonged QTc values was shown regarding the slope

of the T‐wave in lead V6.27 The earlier reported VCGmeasures, however,

have been limited to computed eigenvector values. More complicated

compared to TwVM, the eigenvector values appeared to be able to

differentiate symptomatic from asymptomatic LQTS patients but are

difficult to conceptualize and most of the commonly used ECG systems

are not able to calculate them.19 On the other hand, not all T wave

morphology markers have performed as significant risk indicators in the

context of LQTS with normal QTc values. The center of gravity x‐axis (last
25% of T‐wave) in lead I,27 for example, was an independent predictor of

cardiac events in LQTS patients with prolonged QTc but not in unaffected

mutation carriers.27

Our study demonstrated that cardiac event risk stratification was

similarly determined for female patients with LQT2 (with normal QTc

values) by our quantitative parameter as by the T‐wave morphology as

read by electrophysiologist.9 As noted in Table 2, there were more

patients of female sex with Twvm of less than or equal to 0.3mV. Similar

to our earlier report, the T‐wave changes were not significant for risk

stratification in males, although the number of male patients with cardiac

events were generally low.9 In LQT2 patients with normal QTc values,

male sex male was associated with higher TwVM values. Lower T‐wave
amplitudes have been demonstrated in females after oophorectomy with

improvement once estrogen replacement was given, thus, likely sex

hormonal variation affects the TwVM to some degree as well.28

Differences in corrected QT interval have also been demonstrated in

healthy males and females, including menstrual cycle phase‐dependent
for females.29-31 However, in a population of LQTS patients with normal

QTc values, it is difficult to know if subtle prolongation would have any

significant effect. Otherwise, utilizing the control group of genotype

negative family members allows a true risk of events within families of

patients with LQT2 based on their genotype status and ECG findings.

Given a similar effect on Ikr, implications for risk stratification of

patients with QTc prolongation on particular medications may be of

significance. The TwVM may help identify those at risk for torsades, who

take QTc prolonging agents given similar T‐wave morphologies and effect

on Ikr. Future studies should consider this approach for risk assessment.

4.1 | Limitations

Almost all events were in females, thus it is unknown how helpful this

tool is in QTc unaffected men with genotype positive KCNH2, as more

events would be needed to eliminate a type 2 error. The number of ACA/

SCD events was too low for robust statistical assessment. The observed

association of reduced TwVM with ACA/SCD in the univariable analysis

should, therefore, be interpreted with caution. Furthermore, mutation‐
negative family members were included in the analysis as a control group

to compare the incidence of clinical events rather than for assessment of

T‐wave characteristics in the genetically unaffected individuals. There-

fore, no comparison of TwVM between LQT2 patients and the control

group could be performed, which is a limitation of the study.

5 | CONCLUSION

T‐wave morphology quantified as repolarization vector magnitude using

T‐wave amplitudes retrieved from standard 12‐lead ECG predicts cardiac

event risk in LQT2 patients and appears to be useful for risk stratification

of KCNH2‐mutation carriers without QTc prolongation. This association

was found in women but not in men with LQT2.
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