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Summary

Background: Total R T cosine (TCRT) isanew descrip-
tor of repolarization heterogeneity that quantifiesthe devia-
tion between the directions of ventricular depolarization and
repolarization. It revivesthe old concept of ventricular gra-
dient (VG).

Hypothesis: Our goal wasto examinewhether TCRT and
VG contain nonredundant information by comparing their
reaction to autonomic tests, namely, postural changes and
Valsalvamaneuver.

Methods: Digital 12-lead e ectrocardiogramswere record-
edin 16 patientswith cardiovascular syndrome X (SX, chest
pain, exercise-induced ST-depression, normal coronary arter-
ies, 3 men, age 60 + 9 years) and 40 healthy volunteers (31
men, age 33 + 7 years) during postura changesand Vasava
maneuver. The angle (VGa) [°] and magnitude (VGwm)
[msmV] of VGinreconstructed XY Z leadsand TCRT (aver-
age cosine of the angles between the QRS and T vectorsin
mathematically reconstructed three-dimensiona space) were
cdculated.

Results: (mean + stlandard of themean): In hedlthy subjects,
VGM and TCRT decreased, whereas VGA increased in the
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dtting and standing compared with supine position (TCRT:
0.61+0.05,0.47+ 0.06,0.29+ 0.08, supine, sitting, and stand-
ing, p<0.05) and during phasell Valsalva(TCRT: 0.47 £ 0.06
vs.0.61+0.05, p<0.01insupine 0.24+ 0.08vs. 0.37 £ 0.07,
p<0.01instanding). In patientswith SX, VG decreased in
the standing position, VGa did not change significantly, while
TCRT decreased only in patientswithout T-wave abnormali-
ties(n=9) (TCRT instanding and supine: 0.55+ 0.09vs. 0.68
+ 0.08, p<0.05). VGum increased during Valsalvain patients
with SX. Total R T cosine correlated strongly with VGa (r =
—0.84, p<0.00001) and, unlike VG, did not correlate with
heart rate.

Conclusions: Ventricular gradient and TCRT contain non-
redundant information. In healthy subjects, they react sens-
itively to autonomic provocation. In patientswith SX, their re-
action is attenuated, which suggests disturbance of the auto-
nomic contral of repolarization.

Key words: repolarization, ventricular gradient, total R T co-
sine, postura changes, Vasdva

Introduction

The reliable assessment of ventricular repolarization
heterogeneity from the standard 12-lead e ectrocardiogram
(ECG) isdtill an unresolved problem. Simpleindicesbased on
interlead variability of repolarizationintervalsor areas, suchas
QT dispersion, oversmplify redity’-2 and havelimited practi-
cal vaue. More advanced methodsfor quantitative repolariza-
tion assessment have been proposed, but their clinical utility
isdtill unclesar.

Recently, anew descriptor of ventricular repolarization was
proposed.# It quantifies the difference between the global di-
rection of depolarization and repolarization, expressed asan
average cosine of the angles betweenthe QRS and T vectors
in a mathematically derived three-dimensiona (3-D) space
(total Rto T cosing, TCRT). It has been demonstrated that
TCRT was more reproducible and better separated normal
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fromabnormal ECGsthan conventional repol arization param-
eters, such as QT dispersion and the corrected QT interval .4
Two subsequent studies on prospectively collected databases
showed that TCRT predicted independently adverse outcome
in patients post myocardia infarction.> 6 Although these re-
sultsneed to be confirmed intruly prospectivestudies, it seems
that TCRT hasasignificant potentid for clinica assessment of
repolarization and risk stratification of cardiac patients.

However, TCRT revivestheold concept of ventricular gra-
dient (VG),” 8 dbeit that itsca culation isbased on adifferent
principle. It isknown that VG reflectsthelocal variationsin
action potential duration and thus providesaglobal estimate
of spatia heterogeneity of ventricular repolarization.% 10
Nevertheless, the link between VG and the risk of ventricu-
lar arrhythmiaoccurrence has never been studied systemati-
caly, and in the eraof cardiac risk stratification the concept
fell into oblivion.

Theam of thisstudy wasto compare VG and TCRT tode-
termine whether they contain nonredundant information. For
this purpose, we examined their reaction to basic autonomic
tests, namely, postural changes and Va salva maneuver. We
studied a group of patients with cardiovascular syndrome X
(SX), sinceautonomic disturbances have long beenimplicat-
edinthegenesisof thissyndrome.1:-15 Theresultswere com-
pared with those obtained in healthy subjects.16:17

Materialsand Methods
Study Population

Weinvestigated 16 patients (3 men, age 60.4 + 9.1 years,
range 44—79 years) with cardiovascular SX, diagnosed onthe
basisof typicd chest pain, ST-segment depression during ex-
ercise, and no valvular, myocardial, or coronary artery dis-
ease.18-20 None of the subjects had ahistory of myocardia in-
farction or coronary spasm. Drug trestment included diltiazem
(n=2), vergpamil (n= 1), aminophylline (n=2), long-lagting
nitrate (n = 1), potassium-channel activator (nicorandil) (n=
1), and hormone replacement therapy (n = 2). Nine patients
had normal baseline 12-lead ECGs, while 7 of 16 (45%) pre-
sented with repol ari zati on abnormalities cons sting of nonspe-
cific ST-T wave changesor low-voltage T waves.

The control group included 40 subjects (31 men, mean age
33.1+ 7.3years, range 18-56 years) with no history of cardio-
vascular disease and normal resting 12-lead ECGs.16.17 None
of them wastaking medicationswith known or suspected au-
tonomic or cardiovascular effect. Theloca Ethics Committee
approved the study and all participants provided written in-
formed consent.

Study Protocol
All participantsperformed postural changes (resting supine

pasitionfor 10 min, followed by sitting, unsupported standing,
supine, and standing position, 4 min in each position) and

Vel salvamaneuver (continuous expiration against 40 mmHg
pressure for 30 sin controls and 20 sin patients with SX.2
Hedlthy subjects performed VVal salvamaneuver threetimesin
the supineand threetimesin the standing position, with 4 min
of rest before each maneuver. Patients with SX performed
Vasalvamaneuver twiceinthesitting position, with 4 min of
rest before each maneuver.

Twelve-lead digital ECGs (250 Hz, 12 hit A/D conversion,
SEER MC ambulatory recorder, GE Marquette, Milwaukee,
Wisc., USA) with Mason-Likar electrode configuration?
were recorded continuoudly during the tests. The so-cdled
“median beats’ were congtructed from each 10-sECG sample
of each lead® (QT Guard software package, GE Marquette)
and subsequently were used for calculation of VG and TCRT.

Ventricular Gradient

The QRS- and T-wave areas of each beat in each lead
were calculated automatically (ECG Research Workstation
package, GE Marquette). The QRS- and T-wave areas in
orthogonal XY Z leadswere derived from the 12-lead QRS-
and T-wave areas using validated transfer coefficients.2*
The magnitude of the spatial VG (VGwm) [ms.mV] wascal-
culated as:

VGm= V(QRS«+ Tx)2+ (QRSy+ Tv)2+ (QRS + T2)?

where QRS and Ty aretheareas of the QRS complex and of
the T waveintheorthogond lead W, respectively. Theangleof
thespatiad VG (VGa) [degrees(°)], wascal culated astheangle
between vectors originating in the center of 3-D coordinates
with final points of [QRSx, QRSy, QRS7] and [Tx, Ty, TZ],
respectively.

Calculation of Total R T Cosine

Thecaculaion of TCRT isdescribedin detail elsawhere®
In brief, the eight independent leads of the 12-lead ECG were
subjected to singular value decomposition?® using custom-
written software. Themethod findsasystem of eight indepen-
dent leads (S:1...Sg), inwhich $; contains most of the ECG en-
ergy, that is, it correspondsto thedirectionin which the ECG
signal variesmost. S containsmost of theremaining ECG en-
ergy, and so forth. It has been shown that thefirst three leads
$1$,Ss contain 99% of thewhole ECG energy.®> The TCRT is
defined astheaverage of the cosinesof the anglesbetweenthe
QRSand T vectorsinleads $:5Ss. In effect, TCRT measures
the difference between the directions of propagation of the
wavefronts of depolarization and repolarization. Lower (and
negative) val ues correspond to greater deviation between the
two wavefronts.

Statigtical Analysis
Basdinevauesfor each parameter in each subject werecal-

culated from the last 8 min of the basdine 10-min supine
recording. Spearman rank correlation coefficients between
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the parametersand between parametersand heart ratewerees-
timated from thebasdline values. Themean values of each pa-
rameter from all recordings in each position were used for
comparison. The average values of each VValsalva maneuver
were compared with the average val ue of the preceding 4-min
rest. Mann-Whitney test, Wilcoxon paired test, and one-way
within subject analysis of variance (ANOVA) were used for
comparison of groups, as appropriate. All values were ex-
pressed as mean + standard error of the mean (SEM). Sta
tistical Sgnificancewasdefined asp<0.05.

Results
Body Position (Tablel)

TheV Gy indl positionsand TCRT inthestanding position
differed significantly between controls and patients (TCRT:
0.29 £ 0.08 vs. 0.55 + 0.08, p<0.05); VGa was not signifi-
cantly different between patientsand controls.

Generaly, TCRT changed in the same direction as VGwm
and opposite to VGa direction. In controls, VGwv and TCRT
sgnificantly decreased, while VGa significantly increasedin
the sitting and further in standing compared with supine posi-
tion. (Teblel, Figure1A). After assuming anew position, most
of the changes of VG and TCRT were accomplished within
20t030s(Fig. 2).

Inthe patient group, VGwm wassignificantly reduced inthe
dtting and standing compared with supine position, while
VGa and TCRT were not significantly changed (Table I).
When patientswithnorma T waveswereanalyzed separately,
TCRT wassignificantly reduced inthe standing (0.55 + 0.08)
compared with the supine (0.68 + 0.008) and sitting position
(0.66+0.07,p=0.03) (Teblel, Fig. 1C).

ValsalvaManeuver (Tablell)

In controls, VGA sgnificantly increased while VGv and
TCRT dgnificantly decreased during phasell Vasalva(Table
I1) compared with the preceding rest. In patients with SX,
VGw sgnificantly increased during phase |l Valsalva, while
VGa significantly decreased only in patientswithout T-wave
abnormalities(46.1+ 4.3° vs.50.0+5.2°, p=0.02) (Tablell).
The TCRT wasnot significantly affected by Va salvamaneu-
ver inpatientswith SX.

Corrdation between theDescriptors(Tablel 1)

In steady-state supine condition, TCRT correlated strongly
with VGa in controls (R = —0.84, p<0.00001), whilein pa
tientsthe correlationwasmoderate and of borderlinestatistical
sgnificance(R=—0.46, p=0.074) (Tablelll). Therewasno
significant correl ation between TCRT and VGw. Of al param-
eters, only VGy in controls correlated significantly with the
heart period (R=0.45, p=0.01, Tablelll).

TaBLE |  Effect of postureon ventricular gradient and total RT cosine (mean + standard error of the mean)
Supine Sitting Standing pVaue®
Normal subjects(n=40)
RR(ms) 1001+ 24 876+ 20 789+ 19 <0.01
VGa (°) 449+34 48037 584+4.2 <0.01d
VGwm (MV.ms) 51.5+3.8 487+3.8 439+34 <0.01
TCRT 0.61+0.05 0.47+0.06 0.29+0.08 <0.01
SX patients(n=16)
RR (ms) 962+43 890+42 834+ 46 <0.01
VGa (%) 54.8+6.5 524+7.0 59.6+7.4 NS
VGum (MV.ms) 31.0+37°P 27.2+3.6b 25.7+39b <0.01¢
TCRT 0.66+0.07 055+0.11 0.58+0.082 NS
SX patientswith no T-wave abnormalities(n=9)
VGa(°) 46,1+57 46.3+5.0 50.7+4.0 NS
VGum (MV.ms) 406+3.3 36.1+4.2 365+4.7 <0.052
TCRT 0.68+0.08 0.66+0.079 0.55+0.099 0.039
Thevauesfor each position areaveraged fromal recordingsin that position.
ap<0.05vs. norma subjects.
bp<0.01vs. norma subjects.

¢ For comparison between thethree positions.

d Except for p < 0.05 between supineand sitting.
eExcept for p=NSbetween sitting and standing.
fExcept for p=NS between supine and sitting position.

9Of borderline statistica significance (0.05< p<0.06) vs. normal subjects.

Abbreviations: RR=RRinterva, VGa = angle of ventricular gradient, VGu magnitude of ventricular gradient, TCRT =total R T cosine, SX =

syndrome X, NS= not significant.
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Fic.1 Effect of postureon VG and TCRT in healthy subjects(n=
16) (A), patientswith SX (n = 16) (B), and patients with SX with
normal T waves(n=9) (C). Dataare presentedin normalized values
(e.g., deviations from the mean value). VGa = angle of ventricular
gradient [°], VGm = magnitude of ventricular gradient [msmV],
TCRT =total RT cosine, SX = syndrome X, SEM = standard error
of themean.
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Fic.2 Change of VG and TCRT as a function of the number of
electrocardiograms during the first 2 min of a postural change in
healthy subjects. Data are presented as normalized values. Ventric-
ular gradient and TCRT during thefirst 2 minin anew position are
compared with the mean vaue of thelast 2 minin the previous posi-
tion. Theaverage changefor thewhole4-min periodinthenew pos-
tionisexpressed as 100%. Theresultsof thefour postura transitions
(i.e,, supine[ sittingd standing] supined standing) are averaged.
After each postural change, theaveragevaueof VG or TCRT for the
new position is aready reached in the second or third recording.
Abbreviationsasin Figure 1.

Discussion

The main finding of the study can be summarized as
follows:

1. The TCRT paraleled closaly thereaction of VG to postu-
ral changesand Val salvamaneuver. Neverthdess, TCRT
and VG correlated only partiadly in steady-state supine
position.

2. Inhedlthy subjects, VG and TCRT reacted sensitively and
rapidly to postura changesand Vasavamaneuver. Inpa-
tientswith SX, reactionsweresignificantly attenuated.

TaBLE Il Effect of Valsavamaneuver on ventricular gradient and total RT cosine (mean + standard error mean)
Normal subjects(n=40) SyndromeX patients(n=16)
Supine Vesava Standing Velsava Sitting Vasava
rest supine rest standing rest sitting
RR (ms) 965+ 24 891+ 24b 817+22 749+ 23b 912+ 43 840+ 39b
VGa (°) 402+3.01 43.7+3242 53.7+4.08 58.8+4.152 58.3+811 58.7+7.36
VGu (MVms) 56.7+4.00 52.0+3.80° 49.1+393 426+3.34b 256+353 28.4+33892
TCRT 0.61+0.05 0.47+0.06° 0.37+£0.07 0.24+0.08 0.52+0.10 046+0.13

Effect of phasell Valsalvamaneuver on the descriptors (average valuesof al Vasalvamaneuvresand al preceding 4-minresting periods).

ap<0.05vs red.
bp<0.01vs. res.
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TaBLE Il Correlation betweenthedescriptors

RR VGa VG
VGa Hedthy subjects —0.29
SX patients 001
VGy Hedthysubjects  045(0.01) —0.36(0.04)
SX patients 035 —040
TCRT Hedthysubjects  0.10 —084(0.000) 002

SX patients -023 —046(0074) —026

Spearman correlation coefficients (R) between the descriptors. Pval-
ues, if they arelessthan or closeto 0.05, aregivenin parentheses.
Abbreviationsasin Tablel.

TheConcept of Ventricular Gradient

Both TCRT and VGa quantify the angle between the vec-
tors of depolarization and repolarization, and therefore they
changed in oppositedirections. Thelack of Sgnificant correla
tion between TCRT and VVGa in patientswith SX (R= —0.46,
p=0.074) could beexplained by thedifferent methodsof their
calculation. Ventricular gradient is calculated in standard or-
thogond XY Z leads, whose orientationin spaceissubject in-
dependent and is defined purely anatomically. Leads $15S3
can beregarded as XY Z leads that are spatially reoriented in

TCRT

eschindividual in such away asto capture most of the ECG
energy (for details see Appendix to Ref. No. 26). Thus, leads
S1S$Ss can be regarded as “individually optimized” XYZ
leads, and TCRT asan“ optimized” VGa.

Theinterestin VG hasbeen related mainly to its(relative)
independence of the sequence of ventricular activation and,
consequently, to its ability to distinguish primary from sec-
ondary ST-T changes. Althoughit wasknownthat VG result-
ed from (and therefore provided aglobal measure of) the spa-
tial variation of action potential duration,® 10 its relation to
ventricular arrhythmogenesisand therisk of sudden death has
never been tested prospectively. The TCRT has the same
physiologic background, and this probably explainsits pre-
dictive power for adverse outcomein patients post myocardia
infarction.> Korset al. al'so demonstrated that T-axisdevia-
tion was predictive of cardiac mortality.2” The VGA and
TCRT canberegarded as“relative T axis’ and“ optimized rel-
ativeT axis,” respectively.

Themoderate correlation between VGa and VGu and the
lack of correlation between VG and TCRT can beexplained
by thefact that VGm dependsnot only ontheanglebut alsoon
the magnitudes of the QRS and T vectors. To our knowledge,
no studieshave compared theclinica significanceof theangle
andthemagnitudeof VG.

Therapid reactions of VG and TCRT to posturd changes
and Va salvamaneuver in hedlthy subjects (Figs. 2 and 3) sug-

VGm

~0.4 —-15

= Supine  ®Sitting  * Standing = Supine

* Sitting

* Standing = Supine  ®Sitting * Standing

Fic.3 Effect of body position on VG and TCRT in hedlthy subjects (A), patientswith SX (B), and patientswith SX with normal T waves(C).
Each bar representsthe value of the respective descriptor from one median e ectrocardiogram (ECG). Dataare presented asnormalized val ues;
that is, deviation of the value of each median ECG besat from themean value of al recordingsin al positions. The gaps between therecordings
inthe separate positionsareintroduced only for clarity. Abbreviationsasin Figure 1.
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gest that they could be used to detect autonomic effects on
ventricular repolarization. Reduction of themagnitude of VG
in standing position compared with supine and during the
strain phase of Valsalvamaneuver has been described previ-
oudy.?8 Although in hedthy subjects TCRT and the heart pe-
riod followed the sametrend during postural changes (Fig. 3)
and Vasalvamaneuver, they did not correlatein steady state
supine position. This suggests that rather than TCRT being
driven by the heart rate, both TCRT and the heart rate are un-
der autonomic control. Previous studies have found signifi-
cant correlation between VG and heart rate, 28 2° and on this
basisaparameter smilar to VG found limited use asa sensor
for rate-adaptive pacing. 2332

Comparison between Healthy Subjectsand Patientswith
SyndromeX

The attenuated response of VG and TCRT to postura
changesand Va salvamaneuver, which wasindependent of the
presence of basdline T-wave abnormalities, suggeststhe pres-
enceof abnormal autonomic control of ventricular repolariza:
tion in patients with SX. Shift of autonomic control toward
sympathetic predominance in patients with SX has been re-
ported previoudy. 115 Although several of thesepatientswere
taking cardioactive medications such asdiltiazem, verapamil,
aminophylline, andlong-lasting nitrate, thesedrugsweremore
likely to influence heart rate than ventricular repolarization.
Stll, the RR interval did not differ significantly between pa-
tients and controls, and the effect of postura changes and
Vasalvamaneuver on heart ratewas preserved. Hence, there-
sponse of VG and TCRT to autonomic provocation could
hardly beattributed to drug effectson cardiac autonomic tone.

Other authors have al so reported repol arization abnormali-
tiesin patientswith SX. Leeet al .3 found ahigher increasein
the" corrected” QT digpersion during transition from supineto
standing in 26 patientswith SX, compared with age- and gen-
der-matched hedlthy controls and patients with coronary
artery disease. Leonardo et al.3* studied 16 patients with SX
very similar in age and gender to thosein our study. The QT
dispersonwas 75+ 100 msin patientsand 30+ 10 msin con-
trols (although described as “not significantly different”).
Atenolol reduced QT dispersion in patients (to 17 + 10 ms,
p<0.05), but not in controls (26 = 10 ms, NS). In our study,
QT dispersonwasnot significantly different between patients
and controlsin the supine position, but increased significantly
during Valsdvain patients (20.3+ 2.5vs. 38.6 £ 5.4p=0.001),
but not in controls (supine: 28.3+ 2.4vs. 294+ 1.7, standing:
24.1+1.9vs. 245+ 1.4, p=NS). However, inal thesestudies
thedifferencesin QT dispersion between patientsand controls
werewithintheerror of both automatic and manua measure-
ment of QT dispersion,3>3% and the latter could hardly bere-
garded asareliable parameter for quantification of repolariza-
tion abnormalities.

Limitationsof the Study

Patientsand controls differed significantly in ageand gen-
der, which may have influenced VG;* however, TCRT and

VG did not differ significantly between patients and healthy
subjectsin supine position. Patients and controls performed
Vasalvamaneuver differently, sncefor many cardiac patients
it would bedifficult to maintain pressurefor 30 sinthe supine
or standing position. However, the first 10 healthy subjects
aso parformed Vasdvamaneuver inthesitting in addition to
the supineand standing position. The TCRT and V Gw signifi-
cantly decreased during phasell Vasdvainthesdtting position
(TCRT: 049+ 0.11vs. 056+ 0.09, p=0.034; VGum: 394 +
3.1vs. 42.3+ 3.3, p=0.045), while VGa wasnot changed S g-
nificantly. This suggests Val salvamaneuver affected repolar-
ization independently of thebody position.

Theexact speed of reaction of TCRT and VG to autonomic
effectscannot be estimated from 10-smedian ECG beats. Still,
it ssemsthat VG and TCRT respond to autonomic provocation
asfast astheheart rate (Fig. 3) and faster than other repol ariza-
tion parameters, such as QT intervd, QT dispersion, T-area
dispersion, and indicesfrom principa component analysis of
the T wave.l2 The precise estimation of the el ectrophysiologic
effectsof all four phasesof Valsalvamaneuver requiresanaly-
sisof beat-to-beat data, rather than 10-smedian bests.

For accurate assessment of the autonomic effects on ven-
tricular repolarization, astudy under morestrictly controlled
conditions, for example, complete pharmacol ogic autonom-
ic blockade with propranolol and atropine, isneeded. To as-
sesstheeffect of heart rate, postural changes, and autonomic
influences, VG and TCRT should be measured during fixed-
rate atrial pacing and/or graded physical exercise in the
supine and standing position. However, our (main) goal was
to compare VG and TCRT, using their reaction to autonomic
testsrather than to study the autonomic influence on ventric-
ular repolarization.

Conclusions

Ventricular gradient and TCRT provideclinicaly applica
blemethodsfor quantification of ventricul ar repolarization ab-
normalities. They contain nonredundant information. Itislike-
ly that VG and/or TCRT may find application for detection of
autonomic effects on ventricular level, for example, in im-
plantable antiarrhythmic devices or systems for in-hospital
ECG monitoring.
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