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AbSTRACT

Objective: Influence of LV pressure on the T wave is still not unraveled. We hypothesize 
that ventricular pressure influences the T wave.

Methods: Five Langendorff-perfused pig hearts (right atrial pacing at 650 ms cycle 
length) were submerged in a blood-filled container allowing recording of a 61-lead 
pseudo-ECG. A flexible balloon in the left ventricle (LV) enabled recording during low 
(P0= 0 mmHg) and high (P20= 20 mmHg) LV diastolic pressure. Integrals of the QRS 
interval and STT interval were calculated as area under the curve (QRSint and STTint). 
Within the integral maps we determined dipoles (vector angle and amplitude), cross-
correlations (P0 versus P20), and absolute integral differences per lead (P20 minus P0). 
An epicardial multielectrode (9x12) sock was used to determine simultaneous local 
activation and repolarization times (ATs and RTs).

Results: Balloon inflation increased diastolic and systolic LV pressure, without changing 
the time of pressure pulse onset. With the increase in LV pressure patterns in the QRSint 
and STTint remain similar (unchanged vector angles and high cross-correlations). How-
ever, integral map amplitudes (dipole amplitude and mean absolute amplitude) were 
increased, with significant larger changes in STTint than in QRSint. In the LV, ATs were 
slightly increased, whereas RTs show larger increases (3±3 versus 9±5 ms). RT dispersion 
in the heart was also significantly increased by 17±9ms and resulted from interventricu-
lar differences.

Conclusions: Significant larger absolute integral changes in STT integrals between P0 
and P20 than in QRSints indicates that mechano-electric feedback due to increased LV 
pressure influences the STT segment more than the QRS complex.



Pressure effects on the STT segment 57

4

INTRODuCTION

The T wave in the electrocardiogram (ECG) represents the repolarization of the cardiac 
ventricles. Repolarization abnormalities play a significant role in arrhythmogenesis.1,2 For 
example, an increased dispersion of repolarization has recurrently been associated with 
life-threatening arrhythmias.3 Multiple factors, like temperature,4 ischemia,5 potassium 
level,5 sympathetic activation,6 and mutations7,8 are known to influence the repolariza-
tion and vulnerability for arrhythmias. Therefore, the T wave holds valuable information. 
Yet, knowledge about the genesis and modulation of the T wave is incomplete.

Heart failure is associated with sudden cardiac death and changes in repolariza-
tion.9,10 Heart failure is also associated with ventricular overload and increased end 
diastolic left ventricular (LV) pressure.11 Both factors lead to stretch on the ventricular 
wall. It has been demonstrated that stretch – by mechano-electric coupling – has effect 
on the ventricular action potential and arrhythmogensis.12 It may prolong or shorten 
the repolarization depending on the timing of the pressure pulse with respect to the 
action potential phase.12 We recently demonstrated that loss of pressure in the LV causes 
heterogeneity of repolarization.13 However, the effect of pressure on the T wave and its 
relation with underlying repolarization changes is not clear.

Therefore, we experimentally modeled LV overload by increasing diastolic LV pressure 
and simultaneously examined the effects on a volume-conducted ECG and ventricular 
repolarization. We hypothesized that the increased LV pressure changes the T  wave 
morphology rather than the QRS morphology, because the pressure pulse normally falls 
after the end of QRS and during the T wave.

METHODS

Five male pigs, weighing 55±8 kg (mean±SD) were premedicated, ventilated and an-
aesthetized according to the protocol described before.14 The experimental protocol 
was approved by the local ethical committee on animal experimentation. The heart was 
excised and perfused according to Langendorff with a 1:1 blood–Tyrode’s mixture. The 
apex was fixed to avoid swinging of the heart, but to allow rotation and movement in 
the vertical plane.

Experimental setup

Hearts were paced from the right atrium at 650 ms cycle length. We positioned a flexible 
balloon in the LV, in which diastolic LV pressure was maintained at 0 mmHg (P0) or 20 
mmHg (P20) and continuous LV pressure was recorded. A 9x12 electrode sock (interelec-
trode distance of 9 mm vertically, and of 9 – 17 mm horizontally) was fixed on the heart 
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overlapping the majority of the epicardial surface of the ventricles to obtain unipolar 
electrograms (see Figure 1). The heart was submerged in a perfusion-fl uid fi lled bucket 
incorporating 61 regularly distributed electrodes (1 at the bottom) to simultaneously 
record volume-conducted pseudo-ECGs with the assembled average of all 61 electrodes 
as reference. We performed experiments in nine hearts. In fi ve of these hearts we were 
able to increase the LV diastolic pressure from 0 to 20 mmHg and simultaneously obtain 
recordings of suffi  cient quality without pressure-induced ST segment elevation/depres-
sion.

Electrophysiologic recordings

In the pseudo-ECGs we determined the maximum QRS duration and maximum QT 
interval. QRSonset and QRSend were defi ned as, respectively, the fi rst defl ection and 
last J-point of the QRS complex in any ECG lead. The Tend was determined using the 
tangent method. Accordingly, in each lead QRS integrals and STT integrals were calcu-
lated defi ned as area under the QRS and STT (=QRSend-to-Tend) curve. Integral maps 
were confi gured and dipoles (minimum to maximum integral) were determined. The 
QRS and STT dipoles were characterized by the vector amplitude (mV) and the vector 
angles (degrees) in the frontal and transversal plane (the left lateral lead equals 0 de-
grees and rotation to the anterior/inferior lead denotes a positive angle). For the QRS 
and STT integral maps we calculated the cross-correlation and the mean of absolute 
integral diff erences between P0 and P20 (mVms). In each unipolar epicardial electro-
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Figure 1: Schematic setup of electrophysiologic measurements (left): examples of 3 epicardial electro-
grams and 1 pseudo-ECG. Red areas in the pseudo-ECG lead illustrate the integral determined for the QRS 
and STT interval.
Experimental setup (right) shows a heart with a fl exible balloon positioned in the left ventricle (LV). An 
epicardial 9x12 electrode sock overlap the LV and large part of the right ventricle (RV). Electrodes assigned 
to the RV or LV regions were indicated by the red or blue area respectively. The block pulse indicate the 
position of the pacing electrode.
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gram we determined activation and repolarization times (ATs and RTs) as before4 (see 
Figure 1). The LV and right ventricular (RV) regions were determined by visual selection 
of electrodes that were in all hearts positioned at the LV and RV, respectively (see Figure 
1). Dispersion in repolarization was determined within the entire heart, LV region and 
RV region as maximum RT minus minimum RT. The interventricular RT dispersion was 
determined as mean RT in the LV region minus mean RT in the RV region. From the LV 
pressure recordings we determined the systolic and diastolic pressure (Psys and Pdias). 
Also the moment of halfway peak pressure was determined as the time at 50% of peak 
pressure relative to the QRSonset as an indication of the start of the pressure pulse.

Statistics

Continuous variables were presented as mean ± SD. Diff erences between P0 and P20 
and between QRS and STT integrals were tested with a paired t test. P values ≤ 0.05 were 
considered as statistically signifi cant.

RESuLTS

Pressure eff ect on pseudo-ECGs

Figure 2 shows an example of the eff ect of increased LV pressure on lead III of the 
pseudo-ECG. After balloon infl ation diastolic and systolic LV pressures were increased 
and caused major changes in the T wave without altering the QRS complex. Generally, a 
rise in diastolic LV pressure (from 1±3 to 20±2 mmHg, P<0.01) occurred and was associ-
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Figure 2: Example of left ventricular (LV) pressure changes with concomitant changes in the ECG lead III, 
after increasing the diastolic LV pressure from 0 mmHg (P0, blue) to 20 mmHg (P20, red).
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ated with an increase of the systolic pressure from 9±5 to 58±14 mmHg (P< 0.01). The 
moment of halfway peak pressure did not shift in time with respect to QRSonset (109±13 
vs 112±16 ms, P= 0.77). QRS durations were prolonged, although not significant (62±12 
ms vs 70±10 ms, P= 0.06). The QT intervals were also prolonged (322±18 ms vs 355±44 ms, 
P= 0.05). In 4 of 5 hearts, the increase in QT interval was at least 3 times larger than the 
increase in QRS duration.

Figure 3 shows examples of the QRS and STT integral maps including dipole vectors 
during low and high diastolic LV pressure. The figure demonstrates that when pressure is 
increased the pattern in the QRS and STT integral maps does not change (i.e. similar po-
sitions of the maxima and minima and a similar direction of arrows). The difference maps 
of the integrals (P20-P0) show clearly that changes in amplitudes of the STT integral are 
larger (more red and more blue, representing T waves of larger amplitude) than that of 
the QRS integral. Table 1 demonstrates the mean characteristics of the integral maps of 
all hearts. Overall, after an increased LV pressure the patterns in the QRS and STT integral 
map did not change (i.e. dipole vectors did not differ in the frontal or transversal angles 
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Figure 3: Typical example of QRS and STT integral maps with dipole vectors (white arrows) and isointegral 
lines (grey, 10-mVms distance) and two ECG lead (from the site indicated with the black box and the asterisk) 
during P0 (left) and P20 (middle). Difference maps (P20 – P0) of the QRS and STT integrals are shown on 
the right.
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and cross-correlations were high). However, dipole amplitudes of the QRS integral map 
were significantly increased with 12±7 mVms (P=0.02). Dipole amplitudes of the STT inte-
gral map showed also an increase of 17±14 mVms (P=0.05), but in 1 out of 5 hearts there 
was a minor decrease of 3 mVms in STT dipole amplitude. The mean absolute differences 
of the integral maps between high and low pressure (P20 – P0) were two times larger in 
the STT integral maps compared to the QRS integral maps (respectively 6.52±2.56 versus 
3.26±1.36 mVms).

Pressure effect on repolarization

Figure 4 shows an example of the activation and repolarization map during P0 and P20 
in the same heart. In all hearts, activation starts in the anterolateral region of the RV 
and is followed by the LV. In the example, activation is latest in the anterior RV base. In 4 
other hearts, this area activated equally late as the LV. Activation times could be deter-
mined on 73±9 electrodes in total, 43±4 electrodes in the LV region and 19±3 electrodes 
in the RV region. An increase in LV pressure showed a slight prolongation (3±3 ms) of 
the activation in the LV region, without an effect on AT in the rest of the heart (Table 2). 
Figure 4 also shows that repolarization is earliest at the RV base and latest in the LV apex. 
This pattern was similar in all 5 hearts, although in 1 heart also the RV apex showed late 
repolarization during high pressure. Also, the increase in LV pressure did not change the 
patterns in repolarization. Repolarization times could be determined on 59±7 electrodes 
in total, 33±5 electrodes in the LV region and 16±3 electrodes in the RV region. During LV 

Table 1: Characteristics of the integral maps (mean ±SD).

P0 P20 P value

QRSint

A dipole, mV 65±15 76±12 0.021

Vf dipole, degree −27±40 −32±34 0.371

Vt dipole, degree 18±43 11±43 0.371

Xcorr map 0.99 (0.98 – 1.00)

∆int map, mVms 3.26±1.36

STTint

A dipole, mV 55±22 71±19 0.051

Vf dipole, degree −145±16 −127±49 0.311

Vt dipole, degree 173±40 138±106 0.341

Xcorr map 0.88 (0.55 – 0.98) 0.262

∆int map, mVms 6.52±2.56 0.042

QRSint= integral map of QRS interval; STTint= integral map of STT interval; A, Vf and Vt are, respectively, 
the amplitude and frontal and transversal vector angle of the dipole; Xcorr= cross-correlation of QRSint or 
STTint between P0 and P20 in mean (min – max); ∆int= mean of absolute differences (P20 – P0) of QRSint 
or STTint.
P values are given for paired t test: 1P0 versus P20; 2QRSint versus STTint.
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pressure increase, repolarization in the LV prolonged significantly with 9±5 ms, without 
an effect on the RV repolarization (Table 2). These effects were clearly illustrated by the 
difference maps (P20 – P0) in panel C and F of Figure 4. Furthermore, the dispersion in re-
polarization in the entire hearts was also increased with 17±9 ms (Table 2). This increased 
RT dispersion within the entire heart was mainly caused by an increased interventricular 
RT dispersion, which was augmented in 4 of the 5 hearts. In these hearts the minimum 
RT was in the RV and the maximum RT was in the LV.

Table 2: Characteristics of epicardial electrograms (mean±SD).

N=5 P0 P20 P value

AT max, ms 57±12 61±11 0.14

AT total, ms 32±8 35±6 0.06

AT_LV, ms 37±12 41±10 0.04

AT_RV, ms 21±3 21±4 0.75

RT total, ms 247±19 253±21 0.02

RT_LV, ms 258±21 267±24 0.02

RT_RV, ms 227±19 229±18 0.20

dRT total, ms 73±15 90±14 0.01

dRT_LV, ms 45±13 56±18 0.12

dRT_RV, ms 48±12 55±13 0.22

dRT_inter, ms 31±10 38±12 0.06

N= number of hearts, AT max= maximum AT; AT= average of mean AT per heart; RT= average of mean RT 
per heart; total, LV and RV indicate the sets of electrodes used to determine values; dRT= average of RTmax-
RTmin per heart (for total, LV and RV). dRT_inter= average of mean RT_LV – mean RT_RV.
P values are given for paired t tests.
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DISCuSSION

Our study demonstrates that during an increase in LV pressure the pattern of the integral 
maps remains similar. However, significant increases occur in the integral amplitudes 
(dipole amplitude and mean absolute amplitudes of the map) in both the QRS and STT 
integral maps. Amplitude changes in the STT integrals maps are twice as large as that 
in the QRS integral maps. The LV pressure increase also prolongs the QT interval on 
the pseudo-ECG with 34 ms. Activation slightly prolongs in the LV, but prolongation of 
repolarization in the LV is considerably larger, although not as long as the prolongation 
of QT duration. The possible explanation for the latter remark will be discussed later.

Although activation in the LV was significantly prolonged, this was on average only 
3 ms. In these experiments the diastolic LV pressure was elevated causing a continu-
ous pressure change during the entire heart cycle. Stretch during diastole may cause a 
depolarization of the membrane,15 which may have caused slight changes in activation 
in our preparations. This also can explain the small increase in integral amplitudes of the 
QRS complex. The prolongation of repolarization was about three times larger and can 
therefore not be explained by the activation delay alone.

Accordingly, based on these data, we suggest that the increasing LV pressure 
causes prolongation of the repolarization via mechano-electric coupling in the LV and 
consequently leads to changes in the STT segments. The increased LV pressure induces 
stretch in the LV and may activate the stretch-activated channels which are involved in 
mechano-electric coupling.16 Alternatively, the balloon inflation itself causes a volume 
expansion of the heart reducing the distance between the ventricular walls and the 
electrodes on the bucket. This may have led to increased potential levels in the ECG 
and may therefore also have contributed directly to the increased amplitudes in QRS 
and STT integral maps. However, since repolarization was significantly prolonged, we 
suggest that the expansion of the heart due to balloon inflation plays a minor role in STT 
segment deviations. In addition, the absolute amplitude increase of the QRS integrals 
was smaller than that of the STT integrals.

Recently, we demonstrated that pressure in a normal heart contributes to synchroni-
zation of the repolarization,13 which is in contrast with our results showing an increased 
interventricular dispersion in repolarization. The discrepancy may be explained by 
methodological differences. Firstly, the earlier study examined repolarization only in 
the LV, whereas also the RV was included in the present study. Moreover, in the earlier 
study only the systolic pressure was increased without changing the diastolic pressure 
and therefore inducing changes only during systole. Also, in our study systolic pressures 
were about twice as low.

Coulshed et al17 were able to examine action potential changes by separately control-
ling the diastolic and systolic pressure and showed that diastolic pressure increases lead 



64 Chapter 4

to action potential prolongation, which is consistent with our results. However, they 
also demonstrated that an increase in systolic pressure shortened the action potential 
(AP) duration, which just partly fit the results from our earlier report that showed also 
prolongation of the AP duration depending on the cycle length and timing of the 
pressure pulse.13 However, it was already suggested before in a review by Taggart and 
Sutton that the effects of mechano-electric coupling depend on timing, intensity and 
type of stretch.12 We speculate that an increase in systolic pressure would synchronize 
repolarization by prolonging and/or shortening of repolarization, whereas increasing 
diastolic pressures lead to prolongation of the repolarization. Moreover, Sedova et al18 
has shown that load-induced changes in ventricular repolarization can be influenced by 
autonomic modulation. Therefore, our suggestions on the differential effects of systolic 
and diastolic pressure increase, may only apply to conditions without large autonomic 
modulations, which were absent in our isolated heart experiments.

Compared to the amplitude increases in STT integrals and the prolongation of the QT 
intervals, the observed prolongation of repolarization times was relatively small. Figure 
5 shows three potential mechanisms of ST changes based on small RT changes. The first 
two situations illustrate the small shift in RT by action potential prolongation both with 
a steep repolarization phase. In the first situation heterogeneous and small pressure-
induced RT prolongations without changing the AP morphology lead to a relatively 

A B C

Figure 5: Illustrations of proposed hypotheses explaining STT segment changes on the ECG caused by ac-
tion potential (AP) changes. The black lines (solid and striped) show baseline situation with short APs from 
the right ventricle (RV) and longer APs from the left ventricle (LV) resulting in a normal ECG. The red striped 
lines show the changes in AP in the LV and in the ECG. A: Small repolarization time (RT) changes, resulting in 
a large T wave amplitude with only slight QT prolongation. b: Small RT changes resulting in a large T wave 
amplitude with large QT prolongation. C: Small RT changes resulting in a small T wave amplitude with little 
QT prolongation.
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large voltage gradient within the heart. This fits with the large changes in STT integral 
amplitudes, but the QT interval is slightly prolonged. In the second case – besides a het-
erogeneous and small pressure-induced RT prolongations – AP morphology is changed 
at the end of repolarization. This will lead to larger changes in STT integral amplitudes 
and a large QT prolongation. The last situation supposes at baseline an AP morphology 
with a slower repolarization phase. Small pressure-induced RT prolongations will lead 
in this case to a much smaller voltage gradient per time unit, but will finally sum up to 
similar STT integral amplitudes as in the first case. Also, a rather small QT prolongation 
will be present. Thus, we hypothesize that the increased LV pressure might have led to 
a terminal AP morphology change involving only minor RT changes (Figure 5b). This 
is consistent with the AP prolongation resembling an afterdepolarization described by 
Franz et al.19

CONCLuSION

In summary, the increase in LV pressure causes prolongation of repolarization in the LV 
and not in the RV and consequently results in increasing amplitudes of the STT integrals. 
Although amplitudes of QRS integrals also increase, STT changes were more prominent. 
The effect in amplitude of the STT integral relates to the prolongation of the RTs, which 
may be the effect of mechano-electric feedback in the heart. Therefore, we conclude 
that changes in cardiac pressures lead to changes in the T wave morphology.
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