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Abstract

Introduction—QT interval for a given heart rate differs between exercise and recovery (QT
hysteresis) due to slow QT adaptation to changes in heart rate. We hypothesized that QT hysteresis
is evident within stages of exercise and investigated which component of the QT contributes to
hysteresis.

Methods and Results—Nineteen healthy volunteers performed a staged exercise test (four stages,
3 min each). Continuous telemetry was analyzed with software to compare QT intervals in a rate-
independent fashion. QRST complexes during each minute were sorted by RR interval, and
complexes in bins of 20 ms width were signal-averaged. QT and QTp (onset of QRS to peak T wave)
were measured, and terminal QT calculated (peak to end of T wave, Tpe = QT — QTp). QT, QTp,
and Tpe at the same heart rate were compared between the first and last minute of each stage. QT
shortened from the first to last minute of exercise in each stage (Stage I: 358 £ 30 to 346 + 25 ms, P
<0.001; Stage II: 342 + 27 to 331 + 24 ms, P = 0.003; Stage I11: 329 £ 21 t0 322 £ 18 ms, P = 0.03;
Stage IV: 313 £ 22 to 303 £ 23 ms, P = 0.005). QTp also shortened in each stage, while Tpe was
unchanged.

Conclusion—QT hysteresis occurs during exercise in normals, and the major determinant is
shortening of the first component of the T wave. Terminal repolarization (peak to end of T wave), a
surrogate for transmural dispersion of repolarization, does not shorten significantly with exercise.
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Introduction

The QT interval at a given heart rate during recovery is shorter than the QT interval at the same
heart rate during exercise, a phenomenon termed QT hysteresis.! QT hysteresis is exaggerated
in the congenital long-QT syndrome,? a disease with increased risk for sudden cardiac death
during exercise. Furthermore, beta-blockers, which reduce risk for cardiac events in long-QT
syndrome,3 also normalize QT hysteresis in these patients. The mechanism of QT hysteresis
in normal subjects is at least partly due to autonomic changes associated with exercise,® and
may provide insight into the risk of sudden death during and after exercise.
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Methods
Subjects

Terminal repolarization, measured as the interval from the peak to the end of the T wave, is
another proposed indicator that may relate to sudden death risk. In arterially perfused wedge
preparations, regional differences in repolarization across the ventricular wall give rise to
heterogeneity of cardiac repolarization (transmural dispersion of repolarization) under
physiologic and pathologic conditions.® Subsequently, the interval from the peak to the end of
the T wave was shown to correlate with transmural dispersion of repolarization,” and to provide
the substrate for torsade de pointes in the setting of a prolonged QT interval 8 The correlation
of the peak and end of the T wave to the earliest and latest end of repolarization has been
validated in a swine model.1° Clinical studies have demonstrated increased transmural
dispersion of repolarization, as measured by the peak to end of the T wave, in patients with
congenital LQTS;11~13 and the peak to end of the T wave as a fraction of the QT interval has
been identified as the strongest predictor for torsade in a cohort of patients with drug-induced
LQTS.14

The objective of this study is to: (1) investigate QT hysteresis during escalating bouts of
exercise in normal subjects, and (2) investigate the effects of exercise on terminal
repolarization.

Subjects for this study were 19 healthy individuals (11 males), aged 18-40 years. Healthy was
defined as no significant past medical history, no concurrent medications, normal baseline
electrocardiogram, and normal prestudy complete blood count, serum electrolytes, and liver
function tests. Female subjects were required to have a negative urine pregnancy test. Subjects
refrained from alcohol or caffeine during the study period. Subjects were brought into sodium
balance with 7 days of diet containing 100 mEq Na*/day and 100 mEq K*/day supplied by the
Bionutrition Research Service of the VVanderbilt Clinical Research Center (CRC). Sodium
balance is generally achieved on this diet in 4 days. After the 7-day dietary period, subjects
came to the CRC after an overnight fast for the exercise study. The serum potassium was normal
on the study day (mean 3.9 + 0.1 mEq/L). All subjects gave written informed consent prior to
entering the study. The protocol was approved by the Vanderbilt University Institutional
Review Board.

Exercise Tests and Electrocardiographic Recording

Subjects were positioned on a recumbent bicycle and ECG leads were placed. After a 10-min
rest period, subjects performed exercise on an electrically braked bicycle ergometer, using a
staged protocol. The exercise protocol consisted of four stages, 3 min each (12 min total) with
workloads of 25, 50, 75, and 100 W. After 12 min, subjects stopped exercise and remained on
the recumbent bicycle. Continuous recording of the ECG (surface lead Il) was obtained
throughout the protocol at 500 Hz sampling frequency using a Gould ECG amplifier (Valley
View, OH, USA) and Windag acquisition equipment (Akron, OH, USA).

In order to study hysteresis within exercise, we chose to compare QRST complexes from the
first minute of an exercise stage with complexes from the last minute of an exercise stage. At
the beginning of an exercise stage, when the workload is increased, the RR interval shortens
rapidly (within 1 min) then remains relatively stable through the remainder of the exercise
stage. Thus, in the first minute of an exercise stage, a fairly wide range of RR intervals is
observed (Fig. 1, top panel), while in the last minute of an exercise stage, there is a relatively
narrow range of RR intervals (Fig. 1, bottom panel). RR intervals of the same length can be
selected from both the first and last minute of the exercise stage, and the QT intervals of those
complexes compared, avoiding the need for a rate correction formula. Using custom-designed
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software written in the Matlab programming environment (Natick, MA, USA), automated
algorithms to identify peak R waves were applied to the data with investigator overreading.
15 All QRST complexes during the first and last minute of each exercise stage were sorted
according to RR interval into bins of 20 ms width (see Fig. 1). For each stage and subject, an
identical RR interval bin with at least 10 complexes in both the first and last minute of the
exercise stage was selected for comparison. QRST complexes in the selected bins were aligned
by the peak of the R wave, and then signal-averaged (see Fig. 2). The signal averaged tracing
was magnified, and measurements made with digital calipers. The start of the QT interval was
defined as the earliest deflection of the QRS complex and the end was defined as the point at
which the maximal downward slope of the T wave crossed the isoelectric point of the
corresponding QRS complex. The absolute QT and the QTp (onset to peak of T wave) were
measured, and the terminal QT calculated (Tpe [peak to end of T wave] = QT —QTp). Absolute
QT, QTp, and Tpe at the same heart rate (i.e., identical RR bin) were compared between the
first and last minute of each exercise stage. QTc was also calculated with Bazett’s correction
by dividing the absolute QT by the square root of the RR interval in the mid-point of the bin
(i.e., 660 ms for bin spanning 650-670 ms). Subjects in whom no single bin contained at least
10 complexes in both the first and last minute of an exercise stage were excluded from analysis
for that stage. Due to differences in heart rate profiles among subjects, the individual RR
interval bin was not identical across subjects within a stage, nor was it identical across stages
for an individual subject. These methods allow for comparison of repolarization indices (QT,
QTp, and Tpe) with a fixed RR interval at the beginning and end of an exercise stage within
individuals.

Data Analysis

QT, QTc, QTp, and Tpe at first and last minute of each exercise stage were compared with a
paired t-test. A two-tailed P-value < 0.05 was considered significant. Data were analyzed using
the statistical software SPSS for Windows version 11.5 (SPSS Inc., Chicago, IL, USA).

Results

QT Hysteresis is Evident Within Exercise Stages

Identical RR interval bins with at least 10 complexes in both the first and last minute of exercise
stage were found in 11 subjects for stage I, 15 subjects for stage 11, 12 subjects for stage I,
and 9 subjects for stage V. There were a total of 58 bins with 10-90 complexes per bin (median
23 complexes per bin) in the analyzed dataset. The absolute QT intervals at the same heart rate
during the first and last minute of each stage of exercise are shown in Figure 3(A). It should
be noted that RR interval bins differ between stages for a single individual, so comparison of
QT interval between stages was not performed. Within stage I, comparing QT interval at the
identical RR interval bin (same heart rate) from the first to last minute of exercise, QT shortens
from 358 + 30 to 346 £ 25 ms (P < 0.001). Similarly, QT shortens significantly in stage Il (342
+ 27 t0 331 £ 24 ms, P = 0.003), stage 111 (329 + 21 to 322 £ 18 ms, P = 0.03), and stage IV
(313 £ 22 t0 303 £ 23 ms, P = 0.005). Thus, a difference in QT interval at the same heart rate
(QT hysteresis) can be observed not only when comparing exercise and recovery, but also when
comparing early and late exercise within the same stage. QTc also shortens significantly in
stage | (438 £ 25t0 422 + 19 ms, P < 0.001), stage 1l (436 + 23 to 422 £ 17 ms, P = 0.003),
stage 111 (433 £ 21 to 424 + 16 ms, P = 0.03), and stage IV (437 + 16 t0 422 £ 13 ms, P =
0.007).

Terminal Repolarization Does Not Shorten with Exercise

QTp and Tpe intervals at the same heart rate during the first and last minute of each stage of
exercise are displayed in Figure 3(B and C). As with absolute QT interval, QTp shortens
significantly with a fixed RR interval within each exercise stage (Stage I, 287 £ 26 to 275 +
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22 ms, P <0.001; Stage 11, 271 £ 23 to 257 + 21 ms, P < 0.001; Stage 111, 255 + 18 t0 248 +
14 ms, P = 0.008; Stage 1V, 240 £ 14 to 232 = 16 ms, P = 0.008). In contrast, terminal
repolarization (Tpe) does not change significantly with exercise when comparing Tpe at
identical RR intervals (Stage I, 72 £ 12to 70 £ 11 ms, P = 0.2; Stage Il, 71 £ 10to 74 + 10 ms,
P =0.15; Stage Ill, 74 £ 16 to 74 £ 7 ms, P = 0.9; Stage IV, 73+ 13t0 70 + 14 ms, P = 0.2).

Discussion

Previous studies of QT hysteresis have predominantly compared exercise to recovery.12:416
This study demonstrated significant differences in QT interval at a given heart rate within stages
of an exercise protocol in normal subjects. Our methods allowed assessment of effects of
continued exercise on QT interval independent of heart rate by selecting only QRST complexes
within a very narrow RR interval bin (20 ms) during both the first and last minute of each
exercise stage. Furthermore, we demonstrate that the major component of the QT interval
changing with exercise is the interval from onset of the QRS complex to the peak of the T wave
(QTp). Terminal repolarization (peak to end of T wave) does not shorten with exercise.

QT hysteresis is observed because the QT interval “lags,” or slowly responds to changes in
heart rate; 1718 however, the precise mechanisms of QT hysteresis are unclear. Both autonomic
and nonautonomic factors affect the QT/heart rate relationship during exercise and recovery.
1,5,19-21 Magnano et al. demonstrated that QT intervals at a heart rate of 100 bpm differed
depending on whether the heart rate was achieved with exercise, isoproterenol, or atropine.
22 This suggests that there are heart rate-independent autonomic effects on QT interval. Our
finding of heart rate independent exercise-induced QT shortening is consistent with this and
other previous studies. Fananapazir et al. studied patients with fixed rate ventricular pacing
during exercise, revealing mild QT shortening, which was abolished with beta-blockers.23
Taken together, it seems that circulating catecholamines offer the best explanation for the heart
rate-independent autonomic effects on QT interval. Our finding that terminal repolarization
does not shorten with exercise is also consistent with previous studies. Zabel et al. demonstrated
no relationship between Tpe and heart rate during either exercise or atrial pacing.24 Sundquvist
and Slyven observed only a 10 ms change in Tpe from rest to maximal exercise in normal
subjects.2® This small difference was observed with a large change in heart rate (peak heart
rates near 170 bpm), and accompanied by changes in QTp six to sevenfold larger than the
change in Tpe. We observed no exercise effect on Tpe when comparing complexes at the same
heart rate.

Implications

Exercise and recovery from exercise represent high-risk cardiovascular states, as the risk for
sudden death is increased nearly 17-fold during and after vigorous exercise.26:27 QT hysteresis,
while present in normal individuals, is exaggerated in patients with congenital long-QT
syndrome, a population at particularly high risk for sudden death during exercise.2 The lag in
QT shortening in response to changes in heart rate result in relatively prolonged QT intervals
for a given heart rate during exercise, especially, as we have shown during initial periods of
increased workload during exercise. QT prolongation is a predictor of sudden death in the
general population,28:29 thus relatively long QT intervals during exercise may predispose to
sudden death. Furthermore, recent studies suggest that increased transmural dispersion of
repolarization underlies the risk for ventricular arrhythmias in the setting of a prolonged QT
interval 8. and Tpe is a marker of transmural dispersion. Our finding that Tpe does not shorten
with exercise in normals suggests that transmural dispersion remains long even after the QT
interval shortens in response to heart rate changes. This could also contribute to the increased
risk of sudden death during and after exercise. Viitasalo et al. recently demonstrated abrupt
increases in Tpe at elevated heart rates during ambulatory monitoring in patients with
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Limitations

congenital LQTS.13 Furthermore, beta-blockers, which are protective in LQTS, prevented
these abrupt increases in Tpe in patients with LQTS.30

Significant differences in QT, QTp, and Tpe can be observed in different leads,3! but we
assessed QT interval only in lead I for this study. The rate of change of QT interval during
exercise and recovery differs between highly trained athletes and relatively sedentary
individuals.32 Our subjects were healthy volunteers, in sodium balance, free from
cardiovascular disease or drugs that affect the QT interval; however, we did not control for
baseline level of physical activity. While women are known to have longer QT intervals and
greater QT hysteresis than men, we studied both male and female subjects. Our analysis was
restricted to intrasubject comparisons, however, minimizing the importance of these gender
differences for our study. We used a single staged exercise protocol for all subjects, and QT/
RR response differs depending on the exercise protocol.33 Our 3 min per stage protocol is
similar to those used in clinical practice. We studied subjects exercising on a recumbent bicycle
ergometer to improve the quality of electrocardiographic tracings, but subjects exercising in
an upright position may have different QT responses due to posture.3* The QT interval is
influenced not only by its antecedent RR interval, but by several preceding RR intervals. Thus,
the QT intervals in the first minute of an exercise stage are partly influenced by the slower
heart rates preceding the increase in exercise intensity. Finally, due to our relatively small
sample size, we may be under-powered to detect small changes in terminal repolarization with
exercise.

Conclusion

Exercise is associated with a heart rate-independent shortening of the QT interval, resulting in
QT hysteresis within stages of exercise in normal subjects. The predominant portion of the QT
interval that shortens with exercise is QTp (onset of QRS to peak of T wave). Terminal
repolarization (peak to end of T wave), a surrogate for transmural dispersion of repolarization,
does not shorten with exercise, perhaps contributing to the increased risk of sudden death during
exercise.
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Figure 1.

Histograms of RR intervals during exercise for one subject. All QRST complexes during the
first (top panel) and last (bottom panel) minute of a 3-min exercise stage are sorted by RR
interval (X-axis represents RR interval in seconds, Y-axis represents # of intervals). Bins are
of 20 ms width. In the first minute, there are a few complexes in the three bins spanning 0.84
and 0.9 s, but most occur in the five bins spanning 0.7-0.8 s. During the last minute of the
exercise stage, all complexes occur in the four bins spanning 0.7-0.78 ms. For the analysis,
identical bins containing at least 10 complexes in both the first and last minute of the stage are
selected.
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All complexes in 20 ms bin aligned to  Averaged signal of complexes (used
peak R wave for measurements)

Figure 2.

Superimposed and signal averaged complexes. All QRST complexes in a selected bin are
superimposed, and aligned by the peak of the R wave (left-hand side). These signals are then
averaged (right-hand side), the tracing magnified, and measurements of QT and QTp made
with digital calipers.
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Figure 3.

QT interval, QTp, and Tpe ata fixed heart rate during staged exercise. The absolute QT interval
(Panel A), QTp (Panel B), and Tpe (Panel C) are plotted for both the first and last minute of
each exercise stage. Within each stage absolute QT and QTp (at the same heart rate) shorten
significantly, while the Tpe does not shorten. Y-axis in ms. Data are displayed as mean + 1
SEM. * Indicates P < 0.05.
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