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ABSTRACT

Hill JA, O’'Riordan MA, Bansal M, Fiutem J, Zahka K. Normal QT
Response During Exercise Testing and Hyperventilation in Children.
JEPonline 2012;15(1):65-75. Our goal was to describe normal heart
rate (HR), QT interval, and Bazett's-corrected QT (QTc) values during
exercise testing in children, and to test our hypothesis that
hyperventilation is associated with QTc prolongation in children. This
study was a retrospective review of 200 consecutive normal exercise
tests in 108 males and 92 females with low likelihood of Long QT
Syndromes (LQTS) and no evidence of cardiac disease, with mean
age 14.7 + 4.0 yrs. The QT interval and RR interval were measured
throughout exercise testing and hyperventilation. The QTc values
were calculated using Bazett's formula. A database of HR, QT, and
QTc values is presented for standing baseline and hyperventilation,
and throughout exercise and recovery. Heart rate and stage of testing
had independent effects on repolarization throughout exercise and
recovery, while age and sex did not. We constructed reference tables
of mean QT and QTc values during exercise and recovery, referenced
by HR and stage. With hyperventilation, mean HR increased by 22.7 +
12.8 beatsemin™, QT shortened by 26.3 + 21.6 ms, and mean QTc
lengthened by 30.3 + 25.4 ms*? to 442 + 26 ms'? (P<0.001). There
were no significant sex, age, or HR effects on the magnitude of QTc
prolongation with hyperventilation. This study provides the largest data
set for repolarization behavior during exercise testing in children
without evidence of heart disease. This is also the first time that the
QTc has been shown to prolong with hyperventilation. It is unknown
whether this is specifically related to hyperventilation or simply
explained by a limitation in Bazett's formula. It highlights exercising
caution when using Bazett's formula outside the narrow reliable HR
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range, especially in children and even more so during exercise. Database of normal population data
is perhaps more reliable in those situations, although further validation must be done to confirm its
utility.
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INTRODUCTION

The QT interval represents the electrical depolarization and repolarization of the ventricles, which are
dependent on ion channels within the cardiomyocyte membrane. These ion channels affect the
transmembrane potential and determine at each moment in the cardiac cycle the excitability and,
therefore, arrhythmogenic potential of the cardiomyocytes. An important cause of sudden death due
to ventricular arrhythmias in apparently healthy people are the Long QT Syndromes (LQTS), which
are caused by genetic mutations either in the ion channels themselves or, in some cases, other
cellular processes that directly or indirectly affect the membrane potential so as to prolong
repolarization (9,10). It is very important to identify affected individuals since therapies such as (&
blockers (14) and implantable cardiac defibrillators (7,22) have been shown to decrease the risk of
sudden death in certain subgroups.

There are many potential challenges to the reliable diagnosis of LQTS. Heart rate, measurement
techniques, medications (16), electrolyte abnormalities, posture (20), and autonomic status (11) all
affect the QT interval. To address these challenges, exercise stress testing has been used to
complement the resting electrocardiogram (ECG) for the assessment of the QT interval. A
confounder to using exercise to evaluate the QT interval in children is that their exercise QT response
has yet to be completely defined, and that there is no consensus as to how to best account for the
significant HR increase with exercise. Despite many attempts, no formula has been shown to
adequately correct for HR changes during exercise. The primary objective of our study was to build a
database of normal repolarization values in children throughout baseline, exercise, and recovery and
to potentially demonstrate the age, sex, and workload contribution to this relationship. We also
sought to address our observation that Bazett's-corrected QT (QTc) prolongation during upright
hyperventilation was common in children.

METHODS

This institutional review board-approved study is a retrospective chart review of 580 consecutive
patients under 23 yrs of age who underwent maximal treadmill exercise testing at Rainbow Babies
and Children’s Hospital in 2007 and 2008. From this population, 249 individuals were identified
without structural or functional heart disease determined by normal physical examination, normal
resting electrocardiogram, normal echocardiogram, and normal exercise test. None of the children
had known autonomic derangements, and none was taking medications known to influence
repolarization. A total of 21 studies were excluded because of the pre-test indication of “possible
LQTS” based on either baseline electrocardiogram or on a family history of syncope, sudden death,
or known LQTS. An additional 28 studies were excluded because of poor electrocardiographic
tracings and inability to reliably measure QT interval, resulting in 200 tests included in the study.

Maximal treadmill exercise tests were performed on a GE 2000 Series Treadmill and CASE Exercise
Stress System, (GE Medical Waukesha, WI) using a continuously incremental modified Bruce ramp
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protocol. The full-disclosure ECG, blood pressure, (Tango+, SunTech Medical Morrisville, NC) and
pulse oximetry (Masimo Radical 7, Irvine CA) were monitored during standing baseline, standing
hyperventilation, exercise, and recovery.

A detailed review of electrocardiographic tracings at 50 mm/sec was done by a single investigator
(JH). Interobserver agreement was determined in 20 randomly chosen exercise tests independently
analyzed by two different investigators (JH, KZ). Measurements were made with electronic calipers
to the nearest 3 milliseconds (ms). The QT interval and RR interval were measured with the patients
standing at rest prior to beginning exercise (Base), and after 20 fast, deep breaths while standing
before beginning exercise (Hyper). After a period of at least 5 min of restful sitting, they began the
exercise portion of the test. The QT and RR intervals were measured at each minute of exercise for
the first 5 min (E1-5), at peak exercise (Emax), as well as at each minute of recovery up to 5 min (R1-
5). The initial 3 min of recovery were during active cool down walking and the subsequent 2 min in
the sitting position.

The intervals were measured as per Goldenberg, Moss, and Zareba’s recommended protocol (8).
Specifically, we used the so-called “threshold” method where the end of the T-wave was defined by
where it rejoined the isoelectric line. Whenever possible, lead Il followed by V5 were used for
measurements. In cases where these tracings were inadequate for measurement, all leads were
examined for which most clearly showed the return of the T-wave to isoelectric baseline. We
measured and averaged at least 3 and up to 5 sets of the clearest QT and RR intervals from each
point in time. In cases of marked sinus arrhythmia where the R-R cycle length varied greatly, we
used the R-R interval that corresponded with the HR averaged over that 10-sec period. We
specifically avoided inclusion of the Uwave and included the final return of the T-wave to isoelectric
baseline in the case of biphasic T-waves. When present, the U-waves were not usually found in all
leads and so we were able to differentiate them from biphasic T-waves in the majority of cases. In
cases of high heart rates where subsequent P-waves were very close to or starting before the end of
the T-waves, the “tangent” method was used. This is where a straight line was drawn from the
steepest part of the descending limb of the T-wave until it intersected with the isoelectric baseline.
The corrected QT interval (QTc) was calculated using Bazett's formula (QTc = QT/RRY?). After
Bazett's calculation, the resultant mathematical unit for QTc is msY?, although it should really be
considered functionally equivalent to the QT interval unit of ms since the rationale behind the formula
was really to create a number that could be used interchangeably and to substitute for the QT
interval.

The HR, QT, and QTc means and standard deviations were calculated for each stage. To show
whether demographic (sex, age) or clinical (HR, stage) factors affected outcomes, we separated the
data by sex, age groups in two-year intervals, stage of testing, and HR groups. We employed a
mixed model approach in which we tested age as an ordinal variable, sex as a categorical variable,
and HR as a continuous variable while accounting for the multiple observations from each subject
across the different stages of the study. All two-way interaction products were included initially, and
those not found to be significant were removed before a final model was constructed. The number
and type of reference tables were determined by which main effects were significantly associated with
independent effects on QT or QTc. The second outcome was a summary measure for each subject,
calculated by subtracting the baseline QT measurement from the measurement after hyperventilation.
A paired two-tailed t-test was used to determine whether the mean sined difference was significantly
different from 0. Since this was only one measurement for each subject, a multiple regression model
was employed and tested again for the main effects of sex, age, and HR. All analyses were done in
SAS v 9.2 (The SAS Institute, Carey NC). The level of significance was set at P=0.05.
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RESULTS

Table 1 summarizes the demographics of the 200 patients whose exercise tests were included in the
study, as well as the indications for testing. The reasons for testing in the “other” category included
hypertension, history of Kawasaki's disease with normal echocardiogram, obesity, deconditioning, or
family history of cardiomyopathy. The HR, QT, and QTc mean values and standard deviations at
standing baseline, standing hyperventilation, and throughout exercise and recovery are shown in
Table 2 for the entire population. Figure 1 shows the mean HR and QT values throughout all
conditions, and graphically illustrates the expected reciprocal relationship with decreasing QT as the
HR increases. Figure 2 illustrates a similar, although much less pronounced, reciprocal relationship
between HR and QTc throughout all stages except after hyperventilation. With hyperventilation, both
the HR and the QTc increased.

Table 1. Patient demographics and reasons for testing.

There was no significant age- or sex-related  Age in years, mean + SD, range  14.3+3.1, 6.1 t0 22.7
difference in the patients’ HR throughout

exercise testing. The baseline mean QTc  Sex, # M/F (% of total) 108 (54%) / 92 (46%)
for the entire population was 413 + 26 ms*/?

with females being slightly longer than Primary reason for testing, # (%

males at 417 + 22 ms™ and 410 + 26

ms*?, respectively (P<0.05). This sex- ©ftotal)

based effect disappeared throughout the

remainder of testing. There was no Dyspnea 42 (21%)
significant correlation (R = -0.23) between . 0

age and baseline QTc. Upon mixed model Chest pain 38 (19%)
analygls,_ no two-way interaction product Syncape 32 (16%)
was significant and all were removed from

the mo_del. The final model contained only Palpitations 32 (16%)
the main effects of sex, age, stage, and HR.

Only HR (P<0.001) and stage (P<0.001) Dizziness 16 (8%)

were independently associated with QT or

QTc differences. Therefore, reference PVCs 16 (8%)

tables by HR and stage were constructed

without need to stratify further by sex (P = Other 24 (12%)

0.11) or age (P = 0.17). Tables 3 and 4

show QT and QTc means and standard
deviations grouped by HR for each stage of exercise and recovery, respectively.

With hyperventilation, the overall mean HR increased by 22.7 + 12.8 beatsemin’ to 99 + 14
beatsemin®. The mean QT decreased by 26.3 + 21.6 ms to 347 + 29 ms, and the mean QTc
increased by 30.3 + 254 ms®? to 442 + 26 msY2 The mean signed QTc difference after
hyperventilation was significantly different from 0 (P<0.001). There was no significant sex, age, or
HR effect (all P>0.39) on the magnitude of change in QTc with hyperventilation.

A total of 20 exercise tests were randomly selected from the overall group, and were independently
analyzed by two different investigators (JH, KZ) to demonstrate interobserver agreement. This
analysis included a total of 197 QTc measurements, with a mean difference of 2.37 ms*?+ 10.8 ms*
or 0.49 + 2.6%.
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Table 2. HR, QT, and QTc means (x SD) by stage.
Note: HR is in beatssmin, QT in ms, and QTc in ms*2

Stage HR oT QTc
Baseline 76+13 369+31 413425
Hyperventilation 99+14 347+29 442426
Exercise 1 min 119+15 311+30 436+28
Exercise 2 min 127+17 295128 425424
Exercise 3 min 135+18 282427 42022
Exercise 4 min 14619 26826 414422
Exercise 5 min 157+18 253124 408422
Exercise Max 192+13 216+15 385+21
Recovery 1 min 169+15 23520 392+23
Recovery 2 min 148+15 259+25 405+26
Recovery 3 min 137+14 273126 411427
Recovery 4 min 117+16 292+27 405+23
Recovery 5 min 109+14 312+28 419424
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Figure 1. QT and HR means throughout exercise testing. Note the expected inverse relationship between HR
and QT throughout the test. The dotted lines between points indicate variable time scale between those points
for different patients, while the solid lines indicate standardized intervals.
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Figure 2. QTc and HR means throughout exercise testing. Note the inverse relationship between HR and QTc
throughout the test, except for with hyperventilation when both HR and QTc increased. Also, note the different
y-axis scale than that used in Figure 1.

Table 3. Mean QT and QTc values (+ standard deviation) at each minute of exercise up to 5 min, then at

maximum exercise, separated by HR groups. Note: HRs are in beatsemin™, QT in ms, and QTc in ms2.

Exercise: 1 min Exercise; 2min Exercise: 3min Exercise; 4 min Exercise: 5min Max Exercise
HeartRate  n Qr Qe n or  QTc n Qr Qe n or QT n or  (QTc n Qr Qe

10 4 30513 42940 2 M6 416514

80s § 7429420 | 2 49 2 39441 414455

%0s 3B 3303 M9 19 36419 4334 5 3419 45 PR I |

100s M 315418 436126 3 318 42914 23 30618 426423 2 3018 4nn 4 30016 42617

110s 330820 M3 S 2014 80 B 2073 42819 18 2015 430 9 271 42929 1 mo M
120s 0 285823 473 8 28419 248 % 84 200 46 B4 4222 1§ 2l 417l 1 %403
130s 16 210820 417429 18 21413 430 6 21014 417 W 2613 440 26 26515 413 2 UL 3T
140 5 266810 426415 1 28418 4137 1§ 250413 413120 5 BBl 412416 3B 251 41017 2 205 B
150 1 20 %7 3 U7 40883 1 24013 41021 0 13 406120 34 246:12 40619 2 0679 445H15
160 3 2365 40046 5 2345 306:8 I 23515 401426 A 2619 41T 2 212 3920
170s 1 PAL I 3 2812 400418 T 2415 305 42 201 3719
180s 1 AV 2 A% 30117 3 6T 3018 69 213110 38318
190 1 183 36 2 013 3734 1 03 378 3 208:14 3845

=200 5 20411 38820
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Table 4. Mean QT and QTc values (* standard deviation) at each minute of recovery up to 5 min, separated by
heart rate groups. Note: HRs are in beatssmin™®, QT in ms, and QTc in ms*?.

Rec: 1 min Rec: 2min Rec: 3 min Rec: 4 min Rec: 5min
Heart Rate n QT QTc n QT QTc n QT QTe n QT QTc n QT QTc
60s 3 363121 405124
70s 6 34313 400£17 9 346115 41016
80s 2 324t15  409£18 2 332123 420432 14 30116 403t20 23 337119 423122
90s 1 312 416 2 323t23  426£25 20 305£19 404126 3B RNA18 424424
100s 1 281 388 3 269+1  378tl 10 304+26 419436 3 292414 404419 30 304418 419124
110s 2 284420 406124 17 286118 415425 3B 280+21 418429 32 288t20 413129 26 294421 420+28
120s 2 261110 390£11 5 219+19 418427 54 21418 411%27 23 267#15  400+23 10 216111 411417
130s 14 25616 39825 4 206£18 412427 34 265+18  410£27 8 258112 400£21 1 289 443
140s 23 24716 397425 4 249+17  400£26 32 25312 405£20 3 25117 39949
150s 50  240£14 398122 5 240£13 397420 8 245416 406£25
160s 41 208t14 389122 4 23415 39324 1 217 372
170s 37 28412 38121 1 204 357
180s 6 216814 389423 1 206 369
190s 1 202 383
=200
DISCUSSION

Long QT Syndrome (LQTS) is an important cause of sudden death in otherwise healthy-appearing
people. Diagnosis is important, as there are treatments that have been shown to decrease the risk of
sudden death in certain patients. There are multiple reasons for both under- and over-diagnosis of
LQTS, including the technical issues of how the QT interval is measured and its variability with heart
rate. Multiple strategies have been devised to identify patients with LQTS including epinephrine
stress testing (19), bicycle ergometry (15) and, most recently, simple bedside postural evaluation
(20). None of these tests is universally accepted in current practice, and exercise testing is
commonly used (21) to supplement the resting ECG. The QT interval changes with exercise are
impacted by both HR changes and the neurohumoral responses to exercise. Many formulae have
been devised to attempt HR correction, but none is perfect and all have been found to have specific
limitations (2). This is likely because the interaction of so many different variables in each individual
patient makes the QT-RR relationship too complex to develop generalizable predictions. Bazett's
formula, despite known limitations at both extremes of HR, is still widely used in clinical practice (3).
More recent studies have suggested that individualized HR corrections may be less biased (12,13),
but these are tedious and require multiple baseline ECG measurements per subject.

The importance of taking the HR into account is magnified in the pediatric population, as there is wide
variation depending on patient age and activity. Even the baseline HR for many pediatric patients is
outside the range of 55 to 75 beatssmin™, where Bazett's formula is most accurate. The recent
publications have suggested that because of the lack of perfect correction formulae, tables of normal
population QT values may be more useful (1) in children. Pediatricians are accustomed to this
already, as many of the normal variables we are faced with in clinical practice are referenced from
tables of general population data. However, there is limited population data in the literature for
normal QT behavior with exercise in children. Several studies (3,6,15,17,18) have had control groups
with exercise QT data, the largest of which included 60 patients (4), but none indexed QT values
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based on HR in specific stages of testing. Most of these studies did not separately analyze patients
by sex or age, and none included tabular data with specific means and standard deviations.

One major outcome of this study was the generation of a database of normal HR, QT, and QTc data
at standing baseline, upright hyperventilation, and during exercise and recovery in 200 children with
low likelihood of LQTS and no evidence of heart disease. There was no significant relationship found
between either age or sex and QT intervals throughout exercise testing. Therefore, clinicians will be
able to refer to these population values referenced only by the child’s HR during a specific stage.
This can be done by comparing the values to either the normal absolute QT or the normal Bazett's-
corrected QTc value at a specific stage or HR. It should be noted that the traditional normal values of
QTc should not be followed when using the Bazett's formula outside of the 55 to 75 beatsemin™ HR
range. Instead, the mean QTc values in this study should be treated like additional reference values
and should not be thought of as “corrected” for HR. The QTc changes noted throughout exercise and
recovery are contrary to what would be expected simply from a limitation in the Bazett’'s formula. In
the absence of physiologic factors, the Bazett's formula would be expected to show progressive
lengthening of the QTc with higher HRs and return to baseline in recovery. As shown in Figure 2, the
QTc in this study progressively shortens during exercise and lengthens back toward baseline in
recovery. Therefore, these changes are believed to be exercise related and not mathematical
phenomena.

Further studies are needed in patients with known LQTS to confirm value of the database to help
differentiate between normal and abnormal repolarization. In the study by Swan et al. (17), the
relationship between the QT interval and HR was different in patients with documented LQTS
compared to their control population. Dillenburg et al. (6) also found that a 3-min post-exercise QTc
helped identify children and adolescents with LQTS. Similarly, the exercise response of genotype-
positive but phenotype-negative individuals and the response of individual LQTS mutations remain to
be defined.

Certain physiologic variables are also known to play a role in repolarization, such as physical or
mental stressors, autonomic state, electrolyte concentrations, and posture. This study clearly shows
that hyperventilation is associated with Bazett's corrected QTc prolongation in otherwise healthy
children. With the increase in HR that accompanies hyperventilation, the QTc prolongation could be
a reflection of a limitation of the Bazett's formula. A recent study (5) monitoring repolarization
intervals while increasing HRs with pacemakers showed that a HR increase from 80 to 100
beatsemin™ was associated with a mean QTc prolongation of 23 ms*2 We had similar results after
hyperventilation, with a HR increase from 76 to 99 beatsemin and mean QTc prolongation of 30.3
ms'?. Despite the inability of this study to demonstrate whether the QTc prolongation has a
physiologic basis due to a change in pCO,, in autonomic tone, in serum calcium or potassium, or in
some other factor related to hyperventilation, it does show an association between hyperventilation
and QTc prolongation. It reinforces caution when using the Bazett's formula in clinical situations
where the HR is outside a very narrow range of 55 to 75 beatsemin™, which is especially important in
children and in exercise. It also may explain some of the variability encountered in ECGs taken under
a variety of other conditions including the stress of emergency department visits. As illustrated in
Figures 1 and 2, the QTc/HR relationship after hyperventilation is significantly different from the
relationship throughout exercise. If this relationship were shown to be different than in patients with
known LQTS, it could potentially lead to another provocative test for the diagnosis of QT
channelopathies.

A limitation of this study was not measuring the patient's end-tidal or serum pCO, during their
hyperventilation to see if the degree of hyperventilation correlated directly with QTc. Similarly, no
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serum electrolyte levels were obtained as this is not common practice in normal patients who have
exercise tests for unrelated reasons. This study is also a retrospective review of previously-obtained
data in individuals who had exercise testing for indications not felt to have an impact on their
electrocardiogram, rather than a random sample of individuals who had then been assessed to be
normal by clinical examination, resting electrocardiogram, and echocardiogram. This should be
superior to recruited populations such as student athletes who might not have been as methodically
evaluated. However, it would be impossible to definitively rule out LQTS in all of our patients and,
given the proportion of patients who presented with syncope, there may be a slightly higher
probability of inadvertently including patients with LQTS than in a truly random population sample.
Also, in this study no subject race data was collected to look for potential differences in repolarization
values among different races. Age and sex differences in baseline QT intervals have been noted in
prior studies, and it is possible that they were not found during exercise in this study because of
limited numbers once patients were subdivided into different groups.

CONCLUSIONS

When assessing repolarization parameters in children, because of limitations of the HR correction
formulae, we recommend avoiding HR correction issues altogether through the use of population
repolarization data indexed by HR and stage of testing. This study provides a database that
describes the normal relationship between HR and the QT interval at standing baseline, throughout
ramp treadmill exercise, and during recovery in children with a low likelihood of LQTS and otherwise
normal hearts. As no significant correlation was identified between repolarization parameters and
neither age nor sex, separate tables are not necessary. By simply taking a patient's HR and stage
into account, reference QT values can be obtained. The QTc intervals are included because of their
ubiquity, but again we stress that referencing QT values by HR and stage obviates the need for HR
correction.

Further studies will have to be done to define exercise responses indexed by HR and stage in
patients with known repolarization abnormalities, and to document the utility of this database to help
differentiate normal from abnormal repolarization. Finally, this study establishes that standing
hyperventilation is associated with prolongation in the Bazett’'s-corrected QTc interval. This result
may be due to physiologic changes or simply a limitation in the Bazett's formula in which case it
further highlights the importance of avareness of Bazett's limitations. However, the role of these
findings in providing the basis for a possible provocative test for LQTS deserves further investigation.
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