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Abstract

Patients with repaired tetralogy of Fallot have a reduced percentage of predicted peak oxygen
consumption (VO,) and percentage of oxygen pulse (O,P%) compared to healthy controls.
Because data regarding the progression of exercise intolerance in these patients is limited, we
sought to analyze the serial exercise data from patients with Tetralogy of Fallot to quantify the
changes in their exercise capacity over time and to identify associations with clinical and cardiac
magnetic resonance imaging variables. The data from cardiopulmonary exercise tests (CPXs) from
2002 to 2010 for patients with repaired tetralogy of Fallot with >2 CPXs separated by =12 months
were analyzed. Tests occurring after interventional catheterization or surgery were excluded. A
total of 70 patients had 179 CPXs. They had a median age at the initial study of 23.6 years and an
interval between the first and last CPX of 2.8 years. At the initial CPX, the peak VO, was 27.6
8.8 ml/kg/min (78 £ 19% of predicted), and the peak 27.6 + 8.8 ml/kg/min (78 £ 19% of
predicted), and the peak O,P% was 89 + 22% of predicted. At the most recent study, the peak VO,
averaged 25.0 £7.4 ml/kg/min (73 £ 16% of predicted), and the peak 27.6 + 8.8 ml/kg/min (78
19% of predicted), and the peak O,P% averaged 83 + 20% (p <0.01) for each versus the initial
CPX. The decrease in the peak VO, was strongly associated with a decrease in O,P% and an
increase (worsening) in the slope of the minute ventilation-versus-carbon dioxide production
relation. Changes in the peak VO, did not correlate with concomitant changes in any other CPX
variable. The rate of decrease was not related to a history of shunt palliation, age at CPX, or any
other baseline clinical parameter, including cardiac magnetic resonance measurements. In
conclusion, the exercise capacity of patients with repaired tetralogy of Fallot tends to decrease
over time. This deterioration is variable and unpredictable and is primarily related to a decrease in
the forward stroke volume at peak exercise.

Currently, information regarding the change in the exercise capacity over time in patients
with congenital heart disease in general, and those with repaired tetralogy of Fallot (rTOF)
in particular, is limited. In this population, several cross-sectional studies have reported an
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average peak oxygen consumption (VO,) of 51% to 95% predicted.1~8 Given the greatly
increased hemodynamic demands imposed on the right ventricle during exercise, the low
peak VO, of these patients with residual right-sided heart disease is not surprising. The
potential factors responsible for the depressed exercise capacity of patients with rTOF are
numerous; past studies have implicated residual pulmonary regurgitation, pulmonary artery
distortion, impaired lung function, chronotropic impairment, and ventricular dysfunction.
45.9-16 However, a study of the natural history of the exercise function of patients with
rTOF, according to assessments using modern cardiopulmonary exercise testing (CPX)
technology, has not been undertaken. The purpose of the present study was to analyze the
serial CPX data from patients with rTOF to quantify the changes in their exercise capacity
over time. We also sought to identify the clinical and cardiac magnetic resonance imaging
variables!6 associated with any observed changes in exercise function.

We identified all patients with rTOF who had undergone CPX testing at our institution from
2002 to 2010. The patients were included if they had undergone =2 symptom-limited,
progressive CPX tests, 17 separated by >12 months, without an intervening cardiac surgical
operation or interventional cardiac catheterization procedure. Patients with TOF and
pulmonary atresia and patients with significant residual right ventricular outflow tract
obstruction (mean gradient >30 mm Hg on the most recent echocardiogram) were excluded.
To avoid confounding the present study of the natural history of the patient with rTOF with
the complicated natural history of artificial conduits, we excluded the studies from patients
with right ventricle to pulmonary artery conduits. To minimize the potential confounding
effects of inadequate patient effort, we excluded the data from studies in which the patient
did not achieve a respiratory exchange ratio at peak exercise of =1.09.

Doppler estimates of right ventricular outflow tract obstruction and data from cardiac
magnetic resonance studies performed within 12 months of the first CPX, when available,
were included in the present analysis. Additionally, co-morbidities were recorded from the
closest clinic visit records.

During the exercise tests, electrocardiographic monitoring and breath-by-breath expiratory
gas analysis were performed using the CardiO2 exercise testing system (Medical Graphics,
Minneapolis, Minnesota). Cuff blood pressure determinations and complete 12-lead
electrocardiograms were obtained at 2- to 3-minute intervals during exercise, at peak
exercise, and at 1, 3, and 5 minutes after exercise. Pulse oximetry oxygen saturation was
monitored throughout the study. Immediately before each exercise test, spirometric
measurements of the patients’ forced vital capacity and volume of air exhaled in the first
second of forced expiration were also obtained.

The temporal changes in the peak VO, (the most widely used index of exercise function)
and the oxygen pulse at peak exercise (OP, a surrogate for the forward stroke volume at
peak exercisel®) were the primary outcome variables for the present study. Because of the
variation in patient age, size, and gender in our cohort, and because many of our subjects
grew significantly and underwent pubertal-related changes in stature and body habitus
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during the study period, our analyses focused on the changes in the percentage of the
predicted values (VO,% and O,P%), rather than the changes in the absolute magnitude or
weight-normalized values of these variables.1® The secondary outcome parameters of
exercise performance included changes in the percentage of predicted peak heart rate, the
slope of the minute ventilation-versus-carbon dioxide production relation (Vg/VCO; slope,
an index of the efficiency of gas exchange during exercise2%), oxygen saturation, and
spirometric measurements. We also calculated the body mass index (weight in kilograms
divided by the height in square meters) at each exercise test.

The clinical variables included gender, anatomic diagnoses, type of previous surgical
procedures (e.g.,early shunt vs primary intracardiac repair), age at repair and at CPXs, and
Doppler-estimated right ventricular outflow tract gradients. When available, the pulmonary
regurgitation fraction, indexed right ventricular end-diastolic and systolic volume, right
ventricular ejection fraction, indexed left ventricular end-diastolic and systolic volumes, and
left ventricular ejection fraction were collected from the cardiac magnetic resonance studies.

Continuous variables are presented as the mean = SD and the categorical variables as the
counts and percentages. For continuous variables with non-normal distributions, we report
the medians and ranges. Paired ¢tests were used to compare the initial and final values for
each CPX variable. To identify the factors associated with a steeper decrease in exercise
function, the linear regression line of each exercise test variable against time served as each
patient’s measure of the rate of change over time. One-sample ftests were used to test for
significant changes over time. In this and subsequent analyses, observations were weighted
by the interval between the first and last exercise tests to account for the varying lengths of
follow-up. We used Pearson’s correlation coefficient to estimate the association between the
rate of change in the VO,% (AVO,%) and the concomitant change in other exercise
variables, the initial values of each exercise variable, and the cardiac magnetic resonance
variables. We used Spearman’s rank correlation coefficient to estimate the association
between AVO,% and age at initial CPX, age at surgery, and right ventricular outflow tract
gradient. Comparisons of the mean AVO,% by gender, transannular patch status, and
previous shunt palliation were made with 2-sample ¢tests. Multivariate regression analysis
was used to identify the independent predictors of AVO,%. We compared the clinical
characteristics of the patients with high rates of decrease in the peak VO,% (>4% point
decrease/year) to those whose demonstrated a >1% point increase/year using chi-square tests
and Wilcoxon rank sum tests. The cardiac magnetic resonance variables in these 2 groups
were compared using 2-sample ftests. Analyses were performed using SAS software,
version 9.2, SAS System for Windows (SAS Institute, Cary, North Carolina).

We identified 70 patients (53% male) with a total of 179 CPXs (mean 2.6 studies/patient)
who met the inclusion criteria. The age at the first CPX was 27.8 £ 15 years (range 8.2 to
61.4). The interval between the first and last CPX was 2.7 £+ 1.5 years (range 1.0 to 7.2). The
patients’ initial TOF repairs were undertaken at a median age of 2.3 years (range 0.1 to
21.6). Of the 70 patients, 44 had undergone transannular repairs and 26 had nontransannular
right ventricular outflow patches. The mean residual right ventricular outflow tract gradient
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was 8.6 + 13.0 mm Hg. Although most patients had undergone primary complete TOF
repair, 17 (24%) had had a palliative shunt placed before the full repair.

The CPX data from the first and last tests are summarized in Table 1. The peak VO, on the
initial CPX was mild to moderately depressed (27.6 + 8.8 ml/kg/min; 78 + 19% of
predicted). The peak VO, on the patients’ final CPX averaged 25.0 + 7.4 ml/kg/min (73
16% of predicted; p <0.01 compared to the initial CPX). The decrease in the OoP was of a
similar magnitude: 89 + 22% of predicted at the initial CPX and 83 £+ 20% of predicted at
the final CPX (p <0.01). Statistically significant changes over time were not observed in the
heart rate at peak exercise, the Ve/VCO, slope, or the baseline spirometric measurements. A
small, but statistically significant, increase in the body mass index was observed during the
study course; however, the body mass index Zscore did not change (Table 1). The mean
annual change in VO2% and O,P% (AVO,% and AO,P%) was —1.4 + 9.2% and -1.8% +
11.4% points annually, respectively (Table 2). However, a wide variation was seen in the
response over time (Figure 1). In 20 patients (29%), the peak VO, decreased by >4%
annually. In contrast, the peak VO, increased by =1% annually in 23 patients (33%).

The bivariate correlation analysis revealed a strong association between the AVO,% and the
AO,P% (Figure 2 and Table 3). A more rapid decrease in peak VO, was also strongly
associated with a concurrent increase (worsening) in the Vg/VCO, slope. Changes in the
peak VO, did not correlate with concomitant changes in any other CPX variable. Patients
with the greatest initial peak VO, and greatest initial O,P tended to have a steeper decrease
in the peak VO, during the follow-up period (Table 3). However, no association was found
between the rate of decrease and age at CPX, age at reparative surgery, gender, use of a
transannular patch, history of previous shunt palliation, or any other baseline clinical
parameter, including heart rate, Vg/VCOo, forced vital capacity, volume of air exhaled in the
first second of forced expiration, or body mass index (Table 4). Multivariate analysis
revealed that only the AO,P% (p < 0.001) and, to a lesser extent, the initial peak VO,% (p =
0.03) correlated significantly with the AVO,%.

A subset of 37 patients had cardiac magnetic resonance studies within 12 months of their
initial CPX (Table 5). No cardiac medication changes were made between the magnetic
resonance study and the first CPX. The mean right ventricular end-diastolic volume .Zscore
was 4.3 £ 2.4; the right ventricular ejection fraction was 51 + 7%. The pulmonary
regurgitation fraction averaged 35 + 18% (range 1% to 67%). The mean left ventricular end-
diastolic volume was normal, and the left ventricular ejection fraction was low-normal at 59
+ 7%. Changes in the peak VO, during the study course did not correlate with any of the
baseline cardiac magnetic resonance measurements.

The clinical characteristics of the subgroup of patients who had a large (>4% point/year) rate
of decrease in the peak VO,% did not differ from those of the subgroup with a >1% point/
year increase in the peak VO,% (Table 6). Similarly, a comparison of these 2 groups’
cardiac magnetic resonance data (Table 7) did not identify any statistically significant
differences, although the number of patients in these subgroups who also had cardiac
magnetic resonance data was small (9 and 10 patients, respectively).
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Discussion

In normal subjects, the peak VO, typically reaches a maximum value during adolescence;
thereafter, it decreases by approximately 0.7%/year.18 In the present study, by focusing on
the percentage of predicted values, it was possible to take into account these normal age-
related changes and to observe how the exercise function of patients with rTOF evolves
relative to a normal population. The present study found that on the initial exercise tests, the
peak VO, was significantly depressed. During the almost 3-year median follow-up period, a
small, but statistically significant, additional decrease was observed. If a patient’s peak VO,
were to decrease in parallel with the normal population, the percentage of predicted values
would be expected to remain virtually unchanged. The observed decrease in the percentage
of predicted values indicates that our patients’ exercise function deteriorated in excess of the
normal age-related decrease. However, the variability in the change in exercise function over
time was great. Although 1/3 of the group decreased steeply (>4% points/year), another 1/3
had a >1% point/year increase in the percentage of the predicted peak VO,.

The AVO,% did not correlate with the change in the percentage of predicted heart rate at
peak exercise during the follow-up period. However, a very strong correlation was found
between the AVO,% and the AO,P%. The peak VO, is the product of the O,P (i.e., the
amount of oxygen consumed per heart beat) and the heart rate at peak exercise. Using the
Fick equation, the O,P is also equal to the forward stroke volume at peak exercise times the
oxygen extraction at peak exercise. The oxygen extraction at peak exercise is maximized and
varies little across subjects.18 Furthermore, our CPX data measurements were derived solely
from studies in which the patients expended a good effort (respiratory exchange ratio =1.09).
Consequently, it is unlikely that the changes in O,P were related to changes in oxygen
extraction at peak exercise. Hence, our data suggest that our patients’ decrease in exercise
function was associated with deterioration in their ability to maintain forward stroke volume
at peak exercise.

A statistically significant negative correlation (» =—0.38; p <0.001) also existed between the
AVO,% and the AVE/VCO3 slope. An elevated VE/VCO; slope indicates that a patient must
breathe more to eliminate a given amount of carbon dioxide (i.e., the gas exchange within
the patient’s lungs is inefficient). In patients with rTOF, a strong negative correlation exists
between exercise dysfunction and the degree of slope elevation.1921 An elevated Vg/VCO,
slope has also been strongly associated with an increased risk of cardiac-related mortality
and hospitalization in these patients22 (and in patients with congestive heart failure23-29),
The correlation between the AVO,% and AVE/VCO; slope observed in the present study is
consistent with these previous observations. The factors responsible for the elevated
VEe/VVCO> slope in our patients are probably varied and likely included pulmonary blood
flow maldistribution and ventilatory/perfusion mismatch secondary to pulmonary artery
stenoses, pulmonary vascular disease, and/or congestive heart failure.

A greater baseline peak VO, was associated with a greater decrease in peak VO during the
follow-up period. This suggests that, although the exercise function of a cross section of
patients with TOF might vary greatly, the physiology of the patient with rTOF is usually
unable to sustain normal exercise function in the long term. Paradoxically, a history of a
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transannular patch was not associated with a steeper decrease in the peak VO,. We believe
this unexpected finding might have been because patients who had undergone pulmonary
valve replacement were excluded from our study. This excluded group likely had a
disproportionate number of poorly functioning patients with transannular patches.
Consequently, among the transannular patients who were included, there might have been a
selection bias in favor of healthier subjects.

None of the other baseline clinical or demographic variables studied was associated with a
more rapid deterioration in exercise function. Similarly, within the subset of patients with
baseline magnetic resonance imaging data, none of measurements correlated with the
AVO,% during the follow-up periode, predicting which patients will deteriorate or when the
deterioration will occur is difficult.

Several cross-sectional studies of patients with rTOF have reported that older patients tend
to have more compromised exercise function than their younger peers. In a study of 99
adults with rTOF, Samman et al® documented the %VO, peak to be depressed at 66 + 13%
of predicted. They found that older age, age at rTOF, chronotropic incompetence, and
abnormal lung function were associated with limited exercise capacity. In a larger single-
center study of 168 adults with rTOF, Fredriksen et al” documented a very low %VO, peak
of 51% predicted, with the lowest VO, values in older patients and those with history of
later surgical repair. Diller et al® studied a cohort of 107 adults at a mean age of 32 years
(with rTOF at a mean age of 6 years) and reported a mean peak VO, of 25.5 ml/kg/ min, or
56% of the normal adult value. In contrast, in a study of 50 children and adolescents (mean
age at CPX 12.5 years; mean age at repair 11 months), Mahle et al? reported that although
16% of the patients had a peak VO, <80% of predicted, the overall peak VO, averaged 95%
of predicted. Additionally, in this young population, they found that older age was associated
with a greater peak VO,. These cross-sectional studies do not permit one to determine,
however, to what extent the reported differences between older and younger patients with
rTOF resulted from an era effect, the age at surgery, or changes in exercise function over
time. To our knowledge, our study is the first to establish, on the basis of serial metabolic
CPX data, that the inferior exercise capacity commonly encountered in older patients with
rTOF is at least partly due to progressive deterioration in exercise function beyond that
expected to occur solely from the normal aging process.

Our observation that the decrease in peak VO,% was not different in the 15 patients who had
undergone previous shunt palliation and delayed rTOF compared to the other early-repair
patients is consistent with earlier work by Rowe et al,2 who studied an older cohort with the
average age at complete repair of 8 years. Those investigators found that the age at repair or
previous palliative shunt had no influence on indexes of exercise function.2 In contrast to our
findings, others have found a correlation between exercise dysfunction and pulmonary
regurgitation fraction, right ventricular dilation, and exercise dysfunction.216:26.27 However,
these cross-sectional studies do not allow us to determine whether the presence of these
structural/functional abnormalities were associated with future deterioration in exercise
function.
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To have a more homogenous population, we elected to exclude patients with pulmonary
atresia. Furthermore, to avoid the potential confounding effects of artificial conduits, we
excluded data from the patients with right ventricle to pulmonary artery conduits. Hence, we
recognize that our patient population is not representative of the entire spectrum of those
with rTOF and was limited to patients with native right ventricular outflow tracts. Our study
was also constrained to relatively healthy patients with rTOF capable of performing serial
exercise tests. However, it is also possible that patients with serial exercise tests were more
likely to have reported symptoms (prompting referral for a follow-up exercise test) than
patients with only 1 exercise test. This selection bias might have magnified the decrease in
VO2%. The observed decrease was nevertheless relatively small (1.4% points/year). Despite
these limitations, we believe our patient population was probably representative of most
patients with rTOF encountered in most centers.
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Figure 1.
Change in percentage of predicted peak VO, over time. Each line represents regression line

from single patient, using data from all of that patient’s exercise tests.
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Figure 2.
Correlation between change in percentage of predicted peak VO, and O,P% during follow-

up period.
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Table 2

Rates of change per year

Page 12

Variable

Rate of Change per Year of Follow- 1 \/aj¢”
Up (Mean £ SD)

Peak oxygen consumption (ml/kg/min/year)

Peak percentage of predicted oxygen consumption (% points/year)

Peak percentage of predicted oxygen pulse (% points/year)

Slope of minute ventilation vs carbon dioxide production relation (change/year)
Percentage of predicted forced vital capacity (% points/year)

Percentage of predicted volume of air exhaled in first second of forced exhalation (%
points/year)

Heart rate at peak exercise (beats/min/year)
Peak percentage of predicted heart rate (% points/year)
Body mass index (kg/m? per year)

Body mass index Zscore (change/year)

-08+3.1 <0.001
-14+92 0.04
-18+11.4 0.02
-02+3 0.38
-03+55 0.49
-01+46 0.86
-04+113 0.60
0.3+58 0.40
04+14 <0.001
0.02+0.3 0.37

*
p Value from 1-sample ¢test comparing mean slope to 0.
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Table 3

Relation between rate of change in percentage of predicted oxygen consumption (VO2%) with change in
exercise test parameters, initial exercise test parameters, and demographic and clinical variables ™

Variable Correlation  p Value

Rate of change in exercise test parameter

Peak percentage of predicted oxygen pulse (%) 0.79 <0.0001
Slope of minute ventilation vs carbon dioxide production relation -0.38 0.001
Percentage of predicted forced vital capacity (%) 0.02 0.88
Percentage of predicted volume of air exhaled in first second of forced exhalation (%) 0.04 0.72
Percentage of predicted heart rate (%) 0.14 0.26
Body mass index (kg/m?) 0.13 0.27
Body mass index Zscore 0.15 0.21
Initial exercise test parameter
Peak percentage of predicted oxygen consumption (%) -0.49 <0.0001
Peak percentage of predicted oxygen pulse (%) -0.38 0.001
Slope of minute ventilation vs carbon dioxide production relation 0.2 0.09
Percentage of predicted forced vital capacity (%) -0.09 0.46
Percentage of predicted volume of air exhaled in first second of forced exhalation (%) -0.11 0.38
Percentage of predicted heart rate (%) -0.19 0.11
Body mass index (kg/m?) -0.01 0.95
Body mass index Zscore -0.08 0.52

*
Weighted by length of follow-up.
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Table 4

Page 14

Patient characteristics and relation between rate of change in percentage of predicted oxygen consumption
(VO,%) with change in exercise test parameters, initial exercise test parameters and demographic and clinical

variables”
Characteristic Correlation or Mean £ SD  p Value
Age at initial exercise test (years) 0.09 0.44
Age at surgery (years) -0.16 0.18
Right ventricular outflow tract gradient (mm Hg) 0.06 0.63
Gender 0.51
Female (% point change in peak percentage of predicted oxygen consumption/year) -09+94
Male (% point change in peak percentage of predicted oxygen consumption/year) -1.8+9.1
Transannular patch 0.14
No (% point change in peak percentage of predicted oxygen consumption/year) -26+9.1
Yes (% point change in peak percentage of predicted oxygen consumption/year) -07+£9.2
Previous shunt palliation 0.05
No (% point change in peak percentage of predicted oxygen consumption/year) -22+92
Yes (% point change in peak percentage of predicted oxygen consumption/year) 0.7+9.0

*
Weighted by length of follow-up.
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Table 6

Association between clinical variables and rate of change of peak percentage of predicted oxygen
consumption: comparison between 2 groups with largest difference

Characteristic >4% Point Loss/Year (n =20) >1% Point Gain/Year (n=23) p Value
Male gender (n) 11 (55%) 10 (44%) 0.46
Age at first exercise test (year) 0.55
Median 21.7 26.3
Range 8.9-59.9 9.5-61.4
Age =18 years (n) 11 (55%) 13 (57%) 0.92
Age =24 years (n) 9 (45%) 13 (57%) 0.45
Interval from first to last exercise test (year) 0.78
Median 23 3.1
Range 1.0-6.4 1.0-4.9
Transannular patch (n) 9 (45%) 14 (61%) 0.30

Am J Cardiol. Author manuscript; available in PMC 2020 March 24.

Page 16



Page 17

Kipps et al.

96°0 S9F VLS 8V ¥ .85 (96) uonaely uondals renaLusA Yo
980 16'2F00C 060F2LT 91095 Z 3WN|OA 1|0}SAS-pUS JBINDLIIUSA Y3
950 2SEFTL9 292 F6'69 (W/|w) 3WN|OA 21]0ISAS-pUB 12|NDJLIUBA 19T
€0 8C'T+9L0 SO'T+66°0 81035 Z SWN|OA J1|0ISEIP-pUS JeINJLIUSA 137
9z'0 1’89 F € TVT 'S F 89T (zW/1w) BWNJOA 21]0ISEIP-PUS 12INJLIUBA 137
150 8F €S 8 F ¥S (%) uonoeuy uondals sejnariuan ybiry
650 'Sy F Vel ¥'09 F 8'6TT (zW/1w) swN|oA 2110IsAs-pus Je|ndLiuaA yBIy
LE0 8STF6Y 9ZF Y 21095 Z 3WIN|OA O1|0]SBIP-PUS JBINDLIIUSA WBIY
€90 G'G9 F /152 T'v6 F 1872 (zW/1uwr) BWNJOA D1j0ISeIP-PUS JBINdLIUBA JYBIY
9g°0 (%02) L (%vy) v (u) 9%0v= uonoely uonenBinbas Areuow|nd
anfen d (0T = U) JBaA/UIRD JUIOd %T< (6 = U) JBBA/SSOT] JUIOd Qo< Jalaweled auljeseg

(9%%0A) uondwnsuod uabAxo paraipald Jo abeluadiad Mead ul abueyd Jo a1el pue ssjgerien (HIND) adueuosal dllaubew JeIpJed USaMISQ UOITRIJ0SSY

Author Manuscript

/L 3l|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Am J Cardiol. Author manuscript; available in PMC 2020 March 24.



	Abstract
	Methods
	Results
	Discussion
	References
	Figure 1.
	Figure 2.
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Table 7

