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Abstract

Exercise capacity is a modifiable factor in patients with CHD that has been related to surgical
outcomes in adults. We hypothesised that this was true for children undergoing surgical pul-
monary valve replacement; therefore, the relationship of preoperative percent predicted peak
oxygen consumption to surgical outcomes as measured by total hospital length of stay was
explored.
Methods: Single centre retrospective cohort study of patients aged 8–18 years who underwent
surgical pulmonary valve replacement. The primary predictor was preoperative percent pre-
dicted peak oxygen consumption, and primary outcome was total hospital length of stay.
Clinical, imaging, and cardiopulmonary exercise test data were reviewed and compared to total
hospital length of stay. Cox proportional hazards regression was used to examine the associ-
ation between total hospital length of stay and percent predicted peak oxygen consumption.
Results:Three-hundred and seventy patients undergoing pulmonary valve replacement/conduit
change between 2003 and 2017 at Boston Children’s Hospital were identified. Ninety had pre-
operative cardiopulmonary exercise tests within 6 months of surgery. Exclusion for inadequate
exercise data (n= 3) and imaging data (n= 1) left 86 patients for review. Patients with percent
predicted peak oxygen consumption≥ 70% (n= 46, 53%) had shorter total hospital length of
stay (4.4 days) than the 40 with percent predicted peak oxygen consumption <70% (5.4 days,
p= 0.007). Median percent predicted peak oxygen consumption increased over sequential sur-
gical eras (p< 0.001), but total hospital length of stay did not correlate with surgical era, pre-
operative left ventricular function, or preoperative right ventricular dilation. Conclusion:
Children undergoing surgical pulmonary valve replacement with better preoperative exercise
capacity had shorter total hospital length of stay. Exercise capacity is a potentially modifiable
factor prior to and after pulmonary valve replacement. Until more patients systematically
undergo cardiopulmonary exercise tests, the full impact of optimisation of exercise capacity
will not be known.

Indications for and timing of pulmonary valve replacement in patients with CHD involving the
right ventricular outflow tract have been the subject of ongoing discussion.1–4 Right ventricular
volume and/or pressure overload can adversely affect the pulmonary vascular bed as well as left
ventricle systolic and diastolic function. These abnormalities may persist even after pulmonary
valve replacement and ultimately have a negative impact on long-term outcomes.4–6 Practice has
shifted towards intervening in younger patients prior to symptom development, yet the ideal
timing remains unclear. Considerable attention has been placed on imaging, electrophysiology,
and, to some extent, exercise capacity to help risk stratify patients in whom the benefit of pul-
monary valve placement will likely outweigh the surgical risk.1,2,7–9 Exercise testing can objec-
tively assess and quantify exercise capacity and symptomatology. Recommendations for
intervention for children use percent predicted peak oxygen consumption ≤70% for decision
making,1 but the relationship of exercise capacity asmeasured by cardiopulmonary exercise test-
ing and subsequent surgical outcomes in children has not been well defined. For adult patients, a
single institutional experience of 220 adults with tetralogy of Fallot undergoing pulmonary valve
placement found that lower peak oxygen consumption on preoperative exercise testing was
associated with increased risk of surgical mortality; in fact, on multivariable analysis, peak oxy-
gen consumption was the only independent predictor of early postoperative mortality.6 Muller
and colleagues found an association between poor exercise capacity and worse late outcomes in
patients with surgically repaired tetralogy of Fallot.10 More broadly, adult patients with CHD
who have decreased exercise capacity have a generally higher risk of adverse outcomes.11–13
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A similar effect of preoperative conditioning on surgical outcomes
after pulmonary valve replacement has not been well studied in
children and adolescents. We hypothesised that the level of preop-
erative exercise capacity as measured by cardiopulmonary exercise
testing in children and adolescents undergoing surgical pulmonary
valve placement could be associated with surgical outcomes.

Materials and method

Patient selection

This was a retrospective cohort study, approved by the Boston
Children’s Hospital Institutional Review Board with waiver of
informed consent. The data that support the findings of this study
are available from the corresponding author upon reasonable
request. Inclusion criteria included patients aged 8–18 years who
underwent pulmonary valve replacement or right ventricle to pul-
monary artery conduit change as the primary surgical procedure at
Boston Children’s Hospital between 2003 and 2017, who also had
preoperative exercise tests within 6 months prior to surgery.
Exclusion criteria included patients in whom preoperative exercise
testing and imaging were not performed, performed elsewhere,
and/or data were incomplete or deemed submaximal (respiratory
exchange ratio< 1.00), as previously published.6 Patients were
excluded when pulmonary valve replacement was part of a com-
plex combination of procedures (e.g., additional complex TV
repair/replacement, aortic valve repair/replacement, aortic root
replacement, etc.). Concurrent closure of a patent foramen ovale,
atrial septal defect, residual ventricular septal defect, or arterio-
plasty of main or branch pulmonary artery/arteries were not con-
sidered exclusion criteria.

Data

Institutional databases and medical records were reviewed for pre-
operative, intraoperative, and postoperative clinical and imaging
data. These included (but were not limited to) date of birth, date
of surgery, height, weight, body mass index, diagnosis, type of
repair (pulmonary valve replacement versus conduit change),
cardiopulmonary bypass time, and total hospital length of stay.
Echocardiographic estimation of left ventricular size and systolic
function and right ventricular size and systolic function were also
recorded. Cardiopulmonary exercise test data included peak oxy-
gen consumption normalised for body weight, percent predicted
peak oxygen consumption based on standard prediction equations
by Cooper and Weiler-Ravell,14 peak respiratory exchange ratio,
peak work rate and percent predicted peak work rate based on
standard prediction equations from Jones or Wasserman,15,16 peak
oxygen pulse and percent predicted peak oxygen pulse, respiratory
variables, peak heart rate and percent predicted peak heart rate,
slope of the relationship of minute ventilation to carbon dioxide
consumption, ventilatory anaerobic threshold, and heart rate at
ventilatory anaerobic threshold.When available,MRI data on right
ventricular volumes were also collected.

The primary outcome was total hospital length of stay defined
as days in the hospital from day of admission to day of discharge.
The primary predictor was percent predicted peak oxygen con-
sumption. A level of 70% has been the cut-off value for mildly
reduced function in clinical practice in the exercise lab at
Boston Children’s Hospital, with moderate or severe exercise dys-
function ranging at values below 70%. Outcomes were compared
between “better” exercise capacity defined as percent predicted
peak oxygen consumption ≥70% compared to reduced exercise

capacity of percent predicted peak oxygen consumption <70%.
Secondary predictors included echocardiographic estimates of left
ventricular function and right ventricular function, and potential
confounders included age at surgery, surgical era, number of prior
surgeries, and diagnosis category (tetralogy of Fallot versus non-
tetralogy of Fallot).

Statistical analysis

Categorical variables are summarised using frequencies and per-
centages and continuous variables with medians and interquartile
ranges unless otherwise specified. Relationships between the out-
come total hospital length of stay and patient characteristics were
evaluated using Spearman correlation coefficients, the Wilcoxon
rank sum test, or the Kruskal-Wallis test. Cox proportional hazards
regression was used to examine the association between total hos-
pital length of stay and the primary predictor preoperative peak
percent predicted oxygen consumption <70% versus ≥70%, first
unadjusted, and then adjusted for age, era of surgery, and diagnosis
of tetralogy of Fallot, with secondary analyses also adjusting for
respiratory exchange ratio, MRI variables, and number of prior
surgeries. Analyses were performed using SAS version 9.4, SAS
Institute Inc., Cary, NC, USA.

Results

Patient characteristics

Between 2003 and 2017, 370 patients aged 8–18 years underwent
pulmonary valve replacement at Boston Children’s Hospital. Of
those, 90 (24%) had preoperative exercise tests. Exclusion for inad-
equate exercise data or respiratory exchange ratio <1.00 (n= 3)
and missing imaging data (n= 1) left 86 (23%) patients meeting
criteria for analysis. There was no 30-day mortality. Baseline char-
acteristics are listed in Table 1. Median age at surgery was
15.1 years [12.9, 16.6] and 59 (69%) were male. Tetralogy of
Fallot was the primary diagnosis in 59 (69%). A total of 67
(78%) had one prior surgery and 19 (22%) had more than one.
Most (72 or 84%) had normal left ventricular systolic function
by echocardiogram. Of the 86 patients, 4 (5%) did not have esti-
mates of right ventricular size, 72 (84%) had mild or greater right
ventricular dilation, and 10 (12%) had no dilation. Sixty patients
(70%) had preoperative MRI data with an equal split of 30
(50%) patients each in the group of patients with percent predicted
peak oxygen consumption <70 and the group with percent pre-
dicted peak oxygen consumption ≥70. The median indexed right
ventricular end-diastolic volume was 178 ml/M2 [162, 194]
(n= 57) with a median ejection fraction of 50% (n= 58).

Median total hospital length of stay was 5.2 days [4.3, 6.0] for
the whole cohort (n= 86). There was one outlier at 68.4 days, with
the next longest total hospital length of stay being 15.2 days. Total
hospital length of stay was 5.2 days [4.2, 6.1] for the MRI cohort.

Preoperative exercise values are summarised in Table 2.Median
respiratory exchange ratio for the cohort (n= 86) was 1.13 [1.09,
1.21]. Percent predicted peak oxygen consumption was ≥70% in 46
(53%) and<70% in 40 (47%). The proportion of patients with poor
exercise capacity changed over time. Among patients undergoing
pulmonary valve replacement between 2003 and 2007, 19 patients
had percent predicted peak oxygen consumption <70 and 6 had
percent predicted peak oxygen consumption ≥70. In the 2008–
2011 time interval, the groups were more evenly matched, with
14 having percent predicted peak oxygen consumption <70 and
19 with percent predicted peak oxygen consumption ≥70. In the
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2012–2017 time interval, only seven had percent predicted peak
oxygen consumption <70 and 21 had percent predicted peak oxy-
gen consumption ≥70.Median percent predicted peak oxygen con-
sumption also improved over time, with earlier surgical eras having
significantly lower percent predicted peak oxygen consumption
compared to later. In 2003–2007 median percent predicted peak
oxygen consumption was 62 [57, 68], in 2008–2011 it was 75
[60, 83], and in 2012–2017 it was 82 [70, 92], p< 0.001.

Primary predictor percent predicted peak oxygen
consumption and interactions with other variables

Associations of exercise effort with percent predicted peak
oxygen consumption
The median respiratory exchange ratio for patients with percent
predicted peak oxygen consumption <70% (1.15 [1.10, 1.23])
did not differ from that of patients with percent predicted peak
oxygen consumption ≥70% (1.12 [1.09, 1.18], p= 0.14).When data
were limited to patients who achieved a peak respiratory exchange
ratio ≥1.05 (instead of 1.00), 10 patients were excluded, leaving 76
for analysis. There was still no difference in respiratory exchange
ratio between groups, with a respiratory exchange ratio of 1.15
[1.11, 1.24] for percent predicted peak oxygen consumption
<70% and 1.14 [1.10, 1.20] for percent predicted peak oxygen con-
sumption ≥70% (p= 0.16).

Table 1. Baseline characteristics of 86 children who underwent pulmonary valve
replacement and had cardiopulmonary exercise tests at Boston children’s
hospital between 2003 and 2017

Characteristic n= 86

Male, n (%) 59 (69%)

Age at surgery (years) 15.1 [12.9, 16.6]

Weight (kg) 53 [42, 65]

Height (cm) 164 [155, 172]

BMI 19.3 [17.7, 22.5]

Diagnosis category

Tetralogy of Fallot 59 (69%)

Non tetralogy of Fallot 27 (31%)

Diagnosis subtype

Tetralogy of Fallot/Pulmonary atresia 14 (16%)

Tetralogy of Fallot/Pulmonary stenosis 45 (52%)

Pulmonary atresia/Intact septum 7 (8%)

Valvar pulmonary stenosis 7 (8%)

Truncus arteriosus 4 (5%)

Absent pulmonary valve 4 (5%)

Transposition of the great arteries/Rastelli 3 (3%)

Anomalous left coronary from the pulmonary artery 1 (1%)

Aortic stenosis/Ross 1 (1%)

Type of surgery

PVR 75 (87%)

Conduit reoperation 11 (13%)

Number of previous surgeries

1 67 (78%)

≥2 19 (22%)

Preoperative echo

LV function

Normal 72 (84%)

Mildly reduced 13 (15%)

Severely reduced 1 (1%)

RV dilation (n = 82)

None 10 (12%)

Mild 12 (15%)

Mild/moderate 3 (4%)

Moderate 20 (24%)

Moderate/severe 2 (2%)

Severe 25 (30%)

Present, but unknown degree 10 (12%)

Preoperative MRI (n= 60)

RV end diastolic volume indexed ml/M2 (n= 57) 178 [162, 194]

RV ejection fraction % (n= 58) 0.50 [0.46, 0.56]

Total hospital LOS (days) 5.2 [4.3, 6.0]

Values shown are number (percent), or median [25th, 75th percentile]. BMI = body mass
index, LV = left ventricle; RV = right ventricle; PVR = pulmonary valve replacement.

Table 2. Preoperative cardiopulmonary exercise test variables

Cardiopulmonary exercise test value n= 86

Peak oxygen consumption (ml/kg/min) 31 [26, 35]

Percent predicted peak VO2 (%) 74 [61, 83]

≥70% n (%) 46 (53%)

<70% n (%) 40 (47%)

Peak work rate (n= 79) W 130 [94, 169]

Percent predicted peak work rate (n= 79) 71 [65, 84]

Peak respiratory exchange ratio (RER) 1.13 [1.09, 1.21]

RER for patients< 70% ppkVO2 (n= 46) 1.15 [1.10, 1.23]

RER for patients> 70% ppkVO2 (n= 40) 1.12 [1.09, 1.18]

Oxygen pulse (ml/beat) 9.2 [7.4, 11.3]

Percent predicted peak oxygen pulse 82% [70, 96]

Peak heart rate (bpm) 174 [162, 184]

Percent predicted peak heart rate 91% [83, 96]

Baseline oxygen saturation 98% [98, 99]

Peak respiratory rate (breaths/min) 45 [39, 55]

Peak tidal volume (L/min) 1.24 [0.93, 1.66]

Peak minute ventilation (ml/min) 56 [44, 70]

Breathing reserve (n= 83) 40% [28, 49]

VE/VCO2 slope (n= 85) 28 [26, 33]

Percent predicted peak VO2 at VAT (n= 83) 41% [35, 48]

Heart rate at VAT (n= 79) bpm 116 [107, 130]

End tidal CO2 at VAT (n= 59) 38 [35, 41]

Values shown are number (percent), or median [25th, 75th percentile]. peakVO2 indicates
peak oxygen consumption; VAT = ventilatory anaerobic threshold; VE/VCO2 = slope of the
relationship of the ventilatory equivalent to carbon dioxide consumption.
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Associations of MRI measured right ventricular size and
function with percent predicted peak oxygen consumption
MRI derived indexed right ventricular end diastolic volume
(n= 57) was not associated with percent predicted peak oxygen
consumption (rs= 0.17, p= 0.21). Right ventricular ejection frac-
tion as measured by MRI (n= 58) was related to percent predicted
peak oxygen consumption: for those with percent predicted peak
oxygen consumption ≥70, right ventricular ejection fraction was
0.52 [0.49, 0.57] versus 0.48 [0.44, 0.52] for those with percent pre-
dicted peak oxygen consumption <70 (p= 0.007). These observa-
tions are consistent with those of previous investigators.17

Univariable analysis of outcome total hospital length of stay

Association of baseline patient characteristics with total
hospital length of stay
Associations between total hospital length of stay and baseline
patient characteristics are summarised in Table 3. There were no sig-
nificant findings other than patients with≥2 surgeries had lower per-
cent predicted peak oxygen consumption (61 [53, 74]) compared to
those with 1 prior surgery (76 [64, 85], p= 0.002). As number of
surgeries and percent predicted peak oxygen consumption are
related to one another, patients with ≥2 previous surgeries also
had longer total hospital length of stay (5.5 [4.4, 7.2]) versus 1 prior
surgery (5.2 [4.2, 5.4], p= 0.028, Table 3). Also, patients with
extremes of bodymass index had longermedian total hospital length
of stay compared to those with a normal body mass index, but these
differences did not achieve statistical significance (p= 0.095).

Association of peak exercise variables with total hospital
length of stay
Better preoperative exercise capacity was associated with shorter
total hospital length of stay (Fig 1). Median total hospital length
of stay for patients with percent predicted peak oxygen consump-
tion ≥70% was 4.4 days compared to 5.4 days for patients with per-
cent predicted peak oxygen consumption <70% (p= 0.007).
Higher percent predicted peak oxygen consumption correlated
with shorter length of stay (n= 86, rs = −0.26, p= 0.018) as did
percent predicted peak oxygen pulse (a surrogate for the forward
stroke volume at peak exercise) (n= 86, rs = −0.23, p= 0.034) but
not percent predicted peak heart rate (n= 86, rs= −0.01, p= 0.91).

Peak respiratory exchange ratio did not correlate with total hos-
pital length of stay (rs= 0.08, p= 0.47), even when patients with
respiratory exchange ratio <1.05 were excluded from the analysis.

End tidal carbon dioxide at ventilatory anaerobic threshold
(a marker of ventilation/perfusion mismatch) was recorded in
59 patients and correlated weakly with total hospital length of stay
(rs = −0.26, p= 0.045). No other exercise test variable had any sig-
nificant correlation with total hospital length of stay.

Association of ventricular size and function on total hospital
length of stay
There was no association of echocardiographic derived ventricular
size or function with total hospital length of stay (Table 3).
Similarly, for the patients in whom MRI data were available,
indexed right ventricular end diastolic volume (n= 57) was not
associated with total hospital length of stay (Spearman correlation
rs = −0.07, p= 0.63). MRI derived right ventricular ejection frac-
tion (n= 58) was not related to total hospital length of stay
(Spearman correlation rs = −0.13, p= 0.35).

Association of surgical era with total hospital length of stay
There was no association of surgical era with total hospital length
of stay: 2003–2007 it was 5.2 days [4.3, 6.1], 2008–2011 it was
5.2 days [4.3, 5.5], and 2012–2017 it was 4.5 days [4.3, 5.4]
(p= 0.70). Additional analysis adjusting for each individual surgi-
cal era was limited by the small sample sizes but showed a signifi-
cant relationship of percent predicted peak oxygen consumption to
total hospital length of stay for 2003–2007 (hazard ratio 0.37, 95%
CI [0.13, 1.03], p= 0.026) and for 2008–2011 (hazard ratio 0.40,
95% CI [0.19, 0.85], p= 0.017) but not for 2012–2017 (hazard ratio
1.00, 95% CI [0.42, 2.42], p= 0.99).

Table 3. Relationship of LOS to baseline patient characteristics

n
Median LOS (days)

[IQR] p value

Age at surgery (years)* 86 0.40

<15 41 5.2 [4.3, 6.1]

≥15 45 5.2 [4.2, 5.5]

Sex 0.76

Male 59 5.2 [4.3, 6.0]

Female 27 5.2 [4.2, 6.0]

Weight (kg)† 86 0.94

<40 20 4.6 [4.3, 5.9]

40–69.9 51 5.2 [4.2, 5.4]

≥70 15 5.2 [4.2, 6.2]

BMI‡ 86 0.095

<20 49 5.2 [4.3, 6.0]

20–24.9 23 4.4 [4.2, 5.3]

≥25 14 5.4 [5.2, 6.2]

Diagnosis category 0.10

TOF 59 5.2 [4.2, 5.4]

Non TOF 27 5.2 [4.4, 6.2]

Type of surgery 0.98

PVR 75 5.2 [4.3, 6.0]

Conduit reoperation 11 4.9 [4.3, 6.2]

Previous surgeries 0.028

1 67 5.2 [4.2, 5.4]

≥2 19 5.5 [4.4, 7.2]

Left ventricular dysfunction 0.49

No 72 5.2 [4.3, 5.5]

Yes 14 5.2 [4.2, 7.2]

Right ventricular dilation
n= 82

0.29

No 10 4.3 [4.2, 6.0]

Yes 72 5.2 [4.3, 5.8]

IQR = interquartile range, shown as median [25th, 75th percentile]; PVR = pulmonary valve
replacement; TOF = tetralogy of Fallot.
Spearman correlation coefficients:
*rs = −0.13 (p= 0.25);
†rs= 0.01 (p= 0.99);
‡rs= 0.07 (p= 0.54);

Cardiology in the Young 1639

https://doi.org/10.1017/S1047951121000743 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951121000743


Multivariable analysis for outcome total hospital length of
stay

Cox proportional hazards regression was used to examine the asso-
ciation between total hospital length of stay and the primary pre-
dictor percent predicted peak oxygen consumption, adjusting for
confounders.When evaluating length of stay and preoperative per-
cent predicted peak oxygen consumption over a range of values
from <70 to <85%, the strongest cut point was found to be
<70% (Hazard Ratio 0.61 [0.40, 0.94], p= 0.026). Onmultivariable
analysis adjusting for age, era of surgery, and diagnosis of tetralogy
of Fallot, lower preoperative percent predicted peak oxygen con-
sumption was associated with a longer hospital total hospital
length of stay (hazard ratio 0.54, 95% CI [0.32, 0.92], p= 0.022,
Table 4). Note that hazard ratios less than 1 indicate that the risk
of a delayed hospital discharge increases as percent predicted peak
oxygen consumption goes down. The relationship of lower preop-
erative percent predicted peak oxygen consumption correlating
with longer total hospital length of stay held when respiratory
exchange ratio was added to the multivariable model (hazard ratio
0.56, 95% CI [0.33, 0.95], p= 0.031) (Table 4). There was border-
line association in patients with a diagnosis of tetralogy of Fallot
versus other diagnoses, with shorter length of stay for patients with
tetralogy of Fallot (Hazard Ratio 1.63 [1.00, 2.66], p= 0.050;
Table 4) that persisted when other variables were added to the
model (Tables 4 and 5).

A multivariable Cox model that included age at surgery, era of
surgery, and diagnosis in addition to number of prior surgeries
showed an association between ≥2 prior surgeries and longer
length of stay. The inclusion of both %predicted peak oxygen con-
sumption and number of prior surgeries in the same model weak-
ened their associations with total hospital length of stay due to the
collinearity between these two variables and small sample sizes
(Table 5).

Postoperative exercise test findings

Twenty patients had both a preoperative exercise test within
6 months of surgery and a postoperative exercise test within one
year after surgery. Fourteen patients showed an improvement in
postoperative peak oxygen consumption, and six declined. As a
group, there was no statistically significant difference in percent

predicted peak oxygen consumption from preoperative to postop-
erative exercise tests (p= 0.10). Individual patients are plotted in
Figure 2. Of note, the one patient whose percent predicted peak
oxygen consumption fell from the normal range (83%) to the
abnormal range (69%) was subsequently diagnosed and treated
for depression. Follow-up exercise testing 19 months later showed
normalisation of percent predicted peak oxygen consumption
(91%) with no intervening cardiac medications or interventions.

Discussion

Children undergoing pulmonary valve replacement or conduit
change with better preoperative exercise capacity had better surgi-
cal outcomes as measured by total hospital length of stay. In par-
ticular, percent predicted peak oxygen consumption on
preoperative cardiopulmonary exercise testing that was normal
tomildly reduced (≥70%) was associated with shorter length of stay
compared to those with moderate or more (<70%) reduction in
functional capacity. This relationship held after adjusting for
age, era of surgery, and diagnosis subtype and supports the pub-
lished recommendations using percent predicted peak oxygen con-
sumption <70% as an important marker in asymptomatic patients
being considered for pulmonary valve replacement.1 There was
also a modest association of shorter length of stay with better for-
ward stroke volume at peak exercise as estimated by the oxygen
pulse at peak exercise, but not with echocardiographic estimates
of left ventricular function or right ventricular dilation at rest.
Thus, reliance solely on imaging parameters for surgical decision
making may neglect important prognostic indicators obtainable
only from cardiopulmonary exercise testing in children.

These data are consistent with the findings from Babu-Narayan
et al’s large study of adult patients with tetralogy of Fallot under-
going pulmonary valve replacement. They found that peak oxygen
consumption independently predicted surgical outcomes as
assessed by postoperative mortality within the first 30 days.6

Further, they found a peak oxygen consumption <20 ml/kg/min
was 100% sensitive although only 56% specific predictive for early
surgical mortality, with a 30% increased risk of mortality for every
2 ml/kg/min decrease in peak oxygen consumption. They con-
cluded that cardiopulmonary exercise testing may be a useful
parameter to include in the decision-making process regarding
the timing of surgical intervention and may be helpful in identify-
ing patients in need of earlier intervention. Specifically, their find-
ings and the results of our study suggest that, in some cases, poor
exercise function may reflect a right ventricle that is unable to
accommodate to the cardiovascular demands of exercise. This is
a phenomenon that may not be detected by imaging studies
obtained at rest. Postponing intervention in these cases may be
associated with an increased risk for progressive and irreversible
right ventricular damage and dysfunction that could impact post-
operative outcomes.

The link between a low peak oxygen consumption and poor
postoperative outcomes may also be related to preoperative debili-
tation and deconditioning. Unlike right ventricular dysfunction,
this may be reversible by exercise training programmes.
Pulmonary valve replacement has been shown to improve right
ventricular parameters, but pulmonary valve replacement alone
does not seem to impact cardiopulmonary fitness.3,18,19 A struc-
tured exercise training programme, however, has improved exer-
cise capacity in patients with a range of post-surgical CHDs.5,20–23

Since exercise capacity is modifiable, serial assessment of peak
oxygen consumption, and particularly pre-pulmonary valve

Figure 1. Box and whisker plot demonstrates that children with better preoperative
exercise capacity had shorter hospital length of stay compared to those with lower
preoperative exercise capacity (n= 86, p= 0.007).
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replacement, may not only assist with clinical decision making on
timing of surgery but may also identify a target for intervention
prior to pulmonary valve replacement. Indeed, in “low risk” adults
awaiting coronary artery bypass grafting (a common scenario in
public health care systems such as Canada and Britain) there is
often a delay before surgery can be completed. Thus, there has been
a growing field of “prehabilitation” in adult cardiology, designed to
provide preoperative interventions for modifiable factors such as
physical, nutritional, and mental fitness. Early data suggest these
“prehab” programs for patients with atherosclerotic disease
improve postoperative outcomes.24,25 Additionally, one of the
modifiable factors, nutritional status, has been evaluated in young
patients undergoing repair for CHD. In an analysis of 18,377
patients across 118 centres in the Society of Thoracic Surgeons
Congenital Heart Database, both extremes of body mass index
(underweight and overweight) were independently associated with
higher risk of adverse outcomes.26 Our data did suggest a trend
towards longer length of stay with extremes of body mass index
but were not classified by Centers for Disease Control age and
sex percentiles nor powered to detect differences and this relation-
ship did not reach statistical significance. A preoperative exercise
training intervention that includes nutritional optimisation merits
prospective study for whether surgical outcomes can be positively
affected in children with CHD such as those awaiting pulmonary
valve replacement.

Our data showed that the median percent predicted peak oxy-
gen consumption improved from 62% in the earlier surgical era to
75% and finally 82% in the more modern era, but as a cohort, we

did not find that the surgical era itself predicted differences in
total hospital length of stay. We attempted to analyse further
by considering the relationship between percent predicted peak
oxygen consumption and total hospital length of stay within each
individual surgical era separately. Despite small sample sizes we
identified an association between poor percent predicted peak
oxygen consumption and longer total hospital length of stay
for 2003–2007 and 2008–2011, but not for 2012–2017. Of note,
there was a complete reversal in the relative frequency of patients
with percent predicted peak oxygen consumption<70 versus ≥70
by era (19 versus 6 in 2003–2007, 14 versus 19 in 2008–2011, and

Figure 2. Percent predicted peak oxygen consumption in individual patients within
6 months before and up to 12months after surgical intervention (n= 20).

Table 4. Cox proportional hazards regression analysis adjusting for
confounders between LOS and preoperative percent predicted peak VO2

Hazard ratio
95% Confidence

interval p value

Unadjusted

%ppkVO2< 70% 0.61 (0.40, 0.94) 0.026

Adjusted for age, era, and diagnosis

%ppkVO2< 70% 0.54 (0.32, 0.92) 0.022

Age at surgery
(↓1 year)

0.92 (0.83, 1.01) 0.071

Era of surgery (versus 2003–2007)

2008–2011 1.02 (0.56, 1.84) 0.96

2012–2017 0.90 (0.45, 1.78) 0.76

Diagnosis TOF 1.63 (1.00, 2.66) 0.050

Adjusted for age, era, diagnosis, and RER

%ppkVO2< 70% 0.56 (0.33, 0.95) 0.031

Age at surgery
(↓1 year)

0.90 (0.82, 1.00) 0.053

Era of surgery (versus 2003–2007)

2008–2011 1.04 (0.57, 1.88) 0.91

2012–2017 0.92 (0.46, 1.84) 0.82

Diagnosis TOF 1.70 (1.03, 2.80) 0.039

RER (↓0.1) 1.10 (0.85, 1.42) 0.49

%ppkVO2 = percent predicted peak oxygen consumption relative to body mass;
RER = respiratory exchange ratio; TOF = tetralogy of Fallot.

Table 5. Analyses of number of prior surgeries, preoperative percent predicted
peak VO2, and length of stay

Hazard ratio
95% Confidence

interval p value

Including both %ppkVO2 and # surgeries

%ppkVO2< 70% 0.60 (0.35, 1.03) 0.062

Age at surgery
(↓1 year)

0.95 (0.86, 1.05) 0.31

Era of surgery (versus 2003–2007)

2008–2011 0.97 (0.53, 1.75) 0.91

2012–2017 0.93 (0.47, 1.75) 0.91

TOF diagnosis 1.59 (0.97, 2.59) 0.066

>2 previous
surgeries

0.57 (0.32, 1.04) 0.067

Including # surgeries but not %ppkVO2

Age at surgery
(↓1 year)

0.96 (0.86, 1.06) 0.40

Era of surgery (versus 2003–2007)

2008–2011 1.15 (0.65, 2.02) 0.63

2012–2017 1.32 (0.74, 2.36) 0.36

TOF diagnosis 1.55 (0.95, 2.53) 0.077

>2 previous
surgeries

0.52 (0.29, 0.92) 0.026
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7 versus 21 in 2012–2017). As the number of patients within each
era became more fit, the association of poor preoperative percent
predicted peak oxygen consumption to length of stay may have
been diluted by the relatively lower number of patients with poor
exercise capacity. It should be emphasised that while the correla-
tion between percent predicted peak oxygen consumption and
total hospital length of stay persisted within the multivariable
model, surgical era was neither associated with total hospital
length of stay in the unadjusted analysis nor in the multivariable
model. Changes across eras in surgical technique, intraoperative/
postoperative management, or fast-tracking strategies may have
impacted length of stay but would not have an effect on the asso-
ciation between preoperative exercise function and length of stay
which remained significantly different across eras (Table 4).

One of the more notable findings in the present study was the
paucity of preoperative exercise tests obtained in children
despite published guidelines suggesting the utility of exercise
testing. Of the 370 patients undergoing pulmonary valve
replacement in our series, only 86 (23%) met inclusion criteria
for a qualifying cardiopulmonary exercise test within 6 months
of surgery, and only 20 (5%) had testing both before and within
12 months after repair. The limited use of cardiopulmonary
exercise testing as a modality is reflected in other centres as well;
for instance, Sabate Rotes et al identified 278 patients under-
going pulmonary valve replacement in their database spanning
almost 40 years, of whom 76 (27%) met criteria for preoperative
exercise test data, and only 17 (6%) had both pre- and postop-
erative exercise tests.18 Another centre looked for any exercise
test done at any time after repair of tetralogy of Fallot and found
that of the 223 patients in their database between 1976 and 2016,
88 met inclusion criteria.27 Recognising the importance of
cardiopulmonary exercise tests, there has been a push for more
consistent and longitudinal use of this test for risk
stratification.3,5,6

Additional findings were that in our cohort, diagnosis of
tetralogy of Fallot itself was not associated with total hospital
length of stay in unadjusted analysis but was associated with
shorter length of stay in multivariable analysis. Even accounting
for this difference, percent predicted peak oxygen consumption
was still independently associated with the outcome. Also,
patients with more than one prior surgery tended to have longer
length of stays as well as lower percent predicted peak oxygen
consumption. Due to the relationship between percent predicted
peak oxygen consumption and number of prior surgeries, the
relationship between percent predicted peak oxygen consump-
tion and hospital total hospital length of stay weakened when
number of prior surgeries was added to the model. A similar find-
ing was noted with diagnosis of tetralogy of Fallot. With the small
sample sizes, no additional analyses could be performed. It is
worth noting that of these patient characteristics, only percent
predicted peak oxygen consumption is potentially modifiable
and represents another reason to consider a prospective study
to assess the impact on preoperative exercise training on surgical
outcomes.

As noted, there were few exercise tests performed preopera-
tively, and there were even fewer obtained after intervention.
For the 20 patients with both preoperative and postoperative stud-
ies, there was no difference found between peak predicted oxygen
consumption before and after intervention. Lack of improvement
in exercise capacity from surgery alone is consistent with past stud-
ies3,18 and constitutes another argument in favour of postoperative
exercise training.

Limitations

The main limitation was the small sample size from the limited
number of exercise tests to review. Additionally, there may be a
selection bias in the patients who did undergo preoperative cardio-
pulmonary exercise testing. However, the decision to obtain pre-
operative cardiopulmonary exercise test data was driven
primarily by the availability of the technology and/or the referring
cardiologist’s personal preference. The decision to refer patients
for surgical pulmonary valve replacement was primarily based
upon similar clinical, echocardiographic, and CMR criteria,
regardless of the cardiopulmonary exercise test data. Hence, it is
unlikely that clinically important biases were present in the preop-
erative cardiopulmonary exercise test group.

We chose to include cardiopulmonary exercise test data if the
respiratory exchange ratio at peak exercise was >1.00. This is con-
sistent with the approach employed in previously published series
studying patients undergoing pulmonary valve replacement.3,6

Other cut points have been described, some suggesting that
>1.05 for young patients or even >1.09 as a more reasonable
threshold for a maximal test.28 Thus, it is possible that some of
our data reported as peak oxygen consumption were submaximal
and related to effort. However, there was no difference in respira-
tory exchange ratio between patients whose percent predicted peak
oxygen consumption was <70% and those in whom the percent
predicted peak oxygen consumption was ≥70%, suggesting any
effort related limitation in peak oxygen consumption would be
similar between groups. Further, the relationship between lower
preoperative peak oxygen consumption and longer length of stay
remained even after adjusting for respiratory exchange ratio in the
multivariable analysis.

With the small sample sizes, the study was not well powered to
determine the extent by which percent predicted peak oxygen con-
sumption within each surgical era impacted length of stay. The
present study was also limited by the use of hospital total hospital
length of stay as an indicator of surgical outcomes. While total hos-
pital length of stay has been an accepted surrogate, it is less than
ideal, especially when the larger question at hand remains optimal
patient selection for pulmonary valve replacement. This will likely
require a longitudinal registry that includes appropriately timed
preoperative and postoperative exercise and imaging studies for
development of a riskmodel. Additionally, the data were retrospec-
tive with the inherent possibility for missing data. Finally, combin-
ing patients undergoing pulmonary valve replacement with those
undergoing conduit replacement assumes that these two groups
are identical, when in fact there may be important differences,
especially when considering whether the indication for pulmonary
valve replacement was related to a pressure overloading versus a
volume overloading lesion. Moreover, the fundamental diagnosis
in this group included a wide range of lesions.

Conclusions

Preoperative exercise testing in children undergoing pulmonary
valve replacement correlates with surgical outcomes, with better
exercise capacity associated with shorter hospital length of stay.
As options for surgical and transcatheter interventions continue
to evolve, decision making on when to intervene in asymptomatic
children has become increasingly complex. Exercise capacity is
intriguing not only as an important decision-making tool but also
as a potentially modifiable factor prior to and after pulmonary
valve replacement. While cardiopulmonary exercise test variables

1642 N. Gauthier et al.

https://doi.org/10.1017/S1047951121000743 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951121000743


are promising adjuncts, until cardiopulmonary exercise tests are
systematically and serially performed in children, the full impact
on decision making and patient outcomes will not be known.
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