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A B S T R A C T

Background: Change in the oxygen consumption (VO2) at the ventilatory anaerobic threshold (VAT) is an 
important outcome in research studies of children with congenital heart disease (CHD). The range of values 
reported by different raters for any given VAT is needed to contextualize a change in VAT in intervention studies.
Methods: Sixty maximal cardiopulmonary exercise tests (CPET) for CHD patients 8–21 years old were indepen-
dently reviewed by six exercise physiologists and four pediatric cardiologists. For each of the unique rater pairs 
for the 60 CPETs, the absolute difference in VAT was calculated and displayed on a histogram to demonstrate the 
distribution of inter-rater variability. This method was repeated for subgroups of test modality (cycle/treadmill), 
patient factors (diagnoses, exercise capacity), and rater factors (cardiologist/physiologist, years of experience).
Results: Rater agreement was good with an intraclass correlation coefficient of 0.79–0.91 but the distribution of 
differences was broad. The median difference was 2.7 % predicted peak VO2 (60 mL/min, 1.0 mL/kg/min), the 
75th percentile was 6.4 % (140 mL/min, 2.5 mL/kg/min), and the 95th percentile was 16.3 % (421 mL/min, 6.5 
mL/kg/min). Distributions were similar for CPET modality and years of rater experience, but differed for other 
factors.
Conclusions: The baseline distribution of reported VAT is relatively broad, varied by units, and was not explained 
by differences in rater experience or test modality, but varies by patient factors. When evaluating clinical 
relevance, a change in the VO2 at VAT in response to an intervention of <6.5 % predicted falls within the 
majority (75th percentile) of expected variability and should be interpreted with caution.

1. Statements and declarations

The authors did not receive support from any organization for the 
submitted work. The authors have no relevant financial or non-financial 
interests to disclose.

The cardiopulmonary exercise test (CPET) is a robust assessment that 
can be used to assess functional status pre- and post-intervention in 
patients with congenital heart disease (CHD) ([1]). Peak oxygen con-
sumption (VO2) has been utilized as the primary outcome marker for 
decades, but requires a maximal CPET to assess which can sometimes be 
challenging to obtain ([2,3]). Submaximal fitness markers are also uti-
lized and may be more commonly attainable and more pertinent clini-
cally as most physical activity in daily life occurs at submaximal levels. 
Submaximal variables have been shown to be associated with health 

outcomes including all-cause mortality in an adult population ([4]), 
short-term adverse cardiac-related events in an adult CHD population 
([5]), and fitness and quality of life in children with CHD ([6]).

The anaerobic threshold is one such submaximal marker of fitness. 
Studies assessing outcomes in CHD report the change in oxygen con-
sumption at the ventilatory anaerobic threshold (VO2 at VAT) in 
response to medication or exercise intervention as a clinically important 
marker of fitness ([7–12]). Understanding the variation that occurs in 
measurements is an essential consideration for any measurement tool. 
While inter-rater variability of the VO2 at VAT has been evaluated 
previously both in adult ([13–18]) and pediatric ([19,20]) populations, 
variability has been primarily described using correlative statistics. 
These provide limited insight into the interpretation of magnitude of 
change or clinical importance of the VO2 at VAT as an outcome metric. 
Multiple statistical methods have been developed and applied to 
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quantify variability in measurements. Popovic et al. ([21]) argue that 
the standard error of the measure is preferred, but this is not able to be 
determined without a known “true” VO2 at VAT. We aimed to describe 
the variability of the VO2 at VAT using several descriptive analyses to 
provide context for interpreting changes in the VO2 at VAT in response 
to an intervention as an outcome metric in pediatric heart disease, and 
evaluate if test-, rater-, or patient-specific factors contribute to vari-
ability of the VO2 at VAT.

2. Methods

The Boston Children’s Hospital database was queried for previously 
performed cardiopulmonary exercise tests. CPET inclusion criteria 
included testing done on patients who had CHD, were 8–21 years old, 
and were considered maximal as defined by a peak respiratory exchange 
ratio ≥1.09. CPETs that had sustained arrhythmia during the test or in 
recovery were excluded. Starting from January 1, 2022, CPETs that met 
inclusion and did not meet exclusion criteria were selected sequentially 
until 60 tests were chosen with testing modality equally represented (50 
% treadmill, 50 % cycle ergometer). Every 10th CPET was selected from 
the chronological list of 60 total CPETs to yield 6 tests to be used as 
duplicates for intra-rater variability evaluation. All CPETs that were 
chosen from the database had been performed as part of the patient’s 
clinical care either on a cycle ergometer using a ramp protocol or a 
treadmill using the Bruce protocol. Metabolic data were measured using 
an Ultima CPX™ metabolic stress testing system (MGC Diagnostics, St 
Paul, MN). Peak VO2 was determined by the highest reliable value ob-
tained during exercise, and prediction equations were used to determine 
percent predicted peak oxygen consumption per modality was done 
using standard clinical practices ([22]). Raters included six Master’s 
trained exercise physiologists and four exercise cardiologists. Methods 
for reporting the AT have been extensively described in the literature. 
One method is the V-slope method: on a plot of VCO2 and VO2, the in-
flection point at which VCO2 increases out of proportion to the VO2 
increase marks the VO2 at VAT. The anaerobic threshold by the venti-
latory equivalent method is identified at point at which the VE/VCO2 
(ratio of minute ventilation to carbon dioxide production) begins to 
increase while the VE/VO2 (ratio of minute ventilation to oxygen con-
sumption) remains flat. A third method utilizes the end-tidal pO2; the 
anaerobic threshold can be marked as the point at which the pO2 rises as 
a result of increased minute ventilation. CPET data is classically repre-
sented on the “nine-panel plot”, and each of the above methods can be 
applied to the nine-panel plot to determine the VO2 at VAT. In our ex-
ercise lab, these three modalities are utilized clinically to determine the 
VO2 at VAT. Visschers et al. compared these three methods with the 
addition of respiratory exchange ratio, which is the ratio of VCO2 to 
VO2, in children with congenital heart or lung disease and found that 
three of the four methods, V-slope, ventilatory equivalent method, and 
the end-tidal O2 method, had comparable agreement across a range of 
conditions and raters using the intraclass correlation coefficient (ICC) 

method [19].
The patient and test data were provided to the raters and each rater 

determined the VO2 at VAT using the method(s) that best represented 
their typical practice. Cross checking across methods was allowed, as is 
commonly employed clinically, and no one method was pre-determined 
or chosen as the standard. Exercise physiologists individually selected 
the VO2 at VAT digitally on the Ultima CPX™ system, adjusting the 
automated computer-generated VO2 at VAT at their discretion using the 
method(s) above and recording the value on a study data collection 
sheet. Exercise cardiologists, who do not have ready access to the digital 
values on Ultima CPX™ system as part of usual workflow, were provided 
with printed copies of the same exercise test raw data as in clinical 
practice, and asked to choose the VO2 at VAT based on the nine-panel 
plot and document the value on a study data collection sheet. Each 
rater evaluated every CPET, and all were blinded to the values chosen by 
the other raters. Six tests were duplicated to assess intra-rater vari-
ability, yielding 66 tests for each rater, and 10 raters in total. If the VO2 
at VAT was designated as indeterminate by any rater for any CPET, it 
was excluded from the analyses.

There were ten raters, and each rater’s VAT value was compared to 
every other rater’s values for each patient. For each pair, inter-rater 
variability was assessed by calculating absolute differences between 
raters for three measures: 1) VO2 at VAT, expressed in mL/min; 2) 
weight-indexed VO2 at VAT, expressed in mL/kg/min; and 3) %VO2 at 
VAT. The absolute differences for all possible combinations of raters 
were then compiled and used to assess the distribution of inter-rater 
variability for each measure using histograms. Summary measures 
calculated for each distribution of differences included the median (50th 
percentile) and every 5th percentile up to the 95th percentile, plus the 
99th percentile. Intra-rater variability was quantified using the same 
technique, where all possible absolute differences were calculated 
within the same rater.

In addition to evaluating the overall distribution of inter-rater vari-
ability, separate distributions were generated stratified by CPET mo-
dality, rater type and experience, and patient diagnosis and peak VO2. 
CPET modality was defined as either cycle ergometer or treadmill, rater 
type as either exercise physiologist or exercise cardiologist, rater expe-
rience as either <5 years or ≥5 years in practice, patient diagnosis as 
either simple or non-simple CHD (Appendix 1), and patient peak VO2 as 
normal/mildly depressed or moderately/severely depressed (defined as 
percent predicted peak VO2 ≥ 70 % or <70 % predicted, respectively). 
Separate histograms were created for differences measured for CPETs 
within each subgroup to display distributions of inter-rater variability. 
The intent was to describe these distributions; no hypotheses were 
tested.

To evaluate computer-generated versus final study AT, the %VO2 at 
VAT that was reported in the final report of the CPET, as determined by 
the exercise physiologist and exercise cardiologist who performed the 
final clinical interpretation of the test, was recorded. The software was 
then re-run using the software’s proprietary algorithm to auto-detect the 
AT. The %VO2 at VAT of the final study was averaged across all 66 
studies and was compared to the average of the computer-generated % 
VO2 at VAT.

The study received Institutional Ethics approval waiving the need for 
consent as it utilized anonynimized, clinically obtained data.

3. Results

Ten raters each evaluated all study CPETs. There were three indi-
vidual instances of indeterminate VO2 at VAT across all raters and CPETs 
which were excluded from the analyses. Six raters had 5 or more years of 
experience interpreting CPETs, and four had less than 5 years of expe-
rience. The median age of patients represented by the CPETs was 15 
years, with a range of 8–21 years. Baseline rater, patient, and CPET 
characteristics are summarized in Table 1. Twenty-one (35 %) patients 
included in the sample had simple CHD, and 39 (65 %) had non-simple 

Abbreviations

VAT ventilatory anaerobic threshold
CHD congenital and pediatric acquired heart disease
CPET cardiopulmonary exercise test
ICC intraclass correlation coefficient
VCO2 carbon dioxide production
VE/VCO2 minute ventilation to oxygen consumption ratio
VO2 oxygen consumption
VO2 at VAT oxygen consumption at the anaerobic threshold
%VO2 at VAT oxygen consumption at the anaerobic threshold 

represented as % predicted peak oxygen consumption
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CHD (38 % had complex CHD, 15 % had cardiomyopathy or cardiac 
transplant and 12 % had single ventricle). Forty (67 %) patients had 
peak VO2 ≥ 70 % predicted while 20 (33 %) had peak VO2 <70 % 
predicted. The average VO2 at VAT across all raters and CPETs was 1201 
mL/min, 18.9 mL/kg/min when indexed by weight, or 48.4 % predicted.

There were 2673 pairs for analysis of inter-rater variability for the 
group as a whole. The median difference between raters in the VO2 at 
VAT measurement was 60 mL/min, 1.0 mL/kg/min, and 2.7 % pre-
dicted. The range of differences was broad; the 75th percentile was 140 
mL/min, 2.5 mL/kg/min, and 6.4 % predicted (Table 2). The intraclass 
correlation coefficient (ICC), a measure used to quantify agreement, is 
shown alongside the percentiles for additional context. The ICC sug-
gested good agreement between raters, ranging from 0.79 to 0.91. The 
variability in reported VO2 at VAT between raters is plotted in Fig. 1.

The variability by subgroups is available in Appendix 2. When 
evaluating by test modality, the median difference in %VO2 at VAT was 
2.5 % predicted for cycle ergometer vs 2.8 % predicted for treadmill 
(Fig. 2) with an ICC of 0.83 for cycle ergometer and 0.71 for treadmill. 
When evaluating for rater characteristics (profession, experience), the 
median difference was 0.9 % predicted for cardiologists (ICC = 0.85) 
versus 3.1 % predicted for exercise physiologists (ICC = 0.75) and 2.4 % 
predicted for less than 5 years experience and 2.7 % predicted for 
greater than 5 years experience. When evaluating for patient factors 
(CHD type, cardiorespiratory fitness level) the median difference was 

3.5 % predicted for simple CHD and 2.3 % predicted for non-simple 
CHD, and 3.1 % predicted for normal or mildly depressed peak VO2 vs 
1.9 % predicted for moderately or severely depressed peak VO2 
(Appendix 2).

For intra-rater variability analyses, there were 60 possible pairs as 
there were 10 raters per CPET and each rater had 6 pairs. There were 50 
% treadmill and 50 % cycle ergometer, representing patients that were 
83 % male, a median body mass index of 19.9, 33 % of whom had simple 
CHD and 67 % had non-simple CHD. All studies were of patients with 
peak VO2 >70 % predicted. The median intra-rater difference in %VO2 
at VAT was 1.6 % predicted (Appendix 3), lower than the inter-rater 
median difference of 2.7 % predicted.

The %VO2 at VAT determined by the computer-generated algorithm 
was compared to the %VO2 at VAT determined by exercise physiologists 
and exercise cardiologists. The computer-generated VO2 at VAT was 
lower than the VO2 at VAT chosen by the raters, with a mean difference 
of − 4.8 % predicted and a median difference of − 3.0 % predicted 
(Appendix 4).

4. Discussion

The present study demonstrates the distribution of variability for the 

Table 1 
Baseline Characteristics. Median (range), or n (%).

Patient age (years) 15 (8–21)
Patient Sex

Female 22 (37 %)
Male 38 (63 %)

Height (cm) 167 (132–189)
Weight (kg) 60 (28–166)
BSA (m2) 1.67 (1.15–11.6)
BMI (kg/m2) 22.1 (15.0–57.5)
Patient CHD Class

Simple 21 (35 %)
Non-Simple 39 (65 %)

Complex 23 (38 %)
Single Ventricle 7 (12 %)
Cardiomyopathy/Transplant 9 (15 %)

Patient Peak VO2 Class
≥70 % predicted 40 (67 %)
<70 % predicted 20 (33 %)

Test Type
Cycle Ergometer 30 (50 %)
Treadmill 30 (50 %)

Rater type
Exercise Physiologists 6 (60 %)
Exercise Cardiologist 4 (40 %)

Rater Years of Experience
<5 4 (40 %)
≥5 6 (60 %)

Table 2 
Percentiles and values for the differences in reported VAT.

Percentile VO2 at VAT 
(mL/min)

VO2 at VAT by weight 
(mL/kg/min)

%VO2 at 
VAT (%)

50th 60 1.0 2.7
55th 74 1.2 3.1
60th 88 1.5 3.7
65th 102 1.7 4.4
70th 118 2.1 5.4
75th 140 2.5 6.4
80th 185 2.9 7.7
85th 238 3.6 9.5
90th 301 4.5 11.2
95th 421 6.5 16.3
99th 744 10.6 24.7
Intra-class correlation 

coefficient
0.91 0.87 0.79

Fig. 1. Distribution of the range of reported differences in percent of predicted 
VO2 at VAT.

Fig. 2. Superimposed histograms for CPET modality.
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VO2 at VAT, providing context for interpreting the change in VO2 at VAT 
that may be reported in research studies in response to an intervention 
for children with CHD. These findings provide insight into this metric 
that correlative statistics, such as the intraclass correlation coefficient 
(ICC), do not provide.

Previous studies have evaluated the variability of the VO2 at VAT and 
have found varying degrees of agreement. The intraclass correlation 
coefficient (ICC) is a commonly used measure of reproducibility with a 
value above 0.90 considered “excellent,” 0.75–0.90 “good,” 0.5–0.75 
“moderate,” and <0.5 “poor” ([23]). Kaczmarek et al. used the ICC to 
evaluate variability in the VO2 at VAT determination by experienced 
physicians and medical assistants in asymptomatic volunteers. They 
found that, between physicians, the ICC was 0.901, which improved 
after a training period to an ICC of 0.95. In comparing physicians with 
trained medical assistants, the variability was greater, with an ICC of 
0.759–0.762 [13]. These findings were consistent with our results; in 
our study the ICC was 0.79–0.91 across all raters, and 0.85–0.95 for 
physicians. Our data shows that, despite the ICC indicating “good” to 
“excellent” agreement between raters, the baseline distribution of re-
ported VAT was relatively broad. This variability was not explained by 
rater experience or differences in exercise test modality, but did vary by 
patient factors. These findings suggest that when evaluating clinical 
relevance, a change in the VO2 at VAT in response to intervention of 
<6.5 % (140 mL/min, 2.5 mL/kg/min) would fall within the majority 
(75th percentile) of expected variability and should be interpreted with 
caution.

There have been few investigations into whether or not the VO2 at 
VAT variability increases depending on CPET protocol, patient, or rater 
factors. Studies often used CPETs from mixed modalities (cycle ergom-
eter and treadmill) as predicted values for oxygen consumption take the 
modalities into account. For the VO2 at VAT, however, it is not known 
whether the variability in reporting would be different between cycle 
ergometer and treadmill testing. In our data, the median inter-rater 
differences were similar for treadmill (2.8 % predicted) and for cycle 
ergometer (2.5 % predicted), and the histograms of each modality 
overlap substantially, as demonstrated in Fig. 2. This provides some 
reassurance in the reliability of using the change in VO2 at VAT in 
studies with mixed modalities.

When examining characteristics of the raters, the cardiologists had 
less variability than the exercise physiologists, with a median difference 
of 0.9 percent VO2 at VAT for cardiologists and 3.1 percent VO2 at VAT 
for exercise physiologists. Interestingly, greater experience in reading 
CPETs did not factor into the observed variability in the VO2 at VAT 
determination.

The VO2 at VAT variability by patient factors was also analyzed and 
showed that the variability of the VO2 at VAT was generally greater for 
the patients with simple disease and normal-range peak VO2. This could 
potentially be due to higher overall peak VO2 measurement in more fit 
individuals, which means potentially greater variability in determining 
the VAT. Our findings are reinforced in that our peak VO2 and diagnosis- 
based subgroup results are similar; it seems that greater variability oc-
curs in healthier patients as compared to less well patients, possibly due 
to the greater range of data points for patients achieving a higher peak 
VO2. The peak VO2 subgroups are represented in Appendix 2 to provide 
a peak VO2-specific distribution which can be used to contextualize an 
individual’s VO2 at VAT within the distribution of inter-rater variability.

The distribution of values listed in Table 2 and found on the histo-
grams in Fig. 1 can be utilized as references to evaluate whether a re-
ported change in VO2 at VAT from a treatment or intervention in a 
clinical research study lies close to the median of expected variation 
(50th percentile) or if that change lies beyond the expected distribution 
of values. For instance, a study from 2005 reported a mean improvement 
in VO2 at VAT of 4 mL/kg/min or 10.8 % predicted after cardiac reha-
bilitation in pediatric patients with congenital heart disease ([12]). 
When compared to our reference ranges, these were greater than the 
85th percentile of VO2 at VAT measurement differences in our study, 

supporting this reported change as likely due to the treatment rather 
than potentially related to variation in the VO2 at VAT measurement. 
The same group showed that improvements were sustained over time; 
the VO2 at VAT had increased a mean of 3.6 mL/kg/min, or 7.2 % 
predicted ([24]), which are at the 85th percentile and between the 75th 
and 80th percentiles, respectively, on the VO2 at VAT difference distri-
bution histogram. In a study evaluating the effect of an exercise pre-
scription on adolescent Fontan patients ([10]), there was a statistically 
significant improvement in their VO2 at VAT from 18 ± 3.5 to 20 ± 4.8 
mL/kg/min. However, an increase of 2 mL/kg/min falls between the 
65th and 70th percentile on the distribution. In this case, the change in 
the VO2 at VAT may be related to the variability of the metric and not the 
intervention itself.

Changes in the VO2 at VAT have also been reported in response to 
medications. The FUEL Trial reported a statistically significant 
improvement in the VO2 at VAT in Fontan patients treated with Udenafil 
of 33 mL/min in the treatment group ([8]). An increase of 33 mL/min in 
the VO2 at VAT falls within the median range of our data (see Table 2) 
and thus may not reflect clinical change. In the follow up Fontan patient 
study, serial exercise testing demonstrated a decline in percent predicted 
VO2 at VAT of 0.8 ± 2.6 % which, while statistically significant, is again 
within expected variation ([7]). Certainly, an increase in response to 
treatment or decrease over time in VO2 at VAT should not be discounted, 
but may require additional evaluation for variability of VAT values pre- 
and post-assessment to establish typical ranges.

Individual pediatric CPET laboratories may have differences in 
reporting procedures ([25]), including how the VAT is reported. Vari-
ability of the measurement may differ substantially across labs. Quality 
improvement and educational initiatives can improve the variability, as 
demonstrated by Prusi et al. ([26]). In their initiative, baseline interrater 
reliability between exercise physiologists and the interpreting cardiol-
ogist was 20 %, indicating that 80 % of tests required correction of the 
AT by the interpreting cardiologist. After an educational intervention, 
reliability improved to >80 %. Prusi et al. noted that incorrect auto-
mated AT determination by the vendor platform was likely a contributor 
to the low baseline reliability. In our study, there was substantial dif-
ference between the computer-generated VO2 at VAT and that deter-
mined by the exercise physiologists and cardiologists. The computer 
software generally reported the VO2 at VAT as lower than the manually 
chosen VO2 at VAT. Accepting the computer-generated VO2 at VAT 
without critical evaluation of the data by an expert may result in inac-
curacies and contribute to greater variability.

There are several limitations to this study. While an analysis of 
variability of the anaerobic threshold for 10 raters and 60 CPETs at a 
single institution is greater than most VAT variability studies, these 
findings may not be generalizable to other institutions. There is signif-
icant variability across pediatric CPET labs nationally related to quality 
control, workflow, physician presence, reporting practices, and software 
([25]). Certainly, other institutions may have less or greater variability 
in their VAT determination depending in the fidelity of the data and 
methods used. Second, the tests used for intra-rater correlations were 
skewed toward patients with normal-range peak VO2, although the 
intra-rater results were less relevant to the main study question. Finally, 
the study design introduces the possibility of the Hawthorne effect; 
raters may unwittingly modify their practice and thus the true clinical 
VAT variability at our institution may differ from the results of this 
study.

These results demonstrate that, despite good inter- and intra-rater 
agreement, there is a broad distribution in differences in reporting of 
the VO2 at VAT. While prior studies have demonstrated that there is 
variability of the measurement, they generally conclude that the vari-
ability is acceptable based on correlative statistics. This does not provide 
clarity on whether a specified magnitude of change VO2 at VAT is 
clinically relevant, however. The data presented in the present study 
provides useful context for interpretation of the measurement within the 
expected range of differences between raters. Future studies evaluating 
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the VO2 at VAT as an outcome metric should consider the variability of 
the VAT determination when evaluating the clinical meaningfulness of 
their findings. Quality improvement and educational initiatives within 
pediatric CPET laboratories may improve variability across raters.
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Exercise prescription enhances maximal oxygen uptake and anaerobic threshold in 
young single ventricle patients with Fontan circulation. Pediatr Cardiol 2022;43 
(5):969–76.

[11] Lin KL, Liou IH, Chen GB, Sun SF, Weng KP, Li CH, et al. Serial exercise testing and 
echocardiography findings of patients with kawasaki disease. Front Pediatr 2022; 
10:847343.

[12] Rhodes J, Curran TJ, Camil L, Rabideau N, Fulton DR, Gauthier NS, et al. Impact of 
cardiac rehabilitation on the exercise function of children with serious congenital 
heart disease. Pediatrics 2005;116(6):1339–45. https://doi.org/10.1542/ 
peds.2004-2697.
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