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BACKGROUND: Peak oxygen consumption (peak V̇O
2
) is routinely measured in people who have congenital heart disease and 

is reported as a percentage of predicted value, based upon age- and sex-matched normative reference values (NRVs). This 
study aimed to identify which NRVs are being used, assess whether NRVs are being applied appropriately, and evaluate if 
recommended NRVs are valid when applied to people with congenital heart disease.

METHODS AND RESULTS: A systematic scoping review identified studies that reported peak V̇O
2
 percentage of predicted value 

in people with congenital heart disease. A modified risk of bias tool evaluated the included studies. Forty-five studies reported 
peak V̇O

2
 percentage of predicted value, and only 21 (47%) studies described or provided a reference on how their percent-

age of predicted value was calculated. The most cited NRVs were from Wasserman (n=12) and Cooper and Weiler-Ravell 
(n=7). Risk of bias analysis judged 63% of studies as having some concerns. The NRVs recommended by the American Heart 
Association were applied to participants with a Fontan circulation (n=70; aged 26.5±6.4 years; 59% women) to examine valid-
ity. Predicted peak V̇O

2
 values from the Wasserman NRV was not significantly associated to measured peak V̇O

2
 values (men: 

b=0.31, R2≤0.01; women: b=0.07, R2=0.02).

CONCLUSIONS: Numerous NRVs have been applied to individuals with congenital heart disease and are often poorly reported 
and inappropriately matched to participants. The Wasserman NRV was the most cited but showed poor validity when applied 
to a Fontan cohort.
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Peak oxygen consumption (peak V̇O2) measured 
using gold-standard cardiopulmonary exercise 
testing (CPET) is an objective measure of cardio-

respiratory fitness,1 and is commonly lower in people 
with congenital heart disease (ConHD).2 Peak V̇O2 is a 
key parameter used in the management of people with 
ConHD, because it has been shown to be predictive 

of future major adverse cardiovascular events, inde-
pendent of traditional risk factors.3 Peak V̇O2 is directly 
measured in liters per minute (L/min−1), although is typ-
ically expressed per kilogram of body mass (mL/kg−1 
per min−1), in an attempt to create a size-independent 
expression.4 However, expressing peak V̇O2 in ratio to 
body mass often fails to appropriately normalize for 
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body size and composition due to known statistical 
artifacts, which unfairly penalize heavier individuals.4–7 
Therefore, for ease of interpretation by clinicians and 
patients alike, peak V̇O2 (L/min−1 or mL/kg−1 per min−1) 
can also be expressed as a percentage of predicted 
(%Pred) value, accounting for an individual’s age, sex, 
and body size by comparing their measured peak V̇O2 
to published normative reference values (NRVs).

Systematic reviews have identified ≈60 NRVs that 
have been derived from healthy populations, 29 of 
which were published between 2014 and 2019.8,9 
Published NRVs have been reported as having ques-
tionable methodological rigor and predictive per-
formance.8,9 Specific issues include a lack of quality 
assurance (ie, equipment and procedures), statistical 
power, and validation.9 The rapid growth of available 
NRVs has increased the uncertainty on which one to 
choose for a given participant or patient population.

There are joint scientific statements from the 
American Thoracic Society and the American College of 
Chest Physicians,10 and from the European Association 
for Cardiovascular Prevention and Rehabilitation and 
the American Heart Association (AHA),11,12 which rec-
ommend the NRV produced by Wasserman et  al,13 

despite no data to validate its use in people with 
ConHD. Moreover, no single NRV is consistently rec-
ommended by other medical societies or training orga-
nizations, even within specific medical disciplines. For 
example, the Association for Respiratory Technology 
and Physiology14 and the European Respiratory 
Society,15,16 both of which are leading respiratory med-
icine organizations, recommend a range of alternative 
NRVs17–19 and provide little to no evidence-based justi-
fication for their recommendation.

A recent case report has highlighted the impact of 
poor standardization in the application of NRVs to clin-
ical populations, which has been detrimental to clinical 
decision making and patient outcomes.20 Furthermore, 
the risk of applying inappropriately matched or poorly 
performing NRVs to clinical populations may further 
result in poor peak V̇O2 predictions, confounding peak 
V̇O2 expressed as %Pred. Additionally, in research, the 
use of different NRVs to interpret the same raw partici-
pant data has been shown to produce different conclu-
sions (ie, some NRVs show significant improvements in 
fitness, whereas others show no improvement), which 
may produce misinterpretations of data and invalid 
conclusions.21

Practitioners should be cautious and select NRVs 
that are appropriate for their cohort’s demographics 
(ie, age, sex, body size, ethnicity) and related to the 
specific chosen exercise modality (ie, running, cycling). 
For example, the application of an NRV derived from a 
treadmill exercise test should not be used to interpret 
data collected from a cycle-based exercise test, and 
vice versa, due to the known difference in the peak 
V̇O2 between modalities.22 Similarly, it would be inap-
propriate to apply an NRV derived from adult popula-
tions to pediatric populations, because absolute V̇O2 
(L/min−1) is closely related to body size.6 Finally, some 
NRVs produce considerable error and thus may have 
limited practical or clinical usefulness in apparently 
healthy individuals.23,24

The error in the prediction at an individual level from 
an NRV is especially important to consider for clinical 
groups including those with complex ConHD, where 
a routine CPET is recommended in their long-term 
follow-up and aids clinical decision making.25 An in-
accurate prediction can potentially influence clinical 
decision making and alter patient health outcomes. 
However, the extent to which NRVs are used in ConHD 
is unknown, as is the prospective error associated with 
using NRVs for interpreting peak V̇O2 in this group.

Therefore, the overall aim of this study was to as-
sess the application of NRVs to people with ConHD. 
Specifically, this study sought to (1) identify which NRVs 
are being applied to individuals with ConHD; (2) as-
sess whether NRVs are being appropriately matched 
for age, sex, ethnicity, and exercise modality in study 
populations; and (3) evaluate, for the first time, NRVs 

CLINICAL PERSPECTIVE

What Is New?
•	 Peak oxygen consumption is commonly re-

ported as a percentage of predicted value 
based on a normative reference value.

•	 The Wasserman normative reference value was 
not valid when applied to people with complex 
congenital heart disease.

What Are the Clinical Implications?
•	 Interpret percentage of predicted values with 

caution; if using normative reference values in 
clinical practice, ensure they are matched to 
the patient’s age, sex, ethnicity, and exercise 
modality.

Nonstandard Abbreviations and Acronyms

%Pred	 percentage of predicted
AHA	 American Heart Association
ConHD	 congenital heart disease
CPET	 cardiopulmonary exercise testing
NRV	 normative reference value
Peak V̇O2	 peak oxygen consumption
RoB	 risk of bias
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recommended by the AHA to people who have com-
plex ConHD.

METHODS
Study Design
To address aims 1 and 2, a rapid scoping review (re-
ported in accordance with the Preferred Reporting 
Items for Systematic reviews and Meta-analyses  guide-
lines; Table S1) was performed to identify NRVs used 
within the ConHD literature and to assess if they are 
applied appropriately using a novel risk of bias (RoB) 
approach. For aim 3, the validity of the Wasserman 
NRV13 (as recommended by the European Association 
for Cardiovascular Prevention and Rehabilitation/AHA 
statement11) was assessed by applying the NRVs to 
adults who have a Fontan circulation (n=70). For this, 
participant data were used from the Australian and 
New Zealand Fontan Registry.26–28 Ethics approval for 
the data collection was granted by the relevant ethics 
review committee at each participating center where 
subjects gave informed consent, and the Australian 
and New Zealand Fontan Registry Steering Committee 
approved data transfer agreements in 2022. The data 
that support the findings of this study are available 
from Dr Cordina upon reasonable scientific request.

Scoping Review (Aims 1 and 2)
Studies that performed a CPET with the aim of pre-
dicting clinically important outcomes (eg, death, trans-
plantation, clinical worsening) in a population of people 
who have structural ConHD were included. Studies 
with the aim of predicting clinical events were included 
because they were likely to report outcomes impor-
tant to patients that may suggest changes in patient 
management based on peak V̇O2 for risk stratifica-
tion and to narrow down the potential pool of studies. 
Studies were included regardless of center location, 
publication year, candidate prognostic factor, exercise 
modality, and exercise protocol. However, studies that 
performed a CPET without pulmonary gas analysis or 
did not report peak V̇O2 as a %Pred were excluded.

The search strategy was adopted from a previously 
published systematic review on the prognostic role of 
CPET in people with ConHD (Data  S1).3 The follow-
ing electronic databases were originally searched on 
April 30, 2020, and for the purpose of this rapid re-
view, an updated search was undertaken on April 24, 
2023: Allied and Complementary Medicine Database 
(EBSCO), CINAHL Complete (EBSCO), SPORTDiscus 
(EBSCO), Medline (Ovid), Embase (Ovid), Web of 
Science (Thomson Reuters), and Cochrane Central 
Register of Controlled Trials. The search terms in-
cluded prognosis (mortality, morbidity, event-free 
survival) with ConHD (Fontan, tetralogy of Fallot), and 

CPET parameters (peak V̇O2, exercise test) (Data S1). 
The first author performed the initial title and abstract 
and full-text screening for both the original and up-
dated search, and subsequently extracted study-level 
(eg, study location, CPET protocols) and participant-
level data (eg, age, sex, ethnicity), using piloted forms 
and then synthesized study data.

Risk of Bias Assessment
The RoB analysis was performed only on those studies 
that cited an NRV equation, using a modified RoB tool 
that has been used previously.29 The RoB assessment 
was performed by the first author and ascertained 
whether the NRV selected by a study was appropri-
ate for that study’s population (age, sex, ethnicity) and 
exercise modality.

To achieve a low RoB, studies had to achieve an 
exact match (eg, study participants were exercised on 
a cycle ergometer, and the NRV was derived from a 
population tested using cycle ergometry); some con-
cerns were if either the study or the NRV did not report 
sufficient information or only matched for 1 aspect (eg, 
the study has both cycle ergometry and treadmill er-
gometry and only used a cycle ergometry-based NRV) 
and a high RoB if the study cohort did not explicitly 
match the NRV (eg, the study performed cycle ergom-
etry and used an NRV based from treadmill ergom-
etry). The highest RoB score across the 4 domains 
was retained as that study’s overall RoB (eg, the study 
was judged as a high RoB in the domain of modality, 
and thus the study was judged as having a high RoB 
overall).

A randomized subsample (via internet random num-
ber generator) of 10% of included publications were 
independently extracted and had an RoB assessed by 
a second author (O.W.T.). There were no discrepancies 
between these 2 authors for this 10% subsample (ie, 
100% agreement).

Validation (Aim 3)
Validation of NRV recommended by the AHA was 
performed in a cohort of adult Fontan patients (aged 
≥18 years), whose data were extracted from the 
Australian and New Zealand Fontan Registry.26–28 All 
patients, in contributing data to this registry, performed 
a CPET on an electronically braked cycle ergometer 
using a ramp-incremental protocol.26 The protocol was 
individualized with the aim of the participant reaching 
volitional exhaustion in approximately 8 to 12 minutes. 
This protocol has been demonstrated to have excel-
lent test–retest reliability for the outcome of peak V̇O2 
(intraclass correlation coefficient=0.95 [95% CI, 0.94–
0.97]) in participants with cardiac and respiratory dis-
ease.30 Participant’s dyspnea and ratings of perceived 
exertion were recorded using a modified Borg scale. 
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The peak V̇O2 was measured breath by breath and ex-
ported in 20 seconds, and peak V̇O2 was defined as 
the highest 20-second average.26,31

The Wasserman NRV13 (Table) were selected for val-
idation due to its inclusion within the current guidelines, 
being recommended by both the European Association 
for Cardiovascular Prevention and Rehabilitation and 
AHA.11,12 The NRV was applied to 70 adult Fontan 
participants (aged 26.5±6.4 years; 59% women; body 
mass, 68.9±14.6 kg; body mass index, 24.7±4.8 kg/m2; 
aortopulmonary n=12; lateral tunnel n=23; extracardiac 
conduit n=35).

The predicted peak V̇O2 (mL/min−1) was calculated 
by using the full process documented in the Table, for 
subsequent comparison against measured peak V̇O2 . 
At first, the participant’s measured body weight was 
compared with their predicted body weight, and then 
predicted peak V̇O2 was calculated depending on their 
weight status (ie, underweight, at weight±1 kg, or over-
weight; Table). As a sensitivity analysis, predicted peak 
V̇O2 was also calculated using the participants mea-
sured mass, assuming their body weight status was 
normal. This was to assess the influence of correcting 
for the participants predicted body weight in this my-
openic population.26,32

Statistical Analysis
Data are presented as mean±SD or as a count and 
proportion (percent). The validity of applying the 
Wasserman NRV to the Fontan cohort were assessed 
by plotting the relationship between the predicted and 
the measured peak V̇O2 values using a line of iden-
tity plot and performing linear regression analyses. 
Regression analyses reported the intercept, slope, 
and the coefficient of determination for measured and 
predicted peak V̇O2, for men and women, respectively. 
Microsoft Excel (version 2208; Microsoft, Redmond, 
WA), IBM SPSS Statistics (version 28.0; IBM, Armonk, 
NY), and GraphPad (version 9; GraphPad Software, 

San Diego, CA) were used for all analyses, and the α 
level was 0.05.33

RESULTS
Aims 1 and 2: Scoping Review
Study Selection and Characteristics of Included 
Studies

One hundred twenty articles were assessed for full-
text inclusion, and 45 (38%) were included in this rapid 
scoping review (Figure 1, Table S2). These 45 studies 
encompass 15 806 participants, ≈43% were women, 
and the median age was 27.6 years (range, 9–49 years). 
The studies were published between 2009 and 2023 
and included both pediatric and adult ConHD popu-
lations. The research originated from Europe (44%), 
North America (38%), Asia (11%), multicenter/continent 
collaboration (4%), and Australia (2%).

Cardiopulmonary Exercise Tests

Of the 45 studies, 17 (38%) were performed on a tread-
mill, 14 (31%) were performed on a cycle ergometer, 
10 (22%) combined cycle ergometry and treadmill er-
gometry data, and 4 (9%) did not report the exercise 
modality. The 3 most reported exercise protocols were 
the ramp protocol (n=16, 33%), the Naughton protocol 
(n=3, 6%) for cycle ergometry, and the Bruce/modified 
Bruce protocol for treadmill ergometry (n=13, 27%). A 
large proportion of studies did not report the protocol 
(n=9, 18%) or were not explicit (n=8, 16%), for example 
stating symptom-limited protocol.

The criteria for verifying a maximal test were incon-
sistent. Twenty-three (51%) studies did not report if 
they confirmed a maximal test, 13 (29%) studies used 
a range of respiratory exchange ratio cut points (ie, 
>1.00, >1.05, >1.10, and >1.15), 6 (13%) studies used 
a combination of respiratory exchange ratio cut points 
and 1 other criteria (ie, percent of predicted peak heart 

Table.  Process to Calculate Predicted Peak V̇O2 (mL/min−1)13

Equation Men Women

Predicted mass = 0.79×height−60.7 0.65×height−42.8

Cycle factor = 50.72–0.372×age 22.78–0.17×age

If measured mass = predicted 
mass (±1 kg):

Peak V̇O2
=measured mass×cycle factor Peak V̇O2

=(measured mass+43)×cycle factor

If measured mass < predicted 
mass:

Peak V̇O2
=[(predicted mass+measured mass)/2] 

×cycle factor
Peak V̇O2=[(predicted mass+measured mass+86)/2] 
×cycle factor

If measured mass > predicted 
mass:

Peak V̇O2
=(predicted mass×cycle factor)+6×(measured 

mass−predicted mass)
Peak V̇O2=[(predicted mass+43) ×cycle 
factor]+6×(measured mass−predicted mass)

Using measured mass only* Peak V̇O2=measured mass×cycle factor Peak V̇O2=(measured mass+43) ×cycle factor

Peak V̇O2 indicates peak oxygen consumption.
*Sensitivity analysis.
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rate or ratings of perceived exertion), and 2 studies 
(7%) terminated the CPET once a participant reached 
a specific respiratory exchange ratio cutoff or a rating 
of perceived exertion ≥7 (scale 1–10).

Percentage of Predicted Equations

Of the 45 studies, 21 (47%) described how their %Pred 
value was calculated, either by providing the equation 
or a reference. Thus, 53% of studies did not report 
the NRVs used. There were 12 different NRVs applied 
across the 21 studies (Table S3). The top 3 most used 

NRVs were produced by Wasserman,13 Cooper and 
Weiler-Ravell,34 and Jones,35 with 12, 7, and 4 citations, 
respectively.

Some studies used >1 NRV, meaning there were 30 
occasions across 21 studies where NRVs had been 
applied to ConHD populations (ie, use of both a pe-
diatric NRV and an adult NRV in a combined adult–
pediatric study). The RoB analysis revealed 7 (23%) 
instances where the application of NRVs to study 
populations were judged to have a low RoB, 19 (63%) 
instances where there were some concerns, and 4 
(13%), instances where it was judged to have a high 

Figure 1.  Study selection flow diagram. 
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RoB (Figure  2). Most studies were judged as having 
some concerns due to partial matching of the study 
population and modality to that of the NRVs. An addi-
tional contribution to the high proportion of studies that 
achieved some concerns was that some NRVs do not 
describe the population or the modality that the NRV 
was derived from. The RoB results for each individual 
study are illustrated in Figure S1.

NRVs Applied to Fontan Populations
Twenty-seven studies included people with a Fontan 
circulation and expressed peak V̇O2 as a %Pred, of 
which 9 (33%) studies did not report which NRVs they 
used. Of the studies that did report the NRV (n=18; 
66%), there were 26 citations of NRVs. There were 
10 (38%) citations of Wasserman (adult),13 5 (19%) 

citations of Cooper and Weiler-Ravell (pediatric),34 4 
citations of Jones (adolescent–adult; 1997, n=2; 1989, 
n=2; 15%),36,37 and 7 citations of other individual NRVs 
cited once each.38–44

Aim 3: Validation
The Wasserman NRV was applied to 70 adults with a 
Fontan circulation. The NRV was partially matched for 
age and fully matched for sex and modality. Directly 
measured absolute peak V̇O2 in the Fontan partici-
pants was 1547±527 mL/min−1 (Table S4), which cor-
responded to 47.6±14.9 %Pred (3290±609 mL/min−1). 
Measured and predicted peak V̇O2 were not sig-
nificantly associated for men (n=29; b=0.31; R2<0.01; 
P=0.75) or women (n=41; b=0.07; R2=0.02; P=0.39) 
(Figure 3). Individual and group level agreement between 

Figure 2.  RoB across domains of age, sex, ethnicity, modality, and overall RoB.
RoB was calculated for studies that explicitly state the NRV used and is presented as a percentage. 
Color scheme: red=inappropriate matching/high RoB; yellow=partial or unclear matching/moderate RoB; 
Green=appropriate matching/low RoB. NRV indicates normative reference value; and RoB, risk of bias.

Figure 3.  Validation of Wasserman and Hansen NRVs against measured peak V̇O2 in participants 
with a Fontan circulation.
Solid lines in (A) and (B) are the lines of identity. A, Predicted peak V̇O2 was calculated using all proposed 
steps (Table). B, Predicted peak V̇O2 was calculated using measured mass. F indicates female; M, male; 
NRV, normative reference value; and peak V̇O2, peak oxygen consumption.
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measured and predicted peak V̇O2 are reported in 
Data S2, Figure S2, and Table S5.

Sensitivity Analysis
A sensitivity analysis using participants measured 
mass was performed. Participants peak V̇O2 was 
64.4±15.5 %Pred (2428±735 mL/min−1). This is an in-
crease of 16.7±14.9% Pred, and by 9.2±12.3 %Pred and 
22.1±14.4 %Pred for men and women, respectively, 
compared with the full method (Table). The sensitivity 
analysis reported no significant association between 
measured and predicted peak V̇O2 for men, but there 
was a significantly positive association for women 
(n=41; b=0.16; R2=0.21; P<0.01) (Figure 3).

DISCUSSION
The current research reports for the first time that a 
range of NRVs (n=12) are used across the prognostic 
ConHD literature, although the most cited NRVs were 
from Wasserman13 and Cooper and Weiler-Ravell,34 
being cited 12 and 7 times each for adult and pediat-
ric populations, respectively. However, most concern-
ingly, 53% of studies in the ConHD literature did not 
state the NRVs they used to normalize peak V̇O2 as a 
%Pred. This insufficient reporting limits the reader’s abil-
ity to interpret results with confidence or replicate study 
findings. It was also found that NRVs are often applied 
inappropriately, due to either no or partial matching 
between the NRV derivation cohort and study partici-
pants and protocols. The acceptance and uncritical 
use of potentially inappropriate NRVs (ie, NRVs that do 
not match study participants or protocols) may result 
in inaccurate predictions that negatively influence clini-
cal decision making. Finally, when the recommended 
Wasserman NRV was applied to a cohort of Fontan 
participants, the NRVs showed poor validity due to a 
lack of association between measured and predicted 
values. These data seriously question current clinical 
practice due to poor reporting, the uncritical use of 
NRVs, and the lack of concordance between recom-
mended NRVs and clinical populations.

Aims 1 and 2: Scoping Review and Risk of 
Bias
The Wasserman NRV was the most cited adult equa-
tion, likely due to its recommendations by several sci-
entific organizations including the AHA.11,12 Performing 
backward citation searches reveals this particular NRV 
was itself amalgamated from the work of Bruce et al in 
197345 and Hansen et al in 1984,46 and is not a novel 
NRV itself. Moreover, Bruce et al’s NRV was treadmill 
based in a mixed sex cohort (n=295; 48.6±11.1 years), 
whereas Hansen et  al’s NRV was cycle ergometry 

based in men only (n=77; 54.3±9.2 years). There were 
no data on women undergoing cycle ergometry in 
these equations, yet they are purported to be used in 
both sexes regardless of exercise modality. Therefore, 
it could be argued that using this NRV for women 
may lead to misleading results and therefore consti-
tutes substandard clinical practice. Furthermore, no 
standard error statistics for this NRV can be identified, 
either from the original work or from textbooks recom-
mending its use,13,45–47 meaning readers are unable to 
confidently evaluate this NRV’s performance. Previous 
systematic reviews have identified poor reporting of 
statistical procedures and performance (ie assumption 
checking, calibration, validation) across the NRV litera-
ture,8,9 and this current scoping review reinforces this 
paucity of statistically robust data.

The second most cited NRV was produced by 
Cooper and Weiler-Ravell,34 having been cited 7 times. 
This NRV was derived in 1984 from a pediatric cohort 
of 109 children (≈47% girls), aged 12±3 years (range, 
6–17 years), performing cycle ergometry. The NRV pre-
dicts peak V̇O2 in mL/min−1 from stature and sex, the 
standard error of the estimate of the boy’s equation is 
~0.4 L/min−1 and ≈0.3 for girls. Therefore, if a boy has 
a stature of 160 cm, he would be predicted to have a 
peak V̇O2 of 2.4 L/min−1 with a 95% CI of 1.7 to 3.2 L/
min−1, a prediction interval of 1.5 L/min−1 (≈62% error), 
which is an inappropriate level of error. The median 
year of publication for studies that cited the Cooper 
and Weiler-Ravell NRV was 2016 (range, 2013–2018), 
and it is unclear why this NRV is commonly used in 
the recent literature. There are NRVs that have been 
developed more recently, with larger sample sizes and 
smaller standard error,9,48 and therefore clinicians and 
researchers should be encouraged to use NRVs that 
are methodologically and statistically robust and justify 
their adopted approach.

Interestingly, a recent multicenter and multiconti-
nent collaboration (France, Germany, and the United 
States) produced a rigorously derived NRV from 909 
healthy children and adolescents (including under-
weight and obese participants), which has been re-
ported to be statistically superior to the Cooper and 
Weiler-Ravell NRV.49 Furthermore, when applied to 
young people with ConHD, the new (Z score based) 
NRV was able to discriminate individuals with ConHD 
versus healthy controls significantly better compared 
with the Cooper and Weiler-Ravell height- and weight-
based NRV.50 The methodological robustness and 
statistical reliability and validity of this new NRV is en-
couraging,50 and its use should certainly be consid-
ered in future studies.

Studies included in the current review were often 
unable to apply NRVs appropriately. For example, the 
RoB analysis reported instances where study authors 
were applying NRVs derived from cycle ergometry to 
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treadmill data, adult NRVs to pediatric data, and NRVs 
derived from White to Asian populations, all of which 
will likely result in erroneous predictions potentially 
influencing patient care. Moreover, dated NRVs with 
poorly reported methods are being applied to clini-
cal populations for which they were not intended to 
be used in. The current authors are not criticizing the 
original NRVs per se, nor are they discrediting the find-
ings made by those studies that have used potentially 
inappropriate NRVs, but there is clearly an issue in the 
literature with the misapplication of NRVs.

There have been serious concerns raised by clini-
cians over the application of such NRVs to current-day 
clinical cases,20 where different NRVs lead to differ-
ences in patient management. From a ConHD disease 
perspective (a perspective likely shared by other pe-
diatric chronic diseases), pediatric patients are transi-
tioned into adult cardiology services, and often NRVs 
are developed in distinct pediatric,34,48,49 adolescent to 
adult,19 and adult13,45,46 cohorts. Therefore, 1 NRV is 
rarely used to monitor the changes in fitness over time, 
which reduces the confidence in whether any change 
to the %Pred value is due to a change in NRV (due to 
transitioning into adult care) or a true decline in fitness. 
Thus, a potential research gap is to produce NRVs 
that cover the lifespan, akin to the global lung function 
equations for spirometry.51

Aim 3: Validation
The current study sought to apply the commonly rec-
ommended and cited Wasserman NRV13 to an ap-
propriately matched (ie, age, sex, exercise modality) 
cohort of adult Fontan patients. There are several it-
erations of this NRV, and the most recommended10,12 
and most cited version was chosen (Table). The ap-
plication of the Wasserman NRV to patients with a 
Fontan circulation appears invalid, because predicted 
and measured peak V̇O2 were not significantly asso-
ciated for men or women (Figure 3). The β coefficients 
reported were ≈0.3 for men and ≈0.1 for women, 
meaning for every milliliter increase in predicted peak 
V̇O2, measured peak V̇O2 failed to increase at the 
same rate. Thus, the error in the prediction increases 
as the predicted peak V̇O2 increases. A sensitivity 
analysis using measured weight did not improve the 
NRV’s performance for men but did for women; how-
ever, further validation is required in larger and more 
diverse samples.

These data are concerning and potentially dan-
gerous, because an erroneous peak V̇O2 value from 
a prediction equation can influence patient manage-
ment and clinical decisions. Recently, the European 
Respiratory Society (TF-2021–09) has set up a task 
force52 to create a global NRV for peak V̇O2, which 
once published should improve the reporting and 

application of NRVs to clinical populations. This project 
will likely have several challenges (eg, standardization 
of exercise protocols, geographical limitations, data 
sharing) that may delay such endeavors. Therefore, 
in the interim, there are several options to improve 
current practices: (1) A plethora of NRVs based from 
healthy populations are available,8,9,49 and at a mini-
mum, practitioners should select NRVs that match pa-
tient demographics (ie, age, sex), exercise modalities, 
and have a small error of the estimate. (2) Practitioners/
researchers should externally validate existing NRVs 
to check their suitability for their patient cohorts.50 (3) 
Disease-specific NRVs should be developed through 
collaboration; however, with the clinical heterogeneity 
of ConHD and relatively small numbers, these will be 
challenging to produce. (4) Where possible, longitudi-
nally test individuals and use them as their own control. 
(5) If possible, cease the use of NRVs and report peak 
V̇O2 scaled to body mass or preferably fat-free mass.5,7 
(6) Meticulously report interpretation practices. To aid 
future reporting practices, the authors of the current 
study have produced a checklist (Table S6), which is 
anticipated to improve the transparency and reproduc-
ibility of future CPET research.

Study Considerations
There are several strengths to the current research, in-
cluding simultaneously combining a rapid systematic 
scoping review to identify current research practice 
in congenital cardiology, and then assesses current 
practice using a large cohort of people who have com-
plex ConHD (Fontan circulation). A further strength of 
this research is that it uses data from the Australian 
and New Zealand Fontan Registry, which has a large 
volume of Fontan exercise data that has been robustly 
collected. However, it is also acknowledged that this 
review was focused on articles that use fitness data 
to predict outcomes in ConHD; thus, a limitation will 
mean not every research article that measured peak 
V̇O2 in people with ConHD would have been included 
within the analyses. Another consideration is the find-
ing of this study on the applicability of the Wasserman 
NRV to people with a Fontan circulation may not apply 
to other subsets of ConHD. Furthermore, although 
the Wasserman NRV may not be valid for predicting 
peak V̇O2 in complex ConHD, it does have prognos-
tic usefulness in people with heart failure or a Fontan 
circulation.53,54

CONCLUSIONS
Fifty-three percent of studies that report peak V̇O2 
%Pred fail to cite the NRV that the authors used in the 
ConHD prognosis literature. There are concerns over 
the applicability of poorly reported and developed 
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NRVs being applied in clinical practice. Furthermore, 
applying the recommended and most-cited NRV to 
people with a Fontan circulation resulted in poor valid-
ity, which when used clinically could potentially impact 
clinical decision making. Thus, the use of NRVs should 
either be ceased, or if used, meticulously selected and 
reported.

Recommendations for Practice and 
Research
•	 If using NRVs in a clinical or research setting, explic-

itly report the NRV used and ensure it is matched 
to participants demographics and exercise modality. 
Furthermore, ensure NRVs used have been rigor-
ously and robustly developed and validated.

•	 If no such NRVs are available, then do not use %pred 
and retain the use of traditional expressions of peak 
V̇O2 (ie, mL/min−1, mL/kg−1 per min−1)

•	 As recommended by the European Society of 
Cardiology, people with a Fontan circulation should 
have their cardiorespiratory fitness monitored lon-
gitudinally, preferably using peak V̇O2 expressed in 
absolute terms and relative to fat-free mass.5,25

•	 Future research should aim to validate robustly de-
veloped NRVs in clinical populations and develop 
disease-specific NRVs.

•	 A checklist has been provided to aid the reporting of 
NRVs in CPET testing.
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