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a  b  s  t  r  a  c  t

Objectives:  This  systematic  review  aimed  to (i)  report  the  accuracy  of  submaximal  exercise-based  predic-
tive equations  that  incorporate  oxygen  uptake  (measured  via  open  circuit  spirometry)  to  predict  maximal
oxygen  uptake  (V̇O2  max)  and  (ii) provide  a  critical  reflection  of the  data  to inform  health  professionals
and researchers  when  selecting  a  prediction  equation.
Design:  Systematic  review.
Methods:  A  systematic  search  of  MEDLINE,  EMBASE  (via  OvidSP),  CINAHL,  SPORTDiscusTM (via  EBSCO
Host)  and Scopus  databases  was  undertaken  in  February  2013.  Studies  were  required  to  report  data
on healthy  participants  aged  18–65  y. Following  tabulation  of extracted  data,  a narrative  synthesis  was
conducted.
Results:  From  a  total of  7597  articles  screened,  19  studies  were  included,  from  which  a total  of  43  pre-
diction  equations  were  extracted.  No significant  difference  was reported  between  the  measured  and
predicted V̇O2  max in  28  equations.  Pearson’s  correlation  coefficient  between  the  predicted  and  measured
V̇O2 max ranged  from  r  =  0.92  to r =  0.57.  The  variables  most  commonly  used  in  predictive  equations  were
heart  rate  (n  =  19)  and  rating  of perceived  exertion  (n =  24).
Conclusions:  Overall,  submaximal  exercise-based  equations  using  open  circuit  spirometry  to  predict
V̇O2 max are  moderately  to highly  accurate.  The  heart  rate  and  rating  of perceived  exertion  methods  of
predicting V̇O2 max were  of similar  accuracy.  Important  factors  to  consider  when  selecting  a predictive
equation  include:  the level  of  exertion  required;  participant  medical  conditions  or  medications;  the  vali-
dation  population;  mode  of  ergometry;  time  and  resources  available  for familiarisation  trials;  and  the
level  of  bias  of  the  study  from  which  equations  are  derived.

© 2014  Sports  Medicine  Australia.  Published  by Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Maximal oxygen uptake (V̇O2 max), defined as the highest rate at
which the body can transport and utilise oxygen during exercise,1

is widely accepted as a criterion measure of cardiorespiratory
fitness.2 However, direct assessment of the V̇O2 max requires exer-
cise to volitional exhaustion, which is not advisable for individuals
who may  be limited by pain, fatigue, abnormal gait or impaired
balance.3 Maximal effort tests also significantly increase the like-
lihood of adverse cardiac events in elderly and cardiac patients.4

Furthermore, they require a very high level of motivation.5,6 For
these reasons a wide variety of submaximal testing protocols have
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been developed to reduce risk, testing time, costs and the reliance
on participant motivation associated with more strenuous, exhaus-
tive exercise.3 It is evident that consideration of the exercise setting,
modality and test protocol, in respect to the intended population,
are important when selecting an appropriate prediction equation.7

The publication of equations that incorporate oxygen uptake
(V̇O2) measured via open circuit spirometry during submaximal
exercise to predict the V̇O2 max, have increased in the last 10 y. This
is largely a result of technological improvements, whereby com-
puterised gas-analysis systems simplify the process of gathering
and storing complex oxygen uptake data. However, there is lit-
tle consensus within the literature regarding the accuracy of these
equations. Additionally, there is a lack of guidance on the factors
to be considered when selecting an equation. To our knowledge,
submaximal, exercise-based prediction equations that incorporate
direct measures of V̇O2 have yet to be systematically collated and
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reviewed. Therefore, the primary aim of this systematic review is
to collate and report on the accuracy (criterion validity) of these
equations. A critical reflection of the data extracted in this review
will also be used to help inform researchers and health profession-
als of the important factors, in addition to accuracy, that should be
considered when selecting an equation to predict V̇O2 max.

2. Methods

The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses8 (PRISMA) guidelines were used as a reporting structure
for this systematic review. The inclusion criteria and analysis meth-
ods were designed a priori and documented in a PROSPERO protocol
(CRD42013004182). With agreement from all authors, the proto-
col was amended to focus on adults (aged 18–65 y) and prediction
equations that incorporated a direct measure of V̇O2 (measured via
open circuit spirometry).

To be considered eligible, the original article must have reported
primary data and be published in English, in a peer-reviewed jour-
nal. Studies were required to report data on participants between
the ages of 18–65 y that were apparently healthy (asymptomatic
of disease and free from acute or chronic injury). A submaximal,
exercise-based method must have been used to predict V̇O2 max.
The prediction equation must have incorporated a direct measure
of V̇O2 (measured via open circuit spirometry) and should be clearly
reported or the method replicable. The actual V̇O2 max also had to
be directly measured using open circuit spirometry. Studies were
required to be non-interventional (e.g. observational, cross sec-
tional). However, intervention studies were included if baseline
data could be extracted. Studies were included if they reported one
validity statistic (Pearson’s correlation coefficient, intraclass corre-
lation coefficient, Bland and Altman’s9 Limits of Agreement) and
either the measured and predicted V̇O2 max values or a directional
significant difference between the measured and predicted V̇O2 max
values.

A systematic search of MEDLINE, EMBASE (via OvidSP), CINAHL,
SPORTDiscusTM (via EBSCO Host) and Scopus databases was  under-
taken from the respective inception of each database through to
February 2013 (HE and KF). Two experts in the field were contacted
to identify any additional studies that were not captured from the
electronic search and checking of reference lists of the included
studies.

The search terms were developed by two authors (HE and KF)
and reviewed by two experts on the research team (RE and GP).
The electronic database searches were conducted by one author
(HE). The search terms reflect the key word groupings of data col-
lection methods (e.g. test, protocol, ergometry etc.), the outcome
measure (e.g. V̇O2 max, V̇O2 peak etc.) and the indirect calculation of
the outcome measure (estimate and predict). Search strategies for
all databases are available from the corresponding author (HE).

The title and abstract of each study were first screened for eli-
gibility. Full-text manuscripts were then screened along with any
additional studies identified from the checking of reference lists.
Screening was conducted by two authors (HE and KF) and dis-
agreements were discussed between three authors (HE, KF, AS) and
resolved by consensus.

A data extraction sheet, pilot tested on ten studies, was  devel-
oped and refined by the research team. Two authors (HE and KF)
independently extracted data for half of the studies each. Two
authors (KF and AS) then independently checked the extracted data
for errors.

The data items extracted were: authors, year, title, sample size,
gender split, age range, mean and standard deviation of the age,
country of data collection, year of data collection, name of predic-
tive method (if relevant), mode of ergometry, brief description of

the exercise protocol, variables entered in to the prediction equa-
tion, criterion validity statistics, mean measured V̇O2 max, mean
predicted V̇O2 max and the direction of significant difference. Three
authors (HE, KF, AS) resolved disagreements through discussion.

The Quality Assessment Tool for Quantitative Studies10 was
used to appraise the methodological rigour of the studies included
in this review. This standardised critical appraisal tool was modi-
fied to suit the design of this systematic review. Specifically, three
components of the tool that were relevant to this review are: (i)
selection bias, (ii) data collection methods and (iii) withdrawals and
dropouts. Two authors (KF and AS) independently appraised half of
the included studies each and one author (HE) appraised all of the
included studies against each of the three components. For each
study, the components were individually rated as ‘strong’, ‘moder-
ate’ or ‘weak’, based on the standard criteria.11 A global rating for
each study was  then obtained based on the total number of weak
ratings that were accumulated (two or more weak ratings = ‘weak’,
one weak rating = ‘moderate’, zero weak ratings = ‘strong’). No stud-
ies were excluded on the basis of risk of bias.

The primary outcome measures were the reported validity
statistics between the measured and predicted V̇O2 max (Pearson’s
correlation coefficient (r), Intraclass Correlation Coefficient (ICC)
and the bias of the Limits of Agreement [LoA]) and the differences
between the two measures (either a statistical significance or direc-
tional trend).

Data were extracted for all unique prediction equations reported
within the same study. If the same prediction equation was used
across consecutive trials, data from the most accurate trial were
extracted. If the same prediction equation was  used with different
ranges of data from the same trial, data from the most accurate
range were extracted. For example, if low-intensity data and high-
intensity data from the same exercise trial were separately entered
in to the same equation, the data range with the strongest valid-
ity for predicting V̇O2 max were extracted. If the same prediction
equation was  used with different ranges of data and multiple trials,
data from the most accurate data range by trial combination were
extracted. Where possible, data were extracted from the entire
sample of each study. When studies failed to report data on the
entire sample, data for particular subgroups (i.e. males and females
or active and sedentary) were extracted.

A narrative synthesis of results was conducted. Studies were
ranked in order of accuracy. Studies were first ranked and grouped
according to the significant difference between the measured and
predicted V̇O2 max values, such that the highest ranked were those
that reported no significant difference, followed by those which
failed to conduct (or report) statistical analysis to determine a sig-
nificant difference, followed by those that reported a significant
difference. Within those three groups, the second level of ranking
was based on the strength of the reported validity statistic, either
r, ICC or LoA. Studies were ranked on the basis of only one valid-
ity statistic. Equations were ranked by r in the first instance. When
no r was reported, equations were ranked in order of the highest
ICC. When neither r nor ICC were reported, equations were ranked
in order of the bias closest to zero of the LoA. If multiple equa-
tions were extracted for a single study, the study was  ranked by
the most accurate equation. The next stage of the narrative synthe-
sis included a critical reflection of the data in an attempt to inform
the reader of the important considerations that should be made
when selecting an equation to predict V̇O2 max.

3. Results

A total of 7597 studies were identified from preliminary search-
ing. From the titles and abstracts 7397 obviously irrelevant studies
were excluded. From the 200 full-text manuscripts reviewed, a total
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