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ARTICLE INFO ABSTRACT

Keywords: It is unknown whether oxygen uptake (VO3) sampling intervals influence the efficacy of a verification stage
following a graded exercise test (GXT). Fifteen females and 14 males (18-25 years) completed a maximal
treadmill GXT. After a 5 min recovery, the verification stage began at the speed and grade corresponding with the
penultimate stage from the GXT. Maximal oxygen consumption (VOzmay) from the incremental GXT (iVO2may) and
VO2max from the verification stage (verVOapmax) Were determined using 10 seconds (s), 30 s, and 60 s from breath
x breath averages. There was no main effect for VOgpax measure (iVOomaxvs. verVOamay) 10 s ([47.9 + 8.31]
mlekg lemin~! vs [48.85 + 7.97] mlekg ‘emin!), 30 s ([46.94 + 8.62] mlekg lemin~! vs [47.28 + 7.97]
mlekg temin™'), and 60 s ([46.17 + 8.62] mlekg 'emin ' vs [46.00 + 8.00] mlekg ‘emin~']. There was a stage
x sampling interval interaction as the difference between (verVOgmax—iVOaomax) Was greater for 10-s than 60-s
sampling intervals. The verVOomay was > 4% higher than iVOgpain 31%, 31%, and 17% of the tests for the
10-s, 30-s, and 60-s sampling intervals respectively. Sensitivity for the plateau was < 30% for 10-s, 30-s, and 60-s
sampling intervals. Specificity ranged from 44% to 60% for all sampling intervals. Sensitivity for heart rate +
respiratory exchange ratio was > 90% for all sampling intervals; while specificity was < 25%. Findings from the
present study suggest that the efficacy of verification stages for eliciting a higher VO, may be influenced by the
sampling interval utilized.

VOgmayx testing
Verification stage

VOomax criteria specificity

VO2max criteria sensitivity

values as those recorded during a GXT for both athletes and non-athletes.
Bhammar et al.? actually observed a verification stage resulted in higher
VOomax Vvalues than the GXT. Thus, the verification stage represents an
extra opportunity to give such an effort and thus represents a way to
increase the likelihood that VOgpn,ax is reached; although it should be
realized that it is also possible that a verification stage could result in a
value below that achieved during the GXT.

Another factor to consider when conducting VOomay tests is sampling
intervals. Higher incidences of a plateau during VO« testing have been
observed for 11-s and 15-s sampling intervals when compared to 30-s

Introduction

Maximal oxygen consumption (VOonax) is one of the most measured
variables in the field of exercise science. Historically, the achievement of
VOomax during a graded exercise test (GXT) has been confirmed by the
presence of a “plateau” or a failure for oxygen uptake (VO3) to increase
despite the increasing workload.! However, a plateau is not always
evident and the frequency with which a plateau can be observed varies in
prior research,? necessitating the use of other “secondary” criteria such

as reaching a predetermined heart rate (HR) or respiratory exchange
ratio (RER) value to increase the likelihood that true VOopay is reached.

Several studies have found that when a subject completes a VOamax
test, a subsequent verification stage typically results in a lower, same, or
higher number than the determined VOgpax value.*® Mier and col-
leagues® investigated the effectiveness of a supramaximal verification
stage in college athletes who did not achieve a VOgpax plateau during a
GXT. VOopax values from the verification stage were not significantly
different than the VOopax values from the continuous GXT. Similarly,
Foster et al.* observed a verification stage resulted in similar VOgapax

sampling averages for breath by breath VO, measurements.” Further-
more, 15-s and 30-s intervals have been shown to result in higher VOopax
values than 60-s intervals.>® One of the issues that could affect the effi-
cacy of a verification stage is that subjects could fatigue quickly due to
prior activity and not enough time would be provided for VO, to reach
VOomax- Thus, it is possible the use of shorter sampling intervals would
limit this concern, as the subject would only need to reach VOyp,« for a
shorter window of time. As a result, a greater portion of people could
potentially exceed the highest VO5 achieved during the GXT. Therefore,
the efficacy of a verification stage may depend upon the duration of the
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Abbreviation

VOZmax
VOZ
VOopeak  Peak oxygen uptake-

iVOsmax Maximal oxygen uptake from the graded exercise test
verVO,max Maximal oxygen uptake from the verification stage
Delta VOomax VerVOomayx-iVOamax  MMC Metabolic measurement

Maximal oxygen uptake
Oxygen uptake

cart
HR Heart rate
RER Respiratory Exchange Ratio
s seconds
min minutes

sampling interval.

Despite the widespread use of VOopx testing, there are limited data
assessing the sensitivity and specificity of traditional secondary criteria.
Bhammar et al.®> found poor sensitivity and specificity for traditional
criteria used to verify the achievement of VOgp,x. However, this study
was performed with a limited number of test subjects and these subjects
were children. Thus, their findings are limited in their generalizability.
Furthermore, it is not known if the use of different sampling intervals will
impact the effectiveness of traditional primary and secondary criteria for
determining VOgmayx from a continuous GXT. It is important to study the
sensitivity and specificity of VOamax secondary criteria as Poole and
Jones® have suggested that the use of secondary criteria may lead to an
increase in both false negatives and false positives. As such, the use of
sensitivity and specificity to assess the suitability of primary and sec-
ondary criteria for VOgpnax testing would improve the objective evalua-
tion of these criteria as they measure the degree to which false negatives,
as well as false positives, occur.

The purposes of this present study were to: 1) determine the influence
of VO, sampling intervals on the efficacy of a verification stage; and 2) to
determine the influence of VO, sampling intervals on sensitivity and
specificity of primary and secondary VOonax test criteria.
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Methods
Subjects

This study evaluated 29 test subjects (14 men and 15 women) who
were free of known cardiovascular, metabolic, or renal diseases. Addi-
tionally, test subjects had no known injuries or other health concerns that
would preclude them from exercising or limit their ability to perform a
maximal GXT. Written informed consent was obtained from all partici-
pants prior to participation. The study and consent form were approved
by the Institutional Review Board at James Madison University.

Treadmill test

The protocol employed has been shown to result in fatigue in healthy
college-aged students in approximately 12 minutes (min).'? All subjects
were monitored for VO, and RER with a VMax metabolic measurement
cart (MMC) (CareFusion; San Diego, CA) that was calibrated prior to each
test. This MMC utilizes a mass flow sensor to detect expired air volume.
The oxygen analyzer is an electrochemical fuel cell and the carbon di-
oxide analyzer is a non-disperse infrared thermopile. MMC data were
collected using breath x breath measurements which were then con-
verted to the respected sampling interval averages (10 s, 30 s, 60 s). A
Polar heart rate monitor (Lake Success, NY) was utilized to measure heart
rate throughout the test. The GXT began at an initial stage at 3.0 mph and
0% grade. The treadmill speed was increased by 0.5 mph each minute
until a speed of 6.0 mph was achieved. After this, the incline of the
treadmill was increased by 3% every minute until volitional exhaustion,
defined as the point at which the participant felt they could no longer
continue. Subjects then walked at a comfortable speed for 5 min. After
this active rest period, the verification stage was initiated by increasing
the speed and grade to values corresponding to the stage preceding the
test subject's prior maximal effort. Unpublished data from our laboratory
suggest that this 5 min rest duration is at least as effective as 15 min rest
for eliciting the highest possible VOomax values. The test then proceeded
as described previously until the participant indicated they could no
longer continue. VOgpax from the GXT (iVOgmax) was defined as the
highest VO, achieved during the GXT for the respective sampling interval
(10 s, 30 s, 60 s). VOomax from the verification stage (verVOamax) was
defined as the highest VO, achieved during the verification stage for the
respective sampling interval. Sample data from one of the subjects is

End of GXT Begin Verification Stage
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Fig. 1. Oxygen uptake (VO,) response to the graded exercise test (GXT) and verification stage for one of the subjects. Averaging of VO, data is expressed with solid
line (10 s), dashed line (30 s) and dotted line (60 s). The solid horizontal line represents VOsp,.y from the GXT. Note: s = seconds.
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displayed in Fig. 1.

Determination of Primary and Secondary Criteria for Confirming VOamax

The primary criteria for achievement of VOoy,ax during the GXT was a
plateau in VO In order to be considered a plateau, VO had to increase
less than the confidence interval of the expected increase in VO, for the
final stage of the GXT. Expected VO, as well as the confidence interval,
was determined by plotting VO, against treadmill grade from minute
seven of the GXT (6.0 mph, 0% grade) to the remaining stages of the test.
To eliminate the potential effects of a plateau, the final two stages for
each subject were excluded. The slope of this relationship was averaged
and the confidence interval was determined by multiplying 1.645 by the
standard deviation. Thus, the plateau was defined as an increase in VO,
less than 1.83 mlekg ™ ‘emin~'. The procedures used for this determina-
tion have been previously outlined.'! Secondary criteria were met if at
least 90% of age-predicted maximal heart rate (208 — 0.8 x age)'? and
an RER of at least 1.10 were achieved.

Statistical analyses

A two-factor repeated measure of analysis of variance was performed
with within-subjects factors of the stage (iVOamax, verVOamax) and sam-
pling interval (10 s, 30 s, and 60 s). Post-hoc testings of significant main
effects were performed using estimated marginal means with least sig-
nificant difference (LSD) comparisons. For the interaction effect, esti-
mated marginal means with LSD comparisons were performed on the
difference between iVOymax and verVOsgnax for each sampling interval
(delta VOsax). To determine if either duration of the GXT or the veri-
fication stage influenced the efficacy of the verification stage, correla-
tions between the respective durations and delta VOsy,,x for all three
sampling intervals were established. For all three sampling intervals, the
sensitivity, and specificity of the primary and secondary criteria were
calculated. verVOona,x was considered to be higher if it exceeded iVO2max
by more than 4%. This value was used because it is the established co-
efficient of variation for VOopax for the protocol used in this study for our
lab. Sensitivity was calculated by taking the number of True Positives
(Criteria achieved and iVOgmay is within 4% of verVOznay) divided by
True Positives plus False Negatives (Criteria not achieved and iVOapax
within 4% of verVOspax). Specificity was determined by the number of
True Negatives (Criteria not achieved and verVOsp,x more than 4%
higher than iVO9p,4x) divided by the number of True Negatives plus False

Table 1
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Positives (Criteria achieved but verVOop,qx greater than 4% higher than
iVOZmax)'

Results

The average age of the participants was (21.3 + 1.2) years (yr).
Height and weight were (men = [179.1 + 8.5] cm, [80.9 + 10.4] kg;
women = [160.3 + 5.4] cm, [60.3 + 5.4] kg) before the maximal
treadmill test. The average time to fatigue for the GXT was (10.7 &+ 1.9)
min (range 5-14 min). The average time to fatigue for the verification
stage was (2.0 = 0.6) min (range 1-3 min). There was no significant
correlation between GXT test duration and delta VOsgyax for 10 s (R =
—0.28,p = 0.28),30s (R = —0.21,p = 0.21),and 60 s (R = —0.27,p =
0.16) sampling intervals. However, there was a significant correlation
between verification stage test duration and delta VOopax for 10 s (R =
0.52, p = 0.004), 30 s (R = 0.52, p = 0.005), and 60 s (R = 0.53,p =
0.005) sampling intervals.

Table 1 shows the effect of the sampling interval on average VOomax
values. Table 2 displays the ANOVA table from SPSS. As the sampling
interval increased from 10 s to 60 s, average VOonax Values significantly
(p < 0.05) decreased (10 s > 30 s > 60 s). There was no significant main
effect for the stage. However, there was a significant stage x sampling
interval interaction (partial ,72 = 0.25) as the difference between
verVOomax and iVOomax Was greater for the 10-s than for the 60-s sam-
pling interval.

Table 3 shows the sensitivity and specificity of the primary and sec-
ondary criteria for iVOopay. Sensitivity for the incidence of a plateau for
VO2max Was < 30% for 10-s, 30-s, and 60-s sampling intervals. Specificity
ranged from 44% to 60% for all three sampling intervals. Sensitivity for
HR + RER was > 90% for 10-s, 30-s, and 60-s sampling intervals. The
highest sensitivity was observed with the 30-s sampling interval. For all
three sampling intervals, specificity was < 25%.

Discussion

These data suggest there may be a greater need for verification stages
when shorter sampling intervals are implemented. The duration of our
verification stage was typically 1-2 min. Because VO, is increasing at the
onset of a verification stage, it is possible the 60-s sampling interval in-
cludes several data points representing lower VO, values at the beginning
of the onset of exercise and thus fails to deliver an average VO, that truly
reflects VOomax. However, sampling variability has a greater impact with

Average (+ SD) maximal oxygen uptake from the graded exercise test (iVO2nax) and from the verification stage (verVOspax) along with the percentage of tests in which

verVOamax > iVO2max. Note: s = seconds, m = minutes, kg = kilograms.

Sampling Interval* iVOomax (mlekg™ lemin~1)

verVOomax (mlokg’lomin’l)

Delta VOomax (mlokg’lomin’l) verVOomax > iVO2max (%)

10s 47.9 + 8.31 48.85 + 7.97
30s 46.94 + 8.62 47.28 +7.97
60 s 46.17 + 8.62 46.00 + 8.00

0.96 + 2.887 31%
0.34 +2.73 31%
—0.17 +£ 3.81 17%

*-Main effect for sampling interval (10 s > 30 s > 60 s, p < 0.05), -Significant stage x sample interval interaction (delta VOgpay for 10 s > 60 s, p < 0.05).

Table 2
ANOVA results from the SPSS analysis. Note main effect for sampling time and the interaction effect between the sampling time and the stages.
Effect Type III Sum of Squares df Mean Square F Significance
Sample Time 152.182 2 76.091 43.67 < 0.001
Error (Sample Time) 97.575 56 1.742
Verification 6.162 1 6.162 0.463 0.502
Error (Verification) 373.322 28 13.297
Sample Time x Verification 9.194 2 4.597 4.933 0.011
Error (Sample Time x Verification) 52.192 56 0.932

df = degree of freedom.
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Table 3
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Sensitivity and specificity of maximal oxygen uptake (VOsnax) primary (plateau) and secondary (heart rate [HR]+ respiratory exchange ratio [RER]) criteria. Note: s =

seconds, HR = heart rate, RER = respiratory exchange ratio.

10s 30s 60 s
Plateau
Sensitivity 30.0 20.0 20.8
Specificity 44.4 55.6 60
HR + RER
Sensitivity 95 100 91.3
Specificity 25.0 11.1 20.0

shorter sampling intervals, as an aberrant data point would have a larger
influence on the shorter time average. It should also be realized that the
delta VOonmax was small with all sampling intervals; thus, the observed
interaction effect may be due to a Type I error. We also observed shorter
sampling intervals resulted in higher VOgp,x values when compared to
longer sampling intervals. In support of this, Astorino et al.® found that
shorter sampling intervals resulted in increased VOs,ax and increased
incidence of a plateau. The latter also appears to be true of our data as
plateau incidence was 11, 8, and 7 tests out of the 20 for 10-s, 30-s, and
60-s sampling intervals respectively. Additionally, we also observed
significant correlations between verification stage duration and delta
VOamax, Suggesting that verification stages are more likely to yield higher
VOomax values when the participant is able to achieve a longer duration
during the verification stage. This makes intuitive sense in that a longer
duration verification stage would be associated with a higher maximal
workload. Furthermore, a shorter-duration verification stage would
likely reflect fatigue occurring before VOop,ox Was able to rise to maximal
levels.

Similar to the present study, several studies have found verification
stages yield VOonax values were comparable to those achieved during a
continuous GXT. Foster et al. observed similar values for VOomax in @
verification stage and during GXT's in which a plateau was evident. This
was true for both treadmill and cycling tests. Midgley et al.® found no
statistically significant differences between VOgpmax values during a
running GXT and a verification stage. Furthermore, Rossiter et al.'>
observed no significant differences between the highest VO, achieved
during an incremental ramp cycling test (VO2peak) and a verification
stage performed afterwards. This was true when the verification stage
was performed above and below peak workload.'® Therefore the present
study confirms that a verification stage will not result in large changes in
VO2max compared to what is obtained during a graded exercise test.
However, it should also be realized that verification stages resulted in a
higher VOgpax in 17%-31% of our tests (depending on the sampling in-
terval). Thus, it may be useful to include a verification stage to account
for this fraction of tests in which VOyp,x is not achieved during the GXT.

Although calculations of sensitivity and specificity are very illumi-
nating concerning criteria traditionally used for achieving VOopax, few
studies have reported these parameters. In the present study, we
observed poor sensitivity and specificity for the use of a VO, plateau
(primary criterion) to confirm VOyn,«. Both sensitivity and specificity
appeared to be fairly low for the use of a plateau (Table 2). Because
sensitivity is inversely related to the number of false negatives, it is
reasonable to expect there would not be a high degree of sensitivity for a
plateau as it occurs only 15% of the time in non-athletes and ~50% of the
time in athletes. Howley et al.? proposed these numbers may be even
lower as children, sedentary, and elderly populations have a harder time
achieving a plateau. Furthermore, Day et al. observed that a plateau is
often not evident when VOgpay has been achieved.'* In short, the low
incidence of a plateau observed in the present study (24%-38%) makes it
likely that several GXT's will result in a false-negative or a test where
VOomax was achieved but a plateau is not evident. However, the finding
of low specificity was surprising as it suggests a high number of test
subjects that exhibit a plateau do not actually achieve a VOgpax during
the incremental GXT. The fact that specificity appeared to increase with
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increasing sample duration may be due to the fact that a plateau is more
valid at higher sampling rates, thus resulting in fewer false-positives. Few
studies have evaluated the sensitivity and specificity of a plateau.
Bhammar and colleagues® found similar values for sensitivity and spec-
ificity for plateau as the current study in non-obese and obese children
(22% and 44%, respectively).

Our data showed a high sensitivity and low specificity for the use of
common secondary criteria utilizing HR + RER, which did not appear to
substantially change with the sampling interval. This suggests reaching
these criteria is a common occurrence and it is rare for someone to fail to
achieve these criteria and achieve VOy,.x based on the inverse rela-
tionship between sensitivity and false-negative tests. However, the low
specificity, which is inversely related to the number of false-positive
tests, suggests these secondary criteria could easily result in a VOgpax
score below what should be assigned. In support of this, Poole et al.'®
found that during a GXT, VO, at an RER of 1.10 averaged over 1 L/min
below VOynax. Furthermore, in that same study, five subjects (out of
eight) that achieved the criteria of HR + 10 bpm of age-predicted max
achieved that HR at 76% of VVOqmay.'> Therefore, the secondary criteria
as employed in the current study appear to be ineffective for verifying
VOZmax~

It is possible that the use of a plateau (primary criteria) or the use of
HR + RER values (secondary criteria) are good for identifying VOamax,
but we failed to identify the right cut-off values for these criteria. How-
ever, the specific primary and secondary criteria were chosen because
they are commonly used in research. Midgley et al.'® identified the most
common criteria for HR and RER were the same as those used in the
present study. Furthermore, the plateau criteria used were specifically
tailored to our treadmill protocol and used previously.'? Thus, our
findings show common criteria for confirmation of VOg,ax result in poor
sensitivity and/or specificity. Regardless, the findings from this study
should include the caveat that the stated sensitivity and specificity values
from secondary criteria are for the values and variables used in the
present study. Furthermore, the sensitivity and/or specificity of the
plateau may substantially change if plateau incidence is increased due to
changes in protocol and/or sample demographics. The characteristics of
an optimal verification stage are currently unknown. However, the pro-
tocol employed in the current study with respect to both the recovery
time after the GXT and the initial intensity of the verification stage were
within suggested ranges.!” Improvements in the verification stage pro-
tocol would likely lead to an increased verVOom,x and would result in an
even greater proportion of tests that required a verification stage and
even worse sensitivity/specificity for traditional criteria. Results of the
present study confirm that verification stages yield similar VOg,qx values
as the GXT regardless of the sampling interval used, although a larger,
albeit physiologically small, difference between verVOymax and iVOamax
is evident with shorter sampling intervals. Furthermore, secondary
criteria commonly used to verify VOonmax may not be ideal for confirming
attainment of VOgp,ax during a GXT.
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