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ABSTRACT

IANNETTA, D., M. Z. MACKIE, D. A. KEIR, and J. M. MURIAS. A Single Test Protocol to Establish the Full Spectrum of Exercise In-

tensity Prescription.Med. Sci. Sports Exerc., Vol. 55, No. 12, pp. 2271-2280, 2023. Via the identification of the ramp-specific gas exchange

threshold (GET) and respiratory compensation point (RCP), the recently validated step–ramp–step (SRS) protocol enables the prediction of

the power outputs at the lactate threshold and maximal metabolic steady state. Purpose: We aimed to test the extended capabilities of the

SRS protocol by validating its capacity to predict the power outputs for targeted metabolic rates (V̇O2) and time-to-task failure (Tlim) within

the heavy- and severe-intensity domain, respectively. Methods: Fourteen young individuals completed (i) an SRS protocol from which the

power outputs at GET and RCP (RCPCORR), and the work accruable above RCPCORR, defined as W′RAMP, were derived; (ii) one

heavy-intensity bout at a power output predicted to elicit a targeted V̇O2 equidistant from GET and RCP; and (iii) four severe-intensity trials

at power outputs predicted to elicit targeted Tlim at minutes 2.5, 5, 10, and 13. These severe-intensity trials were also used to compute the

constant-load–derived critical power and W´ (W′CONSTANT). Results: Targeted (2.41 ± 0.52 L·min−1) and measured (2.43 ± 0.52 L·min−1)

V̇O2 at the identified heavy-intensity power output (162 ± 43 W) were not different (P = 0.71) and substantially concordant (CCC = 0.95).

Likewise, targeted and measured Tlim for the four identified severe-intensity power outputs were not different (P > 0.05), and the aggregated

coefficient of variation was 10.7% ± 8.9%. The derived power outputs at RCPCORR (192 ± 53 W) and critical power (193 ± 53 W) were not

different (P = 0.65) and highly concordant (CCC = 0.99). There were also no differences betweenW′RAMP andW′CONSTANT (P = 0.51).Con-

clusions: The SRS protocol can accurately predict power outputs to elicit discrete metabolic rates and exercise durations, thus providing, with

time efficiency, a high precision for the control of the metabolic stimulus during exercise.KeyWords:MAXIMALMETABOLIC STEADY

STATE, LACTATE THRESHOLD, CRITICAL POWER, EXERCISE INTENSITY DOMAINS
A
P

When prescribing intensity for constant-load exer-
cise, the probabilities of inducing the desired met-
abolic stimulus are highest if the external load

(e.g., power output) is assigned in relation to two distinct met-
abolic boundaries: the lactate threshold (LT) and the maximal
metabolic steady state (MMSS) (1), respectively occurring
within the range of ~55%–60% and ~75%–90% of an individ-
ual’s maximal O2 consumption (V̇O2max). Indeed, the position
of these boundaries in relation to V̇O2max dictates whether a
given power output can be sustained in steady state with mini-
mal (if <LT, moderate-intensity domain) or heightened but sta-
ble (if >LT but <MMSS, heavy-intensity domain) metabolic
perturbations, or whether it cannot be sustained in steady state
because of the continuous deterioration of muscle contractile
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efficiency (if >MMSS, severe-intensity domain) (2). As such,
developing accurate, simple, and time-efficient strategies to
identify the external load associated with these boundaries
is key to maximize the effectiveness of any exercise-based
intervention.

In line with the goal of facilitating the prediction of the
power output at LT and MMSS, we recently developed a
novel, single-visit exercise test protocol that consists of adding
one moderate-intensity (before) and one heavy-intensity (af-
ter) step transition to a standard ramp-incremental test (3).
The performance of these step transitions aids with the recon-
struction of the V̇O2-to-power output relationship, which be-
comes increasingly misaligned during rapidly incrementing
ramp protocols by the progressive slowing of the V̇O2 kinetics
(4,5). Upon the alignment of the V̇O2-to-power output rela-
tionship, this step–ramp–step (SRS) protocol permits the pre-
diction of the power output at LT and MMSS via linear inter-
polation of the V̇O2 at the gas exchange threshold (GET) and
at the respiratory compensation point (RCP) (3), which are the
ramp-specific manifestations of LT and MMSS (6). Although
there is some debate as to whether RCP can be used to derive
MMSS (7–14), when testing the validity of the SRS protocol,
we found, as hypothesized, that cycling at the “corrected”
power output at RCP (RCPCORR) elicited physiological re-
sponses conforming to heavy-intensity exercise (i.e., stable
. Unauthorized reproduction of this article is prohibited.
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V̇O2 and blood lactate concentration ([La
−]b), whereas cycling

5% above this power output was associated with responses
typical of severe-intensity exercise (i.e., inability to to com-
plete the task and/or unstable). Because these divergent re-
sponses were elicited with the smallest deviation in power out-
put (i.e., 5%) from RCPCORR in most of the individuals, such
results demonstrated the ability of the SRS protocol to locate
with good accuracy the power outputs delimitating the exer-
cise intensity domains.

Still, the SRS protocol has the potential to further improve
the quality of exercise intensity prescription when using data
derived from ramp-incremental tests. First, although the proto-
col was specifically designed to predict the power outputs
yielding, in steady state, the V̇O2 at GET/LT and RCP/
MMSS, the approximate linearity of the increase in V̇O2 gain
from GET to RCP (5) would suggest the possibility of
predicting the power output for any target V̇O2 within the
heavy-intensity domain. Second, presuming that the power
output at RCPCORR would occur in close proximity to the
power output at critical power (CP)—an operational surrogate
of MMSS (3)—the SRS protocol could also enable the predic-
tion of power outputs for any target time-to-task failure (Tlim)
within the severe-intensity domain. Indeed, although present-
ing some variability when it comes to ramped exercise (12,15),
it is well established that the work (J) that can be accrued above
CP, defined asW´, appears to be restricted to a finite amount ir-
respective of the exercise paradigm used (16,17). Thus, assum-
ing that RCPCORR is not different from CP and that at the end
of the ramp-incremental exerciseW´ is fully depleted (17), the fi-
nite amount of work performed above RCPCORR can be calcu-
lated (16) and, theoretically, be used to predict the power output
for any target Tlim within the severe-intensity domain.

Therefore, we used the SRS protocol to test the hypotheses
that it would be capable of predicting the power outputs that
would elicit target (i) V̇O2 within the heavy-intensity domain
and (ii) Tlim within the severe-intensity domain. To further cor-
roborate its methodological robustness, we also tested the hy-
pothesis that the ramp-derived RCPCORR and W´ (W′RAMP)
would not be different from the constant-load–derived CP and
W´ (W′CONSTANT). If these hypotheses are proven correct, the
SRS protocol would represent the only single-visit test protocol
capable of predicting power outputs for target metabolic rates
and exercise performance across the entire intensity spectrum.
FIGURE 1—Schematic representation of the research design. On the performan
ipants performed two to three 30-min constant-load trials to confirmMMSS from
four severe-intensity constant-load trials at power outputs predicted to elicit fail
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METHODS

Fourteen individuals [nine males (age = 32 ± 9 yr, stat-
ure = 180 ± 7 cm, body mass = 75 ± 11 kg) and five females
(age = 23 ± 3 yr, stature = 166 ± 7 cm, bodymass = 63 ± 12 kg)
gave their written consent and participated in the study, which
was approved by the Conjoint Health Research Ethics Board
of the University of Calgary. All the procedures relative to this
study conformed to the standards established by the latest ver-
sion of the Declaration of Helsinki. All participants were
healthy, nonsmokers, and not takingmedications that could al-
ter their metabolic and cardiorespiratory responses to exercise.

Exercise Protocols

A schematic representation of the research design is depicted
in Figure 1. Participants visited the laboratory on eight to nine oc-
casions. The first visit consisted of performance of the SRS pro-
tocol. Upon the estimation of the V̇O2 and “corrected” power
outputs at GET and RCP (3), during the following visits partici-
pants completed (i) two to three 30-min, constant-load trials to
confirm MMSS based on the RCPCORR; (ii) one 12-min,
constant-load trial at a predetermined power output within the
heavy-intensity domain; and (iii) four constant-load trials to
task failure at predetermined power outputs within the
severe-intensity domain. Each visit was completed at the same
time of the day (±30 min) and separated by at least 48 h. Dur-
ing the first visit, participants were asked to cycle at their pre-
ferred cadence within the range of 75–95 rpm. This cadence
was then recorded and used for all subsequent visits. For the
ramp phase of the SRS protocol and for all the constant-load
severe-intensity trials, Tlim was determined as the inability to
continue the task and/or to maintain the self-selected cadence
for more than 10 s despite strong verbal encouragement.

SRS protocol. The SRS protocol consisted of (i) one
moderate-intensity step transition, (ii) one ramp-incremental
test, and (iii) one heavy-intensity step transition. Based on
the target population being recruited (recreationally active),
we selected 80 W for the moderate-intensity step transition.
For each participant, confirmation that this power output resided
within the moderate-intensity domain was done a posteriori.
The transition was initiated after a baseline cycling of 2 min
at 20 W and sustained for 6 min. Thereafter, a 4-min baseline
at 20W preceded the ramp-incremental test, which was set at a
ce of the SRS protocol on their first visit (A), on subsequent visits partic-
RCPCORR (B), one heavy-intensity step transition to at HVY50% (C), and

ure at minutes 2.5, 5, 10, and 13.
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rate of 30W·min−1. Approximately 30min after completion of
the ramp-incremental test, the 12-min, heavy-intensity step
transition was performed at a power output of 45%–60% of
the peak power output (POpeak) attained during the ramp test
(18). The ramp-derived gas exchange and ventilatory data
were visually scrutinized during the 30-min break to ensure
that the selected heavy-intensity power output would elicit a
V̇O2 appreciably higher than the one estimated at GET but be-
low the one estimated at RCP (3).

Constant-load trials for RCPCORR confirmation.
Starting from the power output at RCPCORR, on different days
participants performed two to three 30-min constant-load trials
to characterize the MMSS. Depending on whether the V̇O2

and the [La−]b responses were considered stable, and whether
participants could complete the 30-min trials, the power output
for the subsequent trial was either increased or decreased by
5% from the power output at RCPCORR. A steady-state V̇O2
FIGURE 2—Profiles for a representative participant. A, The identification of GE
applied to the ramp V̇O2 data according to the outcomes of the SRS protocol. C, D
at RCPCORR and CP and the derived W′RAMP andW′CONSTANT.
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response was established when the end-trial V̇O2 was ≤95%
of V̇O2max and/or if changes fromminute 20 tominute 30were
≤120 mL·min−1. By contrast, a steady-state [La−]b response
was established when, for the same time interval, changes in
[La−]b were ≤1 mM (19).

Heavy-intensity constant-load trial. To test the pre-
dictive ability of the SRS protocol within the heavy-intensity
domain, participants were asked to complete a 12-min trial at
a power output that would elicit a V̇O2 response falling mid-
way between the V̇O2 at GET and RCP (HVY50%). This
power output was selected from the linear extrapolation of
the V̇O2-to-power output relationship between these two indi-
ces (for details, see Data Analyses section). For instance, as
shown in Figure 2, for a representative participant, if the
V̇O2 at GET and RCP were estimated, respectively, at 2.80
and 3.95 L·min−1, then the power output was linearly extrapo-
lated to elicit a target V̇O2 of 3.38 L·min−1.
T andRCP during the ramp phase of the SRS protocol. B, The correction
, The V̇O2 responses for HVY50% and RCPCORR. E, F, The power output
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Severe-intensity constant-load trials. To tests the pre-
dictive ability of the SRS protocol within the severe-intensity
domain, participants performed four severe-intensity constant-load
trials at select power outputs with targeted Tlim values of 2.5, 5,
10, and 13 min (SVR2.5, SVR5, SVR10, and SVR13, respec-
tively). These power outputs were predicted from the computa-
tion ofW′RAMP retrieved from RCPCORR and POpeak (for details,
see Data Analyses section).

Equipment and Data Collection

An electromagnetically braked cycle ergometer (Velotron;
RacerMate, Seattle, WA) was used for all trials. Gas exchange
and ventilatory variables were measured using a breath-by-
breath metabolic cart (CPET; Cosmed, Rome, Italy). The sys-
tem consisted of a turbine and a sampling line to measure, re-
spectively, inspired and expired volumes and concentrations
of gases. Before each test, the system was calibrated with a
3-L syringe and a gas mixture of known concentrations
(16%O2, 5% CO2, balance N2). Gas exchange and ventilatory
data were scrutinized to remove any aberrant breaths not rep-
resentative of the true physiological response and linearly in-
terpolated on a second-by-second basis. The highest V̇O2 from
the ramp-incremental test (V̇O2max) was computed from the
highest 20-s rolling average. The V̇O2 elicited by RCPCORR
was computed by averaging the last 2 min before the 30th
min. For the calculation of steady-state V̇O2 response, 2-min
averages were also performed around the 20th min. The [La
−]b during the 30-min constant-load trials was assessed by
drawing from a fingerpick a sample of capillary blood, which
was immediately analyzed using a laboratory analyzer (Biosen
C-Line; EKF Diagnostics, Barleben, Germany). For all rides,
measures of [La−]b at the time points of interest (i.e., 5th,
10th, 15th, 20th, 25th, and 30th min) were taken in triplicate,
and the average of the two closest [La−]b measures was used to
establish the steady-state response.

Data Analyses

During rapidly incrementing ramp-tests, the relationship be-
tween V̇O2 and power output is misaligned by the incomplete
expression of the V̇O2 kinetics. This misalignment begins im-
mediately at ramp onset (20) and becomes progressively larger
above GET (4). The two step transitions within the moderate-
and heavy-intensity domains, performed, respectively, before
and after the ramp-incremental phase, permits to retrospec-
tively account for this misalignment and, thus, to identify the
correct power outputs at GET and RCP (3). To this goal, a
three-phase analysis was used as follows:

i) Respiratory thresholds identification. From the ramp-
derived raw gas exchange and ventilatory variables, the
V̇O2 values at GET and RCPwere identified independently
by two investigators, as previously described (6). In case of a
disagreement, the two investigators would discuss their
predictions together until a consensus was reached.
Briefly, GET was determined as the point at which
2274 Official Journal of the American College of Sports Medicine
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carbon dioxide production (V̇CO2) began to increase
disproportionally with respect to V̇O2 (v-slope method).
This point was corroborated by the identification of the
first upward inflection point in the minute ventilation
(V̇E) versus V̇O2 relationship coincidental with a level-
ing off in the end-tidal pressure of CO2 (PETCO2) (be-
ginning of isocapnic buffering period) (21). By contrast,
RCP was identified as the point at which PETCO2 began
to fall after the period of isocapnic buffering concomi-
tantly with the second upward inflection point in V̇E

and V̇E/V̇CO2 versus V̇O2 relationships (22).
ii) Moderate-intensity domain correction. A linear regres-

sion was used to fit the ramp V̇O2 response from the on-
set of its systematic rise to the value estimated at GET.
The steady-state V̇O2 during the moderate-intensity step
transition was computed as the average of all breaths
within the last 2 min. The difference between the
ramp-derived power output extrapolated from the V̇O2

elicited by the step transition and the 80 W provided
the “correction factor” (or mean response time [MRT]),
which was calculated as follows:

MRT Wð Þ ¼ V
�
O2 at 80W − interceptMOD

� �
=slopeMOD

� �
− 80 W ½1�

where interceptMOD (mL·min−1) and slopeMOD (mL·min
−1·W−1) are the parameters obtained from the linear re-
gression of the ramp-derived V̇O2 response within the
moderate-intensity domain. For each individual, the
ramp-derived V̇O2 was “left-shifted” relative to the ramp
power output by an amount equal to the MRT. This per-
mitted the identification of the power output that would
elicit, in steady state, the estimated V̇O2 at GET.

iii) Heavy-intensity domain correction. The steady-state V̇O2

during the heavy-intensity step transition after the ramp
test was computed as the average of all breaths within
the last 2 min. Thereafter, a linear regression from the
V̇O2 and MRT-corrected power output at GET to the
V̇O2 and power output of the heavy-intensity step transition
was performed. The parameters of this linear regression
were extrapolated to the value of V̇O2 at RCP and, by linear
interpolation, the power output that would elicit, in steady
state, the V̇O2 at RCPCORR, was retrieved as follows:

RCPCORR Wð Þ ¼ V
�
O2 at RCP − interceptHVY

� �
=slopeHVY ½2�

where interceptHVY (mL·min−1) and slopeHVY (mL·min
−1·W−1) are the parameters obtained from the linear regres-
sion between V̇O2 and power output at GET and at the
heavy-intensity step transition.

Selecting the power output for HVY50%. The power
output for the target heavy-intensity V̇O2 was retrieved via lin-
ear extrapolation of the V̇O2-to-power output relationship be-
tweenGETandRCP.Specifically, the interceptHVY and the slopeHVY
parameterswere used to retrieve via linear extrapolation the power
output that would correspond to a V̇O2 value equidistant from
http://www.acsm-msse.org
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GET and RCP (50% of heavy-intensity domain; HVY50%). To
compare targeted and measured V̇O2, the average of all breaths
within the last 2 min was computed during HVY50%.

Selecting the power output for target Tlim within the
severe-intensity domain.The relationship existing between
constant-load power outputs and respective Tlim within the
severe-intensity domain is well described by a hyperbolic
function (23), whereby Tlim can be predicted as follows:

T lim ¼ W�= P −CPð Þ ½3�

whereW´ is the finite work capacity above CP (J), P is the se-
lected power output (W), and CP (W) is the asymptote of the
relationship. It has been previously demonstrated that the CP
model can also be applied to ramp-incremental exercise (17),
whereby Tlim during a ramp-incremental test can be predicted
by a modified version of equation 3, as follows:

T lim ¼ CP=S þ √2 W�=S ½4�

where S is the rate of increase, or slope, of the ramp test (in the
present study 0.5 W·s−1). With the SRS protocol, considering
that the slope of the ramp test is known, Tlim is measured, and
CP can be retrieved via RCPCORR (10), by rearranging equa-
tion 4, we calculated each individual’s ramp-derived W′ (W′

RAMP) as follows:

T lim ¼ RCPCORR=S þ √2 W 0=S ½5�

Thereafter, by implementing RCPCORR and W′RAMP within
equation 3, we selected for each individual four power outputs
that would elicit tasks failure at the target durations of 2.5, 5, 10,
and 13 min (i.e., SVR2.5, SVR5, SVR10, and SVR13, respec-
tively). These target Tlim were chosen to confidently cover the
widest possible range of severe-intensity power outputs, con-
sidering a possible measurement error between targeted and
measured Tlim of ~10% (16). The performance of these trials
was randomized, and each began after a 4-min, 20-W baseline.

CPmodeling.By plotting the power outputs predicted for
SVR2.5, SVR5, SVR10, and SVR13 against Tlim, the CPmodel for
each individual was derived using the following two-parameter
models:

1. hyperbolic (CP2-hyp):
RAM

A

T lim ¼ W 0
CONSTANT= P −CPð Þ ½6�
TABLE 1. Physiological responses derived from the ramp-incremental test.

N = 14 (5 Females)

PPLIED
SC

IE
2. linear work-time (CPlin):

Work ¼ CP � T lim þW 0
CONSTANT ½7�

3. linear, inverse of time (CP1/Tlim):
POpeak, W 319 ± 64
POpeak, W·kg−1 4.6 ± 0.8
V̇O2max, L·min−1 3.37 ± 0.78
V̇O , mL·kg−1·min−1 48.1 ± 8.8

N
C
ES
P ¼ W 0
CONSTANT 1=T limð Þ þ CP ½8�
2max

HRmax, bpm 186 ± 7
The CP and theW′CONSTANT resulting from the model with

[La−]b, mM 10.7 ± 1.8

Data are presented as mean ± SD.
the lowest combined standard error (SEE) (i.e., best model fit)
were selected for subsequent comparisons with their analogous
P-DERIVED INTENSITY PRESCRIPTION
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RCPCORR and W′RAMP (24). SEE was computed as SEE ̂β
� �

¼ ̂β
t , where β is calculated as the estimate and the t-value

(t-value being the square root of the F-statistics).

Statistical Analyses

Data are presented as mean ± SD. Coefficients of variation
(CV) are also presented where deemed necessary. Paired sam-
ple t-tests were used to compare the following: (i) the pre-
dicted and measured V̇O2 at RCPCORR, (ii) the predicted and
measured V̇O2 at HVY50%, (iii) the predicted andmeasured Tlim
(min) of the severe-intensity constant-load trials, (iv) the power
output at RCPCORR and CP, and (v) the size (J) ofW′RAMP and
W′CONSTANT. Between variables, associationwas evaluated using
Pearson’s product–moment correlation, concordance using Lin’s
concordance coefficients (CCC), and agreement using biases and
limits of agreement (LOA) calculated as part of Bland–Altman
plots. The CCCwas interpreted as follows: almost perfect con-
cordance = CCC ≥ 0.99, substantial concordance = 0.99 <
CCC ≥ 0.95, moderate concordance = 0.95 < CCC ≥ 0.90,
and poor concordance = CCC < 0.90. Statistical significance
was set at an α level < 0.05.

RESULTS

The group mean peak physiological responses recorded at
the end of the ramp-incremental test are reported in Table 1.
Results across all test visits for a representative participant
are depicted in Figure 2.

SRS and RCPCORR results. The steady state V̇O2 elicited
by the 80-W moderate-intensity step transition preceding the
ramp-incremental test was 1.47 ± 0.14 L·min−1. The
MRT-derived correction to left-shift the V̇O2 data was
12 ± 7 W or 23 ± 15 s. The average power output used for
the heavy-intensity step transition after the ramp-incremental
test was 167 ± 42W (or 51.9% ± 4.2% of POpeak),which elicited
a steady-state V̇O2 of 2.48 ± 0.52 L·min−1. From the
ramp-incremental test, the V̇O2 values estimated at GET and
RCP were, respectively, 1.99 ± 0.41 L·min−1 (59.6% ± 5.2%
of V̇O2max) and 2.83 ± 0.65 L·min−1 (84.2% ± 4.0% of
V̇O2max). The predicted power output at RCPCORR was
192 ± 53 W (equating to 59.5% ± 6.1% of POpeak). The
steady-state V̇O2 measured during the 30-min constant-load
trial at RCPCORR was 2.85 ± 0.65 L·min−1 (or 84.8% ± 5.5%
of V̇O2max) and was not different from the one estimated
(P = 0.72). Furthermore, the predicted and measured V̇O2 at
RCPCORR demonstrated a strong correlation (r = 0.98), a sub-
stantial concordance (CCC = 0.98), and a high agreement
Medicine & Science in Sports & Exercise® 2275
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FIGURE 3—Group average, individual data, correlation, and Bland–Altman plots between predicted and measured V̇O2 at RCPCORR.
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(bias = 0.01 L·min−1; LOA = −0.26 to 0.29 L·min−1) between
each other (Fig. 3). The [La−]b values at baseline and at the
5th, 10th, 15th, 20th, 25th, and 30th min during the 30-min
constant-load trial at RCPCORR were, respectively, 1.4 ± 0.3,
4.8 ± 1.2, 5.8 ± 1.6, 6.1 ± 1.7, 6.4 ± 1.8, 6.7 ± 2.0, and
6.9 ± 2.3 mM. RCPCORR elicited responses conforming to
MMSS in all but two individuals. In these, steady-state physio-
logical responses were still possible at 5% above RCPCORR. For
those in whom RCPCORR corresponded to MMSS, exercise 5%
above RCPCORRwas tolerable for 22.1 ± 6.6min and culminated
with a V̇O2 not different from V̇O2max (3.28 ± 0.92 L·min−1)
(P = 0.171). The W′RAMP from the CP model applied to the
ramp test was 16388 ± 5040 J.

HVY50% results. The target V̇O2 at HVY50% was
2.41 ± 0.52 L·min−1. From the SRS protocol, the HVY50% power
output identified to elicit this V̇O2 in steady state was 162 ± 43W.
At this power output, themeasured V̇O2 was 2.43 ± 0.52 L·min

−1,
whichwas not different from the targeted V̇O2 (P= 0.71). TheCV
between the targeted and the measured V̇O2 at HVY50% was
4.0% ± 2.1%. Overall, between them, targeted and measured
V̇O2 at HVY50% demonstrated a strong correlation (r = 0.95), a
substantial concordance (CCC = 0.95), and a high agreement
(bias = 0.02 L·min−1; LOA = −0.30 to 0.34 L·min−1) (Fig. 4).

Severe-intensity trials results. From RCPCORR and
W′RAMP, the power outputs for SVR2.5, SVR5, SVR10, and
SVR13 were, respectively, 302 ± 73, 247 ± 61, 219 ± 57,
and 212 ± 55W; the measured Tlim values for these power out-
puts were, respectively, 2.24 ± 0.53, 5.36 ± 0.74, 9.34 ± 1.60,
and 13.04 ± 2.07 min. The targeted and the measured Tlim values
were not different from each other (aggregate P > 0.05) (Fig. 5).
From the shortest to the longest, the CV between targeted and
measuredTlim were 15.1%, 8.7%, 10.5%, and 8.5%, respectively.
FIGURE 4—Group average, individual data, correlation, and Bland–Altman p

2276 Official Journal of the American College of Sports Medicine
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CP and W′CP versus RCPCORR and W′RAMP. Of the
three, two-parameter CP models, the “best model” fit
(r 2 = 0.988 ± 0.013) corresponded to CP2-hyp in four participants,
CPlin in one participant, and CP1/Tlim in the remaining nine
participants. From these, the CP and the W′CONSTANT were
193 ± 53 W and 15810 ± 5494 J, whereas the aggregated SEE
were 2.2%± 1.6% and 8.6%±5.4%, respectively. The power out-
put at CP and RCPCORRwere not different (P = 0.65) and demon-
strated a strong correlation (r = 0.99), a high concordance
(CCC = 0.99), and a high agreement (bias = 1 W; LOA = −14
to 16W). Likewise, the work (J) correspondingwithW′CONSTANT
andW′RAMP was not different (P = 0.51) and demonstrated a high
correlation (r=0.82), ahighagreement (bias−578J;LOA=−6801
to 5646 J), but poor concordance (CCC = 0.81) (Fig. 6).
DISCUSSION

With the ever-growing number of reports demonstrating
the importance of individualizing the metabolic stimulus dur-
ing exercise, it is paramount to develop strategies to prescribe
exercise intensity in an accurate, simple, and time-efficient
manner. To this aim, we recently developed and validated
an SRS protocol (3), a methodology that combines the per-
formance of one moderate- and one heavy-intensity step tran-
sition with a routine ramp-incremental test and allows predic-
tion, within a single test visit, of the power outputs at LT and
MMSS: the key, highly individual boundaries of exercise in-
tensity. With the present study, we aimed to test the extended
capabilities of the SRS protocol by testing its capacity to pre-
dict power outputs for target V̇O2 responses within the
heavy-intensity domain and for discrete Tlim within the
severe-intensity domain. In line with our hypotheses, findings
lots between predicted and measured V̇O2 at HVY50%.
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FIGURE 5—Group distribution of Tlim at the four identified power outputs to elicit exhaustion at minutes 2.5 (SVR2.5), 5 (SVR5), 10 (SVR10), and 13 (SVR13).
demonstrated that, for both goals, the SRS was highly accu-
rate as the agreement between targeted and measured V̇O2

for HVY50% was high, whereas the variance between targeted
and measured severe Tlim was relatively small and in line with
expected variability of severe-intensity exercise performance
(16,25). In addition to this, RCPCORR and W′RAMP were not
different from, and highly correlated with, their analogous
CP and W′CONSTANT. As such, our findings suggest that the
SRS protocol can be used not only to predict with good accu-
racy LT and MMSS but also more broadly to predict power
outputs to elicit tailored metabolic responses and exercise per-
formances across the entire intensity spectrum.

Confirming the performance of the SRS protocol
to identify LT andMMSS.A prerequisite to extend the pre-
dictive capabilities of the SRS protocol was to confirm that the
ramp-derived RCPCORR actually corresponded to MMSS. In
FIGURE 6—Comparisons (A and D), correlations (B and E) and agreement be

RAMP-DERIVED INTENSITY PRESCRIPTION
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line with our expectations, we found that RCPCORR conformed
to MMSS in the majority of the individuals (i.e., 12 of 14). In
those in whom RCPCORR incorrectly predicted MMSS, the
highest metabolic steady state was observed at 5% above the
power output at RCPCORR (i.e., ~10 W), but metabolic stabil-
ity was no longer possible another 5% above. Collectively,
these outcomes, which agree with our original investigation
(3), demonstrate the ability of the SRS protocol to produce es-
timates that fall rather consistently within the range of power
outputs associated with MMSS. Even in circumstances where
these estimates are incorrect, the error is on the order of a few
watts (i.e., ~10W) and, thus, well within the measurement and
day-to-day variability of the responses under investigation.

Predicting the power output for a target heavy-
intensity metabolic rate. A tenet of the SRS protocol is
that the increase in the gain of V̇O2 between GET and RCP
tween CP and RCPcorr and betweenW 'constant andW 'ramp.
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is linear (3). Thus, once both the V̇O2 and the power output at
these indices are estimated via the SRS protocol, such linearity
suggests the possibility of retrieving via linear interpolation any
power output eliciting a target steady-state V̇O2 within the
heavy-intensity domain. To test this possibility, we targeted a
V̇O2 equidistant from GET and RCP hypothesizing that if in-
deed changes in V̇O2 gain are linear, then targeted and mea-
sured V̇O2 at the extrapolated power output (i.e., HVY50%)
should not be different from each other. In line with this hypoth-
esis, we found that the measured V̇O2 response at HVY50% was
not different from and substantially concordant with the
targeted V̇O2 (Fig. 4). Specifically, the group mean bias of mea-
sured versus targeted V̇O2 was ~20 mL·min−1, whereas the CV
was ~4% (or ~40 mL·min−1). Considering that the average
noise/variability of V̇O2 for a given power output is on the order
of 120 mL·min−1 (26), these results highlight the high accuracy
by which the SRS protocol can elicit a target metabolic rate
within the heavy-intensity domain.

Predicting the power output for discrete Tlim within
the severe-intensity domain and comparison be-
tween CP and RCPCORR and between W′CONSTANT
andW′RAMP. According to the CP construct (23), well-motivated
individuals fail a severe-intensity constant-load task when W´
is fully depleted. Interestingly, although presenting some vari-
ability (15), the size of W´ remains fairly consistent across dif-
ferent exercise paradigms, such self-paced (24), all-out (27),
and ramped exercise (16). Such a remarkable constancy derives
from the fact that, for exercise within the severe-intensity do-
main, muscular work relies substantially on anaerobic energy
sources, which progressive depletion leads to the attainment
of a consistent level of metabolic perturbations (28) impairing
the ability of the individual to sustain the imposed power output
(29), or any power output >CP (30).

For ramp-incremental exercise, W´ (i.e., W′RAMP) can be
mathematically retrieved with knowledge of the incrementing
rate used, POpeak attained, and the individual’s CP (17). Con-
sidering that for the SRS protocol the ramp rate is known by
design, POpeak is measured, and CP can be assumed to corre-
spond to RCPCORR, we hypothesized that the performance of
this protocol would enable the computation of W′RAMP and,
thus, permit the prediction of discrete power outputs to elicit
target Tlim within the severe-intensity domain. To test this hy-
pothesis, we targeted Tlim of 2.5, 5, 10, and 13 min, and fol-
lowing our expectations, it was found that the identified power
outputs elicited Tlim that were not different from the targeted
ones with an aggregated variability (i.e., CV) between the
measured and the targeted Tlim of approximately 10% (Fig. 5).

To further corroborate the predictive ability of the SRS pro-
tocol, we used the four severe-intensity constant-load trials to
calculate CP andW´ (i.e.,W′CONSTANT), andwe compared these
to their analogous SRS-derived RCPCORR and W′RAMP. Nota-
bly, CP and RCPCORR were not different from each other, with
bias being remarkably low and concordance approaching 1.0
(Fig. 6) indicating that, in healthy individuals, RCPCORR may
be used as a valid surrogate of CP and, thus, MMSS. By con-
trast, although not different and strongly correlated, W′CONSTANT
2278 Official Journal of the American College of Sports Medicine
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and W′RAMP were characterized by a relatively greater bias
and lower concordance levels compared with what was observed
between CP and RCPCORR (Fig. 6). In this context, considering
the similarity between CP and RCPCORR, it is safe to say that
most of the variability between predicted and targeted Tlim might
have been due to some error in the quantifications ofW′RAMP. In
this regard, potential sources of error can arise from day-to-day
variations in performance during ramp-incremental tests, typi-
cally reported to be around 5% (31,32). In addition to this, CP
andW´ have also been demonstrated to be sensitive to manipula-
tions of V̇O2 kinetics (33,34), which expression differs between
square-wave transitions and ramp-incremental tests (5). In-
deed, for square-wave transitions within the severe-intensity
domain, the V̇O2 response demonstrates a slow rising compo-
nent that adds onto the fundamental phase of V̇O2 kinetics as
the expression of a greater O2 cost of the exercise (2). Notably,
the magnitude of such slow component and the size ofW´ are
strongly related (35).However, because during rapidly incrementing
ramp tests its development is obscured by the continuous in-
crease in power output (5), it cannot be excluded that these
discrete V̇O2 kinetics manifestations could influence the relation-
ship between the constant-load- and the SRS-derivedW´. Finally,
there is evidence suggesting that supra-MMSS exercise per-
formance is determined not only by the amount ofW´ remain-
ing but also by its rate of utilization (16). For instance, during
extreme-intensity exercise, the total amount of work accruable
above MMSS is markedly smaller than W′CONSTANT (36),
which is consistent with the presence of some limitation to ex-
ploit the remaining amount ofW´ at this very high rate of ATP
turnover. Given that rapidly incrementing ramp-tests generally
end within the extreme-intensity domain (37), the presence of
such limitation cannot be ruled out and, thus, could represent a
source of error when estimatingW′RAMP. In this regard, Black
et al. (15) observed that CP andW′CONSTANT overestimateTlim
(i.e., POpeak) during a ramp-incremental test by approximately
3% (or ~11 W). Recently, Caen et al. (38) reported a similar
finding, whereby W´ was greater (~10%) when derived from
constant-load severe-intensity trials as compared with a
ramp-incremental test. However, it is important to restate that,
within the present dataset, RCPCORR and W′RAMP were not
different from their analogous CP and W′CONSTANT. Conse-
quently, when using the latter two to retrospectively predict
Tlim during the ramp-incremental test (as done previously
(15)), predicted and measured ramp Tlim in our dataset are
not different (i.e., 634 ± 132 vs 637 ± 127 s). This finding cor-
roborates our underlying assumption that CP andW′CONSTANT
can be derived from a ramp-incremental test. In this context,
putative reasons for these somewhat contrasting findings could
be related to the influence of the number of severe-intensity trials
used to determine CP and W′CONSTANT, the use of a fixed
heavy-intensity V̇O2 gain to derive RCPCORR across all partic-
ipants, and/or employment of different ramp slopes. Nonethe-
less, it must be recognized that in all these studies, including
the present, the magnitude of the intraindividual variability be-
tweenW′RAMP andW′CONSTANT and/or the predicted and mea-
sured Tlim during the ramp-incremental test or constant-load
http://www.acsm-msse.org
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severe-intensity trials are within the expected day-to-day perfor-
mance variability for high intensity exercise (e.g., ~10%) (25,39).
Therefore, in our opinion, that the RCPCORR could be substituted
for CP to derive an accurate estimate of W´ and predict, with
good accuracy, a range of Tlim within the severe-intensity do-
main provides evidence to synonymity of RCP with CP and
its surrogacy for the MMSS (6).

Strengths and applicability of the SRS protocol. Of
the several methods developed over the years to prescribe in-
tensity of exercise, none possesses the advantages of the
SRS protocol. Indeed, as demonstrated herein, this protocol
has the ability to retrieve the power output for any target met-
abolic rate for which a steady-state response is attainable (i.e.,
moderate- and heavy-intensity domain) or any Tlim where ex-
ercise performance is delimited by the hyperbolic relationship
existing between power outputs and duration for which they
can be tolerated and where exercise culminates with attain-
ment of V̇O2max (i.e., severe-intensity domain). More broadly,
with the SRS, one can retrieve with reasonable accuracy all
aerobic parameters (i.e., LT, MMSS, W´, and V̇O2max) that
are essential for a comprehensive physiological characteriza-
tion of individuals, for performance prediction, and for an ap-
propriate prescription of exercise intensity. Compared with
other methodologies that are less time efficient and/or necessi-
tate inclusion of a series of maximal efforts, the SRS protocol
requires only a single laboratory visit and a single maximal ef-
fort. Granted access to a metabolic cart for the measurement of
gas exchange and ventilatory variables, such features make the
SRS protocol potentially implementable in all settings ranging
from sports performance to clinical.

Methodological considerations, limitations, and
ongoing debates. For the SRS protocol to provide accurate
estimations, measurements of the variables included in the com-
putation of the power output at GET/LT and RCP/MMSS must
be performed with a high degree of accuracy. In this context, all
available plots should be used in combination to optimize detec-
tion of the V̇O2 at GET and RCP (6). Furthermore, as is the case
for other approaches, an accurate estimation of W´ relies on a
fully exhaustive effort of the participants during the
ramp-incremental exercise. We recognize that this might be
more difficult to obtain in individuals unfamiliar with the testing
procedures. In this context, although theoretically implementable
in most clinical settings, future studies are warranted to confirm
whether the SRS can be used reliably within populations
who might (i) have impaired ability to exercise hard enough
to achieve/develop a respiratory compensation, (ii) present
RAMP-DERIVED INTENSITY PRESCRIPTION
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with abnormal breathing patterns and respiratory constraints,
and/or (iii) be under medication that could alter their chemoreflex
responsiveness (14,40,41). In all these circumstances, the identi-
fication of GET and RCP may be more challenging and could,
thus, limit the applicability of the SRS protocol.

Also linked to these aspects, there continues to be debate as to
whether the RCP can be used as a proxy of MMSS. Most of this
debate is based on the notion that rather than built on a metabolic
construct (which would support a metabolic link between RCP
andMMSS), the RCP represents the expression of a “ventilatory
control,” which kinetics is dependent on some amplitude and/or
time-related threshold for H+ sensing by the carotid chemorecep-
tors (42). Support to this view resides within the evidence that the
kinetics of V̇O2 and minute ventilation are different (43) and the
onset of the respiratory compensation in terms of its associated
power output occurs progressively closer to GET the slower
the ramp incrementing rate (4). What, however, is often under-
appreciated is that the V̇O2 atwhich such compensatory response
is initiated remains remarkably similar no matter the rate of the
forcing function (4,9,44), which suggests, on the contrary, that it
might be the trespassing of a “critical”metabolic rate that pro-
motes the chemoreflex-mediated response underpinning the
manifestation of RCP. This might be because, independent of
the ventilatory output at the V̇O2 of RCP, the cascade of events
(transduction and circulatory times of metabolic signaling from
muscle to blood and to carotid bodies; neurally mediated reflex re-
sponse) leading to the hyperventilation occurs very rapidly (45–47).
In our opinion, the close agreement between RCPCORR and CP
(and thus MMSS) herein seems to only reinforce our view.

CONCLUSIONS

In summary, in this study, we have tested the extended capa-
bilities of the previously developed SRS protocol (3). Specifi-
cally, we demonstrated that the use of this protocol can aid with
the prediction of power outputs to elicit targeted metabolic rates
within the heavy-intensity domain and, although with some
degree of variability, discrete exercise durations within the
severe-intensity domain. Such unique features make the SRS
protocol suitable to individualize the metabolic stimulus of ex-
ercise across the entire intensity spectrum.
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