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Abstract Currently, velocity-based training (VBT) is one of the hot topics in sport
science and among strength and conditioning coaches. However, its wide use has
spread some misunderstandings of the fundamental concepts of this methodology.
It should be highlighted that this is not a new training method, but rather, a new
approach that enables more accurate, frequent, and objective control of resistance
training intensity and volume. The VBT approach is no other thing than recording
lifting velocity every repetition during resistance training. The quantification of
actual repetition velocities achieved during resistance training sessions provides a
more consistent and precise understanding of training effects, opening up the
possibility to establish causal relationships between stimuli and response, which is
one of the main and most important targets of research and practice in sport science.
As such, VBT can be defined as a resistance training method that uses movement
velocity to improve training process and enhance training effects, via a deeper
understanding of the input signal (actual training load) and the output signal
(changes in performance). Through this chapter we will see how VBT contributes
to improve the resistance training methodology, as well as discuss its potential
benefits, limitations, and practical implications.
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1 Introduction

Velocity-based training (VBT) is one of the hot topics in scientific literature and among
strength and conditioning coaches. However, its wide use has spread some misun-
derstandings of the fundamental concepts of this methodology. It should be highlighted
that it is not a new training method, but a novel approach that allows accurate and
objective control of resistance training (RT) intensity and volume as well as of training
effects. Put simply, VBT consists of measuring and recording every repetition during
RT. The quantification of repetition velocities during RT provides a more precise
understanding of the resistance exercise stimuli and their possible effects (i.e., training
adaptations). This fact opens up the possibility to establish causal relationships between
stimulus and response, which is certainly one of the main targets of research in sport
science. Specifically, VBT can be defined as an RT approach that uses movement
velocity to optimize training process by means of a deeper information about the “input
signal” (actual training load) and the “output signal” (actual changes in performance).
Through this chapter, it addresses how VBT contributes to improve the RT method-
ology and provide some practical applications and examples of its use.

2 From Theory

2.1 Lifting at Maximal Velocity is the Essential Premise
of Velocity-Based Training

As described in the Introduction section, VBT can be used whenever the repetition
velocity is recorded. The essential premise of VBT is that the concentric phase of
each repetition should always be performed at maximal voluntary velocity. This
should be interpreted as an important aspect of VBT rather than a shortcoming,
since the velocity at which the loads are lifted determines the training intensity and,
consequently, the training effects. In this context, RT intensity is more than solely
the magnitude of the load (%1RM) being lifted, as the velocity at which loads are
actually moved affects the acute and chronic training responses (Pareja-Blanco et al.
2014; Gonzalez-Badillo et al. 2014). With regard to the influences of movement
velocity on training intensity, the greater the velocity against a given load, the
higher the applied force (Schilling et al. 2008). As a result, the greater the velocity
against a given load, the lower the difference between the force value achieved with
this “relative load” and the force applied against the maximum load that can be
lifted in a specific exercise (i.e., lower strength deficit) (Loturco et al. 2021a).
Concerning training effect, it has been shown that performing squat repetitions at
maximal concentric velocity compared to “intentionally slower velocity” (i.e.,
half-velocity) led to greater gains in squat performance (one-repetition maximum
“1RM” strength as well as the velocity developed against any load, from light to
heavy) and vertical jump height (Fig. 1a) (Pareja-Blanco et al. 2014). Similar
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findings were observed for the bench-press exercise (Fig. 1b) (Gonzalez-Badillo
et al. 2014). Moreover, when the load is lift at maximal intended velocity, this
results in higher recruitment of motor units and level of neural activation (Desmedt
and Godaux 1977; Behm and Sale 1993), despite spending shorter time under
tension (Schilling et al. 2008). Therefore, for maximizing training adaptations when
using VBT, it is necessary to lift the loads at the maximal intended velocity.

2.2 Using Movement Velocity to Determine Loading Intensity

A common concern of strength and conditioning coaches is how to objectively and
precisely quantify and monitor the actual training load undertaken by trainees.
Among the main RT variables (Suchomel et al. 2018; Kraemer and Ratamess
2004), exercise intensity is certainly one of the most critical, since this determines
the direction and extent of the resulting adaptations (Bird et al. 2005; Fry 2004).
The most common reference to prescribe RT intensity is the 1RM value (i.e., the
maximum load that can be lifted successfully once in a given exercise) (Kraemer
and Ratamess 2004; Buckner et al. 2017). Accordingly, RT intensity is expressed as
percentages of 1RM (%1RM) (Scott et al. 2016). Likewise, exercise intensity may

Fig. 1 Effect of the maximal
voluntary velocity (MaxV)
compared to half-maximal
velocity (HalfV) bench-press
training on: a one-repetition
maximum (1RM) and
b average velocity attained
against absolute loads
common to pre-(T1) and post-
(T2) test in the bench-press
progressive loading test.
Signficant group � time
interactions: # P < 0.05.
Intra-group significant
differences from pre- to
post-training: **P < 0.01,
***P < 0.001. Adapted from
Gonzalez-Badillo et al. (2014)
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be prescribed by using an indirect measurement: the maximal number of repetitions
that can be performed when using submaximal loads (MNR, e. g., 5RM, 10RM,
15RM). This method is based on the relationship already observed between the %
1RM and the MNR, which established a “RM continuum” (Brzycki 1993; Reynolds
et al. 2006), allowing coaches to estimate the 1RM through the use of a derived
equation. Despite their extensive utilization, these methods present important
shortcomings, such as: (1) very time-consuming and laborious procedures (Loturco
et al. 2016; Rontu et al. 2010); (2) high risk of injury when performed incorrectly
(Chapman et al. 1998; Braith et al. 1993); (3) they can induce high levels of muscle
damage, potentially hampering physical and technical performance on the follow-
ing days (Niewiadomski et al. 2008). Furthermore, it is known that the MNR that
can be performed with a given relative load differs between athletes (Richens and
Cleather 2014; Sánchez-Moreno et al. 2021a) and, thus, a given MNR load may
represent different %1RM for different subjects, leading to erroneous estimation of
training intensity. In addition, the 1RM value can either fluctuate on a daily basis or
change throughout the training program, which may produce that the prescribed
load may not match the intended %1RM. Consequently, there is a need to imple-
ment faster, safer, and more practical methods to estimate both maximum (i.e.
1RM) and relative (i.e. %1RM) RT loads. The possibility of using a more precise
and consistent “non-exhaustive approach” to determine the 1RM would allow
coaches to frequently correct and adjust training loads even during habitual training
sessions. In this sense, a pioneering study reported a very strong relationship
(R2 = 0.98) between %1RM and lifting velocity in the BP exercise (Fig. 2)
(Gonzalez-Badillo and Sánchez-Medina 2010). Subsequently, several investiga-
tions confirmed that lifting velocity is a valid measure to objectively and frequently
quantify training intensity in different exercises. From these data, multiple predic-
tive equations have been developed, allowing practitioners to estimate loading
magnitude (%1RM) under different training settings. This close relationship enables
practitioners to rapidly and accurately determine the individual’s current 1RM
values and what percentages of 1RM are being used as soon as the first repetition of
the set is performed with maximal voluntary velocity, without exposing trainees to
the exhaustive and time-consuming traditional 1RM or MNR measurements
(Gonzalez-Badillo and Sánchez-Medina 2010; Gonzalez-Badillo et al. 2011).

Given these relevant findings, it is not surprising the increased interest in
applying the load-velocity relationship as a tool to define and monitor RT intensity.
However, prescribing RT intensity using barbell velocity as a reference has a
drawback: movement velocity is exercise-dependent and, consequently, a given
velocity may represent different intensities for distinct exercises. Thus, in order to
properly use the movement velocity as a tool to prescribe and estimate absolute and
relative loads for a given exercise, the load–velocity relationship should be properly
established for this exercise. As a consequence, the load-velocity relationship has
been analyzed in a myriad of exercises, such as: full-squat (Sánchez-Medina et al.
2017) and different squat-variants (Loturco et al. 2016; Conceicao et al. 2016;
Martinez-Cava et al. 2019), leg-press (Conceicao et al. 2016), deadlift (Benavides-
Ubric et al. 2020), hip-thrust (Hoyo et al. 2019), bench-press (Gonzalez-Badillo and
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Sánchez-Medina 2010), bench-pull (Sánchez-Medina et al. 2014), military-press
(Balsalobre-Fernández et al. 2018), pull-up (Sánchez-Moreno et al. 2017), prone
row (Loturco et al. 2021b), among others. Coaches and practitioners should reg-
ularly use these findings on a daily basis, adjusting the absolute load (kg) to match
the repetition velocity associated with the %1RM that is intended for the RT session
(Table 1).

Fig. 2 Relationship between relative load (%1RM) and mean propulsive velocity in the
bench-press exercise. Solid line shows the fitted curve to the data, and the dotted lines indicate the
95% confidence limits of the estimation. Adapted from Sánchez-Medina (2010)

Table 1 Mean propulsive velocity (m�s−1) attained against each percent 1RM in different
resistance exercises

Load (%1RM) Bench-press Bench-pull Pull-up Full-squat Deadlift

40 1.11 1.35 1.13 1.09

45 1.02 1.28 1.07 1.02

50 0.94 1.20 1.00 0.96

55 0.85 1.13 0.93 0.90

60 0.77 1.06 0.87 0.83

65 0.69 0.99 0.83 0.80 0.77

70 0.61 0.92 0.74 0.73 0.71

75 0.53 0.85 0.66 0.67 0.64

80 0.46 0.79 0.57 0.60 0.58

85 0.38 0.72 0.48 0.53 0.52

90 0.31 0.65 0.39 0.46 0.45

95 0.24 0.59 0.30 0.40 0.39

100 0.17 0.52 0.20 0.33 0.33

Values based on Sánchez-Medina et al. (2014); Sánchez-Moreno et al. (2017); Pareja-Blanco et al.
(2020d); Benavides-Ubric et al. (2020)
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2.3 Using Movement Velocity as a Measure of Level
of Effort Within the Set

Another important training variable that should be considered when designing RT
programs is the training volume (Spiering et al. 2008; Schoenfeld et al. 2017).
Regarding the related-training volume parameters, the level of effort—defined as the
actual number of repetitions performed within the set in relation to the maximum
number of repetitions (MNR) that can be completed (Sánchez-Medina and
Gonzalez-Badillo 2011)—has been claimed as a critical factor in determining
adaptations to strength training (Pareja-Blanco et al. 2020a, 2017a). Accordingly,
the degree of fatigue and, consequently, the training adaptations, will be substan-
tially different when performing, for example, four out of eight repetitions with a
given load [4(8)] compared to completing all possible repetitions [8(8)]. In this
regard, the level of effort has traditionally been determined by fixing beforehand a
specific number of repetitions to complete in each exercise set when using a sub-
maximal load (i.e., %1RM) (Sánchez-Medina and Gonzalez-Badillo 2011;
Pareja-Blanco et al. 2020b). However, the MNR that can be completed with a given
%1RM shows large inter-individual variability (coefficient of variation [CV]:
8.6–33.1%) (Sánchez-Moreno et al. 2021a; Gonzalez-Badillo et al. 2017). This fact
may lead to different levels of effort among athletes performing the same number of
repetitions per set even when using a similar %1RM, because the number of repe-
titions that remain undone (i.e., repetitions left in reserve) may considerably differ
between them (Moran-Navarro et al. 2019; Rodriguez-Rosell et al. 2020a). These
considerations suggest that it is necessary to find better ways to objectively monitor
the actual level of effort experienced by athletes during RT sets. Accordingly, rather
than completing a fixed and predetermined number of repetitions in each set, each
training set should be stopped as soon as a certain level of performance impairment
is detected, which will depend on the specific target being pursued (Pareja-Blanco
et al. 2020a, 2017a, 2020c). When performing each repetition at maximal voluntary
effort during a training set, the force applied and, hence, movement velocity and
power output will progressively decline, as a consequence of the development of
fatigue (Fig. 3) (Ortega-Becerra et al. 2021; Izquierdo et al. 2006). In this regard, the
velocity loss (VL) incurred within the set, which is calculated as the relative dif-
ference between the fastest (usually the first) and the last repetition performed, has
been proposed as an objective, practical, and non-invasive indicator of neuromus-
cular fatigue during RT (Sánchez-Medina and Gonzalez-Badillo 2011). Indeed, high
relationships (R2 = 0.83–0.94) have been observed between the repetition VL and
different mechanical and metabolic measures of fatigue (Sánchez-Medina and
Gonzalez-Badillo 2011). Likewise, it has been observed strong relationships
(R2 = 0.92–0.97) between the VL incurred within the set and the percentage of
repetitions completed with regard to MNR (%Rep, i.e. proximity to muscle failure)
for relative loads ranging between 50–85% 1RM in the bench-press and full-squat
exercises (Sánchez-Moreno et al. 2021a; Gonzalez-Badillo et al. 2017; Rodriguez-
Rosell et al. 2020a). Moreover, the %Rep completed to a given magnitude of VL
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presented a low inter-individual variability (CV: 2.5–12.1%) and a high reliability
(intra-individual CV: 2.1–6.6%) (Gonzalez-Badillo et al. 2017). Therefore, the %
Rep for a given magnitude of VL is very similar for all individuals, regardless the
MNR that could be completed. These findings allow practitioners to estimate with a
high precision the %Rep that has already been performed and/or as a result how
many repetitions are left in reserve, as soon as a given VL magnitude is attained in
the exercise set. However, the pattern of repetition velocity decline seems to be
exercise-specific (Rodriguez-Rosell et al. 2020a). According to previous research,
when athletes have completed approximately 50% of the MNR, the VL magnitude
is about 20–25% in the bench-press, full-squat, and pull-up exercises (Rodriguez-
Rosell et al. 2020a). Figure 5 depicts the %Rep corresponding for different mag-
nitudes of VL in bench-press, full-squat, and pull-up exercises. Thus, instead of
previously defining a fixed number of repetitions to perform against a given load,
practitioners may use different VL thresholds to obtain more accurate information
about the actual degree of fatigue incurred during the set as well as to prescribe more
effective and tailored training sessions (Table 2).

2.4 Effort Index as a New Method to Quantify Training
Load During Resistance Training

As it has been described in the two previous epigraphs, the close relationship
between bar velocity and relative intensity in different exercises, and between the
magnitude of VL within the set and the percentage of performed repetitions (%Rep)
against a given load confirm that VBT is a valid and accurate approach for

Fig. 3 Evolution of lifting velocity throughout a set in the bench-press exercise conducted up to
the task failure
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monitoring RT intensity and volume. Therefore, instead of prescribing a certain
amount of weight to be lifted and a given number of repetitions per set, training
prescription may be based on the first repetition’s velocity and the magnitude of VL
over the set. This also opens up the possibility of quantifying the fatigue induced
during RT by the interaction of these two parameters. In this regard, the product of
the first repetition’s mean velocity and the magnitude of VL induced within the set,
termed as the “effort index”, was shown to be strongly associated with certain
fatigue indicators, such as the VL against a given absolute load and post-exercise
blood lactate concentrations (Fig. 4) (Rodriguez-Rosell et al. 2018). Moreover, the
effort index showed moderate to strong relationships with jump height loss and with
relative changes in some surface electromyography (EMG) variables, such as the
instantaneous median and mean frequency of the EMG power spectrum
(Rodriguez-Rosell et al. 2020b). Previous studies have already reported that the
higher the VL with a specific load, the higher the muscle fatigue induced by the
training set (Sánchez-Medina and Gonzalez-Badillo 2011; Weakley et al. 2019a).
Nonetheless, the effort index allows the comparison of fatigue incurred during the
training session even when different relative loads are employed. When comparing
similar VL thresholds between loads of different magnitudes, it is possible to
observe that lower relative loads will produce higher degrees of fatigue
(Rodriguez-Rosell et al. 2018). This may be explained by the fact that the number
of repetitions performed to achieve a given percentage of VL in the set is lower as
the %1RM increases. Likewise, the lower number of repetitions required to attain a
given VL with heavier loads may be explained by the fact that the higher the load,
the higher the degree of effort of each repetition. In practical terms, this indicates

Table 2 Percentage of
completed repetitions out of
the maximum possible
number when a given
magnitude of mean propulsive
velocity loss is reached in
each set to failure in the bench
press, full-squat and pull-up
exercises

Velocity loss (%) Percentage of completed repetitions out
of the maximum possible number when
a given velocity loss is reached (%)

Bench-press Full-squat Pull-up

10 20–25 25–30 25–30

15 30–35 35–40 30–35

20 35–40 45–50 40–45

25 45–50 55–60 50–55

30 50–55 60–65 55–60

35 55–60 65–70 65–70

40 65–70 75–80 70–75

45 70–75 80–85 75–80

50 75–80 85–90 80–85

55 80–85 90–95 85–90

60 85–90 90–100 90–95

65 95–100 95–100 95–100

Values based on González-Badillo et al. (2017); Sánchez-Moreno
et al. (2017); Rodríguez-Rosell et al. (2020a)
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that heavier loads will result in greater magnitudes of VL for a similar number of
repetitions (Sánchez-Medina and Gonzalez-Badillo 2011; Rodriguez-Rosell et al.
2020a). The strong correlations observed between effort index and different fatigue
indicators suggest that, for a given effort index, the degree of fatigue experienced is
equivalent, regardless of the first repetition’s velocity and the magnitude of VL
incurred in the set. However, it should be highlighted that, although similar degrees

Fig. 4 Relationships between
effort index and loss of
velocity pre-post exercise
against the V1�m�s−1 load,
jump height loss and
post-exercise lactate
concentration for the squat
exercise. Each data point
corresponds to one different
resistance exercise protocol.
Different colors are used to
differentiate between the
different relative intensities
analyzed: 50% 1RM (yellow),
60% 1RM (green), 70% 1RM
(blue), and 80% 1RM (red).
Adapted from
Rodríguez-Rosell (2017)
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of fatigue are experienced by trainees, the mechanisms underlying fatigue likely
differ between training stimulus with similar effort index but with different %1RM
and VL magnitudes.

3 From Practice

3.1 How the Use of Movement Velocity as a Measure
of Training Intensity Can Be Easily Implemented
on a Daily Basis

As explained in the epigraph 2.2, the very close relationship between relative load
and bar velocity results in mean velocity values strongly associated with distinct %
1RM. Therefore, intensity can be prescribed on a daily basis, using a very precise
and time-saving approach, by adjusting the absolute load (kg) to match the repe-
tition velocity associated with the respective percentage of 1RM intended for a
given training session. However, it should be acknowledged that individual factors
such as age, sex, or training status may potentially influence the prediction
equation.

3.1.1 Individual Load-Velocity Relationship

The 1RM and %1RM estimations calculated from the velocity attained with distinct
submaximal loads are usually based on general load-velocity equations. These
equations assume that the velocity associated with each relative load is the same for
all individuals; however, some inter-individual aspects, such as execution technique,
length of members, fiber type composition, among others, may slightly compromise
these estimations. Accordingly, the individual load-velocity relationship has been
proposed to overcome these limitations. In this regard, it has been shown that indi-
vidual load-velocity relationships provide more accurate predictions of %1RM than
general equations (Benavides-Ubric et al. 2020; Pestana-Melero et al. 2018;
Garcia-Ramos et al. 2018). Indeed, González-Badillo and Sánchez-Medina (2010) in
their seminal work already reported almost perfect individual load-velocity rela-
tionships for a sample comprising 120 healthy men aged 24.3 ± 5.2 years, with a
training experience of 1.5–4 years (R2 = 0.996 ± 0.003; range: 0.983–0.999;
CV = 0.3%). The standard test carried out to determine the individual load-velocity
relationship entails of recording lifting velocity with several submaximal loads and,
afterward, modeling the load-velocity relationship through a linear or polynomial
(depends on the exercise) adjustment to estimate the 1RM as the load corresponding
to the velocity at which the 1RM is attained.

In an attempt to find the potential mechanisms underlying the small differences
in the load-velocity relationship among individuals, the influence of different
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strength levels and changes in performance have been investigated. In this regard,
the load-velocity relationship seems similar for age-matched individuals with dif-
ferent strength levels (Loturco et al. 2016,2017; Gonzalez-Badillo and
Sánchez-Medina 2010; Torrejón et al. 2019) and for the same individuals with

Fig. 5 Relationships between relative load and bar velocity for the full-squat and bench-press
exercises. Data obtained from raw load-velocity values derived from the progressive loading tests
performed on the sample of 25 men and 13 women. Black circles represent men and grey circles
represent women. MPV: mean propulsive velocity. SEE: standard error of estimate. Adapted from
Pareja-Blanco et al. (2020d)
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increased strength levels after a RT program (Gonzalez-Badillo and
Sánchez-Medina 2010; Sánchez-Moreno et al. 2017). Notwithstanding, it has been
observed that the velocity associated with each %1RM, particularly with light and
moderate loads, is higher in men compared to women in both upper- and
lower-body exercises (Fig. 5) (Balsalobre-Fernández et al. 2018; Torrejón et al.
2019; Pareja-Blanco et al. 2020d; García-Ramos et al. 2019). Nevertheless, the
velocity of the 1RM did not differ between sexes (Balsalobre-Fernández et al. 2018;
Pareja-Blanco et al. 2020d; García-Ramos et al. 2019). Therefore, the general
equations previously published for some exercises (Loturco et al. 2016,2017;
Gonzalez-Badillo and Sánchez-Medina 2010; Sánchez-Medina et al. 2017) may not
be suitable for women. Accordingly, if the training load is prescribed with the same
velocity value for both men and women, the training stimulus for both sexes may be
different. As a consequence, although the lifting velocity is a valid tool to estimate
the relative load in both sexes, a more precise prediction can be obtained when a
sex-specific equation is used. The fact that women attain similar %1RM at slower
velocities than men may indicate that women have higher strength deficit than men,
which should be understood as the percentage of maximal strength potential which
is not used (or applied) during a given motor task (Loturco et al. 2021a). However,
the underlying mechanisms of differences in the load–velocity relationship between
sexes require further investigation. Similarly, young men attain higher velocities for
every %1RM than middle-aged men (Fernandes et al. 2018). These findings
highlight the need to individualize the load-velocity relationship to the trained
population.

3.1.2 Using Bar Velocity on a Daily Basis

The VBT approach allows coaches and athletes to monitor performance by mea-
suring the velocity of the barbell (or load) which is being moved during a lift. In this
regard, an increase in the bar velocity may indicate an increase in maximum
strength, while an immediate decrease in bar velocity may suggest an impaired
ability to apply force (possible due to fatigue). As a result, the velocity against a
submaximal absolute load (kg) can be regularly monitored during the warm-up of
key RT exercises, thus providing objective and accurate information about the
changes in the athlete’s fitness/fatigue status. Moreover, by monitoring repetition
velocity, it is possible to determine in real-time whether the proposed load
(kg) actually represents the effort (%1RM) that was intended in the training session.
This allows making adjustments to the training load accounting for day-to-day
fluctuations, resulting in more tailored and effective training programs (Dorrell et al.
2020).

The use of feedback during RT is a powerful tool for promoting both acute and
chronic improvements in certain physical capacities (Nagata et al. 2020; Weakley
et al. 2019b). VBT provides feedback in real-time, which can enhance motivation
and, hence, the performance attained in each repetition. In this regard, Nagata et al.
(2020) reported that providing verbal feedback of bar velocity after each loaded
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jump squat repetition resulted in acute and long-term improvements in physical
performance. Therefore, this approach may serve as a motivational tool not only to
increase training accuracy and quality, but also, to optimize gains in physical
performance.

3.2 Effects of Different Velocity Loss Thresholds
During Resistance Training

As previously mentioned, the level of effort, which is defined as the relationship
between the actual number of repetitions performed in the set with regard to the
MNR that can be completed (Sánchez-Medina and Gonzalez-Badillo 2011), should
be prescribed by the VL attained within the RT set, in order to prevent the drawbacks
of determining beforehand a number of repetitions to be performed with a given load
(Gonzalez-Badillo et al. 2017). Long-term adaptations to RT seem to be dependent
on the VL incurred within the training set during a training program. In this regard,
high VL thresholds (� 40%), which accumulate high levels of RT volume by
performing more fatiguing and slower repetitions, maximize muscle hypertrophy
(Pareja-Blanco et al. 2017a, 2020a, c), but these VL thresholds can also induce
negative neuromuscular adaptations (Pareja-Blanco et al. 2020a). These high
hypertrophic responses may be due to the high exercise-induced metabolic and
mechanical stress, elevated growth-promoting hormones responses, and high levels
of muscle damage (Schoenfeld 2010; Goldberg et al. 1975), which are typically
observed in RT protocols with higher VL thresholds (Sánchez-Medina and
Gonzalez-Badillo 2011; Pareja-Blanco et al. 2020b; Moran-Navarro et al. 2017). In
contrast, moderate VL thresholds (i.e. 10–20%) evoke positive neuromuscular
adaptations, as well as increases in maximal neuromuscular excitation and
enhancements in muscle stiffness indicators (Pareja-Blanco et al. 2020c;
Rodriguez-Rosell et al. 2020c). Likewise moderate VL thresholds (10–25%) seem to
maximize strength gains (Pareja-Blanco et al. 2017a, 2020a, c; Rodriguez-Rosell
et al. 2020c). Indeed, higher VL thresholds do not induce further 1RM strength gains
than lower VL thresholds and could even result in lower strength gains, especially in
high-velocity actions against low-loads or unloaded conditions or when short peri-
ods of time are available to apply force (i.e. early rate of force development)
(Pareja-Blanco et al. 2020b, c). This phenomenon may be related to a reduction in
the IIX fiber type pool, which present faster cross-bridge cycling rates (compared to
type I fibers) (Bottinelli et al. 1996) subsequent to an RT program using a 40% VL,
while a 20% VL preserved this pool (Pareja-Blanco et al. 2017a). Accordingly, the
dose–response relationship between the level of effort within the set, quantified by
the VL, and performance adaptations has been suggested to exhibit an inverted
U-shaped curve (Fig. 6) (Pareja-Blanco et al. 2020a, c; Rodriguez-Rosell et al.
2020c). This relationship indicates that a progressive increase in the level of effort
within the set will be accompanied by an increase in strength gains, up to a certain
limit, beyond which an increase will not produce additional benefits in terms of
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muscle strength, which may be even detrimental for strength gains. In this regard,
moderate VL thresholds (10–25%) should be used to maximize athletic perfor-
mance, since low VL thresholds (<10%) seem to induce very low levels of fatigue to
maximize adaptations, while high VL thresholds (� 40%) do not produce further
strength gains (Pareja-Blanco et al. 2020a,c). Hence, the training efficiency is higher
for moderate VL thresholds compared to higher VL magnitudes, since moderate VL
thresholds evoke similar or even greater benefits. Furthermore, higher VL thresholds
(40%) result in greater fatigue and slower rate of recovery than lower VL thresholds
(20%) (Pareja-Blanco et al. 2019). Accordingly, moderate VL thresholds induce
similar or even greater strength gains than higher VL magnitudes with the advantage
of requiring shorter recovery times. In summary, a minimal VL threshold is nec-
essary and effective to optimize strength gains. However, performing additional
repetitions under higher magnitudes of VL does not seem to elicit additional strength
gains and may even induce “suboptimal adaptations”.

3.3 How the Use of Movement Velocity as a Measure
of Level of Effort Can Be Practically Implemented
on a Daily Basis

It has been shown that both velocity and power could be better preserved during the
set by using the VL threshold as a training approach (Weakley et al. 2019a). In
addition, the number of repetitions required for attaining a given magnitude of
fatigue within the sets may be reduced throughout the training session, which can
be individualized when using the VL approach (Weakley et al. 2019a).
Accordingly, prescribing level of effort incurred within the set using VL thresholds
may enhance exercise quality by mitigating neuromuscular fatigue as well as
enables strength and conditioning professionals taking into account factors asso-
ciated with individual differences in strength performance, daily readiness, or
within-session fatigue development. Monitoring of repetition velocity is currently
possible by means of the ever increasing number of commercially available portable
measuring systems (linear position and velocity transducers, accelerometers, mobile
apps, and inertial measurement units). This approach is of great practical relevance
for practitioners aiming to find optimal and more time-efficient RT stimuli. In a
previous study, a professional soccer team was divided into two groups that trained
the squat exercise with similar relative loads but under distinct VL thresholds: one
group trained under a VL of 15% (VL15) and the other under a VL equal to 30%
(VL30) (Pareja-Blanco et al. 2017b). The VL15 group obtained similar or even
greater gains than VL30 in all tested physical qualities (i.e., jump, sprint, and
muscle strength) despite the fact that they performed a considerably lower number
of repetitions (60% of the repetitions completed by the VL30 group) (Pareja-Blanco
et al. 2017b). Likewise, another study compared the effects of two VL thresholds
(10% vs. 20%) during a matched-intensity and matched-volume jump squat training
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program on athletic performance (Perez-Castilla et al. 2018). Both VL thresholds
(10% and 20%) resulted in similar performance gains (i.e., jump height, maximal
power output and maximal velocity); however, no changes were observed for
maximal strength and sprint capacities (Perez-Castilla et al. 2018). Importantly,
moderate VL thresholds (10–20%) in the squat exercise induce greater enhance-
ments in high-speed actions, such as jumping and sprinting, than higher VL
thresholds (30–40%) (Pareja-Blanco et al. 2017a,b; Rodriguez-Rosell et al. 2020c),
which is of great importance for athletes aiming to maximize their performance
without generating an excessive degree of fatigue during RT which could interfere,
for example, on some technical and tactical skills. Moreover, since the change in
lifting velocity against a given load is directly dependent on the force applied onto
this load, an increase in the lifting velocity may be considered as an indicator of
strength improvement (Loturco et al. 2021c). From a practical standpoint, this
means that this approach may allow for the measurement of the estimated 1RM in
every training session. Thus, based on the current evidence in this regard, it is
possible to state that moderate VL magnitudes induce faster and greater strength
gains than higher VL thresholds (Fig. 7), which is very relevant for sports requiring
the maintenance of high levels of strength throughout the season.

Fig. 7 Evolution of the 1RM strength in the squat exercise in each training session expressed as a
percentage of the initial pre-training level for each experimental group. 0, 10, 20, or 40 indicate the
session from which the respective group attained significant improvements (P < 0.05) in 1RM
strength compared with their pretraining values. Data are mean ± SD, N = 55. VL0: group that
trained with a mean VL of 0% in each set (n = 14); VL10: group that trained with a mean VL of
10% in each set (n = 14); VL20: group that trained with a mean VL of 20% in each set (n = 13);
VL40: group that trained with a mean VL of 40% in each set (n = 14). Adapted from
Pareja-Blanco et al. (2020a)
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4 Filling Gaps

4.1 Programming Using Velocity-Based Training

Programming is considered the manipulation of RT variables (i.e. exercise choice
and order, relative intensity, volume, ratio between work and rest time, among
others) with the intention of maximizing athletic performance (Cunanan et al. 2018).
There are different programming models concerning the evolution of relative loads
and volume throughout the training program as: linear programming (LP), in which
training intensity gradually increases while volume decreases (Haff and Triplett
2015); undulating programming (UP), in which both volume and intensity increase
or decrease repeatedly throughout the training program (Rhea et al. 2002); reverse
programming (RP), in which training intensity gradually decreases and volume
increases (Rhea et al. 2003); and constant programming (CP), in which both
intensity and volume remain constant throughout the training program (Fig. 8a)
(Schiotz et al. 1998). Although a myriad of works have already tried to analyze the
effects of different programming models on strength gains (Williams et al. 2017;
Harries et al. 2015; Loturco et al. 2013), previous research comparing different
programming models have determined RT intensity based on the percentage-based
training method, which, as previously described, cannot ensure that the actual load
corresponds to the scheduled one, due to day-to-day fluctuations in performance.
Since the VBT approach can account for these fluctuations by monitoring velocity
during the warm-up and throughout training sessions, it is possible to determine and
adjust the RT intensity and level of effort with high accuracy, in real time and on a
daily basis. In this regard, a pioneering study compared the effects of four pro-
gramming models (LP vs. UP vs. RP vs. CP) using VBT approach to prescribe both
training intensity (50–85% 1RM) and level of effort (20% VL) (Riscart-Lopez et al.
2021). After 8 training weeks, the four programming models resulted in similar
improvements in squat performance (i.e., 1RM strength and load-velocity spectrum),
and jumping and sprinting capacities (Riscart-Lopez et al. 2021). However, the
time-course of improvements in squat strength varied between groups, being less
pronounced in the UP (Fig. 8b) (Riscart-Lopez et al. 2021). Another recent inves-
tigation also compared the effects of two different VBT programming models on
physical performance. Both VBT programs (“LP” and “UP”) used similar relative
intensities (ranging from 50 to 80% 1RM) and level of effort (15% VL)
(Rodriguez-Rosell et al. 2021). The LP model resulted in greater strength gains than
UP (Rodriguez-Rosell et al. 2021). Moreover, the enhancements in jumping ability
and 1RM strength were earlier and uninterrupted for LP in comparison with DP
(Rodriguez-Rosell et al. 2021). This finding is of great practical relevance when
selecting RT models according to time-related criteria (i.e., prioritizing or not pri-
oritizing faster and greater adaptations in strength-related capacities). As such, the
use of the VBT approach to determine RT intensity and level of effort allows for an
accurate, flexible, and tailored prescription of different programming models, which
certainly increases training efficiency and performance gains.
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4.2 How to Design Concurrent Training Implementing
the Velocity-Based Training Approach

Concurrent training consists of combining endurance and strength training
(Hickson 1980). This training modality is regularly used in sports disciplines
requiring high levels of strength and endurance (Garcia-Pallares and Izquierdo

Fig. 8 a Example of using different programming models via the velocity-based training
approach. b Evolution of 1RM across training sessions with respect to baseline performance for
each experimental group. Data are presented as mean ± SD. LP = linear programming (n = 11);
UP = undulating programming (n = 10); RP = reverse programming (n = 11); CP = constant
programming (n = 11). Adapted from Riscart-Lopez et al. (2020)
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2011). Due to time constraints or/and sport demands, elite athletes are frequently
required to conduct both strength and endurance trainings within short periods of
time. The exercise sequence (i.e., strength prior to endurance training or vice versa)
and the extent of fatigue induced by each exercise may be critical for maximizing
endurance and strength development (Doma et al. 2019), since the residual fatigue
generated by the previous exercise may compromise the quality in the following
exercise (Eddens et al. 2018). In this regard, a recent study compared the acute
effects of training sequence and level of effort during RT when using four different
training protocols, as follows: endurance training (ET) (running 10 min at 90% of
maximal aerobic velocity) followed by RT (3 squat sets with 60% 1RM) with 20%
and 40% VL, respectively [1) ET + RT20 and 2) ET + RT40]; and RT with 20%
and 40% VL, respectively, followed by ET [3) RT20 + ET and 4) RT40 + ET]
(Najera-Ferrer et al. 2021). In summary, higher VL magnitude (40% VL) during RT
resulted in higher metabolic and mechanical stress (i.e. greater blood lactate and
higher impairments in jump and strength capacities), and greater performance
decrements in endurance-related variables (i.e., impaired running time and
increased ventilatory equivalents) (Table 3) (Najera-Ferrer et al. 2021). However,
endurance performance was not affected when RT with a moderate VL was per-
formed before ET (i.e. RT20 + ET) (Najera-Ferrer et al. 2021). These findings
suggest that high-fatigue resistance exercise prior to endurance exercise should be
avoided to prevent decreased performance in subsequent endurance performance. In
addition, the quality of the “fastest repetition” during resistance exercise can be
reduced when endurance exercise is performed prior to resistance exercise
(Najera-Ferrer et al. 2021). As such, both endurance and strength training may
significantly impair subsequent exercise performance. However, setting a moderate
VL threshold (20% VL) for RT may avoid performing an excessive number of
repetitions, which could compromise in a greater extent the quality of the subse-
quent endurance exercise (Najera-Ferrer et al. 2021). These findings are relevant for
designing concurrent training schemes capable of reducing the fatigue accumulated
between sequential sessions of resistance and endurance training. With regard to
long-term adaptations, Sánchez-Moreno et al. (2021b) analyzed and compared the
effects of three distinct 8-week training programs: an “isolated” endurance training
program (ET) and two concurrent training schemes, which differed in the magni-
tudes of velocity loss within the RT sets: 15% (VL15) versus 45% (VL45)
(Sánchez-Moreno et al. 2021b). Both concurrent training interventions produced
greater gains in all strength-related variables and in jump height compared to the ET
group. On the other hand, performing higher total volume during RT (VL45) did
not elicit additional strength gains compared to the intervention that incurred a
lower level of effort within the RT set (VL15). Furthermore, as expected, 8 weeks
of isolated ET resulted in decreased strength performance (Sánchez-Moreno et al.
2021b). Lastly, although all groups improved certain endurance-related parameters
(i.e., maximal aerobic speed; vVO2max), notably, the VL15 group obtained greater
increases than the ET group in these respective variables (Sánchez-Moreno et al.
2021b). Therefore, establishing moderate VL thresholds (i.e. VL15) during RT
when combined with endurance training could be a good strategy for concomitantly
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optimizing strength and endurance adaptations, as this probably results in reduced
residual fatigue and increased training efficiency (when compared to higher mag-
nitudes of VL; e.g., VL45) (Sánchez-Moreno et al. 2021b).

Table 3 Physiological and mechanical characteristics of four concurrent training protocols
differing in the exercise sequence and the velocity loss incurred within the resistance exercise set

Variable E + R20 E + R40 R20 + E R40 + E P-value
protocol
effect

Endurance training
90% VVO2max
(km�h−1)

14.1 ± 1.3 14.1 ± 1.3 14.1 ± 1.3 14.1 ± 1.3 1.00

Running time (s) 600 ± 03 600 ± 03 561 ± 703 450 ± 131 0.002
HR peak (BPM) 180.7 ± 9.3 181.4 ± 9.9 184.1 ± 11.2 183.2 ± 8.4 0.06
Rel-HR peak (%) 96.5 ± 2.9 96.8 ± 2.1 98.2 ± 2.5 97.8 ± 2.1 0.07
VO2 peak
(ml�kg�min−1)

48.5 ± 4.6 47.4 ± 5.6 48.1 ± 5.0 47.7 ± 7.7 0.90

Rel-VO2 peak (%) 90.5 ± 8.7 88.3 ± 9.6 89.5 ± 8.1 88.8 ± 14.1 0.86
RER peak 1.11 ± 0.05 1.11 ± 0.06 1.11 ± 0.06 1.08 ± 0.08 0.28
VE peak (l�min−1) 131.8 ± 15.8 129.3 ± 12.5 133.9 ± 14.6 134.6 ± 20.9 0.48
VE/VO2 peak 35.1 ± 3.7 34.9 ± 3.23 36.0 ± 3.2 37.3 ± 3.9 0.006
VE/VCO2 peak 32.8 ± 3.13 33.7 ± 3.0 34.2 ± 3.0 36.0 ± 3.5 0.007
Resistance training
Load (kg) 63.1 ± 15.4 61.8 ± 14.7 61.5 ± 16.0 62.1 ± 13.8 0.74
Rep/Set (N) 9.1 ± 4.61,3 14.4 ± 6.0 10.0 ± 4.91,3 18.3 ± 9.0 0.001
Fastest-V (m�s−1) 0.96 ± 0.07 0.94 ± 0.072,3 1.00 ± 0.02 0.99 ± 0.02 0.04
Slowest-V (m�s−1) 0.76 ± 0.091,3 0.59 ± 0.09 0.82 ± 0.031,3 0.56 ± 0.05 <0.001
Mean-V (m�s−1) 0.85 ± 0.081,3 0.75 ± 0.07 0.88 ± 0.021,3 0.78 ± 0.04 <0.001
VL (%) 20.5 ± 2.91,3 36.1 ± 5.7 18.7 ± 2.41,3 36.9 ± 2.3 <0.001
Adapted from Najera-Ferrer et al. (2021). Data are expressed as mean ± standard deviation. E + R20:
endurance (10 min at 90% vVO2max) + resistance (60% 1RM with 20% VL); E + R40: endurance
(10 min at 90% vVO2max) + resistance (60% 1RM with 40% VL); R20 + E: resistance (60% 1RM with
20% VL) + endurance (10 min at 90% vVO2max); R40 + E: resistance (60% 1RM with 40%
VL) + endurance (10 min at 90% vVO2max); 90% vVO2max: 90% of speed associated with the
maximum oxygen uptake; running time: time that was maintained the endurance exercise protocol; HR
peak: peak heart rate attained during the endurance exercise protocol; Rel-HR peak: peak heart rate,
relative to maximum heart rate, attained during the endurance exercise protocol; VO2 peak: peak oxygen
uptake attained during the endurance exercise protocol; Rel-VO2 peak: peak oxygen uptake, relative to
maximal oxygen uptake, attained during the endurance exercise protocol; RER peak: peak respiratory
exchange ratio attained during the endurance exercise protocol; VE peak: peak of ventilation volume
attained during the endurance exercise protocol; VE/VO2 peak: peak of ventilatory equivalent for oxygen
attained during the endurance exercise protocol; VE/VCO2 peak: peak of ventilatory equivalent for
carbon dioxide attained during the endurance exercise protocol; Load: absolute load employed in the
resistance exercise protocol; Rep/set: repetitions performed in each set; Fastest-V: highest velocity
measured in the three sets; Slowest-V: lowest velocity measured in the three sets; Mean-V: mean velocity
of all repetitions during the three sets; VL: mean percent loss in velocity over the three sets; Velocities
correspond to the mean concentric propulsive velocity of each repetition. Statistically significant
differences with E + R40 protocol: 1P < 0.05. Statistically significant differences with R20 + E protocol:
2P < 0.05. Statistically significant differences with R40 + E protocol: 3P < 0.05
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Muscular endurance is also a target of many training programs. In this regard, it
has traditionally suggested that higher number of repetitions per set during RT
should be completed to maximize improvements in this regard (Kraemer and
Ratamess 2004; Campos et al. 2002). However, it has been observed that the gains
in muscular endurance in the squat exercise—as assessed by the maximal number
of repetitions with 70% 1RM until the lifting velocity falls below 0.50 m�s−1—do
not seem to depend exclusively on the total training volume accumulated. Indeed,
after 8 weeks of a squat training program with loads ranging from 70 to 85% 1RM,
both moderate and high magnitudes of VL led to similar increases in muscular
endurance capacity (VL0: 70.9%; VL10: 100.2%; VL20: 103.8%; VL40: 96.3%).
However, importantly, the VL40 group accumulated a substantially higher number
of repetitions throughout the 8-week intervention (Pareja-Blanco et al. 2020a).
Indeed, it appears that enhancements in muscular endurance depends, at least
partially, on 1RM increments, since a significant relationship (r = 0.63) was pre-
viously reported between 1RM and muscular endurance changes in the squat
exercise (Rodriguez-Rosell et al. 2020c). Moreover, some exercises, such as the
pull-up, are often assessed on the basis of the MNR completed up to failure, using
only the body mass as workload. Also for this exercise without additional overload,
a training program with 25% of VL (VL25) resulted in greater gains in both pull-up
strength and endurance compared to a training program with 50% of VL (VL50),
despite the VL50 group performed more repetitions than VL25 (556 vs. 363 repe-
titions) across the entire training program (it is important to highlight that these
extra repetitions were performed at low and very low velocities [0.6–0.3 m�s−1])
(Sánchez-Moreno et al. 2020). The greater strength gains attained by VL25 group
evoked that the relative intensity representing the body mass in pull-up for this
group was reduced by 7% in relation to their maximum strength levels (from 70 to
63% of 1RM) (Sánchez-Moreno et al. 2020). In this sense, the greater increase
observed in MNR by the VL25 group might be explained by the increase in muscle
strength and, as a result, the decrease in the relative intensity (%1RM) represented
by their BM, since the lower the relative intensity, the higher the MNR that can be
performed. Therefore, even for “body-load exercises”, using a specific VL
threshold during training programs can be an effective strategy to avoid performing
an excessive number of deliberately slow and fatiguing repetitions which may even
hamper training effectiveness.

5 Take-Home Messages

VBT is a novel practical, and effective training approach that provides coaches and
researchers with accurate and immediate information regarding RT intensity, vol-
ume and RT effects. By means of VBT, it is possible to dictate and (re) adjust RT
loads in real time, accounting for individual fluctuations in both strength and fatigue
levels, which regularly occur on a set by set basis. The application of VL thresholds
along with the concept of the level of effort attained during the set increases
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substantially the efficiency of VBT, allowing practitioners to better and more pre-
cisely determine and achieve their training objectives. It is essential to understand
that similar relative loads will result in different adaptations and responses to RT
when different magnitudes of VL are being considered. Strength and conditioning
coaches and sport scientists should use the information summarized here to create
more effective VBT programs, taking into consideration that:

1. The very strong relationship that exists between relative load (%1RM) and
movement velocity in multiple exercises allows the accurate determination of
the 1RM value without the necessity of performing 1RM or XRM tests. This
close and very stable relationship supports the use of VBT.

2. Higher VL thresholds within the set do not necessarily lead to superior adap-
tations in strength-related capacities and may even impair athletic performance
by generating excessive degrees of fatigue.

3. The effort index has been shown to be strongly associated with distinct fatigue
markers and, hence, can be used as a viable and additional tool for controlling
and monitoring RT fatigue. However, it should be noted that the mechanisms
underlying fatigue may differ between RT sessions with similar effort index but
under different intensities and magnitudes of VL.

4. Recent evidence suggests that different VBT programming models lead to
similar improvements in physical performance. This highlights the importance
of properly defining and monitoring the magnitudes of relative loads and VL
which, in essence, will determine the extent and directions of RT adaptations.
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