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Abstract

Background Sprinting is important for both individual and team sports, and enhancing performance is often done
through resisted, assisted, or combined sprint training. However, the effectiveness of these methods compared to
traditional sprint training remains inconclusive. The objective of this review with meta-analysis was to review the
current literature on intervention studies analyzing the effects of resisted, assisted, and combined (resisted-assisted)
training on sprint kinematics and performance in terms of acceleration and maximum velocity.

Methods A literature search was conducted using SPORTDiscus up to and including April 19, 2023. The following
eligibility criteria were applied: (1) a longitudinal study over a minimum of four weeks; (2) studies using resistance
(sleds, parachutes, uphill slope, towing devices) or assistance (towing devices, downhill slope), or a combination of
both; (3) a main intervention focused on resisted or assisted training, or a combination of both; (4) measurement of
maximum velocity, acceleration measured in (s) with a minimum distance of 10-m, or kinematic changes such as step
frequency, ground contact time, flight time, and step length; and (5) peer-reviewed studies.

Results Twenty-one studies were included in this review with meta-analysis. Kinematic changes, changes in
acceleration, and changes in maximum velocity were analyzed. Only resisted sprint training was associated with a
significant improvement in 10-m acceleration compared to normal (i.e. without assistance or resistance) sprinting
(Z=2.01, P=0.04). With resisted, assisted and combined sprint training no significant changes in kinematics, 20-m
times or maximum velocity were found when compared to normal sprint training. However, in the within group,
effect sizes resisted sprint training had a moderate effect on 10-m times. A moderate effect on ground contact time,
step frequency, 10-and 20-meter time after assisted sprint training was found, while combined sprint training had a
moderate effect on maximum velocity.
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Conclusion Resisted sprint training seems to be effective for improving acceleration ability, with significant
decreases in the 10-m times. There were no other significant findings, suggesting that normal sprinting yields the
same change in 20-m times, kinematics and maximum velocity as resisted, assisted and combined sprint training.
However, moderate effect sizes using these different training methods were found, which may suggest that the
different training forms could be useful for improving different parts of the sprint and changing the kinematics.
Combination (uphill-downhill) sprint training seems to be effective at improving maximum velocity, while assisted
sprint training was the most effective training to increase step frequency, which can affect sprint performance
positively. However, more studies, especially in assisted sprints, need to be conducted to determine the full effect of

these training forms.
Key Points

- Resisted sprint training is effective for improving acceleration ability; however, combination (uphill-downhill)
sprint training is more effective at improving maximum velocity.

- The overall group analysis shows that all of the training forms decrease the flight time.

- Assisted sprint training is the most effective training to increase step frequency, which can affect sprint

performance positively.
Keywords Sprint Mechanics, Contact and Flight time

Background

Sprinting is important for many different sports. In track
and field, there are four main sprint distances, in which
the main goal is to sprint as fast as possible (60 m, 100 m,
200 m, and 400 m). However, sprinting is also key in
many other disciplines, such as pole vault, long jump,
triple jump, and javelin. There are strong relationships
found between maximum velocity with pole vault per-
formance and javelin throw performance, and between
30-m sprints and long jump performance [1-3]. This is
an indication that sprinting is of significant importance
whether in pure sprinting or other disciplines in track
and field.

Sprint performance extends its importance to team
sports as well. Team-handball, characterized by rapid
transitions between attacking and defensive play on a
relatively small court, demands swift movements from
players. Due to the small court, players will not have time
to reach maximum velocity during the run to the other
side. Therefore, it would be relevant for handball play-
ers to focus on increasing their acceleration ability as
emphasized by Luteberget et al. [4]. However, research
suggests that improving maximum velocity could have
a positive impact on acceleration [5], making maximum
velocity training relevant even though the court is small.
In soccer and rugby, the need for high maximum veloc-
ity as well as good acceleration is critical when avoiding
opponents or winning possession [6, 7]. Unlike handball,
the larger playing fields in these sports provide players
with sufficient time to reach their maximum velocity. The
importance of acceleration is also huge, as in these sports
players must react quickly to changes in direction, etc.
Athletes with superior acceleration and maximum veloc-
ity will generally have an advantage in soccer, rugby and
field hockey as faster athletes will be able to reposition

themselves more quickly when contesting for the ball and
in scoring opportunities [8—10].

Different Training Methods

Improving sprint performance primarily involves specific
sprint training. According to Rumpf et al. [8], specific
sprint training consists of (1) sprinting without any load-
ing on a flat surface, normal sprinting; (2) resisted sprint-
ing, by sleds, bands, uphill running, or parachutes; and
(3) assisted sprinting, by a towing system or a downbhill
slope. Another specific sprint training method is a com-
bination of both resisted (uphill) and assisted (downbhill)
sprints, used mainly by Paradisis et al. [11]. Sprinters
need to develop specific attributes during their train-
ing, such as improved acceleration or a higher maximum
velocity. Resisted sprint training aims to improve hori-
zontal force production and can be considered a type of
specific-strength training for sprinting. Specific-strength
training adheres to the specificity principle, meaning that
exercises closely resembling the desired skill yield bet-
ter learning transfer. In the context of sprinting, specific
strength can be developed through resisted sprint train-
ing [12]. Both resisted, normal sprinting and resisted
sprinting share similar motor patterns and neuromuscu-
lar traits, facilitating a seamless skill transfer [13].

Using assisted sprint training it is theorized that ath-
letes can break their speed barrier, which is the limit of
velocity the athlete can reach on their own [14]. With
continuous and progressive overspeed stimulus over
time, this can improve sprint performance and move the
speed barrier [15]. Sprinters also do non-specific training
like plyometric and strength training to improve sprint
performance [16, 17], but that is not the scope of this
review.
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Acceleration Training

Acceleration training in the track and field community is
performed using starting blocks from a crouched position
or a three-point start position. The distances over which
people train vary, and better sprinters reach higher top
speeds and accelerate longer than their lower-performing
counterparts [17]. Another way of increasing acceleration
may be resisted sprint training using a sled, parachute, or
band. Acute studies showed changes in running kinemat-
ics that may enhance acceleration ability, like increased
ground contact time and/or increased step frequency [18,
19]. With increased ground contact time, athletes will be
able to apply more horizontal force to each step if applied
in the correct direction. An increase in step frequency
would produce more steps with increased ground con-
tact time; therefore, they will produce more force in the
acceleration during resisted sprints.

Resisted sprint training has also shown a positive acute
effect in the normal 20-m sprint performance (2%) after
the application of one resisted run-in for team handball
players, which is an indication that the use of resisted
sprints in sprint training could have a positive effect on
normal sprints. However, with several resisted runs, it
caused fatigue, decreased vertical stiffness, step length,
and frequency [20] and it is not known what the longitu-
dinal effects of this type of training are.

Resisted sprint training is commonly used in the track
and field community, where it is widely accepted as a
good way to improve acceleration [18]; however, its use
for this reason also growing in team sports such as soc-
cer, handball, and rugby [4, 21-23]. Even though it is
frequently used, its effect compared to normal sprinting
remains unclear [17], and will be analyzed further in this
review.

Maximum Velocity Training

Maximum velocity training is usually performed using
flying sprints, where the athlete has a build-up dis-
tance (e.g. 20 m) to reach maximal velocity, followed by
a distance in which the athlete tries to maintain maxi-
mal velocity as long as possible without a decrease [17].
Training using assistance may be a method of increasing
maximum velocity. Assisted sprint training is sprinting
while being pulled, being towed, or running downhill.
With assisted sprint training, athletes train with a higher
running velocity than their body can produce on its own.
Assisted sprint training is not widely used, but acute
studies show some indications of possible changes [20,
24, 25]. When running with assistance, it is found that
ground contact time reduces and the flight time increases
[20], which could be of importance, especially at maximal
velocity where ground contact time is a performance fac-
tor [26]. Acute studies also showed changes in kinematics
with increased step length, increased frequency, as well
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as increased velocity at every step when compared to a
normal sprint [20, 24, 25]. As speed is a product of step
length and step frequency, and an increase in one of these
two variables, or both, this will result in a higher running
speed [27]. However, it is not clear if these acute changes
over a longer training period of assisted sprints will also
transfer positively to normal sprint performance.

Could Athletes Develop both Acceleration and Maximal
Velocity at the Same Time?

Another form of sprint-specific training is a method that
involves combining resisted, unresisted, and assisted
sprint training in a single run. This has been done using
an uphill-downhill installation. When resistance is
applied during the acceleration phase, acute kinematic
changes occur, including increased ground contact time,
reduced flight time, and increased step frequency, as well
as greater flexion in the knee, hip, and ankle angles and
increased trunk lean during the early acceleration [20, 28,
29]. It could be expected that kinematic changes would
also apply to uphill sprinting, but it is unclear if the same
changes occurring with resistance caused by towing
occur when running uphill.

With the uphill-downhill system [30], the uphill sec-
tion will increase sprint resistance. The athletes would
not reach their maximum velocity in the uphill section
but keep on accelerating until they reach the horizontal
part. On the horizontal part of the uphill-downhill sys-
tem the athletes are at the last part of the acceleration
phase and the start of the maximum velocity phase, so
they will have a normal start to their maximum velocity
phase. With the downhill during the maximum velocity
phase, the athletes will achieve greater speed towards the
end of the maximum velocity phase of the run and re-
accelerate in the downhill section. They have prolonged
time at their maximum velocity. It could be assumed
that the same acute kinematic changes seen with assisted
sprint training would apply downhill: increased flight
time, shorter ground contact time, and increased stride
length [11, 20, 24, 25, 30], but as there are no current
studies comparing kinematic changes when sprinting
downhill to assisted sprint runs, it remains unclear if
these acute effects would be the same.

The acute effects of specific sprint training methods
such as resisted training, assisted training, and a com-
bination of both have shown alterations in sprint kine-
matics and the ability to improve acceleration and/or
maximum velocity [11, 20, 24, 25]. However, not much is
known about how these acute effects impact sprint per-
formance over time. It would be beneficial to determine
the longitudinal effects of these different training meth-
ods, as well as compare the effects of resisted training
and assisted training to normal sprinting. Therefore, the
objective of this systematic review with meta-analysis is
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to review the state of the current literature through stud-
ies that have analyzed the longitudinal effects of normal
sprinting, resisted, assisted, and combined (uphill-down-
hill) sprint training on sprint kinematics, sprint accelera-
tion, and maximum velocity.

Methods

Literature Search

The systematic review process was conducted according
to the PRISMA guidelines and checklist [31]. Keywords
and Boolean operators were used in the research process,
and the systematic review of the literature was performed
using SPORTDiscus, PubMed and Web of Science. The
search results were limited to studies published up to
April 19, 2023. Two separate searches were conducted:
one for resisted sprint training and one for assisted sprint
training.

For the resisted sprint search, the following keywords
and Boolean phrases were used: « Resisted sprint training
» OR « Resisted sprint » OR « Resisted sled training » OR
« Resisted sled » OR « Sled resisted sprint training ».

For the assisted sprint search, the following keywords
and Boolean phrases were used: « Assisted sprint » OR «
Assisted sprint training » OR “Overspeed training”.

The results were limited to articles in English. Further
records were added based on citations from other articles
and studies already known.

Inclusion Criteria

The criteria set for this review were as follows: (1) The
longitudinal studies had to be conducted over a mini-
mum of four weeks. (2) The studies must have used some
resistance in the form of a sled, a parachute, an uphill
slope, or a towing device OR some assistance in the
form of a towing device or a downhill slope. Also, stud-
ies were included that combined both training forms and
compared those two training forms. (3) The main inter-
vention in the studies had to be a resisted training form,
assisted training form, or a combination of both. (4) The
included studies must measure maximum velocity, accel-
eration measured in (s) with a minimum distance of
10-m, or kinematic changes (i.e., step frequency, ground
contact time, flight time, and step length). (5) The stud-
ies included had to be peer-reviewed. The studies were
not differentiated based on sex and training history, as
there are only a few studies published on the longitudi-
nal effects of these training methods. One study without
a control group was included [32]. This study had three
different groups with different loads. This study was not
eligible for the meta-analysis, but was relevant for the
within group ES (Table 1).
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Study Selection and Data Extraction

Titles and abstracts of the studies in the literature search
were evaluated. For this review, only studies that met
the inclusion criteria were used. If the abstract showed
potential, the full text of the article was read to determine
whether it met the inclusion criteria stated in the previ-
ous section. Also, studies were included that measured
step frequency, step length, ground contact time, and
flight time, as these variables showed changes in acute
studies. Furthermore, the studies included had to be cate-
gorized into resisted, assisted and combined sprint train-
ing. Furthermore, the studies’ quality was assessed using
the PEDro scale [33]. The PEDro score had to be 5 or bet-
ter to be included in this review and meta-analysis (see
supplementary file). Data on sample size, duration of the
interventions, amount of female participation, training
load, frequency, age, weight, height, and training status
of the subjects were extracted. If the mean and standard
deviation could not be obtained from published records,
the corresponding authors were contacted via e-mail
[32].

Statistical Analysis
Review Manager Software (RevMan 5.4, Cochrane Col-
laboration, Oxford, UK) was used for the meta-analy-
sis, which provided a randomized effect model for the
included studies. The randomized effect model was cho-
sen, because it accounts for variability both within and
between studies, providing a more generalizable estimate
of the effect size. The statistical analyses included inter-
vention means, control means, standard deviations, and
sample sizes for each study. The measurements for the
10- and 20-m times were taken by measuring the time
(s), maximum velocity was measured in speed (m/s), step
length was measured in m, contact time and flight time
was measured in s, and step frequency measured in Hz.
Subgroups dividing resisted sprint training, assisted
sprint training, and combined training were used to com-
pare the kinematic changes and changes in maximum
velocity between the pre- and post-tests for the interven-
tion group. In the analyses for kinematics and maximum
velocity, favoring experimental means a greater positive
change in performance (e.g., increase in maximum veloc-
ity or beneficial kinematic adaptation) compared to the
control group. Conversely, favoring control means the
control group showed a greater positive change relative
to the experimental group (Figs. 1, 2, 3, 4 and 5). For
the 10-m and 20-m analyses, favoring the experimental
group indicated an improvement in acceleration com-
pared to the control group, whereas favoring the control
group indicated no improvement in acceleration rela-
tive to the experimental group (Figs. 6 and 7). The effect
size (ES) used in this review and Table 2 is Cohen’s d.
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Intervention Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% ClI IV, Random, 95% CI
1.3.1 Resisted
Clark et al. 2010 [39] -0.045 0.12 6 -0.025 0.08 7 6.0% -0.19 [-1.28, 0.91)
Clark et al. 2010 [39] -0.04 0.0925 7 -0.025 0.08 7 6.6%  -0.16 [-1.21, 0.89]
Lockie et al. 2012 [41] 0.14  0.105 9 023 0.12 9 7.7%  -0.76 [-1.73, 0.21]
Martinopoulou et al. 2011 [43] 0.0175 0.1385 8 -0.01 0.17 8 7.5% 0.17 [-0.81, 1.15]
Paradisis & Cooke 2006 [44] 0.04 0.17 7 0 0.075 7 6.5% 0.29 [-0.77, 1.34]
Spinks et al. 2007 [22] -0.19 0.4 10 -0.02 0.2 10 9.0% -0.51[-1.41, 0.38]
Zafeiridis et al. 2005 [49] 0.02 0.28 11 0.03 0.225 11 10.3% -0.04 [-0.87, 0.80] —
Subtotal (95% CI) 58 59 53.7% -0.19 [-0.55, 0.18] .
Heterogeneity: Tau? = 0.00; Chi* = 3.26, df = 6 (P = 0.78); I’ = 0%
Test for overall effect: Z = 1.00 (P = 0.32)
1.3.2 Assisted
Makaruk et al. 2019 [42] -0.02 0.075 12 0.02 0.065 12 10.8%  -0.55[-1.37,0.27] —_—1
Paradisis & Cooke 2006 [44] -0.02  0.09 7 0 0.075 7 6.5%  -0.23[-1.28,0.83]
Subtotal (95% CI) 19 19 173% -0.43([-1.07,0.22] -—‘i—
Heterogeneity: Tau® = 0.00; Chi* = 0.23, df = 1 (P = 0.63); I’ = 0%
Test for overall effect: Z = 1.30 (P = 0.19)
1.3.3 Uphill downhill
Paradisis & Cooke 2006 [44] 0.01 0.11 7 0 0.075 7 6.6% 0.10 [-0.95, 1.15]
Paradisis et al. 2009 [11] 0.01 0.13 18 0.01 0.075 18 16.9% 0.00 [-0.65, 0.65] —
Paradisis et al. 2015 [30] 0.07 0.19 6 0.01 0.12 6 5.5% 0.35 [-0.80, 1.49]
Subtotal (95% CI) 31 31 29.0% 0.09 [-0.41, 0.59]  —copEi——
Heterogeneity: Tau? = 0.00; Chi’ = 0.27, df = 2 (P = 0.87); ¥ = 0%
Test for overall effect: Z = 0.35 (P = 0.73)
Total (95% CI) 108 109 100.0% -0.15[-0.42, 0.12]

Heterogeneity: Tau® = 0.00; Chi* = 5.39, df = 11 (P = 0.91); I = 0%
Test for overall effect: Z = 1.08 (P = 0.28)
Test for subgroup differences: Chi’ = 1.63, df = 2 (P = 0.44), I = 0%

| 3+ +
+

-1 -05 0 05 1
Favours [experimental] Favours [control]

Fig.1 Standardized mean difference between the pre- and post-test on step length (m) for the intervention and control groups. Squares represent mean
difference for each trial. Diamonds represent the pooled mean difference across trials

Intervention Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Random, 95% ClI
3.3.1 Resisted
Clark et al. 2010 [39] =2 95 6 -5 11 7 7.4% 0.27 [-0.83, 1.37]
Clark et al. 2010 (39] -5 15.5 7 -5 11 7 8.1% 0.00 [-1.05, 1.05)
Lockie et al. 2012 [41] -1 16.5 9 7 85 9 9.9% -0.58 [-1.53, 0.37]
Martinopoulou et al. 2011 [43] 1 16 8 -1 125 8 9.3% 0.13 [-0.85, 1.11)
Paradisis & Cooke 2006 [44] 3 85 7 -2 115 7 7.8% 0.46 [-0.60, 1.53]
Subtotal (95% CI) 38 42.6% 0.03 [-0.43, 0.48] *
Heterogeneity: Tau” = 0.00; Chi* = 2.45, df = 4 (P = 0.65); I’ = 0%
Test for overall effect: Z = 0.11 (P = 0.91)
3.3.2 Assisted
Makaruk et al. 2019 [42] -11 12 12 -8 9.5 12 13.8% -0.27 [-1.07, 0.54]
Paradisis & Cooke 2006 [44] -1 8 7 -2 115 7 8.1% 0.09 [-0.95, 1.14]
Subtotal (95% CI) 19 19 21.9% -0.13[-0.77, 0.50] e
Heterogeneity: Tau? = 0.00; Chi® = 0.29, df = 1 (P = 0.59); ¥ = 0%
Test for overall effect: Z = 0.41 (P = 0.68)
3.3.3 Uphill downhill
Paradisis & Cooke 2006 [44] -2 10.5 7 -7 11 7 7.9% 0.44 [-0.63, 1.50]
Paradisis et al. 2009 [11] -7 16.5 18 -3 145 18 20.7% -0.25 [-0.91, 0.40) .
Paradisis et al. 2015 [30] -1 75 6 -2 10 6 7.0% 0.10 [-1.03, 1.24]
Subtotal (95% CI) 31 31 35.5% -0.03[-0.53,047] *
Heterogeneity: Tau® = 0.00; Chi* = 1.23, df = 2 (P = 0.54); I* = 0%
Test for overall effect: Z = 0.12 (P = 0.91)
Total (95% CI) 87 88 100.0% -0.03 [-0.33, 0.27]

Heterogeneity: Tau? = 0.00; Chi* = 4,12, df = 9 (P = 0.90); I¥ = 0%
Test for overall effect: Z = 0.19 (P = 0.85)

Test for subgroup differences: Chi* = 0.16, df = 2 (P = 0.92), I’ = 0%

-

-1 -05 0 0.5 1
Favours [experimental] Favours [control]

Fig. 2 Standardized mean difference between the pre- and post-test on contact time (s) for the intervention and control groups. Squares represent mean
difference for each trial. Diamonds represent the pooled mean difference across trials

The interpretation of Cohen’s d ESs was as follows: small

(>0.2), moderate (>0.5), and large (>0.8) [34].

Publication Bias
Publication bias was addressed by the funnel

Review Manager Software. As suggested by Higgins et

al. [35] a trim and fill method was performed on analy-

ses that had 10 or more studies included in each group.
The trim and fill method was performed using R with the
metafor package (R: A language and environment for sta-

plots in

tistical computing, R core team, Vienna, Austria). Due to
the limited number of studies in the different subgroups
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Intervention Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
4.3.1 Resisted
Clark et al. 2010 [39] -0.006 0.0065 6 0 0.006 7 6.6%  -0.90[-2.06, 0.27]
Clark et al. 2010 [39] 0 0.009 7 0 0.006 7 8.2% 0.00 [-1.05, 1.05]
Lockie et al. 2012 [41] 0 0.008 9 -0.002 0.0135 9 10.4% 0.17 [-0.75, 1.10] "
Martinopoulou et al. 2011 [43] -0.0095 0.00775 8 0 0.0145 8 8.5% -0.77 [-1.80, 0.25]
Paradisis & Cooke 2006 [44) -0.001 0.0105 7 0 0.09 7 8.2% -0.01 [-1.06, 1.03)
Subtotal (95% CI) 3 38 41.8% -0.26 [-0.72,0.20] R - caasl
Heterogeneity: Tau® = 0.00; Chi® = 3.38, df = 4 (P = 0.50); I’ = 0%
Test for overall effect: Z = 1.09 (P = 0.27)
4.3.2 Assisted
Makaruk et al. 2019 [42] -0.007 0.0125 12 -0.007 0.01 12 14.0% 0.00 [-0.80, 0.80]
Paradisis & Cooke 2006 [44] -0.003 0.011 7 0 0.09 7 8.1% -0.04 [-1.09, 1.00]
Subtotal (95% Cl) 19 19 22.1% -0.02 [-0.65, 0.62] il
Heterogeneity: Tau® = 0.00; Chi* = 0.00, df = 1 (P = 0.95); I’ = 0%
Test for overall effect: Z = 0.05 (P = 0.96)
4.3.3 Uphill downhill
Paradisis & Cooke 2006 [44] -0.006 0.009 7 0 0.09 7 8.1% -0.09 [-1.14, 0.96]
Paradisis et al. 2009 [11] -0.004 0.0115 18 -0.001 0.1 18 21.0% -0.04 [-0.69, 0.61] _—
Paradisis et al. 2015 [30] -0.002 0.012 6 0.002 0.115 6 7.0% -0.05 [-1.18, 1.09]
Subtotal (95% CI) 31 31 36.1% -0.05[-0.55, 0.45]  —empii——
Heterogeneity: Tau® = 0.00; Chi* = 0.01, df = 2 (P = 1.00); I* = 0%
Test for overall effect: Z = 0.21 (P = 0.84)
Total (95% CI) 87 88 100.0% -0.13 [-0.43,0.17]

Heterogeneity: Tau® = 0.00; Chi’ = 3.90, df = 9 (P = 0.92); I’ = 0%
Test for overall effect: Z = 0.85 (P = 0.39)
Test for subgroup differences: Chi* = 0.51,df =2 (P = 0.78), I* = 0%

2

-1 1
Favours [experimental] Favours [control]

Fig. 3 Standardized mean difference between the pre- and post-test on flight time (s) for the intervention and control groups. Squares represent mean
difference for each trial. Diamonds represent the pooled mean difference across trials

Intervention Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Rand 95% CI
2.3.1 Resisted
Clark et al. 2010 [39] 0.14 0.17 6 0.1 0.21 7 6.1% 0.19 [-0.90, 1.29]
Clark et al. 2010 [39] 0.08 0.29 7 0.1 0.21 7 6.7% -0.07 [-1.12, 0.97]
Lockie et al. 2012 [41] -0.1 0.275 9 -0.35 0.275 9 7.6% 0.87 [-0.11, 1.84]
Martinopoulou et al. 2011 [43]  0.175 0.28825 8 -0.01 0.255 8 7.1% 0.64 [-0.37, 1.66]
Paradisis & Cooke 2006 [44] -0.03 0.205 7 0.04 0.15 7 6.5% -0.36 [-1.42, 0.69]
Spinks et al. 2007 [22] 0.4 0.8 10 0.12 0.3 10 9.2% 0.44 [-0.45, 1.33]
Zafeiridis et al. 2005 [49] -0.15 0.07 11 -0.11 0.075 11  10.0% -0.53 [-1.38, 0.32]
Subtotal (95% CI) 58 59 53.3% 0.16 [-0.24, 0.56] oot
Heterogeneity: Tau’ = 0.04; Chi* = 6.92, df = 6 (P = 0.33); I’ = 13%
Test for overall effect: Z = 0.78 (P = 0.44)
2.3.2 Assisted
Makaruk et al. 2019 [42] 0.21 0.18 12 0.17 0.22 12 11.4% 0.19 [-0.61, 0.99] o
Paradisis & Cooke 2006 [44] 0.1 0.28 7 0.04 0.145 7 6.6% 0.25 [-0.80, 1.31]
Subtotal (95% CI) 19 19 18.0% 0.21 [-0.42, 0.85] | o
Heterogeneity: Tau? = 0.00; Chi* = 0.01, df = 1 (P = 0.93); I> = 0%
Test for overall effect: Z = 0.66 (P = 0.51)
2.3.3 Uphill downhill
Paradisis & Cooke 2006 [44] 0.14 0.24 7 0.04 0.15 7  6.4%  0.47[-0.60, 1.54]
Paradisis et al. 2009 [11] 0.17 0.35 18 0.05 0.155 18 16.7% 0.43 [-0.23, 1.10] A
Paradisis et al. 2015 [30] 0.09 0.2965 6 -0.01 0.285 6 5.6% 0.32 [-0.82, 1.46]
Subtotal (95% CI) 31 31 28.7% 0.42 [-0.09, 0.92] e caned
Heterogeneity: Tau? = 0.00; Chi? = 0.04, df = 2 (P = 0.98); I = 0%
Test for overall effect: Z = 1.63 (P = 0.10)
Total (95% Cl) 108 109 100.0% 0.24 [-0.03, 0.51] ~i
Heterogeneity: Tau? = 0.00; Chi* = 7.65, df = 11 (P = 0.74); I> = 0% 4:1 ;0: s 5 0:5 i

Test for overall effect: Z = 1.75 (P = 0.08)
Test for subgroup differences: Chi’ = 0.64, df = 2 (P = 0.72), I’ = 0%

Favours [experimental] Favours [control]

Fig. 4 Standardized mean difference between the pre- and post-test on step frequency (Hz) for the intervention and control groups. Squares represent
mean difference for each trial. Diamonds represent the pooled mean difference across trials

on sprint kinematics, it was not possible to perform an
accurate trim and fill on these subgroups. Publication
bias was therefore only addressed in the 10-m analysis,

20-m analysis and the maximum velocity analysis.

Results

Characteristics of the Included Studies
A total of 994 studies were found following the study

selection process, and after a thorough inclusion and
exclusion process, 21 studies were included in this meta-
analysis (Table 3; Fig. 8). Only 10 of the included stud-
ies measured step frequency, step length, and ground
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Intervention Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Rand 95% CI
7.3.1 Resisted
Cabhill et al. 2020 (37] -0.19 0.615 13 -0.26 0.575 12 7.0% 0.11 [-0.67, 0.90]
Cahill et al. 2020 [37] -0.07 0.505 11 -0.26 0.575 12 6.3% 0.34 [-0.49, 1.16] —
Cahill et al. 2020 [37] 0.23 0.635 14 0.17 0.515 12 7.3% 0.10 [-0.67, 0.87] =
Cahill et al. 2020 (38] 0.1 0.407 6 0.168 0.2755 7 3.6%  -0.19([-1.28, 0.91]
Cabhill et al. 2020 (38] 0.007 0.3715 7 0.168 0.2755 7 3.8% -0.46 [-1.53, 0.61]
Cahill et al. 2020 [38] 0.04 0.805 14 -0.26 0.575 12 7.1% 0.41[-0.37, 1.19] B [ TE—
Clark et al. 2010 [39] -0.07 0.555 13 0.17 0.515 12 6.8%  -0.43[-1.23,0.36]) —_—
Clark et al. 2010 [39] -0.35 0.74 11 0.17 0.515 12 5.9%  -0.79 [-1.65, 0.06] —
Kristensen et al. 2006 [15] -0.05 0.195 6 0.12 0.195 6 3.0% -0.80 [-2.00, 0.39]
Morin et al. 2017 [21] -0.07 0.375 10 0.05 0.58 6 4.2%  -0.25(-1.26,0.77]
Paradisis & Cooke 2006 [44] 0.08 0.6 7 014 0.395 7 3.9%  -0.11[-1.16, 0.94]
Upton 2011 [23] 0.07 0.315 9 -0.04 0415 9 5.0% 0.28 [-0.65, 1.21)
Subtotal (95% CI) 121 114 63.9% -0.09 [-0.35,0.17] il
Heterogeneity: Tau’ = 0.00; Chi’ = 8.98, df = 11 (P = 0.62); I’ = 0%
Test for overall effect: Z = 0.70 (P = 0.48)
7.3.2 Assisted
Kristensen et al. 2006 [15] 0.06 0.15 6 0.12 0.195 6 3.3%  -0.32(-1.46, 0.82]
Makaruk et al. 2019 [42] 0.43 0.475 12 032 0.435 12 6.7% 0.23 [-0.57, 1.04] e
Paradisis & Cooke 2006 [44] 0.09 0.635 7 014 0.395 7 3.9%  -0.09[-1.14, 0.96]
Upton 2011 [23] -0.02 0.28 9 -0.04 0.415 9 5.1% 0.05 [-0.87, 0.98]
Subtotal (95% CI) 34 34 19.0% 0.02 [-0.45, 0.50]
Heterogeneity: Tau? = 0.00; Chi* = 0.65, df = 3 (P = 0.88); I = 0%
Test for overall effect: Z = 0.09 (P = 0.93)
7.3.3 Uphill downhill
Paradisis & Cooke 2006 [44] 0.29  0.55 7 014 0.395 7 3.9% 0.29 [-0.76, 1.35]
Paradisis et al. 2009 [11] 0.35 0.685 18 014 041 18 9.9% 0.36 [-0.30, 1.02] —_—
Paradisis et al. 2015 [30] 0.43 0.76 6 0.03 0.955 6 3.3% 0.43 [-0.72, 1.58]
Subtotal (95% CI) 31 31 17.1% 0.36 [-0.14, 0.86] -

Heterogeneity: Tau? = 0.00; Chi* = 0.03, df = 2 (P = 0.99); I = 0%
Test for overall effect: Z = 1.40 (P = 0.16)

Total (95% CI) 186 179 100.0%
Heterogeneity: Tau? = 0.00; Chi’ = 12.12, df = 18 (P = 0.84); I’ = 0%

Test for overall effect: Z = 0.06 (P = 0.95)

Test for subgroup differences: Chi* = 2.47, df = 2 (P = 0.29), I’ = 18.9%

0.01 [-0.20, 0.21]

+ n

L

+
-1
Favours [experimental] Favours [control]

Fig. 5 Standardized mean difference between the pre- and post-test for maximum velocity (m/s) for the intervention and control groups. Squares rep-

resent mean difference for each trial. Diamonds represent the pooled mean difference across trials

Intervention Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Rand: 95% CI
6.1.1 Resisted
Cahill et al. 2020 [37] 0.07 0.15 14 0.02 0.165 12 7.0% 0.31[-0.47, 1.08]
Cahill et al. 2020 [37] 0.11  0.16 13 0.02 0.165 12 6.6% 0.54 [-0.27, 1.34] O TR —
Cahill et al. 2020 [37] 0.13 0.115 11 0.02 0.165 12 5.9% 0.74 [-0.11, 1.59] E e
Cahill et al. 2020 [38] 0.08 0.135 14 0.04 0.15 12 7.1% 0.27 [-0.50, 1.05] ———
Cahill et al. 2020 [38] 0.07 0.14 13 0.04 0.15 12 6.8% 0.20 [-0.59, 0.99] ————
Cahill et al. 2020 [38] 0.09 0.085 11 0.04 0.15 12 6.2% 0.39 [-0.44, 1.22] Y R S—
Luteberget et al. 2015 (4] 0 0.06 9 0.04 0.07 9 4.7% -0.58 [-1.53, 0.36] _—
Martinopoulou et al. 2011 [43] 0.06 0.135 8 0.08 0.155 8 4.4% -0.13 [-1.11, 0.85] - =
Pareja-Blanco et al. 2020 [45] 0.02 0.1 14 0.02 0.075 14 7.7% 0.00 [-0.74, 0.74] —
Rodriguez-Rosell et al. 2022 [46] 0.05 0.055 12 0.03 0.055 12 6.5% 0.35 [-0.46, 1.16] _—
Rodriguez-Rosell et al. 2022 [46]  0.04  0.07 12 0.03 0.055 12 6.6% 0.15 [-0.65, 0.95] -_—
Rodriguez-Rosell et al. 2022 [46]  0.03 0.1 12 0.03 0.055 12 6.6% 0.00 [-0.80, 0.80] —
Rodriguez-Rosell et al. 2022 [46]  0.02  0.055 12 0.03 0.055 12 6.6%  -0.18 [-0.98, 0.63] O
Sinclair et al. 2021 [47] 0.07 0.06 13 0.02 0.075 13 6.7% 0.71 [-0.08, 1.51] —
West et al. 2013 [48] 0.04 0.1 10 0.02 0.065 10 5.5% 0.23 [-0.65, 1.11] —_—t
Subtotal (95% CI) 178 174  94.9% 0.22 [0.01, 0.43] L 3
Heterogeneity: Tau’ = 0.00; Chi’ = 8.67, df = 14 (P = 0.85); I’ = 0%
Test for overall effect: Z = 2.01 (P = 0.04)
6.1.2 Assisted
Hicks et al. 2023 [40] 0.1 0.1365 14 -0.01 0.12 8 5.1% 0.81[-0.10, 1.72] T
Subtotal (95% CI) 8 5.1% 0.81 [-0.10, 1.72] e
Heterogeneity: Not applicable
Test for overall effect: Z = 1.74 (P = 0.08)
Total (95% CI) 192 182 100.0% 0.25 [0.04, 0.45] E -2

1 | 1

Heterogeneity: Tau’ = 0.00; Chi’ = 10.22, df = 15 (P = 0.81); I’ = 0%
Test for overall effect: Z = 2.35 (P = 0.02)
Test for subgroup differences: Chi? = 1.55,df = 1 (P = 0.21), I? = 35.3%

-2

(=}

- 2
Favours [control] Favours [experimental]

Fig. 6 Standardized mean difference between the pre- and post-test 10-m times for the intervention and control groups. Squares represent mean differ-

ence for each trial. Diamonds represent the pooled mean difference across trials
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Intervention Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI

5.2.1 Resisted

Cabhill et al. 2020 [37] 0.13 0.225 13 0.05 0.235 12 7.1% 0.34 [-0.45, 1.13] i

Cahill et al. 2020 [37] 0.13 0.155 11 0.05 0.235 12 6.5% 0.38 [-0.44, 1.21] =]

Cahill et al. 2020 [37] 0.11 0.23 14 0.05 0.235 12 7.4% 0.25 [-0.52, 1.02] S

Cabhill et al. 2020 [38] 0.09 0.22 14 0.02 0.21 12 7.4% 0.31 [-0.46, 1.09] S T —

Cahill et al. 2020 [38] 0.08 0.21 13 0.02 0.21 12 7.2% 0.28 [-0.51, 1.07] —r

Cahill et al. 2020 [38] 0.11 0.095 11 0.02 0.21 12 6.4% 0.52 [-0.31, 1.36] -

Martinopoulou et al. 2011 [43] 0.1 0.17 8 0.06 0.205 8 4.6% 0.20 [-0.78, 1.18]

Morin et al. 2017 [21] 0.04 0.115 10 0.02 0.135 6 4.3% 0.15 [-0.86, 1.17]

Pareja-Blanco et al. 2020 [45] 0.04 0.17 14 0.04 0.125 14 8.1% 0.00 [-0.74, 0.74]

Rodriguez-Rosell et al. 2022 [46] 0.01 0.075 12 0.04 0.085 12 6.8% -0.36 [-1.17, 0.45] [

Rodriguez-Rosell et al. 2022 [46] 0.05 0.1 12 0.04 0.085 12 7.0% 0.10 [-0.70, 0.90]

Rodriguez-Rosell et al. 2022 [46] 0.04 0.12 12 0.04 0.085 12 7.0% 0.00 [-0.80, 0.80]

Rodriguez-Rosell et al. 2022 [46] 0.02 0.155 12 0.04 0.085 12 6.9%  -0.15 [-0.96, 0.65] —

Sinclair et al. 2021 [47] 0.07 0.105 13 0.04 0.115 13 7.5% 0.26 [-0.51, 1.04)

Subtotal (95% CI) 169 161 94.3% 0.16 [-0.06, 0.38] e

Heterogeneity: Tau? = 0.00; Chi® = 4.11, df = 13 (P = 0.99); I’ = 0%

Test for overall effect: Z = 1.45 (P = 0.15)

5.2.2 Assisted

Hicks et al. 2023 [40] 0.11 0.205 14 0 0.185 8 5.7%  0.53[-0.35,1.42]

Subtotal (95% CI) 14 8 5.7% 0.53 [-0.35, 1.42] «.}

Heterogeneity: Not applicable

Test for overall effect: Z = 1.18 (P = 0.24)

Total (95% CI) 183 169 100.0% 0.18 [-0.03, 0.39] =

Heterogeneity: Tau? = 0.00; Chi® = 4.75, df = 14 (P = 0.99); I = 0% _51 403 s 5 055 1

Test for overall effect: Z = 1.69 (P = 0.09)
Test for subgroup differences: Chi* = 0.64, df = 1 (P = 0.42), I’ = 0%

Favours [control] Favours [experimental]

Fig. 7 Standardized mean difference between the pre- and post-test 20-m times for the intervention and control groups. Squares represent mean differ-
ence for each trial. Diamonds represent the pooled mean difference across trials

contact time. Only 9 of the studies measured flight time,
10 measured maximum velocity, and 9 studies measured
10-m times. Seven studies measured 20-m times, and
only 4 studies measured 30-m times. Therefore, it was
decided not to include the 30-m time for further meta-
analysis. The surfaces used in the studies were track (9),
grass (1), hard surface (9), and a soccer field (1). The time
assessment methods used in the studies were photocells
(14), stopwatch (1), radar device (4), and another method
to record the sprint performance (1). The studies that
measured kinematics (10) used some form of high-speed
camera to investigate the changes (Table 1).

Evaluation of Potential Publication Bias

As suggested by Higgins et al. [35] there should be at least
10 studies in a meta-analysis subgroup to accurately per-
form a trim and fill. As only 10-m, 20-m and maximum
velocity analysis met these requirements, the funnel plots
for these three measures were the only ones assessed.
The 10-m funnel plot was symmetrical, while the 20-m
and maximal velocity funnel plots for the resisted sprint
studies were not. Therefore, a trim and fill was performed
for these results. The trim and fill results suggested that
three studies might be missing for the 20-m resisted
sprint analysis, and one study is missing for the maxi-
mum velocity analysis. After adjusting for publication
bias, the overall effect size was 0.09 for the 20-m analysis
and 0.06 for the maximum velocity analysis.

Sprint Kinematics

The changes that resisted and assisted sprint training
induced on sprint kinematics were measured in 108 par-
ticipants for step frequency and step length. For ground
contact time and flight time, 87 participants were tested.

No significant effect between intervention and con-
trol groups on step length was found when all the stud-
ies were included (Z=1.08, P=0.28), or when comparing
intervention to control groups for the resisted, assisted,
and combined uphill and downhill subgroups (Z=1.00,
P=0.32; Z=1.3, P=0.19; Z=0.35, P=0.73, Fig. 1). Fur-
thermore, no significant effect between intervention and
control groups on contact time was found when all stud-
ies were included (Z=0,20, P=0.84), or for the resisted,
assisted, and combined uphill and downhill subgroups
(Z=0.11, P=091; Z=041, P=0.68; Z=0.12, P=0.91)
(Fig. 2). A moderate effect size of 0.6 on contact time,
and a moderate effect size on step frequency of 0.67 for
assisted sprint training,were found (Table 2).

No significant effects between intervention and con-
trol group on flight time were found when evaluated for
all studies included (2=0.85, P=0.39) (Fig. 3), or when
evaluating resisted, assisted, and combined uphill and
downhill subgroups (Z=1.09, P=0.27; Z=0.05, P=0.96;
7=0.21, P=0.84) (Fig. 3). Combined effect sizes for flight
times were small for all categories (Table 2).

There was no significant effect on changes in step fre-
quency between intervention and control groups when
evaluated for all studies included (Z=1.75, P=0.08),
or in the resisted group, assisted and uphill-downhill
subgroups (Z2=0.78, P=0.44; Z=0.66, P=0.51; Z=1.63,
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Table 2 Within group effects for the different measurements calculated using Cohen’s d

Study Step length Contact time Flight time Step frequency 10m 20m Maximum velocity
Resisted

Bachero-Mena et al. [34]

Low load 046 0.38

Medium load 0.18 0.24

High load 0.20 043

Cahill et al. [36]

25% velocity decrement 0.59 041 0.05
50% velocity decrement 0.50 0.38 0.31
75% velocity decrement 1.06 1.16 0.14
Cahill et al. [37]

25% velocity decrement 047 048 036
50% velocity decrement 0.69 0.58 0.13
75% velocity decrement 1.13 0.84 047
Clark et al. [38]

Sled 043 032 0 0.28 0.02
Vest 0.38 0.21 092 0.82 0.24
Kristensen et al. [15] 0.26
Lockie et al. [41] 133 0.06 0 0.36

Luteberget et al. [4] 0

Martinopoulou et al. [42] 0.13 0.06 1.22 0.6 044 0.59

Morin et al. [21] 0.35 0.19
Paradisis et al. [44]

Uphill 0.24 035 0.09 0.15 0.13
Pareja-Blanco et al. [44] 0.20 0.24
Rodriguez-Rosell et al. [45]

20% 0.36 013

40% 091 0.50

60% 0.57 033

80% 0.3 0.13

Sinclair et al. [46] 1.16 0.67

Spinks et al. [22] 048 05

Upton [23] 0.22
West et al. [47] 04

Zafeiridis et al. [48] 0.07 214

Combined ES 0.04 0.06 0.40 0.25 0.55 0.46 0.04
Assisted

Hicks et al. [40] 0.73 0.53

Kristensen et al. [15] 040
Makaruk et al. [42] 0.27 091 0.56 117 0.90
Paradisis et al. [44] 0.22 0.12 0.27 0.36 0.14
Upton [23] 0.07
Combined ES 0.24 0.6 043 0.67 0.73 0.53 0.36
Uphill+ Downhill

Paradisis et al. [44]

Uphill+downbhill 0.09 0.19 0.67 0.58 0.53
Paradisis et al. [11] 0.08 042 034 049 051
Paradisis et al. [30] 0.37 0.13 0.17 0.30 0.56

Combined ES 0.21 0.29 0.37 045 0.54
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Identification

Records identified through electronic database searching:
SPORTDiscus (n =229)
PubMed (n=153)
Web of Science (n=607)
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Records from previously known sources and reference lists of key
studies and reviews (n=5)

Screening

Records excluded (n=894)

¢ Duplicates (n=241)
* Not about assisted or resisted sprint

Number of abstracts
screened (n=100)

training (n=653)

Abstracts excluded (n=73)
* Not longitudinal studies (n=35)

Eligibility

* Not about resisted or assisted sprint
training (n=24)

Number o
screened (n=27)

* Failed to meet other inclusion criteria

f full-texts (n=14)

Included

Full-texts excluded (n=6)
* Did not measure time, velocity or
kinematics (n=4)

Number of records
included (n=21)

* Did not respond to e-mail requests (n=1)
* Did not differentiate participants in

Fig. 8 Flow of information through the systematic review process

P=0.51, (Fig. 4). Combined effect sizes for step frequency
were small for resisted and combined training, while
moderate for assisted sprinting (Table 2).

Acceleration Phase

The effects of resisted and assisted sprint training on
acceleration were measured in 198 participants for
the 10-m time and 181 participants for the 20-m time.
Unfortunately, the analysis of the 30-m time had too few
studies to be included. When comparing the pre-test to
the post-test between the intervention groups and the
control group, the intervention group had a significantly
greater decrease in 10-m times compared to the control
group (Z=2.01, P=0.04). The 95% CI (0.22 to 0.43) indi-
cated a small effect in favor of the intervention group
(Fig. 6). There were no significant effects in the assisted
sprint group (Z=1.74, P=0.08).

For the 20-m times, the analysis showed no significant
difference for either the resisted or assisted groups when
comparing the intervention and control groups (Z=1.45,
P=0.15; Z=1.18, P=0.24). However, the 95% CI (0.16 to
0.38) favoured the intervention group (Fig. 7). Moderate
effect sizes were found for resisted sprint training (0.55
on 10-m times) and assisted sprint training (0.73 on 10-m
times and 0.53 on 20-m times) (Table 2).

groups (n=1)

Maximum Velocity

The effects of resisted, assisted and combined uphill-
downhill sprint training on maximum velocity were
measured in 186 participants. No significant effects on
changes in maximum velocity were found in either the
analysis of all studies, or in the different subgroups of
resisted, assisted and uphill-downhill (Z=0.06, P=0.95;
7=0.7, P=0.48; Z=0.09, P=0.93; Z=1.4, P=0.16, Fig. 5).
Combined uphill-downhill sprint training found a mod-
erate effect size on maximum velocity of 0.54 (Table 2).

Discussion

The main objective of this systematic review with meta-
analysis was to investigate the longitudinal effects of
resisted training, assisted training, or a combination of
both on sprint kinematics, acceleration, and maximum
velocity. The main findings were a significant improve-
ment in 10-m times for the resisted sprint training
group compared to the control group (Fig. 6.). No other
significant effects in the between groups analysis were
found. However, within group effects showed that some
of the different training methods had a moderate effect
(Table 2). This included a moderate effect on increased
maximum velocity using combined uphill-downhill
sprint training, a moderate effect on decreased 10-m
times using both resisted and assisted sprint training, a
moderate effect on decreased 20-m times using assisted
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sprint training and a moderate effect on decreased con-
tact time using assisted sprint training (Table 2).

Resisted sprint training is the method investigated
most often within the literature among the different
sprint training approaches, as demonstrated by the large
number of studies (19) compared to assisted sprint train-
ing (6) and combined studies (3). It is difficult to conclude
if the assisted or uphill-downhill method is superior to
resisted sprint training based on the available evidence.
However, the results might encourage more research in
these areas, as some of the results were significant and
there were considerable effect estimates within groups.

Some results showed a significant effect, while others
did not. It is important to recognize that sprinting at a
senior level is all about improving minimal margins each
season [49]. The ESs observed in some of the significant
findings were small, suggesting that the enhancements
are minimal but still present. Therefore, conducting fur-
ther research based on these findings may be of interest,
as even marginal improvements can have a significant
impact on high-end competitive sprinting. Consideration
of the World Athletics Championships results in 2023
for the 100-m event shows that only milliseconds sepa-
rate 2nd place from 4th [50] proving how marginal the
sprint events are and why marginal improvements are
still important. Although most of the kinematic changes
in the resisted sprint training groups were not significant
and exhibited considerable variation in ESs, they still
show potential.

Several studies included in the analysis involved team
sport athletes, such as handball, football, and rugby,
which prioritize various attributes in their training. The
results might have differed if all the studies exclusively
focused on pure sprinters, as sprinting is their primary
attribute. Sprinters also engage in heavy resistance train-
ing combined with plyometrics, which contributes to
their sprint performance and could be a confounding
variable in the analyzed results [51, 52].

Acceleration
Strength training plays a key role in improving sprint
performance [53]. During the acceleration phase, speed
development depends mainly on powerful extensions of
all leg joints. Faster acceleration requires the involvement
of more muscle mass [54]. It would be expected that
the additional resistance during resisted sprint training
would be beneficial for improving sprint performance.
The 10-m times decreased in the overall group with
training interventions. The group consisted of all but
one study that trained with resistance and one study
that used assistance. The ES of the training intervention
were moderate, suggesting a noticeable effect on perfor-
mance. When comparing the pre- to post-test results for
the intervention group performing resisted or assisted
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sprints, the intervention group had a significantly greater
decrease in 10-m times compared to the control group
(Fig. 6). Hicks et al. [39] was the only assisted sprint train-
ing study that measured 10 and 20-m times. This study
found a moderate effect (Table 2) which may indicate
that assisted sprints may be beneficial for acceleration.
However, this is difficult to conclude, and more research
needs to be done on the subject.

To have effective acceleration, the step frequency
should be as high as possible for the first few steps [55].
The aim is therefore to increase step frequency. None
of the subgroups found a significant change in step fre-
quency when compared to the control group (Fig. 4), but
as an improvement in acceleration was found, it is possi-
ble that step frequency also was affected to some degree.
However, the studies measuring kinematics were mostly
different studies to the studies measuring acceleration
times. Especially the assisted sprint study by Hicks et al.
[39] used in the 10- and 20-m analyses which was not
used in the analysis of the sprint kinematics, as it did not
measure any of these parameters. Therefore, it is hard to
conclude if the increased step frequency in the assisted
groups caused faster acceleration because it was not the
same study (Fig. 4).

Furthermore, none of the groups demonstrated a
change in flight time. A change in flight time could
potentially be a contributing factor to the observed
acceleration improvement as the effect estimates were
small to moderate in all the different experimental train-
ing groups (Table 2). With shorter flight times, step fre-
quency tends to increase. Ito et al. [56] suggested that
athletes should aim to increase the step frequency at
the start, but also strive for an increased step length to
improve their acceleration. However, if athletes aim to
increase step frequency, step length will decrease [57].
Since step frequency is closely related to step length,
flight time, and ground contact time [58, 59], the sig-
nificant decrease in flight time observed in the overall
group may have influenced step frequency or step length
and, consequently, improved acceleration. The meta-
analysis revealed no significant changes in ground con-
tact time (Fig. 2). When considering individual studies
on resisted sprint training, Lockie et al. [19] and Cronin
et al. [18] indicated an increase in ground contact time
during resisted sprint training, which is advantageous for
the acceleration phase, providing more time to generate
force at the start of the sprint. Also, Makaruk et al. [41]
found an increase in contact time, but also a decrease
in step frequency. Unfortunately, as the data from this
study could not be obtained, the study was not included
in the analysis, which could potentially have influenced
the results. Conversely, Lockie et al. [40] found a signifi-
cant increase in step length, and that increase equally
improved acceleration.
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Considering the significant improvement in the accel-
eration observed with resisted sprint training, this train-
ing method should also be applied to team sport athletes
to improve overall performance. As high acceleration is
crucial in the fast break in handball [5], a faster accelera-
tion is also important in soccer, rugby, and field hockey
[8-10]. However, coaches may keep in mind that train-
ing with resistance in sprint training increases the overall
training loads. Luteberget et al. [4] showed that handball
athletes in the middle of a season showed less improve-
ment in the intervention group (resisted sprints) com-
pared to the control group. This could be attributed to the
excessive load in the intervention group, although this is
speculative. Nonetheless, the results of the meta-analysis
indicated that resisted sprint training improves accelera-
tion more effectively than traditional sprint training.

Moreover, it is worth noting that sprinters may have a
higher tolerance to training with extra loading compared
to team sport athletes, which also prioritizes other char-
acteristics. Comparisons between athlete subsets showed
that sprinters exhibited a greater capacity for maximum
horizontal power than recreational athletes, particularly
when expressed relative to body mass [60]. This suggests
that resisted sprint training may have a more pronounced
effect on elite sprinters than on team sport athletes as
this type of training is considered a type of training to
develop specific strength [61]. As sprinters are already
optimized for high-speed power output due to their pre-
existing high level of neuromuscular adaptation to sprint-
ing tasks, team sport athletes certainly have room for
improvement in force production along the horizontal
axis. Their diverse training might mean that the relative
gains from resisted sprints are distributed across multiple
fitness domains rather than concentrated in force applied
horizontally during sprinting. This is shown by a meta-
analysis by Ward et al. [62], which found no difference in
improvement between resisted sprint training and nor-
mal sprinting in field-based team sport athletes.

Maximum Velocity

No significant changes in maximum velocity between the
experimental group and control groups in any of the sub-
groups (Fig. 5) were found. But closer examination of the
effect estimates of the within group data, reveals some
interesting findings. The resisted group showed no signif-
icant change in maximum velocity, the results were scat-
tered and the effect size of the within group analysis was
close to zero. This suggests that resisted sprint training
was no better than normal sprinting at improving maxi-
mum velocity; the different ESs suggest that the effects of
resisted sprint training on maximum velocity are unclear
and not conclusive (Table 2). When training with resis-
tance, sprinters will either tow or pull a load, which slows
down the sprinter, especially in the acceleration phase.
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While a weighted sled gains momentum and becomes
lighter over time, the increased weight keeps the athlete
in a crouched position for longer, emphasizing accel-
eration [63]. This may explain why the athletes perform
better in the 10-m and 20-m measurements but experi-
ence close to no change in their maximum velocity. Addi-
tionally, training with resistance was associated with an
increased trunk lean, which allows for a greater applica-
tion of force in the horizontal direction but is not ideal
for the maximal velocity phase of sprinting [63].

On the other hand, the assisted sprint training group
did not exhibit a significant improvement in maximum
velocity either (Fig. 5). However, there are different forms
that create the assisted sprint condition. Makaruk et al.
[41] used a towing system for assistance, while Para-
disis et al. [43] used a downhill approach. Both studies
reported a significant increase in maximum velocity,
highlighting the potential benefits of assisted sprint train-
ing. When training assisted sprints, athletes can achieve
higher speeds than their normal maximum velocity.
The effects of these different forms of overspeed stimu-
lation may vary but suggest an increase in maximum
velocity after training with assistance, but due to the
limited number of studies examining the longitudinal
effects of assisted sprint training, the question remains
unanswered.

An interesting finding concerning the longitudinal
effects of assisted sprint training was that there was
some variability observed with a decrease in step length
(£0.02 m) in the longitudinal studies (Fig. 1). This is the
opposite of the acute studies that showed an increase in
step length [20, 24, 25]. This may only be a coincidence
due to the limited number of two studies. However,
there were significant findings that assisted sprint train-
ing increased the step frequency as there was a moder-
ate within group effect found (Table 2), likely a result of
decreased contact and flight time (Figs. 2 and 3) [41, 43].
It seems that the pulling force gives a stimulus over time
to move the joints faster during sprinting to avoid too
much braking or being too late for the next step [25]. This
could compensate for the decrease in step length. This
may explain an increase in maximum velocity.

Regarding the combined group, there was no signifi-
cant change in maximum velocity (Fig. 5), although a
moderate effect size in the within group analysis was
observed (Table 2). Paradisis et al. [43] indicated that
uphill-downhill training could be beneficial for improv-
ing both acceleration and maximum velocity. The com-
bined uphill-downhill group exhibited the greatest
increase in overall sprint performance, with significant
improvements in maximum velocity, step frequency,
and ground contact time. However, there are only three
studies on this topic, and they were all performed by the
same research group [11, 30]. This should be investigated
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further by other research groups. The result of the meta-
analysis suggests that this is potentially an effective form
of training for sprinters or team sport athletes, but it is
difficult to provide the set-up described in these studies.
As a result, this form of training may be less relevant to
practical application.

Kinematic Changes

When only investigating the kinematic changes during
the different interventions, the results were varied. None
of the groups had any significant changes compared to
the control group (Figs. 1, 2, 3 and 4). However, using
resisted sprint training alone did not lead to significant
changes in sprint kinematics. This is strange, considering
resisted sprint training showed an increased improve-
ment in the early acceleration phase of the run (Figs. 6
and 7). The findings for assisted sprint training align with
previous acute studies conducted on assisted sprint train-
ing, which found an increase in step frequency [20, 24,
25], thereby indicating that the acute effect can become
a longitudinal effect for this training approach. The ESs
were moderate in both contact time and step frequency.
In the combined uphill-downhill group, the changes
were non-significant with a small ES. Although the ES
was small, which suggests minimal improvement, con-
sidering the narrow margins in elite sprinting, it is worth
further research to investigate the effects of uphill-
downhill training on step frequency (Fig. 4).

Limitations

It is important to note that this review has some limita-
tions that should be considered when interpreting the
results. Firstly, the sample size was relatively small, espe-
cially when analyzing subgroups, which may limit the
generalizability of the findings. Secondly, the study only
measured the short-term effects of the interventions, so
it is unclear whether these improvements would be main-
tained over a longer period. Thirdly, there is probably a
publication bias, which means that when an intervention
has positive results, it is more likely that it is published
than when it does not have any effect upon sprinting
results. Fourthly, the different loading schemes were not
considered in this review and meta-analysis. Therefore,
it should be acknowledged that different loads may lead
to different acute effects and adaptations. Finally, the
review did not measure any other potential factors that
may influence sprint performance, such as strength or
flexibility.

Conclusion

When comparing the experimental groups with the
control groups performing normal sprinting, none of
the training methods proved to be more effective than
normal sprinting in altering kinematics or improving
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maximum velocity. Using resisted sprints resulted in
a significant increase in 10-m performance compared
to normal sprinting, but no significant interaction was
found for 20-m. For the within group analysis presented
as effect size, it is concluded that combined (uphill-
downhill) training exhibited the greatest increase in over-
all sprint performance, with improvements in maximum
velocity, due to higher step frequency, caused by shorter
flight times. Assisted sprint training may be more effec-
tive for improving step frequency, and it seems that
resisted sprints are effective for improving acceleration
ability (10-20 m), but not maximum velocity. However,
coaches and athletes should consider the specific kine-
matic measures they want to improve and choose the
most appropriate training protocol based on what they
are seeking to improve.
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