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Abstract

v

We investigated whether a conditioning activity
(8x12.5m with 2.5 min-interval using both hand
paddles and parachute) induced post-activation
potentiation in swimming propulsive force and
whether a swimmer’s force level affected a post-
activation potentiation response. 8 competitive
swimmers (5 males and 3 females, age: 18.4+£1.3
years; IPS=796+56) performed a 10s maximum
tethered swimming test 8 and 4 min before (the
highest value was considered as PRE), and 2.5
and 6.5min after (POST1 and POST2, respec-
tively) the conditioning activity. Rate of force
development was not affected, but peak force in
POST1 (p=0.02) and impulse in both POST1

(p=0.007) and POST2 (p=0.004) were reduced.
Possibly the conditioning activity induced
greater fatigue than post-activation potentiation
benefits. For instance, the number of repetitions
might have been excessive, and rest intervals
between the conditioning activity and POST1
and POST2 were possibly too short. There were
positive correlations between PRE peak force and
changes in peak force and rate of force develop-
ment. Although conditioning activity was detri-
mental, positive correlations suggest that weaker
swimmers experience a deterioration of perfor-
mance more than the stronger ones. This condi-
tioning activity is not recommended for
swimmers with the current competitive level
before a competitive event.

Introduction

v

Post-activation potentiation (PAP) is acknowl-
edged as a short-term enhancement in muscle
strength and power after performing a high-
intensity conditioning activity [35]. It has been
demonstrated that such high-intensity exercises
during warm-up routines may improve perfor-
mance in speed and power events [9]. Even
though mechanisms responsible for PAP are not
entirely known, PAP effects are probably modu-
lated by regulatory myosin light chain phospho-
rylation, motoneuron excitability, motor units
synchronization, and short-term changes in the
pennation angle of muscle fibers [17,24,28].
Post-activation potentiation has been docu-
mented in different activities and sports such as
number of throws in judo [21], 1000m rowing
ergometer performance [8], and 40- and 100 m
running speed [20,34]. In swimming, dry-land
exercises induced PAP in peak vertical and hori-
zontal force in the starting block [18], but not IN
15 [18] and 50 m freestyle performance [26]. As
it has been demonstrated that conditioning
activities should be similar to the desired task

[17], the lack of PAP in the water might be a con-
sequence of the exercise selection for a condi-
tioning activity (pull-ups and jumps), which did
not resemble the complexity of swimming
motions [23]. Thus, it is conceivable that an in-
water strength exercise might serve as a possible
more specific trigger for PAP in swimming.

In this sense, hand paddles and parachutes are 2
of the most-used implements to increase specific
strength in swimming. Indeed, the artificial
enlargement of hands’ surface area provided by
paddles, and the additional drag created by para-
chutes, lead swimmers to generate a greater pro-
pulsive force in each stroke [3,11,27] without
meaningful changes in trajectory, pitch, and
sweepback angles of the hand [10, 12]. Therefore,
it is conceivable that these implements represent
a more specific stimulus to induce PAP effects on
swimming, and the combined use of both pad-
dles and parachute would increase the need for
strength production during swimming compared
to the use of either of them alone.

Considering that dry-land exercises failed to
show PAP effects on swimming performance, the
lack of studies regarding specific stimulus for PAP
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in swimming and, finally, that PAP may be an useful approach to
acutely increase propulsive force in swimming, the first objec-
tive of this study was to investigate if an in-water strength train-
ing set performed with hand paddles and parachute would
induce PAP in swimming propulsive force. Tethered swimming
was used to identify possible acute effects as it represents a
valid, sensitive, reliable and widely-used method to assess spe-
cific force in swimming [2,5-7], and also presents good correla-
tion with swimming velocity [1,19,22]. Acknowledging that the
conditioning activity should be task-specific, trigger PAP bene-
fits, and induce minimal fatigue, we hypothesized that an in-
water strength training set would improve swimming propulsive
force.

We also assumed that PAP is more likely to be attained in highly-
trained athletes [4], because of their greater fatigue resistance
[14] and ability to recruit the higher-order motor units that are
more sensitive to PAP mechanisms [14, 15]. Secondly, this inves-
tigation aimed to verify if possible pre-to-post changes would be
related to athletes’ propulsive force levels, hypothesizing that
swimmers with a higher initial force level would be more likely
to experiment PAP effects.

Methods

v

Subjects

8 well-trained national competitive swimmers (age: 18.4+1.3
years; IPS=796+56 points), 5 males (body mass: 73.3+4.6kg;
height: 1.82+0.02m; fat percentage: 9.3+3.9%) and 3 females
(body mass: 60.6+9.2kg; height: 1.69+0.01 m; fat percentage:
19.3+4.2%), took part in this study. They were front-crawl spe-
cialists and experienced with in-water strength training, as
informed by their coach. After an explanation about experimen-
tal risks and benefits of the research, participants or their
responsible signed the written informed consent. All procedures
received approval from the university’s ethics committee where
this study was carried out (Process number: 992/2008). This
study complies with all ethical standards put forth by the Inter-
national Journal of Sports Medicine [16].

Experimental procedures

The experimental protocol was conducted in the preparatory
period of the second macrocycle of the year, in which training
frequency varied from 6 to 9 sessions per week and mean weekly
volume (considering the whole season) reached 39456 +9360 m.
During the testing week, athletes swam 28500 m in a total of 6
training sessions. After the warm-up (1000 m of low-to-moder-
ate intensity swimming=400m of free swimming+200m
kick+200m drills+200m of free swimming), swimmers per-
formed a tethered swimming test (which will be described later)
twice before (PRE1 e PRE2) and twice after (POST1 and POST2) a
conditioning activity (© Fig. 1). POST1 and POST2 were per-
formed 2.5 and 6.5min after the conditioning activity, respec-
tively. PRE1 and PRE2 tests were used to investigate whether the

| Warm-up | 4min +4min +4min

J, Tethered swimming test

8 x 12.5m maximum ef‘fortsl 25 minJl' 4min

Fig. 1 Timeline of experimental procedures with rest interval between
warm-up, tests and conditioning activity.
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test itself could induce PAP and were separated by 4 min. Four
minutes after PRE2, swimmers performed the conditioning
activity, which consisted of 8 maximum efforts of 12.5m start-
ing every 2.5 min using both hand paddles (245 cm?) and para-
chute (400 cm?). POST1 and POST2 were used to assess possible
PAP over time. Hand paddles surface area was assessed by com-
puterized planimetry using the Image] software (v. 1.43,
National Institute of Health, Bethesda, USA). Parachute area
was obtained by multiplying the length of its sides (i.e., 20 cm x
20cm). During the in-water strength training set, the hand pad-
dles were fixed to the swimmer’s hands by 2 adjustable straps,
positioned close to the wrist and middle finger, whereas the
parachute was tethered to a belt around the waist of each swim-
mer and kept approximately 1 m away from the swimmer's feet.
All testing procedures were carried out during one session,
between 2:00 and 4:00 PV, in an indoor pool (water tempera-
ture: 27 °C) using front-crawl full technique (i.e., arm stroke and
leg kick). Propulsive force was evaluated by means of a fully-
tethered swimming system (CEFISE, Nova Odessa, Brazil) com-
posed by a load cell with 4 strain gages and 2 000N of maximum
capacity. One of its extremities was attached to a special
designed support fixed to the starting block while the other was
connected to an inextensible cable system, in which the swim-
mer was tethered on the waist through an adjustable belt. Defor-
mations in the load cell generated by swimmer’s efforts during
testing procedures were recognized by an A/D interface and
stored at 200Hz.

The test consisted of a 10-s maximal swimming effort with self-
selected stroke rate. The beginning (after approximately 5s of
moderate swimming) and the end of the test protocol were sig-
naled by a whistle. To avoid inertial effects, 1s was given
between the whistle and the start of data acquisition, as adopted
in previous investigations [3,22]. Swimmers were requested to
hold their breath to avoid major modifications of stroke kine-
matics [11]. Athletes were familiar with the test since it had
been performed during their training sessions with the aim of
monitoring training responses.

Individual force-time curves were smoothed using a fourth-
order Butterworth low-pass digital filter with a cut-off fre-
quency of 8Hz, defined through residual analysis [33]. Then,
main points shown in © Fig. 2 were marked in 8 consecutive
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Fig. 2 Example of 2 consecutive cycles of a front-crawl curve and also
the main points used for force-time curve analysis. F,e,=peak force;
ImpF=Impulse; Fi,=minimum force.
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Fig. 3 Descriptive statistics (M £5S) of Peak force (N, Panel a), Impulse (N-s, Panel b) and Rate of force development (RFD, N-s-1, Panel ¢) * p<0.05 com-
pared to PRE. Dashed lines represent individual values and continuous line represents mean.

Table 1 Correlations between percent changes (A %) and PRE values.

A% Peak Force A% Impulse A% RFD

r P-value r P-value r P-value
Peak Force  0.71 0.04 0.10 0.80 0.79 0.02
Impulse 0.76 0.03 0.20 0.63 0.76 0.03
RFD 0.58 0.13 0.07 0.86 0.70 0.06

complete cycles (i.e., the interval between 2 successive lowest

points) for the assessment of:

1. Peak force (expressed in N): the highest force value between
2 consecutive minimum force values (ICC=0.95,CI95%=0.77-
0.99, p<0.0001; CV=3.7%, C195%=0.9-6.6%);

2. Impulse (expressed in N-s): the force applied in a given time.
In this case, the area under the force-time curve between 2
successive minimum force values (ICC=0.99, CI 95%=0.93-
1.00, p<0.0001; CV=2.2%, C1 95%=0.9-3.6%);

3. Rate of force development (RFD, expressed in N-s™1): ratio
between force variation (AF=peak force minus its previous
minimum force value) and the time variation (At=time when
peak force was reached minus time at its previous minimum
force value), according to: RFD=(AF/At) (ICC=0.83, CI
95%=0.37-0.96, p=0.003; CV=8.0%, IC95%=3.5-12.5%).

Statistical analysis

The assumptions of normally distributed samples and sphericity
were verified using Shapiro-Wilk and Mauchly tests, respec-
tively. A paired t-test was used to compare PRE1 with PRE2 val-
ues. Once there was no difference between these tests, the
highest value represented PRE and was used for further analysis.
Repeated measures ANOVA computed possible acute effects of
the described training set by comparing PRE, POST1 and POST2.
If sphericity was violated the p-values were adjusted by the epsi-
lon Greenhouse-Geisser correction factor. Multiple pairwise
comparisons were made by Bonferroni test. Moreover, ANOVA's
effect size was computed through the partial eta squared (1?)
while post-hoc comparisons’ effect sizes (ES) were calculated
through Cohen’s d. All data are expressed as means+standard
deviations (MzS). PRE-to-POST1 and PRE-to-POST2 percent
changes (A %) of all force-time curve parameters were calculated
and the highest value was retained for further analysis. Pearson
product-moment correlation coefficients were used to analyze
the relationship between percent changes and PRE values. For all
situations the significance level was set at p<0.05. Analyses were
conducted using SPSS for Windows (Version 17.0; SPSS, Inc., Chi-
cago, IL, USA).

Results

v

The in-water strength training set negatively affected peak force
(© Fig. 3a, F,1,=7.93, p=0.005, n?=0.53) and impulse (© Fig. 3b,
F»14=18.10, p<0.0001, n?=0.72), but had no effect on RFD
(© Fig. 3¢, F,14=1.69, p=0.23, n2=0.20). Indeed, pairwise com-
parison revealed a lower peak force in POST1 (p=0.02, ES=0.23),
and also impulse in both POST1 (p=0.007, ES=0.36) and POST2
(p=0.004, ES=0.37) compared to PRE. There was no difference
between POST1 and POST2.

© Table 1 displays all the correlation coefficients among force-
time curve parameters in PRE and pre-to-post percent changes.

Discussion

v

The first aim of this study was to investigate whether an in-
water strength training set performed with hand paddles and
parachute would induce PAP in tethered swimming force. Post-
activation potentiation, which is also known as an activity-
dependent potentiation, refers to an enhanced muscle contractile
response (i.e., increased strength production) induced by a prior
conditioning activity. The main suggested mechanisms respon-
sible for PAP are phosphorylation of myosin regulatory light
chains, increased recruitment of higher order motor units, and
short-term changes in the pennation angle of muscle fibers.
Regulatory light chain phosphorylation increases the sensitivity
of the actin-myosin interaction to Ca2*, and alters the structure
of the myosin head, resulting in a higher force-producing state of
cross-bridges. Regarding the second mechanism, previous con-
tractions elevate the excitation potential across synaptic junc-
tions at the spinal cord and, as a result, postsynaptic potentials
increase as well as the recruitment of higher order motor units
increase during subsequent activity, enhancing force production
and rate of force development. Pennation angle of muscle fibers
influences force and power production, as the force produced by
the muscle and applied to the tendon is corrected by angle
cosine. Consequently, a smaller pennation angle provides a
mechanical advantage to force transmission to the tendon. In
addition, PAP has already been observed in animal, ex-vivo and
human models, following both electrical and voluntary stimula-
tion, and in different movements and sports. Then, in theory,
any type of conditioning activity could enhance contractile
response during swimming.

However, previous muscle contraction produces both fatigue
and PAP, and the net result of these 2 events determines whether
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the performance in a subsequent task is positively, negatively, or
not affected. Muscle contractile ability, post stimulus, depends
on the time courses of fatigue recovery and PAP decline rate.
Thus, a positive balance of the coexistence of PAP and fatigue
results in a potentiated muscle contractile ability [25]. Accord-
ing to Tillin & Bishop [28], fatigue plays a negative effect on PAP
and “...seems more dominant in the early stages of recovery
and, consequently, performance of subsequent voluntary activ-
ity is diminished or unchanged” (p. 156). Consequently, PAP is
more likely to be achieved in highly-trained athletes due to their
greater fatigue resistance resulting from intense training regimes
[14], as well as their ability to recruit higher-order motor units
more sensitive to PAP mechanisms [14,15]. Nevertheless, our
results demonstrated that the in-water training set used herein
did not enhance force production capacity neither rate of force
development up to 6.5 min. In fact, the conditioning activity was
consistently detrimental for impulse and peak force, which
decreased for 8 and 7 participants, respectively, suggesting an
important role played by fatigue.

The lack of PAP’s beneficial effects may be attributed to certain
characteristics of the conditioning activity (i.e., high number of
repetitions, short rest interval) which INDUCED a greater fatigue,
consequently, AND MASKED the effects of PAP. It is possible,
though, that another training set that provides the appropriate
balance between neuromuscular activation and fatigue could be
beneficial for those who experienced detrimental effects and
lower in-water peak force and RFD levels.

Practically, the optimal balance between fatigue and neuromus-
cular activation could come from twofold: a) the reduction of
the muscle mechanical work and/or b) a greater rest interval
between the conditioning activity and subsequent exercise.
Concerning the first, it is obvious that a higher training volume
induces greater fatigue, especially in high-intensity resisted
exercises as seen in the current in-water strength training set.
Considering that there is no current consensus regarding the
proper volume for reaching PAP, both in dry-land activities [13]
and in aquatic sports, as well as no recommendation regarding
conditioning activity for swimming, we chose to use a tradi-
tional in-water training set for such purpose.

Secondly, it is well accepted that rest interval noticeably affects
PAP magnitude [13]. A recent meta-analysis reported that when
rest intervals after the conditioning activity range from 8 to
12 min, moderate improvements on vertical jump performance
are observed, whereas only small changes can be noticed for rest
intervals from 4 to 7min and more than 16 min [13]. Unfortu-
nately, due to organizational and schedule limitations of the
club, we were not able to continue testing swimmers greater
than 6.5 min. Therefore, studies concerning rest intervals during
in-water strength training sets are warranted.

Additionally, the present study also aimed to verify if possible
pre-to-post changes would be related to swimmer’s propulsive
force levels. Even though most subjects decreased force-time
curve parameters after the conditioning activity, we found posi-
tive correlations between both peak force and impulse, and the
PRE-POST percent changes for peak force (r=0.71 and 0.76,
respectively) and RFD (r=0.79 and 0.76, respectively). This indi-
cates that swimmers with lower peak force and impulse were
also those with the greater reduction in tethered swimming per-
formance. Due to a same absolute resistance (same size of pad-
dles and parachute), a higher relative intensity in swimmers
with lower initial force levels may have resulted in greater
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fatigue. This emphasizes the importance of the individualization
of the training set for possible PAP effects.

Interestingly, one subject increased peak force and RFD in POST1
while another experienced positive effects in RFD in POST2.
Both increases were from swimmers with the highest peak force
and RFD values in PRE. This indicates that the current training
set were, in fact, effective for some athletes with a greater ability
to mobilize their neuromuscular system during swimming.
Because of this, it can be suggested that the intensity of muscle
contractions induced by paddles and parachute herein was suf-
ficient to induce PAP, although, in this case, the rest interval
should be increased. In accordance, Turner et al. [31] also
observed PAP effects on 10 and 20m running sprint perfor-
mance after a plyometric set of jumps with only 10% of body
weight. Additionally, Tobin & Delahunt [29] noticed improve-
ments in jump height and peak force after a plyometric set.
Finally, it is important to note that possible positive effects in
tethered swimming do not necessarily generate greater swim-
ming velocity. Although this is a valid, sensitive and reliable
method [2,5-7], its correlation with swimming performance
may range from 0.81 to 0.92 [22], indicating that other factors
such as technique [30] and aerobic capacity [32] also play an
important role for the final competitive outcome.

Practical Application

v

The findings presented here indicate that the current hand pad-
dles and parachute-based conditioning activity should not be
used before main competitive events, at least for swimmers with
the present competitive and/or propulsive force levels.

Conflict of interest: The authors have no conflict of interest to
declare.

References
1 Adams TA, Martin B, Yeater R, Gilson K. Tethered force and velocity
relationships. Swimming Technique 1984; 20: 21-26
2 Barbosa AC, Andrade RM, Moreira A, Serrdo JC, Andries Jiinior O. Reli-
ability of front-crawl’s force-time curve in a short duration protocol.
Braz ] Phys Educ Sport 2012; 26: 37-45
3 Barbosa AC, Castro Fde S, Dopsaj M, Cunha SA, Andries O Jr. Acute
responses of biomechanical parameters to different sizes of hand pad-
dles in front-crawl stroke. ] Sports Sci 2013; 31: 1015-1023
4 Batista MAB, Roschel H, Barroso R, Ugrinowitsch C, Tricoli V. Influ-
ence of strength training background on postactivation potentiation
response. | Strength Cond Res 2011; 25: 2496-2502
5 Bollens E, Annemans L, Vaes W, Clarys JP. Peripheral EMG comparison
between fully tethered and free front crawl swimming. In: Ungere-
chts BE, Wilke K, Reischle K (eds.). Swimming Science V. Champaign:
Human Kinetics; 1988: 173-181
6 Bonen A, Wilson BA, Yarkony M, Belcastro AN. Maximal oxygen uptake
during free, tethered, and flume swimming. ] Appl Physiol 1980; 48:
232-235
7 Cabri J, Annemans L, Clarys JP, Bollens E, Publie J. The relation of
stroke frequency, force, and EMG in front crawl tethered swimming.
In: Ungerechts BE, Wilke K, Reischle K (eds.). Swimming Science V.
Champaign: Human Kinetics; 1988: 173-181
8 Feros SA, Young WB, Rice AJ, Talpey SW. The effect of including a series
of isometric conditioning contractions to the rowing warm-up on
1,000-m rowing ergometer time trial performance. J Strength Cond
Res 2012; 26: 3326-3334
9 Gourgoulis V, Aggeloussis N, Kasimatis P, Mavromatis G, Garas A. Effect
of a submaximal half-squats warm-up program on vertical jumping
ability. ] Strength Cond Res 2003; 17: 342-344
10 Gourgoulis V, Aggeloussis N, Vezos N, Antoniou P, Mavromatis G. Hand
orientation in hand paddle swimming. Int J Sports Med 2008; 29:
429-434



11 Gourgoulis V, Aggeloussis N, Vezos N, Kasimatis P, Antoniou P, Mav-
romatis G. Estimation of hand forces and propelling efficiency dur-
ing front crawl swimming with hand paddles. ] Biomech 2008; 41:
208-215

12 Gourgoulis V, Antoniou P, Aggeloussis N, Mavridis G, Kasimatis P, Vezos
N, Boli A, Mavromatis G. Kinematic characteristics of the stroke and
orientation of the hand during front crawl resisted swimming. ] Sports
Sci 2010; 28: 1165-1173

13 Gouvea AL, Fernandes IA, Cesar EP, Silva WA, Gomes PS. The effects
of rest intervals on jumping performance: a meta-analysis on post-
activation potentiation studies. ] Sports Sci 2013; 31: 459-467

14 Giillich A, Schmidtbleicher D. MVC-induced short-term potentiation of
explosive force. New Stud Athlet 1996; 11: 67-81

15 Hamada T, Sale DG, MacDougall JD, Tarnopolsky MA. Interaction of fibre
type, potentiation and fatigue in human knee extensor muscles. Acta
Physiol Scand 2003; 178: 165-173

16 Harriss DJ, Atkinson G. Ethical standards in sport and exercise science
research: 2014 update. Int J Sports Med 2013; 34: 1025-1028

17 Hodgson M, Docherty D, Robbins D. Post-activation potentiation:
underlying physiology and implications for motor performance.
Sports Med 2005; 35: 585-595

18 Kilduff LP, Cunningham D], Owen NJ, West D], Bracken RM, Cook (J.
Effect of postactivation potentiation on swimming starts in interna-
tional sprint swimmers. ] Strength Cond Res 2011; 25: 2418-2423

19 Kjendlie P, Thorsvald K. A tethered swimming power test is highly
reliable. Port ] Sport Sci 2006; 6: 231-233

20 Linder EE, Prins JH, Murata NM, Derenne C, Morgan CF, Solomon JR.
Effects of preload 4 repetition maximum on 100-m sprint times in
collegiate women. J Strength Cond Res 2010; 24: 1184-1190

21 Miarka B, Del Vecchio FB, Franchini E. Acute effects and postactiva-
tion potentiation in the Special Judo Fitness Test. ] Strength Cond Res
2011; 25: 427-431

22 Morouco P, Keskinen KL, Vilas-Boas JP, Fernandes RJ. Relationship
between tethered forces and the four swimming techniques perfor-
mance. ] Appl Biomech 2011; 27: 161-169

23 Olbrecht ], Clarys JP (eds.). EMG on specific strength training exercises
for the front crawl. Champaign: Human Kinetics Publishers; 1983

Training & Testing

24 Rassier DE, Macintosh BR. Coexistence of potentiation and fatigue in
skeletal muscle. Braz ] Med Biol Res 2000; 33: 499-508

25 Robbins DW. Postactivation potentiation and its practical applicabil-
ity: a brief review. ] Strength Cond Res 2005; 19: 453-458

26 Sarramian VG, Turner A, Greenhalgh AK. Effect of postactivation poten-
tiation on fifty meters freestyle in national swimmers. ] Strength Cond
Res 2014; doi:10.1519/JSC.0000000000000708

27 Schnitzler C, Braziel T, Button C, Seifert L, Chollet D. Effect of velocity
and added resistance on selected coordination and force parameters
in front crawl. J Strength Cond Res 2011; 25: 2681-2690

28 Tillin NA, Bishop D. Factors modulating post-activation potentiation
and its effect on performance of subsequent explosive activities.
Sports Med 2009; 39: 147-166

29 Tobin DP, Delahunt E. The acute effect of a plyometric stimulus on
jump performance in professional rugby players. ] Strength Cond Res
2014; 28: 367-372

30 Toussaint HM. Differences in propelling efficiency between competi-
tive and triathlon swimmers. Med Sci Sports Exerc 1990; 22: 409-415

31 Turner AP, Bellhouse S, Kilduff LP, Russell M. Post-activation potentia-
tion of sprint acceleration performance using plyometric exercise. ]
Strength Cond Res 2014; doi:10.1519/JSC.0000000000000647

32 Wakayoshi K, D’Acquisto LJ, Cappaert JM, Troup JP. Relationship
between oxygen uptake, stroke rate and swimming velocity in com-
petitive swimming. Int J Sports Med 1995; 16: 19-23

33 Winter DA. Biomechanics and Motor Control of Human Movement.
NY: John Wiley & Sons; 1990

34 Yetter M, Moir GL. The acute effects of heavy back and front squats
on speed during forty-meter sprint trials. J Strength Cond Res 2008;
22: 159-165

35 Young WB, Jenner A, Griffiths K. Acute enhancement of power perfor-
mance from heavy load squats. ] Strength Cond Res 1998; 12: 82-84

Barbosa AC et al. Post-activation Potentiation in Propulsive... Int ] Sports Med




