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ABSTRACT. The purpose of this study was to evaluate the
effects of a warm-up and fatigue protocol on the vertical jump and
knee joint position sense of sprinters. Thirty-two sprinters were

10 randomly allocated to either a control group (CONT) or a plyo-
metric group (PLYO) that performed a warm-up, followed by a
high-intensity plyometric protocol. Absolute (AAE), relative
(RAE), and variable (VAE) angular errors and vertical jump were
evaluated before and after the warm-up, as well as after the plyo-

15 metric protocol and again 5 min later. After the warm-up, athletes
improved RAE and jump performance. After the plyometric proto-
col, scores on the RAE, VAE, and the vertical jump performance
worsened compared to the control group and to the values
obtained after the warm-up. Five minutes later, RAE and vertical

20 jump continued to be impaired. AAE did not show significant dif-
ferences. The vertical jump is improved after the warm-up,
although it is deteriorated after high-intensity plyometry. Regard-
ing knee proprioception, the lack of impairments in the AAE
make unclear the effects of the plyometric exercises on knee

25 proprioception.
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Plyometric training requires explosive muscle move-

ments from an elongation to a shortening of the muscle

30 (McNeely & Sandler, 2006). Most athletes perform plyo-

metrics to increase their sports performance due to the ben-

efits of plyometrics on muscle strength and power after

several weeks of training. Coaches include this exercise as

a part of training routines because it maximizes vertical

35 jump and sprints (Markovic, 2007; Myer, Ford, Brent, &

Hewett, 2006; Saez-Saez de Villarreal, Requena, & New-

ton, 2010).

However, because of the explosivity that plyometric training

requires, it is one of the most exhausting and damaging exer-

40 cises for the athletes, who reach high levels of peripheral and

central fatigue (Comfort & Abrahamson, 2010; Drinkwater,

Lane, & Cannon, 2009). Therefore, authors suggest at least

42 hr to recover the athlete’s entire physical capacity after

plyometric training (Lepin & Andrade, 2012; Meylan &Mala-

45 testa, 2009). Thus, studies analyzing effects of plyometrics

reported immediate impaired physical abilities (i.e., vertical

jump, rate of force development, strength, and agility), as well

as proprioceptive skills, which could make athletes more prone

to injury (Drinkwater et al., 2009; Givoni, Pham, Allen, &

50 Proske, 2007; Romero-Franco & Jimenez-Reyes, 2015; Twist,

Gleeson, & Eston, 2008).

To date, several researchers have analyzed the effects of

fatigue on proprioceptive skills by using general exercise

protocols involving the whole body (e.g., 212 continuous

55ground contacts, stepping down 792 stairs, or repetitions

with weighted balls and elastic tubes), as well as local exer-

cise protocols involving part of the body (e.g., isokinetic

concentric and eccentric muscle actions in the shoulder or

ankle regions, or flexion-extension movements in the knee

60or elbow regions; Drinkwater et al., 2009; Givoni et al.,

2007; Ribeiro, Venancio, Quintas, & Oliveira, 2011; San-

drey & Kent, 2008; Tsay, Allen, Leung, & Proske, 2012;

Twist et al., 2008; Walsh, Hesse, Morgan, & Proske, 2004).

However, the variety of plyometric protocols and the popu-

65lation used by the authors hampers comparisons of the

results (Drinkwater et al., 2009; Romero-Franco & Jime-

nez-Reyes, 2015; Sandrey & Kent, 2008; Tsay et al., 2012).

Additionally, as very few studies have evaluated the joint

position sense after the high-intensity plyometric protocol

70(Vila-Cha et al., 2011), its influence remains controversial.

The purpose of the present study was to analyze the

immediate effects of warm-up and plyometric exercises on

the knee position sense of sprinters, as well as the effects

found 5 min after the exercises were completed. Addition-

75ally, athletes performed a maximum squat jump to evaluate

the level of fatigue as a result of the plyometric protocol.

We hypothesized that the plyometric protocol would blunt

the physical abilities (e.g., a decrease in the vertical jump

height) and knee proprioception, and 5 min later the ath-

80letes would have only slightly recovered.

Methods

This research utilized a repeated measures, random-

ized controlled trial. Thirty-two male sprinters from an

athletic club were recruited for this study in March

852014. The athletes were included in this study according

to the following criteria: training for sprint races (100,

200, and 400 m), having at least two years of experi-

ence in the modality, being free from injuries in the last

six months, and competing a the national level. Athletes

90were excluded from this study if they did not train
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regularly or had recently interrupted their training rou-

tine (at least three months without interruptions).

The athletes were randomly allocated into either a con-

trol group (CONT; n D 16) who rested or a plyometric

95 group (PLYO; n D 16) who performed a warm-up followed

by a protocol of plyometric exercise. An external assistant

randomized the intervention to each participant using the

Epidat software v.4.1, a computerized randomization pro-

gram used to generate intervention allocation (Xunta de

100 Galicia, 2014). Hence, the investigators who analyzed the

data for each intervention were blinded to the subjects’

group assignments. Additionally, subjects were blinded to

the group to which they belonged due to the fact that we

did not inform the participants about the actual purpose of

105 the study and the existence of a parallel group.

Weight and height of the athletes were collected with a

100–300 g precision digital weight scale (Tefal, France)

and a t201-t4 adult height scale (Asimed, SpainQ1 ), respec-

tively (Table 1). Before the start of the study, all athletes

110 were briefed on the nature of testing and written informed

consent was obtained from each subject, according to the

standards of the Declaration of Helsinki (Goodyear, Eck-

enwiler, & Ells, 2008). The ethics board of our university

approved this study.

115 All the athletes performed the pretest (Pre), consisting of

a knee joint position sense test, a maximum squat jump,

and a muscle soreness scale, to determine the level of

fatigue of the athletes at every time point. These tests were

repeated after the warm-up (Post-WU), right after the high-

120 intensity plyometric protocol (Post0min), and 5 min later

(Post5min). The Post5min measurement was included to

evaluate the status of the athletes right before beginning

other types of exercise in the same training session, which

is very common after plyometric exercises (McNeely &

125 Sandler, 2006). Although control group did not engage in

any physical activity, the period of time between every

measure was the same as that of the plyometric group.

The Joint Position Sense Test was assessed in the domi-

nant knee in active–active modality (athletes actively

130 reached and maintained the knee position; afterwards, they

actively tried to repeat the position) and closed kinetic

chain (CKC; Figure 1). To determine the dominant limb,

the athletes were asked about the leg with which they would

normally kick a ball. The athletes should stand on their

135dominant leg while supporting themselves using a chair as

a stable object, as previous studies have recommended

(Magalhaes, Ribeiro, Pinheiro, & Oliveira, 2010; Stillman

& McMeeken, 2001), with a wedge under the heel of their

dominant leg (height: 5 cm) to reduce passive tension on

140the triceps surae during the test (Magalhaes et al., 2010).

Covering the eyes with a mask blocked the visual inputs for

the athlete. Four markers were positioned on the dominant

limb: (a) at the greater trochanter, (b) at the iliotibial tract

level with the posterior crease of the knee when flexed to

14580�, (c) at the fibula neck, and (d) at the fibular malleolus.

From a standing position, the athletes actively positioned

their knee at the target joint position, which was considered

to be 50� (between 40� and 60� of knee flexion refers to

intermediate ranges of knee flexion, where the mediation of

150muscle sensory in the sense of knee position predominate;

Ribeiro et al., 2011). They actively held this position for

five seconds to recognize the exact angle of the knee before

then returning to the standing position. At the reposition

voice order, the athletes were to reproduce the target joint

155angle as close as possible. They were then to maintain the

TABLE 1. Means and standard deviations of
anthropometric characteristic of athletes
allocated into the plyometric and control groups.

Plyometric
group (n D 16)

Control
group (n D 16)

Age (years) 25.0 § 3.6 24.7 § 3.4
Weight (kg) 71.8 § 9.2 72.7 § 12.2
Height (m) 1.78 § 0.05 1.78 § 0.04
Body mass index (kg/m2) 22.7 § 3.0 22.8 § 3.6

FIGURE 1. Test of knee joint position sense.
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position for three seconds until the return voice order. The

trial was repeated three times. The athletes were instructed

to perform the test with a slow velocity of the repositioning

movement (approximately 30�/s). The whole sequence was

160 recorded with a video camera resting on a tripod placed at

7 m from the athlete, at the same level of the knee joint. To

correct the parallax, natural vertical and horizontal lines in

the videotaped environment were aligned parallel to the

horizontal and vertical edges of the viewfinder. The images

165 were analyzed using the Ariel Performance Analysis Sys-

tem software (Ariel Dynamics, CAQ2 ; Ribeiro, Mota, & Oli-

veira, 2007). Every response position was determined as

the average of seven consecutive knee angles, digitized at

50 Hz from the videotape view of each position. Reliability

170 of this method was shown in previous studies (Magalhaes

et al., 2010). Variables from the test were the following:

! Absolute angular error (AAE), defined as the dif-

ference between the target position and the mean

of repositioning that the athlete carried out, without

175 taking into account the direction of the difference.

! Relative angular error (RAE), defined as the differ-

ence between the target position and the mean of

repositioning that the athlete carried out, taking

into account the direction of the difference.

180 ! Variable angular error (VAE), defined as the stan-

dard deviation from the mean of the relative errors.

The athletes performed the squat jump test as the maxi-

mum jump from an initial position where athletes should

have their hands on the waist and 90� of knee flexion. From

185 this position, athletes were asked to jump as high as possi-

ble without any counter-movement. When jumping, knees

had to be extended up to 180� without hyperextending the

hips. Subjects did three trials, with the best one used for the

assessment. An OptoJump (Microgate Srl, Bolzano, Italy)

190 photoelectric cell system was used in this test and its valid-

ity and reliability was shown in previous studies (Glatthorn

et al., 2011).

Muscle soreness was evaluated and athletes were to indicate

the level of pain they felt in the thigh and calf regions, with

195 zero indicating no pain and 10 indicatingmaximum pain.

The plyometric exercise that athletes from PLYO group

performed consisted of a 15-min warm-up involving 5 min

of jogging (8 km/hr), 5 min of ballistic stretching and

dynamic exercises, 10 repetitions of squats, and two sets of

200 three vertical jumps (progressive intensity). After the

warm-up, the experimental subjects completed a high-

intensity plyometric exercise protocol consisting of 10 £

15 jumps (10 sets of 15 repetitions) with 45 s of recovery

between sets. The maximum jump performed in the squat

205 jump test determined the height target to which athletes

were encouraged to reach during every vertical jump. The

height was recorded by the infrared plate on the OptoJump

interfaced with a laptop, whose validity and reliability was

shown in previous studies (Glatthorn et al., 2011).

210In the statistical analysis, values are reported as M § SD.

The normal distribution of continuous variables was veri-

fied using the Shapiro-Wilk test due to the small simple

size (p< .05). For the anthropometric variables, a Student’s

t test for independent samples was used. The general linear

215model for repeated measures with Bonferroni’s post hoc

comparisons was used to assess the effect of the interven-

tion groups, with time and intervention group as intra- and

inter-subject variables, respectively (repeated measures

analysis of variance). Significance was determined at p <

220.05. Data were analyzed using SPSS for Windows, version

17 (SPSS, Inc., Chicago, IL) and MedCalc 12.1. (Maria-

kerke, Belgium).

Results

Table 1 shows the anthropometric characteristic of the

225athletes. No significant difference was found between the

experimental and control groups.

Table 2 shows the values of AAE, RAE, and VAE from

the JPS Q3test, as well as data from the vertical jump perfor-

mance. Regarding AAE, no significant differences were

230found between and within groups (p > .05) However, RAE

showed a decrease of 3 degrees right after the warm-up in

PLYO athletes (p < .001). This value increased 2.1� just

after the plyometric protocol (p D .001) and remained

increased 5 min later in the PLYO group (p D .003). In

235VAE, athletes from the PLYO group had higher values just

after the plyometric protocol (p D .040), as well as 5 min

later (p D .011; Table 2). The CONT group did not show

any significant difference (p > .05).

Results from squat performance show 3.5 cm of increase

240in the vertical jump after the warm-up by the PLYO group

compared with the baseline (p < .001) and 5.8 cm com-

pared with the control group (p D .012). The vertical jump

height decreased by 5.1 cm after the plyometric protocol (p

< .001) compared to Post-WU measurements and increased

2451.6 cm 5 min following plyometric exercise compare to the

measurements that were taken immediately after the plyo-

metric exercises (p D .007; Table 2). The CONT group did

not show any significant difference (p > .05).

Muscle soreness in the thigh and calf regions increased

250just after the plyometric protocol in the PLYO group: 7.1 §

2.0 and 8.3 § 1.1 points, respectively (p < .001 and p <

.001). Five minutes later, the level of muscle soreness

decreased up to 4.1 § 1.5 and 4.8 § 0.5 points (p < .001

and p < .001), but was still higher than were the measure-

255ments taken prior to the plyometric protocol (p < .001).

The CONT group did not show any significant difference

(p > .05; Table 2).

Discussion

The present study showed that a short warm-up involving

2605 min of jogging, dynamic stretching, and progressive

sprints helped to improve the jump performance of the

Fatigue, Joint Position Sense, and Performance
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athletes. The warm-up protocol was designed according to

the previous literature and encourages the inclusion of aero-

bic exercise, stretching and activity similar to the physical

265 exercise to be performed during the session (Fradkin,

Zazryn, & Smoliga, 2010). Our findings support most of

the previous studies that determined the warming up as an

almost mandatory part of sports practice, prior to any train-

ing session or competition. The main reason concerns the

270 effects on performance, which may increase up to 20% fol-

lowing the warm-up (Fradkin et al., 2010). Despite the high

variability of warm-up protocols, warm-ups, in general,

seem to improve performance in almost the 80% of the

studies. It seems to be that the warm-up may facilitate the

275 sports performance because of a higher muscle temperature,

which would improve the jump performance, as our results

showed (Hedrick, 1992). However, the duration and exer-

cises of the warm-up protocol for optimizing and maximiz-

ing the sports performance remains unclear (Fradkin et al.,

280 2010).

Regarding the effects of the warm-up on knee proprio-

ception, our data showed that values of errors during reposi-

tioning tasks remained stable after warming-up, except for

RAE, which improved after the plyometric protocol com-

285 pared to the baseline. Previous studies, such as Magalhaes

et al (2010), found that warming-up helped to improve joint

position sense in karate. In addition, Subasi, Gelecek, and

Aksakoglu (2008), reported proprioceptive improvements

after five and, especially, 10 minutes of warming-up. Bart-

290 lett and Warren (2002) also showed that knee position sense

was more sensitive after a warm-up and Salgado, Ribeiro,

and Oliveira (2015) evaluated the effects of a 25-min

warm-up on the knee proprioception of football players and

reported decreases in AAE and RAE with an underestima-

295tion of the angle. The authors suggest that neurophysiologi-

cal changes in the ligaments and muscles after exercise

improve the joint appreciation of athletes (Bartlett & War-

ren, 2002). Despite the trend of improving knee propriocep-

tion that was shown in the present study, our findings do not

300support the previous studies due to lack of statistical differ-

ences in the AAE. The small sample may have led to the

lack of statistical significance in the present study.

In reference to the effects of the high-intensity plyomet-

ric protocol, the jump performance decreased compared to

305the status reached after the warm-up, although the differen-

ces were not significant compared to the baseline. In this

sense, it would be appropriate to compare the deterioring

effects to the status reached by the athletes after the warm-

up due to the fact that the warm-up is an almost mandatory

310part of the training. According to the literature, the warm-

up may increase sports performance up to 20% (Fradkin et

al., 2010). Also, to support our findings and taking into

account the measures after the warm-up, Gorostiaga et al.

(2010) developed a study to analyze decreases in the verti-

315cal jump performance during a high-intensity intermittent

running session, and at the same time, analyzing blood lac-

tate and ammonia levels. These authors compared

decreases in the vertical jump to the baseline, which

referred to the status reached by the athletes after a 20-min

TABLE 2. Means and standard deviations of joint position test of the knee, squat jump, and muscle soreness.

Preintervention Post-WU Post0min Post5min Effects p h
2

AAE (�) Time .549 .023
Control 4.7 § 3.0 4.0 § 2.6 4.3 § 2.8 3.7 § 2.6 Training .087 .094
Plyometry 5.8 § 3.9 4.7 § 2.1 6.0 § 3.3 5.8 § 4.9 Time*Training .758 .013

RAE (�) Time < .001 .233
Control 1.9 § 5.3 –1.6 § 4.1 1.9 § 4.6 1.1 § 4.4 Training .179 .059
Plyometry 4.6 § 5.2 1.6 § 4.3b 3.7 § 5.4c 3.4 § 6.6c Time*Training .367 .034

VAE (�) Time .123 .062
Control 2.5 § 1.5 2.2 § 1.7 2.2 § 1.7 1.5 § 0.9 Training .043 .130
Plyometry 2.6 § 1.6 2.7 § 2.9 3.9 § 2.8a 2.6 § 1.6a Time*Training .144 .058

SJH (cm) Time < .001 .268
Control 29.7 § 6.0 29.5 § 5.7a 29.4 § 6.1 29.3 § 6.0 Training .286 .038
Plyometry 31.8 § 5.6 35.3 § 6.5b 30.2 § 5.9c 31.8 § 5.6d Time*Training < .001 .259

Muscle soreness
thigh (0–10 points)

Time < .001 .828

Control 0.0 § 0.0 0.0 § 0.0 0.0 § 0.0 0.0 § 0.0 Training < .001 .884
Plyometry 0.0 § 0.0 0.0 § 0.0 7.1 § 2.0abc 4.1 § 1.5abcd Time*Training < .001 .828

Muscle soreness
calf (0–10 points)

Time < .001 .899

Control 0.0 § 0.0 0.0 § 0.0 0.0 § 0.0 0.0 § 0.0 Training < .001 .843
Plyometry 0.0 § 0.0 0.0 § 0.0 8.3 § 1.1abc 4.8 § 0.5abcd Time*Training < .001 .859

AAE D absolute angular error; Post-WU D measurements right after warming-up; Post0min D measurements right after the plyometric exercises;
Post5min D measurements 5 min after plyometric exercises; RAE D relative angular error; SJH D squat jump height; VAE D variable angular
error; aBetween-group differences p < .05. bWithin group differences from preintervention measurements p < .05. cWithin-group differences from
Post-WU measurement p < .05. dWithin-group differences from post-0 min measurement p < .05.
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320 warm-up. In this sense, they reported that vertical jump

began to decrease compared to the baseline (just after

warming-up) when blood lactate levels exceeded 8–

12 mmol/l (Gorostiaga et al., 2010). This situation is sug-

gested as a decreased availability of ATPQ4 and a significant

325 contribution factor to fatigue (Balsom, Seger, Sjodin, &

Ekblom, 1992).

We also reported that 5 min of resting was not enough to

restore the level of jump performance reached after the

warm-up. In this sense, Chatzinikolaou et al. (2010)

330 reported jump impairments until 72 hr after a plyometric

exercise training session (Chatzinikolaou et al., 2010). The

authors suggested short-term muscle damage and a tran-

sient inflammatory response to explain the deleterious

effects of the plyometric exercises protocol (Chatzinikolaou

335 et al., 2010; Drinkwater et al., 2009).

In addition, after the high-intensity plyometric protocol,

acuity of the knee joint position sense tended to decrease in

RAE and VAE. Despite the detriment of the RAE and VAE

just after the fatigue protocol, the lack of significant differ-

340 ences in the AAE prevented us from confirming a clear

impairment due to the fatigue. Apart from the small sample,

the level of fatigue reached by the athletes was not enough

to produce a proprioceptive impairment. In fact, although

the jump performance decreased compared to the Post-WU

345 measurement, it did not decrease under the baseline. There-

fore, despite the fatigue that occurred from the jump detri-

ment, there may not have been enough for propioceptive

deterioration. Maybe the experience of athletes in plyomet-

ric exercises could explain the lower level of detrimental

350 effects because of these exercises. Along this vein, Torres,

Vasque, Duarte, and Cabri (2010) evaluated the knee JPS

after quadriceps eccentric exercises until exhaustion. These

authors found proprioceptive deterioration up to 48 hours

after the fatigue protocol (Torres et al., 2010). The main

355 difference with our study was that our athletes did not reach

the exhaustion status, which may explain the differences

between both studies.

Regarding the muscle soreness in the thigh and calf

regions, after the plyometric protocol, the athletes reached

360 7 and 8 points on the 10-point muscle soreness scale in the

thigh and calf regions, respectively. The significant increase

of the values indicated the presence of certain level of

fatigue that was slightly higher in the calf region (Hody,

Rogister, Leprince, Wang, & Croisier, 2013; Taylor, 2012).

365 In addition, the muscle soreness in both the calf and the

thigh regions decreased to 4 points 5 min later, but it was

not enough to completely return the level of muscle sore-

ness to baseline. These results were along the same line as

those found in the jump performance and the RAE and

370 VAE.

This study presents some restrictions: due to the limited

access to high level athletes and the influence of the high-

intensity plyometric protocol in the training routines

because of the delayed-onset muscle soreness, the sample

375 size was small. In the future, it would be interesting to

conduct this study using more athletes, even from other

sports, as well as female participants. Also, it would be

interesting to use a longer follow-up period to determine

the time point when the athletes’ performance and proprio-

380ception are completely restored.

The present study showed that a 15-min warm-up

increased jump performance, but a high-intensity plyomet-

ric protocol may deteriorate this level of jump performance

reached. Regarding knee proprioception, the warm-up may

385improve RAE, while the high-intensity plyometric protocol

may deteriorate RAE and VAE; however, the effects were

more vague and unclear because we only found a statistical

significance in RAE and VAE, but not in AAE. Five

minutes after the fatigue protocol, the jump and joint posi-

390tion errors remained impaired, indicating the need for a lon-

ger resting period prior to continuing the training session.

This is an important consideration if we take into account

that athletes often perform plyometric exercises as a part of

the training session, prior to other kind of exercises to

395which athletes rest about 5 min (Chatzinikolaou et al.,

2010).

As a practical application, coaches and physiotherapists

should consider the inclusion of a short warm-up prior to

any exercise. Also, high intensity levels should be avoided

400because of the possible deleterious effects on jump perfo-

mance and the trend to impair knee proprioception. In addi-

tion, sports and health professionals should plan an

appropiate rest period within a training session or rehabili-

tation to optimize the posterior exercise and prevent sports

405injury, the likelihood of which is increased in fatigue condi-

tions (Ekstrand, Hagglund, & Walden, 2011). The consider-

ation of our findings could assist coaches and

physiotherapists in making evidence-based practice deci-

sions since monitoring determinant factors is related to

410fatigue in order to plan a more effective warm-up protocol.

Conclusion

A short warm-up improves jump performance, although

this improvement is lost when a high-intensity plyometric

protocol is included. Regarding knee proprioception, the

415warm-up may optimize the relative errors while the high-

intensity plyometric protocol tends to deteriorate it; how-

ever the results are unclear due to the lack of detriment in

the absolute errors. A 5-min period after the fatigue proto-

col is not enough to recover the whole jump performance

420and proprioception.
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