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Applied physiology of tennis performance
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Competitive tennis play requires a combination of the
major physiological variables; however, the specifics of
these variables have yet to be determined appropriately.
General strength and flexibility training have been
suggested as being beneficial for performance and injury
prevention, yet specific guidelines are lacking. This paper
provides a review of specific studies that relate to
competitive tennis, and highlights the need for tennis-
specific training as opposed to generalised physical
training. It identifies specific studies that support the
premise that tennis has physiological requirements which
need fo be understood when designing training and
research programmes.
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The unpredictability of point length, shot

selection, strategy, match duration, weather,
and the opponent all influence the complex
physiological aspects of tennis play. Designing
and implementing training for tennis requires a
solid understanding of the many physiological
variables critical to optimal performance. Tennis
requires short explosive bursts of energy repeated
dozens, if not hundreds, of times per match or
practice session. Tennis, unlike many other
sports, does not have time limits on matches.
This can result in matches lasting less than one
hour or as long as five hours (in five-set
matches). This variability requires successful
tennis athletes to be highly trained both anaero-
bically for performance, and aerobically, to aid in
recovery during and after play.

Although tennis is one of the most popular
sports worldwide, few extensive reviews have
been completed to help provide tennis scientists,
coaches, and players with a summary of the
tennis research. This information may aid in the
creation of training programmes designed to
improve performance and reduce injury risk. The
information for this evidence based review was
obtained using searches on the Medline and
Sportdiscus databases with the pertinent tennis
articles cross checked for sources and appropriate
references examined for relevant information.

Tennis is a sport based on unpredictability.

MATCH ANALYSIS AND POINT
DURATION

Most tennis players compete in traditional first
player to win two sets matches, and these
matches vary substantially in duration, but a
tentative time of 1.5 hours has been suggested as
a typical average match length.'

The mean duration of the rallies throughout
tennis matches also varies substantially, depend-
ing on a multitude of factors including playing
style, surface, environment, strategy, level of
play, velocity of shot, and motivation. Work-rest
intervals during high level tennis play have been
analysed, and as expected they show variability.?
Most high level matches consist of a work to rest
ratio of between 1:2 and 1:5, with points having
an average length of between three seconds on
some of the faster surfaces (grass, carpet, and
indoor) to close to 15 seconds (fig 1).>'” The
mean (SD) duration of points summarised in
previous studies was 8.00 (2.58) s. This informa-
tion should be used as a guide to help structure
both on court and off court training programmes
for tennis players.

In a recent study during a high level collegiate
tennis tournament, the average point length was
recorded as 6.36 (4.69) s."* An athlete’s playing
style can have a large impact on the length of
tennis points.'* When the player in control of the
rally was an attacking player (hits the tennis ball
hard and attempts to come to the net consis-
tently), the average duration of the points was
found to be 4.8 (0.4) s.'® Rally duration varied
between 6 and 11 seconds (mean 8.2 (1.2) s)
when the player in control of the rally was a
whole court player (who plays from the baseline,
but is very comfortable coming to the net).'* The
points lasted on average 15.7 (3.5) s when the
player in control of the rally was a baseline player
(plays the large majority of points from the
baseline, hitting ground strokes, and does not
prefer to come into the net). This difference in
duration was statistically significant (p<0.05)."*
The percentage of the playing time with respect
to the total time of the match (on clay courts)
has been shown to be approximately 21 (5.5)%
for the attacking players, 28.6 (4.2)% for whole
court players, and 38.5 (4.9)% for baseline
players.” In an earlier study, the percentage of
playing time during match, on hard courts, was
approximately 20%."” From the research it
appears that total playing time is only between
20% and 30% of total match time.® *

MAJOR PHYSICAL COMPONENTS
Cardiorespiratory responses and
requirements

Maximum oxygen uptake (Vo,max) is typically
used as a major marker of aerobic and cardior-
espiratory capacity. In tennis matches there is a
general trend toward an increase in Vo, and
heart rate as the game progresses, with a

Abbreviations: ROM, range of motion; USTA, United
States Tennis Association
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Figure 1 Mean point duration summary from tennis research.
(Reference numbers listed in chronological order on the horizontal axis.)
Broken line signifies downward trend of point duration over the past 20
years.

decrease during the rest periods while changing ends."
Vo,max values in competitive high level tennis players have
varied between 44 and 69 ml/kg/min, with the overwhelming
majority  of  values  greater than 50 ml/kg/min
(fig 2).> 47 1018 202 Thege Vo,max values would classify tennis
players as being highly anaerobically trained.** It is interest-
ing that players who were considered to be aggressive
attacking players had lower Vo, values during play than
baseline players.'® This information should be applied when
designing training programmes specifically for different
styles of play. From the previous research, it is recommended
that high level competitive tennis players have Vo,max levels
generally greater than 50 ml/kg/min to train and compete at
the appropriate level. Training should be tailored to an
athlete’s specific playing style.

Heart rate is a practical method of monitoring intensity
during practice. During 85 minutes of match play, a group of
collegiate tennis players’ mean heart rate was found to be
144.6 (13.2) beats/min.” The heart rate and maximum heart
rate reserve were consistent with results from other
studies.” * " * This indicated that heart rate remains sig-
nificantly increased above pre-exercise levels despite the
varying intensity and intermittent nature of the game.
Although heart rate is an easily measured index of intensity,
it should not be used as the sole measurement of metabolism,
as this would not accurately represent the physiological
nature of an intermittent sport such as tennis. The heart rate

70 —

Vo, max (ml/kg/min)

[71 [5] [20] [4] [18] [21] [23] [32] Mean
f all
References s:Jdc:es

Figure 2 Mean Voo,max values from tennis research studies.
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variability and ranges during a match are rather wide owing
to the continual stop/start movements and explosive nature
of the sport. Some previous research has suggested that
tennis is an aerobic sport because of the long duration and
moderate mean heart rate values during play.”” However, the
explosive nature of the serve and ground strokes, the rapid
changes of direction which requires a high anaerobic
capacity, and the requirement for a high percentage of fast
twitch muscle fibres do not represent typical aerobic focused
activities. Therefore, it would be remiss to suggest that tennis
is a predominantly aerobic sport; it might be better to classify
it as a anaerobic predominant activity requiring high levels of
aerobic conditioning to avoid fatigue and aid in recovery
between points.

Speed and agility

Tennis has often been described as a game of continual
emergencies because with every shot the opponent hits, a ball
can have a different velocity, a different type and rate of spin,
be placed in many different parts of the court.”” This
complexity requires tennis athletes to have fast reaction
times and explosive “first step”” speed. Tennis players need to
be exceptional movers in a linear direction, but also in lateral
and multidirectional movements. A rather practical research
study tested the relation between acceleration, maximum
velocity, and agility in soccer players. It appears that these
three variables are individual, and each specific quality is
independent of the other.”® Thus it is important to train
tennis players in the specific movement patterns that are
encountered during match play. If specificity principles are
used to design training programmes, it would also seem
sensible to train tennis athletes using sprint activities that are
no longer than the furthest distance that the athlete would
run, per shot, during a point. A programme consisting of
stop-start sprints of no more than 20 metres would be
appropriate.

Strength
Strength is required in muscles and joints both for
performance (ball velocity) enhancement and to reduce
injuries (protection of joints, ligaments, tendons, and so
on). Solid contact between the racket and the ball is required
for optimum stroke execution, and this is influenced by grip
strength. A firm wrist is necessary to prevent the racket head
from straying from its intended path under the influence of
high angular speeds and torques.”” A maximum grip strength
of 600 N has been reported in elite level tennis players, as
well as greater grip endurance compared with non-players.*
Kibler and Chandler* also found that grip strength and grip
endurance were not well correlated. Therefore, grip strength
and grip endurance should be tested separately and trained
accordingly. In the tennis serve, it has been shown that the
greatest contribution to final speed of the racket head was, in
order of importance: upper arm internal rotation, wrist
flexion, upper arm horizontal adduction, forearm pronation,
and forward movement of the shoulder.”' >

The shoulder region is highly involved in all tennis strokes,
and it has been shown that shoulder internal, external, and
diagonal peak torques contribute substantially to service ball
velocity.” Thus it is not surprising that the shoulder region
has been a major focus of tennis related performance and
injury prevention/rehabilitation research. Eccentric muscular
contractions play a role in functional activities, but in the
tennis shoulder—specifically the rotator cuff—the infraspi-
natus and teres minor are of major importance during the
follow through of the ground strokes, but more specifically
the service motion.” These two muscles undergo high
decelerative eccentric muscle contractions to preserve healthy
joint movement.” Adequate strength and range of motion
(ROM) in the rotator cuff muscles are essential in preventing
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overhead overuse injuries as they are vital in stabilising and
movement throughout the extreme ROM experienced during
tennis strokes—specifically the service motion.*” *

The speed of the serve or throwing motion depends partly
on a rapid and forceful concentric internal rotation in the
acceleration phase of the serve.” The eccentric phase of
training may specifically affect the decelerative phase, which
may determine the trajectory and velocity components of
performance.”” Both eccentric and concentric isokinetic
shoulder training have resulted in significant power gains,
particularly at fast functional velocities, as well as large
increases in the explosiveness of the rotator cuff muscles.’” It
should therefore be recommended that tennis athletes
include both concentric and eccentric shoulder training in
their training programmes for performance improvement.

Upper body strength indices have been the focus of the
majority of tennis strength research, even though the
majority of tennis injuries have been reported to occur in
the lower body.”® It would therefore be important to include
lower body strengthening exercises for tennis players.””
Unlike the asymmetrical differences seen in upper body
strength, lower body strength measures have been shown to
be symmetrical in tennis players.* Although more research is
required into lower body strength and tennis play, it may be
beneficial for tennis athletes to undertake both bilateral and
unilateral strength exercises to improve performance and
reduce the risk of injury.

Flexibility

Physical demands of tennis cause musculoskeletal adapta-
tions that are sometimes positive (increased strength) and
sometimes negative (decreased joint ROM and reduced
muscular flexibility). These repeated demands to produce
force by muscle shortening can cause a cycle of microtrauma
to the tight muscle, followed by scar formation, followed by
more microtrauma with continued use.* These adaptations
can become maladaptations, reducing joint ROM, changing
biomechanical patterns, and decreasing the efficiency of force
production, thus increasing the chance of injury to the
muscle.*?

Tennis athletes have been shown to have a greater range of
internal shoulder motion in their dominant arm than other
athletes, but also have smaller range of external shoulder
motion.*”” The major reason for this is probably the repetitive
service action which increases the internal ROM—a possible
performance benefit. However, if the external ROM is not
improved the imbalance created, although improving perfor-
mance in the short term, may lead to muscle and joint injury
in the medium to long term.

A study looking at shoulder ROM over the course of a
competitive four month collegiate women’s tennis season
found that internal and external glenohumeral joint rotation
did not improve.” This suggests that playing tennis alone,
without any external shoulder ROM training, is not enough
to improve shoulder ROM, which would increase perfor-
mance. Thus tennis athletes should undertake a shoulder
ROM programme, both during the pre- or off-season and
during the main competitive season.

Lower back pain and injury are common complaints
among elite tennis players,” and this correlates with poor
lower back and hamstring ROM.* Tennis players have been
shown to have a smaller ROM in both hamstrings than other
athletes, but an even poorer ROM in their back leg, while
serving.*” This poor hamstring ROM may be explained by the
need for tennis players to be in the typical “low ready
position.” This is the most efficient starting position for
explosive movement, because of the lowered centre of mass,
but it does require the athlete to have the hamstring in a
shortened contracted position for long periods. It is vitally
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important that a hamstring lengthening (stretching) pro-
gramme is implemented from an early age so that the athlete
will still be improving performance by using the low ready
position, but will not be (counterproductively) increasing the
chance of lower back or hamstring injury resulting from tight
and inefficient hamstring/lower back ROM.

Flexibility needs to be individualised. If the ROM is
sufficient, excessive flexibility training may induce negative
benefits (reduced power output). Thus training time may be
spent productively in maintaining flexibility and focusing on
other training variables than continually trying to improve
ROM.*

PERFORMANCE

Physical components, age, and rankings

There has been some good practical research looking at links
between physical fitness components, age, and tennis
ranking in competitive junior players. Correlation studies
have been undertaken to determine which physical compo-
nents have a strong relation with match results and ranking.
Only one correlation was found between the results of certain
athletic performance tests and the sectional rankings of the
junior tennis players—the hexagon test for agility and speed
(r=0.23, p<0.05).” No correlations were found between the
athletes’ tennis stroke rating (by highest level USPTA tennis
coaches) and physical performance tests.”” Higher correla-
tions were observed between the tennis strokes and national
rankings (forehand r=0.68, p<0.05; backhand r=0.59,
p<0.05; service r=0.57, p<0.05) than between the tennis
strokes and sectional rankings (forehand r=0.44, p<0.05;
backhand r=0.31, p>0.05; service r=0.43, p<0.05).”
Except for the backhand stroke, which did not have a
significant correlation with sectional rankings, each stroke
was significantly correlated with sectional and national
rankings.”” As stated by the authors, the most remarkable
finding of this investigation was that the physical perfor-
mance tests in advanced young male tennis players (8 to 12
years old) did not predict their ability to play tennis at a
competitive level.* Agility, however, was the physical ability
that most influenced the competitive level of young tennis
players. Data from this study did indicate that skills related to
tennis strokes may be used to predict success at this age.”
The lack of physical maturation in males during this age
period (8 to 12 years) could be a major explanation for why
physical performance was not related to tennis rankings.
Dramatic increases in strength, size, and endurance typically
occur in boys between the ages of around 12 to 15 years.* As
tennis players mature, it seems that the major factors
affecting their performance alter.

In a study that expanded on that by Roetert ef al,* three
levels of elite junior tennis players were tested: USTA
National Team (mean age 15.4 years); Development Camp
(mean age 13.6 years); and USTA area training centres (age
not specified). An analysis to classify rankings with
performance tests was able to classify 91.4% of cases
correctly.”” The seven variables that allowed this strong
association were: hexagon drill, push-ups, side shuffle,
dominant internal shoulder rotation, dominant external
shoulder rotation, sit and reach, and sit-up test.”” Therefore,
for talent identification purposes, these previously mentioned
seven categories may provide guidance in estimating current
and future match play success.

As technical stroke production appears to influence
rankings more than physical ability in the younger players,
their training should concentrate on effective and efficient
stroke mechanics, improving technique and ball placement,
with less emphasis on physical conditioning until they reach
puberty and beyond. However, a sufficient minimal physical
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fitness level is still required to endure practice and match
sessions.

As junior competitive tennis players age, there seems to be
an increase in shoulder problems. As age increases, there is a
continual decrease in internal ROM.** ** This would suggest
that as junior tennis players age, they need to include an
internal shoulder ROM programme to prevent the onset of
flexibility imbalances.

Power v placement

The relation between power and placement in tennis play is
an area of interest. Research has shown that measures of
knee extension peak torque, knee flexion peak torque, and
shoulder external peak torque were inversely related to cross
court ball placement (r= —0.55, p<0.05; r = —0.49, p<<0.05;
and r= —0.567, p<0.05, respectively).” Shoulder diagonal
average power was also significantly and inversely related to
ball placement during the serve (r= —0.49, p<<0.05).” The
investigators surmised that the players showing the greatest
isokinetic strength and perhaps the greatest ball velocity had
the most difficult time with ball placement.” These results
are an extension of the speed—accuracy trade off, as originally
described in Fitt’s law.> This received support from a study
that found no significant correlations between stroke velocity
and accuracy.” As would be expected, correlations have been
found between shoulder strength and the velocity of tennis
strokes (r* = 0.68).”" Interestingly, in two studies on junior
players, flexibility measures were not significantly related to
any measure of either ball placement or ball velocity.”” *>' This
is different from what was found when similar measures
were taken with college players.>

Fatigue and performance

As tennis players practice and play matches that last hours,
fatigue is a major concern when designing training pro-
grammes. Fatigue has been shown to have a detrimental
affect on a player’s mechanics,” thereby reducing ball
velocity (performance), possibly in a protective mechanism
to avoid injury by limiting the large ranges of motion and
forces in a compromised biomechanical position. Fatigue has
been shown to decrease proprioceptive ability,” which may
lead to protective mechanisms being too slow in response to
prevent injury. Fatigue affects sensation of joint movement,
decreases athletic performance, and increases fatigue related
shoulder dysfunction.” Fatigue has been shown to reduce
shoulder external rotation, which has been suggested as the
possible reason for the performance and force decrements
found with extended tennis play.”

Apart from the biomechanical consequences of fatigue, the
athlete’s metabolic and physiological functioning is also
reduced. The duration of recovery, as well as the duration of
the intensity of work, is important for the regulation of
physiological strain during intermittent exercise (tennis
play). Studies during both sprint and weight training have
shown the importance of recovery on subsequent perfor-
mance.”**° Power decrements in the course of high intensity
intermittent exercise, as in tennis, have been related to a
continuous degradation of phosphocreatine, thus placing
greater demand on glycogenolysis and glycolysis, with
increasing muscle and blood lactate concentrations resulting
in large reductions in muscle pH.*' If high intensity intermittent
exercise is undertaken with limited rest periods, it will lead to
increased fatigability in tennis players, and if this state is
continued for more than a few days it can lead to “over-
reaching” or the more dangerous “overtraining” syndrome.

The quality of movement patterns and coordination of
specific actions in tennis is dependent on the physiological
strain produced during short term intermittent exercise.
Small changes in the recovery time can produce large
changes in performance of the exercise.® Tennis players, as
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would be expected, felt that the longer the rest periods the
easier the tennis drill felt. Ferrauti et al** suggest that a
decrease in running speed results in inaccurate stroke
preparation, leading to a decrease in stroke speed (perfor-
mance), as well as possible stroke intention (avoiding errors v
hitting winners). Therefore, it is important when structuring
drills on the practice court that the intention of the drill is
understood. When working on technical issues, it is essential
to give appropriate rest. It is imperative to use work/rest
ratios that provide the coach and athlete with the right
environment for optimum outcome. When working on
technical skills, it is important to have greater rest than
when working on tennis specific movement or energy system
specific training.?

Hitting accuracy is reduced by as much as 81% when a
tennis player is nearing volitional fatigue.* > It has been
reported that after a two hour strenuous training session, an
increase in ground stroke errors during defensive rallies and
an increase in errors on first serves were observed.**

Fatigue from maximal tennis hitting has resulted in a 69%
deterioration in hitting accuracy of ground strokes and a 30%
decline in accuracy of the service to the right hand court.”
After a fatiguing test, the serve was the most obvious tennis
stroke to deteriorate in skill. It was observed in first serve
accuracy to the right box but not to the left box. The fatiguing
test, employed in this study was a four minute side to side
forehand and backhands drill with a 40 second rest period
and this was repeated until volitional fatigue.®® This protocol
would induce the intended fatigue, but is not representative
of the physiological strain encountered during a match
setting, nor of most practice drills. This artificially induced
fatigue state will lead to high lactate levels that are not
typically seen in tennis play.*® As tennis competition has
average points lasting less than 10 seconds, with rest periods
of approximately 20 seconds between points and 90 seconds
after every second game, the physiological variables are
unlikely to lead to a large accumulation of lactate. Thus
accumulating lactate levels are not a major cause of fatigue in
tennis match play.

CONCLUSIONS AND FUTURE RESEARCH

Improving tennis performance is the goal of every tennis
scientist, coach, and athlete. The practicality of this informa-
tion should be applied when designing training programmes
for higher level tennis players. Age, sex, style of play, physical
components, technical components, tactical components, and
psychological components will all determine the success of
the tennis athlete. Effective planning and training pro-
grammes will help in designing a safe, effective, and
productive programme design to help optimise performance.

It is recommended, like all sports, that tennis athletes train
in a specific manner to improve tennis-specific performance
and reduce injury. Most training drills should simulate the
time requirements experienced during match play (5-
20 seconds) with appropriate work to rest ratios (1:3 to
1:5). As speed, agility, and maximum velocity movements
respond to specific and individualised training, it is important
that tennis players focus on training distances seen during
match play (<20 metres), with drills combining linear,
lateral, and multidirectional movements.

Having good aerobic capacity is important for recovery
during play and between sessions. It is recommended that
tennis athletes strive for Vo,max values greater than 50 ml/
kg/min. Having adequate strength levels in all muscles and
joints is important, but specific areas of focus should be the
shoulder, forearm/wrist, lower back, and core region. Tennis
players typically have less than optimal ROM at the shoulder,
lower back, and hamstring muscles. As these three areas are
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vital for optimum performance, continual development
should be a major focus of the workout routine.

As tennis has changed dramatically in the last 20 years,
more research is needed into all aspects of training. Some
quality research was conducted in the 1980s and 1990s, but
as the speed of the game, the type of athlete, and the strategy
of play have developed, so must the focus of tennis research.
Not enough information has been obtained during tourna-
ment play and its effects on performance and recovery. Also,
there is still healthy debate over whether tennis players are
predominantly anaerobic or aerobic athletes and what
methods of training are most beneficial and efficient both
from a performance enhancement perspective and for
preventing injury.

Competing inferests: none declared
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This excellent review highlights the differences between what
are the assumed physical attributes required of the tennis
athlete and what the science really tell us. Coaches and sports
scientists must work together in order to best prepare the
tennis athlete, on the basis of the variables outlined in this
paper. As discussed by the author, further research is needed,
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