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Abstract It has been shown that inconsistently applied
normalization for body size could be an important
methodological problem in testing physical performance
in areas such as sports, physical education, ergonomy, or
physical medicine and rehabilitation. The aim of this
study was to evaluate a part of the recently proposed
classification of physical performance tests (Jaric 2003)
based on the role of body size in the tested performance.
Presuming a normalization method Pn=P/Sb based on
an allometric relationship between the tested perfor-
mance P and a selected index of body size S (Pn per-
formance normalized for body size; b allometric
parameter), we specifically hypothesized that: (1) the
tests of exertion of external force (e.g., lifting weight,
pushing, pulling), (2) tests of rapid movements (jumping,
sprinting, kicking) and (3) tests of supporting body
weight (chin-ups, squats) would reveal the values of the
allometric parameters b=0.67, b=0 and b=�0.33 when
body size is expressed as body mass, or b=2, b=0 and
b=�1 when body size is expressed as body height,
respectively. Male physical education students (n=77)
were tested on 18 standard physical performance tests
belonging to the aforementioned three groups. The ob-
tained values of the allometric parameters proved to be
closely in line with the hypothesized ones. While the
finding regarding the tests of exertion of external force
(i.e., the tested force should be divided by m0.67 in order
to normalize the force for body size) have been already
demonstrated by some authors, the findings related to
the tests of rapid movements and, particularly, tests of
supporting body weight are novel. Although the

normalization methods discussed need further evalua-
tion, a more accurate and consistently applied assess-
ment of the body size-independent indices of the
evaluated groups of standard tests could improve the
methodology of physical performance testing in general.
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Introduction

Muscle strength and functional movement performance
tests are often referred to as physical performance tests.
These tests have been applied in order to assess muscle
function, to provide normative values for various groups
of subjects, to predict performance in relevant functional
movement tasks, to evaluate the success of training and
rehabilitation procedures, to prevent injuries, or to
evaluate performance capabilities for sport- and work-
related activities (Abernethy et al. 1995; Nevill et al.
1998; Hogan 1991).

Body size represents a factor that is generally be-
lieved to affect the outcome of physical performance
tests (for review see Astrand and Rodahl 1986; Jaric
2003; McMahon 1984). Therefore, some authors often
report data normalized for body size, rather than non-
normalized results. However, a recent review revealed
that the most of the data reported throughout the
literature were either non-normalized or normalized
using inappropriate methods (Jaric 2002). As a conse-
quence, a number of the previously reported results of
physical performance testing have been body size
dependent, while the relationships between different
tests have been confounded by the body size effect.
Another consequence is that comparisons of the data
obtained in different studies have been often invalid
which has prevented researchers from establishing
normative values for various tests applied on particular
populations.
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We recently proposed a classification of physical per-
formance tests from the perspective of the normalization
methods recommended for providing body size indepen-
dent indices of various groups of performance (Jaric 2003;
Jaric et al., submitted). The proposed classification was
based on both the theoretical (the effect of scale based on
presumed geometric similarity; Astrand and Rodahl
1986; McMahon 1984) and empirical observations (for
review see Jaric 2002, 2003). In order to evaluate a part of
our classification regarding muscle strength tests, we re-
cently tested the relationship between various muscle
strength tests and body size. The evaluated normalization
method was based on an allometric approach that pre-
sumes normalized index of physical performance:

Pn ¼ P=Sb; ð1Þ

where P is the tested performance, S is body mass or,
alternatively, any selected index of body size, while b is
the allometric parameter. The results suggested that the
allometric parameters for muscle force (e.g., a force
tested by a dynamometer) and muscle torque (tested by
a standard isokinetic apparatus) could be close to the
theoretically predicted b=2/3=0.67 and b=1, respec-
tively, when body mass was the selected index of body
size (Jaric et al. 2002a, 2002b). These values mean that
the body size independent index of muscle force ob-
tained from the tested muscle group should be presented
per kg2/3, while the same index of maximum torque
should be assessed per kg1 of body mass. Another study
revealed that various indices of rapid force/torque pro-
duction could be either muscle strength (or, indirectly,
body size) independent, or muscle strength dependent
(Mirkov et al. 2004). Since muscle strength is related to
body size per se, we concluded that some standard
indices of rapid force/torque production could also be
related to body size.

The aforementioned results were not only in line
with the proposed classification of the physical perfor-
mance tests regarding the role of body size, but also
supported by theoretical (Astrand and Rodahl 1986;
Batterham and George 1997; McMahon 1984) and
some experimental findings of other authors (for re-
views see Jaric 2002; Sleivert and Wenger 1994; Wilson
and Murphy 1996). However, a part of the proposed
classification regarding functional movement tests also
needs to be evaluated. In particular, we suggested
b=0.67 for the tests of exertion of external force (e.g.,
lifting weights, pushing, pulling), b=0 for the tests of
rapid movements (jumping, running, throwing, kick-
ing), and b=�0.33 for the tests of supporting body
weight (push-ups, pull-ups, maintaining strength-
demanding postures in gymnastics or yoga). The con-
cept that the exerted external force increases at a lower
rate than body mass (implying b<1) has been sup-
ported by some of the previous studies, although the
values of the obtained allometric parameter proved to
be partly inconsistent (Challis 1999; Batterham and
George 1997; Jaric et al. 2002b). The suggested b=0.67
has been explained by the effect of scale based on the

presumption of geometric similarity. In short, since
muscle force should be proportional to the muscle
cross- or physiological-section area (linear dimensions
squared L2), while body mass increases with body vol-
ume (means proportional to L3), the allometric coeffi-
cient for the ratio of force and body mass should be
b=2/3=0.67 (for review see McMahon 1984; Astrand
and Rodahl 1986; Jaric 2003).

However, the relationships of either the tests of rapid
movements or the tests of supporting body weight with
body size seem to be both less apparent and rarely
evaluated within the professional literature. Although
some simple theoretical models (Hill 1950; McMahon
1984), as well as our general experience suggest no
relationship between the performance of rapid move-
ments and body size, comparison of animal performance
on a much wider scale of body sizes (see McMahon 1984
for review) and some particular findings (e.g., sprinters
are on average taller and heavier than long distance
runners) suggest that there may be a weak positive
relationship between the performance of rapid move-
ments and body size. Regarding the tests of supporting
body weight, a simple theoretical analysis suggests that
the tested performance could decrease with body size.
Namely, muscle force increases with size at the lower
rate (i.e., proportionally to L2�m0.67; see previous text)
than body weight which is proportional to body mass
(means L3�m1). As a result, the ability to support own
body weight in strength-demanding postures and
movements should be proportional to m0.67�1=m�0.33

suggesting b=�0.33. Although the results of this simple
theoretical analysis seems acceptable (see Astrand and
Rodhal 1986 and Jaric 2002 for similar approaches), and
while the small stature of elite gymnasts and acrobats is
a well-known phenomenon, we could not find a single
published study that presented normalized performance
obtained from this group of tests.

In order to address these problems, we designed an
experiment in order to evaluate the relationship between
the various results of a number of frequently applied tests
of physical performance of movement performance and
body size. The experiment involved testing the perfor-
mance in a number of the tests of exertion of external
force, the tests of rapid movements, and the tests of sup-
porting body weight. In order to avoid potential con-
founding effects (for details see Discussion), we selected a
rather homogeneous group of physically active subjects,
who were also familiar with the tests applied. We
hypothesized that the relationship between the tested
performance and body size would be in line with the
proposed classification of the physical performance tests.
In particular, we expected that the tests of exertion of
external force, the tests of rapid movements, and the tests
of supporting body weight would reveal that the nor-
malization of their performance for body size (as assessed
by body mass) should be based on the allometric param-
eters b=0.67, b=0 and b=�0.33, respectively.

However, there is some evidence that the presumption
of geometric similarity might lead to somewhat inaccu-
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rate results when applied in normalization models and
procedures. For example, the allometric parameter that
relates surfaces (e.g., muscle cross-section area) or sur-
face-related indices (e.g., maximal oxygen uptake, or
resting metabolic rate) to body mass could be closer to
b=3/4=0.75 than to the b=2/3=0.67 predicted by
geometric similarity (Kleiber 1932; Brody 1945; West
et al. 1997; Jensen et al. 2001; Weibel 2002). This former
value could be partly explained by the effect of scale
based on the presumably more accurate elastic similarity
or, alternatively, constant stress similarity (see Mc-
Mahon 1984 for review). The consequence could be that
the relationship between the most often applied indices of
body size [i.e., body mass (m) and body height (H)] could
not be exactly H3�m1, as predicted by the geometric
similarity. Therefore, in addition to body mass, we also
related the tested performance to body height. Note that
if the relationship between body mass and height is
H3�m1 as predicted by geometric similarity, the
hypothesized values of the allometric parameter for body
mass (see previous paragraph) would lead to three times
higher values of the same parameters for body height.

Methods

Participants

Seventy-seven male physical education students (ages 18–26
years) participated in the study. All subjects regularly participated
in courses of physical activities on a daily basis through their
standard academic program, while 14 of them were also national or
international level athletes in either individual (mainly karate
and swimming) or team sports (handball, volleyball, soccer and
water polo). None of them reported health problems or recent
injuries. It is important to stress that they were familiar with most of
the tests applied due to regular semi-annual testing of their physical
abilities, as well as their participation in various sport activities
through their academic curriculum. The measurement procedures
and potential risks were verbally explained to each participant prior
to obtaining a written informed consent according to the Helsinki
Declaration.

Experimental design

Participants were assigned to three groups approximately equal in
size. Each group was tested between 10 a.m. and 1 p.m. in six
separate experimental sessions separated by the number of days
required for the same tests to be performed on the two remaining
groups. As a consequence, the rest period between two consecutive
sessions for the same group was either 3 or 5 days (if it covered
weekends). Each experimental session was preceded by a standard
warm-up and stretching procedure.

Since each experimental session covered three tests, the exper-
iment was conducted over six sessions. Although the subjects were
familiar with virtually all the tests though their regular activity
courses, each test was demonstrated by a qualified person. There-
after, the subjects had either two (for rapid movement tests), or one
(for isometric squat and hand grip tests), or no practice trials (all
remaining tests) prior to the testing procedure. The tests that re-
quired repetition were performed with 2- to 3-min rest periods,
while the pause between two consecutive tests was approximately 5
min. The selection and the sequence of three consecutive tests
performed within a single experimental session were aimed to avoid
the effects of fatigue caused by preceding test.

Anthropometric data

Anthropometric measures were taken according to the procedures
recommended by the International Biological Program (Weiner
and Lourie 1969). Body height and body mass were measured to
the nearest 0.5 cm and 0.1 kg, respectively. Body composition was
assessed through the estimation of body density using skinfold
measurements (Jackson and Pollock 1978) taken at abdominal,
chest and thigh sites by an experienced experimenter. Skinfolds
were measured in triplicate for all sites and the median of the
three values was taken for further analysis. The percent body fat
was calculated using a previously recommended method (Siri
1956).

Tests of exertion of external force

Isometric squat test

Amodified testing procedure applied previously (Wilson et al. 1993)
was used to measure isometric squat strength (see Fig. 1 for
illustration). A squat rack was secured into the floor above the
force platform (Kistler, Winterthur, Switzerland). An olympic
bar was fixed at a selected point above the force plate with an
accuracy of 2 cm by means of mechanical stops. The subject was
positioned in the squat rack with the heels directly under the bar and
the angle of the knee was set to 120� (Young 1995). This angle is
within the range reported to produce the maximum force of knee
extensors (Kulig et al. 1984). The subject was instructed to gradually
exert force until no further increase was detected (Young 1995). All
subjects wore a weightlifting belt during the test. The force plate was
reset to zero prior to the test in order to cancel out the subject’s
weight (Wilson et al. 1993). The force was sampled at a rate of
500 Hz over 5 s following the initiation of the contraction. The test
was repeated two times, and the better trial was taken for further
analysis.

Grip strength

Maximum grip strength was assessed by means of a standard
hand grip dynamometer (Lafayette Instrument Co., USA)
with demonstrated high reliability and validity (Mathiowetz et al.
1984). The subject was standing with the tested arm extended
vertically beside the body. The dynamometer was adjusted for
each subject such that the angle of flexion of the middle finger at
the second joint from the tip was as close to 90� as possible.
The tested wrist was maintained in neutral position and the
forearm was fully extended at the elbow joint. The result was
recorded in N. The subject performed three trials with each hand
and the average result of the best trials for each hand was taken for
further analysis.

1RM back squat

The maximal back squat test was slightly modified from the pro-
tocol previously described (McBride et al. 2002). The test was
performed using a standard Smith machine (Gym 80 International,
Germany). Each subject was instructed to lower the bar to the
point where the knee angle was 80�, which was marked by
adjustable mechanical stops (McBride et al. 2002). All subjects
wore a weightlifting belt during the test. Two experienced spotters
assisted during the testing. Before testing the participant’s 1RM
squat, a number of warm-up trials were given as follows: 30%
(8 repetitions), 50% (5–6 repetitions), 75% (3 repetitions), and 90%
(1 repetition) of an estimated 1RM. Since each participant had at
least 1 year of experience of training with free weights, the
approximate value of 1RM was known in advance. After 90% of
1RM, loads were increased using small plates (5 kg, 2.5 kg and
1.25 kg) until 1RM was reached. Adequate rest was allowed
between trials (3–5 min). The process of assessment of 1RM
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maximal squat generally required no more than 4–5 lifts in order to
be complete. The movement speed of this test, as well as of the
remaining tests was not controlled.

1RM bench press

The bench press test was conducted on a Smith machine (Gym 80
International, Germany) according to the standard method used by
Murphy et al. (1994). Briefly, the subject lowered the bar to the
chest and, thereafter, raised it until his elbows were fully extended
(see Murphy and Wilson 1996 for details). The procedure and se-
quence of the warm-up and testing trials were the same as for
testing the 1RM maximal squat.

1RM triceps extension

The triceps extension test was performed similarly to the protocol
previously described (Baechle et al. 1994; Abernethy and Jurimae
1996). In short, the subject performed the test while lying supine on
a horizontal bench while keeping his feet on the floor. The subject
grasped the bar with the closed overhand grip with his hands
approximately 25–30 cm apart and held it above his shoulders. The
arms were parallel to each other, perpendicular to the floor. The
downward movement phase included lowering the bar slowly to
the forehead, while keeping the upper arms parallel and perpen-
dicular to the floor. After that, subject performed the upward

movement phase which included pushing the bar until his elbows
were fully extended, while maintaining the proper position of the
arms and the body. The spotter stood aside and kept his hands
under the bar to protect the subject’s head. Both the procedure and
sequence of the warm-up and testing trials were the same as for
testing the 1RM maximal squat.

1RM standing biceps curl

The standing biceps curl test has been often used for the purpose of
both training and testing of elbow flexor strength (e.g., Baechle
et al. 1994; Bompa and Cornacchia 1998). The subject was standing
in natural erect position with the trunk positioned against the wall
in order to exclude trunk swing movements during the test. He held
the bar in the low position using supinated grip slightly wider than
the shoulder width with the elbows extended. The upward move-
ment phase consisted of flexing the elbows, while maintaining the
posterior side of the body in contact with the wall and keeping the
shoulder and wrist angle constant. The trial was considered suc-
cessful if the subject was able to raise the bar to within 15 cm of the
anterior deltoids, (Baechle et al. 1994). The procedure and sequence
of the warm-up and testing trials were the same as for testing the
1RM maximal squat.

Tests of rapid movements

Standing long jump

The long jump from a standing position with arm swing (Horita
et al. 1991) was tested by means of a jump mat (Elan, Slovenia).
The distance from the starting point to the landing point at heel

Fig. 1 An illustration of the applied tests of exertion of external
force (upper row), rapid movements (middle row), and supporting
body weight (lower row)
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contact was used as the result. Each subject performed three trials
and the best result was taken for further analysis.

Squat jump

A vertical jump was performed on a force platform (Kistler In-
strumente AG, Switzerland) from a semi-squat position, while the
arms were held akimbo in order to avoid arm swing (Komi and
Bosco 1978). The jump height was assessed as the maximum dis-
placement of the center of mass calculated from the vertical com-
ponent of the recorded force and body weight. Each subject
performed three jumps and the best result was used for further
analysis.

Counter-movement jump

The technique used was the same as previously described, but
subjects were instructed to perform an unconstrained vertical jump
from the standing upright position that includes the initial counter
movement, but not the arm swing (Komi and Bosco 1978).

Sprints over 20 m

Sprints over a distance of 20 m (previously used to measure sprint
acceleration ability, McBride et al. 2002) were performed from a
standing start and measured by means of infrared photocells (RS
Sport, Zagreb, Croatia). The subject was initially standing with his
rear (swing) leg on a contact mat. He was instructed to accelerate as
quickly as possible through the timing gate positioned 20 m from
the starting line. Moving the rear leg from the contact mat initiated
a digital timer (resolution 1 ms). Each subject performed three
trials and the best result (i.e., the shortest time) was taken for
further analysis.

Standing ball kick

The subject was instructed to kick a soccer ball (mass 0.450 kg) with
his dominant leg without a run-up. The subject was standingwith the
non-dominant leg aside the stationary ball and, following the natural
preparatory swing of the kicking leg, kicked the ball as fast as pos-
sible towards a net. The subject was instructed to kick the ball as fast
as possible towards a specified direction. Maximum ball velocity (m
s�1) was measured using a calibrated Professional Radar Gun
(Stalker, Applied Concept Marketing, USA). The test was repeated
three times and the best result was taken for further analysis.

Throwing a ball

The subject was in a seated straddle position on the floor, with the
handball (mass 0.425 kg) in the dominant hand placed overhead.
The other arm was placed on the floor beside the body. The subject
was instructed to throw the ball with the maximum velocity to-
wards the specified direction. Maximum ball velocity (m s�1) was
recorded by the same radar gun used in the previous test. The test
was repeated three times and the best result was taken for further
analysis.

Tests of supporting body weight

Sit-ups

A standard procedure for the 1-min bent-knee sit-up test was ap-
plied (Semenick 1994). The subject lay supine on a gymnastic mat
with his knees bent and feet fixed on the floor 25–30 cm apart. The
subject’s fingers were interlocked behind the neck, and the backs of

the hands touched the mat. The sit-up was correctly completed
when the elbows touched the thighs and the subject returned to the
starting position until the upper portion of the back made contact
with the mat. The number of sit-ups correctly completed in 1 min
became the score.

Push-ups

A previously suggested procedure for the 1-min push-up test (Se-
menick 1994) was applied. It required the subject to take the
standard push-up position (feet positioned less that 30 cm apart,
hands beside the chest with fingers pointing forward, and the legs,
back, neck and head positioned along a straight line). On the go
signal, the subject initiated consecutive sequences of lowering the
body until the upper arms were parallel to the ground and there-
after returning to the starting position until the elbows were fully
extended. The body configuration had to remain unchanged over
the entire cycle. The number of the push-ups correctly completed in
1 min became the score.

Pull-ups

The starting position of the pull-up test (Baumgartner and Jackson
1995) required the subject to position his hands on the bar with
palms facing away, shoulder-width apart, and to keep the arms in a
fully extended hanging position. The subject was asked to pull
himself up until his chin was above the bar and, thereafter, to
return back to the fully extended hanging position. The pull-up bar
was positioned to a height sufficient to prevent the feet touching the
floor. No swinging movement of any part of the body was allowed
during the performance of pull-ups. The maximum number of
correctly performed pull-ups became the score.

Parallel bar dips

The procedure required the subject to be positioned on the parallel
bars with his arms locked and the body vertically oriented (Schmidt
1999). Thereafter, the subject was instructed to lower himself until
the upper arms became horizontally oriented and, thereafter, to lift
himself back to the arms locked position. The maximum number of
parallel bar dips correctly performed became the score.

One-leg rising

A modified procedure of Ostenberg at al. (1998) for the measure-
ment of one-leg rising was used. The subject was standing with his
dominant leg on a box while the other leg was extended vertically
beside the box. The height of the box was adjusted for each subject
individually such that the upper thigh of the dominant leg reached
the horizontal position when the heel of the non-dominant leg
touched the ground at the end of the squatting movement. The
subject was instructed to lower himself until his heel touched the
ground and, thereafter, to rise back to the standing position. No
rests in the lowest position were allowed. The maximum number of
correctly performed trials became the score.

Hanging leg raises

The procedure applied (see Bompa and Cornacchia 1998 for de-
tails) required the subject to grasp the handles and support the
body weight with the arms allowing the torso to hang down in a
straight vertical line. The subject was instructed to raise his ex-
tended legs using the abdominal and hip flexor muscles until they
reach horizontal position and, thereafter, to lower the legs back to
the starting position. Swinging of legs prior to their raising was not
allowed. The test was finished when the subject became unable to
raise his legs to the horizontal position. The maximal number of the
correctly performed leg raises became the score.
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Data analysis

Descriptive statistics were calculated for all experimental data.
Percent body fat was assessed from the recorded skinfolds using
standard methods (Jackson and Pollock 1978; Siri 1956).

A regression technique applied on the log-transformed data
provided the values of the allometric parameter b for each partic-
ular test (see Batterham and George 1997 and Davies and Dalsky
1997 for details of the method). In short, a log-transformation of
the presumed allometric relationship (see Eq. 1) between a partic-
ular performance P and body mass S gives:

log P ¼ log Pn þ b log S; ð2Þ

where log Pn and b respectively correspond to the intercept and
slope of the regression line fitted through the logarithmic values of
the experimentally recorded performance and the selected index of
body size/body mass. The values of the allometric parameter b
obtained separately for body mass and body height were taken for
further analysis.

One-way ANOVA and Sheffe post hoc tests were employed in
order to assess the differences among the values of the allometric
parameters obtained in the three groups of tests. Averaged values
of the allometric parameters obtained from particular groups of
tests were also tested against the theoretical predictions using a
one-group t-test. The level of statistical significance was set to
P=0.05.

Results

The subjects’ mean (SD) body mass and height were 73.6
(7.5) kg and 1.80 (0.06) m, respectively. The measured
skinfold thicknesses were 12.2 (5.6) mm, 7.0 (2.7) mm,
and 12.3 (4.7) mm for the abdominal, chest and thigh
measurements, respectively. When used for assessment
of body composition, these values revealed 8.4 (3.6)%
body fat.

The following figure depicts the performance obtained
in the bench press test plotted against body size/mass
(Fig. 2A) and body height (Fig. 2B). As expected, the log-
transformed indices of the performance tested and the
body size suggest a positive relationship. The slopes of the
regression lines obtained correspond to allometric
parameters needed to assess body size independent indi-
ces of the performance tested (see parameter b in Eqs. 1
and 2). The parameters obtained in all 18 performance
tests and assessed separately with respect to body mass
and body height represent the main result of this study.

The following three tables show descriptive data of all
18 physical performance tests applied (upper part), as
well as the results of the linear regressions applied to the
log-transformed individual performance of each partic-
ular test and the selected index of body size (lower part)
(Tables 1, 2, 3).

The main findings of the present study are related to
the values of the allometric parameters b obtained from
the three groups of physical performance tests, assessed
separately for body mass (upper part) or body height
(lower part). One-way ANOVA applied to the allometric
parameters of the three groups of test data obtained with
respect to body mass revealed F[2,5]=34 (P<0.05). The
same result for the parameters obtained with respect to
body height was F[2,5]=37 (P<0.05). The post-hoc test

applied to both sets of data suggested significant differ-
ences among all three groups of tests. The correlation
coefficients recorded between the log-transformed in-
dices of body size and the performance obtained in each
particular test proved, on average, to be moderate (see
Tables 1, 2, 3). The tests of rapid movements demon-
strated particularly low correlation coefficients and only
the ball throwing tests provided significant correlation
coefficients.

Finally, the allometric parameters were averaged
within each group of tests and compared with the
hypothesized values. When obtained with respect to
body mass (see the upper part of Table 4), the allometric
parameters obtained from the tests of exertion of
external force were not different from the theoretically
predicted b=0.67, but significantly higher than b=0
(P<0.05). The allometric parameters obtained from the
tests of rapid movements were not significantly different
from the predicted b=0, but proved to be both higher
than b=�0.33 and lower than b=0.67 (P<0.05). Fi-
nally, the allometric parameters obtained from the tests
of supporting body weight were somewhat lower than
the theoretically predicted b=�0.33, but the difference
was below the level of significance (P=0.094).

Fig. 2 Relationship between log-transformed bench press results
and body mass (A) or body height (B)
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When obtained with respect to body height (lower
part of Table 4), the allometric parameters obtained
from the tests of exertion of external force were lower
than the theoretically predicted b=2, but significantly
higher than b=0 (P<0.05). The allometric parameters

obtained from the tests of rapid movements were not
significantly different from the predicted b=0, but
proved to be both higher than b=�1 and lower than
b=2 (P<0.05). Finally, the allometric parameters ob-
tained from the tests of supporting body weight were

Table 4 Comparison of the
averaged values of allometric
parameters mean (SD) with
those predicted

*Significantly different from the
predicted value (P<0.05)

Tests of exertion
of external force

Tests of rapid
movements

Tests of supporting
body weight

With respect
to body mass

Obtained 0.59 (0.23) 0.07 (0.15) �0.54 (0.28)
Predicted 0.67 0 �0.33

With respect
to body height

Obtained 1.03* (0.61) 0.11 (0.46) �1.51 (0.54)
Predicted 2 0 �1

Table 2 Tests of rapid movements and their relationship to body mass and body height. The intercept is given as a while b is the allometric
parameter that corresponds to the slope of the regression line ln(P)=a+b ln(S) where P represents the test performance and S the body
mass or body height. R correlation coefficient

Test Squat
jump (cm)

Counter-movement
jump (cm)

Standing long
jump (cm)

Standing ball
kick (m s�1)

Throwing
ball (m s�1)

Sprint 20 m (s)

Mean (SD) 42.3 (4.4) 46.7 (4.7) 233 (14) 20.2 (1.9) 14.4 (1.2) 3.22 (0.17)
With respect
to body mass

a 3.8 4.0 5.6 3.7 2.4 0.96
b �0.01 �0.03 �0.03 0.13 0.36 0.05
R 0.01 0.03 0.06 0.14 0.43* 0.10

With respect
to body height

a 1.89 2.11 2.56 2.25 �0.49 �0.14
b �0.11 �0.20 �0.09 �0.18 0.97 0.28
R 0.04 0.07 0.05 0.07 0.40* 0.19

*P<0.05

Table 3 Tests of supporting body weight and their relationship to
body mass and body height. The number of completed trials is
given as n. The intercept is given as a while b is the allometric

parameter that corresponds to the slope of the regression line
ln(P)=a+b ln(S) where P represents the test performance and S
the body mass or body height. R correlation coefficient

Table 1 Tests of exertion of external force and their relationship to body mass and body height. The intercept is given as a while b is the
allometric parameter that corresponds to the slope of the regression line ln(P)=a+b ln(S) where P represents the test performance and S
the body mass or body height. R correlation coefficient

Test Isometric
squat (N)

Back
squat (kg)

Bench
press (kg)

Triceps
extension (kg)

Biceps
curl (kg)

Hand
grip (N)

Mean (SD) 2558 (654) 154 (21) 77 (11) 32.2 (6.0) 39.4 (5.5) 534 (75)
With respect to body mass a 3.8 3.2 1.4 0.96 0.87 2.8

b 0.94 0.42 0.69 0.58 0.65 0.27
R 0.37* 0.32* 0.50* 0.33* 0.48* 0.21

With respect to body height a �0.44 2.47 �0.30 �1.43 �0.93 �0.68
b 1.70 �0.13 1.12 1.30 1.12 1.07
R 0.23* 0.03 0.23* 0.25* 0.28* 0.25*

*P<0.05

Test Sit-ups (n) Push-ups (n) Pull-ups (n) Parallel bar dips (n) One leg rising (n) Hanging leg
raises (n)

Mean (SD) 55.9 (6.1) 43.2 (8.8) 11.5 (4.1) 19.1 (5.2) 33.6 (5.6) 43.4 (6.2)
With respect
to body mass

a 5.3 5.5 7.0 5.3 5.7 5.4
b �0.30 �0.42 �1.08 �0.55 �0.51 �0.38
R 0.27* 0.20 0.27* 0.20 0.31* 0.27*

With respect
to body height

a 3.45 5.69 6.39 4.55 4.57 4.68
b �0.76 �1.80 �2.38 �1.46 �1.35 �1.35
R 0.23* 0.29* 0.20 0.18 0.28* 0.32*

*P<0.05
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somewhat lower than the theoretically predicted b=�1,
but the difference was below the level of significance
(P=0.067).

Discussion

Factors affecting performance-size relationship

The main aim of the present study was to estimate the
values of the allometric parameters that could be used
for normalization for body size of the evaluated groups
of physical performance tests. However, it should be
pointed out that factors, such as age, gender, level of
physical activity and body composition, could also affect
physical performance and therefore confound the rela-
tionship between the tested performance and body size
we have studied (Abernethy et al. 1995; Challis 1999;
Davis and Dalsky 1997; Izquierdo et al. 2001; Nevill
et al. 1998). Since these factors are subject-related, they
cause the relationship between the physical performance
and the body size to be not only test-specific, but also
subject-specific (Abernethy et al. 1995; Jaric 2002). As a
consequence, the relationships obtained in different
subject populations have been inconsistent causing an
important obstacle for establishing standard methods
for the normalization of physical performance for body
size (Jaric 2003; Jaric et al., submitted; Wilson and
Murphy 1996).

From the perspective of the problem discussed, it is
important to stress that our subjects represented a rel-
atively homogeneous group of participants. Specifically,
they were of a similar age and physically highly active.
Since body composition could also affect the relation-
ship between body size and physical performance, it is
important to stress that the skinfolds obtained from the
subjects we tested suggested a low percent of fat tissue,
which was comparable to those measured in trained
male distance runners (Willmore 1983) and wrestlers
(McArdle et al. 1999). Finally, although the number of
subjects we tested was somewhat below that generally
recommended for this type of study (i.e., n>100; Jensen
et al. 2001), it considerably exceeded the number of
participants in most of the similar studies (see Wilson
and Murphy 1996 and Jaric 2002 for reviews). They were
also quite familiar with virtually all the tests applied.
Therefore, we believe that the present study provides a
valid set of data due to the relatively large and partly
homogeneous sample of subjects tested, as well as due to
their high level of familiarity with the tests used.

Allometric parameters obtained

The main finding of the present study is that the most of
the experimentally obtained values of the allometric
parameters are closely in line with the values hypothe-
sized for different groups of tests in each of the three
groups of tests. However, the predictions obtained with

respect to both body mass and body height are based on
the same theoretical background, while only body mass
has been frequently used for normalization of the
physical performance tested. Therefore, most of our
discussion will be focused on the findings related to the
values of the allometric parameters obtained with re-
spect to body mass.

Regarding the tests of exertion of external force, the
results were as expected. Despite prominent inconsis-
tencies in the previously reported data (for reviews see
Challis 1999; Jaric 2002; Wilson and Murphy 1996), the
average value of the allometric parameter obtained
across the tests for b=0.59 is in line with the generally
accepted concept that performance for lifting weight
(Batterham and George 1997; Challis 1999; McMahon
1984) or static exertion of external force (Aasa et al.
2003; Davies and Dalsky 1997; Jaric 2003) increase at a
somewhat lower rate than body mass.

Regarding the remaining two groups of physical
performance tests, a review of the literature provides less
compelling evidence. Most of the tests of various rapid
movements have been presented with non-normalized
data, implying the theoretically suggested b=0 (Aasa
et al. 2003; Jaric 2002; Matavulj et al. 2001; Ugarkovic
et al. 2002). However, a possible positive relationship
between the outcome of these tests and body size (al-
though presumably weak; for review see McMahon
1984) has not been discussed, neither have experimental
studies been designed to answer this specific question.
Moreover, some authors suggest a moderate positive
correlation between movement velocity and body size
(Vanderburgh et al. 1996), while others even present
jumping performance per kilogram of body mass
implying b=1 (e.g., Benefice 1992). Therefore, it appears
that the consensus among professionals has not been
reached regarding either whether or how to normalize
the performance of rapid movements for differences in
body size.

The effect of scale predicts the experimentally ob-
tained negative relationship between the tests of sup-
porting body weight under strength-demanding
movement conditions and body size. In addition to both
theoretical and empirical findings (see Introduction),
some recent experimental findings also speak in favor of
the hypothesized phenomenon (Aasa et al. 2003).
However, this relationship appears to be entirely ne-
glected within the professional literature. Therefore,
application of the findings regarding the specific nor-
malization methods for the tests of supporting body
weight, as well as of the previously discussed tests of
rapid movements, could considerably improve the
methodology of testing of physical performance in the
future.

An important limitation of the approach applied
could originate from the problem that some physical
performance tests may not belong only to one particular
group. While lifting a weight the subject not only exerts
external force (the recommended allometric parameter
with respect to body mass is b=0.67), but also supports
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weight of his/her own body segments (b=�0.33). Simi-
larly, kicking and throwing require exerting external
force against a ball (b=0.67), while the rapid limb
movements require b=0. As a result, the allometric
parameters for some tests could be somewhere between
the particular values we specifically evaluated. This
assumption is in line with a relatively high value of the
allometric coefficient (comparing to other tests of rapid
movements) we obtained from the ball throwing test (see
Table 2). Some tests may also be confounded by other
factors, such as movement skills or endurance. There-
fore, both the present findings and our previously pro-
posed classification (Jaric 2003) may need further
evaluation. The main difficulty in this evaluation may be
the moderate relationship between the performance
tested and body size observed in both the present and
previous studies (for review see Abernethy et al 1995;
Jaric 2002; Wilson and Murphy 1996).

‘‘Structure’’ of movement abilities and the effect body
size

An important purpose of testing of physical abilities is
the profiling of various groups of subjects, such as ath-
letes of different specialization, children of different ages,
or various groups of patients (Andersson et al. 1988;
Jaric et al. 2001; Neder et al. 1999; Sleivert et al. 1995;
Ugarkovic et al. 2002). However, different tests applied
on the same subjects have been also related amongst
themselves in order to assess partly independent com-
ponents of physical abilities. For example, the review by
Hogan (1991) suggests that the tests based on exertion of
force (maximal push, pull, dynamometric forces) and the
tests based on body movement tasks (leg lifts, push-ups)
belong to independent abilities (i.e., the correlations
between them are low, particularly when compared to
the correlations obtained among the tests belonging to
the ‘‘same abilities’’). As a result, these abilities are be-
lieved to require separate tests in order to be evaluated.
Probably the most famous structure of physical abilities
is the one based on comprehensive testing performed
during the 1950s and 1960s (see Fleishman 1964 for a
review). Among others, this structure suggests ‘‘static
strength’’ (exerting forces, lifting weights), ‘‘explosive
strength’’ (running, jumping) and ‘‘dynamic strength’’
(push-ups, squats) as independent physical abilities. A
number of comprehensive testing batteries have been
designed taking into account either this or other similar
structures of physical abilities (Marsh 1993; Simons
et al. 1982), including the comprehensively used
EUROFIT test (Eurofit 1988).

However, note that the aforementioned ‘‘abilities’’
(Fleishman 1964; Hogan 1991) closely correspond to the
evaluated tests of exertion of external force, tests of ra-
pid movements, and tests of supporting body weight.
According to the present findings, these tests are likely to
be differently related to body size, while the proposed
‘‘structures of physical abilities’’ were exclusively based

on non-normalized indices of the tested performance. As
a result, it appears that the suggested structures could
partly represent an artifact of the confounding effect of
body size. For example, it is likely that the subjects that
performed relatively better in the tests of ‘‘static
strength’’ were on average taller and heavier that those
who performed relatively better in ‘‘dynamic strength’’
tests. This assumption is in line with some of the more
recent findings suggesting that lighter subjects may be
less capable in exerting external forces (e.g., lifting
weights, throwing heavy objects), but more successful in
overcoming their own weight (Aasa et al. 2003; Barne-
kow-Bergkvist et al. 1996; Schmidt 1999). Therefore,
one could conclude that the formerly proposed struc-
tures of physical abilities should be thoroughly re-eval-
uated by using more accurately calculated body size
independent indices of the performances tested. This
could eventually lead to re-designing standard batteries
of routine physical performance tests applied on par-
ticular populations, such as children of different ages,
soldiers, or the elderly.

Theoretical considerations

Although the present study is mainly focused on the
neglected issue of normalization for body size of some
groups of frequently applied physical performance tests,
some theoretical considerations regarding the applied
methodology also deserve attention. In particular, the
presumption of geometric similarity that led to the
hypothesized specific values of the allometric parameters
evaluated in the present study has been often questioned
(see the last paragraph of Introduction for details). A
distorted relationship between surface and body mass or
volume (i.e., b=0.75 instead of b=0.67; Brody 1945;
Kleiber 1932; West et al. 1997; Weibel 2002) would
inevitably lead to a distorted relationship between linear
dimensions (e.g., body height) and body mass. Among
other consequences, the predicted allometric coefficients
for the normalization of performance obtained in the
tests of exertion of external force and the tests of sup-
porting body weight would be somewhat higher than
b=0.67 and lower than b=�0.33, respectively. The
relationship between body mass and height would also
be H8/3�m1 instead of H3�m1 (McMahon 1984, Nevill
et al. 2004) suggesting that the allometric parameters for
the three groups of tests evaluated with respect to body
height should be lower than those predicted (see Table 4
for specific values).

Our results provide some inconsistent findings
regarding the theoretical problem we discuss. For
example, most of the allometric parameters obtained for
body height proved to be less than three times higher
than those obtained with respect to body mass, while the
allometric parameter for tests of supporting body weight
is somewhat below b=�0.33 (see Table 4). These find-
ings are in line with scaling based on ‘‘elastic similarity’’
(McMahon 1984) and a fractal network model
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(West et al. 1997). However, the same theoretical
framework suggests b=0.75 for the tests of exertion of
external force, while it appears to be below b=0.67 as
predicted by geometric similarity. Except for the body
height related allometric parameters of the tests of
exertion of external force being significantly lower that
b=2 (as predicted by geometric similarity), none of
other findings provided a statistically significant effect.
The main cause could be the relatively narrow scale of
human body sizes, as well as a number of confounding
factors affecting the performance-size relationship (for
reviews see Abernethy et al 1995 and Jaric 2002). As a
consequence, the relationships between the tested per-
formance and body size are on average moderate, while
the allometric parameters obtained within the tests of
the same group are partly inconsistent (see data for
individual tests in Tables 1, 2, 3). Therefore, our data
may not be appropriate for a comprehensive evaluation
of different scaling approaches. We believe that further
theoretical research, as well as the experimental research
conducted on a much wider scale of animal body sizes, is
needed in order to provide answers regarding the accu-
rate scaling of body dimensions, rather than the results
obtained through comprehensive testing of physical
performance in humans.

Conclusions

The results obtained on a large and homogeneous group
of subjects strongly support the recently proposed classi-
fication of physical performance tests based on particular
allometric parameters recommended for normalization of
various groups of tests for body size. In particular, it ap-
pears that the performance of the tests of exerting external
force should be presented per kg2/3 (i.e., b=0.67), the re-
sults of the tests of supporting body weight under
strength-demanding conditions should be multiplied by
kg1/3 (b=�0.33), while the performance of the tests of
rapid movements needs no normalization (b=0). Al-
though the recommended methods may need further
evaluation, it seems conceivable that a standardized and
consistently applied normalization for the effect of body
size, such as that specifically proposed in the present
study, could considerably improve the methodology of
physical performance testing. Among other benefits, it
would provide body size independent performance indices
for a number of frequently applied performance tests that
could be both compared with other studies and used to
establish standards for particular tests and particular
populations, as well as provide a basis for future
improvement of the standard batteries of physical per-
formance tests.
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