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ABSTRACT

HUNTER, J. P., R. N. MARSHALL, and P. MCNAIR. Reliability of Biomechanical Variables of Sprint Running. Med. Sci. Sports
Exerc., Vol. 36, No. 5, pp. 850–861, 2004. Purpose: The purpose of this paper was to report the reliability of variables used in the
biomechanical assessment of sprint running and to document how these reliability measures are likely to improve when using the
average score of multiple trials. Methods: Twenty-eight male athletes performed maximal-effort sprints. Video and ground reaction
force data were collected at the 16-m mark. The reliability (systematic bias, random error, and retest correlation) for a single score was
calculated for 26 kinematic and 7 kinetic variables. In addition, the reliability (random error and retest correlation) for the average score
of 2, 3, 4, and 5 trials was predicted from the reliability of a single score. Results: For all variables, there was no evidence of systematic
bias. The measures of random error and retest correlation differed widely among the variables. Variables describing horizontal velocity
of the body’s center of mass were the most reliable, whereas variables based on vertical displacement of the body’s center of mass or
braking ground reaction force were the least reliable. For all variables, reliability improved notably when the average score of multiple
trials was the measurement of interest. Conclusion: Although it is up to the researcher to judge whether a measurement is reliable
enough for its intended use, some of the lower-reliability variables were possibly too unreliable to monitor small changes in an athlete’s
performance. Nonetheless, there was a consistent trend for reliability to improve notably when the average score of multiple trials was
the measurement of interest. Subsequently, if resources permit, researchers and applied sports-scientists may like to consider using the
average score of multiple trials to gain the advantages that improved reliability offers. Key Words: COEFFICIENT OF VARIATION,
STANDARD ERROR OF MEASUREMENT, TYPICAL ERROR, LIMITS OF AGREEMENT, INTRACLASS CORRELATION
COEFFICIENT

Reliability refers to the repeatability of a measure-
ment. A high level of reliability means a sports
scientist can confidently detect small changes in an

athlete’s performance and use smaller sample sizes in re-
search (10). Reliability can be divided into three main com-
ponents (1,3,10): a) “systematic bias” is when there is a
change in the group mean from trial to trial, possibly due to
learning, motivation, or fatigue effects; b) “random error,”
or “within-subject variation,” is the level of random varia-
tion (noise) in repeated measurements on the same subject;
and c) “retest correlation” is a measure of how well the

subjects maintain their rank order in the sample. Although it
is commonly thought that these three components are im-
portant measures of reliability, differences in opinion exist
as to exactly how these component should be quantified,
particularly random error (e.g., 1,2,10,11).

Even with the best possible measurement methods, errors
in biomechanical measurements will almost certainly occur
due to equipment limitations and biological variation of the
subject. Despite every effort to ensure optimal reliability of
a single measurement, some variables may still not be reli-
able enough for the intended use (e.g., monitoring small
changes in performance). Further improvements in reliabil-
ity can be achieved by using the average score of multiple
trials as the measurement of interest, but the additional time
involved in obtaining and processing multiple trials may be
costly. In such a case, the goal of the scientist might be to
collect only just enough trials to obtain an acceptable level
of reliability.

The biomechanical assessment of an athletics event such
as sprint running often involves measurement of many as-
pects of performance, for which reliability can differ widely.
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For example, Salo and Grimshaw (19) measured 28 kine-
matic variables from sprint hurdles and reported coefficients
of variation ranging from 1.0 to 209.7%. Nonetheless, Salo
et al. (20) showed that the retest correlation of some of the
lower reliability variables could be improved to more ac-
ceptable levels by using the average score of multiple trials.
To the best of our knowledge, no such analysis has been
performed for the random error component of reliability, in
particular, for sprint-running variables.

The purpose of this article was to report the reliability
(systematic bias, random error, and retest correlation) of
kinematic and kinetic variables used in the biomechanical
assessment of sprint running and to document how random
error decreases and retest correlation increases when using
the average score of multiple trials.

METHODS

Subjects

The subjects were 28 males who participated in sports
involving sprint running (e.g., athletics, soccer, touch rugby,
etc.). Mean � SD for age, height, and body mass were 22 �
4 yr, 1.77 � 0.06 m, and 74 � 6 kg, respectively. Approval
to undertake the study was given by The University of
Auckland Human Subjects Ethics Committee. Written in-
formed consent was obtained from each subject.

Data Collection

The subjects performed maximal-effort sprints on a syn-
thetic track that passed through the laboratory. Three-di-
mensional kinematic data were obtained at a sampling rate
of 240 Hz from eight Falcon High Resolution Cameras and
EVa 6.15 data collection system (Motion Analysis Corpo-

ration, Santa Rosa, CA). The video capture volume was
approximately 6.0 m long, 2.4 m high, and 2.0 m wide and
was centered 16 m from the sprint start line. Video calibra-
tion was performed at the beginning of each data collection
session. A recessed force-plate (Bertec 6090s; Bertec Cor-
poration, Columbus, OH) located 16 m from the sprint start
line was used to measure ground reaction force (GRF). The
force plate’s signals were amplified (Bertec AM6-3 ampli-
fier) and recorded in EVa 6.15 at a sampling rate of 960 Hz.
A matrix provided by the manufacturers, and checked for
accuracy by the experimenters, was used for force calibra-
tion. A manual trigger simultaneously initiated video and
force plate data collection.

Each testing session began with the subject performing a
general warm-up of choice. After this, markers were at-
tached (see Table 1), and a static trial, in which the subject
stood stationary, was collected. Next, eight markers were
removed (see Table 1), and after an additional warm-up, the
subject performed maximal-effort sprints, 25 m in length
from a standing start. The rest period between sprints typ-
ically lasted about 4 min. Successful trials were those that
the subject clearly contacted the force plate without adjust-
ing his natural running pattern. So this could occur, the
sprint start line was adjusted by no more than 1 m. Typi-
cally, about seven or eight sprints were performed which
usually resulted in four or five successful trials. The first
three successful trials were used for analysis. During data
collection the subject wore a cropped vest, shorts, and
spiked track-shoes.

Data Treatment

The human body was modeled as 12 rigid segments
articulating at joints with fixed centers of rotation. The

TABLE 1. Description of marker placement.

Marker Position

Forefoot On top of the second metatarsal, approximately 2.0 cm posterior from its head.
Medial toe* On the medial side of the base of the big toe, so a line intersecting with the centroid of the

marker and the head of the second metatarsal is perpendicular to the long axis of the foot.
Heel On the most posterior surface of the calcaneous, approximately 2.0 cm above ground level

when the subject is standing stationary.
Lateral ankle On the lateral malleolus, immediately superior (�5 mm) to its distal tip.
Medial ankle* The distal tip of the medial malleolus.
Mid-shank Approximately halfway up the anterior surface of the shank.
Lateral knee On the maximal protrusion of the lateral epicondyle, approximately at the level of the lower

third of the patella when the knee is extended.
Medial knee* On the maximal protrusion of the medial epicondyle, approximately at the level of the lower

third of the patella when the knee is extended.
ASIS Anterior superior iliac spine.
Mid-PSIS Midway between the posterior superior iliac spines.
Greater trochanter* The most lateral protrusion of the greater trochanter.
Cervical vertebrae On the posterior spinous process of the seventh cervical vertebrae.
Supra-sternal notch On the front of the neck, 1 cm above the supra-sternal notch.
Shoulder With the subject’s upper-arm hanging freely, the marker is placed over the glenohumeral

joint center when viewed in the sagittal plane.
Vertex On the most superior point of the head.
Elbow With the subjects elbow flexed to 90° in the sagittal plane, the marker is placed over

the estimated elbow joint center when viewed in the sagittal plane.
Wrist With the subject’s hand in a pronated position, the marker is placed on top of the wrist over

the estimated joint center.

All markers, except mid-PSIS, cervical vertebrae, supra-sternal notch, and vertex, were on the left and right sides of the body.
* Indicate the markers that were removed after the static trial.
To ensure a dislodged marker could be replaced precisely in its original location, marker positions were traced on the skin with ink. Pelvic and hip marker positions were
based on a method proposed by Bell et al. (4) knee and ankle marker positions were based on information provided by Zatsiorsky (24) and de Leva (9).
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segments included: trunk (from mid-hips to base of the
neck), head (including neck), upper-arms, lower-arms (in-
cluding hands), thighs, shanks, and feet. All segments, with
the exceptions of the upper and lower-arms, were modeled
as internal links (i.e., within the body). This required cal-
culation of internal segment endpoints for the following:
head of the second metatarsal of the foot, ankle joint center,
knee joint center, hip joint center, mid-hips, and neck. The
vertex of the head, the shoulder, elbow, and wrist endpoints
were all based on external markers. Segment inertia param-
eters were obtained from de Leva (8), with the exception of
the foot’s center of mass location which was obtained from
Winter (23). The mass of the shoe (typically about 200 g)
was added to the mass of the foot.

From the static trial data, the neck endpoint was calcu-
lated as halfway between the supra-sternal notch and cervi-
cal vertebrae markers, the hip joint center was calculated
using the hybrid method proposed by Bell et al. (4), the
mid-hips endpoint was calculated as halfway between the
two hip joint centers, knee and ankle joint centers were
calculated as halfway between the lateral and medial mark-
ers of the respective joint, and the head of the second
metatarsal was calculated as the point where a line through
the medial toe maker and perpendicular to the long axis of
the foot interested with a plane containing the heel marker,
forefoot marker, and ankle joint center. The position of each
internal joint center was measured relative to a group of
three reference markers located on an adjacent segment. It
was assumed that throughout the testing session the three
markers within each group remained in fixed positions rel-
ative to one another. For the sprint trial data (during which
a limited marker set was worn; see Table 1) joint centers
were calculated via knowledge of their relative positions.

From the collected three-dimensional data, two-dimen-
sional sagittal plane coordinates were extracted and used for
further analysis. The data were smoothed with a fourth-
order, low-pass Butterworth filter (23). A cut-off frequency
for each X and Y component of each joint trajectory was
determined subjectively after viewing the raw and filtered
acceleration data of five subjects. Once decided upon, the
same cut-off frequencies (ranging from 7 Hz for upper-trunk
markers to 12 Hz for foot markers) were used for all sub-
jects. GRF data were filtered with a cut-off frequency of 75
Hz.

The instants of touchdown and takeoff from the force
plate were defined as when the vertical GRF first rose above
10 N (touchdown) and reduced to 25 N (takeoff). The
instant of touchdown for the first ground contact beyond the
force plate was assumed to occur at the instant of peak
vertical acceleration of the head of second metatarsal (12).

Thirty-three biomechanical variables were calculated for
the step that occurred at the 16-m mark of the sprint. Most
of these variables were chosen because they were consid-
ered to be important determinants of step length and step
rate during sprint running (13).

Sprint velocity. Mean horizontal velocity of the center
of mass of the body (COM) during the step at the 16 m mark
of the sprint.

Step rate. Calculated by two methods. Method 1 was
sprint velocity divided by step length. Method 2 was the
inverse of the duration of a step.

Step length. Horizontal distance between the point of
touchdown of one foot (head of second metatarsal) to that of
the following touchdown for the opposite foot. See Figure 1.

Stance time and flight time. Duration of the stance
and flight phases.

Stance distance and flight distance. The horizontal
displacement of the COM during the stance and flight
phases. See Figure 1.

Touchdown and takeoff distance. Horizontal dis-
tance from the head of the second metatarsal of the stance
foot to the COM, at the moments of touchdown and takeoff.
See Figure 1.

Leg angles at touchdown and takeoff. Angles
measured from horizontal to a line passing through the
stance ankle and the COM, at the moments of touchdown
and takeoff. See Figure 2.

Leg angle range-of-motion. The range of motion,
during stance, of the line passing through the stance ankle
and the COM. See Figure 2.

COM total vertical displacement. The maximum
height of the COM during flight, less the minimum height of
the COM during stance. See Figure 3.

FIGURE 1—Step length and its components. D, distance.

FIGURE 2—Leg angle at touchdown (TD), leg angle range-of-motion
during stance (ROM), and leg angle at takeoff (TO). The lines intersect
the ankle joint center and the center of mass of the body.
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COM downward displacement during stance.
The height of the COM at touchdown, less the minimum
height of the COM during stance. See Figure 3.

COM relative height of takeoff. The height of the
COM at takeoff, measured relative to the height at touch-
down. See Figure 3.

COM upward displacement during flight. The
maximum height of the COM during flight, less the height
of the COM at takeoff. See Figure 3.

COM horizontal velocity during stance. Mean hor-
izontal velocity of the COM during the stance phase.

COM horizontal and vertical velocity of takeoff.
Wind resistance was ignored; therefore, horizontal velocity
of takeoff was calculated from the COM displacement be-
tween the moments of takeoff and the subsequent touch-
down. Vertical velocity of takeoff was calculated from
(19.62·d)0.5 where “d” was the COM vertical displacement
between the moment of takeoff and maximum height of
COM during flight.

COM angle of takeoff. The angle, measured relative to
horizontal, of the velocity vector of the COM at takeoff.

Relative horizontal GRI. Net horizontal (anterior-pos-
terior) ground reaction impulse expressed relative to body
mass. The units are meters per second and reflect the change
in horizontal velocity of the COM during the stance phase
(ignoring horizontal wind resistance). See Figure 4.

Relative braking and propulsive GRI. Horizontal
ground reaction impulses acting against (braking) and with
(propulsion) the horizontal direction of the sprinter. As with
the previous measures of GRI, these impulses were ex-
pressed relative to body mass, therefore, reflect the change
in horizontal velocity of the COM during the braking and
propulsive phases (ignoring horizontal wind resistance). See
Figure 4.

Relative vertical GRI. Vertical ground reaction im-
pulse less body weight impulse, then expressed relative to
body mass. The units are meters per second and reflect the
change in vertical velocity of the COM during the stance
phase (ignoring vertical wind resistance). See Figure 4.

Relative maximum braking, propulsive, and ver-
tical GRF. Maximum braking, propulsive, and vertical
GRF expressed relative to body weight.

Activeness of touchdown. Horizontal velocity of the
head of the second metatarsal four frames (or 0.017s) before
touchdown.

Mean and maximum hip joint angular velocity
during stance and swing. Mean and maximum of the
absolute value of all instantaneous values of hip angular
velocity during the stance phase and swing phase,
respectively.

Statistical Analysis

The first three trials from each of the 28 males subjects
were used to calculate all measures of reliability. The data
were assessed for heteroscedasticity by plotting the standard
deviation of the three trials of each subject against the mean
of the three trials of each subject (5). If heteroscedasticity
was not present, the reliability measures were calculated
from the raw variables. However, if heteroscedasticity was
present, the loge-transformed data were used instead (5).

Three categories of reliability were calculated: systematic
bias, random error, and retest correlation. An overview of
how these three categories of reliability were calculated is
provided in the following paragraphs. The actual equations
used are provided in the Appendix.

FIGURE 3—Vertical displacement of the center of mass of the body
(COM). The black dots represent the COM at 1) touchdown, 2) min-
imum height during stance, 3) takeoff, and 4) maximum height during
flight. The total vertical displacement of the COM is shown, as is the
relative height of takeoff (height), displacement downward during
stance (down), and upward during flight (up). The diagram is not to
scale.

FIGURE 4—Ground reaction impulses (GRI) are shown as areas
under the ground reaction force (GRF) curves. a) “p” is the propulsive
GRI, and “b” is the braking GRI. Horizontal GRI was calculated as
“propulsive GRI less the absolute value of braking GRI.” b) “v” is the
vertical GRI above body weight (BW) and “u” and “w” are the vertical
GRI below body weight. Vertical GRI was calculated as “v–u–w.”
When horizontal GRI and vertical GRI are expressed relative to body
mass, they reflect the change in velocity experienced by the center of
mass of the body during stance (ignoring wind resistance), in the
horizontal and vertical directions, respectively.
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Systematic bias was assessed by means of a repeated-
measures ANOVA involving the first three trials. Alpha was
set at 0.05.

Random error was quantified with measures of typical
error and coefficient of variation (10), and also 95% limits
of agreement (5). To calculate these measures of random
error, the first step was to obtain the “mean squared error”
from the repeated-measures ANOVA involving the first
three trials. The mean squared error was then used in the
calculation of typical error, coefficient of variation, and
limits of agreement for a “single score” (TE1, CV1, LOA1).
“Single score” reliability is applicable when the reliability
of an individual measurement is of interest. Next, the typical
error for the average score of multiple trials (TEn, where n
is the number of averaged trials) was calculated from the
typical error of a single score (10). After this, the coefficient
of variation and limits of agreement for the “average score”
of multiple trials (CVn, and LOAn) were derived. “Average
score” reliability is applicable when the reliability of the
average of multiple measurements (from the same subject)
is of interest.

Retest correlation was quantified with two forms of in-
traclass correlation coefficient. These were the “absolute
agreement” and “consistency” intraclass correlations as de-
scribed by McGraw and Wong (14). The first three trials
collected from the subjects were used to calculate the intra-
class correlations for a single score (ICC[A,1] and

ICC[C,1], where A and C are abbreviations for “absolute
agreement” and “consistency,” and the “1” denotes a single
score). These calculations were performed using the “Reli-
ability Analysis” function of SPSS (release 10.0.5). After
this, the Spearman-Brown Prophecy Formula (16) was used
to calculate the intraclass correlations for the average score
of multiple trials (ICC[A,n] and ICC[C,n], where n is the
number of average trials).

RESULTS

The overall group mean and standard deviation, and the
change in mean from trial to trial are shown for each variable
in Table 2. All changes in the mean were small and statistically
insignificant. That is, there was no evidence of systematic bias.

Table 3 shows the results for random error and retest
correlation. The results for a single score and for the average
score of 2, 3, 4, and 5 trials are included. Dependent on the
presence of heteroscedasticity, the measures of random error
were expressed in either absolute form (preceded by �) or
ratio form (preceded by �/�). Interpretations of these mea-
sures, and example calculations, are shown in Table 4.

The results in Table 3 show that measures of random error
and retest correlation differed widely among the variables.
Nonetheless, for all variables, reliability improved when the
average score of multiple trials was the measurement of
interest. With regards to the two forms of intraclass

TABLE 2. Group mean and SD and changes in the group mean from trial to trial.

Variable Grand Mean Pooled SD

Change in Mean

Trial 1 to 2 Trial 1 to 3 Trial 2 to 3

Sprint velocity (m�s�1) 8.25 0.34 0.01 0.02 0.01
Step rate: method 1 (Hz) 4.31 0.21 0.01 0.04 0.03
Step rate: method 2 (Hz) 4.35 0.22 0.01 0.03 0.01
Step length (m) 1.92 0.13 0.00 �0.01 �0.01
Stance time (ms) 119 9 0 0 0
Flight time (ms) 114 14 �1 �2 �1
Stance distance (m) 0.95 0.06 0.00 0.00 0.00
Flight distance (m) 0.95 0.13 �0.01 �0.01 0.00
Touchdown distance (m) 0.25 0.04 0.00 0.00 0.00
Takeoff distance (m) 0.64 0.04 0.00 0.00 0.00
Leg angle at touchdown (°) 81 3 �0.1 �0.1 0.0
Leg angle range-of-motion (°) 47 4 0.1 0.2 0.1
Leg angle at takeoff (°) 51 2 0.0 �0.1 �0.1
COM total vertical displacement (mm) 45 7 0 �1 �1
COM downward displacement during stance (mm) 18 4 1 0 �1
COM relative height of takeoff (mm) 14 7 �1 �1 0
COM upward displacement during flight (mm) 12 4 0 0 0
COM horizontal velocity during stance (m�s�1) 8.14 0.33 0.00 0.03 0.03
COM horizontal velocity of takeoff (m�s�1) 8.36 0.35 0.02 0.01 �0.01
COM vertical velocity of takeoff (m�s�1) 0.49 0.08 0.00 �0.01 �0.01
COM angle of takeoff (°) 3.3 0.6 0.0 0.0 �0.1
Relative horizontal GRI (m�s�1) 0.25 0.05 0.00 0.00 0.00
Relative braking GRI (m�s�1) �0.10 0.03 0.00 0.00 0.00
Relative propulsive GRI (m�s�1) 0.35 0.04 0.00 0.00 0.00
Relative vertical GRI (m�s�1) 1.00 0.11 0.02 0.00 �0.03
Relative maximum propulsive GRF (BW) 0.82 0.12 0.01 0.01 0.00
Relative maximum braking GRF (BW) �0.87 0.26 �0.01 �0.05 �0.04
Relative maximum vertical GRF (BW) 3.15 0.31 0.04 �0.02 �0.06
Activeness of touchdown (m�s�1) 2.07 0.84 0.00 0.16 0.16
Mean hip angular velocity during stance (°�s�1) 564 50 1 3 2
Max. hip angular velocity during stance (°�s�1) 767 73 �2 �3 �1
Mean hip angular velocity during swing (°�s�1) 376 36 1 3 2
Max. hip angular velocity during swing (°�s�1) 733 80 2 3 0

All changes in the mean were not statistically significant.
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TABLE 3. Reliability (random error and retest correlation) of sprint running variables.

Variable (Units or Ratio) Trials (n) CVn (%) TEn (Units or Ratio) LOAn (Units or Ratio) ICC[C,n] ICC[A,n]

Sprint velocity (ratio) 1 �/� 1.0 �/� 1.01 �/� 1.03 0.95 0.95
2 �/� 0.7 �/� 1.01 �/� 1.02 0.97 0.97
3 �/� 0.6 �/� 1.01 �/� 1.02 0.98 0.98
4 �/� 0.5 �/� 1.01 �/� 1.01 0.99 0.99
5 �/� 0.4 �/� 1.00 �/� 1.01 0.99 0.99

Step rate: method 1 (Hz) 1 � 2.3 � 0.10 � 0.28 0.76 0.76
2 � 1.7 � 0.07 � 0.20 0.87 0.87
3 � 1.4 � 0.06 � 0.16 0.91 0.91
4 � 1.2 � 0.05 � 0.14 0.93 0.93
5 � 1.0 � 0.05 � 0.13 0.94 0.94

Step rate: method 2 (Hz) 1 � 2.9 � 0.13 � 0.35 0.66 0.67
2 � 2.1 � 0.09 � 0.25 0.80 0.80
3 � 1.7 � 0.07 � 0.20 0.86 0.86
4 � 1.4 � 0.06 � 0.17 0.89 0.89
5 � 1.3 � 0.06 � 0.16 0.91 0.91

Step length (m) 1 � 2.1 � 0.04 � 0.11 0.90 0.90
2 � 1.5 � 0.03 � 0.08 0.95 0.95
3 � 1.2 � 0.02 � 0.06 0.96 0.97
4 � 1.0 � 0.02 � 0.06 0.97 0.97
5 � 0.9 � 0.02 � 0.05 0.98 0.98

Stance time (ms) 1 � 3.3 � 4 � 11 0.79 0.79
2 � 2.4 � 3 � 8 0.88 0.88
3 � 1.9 � 2 � 6 0.92 0.92
4 � 1.7 � 2 � 5 0.94 0.94
5 � 1.5 � 2 � 5 0.95 0.95

Flight time (ratio) 1 �/� 5.8 �/� 1.06 �/� 1.17 0.80 0.80
2 �/� 4.1 �/� 1.04 �/� 1.12 0.89 0.89
3 �/� 3.3 �/� 1.03 �/� 1.09 0.92 0.92
4 �/� 2.9 �/� 1.03 �/� 1.08 0.94 0.94
5 �/� 2.6 �/� 1.03 �/� 1.07 0.95 0.95

Stance distance (m) 1 � 3.9 � 0.04 � 0.10 0.62 0.63
2 � 2.8 � 0.03 � 0.07 0.76 0.77
3 � 2.3 � 0.02 � 0.06 0.83 0.83
4 � 2.0 � 0.02 � 0.05 0.87 0.87
5 � 1.8 � 0.02 � 0.05 0.89 0.89

Flight distance (ratio) 1 �/� 6.1 �/� 1.06 �/� 1.18 0.80 0.81
2 �/� 4.3 �/� 1.04 �/� 1.12 0.89 0.89
3 �/� 3.5 �/� 1.03 �/� 1.10 0.93 0.93
4 �/� 3.0 �/� 1.03 �/� 1.09 0.94 0.94
5 �/� 2.7 �/� 1.03 �/� 1.08 0.95 0.95

Touchdown distance (ratio) 1 �/� 9.0 �/� 1.09 �/� 1.27 0.78 0.79
2 �/� 6.3 �/� 1.06 �/� 1.18 0.88 0.88
3 �/� 5.1 �/� 1.05 �/� 1.15 0.92 0.92
4 �/� 4.4 �/� 1.04 �/� 1.13 0.94 0.94
5 �/� 3.9 �/� 1.04 �/� 1.11 0.95 0.95

Takeoff distance (m) 1 � 3.5 � 0.02 � 0.06 0.72 0.73
2 � 2.5 � 0.02 � 0.04 0.84 0.84
3 � 2.0 � 0.01 � 0.04 0.89 0.89
4 � 1.7 � 0.01 � 0.03 0.91 0.92
5 � 1.6 � 0.01 � 0.03 0.93 0.93

Leg angle at touchdown (°) 1 � 1.6 � 1.3 � 3.7 0.75 0.76
2 � 1.1 � 0.9 � 2.6 0.86 0.86
3 � 0.9 � 0.8 � 2.1 0.90 0.90
4 � 0.8 � 0.7 � 1.8 0.92 0.93
5 � 0.7 � 0.6 � 1.6 0.94 0.94

Leg angle range-of-motion (ratio) 1 �/� 3.9 �/� 1.04 �/� 1.11 0.80 0.81
2 �/� 2.8 �/� 1.03 �/� 1.08 0.89 0.89
3 �/� 2.3 �/� 1.02 �/� 1.06 0.92 0.93
4 �/� 2.0 �/� 1.02 �/� 1.06 0.94 0.94
5 �/� 1.7 �/� 1.02 �/� 1.05 0.95 0.95

Leg angle at takeoff (ratio) 1 �/� 2.3 �/� 1.02 �/� 1.06 0.77 0.77
2 �/� 1.6 �/� 1.02 �/� 1.04 0.87 0.87
3 �/� 1.3 �/� 1.01 �/� 1.04 0.91 0.91
4 �/� 1.1 �/� 1.01 �/� 1.03 0.93 0.93
5 �/� 1.0 �/� 1.01 �/� 1.03 0.94 0.94

Continued
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TABLE 3. Reliability (random error and retest correlation) of sprint running variables.

Variable (Units or Ratio) Trials (n) CVn (%) TEn (Units or Ratio) LOAn (Units or Ratio) ICC[C,n] ICC[A,n]

COM total vertical displacement (mm) 1 � 12.0 � 5 � 15 0.45 0.46
2 � 8.5 � 4 � 11 0.62 0.63
3 � 6.9 � 3 � 9 0.71 0.72
4 � 6.0 � 3 � 7 0.77 0.77
5 � 5.4 � 2 � 7 0.80 0.81

COM downward displacement during stance (mm) 1 � 13.0 � 2 � 7 0.63 0.62
2 � 9.2 � 2 � 5 0.77 0.77
3 � 7.5 � 1 � 4 0.83 0.83
4 � 6.5 � 1 � 3 0.87 0.87
5 � 5.8 � 1 � 3 0.89 0.89

COM relative height of takeoff (mm) 1 � 34.6 � 5 � 14 0.44 0.44
2 � 24.4 � 3 � 10 0.61 0.62
3 � 19.9 � 3 � 8 0.70 0.71
4 � 17.3 � 2 � 7 0.76 0.76
5 � 15.5 � 2 � 6 0.80 0.80

COM upward displacement during flight (ratio) 1 �/� 24.3 �/� 1.24 �/� 1.83 0.55 0.56
2 �/� 16.6 �/� 1.17 �/� 1.53 0.71 0.72
3 �/� 13.4 �/� 1.13 �/� 1.42 0.79 0.79
4 �/� 11.5 �/� 1.11 �/� 1.35 0.83 0.84
5 �/� 10.2 �/� 1.10 �/� 1.31 0.86 0.87

COM horizontal velocity during stance (ratio) 1 �/� 1.0 �/� 1.01 �/� 1.03 0.93 0.93
2 �/� 0.7 �/� 1.01 �/� 1.02 0.96 0.97
3 �/� 0.6 �/� 1.01 �/� 1.02 0.98 0.98
4 �/� 0.5 �/� 1.01 �/� 1.01 0.98 0.98
5 �/� 0.4 �/� 1.00 �/� 1.01 0.99 0.99

COM horizontal velocity of takeoff (ratio) 1 �/� 1.0 �/� 1.01 �/� 1.03 0.94 0.94
2 �/� 0.7 �/� 1.01 �/� 1.02 0.97 0.97
3 �/� 0.6 �/� 1.01 �/� 1.02 0.98 0.98
4 �/� 0.5 �/� 1.01 �/� 1.01 0.98 0.98
5 �/� 0.4 �/� 1.00 �/� 1.01 0.99 0.99

COM vertical velocity of takeoff (ratio) 1 �/� 11.8 �/� 1.12 �/� 1.36 0.55 0.56
2 �/� 8.2 �/� 1.08 �/� 1.24 0.71 0.71
3 �/� 6.6 �/� 1.07 �/� 1.19 0.78 0.79
4 �/� 5.7 �/� 1.06 �/� 1.17 0.83 0.83
5 �/� 5.1 �/� 1.05 �/� 1.15 0.86 0.86

COM angle of takeoff (ratio) 1 �/� 11.8 �/� 1.12 �/� 1.36 0.56 0.57
2 �/� 8.2 �/� 1.08 �/� 1.24 0.72 0.72
3 �/� 6.6 �/� 1.07 �/� 1.19 0.79 0.80
4 �/� 5.7 �/� 1.06 �/� 1.17 0.83 0.84
5 �/� 5.1 �/� 1.05 �/� 1.15 0.86 0.87

Relative horizontal GRI (m�s�1) 1 � 8.9 � 0.022 � 0.062 0.75 0.76
2 � 6.3 � 0.016 � 0.044 0.86 0.86
3 � 5.1 � 0.013 � 0.036 0.90 0.90
4 � 4.5 � 0.011 � 0.031 0.92 0.93
5 � 4.0 � 0.010 � 0.028 0.94 0.94

Relative braking GRI (m�s�1) 1 � 14.2 � 0.014 � 0.039 0.72 0.72
2 � 10.0 � 0.010 � 0.028 0.84 0.84
3 � 8.2 � 0.008 � 0.023 0.89 0.89
4 � 7.1 � 0.007 � 0.020 0.91 0.91
5 � 6.3 � 0.006 � 0.018 0.93 0.93

Relative propulsive GRI (ratio) 1 �/� 4.2 �/� 1.04 �/� 1.12 0.84 0.84
2 �/� 3.0 �/� 1.03 �/� 1.08 0.91 0.91
3 �/� 2.4 �/� 1.02 �/� 1.07 0.94 0.94
4 �/� 2.1 �/� 1.02 �/� 1.06 0.96 0.96
5 �/� 1.9 �/� 1.02 �/� 1.05 0.96 0.96

Relative vertical GRI (ratio) 1 �/� 7.3 �/� 1.07 �/� 1.21 0.55 0.55
2 �/� 5.1 �/� 1.05 �/� 1.15 0.71 0.71
3 �/� 4.1 �/� 1.04 �/� 1.12 0.79 0.79
4 �/� 3.6 �/� 1.04 �/� 1.10 0.83 0.83
5 �/� 3.2 �/� 1.03 �/� 1.09 0.86 0.86

Relative maximum propulsive GRF (ratio) 1 �/� 3.8 �/� 1.04 �/� 1.11 0.93 0.93
2 �/� 2.7 �/� 1.03 �/� 1.08 0.96 0.96
3 �/� 2.2 �/� 1.02 �/� 1.06 0.98 0.98
4 �/� 1.9 �/� 1.02 �/� 1.05 0.98 0.98
5 �/� 1.7 �/� 1.02 �/� 1.05 0.99 0.99

Continued
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correlation coefficient that were calculated, both gave al-
most identical results.

The variables with the greatest reliability were those
related to horizontal velocity of the COM. For example,
sprint velocity had a CV1 of 1.0%, and ICC[C,1] and
ICC[A,1] of 0.95. When the average score of five trials was
the measurement of interest, these reliability measures were
improved to almost perfect levels; that is, CV5 was 0.4%,
and both ICC[C,5] and ICC[A,5] were 0.99.

The kinematic variables with relatively low reliability
were touchdown distance, activeness of touchdown, and
variables derived from vertical displacement of the COM
(CV1 for these variables ranged from 9.0 to 34.6%, and
ICC[C,1] and ICC[A,1] ranged from 0.44 to 0.79). How-
ever, greater reliability was evident for these variables when
the average score of multiple trials was the measurement of
interest (e.g., CV5 ranged from 3.9 to 15.5%, and ICC[C,5]
and ICC[A,5] ranged from 0.80 to 0.95).

The kinetic variables with relatively low reliability were
those that included measures of braking GRF (relative brak-
ing GRI, relative maximum braking GRF, and to a lesser

extent, relative horizontal GRI; CV1 for these variables
ranged from 8.9 to 14.2%, and ICC[C,1] and ICC[A,1]
ranged from 0.72 to 0.83). However, as with the kinematic
variables, greater reliability was evident for the average
score of multiple trials (e.g., CV5 ranged from 4.0 to 6.3%,
and ICC[C,5] and ICC[A,5] ranged from 0.93 to 0.96).

DISCUSSION

Reports of the reliability of biomechanical variables in
sprint running are scarce, particularly for reliability calcu-
lated from a large sample size and more than two trials.
Furthermore, the improved reliability gained by using the
average score of multiple trials has received only minimal
attention. In this paper, we reported the reliability of 33
sprint-running variables and documented the likely im-
provement in reliability when using the average score of
multiple trials. The results showed that the reliability of a
single score differed widely among variables. Variables
describing horizontal velocity were the most reliable,
whereas variables based on COM vertical displacement or

TABLE 3. Reliability (random error and retest correlation) of sprint running variables.

Variable (Units or Ratio) Trials (n) CVn (%) TEn (Units or Ratio) LOAn (Units or Ratio) ICC[C,n] ICC[A,n]

Relative maximum braking GRF (BW) 1 � 12.3 � 0.11 � 0.30 0.83 0.82
2 � 8.7 � 0.08 � 0.21 0.90 0.90
3 � 7.1 � 0.06 � 0.17 0.93 0.93
4 � 6.1 � 0.05 � 0.15 0.95 0.95
5 � 5.5 � 0.05 � 0.13 0.96 0.96

Relative maximum vertical GRF (ratio) 1 �/� 3.5 �/� 1.04 �/� 1.10 0.88 0.88
2 �/� 2.5 �/� 1.02 �/� 1.07 0.94 0.93
3 �/� 2.0 �/� 1.02 �/� 1.06 0.96 0.95
4 �/� 1.7 �/� 1.02 �/� 1.05 0.97 0.97
5 �/� 1.6 �/� 1.02 �/� 1.04 0.97 0.97

Activeness of touchdown (ratio) 1 �/� 23.6 �/� 1.24 �/� 1.80 0.78 0.78
2 �/� 16.2 �/� 1.16 �/� 1.52 0.88 0.87
3 �/� 13.0 �/� 1.13 �/� 1.40 0.91 0.91
4 �/� 11.2 �/� 1.11 �/� 1.34 0.93 0.93
5 �/� 10.0 �/� 1.10 �/� 1.30 0.95 0.95

Mean hip angular velocity during stance (°�s�1) 1 � 3.4 � 19 � 54 0.85 0.85
2 � 2.4 � 14 � 38 0.92 0.92
3 � 2.0 � 11 � 31 0.94 0.94
4 � 1.7 � 10 � 27 0.96 0.96
5 � 1.5 � 9 � 24 0.97 0.97

Max. hip angular velocity during stance (°�s�1) 1 � 3.3 � 25 � 70 0.88 0.89
2 � 2.3 � 18 � 49 0.94 0.94
3 � 1.9 � 15 � 40 0.96 0.96
4 � 1.6 � 13 � 35 0.97 0.97
5 � 1.5 � 11 � 31 0.97 0.97

Mean hip angular velocity during swing (°�s�1) 1 � 3.0 � 11 � 32 0.90 0.90
2 � 2.1 � 8 � 22 0.95 0.95
3 � 1.7 � 7 � 18 0.97 0.97
4 � 1.5 � 6 � 16 0.97 0.97
5 � 1.4 � 5 � 14 0.98 0.98

Max. hip angular velocity during swing (°�s�1) 1 � 2.9 � 21 � 59 0.93 0.93
2 � 2.1 � 15 � 42 0.96 0.96
3 � 1.7 � 12 � 34 0.98 0.98
4 � 1.5 � 11 � 29 0.98 0.98
5 � 1.3 � 10 � 26 0.99 0.99

n, the number of trials from which the average score is derived; CV, coefficient of variation; TE, typical error; LOA, 95% limits of agreement; ICC, intraclass correlation coefficient.
For untransformed variables, CV, TE, and LOA are expressed in absolute form (in measured units), but for transformed variables they are expressed in ratio form.
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braking GRF appeared to be the least reliable. Although it is
up to the researcher to judge whether a measurement is
reliable enough for its intended use (1), many of the lower-
reliability variables were probably too unreliable to monitor
small changes in an athlete’s performance. Nonetheless,
there was a consistent trend for reliability to improve nota-
bly when the average score of multiple trials was the mea-
surement of interest. This had the effect of improving the
reliability of some of the “unreliable variables” to more
acceptable levels. This knowledge should prove useful to
biomechanists when determining, for research or applied
purposes, how many trials need to be collected.

The reliability measures reported in this paper would be
most applicable to biomechanists using similar equipment
and data collection methods to those used in this paper.
However, although the kinematic data in this study were
collected originally as three-dimensional coordinates, two-
dimensional sagittal-plane coordinates were extracted be-
fore any further data processing. Therefore, the reliability
measures we reported should still be, for the most part,
applicable to a sagittal-plane analysis performed with a
single, high-speed camera. Also, for variables that are less
affected by a lower sampling rate (e.g., step length), the
reliability measures presented will be relevant for data col-
lected at slower frame rates.

The methodology previously used to calculate reliability
has varied considerably (1). More recently, however, three
important components of reliability have been clearly de-
fined (1,3,10): systematic bias, random error, and retest
correlation. Each of these is discussed in the following few
paragraphs.

Systematic bias occurs when there is a trend for a mea-
surement to increase or decrease from trial to trial. This
could be due to learning, fatigue, or changes in subject

motivation with successive trials. It is widely accepted that
systematic bias should be assessed with paired t-tests or
repeated-measures ANOVA (1,3,10). Our results showed no
evidence of systematic bias for the three trials we analyzed.

Random error is a measure of within-subject variation
that can be due to both biological variation and quantifica-
tion error. Differences in opinion exist with regards to the
best way to document random error. Hopkins (10) has
promoted “typical error” (otherwise known as “standard
error of measurement”) and coefficient of variation. How-
ever, Atkinson and Nevill (1) have promoted the use of
limits of agreement (5). The apparent strengths and weak-
nesses, and interpretation of these measures of random error
have been a topic of considerable debate (e.g., 2,11). None-
theless, typical error and limits of agreement are related.
Typical error represents the error associated with a mea-
surement, whereas limits of agreement represent the varia-
tion between two measurements (each of which contains
error). The coefficient of variation, on the other hand, is the
typical error expressed as a percentage of the group mean.
Coefficient of variation permits comparison of the reliability
of different variables, regardless of the measurement units.
However, it has been argued that coefficient of variation is
meaningless for variables that are not bound by zero (i.e.,
could have both positive and negative values) (1). Note that
the variables that we measured that are not strictly bound by
zero are: touchdown and takeoff distances; leg angles at
touchdown and takeoff; leg angle range-of-motion; COM
relative height, vertical velocity, and angle of takeoff; and
activeness of touchdown. Consequently, for these variables,
typical error and limits of agreement may offer a better
measure of random error.

Retest correlation, usually measured with an intraclass
correlation coefficient, assesses how well the subjects main-

TABLE 4. Descriptions of three measures of random error.

Limits of agreement (LOA) LOA represent test-retest variation (i.e., the differences between pairs of measured scores).
There is 95% chance that the difference between two measured scores from one subject will lie

within the limits of agreement.
Example: The absolute LOA for step length is � 0.11 m. For a particular subject, a step length

of 1.90 m is measured. Therefore, there is 95% chance that a subsequent measure of step length
will lie between 1.79 and 2.01 m (i.e., 1.90 m � 0.11 m).

Example: The ratio LOA for flight time is �/� 1.17. For a particular subject, a flight time of
110 ms is measured. Therefore, there is 95% chance that a subsequent measure of flight time
will lie between 94 and 129 ms (i.e., 110 ms �/� 1.17).

Typical error (TE) TE represents test score error (i.e., the differences between measured scores and the true score).
There is 68% chance that the true score will lie within � TE of the measured score, and 95%

chance it will lie within � 2 � TE of the measured score. (Note that the ‘true score’, which is free
from biological variation and measurement error, is best estimated as the mean of multiple trials.)

Example: The absolute TE for step length is 0.04 m. For a particular subject, a step length of
1.90 m is measured. Therefore, there is 68% chance that the true step length lies between 1.86
and 1.94 m (i.e., 1.90 m � 0.04 m), and a 95% chance that it lies between 1.82 and 1.98 m (i.e.,
1.90 m � 2 � 0.04 m).

Example: The ratio TE for flight time is �/� 1.06. For a particular subject, a flight time of 110
ms is measured. Therefore, there is 68% chance that the true flight time lies between 104 and
117 ms (i.e., 110 ms �/� 1.06), and 95% chance that it lies between 98 and 124 ms (i.e., 110 ms
�/� 1.062).

Coefficient of variation (CV) CV is the typical error expressed as a percentage of the group mean.
Example: The absolute CV for step length is 2.1%. For a particular subject a step length of

1.90 m is measured. Therefore, the absolute TE for step length is � 0.04 m (i.e., 2.1% of 1.90 m).
Example: The ratio CV for flight time is 5.8%. For a particular subject a flight time of 110 ms

is measured. Therefore, the ratio TE for flight time is �/� 1.06 (i.e., 1 � 5.8/100).

The above description were inferred from a number of sources (1,2,10,11,17,21). Note, however, that even within these sources, the interpretation of limits of agreement and typical
error can vary to some extent.
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tain their rank order in the sample. However, depending on
the type of intraclass correlation coefficient used, the out-
come may or may not also be affected by systematic bias.
Some researchers (3,10) promote the “consistency” form of
ICC, which is independent of systematic bias; however,
others prefer the “absolute agreement” form of ICC that is
affected by systematic bias (see ref. 14 for an in-depth
description of these ICC). For comparison, we calculated
both types of coefficients. Our results showed that there was
little difference (no greater than 0.01) in the results of the
two forms of intraclass correlation coefficients calculated.
The similarity of these results is explained by the lack of
systematic bias.

Retest correlation has previously been a popular method
of assessing reliability (1), but it has recently attracted some
criticism (1,3,10). This criticism arises from the fact that
retest correlation is affected by sample homogeneity. That
is, the correlation may vary markedly depending on the
spread of the scores in the group. Despite this weakness, we
still reported retest correlation because of its possible use in
sample size calculations (6,10). Also, retest correlation is
thought to be useful as a measure of “relative reliability”;
that is, how well a test can discriminate between subjects
(3,18).

In this article, the reliability for the average score of two
to five trials was predicted from the reliability for a single
score. This involved the assumption that the repeatability of
the measurements would not significantly change with suc-
cessive trials. This is a reasonable assumption, particularly
for up to three trials (because we calculated the reliability
for a single score from three trials). However, with the
collection of more and more trials, fatigue (if it occurs)
might add additional variability to the measurements. Con-
sequently, the reliability reported for the average score of
four and five trials (in Table 3) should be used as a guide
only.

Comparison of our measures of reliability with past re-
search is hindered by two factors: a) previously reported
reliability is predominantly in the form of retest correlation
and coefficient of variation and b) retest correlation is af-
fected by the homogeneity of the groups tested. Subse-
quently, although we acknowledge the weaknesses of coef-
ficient of variation in some situations (see ref. 1 for
discussion), it has been used in the following two para-
graphs to make comparisons with previous results.

The measures of coefficient of variation presented in
Table 3 are, in some cases, similar to those reported for
related variables in other athletic events. For example,
Salo and Grimshaw (19) reported the coefficient of vari-
ation for horizontal velocity of COM during a hurdling
event to be 1.6% for females and 1.5% for males, whereas
we calculated a CV1 of 1.0% for sprinting. The coeffi-
cient of variation of step length during running on a
treadmill (speed 3.6 m·s�1) was 2.3% (7), and for step
length over a hurdle was 1.7% for females and 2.5% for
males (19). These values are similar to the CV1 of 2.1%
that we calculated for step length during sprinting. A
coefficient of variation that was notably higher for sprint-

ing, when compared with hurdling, was that of COM
vertical velocity of takeoff. Salo and Grimshaw reported
a coefficient of variation of 6.3% for females and 5.1%
for males, whereas we calculated a CV1 of 11.8% for
sprinting. This discrepancy may be due to the difference
in magnitude of vertical velocity of takeoff during a
hurdle (group mean � SD of 1.6 � 0.2 m·s�1 for females,
and 1.9 � 0.1 for males) and sprinting (0.5 � 0.1 m·s�1).
That is, a low signal to noise ratio is more likely to exist
for vertical kinematics of the COM in sprinting. Note,
however, that the reliability of COM vertical velocity of
takeoff was notably improved when the average score of
multiple trials was the measurement of interest (e.g., CV5

was 5.1%).
With regards to GRF data, Mero and Komi (15) reported

a coefficient of variation of 5.1% for average resultant GRF
during the propulsive phase and 7.3% during the braking
phase. In comparison, we calculated a CV1 of 4.2% for
relative propulsive GRI and 14.2% for relative braking GRI.
Therefore, from these figures, the trend appears to be that
measurements of propulsion are more reliable than measure-
ments of braking. However, it is not known whether the
additional variation in braking is due to quantification error
or biological variation. Nonetheless, note that the reliability
of relative braking GRI improved notably when the average
score of multiple trials was the measurement of interest
(e.g., CV5 of 6.3%).

Reliability can be useful when monitoring changes in
an athlete’s performance. Hopkins (10) has suggested that
when monitoring changes in performance, 95% limits of
agreement (i.e., 2.77 times the typical error) may be too
strict for practical purposes, and suggested that 1.5–2.0
times the typical error may be more suitable. For exam-
ple, if a pre- and posttraining measurement of step length
differed by more that 0.08 m (i.e., 2 · TE1), then a real
change in step length would be considered likely. How-
ever, if the average score of five trials had been used as
the measurement of interest, the ability to detect a change
is improved considerably (i.e., 2 · TE5 � 0.04 m). If
typical error is expressed in ratio form, two times the
typical error is obtained by the ratio typical error to the
power of 2 (e.g., two times the typical error of flight time
is 1.062 � 1.12).

Before concluding, we must highlight an important lim-
itation when using the reported measures of reliability to
calculate sample size. The reliability measures reported in
this paper are for variables measured repeatedly on the same
day. It is possible that the reliability might have differed if
the measurements were taken on two separate days. For
example, Tong et al. (22) reported that the reliability of
average power of subjects sprinting on a treadmill was better
for trials measured on the same day (e.g., CV � 5.5%)
compared with trials measured a week apart (CV � 8.2%).
Such a difference is important when estimating sample size.
That is, when estimating sample size for an experiment,
ideally, the time (e.g., days or weeks) between the trials
from which reliability was calculated should match the time
between trials for the planned experiment (10). If these
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times differ notably, the estimated sample size could be
misleading. See Hopkins (10) for further discussion.

In conclusion, the reliability of the variables presented in
this paper differed notably, but there was a consistent trend
for reliability to improve when the average score of multiple
trials was the measurement of interest. Some measurements,
particularly those based on braking GRF or vertical dis-
placement of COM, had relatively poor reliability, but their
reliability could be improved to more acceptable levels if the
average score of multiple trials was used. Researchers and
applied sports scientists may like to consider using the

average score of multiple trials to gain the advantages that
improved reliability offers. Nonetheless, in athletics, due to
the possibility of fatigue, there will be a limit to the number
of appropriate trials that can be obtained in a single testing
session. The increased time in data collection and process-
ing will also have to be considered.

Thanks to the late James G. Hay for his expert advice and
encouragement. His presence is sorely missed. Thanks also to Rene
Ferdinands for assisting with data collection.
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APPENDIX

Nomenclature

M: Group (grand) mean of all three trials
MSE: Mean squared error from the repeated-measures

ANOVA produced by the “Reliability Analysis” function in
SPSS (release 10.0.5)

n: The number of trials from which the average score of
each subject was calculated

TE1, LOA1, CV1: Typical error, 95% limits of agreement,
and coefficient of variation when the measurement of inter-
est is a single score

TEn, LOAn, CVn: Typical error, 95% limits of agreement,
and coefficient of variation when the measurement of inter-
est is the average score of n trials

ICC[A,1], ICC[C,1]: The “absolute agreement” and “con-
sistency” intraclass correlation coefficients when the mea-
surement of interest is a single score

ICC[A,n], ICC[C,n]: The “absolute agreement” and “con-
sistency” intraclass correlation coefficients when the mea-
surement of interest is the average score of n trials

rpred: The reliability coefficient to be predicted
rknown: The reliability coefficient that is known
q: The number of averaged trials for which an estimate of

reliability is to be predicted, divided by the number of
averaged trials for which the reliability is known

Calculation of Random Error

The following formulae were obtained or derived from
information provided in Atkinson and Nevill (1), and Hop-
kins (10).

When using untransformed data, “absolute” forms of
random error were calculated from:

TE1 � �MSE
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CV1 �(TE1/M)100
LOA1 � 2.77·TE1

TEn � TE1/�n
CVn � (TEn/M )100
LOAn � 2.77·TEn

When using loge-transformed data, “ratio” forms of ran-
dom error were calculated from:

TE1 � e�MSE

CV1 � (TE1 � 1)100
LOA1 � TE1

2.77

TEn � TE1
1/�n

CVn � (TEn � 1)100
LOAn � TEn

2.77

Note that there is some disagreement as to if limits of
agreement should be calculated as a reference interval or
confidence limits (2,11). The above calculations for limits

of agreement are based on the reference-interval method
(i.e., 2.77 times the typical error, regardless of the number
of subjects involved). Nonetheless, due to the fairly large
number of subjects used in our study (i.e., 28), the difference
between the two methods would be relatively small.

Calculation of Retest Correlation

ICC[A,1] and ICC[C,1], as described by McGraw and
Wong (14), were calculated using the “Absolute Agree-
ment” and “Consistency” options, respectively, in the “Re-
liability Analysis” function of SPSS. The intraclass corre-
lations associated with the average score of n multiple trials
(i.e., ICC[A,n] and ICC[C,n]) were predicted using the
Spearman-Brown Prophecy Formula (16): rpred � (q·rknown)
/ (1 � rknown(q � 1)).
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