©Journal of Sports Science and Medicine (2007) 6, 126-134
http://www.jssm.org

Research article

Number of trials necessary to achieve performance stability of selected ground

reaction force variables during landing

C. Roger James '[X, Joseph A. Herman %, Janet S. Dufek ® and Barry T. Bates *

! Center for Rehabilitation Research, Texas Tech University Health Sciences Center, Lubbock, Texas, USA
2 Department of Health, Exercise, and Sport Sciences, Texas Tech University, Lubbock, Texas, USA

3 Department of Kinesiology, University of Nevada, Las Vegas, Las Vegas, Nevada, USA

*Human Performance & Wellness, Inc., Henderson, Nevada, USA

Abstract

The objectives were to determine the number of trials necessary
to achieve performance stability of selected ground reaction
force (GRF) variables during landing and to compare two meth-
ods of determining stability. Ten subjects divided into two
groups each completed a minimum of 20 drop or step-off land-
ings from 0.60 or 0.61 m onto a force platform (1000 Hz). Five
vertical GRF variables (first and second peaks, average loading
rates to these peaks, and impulse) were quantified during the
initial 100 ms post-contact period. Test-retest reliability (stabil-
ity) was determined using two methods: (1) intra-class correla-
tion coefficient (ICC) analysis, and (2) sequential averaging
analysis. Results of the ICC analysis indicated that an average of
four trials (mean 3.8 = 2.7 Group 1; 3.6 = 1.7 Group 2) were
necessary to achieve maximum ICC values. Maximum ICC
values ranged from 0.55 to 0.99 and all were significantly (p <
0.05) different from zero. Results of the sequential averaging
analysis revealed that an average of 12 trials (mean 11.7 + 3.1
Group 1; 11.5 + 4.5 Group 2) were necessary to achieve per-
formance stability using criteria previously reported in the litera-
ture. Using 10 reference trials, the sequential averaging tech-
nique required standard deviation criterion values of 0.60 and
0.49 for Groups 1 and 2, respectively, in order to approximate
the ICC results. The results of the study suggest that the ICC
might be a less conservative, but more objective method for
determining stability, especially when compared to previous
applications of the sequential averaging technique. Moreover,
criteria for implementing the sequential averaging technique can
be adjusted so that results closely approximate the results from
ICC. In conclusion, subjects in landing experiments should
perform a minimum of four and possibly as many as eight trials
to achieve performance stability of selected GRF variables.
Researchers should use this information to plan future studies
and to report the stability of GRF data in landing experiments.

Key words: reliability, variability, sequential averaging, intra-
class correlation coefficient.

Introduction

Stability of a performance variable refers to the repeat-
ability of that variable across repeated trials (observed
performances) over time and can be evaluated using test-
retest reliability methods (Portney and Watkins, 2000).
The stability of a variable across trials influences the
stability of the mean value of the group of trials. When
the mean value is not stable, both the reliability of the
mean and its ability to represent a more generalized per-
formance (validity) are limited. The number of trials ob-

tained from an individual in an experiment is thought to
influence stability (Bates et al., 1983; Salo et al., 1997)
and thus is an important methodological consideration in
the design of landing experiments.

Except for unique circumstances (e.g., a single trial
is the subject of interest) several trials are thought to pro-
vide a more stable and representative mean value (Bates
et al., 1983). Because variability is present in all human
movement, using too few trials may not represent the
individual’s long-term performance. A single trial proto-
col has been suggested to be both invalid and unreliable
(Bates et al., 1992) because of the potential inability of
the single trial to represent the generalized performance.
By chance the single trial could represent an average
performance but also might be atypical. Greater move-
ment variability results in less stable data and a greater
likelihood of sampling an atypical performance from the
population of all possible performances. Stability may be
particularly important when trials are obtained in non-
continuous activities (e.g., a discrete movement such as a
jump or landing) or in a nonconsecutive manner in con-
tinuous activities (e.g., nonconsecutive strides in running).
While, increasing the number of trials is thought to in-
crease performance stability (Bates et al., 1983; Salo et
al., 1997), how many trials are necessary to provide stable
data? Although a few studies have examined this issue for
nonconsecutive trials during the activities of running
(Bates et al., 1983; 1992), walking (Hamill and McNiven,
1990), hurdling (Salo et al., 1997) , and vertical jumping
(Rodano and Squadrone, 2002), little information is avail-
able about the number of trials necessary to achieve per-
formance stability for nonconsecutive trials during land-
ing. Moreover, different studies have used either different
arbitrary criteria or different methods for determining
stability, making comparisons among studies difficult.

Running (Bates et al., 1983), walking (Hamill and
McNiven, 1990), and vertical jumping (Rodano and
Squadrone, 2002) all have been examined for perform-
ance stability of nonconsecutive trials using a sequential
averaging estimation technique (see Methods). For run-
ning, results of the sequential averaging technique (using
10 reference trials and a 0.25 standard deviation criterion
value) demonstrated that eight nonconsecutive steps (tri-
als) were necessary to obtain stable data in 43 ground
reaction force variables (Bates et al., 1983). Similar re-
sults were found when increasing the number of reference
trials from 10 to 20 (Bates et al., 1983). For walking, the
sequential averaging technique (using 20 reference trials
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and a 0.25 standard deviation criterion value) was used to
determine that 10 nonconsecutive trials were necessary to
reach performance stability of selected ground reaction
force variables (Hamill and McNiven, 1990). For vertical
jumping, the sequential averaging technique (using 25
reference trials and a 0.30 standard deviation criterion
value) was used to determine that 12 trials were needed to
establish performance stability of selected joint kinetic
variables (Rodano and Squadrone, 2002). A limitation of
the sequential averaging technique is that the number of
reference trials and the standard deviation criterion value
both influence the results, yet the values selected are
arbitrary.

Other investigators have used a variety of methods
for examining the reliability, stability, and variability of
gait variables both within and between days (Belli et al.,
1995; Kadaba et al., 1989; Owings and Grabiner, 2003;
Winter, 1984) and for consecutive (Belli et al., 1995;
Owings and Grabiner, 2003) and nonconsecutive (Kadaba
et al., 1989; Winter, 1984) trials. For example, Kadaba
and colleagues calculated the coefficient of variation
(CV) both within and between days to estimate the re-
peatability of spatiotemporal gait parameters, while the
repeatability of kinematic, kinetic, and electromyographic
wave forms were examined using an adjusted coefficient
of multiple determination method (Kadaba et al., 1989).
They suggested that data obtained from nonconsecutive
trials from subjects walking at their preferred speeds were
sufficiently repeatable (Kadaba et al., 1989). However, a
limitation of their method was that the number of trials
used to calculate repeatability was selected arbitrarily
(three per session and nine per day). Conversely, Owings
and Grabiner used running mean and standard deviation
functions similar to the sequential averaging technique to
examine the stability of selected gait variables over con-
secutive trials during treadmill walking for the purpose of
calculating step variability (Owings and Grabiner, 2003).
They suggested that at least 400 steps were required for
accurate estimation of step kinematics (Owings and Gra-
biner, 2003). However, a limitation of their method was
that many criteria used to establish stability across multi-
ple steps of data also were selected arbitrarily. Belli and
colleagues examined the absolute variability of total body
vertical displacement and step time for consecutive trials
during treadmill running at different velocities (Belli et
al., 1995). They demonstrated that variability was rela-
tively low at sub-maximal velocities, but increased at
higher velocities (Belli et al., 1995). The absolute vari-
ability of each parameter was calculated as the standard
deviation of each mean value, and was expressed as a
percentage of the mean. They suggested that 32-64 steps
were required to obtain better than 1% accuracy on the
mean value (Belli et al., 1995). However, a limitation of
their method was that the percentage value used to repre-
sent a desired accuracy was selected arbitrarily.

Using a more traditional statistical method for ex-
amining performance stability, Salo and colleagues util-
ized the intra-class correlation coefficient (ICC) to exam-
ine the stability of selected kinematic variables in noncon-
secutive trials during sprint hurdling (Salo et al., 1997).
They predicted that as few as one to as many as 78 trials
were necessary to reach a reliability of 0.90, depending on

the specific kinematic variable examined. However, a
limitation of this study was that only eight trials were
actually collected from subjects and evaluated for reliabil-
ity. Moreover, the value eight (i.e., eight trials) was se-
lected arbitrarily. Additionally, the number of trials pre-
dicted to reach pre-determined reliability values was de-
termined using the Spearman-Brown Prophecy formula,
which likely overestimated the reliability values for large
numbers of trials.

While the number of trials necessary to achieve
performance stability has been examined for a number of
different locomotor tasks, the activity of landing has not
been evaluated. Landing is an activity that has recently
received much attention in the literature because of its
implicit link to many lower extremity injuries, especially
in female athletes (Griffin et al., 2000). Because the num-
ber of trials necessary to achieve performance stability
during landing has not been established, the reliability
(and consequently validity) of many landing studies
which have used too few trials could be in question.
Moreover, the method for establishing performance sta-
bility should be objective and not based on arbitrary crite-
ria. While several statistical methods have been used to
determine stability during gait and other activities, there
appears to be no comparisons between methods. There-
fore, the purpose of the current study was to answer the
following questions: (1) How many trials are necessary to
achieve performance stability during landing? (2) How do
the results obtained from different methods of calculating
performance stability compare to one another? It was
hypothesized that similar to other locomotor tasks several
trials would be necessary to achieve performance stability
during landing. Additionally, it was hypothesized that
different methods for determining stability would provide
dissimilar results.

Methods

Experimental design

A test-retest design was used to examine the stability
within a single testing session of selected ground reaction
force variables during nonconsecutive landing trials.

Subjects

Data from ten recreationally-active college students (age
range 22-31 yr; mass 73.6 = 11.8 kg) who had no known
pathologic ankle, knee, hip, or spinal conditions were
included in the study. Five subjects (four men and one
woman; Group 1) volunteered expressly for the current
study, while the data from five other subjects (five men;
Group 2) were originally obtained in a previous investiga-
tion (James et al., 2006). Each subject read and signed a
written informed consent statement approved by the Insti-
tutional Review Board at the affiliated university. Sub-
jects wore non-restrictive athletic clothing (i.e., shorts, t-
shirt) and standard laboratory shoes.

Protocol

Two landing protocols that are commonly used in landing
research were used to determine the stability of selected
ground reaction force variables obtained from multiple
nonconsecutive landing trials. The two protocols were
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step-off and drop landings, each performed using different
subjects (Groups 1 and 2), as previously described. In
each protocol, subjects completed a brief warm-up fol-
lowed by a few practice landings designed to acquaint the
subjects to the task. The specific details of each protocol
are given below, but data were obtained and analyzed
beginning with the first non-practice trial and in the order
performed by the subjects.

Group 1

Prior to testing, individuals in landing Group 1 completed
a five-minute warm-up on a cycle ergometer at a self-
selected speed and resistance. Following the warm-up,
subjects participated in a 60 minute session consisting of
three to five practice and 100 experimental step-off land-
ing trials. Subjects received a one-minute rest following
every 10 trials. Only the first 20 usable trials were in-
cluded in the stability analysis in the current investigation.
To perform the experimental landings, an adjustable
wooden platform (0.61 m) was positioned and aligned so
that subjects would step-off with their right foot and land
bilaterally with their right foot on a force platform (Model
OR-6-7-2000 and SGA-6 bridge amplifier; Advanced
Mechanical Technology Inc., Watertown, MA, USA)
inset into the ground and their left foot on the adjacent
floor. Subjects were not given explicit instructions about
their landing technique, but were encouraged to land
consistently and in a sport-ready position. The force plat-
form was interfaced to an Ariel Performance Analysis
System (analog module; San Diego, CA, USA) and data
were sampled at 1000 Hz for 10 ms prior to and 190 ms
following initial ground contact. Both the force platform
and surrounding floor were individually covered with a
2.5 cm thick artificial turf surface that was affixed to the
under-floor by adhesive tape.

Group 2
The protocol for subjects in landing Group 2 has been
described elsewhere (James et al., 2006) and the relevant

parts are presented here briefly. Prior to testing, subjects
performed a self-directed warm-up consisting of light
calisthenics and stretching. Following the warm-up, sub-
jects participated in a testing session in which approxi-
mately 30 drop landing trials (0.60 m landing height)
were performed in each of two experimental conditions,
non-fatigued and fatigued. Only the first 20 usable non-
fatigued landings were included in the stability analysis in
the current investigation. In the earlier study (James et al.,
2006), the first 10 trials were designated as practice trials
for the purposes of that protocol. However, in the current
study the first 10 trials were included as trials of interest.
Drop landings were initiated by the subjects after hanging
by their hands from an adjustable overhead bar. Subjects
landed bilaterally with each foot on separate but adjacent
force platforms (Model OR-6-5-1, Advanced Mechanical
Technology, Inc., Watertown, MA). Only left side ground
reaction force data were used in the current study. Similar
to the subjects in Group 1, subjects in Group 2 were not
given explicit instructions about their landing technique,
but were encouraged to land consistently and in a sport-
ready position. Ground reaction force data were sampled
at 1000 Hz and recorded for 400 ms prior to and 200 ms
following initial ground contact. Data were sampled and
stored using a Modular Data Acquisition System (Model
7000, TransEra Corp., Orem, UT) interfaced to a laptop
computer.

Data reduction

Vertical ground reaction force-time histories were re-
duced to five discrete variables during the first 100 ms of
ground contact using a custom MatLab (v. 6.0, Math-
Works, Inc., Natick, MA) program. The discrete variables
were the first (F1) and second (F2) peak force magnitudes
that occurred following contact, average loading rates to
each peak (FILR and F2LR, respectively), and impulse
(IMP; trapezoid method) from 0-100 ms post-contact
(Figure 1). FILR was calculated as the slope of the line of
the ground reaction force-time history from initial contact
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Figure 1. Example ground reaction force-time history and the five discrete dependent variables.
F1 = first peak ground reaction force; F2 = second peak ground reaction force; F1ILR = average
loading rate from the instant of ground contact to the instant of F1; F2LR = average loading
rate from the instant of the minimum force between F1 and F2 to the instant of F2. IMP = im-
pulse (total force) calculated from 0-100 ms following initial ground contact.
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Table 1. Ground reaction force 20-trial mean and (standard deviation) values for all subjects.

Subject  Subject Sex Mass F1 F2 F1LR F2LR Impulse
Group  Number (kg) (BW) (BW) (BW/s) (BW/s) (BW:-s)
1 1 male 70.8 .78 (.09) 2.33 (.58) 54.88 (7.24) 54.40 (25.82) .11 (.01)

2 male 70.9 1.94 (.12) 236 (.40)  128.50 (8.63) 37.50 (13.54) .14 (.01)

3 female  62.9 1.96 (.21)  3.13(.56) 139.30(20.19)  64.33 (26.14) .16 (.01)

4 male 77.8 1.18 (.13)  2.99 (.40) 82.01 (9.41) 68.11 (16.37) .14 (.01)

5 male 100.8 42 (.04) 1.22 (.15) 33.58(4.78) 38.05 (12.00) .05 (.00)

2 6 male 58.6 1.14 (.13) 393 (.64) 105.80(10.77) 151.01(57.80) .16 (.01)

7 male 75.0 .95 (.10) 2.92(.34) 102.05(13.42) 106.41(35.19) .14 (.01)

8 male 78.6 299 (.13) 1.48 (.32) 55.36 (9.05) 15.37 (9.60) .10 (.01)

9 male 77.3 1.12 (.09)  2.30(.51) 86.89 (12.61) 49.83 (23.67) .12 (.01)

10 male 63.2 1.20 (.09)  5.73(.53) 112.14(10.74) 237.99(47.70) .20 (.02)

Notes: Subject Group 1 performed 0.61 m step-off landings; Group 2 performed 0.60 m drop landings. Units of BW represent mul-

tiples of body weight.

to F1. F2LR was calculated as the slope of the line of the
ground reaction force-time history from the minimum
force value that occurred between F1 and F2 to F2. These
variables were selected because they represent different
characteristics of ground reaction force loading (peaks,
loading rates, total force), have been previously quantified
in landing studies examining ground reaction force vari-
ables (e.g., James et al., 2006), and are analogous to many
variables quantified in previous studies examining the
stability of ground reaction force data during running
(Bates et al., 1983) and walking (Hamill and McNiven,
1990).

Statistical analyses
Mean and standard deviation values were calculated for
each ground reaction force variable. Descriptive variables
were reported in multiples of body weight (BW). How-
ever, for the stability analyses, ground reaction force
variables were not normalized to body weight because:
(1) all stability evaluations were made within subject, and
(2) the ICC analysis is more sensitive when there is
greater variation between subjects in the numerical values
of the dependent variables (Portney and Watkins, 2000).
In order to test the experimental hypotheses, the
performance stability of each non-normalized ground
reaction force variable across trials was quantified for
each subject group using two methods: (1) test-retest
intra-class correlation coefficient for single measures
(ICC; Model 3, 1) (Portney and Watkins, 2000), and (2)
sequential averaging technique. The ICC was selected as
a traditional method for determining stability, while the
sequential averaging technique was used in order to facili-
tate comparison with previous research that has reported
the stability of selected variables during running (Bates et
al., 1983), walking (Hamill and McNiven, 1990), and
vertical jumping (Rodano and Squadrone, 2002). Both
stability analysis methods were used to test the first
(number of trials necessary for stability) and second
(comparison of methods) hypotheses.

Intra-class correlation coefficient analysis

The stability of each ground reaction force variable ini-
tially was calculated for each subject group by using ICC
(Model 3, 1) applied to the first two landing trials. The
ICC calculation was then iteratively repeated in incre-
ments of one trial for combinations of trials ranging from
three to 20. The maximum ICC value for all iterations, the

number of trials needed to achieve the maximum ICC
value, the probability that the maximum ICC value was
significantly different from zero, and the ICC 95% confi-
dence interval upper and lower limits were determined.
Additionally, the number of trials necessary to reach ICC
values of 0.80, 0.85, and 0.90 were calculated. All ICC
procedures were completed using SPSS v12. The criterion
alpha-level for establishing statistical significance was set
to 0.05.

Sequential averaging analysis

The ground reaction force variables also were examined
for performance stability across the first 20 landing trials
for each subject in each group using a sequential averag-
ing technique as described in the literature for running
(Bates et al., 1983), walking (Hamill and McNiven,
1990), and vertical jumping (Rodano and Squadrone,
2002). The process involved computing the mean, stan-
dard deviation, and 0.25 standard deviation values for the
first 20 trials. Then, the cumulative mean and mean devia-
tion values were computed for each of the 20 trials in the
order that they were obtained experimentally. A cumula-
tive mean was calculated as the average of each trial with
all previous trials. This calculation was repeated in suc-
cession for all trials from one to 20 for each subject and
variable. Using this procedure, the final cumulative mean
value was identical to the overall 20 trial mean. A mean
deviation value was calculated as the absolute difference
between the cumulative mean of a corresponding trial and
the mean of all 20 trials. Finally, stability was estimated
as one greater than the smallest trial number for which all
successive mean deviations were smaller than the 0.25
standard deviation criterion value for that particular sub-
ject and variable (Bates et al., 1983). The 20 trial and 0.25
standard deviation criterion values were chosen to facili-
tate comparison to previous results reported for running
(Bates et al., 1983) and walking (Hamill and McNiven,
1990).

The sequential averaging procedure was repeated
using a 10 reference trial data set and a 0.25 standard
deviation criterion value in order to examine differences
in stability that might result from using a different number
of reference trials. Additionally, the sequential averaging
procedure was repeated for the 10 reference trial data set
by iteratively varying the standard deviation criterion
value until the number of trials necessary for stability
approximated the results obtained from the ICC analysis.
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Table 2. Summary of ICC analyses for subject Group 1 (step-off landing).
ICC Value Statistic F1 F2 F1LR F2LR IMP Mean (SD)
ICC Maximum  n-trials 5 8 2 2 2 3.8(2.7)
ICC 1 91 77 .87 98
P .000 .000 .036 .013 .000
ICC 95%CI upper 958 .988 974 985 .998
ICC 95%CI lower 337 739 -.106 183 .803
ICC 0.80 n-trials - 2 - 2 2 2.0 (.00)
ICC 0.85 n-trials -- 2 -- 2 2 2.0 (.00)
ICC 0.90 n-trials -- 7 -- -- 2 4.5 (3.5)
Notes: n-trials is the number of trials needed to reach the indicated ICC value; -- indicates that the ICC value was never
achieved; p is the probability (rounded to three decimal places) that the ICC value is significantly different from zero; F1 and F2
are the first and second peak ground reaction force variables, respectively; FILR and F2LR are the loading rates (average slope
of the line) preceding these peaks; and IMP is the impulse for the first 100 ms of the landing; SD is the standard deviation.
Results For subject Group 2, the maximum ICC value was

Ground reaction force-time histories and the values of the
selected discrete variables normalized to body weight
were typical of a vertical landing task (Table 1).

Relative to the first hypothesis, results indicated
that performance stability of the ground reaction force
variables was achieved after several nonconsecutive dis-
crete landing trials. For the ICC analysis, the number of
trials required for stability varied by group and variable
(Tables 2 and 3). For the sequential averaging analysis,
the number of trials required for stability varied by sub-
ject, variable, and number of reference trials used for the
estimation (Tables 4 and 5).

For subject Group 1, the maximum ICC value was
0.98 for the IMP variable, with an ICC range of 0.71 to
0.98 for all variables (Table 2). All maximum ICC values
were significantly (p < 0.05) different from zero and the
number of trials needed to reach the maximum ICC value
ranged from two to eight (mean 3.8 + 2.7 trials; Table 2).
The F1 and FI1LR variables never achieved an ICC of
0.80, but F2 achieved an ICC of 0.85 after two trials and
0.90 after seven trials; F2LR achieved an ICC of 0.85
after two trials; and IMP reached an ICC of 0.90 after two
trials (Table 2). For the sequential averaging analysis that
used 20 reference trials and a 0.25 standard deviation
criterion value, subject Group 1 exhibited a five to 17 trial
range (mean 11.7 + 3.1 trials) to achieve stability across
all subjects and ground reaction force variables (Table 4).
For the sequential averaging analysis that used 10 refer-
ence trials and a 0.25 standard deviation criterion value,
subject Group 1 exhibited a five to 10 trial range (mean
7.9 + 1.5 trials) to achieve stability across all subjects and
ground reaction force variables (Table 5).

0.99 for the IMP variable, with an ICC range of 0.55 to
0.99 for all variables (Table 3). All maximum ICC values
were significantly (p < 0.05) different from zero and the
number of trials needed to reach the maximum ICC value
ranged from two to six (mean 3.6 £+ 1.7 trials; Table 3).
The F2 and F2LR variables never achieved an ICC of
0.80, but F1 achieved an ICC of 0.90 after two trials;
F1LR achieved an ICC of 0.80 after two trials, 0.85 after
three trials, and 0.90 after four trials; and IMP reached an
ICC of 0.90 after two trials (Table 3). For the sequential
averaging analysis that used 20 reference trials and a 0.25
standard deviation criterion value, subject Group 2 exhib-
ited a three to 17 trial range (mean 11.5 + 4.5 trials) to
achieve stability across all subjects and ground reaction
force variables (Table 4). For the sequential averaging
analysis that used 10 reference trials and a 0.25 standard
deviation criterion value, subject Group 2 exhibited a
three to 9 trial range (mean 6.6 = 1.9 trials) to achieve
stability across all subjects and ground reaction force
variables (Table 5).

Relative to the second hypothesis, results indi-
cated that the number of trials necessary to achieve per-
formance stability of the ground reaction force variables
differed between analysis methods. Fewer trials were
required for stability using the ICC analysis when com-
pared to the sequential averaging analysis (Tables 2, 3, 4
and 5). On average, the ICC analysis required 3.7 + 2.1
trials for stability when data were collapsed across vari-
ables and subject groups (Tables 2 and 3). Conversely, the
sequential averaging analysis required 11.6 + 1.2 trials for
stability when using 20 reference trials and the 0.25 stan-
dard deviation criterion value (Table 4) and 7.2 + 0.9
trials when using 10 reference trials and the 0.25 standard

Table 3. Summary of ICC analyses for subject Group 2 (drop landing).

ICC Value Statistic F1 F2 F1LR F2LR IMP Mean (SD)
ICC Maximum  n-trials 2 4 6 4 2 3.6 (1.7)

ICC 97 .76 91 .55 .99

p .001 .000 .000 .008 .000

ICC 95%CI upper 997 967 988 .926 .999

ICC 95%CI lower 755 .366 723 .095 928
ICC 0.80 n-trials 2 -- 2 -- 2 2.0 (.00)
ICC 0.85 n-trials 2 -- 3 -- 2 2.3(.6)
ICC 0.90 n-trials 2 -- 4 -- 2 2.7(1.2)

Notes: n-trials is the number of trials needed to reach the indicated ICC value; -- indicates that the ICC value was never
achieved; p is the probability (rounded to three decimal places) that the ICC value is significantly different from zero; F1 and F2
are the first and second peak ground reaction force variables, respectively; FILR and F2LR are the loading rates (average slope
of the line) preceding these peaks; and IMP is the impulse for the first 100 ms of the landing; SD is the standard deviation.
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Table 4. Results of the sequential averaging analysis using 20 reference trials and a 0.25 standard deviation criterion value.

Subject Subject

Group Number F1 F2 F1LR F2LR IMP Mean (SD)
1 1 16 14 11 15 17 14.6 (2.3)

2 12 16 7 16 17 13.6 (4.2)

3 10 12 10 12 12 11.2 (1.1)

4 8 9 10 9 5 8.2(1.9)

5 11 12 11 10 11 11.0 (0.7)

Mean (SD) 11.4 (3.0) 12.6 (2.6) 9.8 (1.6) 12.4 (3.0) 12.4 (5.0) 11.7 (3.1)

2 6 4 14 15 14 11 11.6 (4.5)

7 3 9 7 8 14 8.2 (4.0)

8 15 3 16 5 16 11.0 (6.4)

9 12 14 17 14 13 14.0 (1.9)

10 14 17 7 15 11 12.8 (3.9)

Mean (SD) 9.6 (5.7) 11.4 (5.5) 12.4 (5.0) 11.2 (4.4) 13.0 (2.1) 11.5 (4.5)

Notes: Values are the number of trials to reach stability. F1 and F2 are the first and second peak ground reaction force variables,
respectively; FILR and F2LR are the loading rates (average slope of the line) preceding these peaks; and IMP is the impulse for

the first 100 ms of the landing; SD is the standard deviation.

deviation criterion value when data were averaged across
subjects, variables, and groups (Table 5).

Further dissimilarities between stability analysis
methods were revealed by the results of the sequential
averaging analysis that used 10 reference trials and itera-
tively varied the standard deviation criterion value. These
results indicated that standard deviation criterion values
less stringent than 0.25 were required to approximate the
ICC results. For Group 1, a standard deviation criterion
value of 0.60 resulted in an average of 3.8 £ 1.8 trials to
reach stability, compared to an average of 3.8 £ 2.7 trials
for the ICC analysis. For Group 2, a standard deviation
criterion value of 0.49 (rounded to two decimal places;
actual value 0.4875) resulted in an average of 3.6 + 2.1
trials to reach stability, compared to an average of 3.6 +
1.7 trials for the ICC analysis.

Discussion

Performance stability is the test-retest reliability of a
variable measured repeatedly over time. Stability is nec-
essary for both the reliability of the data the ability to
generalize to a greater population of trials. The number of
trials obtained from an individual in an experiment is
thought to influence stability (Bates et al., 1983; Salo et
al., 1997) and thus is an important methodological con-
sideration in the design of landing experiments. The num-

ber of trials needed for stability of ground reaction force
variables during nonconsecutive landings has not been
examined and is important for assessing the quality of
previous landing studies and planning future studies.
Therefore, one purpose of the study was to determine how
many trials were necessary to achieve performance stabil-
ity during landing. Another purpose was to compare two
different methods of determining stability.

The first hypothesis was supported. Several trials
were necessary to achieve performance stability of the
selected ground reaction force variables during noncon-
secutive discrete landing trials. Using the ICC method,
four trials (mean 3.8 + 2.7 trials for Group 1; 3.6 + 1.7
trials for Group 2) were needed to achieve the maximum
ICC values, which ranged from 0.55 to 0.99 across
ground reaction force variables. Additionally, four of ten
variables across the two subject groups failed to achieve
an ICC value of 0.80, but only one variable (Group 2,
F2LR; ICC = 0.55) failed to reach an ICC value 0.70. In
comparison, the ICC value for the F2LR variable for
Group 1 was 0.87. The results of the ICC analysis suggest
that the test-retest reliability (stability) of landing trials is
relatively strong for most of the selected ground reaction
force variables and can be achieved within two to eight
trials.

However, in contrast to the ICC analysis the se-
quential averaging technique suggested that as many as 12

Table 5. Results of the sequential averaging analysis using 10 reference trials and a 0.25 standard deviation criterion value.

Subject Subject

Group Number F1 F2 F1LR F2LR IMP Mean (SD)

1 1 6 8 6 7 8 7.0 (1.0)

2 6 7 7 7 7 6.8 (4)

3 9 9 9 9 9 9.0 (.0)

4 9 9 9 9 5 8.2 (1.8)

5 8 10 10 10 5 8.6 (2.2)

Mean (SD) 7.6 (1.5) 8.6 (1.1) 8.2 (1.6) 8.4 (1.3) 6.8 (1.8) 7.9 (1.5)

2 6 4 9 8 9 6 7.2(2.2)

7 7 9 7 9 9 8.2(1.1)

8 4 3 7 3 5 4.4 (1.7)

9 8 7 6 5 7 6.6 (1.1)

10 9 6 6 6 5 6.4 (1.5)

Mean (SD) 6.4 (2.3) 6.8 (2.5) 6.8 (.8) 6.4(2.6)  64(L7) 6.6 (1.9)

Notes: Values are the number of trials to reach stability. F1 and F2 are the first and second peak ground reaction
force variables, respectively; FILR and F2LR are the loading rates (average slope of the line) preceding these
peaks; and IMP is the impulse for the first 100 ms of the landing; SD is the standard deviation.
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nonconsecutive landing trials (11.7 = 3.1 for Group 1;
11.5 + 4.5 for Group 2) might be necessary to achieve
performance stability when using 20 reference trials and a
0.25 standard deviation criterion value. Although landing,
running, and walking were not compared statistically,
results of the sequential averaging analysis from the cur-
rent study suggest that more trials might be needed to
achieve stability during landing than during either running
or walking. In running, it was reported that eight noncon-
secutive trials were necessary to achieve stability of the
mean values of selected ground reaction force variables
when using the 0.25 standard deviation criterion value
and either 10 or 20 reference trials (Bates et al., 1983).
During walking, stability of selected ground reaction
force variables were reported following 10 nonconsecu-
tive trials when using 20 reference trials and the 0.25
standard deviation criterion value (Hamill and McNiven,
1990). The current results for landing are similar to a
previous report for vertical jumping, which used the se-
quential averaging technique (25 reference trials and a
0.30 standard deviation criterion value) to conclude that
12 trials were necessary to achieve performance stability
in lower extremity joint kinetic parameters (Rodano and
Squadrone, 2002). Collectively, results from the investi-
gations which have used the sequential averaging tech-
nique suggest that 8-12 trials might be necessary to
achieve performance stability in ground reaction force
and lower extremity kinetic variables during various lo-
comotor tasks, but results differ slightly among activities.
Results from the current study suggest that the number of
trials required for stability during landing is slightly
greater than the number of trials reported for running and
walking, but within the range of values reported for run-
ning, walking, and vertical jumping when using similar
criterion values.

The second hypothesis also was supported. Differ-
ent methods for determining stability provided dissimilar
results. The ICC and sequential averaging methods were
compared, but other methods for assessing reliability,
stability, and variability as reported in the literature (Belli
et al., 1995; Kadaba et al., 1989; Owings and Grabiner,
2003) were not examined. As previously stated, the ICC
analysis on the current data revealed that an average of
four trials were necessary to achieve stability, while 12
trials were needed using the sequential averaging tech-
nique when using the selected criteria. These values differ
substantially from each other and the decision to follow
one recommendation over the other could have important
implications relative to the time and financial investment
in an experiment. Logically, the best method would
minimize the need to arbitrarily determine criteria for
establishing stability, would be easy to implement, and
would be familiar to most researchers. Therefore, the ICC
method would seem to provide an objective means for
determining performance stability. In comparing the two
methods, the sequential averaging technique (using the
selected values) would appear to provide a conservative
estimate of the number of trials to achieve stability.
Hamill and McNiven (1990) characterized 0.25 as a con-
servative standard deviation criterion value. Greater stan-
dard deviation criterion values would result in a fewer

number of trials to achieve stability. In the current study,
the standard deviation criterion value necessary to ap-
proximate the ICC results also was investigated. Using 10
reference trials, standard deviation criterion values of 0.60
(Group 1) and 0.49 (Group 2) provided results compara-
ble to the ICC analysis. Therefore, the smaller standard
deviation criterion values reported in the literature (e.g.,
0.25, 0.30) appear to provide conservative estimates of
stability.

While a primary result of the current study sug-
gests that a minimum of four trials (ICC analysis) might
be necessary to achieve performance stability during
nonconsecutive landing trials, this result should be evalu-
ated in context with the delimitations and limitations of
the study. Delimitations included the age (22-31 yrs), sex
(nine male, one female), and activity level (recreationally
active) of the subjects. Because it is unknown how widely
the current results can be generalized to subjects with
different characteristics, generalization to different popu-
lations should be made with caution. Future research
could examine if the current results are robust and appli-
cable to subjects who have different characteristics.

The main limitations of the study involved factors
associated with the landing task, variables selected for
analysis, and interpretation of the ICC values. First, the
landing task (0.60 and 0.61 m discrete landing) was not
necessarily representative of landings that occur during
most functional activities. The landing height was greater
than typically would be performed. Additionally, in most
functional activities a landing would be preceded by a
jump and followed by another task such as a jump or a
cutting maneuver thus potentially altering feed forward or
feedback control of the landing. Another limitation was
the absence of kinematic and joint kinetic variables in the
analysis. While the aim of the current study was to exam-
ine the stability of ground reaction force variables, inclu-
sion of kinematic and joint kinetic variables could have
provided additional insight about the stability of trials
during the selected landing task. Future research could
address these issues. Finally, determining the number of
trials necessary for stability using the ICC analysis is
more objective than using the sequential averaging tech-
nique because it requires fewer arbitrary decisions. How-
ever, the interpretation of the quality of an ICC value also
is arbitrary. Portney and Watkins suggested that reliability
coefficients below 0.50 represent poor reliability, values
between 0.50 and 0.75 suggest moderate reliability, and
values above 0.75 indicate good reliability (Portney and
Watkins, 2000). Furthermore, they suggest that these
categories are arbitrary and that the reliability tolerance
should be determined based on the precision of the meas-
ured variables and the application of the results (Portney
and Watkins, 2000). In the current study, no ICC values
were less than 0.50 (poor reliability), two ICC values
were between 0.50 and 0.75 (moderate reliability), and
eight ICC values were greater than 0.75 (good reliability).
Moreover, of the eight ICC values greater than 0.75, five
of these were greater than 0.90. Additionally, in the cur-
rent study the number of trials needed for stability was
based on the greatest ICC value observed and not one of
the arbitrary criterion values or qualitative categories.
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Conclusion

In conclusion, landing performance stabilized after sev-
eral trials. Additionally, the methods for determining
stability provided different results. An average of four
trials was required for stability when using the ICC analy-
sis and 12 trials was required when using the sequential
averaging technique with the selected criteria. As deter-
mined by the ICC, some of the ground reaction force
variables achieved their maximum test-retest reliability
(stability) after only two trials, while other variables re-
quired six to eight trials each. Additionally, some vari-
ables never achieved an ICC of 0.80, regardless of the
number of trials performed, while other variables
achieved ICC values greater than 0.95. The ICC analysis
provided a traditional statistical method for objective
determination of stability, while the sequential averaging
technique was more subjective, but conservative when
using the criteria previously reported in the literature.
Based on the current results, it is recommended that a
minimum of four trials, and possibly as many as eight
trials (the upper limit of the ICC analysis), should be
obtained from each subject in a single session during an
experiment involving 0.60 m drop or 0.61 m step-off
landings. Additionally, researchers should be aware of the
reliability of landing data in their investigations and could
easily calculate the ICC using traditional methods and
report these values post hoc.
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Key points

e The number of trials obtained from a subject in an
experiment influences the stability (test-retest reli-
ability) and thus validity of the data.

e One trial might not be representative of a subject’s
more general performance.

e  Multiple-trial protocols have been recommended
by several researchers for a variety of activities,
but the number of trials necessary to achieve stabil-
ity of ground reaction force variables during land-
ing has not been examined.

e Researchers have used different criteria and meth-
odologies for determining stability, making com-
parisons among studies and activities difficult.

e In the current study, test-retest intra-class correla-
tion coefficient revealed that on average four trials
were necessary for stability, while the more con-
servative sequential averaging analysis suggested
that 12 trials were necessary for stability.

e Researchers should be aware of the stability of
landing data and collect enough trials from each
subject within a single testing session to maximize
reliability of their data.
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