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INTRODUCTION

The motion analysissystemsthat are on the market today are designed
to analyzemotion automatically.In order for thisto occur,amarkingsystem
must be used. Marking systems are used to estimate joint centers or other
anatomical landmarks (Greaves, 1995). These markers are illuminated to
providea sharp contrast with the background, in order for the computer to
effectively determine the position of these markers as they move through
space (Greaves, 1995)

Marker position iscommonly determined by cal cul ating the centroid of
acluster of pixelsthat areaboveaspecifiedlight threshold (Greaves, 1995;
Pedotti & Ferrigno, 1995). Each pixel representsa distinct point in space
(Cavert & Bruderlin, 1995), designated by a unique pair of Cartesian
coordinates(Pedotti & Ferrigno, 1995). Withinthedigital image, each pixel
isassigned athreshold value, which is determined by the light intensity of
theimageat that particularlocation (Pedotti & Ferrigno,1995). Thecentroid
of amarker iscalculated by averagingall thex,y coordinateswithin acluster
of pixelsabove the specified threshold value, to obtain onex,y coordinate
pair (Winter et d., 1972). Asthemarker sizeincreases, the number of pixels
availableto calculate the centroid al so increases.

Marker size should be as large as practical in order to increase the
accuracy of the centroid calculation (Safaee-Rad, Shwedyk, & Quanbury,
1990; Winteret al., 1974). Winteret al. (1972) suggeststhat amarker should
beat |east 5x5 pixels, whereas Macleod, Morris, and Kyser (1990) suggest
that a marker size of at least 4x4 pixelsis adequate.

Little information has been published examining the effect of marker
size on the accuracy of a system. Winter et a. (1974) calculated that a
marker 4 pixelsin diameter, will produce a mean error that is 3% of the
markers diameter. The purpose of this study was to examine the effect
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marker size has on the accuracy and precision of the Ariel Performance
AnalysisSystem at different angular velocities. It is hypothesized that the
accuracy of theAPAS system will decreaseas marker sizedecreasesand as
angular velocity increases.

METHODS

An inverted T-shaped pendulum was used to collect data under static
and dynamic conditions. Four sets of eight retro-reflective markers ( 0.64,
0.95, 1.27, and 1.91cm in diameter) were attached to the pendulum. The
distances between these markerswere measured to the nearest mm: usinga
standard tapemeasure. Using these distances, twel vereferenceangleswere
calculated trigonometrically.

Two 60 Hz Panasonic S-VHScamcorderswere used to coll ect kinematic
data, at ashutter speed of 11500sec. Theoptical axisof each cameraformed
a 45 deg. angle with the plane of trgjectory of the pendulum. This setup
produced abetween-cameraangledf 90deg. The pendulum wasilluminated
by two, 250 watt halogen lamps, one lamp was directed along the optical
axisd each camera.

The pendulum wasfilmed in astatic position, and at 3 different release
positions. The pendulum was released at 45, 90, and 120 deg. relative to
vertical. The purpose of theincreasing releasepositionswasto increasethe
angular velocity of the pendulum. Theinitial release position was verified
by an angle locator. The static position was filmed for approximately 30
seconds. Ten trialsof each angular velocity werefilmed. Thiswasrepeated
using the four different marker sets, producing 16 different conditions (4
markershby 4 positions).

DATA ANALYSS

TheArid PerformanceAnalysis System (APAS) was used for all data
anaysis. Twenty frameswere grabbed for the stati ¢ position and represented
onetria. These twenty frames were auto-digitized 10 timesto produce 10
independenttrials. Thirty framesaf each of thedynamictrial sweregrabbed
and auto-digitized. The two digitized views were converted to 3-D
coordinatesusing a Direct Linear Transformation (DLT). The transformed
datawasfiltered using adouble passrecursiveButterworth digital filter. A
cutoff frequency of 6 Hz was used to filter the data.

Twenty framesof each dynamictrial, as well asthetwenty framesaf the
static trials, were used for data analysis. Frames one through nine of each
dynamictrial consistedof thelast nineframesadf thedownswing. Frame 10
was the last frame before the pendulum passed the vertical position. The
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next ten frames were thefirst ten framesdof the upswing.

STATISTICAL ANALYSIS

An averageangleover the 20 frameswas computed and subtractedfrom
thereferenceangle. The absolute valuedf thisdeviation wasused to produce
an absolute error score (ABERROR). This was repeated for all 12 angles
for every trial of each condition. A Mixed EffectsANOVA modd wasused
to evaluatethedata. Release position and marker size weretreated asfixed
effects: withfour level seach. Anglevariable wastreated as arandomeffect
with 12 levels.

To calculate the inter-trial variability the reconstructed angles were
subtracted from the reference anglefor each frame. Thesedeviations were
then averaged over each condition for eachframe. Thisresultedin 20 average
frame deviations for each condition.

RESULTS

The mean ABERROR values and standard deviationsfor each condition
(marker X position) arelistedin Tablel. Statistical significance wasfound
in the ANOVA of marker [F (3,1893) = 6.39, p < 0.00031 and position [F
(3,1893)=350.41, p< 0.0001]. Theinteraction between marker and position
was non-significant [F (9,1893) = 1.83, p < 0.0581.

Table 1. Absolute error (ABERROR) for marker, by position

Marker A Maker B Marker C Marker D
(0.64 cm) (095cm) (1.21cm) (2.91cm)
Position M SD M SD M SD M SD

1(Static) 063 045 058 039 061 040 054 030
2(45deg) 056 047 052 032 054 040 049 030
3(%0deg) 031 020 037 023 031 024 028 0.16
4(120deg) 024 018 025 015 021 015 021 013

Note. ABERROR = Reference angl e subtracted from the average angle of
the 20 frames.
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Comparisontestsindicatethat markers1-3 wereall statistically different
from marker 1. Significancelevels decreased from p < 0.001, p < 0.003,
and p < 0.0106 for markers 1-3 respectively. The least squared means of
marker indicatethat asthe marker sizeincreased, thedeviations, on average,
decreased (0,4339, 0.4299, 0.3833, and 0.3833 deg) from marker 1 to
marker 4 respectively.

Theeffectsof position on theinter-trial variability of marker 4 isshown
in Figure 1. Position 1 (stetic), regardless of marker size, consistently
overestimated the angle. Position 2 (45 deg release position) also
overestimated, but was more variable than Position 1. Positions 3-4 (90
and 120 deg rel ease position) went through acycleof under estimation, to
over estimation, and back. This indicates a large degree of variability
depending upon whereit was during itstrgjectory. The greatest deviations
were seen in frames 8-9 for al remaining position regardless of marker
size. Thismaximumdeviation, regardlessof rel ease position, alsodecreased
as marker sizeincreased.
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Figure 1 Inter-trial variability of Marker 4.

DISCUSSION
Theeffect of marker size on the accuracy of a system has been reported
infrequently (Walton, 1986; Winter et a., 1974). No reported studiescould
be found that examined how marker sizeeffectsthe accuracy of the system.
The purposedf this study was to examine the effects marker size has upon
the accuracy of the APAS system.
MARKER SIZE
Marker size was shown to have a statistical significant effect upon the
ABERROR. Examination of theleast square meansfor each marker shows
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that asthemarker sizeincreased the deviation decreased. When comparisons
were made between the different markers, theonly significant comparisons
found were between marker 4 and markers 1-3. Lack of significance may
beattributed to thefact that theABERROR did not always linearly decrease
for aparticular position. For example, the ABERROR decreased from 0.6
deg for marker 1, position 1 to 0.58 deg for marker 2, position 1, but then
increased t00.61 for marker 3, position 1.
INTER-TRIAL VARIABILITY

Graphsof the frame by frame deviations resembled a bell shaped curve,
positions 3 and 4 more so than position 2. Frame 10 representsthe point in
time when the pendulum wasat the low point of itsswing. At this point the
pendulum should be at or near its maximum velocity. Asthe velocity of the
pendulum increases, frames 1-10, the deviations increased in magnitude.
As the velocity of the pendulum decreased, frames 11-20,‘the deviations
decreased in magnitude.

Frame 9 represented the maximum deviationfor markers 1 and 4, whereas
markers 2 and 3 had a maximum deviation at frame 8. As marker size
increased the maximum deviation, regardless of position, aways decreased
in magnitude. The pendulum, by frame 8 and 9, should have been nearing
itsmaximum velocity. If thisisindeed the case, the systemis producing the
greatest deviations at the highest velocities. Thiscan be seen by looking a
the deviations at these two frames.

Statistically, as the marker size increase the accuracy increased, but'
analysis of the frame by frame deviations does not indicate this. As the
pendul um approachesmaximum vel ocity, frameten, the maximumdeviation
occurs, regardlessof marker size. Whereas at the beginning and theend of
thetrial thedeviationsare much smaller. A possibleinterpretation might be
that increases in angular velocity are canceling out some of the possible
benefits of thelarger marker size. Even though the large marker sizes are
more accurate statistically, they still experience a decrease in accuracy at
increasing angular velocities. If thisisindeed the case, this might explain
the bell shaped curves which represent the frame by frame deviations of
thedynamic trials.

CONCLUSION

Theresults of this study indicate that marker size does have an effect
upon the accuracy of the APAS system. Asthe marker sizeincreases from
0.64 cmto 1.91 cm, the average deviation decreases from 0.43 deg t0 0.38
deg. Though these differences were statistically significant, they can
probably be considered clinically non-significant. This is due to the fact
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that these results are very comparableto theresultsof Kleinand DeHaven
(1995) and Wilson et d. (1997). Each concluded that their results were
clinically non-significant.

Based upon the results of this study, it would seem that even though
marker size does have an effect upon the accuracy of the APAS system,
these effects are very small. Marker size, in most cases, is probably not a
determining factor in the accuracy in most motion analysis situations. If
the motion being analyzed consisted of very fine movement then it may be
adeterminingfactor. In most cases any marker sizewill givefairly accurate
results when using the APAS system.
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