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Abstract— A major difficulty in evaluating in-vivo knee joint
kinematics during walking is the artifacts createdby movement
of the skin and soft tissue relative to the underipg bones. An
attachment system called exoskeleton has been prged to
remedy this problem; its precision is known as wellas the
repeatability of its calibration method. The objetive of this
study was to verify the intra- and inter-observer epeatability of
this system. Also, as the installation is more cqstex than that of
other systems, the effect of the observers’ experiee was
investigated. Results show a mean repeatability lmev 1.3° in the
intra- and inter-observer settings. Observer expaence had no
effect on the results although a slight learning awe may exist for
novice observers.
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. INTRODUCTION

In-vivo analysis of knee joint kinematics duringliag is
a difficult task; the difficulty mostly arises fromovement of
the skin and soft tissue relative to underlying émon When
using surface mounted markers, the error incurred ke
anywhere from 2 to 20 times that of the equipmesgduto
track these markers [1]. Different attachment eayst have
been proposed in an attempt to limit this artifaotd follow
bone movement with greater precision.

One such attachment system is an exoskeleton prdpns
Sati et al. [2] which is composed of a tibial compnt as well
as a harness that fixes to the femur. The pretisiothis
method in following underlying bone movement hasrbe
documented by fluoroscopic study [3]; the calitmatiused
with this system has also been shown to be repiol@ut].
What is not known however is the repeatabilitylef tmeasure
between installations of the femoral and tibial pements as
well as the variability introduced when the evahmatis
performed by different observers.

The objective of this study is therefore to evaduae intra-
and inter-observer repeatability of the aforemermd

exoskeleton and to establish if there exists allegrcurve (i.e.
are measurements more reproducible when taken by an
experienced observer).

II.  MATERIALS AND METHODS

A. Subjects

Fifteen subjects (9 men and 6 women) participatethis
study; their mean age was 27.13 years (23 to 36syed).
None of the subjects had a history of any type of
musculoskeletal problem and they all gave theirttemi
consent by signing the appropriate forms which vesmeroved
by the institutional ethics committees. Subjectdked on a
treadmill (ADAL-COP, TECMachine, France) at a contdble
speed while kinematics were recorded using a 1203Bz
digital optical system (Vicon, Oxford Metrics LtdQxford,
England). The system utilized 6 infrared camerasitipned
around the treadmill with 4 of the cameras recaydthe
trajectories of markers placed on the right sidéhefsubject.

The treadmill was equipped with two force platenfer
allowing for the measurement of 3D ground reacfiorces
which were used to divide the recordings into didtigait
cycles.

B. Experimental protocol

Three observers participated in this study: 1 exqieserver
who had installed the harness on over 300 kneésitidted
observer who had installed it on approximately Béds and 1
novice observer who had only minimal training fostalling
the harness and had practiced on 3 different knBesing the
course of the experiment, each of these obseneanfermed
the installation of the harness twice on each stibjéhe order
of the observers’ installations was chosen at randefore
each session.

When the subject first arrived, he was fitted vatipair of
sandals used for every subject so as to elimimatesariations
originating from different footwear. He was thesked to
walk on the treadmill in a regular manner for amarp period
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of 10 minutes during which his comfortable walkspeed was
established. The treadmill was initially set to speed
calculated based on the subject’s leg length and than
adjusted by visually assessing the subject’'s appafort or
upon his request; established comfortable walkimpged
ranged from 0.92 to 1.22 m/s for all subjects.

Reflective markers were affixed to the malleoli thie
subject’s right lower limb. A belt with reflectivmarkers was
tightly apposed around his waist, directly over ilfae spines.
The subject was then equipped with the harnesslsswith
the tibial component, both of which were mountedthwi
markers (Fig. 1). He resumed walking at his deteechi
comfortable speed; after a period of 3 minuteget?0 second
recordings of his kinetics and kinematics were take
Following these recordings, the function posturdP)
calibration method [4] was performed in order tded®ine
joint centers and to align the axes. This enti@@dure was
repeated twice by each observer.

Figure 1. Femoral and tibial components of the exoskeleton

C. Dataanalysis

The FP method calibration data were combined with t
gait data recorded. Using the method describeGrmpd and
Suntay [5], 6 sets of kinematic parameters (3 aleserx 2
installations) were computed for each subject. hEset was
composed of flexion/extension, abduction/adductiand
internal/external tibial rotation.

Kinematic data were divided into individual gaitctss
using foot contact patterns as obtained from tig@tssided
force plate-form. All cycles were normalized to0O18ample
points representing 100% of the gait cycle. Usingisual
interface, all flexion, abduction, tibial rotatiosnd vertical
force curves for a given installation were presgntgth a
representation of the mean curve and 2 standardhtams.
Curves exceeding these 2 standard deviations wheleded
from data analysis as they were judged to be dtresiad
cycle division.

Repeatability

To evaluate the repeatability of the measuregalicycles
from a single installation were grouped togethdsoAin order
to evaluate the evolution of repeatability durihg study, all
gait cycles for a single subject were grouped toget
regardless of observer. For each kinematic paenmnéte
mean deviation from the average curve was calalifethe
inter- and intra-observer settings.

Reliability

For further data analysis, 15 points of interestrewe
considered [6, 7]. The first 5 points, individyadielected from
the vertical force curve of every gait cycle, resenat the point
of contact of the right foot with the force plata+h (Fig. 2a,
PT1), the point were the foot leaves the plate-fdFig. 2a,
PT5) as well as two local maximums (Fig . 2a, PHP4) and
one local minimum (Fig. 2a, PT3). The next fouing® are
selected from the antero-posterior force curve eamtesent
two local maximums (Fig. 2b, PT6, PT9), one locahimum
(Fig. 2b, PT7) and the root value of the curve leefvpoints 7
and 9 (Fig. 2b, PT8). Using the medio-lateral éocarve, two
local minimums (Fig. 2¢, PT10, PT13), two local nmaxms
(Fig. 2c, PT12, PT14) and the root of the curvevieen points
10 and 12 (Fig. 2c, PT11) were selected. Fin#tllg,point of
maximal knee flexion was also considered.
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Figure 2. Selected points of interest (adapted from [6, 7])



For each kinematic parameter, intra-class coroelaiCC)
was calculated for each of the 15 points of inteire¢he intra-
and inter-observer settings.

. RESULTS

The data from 12 of the initial 15 subjects weralgzed.
Incomplete optical recordings for subjects 12 tigloul4
rendered their data unusable for the current study.

Repeatability

In the intra-observer setting, repeatability valdes all
subjects ranged from 0.8° to 1.3° for flexion/esien. For
abduction/adduction and tibial rotation, the valteesged from
0.8t0 1.0° and from 0.9 to 1.1° respectively (Eab).

TABLE I. INTRA-OBSERVER REPEATABILITY VALUES FOR ALL
OBSERVERS

Observer Flex/ext (°) Abd/add (°) Int/ext rot. (°)

#1 1.3£0.8 0.8+0.8 1.0+£0.5

#2 0.8+0.6 1.0+£0.6 0.940.5

#3 0.9+0.5 1.0+£0.5 1.1+1.3

Flex/ext = flexion/extension, Abd/add = abductiafifaction, Int/ext rot. = internal/external tibial
rotation.

Inter-observer repeatability values were similathwiean
values of 1.3° for flexion/extension, 0.7° for
abduction/adduction and 1.0 ° for tibial rotatidmalle I1).

TABLE II.

Flex/ext (°)
1.3£0.4

Abbreviations as in Table I.

MEAN INTER-OBSERVER REPEATABILITY VALUES

Abd/add (°)
0.7+0.2

Int/ext rot (°)
1.0+£0.6

Fig. 3 shows the intra-observer repeatability velue

obtained for each observer and for each kinematiameter.
Overall, average intra-observer deviation for fbexextension
across all observers for the first 6 subjects wa8°lcompared
with 0.90° for the last 6 subjects. The experteobsr showed
a slight improvement in intra-observer repeataptliroughout
the study while the initiated observer showed ghsldecrease
in repeatability. The largest improvement in irbtzserver
repeatability was showed by the novice observeg.(H)
although this improvement was not significant.
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Figure 3. Intra-observer mean repeatability values for aleknatic
parameters
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Mean ICC values across all 15 points of intereststwown
in table IIl for inter- and intra-observer settingdor knee
flexion, inter observer ICC values ranged from @®0.97 and
from 0.89 to 0.97 for intra-observer. In knee atilun and
tibial rotation, those values ranged from 0.77 #@80for both
settings.

TABLE I MEAN ICC VALUES FOR15 POINTS OF INTEREST
Flex/ext(®) Abd/add(°) Int/ext rot(°)
Inter 0.94+0.02 0.91+0.05 0.88+0.05
Intra 0.94+0.02 0.91+0.05 0.88+0.05

IV. DISCUSSION

In this study, we evaluated ICC and mean deviation

values in an intra- and inter-observer contextC Malues give
us information concerning the correlation of thdfedent
curves whereas mean deviations are more tellingthef
repeatability, in other words the actual range alugs. The
high ICC values obtained indicate high correlatioh the
curves while the mean deviations are lower than Di%he
range of values for all parameters and settings.



Our results show mean deviation values that arittla |
higher than those reported by Hagemeister et l. [ddeed,
the values reported in that study for the intraembesr setting
were slightly lower then our findings: below 0.80rf
flexion/extension, 1.2° for abduction/adduction am@° for
tibial rotation. However, the maximum inter-obsarwalue
for all kinematic parameters was 0.4° whereas wedoa
value of 1.3° for flexion/extension.

This difference is not surprising since Hagemeisteal.
evaluated only the repeatability of the FP calibratmethod
which is used with the exoskeleton. In other wprds
reinstallation of the harness or tibial componertswdone
between recordings. It is therefore probable thathigher
deviations reported here, particularly in the inabserver
setting, are due to reinstallation. The smalletéhce between
deviations reported in both studies indicates thdtile
reinstallation of the harness does introduce aneadd
variability, it is minimal and less important thathat
accounted for by the calibration method itself.

Similar values for the mean deviations in the intad
inter-observer contexts indicate that reinstallatiof the
exoskeleton by different observers does not inttedmore
variation than repeated installations by a singhseover.
Furthermore, the ICC values obtained in both sgitshow no
difference between intra- and inter-observer regigkity.

Using intra-observer mean deviations, no
distinction can be made between observers of éiffter
experience levels. In fact, it can be observeHign 3 that for
flexion/extension the expert observer produced highest
mean deviation. This suggests that even a noyiserger can
obtain repeatable results with little training.sttould be noted
however that although little experience is needed f
installation of the exoskeleton, adequate traingngequired to
assure that the femoral harness is affixed to ithé in the
proper manner.

Despite the absence of a difference in meanegafor
observers with different experience levels,
improvement in intra-observer repeatability can seen
through time for the novice observer (Fig. 4). drhi
improvement is not apparent for the initiated obeerlnd is
negligible for the expert observer. This learniogrve is
relatively small but indicates nonetheless
improvement may be seen over time in novice obsgrvé
greater number of observers would be necessaryitfirm
this hypothesis.

a sligh

that esom

The results obtained indicate that reinstallatidntte
exoskeleton introduces a greater variability thampy
repeating the calibration phase; this is to be etquk
Furthermore, repeatability is equal regardless dfetiver
multiple installations are performed by a singlesatver or
not. The results also show that the observer’s réepee has
little to no effect on repeatability. These comsdtins are
somewhat limited by the fact that the data of diysubjects
was used and even more so by the fact that a solglerver
of each experience level participated. Also, hutbaerver
results are limited as only two installations wpegformed by
each observer on each subject.

Day to day repeatability is yet to be tested foe th
exoskeleton and should be to allow for comparisbriata
recorded on different days.

Once fully validated, the system could be usedssess
the effect of treatment of different pathologiesctsuas
osteoarthritis, ligament ruptures, etc. To thé&tatf a portable
version of this 3D kinematics recording system Heen
developed for use in a clinical setting using atgbmagnetic
device instead of the Vicon digital optical system.
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