Three-dimensional motions of trunk and pelvis during
trans-femoral amputee gait

Goujon H! Sapin E%, Fodé P, Lavaste F:?
1: Laboratoire de Biomécanique ENSAM CNRS UMR 80®&ris, France
2: Centre d’Etude et de Recherche pour I'Appamgdldes Handicapés (CERAH), Woippy, France

Abstract— Few anterior studies investigated upper body
movements of above knee amputees. The aim of the peat study
is to identify characteristics of upper body kinemécs and torque
transmission to the ground during locomotion of transfemoral
amputee compared with healthy subjects. The influerec of
clinical factors as age, length of the stump, actity on these
characteristics is also investigated. A protocol isleveloped to
record kinematics of trunk and pelvis using an optelectronic
system simultaneously with forces and moments applil by the
feet on the ground measured by two force plates. Twagy/-seven
trans-femoral amputees and a group of thirty-three
asymptomatic subjects participate in this study. Agular ranges
of motion of scapular and pelvic girdles are calcalted in the
three planes of space. The relative phase of the tian of these
girdles in the horizontal plane is also evaluatedStatistical tests
(t-test) are used to compare the amputated populath and the
sound population and to determine the influential © clinical
factors. Angular ranges of motion of upper body areglobally
increased for the amputees while walking velocity etreases.
Specific patterns for above-knee amputees are founfibr pelvic
tilt, pelvic angular velocity in the transverse plae and torques
around the vertical axis transmitted by lower limbs The
coordination between pelvic and scapular girdles ialtered. Some
correlations show the links between parameters, pécularly, the
coordination is found to be dependant on walking sged. Clinical
factors influence this coordination and the mobiliyy of upper part
of the body.
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l. INTRODUCTION

The gait of above-knee amputees is different froendait
of non-disabled people. Particularly, trans-femaaadputees
have to adapt to the lack of physiologic knee, Whinplies
coping responses in the entire body. In the litggt many
studies on the gait of above-knee amputees focumed
kinematic and kinetic changes in the lower limbs PI.
However, previous studies showed the importancerwofk
movement in human gait in particular the interactietween
pelvis and thorax [3]. The relative phase betweelvip and
thoracic transverse rotations was often used [3priter to
quantify the counter-rotation that occurs betweba two
segments. Besides, the analysis of trunk motiomaally in
the transverse plane allowed determining speciittepns in
pathological gait. Thus, Wagenaar [4] and Van Enims]
both showed a decrease of counter-rotation betyweksis and
thorax respectively in hemiplegic and parkinsonftients.

Concerning trans-femoral amputees, few studiessiigated
upper body motions. Cappozzo [6] analyzed the amgul
displacements of trunk but his study was limited four
patients. Sjodahl [7] focused on pelvic motion fre tfrontal
and transverse plane before and after speciakrgaitiucation
but did not study thoracic motion. Tazawa [8] exaexi 3D
pelvic and thoracic movements comparing “good” wadk
with “others” among twelve patients. However, hel diot
analyse the relative motion of the two segmentsaitreof the
present study was to identify specific 3D patteshmotion for
pelvic and scapular girdles during trans-femorapatee gait
thanks to a wide sample of patients. The relatignbbtween
pelvic and scapular transverse rotations was algstigated at
the same time with the couple transmitted by thestdimbs to
the ground. All these parameters were compared with
values observed for asymptomatic people and tlegisisvity
to several clinical factors were researched.

I MATERIAL AND METHODS

A. Patients

Twenty-seven patients and thirty-three healthy ettbj
were included in this study. All had a trans-fenhora
amputation. Mean age of the amputee group was Yh8s
with a range from 28 to 73 years. The time sinc@ation
was between 4 and 61 years. Five patients had ra sthonp,
five a medium one and the others had a long on& Th
prosthetic fitting and the medical follow-up of eyepatient
were made in CERAH (Centre d’Etude et de Rechesthe
I'Appareillage des Handicapés, Créteil, France)e Tontrol
group was composed of subjects whose age was attindhe
range of the group of amputees. The mean age ®fgtioiup
was 44.3 years (28-61 years).

B. Protocol

All experiments took place in the gait laboratory o
CERAH. Both kinematic and kinetic data were cokekt
according to the global protocol described by Gou[6].
Twelve cameras (Vicon® 524, Oxford Metrics Ltd, ©rd,
UK) and two force plates (AMTI® Advanced Mechanical
Technology, Inc, Massachussetts, OR6-5) were usethe
same way as for previous experiments [9]. Patiente asked
to walk on a path of nine meters at their selfcelé speed.
For each patient, data were recorded during at teastrials.



Activity level was evaluated thanks to a questiorenfulfilled
by medical doctor.

C. Dataanalysis

Activity of each patient was assessed by a scariethod
(maximum score: 24). Ten patients had a poor agtiwith a
score inferior to 11). To assess the movementhefupper
body during gait, we defined two rigid segment® thelvis
and the thorax. Anatomical frames were defined dach
segment thanks to skin markers on the pelvis amgt¢hapular
girdle. Therefore, in this study, thorax movememése linked
to those of scapular girdle.

. RESULTS

A. Accuracy

The total uncertainty, obtained -calculating twicke t
deviation standard value of each parameter on &0ations,
was reduced to 0.6° for the ranges of motion ofpblwis and
1.2° for the ranges of motion of the trunk. Theuaacy of
relative continuous phase was 11.4°.

B. Comparison between amputee and sound groups

The results concerning general parameters shoveddhé
gait of trans-femoral amputated patients was glglzdiered.

To calculate 3D motion, we used cardan angles letwe Walking velocity was significantly inferior and tlsymmetry

each segment and the laboratory reference systeth
between the two segments. We calculated angulaciglof
pelvis and thorax relatively to the ground fromddmatic data.
We defined a spline, corresponding to the evolutibreach
angle during gait, for each trial. Then, the splinection was
drifted to obtain angular velocity at each trialndly, the
average of angular velocity was evaluated fromprevious
derivatives.

General parameters allowed evaluating
efficiency of gait (average walking velocity, stegmgths and
stance durations).To describe motion of pelvic #mafacic
girdles, angular ranges of motion were calculatethe three
planes of space for the pelvis, for the scapuledlgiand for
their relative movement. To characterize the transy
counter-rotation of girdles, we calculated the oumus

agf step length and stance phase duration was biokisle 1).

In the same time, pelvic and thoracic kinematics tlod
amputated persons were different from the one afndo
subjects. Angular ranges of motion were signifibahigher
in the sagittal and frontal planes for the pelvis & the three
planes for the thorax (table 1). On the oppositelvip
transverse range of motion was equivalent for wWee groups.
Likely, the range of motion of relative movementtviaeen

the globabelvis and thorax did not increased for the dishipeople as

well in the frontal plane as in the horizontal paftable 1).
Nevertheless, the relative phase between the tramve
movements of pelvic and scapular girdles was dicanitly
reduced for this group (table 1). Thus, asymptoenstibjects
showed a globally out-of-phase movement (with a nmea
relative phase of 120°) of the pelvis relativelytte thorax

relative phase following the method described bynVa although this movement was in-phase (mean relginese of

Emmerik [3]. The torque transmitted by lower limtus the
ground characterized dynamic aspect of gait. Usihg
position of the centre of pressure and the forcesraoments
given by force plates, the torque around the \a&rtixis was
calculated according to gait cycle on each lowebliduring
its contact with the floor.

To evaluate the reliability of our method, we oadriout a
numeric simulation of different sources of errorlanematic
measurements. The misplacement
landmark was modelled by a constant white noisdieppn
the coordinates of the landmarks. The range wa®sE mm
for the markers of the pelvis and 5 mm for the reeskput on
the shoulders. The random error of measure of alates
marker (0.71 mm) was applied as the standard deniaalue
of a Gaussian noise set on the coordinates of atkens at
each acquisition time during the gait cycle. Weeadpd 500
times this simulation on a same gait cycle andutaled the
difference with the signal of reference. For eaglameter, the
accuracy was twice the standard deviation value the 500
iterations.

To identify significant differences between ampethand
sound subjects, we used a t-test or a Wilcoxondegénding
on whether the parameter was normally distributeaiod.

79°) for the amputee group.

Figure 1 and 2 put in relief the specific patteofipelvic
motion exhibited by amputated people. The firsiveuffigure
1) represents the comparison of pelvic tilt betwebe
amputee and the sound groups. It can be noticed thiea
pattern of motion was completely different for thmputees.
Pelvic tilt occurred toward the stance side durihg single
limb part of the stance. On the opposite, asymptizma

of each anatomicalibjects tilted their pelvis toward the swingindesduring the

phase of double limb support.

In the transverse plane, whereas pelvic rotatiayieawas
similar for the two groups, the evolution of pehémgular
velocity during gait was different for amputatedopke as
shown in figure 2. First, the maximal angular véies were
reached latter during the stance phases for anguufaople
just before the heel contact both at sound and tatgul
contact. On the contrary, these maxima occurrethgugingle
limb support for non-disabled people. Secondiyhaigh the
curve was absolutely symmetrical for sound peoateular
velocity evolution varied for amputated personsoading to
the stance side. When the stance took place oamnipitated
side, the velocity remained near to zero during?2®f the
cycle while it waved when the stance occurred dlrersound

Among the amputee group, we also investigated theide like for non-disabled people.

influences of the following factors: age, stumpdtn time
since amputation and activity. For each factor,diveded the
whole group in subgroups corresponding to the tewélthe
factor. T-tests or Wilcoxon-test allowed to resbastatistical
differences of parameters between the subgroups.

Kinetic particular pattern during above-knee ampugait

can be seen on figure 3. The figure compares tsrque

transmitted through the lower limbs to the grounouad the
vertical axis of the laboratory expressed at thatree of
pressure for the 2 groups. Evolution pattern fer dimputated



patients was very different for the amputated si0e. the
sound side, the pattern was similar with sound |gepattern.

TABLE I. COMPARISON BETWEEN SOUND SUBJECTS AND AMPUTATED
PATIENTS— FOR EACH PARAMETER: MEAN (STD) - * : PARAMETER NORMALLY
DISTRIBUTED—P-VALUE : T-TEST FOR NORMALLY DISTRIBUTED PARAMETERS

WILCOXON TEST FOR OTHERS PARAMETERS

Parameters Amputees Control p-
group value

Walking velocity* (m/s) 1.0 (0.2) 1.2 (0.2) <0.01
Sound step length (m) 0.68 (0.06) 0.7 (0.09)
Amputated step length (m) 0.65 (0.07) 0.71 (0.06) <0.01
Sound stance phase duration (% cycle) | 65 (4) 59 (2) <0.01
Amputated stance phase duration (% cycleb7 (2) 59 (2) <0.01
ROM pelvis in sagittal plane(®) 8 (5) 4 (1) <0.01
ROM pelvis in frontal plane * (°) 10 (3) 8 (3) <0.01
ROM pelvis in horizontal plane * (°) 11 (5) 13 (4) <0.01
ROM thorax in sagittal plane (°) 7(3) 4(2) <0.01
ROM thorax in frontal plane (°) 9 (3) 5(2) <0.01
ROM thorax in horizontal plane (°) 12 (4) 9 (3) <0.01
ROM of relative motion between pelvis 12 (4) 13 (4)
and thorax in frontal plane*(°)
ROM of relative motion between pelvis 13 (5) 16 (5)
and thorax in horizontal plane*(°)
Relative phase of transverse motion of | 79 (14) 120 (35) <0.01
pelvic and scapular girdle *(°)
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Figure 1. Mean curves (+/-1 std) of pelvic tilt in the frohpdane (in °) for
the sound group (in grey dash lines) and the aregyreup (in black solid

lines)
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Figure 2. Mean curve of pelvic angular velocity in the tramse plane (in
°/s) for the amputee group (in black solid linejnpared with the corridor
(mean +/- 1 std) of asymptomatic subjects (in glashed lines)
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Figure 3. Mean curves for amputee group (in black linesheftorque
applied by lower limb at centre of pressure arotiredvertical axis (in Nmm)
for amputated side (solid line) and sound side lide) compared with the
corridor (mean +/- 1 std) of sound subjects (irygtashed lines)

C. Influence of clinical factors

Statistical tests allowed analysing the dependenty
several parameters to clinical factors among theumgrof
amputees. Walking velocity highly (p=0.0018) depsthadn
level of activity. For patients with low activitywalking
velocity was lower (mean: 0.9 m/s) than for pasemtith
normal rate of activity (mean: 1.1 m/s). The pelvdnge of
motion in the frontal plane was also sensitive &vesal
factors. Total pelvic tilt was different (p=0.02yrf elderly
(mean: 12°) than for middle-aged patients (meaf: Bhis
range of motion was more important (p=0.01) fosslestive
subjects (mean: 9°) than for normally active peofhean:
12°). Stump length influenced total pelvic rangemadtion in
the sagittal and frontal planes. Thus, patientf sftort stump
had their sum of range of motion in these two pdafraean:
24°) higher (p=0.04) than patients with long stu(mpean:
18°). Finally, the relative phase calculated betwiansverse
motion of pelvic and scapular movement was mainly
influenced by three factors. Elderly patients walkh a more
in-phase movement (mean relative phase: 69°) tloamger
patients (mean relative phase: 87°) (p=0.03). Ristiwho had
been amputated a long time ago had a significaptip.04)
smaller relative phase (mean 73°) than patientssesitome
since amputation was average (mean: 85°).

IV. DISCUSSION

This study aimed at identifying kinematic charaistérs of
upper body motion for trans-femoral amputees.

Trunk kinematics, especially coordination betweeivig
and thorax, were often reported in healthy subjfjtsor to
characterize the gait of pathological subjectsgi, But, in
trans-femoral amputated people, only a few studiere about
upper body kinematics [6-8]. These works were leadmall
samples of patients. Cappozzo [6] compared angular
displacements of the upper body for four amputeis five
referent subjects. Tazawa [8] did not used a hgaltipulation
as a reference but compared two groups of ampudeesng
twelve patients, according to a subjective clasaifon of the
quality of gait. More recently, the study of Sjota]
established a comparison between eighteen nonleisab
subjects and twelve above-knee amputated patientsming
pelvic motion. On the opposite, the present wolledeon a



population of twenty-seven transfemoral patientd #mirty-

three sound subjects. Moreover, whereas some sttatiased
only on the transverse plane [4, 5], we compleiehestigated
kinematics of trunk and pelvis and their coordimataccording
to the three planes of space. Finally, our workugha an
insight in the transmission of torque to the grauNeither
previous studies presented patterns of the tordomegathe
vertical axis applied to the ground by trans-ferharaputees.

The findings in the present study confirm that gait
globally altered for amputated patients. In patéicuwalking
velocity was lower for amputated people but waseido the
speed of normal subjects when patients were aclities is
consistent with the results of Sjodahl's study ifywhich re-
education resulted in an increase in walking vé&joci

The angular ranges of motion of pelvis and thoraetew
larger for amputees, which was observed earlie€Cagpozzo
comparing four amputated and five normal men [@].the
frontal plane, the pattern of movement was completgecific
for amputees. This pattern was already presenteCiadmpozzo
[6] and Sjodahl [7] on smaller samples of patie@ar study
shows that this pattern is a characteristic of abaee
amputee gait. The fall of the pelvis on the sidéhefstance leg
can be explained by the weakness of stump abdutttatsare
not strong enough to stabilize the pelvis [6, 7hisTis
supported by the significant difference of totaltimo of the
pelvis in the sagittal and frontal planes withire throup of
amputees between patients with short and long studaegers
[10] pointed out that the hip stabilizing musclextme more
atrophied with increasing level of amputation. Aseault, the
pelvis of the amputees with short stump is moreilaab the
sagittal and frontal planes. It has been found fiioatal pelvic
range of motion is also higher for elderly and lesgive
amputated subjects. We think that it can be expthiny an
amyotrophy that occurs with age or a lack of atytivi

The pattern of transverse rotation of the pelvis wary
close for sound and amputated people. Howevere thas a
specific pattern of angular velocity in this planéh a lower
value during mid-stance. Looking at Sjodahl's csryé], an
increase of this angular velocity can be observiter ae-
education.

The continuous relative phase was significantlydovior
amputated than for asymptomatic subjects. A deereashis
phase was also observed for stroke patients [4] fand
parkinsonian patients [5]. This in-phase pattermpared to
the out-of-phase pattern of sound subjects isbated to an
increase in axial stiffness of the trunk linkedthe pathology
[4] or to a protective guarding behaviour [11]. I8&l[11]
suggested that the reduction of comfortable spésérged in
patients with low back pain would be a consequesfcéhe
inability to counter-rotate thorax and pelvis. To@uld explain
the lower walking velocity of amputated patientsnpared to
non-disabled people. A significant difference ofiph pattern
was found between elderly and young patients. @onto this
finding, Van Emmerik [5] did not found any age effeon the
relative phase. Even so, a dependency of relatiaseto age
would confirm a link with the axial stiffness ofethirunk that

ought to increase with age. Time since amputatiad Bn
influence on the relative phase for amputees. Waayei]
suggested that re-education should improve countation of
pelvis and thorax for stroke patients. Our findingsd to
confirm this point as patients, amputated a longetago, did
often not profit by an adapted re-education.

Concerning kinetic results, we could think that éug
differences observed between sound and amputatgdcta
are due to a modification of upper body angulaekations.
The analysis of the pattern of the torque showed tbrque
transmitted through the prosthesis was modifiecoimparison
with torque transmitted through the sound limb. tRer
investigation would research a correlation witmkaynamic.
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