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Background and purpose The methods of reconstruction for
proximal femur bone tumors that are used most often include
modular prosthetic replacement and allograft-prosthesis com-
posite reconstruction. In modular prostheses, the abductors are
detached from the insertion and then reinserted into the implant,
and the iliopsoas is detached and left free. In the allograft-pros-
thesis composite, the detached tendons are fixated to the graft. We
assessed whether the latter procedure provides functional advan-
tages regarding gait.

Patients and methods We studied 2 groups of 10 patients,
each with prosthetic reconstruction of the proximal femur either
with modular prosthetic replacement or with allograft-prosthesis
composite. Functional performance was analyzed by gait analysis
2.5-10 years after surgery. At that time, all the patients had good
function according to the Musculoskeletal Society score.

Results Walking speed was reduced in all patients, and espe-
cially in patients with modular prosthetic replacement. Differ-
ent hip extension patterns during late stance were found in the 2
groups. Surface EMG showed a typical prolonged muscle co-con-
traction pattern during gait, which was more evident in modular
prosthetic patients.

Interpretation Although both procedures provided good func-
tional outcome in the long-term follow-up, gait analysis revealed
mechanical changes during gait that were probably related to the
muscle reinsertion procedure. Direct fixation of the muscles to the
bone graft appeared to result in a more efficient muscular recovery.

|

The 2 most widely used techniques for reconstruction after
resection of a tumor in the proximal femur are modular pros-
thetic replacement (MP) and allograft-prosthetic composite
reconstruction (APC) (Unwin et al. 1996, Giurea et al. 1998,
Bickels et al. 2000, Fox et al. 2002). The most commonly used
MP prostheses are designed with a trochanter muscle insertion

device that allows direct fixation of the gluteus medius to the
prosthesis (Kotz et al. 1986, Bickels et al. 2000). This kind of
fixation may be insufficient, with lack of strength of the gluteal
muscles and possible joint instability and impaired function
(Schreiber et al. 1991, Rechl et al. 1999). Alternatively, the
abductor muscles can be reinserted into the fascia lata—but
also with impaired function (Giurea et al. 1998, Gottsauner-
Wolf et. 1999, Anderson et al. 2002). The iliopsoas muscle
is usually not re-attached, but is left free to heal without any
fixation or is rotated anteriorly to close and reinforce the hip
capsular repair. Apart from poor function, several authors have
reported aseptic loosening and instability (Zwart et al. 1994,
Sanjay and Moreau 1999, Mittermayer et al. 2001, Menedez
et al. 2006, Chandrasekar et al. 2009).

The allograft-prosthesis composite (APC) implant was
recently designed to reduce these complications. This implant
is composed of a revision-type prosthesis inserted inside a
bone allograft to which the residual abductors and the ilio-
psoas muscle tendons are biologically reinserted, which
should reduce the risk of postoperative dislocation and give
better function (Gitelis et al. 1988, Zehr et al. 1996, Giurea et
al. 1998, Anract et al. 2000, Langlais et al. 2003, Farid et al.
2006, Biau et al. 2008, Donati et al. 2008, 2011). In a compar-
ative study on MP and APC, however, Zehr et al. (1996) found
no differences in function and survival. In our own experi-
ence (Donati et al. 2001, 2002), function in APC patients—
when assessed by the MSTS score—compared favorably
with that in MP patients in whom a Trendelenburg gait was
present in most cases. In almost all of these studies, however,
the functional outcome was assessed by scoring systems that
have recently been questioned for not providing objective and
quantitative information about functional recovery (Rompen
et al. 2002, Rosenbaum et al. 2008). Functional outcome
has seldom been evaluated with laboratory-based computer-
assisted gait analysis.
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Table 1. General data on patients
A B C D E F G H | J K L M

MP1 29 119 osteoblastoma B No 172 74 2 16 Bipolar KMFTR 81
MP2 29 163 osteogenic sarcoma \Y Yes 176 76 -0.5 18 Bipolar KMFTR 87
MP3 53 110 Ewing’s \Y Yes 200 95 1 16 Bipolar KMFTR 82
MP4 47 140 giant cell tumor 3 No 185 96 1 12 Screwed cup KMFTR 89
MP5 29 73 Ewing’s \Y Yes 170 81 —2 14 Bipolar KMFTR 80
MP6 49 45 osteogenic sarcoma \Y Yes 162 79 1.5 14 Bipolar KMFTR 92
MP7 27 165 Ewing’s \Y Yes 175 119 —1 18 Bipolar KMFTR 87
MP8 46 179 giant cell tumor 3 No 180 78 1.5 14 Bipolar KMFTR 93
MP9 25 53 osteogenic sarcoma \% Yes 170 60 0 14 Bipolar KMFTR 90
MP10 77 134 condrosarcoma I No 166 78 1 20 Bipolar KMFTR 92
Mean 41 118 176 83 0.4 16 87
SD 16 47 11 16 1 2 5
APCA1 59 51 condrosarcoma 1l No 155 68 0 18 Metasul Sulzer Wagner 135 99
APC2 30 40 Ewing’s \Y Yes 170 70 -15 16 Bipolar MP LINK 96
APC3 28 80 giant cell tumor 3 No 159 51 1.5 6 Bipolar Wagner 135 88
APC4 28 80 osteogenic sarcoma =11 No 165 56 -1 18 Bipolar Wagner 135 91
APC5 19 73 Ewing’s \Y Yes 172 70 =i 18 Bipolar Wagner 135 89
APC6 37 42 giant cell tumor 3 No 176 72 -1 6 Bipolar Wagner 135 96
APC7 32 124 condrosarcoma | No 186 94 0 16 Bipolar AN.C.A. 89
APC8 22 32 Ewing’s \Y Yes 172 70 0 18 Bipolar S-ROM 82
APC9 28 44 giant cell tumor 3 No 165 63 0 8 Bipolar MP LINK 81
APC10 30 31 osteogenic sarcoma \% Yes 171 70 15 20 Bipolar Wagner 135 91
Mean 31 60 169 68 0.1 14 90
SD 11 30 9 11 1 5 6
A Patient

B Age, years

C Follow-up, months

D Diagnosis

E Grading

F Neoadjuvant CMT

G Height, cm

H Weight, kg

| Leg Discrepancy, cm

J Resection Length, cm

K Type of acetabular reconstrucion
L Type of prosthesis

M MSTS

In the present study, using gait analysis we objectively
assessed walking ability in patients treated with the APC
implant or with the MP system with long-term follow-up. Our
hypothesis was that the APC implant would provide better con-
trol of the hip during gait both in the sagittal plane and the cor-
onal plane, due to the “biological” reconstruction of muscles.

Patients and methods

2 groups of patients were retrospectively recruited from sub-
jects treated at the Rizzoli Institute with proximal femur bone
tumor resection, either with modular prosthetic replacement
(MP) or allograft-prosthesis composite (APC). The inclu-
sion criteria were: (1) presence of gluteus medius tendon to
be re-attached onto the trochanter of the implant; (2) absence
of implant complications; (3) no local or distant tumor recur-
rence; (4) no neurological damage due to surgery or chemo-
therapy; (5) good overall function (80% of the maximum

score) assessed with the Musculoskeletal Tumor Society
(MSTS) scoring system (Enneking et al. 1993). The study was
approved by the local scientific committee and all the patients
signed an informed consent form.

The MP group consisted of 10 men with a mean age of 41
(25-47) years. In all cases, the implant used was the KMFTR
(Stryker-Howmedica, Kiel, Germany). The mean length of
resection was 16 (12-20) cm; 6 patients received neoadjuvant
chemotherapy. The mean follow-up time after surgery at the
time of gait analysis was 118 (45-179) months.

The APC group consisted of 7 men and 3 women with a
mean age of 31(19-59) years. The mean length of resection
was 14 (6-20) cm; 4 patients received neoadjuvant chemo-
therapy. The mean follow-up time was 60 (31-124) months
(Table 1).

In both groups, the surgical technique consisted of intraar-
ticular resection of the proximal femur and excision of part of
the vastus. The rectus was always spared; the gluteus medius
muscle and iliopsoas were always detached, but leaving
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enough muscle length to be reinserted onto the implant. The
2 muscles were always reinserted onto the allograft tendon
in the APC group, whereas in the MP group only the gluteus
medius was re-attached using the trochanter device of the
prosthesis and the iliopsoas was left free. After surgery, all
patients were mobilized with 2 crutches and no weight bear-
ing was allowed for 1 month. Then partial weight bearing
was allowed along with muscle strengthening, joint mobili-
zation, and walking recovery. In the APC group, full weight
bearing was allowed after the osteotomy line had healed (3
months), whereas in the MP group free walking was permit-
ted during the second postoperative month. In both groups,
gait rehabilitation lasted not less than 1 year after the surgical
procedure.

Clinical assessment

The manual muscle test (Medical Research Council scale)
was used to score the strength in the following groups of hip
muscles: extensors and flexors, abductors, adductors (mini-
mum score 1, maximum 5). Functional evaluation was based
on the Musculoskeletal Tumor Society (MSTS) (Enneking et
al. 1993) scoring system, with numerical values from 0 to 5
points assigned for each of the following 6 categories: pain,
function, emotional acceptance, use of supports, walking abil-
ity, and gait. The patient’s score for the various parameters
was expressed as a percentage of the total possible score of
30 points.

Instrumental assessment

Functional evaluation of gait consisted of the acquisition of 3
walking trials along a 10-meter walkway. Gait was assessed
using the 3D ELITE system (BTS, Milan), which estimates
the body segment movements in space and measures kine-
matic and kinetic parameters. Marker positioning and kine-
matics analysis were performed according to the CAST pro-
tocol (Cappozzo et al. 1995). An electromyographic telemetry
system (Telemg; BTS) was used to record the surface EMG
signal from 8 muscles: bilateral erector spinaec muscle (HES
homolateral, CES contralateral) and in the treated limb, glu-
teus medius (GM), rectus femoris (RF), medial hamstrings
(MH), lateral hamstrings (LH), gastrocnemius (GAS), and
tibialis anterior (TA). The EMG signals were acquired at the
same time as the kinematic and kinetic data, and were then
processed offline by means of a statistical detection algorithm
to obtain muscle on-off timing (Bonato et al. 1998), normal-
ized to the duration of the stride. The data from both groups
were compared with those from 10 healthy volunteers (mean
age 28 (20-33) years, 7 men) (Benedetti et al. 1998).

Statistics

Relevant parameters were extracted from the gait analysis
curves in order to allow a comparative statistical analysis.
The ANOVA test was used for parameters with homogeneity
of variance and the Sheffe test was used for paired analysis.

For parameters in which the Levene test for homogeneity of
variances was significant, the non-parametric Kruskal-Wallis
test was used, followed by the paired analysis according to the
Mann-Whitney test. All statistical analyses were performed
using SPSS version 11.0.

Results
Clinical assessment

The manual muscle test showed reduced strength (mean 4)
in all the hip muscles tested. Although muscular strength was
always less in the MP group, particularly for hip abductors,
these differences were not statistically significant (Figure 1,
see supplementary data).

The mean MSTS score in the MP group was 87% (80-93)
and in the APC group it was 90% (81-99) (Table 1). In the
APC group 2 patients had no restrictions, 4 had restrictions in
recreational activities, and 4 had restrictions in occupational
activities. In the MP group, 1 patient had no restrictions and
9 patients had restrictions in recreational activities. In the MP
group, 2 patients reported no pain, 3 reported mild pain, and
5 had an intermediate score between the first 2. In the APC
group 6 patients reported no pain, 1 reported mild pain, and
3 had an intermediate score between the first 2. Limping was
clinically present in 4 patients in the MP group (1 mild and 3
moderate) and in 3 ACP patients (mild).

Instrumental assessment

Time-distance parameters. In both groups there was reduced
cadence, which was lower in the MP group (p < 0.001) (Table
2, see supplementary data). Stride length (normalized to
height) and speed of progression were reduced in both groups,
the latter substantially in the MP group (p = 0.006).

Kinematic parameters. No statistically significant differ-
ence was found in movement of the pelvis in the coronal and
transverse planes relative to the controls, whereas in the sagit-
tal plane the anterior tilt during stance was reduced in both
groups.

At heel contact, the hip flexion angle was significantly
reduced in both groups (Table 2, see supplementary data).
The APC group showed a more flexed hip in stance phase (p
= 0.004) and at toe-off. Conversely, at toe-off, the MP group
showed greater hip extension.

The range of hip motion in the sagittal and coronal planes
was significantly reduced in both groups, as was hip flexion in
the swing phase. Compared to the control patients, however,
the MP group showed reduced hip adduction in stance and
increased abduction in the swing. In the transverse plane, both
groups showed greater internal rotation in stance phase than
the controls (p = 0.001).

Kinetic parameters. Consistently with kinematics, the
extensor moment was reduced in the MP group (p = 0.003).
Both groups had reduced hip flexion, adduction moment, and
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Dynamic surface EMG

Controls

% gait cycle

Figure 2. Patterns of muscular activity presented as a percentage of
the number of patients with on/off muscle activity during the gait cycle
(compared to control data). HES: homolateral erector spinae; CES:
contralateral erector spinae; GM: gluteus medius; RF: rectus femoris;
MH: medial hamstrings; LH: lateral hamstrings; GAS: gastrocnemius;
TA: tibialis anterior.

external rotation moments (p < 0.001) (Table 2, see supple-
mentary data).

Surface dynamic EMG. In all the MP patients and in 50%
of the APC patients, EMG showed a prolonged activation of
the erector spinae muscles contralateral to the operated limb
during the stance phase. Some patients, particularly in the
MP group, also presented activation of the homolateral spinal
erectors in the swing phase. Another recurrent abnormality
was the presence of a peak of hamstring activity (both medial
and lateral) in the transition between the stance and the swing
phase, which was more frequent in the MP group (Figure 2).
Furthermore, all patients in both groups presented a prolonged
activation of the rectus femoris in co-contraction with ham-

strings in about 70% of cases, and prolonged activity of tibi-
alis anterior in co-contraction with the gastrocnemius, which
was also prematurely activated during stance.

Discussion

Reconstruction of a large part of the proximal femur after
bone tumor resection can lead to severe gait impairment. Both
the prosthetic device implant and muscle detachment and rein-
sertion can account for gait abnormalities.

Although good functional recovery (MSTS higher than
80%) was an inclusion criterion in this study, generally MP
patients more often had pain problems or restriction in activi-
ties than APC patients. Also, evaluation of hip muscles in the
MP group showed a greater reduction in the strength of hip
flexors and hip abductors than in the APC group, but with-
out there being any statistically significant differences. The
reduction in muscular strength, already described in literature
(Schreiber et al. 1991, Rechl et al. 1999, Farid et al. 2006, Lee
et al. 2009), is an expected consequence because—as already
stated—the operation requires the detachment and reinsertion
of hip muscles, which can lead to change of tension and sub-
optimal lever arm.

In the last few years, gait analysis has emerged as an assess-
ment tool for the functional outcome of limb salvage proce-
dures, but there have been very few studies on patients with
hip replacement for bone tumors (De Visser et al. 2000, 2003,
Kawai et al. 2000, Rompen et al. 2002). To our knowledge,
this is the first time that gait function has been quantitatively
investigated in APC patients and compared to that in MP sub-
jects with different fixation of residual muscles.

In agreement with the literature (De Visser et al. 2000,
Kawai et al. 2000, Rompen et al. 2002), MP patients had
reduced walking speed due both to a reduction in cadence and
to a reduction in stride length, not only compared to the con-
trols but also compared to the APC patients. From a kinematic
point of view, in the sagittal plane, MP patients maintained
the hip more extended than the control group at toe-off, with
a consistent reduction in the extensor moment and increased
activity of the hamstrings in this gait phase. This hip exten-
sion pattern was also found by Rompen et al. (2002) in most
of their patients. Although the low speed of progression could
account for this, it is reasonable to believe that this pattern
may be related to loss of function of the iliopsoas muscle
(detached and left free in these patients), which in this phase
of gait contributes to the flexion of the hip joint to trigger the
swing phase. The limb advancement would be compensated
for by the increased hip abduction and by the homolateral
erector spinae muscle activation in the swing phase, evident
in the MP patients.

In the coronal plane, no true Trendelemburg sign was evi-
dent from gait analysis data (the pelvis does not show any
upper displacement on the operated side). However, the hip
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patients tended to have reduced adduction in stance phase
on the operated side. Since the gluteus medius is reinserted
onto the prosthesis in MP patients, according to Kaway et al.
(2000) it can be inferred that its performance in stabilizing the
pelvis under loading is not optimal.

APC patients walked with higher speed of progression than
did MP patients, because of higher cadence. From a kinematic
point of view, in contrast to MP patients, these patients showed
a less extended hip both during stance and at toe-off. In most
of the APC patients also, increased hamstring activity was evi-
dent in this phase. Since APC reconstruction implies iliopsoas
reinsertion at the allograft tendon, it is possible that in some
cases a suboptimal tensioning was achieved or a protective
pattern of the allograft was adopted by the patients, resulting
in a functionally flexed hip. Unfortunately, we do not have
data on passive extension of hip range of motion in patients
as the MSTS score only assesses the active hip flexion. On
the coronal plane, APC patients tend to have a slightly greater
adduction in the stance phase than MP patients. Although
this difference was not statistically significant, it supports the
hypothesis that the “biological” reinsertion of muscle to the
graft results in more efficient recovery of the abductor mecha-
nism (Giurea et al. 1998).

The above-mentioned gait abnormalities are reflected in
the change in EMG pattern in the affected leg. In all the MP
patients, erector spinae muscles controlateral to the operated
limb are extremely active during stance, and their contraction
could be considered to be compensation aimed at controlling
the pelvis moving the trunk toward the support limb, thus
reducing the adduction moment and therefore reducing the
need for abductors use. Furthermore, in 6 of 10 MP patients
the abnormal activation of the ipsilateral erector spinae mus-
cles during the mid-swing could be interpreted as an auxiliary
mechanism to advance the affected limb through elevation of
the pelvis, as found in the kinematic data.

Finally, EMG records showed a typical prolonged co-con-
traction pattern during stance phase, both for the hamstrings-
quadriceps and for tibialis anterior-gastrocnemius muscle
couples, which was more often evident in MP patients. Pro-
longed quadriceps activation, in most patients in co-contrac-
tion with hamstrings, was already reported in the literature in
patients with femoral prosthesis (Bach 1996). In a series of
10 patients with proximal femur prosthesis or saddle pros-
theses, De Visser et al. (2000) described a prominent burst at
the stance-swing transition for the biceps femoris, which was
interpreted as a task in active flexion of the knee. De Visser
described similar findings for tibialis anterior-gastrocnemius,
and these were explained as a need for joint stabilization in
patients—where the resection of muscles, ligaments, and joint
structures can cause a loss of proprioceptive feedback, which
is normally important for the control of locomotion.

Our study had some limitations. The number of patients was
small; many of them encountered problems during the post-
operative period which meant that they were not eligible for

the study, or they did not survive. The difference in follow-up
after surgery was the second limitation: the mean follow-up
time in the MP group was 10 years, as opposed to 5 years in
the APC group. The reason for this difference was mainly due
to the later introduction of the APC procedure at our institute.
However, we believe that additional follow-up time would not
have changed the functional performance substantially.

In conclusion, even in patients with a good functional score
(MSTS > 80%), when function was assessed by gait analysis,
subtle impairment of gait was found depending on the surgical
procedure.

Supplementary data

Figure 1 and Table 2 are available at Acta’s website (www.
actaorthop.org), identification number 5474
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