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Background—Modular and non-invasive expandable prostheses have been developed to provide
a functional knee joint that allows future expansion as growth occurs in the contralateral extremity
in children with bone sarcomas that require removal of the growth plate. This study aimed to
evaluate the functional outcomes of paediatric patients who received either a non-invasive
expandable or modular prosthesis for bone sarcomas arising around the knee.

Methods—We evaluated clinician-reported, patient-reported, and measured function in 42
paediatric patients at least one year (median age at assessment 19.1 years) after limb salvage
surgery, and compared patients who received modular system prostheses (N=29, median age
15.5), who did not require lengthening procedures to those who received non-invasive expandable
prostheses (N=13, median age 11.1) requiring lengthening procedures (median 5).

Results—The number of revisions and time to first revision did not differ between the two
groups. There were no differences between the two groups in total scores on the Enneking
Musculoskeletal Tumor Society Scale, the Toronto Extremity Salvage Scale, and the Functional
Mobility Assessment. Children with non-invasive expandable prostheses climbed stairs
(11.93+4.83 vs. 16.73+7.24 seconds, p=0.02) in less time than those with modular prostheses.

Conclusion—Our results suggest that the non-invasive expandable prosthesis produces similar

functional results to the more traditional modular prosthesis.

Keywords
Functional Mobility Assessment; Expandable Prosthesis; Limb Sparing; Sarcoma

Introduction

Bone sarcomas frequently involve the metadiaphyseal junction and the growth plate of the
long bones of children and adolescents. Surgical management of these tumors requires a
wide resection with margins that extend into the normal tissue surrounding the tumor [1].
This may necessitate removal of the physis in the skeletally immature child when the tumor
abuts or crosses the growth plate [2]. Reconstruction of the knee typically involves
placement of a hinged knee type endoprosthesis [3]. In the skeletally immature patient, this
creates a limb length inequality as the contralateral extremity continues to grow unabated [4]
Custom prosthetic designs were initially unable to address this problem. Many children had
to undergo amputation [5] or rotationplasty [6] to avoid future leg length discrepancy and to
allow optimum mobility with an external prosthetic limb.

Technological advances to address this problem have resulted in the development of
modular oncology prostheses which allow surgeons to periodically replace modular
midsections with larger ones to compensate for differences in leg length [7] This design
decreases the necessity for amputation and increases patient satisfaction by preserving the
limb and cosmesis. However, the exchange of components requires multiple surgical
procedures to be performed over time, and predisposes the patient to significant morbidity
[5] Repeated bouts of tissue damage related to surgery, muscle atrophy related to post-
surgical disuse, and a general decrease in mobility related to recovery-period immobility
may impact optimal limb function and contribute to long-term physical disability and lower
quality of life [8]
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Among children with remaining growth potential, in an effort to avoid additional surgery,
non-invasive expandable prostheses were designed to allow expansion of the prosthesis
without an open procedure [9] The Repiphysis® non-invasive expandable prosthesis is an
implant that allows expansion via external activation of a spring mechanism housed in the
body of the implant. This device, like the modular systems appropriate for older children
with little remaining growth potential, avoids amputation, allows the limb to be lengthened
for optimal function, and eliminates the potential complications associated with an open
surgical procedure. Although it was anticipated that the use of this device would optimize
limb function and mobility in these children as they grew and reached final adult height,
data about the functional outcomes after using this type of prosthesis versus (vs.) the
modular system prosthesis was not available.

In this study, our aim was to compare range of motion and functional mobility outcomes
among patients with bone sarcoma about the knee who underwent limb salvage surgery and
insertion of modular system prostheses to those who underwent limb salvage surgery and
insertion of non-invasive expandable prostheses.

Patients and Methods

Participants

Participants included children treated for lower extremity bone sarcoma at St. Jude
Children’s Research Hospital. Forty-two children who underwent limb salvage surgery and
received neoadjuvant chemotherapy and who returned for a follow-up visit during 18
consecutive months participated in this study. Inclusion criteria were: 1) diagnosis of lower-
extremity bone sarcoma (Ewing sarcoma, osteosarcoma) after 1992; 2) limb-sparing surgical
procedure at least one year prior to the scheduled visit; 3) completed chemotherapy and/or
radiation; 4) at least 13 years of age or currently in the seventh year of school at time of the
functional assessment; 5) no diagnosis of a neuromuscular disorder, developmental delay, or
genetic disorder; 6) no local recurrence of disease; 7) no known cardiorespiratory
abnormalities expected to affect physical function; and 8) no current injury to the lower-
extremity such as a fracture. Patients who underwent amputation or rotationplasty were
excluded. Study procedures and materials were approved by the Institutional Review Board.
Consent/assent was obtained from all participants and guardians as appropriate prior to
administration of study procedures.

Table 1 shows the characteristics of the patients. Twenty-nine (69%) patients had modular
prostheses. The remaining 13 patients had non-invasive expandable prostheses (31%). The
median age of the patients at the time of limb salvage surgery was 13.7 (range, 6.1 — 21.7)
years, and the median age at functional mobility assessment was 19.1 (range, 10.5 — 26.8)
years. Most patients were white (n=36; 86%) and the majority were male (n=23; 55%).
Ninety percent of patients had osteosarcoma (n=38).

Surgical Management

Those patients felt to have a potential for developing limb length discrepancy greater than
4-6 centimeters (cm) at final adult height had surgical reconstruction with an expandable
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prosthesis (Repiphysis®, Microport Orthopedics, Arlington, TN) designed for non-invasive
lengthening (Figures 1 and 2). The device is custom designed for each child, based on pre-
operative imaging that takes into account the estimated length of the resection, the child’s
growth potential and the estimated limb length discrepancy. Expansion capacity (range 3.5
to 11 centimeters) is related to the length of the resected bone [10]. Patients who were
skeletally mature or who had potential for minimal leg length difference (<4 cm) had a
modular endoprosthesis placed. None of the patients had their patella removed; none had
extra-articular resections. The surgical procedures in either case were performed by the same
surgeon (M.D.N.), and consisted of wide local resection and placement of either cemented
or press fit stems. Patients with resection of the proximal tibia had reconstruction utilizing a
gastrocnemius muscle flap to secure the patellar tendon. This group of patients had their
surgical limb casted or splinted in full extension for six weeks to allow healing of the
extensor mechanism. Patients with non-invasive expandable prostheses were considered for
external limb lengthening when leg lengths differed by 2 centimeters by radiography.
Lengthening was done as an outpatient procedure; fluoroscopy was used to monitor the
lengthening and localize the expansion mechanism of the prosthesis, a compressed spring
housed inside a titanium tube and covered by a polymer tube. During the expansion a
transmitter ring was placed over the limb, creating an electromagnetic field to heat the
titanium, unlocking it from the polymer and allowing the spring to decompress. Twenty
seconds of exposure was typically required to achieve desired expansion.

Rehabilitation

Patients in both groups were allowed early weight bearing; active and passive motion in the
immediate post-operative period was allowed unless the patient’s surgical procedure
required a gastrocnemius muscle flap (N=10). Physical therapy was initiated immediately
post initial surgery for both groups of patients. Rehabilitation continued 3 to 5 times per
week until the patient was able to ambulate independently without an assistive device, on
level and uneven surfaces and up and down stairs, or until progress with range of motion,
strength and ambulation remained static for four weeks. Physical therapy intervention was
provided after each internal or external limb lengthening using the same criteria.

Range of motion

Hip and knee flexion and extension were measured in the affected limb using standard
goniometric technique [11,12] Active hip flexion was measured with the patient in the
supine position with the goniometer pivot point on the greater trochanter, the stationary arm
parallel to the long access of the trunk and spine, and the moveable arm parallel to the long
axis of the femur. Active hip extension was measured with the patient in the side-lying
position with the same reference points. Knee flexion and extension were measured with the
patient in the supine position with the goniometer pivot point at the femoral condyle, the
stationary arm parallel to the long axis of the femur and the moveable arm parallel to the
long axis of the fibula. The contralateral leg was stabilized with the hip and knee in
comfortable flexion for both hip and knee measures.
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Physical function

The Enneking Musculoskeletal Tumor Society Scale (MSTS) [13], the Toronto Extremity
Salvage Scale (TESS) [14], and the Functional Mobility Assessment (FMA) [15] were used
to evaluate clinician-reported, self-reported, and measured physical function in the two
groups of patients. The MSTS was completed by a clinician to quantify activity limitations.
The six items (lower extremity version) were scored on a 0 (worst) to 5 (best) scale and
included pain, function, emotional acceptance, supports (brace, cane, and crutches), walking
ability, and gait. A maximum raw score of 30 was possible, indicating normal function.
Results are presented as a sum and as a proportion of the total score [13] The TESS is a
questionnaire that was self-administered. On the TESS, patients were asked to indicate the
degree of difficulty performing everyday activities such as dressing, grooming, mobility,
work, sports, and leisure [14] The items were rated on a scale ranging from 1 to 5, with the
total score calculated as a percentage. The FMA is a performance measure and, like the
MSTS, includes six specific items: 1) pain, 2) function with two specific measures: Timed
Up and Down Stairs (TUDS) time and Timed Up and Go (TUG) time, 3) supports, 4)
satisfaction with walking quality, 5) participation in work, school, sports, and 6) endurance
as measured by the 9-minute run-walk test. The raw scores in each subcategory in the FMA
are converted to a table score (Table I1) from 0 (worst) to 5 (best), with a maximum score of
70 points [15]

Statistical analyses

Means, standard deviations, medians, ranges, frequencies and percentages were calculated to
describe the demographic and treatment characteristics of the study participants. The exact
Wilcoxon rank sum test and Fisher’s exact test were used to compare diagnosis and
demographic variables between the two groups. Descriptive statistics for range of motion
and measures on the MSTS, TESS, and FMA were calculated. Associations between
prosthesis group and physical function outcomes and range of motion were examined using
exact Wilcoxon rank sum tests. All tests were two-sided. SAS version 9.2 (SAS Institute
Inc., Cary NC) was used for all analyses.

Results

Participants

Table I shows the characteristics of all the patients according to their type of prosthesis.
There were no differences in the distributions of gender, race, tumor type, site of surgery
(femur vs. tibia), or time until first revision with respect to type of prosthesis. There was
evidence of a significant difference in patient age at the time of surgery (p<0.001). As
expected, patients who received the modular system prosthesis were older than those who
received the non-invasive expandable prosthesis (median ages, 15.5 years versus 11.1
years). Consequently, ages at the time of evaluation differed between the two groups
(p<0.001); the median age at evaluation for patients who received the modular system
prosthesis was 21.1 years, compared to 14.4 years for patients who received the expandable
prosthesis. The number of open surgical revisions did not differ between groups. Fourteen
participants with modular system prostheses required 26 repairs or revisions, five for
fractures and 21 for prosthetic loosening or hardware failure. Six participants with non-
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invasive expandable prostheses had 13 repairs or revisions, one for fracture and 12 for
prosthetic loosening. Participants with modular system prostheses did not have lengthening
procedures. Those with non-invasive expandable prostheses had 1 to 14 (median 5) external
lengthening procedures between the original surgery and the functional assessment.

The means and standard deviations, medians and ranges for participants’ scores on the
MSTS, TESS and FMA (including the individual FMA items) are shown in Table 111
according to type of endoprosthesis. No significant differences were observed between the
non-invasive expandable prosthesis or modular system prosthesis groups in total scores on
the MSTS, TESS or FMA. There were also no differences between the two groups on most
individual FMA items. However, participants with non-invasive expandable prostheses on
average completed the timed up and down stairs (11.93+4.83 vs. 16.73+7.24 seconds,
p=0.02) in less time than participants with modular prostheses. Range of motion values in
the hips and knees were on average, adequate for daily activities for both participant groups.
There was some evidence that hip flexion differed between the groups (p=0.05) (Table V).
The median value for hip flexion was 115 (range, 48 — 160) degrees for patients who
received the modular system prosthesis, compared to 108 (range, 30 — 142) degrees for
patients who received the non-invasive expandable prosthesis. There were no difference in
functional or range of motion outcomes when participants with tibial versus participants
with femoral tumors were compared.

Discussion

Progress in the oncologic management of children and adolescents with lower limb
malignancies has improved their long-term survival. This progress has been accompanied by
rapid developments to improve surgical techniques and to design prosthetic implants that not
only improve functional outcomes, but also that limit the need for multiple subsequent
surgical interventions. Because malignant bone tumors of the lower extremity frequently
require resection of the involved physis, which in the skeletally immature child can result in
significant limb length discrepancy at maturity, an implantable prosthesis that has the ability
to “grow” with the child has a unique advantage. Although the expandable prosthesis
requires replacement with a permanent prosthesis once adult height is achieved, it reduces
the number of times the child has to be hospitalized for a surgical procedure while growing,
minimizing the potential for infection and other surgical complications [7,9]. In this study,
we demonstrate that such a prosthesis results in good functional outcomes among patients
evaluated one year or longer after the reconstruction. Younger patients who received the
non-invasive expandable prosthesis had similar function to older patients whose potential for
a limb length difference (less than 4-6 centimeters) allowed for placement of a modular
prosthesis.

Other limb sparing procedures have been developed in attempts to decrease the number of
additional surgeries and ultimately to preserve function of the reconstructed limb. These
procedures have had varying degrees of success. Avedian et al. [16] recently reported
excellent functional outcomes (MSTS scores from 28-30 out of 30) among six patients who
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had limb sparing surgeries using multiplanar osteotomy resection with limited wide margins
and intercalary allograft reconstruction. However, all six patients had surgical
complications; three required additional procedures to remedy joint or soft tissue integrity
problems. These patients were similar in age to our cohort at initial resection (11-19 years)
and were 25-66 months post surgery when functional outcome was assessed. This study did
not report range of motion, timed mobility or self-reported function. Agarwal et al. [17]
reviewed the records of 25 children who had diaphyseal resections with small remaining
epiphyseal or metaphyseal segments to generate guidelines for selecting a reconstruction
method and implant type. Eight of these children (ages 2-14 years) had physis-sparing
procedures. Four had excellent outcomes with no surgical revisions; one had an angular
deformity, two required plate revision and one required amputation because of infection. At
one year after surgery, MSTS scores ranged from 28-30 for the six patients who were
evaluable. MSTS scores were not obtained on the patient who had amputation or the patient
who had local recurrence and pulmonary metastases one year after surgery. Range of motion
values, timed mobility and self-reported function were not reported for these eight patients.
These patients were younger than our cohort at both initial surgery and at evaluation of
function. Finally, Zhang et al. [18] evaluated functional outcome an average of 47 months
following custom prosthetic replacement among eleven patients (mean age 17; range 14-23
years) with osteosarcoma of the proximal tibia and proximal tibiofibular joint. Six patients
remained free of disease at the time of evaluation, three died of pulmonary metastases, and
two had recurrent disease. One patient with local recurrence underwent amputation. The
mean MSTS score for the six patients was 70% (corresponds to 21/30), mean knee flexion
was 85 degrees and mean knee extension was —20 degrees. These patients were similar in
age to our cohort. Range of motion outcomes appeared to be somewhat worse than those
measured in our cohort.

There are certain limitations that should be considered when interpreting the results of our
study. First, this was not a randomized study. We compared functional outcomes among
patients selected for non-invasive expandable prosthesis because of their young age and
potential limb growth to those of older patients who were approaching skeletal maturity and
received an endoprosthesis. More optimal comparison groups would have been children in
whom skeletal growth was expected but who received a more traditional modular device that
required subsequent surgical intervention to achieve limb growth or children who receive
amputation or rotationplasty. It is possible that our approach actually underestimates the
positive impact of the non-invasive expandable prosthesis on functional outcomes. Our
study also suffers from the usual problem encountered in assessment of new surgical
intervention in that we have a relatively small sample size. This makes it difficult to evaluate
the potential contributions of additional patient disease, treatment, and personal
characteristics on functional outcomes.

In summary, we found that functional outcomes among children who received a non-
invasive expandable prosthesis are similar to older children whose expected skeletal growth
does not require an expandable endoprosthetic implant. Although longer follow-up will be
needed to evaluate potential technical or biomechanical problems with the non-invasive
expandable prosthesis, this new device shows promise to avoid further surgery in younger
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ildren while achieving acceptable limb function in children and adolescents with lower
tremity bone malignancies.
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Figure 1.
Drawing of Repiphysis® expandable prosthesis
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Figure 2.
Radiograph of 14 year old male with osteosarcoma status post limb sparing surgery with

implantation of Repiphysis® expandable prosthesis
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Prosthesis Type
All Patients  Modular system prosthesis ~ Non-invasive expandable prosthesis  P-value
(n=42) (n=29) (n=13)
Gender
Male 23 (55%) 13 (45%) 10 (77%) 0.09
Female 19 (45%) 16 (55%) 3 (23%)
Race
White 36 (86%) 26 (90%) 10 (77%)
Black 5 (12%) 3 (10%) 2 (15%) 0.622
Other 1.(2%) 0 (0%) 1 (8%)
Diagnosis
Osteosarcoma 38 (90%) 26 (90%) 12 (92%) 0.71
Ewing Sarcoma 4 (10%) 3 (10%) 1 (8%)
Limb Salvage Site
Femur 32 (76%) 23 (79%) 9 (69%) 0.70
Tibia 10 (24%) 6 (21%) 4 (31%)
Leg Length Discrepancy > 2 Centimeters 3 (7%) 3 (10%) 0 (0%) <0.01
Number of Open Surgical Revisions
At least one [N (%)] 20 (48%) 14 (48%) 6 (46%)
Mean (SD) 0.93 (1.42) 0.93 (1.41) 0.92 (1.49) 0.76
Median 0 0 0
Min — Max 0-6 0-6 0-5
Age at Initial Surgery (years)
Mean (SD) 14.0 (3.8) 15.6 (3.5) 105 (1.4)
Median 13.7 155 111 <0.001
Min - Max 6.1-21.7 bg1_217 8.2-12.2
Time to First Revision (years)®
Mean (SD) 2.7(2.2) 2.8 (2.5) 2.6 (1.3)
Median 2.0 1.98 2.80 0.78
Min — Max 0.1-93 0.1-93 0.7-4.2
Age at Functional Assessment (years)
Mean (SD) 18.6 (4.0) 205 (3.1) 143 (2.1) <0.001
Median 19.1 211 14.4
Min — Max 10.5-26.8 13.0-26.8 10.5-18.6
Time from Initial Surgery to Functional
Assessment (years)
Mean (SD) 4.6 (3.0) 4.9 (3.3) 3.8(2.0) 0.47
Median 4.2 4.8 3.2
Min — Max 1.0-12.7 1.0-12.7 1.0-75

Abbreviations: SD: standard deviation; Min: minimum value; Max: maximum value

Eur J Cancer. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Ness et al.

a . . .
P-value compares white vs. black (patients of other races were excluded from the comparison)
Patient who was 6.1 years of age at the time of surgery was treated in 1996 prior to availability of the non-invasive expandable prosthesis

[o3 . . -
For patients with revisions
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