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intramedullary nail to be applied percutaneously in the fixation of femoral rotational

osteotomies in children with cerebral palsy and evaluated its mechanical properties.

Methods: The study was divided into three stages. In the first part, a prototype was
designed and made based on radiographic measurements of the femoral medullary
canal of ten-year-old patients. In the second, synthetic femoral models based on
rapid-prototyping of 3D reconstructed images of patients with cerebral palsy were
obtained and were employed to adjust the nail prototype to the morphological
changes observed in this disease. In the third, rotational osteotomies were simulated
using synthetic femoral models stabilized by the nail and by the AO-ASIF fixed-angle
blade plate. Mechanical testing was done comparing both devices in bending-
compression and torsion.

Results: The authors observed proper adaptation of the nail to normal and
morphologically altered femoral models, and during the simulated osteotomies.
Stiffness in bending-compression was significantly higher in the group fixed by the
plate (388.97 + 57.25 N/mm) than in that fixed by the nail (26826 + 3851 N/mm) as
torsional relative stiffness was significantly higher in the group fixed by the plate
(1.07 £ 036 Nm/°) than by the nail (0.35 £+ 0.13 Nm/®).

Conclusions: Although the device presented adequate design and dimension to fit
into the pediatric femur, mechanical tests indicated that the nail was less stable than
the blade plate in bending-compression and torsion. This may be a beneficial
property, and it can be attributed to the more flexible fixation found in
intramedullary devices.

Background

Femoral anteversion is the anterior projection of the femoral neck related to the coro-
nal plane. It develops prenatally and is approximately 40° at birth. Then, gradually, it
decreases during the postnatal growth to a position of approximately 15° at skeletal
maturity [1]. Failure of anteversion to decrease is a common feature in children with
cerebral palsy and is caused by muscle imbalance. This static deformity, associated
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with overactivity of internal rotators of the hip, results in an internally rotated gait that
can lead to functional and cosmetic problems [2]. Excessive femoral anteversion and
medial rotation deformity of the hip are best corrected with femoral derotation osteot-
omy (FDO). Angled blade plate is the standard fixation device used when FDO is per-
formed in the proximal femur. Although it provides rigid fixation that allows early
postoperative mobilization, extensile exposure is required for plate accommodation
and it may be oversized in relation to the hypoplastic bone. As FDO usually is done as
part of multilevel surgery in cerebral palsy, it would be desirable to reduce its morbid-
ity through a minimally invasive technique.

Intramedullary rigid nail has widely been employed for fixation of femoral fractures
and osteotomies in adults. There is concern about using these implants in skeletally
immature patients due to the risk of avascular necrosis and growth disturbances of the
proximal femur [3-6]. Studies that used a lateral trochanteric entry point for intrame-
dullary nailing in children and adolescents demonstrated low complication rate, with-
out cases of necrosis or evidence of growth changes [7,8]. The nails used in these
studies are long, extending throughout all the extension of the femoral shaft with a
variable length between 220 and 420 mm and, when indicated for rotation osteotomy
fixation, adopt a mid-diaphyseal level of bone section. The purpose of this study is the
development of a short femoral nail for the fixation of rotation osteotomy to be per-
formed at a subtrochanteric level through a percutaneous technique and to test its

mechanical properties.

Methods

Prototype development

In the first stage, a prototype was designed based on the shape and the dimensions of
femurs of ten-year-old patients. After approval by the hospital’s Institutional Review
Board, the authors reviewed plain radiographs taken in 25 male patients followed up
with unilateral Perthes’ disease. These radiographs included the pelvis and both proxi-
mal femurs, and the unaffected side was used for the measurement of femoral medul-
lary canal diameter at five levels. These measurements were adjusted with a 15%
reduction corresponding to the magnification of the radiographs (Table 1). The nail
prototype was designed to be inserted at a lateral trochanteric entry point and have
two locking screws, one proximal and the other distal to the osteotomy level. A proto-
type was made in stainless steel (Figure 1), and it consisted of a cannulated nail with a
proximal segment with 10.0 mm of external diameter and a distal segment with 8.0
mm of external diameter. The nail had a 11° apex medial proximal bend, 50.0 mm
from the proximal end and a 10° apex medial distal bend, 40.0 mm from the distal
end. In the lateral plane, the nail was straight for inserting it in either the right or the
left femur. The proximal segment had a 6.5-mm locking hole directed obliquely from
distal to proximal and from lateral to medial, resulting in a 135° cephalic inclination of
the proximal screw to the longitudinal axis of the nail. The proximal locking screw
was a 6.5-mm-diameter cannulated screw with a partial thread for cancellous bone
fixation. The distal segment of the prototype had three 4.5-mm locking holes perpendi-
cular to the long axis of the implant, and the most proximal was used as distal locking
hole. The distal locking screw was a 4.5-mm-diameter solid screw with thread for cor-
tical bone fixation. The nail prototype measured 147.0 mm in length, based on the
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Table 1 Femoral medullary canal diameter

Patient Region 1 Region 2 Region 3 Region 4 Region 5
1 1217 9.57 9.57 8.70 9.57
2 11.74 1043 1043 957 10.00
3 1522 1391 13.04 11.74 11.74
4 13.04 11.30 10.87 10.00 10.00
5 13.04 11.30 1043 10.00 1043
6 13.04 1043 8.70 8.26 8.26
7 12.17 1043 10.00 9.57 9.57
8 1522 1391 12,61 1217 11.74
9 1261 11.74 1130 9.57 10.00
10 14.78 1261 11.74 11.30 10.87
11 16.09 1261 11.74 10.00 10.00
12 15.65 14.35 1261 1261 12,61
13 11.74 1043 9.57 8.26 8.26
14 16.52 14.35 12,61 10.87 11.74
15 13.04 10.87 1043 9.57 9.57
16 11.30 9.57 8.26 8.26 9.57
17 13.04 1043 9.57 8.70 8.26
18 1043 9.57 8.26 8.26 8.26
19 13.04 10.87 1043 10.00 9.57
20 1043 8.70 8.26 8.26 9.57
21 1391 13.04 1130 9.57 9.57
22 1217 1043 9.57 9.57 10.00
23 1217 11.30 10.87 10.00 1043
24 1217 10.87 1043 957 9.57
25 1261 1043 10.00 9.13 9.13
mean 13.09 11.34 10.50 9.74 9.93
median 13.04 10.87 1043 9.57 9.57
standard deviation 1.65 1.59 1.39 1.22 1.14
minimum 1043 8.70 8.26 8.26 8.26
maximum 16.52 14.35 13.04 1261 1261

Region 1: 3 cm distal to the lesser trochanter; Region 2: 5 cm distal to the lesser trochanter; Region 3: 6 cm distal to the
lesser trochanter; Region 4: 8 cm distal to the lesser trochanter; Region 5: 10 cm distal to the lesser trochanter

Diameter (mm) of the medullary canal at five levels related to the lesser trochanter measured on radiographs of the
uninvolved femur of patients with Legg-Calvé-Perthes disease at the age of 10 years.

average distance measured on the radiographs between the lateral region of the greater
trochanter and the site of narrowing of the medullary canal. A complete set of instru-
ments was made for the preparation of the femoral medullary canal and to insert and
lock the nail.

Rapid prototyping of synthetic femoral models

For final adjustments of the nail prototype to morphological changes found in cerebral
palsy patients, the authors get synthetic femoral models based on reconstructed tomo-
graphic images. After approval by the hospital’s Institutional Review Board, the authors
reviewed preoperative computed tomography (CT) scans of ten-year-old patients with
cerebral palsy that were ordered as part of surgical planning for other purposes.
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Figure 1 Nail prototype. Nail prototype with the 6.5-mm cannulated proximal locking screw and the 4.5-
mm cortical distal locking screw.

CT image data (Dicom files) were processed using Mimics program (Materialise NV,
Belgium) where the region of interest was isolated and translated into a 3D wireframe
model of the proximal femur. Then, physical models were built in thermoplastic mate-
rial (ABSplus™) by a 3D printer (Dimension Elite, Stratasys, Eden Prairie, MN, USA).
The nail prototype was inserted in these models, and osteotomies were simulated to
assess the need for adjustment in its final design (Figure 2).

Femoral rotational osteotomy simulation

The nail prototype was inserted and a subtrochanteric rotational osteotomy was per-
formed in synthetic adolescent-sized epoxy femoral models (Pacific Research Labora-
tories Inc., Vashon WA, USA) (Figure 3). The femoral models measured 35 cm in
length, with a central canal diameter of 9.5 mm and head diameter of 45 mm.

Nail implantation

An opening was made with an awl in the lateral aspect of the grater trochanter and a 2.0-
mm guide wire was passed into the medullary canal. Over this guide wire, a 9.0-mm flex-
ible cannulated reamer was driven into the medullary canal until it reached the mid-dia-
physeal portion of the model, followed by a 11.0-mm reamer for the proximal portion.
After removing remains from the medullary canal, the nail was inserted manually with an
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Figure 2 Simulated rotational osteotomy performed in a morphologically altered femoral model.
Simulated rotational osteotomy fixed by the nail prototype, performed in a morphologically altered
synthetic femoral model based on reconstructed tomographic image of a 10-year-old patient with cerebral
palsy. Frontal view (a) and lateral view (b).

insertion handle. After connecting the proximal external locking guide to the insertion
handle, a guide pin was inserted toward the center of the femoral neck and through the
proximal nail hole, followed by a cannulated drill bit and a cannulated screw, completing
the proximal locking. A transverse osteotomy was then created at the subtrochanteric
level with use of a 2.0-mm drill bit to make several holes and was completed with an
osteotome. After completing the osteotomy, the distal segment was externally rotated to
decrease the anteversion angle of the femoral model in 20°, guided by external markings
made on the cortex. The distal segment was then locked in this position with a 4.5-mm
cortical screw transfixing both model cortices and the distal locking hole.

Mechanical testing

Ten adolescent-sized femoral models (Pacific Research Laboratories Inc., Vashon, WA,
USA) were used for mechanical testing. In five of them, a subtrochanteric osteotomy
was performed and fixed by the nail prototype as described earlier. In other five mod-
els, the authors performed osteotomies at the same level, fixed by a 90° angled-blade
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Figure 3 Simulated rotational osteotomy performed in a morphologically normal femoral model
and fixed by the nail prototype. Simulated rotational osteotomy fixed by the nail prototype, performed

in a synthetic adolescent-sized femoral model. Frontal view (a) and lateral view (b).
. J

children’s plate (Synthes, Switzerland) with the usual technique (Figure 4). Each fixed
model was cut in the mid-diaphyseal region, and both groups were submitted to non-
destructive bending-compression and torsion tests.

Bending-compression test

For the bending-compression test, the distal extremity of the femoral models was
embedded in acrylic cement at 11° in adduction, and the models were loaded proxi-
mally by means of a socket-shaped accessory (Figure 5) connected to a 200-kgf load
cell on a mechanical testing machine (EMIC-100 KN, Brazil). The load was applied

Figure 4 Simulated rotational osteotomy performed in a morphologically normal femoral model and
fixed by a 90° angled-blade plate. Simulated rotational osteotomy fixed by a 90° angled-blade children’s
plate, performed in a synthetic adolescent-sized femoral model. Frontal view (a) and lateral view (b).




Pagnano et al. BioMedical Engineering OnLine 2011, 10:57 Page 7 of 16
http://www.biomedical-engineering-online.com/content/10/1/57

Figure 5 Femoral model within the testing machine for bending-compression test. Photograph
demonstrating a femoral model within the testing machine for bending-compression test at 11°in

adduction.
. J

vertically at the rate of 0.1 mm/sec, until 1000 N or a 10.0-mm linear displacement
was reached. The models were tested three times each, removing the whole setup
between the runs.

Torsion test

For torsion tests, the femoral models were placed horizontally in a torsion testing
machine (Instrom 55MT, Instrom, Norwood, MA, USA.), with the main axis visually
aligned to the torsional axis of the machine (Figure 6). The distal segment of the
model was clamped by the fixed part of the testing machine, while the proximal seg-
ment was clamped by the rotating part in the intertrochanteric region. The load was
applied at a speed of 10°/min until a maximum torque of 2 Nm or 20 degrees of angu-
lar deformation was reached. The models were tested three times each, removing the
whole setup between the runs.

Statistical analysis
A comparison was made among the two fixation groups using a linear regression
model with mixed effects (fixed and random effects), used for data analysis when
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Figure 6 Femoral model within the torsion testing machine. Photograph demonstrating a femoral
model placed horizontally in the testing machine for torsion test.

answers for each specimen are grouped and is assumed that independent observations
in the same group are not adequate [9]. For using this model, it is necessary that the
residue has normal distribution with zero mean and constant variance. The model
adjustment was done using PROC MIXED of SAS 9.1 software (SAS Institute, Gary,
NC, USA).

Graphics were made using the software R version 2.8.0 (The R Foundation for Statis-
tical Computing).

The significance level P < 0.05 was adopted.

Results

The shape and the dimensions of the nail prototype were adequate for insertion in
synthetic adolescent-sized femoral models. Limitations to nail progression into the
medullary canal were not observed during implantation, as well as macroscopic frac-
tures in the model cortex. After the osteotomy was completed, the distal segment
could be freely rotated with the nail inside the canal. A slight varus deviation of the
proximal segment was observed after osteotomy fixation. The same findings were
observed when the nail was implanted in prototyped femoral models with morphologi-
cal changes due to cerebral palsy. The set of insertion instruments was adequate and
the external guides showed good correspondence with the nail locking holes, either for
proximal or distal locking.

Gross inspection showed different fixation properties between the devices. Models
fixed by the nail showed slight macroscopic rotational and telescoping movements dur-
ing manipulation, whereas this was not observed in models fixed by the blade plate.

Relative stiffness in bending-compression was significantly higher (p < 0.001) in the
group fixed by the plate (388.97 + 57.25 N/mm) than that fixed by the nail (268.26 +
38.51 N/mm) (Tables 2 and 3, Figure 7). Displacement in bending-compression for a
1000-N load was significantly smaller (p < 0.001) in the group fixed by the plate (2.46
+0.44) than that fixed by the nail (3.48 + 0.43 mm) (Tables 2 and 3, Figure 8).

Relative torsional stiffness was significantly higher (p < 000.1) in the group fixed by
the plate (1.07 £ 0.36 Nm/°) than that fixed by the nail (0.35 + 0.13 Nm/°) (Tables 4
and 5, Figure 9). Angular displacement for a 2-Nm torque was significantly smaller in
the group fixed by the plate (1.98 + 0.65°) than in that fixed by the nail (5.16 + 2.18°)
(Tables 4 and 5, Figure 10).
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Table 2 Bending-compression tests

Measure Implant Mean (SD) Mean difference Cl 95%
LL UL p-value
Relative stiffness (N/mm) Nail 26826 (38.51) -120.71 -154.84  -865.76 <0001
Plate 38897 (57.25)
Linear displacement (mm) Nail 348 (043) 1.03 071 134 <0.001
Plate 246 (0.44)

Mean (standard deviation), mean difference, and confidence interval of the mechanical parameters used in bending-
compression tests for comparison among the two fixation groups.

Discussion

Orthopedic surgical management of cerebral palsy has been modified in recent years as
a single-event multilevel approach was introduced. Addressing hip, knee, ankle, and
foot contractures and deformities in a single surgical session tends to improve outcome
by reducing rehabilitation periods and need for repeated procedures [10-12]. This
approach requires, besides an experienced team, that each procedure have its morbid-
ity decreased. Success with the multiple procedures that include bone surgery depends,
to a large extent, on obtaining rigid fixation of osteotomized segments to allow for
early healing, comfort, and rapid remobilization in the postoperative period [13]. Rota-
tion osteotomy, to correct excessive femoral anteversion, is frequently indicated as part
of multilevel surgery in cerebral palsy patients.

There are controversies regarding the ideal site for femoral rotation osteotomy,
whether proximal or distal. Some authors demonstrate comparable safety and efficacy
for proximal and distal levels [14,15], while others consider that proximal osteotomy
allows a more accurate correction [16,17]. When performed in the proximal femur, the
standard fixation device is the angled-blade plate, developed by AO/ASIF (Association
for Study of Internal Fixation). Its implantation requires extensile exposure with peri-
osteal stripping and concomitant blood loss and could result in more morbidity [18].
Another aspect is that sometimes it may be overdimensioned, mainly in patients with
neuromuscular disorders, where size, shape, and bone quality could be altered [19].

This review studied the development and mechanical testing of an alternative
method for stabilizing this proximal osteotomy, a short intramedullary nail to be per-
formed with percutaneous technique.

Restrictions on the use of rigid intramedullary nails in skeletally immature patients
are due to the risk of causing necrosis of the femoral head and growth disorders in the
proximal femur [3-6]. Using a lateral trochanteric entry point for the nail, as described
in previous studies [7,8,20], avoids such complications. According to a study [21], after
the age of eight years, at least 50% of the growth of the greater trochanter occurs by
an appositional mechanism. Gordon et al. [7] hypothesize that the crucial injury to
proximal femur during intramedullary nailing through the tip of the trochanter is
damage to the medial aspect of the trochanteric physis. The presence of proximal and
distal bends in the present study’s prototype allowed more lateral access on the greater
trochanter and easier insertion of the nail. However, adopting this entry point may
have resulted in varus of the proximal portion of the instrumented models, as
described previously [22,23], as the insertion point is not collinear with the axis of the
femoral medullary canal. The authors believe that this slight varus may not be a pro-
blem, whereas patients with CP usually have excessive valgus of the femoral neck.
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Table 3 Values of the bending-compression tests

Bending-compression test

Implant Specimen Repetition Relative stiffness (N/ Mean Linear displacement Mean
mm) (£SD) (mm) (£SD)
1 22547 4.1
1 2 228.10 227.88 4.05 4.06 (0.04)
(2.30)
3 230.06 402
1 27262 335
2 2 272.38 276.87 3.22 3.20 (0.15)
(7.56)
3 285.60 3.05
1 316.71 3.08
Nail 3 2 304.34 306.73 328 3.22 (0.13)
(9.03)
3 299.13 3.31
1 25877 3.54
4 2 309.96 300.71 299 3.12 (0.37)
(38.17)
3 33341 283
1 218.60 4.02
5 2 227.81 22913 3.81 3.82 (0.20)
(11.25)
3 240.99 3.62
1 420.74 221
1 2 44778 43513 2.08 2.13 (0.07)
(13.60)
3 436.87 211
1 299.74 336
Plate 2 2 31807 29844 2.89 3.19 (0.26)
(20.32)
3 277.50 330
1 39332 236
3 2 355.89 365.29 2.65 2.56 (0.18)
(24.71)
3 346.67 267
1 388.25 243
4 2 409.20 413.62 234 2.28 (0.18)
(27.84)
3 44341 2.09
1 44712 2.08
5 2 451.98 43238 203 212 (0.13)
(29.83)
3 398.05 227

Values found in the bending-compression tests according to the groups fixed with plate and nail and variability

between repetitions of the mechanical tests.

The prototype differs from the available nails, used for fracture and osteotomy fixa-

tion in children and adolescents [7,8,18,20,24], for being short and advocating a subtro-

chanteric level of osteotomy. As this level is adopted, a long nail is not needed. In

theory, a long nail can be more difficult to transverse the entire medullary canal if it

has an irregular diameter and bendings are present, as may occur in patients with neu-

rological sequelae. Using a short nail carries an additional advantage as the distal
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Figure 7 Relative stiffness found in the bending-compression tests. Graphic representation of relative
stiffness values found in the bending-compression tests according to the groups fixed with plate and nail.

locking system becomes more accurate and an image intensifier may not be necessary.
Distal locking in long nails is accomplished using a free-hand technique under fluoro-
scopic guidance and is time consuming. The use of the image intensifier, however, is
not completely avoided in this technique due to the need for precise location of the
proximal locking screw in the center of the femoral neck and for keeping a safe dis-
tance between the screw and the growth plate of the femoral head.
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Table 4 Torsion tests

Measure Implant Mean (SD) Mean difference Cl 95%
LL UL  p-value
Torsional relative stiffness (Nm/degree) Nail 035 (0.13) -0.72 -088 -055 <0.001
Plate 1.07 (0.36)
Angular dislocation (degree) Nail 516 (2.18) 3.18 211 426  <0.001
Plate 1.98 (0.65)

Mean (standard deviation), mean difference, and confidence interval of the mechanical parameters used in torsion tests
for comparison among the two fixation groups.

The authors tried to avoid using nails of different diameters for simplifying the tech-

nique and decreasing costs. A new implant should be simple to produce and to place.

The nail developed has small diameter to be employed in the largest possible number

of cases, besides functioning as an axis to allow rotation of the osteotomized fragments

with the implant within the medullary canal.

Table 5 Values of the torsion tests

Torsion test

Implant Specimen Repetition Relative torsional stiffness (Nm/ Mean Angle Mean
degree) (+SD) (degree) (+SD)

1 037 3.66

1 2 041 0.37 (0.04) 321 3.64 (042)
3 0.34 4.05
1 042 413

2 2 0.51 041 (0.11) 2.80 4.00 (1.13)
3 0.29 5.05
1 041 522

Nail 3 2 048 048 (0.06) 340 4.26 (0.91)
3 0.54 4.18
1 0.25 5.79

4 2 0.29 0.33 (0.12) 4.69 4.82 (0.91)
3 047 3.99
1 0.15 8.67

5 2 0.15 0.15 (0.00) 9.05 9.09 (0.44)
3 0.15 9.54
1 0.61 3.07

Plate 1 2 0.58 061 (0.04) 3.06 3.00 (0.11)
3 0.65 2.87
1 093 2.08

2 2 0.95 0.94 (0.01) 2.05 2.06 (0.02)
3 0.94 2.05
1 123 152

3 2 1.53 143 (0.17) 123 1.34 (0.15)
3 1.53 1.27
1 0.88 214

4 2 0.88 0.86 (0.03) 2.19 2.19 (0.05)
3 083 224
1 141 135

5 2 1.51 1.48 (0.06) 1.29 1.30 (0.04)
3 1.52 1.27

Values found in the torsion tests according to the groups fixed with plate and nail and variability between repetitions of

the mechanical tests.
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The number of distal locking screws has also been discussed. The initial designs
included the presence of two screws near the end of the nail. However, studies on fixa-
tion properties of distal screws in adult femoral nails showed that a single screw
located more proximally could be sufficient and also decreases stress concentrations at
the nail end [25]. Predicting implant removal after bone union, the use of a single
screw could represent an additional advantage by eliminating another point of weak-
ness in the bone. Therefore, the authors chose a single distal locking screw located

more proximally.
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Figure 10 Angular displacement found in the torsion tests. Graphic representation of angular

displacement values found in the torsion tests according to the groups fixed with plate and nail.
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Synthetic femoral models obtained from cerebral palsy patients by rapid prototyping
were used to evaluate the nail adaptation to altered femurs and the need for adjust-
ments. The findings of the visual analysis of these models were consistent with the
morphological changes expected in cerebral palsy patients. Simulations of rotational
osteotomies performed in these models have demonstrated the suitability of the nail
design for implantation within the medullary canal and to the rotation and the fixation
of the fragments. Similar findings were observed when the authors used adolescent-
sized bone models of normal characteristics.

Mechanical fixation properties of the nail were compared with the standard fixation
device, the AO-ASIF fixed-angle plate. For this, it was necessary to simulate the beha-
vior of these devices in similar situations. A synthetic bone model was chosen due to
difficulty in obtaining samples of pediatric cadaveric bones. These models have been
used in biomechanical studies because of the consistency between the samples and
their minimal variability in size and physical properties [26-28].

Gross observations and manual manipulation of the instrumented femoral models
revealed slight rotation and telescoping movements between the segments in the nail
fixation group. This was not observed in the plate fixation group. These findings were
expected as the type of fixation provided by the nail does not produce interfragmentary
compression.

The parameters set for bending-compression testing were based on estimates of
forces acting on the frontal plane during single leg stance [29]. Relative stiffness up to
the application of a 1000-N load and the linear dislocation occurring in this situation
were the parameters adopted. Despite knowledge of the biomechanics of the hip in the
frontal plane, little is known about the action of forces in other planes [30], hence the
difficulty in establishing the torsion parameters. The authors adopt a maximum torque
of 2 Nm in torsion tests, as was used in a biomechanical study on flexible intramedul-
lary nail for treatment of pediatric femoral fractures that used similar bone models
[27].

When the instrumented models were subjected to mechanical tests using the para-
meters described above the authors found, as expected, significantly higher relative
stiffness in the plate fixation group than in the nail fixation group, both for bending-
compression and torsion test.

The results of torsion tests are corroborated by biomechanical studies that compared
plates and intramedullary devices. Tencer et al. [31], in a study comparing various
methods of stabilization of subtrochanteric fractures of the femur, indicated that intra-
medullary fixation devices were a maximum of 5% as stiff in torsion as intact bone
tested in the same manner, while plate-fixed fractures where nearly 50% as stiff.

Koval et al. [32] in a biomechanical study, which compared the stability of three
standard distal femoral fixation techniques, found that an angled plate provided signifi-
cantly stiffer fixation than antegrade and retrograde locked nails. The authors stressed
that, in terms of biomechanics, it is expected the angled plate promote the most stable
fixation of a transverse osteotomy because of its high inherent stiffness and the ability
to achieve higher compression, minimizing any potential gap at the osteotomy site.
Nevertheless, intramedullary nails offer potential biomechanical advantages, namely,
less stress on the implant, potential for load sharing, and less tissue dissection. In addi-
tion, this kind of implant is more suitable for osteoporotic bone, as seen in the cerebral
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palsy patient. Also, the periosteum is relatively spared with less disturbance of bone
healing.

According to Perren e Claes [33] all fixation methods, except compression techni-
ques, could be seen as flexible fixations. Therefore, they allow some degree of motion
between fragments that may improve callus formation or impair bone healing. These
authors emphasized that intramedullary nails are located within the mechanical center
of the bone and, therefore, have similar mechanical behavior in the frontal and the lat-
eral planes. Considering that nails act as internal splints with load-sharing characteris-
tics, one can assume that the axial stability achieved by the prototype is adequate for
secondary bone healing.

The authors who have been adopting techniques of intramedullary fixation for this
type of osteotomy in this age group [18,20] emphasize the potential benefits of a
minor soft tissue injury and less bleeding, allowing bilateral and concomitant surgery
to be better tolerated. The clinical results of these studies showed that the procedures
are safe, with fewer problems than those associated with other forms of fixation, and
that the results are consistent. Although the implant type and the osteotomy location
in the present study are different, the principle of intramedullary fixation as a load-
sharing device is the same, as well as the pattern of healing expected.

Conclusions

The fixation device developed was suitable for insertion into normal and morphologi-
cally altered femoral models, and during the simulated rotation osteotomies performed
in these models. The stability achieved by the nail, although lower than that achieved
by the plate, was found consistent with the type of fixation expected for this class of
implant and compatible with the profile of patients with cerebral palsy.
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