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Abstract

Fibular Grafting and Impaction Bone Grafting (FAIBG) is a type of minimally invasive hip preserving
procedure with stable clinical curative effects and a standard operation procedure. However, FAIBG
requires a difficult technique and a series of complex procedures. Therefore, the discovery of a new
methodology for surgical guidance that could lead to accurate, safe, easily performed surgeries will play
a crucial role in the promotion and application of FAIBG. From September 2013 to July 2014, one
surgeon performed FAIBG on 10 patients (4 males and 6 females) with an average age of 40 years
(range, 35-50 years) using patient-specific surgical guides. All patients underwent preoperative X-ray
examinations and CT and MRI scans. Before surgery, we performed preoperative planning with patient-
specific surgical guides by Computer Aided Design (CAD), and the length of the bone tunnel; bone mass,
percentage by volume, and percentage by surface area were measured. After surgery, ten fibular
allografts and screws were placed in 10 patients diagnosed with ARCO II FHN. All implants were
successfully placed using patient-specific surgical guides. After the application of the patient-specific
surgical guide, the operating times were 53-75 min (average: 68.6 min), the blood loss volumes were
90-150 ml (average 120 ml), the operative incision sizes were 5-7 cm (average 6.4 cm), and the mean
hospital stay was 13.2 d. All cases were followed up for 12 to 30 months (average: 20.4 months). In
conclusions, patient-specific surgical guidance may enable more intuitive and precise preoperative

planning for hip-preserving procedures.
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Introduction

Femoral Head Necrosis (FHN) is a debilitating disease that
usually leads to Femoral Head Collapse (FHC) and the
destruction of the hip joint. FHN is an intricate and unsolved
problem in orthopaedics. Once FHC occur, Total Hip
Arthroplasty (THA) is inevitable. Although THA is beneficial
for patients, some issues regarding its invasiveness and poor
prosthesis durability remain. For the majority of patients who
undergo THA, THA revision is required within 20 years [1].
Therefore, a hip-preserving treatment would represent a
significant advance [2] in the early stage of FHN. Several hip-
preserving treatments, such as isolated core decompression,
fan-shape decompression with fibular auto-graft and free
vascularised fibular grafting, have been developed to protect
self-head of FHN patients. However, isolated core
decompression could not recovery the biomechanical
environment and show limited success in preventing FHC.
Fibular auto-graft is often associated with serious trauma, high
complication and longer recovery time. Fibular Grafting and
Impaction Bone Grafting (FAIBG) is a type of minimally
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invasive hip-preserving surgery with a stable clinical curative
effect and a standard operation procedure, which could resolve
above problems. FAIBG is thus becoming generally accepted
by patients with early osteonecrosis [3-8]. However, FAIBG
requires a difficult technique and a series of complex
procedures that include the calculation of the bone mass, and
the accurate implantation of the fibular screw system depends
specifically on the surgeon’s clinical experience. Therefore, it
is difficult to promote this procedure. Thus, the discovery of a
new methodology for surgical guidance that enables accurate,
safe, and easily performed surgeries will play a crucial role in
the promotion and application of FAIBG.

In the present paper, we design patient-specific surgical guides
based on individual hip models that were reconstructed based
on computed tomography and MRI by Computer Aided Design
(CAD) and Computer Aided Manufacturing (CAM). The guide
models were not only used to perform virtual simulations of
the orthopaedic surgeries but also to make medical devices via
a rapid prototyping machine for physical simulation. The
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operation times, the blood loss volume, the operative incision
size and the mean hospital stay were computed and analysed.

Materials and Methods

Patients

From September 2013 to July 2014, one surgeon performed
FAIBG on 10 patients (4 males and 6 females), diagnosed with
ARCO II FHN using patient-specific surgical guides. The
average age was 40 years (range, 35-50 years). All patients
underwent preoperative X-ray examinations and CT and MRI
scans. Before the surgeries, we performed preoperative
planning with the patient-specific surgical guides, and the
lengths of the bone tunnel, bone mass, volume percentage, and
percentage by surface area were measured. After the surgeries,
we compared the operating times, blood loss volumes, and
operative incision sizes with those associated with the
traditional method.

3D reconstruction

For the purposes of this study, the pathological models were
reconstructed based on the subjects’ CT and MRI datasets.
These datasets provided CT slices at 0.5 mm intervals and
were used to identify the anatomical structures of the femur
(i.e., the cortical and cancellous bone as shown in Figure 1a. In
addition to the CT scans, MRI datasets of the same subjects
were also available. The MRI datasets provides slices at 0.5
mm intervals and were used to identify the anatomical
structures of the lesion (Figure 1b).

Figure 1. Boundary extraction. (a). CT scan of a hip bone. (b). MRI
scan of a lesion.

To obtain the detailed features of the complex FHN model, the
CT and MRI datasets were separately imported into the
Mimics 15.1 software (Materialise co., Belgium). First, the
contours of the outer cortex and the boundary of the cortical
and cancellous bone were extracted from the CT datasets via
automatic segmentation. This set of contours was used to
create three-dimensional surface models for each bone (Figure
2a). Second, the perimeter of the necrotic bone was identified
from the MRI datasets via manual segmentation and used to
reconstruct a three-dimensional surface model (Figure 2b). All
of the surface models were exported as separate STL files and
imported into the Rapidform XOR3 software for rendering as
an intact model of the FHN. The “align between scans data”
command of Rapidform XOR3 enables the alignment and
integration of two or more scan datasets to create a complete
complex model that must be captured with multiple scans. In a
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reference window and a moving window, the bony landmarks
were manually selected at corresponding points to match the
necrotic region to generate a pathological FHN model (Figure
2¢).

Figure 2. Bone tissue reconstruction. (a) Surface model of a hip bone.
(b) Surface model of a lesion. (c) An intact FHN model.

Patient-specific surgical guide design by CAD

The geometry of the patient-specific surgical guide was
designed with a Reverse Engineering (RE) tool according to
the FHN models described above (Figure 2). First, we
specified a distance of 4 mm as an offset from the cortical
surface for the thickness of the template. Second, the greater
trochanter and the intersection (i.e., the intersection of the
femoral axis and the axis of the neck) were connected to form
the upper boundary. The femoral stem axis was used as the
internal boundary in the front views. The height of the guide
was 65 mm. The extras part along the boundary line was cut.
Third, the femur was divided into two mesh parts from the
fundus of the neck of femur using the “Region Group”
function, and a cylinder was then extracted from the mesh part
of the head and neck as a primitive solid feature. A reference
vector (Figure 3a) confirmed that the direction of the fibular
graft overlapped with the centre axis of the cylinder. A smaller
cylinder representing a virtual fibular allograft was implanted
into the correct position (Figure 3b). Fourth, a positioning
column was designed as a pour ladder platform. This column
contained three windows and one tunnel according to the
smaller cylinder, the height of which 25 mm. In the upper and
lower boundaries of the template, three smaller positioning
columns were designed for fixing the template with the gram
needles. At this point, a safe, accurate and simple system for
positioning fibular grafts on a femur surface model had been
developed (Figure 3c).

Figure 3. Surgical guide design. (a) The centre axis of the femoral
neck. (b) Correct position of the virtual fibular allograft. (c) A
patient-specific locating system.

Measures and information

Before surgery, all patients underwent an X-ray examination
and CT and MRI scans, and the images and models were
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created with Rapidform XOR3. The details were accurate to
0.01 mm. The measurement indices were as follows:

a) The size of the lesion and the volume percentage of the
necrotic bone to femoral head are considered important factors
for predicting the FHC in the early stages of osteonecrosis
[9-11]. Some authors have reported that lesion volumes greater
than 30% in the femoral head are associated with a risk of
collapse of 80% [12,13]. In this study, the volumes of the
lesion region and the total head (Figures 4a and 4b) were
calculated with a computer. The volume percentage in each
case was greater than 30%. Therefore, open surgeries were
needed to prevent FHC.

b) The outcome of osteonecrosis of the femoral head is
influenced by percentage by surface area of the lesion [14].
Percentages exceeding 33% in early-stage osteonecrosis
patients are associated with a high risk of collapse. In this
study, the surface areas of the lesions (Figures 4c and 4d) were
measured, and all cases were greater than 33%. Therefore, the
treatments involved surgery.
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Figure 4. Data measures. (a) Volume of the lesion. (b) Volume of the
head. (c) Surface area of the lesion. (d) Surface area of the head.

c¢) First, we identify the position and orientation of the bone
tunnel (virtual fibula, Figures 5a-5c) and measure its length
(117 mm, the length of allogenic graft we selected is 80 mm,;
Figure 5d). This measure is a great aid for performing the
operation more effectively. Next, the size and shape of the
allogenic cancellous bone that was grafted into the bone tunnel
between the cortical bone and the top end of the fibular graft
were identified. The distance of the cortical from the fibula
was 5 mm (Figure 5e). This measure is a great aid for the
precise calculation of the allogenic cancellous bone mass.
Finally, the screw should be implanted parallel to and locked
with the fibula (Figure 5f).

Visualization: fibular grafting and impaction bone
grafting

a) Impacting bone can enhance the osteoinductive process via
filling with allografted cancellous bone [15-17]. In this study,
the patient-specific surgical procedure was used to gain access
to the necrosis lesion centre to construct bone conduction
paths. After fixing the surgery guide system to the femoral
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cortical bone, the bone was drilled through the guide of the
patient-specific template. Next, the impacting bone is
simulated by constraining the attachment contour profile of the
cancellous allograft to overlap with the shape and place as
highlighted in Figure 6a.

b) Fibular grafting can offer improve mechanical elements
[18]. After impacting the bone, one corner of the fibula is cut,
and fibular grafting is mimicked by constraining the
attachment centre axis of the bone tunnel to 80 mm in length
and 6 mm in radius to overlap the inner face of the bone tunnel.

¢) A compression screw is used to control the compression of
cancellous-fibula to aid the creeping substitution at the
osteosynthesis site. Simultaneously, this method affords
increased resistance of the osteosynthetic to detachment. In this
study, fixation with a 75 mm long compression screw with 0.1
mm of screw pitch was simulated to fix the fibular graft as
highlighted in Figure 6b.

%
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Figure 5. Positions. (a/b) Front view of the surgical guide. (c) Side
view of the surgical guide. (d) Length of the tunnel. (e) Distance from
the fibula to the cortical bone. (f) Cancellous-fibula screw system.

Allograft
cancellous

Figure 6. Visualization simulation. (a) Shape and location of the
cancellous allograft. (b) Fixation and locking of the fibula with a
screw.
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3D printing by CAM

Ten surgical guides of STL format were input into pre-
processing program of the 3D printer (Objet 260, Israel),
respectively. The acrylate esters were used as model materials
and support materials. After medical consumable materials
assessment, ten surgical guides were printing for operation
practice (Figure 7).

Figure 7. 3D printing of the template and physical simulation.

Results

To realize this planning in the operating room in a safe and
efficient fashion, we are working to apply the principles to the
design of the patient-specific surgical guide and the
preoperative planning simulation of impacted bone grafts and
fibular grafting. To evaluate the results of our preoperative
approach, we compared the operation time, blood loss volume,
operative incision size and the mean hospital stay duration. In
this study, ten fibula allograft and screws were placed in 10
patients. All of the implants were successfully placed using
patient-specific surgical guides. After the application of the
patient-specific surgical guides, the operation times were 53-75
min (In average 68.6 min), the blood loss volume was 90-150
ml (In average 120 ml), the operative incision size was 5-7 cm
(In average 6.4 cm), and the mean hospital stay was 13.2 days.
All cases were followed up for 12 to 30 months (In average:
20.4 months). All patients had no any complications of
rejection and fracture of fibular allograft, infection and
protruding of the cartilage over neighbouring surfaces.

These results indicated that the application of the patient-
specific surgical guides reduced the operation time, amount of
bleeding, operative incision size and the mean hospital stay
compared with the conventional method. Moreover, all of the
details were quantified and the surgeon possessed an answer
for every aspect of the surgical procedure.

Discussion

FAIBG represents an alternative to THA for the young with
FHN in the early stage. As FAIBG becomes more widely
practiced and both the theory and technique of hip-preserving
methods for femoral head necrosis develop over the years, the
demands for fibular location accuracy and bone mass
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calculation precision will rapidly increase. Moreover, the blood
loss volumes and X-ray radiation exposure will decrease. One
goal of the patient-specific surgical guide is enable surgeries
that are precise yet easy to execute. It has been suggested that
the accurate positioning of the fibula is extremely important for
the support of the femoral head because the trabecular bone
materials become soft, which results in the degradation of the
structural strength and a consequent increase of the risk of
collapse. Only sufficient hardness can provided improved
biomechanical support. In this study, we remove the
sequestrum along the bone tunnel and impacted the bone graft
to enhance the bone strength. Consequently, the femoral heads
were nearly restored, and initial stability was achieved [19] to
provide a proper biomechanical environment for the repair of
necrosis. Both the bone conduction paths and the stability of
the inner femoral head were reconstructed via allogeneic
fibular grafting, which can slow or even halt the progression of
necrosis and improve the function of the hip and the quality of
life of patients with femoral head necrosis [20]. In this study,
we mimicked impacted bone grafts and the fibular grafting
operation by designing and generating patient-specific guide
models for physical simulation via the CAM technique. The
tunnel length, cancellous allograft shape, volume and surface
area were measured for quantitative determinations. The
experimental results revealed that this new patient-specific
preoperative methodology is significantly beneficial to the
successful performance of FAIBG. Moreover, this
methodology reduced the operation time, the blood loss
volume, the operative incision size and the mean hospital stay
duration compared with the reported values for these
parameters [21,22]. The application of this methodology will
become popular in the field of hip-preserving surgery.

CAD/CAM is currently extensively used in surgical
simulations, medical implant design and manufacturing
[23,24]. The individual templates enabled by CAD provide a
precise location of the lesion that satisfies actual clinical needs.
Using this virtual environment, we improved the predictability
and quality of our surgeries by accessing important data prior
to the operations. Therefore, CAD plays an important role in
preoperative planning and provides a new approach for
optimizing operative schemes. In addition to CAD, CAM can
aid the production of material objects to provide a reusable
environment for surgical training, planning and rehearsal.

Conclusions

This patient-specific surgical guide may enable more intuitive
and precise preoperative planning for hip-preserving surgery in
terms of the flexibility of movement and rotation for surgical
simulation and the ease of measurement and computation for
quantitative determination. Moreover, this guide may help
surgeons to improve their techniques for choosing the optimal
scheme and fine-tuning that scheme, which will reduce
surgical trauma. Therefore, this new preoperative planning
approach deserves further study.
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