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Abstract

Purpose Medial femoral neck fractures are common, and
closed reduction and internal fixation by three cannulated
screws is an accepted method for the surgical treatment.
Computer navigation for screw placement may reduce fluo-
roscopy time, the number of guidewire passes and optimise
screw placement.

Methods In the context of a sawbone study, a computer-
assisted planning and navigation system based on 3D-
imaging for guidewire placement in the femoral neck was
tested to improve screw placement. Three screws were inserted
into 12, intact, femoral sawbones using the conventional tech-
nique and into 12, intact, femoral sawbones guided by the
computer-based navigation system. Guidewire and subsequent
screw placement in the femoral neck were evaluated.

Results Use of the navigation system resulted in a signifi-
cant reduction of the number of drilling attempts (p<0.05)
and achieved optimised accuracy of implant placement by
attaining significantly better screw parallelism (»p<0.05) and
significantly enlarged neck-width coverage by the three
screws (p<0.0001). Computer assistance significantly in-
creased the number of fluoroscopic images (p<0.001) and
the operation time (p<0.0001).
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Conclusions Three-dimensional computer-assisted naviga-
tion improves accuracy of cannulated screw placement in
femoral neck while increasing the number of fluoroscopic
images and operation time. Additional studies including
fractured sawbones and cadaver models with the goal of
reducing operation time are indispensable before introduc-
tion of this navigation system into clinical practice.

Introduction

Surgery in patients with hip fractures is increasing with the
large demographic growth of geriatric patients [1]. Closed
reduction and internal fixation with three screws forming a
triangle is an accepted method for the surgical treatment of
medial femoral neck fractures [2]. Exact screw placement
with a greater distance between the screws enables a bio-
mechanically stable fixation. The number of drill attempts
should be kept to a minimum as they might weaken the
cortical and cancellous bone and might lead to subtrochan-
teric fractures [3]. Furthermore, extra passes are time con-
suming and may penetrate the articular surface of the
femoral head. Despite good results using this technique,
incorrectly positioned screws and secondary fracture dislo-
cations have been described in 10-50% [4, 5]. C-arm fluo-
roscopy is the standard imaging used to guide percutaneous
guide wire and subsequent screw placement. Extensive use
of fluoroscopy may endanger the patient and the operating
room staff, while repeated rotation of the C-arm endangers
sterility [6, 7].

Mobile C-arms with three-dimensional imaging allow
for intraoperative 3D visualisation of anatomical areas.
Iso-C 3D mobile C-arm (Siemens AG, Medical Solu-
tions, Erlangen, Germany) has equal clinical value to spiral
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computed tomography but is superior in comparison to
two-dimensional imaging [8, 9]. In combination with
computer-based navigation surgeons are able to place
implants very precisely (for example, for pedicle screw place-
ment or for screws placed in the acetabulum or the sacroiliac
joint) while having a simultaneous real-time three-
dimensional view of the osseous anatomy of the patient
[10-12].

We postulated that three-dimensional computer-
assisted navigation would reduce the number of drilling
attempts, the number of fluoroscopic images and the
operating time while optimising the precision of hip
screw placement compared to the conventional fluoroscopy-
based technique.

Materials and methods
Experimental setup

Twenty-four identical intact left femoral plastic femurs
(Sawbones®, Malmo, Sweden) were used to simulate re-
duced medial femoral neck fractures. All femurs were
mounted on a bench clamp. For percutaneous screw place-
ment, a surgical drape imitated soft tissue coverage. In this
way, the surgeon was prevented from using macroscopic
anatomical landmarks for orientation (Fig. 1). Three cannu-
lated screws were inserted into 12 femoral necks guided by
conventional fluoroscopic imaging (group 1) and into 12
guided by a three-dimensional computer-assisted navigation
system (group 2). First, one surgeon (an orthopaedic

Fig. 1 Operative set-up with the image-guided frechand navigation of
the guide wire into the femoral neck using the CAPPA C-Nav navigation
system (CAS Innovations/Siemens, Erlangen, Germany). CD image seen
on the computer display, DG calibrated guidewire tracker, DRG dynamic
reference base, C4 C-arm fluoroscope
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consultant) performed the placement of three cannulated
screws (8.0 mm, DePuy®, Kirkel-Limbach, Germany)
into the femoral neck of 12 Sawbones® in accordance
with the manufacturer’s recommended technique using
the conventional two-dimensional fluoroscopic imaging
(group 1). Second, the same surgeon performed the
placement of the three cannulated screws into 12 Saw-
bones® guided by the three-dimensional computer-
assisted navigation system (group 2). The computer-
assisted technique used the CAPPA C-Nav navigation
system (CAS Innovations®/Siemens, Erlangen, Ger-
many) in combination with the three-dimensional mode
of the C-arm fluoroscope (ARCADIS Orbic 3D®, Sie-
mens, Erlangen, Germany).

Surgical technique (conventional)

For conventional screw placement, the surgeon used a C-
arm fluoroscope (ARCADIS Orbic 3D®, Siemens, Erlangen,
Germany) in conventional two-dimensional mode. Using a
power drill, a guide wire (Kirschner wire; diameter, 3.2 mm)
was gradually advanced using a cannulated single drill guide
under optimal image intensification in two planes until the
subchondral bone of the femoral head was reached. It was
placed cranial in the femoral neck. After measuring length, a
cannulated drill bit was used to drill the appropriate canal. An
8.0-mm cannulated screw was then inserted over the guide
wire. We performed this procedure for the caudal two screws
in the same manner (first dorsal, second ventral) trying to form
a triangle with two screws close to the anterior and posterior
cortices near Shenton's arch. Afterwards, the guide wires were
removed.

Surgical technique (navigated)

For computer-assisted insertion of cannulated screws a dynam-
ic reference base (DRB) was fixed on the distal ventral part of
the femur metaphysis using a Schanz screw. The surgeon
executed the following three planning and navigation steps:

Step 1 Three-dimensional image acquisition

For three-dimensional image acquisition the C-
arm was positioned isocentrically to the femoral
neck, in both anteroposterior (AP) and lateral pro-
jections. This was confirmed by orthogonal lasers.
By rotation of 190° around the proximal femur
three-dimensional imaging was performed by cal-
culating multiplanar reconstructions from 100 C-
arm images that were registered during the auto-
mated rotating scanning procedure. With the high-
resolution data set, a cube with a volume of ap-
proximately 12 c¢m® was generated. During the
scans, the surgeon left the operation room. After
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Step 2

Step 3

Fig. 2 Planning of the screw
position in the femoral neck.
The length and diameter of the
screws are measured and
displayed on the left part of
the display

the scans were completed the images were trans-
ferred to the navigation system.
Planning of screw alignment

The positions of the three cannulated screws
were then planned on the reconstructed three planes
(anteroposterior, lateral and coronal plane) (Fig. 2).
The goal of this planning step was to find valid
implant positions forming a triangle with a maxi-
mum screw spread while avoiding femoral head or
neck perforation.
Navigation of the guide wire

After the surgeon had defined satisfactory
implant positions, image-guided navigation of
the guide wire in the planned trajectories fol-
lowed. For guide wire stabilisation, a non-
navigated drill guide was used. For placement
of the guide wire in the femoral neck and head,
the optical tracking system permanently tracked
the position of the calibrated drilling machine
together with the rigidly fixed dynamic refer-
ence base of the femur. Three-dimensional
reconstructions with a virtual projection of the
navigated guide wire in relation to the femur
and cross-hair navigation enabled plausibility
checking (Fig. 3). After guide wire placement,
cannulated screws were placed in the same
fashion as in the conventional technique. After
screw insertion, another three-dimensional scan with
100 C-arm images confirmed screw placement
(Fig. 4a—c).
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Data collection

During each procedure, the following measurements were
recorded:

1.

Drilling attempts

Every correction of the angle, including backward
movement of the drill, was counted as a drilling attempt.
Implant placement accuracy.

Screw parallelism and the neck-width coverage (the
triangular area [mm?] of the femoral neck held by
screws was calculated by the distances of the three
screws measured from the centre of each screw) were
determined. According to the evaluation of Hamelinck
et al. [13] the angle between the screws was docu-
mented, and the points were awarded for the angle of
placement in two directions according to the following
scale:

4 points for 0-3° deviation, 2 points for 3-6°
deviation, and 0 points for 6° or greater deviation.
All three screws were compared with each other.

Fluoroscopic images

The total number of fluoroscopic single shots was
counted.
Operation time

The total duration of operative time was taken from the
moment of inserting the first guide wire (group 1) or from
fixation of the dynamic reference base (group 2), respec-
tively, until the three screws were finally positioned.
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Fig. 3 Visualisation of the
image-guided freehand naviga-
tion of the guide wire in the
planned trajectory. Display of
two cross-hair-like vectors for
orientation of the navigation
tool on the right lower part of
the display. The small, inner
circle represents the position of
the guide wire tip; the larger,
outer circle represents the posi-
tion of a point on the guide wire
axis. The inner and the outer
circle in the centre means that
the tool is aligned. Note the
representation of the depth of
the distance ahead of the guide
wires tip on the left lower

part of the display

The analysis was performed by one investigator, who
was blinded to the technique used and presented with the
images in a random order.

Statistical methods

For statistical analysis we used the paired Student z-test.
Values are presented as mean+standard deviation (SD). All
tests applied were two-tailed, and p values <0.05 were
considered statistically significant. Evaluation was carried
out using the statistics program Instat 3 for Windows XP.

Results

Neither in the group using the conventional technique
(group 1) nor the group using the three-dimensional
computer-assisted technique (group 2) did the procedure
have to be interrupted at any time or in any case. In all 24
cases, placement of the guide wire in the femoral neck and
head and subsequent placement of three cannulated screws
were successful. The results of the individual measurements
are presented in Table 1.

The number of fluoroscopic single shots taken to achieve
an acceptable position of all screws was significantly in-
creased when using computer-assistance (p<0.001). Using
the computer-guided system three drilling attempts were
necessary for implant placement in all cases, while signifi-
cantly more drilling attempts were used in the conventional
technique (p<0.05). Implant placement was significantly
more accurate using the navigation system as screw
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parallelism was significantly more precise (»p<0.05) and
the neck-width coverage significantly enlarged (p<0.0001).
Computer assistance significantly increased the mean opera-
tion time (»p<0.0001).

Discussion

To our knowledge, this is the first publication reporting the
outcomes of three-dimensional computer-assisted naviga-
tion for percutaneous hip screw placement.

Drilling attempts

This study shows that the first-pass accuracy for guide wire
placement in the femoral neck was improved using the
computer navigation system. The drilling attempts were
reduced to the minimum of three required to place the
cannulated screws. The surgeon could trust the navigation
system. This speaks in favour of this technique and may be
regarded as an important advantage of three-dimensional
computer-assisted insertion of cannulated hip screws. In
clinical use, this may minimise revision surgery caused by
carly failure of implant fixation in a weakened femoral neck
or early osteoarthritis caused by penetration of the femoral
head. In comparison to authors who performed biplanar
computer-assisted guide wire placement in the femoral neck,
the results are similar [13—16]. In these studies, one of 15
computer-assisted trials required a second pass because the
surgeon did not follow the computer plan [14].
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femur 3

Fig. 4 Screenshots of the final implant position after the three-dimensional confirmation scan in the (a) anteroposterior, (b) lateral and (c¢) coronal

plane

Implant placement accuracy

It was found that screw parallelism was significantly im-
proved and neck-width coverage significantly enlarged with
computer navigation. This has been shown to improve sta-
bility of fracture fixation [2, 17]. Furthermore, computer
navigation enables more constant screw placement as the
SD of neck-width coverage is minor compared to the con-
ventional technique. This procedure might be of interest in

dysplastic femoral necks due to the advantage of 3D illus-
tration of the proximal femur. Use of a mechanical parallel
drill guide was avoided. In clinical application this may
result in an enlarged skin incision due to bone approxima-
tion and screw spread might be restricted due to the holes
provided. In the few studies reporting results of navigated
cannulated hip screw placement, data concerning screw
placement accuracy differ [13, 18, 19]. While Liebergall et
al. [18] also improved screw parallelism and neck-width
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Table 1 Measurements of the conventional fluoroscopic technique
(group 1) and the three-dimensional computer-assisted technique
(group 2). The values are given as the mean and the standard deviation.
Statistical significance was defined for *p<0.05; **p<0.0001

Measurement Group 1 Group 2

Drilling attempts (no.) 4.8+£1.6 3.0£0%*

Precision: screw parallelism (points)  22.5+£1.5  24+0%*

Precision: triangular area (mm?) 54.8+ 70.8+5.1%*
10.2

Fluoroscopic single shots (no.) 24.849.1  200+0%**

Total operation time per procedure 15.9+£2.7  38.3+£4.3%*

(min)

coverage using the iON FluroNavStealthStation (Med-
tronic SNT, Louisville, Colorado) navigation system®,
Kendoff et al. [19] and Hamelinck et al. [13] found that
screw placement could not be improved using the Vector
Vision® (Brainlab, Heimstetten, Germany) system. Due
to different setups (sawbone [13, 19], cadaver [19] and
clinical [18] setup), different navigation systems used
and the small number of navigated femurs, results can
hardly be compared.

Fluoroscopic images

Using the three-dimensional computer-assisted naviga-
tion technique, the number of fluoroscopic shots in-
creased more than seven times compared to the
conventional technique. The radiation load of one scan
using 100 fluoroscopic images is comparable to one
computed tomography scan [20]. In clinical application,
the use of fluoroscopy is a concern to the patient, particu-
larly to the radiosensitive reproductive organs which are
close to the proximal femur [21]. For the operating
team, the radiation dose is reduced compared to the
conventional method, as the navigation system allows
them to keep a distance from the C-arm during image
acquisition. Surgeons might reduce irradiation, as the
automated rotating scanning procedure is standardised,
and suboptimal so called “test-X-rays” to achieve an optimal
view on the proximal femur in the two planes, can be avoided.
Using the navigation system wrong pathways of the guide
wire were corrected “online” and no confirmatory fluoroscop-
ic images were needed until the final implant position had
been achieved. After the first scan, further rotation of the C-
arm was not necessary with computer navigation. In a clinical
setting, this might improve sterility as this procedure could be
performed unsterile before the operation starts. Furthermore, a
second scan could be avoided as X-rays in anteroposterior and
lateral planes usually suffice to check implant placement
postoperatively.
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Operation time

Fluoroscopic image acquisition supported by three-dimensional
computer-assisted navigation is a time consuming pro-
cess which at least doubles operation time. In our set-
ting, the surgeon himself performed the three planning
and navigation steps. Tracking the position of the drilling
machine in relation to the dynamic reference base requires a
learning process. With further development and an additional
surgeon performing the planning steps, the operative time
might be reduced.

Limitations

This study showed some limitations. There were no varia-
tions of the configuration and size of the sawbones. As just
one surgeon performed all operations, increasing experience
of the surgeon during guidewire and subsequent screw
placement could not be avoided. Therefore, supplementary
ex-vivo cadaver studies investigating the use of the naviga-
tion system in femurs with physiological variation in the
dimension and configuration of the proximal femur are
desirable. One weakness of this study is the use of intact
sawbones. The proposed system is only capable of tracking
one bone fragment since only one DRB is used for the distal
part of the femur. Navigated reduction of the two fracture
fragments would be desirable and is planned for future
approaches. Future developments should also concentrate
on the development of DRB fixation methods that provide
a rigid but minimally invasive fixation to the bone. Nonin-
vasive reference technology using bonding sheets, clamp
fixation or external bands could not fulfil the requirements.
Therefore, invasive fixation techniques using Schanz screws
are currently still the method of choice [22]. It remains to be
seen, whether the 3D dataset in the cube with a volume of
approximately 12 cm® is large enough for implant planning.
Future directions may facilitate implant planning by includ-
ing digital flat-panel detectors generating an enlarged data-
cube with a volume of more than 12 cm®.

Another potential criticism is the fact that we only com-
pared the number of fluoroscopic images between the con-
ventional and the computer-assisted procedure. We did not
measure the real reduction of the ionizing radiation exposure
for the patient and the operation staff. The use of dosimeters
to determine the individual exposure to ionizing radiation
and the reduction achieved by the computer-assisted proce-
dure should be taken into account for future studies.

Conclusion
Use of three-dimensional computer-assisted navigation for

the placement of cannulated hip screws decreases the num-
ber of guide wire passes while optimising screw parallelism
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and enlarging neck-width coverage by the cannulated screws.
Computer-assisted surgery with this system increases the
operating time and the number of fluoroscopic images. Al-
though these results are promising, additional laboratory stud-
ies including fractured sawbone-models and cadaver studies
should be performed. The studies should focus on reducing
the operating time prior to the introduction of the 3D naviga-
tion system into clinical practice.
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