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Abstract Introduction: Osteonecrosis of the femoral
head is a local destructive disease with progression into
devastating stages. Left untreated it mostly leads to
severe secondary osteoarthrosis and early endoprosthetic
joint replacement. Core decompression by exact drilling
into the ischemic areas can be performed in early stages
according to Ficat or ARCO. Computer-aided surgery
might enhance the precision of the drilling and lower the
radiation exposure time of both staV and patients. The
aim of this study was to evaluate the precision of the
Xuoroscopically based VectorVision® navigation system
in an in vitro model. Materials and methods: Thirty saw-
bones were prepared with a defect Wlled up with a radi-
opaque gypsum sphere mimicking the osteonecrosis.
Twenty sawbones were drilled by guidance of an intra-
operative navigation system VectorVision® (BrainLAB,
Munich, Germany) and 10 sawbones by Xuoroscopic
control only. Results: No gypsum sphere was missed.
There was a statistically signiWcant diVerence regarding
the three-dimensional deviation (Euclidian norm) as well
as maximum deviation in x-, y- or z-direction (maximum
norm) to the desired mid-point of the lesion, with a mean
of 0.51 and 0.4 mm in the navigated group and 1.1 and
0.88 mm in the control group, respectively. Furthermore,
signiWcant diVerence was found in the number of drilling
corrections as well as the radiation time needed: no sec-
ond drilling or correction of drilling direction was neces-
sary in the navigated group compared to 1.4 in the
control group. The radiation time needed was less than
1 s compared to 3.1 s, respectively. Conclusion: The Xuo-
roscopy-based VectorVision® navigation system shows a
high feasibility of computer-guided drilling with a clear
reduction of radiation exposure time and can therefore

be integrated into clinical routine. The additional time
needed is acceptable regarding the simultaneous reduc-
tion of radiation time.

Keywords Osteonecrosis dissecans · Core 
decompression · Precision · Navigation · Computer-
aided surgery

Introduction

Osteonecrosis, also known as avascular necrosis or asep-
tic necrosis, is a serious disease mainly aVecting patients
between 30 and 50 years of age, particularly with pro-
gression into devastating stages. Pathogenesis is still
unknown, but all discussed factors like corticosteroids,
embolism or intravascular coagulation lead to ischemic
death of the bony and marrow tissues, subchondral frac-
tures and a progressive secondary osteoarthropathy after
collapse of the articular surface. Osteonecrosis of the
femoral head is the predominant localization of osteone-
crosis in the adult population [17, 22]. Following Ficat
and ARCO (Association Research Circulation Osseous),
the disease progresses through stages which can be
divided by size, location and diagnostic criteria [4, 7].

Like the pathogenesis, there is still controversy regard-
ing the treatment of this condition. The eVectiveness of
conservative treatment remains uncertain, and surgical
treatment demanded the extent of surgery depending on
the stage of the disease [12, 13, 23, 26]. In early stages,
many authors suggest core decompression by exact dril-
ling into the ischemic areas [1, 22, 23]. This is said to
improve symptoms by releasing pain through relieving of
intraosseous pressure by the accompanying edema and
furthermore by the improvement of the remodeling of the
ischemic parts by breaking open the sclerotic bone and
enabling blood circulation and revascularization. It can be
done with or without additional pushing in of bony grafts
[23, 25]. Later stages and already started osteoarthropathy
usually have to be provided by arthroplasty [1, 23].
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In core decompression, the precision of the drilling is
essential for the outcome. The lesion on the one hand has
to be decompressed eVectively; on the other hand dam-
age of the femoral cartilage should be strictly avoided
within the procedure. Therefore, experience and spatial
imagination of the surgeon is crucial, as well as the visu-
alization itself. The latter mostly is performed by using
an image intensiWer, which is part of the standardized
operation room. Most of those intensiWers visualize just
one plane. This can cause a series of intraoperative X-
rays and increased X-ray exposure not only of the
patient, but also of the operation room team and further-
more puts sterility at risk.

Regarding this, new methods like the computer-aided
navigation have been introduced to reduce this X-ray
exposition and improve the precision of drilling. Com-
puter-aided orthopedic surgery (CAOS) meanwhile is
well established in diVerent Welds. CT-based, Xuoroscopi-
cally assisted or imageless methods are used to simulta-
neously generate diVerent planes of the therapeutic
object to be treated [24].

Despite an increasing usage of computer-assisted sur-
gery, only few studies regarding the accuracy have been
described like drilling the pedicles of the spine, the talus
or even the proximal femur, all dealing with diVerent
methods and navigation systems [2, 3, 14–16, 19].

The aim of this study was to evaluate the precision of
core decompression with the VectorVision® navigation
system (BrainLAB, Munich, Germany), in an in vitro
model of osteonecrosis of the femoral head. Further-
more, the exposure time of radiation was measured to
evaluate possible reduction of exposure time of both staV
and patients. The overall time of the procedure was mea-
sured to evaluate possible lengthening by additional
steps required by the navigation system.

Materials and methods

The navigation system used in this study (VectorVision®

spine 5.5, BrainLAB) enables Xuoroscopy-based intraop-

erative navigation. It is based on an optical tracking unit,
which detects the reXecting marker spheres by an infra-
red camera (Fig. 1). Controlling of the system is done by
a draped touch-screen monitor.

Thirty sawbones (Sawbones Europe, Malmö, Swe-
den) were used to carry out these experiments. Each saw-
bone was prepared by drilling the femoral head with a
conical shaped drill, central implantation of a radi-
opaque gypsum sphere measuring 5 mm in diameter and
closure of the remaining defect by bony cement. Twenty
sawbones were drilled by guidance of an intraoperative
navigation system VectorVision® (BrainLAB); 10 saw-
bones served as control and were drilled in a conven-
tional drilling technique.

The sawbones were positioned in a special device in a
manner mimicking a supine position of a patient lying on
an operating table (Fig. 1). The procedure itself is based on
the virtual connection of the Xuoroscopic images and the
position of the surgical instruments. For this purpose it is
necessary to attach markers to the surgical instruments,
the patient and the X-ray intensiWer. Therefore, a reference
array with passive reXecting marker spheres was rigidly
attached to the lateral surface of each sawbone by a
Schanz screw. Visualization of the femoral head with the
gypsum spheres was carried out creating images in antero-
posterior and axial position by a C-arm Xuoroscope,
which is connected to the navigation system. The C-arm
itself is equipped with a device with reXecting markers to
deWne the orientation of the C-arm in spatial orientation
for the navigation system. After the two Xuoroscopic
images the image intensiWer is moved out of the operation
Weld and no further intraoperative images are needed.

A standard drill is equipped with a marker-clamp and
measured with a special calibration tool in order to
inform the navigation system about the length, diameter
and position of the tip of the instrument (Fig. 2). Next,
the surgical instrument is visualized on the touch-screen
monitor. By online control of the navigation system the
drill is placed in the desired position (Fig. 3). Virtual con-
nection of the position of all the reference markers
enables the orientation of the drilling guide in the two
Xuoroscopic planes simultaneously.

Fig. 1 Overall view of the 
assembly: left side the positioned 
sawbone, Xuoroscope, infrared 
camera and touch-screen moni-
tor of the navigation system; 
right side the positioned saw-
bone with attached reference 
markers and the marker-device 
on the image intensiWer
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After computer-assisted drilling of the femoral head,
the positioning of the drill was controlled by two perpen-
dicular Xuoroscopic images of the proximal femur cut
with the drill left in situ to measure the distance between
the mid-point of the target and the tip of the drill. The
greatest distance from the target was taken for further
statistical evaluation. Three-dimensional deviation was
measured by calculating the three-dimensional diagonal
line, the entry point of the drilling being the origin of the
three-dimensional system of coordinates, with the x-axis
in line with the drill starting at the entry point and end-
ing in the target center and perpendicular y- and z-axes
(L=qx2+y2+z2). The time needed for the procedure was
measured starting with the positioning of the bones and
ending with removal of the bone. X-ray exposure time
could directly be read on the image intensiWer after creat-
ing the images, taking 1 s into calculation if less than 1 s
was needed.

As mentioned above, serving as a control group, 10
identically prepared sawbones were drilled in a conven-
tional technique just by the control of drilling direction
of the same C-arm Xuoroscope and image intensiWer in
two planes.

Statistical analysis

Statistical analysis was carried out using the t test for the
procedure time needed and the Mann–Whitney rank
sum test for the three-dimensional diagonal line and the
greatest distance from the target, the radiation time
needed and the number of drilling corrections needed,
each comparing navigated to the control group. A
P < 0.05 was considered to be of statistical signiWcance.

Results

The distances of the tip of the drill to the desired mid-
point of the lesion are shown in Tables 1, 2, 3 and 4, as
well as the number of drilling corrections needed and the
time needed for procedure and radiation exposure. The
mean length of the three-dimensional diagonal line was
0.51 for the navigated group compared to 1.1 in the con-
trol group (Tables 1 and 2). Taking the greatest distance
for each drilling (Tables 2 and 3), the mean precision of
the drilling was 0.4 mm for the navigated group and
0.88 mm for the non-navigated control group. The mean
procedure time was 5.05 min for the navigated group and
4.14 min for the non-navigated control group. The mean
radiation exposure time was less than 1 s for the navi-
gated group and 3.1 s for the non-navigated control
group. No gypsum sphere was missed and, regarding the
greatest distance to the desired mid-point of the gypsum
sphere, just one was missed by more than 1 mm in the
navigated group compared to three in the control group.
No second drilling or correction of drilling direction was
necessary in the navigated group compared to a mean of
1.4 drilling corrections (range from 0 to 3) in the control
group (Tables 1 and 2).

Taking the greatest distances of the drillings into cal-
culation, the precision in reaching the desired mid-point
of the target in the navigated group and the control
group is shown in Table 5, the distances from the target
thereby being grouped into zones.

Discussion

Arlet and Ficat described the technique of core decom-
pression in 1964 [7]. Up to now, this procedure is still
widely accepted and performed, although a disparity
exists between the various reports on outcome; success
rates range from 33 to 92% with an overall success rate

Fig. 2 Calibration of the drill attached with reference markers by a
special calibration tool

Fig. 3 Real-time visualization of drilling on the associated touch-
screen
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between 60 and 70% [1, 5, 6, 10–12, 21, 23, 26]. It is mean-
while generally accepted that core decompression should
be solely performed in early stages of the disease and fur-
ther dependent on the size of the necrotic lesion [1, 12,
23, 26].

Accuracy in achieving the desired point and course is
essential. Fractures after drilling, which are likely to
occur more often after multiple drilling corrections, as
well as injuries of the cartilage by penetrating and failure

by missing the lesion have been described [1, 3, 23]. Fur-
thermore, in conventional technique exact location of the
drill or wire by multiple checks of drilling course and
depths causes enormous X-ray exposition of both
patient and operation room staV. These side eVects asso-
ciated with drilling corrections particularly gain impor-
tance in obese patients and their surrounding tissues
which make spatial orientation considerably diYcult.

Table 1 Navigated group: three-dimensional deviation from the
target (mm), number of drilling corrections needed, number of saw-
bones

*Statistically signiWcant diVerence regarding the three-dimensional
diagonal line comparing navigated to control group (P = 0.001,
Mann–Whitney rank sum test); **statistically signiWcant diVerence
regarding the drilling corrections comparing navigated to control
group (P < 0.001, Mann–Whitney rank sum test)

Number 
of 
sawbones

Distance 
in z-axis 
(mm)

Distance 
in y-axis 
(mm)

Distance 
in x-axis 
(mm)

Three-
dimensional 
diagonal 
line (mm)

Drilling 
corrections

1 1 0.6 0.2 1.18 –
2 0.6 1.2 0.4 1.4 –
3 0 0 0.2 0.2 –
4 0.4 0.4 0 0.57 –
5 0 0 0 0 –
6 0.2 0 0 0.2 –
7 1 0.4 0.6 1.23 –
8 0.6 0 0.2 0.63 –
9 0.4 0.2 0 0.45 –
10 0.6 0.4 0.2 0.75 –
11 0 0 0.2 0.2 –
12 0.4 0.4 0 0.57 –
13 0.2 0.2 0 0.28 –
14 0.4 0.2 0.4 0.6 –
15 0 0.4 0.6 0.72 –
16 0 0 0 0 –
17 0.4 0.2 0.2 0.49 –
18 0.2 0.2 0 0.28 –
19 0.4 0.2 0.2 0.49 –
20 0 0 0 0 –
Mean 0.34 0.25 0.17 0.51* –**

Table 2 Control group: three-dimensional deviation from the tar-
get (mm), number of drilling corrections needed, number of saw-
bones

Number 
of 
sawbones

Distance 
in z-axis 
(mm)

Distance 
in y-axis 
(mm)

Distance 
in x-axis 
(mm)

Three-
dimensional 
diagonal line
(mm)

Drilling 
corrections

1 0.8 0.6 0.4 1.08 2
2 1 1.4 0.6 1.82 1
3 0.8 0.6 0.4 1.08 2
4 0.4 0.2 0.2 0.49 3
5 0.4 0.6 0.2 0.75 2
6 1.2 0.4 0 1.26 –
7 0.4 0.8 0.4 0.98 2
8 1.4 1 0.6 1.82 1
9 1 0.6 0 1.17 –
10 0.4 0.2 0.4 0.60 1
Mean 0.78 0.64 0.32 1.1 1.4

Table 3 Navigated group: greatest distance from target (mm), radi-
ation exposure time (s), procedure time (min), number of sawbones

***Statistically signiWcant diVerence regarding the greatest distance
from the target comparing navigated to control group (P = 0.004,
Mann–Whitney rank sum test); ****statistically signiWcant diVer-
ence regarding the radiation time needed for the procedure compar-
ing navigated to control group, taking 1 s into calculation for the
navigated group although less than 1 s was needed (P < 0.001,
Mann–Whitney rank sum test)

Number 
of sawbones

Greatest 
distance from 
target (mm)

Radiation 
time (s)

Procedure 
time (min)

1 1 <1 6.8
2 1.2 <1 6.2
3 0 <1 5.6
4 0.4 <1 6
5 0 <1 5.4
6 0.2 <1 5
7 1 <1 5.2
8 0.6 <1 5.2
9 0.4 <1 4.8
10 0.6 <1 4.6
11 0 <1 5
12 0.4 <1 4.6
13 0.2 <1 4.5
14 0.4 1 4.5
15 0.6 <1 4.7
16 0 <1 4.6
17 0.4 <1 5
18 0.2 <1 4.5
19 0.4 <1 4.4
20 0 <1 4.3
Mean 0.4*** ·1**** 5.05

Table 4 Control group: greatest distance from target (mm), radia-
tion exposure time (s), procedure time (min), number of sawbones

*****Statistically signiWcant diVerence regarding the time needed
for the procedure comparing navigated to control group (P < 0.001,
t test)

Number 
of sawbones

Greatest 
distance from 
target (mm)

Radiation 
time (s)

Procedure 
time (min)

1 0.8 5 5.1
2 1.4 4 4.7
3 0.8 5 4.6
4 0.4 4 4.2
5 0.6 3 4.2
6 1.2 4 3.9
7 0.8 3 3.8
8 1.4 2 3.9
9 1 3 3.4
10 0.4 3 3.6
Mean 0.88 3.1 4.14*****
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Concerning these facts, it is desirable to minimize the
side eVects of the surgery as well as imaging time and
radiation dosage.

Computer-assisted orthopedic surgery meanwhile is
well accepted in several surgical Welds, as it could
improve precision and also minimize X-ray exposition
[15, 16, 24]. DiVerent methods like the CT-based, Xuoro-
scopically assisted or imageless methods are used to
simultaneously generate diVerent planes of the therapeu-
tic object to be treated [24]. As a Xuoroscope is a stan-
dard piece of the equipment of an operation room and
surgeons are well adapted to its visual informational
content, Xuoroscopic navigation was developed [9, 14,
20]. This method does not require registration like the
CT-based system and reduces both imaging time and
radiation dosage. Visualization of the necrotic lesions
can be a possible drawback in the usage of the Xuoro-
scopically guided navigation as the necrotic lesions can
be made visible Wrst with MRI, then CT and only later
Xuoroscopically. Thus, to treat the lesions in earliest
stages, a CT-guided or, even better, MRI-guided system
should be used which usually is not available in most
institutions.

Regarding the precision of navigated drilling, which is
either therapeutic itself or the Wrst crucial step in ortho-
pedic procedures paving the way for later osteotomies or
milling, only few studies exist despite emerging and
spreading systems and use [3, 8, 15, 16]. The authors
reported clinically acceptable results in precision with an
average distance from the given target of 2–4 mm [2, 3,
15, 16]. Those distances are consistent with CT-based
navigated drillings with further application of special
individual Wxing methods [18]. Despite those reports,
keeping in mind the spreading use of diVerent systems
one should further regard that in these studies methods
diVer and diVerent navigation systems are used which
cannot directly be compared and generalized. Further-
more, the bending of a wire or the tip of a thin drill could
falsify the measured distances from the target, as just
their length and their indirect orientation by positioning
of the drilling guide are detected.

This study was performed to evaluate the precision of
core decompression with the VectorVision® navigation
system in an in vitro model of osteonecrosis of the femo-
ral head. Drilling could be performed by visualization of
the aiming of the target on the navigation system-associ-
ated screen. Analogous to former described publications,
Wrst we could Wnd a high reproducibility in hitting the
target with remarkable precision; we could even state a

higher precision or lesser average distance from the tar-
get. The three-dimensional distance in the navigated
group was less than half of the distance reached in the
control group. Regarding the greatest distance to the
desired mid-point of the gypsum sphere, just one was
missed by more than 1 mm in the navigated group com-
pared to three in the control group. Furthermore,
although no gypsum sphere was missed in both groups,
there was a clear tendency for higher precision in the
navigated group with 14 out of 20 drills in a zone of less
than 0.5 mm distance from the mid-point compared to 2
out of 10 in the control group. No second drilling or cor-
rection of drilling direction was necessary in the navi-
gated group which seems to be the most important
Wnding here, as multiple drilling corrections could
weaken the bone as mentioned above. In contrast, a
mean of 1.4 drilling corrections (range from 0 to 3) were
needed in the control group which is even low due to the
lacking surrounding tissue in our in vitro experiment.
Secondly and maybe most noteworthy, we could state a
clear reduction of exposure time to radiation compared
to conventional techniques, in which the drilling and
every possible correction must be controlled in at least
two diVerent X-ray planes. Less than 1 s was needed to
acquire the initial radiographs in two planes for calculat-
ing the geometry construct in the navigated group which
was signiWcantly less than the mean time needed in the
conventional drilling group. Third, the additional time
needed with navigation due to both placement of refer-
ence tool, frames and diodes as well as calibration of the
drill is acceptable or even negligible, particularly when
compared to the additional time needed due to possible
correction of drilling direction and its controlling by X-
ray in two planes with the conventional drilling method.
All these described Wndings are particularly important
under in vivo conditions with regard to the surrounding
tissues especially in obese patients, where spatial orienta-
tion is harder, mostly making drilling corrections neces-
sary.

Of course, our Wndings present in vitro conditions and
therefore cannot be directly extrapolated to the in vivo
circumstances, but certainly show the clear trend
towards the above-mentioned advantages like improve-
ment of precision with simultaneous reduction of radia-
tion exposure time. Clinical trials have to be awaited for
Wnal statements.

Conclusion

The analysis of precision of the VectorVision® naviga-
tion system shows the feasibility of hand-guided drilling
by navigation with high accuracy with clear reduction of
radiation exposure time and therefore will be integrated
into clinical routine. The mean distance of the aimed tar-
get of 0.4 mm is remarkably low and meets realistic
demands on orthopedic surgery. The additional time
needed is acceptable regarding the simultaneous reduc-

Table 5 Grouping into zones by greatest distance from the target,
navigated and control group

Zone I: 0–0.5 mm from the lesion mid-point; zone II: 0.5–1 mm from
the lesion mid-point; zone III: 1–2 mm from the lesion mid-point;
zone IV: >2 mm from the lesion mid-point

Zone I II III IV

Navigated group (n = 20) 14 5 1 –
Control group (n = 10) 2 5 3 –
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tion of radiation time compared to conventional tech-
niques.
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