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Dear Colleague:
Precise measurements and clear identiﬁcation of bony landmarks are key to successful orthopedic surgery. The use of computer-assisted navigation, especially in
minimally invasive surgery, maintains clear visibility during procedures, allowing
the surgeon to obtain accurate measurements necessary for positioning implants in
total hip arthroplasty (THA) and total knee arthroplasty (TKA).
This supplement contains articles that explore the accuracy of computer-assisted
navigation used for THA and TKA. Topics include navigation-guided gap technique, as well as nonimage-guided, infrared optical, electromagnetic, and three-dimensional navigation. Other topics include managing limb length discrepancy and
restoring offset, predicting postoperative function, and assessing notch geometry
for accurate tunnel placement.
I would like to thank the contributors for their participation in this ORTHOPEDICS
supplement and the sponsor, B. Braun Aesculap, for its support.
Robert D’Ambrosia, MD
Editor-in-Chief, ORTHOPEDICS
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Navigated and Nonnavigated Total
Hip Arthroplasty: Results of Two
Consecutive Series Using a Cementless
Straight Hip Stem
DIDIER MAINARD, MD

abstract
The purpose of this study was to compare conventional and navigated technique and a recently developed straight hip stem for uncemented primary
total hip arthroplasty. The results of two consecutive implantation series of 42
patients (nonnavigated) and 42 patients (navigated) were analysed for implant
positioning and complications. All surgeries were performed by the investigator. Radiographic analysis of cup position showed a signiﬁcant improvement with reduced radiologic inclination (53° nonnavigated /44° navigated;
P < .001) and higher anteversion (7° nonnavigated /12° navigated; P <.001).
The mean postoperative limb length difference was 6.2 mm (SD, 9.0 for
nonnavigated) and 4.4 mm (SD, 6.4 for navigated). Intraoperative and early
postoperative complications were not different. No dislocation occurred
in either group. There was one intraoperative trochanter fracture that was
not revised (nonnavigated) and one revision because of a periprosthetic
fracture caused by fall down during rehabilitation (navigated). We conclude that
acetabular implant positioning can be signiﬁcantly improved by the use
of navigated surgery technique. The data for postoperative limb length
difference were still similar but within the expected range in both groups.
The effect of improved cup positioning on mid- and long-term results for both
groups has to be investigated further.

C

ementless total hip arthroplasty
(THA) should lead to survival rates
of > 95% at 10 years.1 Implant positioning of cup and stem components may
inﬂuence long-term results, and early results
can be improved by reducing postoperative
complications due to impingement,2 joint
dislocation3, or wear and acetabular component failure.4 The deﬁnition of appropriate implant positioning of THA components
may be controversial and is always inﬂuenced by individual patient circumstances.

22
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Preoperative planning considers indication, bone morphology, and the degree of
joint destruction to position the implant
components. Cementless implants must be
ﬁxed with appropriate primary stability and
should adjust limb length discrepancies.
Cup positioning must have a positive anteversion value of 10º to 20º and an average
inclination of 40º to 45º without extreme ﬂat
inclinations (<35º) or extreme high inclination (>55º). The radiographic evaluation
of implant positions is difﬁcult due to

projection and magniﬁcation errors. Pelvic
ante- or retroversion5 or different femoral
rotation6 and ﬂexion may lead to deviations
of projected implant positions.
In conventional implantation technique, surgeons experience has a major
inﬂuence on preoperative plan and intraoperative implementation. Navigated THA
implantation technique is an intraoperative tool to assist the surgeon with data on
implant positioning for the implementation
of a surgical plan to achieve an optimal
implant position for the individual patient.
Because the investigator is currently using
routine THA navigation the purpose of the
study was to compare implant positioning and short-term complications in two
consecutive cementless THA implantation
series without and with the use of this navigation technology.

MATERIAL AND METHODS
In 2000, we introduced a recently
developed straight cementless hip stem
Dr. Mainard is from Centre Hospitalier Universitaire Nancy, France.
ORTHOPEDICS was unable to determine
whether Dr. Mainard has any relevant ﬁnancial
relationships to disclose or whether they are paid
consultants for any companies.
Correspondence should be addressed to Didier Mainard, MD, Department for Orthopedics
and Traumatology, CHU Nancy, France; didier.
mainard@ciril.fr.
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NAVIGATED AND NONNAVIGATED THA WITH CEMENTLESS STRAIGHT HIP STEM | MAINARD

1

2A

Figure 1: Straight cementless hip stem.

(Excia; B. Braun Aesculap, Tuttlingen,
Germany) that had been designed for
primary THA (Figure 1). We introduced
THA navigation technology (OrthoPilot;
B. Braun Aesculap) for cup (2005) and
stem (2006) positioning. The registration
of the anterior pelvic plane is performed
with a pointer, and a distal femoral ﬁxation of the navigation sensor is used.
Two consecutive implantation series
of 42 THAs with appropriate postoperative radiograph projections in non-navigated technique (April 2000 to December
2001) and 42 THAs in navigated technique (September 2006 to December
2007) were compared. The group of 42
navigated patients was retrospectively included backward from December 2007.
All 84 surgeries were performed by the
investigator. Implant position was evaluated on postoperative anteroposterior radiography between 2 and 3 months after
the index surgery. All pelvic radiographs
were made in strict standing position of the
patient. The operated hip joints were classiﬁed on the preoperative radiographs into
three subgroups: group 1 with a preoperative leg shortening (>5 mm), group 2 with
a preoperative leg length equality (±5 mm),
and group 3 with preoperative lengthening
of the operated leg (>5 mm). Additionally,

2B
Figure 2: A, Semilateral decubitus patient position of 30° to 45° for a direct lateral THA approach registration of the anterior pelvic plane. B, Pointer registration of the anterior pelvic plane.

the projected values of the caput collum
diaphysis (CCD) angle were classiﬁed into
three subgroups (<125º, 125º to 135º, and
>135°). Changes in leg length were measured using the most distal line between

OCTOBER 2008 | Volume 31 • Number 10 / SUPPLEMENT
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the teardrop ﬁgure and the proximal corner of the lesser trochanter as anatomical
landmarks.7 The distance between the two
teardrops and the head diameter of the hip
replacement was used to scale preoperative

23
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Table 1

General patient data for the two groups
Nonnavigated
group

Navigated
group

Number of
THAs

n = 42

n = 42

Operating
period

April 2000 to
Dec 2001

Sept 2006 to
Dec 2007

CCD
(∅ / SD)

127° / SD =
10.5°

130° / SD =
8.8°

Age at THA
(y)

60.5 / SD =
11.8

63.3 / SD =
14.1
28.1 / SD =
7.2

BMI

27.3 / SD = 4.4

Operated
leg
Gender
Indication

22 of 42 right

Comparability

3
P =.16
P = .04*
P = .90

21 of 42 right

P = .83

53% men

43% men

P = .16

86% Primary
osteoarthritis

88% Primary
osteoarthritis

P = .67

*Data is different because P .05 (Mann-Whitney U test).

Table 2

Pre- and postoperative results for leg length difference
and absolute lengthening values for the operated hip joint
Ø Preoperative
leg length
difference to the
nonoperated hip

Ø Leg
lengthening
of the
operated hip

Ø Postoperative leg
length difference to
the nonoperated hip

Ø
Nonnavigated

-2.3 mm
(SD 7.3)

9.1 mm
(SD 6.2)

6.2 mm
(SD 9.0)

Ø
Navigated

-5.5 mm
(SD 7.2)

8.5 mm
(SD 5.4)

4.4 mm
(SD 6.4)

and postoperative radiographs. Radiographic cup positions were also measured for inclination in relation to the teardrop line. Anteversion was calculated with the method
of Pradhan.8 All THA surgeries were performed with a direct lateral approach with
the patient in semilateral decubitus position
of 30º to 45º (Figure 2a). A distal pin with
an infrared sensor on the femur was used
for the femoral reference (Figure 2b). The
navigated THAs were performed using
a minimally invasive surgical technique.

24
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Figure 3: Safe zone result for radiographic cup position (navigated/non-navigated).

Intraoperative and postoperative complications were documented, and all patients
achieved immediate postoperative full-load
bearing, which was possible without pain.

RESULTS
The general data for the two groups are
comparable according to the Mann-Whitney U test for the nonparametrical values
(CCD angle, age, BMI) and the chi-square
test for the distribution of the operated leg,
gender, and indication. All values are sum-

marized in Table 1. Patients age at time
THA showed a statistical difference because the P value was slightly below .05.
Cup Positioning
Radiographic analysis of cup position
showed a signiﬁcant difference. Radiologic inclination (53°: SD, 8.1 [non-navigated]; 44°: SD, 5.6 [navigated]; P < .001)
was reduced by an average of 8° by the use
of navigation. The radiologic anteversion
(7°: SD, 4.6 [non-navigated]; 12°: SD, 5.3
[navigated]; P < .001) was increased by
6°. The number of cup positions within a
safe zone deﬁnition of radiographic inclination/anteversion of 45°/15°±10° (Figure 3) was also signiﬁcantly improved by
navigation (21 of 42, 50% non-navigated
/38 of 42, 90% navigated; P < .001).
Leg Length
Independent of the preoperative circumstance, the postoperative values for
the change of the limb length of the operated hip were not signiﬁcantly different
(Mann-Whitney U test P = .7) and showed
a mean leg lengthening of 9.2 mm (SD,
6.2 mm for non-navigated) and 8.5 mm
(SD, 5.4 for navigated). Considering also
the preoperative leg length difference, the
resulting postoperative leg length difference was 6.2 mm (SD, 9.0) in the nonnavigated group and 4.4 mm (SD, 6.4) in
the navigated group (Table 2).
Dependant of the preoperative classiﬁcation of preexisting leg length difference
the values for navigated and nonnavigated

ORTHOPEDICS | www.ORTHOSuperSite.com
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Average leg lengthening for the operated hip side
Preoperative leg
length difference
Ø Leg lengthening
THA side
(nonnavigated)
Ø Leg lengthening
THA side
(navigated)

< - 5 mm

±5 mm

>5 mm

+6.3 mm
(n = 11)

+10.7 mm
(n = 24)

+7.6 mm
(n = 4)

+10.2 mm
(n = 22)

+7.6 mm
(n = 17)

-1.4 mm
(n = 2)

Table 4

Preoperative
CCD angle

<125°

125°-135°

>135°

Ø Leg lengthening
(non-navigated)

+9.0 mm

+11.0 mm

+3.3 mm

Ø Leg lengthening
(navigated)

+10.8 mm

+8.0 mm

+7.4 mm

Complications
There were no implant related or navigation technology related complications.
There were no joint dislocations in both
groups. One intraoperative trochanter
fracture was treated with a cerclage (nonnavigated). One revision was caused by a
periprosthetic fracture after fall down during rehabilitation (navigated).

DISCUSSION
The comparison of patient groups in navigated and non-navigated THA technique
is a possible method to obtain additional
information about the beneﬁts and the pos-

sible improvement of implant positioning.
This study design has general limitations
because the measurement of implant position on radiograph is less precise than CTbased measurements. Our measurements of
radiologic inclination and anteversion were
taken in a straight standing position with
anteroposterior radiographs, which should
not exceed a deviation of 5 mm compared
with CT.9 Our mean limb length data of the
not operated hip joint were also small (+1.3
mm nonnavigated and -1.3 mm navigated).
The method of cup position measurements
can be improved if the radiograph is taken
while the patient is in a standing position.
Here the preoperative ﬂexion contraction is
reduced as it is during postoperative rehabilitation in the ﬁrst weeks after THA.10
The comparison of two nonrandomized implantation series operated by a single surgeon might include a certain bias
but can exclude the inﬂuence of different
surgical techniques. Our non-navigated
patient group is under continuous clinical
and radiographic follow-up to document
the mid- and long-term results of our cementless straight hip stem, which was de-
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Figure 4: Matched graph of preoperative
CCD angle and postoperative leg lengthening
(navigated /non-navigated).

Average leg lengthening for different
preoperative values of femoral CCD angle

procedures showed a slight decrease of
intraoperative leg lengthening in the navigated technique (Table 3).
The matched graph of the preoperative
CCD angle and the results of leg lengthening showed a trend of increased leg lengthening for smaller CCD angles (Figure 4).
The classiﬁed values of leg lengthening within the three groups of preoperative CCD angles, however, did not reﬂect
this tendency (Table 4).

Limb Lengthening [mm]

25

Table 3

veloped when THA navigation for the hip
stem was not available. The retrospective
deﬁnition of the navigated patient group
represents our current surgical procedure
with this implant. Our results show a very
clear and signiﬁcant improvement of acetabular cup positioning by the use of THA
navigation. Therefore, we also support the
use of the anterior plane reference11 for
THA navigation.
Our results do not clearly show a change
of leg lengthening data using navigated or
non-navigated technique. In our two series, the average total limb lengthening of
the operated hip joint was below 10 mm
(9.2 mm non-navigated and 8.5 mm navigated) and therefore below a value of clinical relevance12 and well comparable with
other studies with mean lengthening of
7 mm.13 Postoperative limb discrepancy after THA has been analyzed with the same
radiographic technique as in our study14
in 408 cases with 97% <10 mm and 86%
<6 mm. Using a templating technique,15
the mean postoperative limb discrepancy
was 3.9 mm in a series of 420 cases. Our
result of a mean limb length discrepancy is
comparable with this data and is close to a
level of 5 mm (6.2 mm non-navigated and
4.4 mm navigated).
“Unexpected” postoperative leg length
discrepancies can be reduced, for example, by using mechanical devices16 or
intraoperative radiograph.17 This should
also be the case for THA navigation technology. A navigation system generally

25
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records the absolute intraoperative lengthening between pelvis and femur. The aspect of limb length discrepancy/equalization to the contralateral hip joint has to be
considered preoperatively. We aim for a
minimum intraoperative leg lengthening
of 4 to 5 mm in cases of primary osteoarthritis to compensate for cartilage destruction. The “tendency” to lengthen the leg to
increase stability is less common because
the head diameters have increased. In our
navigated series, we used 32-mm heads
compared with 28-mm components in the
earlier nonnavigated series, which did not
inﬂuence the dislocation rate. The larger
head size might explain the tendency of
slightly smaller values for intraoperative
leg lengthening in the navigated series. On
the other hand, the navigated series had a
higher preoperative limb length discrepancy (-5.5 mm) compared with the nonnavigated group (-2.3 mm). Our explanation for the similar values in leg length
discrepancy in both series is certain intraoperative inconsistencies due to the distal
femoral reference of the used navigation
software. This aspect leads to an intraoperative decision for leg lengthening independent of the available navigation data.
We know today that a femoral referencing closer to the hip joint or even a pinless
femoral referencing leads to more accurate data for limb length and femoral off-
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set changes. The signiﬁcant improvement
of cup positioning encourages us to continue our navigated THA procedure, and
we will investigate additional improved
navigation workﬂows for intraoperative
limb lengthening and offset data.
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Comparative Study of Acetabular
Center Axis vs Anterior Pelvic Plane
Registration Technique in Navigated
Hip Arthroplasty
SAM HAKKI, MD; LUIS DORDELLY, BS; J. DANIEL OLIVEIRA, MD

abstract
There is significant variation in registering the anterior pelvic plane
(APP) among experienced navigated hip arthroplasty surgeons, reflecting negatively on the accuracy of determining inclination and anteversion. Whether it is variation in pelvic anatomy or improper positioning,
this inaccuracy emphasizes the need for alternative methods of registration, of which the acetabular center axis (ACA) is proposed. Data
collected from ACA and APP registration were compared with postoperative computed tomography (CT) images of the pelvis in 34 cases.
Findings showed ACA software to be comparable with CT in its accuracy
in determining the inclination and version angles of the acetabulum and
cup implant.

C

urrently, the anterior pelvic
plane (APP) is used to identify
the cup and acetabular orientation when navigating total hip arthroplasty (THA). First described by Cunningham1 in 1922, the APP is based on
the two anterior superior iliac spines
(ASIS) and the two pubic tubercles.
Recently, Jaramaz et al2 have introduced the APP concept to computer-assisted cup placement in hip arthroplasty,
and it has proved to be a useful tool.3
However, the reliability of APP registration as a reference system in a lateral
decubitus position4,5 is jeopardized because the contralateral ASIS is not readily accessible with either a pointer or
the ultrasound methods.6 Furthermore,

variation in thickness of subcutaneous
tissue, the movement during the registration process, and the anatomic variations
of acetabular version among healthy individuals resulted in major errors in cup
orientation.7
To address these concerns, we postulate that the acetabular center axis (ACA)
software is patient-speciﬁc, independent
of variations in anatomy or pelvic position, and relies on readily accessible anatomic landmarks of the acetabulum rather
than the anterior pelvic plane points. In
this CT-based study, the reliability of
ACA in determining acetabular anteversion and inclination angles is compared
with that of the APP in computer navigation of THA.
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MATERIALS AND METHODS
This prospective study compares,
through postoperative pelvis CT, the
ACA registration with that of APP using anterolateral intermuscular miniinvasive computer assisted THA. Of
the 36 prospective patients enrolled,
2 were excluded for lack of complete
data. Patient age ranged from 34 to
83 years (mean, 63 years), and 31 patients were men. Twenty-six had primary osteoarthritis, and 8 had avascular
necrosis. Mean body mass index was
29.2 kg/m2. Twenty-six percent of patients had dysplastic acetabulum, whereas 15% were protrusio.
The APP registration was done by
palpation of both the ASIS and symphysis pubis at equal distance from the
skin with the patient in the lateral decubitus position (Figure 1). Extra care
Drs Hakki and Oliveira are from Bay Pines
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1
3A

Figure 1: APP plane.

was taken to ensure the stability of the
pelvis during registration by stabilizing the pelvis with three posts (pegs)
positioned anterior to and three pegs
positioned posterior to the pelvis (Figure 2). The ACA registration was done
by three points of palpation of the superior rim, three points of the most anterior rim, and three points of the most
posterior rim of the acetabulum. The
superior point must be chosen carefully
so that the pelvic tilt can be kept constant. We determined the superior point
of the acetabulum by palpating the iliac
tubercle. A line drawn from the iliac
tubercle to the center of the transverse
ligament will cross the superior rim of
the acetabulum at the desired point of
registration. The computer will average the points (Figure 3) and map out
the anatomy and orientation of the acetabulum, which will determine the acetabular center axis (ACA). This axis
will guide the surgeon as to where to
position the reamer for placement at the
center of the acetabulum. The surgeon
will have the option of choosing the desired version or inclination angle to accommodate individual patient anatomy.
The ACA and APP points were deﬁned and registered in 34 consecutive
patients who underwent OrthoPilot (B.
Braun Aesculap, Tuttlingen, Germany)
navigated press-ﬁt Excia (B. Braun Aesculap) THA. To avoid common pitfalls
of APP registration, care was taken to
ensure that the registration of the APP
plane was as accurate as possible by
carefully securing the positioning of the
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2
Figure 2: Pelvis position secured.

patient and ensuring the equidistance
between the registration point on the
skin and the APP bony landmarks.
Preoperative plain pelvis radiographs
with anteroposterior and cross-table lateral views were taken as routine. They
were used to template the expected cup
size in comparison with acetabular anatomy. Postoperative CT measurements of
acetabular and cup inclination and version angles were observed independently using special software. Comparison of
data was achieved using Fisher test and
Student t test. The level of signiﬁcance
between CT and the variable should approach 1.0, which means the variable is
as good as CT, when P < .05, the variable is signiﬁcantly inferior to CT.

3B

3C
Figure 3: A, ACA superior. B, ACA anterior. C,
ACA posterior.

RESULTS
Of the 36 consecutive patients, 34 were
eligible for analysis of their hip data.
Mean anatomic (CT) acetabular version (ie, control) was 18.2º (SD ± 5.8),
compared with 17.9º (SD ± 7.9) with
ACA software. The mean anatomic
(CT) acetabular inclination was 47.56º
(SD ± 10.7). This reflects the validity and reliability of ACA software in
identifying the version and inclination
of the acetabulum.
Cup implant version (CT) was
22.97° (SD ± 9.4), compared with
23.0° (SD ± 8.4) for the ACA software and 12.7° (SD ± 12.1) for the
APP software. This reﬂects reliably and

statistical superiority of ACA software in
identifying the version of the cup implant (P = .98), whereas the P value for
the APP was signiﬁcantly inferior to that
for CT (P = .0002).
We then divided the patients into three
groups according to anatomic variations
of the acetabulum (normal, protrusio,
and dysplastic). In the ﬁrst group, the
size of the cup closely matched the size
of the acetabulum (normal acetabulum).
The anatomic (CT) cup version was
21.7° (SD ± 10.3), compared with 21.7°
(SD ± 8.8) for the ACA software (P = 1.0)
and 11.37° (SD ± 10.5) for the APP soft-
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ware (P = .003). ACA software produced
results identical to CT; however, the APP
software was signiﬁcantly inferior to CT.
In the second group, the size of the
cup implant was smaller than the acetabulum (as in protrusio hips or in
acetabulum with large osteophytes).
The anatomic cup (CT) version was
22.0° (SD ± 9.9), compared with 22.8°
(SD ± 9.5) for the ACA software and
14.3° (SD ± 15.9) for the APP software.
Interestingly, both ACA and APP software were not statistically different in
the protrusio group (P = .89 and .38,
respectively).
In the third group, the size of the cup
was larger than the acetabulum (as in
dysplastic hips or the cup implant was
larger by choice). The anatomic (CT)
version was 26.3° (SD ± 7.1), compared
with 26.5° (SD ± 6.4) for ACA software
and 14.9º (SD ± 14.3) for APP software.
Again, ACA software was as accurate
as CT (P = .96), whereas APP software
was less accurate (P = .04). Finally,
when we compared the accuracy of detecting the version of the cup implant
between ACA and APP software, there
was a statistical difference between the
two (P = .0001).
As for the inclination angle of the
cup implant, mean anatomic (CT) cup
inclination angle for all groups was
43.5° (SD ± 4.2), compared with 43.5°
(SD ± 7.5) for the ACA software and
41.1° (SD ± 4.7) for the APP software.
Both ACA software (P = 1.0) and APP
software (P = .44) were accurate in detecting the inclination angle of the cup.
Similarly, we divided the patients
into three groups for cup inclination
comparisons. In the ﬁrst group, the
cup matched the acetabulum, the anatomic cup inclination angle was 42.7°
(SD ± 3.6), ACA inclination was 43.1°
(SD ± 4.7) (P = .73), and APP inclination was 40.4° (SD ± 4.7) (P = .097).
Again, both ACA software and APP
software were accurate. In the second
group, the cup size was smaller than

the acetabulum (representing protrusio),
the CT-scan inclination angle was 42.6°
(SD ± 4.0), ACA inclination was 46.8°
(SD ± 6.6), and APP inclination was
42.2° (SD ± 4.0). Both software were
accurate (P = .92). In the third group
(representing dysplastic), the cup size
was larger than the acetabulum, the anatomic cup inclination angle was 46.0°
(SD ± 4.8), ACA inclination was 42.7
(SD ± 12.2) (P = .45), and APP inclination was 42.0° (SD ± 5.5) (P = .12).
There was no statistical difference between ACA and APP software in detecting inclination angle in all types of
acetabulae (normal, protrusio, or dysplastic) (P = .11).
In conclusion, ACA software was
statistically superior to APP software in
detecting the version of the cup. There
was no statistical difference in the accuracy of the inclination angles between
APP and ACA software. Both methods
were within safety zone of Lewinnek.

DISCUSSION
The anterior pelvic plane has been the
corner stone of image-based hip navigation technologies. Cup orientation is usually deﬁned by referencing the anterior
pelvic plane (APP).4,7-9 However, the APP
does not consistently represent the functional pelvic position, and a small error
in correctly identifying this plane results
in a signiﬁcant error in cup placement.
Consequently, cup position parameters
are not patient speciﬁc.10 Some centers
recommended ultrasonography to identify APP with higher accuracy.6 However,
this has been done in the supine position
and, unfortunately, the accuracy was diminished in the lateral decubitus position.
Other centers recommend acquiring the
APP coordinate system landmarks in the
supine position before turning the patient
to the side, but this can be impractical and
increases operative time with possible
compromise to sterility. We conducted
this study with the patient in the lateral
decubitus position despite the limitation

OCTOBER 2008 | Volume 31 • Number 10 / SUPPLEMENT

ORTHOs1800Hakki.indd 29

of the APP registration process in accessing the opposite ASIS. We attempted to
overcome this limitation by measuring the
distance between the palpation points and
the bony landmarks to be registered with a
ruler. We made every effort to make such
distance equal and to be secure by padding
or adjusting the pelvic position. Also, the
movement of the pelvis was minimized
by placing three pegs anteriorly and three
pegs posteriorly to secure the pelvis.
The reliability of the OrthoPilot navigation system has been tested,6 and special
software that independently reads both
the APP and ACA registration points was
developed and the data compared with
postoperative CT of the pelvis as a control.
Similar to the APP software, ACA software
can accurately identify the cup orientation
intraoperatively. However, ACA software
supersedes APP software, which is easier
to register and is independent of the pelvic
position (movement during registration)
and normal variations in anatomy. CT of
the pelvis revealed signiﬁcant variation of
normal acetabulum version anatomy ranging from 5° to 30° of anteversion, where
as the anatomic CT inclination angle range
was less variable (47° ± 4°). This puts the
safety zone of Lewinnek11 in question. For
example, a cup version of 29° is outside
the safety zone of Lewinnek, but it is the
normal acetabular version anatomy of a
speciﬁc patient. For these variations, one
study12 demonstrated that there is perhaps
no ideal position for the cup (45° inclination and 20° anteversion) that can be used
for all patients. Because of the wide range
of inclination and anteversion ﬁgures, half
of cases in the study were outside the safety
zone recommended by Lewinnek. This is
another reason we believe ACA software
to be superior to APP. ACA is more patient
speciﬁc. The usefulness of the ACA concept to determine the orientation of the normal acetabulum has been well documented
by Murray.13
Is there a limitation to the usefulness of the ACA software if there is a
pathological variation of the acetabular
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anatomy (protrusio, dysplastic, or large
osteophytes)? Will placing the cup implant in the ACA of the acetabulum
re-create the original deformity and
thus misplace the cup implant? That
problem was resolved before the study
began by obtaining standard pelvis A/P
and cross-table lateral views preoperatively. If the acetabulum is determined
to be dysplastic or the desired cup is
larger than the acetabulum, templating
will give an approximate inclination
angle of the acetabulum and the cup.
In protrusio, the acetabular inclination
angle (<40°) is expected to be smaller
than cup inclination angle, whereas in
dysplastic cases (more than 50°), the
acetabular inclination angle is expected
to be larger than cup inclination angle.
The difference in degrees is calculated
and used intraoperatively to adjust the
computer-navigated ACA measurement
to the desired angle.
The computer will read the ﬁnal cup
position in the “normal” acetabulum
anatomy as zero degrees. This means
the cup should match exactly the individual acetabular anatomy. If the acetabulum is protrusio, the computer
readings of inclination should be in the
+ve (positive) range, which means that
the cup will be smaller than the acetabulum. If the acetabulum is dysplastic, the
computer reading of the cup inclination
should be in the –ve (negative) range,
which means that the cup is larger than
the acetabulum and that some of the rim
of the cup is outside the acetabulum.
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This will enable the surgeon to make
the proper adjustment in grossly abnormal acetabulum to achieve the ideal cup
position speciﬁc to each patient. However, no such adjustments are needed to
determine the cup version.
Finally, this study shows that there
are two techniques (APP and ACA) for
referencing in the lateral position. They
are statistically different in terms of accuracy in determining the cup version
compared with CT. As for the inclination angle, both APP and ACA were accurate. However, our new reference axis
(ACA) has the advantage of being patient speciﬁc and independent of variations in anatomy or pelvic position. The
system relies on readily accessible anatomical landmarks of the acetabulum,
making it signiﬁcantly attractive for
surgeons who use CT-free planning and
navigation.
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Comparison Between Pointer-based
and Ultrasound-based Navigation
Technique in THA Using a
Minimally Invasive Approach
O LAF H ASART, MD; C ARSTEN PERKA, MD; S TEPHAN TOHTZ , MD

abstract
The use of navigation techniques in primary total hip arthroplasty improves the position of endoprosthetic components, especially
cup positioning. An intraoperative registration of the anterior pelvic plane is necessary to define the anteversion and inclination angles on the acetabular side. This study compares the accuracy of
manual pointer palpation to ultrasound registration in navigation to
determine pelvic plane registration in 60 cases of minimally invasive
surgical technique. Findings show more accurate postoperative radiographic anteversion with ultrasound navigation, although both manual
pointer palpation and ultrasound registration techniques show a very
small standard deviation in anteversion, inclination, and leg length difference. In conclusion, we recommend navigation as a very reliable tool
for the positioning of implants.

A

rthroplasty of the hip joint is
one of the most successful surgical measures in orthopedics.
Preconditions for these good results are
high-quality implants and soft tissue management, which enable precise implant
positioning.
Long-term results of modern hip prosthesis are excellent, with approximately
95% survival rate after 10 years.1-4 Since
the deﬁnition of the so-called ”safe zone”
of Lewinnek was established, the planned
ﬁnal implant positioning can be determined.5 Especially in terms of minimal
invasive operative techniques with smaller
skin incisions, soft tissue preserving approaches, and a decreased ﬁeld of view,
the incidence of malpositioning and the

failure rate in endoprosthetic replacement
are increasing.6 The navigation ensures improved implant positioning7,8 and therefore
could compensate for the disadvantage of
reduced visibility of landmarks associated
with minimally invasive techniques. Ultrasound-based navigation is particularly
advantageous,9 because pelvic landmarks
can be registered more easily than with
pointer-based hip navigation.
The goal of this study was to compare
ultrasound-based vs pointer-based navigation in minimally invasive primary hip
replacement.

MATERIAL AND METHODS
Sixty patients were evaluated in this
study. All patients were implanted with
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the same navigated cementless hip endoprosthesis (Plasmacup with polyethylene-inlay, ceramic head, and Excia
stem; B. Braun Aesculap AG, Tuttlingen, Germany) using minimally invasive operating technique (anterolateral
approach in supine position). Furthermore, the same surgeon performed the
procedure in all patients. The navigation
system used in all cases was the OrthoPilot with the software THAplus (B.
Braun Aesculap AG).
Hip navigation was pointer based
for group A and ultrasound based for
group B (control group).
Pointer-based stem navigation was
used in all patients (Figures 1, 2).
According to Lewinnek,5 the aim for
cup inclination was 40° to 45°. In case
of cup anteversion, the antetorsion of the
stem is important. Because of our preference for torsion position of the femoral
components of 0°, the aim was a cup anteversion of 20° to 30°. The sum of both
components (anteversion of cup plus
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1
Figure 1: Intraoperative picture of pointer-based
pelvic navigation; the reference point at the iliac
crest is identical in both methods.

antetorsion of stem) should equal 20°
to 30°.10 Regarding leg length, balance
with the opposite leg was attempted in
all cases. Considering the absolute measured value of the displayed radiographs,
a slight lengthening of the operated leg
often occurs in comparison to the preoperative arthritic condition. Therefore, the
comparison of leg length pre- and postoperatively as well as the comparison to the
opposite leg was evaluated.
Evaluation of the implant positions in
each case was based on standardized radiograph examinations (hip overview and
lateral hip recordings) performed preoperatively and 2 weeks postoperatively.
The following is a comparison of radiograph results with data saved from
the OrthoPilot.
The basis for this investigation was
the acceptance of all patients. Only patients who provided written authorization for the use of their health records
were enrolled in the study.
The aim of these investigations was
the evaluation of the cup position (inclination and anteversion) as well as
the determination of the leg length. In
addition, the investigation sought to
record intraoperative and postoperative
complications.

RESULTS
Both groups were similarly matched
for age, sex, body mass index (BMI),
and criteria of American Society of
Anesthesiologists (ASA) (Table 1). In
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2
Figure 2: Intraoperative picture of ultrasound-based pelvic navigation, showing the uncovered iliac crests
at both sides and the symphysis.

Table 1

Patient Data in the Study Groups
Pointer Based
(n = 30)

Ultrasound
Based (n = 30)

Signiﬁcance

68.4

69.1

NA

Men

10

9

NA

Women

10

21

NA

Age
Sex

BMI

27.3

28.2

NA

ASA

2.3

2.6

NA

Abbreviations: BMI, Body mass index; ASA, American Society of Anesthesiologists.

the ultrasound-based group (group 2),
the operation lasted slightly longer
(5.2 min; P < .05). Intraoperative blood
loss was equivalent between both
groups (362 vs 375 mL; P =.08).
Evaluation of the cup position showed
no difference for mean value in inclination and anterversion. The comparison of
deviation showed a slightly smaller deviation in anteversion in group B (Table 2).
There was no difference in deviation with
regard to cup inclination.
Evaluation of leg length discrepancy showed no difference between the

groups (Table 3). There were no differences in complications between the two
groups. There was no hip dislocation or
implant dislocation in either group.

D ISCUSSION
An important result of this study is
that we could evaluate whether navigation enables precise cup positioning
and implantation depth of the stem. The
deviation of the implant positioning is
considerably smaller than that reported
in studies without navigation. Even experienced surgeons noticed deviations
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of the cup inclination of 26° to 64°.8 Cup
anteversion seems to present a sharper
distinction. In these cases, deviations of
9° to 53° were reported.8 These indications are conﬁrmed in the meta-analysis
of Gandhi et al.7 In the evaluation of the
navigated cup positioning, this group
discovered outliers of 10.7% from the
interval recommended by Lewinnek5 in
comparison with 41.8% outliers in nonnavigated cup positioning. This difference was highly signiﬁcant (P < .001).
Medium- to long-term malpositioning of
the cup results in greater wear and cup
loosening.11 Therefore, the longevity
and long-term result of a hip prosthesis
signiﬁcantly depend on the cup position.
In this study, we could demonstrate that
the ultrasound-based navigation enables
minimization of the deviation of the anteversion of the cup. The reason for this
seems to be the more precise display of
the osseous landmarks, which depends
less on the soft tissue over them than
that in the case of pointer-based navigation. This result is an advantage of
ultrasound-based navigation. A slightly
longer operating time has to be taken
into consideration. Furthermore, the
operating cover has to be modiﬁed (the
contralateral iliac crest stays uncovered).
This procedure requires extra time.
The position of the stem influences
significantly both the complication rate
as well as the long-term result. In this
study, we found only a maximum 2-mm
lengthening on the unilateral side in all
navigated hip replacements compared
with the contralateral leg. The advantage of stem navigation is intraoperative measurement of leg length, which
seems to be very helpful and reasonable.12 Only small differences, such
as 5° abduction or adduction of the leg,
can affect leg length difference up to
8 mm,13 so a misinterpretation may occur in clinical testing. Additionally, a
higher range of malpositioning or malrotation can result without the use of
navigation, and the rate of loosening

Table 2

Results of Cup Positioning in Degrees
Ultrasound
Based
(n = 30)

Mean

43.2

42.6

NA

Range

38.1-47.0

37.0-46.8

NA

Mean

25.0

23.9

NA

Range

13.8-30.5

16.1-27.8

Signiﬁcance

Inclination

Anteversion
P <.05

Table 3

Results of Stem Position in Dependence on the Measuring Method
Pointer
based
(n = 30)

Ultrasound
based (n =
30)

Signiﬁcance

Preoperative

4

3

NA

Contralateral

2

2

NA

Comparison of
leg length to:

Operated side preoperative to postoperative
Postoperative, comparison with the contralateral side; values are mean in millimeters.

and shorter survival rate of implants
should be discussed in this context. 14
We found that navigation of the cup
and stem is helpful to achieve the best
implant position. However, surgeons
must deﬁne the correct position further.

based navigation provides higher precision of positioning in anteversion of the
cup. The navigation is recommended for
primary hip replacement as additional
support in implant positioning.
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Leg Length Discrepancy, Dislocation
Rate, and Offset in Total Hip
Replacement Using a Short Modular
Stem: Navigation vs Conventional
Free-hand
NORBERTO CONFALONIERI, MD; ALFONSO MANZOTTI, MD; FABRIZIO MONTIRONI, MD; CHRIS PULLEN, MD

abstract
We present a match-paired study between computer-assisted and freehand techniques using a short modular femoral stem (Metha; B. Braun
Aesculap, Tuttlingen, Germany) in total hip replacement (THR). Surgical
time, clinical outcome, dislocation rate, limb length, and offset in 44
patients with ideal indication for this more conservative implant were
assessed. Despite both longer surgical time and similar early outcomes,
the results showed how computer-assisted techniques allow easier management of limb length discrepancy and offset restoring. We believe that
navigated short modular stems are safe for less invasive THR.

I

nterest in minimally invasive total hip replacement (THR) has
increased in the orthopedic community.1,2 Most of the attention has
been directed toward reducing surgical
exposure by using dedicated instruments.3 One driver of this change is the
more frequent use of joint replacements
in young active patients. In this group,
preserving bone stock is more important
because there is a potential increased
need for revision procedure.4 Recently,
short femoral stems have become available for THR in these patients. These
stems allow preservation of the femoral
neck and have shown early positive results in selected cases.5-7 Stem modularity and navigation technology to support
correct implant selection and alignment
are some of the newer innovations designed to optimize the accuracy of joint
reconstruction using shorter femoral

stems. Computer navigation allows the
surgeon to evaluate limb length, medialization of the center of rotation, and
ROM intraoperatively.8,9
Leg length discrepancy after THR can
be a signiﬁcant problem and has been
shown to contribute to patient dissatisfaction.10,11 Pain, instability, stiffness,
neuropathy, and heterotopic ossiﬁcation
are all described as a direct or indirect
consequence of leg length discrepancy
and incorrect femoral offset.12
Reports indicate substantial statistical improvement in the accuracy of
acetabular cup placement using navigation compared with free-hand alignment methods. 3,4 However, few studies
have been published on the results of
femoral stem placement using computer navigation and none evaluating
the effect of navigation on leg length
discrepancy.13-16
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We performed a matched-paired study
of two groups of modular short stems in
hip arthroplasty with (computer-assisted
THR) and without navigation support.
We hypothesized that computer-assisted
THR achieves a better joint reconstruction with effective control over the leg
length discrepancy. Furthermore we
compared the two groups according to
hip function and number of postoperative dislocations.

MATERIALS AND METHODS
Patients who underwent THR using
modular short-stemmed femoral components between April 2006 and January
2008 were included in the study. All patients had a body mass index less than 35.
Patients with hip dysplasia, limb length
discrepancy greater than 2 cm, or a major deformity of the femoral head or neck
were excluded because they were not appropriate candidates for this implant.
Drs. Confalonieri, Manzotti, and Montironi
are from the Ist Orthopaedic Department, Centro Traumatologico ed Ortopedico (C.T.O.)
Hospital – I.C.P., Via Bignami 1, Milan, Italy.
Drs. Confalonieri, Manzotti, and Montironi
report a congress sponsorship from B. Braun
Aesculap. Dr. Pullen has no relevant ﬁnancial
relationship to disclose.
Correspondence should be addressed to
Alfonso Manzotti, MD, Via S.Pertini 21, 20040
Cambiago, Milan, Italy.
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1A

1B

Figure 1: A, Preoperative pelvis radiograph of a 63-year-old woman previously operated on the right side with (B) relative preoperative planning.

Table 1

Demographic Dataa
Group A
(Computer-assisted THR)
(13 women)

Group B
(THR)
(13 women)

Age (y)

M, 60.4
SD, 5.2
R, 47-68

M, 60.8
SD, 4.8
R, 48-69

Follow-up
(mo)

M, 10.8
SD, 6.08
R, 3-19

M, 11.6
SD, 6.08
R, 4-20

Preoperative
discrepancy
(mm)

M, 11.2
SD, 4.4
R, 0-20

M, 10.4
SD, 3.9
R, 3-19

Preoperative
HHS

M, 43.95
SD, 3.31
R, 39-50

M, 43.4
SD, 2.98
R, 38-51

Preoperative
diagnosis

18 hypertrophic osteoarthritis
3 avascular necroses
1 posttraumatic osteoarthritis

18 hypertrophic osteoarthritis
3 avascular necroses
1 posttraumatic osteoarthritis

Abbreviations: HHS, Harris Hip Score; THR, Total hip replacement.
a Patient demographic data for 22 cases are shown. Data are reported as mean value (M),
standard deviation (SD), and range (R).

Twenty-two patients who underwent a
computer-assisted THR using an imageless computed tomography-free, computer-assisted alignment system (OrthoPilot
3.0; B. Braun Aesculap, Tuttlingen, Germany) were included in group A. Each
patient in this group was matched with a
patient who had undergone conventional
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free-hand THR (group B). Patients were
matched for age (maximum difference,
+3 years), sex, arthritis level, preoperative diagnosis, and preoperative limb
length discrepancy (maximum difference, + 0.3 cm). The length of involved
limbs was less than or equal to that of the
contralateral limb in all cases.

The same posterolateral approach
was made to the hip joint in both groups,
and the same prosthesis was used in all
cases (Metha modular short stem and
Plasma-Cup; B. Braun Aesculap). The
duration of surgery was documented.
Preoperative and postoperative measurements of limb length discrepancy
and femoral offset were made using
digital radiographs as described by
Woolson et al17 with IMPAX digital
radiography software (Agfa-Gevaert,
Mortsel, Belgium) (Figure 1). At latest
follow-up, the ability to re-create the
femoral offset was determined by the
difference between the pre- and postoperative femoral offset measures (Figure
2). All radiographs were taken with a
standardized protocol using the same
magniﬁcation. This protocol was rigidly
adhered to during the study, and radiographs were repeated if a mistake was
detected. All radiographs were assessed
by an independent radiologist blinded to
the original procedure.
Postoperatively, early weight bearing as tolerated was encouraged in all
patients. All episodes of hip dislocation
were documented. At a minimum follow-up of 3 months, the clinical outcome was evaluated using the Harris
Hip Score.
Statistical analysis was carried out
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2
Figure 2: Follow-up pelvis radiograph after the implantation of a navigated
Metha stem (B.Braun Aesculap, Tuttlingen, Germany).

using SPSS for Windows Release 11.0
(SPSS Inc, Chicago, Illinois). Data were
shown as a mean and SD for continuous response variables and as percentages for discrete variables. Differences
between the two groups were measured
with an independent Student’s t-test or
Mann-Whitney nonparametric test depending on the data distribution of the
continuous variables.

3
Figure 3: Screen shot showing the choices in modularity of the necks and
different head sizes to manage the best joint reconstruction.

Table 2

Postoperative Resultsa
Group A
(computerassisted THR)
(13 women)

Group B
(THR)
(13 women)

102.5 min
(R, 123-86) SD,
12.2

87.7 min
(R, 68-105)
SD, 11.7

.0001

Postop HHS

M, 90.1
SD, 6.0
R, 78-99

M, 89
SD, 6.5
R, 80-100

.5

Postop
discrepancy (mm)

M, 4.1
SD, 1.7
R, 0-7

M, 7.9
SD, 2.8
R, 3-14

>.0001

Postoperative offset
(difference in mm between
the pre- and postoperative
values)

M, 2.8
SD, 0.5
R, 0-6

M, 5.1
SD, 1.9
R, 2-9

.0002

Surgical time (min)

RESULTS
No statistically signiﬁcant differences in patient’s demographics were
seen. There were no signiﬁcant differences in preoperative limb length discrepancy between the two groups. The
mean preoperative leg length discrepancy was 0.9 cm in group A and 1.1 cm
in group B (Table 1). In both groups,
the preoperative diagnosis was primary
hypertrophic osteoarthritis in 18 patients, avascular necrosis in 3 patients,
and posttraumatic osteoarthritis in
1 patient (Table 1). The mean follow-up
was 10.8 and 11.6 months for group A
and B, respectively. The difference in
length of follow-up was not statistically
signiﬁcant.
No intraoperative complications were
encountered in either group. In group
A, a 32-mm ceramic femoral head was
used in 20 cases, whereas a 28-mm ce-

Abbreviations: HHS, Harris Hip Score; THR, total hip replacement
a Postoperative results for the two groups. Data for 22 cases are shown. Data are reported as
mean value (M), standard deviation (SD), and range (R).

ramic head was used in 2 cases. In group
B, a 32-mm ceramic femoral head was
used in 19 cases, whereas a 28-mm
ceramic head was used in 3 cases. In
the computer-assisted group, we noted
marked variability in the femoral neck
required in terms of inclination, version, and size to achieve anatomic best
ﬁt. Surgical time was statistically longer
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P

in group A, with a mean of 102.6 minutes compared with 87.7 minutes in
group B (Table 2).
In the computer-assisted group, the
mean postoperative leg length discrepancy was reduced to 0.4 cm compared
with 0.8 cm in the free-hand group. This
difference was statistically signiﬁcant.
No postoperative cases with leg length
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discrepancy greater than 1.0 cm were
seen in group A. In group B, a postoperative leg length discrepancy greater
than 1.0 cm was seen in 2 patients (9%).
No patient in either group had a postoperative leg length discrepancy over
2.0 cm, but 3 patients (13.6%) in group
B had a postoperative overlengthening
mean of 0.4 cm. At latest follow-up, no
sign of major subsidence was seen in
any of the implants.
Recreation of the femoral offset was
signiﬁcantly better in the computerassisted group. The difference between
the preoperative and postoperative
femoral offset was less in the computerassisted group than in the free-hand
group (Table 2). This difference was
statistically signiﬁcant.
There were no statistically signiﬁcant differences in the Harris Hip Score
between the two groups, and all patients were satisﬁed with the outcome.
The mean Harris Hip Score was 90.1
and 89 in groups A and B, respectively.
For patients with a shorter follow-up,
the ﬁnal outcome was still improving (Table 2). No case of hip dislocation was seen in group A. In the group
B, one patient experienced a traumatic
hip dislocation following a car accident
7 months after surgery. This patient subsequently had two additional atraumatic
dislocations but no radiographic signs
of implant loosening. A revision THR is
planned.

DISCUSSION
Short-stem prostheses are an attractive alternative to resurfacing hip
arthroplasty in the same selected indications.4,6 Combined with minimally
invasive techniques, these implants allow preservation of muscle and bone
stock without introducing some of the
complications associated with resurfacing implants.18 With short-stemmed
femoral implants, the femoral neck is
partially maintained, and the greater
trochanter region remains untouched. In
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addition, the femoral metaphysis is not
ﬁlled by the implant, maintaining some
of the cancellous bone.4,6,8 Newer implants have incorporated modularity of
the short femoral stem in an attempt to
improve the restoration of hip anatomy
and biomechanics and reduce the chances of mechanical failure (Figure 3).8,9,19
A signiﬁcant problem with these
short-stemmed femoral implants has
been lengthening of the operated leg.
In 2006, Lazovic showed that even with
navigation support, this implant can lead
to elongation of the leg by 1 to 1.5 cm.9
This problem is also seen with resurfacing procedures and has led us to avoid
using this technique in “longer hips.”
Many studies have reported that improved placement of the acetabular cup
and femoral stem can be achieved using
navigation in THR.13-16 Navigation of
short-stemmed femoral implants is primarily based on the restoration of the
hip anatomy with little regard for stem
positioning.8,9 The navigation can evaluate the best modular neck and head size
intraoperatively to achieve the desired
femoral offset, leg length, and range
of motion. In this study, the computernavigation support allowed for better exploitation of the different modular neck
options to achieve the best anatomic ﬁt.
We performed a matched-paired
study comparing 22 computer-assisted
and traditional free-hand THR procedures using the same modular shortstemmed femoral component. Strict criteria including diagnosis, age and sex,
body mass index, and shortening were
used to match the two groups. At a minimum follow-up of 3 months after surgical intervention, our results indicated
that computer navigation produced statistically signiﬁcant better results both
in correcting limb length discrepancy
and in restoring the original offset.
We acknowledge that our study had
limitations. It was a retrospective analysis, and patients were not randomized.
Follow-up was short, and the number of

cases in each group was small. As a result, we may not have detected a clinical difference between the two groups,
and findings regarding an improvement
in the dislocation risk with this technique cannot be reported conclusively.
However, no primary atraumatic dislocation was seen in patients from either
group including those patients with longer follow-up.
Our results showed that using computer navigation in THR with modular
short-stemmed femoral components can
enhance the ability to correct limb
length discrepancy and to restore the
original femoral offset. We believe that
given the correct indications, the navigated short-stemmed femoral prosthesis
is a minimally invasive THR option that
can restore normal joint biomechanics
with results at least similar to those
achieved with other more traditional
techniques.
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The Reliability of Navigation-guided
Gap Technique in Total Knee
Arthroplasty
SEUNG-BEOM HAN, MD; KYUNG-WOOK NHA, MD; JUNG-RO YOON, MD; DAE-HEE LEE, MD; IN-JUNG CHAE, MD

abstract
The OrthoPilot TKA navigation system (B. Braun Aesculap, Tuttlingen, Germany) offers software to optimize soft tissue balance using gap balance techniques. However, there are no studies on the reliability of the navigationguided gap technique. The goal of this study is to establish the reliability of
the navigation-guided gap technique. The investigators measured ﬂexion and
extension gap in the medial and lateral sides of the knee joint after bone resection to evaluate the reliability of navigation-guided soft tissue balancing.
Gap data from 100 cases of navigation-guided total knee arthroplasty were
analyzed. We deﬁned trapezoidal gap (unsatisfactory soft tissue balance) as a
gap difference > 3 mm between the medial and lateral sides in extension and
a 5-mm difference in 90° of ﬂexion. Furthermore, gap difference between
ﬂexion and extension greater than 3 mm on the medial side and 5 mm on
the lateral side was also considered a trapezoidal gap. Among 100 cases, 84
showed rectangular (acceptable) gap, and 16 showed trapezoidal gap. We
also evaluated the correlation between clinical results including range of motion and soft tissue balance as well as characteristics of trapezoidal gap. This
study suggests that the navigation-guided gap technique is a reliable method
for optimizing soft tissue balance.

A

ccurate limb alignment and wellcontrolled ligament balance after
total knee arthroplasty (TKA)
are critical to successful clinical outcomes
and long-term prosthesis survival.1,2 Malalignment and ligament imbalance could
produce unequal load on the bearing surface and instability of the prosthetic joint,
causing uneven wear of the polyethylene, early implant loosening, and poor
clinical outcomes.3 A close correlation
between soft tissue balance and rotational
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alignment of the femoral component has
been well understood.4 In addition, soft
tissue balance is inﬂuenced by whether
a balanced ﬂexion and extension gap is
achieved intraoperatively.5 However, soft
tissue balancing remains a technically
demanding and difﬁcult part of TKA, because measuring the soft tissue tension is
dependent on subjective surgeon assessment.6 Therefore, measurements of the
ﬂexion and extension gaps are unreliable.
The OrthoPilot TKA navigation system

(B. Braun Aesculap, Tuttlingen, Germany) offers software that optimizes soft tissue balance, principally through the gap
technique.
Over the past 10 years, many surgeons
have become interested in computer navigation systems to perform more precise
TKA. The initial results of navigationassisted TKA are promising with regard to
the restoration of mechanical limb alignment.7,8 However, only a few studies have
addressed the effectiveness and reliability
of the navigation system on soft tissue balance in TKA. The purpose of this study is
to determine the reliability of the navigation-guided gap technique and to evaluate the clinical results from adequate soft
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tissue balance in TKA using the navigation-guided gap technique.

MATERIALS AND METHODS
TKA was performed on 108 osteoarthritic knee joints from 78 patients using
the navigation-guided gap technique in
our institution between May 2004 and
June 2006. Eight patients were excluded
from the study; two died from causes unrelated to TKA, two converted to conventional TKA owing to registration failure,
and four were lost to follow up. Consequently, 100 knees from 70 patients were
included in the study. Raw data, including
gender, age at the time of surgery, preoperative range of motion (ROM), and duration of follow-up, were obtained from the
prospective TKA database at our institution. The study group included 66 women,
mean age was 67.1 years (range, 52-81
years), and mean follow-up was 2.3 years.
The mean coronal plane alignment was
11.2° ± 5.1° in varus, preoperatively. All
procedures were performed by the same
surgeon (SBH). Study subjects underwent
cruciate-retaining TKA with e.motion
TKA system (B. Braun Aesculap).
The patients who underwent posteriorstabilized TKA were excluded because
posterior cruciate ligament resection
might result in an unexpected increase of
the ﬂexion gap.9,10 In all cases, the imagefree navigation system (OrthoPilot version 4.0 or 4.2, B. Braun Aesculap) was
used. All knees were accessed in a similar
manner, using a midline skin incision with
a medial parapatellar approach and routine soft tissue exposure. The preliminary
ligament (usually medial) release, which
is essential for the gap technique, was
performed guided by real-time feedback
from the navigation system.
A simple device similar to a lamina
spreader with a torque meter and tensor
with slide ruler was developed to measure
the joint gap during surgery (Figure 1).
After the preliminary release and tibial cutting, soft tissue tension was measured and
registered to the navigation system with use

1A

2
Figure 2: Femoral planning was performed to decide the size and rotation of the femoral component,
which was a most useful step in OrthoPilot Navigation system.

of these devices. The OrthoPilot navigation
system version 4.2 offers the femoral planning step that allows simulation of the femoral component sizing and rotation for the
balanced gap (Figure 2). After completion
of the bone cutting guided by the femoral
planning step, the gap measurement was
performed at the full extension and 90° of
ﬂexion in the medial and lateral side of the
knee joint; medial extension gap, medial
ﬂexion gap, lateral extension gap, lateral
ﬂexion gap (shown in Figure 3). In this
study, joint distraction force, which was
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1B

Figure 1: A simple device similar to a lamina spreader with a torque meter (A) and a tensor with slide ruler
(B) was developed to measure joint gap.

applied between the osteotomized tibia and
femur and was set at 40 lbs (18.7 kg), the
joint gap with 40 lbs of distraction force at
full extension most closely corresponds to
the thickness of the insert actually selected
for the procedure.6
We defined the trapezoidal gap
(poorly balanced gap) as a gap difference greater than 3 mm between the
medial and lateral sides in extension
or 5 mm difference in 90° of flexion.
Furthermore, difference between flexion and extension gap greater than

41

8/26/2008 2:03:28 PM

■ Feature Article

using SPSS version 12.0 (SPSS Inc.,
Chicago, Illinois) for Windows. Clinical outcomes and radiological data in
the two groups (rectangular and trapezoidal group) were analyzed using
Fisher’s exact test. Repeated measures
ANOVA was used to compare the medial flexion gap, medial extension gap,
lateral flexion gap, and lateral extension
gaps. A P value < .05 was considered
statistically significant.

RESULTS

3
Figure 3: Gap measurements were composed of four folds. A, Medial and lateral extension gaps (MEG and
LEG) and B, medial and lateral ﬂexion gaps (MFG and LFG).

Table 1

Differences in Flexion, Extension, and Medial and Lateral Gapsa
mm
Gaps

0

1

2

3

4

5

>5

Flexion

36

36

19

7

1

0

1

Extension

31

43

14

10

1

0

1

Medial

31

31

17

12

8

3

3

Lateral

24

33

20

12

4

6

1

a

The difference between the medial and lateral measurements is reported for the ﬂexion and
extension gaps.

3 mm in the medial side or 5 mm in the
lateral side was also considered a trapezoidal gap (Figure 3B). Knees that did
not meet the criteria for a trapezoidal
gap were defined as having a rectangular gap (well-balanced gap). Based on
our criteria for soft tissue balancing,
patients were divided into two groups:
a rectangular (well-balanced gap) group
and a trapezoidal (poorly balanced gap)
group. Moreover, gap difference in 90°
of flexion (medial flexion gap~lateral
flexion gap), extension (medial extension gap~lateral extension gap), medial (medial flexion gap~medial extension gap), and lateral (lateral flexion
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gap~lateral extension gap) side was
analyzed to detect outliers and evaluate
the reliability of gap balancing based on
Griffin’s method.11
Hospital for Special Surgery (HSS)
scores and ROM at latest follow-up
were used for the clinical outcome assessment. Mechanical alignment of the
limb was checked on a standing radiograph of the entire lower extremity obtained at the latest follow-up. Mechanical axis measurements were performed
by one of the investigators, who was
blinded to the adequacy of balancing
and clinical outcome.
Statistical analysis was performed

Gap Measurements
The mean intraoperative gaps were
21.8 ± 2.5 mm, 22.6 ± 2.3 mm, 21.3 ± .2 mm,
and 22.0 ± 2.3 mm for medial ﬂexion gap,
lateral ﬂexion gap, medial extension gap,
and lateral extension gap, respectively. No
statistically signiﬁcant differences were
found between the groups with regard to
these four variables (P = .629, repeated
measures ANOVA). According to our criteria, 84 knees were classiﬁed in the rectangular group, and the remaining 16 knees were
classiﬁed in the trapezoidal group.
A summary of the gap differences in
ﬂexion, extension, and medial and lateral
gaps is given in Table 1. Of the 100 knees,
72 knees had ﬂexion gaps balanced (medial ﬂexion gap~lateral ﬂexion gap) within
1 mm. Nineteen knees had a side-to-side
difference of 2 mm, 7 had a difference of 3
mm, and 2 had a difference greater than 3
mm. Seventy-four knees had extension gaps
balanced (medial extension gap~lateral extension gap) within 1 mm. Of the remaining 26 knees, 14 had asymmetry of 2 mm,
10 had asymmetry of 3 mm, and 2 had
asymmetry > 3 mm. With regard to medial
gap differences (medial ﬂexion gap~medial
extension gap), 57 (57%) knees were balanced within 1 mm. Of the remaining knees,
17 had a mismatch of 2 mm, 12 had a
mismatch of 3 mm, 8 had a mismatch of
4 mm, 3 had a mismatch of 5 mm, and
3 had a mismatch of > 5 mm. With respect
to lateral gap differences (lateral ﬂexion
gap~lateral extension gap), 57 knees were
balanced within 1 mm. Of the remaining
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Table 2

Comparison of Preoperative Demographic Data and Knee Function Between the Two Groups
Rectangular Group (Range)
Mean age (y)
Men:Women
Mean BMI (kg/m2)
Mechanical axis
Mean ROM
HSS score

65.3 (53-81)
6:78
27.5 (19.7-31.2)
167.8° ± 5.2°a
115.3° (75°-150°)
48.8 (24-64)

Trapezoidal Group (Range)

P value

66.7 (53-72)
1:15
26.7 (20.7-33.1)
166.6° ± 8.3°
113.7° (70°-140°)
49.9 (20-68)

.653
.131
.818
.687
.693
.367

Abbreviations: BMI, body mass index; HSS, Hospital for Special Surgery; ROM, range of motion. a <180°: varus; 180° = neutral; >180°:
valgus

knees, 20 had a mismatch of 2 mm, 12 had
a mismatch of 3 mm, 4 had a mismatch
of 4 mm, 6 had a mismatch of 5 mm, and
1 had a mismatch of greater than 5 mm.
Comparison of Clinicoradiologic
Results Between the Rectangular and
Trapezoidal Gap Group
Demographic data, mean body mass
index, coronal alignment, and knee function (including ROM and HSS score)
were not signiﬁcantly different preoperatively between the two groups (Table 2).
At the latest follow up, mean ROM was
123.1° (range, 80°-150°) in the rectangular group and 120.3° (range, 85°- 150°)
in the trapezoidal group. There was no
statistically signiﬁcant difference between the two groups (P = .528). Neither
improvement of ROM and HSS score
nor correction of coronal alignment was
found to be signiﬁcantly different between the two groups (Table 3).

DISCUSSION
Recently, navigation-guided TKA has
been widely used for enhanced precision.
Studies12,13 have addressed the reliability of navigation-guided TKA in terms
of restoration of mechanical axis of the
limb, but, to our knowledge, there have
been only a few reports that address the
effectiveness and reliability of the navigation-guided technique regarding the
soft tissue balancing.
A well-balanced gap is important

to successful TKA. In this study, rectangular ﬂexion and extension gaps
were brought within 1 mm in about
70% of cases (72% in ﬂexion, 74% in
extension). Only two cases showed
gaps greater than 4 mm. A rectangular
gap, according to our deﬁnition, was
achieved in 84% of all knees, with trapezoidal gaps achieved in the remaining
16%. Even the knees in the trapezoidal
group had a relatively small amount of
asymmetry in soft tissue balance, and
only ﬁve cases showed an asymmetry
greater than 5 mm.
Although the gaps measured in this
study lacked sufficient statistical significance, there was a tendency for the flexion gap to be larger than the extension
gap and a tendency for the lateral gap
to be greater than the medial gap when
there was inequality. Regarding the tendency for a larger flexion gap than an
extension gap, a possible explanation is
that we intended the equal or larger gap
in flexion than in extension on both the
lateral and medial sides. Although the
knee ROM after TKA was influenced
by various factors such as the flexion
contracture, body mass index, degree of
deformity, and preoperative ROM,14,15
we believed that postoperative knee
flexion could be improved to a certain
extent by increasing the flexion gap
slightly.16,17 The degree to which we
increased the flexion gap did not result
in flexion instability. There is a report
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that several millimeters of laxity in the
flexion gap resulted in increased patient
satisfaction after TKA.18
It is not surprising that, in this study,
the lateral gap tended to be larger than
the medial gap, because the lateral ligaments of the normal knee are almost always slacker than the medial ligaments.19
Therefore, noted above, this trend toward
a larger gap on the lateral side compared
with the medial side was also shown
from our intention in favor of the theories that the tibiofemoral ﬂexion gap at
90° of ﬂexion in the normal knee was not
rectangular and that lateral joint laxity
was signiﬁcantly more than medial joint
laxity in in vivo study using magnetic
resonance imaging.20
In this study, there was no statistically
signiﬁcant difference in ROM, HSS score,
improvement of ROM, or restoration of
limb alignment after TKA between the
rectangular and trapezoidal groups. This
ﬁnding could be attributed to the fact that
even the knees in trapezoidal group had a
relatively small amount of asymmetry in
soft tissue balance.
The primary limitations of our study
were relatively small sample size and
short follow-up period. It is possible
that some of the differences between
the two groups might have reached statistical signiﬁcance had the sample size
been larger and the follow-up period
been longer. Regarding the navigationguided gap balancing in TKA, to our

43

8/26/2008 3:27:15 PM

■ Feature Article

tal knee arthroplasty. J Arthroplasty.
2000;15(8):970-973.

Table 3

Comparison of Postoperative
Clinicoradiologic Outcomes Between the Two Groups
Rectangular
Group (Range)
Mean ROM
Improvement
of ROM
HSS Score
Mechanical axis

Trapezoidal
Group (Range)

P value

123.1° (80°-150°)
10° (-10°-50°)

120.3° (85°-150°)
13.1° (-25°-45°)

.528
.263

91.2 (64-100)
180° ± 2.2°

89.7 (60-98)
180.7° ± 2.6°

.348
.887

Abbreviations: ROM, range of motion; HSS, Hospital for Special Surgery

knowledge, there had been only two
published reports in the English-language literature. Moreover, those two
studies21,22 evaluated the gap balancing
indirectly by measuring opening angles
on varus and valgus stress radiographs.
In contrast to previous reports, this
study directly quantiﬁed the soft tissue
balance by the gap measurements.
In conclusion, soft tissue balancing
using navigation-guided gap technique
was a reliable method for achieving
symmetrical flexion and extension
gaps. With the relatively short followup period, no significant difference in
clinicoradiologic outcomes was noted
between the rectangular and the trapezoidal groups. However, because our
results could not extrapolate long-term
factors such as wear and loosing of
components, the interpretation of these
clinical findings should be considered
with caution.
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One-year Follow-up of 214 Total
Knee Arthroplasties With Navigated
Columbus Implants
GOPI KATIPALLI, MRCS; ANGELA H. DEAKIN, PHD; JUSTINE GREAVES, BSC(HONS) SRP;
TRACEY REYNOLDS, RGN; FREDERIC PICARD, MD

abstract
In this study, 206 patients with 214 Columbus total knee arthroplasty
(TKA) implants were followed up at 1 year. Preoperatively, patient demographics (mean [SD]) were 85 male; age, 69.7 (8.7) years; ASA score,
2.5 (0.7); body mass index, 32.2 (5.7); 161º varus and 27º valgus; ﬁxed
ﬂexion, 5.6° (6.1°); ﬂexion, 96.1° (18.8°); and Oxford score, 43 (7.0). At
1-year follow-up, results were ﬁxed ﬂexion, 0.9° (2.6): maximum, 17°,
minimum, 0°; ﬂexion, 101.3° (9.1): maximum, 125°, minimum, 75°; and
Oxford score, 23 (7.7). Radiographs showed radiolucent lines in 6 femurs
in 1 zone; 1 in 2 zones and 0 in more than 2 zones; and 3 tibias in 1
zone. There were 2 deep infections. Ninety-eight percent of patients were
satisﬁed with their TKA.

Although knees have been navigated for
over 10 years, navigation is not yet a routine
practice. Concerns about technical difﬁculties and the potential increase in complications have been raised in some reports, with
the investigators concluding that navigation
was either a disruptive technique or too new
to be used on a regular base.24,25 We hypothesized that using a nonimage-based navigation system did not affect our practice, the
number of complications, or outcomes.

MATERIALS AND METHODS

M

ore than 65,000 total knee
arthroplasty (TKA) operations
are performed in England,
Wales, and Scotland each year. Despite the
overall success of this procedure, the outcome depends on several factors including
patient selection, implant features, surgical
technique, and postoperative follow-up. In
2003, the Agency for Healthcare Research
and Quality (AHRQ) published a comprehensive report2 that concluded that there
was a lack of experimental methodology
and longer-term results to categorically deduce TKA outcomes.3 This series reviewed
214 computer-assisted TKAs, all carried
out in a dedicated arthroplasty center, after
1 year. Notwithstanding a short-term result,
we believe that we have an extremely strong
experimental methodology. From preassessment through follow-up, this is a re-

view of systematically collected data of all
patients seen in the arthroplasty center. All
patients received the same standard ﬁxedbearing knee design (Columbus; B. Braun
Aesculap, Tuttlingen, Germany) implanted
with the same image-free navigation system (OrthoPilot; B. Braun Aesculap) under
similar anesthetic protocols. More importantly, the Arthroplasty Service at the
center ensures high percentage, consistent
quality follow-up that is independent from
the surgeon. This has allowed us to assess
the incidence of the many short-term problems associated with TKA (infection, deep
vein thrombosis, anterior pain) with this
particular implant and surgical set-up. This
is the ﬁrst study reporting 1-year review of
a series of Columbus-navigated TKAs. We
compared our results with current series
with similar condylar implants.
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A prospective continuous series of
206 patients underwent 214 Columbusnavigated TKA from March 8, 2005, to December 17, 2006, after informed consent
was obtained from all patients. This included all patients assessed as suitable for TKA.
Of these TKAs, 93% were performed by
one surgeon. Preassessment selection was
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Table 1

Demographics of Age, BMI, and Scores for Patient Cohort
Mean
Age

SD

Minimum

Maximum

48

90

5.7

21.8

51.5

3.9

0.6

3

5

3.5

0.5

2

4

69.7

8.7

ASA

2.5

0.7

BMI

32.2

Ahlback
Score
Kellgren
Lawrence
Score

Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index.

Table 2

Demographics of Gender, Side, and Etiology for Patient Cohort
Sex

85 males

121 females

Side

93 right

105 left

8 bilateral

Etiology

OA = 188

RA = 4

Others = 14 (AVN, fracture,
secondary OA)

Abbreviations: AVN, avascular necrosis; OA, osteoarthritis; RA, rheumatoid arthritis

rigorously performed by an arthroplasty
team including physiotherapists, occupational therapists, arthroplasty nurses, senior
hospital ofﬁcers, anesthetists, and consulting
surgeons. During the preassessment, extensive patient demographic data (Tables 1, 2)
and medical history including preoperative
function were collected. Preoperative radiographs including weight-bearing hip-kneeankle, lateral, and skyline view were taken.
Of patients in this series, 60% were
women. The average ASA score (2.5) indicated that most patients were very ill/fairly
ill (ASA: 1 = 12; 2 = 92; 3 = 92; 4 = 10; total 206). The majority of patients (87%) had
end-stage osteoarthritis, and there were more
varus knees (83%). Seventy-nine percent had
an Ahlback score (1-5) ⩾4, and 99% had a
Kellgren-Lawrence score (1-4) ⩾3.
The usual anesthetic protocol included
an epidural with 1.5 g of cefuroxime prior
to skin incision. The patient was placed
in the supine position, and the tourniquet
was inﬂated at 300 mm Hg for the duration of the operation, when there were no
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neurovascular contraindications. The knee
was ﬂexed to approximately 90° and stabilized on the side with a lateral support and
a sandbag underneath the foot. A midline
skin incision was made, followed by either
the medial parapatellar approach in most of
the knees or by the lateral parapatellar approach in ﬁxed valgus contracture knees.
The OrthoPilot navigation system was
placed at the opposite side of the knee
2 m from the knee, and the LED active
trackers were afﬁxed solidly into the femur and the tibia. After registration that
included kinematics and anatomic landmarks acquisition, the knee was assessed,
initially in optimal extension and then in
varus and valgus stress. The knee was
then assessed from the maximum extension to the maximum ﬂexion. Before making bony cuts, a release was performed
according to the classiﬁcation given by
Unitt26 and the measured preimplant varus/valgus stress results.12 This gave a knee
that was adequately balanced within ±3°.
The ﬂexion/extension angle was recorded

and the tibial cut made. It was usual to cut
10 mm on the lateral side with respect to
the normal joint line in varus knees and
8 mm in severe valgus knees. The normal joint level was recorded using the
pointer. A plate probe equipped with a
tracker allowed the checking of the actual bone cut resection and the measurement stored. The distal femoral cut was
then performed using the computer-guided jig. Initially, 9 mm was cut from the
distal femur, which was the distal thickness of our prosthesis. The plate probe
was then placed ﬂat against the actual
cut and the reading stored. An additional
2-mm or occasionally a 4-mm distal
femoral resection cut was made in case of
non-correctable ﬂexion contracture after
adapted release. Rotation was usually set
according to the Whiteside line but controlled with the computer.
The trial implants were set, and the assessment was performed under navigation.
The leg was placed in full extension, and the
varus/valgus stress measured. The range of
motion of the knee from full extension to
maximum ﬂexion were assessed. Once satisﬁed with full assessment using the trial implants, the procedure was completed by cementing both femoral and tibial components
using antibiotic-impregnated cement. Most
implants were cruciate-retaining Columbus
implants. A deep dish tibial insert rather
than a standard inlay was sometimes used
when the posterior cruciate ligament (PCL)
seemed weak. Rarely, when there was still
signiﬁcant ﬂexion contracture or a completely missing PCL, a posterior-stabilized
implant was used. Seven patellar releases
were performed, and none were resurfaced.
At the end of the procedure, with actual
implants, the last assessment was recorded
with knee in full extension, varus/valgus
stress, and all the way from full extension
to maximum ﬂexion.
The wound was closed with either clips
or sutures in three layers and then covered
with a hydrocolloid dry dressing (DuoDerm; ConvaTec, Flintshire, United Kingdom) and a hydrogel inner layer (Aquacel,
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Table 3

Comparison of Pre- and Postoperative Functional Measures
Preoperative

a

Median

1st to 3rd
Quartile

Oxford score

44

Range of motion (º)
Fixed ﬂexion (º)

Postoperative

Wilcoxon test

Median

1st to 3rd
Quartile

P value

39.5 to 49

21.5

17 to 28

<.001a

100

90 to 110

100

95 to 110

.025b

5

0 to 10

0

0 to 0

<.001a

: n = 124. b: n = 123

2

1
Figure 1: Distribution of pre- and postimplant coronal plane alignment angles as measured by the navigation system. Wilcoxon test P < .001 between
groups (n = 110).

ConvaTec) without any drainage. Patients
were mobilized on the day of surgery or
the day after, under a physiotherapist’s supervision, using a Zimmer frame and then
crushes or walking sticks. The postoperative protocol was standardized including
early mobilization with full weight bearing
and rapid range of motion (ROM) recovery.
For thromboprophylaxis, the majority of
patients received impulse boots, stockings,
and aspirin 150 mg for 6 weeks but some
had additional chemical thromboprophylaxis. Patients were discharged when occupational therapists and physiotherapists
considered them autonomous and safe to
return home. Outpatient physiotherapy
was prescribed if needed, mainly in cases
of unsatisfactory ROM. The dressing was
changed before discharge and at the patient health center. Infection control nurses
and arthroplasty nurses called the patients
within the ﬁrst 15 days to monitor progress.

The wound was also assessed at the arthroplasty follow-up at 6 weeks.
Extended scope practitioners, who
have undergone extensive training, staff
our Arthroplasty Service. They organize
follow-up for all patients at 6 weeks and
1 year. The follow-up assessment was carried out by independent practitioners who
asked patients to complete an Oxford score
questionnaire to assess ROM, the wound,
general progress, and satisfaction and to
identify any postoperative complications.
Patients were referred to consultants for
review only if a problem occurred. All
data were then recorded in our proprietary
electronic audit system, which is accessible only to the arthroplasty practitioners. An independent consultant reviewed
radiographs randomly and measured the
coronal mechanical femoral axis, sagittal mechanical femoral axis, coronal mechanical tibial axis, sagittal mechanical
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Figure 2: Distribution of pre- and postimplant sagittal plane alignment angles as measured by the navigation system. Wilcoxon test P < .001 between
groups (n = 108).

tibial axis, coronal femorotibial angles,
and radiolucencies.
Statistical analysis was carried out
using SPSS version 15.0 (SPSS Inc,
Chicago, Illinois). Pre- and post operative data were compared using a Wilcoxon test.

RESULTS
Of 206 patients, 203 were reviewed
(211 knees). Two patients were lost to follow-up and 1 patient died during the year
from causes unrelated to the knee surgery.
After 1 year, 98% of the patients were
very satisﬁed or satisﬁed. Of the 4 patients
who remained unsure or unsatisﬁed, 1
was diagnosed with Alzheimer’s disease
and needed a difﬁcult two-stage revision
prosthesis for deep infection; one had a
17º ﬂexion contracture; one with anterior
pain underwent computed-tomography (CT)
investigation; and one experienced problems
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Table 4

Postoperative Complications
Complication

No.

%

Death

1

0.4

Infection

2

0.9

Pulmonary
Embolism

1

0.4

Anterior
Knee Pain

2

0.9

Complex
Regional Pain

1

0.4

Tibial Tracker
Site
Superﬁcial
Skin Infection

1

0.4

with the other knee (loose unicompartmental knee that has since been revised).
No correlation was found between age,
gender, BMI, degenerative stages, and satisfaction outcome.
The pre- and postoperative (1 year) Oxford scores, ROM, and ﬁxed ﬂexion from
the clinic (Table 3) and the pre- and postimplant mechanical femorotibial angle and
ﬁxed ﬂexion from the navigation system
(Figures 1, 2) were compared. Wilcoxon test
P < .001 between groups (n = 108).
Few complications occurred (Table 4
and listed below). Two severe deep infections required revision.
Average postoperative Haemoglobin
was 11.1g/dL (1.5) and 6 of our patients
received blood transfusions.

DISCUSSION
This is a 1-year review of a prospective continuous study of 214 Columbusnavigated TKAs. Two patients were lost to
follow-up, and one patient died of causes
unrelated to the knee surgery. When asked
at follow-up, 98% of patients were either
satisﬁed or very satisﬁed. Among the four
unsure or unsatisﬁed patients, three were
functionally unsatisﬁed. It is known that
the functional score continues to constantly improve after a TKA up to 2 years
even though the literature cannot support
speciﬁc recommendation about which
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3
Figure 3: Radiolucencies measured on the postoperative radiographs for femoral and tibial components.
Yellow numbers show counts of radiographs with radio-lucencies in that zone.

patients are most likely to beneﬁt from
TKA and what type of implant or implant
ﬁxation method is most beneﬁcial.3 Our
series showed statistically improved Oxford scores, conﬁrming results from previous studies.1,4 This study also conﬁrmed
that age, sex, BMI, and degenerative stage
cannot predict a satisfactory outcome.3
Postoperatively, nine patients (4.2%)
had an intermediate ﬂexion contracture of
between 6° and 19° according to Ritter’s
criteria.6 In his review of 5622 TKAs,
Ritter6 found a preoperative ﬂexion contracture rate of 26.5%. According to
McPherson5, ﬂexion contracture after
1 year can continue to improve. McPherson5 showed positive outcomes of more
than 10º up to 3 years after surgery. This
means that even the most severe cases
(17°) can improve. Average ﬂexion was
101.3° postoperatively, with ROM signiﬁcantly improved. These ﬁgures are
similar to those published by Walker, who
reported average ranges of ﬂexion angle
from 100° to 110° after condylar knee surgery.7 Some of the disappointing ﬂexion
angles were related to incomplete removal

of posterior osteophytes (Figure 3) or limited preoperative ﬂexion.
The primary postoperative development after TKA is femoropatellar complication, which ranges from 1.5% to 12% in
incidence according to Lombardi.8 In this
series, two patients reported anterior pain
(<1%), one underwent a secondary patellar resurfacing, and one underwent CT
investigation to assess femoral and tibia
rotation. The use of computer navigation
may explain this low rate of anterior pain.
In 2004, Stockl9 and Chauhan10 showed
that computer navigation improved the
femoral rotation position, and in 2006, in
an experimental setting comparing various femoral rotation landmarks, Siston16
showed that even when using navigation,
inconsistent femoral rotation can occur.
However, he also showed that Whiteside’s
line still could be a reliable reference especially with use of computer guidance.
We demonstrated a similar outcome in
2007.12 Computer navigation may improve alignment and may also decrease
morbidity and complications such as
operative bleeding.21 Only 2.4% of our
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patients underwent transfusion, which is
less than that reported in recent series such
Sundaram’s,20 claiming 8% transfusion in a
group of 200 patients.
In a study by Callahan,1 the mortality
rate was 1.5% and the revision rate was
3.8%. In our series, two implants were
revised for deep infection, one for patella
resurfacing, and none for loosening, resulting in a 1.4% revision rate. In a 2008 article
by Katz et al13, that compared high to low
TKA volume hospitals, he conﬁrmed his
previous conclusions12 that high volume
and special units are associated with fewer
complications. Katz performs more than
200 TKR procedures yearly, which corroborates the following results (our results are
shown in parentheses). The complication
rate for mortality after TKA was between
0.53% and 0.62%.14,15 After 1 year, one patient died from causes unrelated to surgery
(0.4%). The pulmonary embolus rate was
between 0.41% and 0.77%.13,15 One patient
experienced a nonfatal pulmonary embolism (0.4%). Deep infection rates are usually between 1% and 2%.27 Two patients
(<1% of the series) had a deep infection
and underwent two-stage revision (both
had BMI >35 and Charlson comorbidity
index >2, which signiﬁcantly increased
the risk of infection). Infection remains the
most challenging risk factor in TKA. Our
patients are reviewed by their general practitioners within the ﬁrst 2 weeks of surgery.
Seven patients had antibiotics started by
their GPs because of red wounds and other
infections (chest, urinary tract infection).
All these patients were followed clinically
and had blood test at 6 weeks that ruled out
TKA infections. In our series, the overall
complication rate was 4% (compared with
18.1% in the Callahan review and 5.4%
in the most recent review.2,3 The main
drawback of the navigation was operating
time. The average operating time was 80
minutes, which is similar to the published
results for navigated TKR.11 Navigation
slightly increases the standard operating
time by 10 to 20 minutes because of the
tracking setting and registration.

Table 5

Postoperative Radiograph Alignment in Coronal and Sagittal Planes
Mean

SD

Minimum

Maximum

Coronal mechanical
femoral axis

90.4

2

85

97

Sagittal mechanical
femoral axis

86.4

4.3

76

96

Coronal mechanical
tibial axis

88.1

2.4

83

94

Sagittal mechanical
tibial axis

88.2

1.8

84

94

Coronal femoro tibial
angle

179

2.3

173

186

Figure 4: Grouping of
alignment angles measured
within 2° on postoperative
radiograph for measurement of the coronal mechanical femoral axis,
sagittal mechanical femoral
axis, coronal mechanical
tibial axis, sagittal mechanical tibial axis, and coronal
femoro tibial angle showing how many patients
had good alignment in all
planes (n = 206).

4
The main advantage was to reproducibly align the TKAs. Postimplant measurements taken at the end of the surgical
procedure using computer measurements
showed excellent alignment in both the
sagittal plane (1.4° ± 2.2°) and the coronal plane (0.1° ± 1.4°). These results were
conﬁrmed at the 6-week, long leg ﬁlm
review (Table 5). Using Jenny’s criteria22
to quantify the alignment reproducibility,
we found that 71% of our implants had
four component angles within 2° (including femur and tibia coronal and sagittal
angles) (Figure 4). Another series of 306
TKA procedures done by one experienced
surgeon using standard instrumentation
showed only 52% alignment reproducibility.19 These results conﬁrmed the
current meta-analyses from Bauwens17
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and Mason18 demonstrating the potential
beneﬁt of navigation in alignment. Only
long-term follow-up will indicate whether
improving alignment increases implant
survivorship. However, despite the shortterm review, we found a few radiolucent
lines less than 1 mm, with no loosening,
which corroborate leg alignment improvement.23 Most of these lines were not on
the tibia but on the posterior femur, which
was attributable to insufﬁcient posterior
cement (Figure 3).
The overall results of this extensive
1-year review of 214 TKAs are encouraging. These patients will be reviewed
at 2, 5, and 10 years in our arthroplasty department, and we will report on
long-term Columbus-navigated TKAs
and verify whether navigation im-
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proved implant survival. We confirmed
that using a nonimage-based navigation system routinely does not affect
our practice, the number of complications, or our outcomes.
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Columbus Primary Total Knee
Replacement: A 2- to 4-Year Followup of the Use of Intraoperative
Navigation-derived Data to Predict
Pre- and Postoperative Function
S. DAVID STULBERG, MD; MARK A. YAFFE, MD; RITESH R. SHAH, MD; SUSAN E. GALL-SIMS, BS;
NICHOLAS PALMESE, BS; MICHAEL A. GRANIERI, BS; PHILIP H. SCHMIDT, BS

abstract
The purpose of this study was to examine the clinical outcomes associated
with the Columbus primary total knee replacement (B. Braun Aesculap, Tuttlingen, Germany), correlate these outcomes with variables measured intraoperatively with the OrthoPilot navigation system (B. Braun Aesculap), and
explore the full potential of automating the process of intraoperative data collection. Clinical and functional outcomes at 2.5 years were similar to results
reported in previous studies. Correlations were seen between initial mechanical axis deformity and postoperative range of motion as well as between
ﬁnal mechanical axis alignment and the presence of ﬂexion contractures at
later follow-up. It is now possible to potentially stratify particular segments of
patients and develop speciﬁc intraoperative alignment targets that are most
likely to yield positive clinical and functional outcomes.

C

omputer-assisted total knee
replacement (TKR) has been
shown to increase the precision
and accuracy of implant alignment.1-8 It
is unclear, however, whether the potential improvements in implant alignment
translate to improvements in implant
durability or long-term clinical and
functional outcomes. An intraoperative
navigation system offers the potential
to relate intraoperative variables, such
as alignment, laxity, and soft tissue balance immediately before and after implant placement to long-term clinical
and functional outcomes such as pain,
range of motion (ROM), patient mobility, and movement independence. To our
knowledge, there has not been a deﬁni-

tive examination of this relationship to
date. Through the process of automation, it is possible to seamlessly translate the intraoperative data produced
by the navigation system into a format
that can be easily examined in relation
to pre- and postoperative outcome measures. The purpose of this study was to
examine the clinical and functional outcomes associated with the Columbus
primary TKR (B. Braun Aesculap, Tuttlingen, Germany), correlate these with
variables measured intraoperatively by
the navigation system, and explore the
full potential of automating the transfer
of intraoperative limb and implant alignment data as measured with a computerassisted navigation system.
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MATERIALS AND METHODS
We performed 58 consecutive computer-assisted TKAs on 51 patients. Aesculap primary, posterior cruciate retaining
Columbus implants were inserted using the
OrthoPilot (B. Braun Aesculap) image-free
navigation instrumentation. Of these patients, 30 underwent unilateral computerassisted surgery (CAS), 7 underwent bilateral CAS, and 14 underwent bilateral TKA
with one side performed using CAS. Basic
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Table 1

Table 2

Demographics
Patients
Unilateral
TKA (%)
Age
(y)

Age
(range)

Sex (% male)
Dx (% OA)
BMI
BMI
Avg
(range)

Clinical and Functional Findings:
Preoperative, 1-month Postoperative, and 2-year Postoperative

51
51%
65.7

CAS Group
(48.086.1)

31%
100%
32.0

(2252)

demographic information was obtained
for each patient (Table 1). For each TKA,
we obtained weight-bearing, full-length
anteroposterior (AP) and short ﬁlm lateral
radiographs. The AP mechanical axis and
sagittal femoral and tibial axis measurements were recorded, both intraoperatively using the navigation system and with
standard 4-week (short-term) and 2-year
(long-term) postoperative radiographs. Investigational review board permission was
obtained for this study.
We obtained intraoperative navigation
measurements preoperatively before any
cuts were made and again postoperatively
after cuts were made and implants placed.
The target intraoperative alignment was 0º
for the mechanical, femoral, and tibial axes.
Through an automated process, the alignment results generated by the navigation
system were compared with postoperative
outcomes. Pre- and postoperative clinical
examinations at 4 weeks, 6 months, 1 year,
and 2 to 4 years were performed by a physician blinded to intraoperative measurements. Average follow-up was 2.5 years.
The Knee Society Knee score, which is a
composite from measures of ROM, pain,
and knee stability, and the Knee Society
Functional score, which is an assessment
of patient mobility and movement independence, were evaluated according to the
Knee Society scoring system. Six patients
(all with unilateral TKA) were lost to follow-up due to relocation, unwillingness to
continue participation in the study, or lack
of intraoperative measurements. These pa-
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a

Mechanical Axis
Preoperative
Postoperative

5.62º ± 5.2 (-12º-16º)
0.56º ± 1.0 (-1º-3º)

Flexion Contracture
Preoperative
1 mo postoperative
2-y postoperative

5.36º ± 4.95 (0º-15º)
1.59º ± 2.71 (0º-13º)
0.31º ± 1.07 (0º-5º)

ROM
Preoperative
1-mo postoperative
2-y postoperative

114.2º ± 17.0 (60º-145º)
101.8º ± 20.9 (0º-135º)
120.7º ± 13.1 (50º-140º)

Total Laxitya
Preoperative
Postoperative

8.7º ± 3.0 (3º-16º)
2.7º ± 1.1 (0º to 6º)

Pain Scoreb
Preoperative
1-mo postoperative
2-y postoperative

13.3 ± 11.7 (0-50)
27.4 ± 13.6 (0-50)
43.1 ± 12.5 (0-50)

Function Score
Preoperative
1-mo postoperative
2-y postoperative

47.5 ± 15.0 (5-80)
46.8 ± 16.9 (5-85)
76.7 ± 23.9 (30-100)

Knee Score
Preoperative
1 mo postoperative
2-y postoperative

43.5 ± 19.2 (0-100)
68.9 ± 18.0 (27-100)
88.5 ± 18.1 (21-100)

(30 Unilateral, 7 Bilateral, 14 Bilateral with One-side CAS)
a
Navigation-generated intraoperative measurement.
b
Pain score: 50 = no pain; 0 = maximum pain.

Table 3

Change in Clinical and Functional Outcome Measures
(Preoperative to 2 y)
Minimum

Maximum

Mean

SD

Knee Score

-26

97

48.37

25.96

Function Score

-10

95

29.66

24.05

a

Pain Score

-20

50

31.25

15.69

ROM
(in degrees)

-72

55

7.05

18.11

a

Pain score, 50 = no pain; 0 = maximum pain

tients were excluded from the ﬁnal analysis of the data.

We used the Aesculap OrthoPilot
navigation system for computer-assisted
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Table 4

An Analysis of Radiographic and Navigation Measurement of Limb and Implant Alignment
Axis of
Measurement

Measurement
of Interest

Mechanical
Axis (Anteroposterior)
(Varus +)

Femoral Axis
(Sagittal)
(Flexion, +)

Tibial Axis
(Sagittal)
(Posterior
Slope, -)

Mean

Minimum

Maximum

SD

Preop
Radiograph

8.76

-12

22

8.24

Preop
Navigation

5.62

-12

16

5.20

Postop (1 mo)
Radiograph

1.91

-4

8

2.89

Postop (2 y)
Radiograph

1.43

-2

4

1.91

Postop
Navigation

.56

-1

3

1.00

Postop (1 mo)
Radiograph

2.05

-4

7

2.46

Postop (2 y)
Radiograph

1.73

0

4

.961

Postop
Navigation

-.24

-2

2

.847

Postop (1 mo)
Radiograph

-2.10

-7

2

1.80

Postop (2 y)
Radiograph

-2.93

-8

0

2.219

Postop
Navigation

-.76

-6

1

1.33

TKA and to generate navigation alignment measurements.
We used the ORUpload software system (EcomGlobalMedical Research and
Development Inc, San Antonio, Texas) to
automate the transfer and integration of
intraoperative data collected by the navigation system to the postoperative data
collection program.
A two-tailed bivariate Pearson correlation was used to evaluate the strength
of the association between pre- and postoperative radiographic and navigation
alignment measurements as well as the
association of interobserver measurements. An analysis was performed on
pre and postoperative navigation-generated alignment measurements as well as
clinical and functional outcomes. Signiﬁcance was considered P < .05. All
statistical analyses were performed using

SPSS version 14.0 statistical software
(SPSS Inc, Chicago, Illinois).

RESULTS
At a mean follow-up of 2.5 years, patients exhibited mean Knee Society Knee
scores (composite of pain, ROM, and knee
stability) of 88.5 ± 18.1 (21 to 100), Knee
Society Functional scores (composite of
patient mobility and movement independence) of 76.7 ± 23.9 (30 to 100), Knee
Society Pain scores of 43.1 ± 12.5 (0 to
50), ROM of 120.7º ± 13.1 (50º to 140º),
and ﬂexion contractures of 0.31º ± 1.0
(0º to 5º) (Table 2). Compared with preoperative values, patients exhibited mean
increases in Knee Society Knee scores of
47.3 ± 25.9 (-26 to 97), Functional scores
of 29.6 ± 24.0 (-10 to 95), Pain scores of
31.2 ± 15.6 (-20 to 50), and ROM of 7.0º
± 18.1 (-72º to 55º) (Table 3).
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Mean preoperative mechanical axis
measurements were 9.28º as measured
on standard long-standing weight-bearing radiographs and 5.62º as measured
by the navigation system while the patient was non-weight bearing and lying
supine in the operating room. Mean
postoperative mechanical axis measurements were 1.43º as measured by
2-year postoperative radiographs and
0.56º as measured by the navigation
system once bone cuts were made and
implants placed. Postoperative sagittal
femoral flexion was 1.73º and posterior tibial slope was 2.93º as measured
by 2-year radiographs and -0.24º and
0.76º, respectively, as measured by the
navigation system (Table 4). The preand postoperative alignment and clinical and functional outcome measures
of our study patient with the most no-
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1
Figure 1: Preoperative alignment and clinical and functional outcome measures of study patient with the
most notable preoperative limb deformities.

table for (1) a statistically signiﬁcant
association between increased preoperative mechanical axis deviation and
both a decreased absolute ROM (r =
-0.438, P = .017), and increased ROM
improvement (r = 0.482, P = .008) at 2
to 4 years; (2) a statistically signiﬁcant
association of increased preoperative
ﬂexion contracture with the presence
and magnitude of a ﬂexion contracture
(r = 0.343, P = .035) at 2 to 4 years;
(3) a statistically signiﬁcant association
of increased postoperative mechanical axis deviation and the presence and
magnitude of ﬂexion contractures (r =
0.653, P < .01) at 2 to 4 years, and (4)
a statistically signiﬁcant association between increased posterior tibial slope
cut and increased postoperative laxity
(r = 0.317, P = .032). An examination
of additional correlations between intraoperative variables (laxity, mechanical
axis, femoral and tibial cut axes) and
postoperative outcomes (Knee Society
Knee score, Function score, Pain score,
ROM, and pre to postoperative changes
in these variables) did not yield any statistically signiﬁcant ﬁndings.

DISCUSSION

2
Figure 2: Postoperative alignment and clinical and functional outcome measures of study patient with the
most notable preoperative limb deformities.

table preoperative limb deformities are
presented in Figures 1 and 2.
An analysis of correlations between
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intraoperative
navigation-generated
variables and pre and postoperative (2
to 4 years) outcome measures were no-

The majority of studies that have assessed outcomes of CAS TKA have focused on alignment as the primary outcome measure rather than clinical and
functional outcomes.1-8 The alignment
results reported in this study using the Columbus Knee System and the OrthoPilot
navigation system are consistent with the
results reported in these previous studies.
Moreover, it appears that the Columbus
CAS TKA generates clinical and functional outcomes that are comparable with
previous studies that have evaluated these
outcome measures in TKA performed using manual instrumentation.
Analysis of Outcomes
In our study, we found Knee Society
Knee, Functional, and Pain scores of 88.5
± 18.1 (21 to 100), 76.7 ± 23.9 (30 to
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100), and 43.1 ± 12.5 (0 to 50), respectively. These results were similar to results
seen by Kane et al., who found mean Knee
scores of 80.0 to 82.4 in 57 published
studies with average follow-up between 6
and 189 months.9
Similar results were reported by
Spencer et al., who used a Duracon
knee prosthesis (Stryker Orthopaedics,
St. Leonards, Australia) and noted an
average Knee Society composite score
(combined Knee and Functional scores)
of 156.4 ± 33.1.10 Molfetta et al., used
a Search-evolution prosthesis (B. Braun
Aesculap) and found Knee and Functional scores of 84 ± 5.4 and 90 ± 5.3
at an average follow-up of 5.4 years,
which were slightly greater in value and
exhibited smaller standard deviations
than the results of our current study.11
Clayton et al. used the PFC Sigma prosthesis (Depuy, Johnson & Johnson, New
Brunswick, NJ) and evaluated Knee,
Functional, and Pain scores at 5-year follow-up.12 He found postoperative Knee
scores of 89.3 ± 12.1 (mean improvement, 58.4), Functional scores of 79.9 ±
19.2 (mean improvement, 31.6), and Pain
scores of 46.2 ± 10.4. The Pain scores in
particular are notably similar in magnitude to those in our study. Matsumoto et
al. used the Vector Vision (Depuy-BrainLab, Heimstetten, Germany) and the PFC
Sigma (Depuy, Warsaw, Ind) and found
2-year postoperative Knee scores of 84.5,
Functional scores of 94.3, and ROM of
113.0 at follow-up of 27 months.13 These
results demonstrate superior functional
scores but slightly lower knee scores and
ROM compared to the present study. Average ROM in our study was 120.7º ±
13.1º (50º to 140º). These results were
similar to those from Laskin et al., who
found mean ROM of 118º in a 5-year follow-up of patients who were implanted
with the Genesis II (Smith and Nephew,
Memphis, Tenn).14 Kim et al. used the
PFC Sigma prosthesis (Depuy) and found
Pain scores of 44 and ROM of 127º at an
average follow-up of 2.6 years.15

Several investigators have reported the
tendency for Knee and Function scores
to decline over time.9,11,16 Benjamin et
al. found that improvements in Knee Society scores are not permanent.16 Rather,
declines were seen in clinical and functional measures after 3 years of follow-up,
most notably in patients with pre-existing,
symptomatic arthritis in the contralateral
knee or other joints. Declines over time
in Knee Society and Hospital for Special
Surgery Scores were also noted by Kane
et al.9 Given this trend, some investigators
have suggested that the optimal or most
appropriate time to evaluate Knee scores
is 5 years postoperatively.11 Our average
follow-up was 2.5 years, thus there may
be a potential for patients to continue to
achieve improvements in ROM, reductions in pain, and advances in mobility in
continued follow-up.
Relation of Intraoperative
Variables to Postoperative Function
Intraoperative navigation allows the surgeon to correlate intraoperative limb and
implant measurements to pre and postoperative outcome measures. To our knowledge, there are no studies that have examined this type of relationship. There are,
however, several studies that have investigated the impact of demographic and baseline functional data on postoperative outcomes. Stickles et al. found a trend toward
improved WOMAC scores, compared with
preoperative baseline scores, in patients
with a higher body mass index (BMI).17
Jones et al. found no signiﬁcant relationship between preoperative pain status and
age, sex, or BMI.18 They did report however, that signiﬁcant preoperative pain was
a positive predictor of postoperative pain.
Konig et al. found a positive correlation between BMI and functional outcomes but no
correlation between age, gender, or BMI to
pain or overall Knee Society scores.19
In our study, we discovered a statistically signiﬁcant relationship between
several key intraoperative and postoperative variables. We discovered that patients
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with the most signiﬁcant preoperative
mechanical axis deformities achieved
less absolute postoperative ROM at 2 to
4 years but experienced greater overall
ROM improvements than did patients
with less signiﬁcant initial deformities.
We also found a signiﬁcant association
between postoperative mechanical axis
deviation and the magnitude of ﬂexion
contractures at 2 to 4 years. In addition,
the presence of a preoperative ﬂexion
contracture was strongly associated with
the continued presence of a ﬂexion contracture postoperatively. Increased posterior tibial slope was also associated with
greater total mediolateral laxity at the end
of the procedure. These types of relationships may help to identify the factors that
will affect clinical outcomes most signiﬁcantly and may further help to identify the
patients who would beneﬁt most from the
use of CAS during TKA. These types of
relationships may help establish optimal
alignment goals for patients with varying
preoperative deformities and instabilities
who undergo TKA.
Automation Process
Automation tools allow the surgeon
to analyze patient data both intraoperatively and postoperatively in real time
and may help to predict postoperative
outcomes. The use of an intraoperative
navigation system and the automated
management of the information that this
system provides is proving beneﬁcial in
helping us understand the relationship
between intraoperative variables, cuts,
and alignment and pre and postoperative
outcome measures. The automation process begins with a software interface that
electronically captures data generated
by the navigation system with minimal
effort by the surgeon. Information on
alignment, laxity, ROM, and bone cuts
is stored and available for analysis. This
information is then transferred as automated ﬁle algorithms to directories and
datasets speciﬁc to the ﬁeld of research.
The information can then be stratiﬁed
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among a set of variable searching tools
that macromanage the collected data.
Physicians and staff use electronic data
capturing (EDC) forms to enter clinical
follow-up data directly into the patient
record. Once entered, the data can be updated easily throughout the patient study
timeline. The data is then available for
immediate viewing, searching, and analysis. The system also has the ability to
store and incorporate radiographic studies and measurements into the data evaluation, allowing real time evaluation of
associations between speciﬁc alignment
measures and clinical and functional outcomes. For example, a need to compare
the correlation of preoperative mechanical axis measurements to postoperative
Knee scores at 1 month and 2 years in
patients with preoperative mechanical
axis deviations ⩽3º versus patients with
deviations ⩾5º can be accomplished in
seconds. Given the considerable time to
market acceptance of new medical technologies and devices, software automation tools have the potential to close the
gap between physician-led studies and
surgical innovations by streamlining and
simplifying the process of data collection and analysis.

data analysis process by electronically
capturing intraoperative navigation-generated data and transforming it into a
format that can be easily analyzed in relation to patient demographic variables,
alignment measurements, and clinical
and functional outcome measures. We
are now able to stratify groups of patients, such as those with large initial
deformities or ﬂexion contractures, and
develop intraoperative alignment targets
most likely to yield positive clinical and
patient-perceived functional outcomes.
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Unicompartmental Knee Replacement:
A Comparison of Four Techniques
Combining Less Invasive Approach
and Navigation
JEAN-YVES JENNY, MD

abstract
We developed a nonimage-guided navigation system for unicompartmental
knee replacement, suitable for both conventional and minimally invasive approaches. We performed a radiologic analysis of the accuracy of implantation
with conventional nonnavigated instrumentation, conventional, open navigated instrumentation, minimally invasive navigated experimental instrumentation derived from conventional instruments, and minimally invasive navigation-dedicated instrumentation. Navigated technique allowed improving
the accuracy of the radiologic implantation. Minimally invasive implantation
was effective, but the accuracy may not reach that of the conventional navigated technique. Minimal invasive techniques have to be validated, because
a loss of accuracy will negatively inﬂuence long-term outcomes.

T

he accuracy of implantation is an accepted prognostic factor for the longterm survival of unicompartmental
knee replacement (UKR).1 However, most
UKR systems offer limited and potentially
inaccurate instrumentation that relies on
substantial surgeon judgment for prosthesis
placement. Rates of inaccurate implantation
as high as 30% have been reported with conventional, free-hand instrumentation.2 An
intramedullary femoral guiding device can
improve these results,3 but does not allow
reproducible optimal implantation.
Computer-assisted systems have been
developed for total knee replacement (TKR)
and have proved to allow a higher precision
of implantation for such implants compared
with conventional instruments.4 The OrthoPilot system (B. Braun Aesculap, Tuttlingen,
Germany) has also been validated in clinical

use by a prospective, randomized study.5
This system is considered nonimage based,
because it relies only on an intraoperative
kinematic analysis of the lower limb.
We developed an adaptation of this
technique for unicompartmental knee prosthesis (UKP) implantation, without any
extramedullary or intramedullary guiding
device, suitable for both conventional and
minimally invasive approaches. We hypothesized that the navigation system will allow
for placement of the prosthesis in a better
position than that accomplished with the
conventional technique, and that the minimally invasive navigated approach will not
decrease the accuracy of the procedure. This
study reports the radiologic results of four
groups of patients who underwent UKP implantation with conventional nonnavigated
instrumentation: conventional open navi-
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gated instrumentation; minimally invasive
navigated experimental instrumentation
derived from conventional instruments; and
minimally invasive navigation-dedicated
instrumentation.

OPERATIVE TECHNIQUES
Conventional Nonnavigated
Instrumentation
The conventional technique has been described more extensively elsewhere.3 After
a medial parapatellar approach, typically 18
cm in length, the tibial resection guide was
ﬁxed on an extramedullary rod, after visual
alignment with the tibial axis on both coronal
and sagittal planes. The guide was pinned on
the tibia, and proximal tibial resection was
performed with an oscillating saw, preserving
the tibial attachment of both cruciates. The
femoral canal was entered at the most proximal point of the intercondylar notch, and an
intramedullary rod was ﬁxed in the femoral
canal, representing the femoral coronal and
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sagittal anatomical axes. A distal femoral
resection guide was ﬁxed on this rod with a
coronal orientation deﬁned on preoperative
long leg radiographs according to the angle
between the mechanical axis and the anatomic axis of the femur, and distal femoral resections were performed with an oscillating saw.
A second femoral guide was applied on this
distal resection to perform the dorsal femoral
resection and the chamfer resection.
Conventional Open Navigated Technique
The navigation system used is an intraoperative nonimage-based one (OrthoPilot;
B. Braun Aesculap, Tuttlingen, Germany).6
After a medial parapatellar approach, typically 18 cm in length, two infrared localizers were placed on screws in the distal femur
and in the proximal tibia and one strapped on
the dorsal part of the foot. The relative motion of two adjacent localizers was tracked
by an infrared camera (Polaris; Northern
Digital, Toronto, Canada). The dedicated
software calculated the center of rotation of
this movement and so deﬁned the respective joint center of the hip, knee, and ankle
joints. These centers were use to calculated
the mechanical axes of both the femur and
tibia in both the coronal and sagittal planes.
A localizer was then ﬁxed on tibial or femoral resection blocks, and the software displayed in real time the orientation of these
blocks compared with the mechanical leg
axes. The surgeon can ﬁx the block with the
desired orientation before performing the
bony resection with a classical motorized
saw blade. The trial implants were tested,
and the deﬁnitive prosthesis was cemented
if the test was satisfactory.
Minimally Invasive
Experimental Navigated Technique
The same nonimage-based navigation
system was used, but the instruments were
modiﬁed to allow their placement through
an 8-cm skin incision. However, the software
had to be modiﬁed because the minimally
invasive approach did not allow the direct
palpation of the lateral femorotibial joint. The
position of the lateral articular points was
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calculated by the software with help of the
radiographic preoperative planning.
Minimally Invasive
Navigation-dedicated Technique
This technique has been described more
extensively elsewhere.7 The software is basically the same as for the minimally invasive experimental navigated technique. The
procedure begins with a quadriceps-sparing medial arthrotomy, typically 6 cm in
length. Kinematic registration is performed
as usual. Anatomic registration is limited to
the medial femorotibial joint. The tibial resection guide is oriented using a hands-free
technique. A navigated bow is ﬁxed with two
bicortical screws on the distal femur and oriented along the knee ﬂexion-extension axis.
On this bow, the distal and posterior resection guides are ﬁxed and oriented according
to the navigation system but not ﬁxed directly within the joint. Resections are performed
with a saw blade for the posterior resection
and a burr for the distal resections.

MATERIALS AND METHODS
Five hundred seventy-four patients have
undergone a medial osteoarthritis at the investigators’ institution from January 1996
to December 2006 with implantation of a
UKR for medial osteoarthritis comprising
256 cases with the conventional manual
technique (group A), 90 cases with the
conventional navigated technique (group
B), 108 cases with the experimental minimally invasive technique (group C), and
120 cases with the minimally invasive
navigation-dedicated technique (group D),
successively. Two different protheses were
used, the Search UKR (B. Braun Aesculap)
in groups A, B, and C, and the Univation
UKR (B. Braun Aesculap) in group D.
Both prostheses were designed to be implanted as follows: coronal femorotibial
mechanical angle of 0º to 5º of remaining
varus deformation, coronal orientation of
the femoral component of 90º ± 2º compared with the coronal femoral mechanical axis, sagittal orientation of the femoral
component of 90º ± 2º (Search) or 80º ± 2º

(Univation) compared with the distal anterior femoral cortex, coronal orientation of
the tibial component of 90º ± 2º compared
with the coronal tibial mechanical axis, and
sagittal orientation of the tibial component
of 88º ± 2º compared with the proximal
posterior tibial cortex. All patients underwent a complete radiologic examination in
the ﬁrst 3 months after the index procedure,
with anteroposterior (AP) and lateral plain
knee radiographs and AP and lateral long
leg radiographs.
Thirty UKRs in each group were randomly selected and compared. The following angles were measured on long leg
Radiographs by a single observer (J.Y.J.):
mechanical femorotibial angle (normal =
0°, varus deformation was described with
a positive angle); coronal orientation of the
femoral component compared with the mechanical femoral axis (normal = 90°, varus
deformation was described with an angle
< 90°); sagittal orientation of the femoral
component compared with the distal anterior femoral cortex (normal = 90°, ﬂexion
deformation was described with an angle
< 90°); coronal orientation of the tibial
component compared with the mechanical
tibial axis (normal = 90°, varus deformation was described with an angle < 90°);
and sagittal orientation of the tibial component compared with the proximal posterior
tibial cortex (normal = 90°, ﬂexion deformation was described with angle < 90°).
Individual analysis was performed
as follows: one point was given for each
fulﬁlled item, giving a maximal accuracy note of 5 points. The accuracy note
was compared among all groups with an
ANOVA test with post-hoc BonferriniDunn correction. Prosthesis implantation
was considered satisfactory when the accuracy note was 5 (all fulﬁlled items); the
rate of satisfactory implanted prostheses
was compared in all groups with a chisquare test. Mean angular values in all
groups were compared for each criterion
with an ANOVA test with post-hoc Bonferrini-Dunn correction; the sagittal orientation of the femoral component of the
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Table 1

Radiographic Resultsa

Global accuracy note

Coronal femorotibial mechanical angle

Coronal orientation of the femoral component

Sagittal orientation of the femoral component

Coronal orientation of the tibial component

Sagittal orientation of the tibial component

a

Group A
(n = 30)

Group B
(n = 30)

Group C
(n = 30)

Group D
(n = 30)

1.5
5
0
1.2

4.5
5
3
0.6

3.3
5
2
1.2

4.2
5
3
1.1

0.9
7
-6
4

1.5
5
-4
2.2

1.3
8
-8
2.1

2.6
6
-3
2.7

88
95
82
2.9

89.1
92
85
1.4

91.1
100
76
5

88
93
86
3

89.3
97
78
2.8

89.6
92
86
1.6

87.6
96
78
3.5

81.6
87
74
4.2

88.2
96
79
2.6

89.1
92
86
1.4

91.1
94
83
5

87.8
94
85
2.7

86.4
96
82
3.2

89.6
93
86
1.3

87.6
92
84
3.5

87.8
92
86
2.9

Radiographic results in degrees (mean, maximum, minimum, SD).

group D was corrected to compensate for
the different goal. The rate of prostheses
implanted within the desired range for
each criterion was also compared in all
groups with a chi-square test. All statistical tests were performed with a .05 limit
of signiﬁcance.

RESULTS
A total of 120 patients were selected
(45 men); mean age was 67 years (SD,
6). Mean body mass index was 29.6 (SD,
4.5). Preoperative pain Knee Society Score
(KSS) was 56 points (SD, 12), and preoperative functional KSS was 61 points (SD,
12). Mean preoperative coronal femorotibial mechanical angle was 7.8º (SD, 5.1).
There were 54 grade 2, 59 grade 3, and 7

grade 4 degenerative changes according to
Ahlback.8 There were no signiﬁcant differences in any preoperative parameter among
all groups.
Radiographic results at the early follow-up are reported in Tables 1 and 2.
Mean global accuracy note was 1.5 (SD,
1.2) in group A, 4.5 (SD, 0.6) in group B,
3.3 (SD, 1.2) in group C, and 4.2 (SD, 1.1)
in group D (P < .001). The rate of perfect
implantation was 6/30 in group A, 18/30 in
group B, 13/30 in group C, and 18/30 in
group D (P < .001). Mean femorotibial angle was 0.9º (SD, 4.0) in group A, 1.5º (SD,
2.2) in group B, 1.3º (SD, 2.1) in group C,
and 2.6º (SD, 2.7) in group D (NS). The
rate of fulﬁlled item was 20/30 in group A,
25/30 in group B, 22/30 in group C, and
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26/30 in group D (NS).
Mean coronal orientation of the femoral
component was 88.0º (SD, 2.9) in group A,
89.1º (SD, 1.4) in group B, 91.1º (SD, 5.0)
in group C, and 88.0º (SD, 3.0) in group D
(NS). The rate of fulﬁlled item was 21/30 in
group A, 26/30 in group B, 23/30 in group
C, and 27/30 in group D (NS).
Mean sagittal orientation of the femoral
component was 89.3º (SD, 2.8) in group A,
89.6º (SD, 1.6) in group B, 87.6º (SD, 3.5)
in group C, and 81.6º (SD, 4.2) in group D
(NS). The rate of fulﬁlled item was 21/30 in
group A, 27/30 in group B, 21/30 in group
C, and 26/30 in group D (NS).
Mean coronal orientation of the tibial
component was 88.2º (SD, 2.6) in group A,
89.1º (SD, 1.4) in group B, 91.1º (SD, 5.0)
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Table 2

Radiographic Resultsa
Group A
(n = 30)

Group B
(n = 30)

Group C
(n = 30)

Group D
(n = 30)

Global accuracy note

6

18

13

18

Coronal femorotibial mechanical angle

20

25

22

26

Coronal orientation
of the femoral component

21

26

23

27

Sagittal orientation
of the femoral component

21

27

21

26

Coronal orientation
of the tibial component

22

28

24

26

Sagittal orientation
of the tibial component

21

28

24

26

a

Radiographic results in number of prostheses in the desired angular range.

in group C, and 87.8º (SD, 2.7) in group D
(NS). The rate of fulﬁlled item was 22/30 in
group A, 28/30 in group B, 24/30 in group
C, and 26/30 in group D (NS).
Mean sagittal orientation of the tibial
component was 86.4º (SD, 3.2) in group A,
89.6º (SD, 1.3) in group B, 87.6º (SD, 3.5)
in group C, and 87.8º (SD, 2.9) in group D
(NS). The rate of fulﬁlled item was 21/30 in
group A, 28/30 in group B, 24/30 in group
C, and 26/30 in group D (NS).
Subgroup analysis showed a signiﬁcant difference between global accuracy
note in group A vs group B (P < .001),
group C (P = .05), and group D (P < .001)
and between rate of perfect implantation
in group A vs group B (P < .001), group C
(P = .05), and group D (P < .001).
All other subgroup differences were
not signiﬁcant.

DISCUSSION
The restoration of the physiologic
alignment of the lower limb is an accepted
prognostic factor for long-term survival of
a TKR.9 Navigation systems have proven to
improve the accuracy of implantation of a
TKR.4-6,10 The precision of the system used
was experimentally calculated to be of 1°
for angle measurement and of 1 mm for
distance measurement.11 However, outliers
still can occur. There are several possible
additional reasons for the observed errors
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including lack of precision of the radiologic measurement technique, lack of rigid
ﬁxation of the resection block on the bone,
and lack of precise guiding of the saw blade
by the resection blocks bending of the saw
blade.12 These causes of errors are inherent
in all systems; however, a modiﬁcation of
the reference software should not introduce
other causes of errors.
UKR is a valuable alternative to high
tibial osteotomy13 or TKR for the treatment of isolated medial osteoarthritis.14
However, the exact indications are still
controversial, because some investigators
have reported a low survival rate of such
implants.15 Inaccurate implantation is a
known factor for early failure.1 There is no
general agreement on the ideal positioning
of a UKR, and the positioning we wanted
to achieve can only be seen as a personal
opinion. However, the goal of an instrumentation is to allow surgeons to place the
prosthesis in the position they choose. It is
then valuable to compare the positioning of
the three groups of UKR implantation techniques, which were expected to implant the
prosthesis in the same position, whatever
this position should be. Most instrumentation offers imprecise guiding systems
depends primarily on the surgeon’s skill.16
Even intramedullary guiding systems do
not offer reproducible optimal implantation technique.3

The conventional navigated instrumentation used in this study is similar to that
used for TKR implantation. It has been
shown to allow achieving a signiﬁcantly
more accurate implantation measured on
postoperative radiographs compared with
the manual technique. The accuracy of
implantation was similar to that obtained
with the reference TKR software.
The conventional manual and navigation techniques involve conventional skin
incision and approach, with splitting of
the vastus medialis and lateral subluxation
of the patella. We developed a navigated
minimally invasive technique, which allows performing the entire procedure
through a shorter skin incision. Our ﬁrst
experience is interesting. All procedures
succeeded with a 5- to 10-cm skin incision.
We observed a trend toward decreased accuracy of implantation of the prosthesis
with the experimental minimally invasive
navigated technique (group C). The calculation of the location of the anatomic point
was less precise than the direct palpation,
and this point has been addressed in the
development of the software. The results
of the last version of the software (group
D) seem to be as satisfactory as for the
reference group with open navigated technique (group B).
We did not yet study the inﬂuence of
the minimally invasive approach on reha-
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bilitation time. This point has already been
investigated, and minimally invasive procedures might allow an earlier discharge
and faster rehabilitation.17
Follow-up for the navigated prostheses is
currently too short to know whether clinical
outcome or survival rates will be improved.
Longer follow-up is required to determine
the respective advantages and disadvantages
of this techniques and the potential beneﬁt
of a minimally invasive implantation.

CONCLUSION
Navigated implantation of a UKR with
the nonimage-based system used allowed
improvement of the accuracy of the radiologic implantation without signiﬁcant inconvenience and with little change in the
conventional operative technique. Minimally invasive implantation was effective,
but the accuracy may not reach that of the
conventional navigated technique. Minimally invasive techniques have to be validated, because a loss of accuracy will negatively inﬂuence long-term outcomes.
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Analysis of the Patellofemoral
Congruence Angle According to the
Rotational Alignment of the Femoral
Component in Navigation-guided TKA
YOUNG-WAN MOON, MD; JAI-GON SEO, MD; JAE-HYUK YANG, MD; MIN-SOO SHON, MD

abstract
The relative femoral resection plane from the posterior condylar axis was
determined by the navigation system. The investigators found that there was
a relatively variable range of femoral component rotation intraoperatively
(0º-6º) and attempted to determine whether this would affect postoperative
patellofemoral congruence. Forty-six varus knees from 34 patients were included in the study; group 1 (15 knees) with 0o or 1o and group 2 (31 knees)
with 3º to 6o. The mean (P = .855) and percentage of abnormal values (patellofemoral congruence angle >16º) (P = .193) in preoperative radiographs
showed no signiﬁcant differences between the two groups. In postoperative
ﬁndings, the mean of patellofemoral congruence angles in group 1 (20.5o)
showed a higher tendency than that in group 2 (14.1o), but no statistically
signiﬁcant difference between two groups (P = .089). In conclusion, there
was no statistically signiﬁcant difference in patellofemoral congruence between 2 groups.

P

atellofemoral instability is a
common problem after total knee
arthroplasty (TKA). The incidence
of patellofemoral instability after TKA
has historically been between 10% and
35%, but with recent improvements in
surgical technique, instrumentation, and
prosthetic design, these rates have fallen
to 1% to 12%.1-3
Despite advances in surgical technique and implant design, complications
involving patellofemoral joint after TKA
continue to be the primary cause of pain
and the most often cited reason for revision TKA surgery.1,3,4 Many factors have
been implicated as causes of patellofemoral complications after TKA, including
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preoperative patellar tilt, component design, preparation of the patella, soft tissue
balance of patellofemoral joint, surgical
approach, and rotational alignment of the
femoral component.1,4
It has been accepted that internal
rotation of the component (femur and
tibia) is directly related to the severity
of
patellofemoral
complications.3,4
Even small amounts of internal rotation
(1º-4º) are correlated with lateral tracking
and patellar tilting.4 Higher degrees of
internal rotation are related to patellar
subluxation and early patellar dislocation.
Navigation-assisted knee surgery has
been shown to improve axial alignment
and component position.5,6 Not only can

navigation systems monitor sequential
ligament release,7 they can also measure
extension-ﬂexion gaps.8 Whereas femoral
component rotational position is adjusted
by the ligament balancing gap method,
these quantitative data can be monitored
intraoperatively in real time. In this study,
relatively variable range of external rotation
was obtained by positioning the femoral
component with ligament balancing gap
technique using a navigation system. By
dividing the patients into 2 groups — 0º or
1º and 3º to 6º — of external rotation, we
evaluated the postoperative congruency
angle of patellar.

MATERIALS AND METHODS
Between September 2004 and January 2007, 46 total knee arthroplasty
(TKA) procedures were performed in
34 patients by a single surgeon (Y.W.M)
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1
Figure 1: Surgical technique resects the proximal tibial surface perpendicular to the mechanical axis of the tibia and resects the posterior condyles to create a rectangular ﬂexion space.

with gap technique using the navigation system. Patients included two men
(2 knees), and mean age was 66.9 years
(range, 51-80). The preoperative diagnosis was osteoarthritis in 44 knees
and osteonecrosis in 2 knees. All cases
showed varus alignment in preoperative
mechanical axis alignments.
TKA was performed using a navigation
system (OrthoPilot; B. Braun Aesculap,
Tuttlingen, Germany). This navigation
system is an image-free system that uses
kinematic analysis of the hip, ankle, and
knee joints and anatomic mapping of the
knee joint to construct a working model of
a patient’s knee.
Implants used in group 1 were E.motion
PS (Posterior Stabilizing; B. Braun Aesculap) in 3 cases, e.motion FP (Floating
Platform; B. Braun Aesculap) in 4 cases,
and E.motion UC (Ultra-Congruency; B.
Braun Aesculap) in 8 cases. Implants used
in group 2 were e.motion PS in 7 cases,
e.motion FP in 15 cases, and E.motion UC
in 9 cases.
The surgical approach was a standard
median parapatellar incision. The patellar
was subluxated laterally and the tibia was
subluxated anteriorly. The posterior cruciate ligaments were preserved or sacriﬁced

º

Figure 2: For rectangular ﬂexion gap, various degrees of external rotation (0 -6 ) of
the femoral component were adopted relative to the posterior condylar axis.

based on the component used. The medial
meniscus and the osteophytes were removed. Soft tissue balancing was carried
out before any bone cuts were made. The
arrays of the computer navigation system
(OrthoPilot) were set up by means of femoral tracker, mounted to a screw. A screw
(1 pin) was ﬁxed to the medial aspect of
the femur and the tibia, respectively. The
position of the selected points required
for the system was registered. The center
of the proximal tibia was visually identiﬁed, and its coordinates were put into the
computer by using the pointer speciﬁc to
the navigation system used. After these
localizations, the tibial mechanical axis
was determined by a line joining the center of the proximal tibia and the calculated
center of the ankle joint. After marking
all the reference points, the correction of
varus deformity to neutral axis was carried out by medial release in extension
position. Limb alignment was checked by
navigation system achieving neutral axis.
Further soft tissue release and removal of
posterior osteophytes were done if necessary at this stage.
Proximal tibial cutting was carried
out ﬁrst at a plane perpendicular to the
mechanical axis in the tibia. A laminar
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º

spreader, which could adjust the medial
and lateral compartments separately, was
inserted to identify the adequate collateral
tension in extension and 90º of ﬂexion position. These coordinates were recorded,
and the femoral cutting block was oriented
accordingly to achieve equal extension and
ﬂexion gaps (Figure 1). Various degrees of
external rotation from 0º to 6º relative to
the posterior condylar axis of the femoral
component were adopted (Figure 2).
Patellar tracking was tested intraoperatively after implantation by towel clip
method. None of the cases showed subluxation or maltracking, and thus the lateral retinacular release was not necessary.
To evaluate, we categorized patients
into two groups. In group 1 (15 knees),
the adopted external rotation of the
femoral component was 0º or 1º and in
group 2 (31 knees), the range was 3º to 6º
in respect to the posterior condylar axis.
Patient demographic data are shown in
Table 1, and the number of patients in
each femoral external rotation degrees
relative to the posterior condylar axis
shown by the navigation system intraoperatively is shown on Table 2.
Because the patella was not resurfaced in
any case, the postoperative patellofemoral
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congruence angle could be measured.
Patellofemoral congruence angles in
this study were measured by Merchant’s
view at a ﬁxed angle of 45º in ﬂexed knee
in the ﬂexed knee position in pre- and
postoperative radiographs (Figure 3). Any
congruence angle greater than +16º was
deﬁned as abnormal. The angles measured
were evaluated by an observer who was
blinded to the surgical technique.
For comparing pre- and postoperative patellofemoral congruency angles
between the two groups, paired the
t test and Wilcoxon two-sample test
were performed. Values of P < .05 were
considered to be statistically signiﬁcant.
Analysis of the data was performed using
SAS, version 9.1 (Cary, North Carolina).

Table 1

Patient Demographic Data
Group 1

Group 2

15

31

Mean ± SD

69.73 ± 4.95

65.52 ± 6.96

Range

63-80

51-79

Female (%)

100

93.5

Mean ± SD

50.27 ± 12.03

47.19 ± 12.95

Range

28-63

28-74

Number of patients:
Age

Preoperative (KSS):
Knee score

Functional score
Mean ± SD

48.33 ± 12.77

47.97 ± 14.24

Range

30-70

10-80

Preoperative

(range, 0-145)

RESULTS

Flexion contracture

The mean preoperative patellofemoral congruence angles were 12.4º (range,
0.13º-47.1º) in group 1 and 9.5º (range,
0.13º-37º) in group 2. Postoperative mean
patellofemoral congruence angles in group
1 (20.5º; range, 1.2º-47º) showed a higher
values than those in group 2 (14.1º; range,
-2.7º-38.4º), but without statistical signiﬁcance (P = .089) (Figure 4).
The percentages of abnormal preoperative values (patellofemoral congruency
angle >16º) were 26.7 % in group 1 and
6.5% in group 2. The mean (P = .855) and
percentage of abnormal values (P = .193)
in preoperative radiographs showed no signiﬁcant differences between the two groups.
Moreover, the percentage of abnormal postoperative values in each group (66.7% and
41.7%, respectively) showed no statistically
signiﬁcant difference between the 2 groups
(P = .116) (Table 3).

Mean ± SD

9.33 ± 6.23

9.68 ± 6.82

Range

0-20

0-25

DISCUSSION
The stability of the patellofemoral
joint is directly affected by several factors, including preoperative patellar tilt;
prosthetic component positioning and resultant limb alignment; preparation of the
patella; prosthetic design; soft tissue balance; and surgical approach.3,9,10
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Further ﬂexion
Mean ± SD

131 ± 17.44

134.19 ± 11.04

Range

90-140

90-145

15

29

Diagnosis
Osteoarthritis
Osteonecrosis

0

2

Others

0

0

Mean ± SD

12.47 ± 4.02

10.52 ± 4.46

Range

5-21

5-20

E.motion PS

3

7

E.motion FP

4

15

E.motion UC

8

9

Mean alignment
deviationa

Type of implant

a

All cases were varus deformity.

The rotational alignment of the femoral
and tibial components is one of the most
important factors inﬂuencing patellofemoral stability because malrotation is one of
the most common causes of patellofemoral complications.11-15 Also, malrotation
of the femoral or tibial components has
been shown to be a cause of chronic pain
with a potential for the patient to develop

arthroﬁbrosis. Speciﬁcally for the femoral
component, malrotation may lead to patellar instability, ligamentous instability,
disturbed functional joint kinematics, and
chronic anterior pain.4,15,16
The rotational alignment of the femoral
component parallel to the transepicondylar
axis is known to result in normal patellar
tracking, more physiologic ligamentous bal-
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Table 2

Degrees of External Rotation of the Femoral Component
Relative to the Posterior Condylar Axis
Femoral external rotation

Group 1

0º

8

1º

7

Group 2

2º
3º

6

4º

9

5º

12

6º

4

Number of cases

ance, and minimized patellofemoral shear
forces early in ﬂexion.10,14,17 Thus, most total
knee instrument systems in varus or normal
alignment have adopted 3º of external rotation relative to the posterior condylar axis to
compensate for the nonparallel ﬂexion gap
that occurs when the posterior condylar axis
is used to determine rotation.
The external rotation of the femoral
component is thought to be necessary to
compensate for the angular discrepancy
that result from the proximal tibial cut
perpendicular to the tibial shaft axis because the tibial articular plane is in approximately 3º varus from the tibia shaft
axis in normal knees. Insall was the ﬁrst
to describe externally rotating the anterior and posterior femoral resections
to correct limb alignment. Rhoads et al2
and Anouchi et al11 showed, in studies
using anatomic specimen knees, that external rotation of the femoral component
makes the patellar tracking close to that
of the physiologic knee and signiﬁcantly
improves patellar tracking and reduces
patellofemoral complications after TKA.
Laskin18 has introduced the clinical study
that the mean degree of external rotation of the posterior femoral resections
required to form a rectangular ﬂexion
space was 3º to 5º relative to the posterior
condylar axis.
In 1998, Berger et al4 analyzed the
rotational alignment of TKA components

15

in patients with normal mechanical axial
alignment by computed tomography
(CT) and found that the excessive
combined internal rotation of femoral
and tibial components correlated directly
with the severity of the patellofemoral
complication. Small amounts of combined
internal rotation (1-4º) correlated with
lateral tracking and patellar tilting.
Moderate combined internal rotation
(3-8º) correlated with patellar subluxation.
Large amounts of combined internal
rotational (7-17º) correlated with early
patellar dislocation or late patellar
prosthesis failure. Interestingly, there
were no complications in patients with
combined external component rotation
up to 10º.4 Akagi et al13,14 concluded that
the external rotation setting of the femoral
component diminished the need for lateral
retinacular release and may decrease the
rate of patellofemoral complications that
occur after TKA. These investigators
suggested that setting the femoral
component with an external rotation of 3º
to 6º relative to the posterior condylar axis
is appropriate in a knee with common varus
or neutral alignment to set it parallel to the
transepicondylar axis. Several studies2,11,13
showed that additional external rotation of
the femoral component from 3º to 10º more
than the posterior condylar axis resulted in
improved patellofemoral tracking. Miller
et al10 suggest that femoral component
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3
Figure 3: Patellofemoral congruence angle. Find
the highest point of the medial (B) and lateral (C)
condyles and the lowest point of the intercondylar sulcus (A). The angle, BAC, is the sulcus
angle. Bisect the sulcus angel to establish the zero
reference line, AO. Find the lowest point on the
articular ridge of the patella (D). Project line AD.
The angle DAO is the congruence angle. All values
medial to the zero reference line AO are designated
as minus and those lateral as plus.

rotation parallel to the epicondylar axis
resulted in the most normal patellar
tracking and minimized patellofemoral
shear forces early in ﬂexion.
Several reports16,19,20 suggest that the
transepicondylar axis most consistently
recreates a balanced ﬂexion space and
normal patellofemoral tracking. Although
the ideal reference anatomic axis for
femoral component rotation is still in
debate, we have chosen the posterior
condylar axis as a reference axis.
Compared with the transepicondylar axis
and Whiteside’s line (anteroposterior
line), the posterior condylar line was
easily identiﬁed intraoperatively and
therefore many instruments are designed
to align the femoral component in 3 to
5º of external rotation from the posterior
condylar line because previous studies
have shown that transepicondylar axis
is externally rotated from the posterior
condylar tangent in 3º to 6º.14,21,22
In this study, various degrees of external rotation of the femoral component
were adopted to achieve rectangular ﬂexion gap from 0º to 6º relative to the posterior condylar line. There is a tendency
for the femoral component to be placed
in an internally rotated position in varus
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4A

4B

Figure 4: A, The distribution of preoperative and (B) postoperative patellofemoral congruence angles according to various degrees of external rotation of the
femoral component (blue diamonds, group 1; red diamonds, group 2).

knees.7,23 By medial release, and to make
rectangular ﬂexion gap simultaneously,
the femoral component tends to rotate
internally by 0º or 1º. Researchers were
curious about whether differences in external rotation of femoral component in
respect to posterior condylar line affect
the postoperative patellofemoral tracking.
By dividing the patients into two groups
(group 1, 0º or 1º and group 2, 3-6º of
femoral component rotation, although the
mean and percentage of abnormal values
of patellofemoral congruence angles in
group 1 showed a higher tendency than in
group 2), there were no statistically significant differences between the two groups.
Managing the ideal axial alignment
and correct balancing at the same time are
the most difﬁcult aspects of TKA and are
primarily dependent on the skill and experience of the surgeon. Although many
surgeons are concerned about navigation
use as an additional procedure and about
increased operation time, instrumentation
cost, and additional equipment in operation
room, the use of computer technology is
no more cumbersome or complicated and
provides surgeons with immediate and accurate feedback that are not available with
conventional instrumentation. Computer
navigation-assisted surgery offers reliable
tools to consistently locate important knee
and lower limb landmarks, allowing accurate bone cut level and orientation. New
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Table 3

Percentage of Abnormal Values in the Patellofemoral Congruence Angle
Group 1
(n = 15)

Group 2
(n = 31)

No. of normal

11

29

No. of
abnormal

4

2

Percentage of
abnormal

26.7%

6.5%

No. of normal

5

20

No. of
abnormal

10

11

Percentage of
abnormal

66.7%

41.9%

Congruency Angle
Preoperative

Postopoperative

versions of navigation systems may also
quantify the soft tissue tensional status
by use of variable-sized spacer blocks or
tensioners. These devices can monitor the
soft tissue release sequentially and actually measure the ﬂexion-extension gaps.8
There are several limitations to this
study. First, the patellofemoral congruence evaluated was based on radiographic
measurement on Merchant view at a ﬁxed
angle of 45º in the ﬂexed knee. The sensitivity of radiographic assessment of limb
and implant alignment may not be as great
as that of CT. Computed tomography has
been shown to be a more sensitive and accurate method of determining alignment
measurements and of assessing compo-

nent positioning.4,24 Also, the radiographic
measurement on Merchant view at a ﬁxed
angle of 45º in the ﬂexed knee does not
reﬂect patellofemoral congruence at all
ranges of motion of the patellofemoral
joint. Second, although there are several
landmarks to determine the femoral component rotation that can be used intraoperatively to ensure correct rotational alignment in TKA,12,25,26 debate still remains.
Olcott and Scott17 found that ﬂexion space
symmetry within 3º of that desired was
created with 90% of cases using the transepicondylar axis, 83% using anteriorposterior axis of Whiteside, and 70% using a posterior condylar reference,
showing that the posterior condylar line is
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the least reliable landmark. Third, varus
knees tend to have medial condylar
wear.21,23 If femoral component position is
adjusted according to this posterior condylar line, the values would be relatively
externally rotated. The value of 0º or 1º
determined by the navigation system
would actually be 3º to 4º of external rotation. This may be the reason for the absence of statistical signiﬁcance in our results. Fourth, one of the drawbacks of the
navigation system is the surgeon’s factor
because registration is dependent on the
visually identiﬁed anatomic landmarks.
This leads to errors in the initial mechanical axes and femoral component reference
axes formulated by the navigation system.
Finally, this study was based on small
numbers. More patient cases and longer
follow-up are needed to investigate whether the various degrees of external rotation
(0º-6º) determined by the navigation system affects the patellofemoral congruency
and whether the navigation system has a
positive effect on determining optimal rotational alignment of the femoral component in TKA.
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Validation of Computer-assisted Openwedge High Tibial Osteotomy Using
Three-dimensional Navigation
YUJI YAMAMOTO, MD; YASUYUKI ISHIBASHI, MD; EIICHI TSUDA, MD; HAREHIKO TSUKADA, MD;
YUKA KIMURA, MD; SATOSHI TOH, MD

abstract
An unintended increase in the posterior tibial slope after open-wedge
high tibial osteotomy (HTO) can inﬂuence knee kinematics and stability. The objective for this study was to validate the change of the tibial
slope obtained from three-dimensional (3D) navigation in open-wedge
HTO by comparing it with that evaluated with computed tomography.
Human cadaver knees were used. The open-wedge HTO was performed
to maintain the anatomic tibial slope according to the navigation system.
3D navigation could provide surgeons with reliable information not only
to determine appropriate coronal alignment but also to maintain the anatomic tibial slope in open-wedge HTO.

H

igh tibial osteotomy (HTO) is an
established operative procedure
for correction of varus deformity
in patients with unicompartmental osteoarthritis.1,2 Medial open-wedge HTO with
interposition of bone grafts or hydroxyapatite wedges has been reported.3,4 It has become popular recently because it does not
introduce peroneal nerve problems, as well
as the simplicity of the procedure, shorter
surgical time, more precise correction, enhancement of bone stock, and avoidance of
changes in the proximal morphologic characteristics of the tibia.3,5,6 In addition, concomitant anterior cruciate ligament (ACL)
reconstruction may be easier with the medial open-wedge osteotomy than with the
lateral closed-wedge osteotomy.7 However,
studies have shown that the posterior tibial
slope of the proximal tibia tends to increase
when performing a medial open-wedge
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HTO.5,8 Furthermore, an unintended increase in posterior tibial slope can inﬂuence knee kinematics, stability,9 and tibiofemoral contact pressure10 and potentially
cause knee pain and loss of normal knee
extension.11 Therefore, in open-wedge
HTO, both coronal alignment and sagittal alignment should be given close attention. Three-dimensional (3D) navigation
is available for open-wedge HTO and can
monitor simultaneously both the coronal
and sagittal alignment, such as the change
in the posterior tibial slope.
The objective of this study was to
validate the change of the tibial slope obtained from 3D navigation in open-wedge
HTO by comparing it with that evaluated
with computed tomography (CT). In addition, the open-wedge angle along the anteromedial tibial cortex and the length of
the anterior and posterior opening gaps of

the open-wedge HTO, which maintain the
anatomic tibial slope with 3D navigation,
were measured with postoperative CT.

MATERIALS AND METHODS
Specimen Preparation
Six fresh frozen human cadaver knees
(62.5 ± 11.4 years; range, 50 – 82 years)
were used in this study. The femur and
tibia were cut approximately 20 cm from
the joint line, and all soft tissue except
ligaments, menisci, and joint capsule
was removed. A preoperative 3D image
was obtained in all specimens using a 16detector CT scanner (Light Speed Ultra
16, GE Healthcare, Milwaukee, Wisconsin). The cadaveric knee was then connected with a skeleton model that included
the pelvic, hip, and ankle joints by using
an orthodontic resin so that navigation-assisted open-wedge HTO was simulated.
Drs Yamamoto, Ishibashi, Tsuda, Tsukada, Kimura, and Toh are from the department of Orthopaedic
Surgery, Hirosaki University Graduate School of
Medicine, Hirosaki, Aomori, Japan.
Orthopedics was unable to determine whether
Drs Yamamoto, Ishibashi, Tsuda, Tsukada, Kimura, or Toh have any relevant ﬁnancial relationships
to disclose or whether they are paid consultants for
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Yamamoto, MD, Department of Orthopaedic Surgery,
Hirosaki University Graduate School of Medicine, 5
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1
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Figure 1: Experimental set up of the navigationassisted open-wedge high tibial osteotomy.

Figure 2: A, Human cadaver knee with transmitters. B, Screen shot of the preoperative leg alignment.

Procedures of Open-wedge
High Tibial Osteotomy Using 3D Navigation
A kinematics-based image-free navigation system (OrthoPilot; B. Braun Aesculap,
Tuttlingen, Germany) with HTO software
version 1.4 (3D Open-wedge; B. Braun Aesculap) was used for all experiments (Figure
1). The transmitter was ﬁxed on the distal
femur and the distal tibia (tibial shaft) with
a bicortical screw. To determine the mechanical leg axis, kinematic data including
hip, ankle, and knee joints were registered.
Anatomic landmarks, such as the medial
epicondyle, lateral epicondyle, medial malleolus, lateral malleolus, central point of the
ankle, and medial point of the tibial plateau
were registered with a pointer. For 3D HTO
navigation, an additional transmitter was
ﬁxed on the tibia part proximal from the
cutting site with 2.5-mm k-wire (Figure 2)
so that the distal and proximal tibia portions
could be navigated directly against each
other. The initial position of the proximal
tibia was also registered. Once the registration was done, the mechanical leg axis was
visualized continuously. The osteotomy began approximately 3 cm distal to the medial
joint line at the medial cortex of the proximal tibia and was just proximal to the tibial
tubercle, leaving 5- to 10 mm of the lateral
tibial cortex intact. With monitoring of the
mechanical leg axis and change of the tibial
slope provided by navigation, the osteotomy
was stabilized using a plate (POSITION
HTO Plate; B. Braun Aesculap) with a 7-

mm rectangular spacer block, maintaining
the anatomic tibial slope (Figure 3). The
plate was placed at the center of the medial
cortex of the proximal tibia.
Evaluation of Tibial Slope, Open-wedge
Angle, and Anterior and Posterior
Opening Gaps
The correction angle in the coronal plane
and change of the tibial slope were determined in the preoperative and postoperative
3D-CT (Figure 4). The data obtained from
CT was compared with those obtained from
the navigation system. In addition, the openwedge angle along the anteromedial tibial
cortex and the length of the anterior and posterior opening gaps was measured in the postoperative 3D-CT (Figure 5). The anatomic
points for measuring the opening gaps were
determined using the methods described by
Song et al.16 The point for the anterior opening gap was the anteromedial cortex of the
proximal tibia (posteromedial aspect of tibial
tuberosity only) on the lines of the osteotomy.
Meanwhile, the point for the posterior opening gap was the posteromedial cortex of the
proximal tibia on the lines of the osteotomy.
A Wilcoxon signed-rank test was used for
statistical analysis (SPSS 16.0; SPSS Science
Inc, Chicago, Illinois)

RESULTS
After open-wedge HTO, the femorotibial mechanical axis obtained from the
navigation system was corrected from
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varus 2.3° ± 1.2° (range, varus 1° – 4°) to
valgus 5.0° ± 2.8° (range, valgus 2°– 8°).
Therefore, the change in the femorotibial
mechanical axis was a mean valgus of
7.3° ± 1.6° (range, 5°– 9°). Meanwhile,
the change in femorotibial angle on the
coronal plane on CT was a mean valgus of
6.8° ± 1.1° (range, 6°– 8°). There was no
statistically signiﬁcant difference between
the correction angle of the coronal plane in
navigation and CT data (P >.05).
With regard to the posterior tibial
slope, data obtained from navigation and
CT are presented in Table 1. Because the
osteotomy was ﬁxed to maintain the anatomic tibial slope with a viewing navigation monitor, the increase of the posterior
tibial slope on the navigation system was
only 0.2° ± 0.4° (range, 0°– 1°) (Table 1).
Based on CT measurement, the posterior
tibial slope was maintained, measuring
10.1° ± 1.7° preoperatively and 10.6° ±
2.2° postoperatively. There was no statistically signiﬁcant difference in change in
posterior tibial slope between the navigation and CT data (P > .05).
The length of the anterior and posterior
opening gaps, and the open-wedge angle
along the anteromedial tibial cortex, are
presented in Table 2. The anterior opening gap was 61% (range, 53% – 69%) of
the posterior opening gap, and the openwedge angle was 4.6° ± 0.4° (range, 4.0°–
5.1°) when the anatomic tibial slope was
preserved using 3D navigation.
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3A

3B

Figure 3: A, Human cadaver knee after open-wedge high tibial osteotomy. B, Screen shot of the postoperative leg alignment and the change in the tibial slope.

DISCUSSION
In this study, the changes of the tibial
slope on 3D navigation after open-wedge
HTO were compared with those on CT. In
addition, the open-wedge angle along the
anteromedial tibial cortex and the length
of the anterior and posterior opening gaps
in the open-wedge HTO that preserve the
anatomic tibial slope were determined on
postoperative CT.
Although HTO for patients with unicompartmental osteoarthritis is performed
to correct varus deformity in the coronal
plane, open-wedge HTO tends to increase
posterior tibial slope in the sagittal plane simultaneously. An undesired increase in the
posterior tibial slope can limit full extension
of the knee joint and cause anterior knee
pain. Watanabe et al11 reported a revision
HTO correcting sagittal alignment with a
dynamic external ring ﬁxator to treat anterior knee pain and a ﬁxed ﬂexional deformity associated with a previous failed medial
open-wedge HTO.
An unintended increase in tibial slope
also leads to excessive anterior translation
and subluxation in patients with ACL deﬁciency.12 Gifﬁn et al9 evaluated the effects
of altering tibial slope on the biomechanics
of the knee. They observed that increasing
the slope causes an anterior shift in tibial
resting position, which is accentuated under axial loads. This ﬁnding suggests that
increasing the tibial slope may be beneﬁcial in reducing tibial sag in a PCL-
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deﬁcient knee, whereas decreasing the
slope may be protective in an ACL-deﬁcient knee. Therefore, during open-wedge
HTO, both coronal alignment and sagittal
leg alignment should be monitored.
A navigation system has been used successfully in open-wedge HTO, with the advantage of continuous real-time visualization
of the limb alignment.13-16 However, previous navigation systems could only monitor
coronal leg alignment. The new version 3D
navigation systems are available for openwedge HTO and can provide intraoperative
real-time alignment not only of the coronal
plane but also of the sagittal plane, such as
the change in the posterior slope.
Noyes et al17 reported 3D analysis of
the proximal tibia to show how the angle of
the opening wedge along the anteromedial
tibial cortex inﬂuences the tibial slope (sagittal plane) and valgus correction (coronal
plane) during medial open-wedge osteotomy. They determined that the anterior
osteotomy gap at the tibial tubercle must
be half the posteromedial gap to maintain
the normal sagittal tibial slope. Every millimeter of gap error at the tibial tubercle
resulted in approximately 2° of change in
the tibial slope. Their speciﬁc measurements and calculations provide the surgeon
with the ability to determine the appropriate anteromedial tibial opening wedge to
maintain or correct the tibial slope and to
obtain the desired coronal axial alignment.
Song et al16 examined methods for avoiding

4
Figure 4: Measurement of the posterior tibial slope
on 3D-CT.

5
Figure 5: Measurement of the anterior and posterior opening gaps and open-wedge angle on postoperative 3D-CT.

unintended increases in posterior tibial
slope in open-wedge HTO using computer-simulated 3D virtual surgery. The virtual surgery demonstrated that the anterior
opening gap should be 67% of the posterior
opening gap to preserve the original posterior slope. In addition, they performed navigated open-wedge HTO with two different
plate sizes to maintain an anterior opening
gap of approximately 67% of the posterior
opening gap. Only a slight increase (0.4°)
was observed in the posterior tibial slope
after open-wedge HTO.
This study showed that the anatomic
tibial slope could be maintained after
open-wedge HTO with intraoperative
monitoring of the change in the tibial
slope using 3D navigation. The anterior opening gap was 61% of the posterior opening gap and open-wedge angle
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otomy with acrylic bone cement as bone substitute. Knee. 2001; 8:103-10.

Table 1

Posterior Tibial Slope in Medial Open-wedge High Tibial Osteotomy
Navigation
Data
Specimen

Computed Tomography Data

Increase

Increase

1

0º

0.5º

9.4º

9.9º

2

0º

0.4º

11.1º

11.6º

3

0º

-0.2º

7.5º

7.3º

4

1º

0.1º

11.8º

11.9º

5

0º

1.8º

11.6º

13.4º

6

0º

0.3º

9.3º

9.6º

0.2° ± 0.4°a

0.5°
± 0.7°

10.1° ± 1.7°

10.6° ± 2.2°

Mean
± SD
a

Preoperative

Postoperative

P > .05 compared with the increase of the posterior tibial slope on CT.

Posterior Tibial Slope in Medial Open-wedge HTO
Length of the Opening Gaps
AG (mm)

PG (mm)

A/P ratio

Open-wedge
Angle (º)

1

5.7

10.7

0.53

5.1

2

5.8

9.4

0.62

4.6

3

4.3

7.3

0.59

4.8

4

6.0

8.7

0.69

4.0

5

5.4

8.7

0.62

4.3

6

5.6

9.3

0.60

4.9

5.5 ± 0.6

9.0 ± 1.1

0.61 ± 0.1

4.6 ± 0.4

Mean ± SD

Abbreviations: AG, anterior opening gap; A/P, anterior/posterior; PG, posterior opening gap

was 4.6° when the anatomic tibial slope
was preserved using 3D navigation. A
plate with a wedge-shaped spacer block
in place of a rectangular spacer block
may be suitable for stabilizing the osteotomy while preserving the anatomic
tibial slope in open-wedge HTO. Results
suggested that 3D navigation could provide surgeons with reliable information
to maintain the anatomic tibial slope in
open-wedge HTO.
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Real-time Computer-assisted Notch
Assessment in Anterior Cruciate
Ligament Repair
BRUNO E. GERBER, MD; M. BHATTACHARYYA, MD

abstract
Graft impingement can cause graft failure or movement restrictions. Intraoperative computer-assisted referencing of the tibial and femoral geometry, including
precise mapping of the intercondylar notch, allows placement of the tunnels by
real-time calculation balancing the impingement risks vs isometry. Biological
ﬁxation with bone cylinders locks the graft ﬂush with the joint line and requires
more accurate tunnel placement to avoid graft impingement. In 45 patients who
underwent such navigation controlled tunnel placement 41 had no need for
notchplasty. In two cases, the notchplasty was performed immediately for obvious osteophyte restriction. A notchplasty was added two times after the ﬁrst
referencing to obtain satisfactory isometry. At staged follow up to 18 months, we
found no laxity, ﬂexion contracture with a mean ﬂexion arc over 130°, or tunnel
widening. With computer-navigated real-time assessment of notch geometry, full
functional recovery and stability were obtained, and unnecessary notchplasties
were avoided even with a less ﬂexible biological graft ﬁxation.

G

raft impingement can cause graft
elongation and failure (Figure 1) or movement restrictions
through the growth of a cyclops lesion,
or localized anterior ﬁbrosis that limits
extension.1 As long as the intact anterior
cruciate ligament (ACL) occupies the
notch, no signiﬁcant osteophytic growth
is observed. Further, with the near
to isometric position of the bundles, the
ligament is neither overstretched nor
impinged.2 To avoid these risks to the
graft in ACL repair, many surgeons increase the size of the intercondylar
notch routinely.3 This allows for greater
isometry, especially when the graft ﬁxation is away from the joint line. Such
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notchplasties, however, produce additional intra-articular bleeding4 with risks
for the cartilage and for arthroﬁbrosis.
Notchplasty performed with a radiofrequency device reduces hemarthrosis5 but
impairs the vitality of the bone around
the tunnel entries where the ingrowth of
the graft is most important. Sound criteria to identify cases that really require
notchplasty and to avoid unnecessary
procedures are therefore indispensable.
Intraoperative computer-assisted referencing of the tibial and femoral functional geometry, including precise mapping of the intercondylar notch, allows
real-time calculated balancing of the impingement risks vs isometry for anatomi-

cal placement of the tibial tunnel in relation to an optimized femoral tunnel entry.
Overstretching and lifting off the graft
are avoided,6 and the biological graft
ﬁxation can ﬁx the graft ﬂush tightly
with the joint line (Figure 2). This provides better stability, without undue
stress on the graft, as well as prevents
widening of the tunnel.

MATERIALS AND METHODS
Between 2004 and 2005, 45 patients
(mean age, 31.2 years) underwent navigation-controlled tunnel placement using an image-free computer-assisted
surgical navigation system (OrthoPilot;
B. Braun Aesculap, Tuttlingen, Germany). After mounting passive reflective
rigid references bodies onto the tibial
shaft and the medial distal femur, the
biomechanical axes and preoperative
instability are recorded. The width of
the harvested graft is measured. Then the
tibial plateau with its landmark is referenced, followed by precise mapping of
Drs Gerber and Bhattacharyya are from the
University Hospital Lewisham, London SE13 6LH,
United Kingdom.
Drs Gerber and Bhattacharyya have no relevant ﬁnancial relationships to disclose.
Correspondence should be addressed to:
Bruno E. Gerber, MD, Orthopaedic Department,
University Hospital Lewisham, London SE13
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2

1
Figure 1: Secondary graft rupture due to anisometric tunnel position with impingement.

the notch entry and the lateral notch
wall in the area of the natural femoral attachments of the anterior cruciate ligament (ACL) (Figure 3) and
by probing of the medial and lateral
notch walls as well as the central and
lateral over-the-top position (Figure 4).
With all these elements, the computer
calculates the graft impingement risk
vs isometry (Figure 5) and directs the
navigated pointer toward the femoral
tunnel entry point for impingementfree isometric graft positioning.
Criterion used to determine whether
to perform a notchplasty was 1) the
intercondylar notch of the ACL deficient knee was found walled up with a
wide osteophyte or 2) no isometric impingement-free point could be found
while navigating the femoral tunnel entry. In the latter case the notchplasty is
performed followed by new referencing
of the notch geometry and the isometry,
and impingement risk is recalculated to
guide the instrumented pointer toward
the correct femoral tunnel entry point.
Accordingly, placed guidewires are
overreamed by hollow cylindrical diamond reamers producing autologous
bony locking bolts for biological graft
fixation. Finally, the anteroposterior
and rotational stability are reassessed
with the navigation system and compared with the instrumented preoperative instability results.

Figure 2: Biological ﬁxation with bony ingrowth of the graft in the femoral and tibial tunnel entry area (own
experimental animal study).

3
Figure 3: Computer-navigated notch assessment: logging of notch entry geometry; mapping of lateral
notch wall.

All patients had continuous passive motion in the recovery room and
were discharged between the first and
the fourth postoperative day, including
those with over 90° of flexion with a
cricket splint in 10° to 15° of flexion
and full weight bearing and those with
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less than 90° of flexion without any
splinting but with partial weight bearing. Free full weight bearing was allowed after 6 weeks.
All patients were followed at 6 and
12 weeks and 6 to 9 months after surgery, then annually with x-rays.
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4
Figure 4: Locating central and lateral over-the-top position.

5
Figure 5: Calculation of isometry vs risk of graft impingement.

RESULTS
Of the 45 patients studied, 41 did not
undergo notchplasty. In two cases, notchplasty was performed immediately because of osteophyte restriction. In two
other cases, notchplasty was added after
the ﬁrst referencing to obtain satisfactory
isometry. At 18 months’ follow up, no
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patients had laxity or ﬂexion contracture.
Mean ﬂexion arc was 130°, and there was
no tunnel widening.

DISCUSSION
For optimal stability, ACL reconstruction should have the tunnel apertures
at the anatomic attachment area of the

genuine cruciate as well as a free intercondylar notch to achieve good overall
isometry and range of motion. For anatomic tunnel placement, the primary issue
is to place the joint entry of the guidewire
where it is intended. This is especially
important when using an arthroscope,
which may have picture distortion. Experience brings about the knowledge which
way to exceed the supposed anatomical
position to be on the safe side but still
leaves an amount of uncertainty.
With stiff ACL replacements such
as artiﬁcial ligaments, this limitation in
manually placing the tunnel entries precisely can lead to overstressing the implanted structure and graft failure. With
autografts, in many cases, such overstressing and rupture of the graft are
avoided with a graft that gives way to a
certain extent (like hamstrings) and by a
more ﬂexible ﬁxation at some distance
from the joint entries. However, this
produces a lift off of the graft at every
cycle, makes the ingrowth of the graft
into the host bone more difﬁcult, and
contributes to the risk of tunnel widening in addition to reduced stability.
For the graft tension and isometry,
the primary problem is that it cannot
be visualized before and only measured
once at least a small tunnel has been
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drilled. The inﬂuence of a graft deviation on the isometry and the risk of graft
impingement, which lead to a reactive
growth of a cyclops and restrictions of
the range of movement, cannot be evaluated in advance without simulation.
To prevent impingement of the graft
and rubbing over the ridge of the notch
entry, a notchplasty is often performed
routinely. This increases the incidence of
postoperative hemarthrosis with the risk
of arthroﬁbrosis. To prevent this complication by performing the notchplasty with
radiofrequency devices jeopardizes the ingrowth of the graft or the replacement into
the bony tunnel wall around the joint entry
as the vitality in this area is reduced.
For both issues, computer-assisted
navigation provides a solution through the
real-time three dimensional assessment of
the notch geometry. The tunnel entry placement is directed alongside the tibial spine
area and the recorded lateral notch wall and
is independent of any visualization or image
distortion. Graft impingent and isometry
are calculated with regard to the recorded

notch entry and possible deviation of the
graft around it before any drilling, and the
guidewire is directed accordingly using an
aiming device before insertion. Only when
a wire tip position without graft impingement and with good isometry cannot be
found, notchplasty is performed using the
shaver with the acromionizer blade and the
new notch geometry recorded to guide the a
adjusted tunnel placement. Thus, all unnecessary notchplasties can be avoided

CONCLUSION
Computer-navigated assessment of
notch geometry allows for the calculation
of accurate tunnel placement, balancing
the risk of impingement against isometry.
Early intensive rehabilitation is possible,
leading to full functional recovery and stability while avoiding graft impingement. If
carried out only when needed to achieve
good isometry without impingement, the
percentage of required notchplasties falls
below 10%, even with less ﬂexible biological graft ﬁxation.
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Accuracy of Navigation:
A Comparative Study of Infrared
Optical and Electromagnetic
Navigation
EUN KYOO SONG, MD; JONG KEUN SEON, MD; SANG JIN PARK, MD; TAEK RIM YOON, MD

abstract
We evaluated the accuracy of navigation systems for measuring the mechanical axis in patients undergoing total knee arthroplasty and in the synthetic
bone model. Infrared optical and electromagnetic navigation systems were
compared. Both systems were found to be accurate and reproducible in an
experimental environment. However, the accuracies of both systems were
affected by erroneous registration, and the optical system was found to be
more reproducible. In clinical situations, the mean difference was 1.23°,
and difference greater than 3° occurred in 15% of clinical trials. These
discordances may have been due to ambiguous anatomic landmarks causing
registration errors and the possibility of electromagnetic signal interference
in the operating room.

T

he accuracies of lower extremity
alignment and implant position
signiﬁcantly inﬂuence long-term
results of total knee arthroplasty (TKA).
Recent advances in computer technology
have improved navigation systems and
reduced lower extremity alignment and
implant positioning outliers compared
with conventional alignment tools.1-6
Computer-assisted navigation includes
optical navigation and electromagnetic
navigation systems and the ultrasoundguided navigation system introduced
recently. Experimentally, all navigation
systems are known to have errors of less
than 1 mm or 1°.2,7-11
Of these different systems, the infrared optical navigation system has been
well popularized, and clinical results
accumulated over 10 years conﬁrm its
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expected accuracies.2,12-15 Although the
accuracy of electromagnetic navigation
remains controversial with regard to
metallic interference, recently developed
equipment is known to be more accurate
and much less affected by intraoperative
metallic instrumentation.16,17
Moreover, few comparative studies have
been conducted on the accuracies of optical
navigation and electromagnetic navigation
systems. This study was undertaken to
evaluate the accuracy of infrared optical and
electromagnetic navigation systems under
clinical and experimental conditions.

MATERIALS AND METHODS
In Vivo Experiment
We compared the preoperative lower
extremity mechanical axis of 20 cases
of TKA using the OrthoPilot optical

navigation system (B. Braun Aesculap,
Tuttlingen, Germany) and the AxiEM
electromagnetic
navigation
system(Medtronic Navigation, Coal Creek,
Colorado). Preoperatively, mechanical
axes using weight-bearing anteroposterior
full leg radiography was taken.
For OrthoPilot navigation, transmitters
were ﬁxed to the distal femur and
proximal tibia. Kinematic registration
was done for the hip, knee, and ankle
joint centers for a range of motion study.
Anatomic landmarks such as the center of
distal femur, proximal tibia, and ankle and
both malleoli of the ankle were registered
using probes, and mechanical axes were
measured. For AxiEM navigation, trackers
were ﬁxed to femur and tibia. Only
the hip center was registered using the
kinematic method, and the other anatomic
Drs Song, Seon, Park, and Yoon are from the
Center for Joint Disease, Chonnam National University Hwasun Hospital, Jeonnam, Korea.
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1
Figure 1: Synthetic bone models. The hip, knee,
and ankle joints are made of titanium, which has
no effect on electromagnetic ﬁeld. The knee joint is
constrained to not allow varus or valgus motion.

landmarks were pointed and registered
using a probe. Anatomic landmarks that
can affect the mechanical axis include the
center of distal femur and proximal tibia
and both malleoli of the ankle. The order
of application of both navigations was
randomized, and single surgeon performed
these clinical trials.
Comparison of Accuracies Using a
Lower Extremity Synthetic Bone Model
To check the mechanical axis
differences in an experimental model
between the two navigation systems,
we used a lower extremity bone model
(Sawbones; Paciﬁc Laboratories, Vashon,
Washington), which extended from the
pelvis to the foot. Mobile hip, knee, and
ankle joints were made of titanium that
was not affected by electromagnetic ﬁeld.
Varus or valgus motion was not allowed in
the knee joint (Figure 1). Mechanical axes
of synthetic bone were evaluated using
the OrthoPilot the optical system and
the AxiEM electromagnetic system. The
registration process of both navigation
systems was the same as a previously
described process in an in vivo study.
Four orthopedic surgeons participated
in this experiment and applied both
navigations 10 times independently. Two
of the surgeons had performed more than
100 TKAs with navigation, whereas the
other two had no such experience.

2
Figure 2: Orthodoc system. A, Femoral head center; B, center of distal femur; C, center of proximal tibia;
D, ankle center; E, measurement of mechanical axis.

To obtain a true mechanical axis of
the synthetic bone, the Orthodoc system
(Robodoc preoperative total knee
arthroplasty planning software; Curexo
Technology Corporation, Sacramento,
California) was used after obtaining
helical computed tomography images
(1.0-mm section thicknesses). We
created 3D reconstruction images of saw
bone and deﬁned the center of the femur
head, distal femur, proximal tibia, and
ankle (Figure 2). The true mechanical
axis was then obtained by computer
after connecting the centers of the hip
joint, distal femur, proximal tibia, and
ankle. Two orthopedic surgeons checked
it 5 times each.
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Intentionally Erroneous Identiﬁcation of
Anatomic Landmarks
Using the same bone model, anatomic
landmarks were intentionally erroneously
identiﬁed and changes in the mechanical
axis were recorded by both navigation
systems (Figure 3). Centers of the distal
femur, proximal tibia, ankle, and both
medial and lateral malleoli centers were
registered 10 mm medially and laterally
compared with the original points, and the
mechanical axis with original and erroneous data were compared. This process was
performed by one operator.
Statistical Analysis
The Mann-Whitney test was used
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3
Figure 3: Erroneous identiﬁcation of anatomic landmarks. A, Distal femur; B, proximal tibia; C, ankle.

AxiEM showed varus values of 0º, 1º,
2°, and 3° for the entire trial. In 86% of
trials, both navigation systems showed
varus 1° or 2° of mechanical axis, which
demonstrated relatively high accuracy and
reproducibility of both navigation systems
(Figure 4). No signiﬁcant interobserver
or intraobserver variance was detected.
Pearson’s correlation coefﬁcient ranged
from 0.611 to 0.791 for interobserver
variance and from 0.798 to 0.934 for
intraobserver variance (P < .05).

4
Figure 4: Results of mechanical axis evaluation using the OrthoPilot and AxiEM navigation systems. OrthoPilot showed varus values of 0º, 1º, 2° for the entire experimental trial, whereas AxiEM showed varus
values of 0º, 1º, 2º, 3°.

to analyze anatomic axis differences,
and Pearson’s correlation analysis
was used to analyze interobserver and
intraobserver variances. SPSS version
12.0 Win (SPSS, Inc, Chicago, Illinois)
was used throughout.

RESULTS
Clinical Results
The mechanical axis was varus 9.45º ±
7.9° using weight-bearing anteroposterior
radiographs, varus 9.02º ± 5.18° using
the OrthoPilot navigation system, and
varus 10.25° ± 5.10° using the AxiEM
navigation system. AxiEM showed 1.23°
more mean varus, but it had no statistical
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signiﬁcance (P = .078). A difference
greater than 3° occurred in 15% of cases
(Table 1).
Experimental Results
The true mechanical axis of the synthetic
bone was varus 1.25° by Orthodoc.
OrthoPilot displayed varus 1.10° ± 0.64°
change, and AxiEM displayed varus
1.78° ± 0.89° change. No mechanical axis
differences were observed between the two
navigations (P = .124) (Table 2). AxiEM
provided greater varus than OrthoPilot.
The mean difference was 0.68°.
OrthoPilot showed varus values of 0°,
1°, and 2° for the entire trial, whereas

Change of Mechanical Axis After the
Erroneous Identiﬁcation of Anatomic
Landmarks
With OrthoPilot, 0.2° valgus or varus
changes of the mechanical axis were observed with 10-mm medial or later side
erroneous registration of the center of the
distal femur (Table 3). However, AxiEM
showed a 1.76° valgus or 1.62° varus
change in the same study. For the erroneous 10-mm medial or lateral registration
from the center of the proximal tibia, OrthoPilot showed 1.24° valgus or 1.43° varus change, whereas AxiEM showed 1.69°
valgus or 1.72° varus change.
When a 10-mm medial or lateral
side of the medial or lateral malleoli
registration occurred, OrthoPilot showed
0.33° varus or 0.33° valgus change, and
AxiEM showed 1° varus or 1° valgus
change. On the other hand, for incorrect
registration of the ankle center, OrthoPilot
was signiﬁcantly affected and had 1.69°
varus or 1.62° valgus changes. AxiEM
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had no ankle center registration process.
OrthoPilot showed less aberration than
AxiEM after intentionally erroneously
identifying 10-mm medial and lateral side
registrations from the center of the distal
femur, proximal tibia, or bilateral ankle
malleoli.

Table 1

Preoperative Mechanical Axes of TKA Patientsa
MA(º) varus

Scanogram

OrthoPilot

AxiEM

9.45 ± 7.9

9.02 ± 5.18

10.25 ± 5.10

Abbreviation: MA, Mechanical axes.
(P = .078)

a

DISCUSSION
Computer navigation has become an
important technology, and in many reports
navigation has reduced mechanical
axis outliers after TKA.1-5,12,13 Of the
available navigation systems, infrared
optical navigation has become widely
used, and recently electromagnetic and
ultrasound navigated systems were
introduced.7-9,18
Stiehl et al16 compared the accuracies
of optical and electromagnetic navigation
systems using a cadaver in a standard
operating room, and the investigators
reported that precision was satisfactory for
both optical and electromagnetic tracking
for mechanical axis assessment. However,
outliers were identiﬁed with electromagnetic
tracking, causing concern that accuracy
could be affected by electromagnetic
forces in the operating room. Until now,
few studies have clinically compared the
accuracies of these two navigation systems.
We wanted to determine whether the new
electromagnetic navigation system could
measure mechanical axes as precisely as an
optical navigation system under standard
operating conditions.
In
patients
undergoing
TKA,
one operator measured preoperative
mechanical axes using the two different
navigation systems. The mechanical axis
measured using two navigation systems
was found to be different, although there
was no statistical signiﬁcance. The mean
difference was 1.23°, and electromagnetic
navigation showed more varus in the
same patients. In 85% of patients, the
mechanical axis differences measured
using two navigation systems were
within 2°, but differences of more than 3°
were recorded in 15%.

Table 2

Mechanical Axis of the Synthetic Bone Modela
A
B
C
D
Mean (SD)

OrthoPilot(º)

AxiEM(º)

-1.3 ± 0.14
-1.2 ± 0.16

-1.4 ± 0.54
-1.2 ± 0.47
-0.8 ± 0.83
-1.0 ± 0.54
-1.10 ± 0.64

-1.9 ± 0.68
-1.8 ± 0.64
-1.6 ± 0.86
-1.8 ± 0.83
-1.78 ± 0.79

b
b

-1.25 ± 0.15

a

- Indicates mechanical varus; bIt was not checked

These differences may be attributable
to ambiguous anatomy with soft tissue
coverage, which causes registration error,
knee joint laxity with arthrotomy, and
possible data outliers that result from
signal interference by metallic surgical
instrument and electrical devices in the
operation room.
Yau et al19 investigated the intraobserver errors in obtaining visually
selected anatomic landmarks that were
used in the registration process and
concluded that the maximum error
in mechanical axis was 1.32° in the
coronal plane and 4.17° in the sagittal
plane in a cadaver study. In this study,
the mechanical axis was measured only
one time by both navigations. Thus,
we cannot evaluate the intraobserver
variation. However, some variation can
be expected even in the same patients
because of soft tissue coverage of
anatomic landmarks.
The optical navigation system used in
this study had been employed clinically
for more than 9 years. Although the
electromagnetic navigation system
is increasingly implemented and has
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several advantages such as a small
tracker that can be ﬁxed on a surgical
incision site with minimal trauma, it has
no line of sight capability. The system
also presents problems with interaction
with ferromagnetic instruments or other
electrical equipment in operation room.
Experimentally, the accuracies of
optical and electromagnetic navigation
systems are known to be within 1 mm
or 1°.1,9,17-21 For the accuracy of infrared
optical navigation systems, Pitto et al1
reported that the mean error of the system
was within 0.5° in the setting of normal
alignment and within 1.0° in the setting of
abnormal plane alignment. Many reports
have been published on electromagnetic
navigation systems.9,17,18,20 Hummel et
al17 reported relatively accurate results
for the Aurora electromagnetic system
(Northern Digital Inc, Bakersﬁeld, Calif)
and found that the relative positional
error was 0.97 mm and that its rotational
error was 0.2-0.91°. However, it was
also found that signiﬁcant distortion can
occur by interaction with metal (most
signiﬁcantly by 400 series stainless
steel). Electromagnetic interference in the
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Table 3

Changes in Mechanical Axis Due to the
Erroneous Identiﬁcations of Anatomical Landmarks
Erroneous

MA Changes (º)
OrthoPilot
AxiEM

Medial 10mm to CDF
Lateral 10mm to CDF
Medial 10mm to CPT
Lateral 10mm to CPT
Medial 10mm to MM
Lateral 10mm to LM
Medial 10mm to AC
Lateral 10mm to AC

0.20
-0.20
1.24
-1.43
-0.33
0.33
-1.69
1.62

1.76
-1.62
1.69
-1.72
-1.0
1.0
*
*

Abbreviations: AC, ankle center; CDF, Center of Distal Femur; CPT, Center of Proximal
Tibia; LM, Lateral Malleolar; MA, mechanical axis; MM, Medial Malleolar, ; - ,
Indication of varus change; *, It was not checked.

operating ﬁeld had lead to newly developed
electromagnetic systems that improved
accuracy. Schicho et al21 studied the
effect of metal instruments on the Aurora
electromagnetic navigation system, which
caused a mean 1.44-mm distance error
when a Langenbeck hook was applied, a
mean 0.53-mm distance error when a drill
was applied, and a mean 2.37-mm distance
error when an ultrasound scan head was
applied. In addition, they reported ﬁndings
for identical experiments using the TreoEM system, and found a mean 0.21-mm
distance error for a Langenbeck hook,
0.23-mm distance error for a drill, and
0.56-mm distance error for an ultrasound
scan head.
In this trial, we experienced some
discordance between the two systems
for measuring the mechanical axis and
thus investigated the accuracy of both
systems under experimental conditions.
To eliminate the interference of metal,
the hip, knee, and ankle joints of the
synthetic saw bone were made of
titanium, which has no effect on an
electromagnetic system. Further, the
knee joint was constrained to not allow
varus or valgus motion for precise
measurement of mechanical axis of the
synthetic bone model.

80

ORTHOs1008Song.indd 80

As a result, the true mechanical axis
of bone model was varus 1.25° for the
Orthodoc system, varus 1.1° for the
OrthoPilot system, and varus 1.78° for the
AxiEM system, which is not signiﬁcantly
different, indicating that both navigation
systems are accurate. No intraobserver
and interobserver differences were
found, which meant both systems had
high reproducibility. Further, relatively
obvious anatomic structures of the
bone model are thought to contribute to
high reproducibility of both systems by
reducing registration errors compared
with some variability in an in vivo study
with ambiguous anatomic landmarks.
Even though in terms of numerical values,
the mean difference between the two
navigation system was 0.68°, which does
not seem to be a signiﬁcant difference
in measuring the mechanical axis of
the bone model. OrthoPilot showed 0°,
varus 1°, and varus 2°, whereas AxiEM
showed 0°, varus 1°, varus 2°, and varus
3°, indicating that OrthoPilot has better
reproducibility with less variability.
This study revealed that under the least
favorable conditions, the two navigation
systems could show a difference of 3°
(for example, OrthoPilot 0° and AxiEM varus 3°). Furthermore, experi-

mentally AxiEM yielded higher varus
values, which could affect postoperative
mechanical axis correction leading to
valgus over correction, clinically.
When anatomic registration was
incorrect (10-mm registration error
study), mechanical axis measurements
were affected in both navigation
systems. AxiEM was affected more
in every step (range, 1.0° to 1.76°).
OrthoPilot was less affected (range, 0.2°
to 1.69°), but it also had a signiﬁcant
change in mechanical axis measurement
especially when proximal tibia and ankle
centers were registered inadequately.
Surgeons should therefore collect
precise anatomic landmarks during the
registration process to reduce potential
errors in using navigation system.

CONCLUSION
In this study, infrared optical navigation
and electromagnetic navigation systems
were found to be accurate and reproducible
in an experimental environment. However,
the accuracies of both systems were
affected by erroneous registration, and the
levels of inaccuracy encountered were
high for the electromagnetic system.
Under clinical conditions, discordances
between the two navigation systems were
observed and may have been attributable
to ambiguous anatomic points that cause
registration errors and the possibility of
electromagnetic signal interference in the
operating environment.
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