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Dear Colleague:

Precise measurements and clear identifi cation of bony landmarks are key to suc-
cessful 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 tech-
nique, as well as nonimage-guided, infrared optical, electromagnetic, and three-di-
mensional 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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abstract

Cementless total hip arthroplasty 
(THA) should lead to survival rates 
of > 95% at 10 years.1 Implant po-

sitioning of cup and stem components may 
infl uence long-term results, and early results 
can be improved by reducing postoperative 
complications due to impingement,2 joint 
dislocation3, or wear and acetabular com-
ponent failure.4 The defi nition of appropri-
ate implant positioning of THA components 
may be controversial and is always infl u-
enced by individual patient circumstances. 

Preoperative planning considers indica-
tion, bone morphology, and the degree of 
joint destruction to position the implant 
components. Cementless implants must be 
fi xed with appropriate primary stability and 
should adjust limb length discrepancies. 
Cup positioning must have a positive ante-
version value of 10º to 20º and an average 
inclination of 40º to 45º without extreme fl at 
inclinations (<35º) or extreme high inclina-
tion (>55º). The radiographic evaluation 
of implant positions is diffi cult due to 

projection and magnifi cation errors. Pelvic 
ante- or retroversion5 or different femoral 
rotation6 and fl exion may lead to deviations 
of projected implant positions.

In conventional implantation tech-
nique, surgeons experience has a major 
infl uence on preoperative plan and intra-
operative implementation. Navigated THA 
implantation technique is an intraopera-
tive 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 position-
ing and short-term complications in two 
consecutive cementless THA implantation 
series without and with the use of this navi-
gation technology.

MATERIAL AND METHODS
In 2000, we introduced a recently 

developed straight cementless hip stem 

Navigated and Nonnavigated Total 
Hip Arthroplasty: Results of Two 
Consecutive Series Using a Cementless 
Straight Hip Stem
DIDIER MAINARD, MD 

Dr. Mainard is from Centre Hospitalier Uni-
versitaire Nancy, France.

ORTHOPEDICS was unable to determine 
whether Dr. Mainard has any relevant fi nancial 
relationships to disclose or whether they are paid 
consultants for any companies. 

Correspondence should be addressed to Di-
dier Mainard, MD, Department for Orthopedics 
and Traumatology, CHU Nancy, France; didier.
mainard@ciril.fr.

The purpose of this study was to compare conventional and navigated tech-
nique 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 investi-
gator. Radiographic analysis of cup position showed a signifi cant improve-
ment 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 signifi cantly 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.
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(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 fi xa-
tion of the navigation sensor is used. 

Two consecutive implantation series 
of 42 THAs with appropriate postopera-
tive radiograph projections in non-navi-
gated technique (April 2000 to December 
2001) and 42 THAs in navigated tech-
nique (September 2006 to December 
2007) were compared. The group of 42 
navigated patients was retrospectively in-
cluded backward from December 2007. 
All 84 surgeries were performed by the 
investigator. Implant position was evalu-
ated on postoperative anteroposterior ra-
diography 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 clas-
sifi ed on the preoperative radiographs into 
three subgroups: group 1 with a preopera-
tive 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, 

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

the teardrop fi gure and the proximal cor-
ner 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 

Figure 1: Straight cementless hip stem. 

1 2A

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

2B
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and postoperative radiographs. Radiograph-
ic cup positions were also measured for in-
clination in relation to the teardrop line. An-
teversion was calculated with the method 
of Pradhan.8 All THA surgeries were per-
formed 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. 

Intraoperative and postoperative compli-
cations 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-Whit-
ney 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 be-
cause the P value was slightly below .05. 

Cup Positioning
Radiographic analysis of cup position 

showed a signifi cant difference. Radio-
logic inclination (53°: SD, 8.1 [non-navi-
gated]; 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 defi nition of radiographic incli-
nation/anteversion of 45°/15°±10° (Fig-
ure 3) was also signifi cantly improved by 
navigation (21 of 42, 50% non-navigated 
/38 of 42, 90% navigated; P < .001).

Leg Length
Independent of the preoperative cir-

cumstance, the postoperative values for 
the change of the limb length of the op-
erated hip were not signifi cantly 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 differ-
ence was 6.2 mm (SD, 9.0) in the non-
navigated group and 4.4 mm (SD, 6.4) in 
the navigated group (Table 2).

Dependant of the preoperative classifi -
cation of preexisting leg length difference 
the values for navigated and nonnavigated 

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

3

Table 1

General patient data for the two groups

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
Nonnavi-

gated

-2.3 mm 
(SD 7.3)

9.1 mm
(SD 6.2)

6.2 mm
(SD 9.0)

Ø
Navi-
gated

-5.5 mm
(SD 7.2)

8.5 mm
(SD 5.4)

4.4 mm
(SD 6.4)

Nonnavigated
group

Navigated
group Comparability

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° P =.16

Age at THA 
(y)

60.5 / SD = 
11.8

63.3 / SD = 
14.1 P = .04*

BMI 27.3 / SD = 4.4 28.1 / SD = 
7.2 P = .90

Operated 
leg 22 of 42 right 21 of 42 right P = .83

Gender 53% men 43% men P = .16

Indication 86% Primary 
osteoarthritis

88% Primary
osteoarthritis P = .67

*Data is different because P  .05 (Mann-Whitney U test).
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procedures showed a slight decrease of 
intraoperative leg lengthening in the navi-
gated technique (Table 3).

The matched graph of the preoperative 
CCD angle and the results of leg lengthen-
ing showed a trend of increased leg length-
ening for smaller CCD angles (Figure 4).

The classifi ed values of leg lengthen-
ing within the three groups of preopera-
tive CCD angles, however, did not refl ect 
this tendency (Table 4).

Complications
There were no implant related or navi-

gation technology related complications. 
There were no joint dislocations in both 
groups. One intraoperative trochanter 
fracture was treated with a cerclage (non- 
navigated). One revision was caused by a 
periprosthetic fracture after fall down dur-
ing rehabilitation (navigated).

DISCUSSION
The comparison of patient groups in nav-

igated and non-navigated THA technique 
is a possible method to obtain additional 
information about the benefi ts and the pos-

sible improvement of implant positioning. 
This study design has general limitations 
because the measurement of implant posi-
tion on radiograph is less precise than CT-
based 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 fl exion contraction is 
reduced as it is during postoperative reha-
bilitation in the fi rst weeks after THA.10 

The comparison of two nonrandom-
ized implantation series operated by a sin-
gle surgeon might include a certain bias 
but can exclude the infl uence 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 ce-
mentless straight hip stem, which was de-

veloped when THA navigation for the hip 
stem was not available. The retrospective 
defi nition of the navigated patient group 
represents our current surgical procedure 
with this implant. Our results show a very 
clear and signifi cant improvement of ace-
tabular 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 se-
ries, the average total limb lengthening of 
the operated hip joint was below 10 mm 
(9.2 mm non-navigated and 8.5 mm navi-
gated) and therefore below a value of clini-
cal relevance12 and well comparable with 
other studies with mean lengthening of 
7 mm.13 Postoperative limb discrepancy af-
ter 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 ex-
ample, by using mechanical devices16 or 
intraoperative radiograph.17 This should 
also be the case for THA navigation tech-
nology. A navigation system generally 

Table 3

Average leg lengthening for the operated hip side
Preoperative leg
length difference < - 5 mm ±5 mm >5 mm

Ø Leg lengthening 
THA side
(nonnavigated)

+6.3 mm 
(n = 11)

+10.7 mm
(n = 24)

+7.6 mm
(n = 4)

Ø Leg lengthening
THA side
(navigated)

+10.2 mm 
(n = 22)

+7.6 mm
(n = 17)

-1.4 mm
(n = 2)
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Figure 4: Matched graph of preoperative 
CCD angle and postoperative leg lengthening 
(navigated /non-navigated).

4

Table 4

Average leg lengthening for different 
preoperative values of femoral CCD angle

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
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records the absolute intraoperative length-
ening between pelvis and femur. The as-
pect of limb length discrepancy/equaliza-
tion 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 osteoar-
thritis to compensate for cartilage destruc-
tion. 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 
infl uence 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 discrep-
ancy (-5.5 mm) compared with the non-
navigated group (-2.3 mm). Our explana-
tion for the similar values in leg length 
discrepancy in both series is certain intra-
operative inconsistencies due to the distal 
femoral reference of the used navigation 
software. This aspect leads to an intraop-
erative decision for leg lengthening inde-
pendent of the available navigation data. 
We know today that a femoral referenc-
ing closer to the hip joint or even a pinless 
femoral referencing leads to more accu-
rate data for limb length and femoral off-

set changes. The signifi cant improvement 
of cup positioning encourages us to con-
tinue our navigated THA procedure, and 
we will investigate additional improved 
navigation workfl ows for intraoperative 
limb lengthening and offset data. 
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abstract

Currently, the anterior pelvic 
plane (APP) is used to identify 
the cup and acetabular orienta-

tion when navigating total hip arthro-
plasty (THA). First described by Cun-
ningham1 in 1922, the APP is based on 
the two anterior superior iliac spines 
(ASIS) and the two pubic tubercles. 

Recently, Jaramaz et al2 have intro-
duced the APP concept to computer-as-
sisted cup placement in hip arthroplasty, 
and it has proved to be a useful tool.3 

However, the reliability of APP registra-
tion as a reference system in a lateral 
decubitus position4,5 is jeopardized be-
cause the contralateral ASIS is not read-
ily accessible with either a pointer or 
the ultrasound methods.6 Furthermore, 

variation in thickness of subcutaneous 
tissue, the movement during the registra-
tion process, and the anatomic variations 
of acetabular version among healthy in-
dividuals resulted in major errors in cup 
orientation.7 

To address these concerns, we postu-
late that the acetabular center axis (ACA) 
software is patient-specifi c, independent 
of variations in anatomy or pelvic posi-
tion, and relies on readily accessible ana-
tomic landmarks of the acetabulum rather 
than the anterior pelvic plane points. In 
this CT-based study, the reliability of 
ACA in determining acetabular antever-
sion and inclination angles is compared 
with that of the APP in computer naviga-
tion of THA. 

MATERIALS AND METHODS 
This prospective study compares, 

through postoperative pelvis CT, the 
ACA registration with that of APP us-
ing anterolateral intermuscular mini-
invasive 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 pa-
tients were men. Twenty-six had pri-
mary osteoarthritis, and 8 had avascular 
necrosis. Mean body mass index was 
29.2 kg/m2. Twenty-six percent of pa-
tients had dysplastic acetabulum, where-
as 15% were protrusio. 

The APP registration was done by 
palpation of both the ASIS and sym-
physis pubis at equal distance from the 
skin with the patient in the lateral de-
cubitus position (Figure 1). Extra care 
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Hip Arthroplasty
SAM HAKKI, MD; LUIS DORDELLY, BS; J. DANIEL OLIVEIRA, MD

There is significant variation in registering the anterior pelvic plane 
(APP) among experienced navigated hip arthroplasty surgeons, reflect-
ing negatively on the accuracy of determining inclination and antever-
sion. Whether it is variation in pelvic anatomy or improper positioning, 
this inaccuracy emphasizes the need for alternative methods of regis-
tration, of which the acetabular center axis (ACA) is proposed. Data 
collected from ACA and APP registration were compared with postop-
erative 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. 

Drs Hakki and Oliveira are from Bay Pines 
Health Care System in Bay Pines, Florida.

Dr. Hakki is a consultant for B. Braun Aesculap. 
ORTHOPEDICS was unable to determine whether 
Mr. Dordelly and Dr. Oliveira have any relevant 
fi nancial relationships to disclose or whether they 
are paid consultants for any companies. 

Correspondence should be addressed to: 
Sam Hakki, MD, PO Box 22429, St. Petersburg, 
FL. 33742. 

ORTHOs1800Hakki.indd   27 8/26/2008   1:34:41 PM



28 ORTHOPEDICS | www.ORTHOSuperSite.com 

■ Feature Article

was taken to ensure the stability of the 
pelvis during registration by stabiliz-
ing the pelvis with three posts (pegs) 
positioned anterior to and three pegs 
positioned posterior to the pelvis (Fig-
ure 2). The ACA registration was done 
by three points of palpation of the su-
perior rim, three points of the most an-
terior 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 con-
stant. 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 aver-
age the points (Figure 3) and map out 
the anatomy and orientation of the ac-
etabulum, which will determine the ac-
etabular 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 de-
sired version or inclination angle to ac-
commodate individual patient anatomy.

The ACA and APP points were de-
fi ned and registered in 34 consecutive 
patients who underwent OrthoPilot (B. 
Braun Aesculap, Tuttlingen, Germany) 
navigated press-fi t Excia (B. Braun Aes-
culap) 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 

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 lat-
eral views were taken as routine. They 
were used to template the expected cup 
size in comparison with acetabular anat-
omy. Postoperative CT measurements of 
acetabular and cup inclination and ver-
sion angles were observed independent-
ly using special software. Comparison of 
data was achieved using Fisher test and 
Student t test. The level of signifi cance 
between CT and the variable should ap-
proach 1.0, which means the variable is 
as good as CT, when P < .05, the vari-
able is signifi cantly inferior to CT.

RESULTS
Of the 36 consecutive patients, 34 were 

eligible for analysis of their hip data.
Mean anatomic (CT) acetabular ver-

sion (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 valid-
ity 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 soft-
ware and 12.7° (SD ± 12.1) for the 
APP software. This refl ects reliably and 

statistical superiority of ACA software in 
identifying the version of the cup im-
plant (P = .98), whereas the P value for 
the APP was signifi cantly 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 fi rst 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-

Figure 1: APP plane.

Figure 2: Pelvis position secured.

1

2

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

3C
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ware (P = .003). ACA software produced 
results identical to CT; however, the APP 
software was signifi cantly inferior to CT. 

In the second group, the size of the 
cup implant was smaller than the ac-
etabulum (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 soft-
ware 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 de-
tecting 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 de-
tecting the inclination angle of the cup.

Similarly, we divided the patients 
into three groups for cup inclination 
comparisons. In the fi rst group, the 
cup matched the acetabulum, the ana-
tomic cup inclination angle was 42.7° 
(SD ± 3.6), ACA inclination was 43.1° 
(SD ± 4.7) (P = .73), and APP inclina-
tion 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 ana-
tomic cup inclination angle was 46.0° 
(SD ± 4.8), ACA inclination was 42.7 
(SD ± 12.2) (P = .45), and APP incli-
nation was 42.0° (SD ± 5.5) (P = .12). 
There was no statistical difference be-
tween ACA and APP software in de-
tecting inclination angle in all types of 
acetabulae (normal, protrusio, or dys-
plastic) (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 ac-
curacy 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 naviga-
tion technologies. Cup orientation is usu-
ally defi ned by referencing the anterior 
pelvic plane (APP).4,7-9 However, the APP 
does not consistently represent the func-
tional pelvic position, and a small error 
in correctly identifying this plane results 
in a signifi cant error in cup placement. 
Consequently, cup position parameters 
are not patient specifi c.10 Some centers 
recommended ultrasonography to iden-
tify APP with higher accuracy.6 However, 
this has been done in the supine position 
and, unfortunately, the accuracy was di-
minished 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 

of the APP registration process in access-
ing 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 naviga-
tion 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 signifi cant variation of 
normal acetabulum version anatomy rang-
ing 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 
specifi c patient. For these variations, one 
study12 demonstrated that there is perhaps 
no ideal position for the cup (45° inclina-
tion and 20° anteversion) that can be used 
for all patients. Because of the wide range 
of inclination and anteversion fi gures, 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 
specifi c. The usefulness of the ACA con-
cept to determine the orientation of the nor-
mal acetabulum has been well documented 
by Murray.13

Is there a limitation to the useful-
ness 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 im-
plant 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 preopera-
tively. 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 fi nal cup 
position in the “normal” acetabulum 
anatomy as zero degrees. This means 
the cup should match exactly the indi-
vidual acetabular anatomy. If the ac-
etabulum is protrusio, the computer 
readings of inclination should be in the 
+ve (positive) range, which means that 
the cup will be smaller than the acetabu-
lum. 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. 

This will enable the surgeon to make 
the proper adjustment in grossly abnor-
mal acetabulum to achieve the ideal cup 
position specifi c to each patient. How-
ever, 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 ac-
curacy in determining the cup version 
compared with CT. As for the inclina-
tion angle, both APP and ACA were ac-
curate. However, our new reference axis 
(ACA) has the advantage of being pa-
tient specifi c and independent of varia-
tions in anatomy or pelvic position. The 
system relies on readily accessible ana-
tomical landmarks of the acetabulum, 
making it signifi cantly attractive for 
surgeons who use CT-free planning and 
navigation. 
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abstract

Arthroplasty of the hip joint is 
one of the most successful sur-
gical measures in orthopedics. 

Preconditions for these good results are 
high-quality implants and soft tissue man-
agement, which enable precise implant 
positioning. 

Long-term results of modern hip pros-
thesis are excellent, with approximately 
95% survival rate after 10 years.1-4 Since 
the defi nition of the so-called ”safe zone” 
of Lewinnek was established, the planned 
fi nal implant positioning can be deter-
mined.5 Especially in terms of minimal 
invasive operative techniques with smaller 
skin incisions, soft tissue preserving ap-
proaches, and a decreased fi eld of view, 
the incidence of malpositioning and the 

failure rate in endoprosthetic replacement 
are increasing.6 The navigation ensures im-
proved implant positioning7,8 and therefore 
could  compensate for the disadvantage of 
reduced visibility of landmarks associated 
with minimally invasive techniques. Ul-
trasound-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 navi-
gation in minimally invasive primary hip 
replacement.

MATERIAL AND METHODS
Sixty patients were evaluated in this 

study. All patients were implanted with 

the same navigated cementless hip en-
doprosthesis (Plasmacup with polyeth-
ylene-inlay, ceramic head, and Excia 
stem; B. Braun Aesculap AG, Tuttlin-
gen, Germany) using minimally inva-
sive operating technique (anterolateral 
approach in supine position). Further-
more, the same surgeon performed the 
procedure in all patients. The navigation 
system used in all cases was the Ortho-
Pilot 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 prefer-
ence for torsion position of the femoral 
components of 0°, the aim was a cup an-
teversion of 20° to 30°. The sum of both 
components (anteversion of cup plus 

Comparison Between Pointer-based 
and Ultrasound-based Navigation 
Technique in THA Using a 
Minimally Invasive Approach
OLAF HASART, MD; CARSTEN PERKA, MD; STEPHAN TOHTZ, MD

The use of navigation techniques in primary total hip arthroplas-
ty improves the position of endoprosthetic components, especially 
cup positioning. An intraoperative registration of the anterior pel-
vic plane is necessary to define the anteversion and inclination an-
gles 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 radio-
graphic 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 dif-
ference. In conclusion, we recommend navigation as a very reliable tool 
for the positioning of implants.
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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 meas-
ured value of the displayed radiographs, 
a slight lengthening of the operated leg 
often occurs in comparison to the preop-
erative arthritic condition. Therefore, the 
comparison of leg length pre- and postop-
eratively as well as the comparison to the 
opposite leg was evaluated.

Evaluation of the implant positions in 
each case was based on standardized ra-
diograph examinations (hip overview and 
lateral hip recordings) performed preop-
eratively and 2 weeks postoperatively. 

The following is a comparison of ra-
diograph results with data saved from 
the OrthoPilot.

The basis for this investigation was 
the acceptance of all patients. Only pa-
tients who provided written authoriza-
tion for the use of their health records 
were enrolled in the study.

The aim of these investigations was 
the evaluation of the cup position (in-
clination 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 

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 inclina-
tion and anterversion. The comparison of 
deviation showed a slightly smaller devia-
tion in anteversion in group B (Table 2). 
There was no difference in deviation with 
regard to cup inclination.

Evaluation of leg length discrep-
ancy showed no difference between the 

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

DISCUSSION
An important result of this study is 

that we could evaluate whether navi-
gation 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 ex-
perienced surgeons noticed deviations 

Figure 1: Intraoperative picture of pointer-based 
pelvic navigation; the reference point at the iliac 
crest is identical in both methods.

1

Figure 2: Intraoperative picture of ultrasound-based pelvic navigation, showing the uncovered iliac crests 
at both sides and the symphysis.

2

Table 1

Patient Data in the Study Groups

Pointer Based 
(n = 30)

Ultrasound 
Based (n = 30) Signifi cance

Age 68.4 69.1 NA

Sex

Men 10 9 NA

Women 10 21 NA

BMI 27.3 28.2 NA

ASA 2.3 2.6 NA

Abbreviations: BMI, Body mass index; ASA, American Society of Anesthesiologists.
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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 indica-
tions are confi rmed 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 non-
navigated cup positioning. This differ-
ence was highly signifi cant (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 
signifi cantly depend on the cup position. 
In this study, we could demonstrate that 
the ultrasound-based navigation enables 
minimization of the deviation of the an-
teversion 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 navi-
gation. 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 modifi ed (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 advan-
tage of stem navigation is intraopera-
tive measurement of leg length, which 
seems to be very helpful and reason-
able.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 oc-
cur in clinical testing. Additionally, a 
higher range of malpositioning or mal-
rotation can result without the use of 
navigation, and the rate of loosening 

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 defi ne the correct position further. 

CONCLUSION
Navigation is a secure and recom-

mended system for optimizing implant 
positioning with no increase in compli-
cations. It offers an advantage in cases 
of smaller fi eld of visibility of the oper-
ating situs as in minimally invasive ap-
proaches because the risk of malposi-
tioning is higher. In minimally invasive 
approaches, we could demonstrate that 
both ultrasound-based and pointer-based 
hip navigation are approaches that pro-
duce lower rates of malpositioning as 
described.15 Additionally, ultrasound-

based navigation provides higher preci-
sion 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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abstract

Interest in minimally invasive to-
tal hip replacement (THR) has 
increased in the orthopedic com-

munity.1,2 Most of the attention has 
been directed toward reducing surgical 
exposure by using dedicated instru-
ments.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 avail-
able for THR in these patients. These 
stems allow preservation of the femoral 
neck and have shown early positive re-
sults in selected cases.5-7 Stem modular-
ity and navigation technology to support 
correct implant selection and alignment 
are some of the newer innovations de-
signed to optimize the accuracy of joint 
reconstruction using shorter femoral 

stems. Computer navigation allows the 
surgeon to evaluate limb length, medi-
alization of the center of rotation, and 
ROM intraoperatively.8,9

Leg length discrepancy after THR can 
be a signifi cant problem and has been 
shown to contribute to patient dissatis-
faction.10,11 Pain, instability, stiffness, 
neuropathy, and heterotopic ossifi cation 
are all described as a direct or indirect 
consequence of leg length discrepancy 
and incorrect femoral offset.12

Reports indicate substantial statis-
tical improvement in the accuracy of 
acetabular cup placement using navi-
gation compared with free-hand align-
ment methods.3,4 However, few studies 
have been published on the results of 
femoral stem placement using com-
puter navigation and none evaluating 
the effect of navigation on leg length 
discrepancy.13-16

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 reconstruc-
tion with effective control over the leg 
length discrepancy. Furthermore we 
compared the two groups according to 
hip function and number of postopera-
tive dislocations. 

MATERIALS AND METHODS
Patients who underwent THR using 

modular short-stemmed femoral compo-
nents between April 2006 and January 
2008 were included in the study. All pa-
tients had a body mass index less than 35. 
Patients with hip dysplasia, limb length 
discrepancy greater than 2 cm, or a ma-
jor deformity of the femoral head or neck 
were excluded because they were not ap-
propriate candidates for this implant. 

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

We present a match-paired study between computer-assisted and free-
hand 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 man-
agement of limb length discrepancy and offset restoring. We believe that 
navigated short modular stems are safe for less invasive THR.
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Twenty-two patients who underwent a 
computer-assisted THR using an image-
less computed tomography-free, comput-
er-assisted alignment system (OrthoPilot 
3.0; B. Braun Aesculap, Tuttlingen, Ger-
many) were included in group A. Each 
patient in this group was matched with a 
patient who had undergone conventional 

free-hand THR (group B). Patients were 
matched for age (maximum difference, 
+3 years), sex, arthritis level, preop-
erative diagnosis, and preoperative limb 
length discrepancy (maximum differ-
ence, + 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 mea-
surements 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 postop-
erative femoral offset measures (Figure 
2). All radiographs were taken with a 
standardized protocol using the same 
magnifi cation. This protocol was rigidly 
adhered to during the study, and radio-
graphs were repeated if a mistake was 
detected. All radiographs were assessed 
by an independent radiologist blinded to 
the original procedure.

Postoperatively, early weight bear-
ing as tolerated was encouraged in all 
patients. All episodes of hip dislocation 
were documented. At a minimum fol-
low-up of 3 months, the clinical out-
come was evaluated using the Harris 
Hip Score.

Statistical analysis was carried out 

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

RESULTS
No statistically signifi cant differ-

ences in patient’s demographics were 
seen. There were no signifi cant differ-
ences in preoperative limb length dis-
crepancy between the two groups. The 
mean preoperative leg length discrep-
ancy 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 pa-
tients, 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 
signifi cant.

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-

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, ver-
sion, and size to achieve anatomic best 
fi t. Surgical time was statistically longer 

in group A, with a mean of 102.6 min-
utes compared with 87.7 minutes in 
group B (Table 2). 

In the computer-assisted group, the 
mean postoperative leg length discrep-
ancy was reduced to 0.4 cm compared 
with 0.8 cm in the free-hand group. This 
difference was statistically signifi cant. 
No postoperative cases with leg length 

Figure 2: Follow-up pelvis radiograph after the implantation of a navigated 
Metha stem (B.Braun Aesculap, Tuttlingen, Germany). 

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

2 3

Table 2

Postoperative Resultsa

Group A
(computer-

assisted THR)
(13 women)

Group B
(THR)

(13 women) P

Surgical time (min) 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

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).
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discrepancy greater than 1.0 cm were 
seen in group A. In group B, a postop-
erative leg length  discrepancy greater 
than 1.0 cm was seen in 2 patients (9%). 
No patient in either group had a post-
operative 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 
signifi cantly better in the computer-
assisted group. The difference between 
the preoperative and postoperative 
femoral offset was less in the computer-
assisted group than in the free-hand 
group (Table 2). This difference was 
statistically signifi cant. 

There were no statistically signifi -
cant differences in the Harris Hip Score 
between the two groups, and all pa-
tients were satisfi ed 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 fi nal outcome was still improv-
ing (Table 2). No case of hip disloca-
tion 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 sub-
sequently had two additional atraumatic 
dislocations but no radiographic signs 
of implant loosening. A revision THR is 
planned. 

DISCUSSION
Short-stem prostheses are an at-

tractive alternative to resurfacing hip 
arthroplasty in the same selected indi-
cations.4,6 Combined with minimally 
invasive techniques, these implants al-
low preservation of muscle and bone 
stock without introducing some of the 
complications associated with resur-
facing implants.18 With short-stemmed 
femoral implants, the femoral neck is 
partially maintained, and the greater 
trochanter region remains untouched. In 

addition, the femoral metaphysis is not 
fi lled by the implant, maintaining some 
of the cancellous bone.4,6,8 Newer im-
plants have incorporated modularity of 
the short femoral stem in an attempt to 
improve the restoration of hip anatomy 
and biomechanics and reduce the chanc-
es of mechanical failure (Figure 3).8,9,19

A signifi cant 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 resurfac-
ing procedures and has led us to avoid 
using this technique in “longer hips.”

Many studies have reported that im-
proved placement of the acetabular cup 
and femoral stem can be achieved using 
navigation in THR.13-16 Navigation of 
short-stemmed femoral implants is pri-
marily based on the restoration of the 
hip anatomy with little regard for stem 
positioning.8,9 The navigation can evalu-
ate the best modular neck and head size 
intraoperatively to achieve the desired 
femoral offset, leg length, and range 
of motion. In this study, the computer-
navigation support allowed for better ex-
ploitation of the different modular neck 
options to achieve the best anatomic fi t. 

We performed a matched-paired 
study comparing 22 computer-assisted 
and traditional free-hand THR proce-
dures using the same modular short-
stemmed femoral component. Strict cri-
teria including diagnosis, age and sex, 
body mass index, and shortening were 
used to match the two groups. At a mini-
mum follow-up of 3 months after sur-
gical intervention, our results indicated 
that computer navigation produced sta-
tistically signifi cant 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 anal-
ysis, and patients were not randomized. 
Follow-up was short, and the number of 

cases in each group was small. As a re-
sult, we may not have detected a clini-
cal difference between the two groups, 
and findings regarding an improvement 
in the dislocation risk with this tech-
nique cannot be reported conclusively. 
However, no primary atraumatic dislo-
cation was seen in patients from either 
group including those patients with lon-
ger follow-up. 

Our results showed that using com-
puter 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 navi-
gated 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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abstract

Accurate limb alignment and well-
controlled ligament balance after 
total knee arthroplasty (TKA) 

are critical to successful clinical outcomes 
and long-term prosthesis survival.1,2 Ma-
lalignment and ligament imbalance could 
produce unequal load on the bearing sur-
face and instability of the prosthetic joint, 
causing uneven wear of the polyethyl-
ene, early implant loosening, and poor 
clinical outcomes.3 A close correlation 
between soft tissue balance and rotational 

alignment of the femoral component has 
been well understood.4 In addition, soft 
tissue balance is infl uenced by whether 
a balanced fl exion and extension gap is 
achieved intraoperatively.5 However, soft 
tissue balancing remains a technically 
demanding and diffi cult part of TKA, be-
cause measuring the soft tissue tension is 
dependent on subjective surgeon assess-
ment.6 Therefore, measurements of the 
fl exion and extension gaps are unreliable. 
The OrthoPilot TKA navigation system 

(B. Braun Aesculap, Tuttlingen, Germa-
ny) offers software that optimizes soft tis-
sue balance, principally through the gap 
technique.

Over the past 10 years, many surgeons 
have become interested in computer navi-
gation systems to perform more precise 
TKA. The initial results of navigation-
assisted TKA are promising with regard to 
the restoration of mechanical limb align-
ment.7,8 However, only a few studies have 
addressed the effectiveness and reliability 
of the navigation system on soft tissue bal-
ance in TKA. The purpose of this study is 
to determine the reliability of the naviga-
tion-guided gap technique and to evalu-
ate the clinical results from adequate soft 

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

The OrthoPilot TKA navigation system (B. Braun Aesculap, Tuttlingen, Ger-
many) offers software to optimize soft tissue balance using gap balance tech-
niques. However, there are no studies on the reliability of the navigation-
guided gap technique. The goal of this study is to establish the reliability of 
the navigation-guided gap technique. The investigators measured fl exion and 
extension gap in the medial and lateral sides of the knee joint after bone re-
section to evaluate the reliability of navigation-guided soft tissue balancing. 
Gap data from 100 cases of navigation-guided total knee arthroplasty were 
analyzed. We defi ned 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 fl exion. Furthermore, gap difference between 
fl exion 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 mo-
tion 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.
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tissue balance in TKA using the naviga-
tion-guided gap technique. 

MATERIALS AND METHODS
TKA was performed on 108 osteoar-

thritic 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 un-
related to TKA, two converted to conven-
tional TKA owing to registration failure, 
and four were lost to follow up. Conse-
quently, 100 knees from 70 patients were 
included in the study. Raw data, including 
gender, age at the time of surgery, preop-
erative range of motion (ROM), and dura-
tion of follow-up, were obtained from the 
prospective TKA database at our institu-
tion. 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 posterior-
stabilized TKA were excluded because 
posterior cruciate ligament resection  
might result in an unexpected increase of  
the fl exion gap.9,10 In all cases, the image-
free navigation system (OrthoPilot ver-
sion 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 rou-
tine 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 cut-
ting, soft tissue tension was measured and 
registered to the navigation system with use 

of these devices. The OrthoPilot navigation 
system version 4.2 offers the femoral plan-
ning step that allows simulation of the fem-
oral 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 
fl exion in the medial and lateral side of the 
knee joint; medial extension gap, medial 
fl exion gap, lateral extension gap, lateral 
fl exion gap (shown in Figure 3). In this 
study, joint distraction force, which was 

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 differ-
ence greater than 3 mm between the 
medial and lateral sides in extension 
or 5 mm difference in 90° of flexion. 
Furthermore, difference between flex-
ion and extension gap greater than 

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.

2

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. 

1B1A
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3 mm in the medial side or 5 mm in the 
lateral side was also considered a trap-
ezoidal gap (Figure 3B). Knees that did 
not meet the criteria for a trapezoidal 
gap were defined as having a rectangu-
lar 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 exten-
sion gap~lateral extension gap), me-
dial (medial flexion gap~medial exten-
sion gap), and lateral (lateral flexion 

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 as-
sessment. Mechanical alignment of the 
limb was checked on a standing radio-
graph of the entire lower extremity ob-
tained at the latest follow-up. Mechani-
cal axis measurements were performed 
by one of the investigators, who was 
blinded to the adequacy of balancing 
and clinical outcome. 

Statistical analysis was performed 

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

RESULTS
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 fl exion gap, 
lateral fl exion gap, medial extension gap, 
and lateral extension gap, respectively. No 
statistically signifi cant differences were 
found between the groups with regard to 
these four variables (P = .629, repeated 
measures ANOVA). According to our crite-
ria, 84 knees were classifi ed in the rectangu-
lar group, and the remaining 16 knees were 
classifi ed in the trapezoidal group.

A summary of the gap differences in 
fl exion, extension, and medial and lateral 
gaps is given in Table 1. Of the 100 knees, 
72 knees had fl exion gaps balanced (me-
dial fl exion gap~lateral fl exion 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 ex-
tension gap) within 1 mm. Of the remain-
ing 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 fl exion gap~medial 
extension gap), 57 (57%) knees were bal-
anced 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 fl exion 
gap~lateral extension gap), 57 knees were 
balanced within 1 mm. Of the remaining 

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

3

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
aThe difference between the medial and lateral measurements is reported for the fl exion and 
extension gaps.
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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 func-
tion (including ROM and HSS score) 
were not signifi cantly different preopera-
tively between the two groups (Table 2). 

At the latest follow up, mean ROM was 
123.1° (range, 80°-150°) in the rectangu-
lar group and 120.3° (range, 85°- 150°) 
in the trapezoidal group. There was no 
statistically signifi cant difference be-
tween the two groups (P = .528). Neither 
improvement of ROM and HSS score 
nor correction of coronal alignment was 
found to be signifi cantly different be-
tween the two groups (Table 3). 

DISCUSSION
Recently, navigation-guided TKA has 

been widely used for enhanced precision. 
Studies12,13 have addressed the reliabil-
ity 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 navi-
gation-guided technique regarding the 
soft tissue balancing. 

A well-balanced gap is important 

to successful TKA. In this study, rect-
angular fl exion and extension gaps 
were brought within 1 mm in about 
70% of cases (72% in fl exion, 74% in 
extension). Only two cases showed 
gaps greater than 4 mm. A rectangular 
gap, according to our defi nition, was 
achieved in 84% of all knees, with trap-
ezoidal 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 fi ve cases showed an asymmetry 
greater than 5 mm.  

 Although the gaps measured in this 
study lacked sufficient statistical signifi-
cance, there was a tendency for the flex-
ion 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 ten-
dency 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 

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 liga-
ments of the normal knee are almost al-
ways 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 theo-
ries that the tibiofemoral fl exion gap at 
90° of fl exion in the normal knee was not 
rectangular and that lateral joint laxity 
was signifi cantly more than medial joint 
laxity in in vivo study using magnetic 
resonance imaging.20 

In this study, there was no statistically 
signifi cant difference in ROM, HSS score, 
improvement of ROM, or restoration of 
limb alignment after TKA between the 
rectangular and trapezoidal groups. This 
fi nding 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 sta-
tistical signifi cance had the sample size 
been larger and the follow-up period 
been longer. Regarding the navigation-
guided gap balancing in TKA, to our 

Table 2

Comparison of Preoperative Demographic Data and Knee Function Between the Two Groups

  Rectangular Group (Range) Trapezoidal Group (Range) P value

Mean age (y) 65.3 (53-81) 66.7 (53-72) .653
Men:Women 6:78 1:15 .131
Mean BMI (kg/m2) 27.5 (19.7-31.2) 26.7 (20.7-33.1) .818
Mechanical axis 167.8° ± 5.2°a 166.6° ± 8.3° .687
Mean ROM  115.3° (75°-150°) 113.7° (70°-140°) .693
HSS score  48.8 (24-64) 49.9 (20-68) .367

Abbreviations: BMI, body mass index; HSS, Hospital for Special Surgery; ROM, range of motion. a <180°: varus; 180° = neutral; >180°: 
valgus
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knowledge, there had been only two 
published reports in the English-lan-
guage 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 quantifi ed 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 follow-
up period, no significant difference in 
clinicoradiologic outcomes was noted 
between the rectangular and the trape-
zoidal 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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abstract

More 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 out-
come 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 compre-
hensive report2 that concluded that there 
was a lack of experimental methodology 
and longer-term results to categorically de-
duce 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 preas-
sessment 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 fi xed-
bearing knee design (Columbus; B. Braun 
Aesculap, Tuttlingen, Germany) implanted 
with the same image-free navigation sys-
tem (OrthoPilot; B. Braun Aesculap) under 
similar anesthetic protocols. More im-
portantly, 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 prob-
lems associated with TKA (infection, deep 
vein thrombosis, anterior pain) with this 
particular implant and surgical set-up. This 
is the fi rst study reporting 1-year review of 
a series of Columbus-navigated TKAs. We 
compared our results with current series 
with similar condylar implants.

Although knees have been navigated for 
over 10 years, navigation is not yet a routine 
practice. Concerns about technical diffi cul-
ties and the potential increase in complica-
tions 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 hypoth-
esized that using a nonimage-based naviga-
tion system did not affect our practice, the 
number of complications, or outcomes.

MATERIALS AND METHODS
A prospective continuous series of 

206 patients underwent 214 Columbus-
navigated TKA from March 8, 2005, to De-
cember 17, 2006, after informed consent 
was obtained from all patients. This includ-
ed all patients assessed as suitable for TKA. 
Of these TKAs, 93% were performed by 
one surgeon. Preassessment selection was 
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In this study, 206 patients with 214 Columbus total knee arthroplasty 
(TKA) implants were followed up at 1 year. Preoperatively, patient de-
mographics (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; fi xed 
fl exion, 5.6° (6.1°); fl exion, 96.1° (18.8°); and Oxford score, 43 (7.0). At 
1-year follow-up, results were fi xed fl exion, 0.9° (2.6): maximum, 17°, 
minimum, 0°; fl exion, 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 
satisfi ed with their TKA.
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rigorously performed by an arthroplasty 
team including physiotherapists, occupa-
tional therapists, arthroplasty nurses, senior 
hospital offi cers, anesthetists, and consulting 
surgeons. During the preassessment, exten-
sive patient demographic data (Tables 1, 2) 
and medical history including preoperative 
function were collected. Preoperative radio-
graphs including weight-bearing hip-knee-
ankle, lateral, and skyline view were taken.

Of patients in this series, 60% were 
women. The average ASA score (2.5) indi-
cated that most patients were very ill/fairly 
ill (ASA: 1 = 12; 2 = 92; 3 = 92; 4 = 10; to-
tal 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 infl ated at 300 mm Hg for the dura-
tion of the operation, when there were no 

neurovascular contraindications. The knee 
was fl exed to approximately 90° and stabi-
lized 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 ap-
proach in fi xed 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 affi xed solidly into the fe-
mur and the tibia. After registration that 
included kinematics and anatomic land-
marks acquisition, the knee was assessed, 
initially in optimal extension and then in 
varus and valgus stress. The knee was 
then assessed from the maximum exten-
sion to the maximum fl exion. Before mak-
ing bony cuts, a release was performed 
according to the classifi cation given by 
Unitt26 and the measured preimplant var-
us/valgus stress results.12 This gave a knee 
that was adequately balanced within ±3°. 
The fl exion/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 nor-
mal joint level was recorded using the 
pointer. A plate probe equipped with a 
tracker allowed the checking of the ac-
tual bone cut resection and the measure-
ment stored. The distal femoral cut was 
then performed using the computer-guid-
ed jig. Initially, 9 mm was cut from the 
distal femur, which was the distal thick-
ness of our prosthesis. The plate probe 
was then placed fl at 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 fl exion contracture after 
adapted release. Rotation was usually set 
according to the Whiteside line but con-
trolled with the computer.

The trial implants were set, and the as-
sessment 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 fl exion were assessed. Once sat-
isfi ed with full assessment using the trial im-
plants, the procedure was completed by ce-
menting 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 
signifi cant fl exion contracture or a com-
pletely 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 fl exion.

The wound was closed with either clips 
or sutures in three layers and then covered 
with a hydrocolloid dry dressing (Duo-
Derm; ConvaTec, Flintshire, United King-
dom) and a hydrogel inner layer (Aquacel, 

Table 1

Demographics of Age, BMI, and Scores for Patient Cohort

Mean SD Minimum Maximum

Age 69.7 8.7 48 90

ASA 2.5 0.7

BMI 32.2 5.7 21.8 51.5

Ahlback 
Score

3.9 0.6 3 5

Kellgren 
Lawrence 
Score

3.5 0.5 2 4

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
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ConvaTec) without any drainage. Patients 
were mobilized on the day of surgery or 
the day after, under a physiotherapist’s su-
pervision, using a Zimmer frame and then 
crushes or walking sticks. The postopera-
tive 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 thromboprophy-
laxis. Patients were discharged when oc-
cupational 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 pa-
tient health center. Infection control nurses 
and arthroplasty nurses called the patients 
within the fi rst 15 days to monitor progress. 

The wound was also assessed at the arthro-
plasty 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 car-
ried 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 acces-
sible only to the arthroplasty practitio-
ners. An independent consultant reviewed 
radiographs randomly and measured the 
coronal mechanical femoral axis, sagit-
tal mechanical femoral axis, coronal me-
chanical tibial axis, sagittal mechanical 

tibial axis, coronal femorotibial angles, 
and radiolucencies.

Statistical analysis was carried out 
using SPSS version 15.0 (SPSS Inc, 
Chicago, Illinois). Pre- and post opera-
tive data were compared using a Wil-
coxon test.

RESULTS
Of 206 patients, 203 were reviewed 

(211 knees). Two patients were lost to fol-
low-up and 1 patient died during the year 
from causes unrelated to the knee surgery. 
After 1 year, 98% of the patients were 
very satisfi ed or satisfi ed. Of the 4 patients 
who remained unsure or unsatisfi ed, 1 
was diagnosed with Alzheimer’s disease 
and needed a diffi cult two-stage revision 
prosthesis for deep infection; one had a 
17º fl exion contracture; one with anterior 
pain underwent computed-tomography (CT) 
investigation; and one experienced problems 

Table 3

Comparison of Pre- and Postoperative Functional Measures

Preoperative Postoperative Wilcoxon test

Median 1st to 3rd 
Quartile Median 1st to 3rd 

Quartile P value

Oxford score 44 39.5 to 49 21.5 17 to 28 <.001a

Range of motion (º) 100 90 to 110 100 95 to 110 .025b

Fixed fl exion (º) 5 0 to 10 0 0 to 0 <.001a

a: n = 124. b: n = 123

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

1
Figure 2: Distribution of pre- and postimplant sagittal plane alignment an-
gles as measured by the navigation system. Wilcoxon test P < .001 between 
groups (n = 108).

2
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with the other knee (loose unicompartmen-
tal knee that has since been revised).

No correlation was found between age, 
gender, BMI, degenerative stages, and sat-
isfaction outcome.

The pre- and postoperative (1 year) Ox-
ford scores, ROM, and fi xed fl exion from 
the clinic (Table 3) and the pre- and post-
implant mechanical femorotibial angle and 
fi xed fl exion 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 infec-
tions 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 prospec-

tive continuous study of 214 Columbus-
navigated 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 
satisfi ed or very satisfi ed. Among the four 
unsure or unsatisfi ed patients, three were 
functionally unsatisfi ed. It is known that 
the functional score continues to con-
stantly improve after a TKA up to 2 years 
even though the literature cannot support 
specifi c recommendation about which 

patients are most likely to benefi t from 
TKA and what type of implant or implant 
fi xation method is most benefi cial.3 Our 
series showed statistically improved Ox-
ford scores, confi rming results from previ-
ous studies.1,4 This study also confi rmed 
that age, sex, BMI, and degenerative stage 
cannot predict a satisfactory outcome.3

Postoperatively, nine patients (4.2%) 
had an intermediate fl exion contracture of 
between 6° and 19° according to Ritter’s 
criteria.6 In his review of 5622 TKAs, 
Ritter6 found a preoperative fl exion con-
tracture rate of 26.5%. According to 
McPherson5, fl exion contracture after 
1 year can continue to improve. McPher-
son5 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 fl exion was 
101.3° postoperatively, with ROM sig-
nifi cantly improved. These fi gures are 
similar to those published by Walker, who 
reported average ranges of fl exion angle 
from 100° to 110° after condylar knee sur-
gery.7 Some of the disappointing fl exion 
angles were related to incomplete removal 

of posterior osteophytes (Figure 3) or lim-
ited preoperative fl exion.

The primary postoperative develop-
ment after TKA is femoropatellar compli-
cation, 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 patel-
lar 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 vari-
ous 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 es-
pecially with use of computer guidance. 
We demonstrated a similar outcome in 
2007.12 Computer navigation may im-
prove alignment and may also decrease 
morbidity and complications such as 
operative bleeding.21 Only 2.4% of our 

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 
Superfi cial 
Skin Infection

1 0.4

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.

3
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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, result-
ing in a 1.4% revision rate. In a 2008 article 
by Katz et al13, that compared high to low 
TKA volume hospitals, he confi rmed his 
previous conclusions12 that high volume 
and special units are associated with fewer 
complications. Katz performs more than 
200 TKR procedures yearly, which corrob-
orates 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 pa-
tient 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 embo-
lism (0.4%). Deep infection rates are usu-
ally 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 signifi cantly increased 
the risk of infection). Infection remains the 
most challenging risk factor in TKA. Our 
patients are reviewed by their general prac-
titioners within the fi rst 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. 

The main advantage was to reproduc-
ibly align the TKAs. Postimplant mea-
surements 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 coro-
nal plane (0.1° ± 1.4°). These results were 
confi rmed at the 6-week, long leg fi lm 
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° (includ-
ing 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 reproduc-
ibility.19 These results confi rmed the 
current meta-analyses from Bauwens17 

and Mason18 demonstrating the potential 
benefi t of navigation in alignment. Only 
long-term follow-up will indicate whether 
improving alignment increases implant 
survivorship. However, despite the short-
term review, we found a few radiolucent 
lines less than 1 mm, with no loosening, 
which corroborate leg alignment improve-
ment.23 Most of these lines were not on 
the tibia but on the posterior femur, which 
was attributable to insuffi cient posterior 
cement (Figure 3).

The overall results of this extensive 
1-year review of 214 TKAs are encour-
aging. These patients will be reviewed 
at 2, 5, and 10 years in our arthroplas-
ty department, and we will report on 
long-term Columbus-navigated TKAs 
and verify whether navigation im-

Figure 4: Grouping of 
alignment angles measured 
within 2° on postoperative 
radiograph for measure-
ment of the coronal me-
chanical femoral axis, 
sagittal mechanical femoral 
axis, coronal mechanical 
tibial axis, sagittal mechan-
ical tibial axis, and coronal 
femoro tibial angle show-
ing how many patients 
had good alignment in all 
planes (n = 206).

4

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
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proved implant survival. We confirmed 
that using a nonimage-based naviga-
tion system routinely does not affect 
our practice, the number of complica-
tions, or our outcomes.
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abstract

Computer-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 poten-
tial 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 bal-
ance immediately before and after im-
plant placement to long-term clinical 
and functional outcomes such as pain, 
range of motion (ROM), patient mobil-
ity, and movement independence. To our 
knowledge, there has not been a defi ni-

tive examination of this relationship to 
date. Through the process of automa-
tion, it is possible to seamlessly trans-
late the intraoperative data produced 
by the navigation system into a format 
that can be easily examined in relation 
to pre- and postoperative outcome mea-
sures. The purpose of this study was to 
examine the clinical and functional out-
comes associated with the Columbus 
primary TKR (B. Braun Aesculap, Tut-
tlingen, 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 align-
ment data as measured with a computer-
assisted navigation system.

MATERIALS AND METHODS  
We performed 58 consecutive com-

puter-assisted TKAs on 51 patients. Aes-
culap primary, posterior cruciate retaining 
Columbus implants were inserted using the 
OrthoPilot (B. Braun Aesculap) image-free 
navigation instrumentation. Of these pa-
tients, 30 underwent unilateral computer-
assisted surgery (CAS), 7 underwent bilat-
eral CAS, and 14 underwent bilateral TKA 
with one side performed using CAS. Basic 
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The purpose of this study was to examine the clinical outcomes associated 
with the Columbus primary total knee replacement (B. Braun Aesculap, Tut-
tlingen, Germany), correlate these outcomes with variables measured intra-
operatively with the OrthoPilot navigation system (B. Braun Aesculap), and 
explore the full potential of automating the process of intraoperative data col-
lection. Clinical and functional outcomes at 2.5 years were similar to results 
reported in previous studies. Correlations were seen between initial mechan-
ical axis deformity and postoperative range of motion as well as between 
fi nal mechanical axis alignment and the presence of fl exion contractures at 
later follow-up. It is now possible to potentially stratify particular segments of 
patients and develop specifi c intraoperative alignment targets that are most 
likely to yield positive clinical and functional outcomes. 
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demographic information was obtained 
for each patient (Table 1). For each TKA, 
we obtained weight-bearing, full-length 
anteroposterior (AP) and short fi lm lateral 
radiographs. The AP mechanical axis and 
sagittal femoral and tibial axis measure-
ments were recorded, both intraoperative-
ly using the navigation system and with 
standard 4-week (short-term) and 2-year 
(long-term) postoperative radiographs. In-
vestigational 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 align-
ment 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 phy-
sician blinded to intraoperative measure-
ments. 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 inde-
pendence, were evaluated according to the 
Knee Society scoring system. Six patients 
(all with unilateral TKA) were lost to fol-
low-up due to relocation, unwillingness to 
continue participation in the study, or lack 
of intraoperative measurements. These pa-

tients were excluded from the fi nal analy-
sis of the data.

We used the Aesculap OrthoPilot 
navigation system for computer-assisted 

Table 1

Demographics
Patients 51

Unilateral 
TKA (%) 51%

Age 
(y)

Age 
(range) 65.7 (48.0-

86.1)

Sex (% male) 31%
Dx (% OA) 100%

BMI 
Avg

BMI 
(range) 32.0 (22-

52)

Table 2

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

CAS Group

Mechanical Axisa

   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) 
aNavigation-generated intraoperative measurement.
bPain 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

Pain Scorea -20 50 31.25 15.69

ROM 
(in degrees)

-72 55 7.05 18.11

aPain score,  50 = no pain; 0 = maximum pain
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TKA and to generate navigation align-
ment measurements.

We used the ORUpload software sys-
tem (EcomGlobalMedical Research and 
Development Inc, San Antonio, Texas) to 
automate the transfer and integration of 
intraoperative data collected by the navi-
gation system to the postoperative data 
collection program.

A two-tailed bivariate Pearson corre-
lation was used to evaluate the strength 
of the association between pre- and post-
operative radiographic and navigation 
alignment measurements as well as the 
association of interobserver measure-
ments. An analysis was performed on 
pre and postoperative navigation-gener-
ated alignment measurements as well as 
clinical and functional outcomes.  Sig-
nifi cance 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, pa-

tients 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 indepen-
dence) 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 fl exion contractures of 0.31º ± 1.0 
(0º to 5º) (Table 2).  Compared with pre-
operative 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). 

Mean preoperative mechanical axis 
measurements were 9.28º as measured 
on standard long-standing weight-bear-
ing radiographs and 5.62º as measured 
by the navigation system while the pa-
tient was non-weight bearing and lying 
supine in the operating room. Mean 
postoperative mechanical axis mea-
surements 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 poste-
rior 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 pre- 
and postoperative alignment and clini-
cal and functional outcome measures 
of our study patient with the most no-

Table 4

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

Measurement
of Interest Mean Minimum Maximum SD

Mechanical 
Axis (Antero-
posterior) 
(Varus +)

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

Femoral Axis 
(Sagittal) 
(Flexion, +)

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

Tibial Axis
(Sagittal)
(Posterior
Slope, -)

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
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table preoperative limb deformities are 
presented in Figures 1 and 2.

An analysis of correlations between 

intraoperative navigation-generated 
variables and pre and postoperative (2 
to 4 years) outcome measures were no-

table for  (1) a statistically signifi cant 
association between increased preop-
erative 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 signifi cant 
association of increased preoperative 
fl exion contracture with the presence 
and magnitude of a fl exion contracture 
(r = 0.343, P = .035) at 2 to 4 years; 
(3) a statistically signifi cant association 
of increased postoperative mechani-
cal axis deviation and the presence and 
magnitude of fl exion contractures (r = 
0.653, P < .01) at 2 to 4 years, and (4) 
a statistically signifi cant association be-
tween increased posterior tibial slope 
cut and increased postoperative laxity 
(r = 0.317, P = .032).  An examination 
of additional correlations between intra-
operative 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 sta-
tistically signifi cant fi ndings.  

DISCUSSION
The majority of studies that have as-

sessed outcomes of CAS TKA have fo-
cused on alignment as the primary out-
come measure rather than clinical and 
functional outcomes.1-8 The alignment 
results reported in this study using the Co-
lumbus 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 func-
tional outcomes that are comparable with 
previous studies that have evaluated these 
outcome measures in TKA performed us-
ing 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 

Figure 1: Preoperative alignment and clinical and functional outcome measures of study patient with the 
most notable preoperative limb deformities.

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

1

2
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100), and 43.1 ± 12.5 (0 to 50), respec-
tively. 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 Func-
tional 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 pros-
thesis (Depuy, Johnson & Johnson, New 
Brunswick, NJ) and evaluated Knee, 
Functional, and Pain scores at 5-year fol-
low-up.12  He found postoperative Knee 
scores of 89.3 ± 12.1 (mean improve-
ment, 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 magni-
tude to those in our study. Matsumoto et 
al. used the Vector Vision (Depuy-Brain-
Lab, 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.  Av-
erage 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 fol-
low-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 So-
ciety scores are not permanent.16 Rather, 
declines were seen in clinical and func-
tional 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, reduc-
tions in pain,  and advances in mobility in 
continued follow-up.      

Relation of Intraoperative 
Variables to Postoperative Function

Intraoperative navigation allows the sur-
geon to correlate intraoperative limb and 
implant measurements to pre and postop-
erative outcome measures. To our knowl-
edge, there are no studies that have exam-
ined this type of relationship. There are, 
however, several studies that have investi-
gated the impact of demographic and base-
line functional data on postoperative out-
comes. 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 signifi cant relation-
ship between preoperative pain status and 
age, sex, or BMI.18  They did report how-
ever, that signifi cant preoperative pain was 
a positive predictor of postoperative pain. 
Konig et al. found a positive correlation be-
tween 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 statis-
tically signifi cant relationship between 
several key intraoperative and postopera-
tive variables. We discovered that patients 

with the most signifi cant 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 signifi cant initial deformities. 
We also found a signifi cant association 
between postoperative mechanical axis 
deviation and the magnitude of fl exion 
contractures at 2 to 4 years. In addition, 
the presence of a preoperative fl exion 
contracture was strongly associated with 
the continued presence of a fl exion con-
tracture postoperatively.  Increased poste-
rior tibial slope was also associated with 
greater total mediolateral laxity at the end 
of the procedure. These types of relation-
ships may help to identify the factors that 
will affect clinical outcomes most signifi -
cantly and may further help to identify the 
patients who would benefi t 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 intraopera-
tively 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 benefi cial in 
helping us understand the relationship 
between intraoperative variables, cuts, 
and alignment and pre and postoperative 
outcome measures. The automation pro-
cess 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 auto-
mated fi le algorithms to directories and 
datasets specifi c to the fi eld of research. 
The information can then be stratifi ed 
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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 up-
dated easily throughout the patient study 
timeline. The data is then available for 
immediate viewing, searching, and anal-
ysis.  The system also has the ability to 
store and incorporate radiographic stud-
ies and measurements into the data eval-
uation, allowing real time evaluation of 
associations between specifi c alignment 
measures and clinical and functional out-
comes.   For example, a need to compare 
the correlation of preoperative mechani-
cal 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 tech-
nologies and devices, software automa-
tion tools have the potential to close the 
gap between physician-led studies and 
surgical innovations by streamlining and 
simplifying the process of data collec-
tion and analysis.   

CONCLUSION  
At an average of 2.5 years of follow-

up, navigated TKA with the Columbus 
implant produced clinical and functional 
outcomes similar to those reported in 
previous studies.9-12,14,15 The collection 
of intraoperative data through use of a 
navigation system allows for the estab-
lishment of a long-term database where 
one can easily analyze the relationship 
between intraoperative variables and pre 
and postoperative clinical and functional 
outcomes. Automation streamlines the 

data analysis process by electronically 
capturing intraoperative navigation-gen-
erated data and transforming it into a 
format that can be easily analyzed in re-
lation to patient demographic variables, 
alignment measurements, and clinical 
and functional outcome measures. We 
are now able to stratify groups of pa-
tients, such as those with large initial 
deformities or fl exion contractures, and 
develop intraoperative alignment targets 
most likely to yield positive clinical and 
patient-perceived functional outcomes. 

REFERENCES
1.  Bathis H, Perlick L, Tingart M, Luring C, 

Zurakowski D, Grifka J. Alignment in total 
knee arthroplasty. A comparison of com-
puter-assisted surgery with the conven-
tional technique. J Bone Joint Surg Br. Jul 
2004;86(5):682-687.

2.  Chauhan SK, Scott RG, Breidahl W, Beaver 
RJ. Computer-assisted knee arthroplasty 
versus a conventional jig-based technique. 
A randomised, prospective trial. J Bone 
Joint Surg Br. Apr 2004;86(3):372-377.

3.  Chin PL, Yang KY, Yeo SJ, Lo NN. Random-
ized control trial comparing radiographic 
total knee arthroplasty implant placement 
using computer navigation versus con-
ventional technique. J Arthroplasty. Aug 
2005;20(5):618-626.

4.  Decking R, Markmann Y, Fuchs J, Puhl W, 
Scharf HP. Leg axis after computer-navi-
gated total knee arthroplasty: a prospective 
randomized trial comparing computer-nav-
igated and manual implantation. J Arthro-
plasty. Apr 2005;20(3):282-288.

5.  Haaker RG, Stockheim M, Kamp M, Proff 
G, Breitenfelder J, Ottersbach A. Com-
puter-assisted navigation increases preci-
sion of component placement in total knee 
arthroplasty. Clin Orthop Relat Res. Apr 
2005(433):152-159.

6.  Jenny JY, Boeri C. Computer-assisted im-
plantation of a total knee arthroplasty: 
a case-controlled study in comparison 
with classical instrumentation. Rev Chir 
Orthop Reparatrice Appar Mot. Nov 
2001;87(7):645-652.

7.  Sparmann M, Wolke B, Czupalla H, Banzer 
D, Zink A. Positioning of total knee arthro-

plasty with and without navigation support. 
A prospective, randomised study. J Bone 
Joint Surg Br. Aug 2003;85(6):830-835.

8.  Stockl B, Nogler M, Rosiek R, Fischer M, 
Krismer M, Kessler O. Navigation im-
proves accuracy of rotational alignment in 
total knee arthroplasty. Clin Orthop Relat 
Res. Sep 2004(426):180-186.

9.  Kane RL, Saleh KJ, Wilt TJ, Bershadsky 
B. The functional outcomes of total knee 
arthroplasty. J Bone Joint Surg Am. Aug 
2005;87(8):1719-1724.

10. Spencer JM, Chauhan SK, Sloan K, Taylor 
A, Beaver RJ. Computer navigation versus 
conventional total knee replacement: no dif-
ference in functional results at two years. J 
Bone Joint Surg Br. Apr 2007;89(4):477-
480.

11. Molfetta L, Caldo D. Computer naviga-
tion versus conventional implantation for 
varus knee total arthroplasty: a case-con-
trol study at 5 years follow-up. Knee. Mar 
2008;15(2):75-79.

12. Clayton RA, Amin AK, Gaston MS, Brenkel 
IJ. Five-year results of the Sigma total knee 
arthroplasty. Knee. Oct 2006;13(5):359-364.

13. Matsumoto TT, N; Kurosaka, M; Muratsu, 
H; Yoshiya, S; Kuroda, R. Clinical Values 
in Computer-Assisted Total Knee Arthro-
plasty. Orthopedics. 2006;29(12).

14. Laskin RS, Davis J. Total knee replacement 
using the Genesis II prosthesis: a 5-year 
follow up study of the fi rst 100 consecutive 
cases. Knee. Jun 2005;12(3):163-167.

15. Kim YH, Kim JS, Yoon SH. Alignment and 
orientation of the components in total knee 
replacement with and without navigation sup-
port: a prospective, randomised study. J Bone 
Joint Surg Br. Apr 2007;89(4):471-476.

16. Benjamin J, Johnson R, Porter S. Knee 
scores change with length of follow-up af-
ter total knee arthroplasty. J Arthroplasty. 
Oct 2003;18(7):867-871.

17. Stickles B, Phillips L, Brox WT, Owens B, 
Lanzer WL. Defi ning the relationship be-
tween obesity and total joint arthroplasty. 
Obes Res. Mar 2001;9(3):219-223.

18. Jones RE, Skedros JG, Chan AJ, Beau-
champ DH, Harkins PC. Total knee ar-
throplasty using the S-ROM mobile-bear-
ing hinge prosthesis. J Arthroplasty. Apr 
2001;16(3):279-287.

19. Konig A, Kirschner S, Walther M, Eisert M, 
Eulert J. Hybrid total knee arthroplasty. Arch 
Orthop Trauma Surg. 1998;118(1-2):66-69.

ORTHOs1008Stulberg.indd   56 8/26/2008   2:38:38 PM



OCTOBER 2008 | Volume 31 • Number 10/SUPPLEMENT 57

■  Feature Article

abstract

The accuracy of implantation is an ac-
cepted prognostic factor for the long-
term 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 con-
ventional, 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 Ortho-
Pilot 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 pros-
thesis (UKP) implantation, without any 
extramedullary or intramedullary guiding 
device, suitable for both conventional and 
minimally invasive approaches. We hypoth-
esized 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 mini-
mally 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 im-
plantation with conventional nonnavigated 
instrumentation: conventional open navi-

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 de-
scribed more extensively elsewhere.3 After 
a medial parapatellar approach, typically 18 
cm in length, the tibial resection guide was 
fi xed 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 proxi-
mal point of the intercondylar notch, and an 
intramedullary rod was fi xed in the femoral 
canal, representing the femoral coronal and 
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sagittal anatomical axes. A distal femoral 
resection guide was fi xed on this rod with a 
coronal orientation defi ned on preoperative 
long leg radiographs according to the angle 
between the mechanical axis and the anatom-
ic axis of the femur, and distal femoral resec-
tions 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 intra-

operative nonimage-based one (OrthoPilot; 
B. Braun Aesculap, Tuttlingen, Germany).6 
After a medial parapatellar approach, typi-
cally 18 cm in length, two infrared localiz-
ers 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 mo-
tion 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 defi ned the respec-
tive 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 fi xed on tibial or femo-
ral resection blocks, and the software dis-
played in real time the orientation of these 
blocks compared with the mechanical leg 
axes. The surgeon can fi x the block with the 
desired orientation before performing the 
bony resection with a classical motorized 
saw blade. The trial implants were tested, 
and the defi nitive 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 
modifi ed to allow their placement through 
an 8-cm skin incision. However, the software 
had to be modifi ed because the minimally 
invasive approach did not allow the direct 
palpation of the lateral femorotibial joint. The 
position of the lateral articular points was 

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 ba-
sically the same as for the minimally inva-
sive experimental navigated technique. The 
procedure begins with a quadriceps-spar-
ing medial arthrotomy, typically 6 cm in 
length. Kinematic registration is performed 
as usual. Anatomic registration is limited to 
the medial femorotibial joint. The tibial re-
section guide is oriented using a hands-free 
technique. A navigated bow is fi xed with two 
bicortical screws on the distal femur and ori-
ented along the knee fl exion-extension axis. 
On this bow, the distal and posterior resec-
tion guides are fi xed and oriented according 
to the navigation system but not fi xed direct-
ly 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 in-
vestigators’ 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 mini-
mally 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 im-
planted as follows: coronal femorotibial 
mechanical angle of 0º to 5º of remaining 
varus deformation, coronal orientation of 
the femoral component of 90º ± 2º com-
pared with the coronal femoral mechani-
cal axis, sagittal orientation of the femoral 
component of 90º ± 2º (Search) or 80º ± 2º 

(Univation) compared with the distal ante-
rior 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 under-
went a complete radiologic examination in 
the fi rst 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 ran-
domly selected and compared. The fol-
lowing 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 me-
chanical femoral axis (normal = 90°, varus 
deformation was described with an angle 
< 90°); sagittal orientation of the femoral 
component compared with the distal ante-
rior femoral cortex (normal = 90°, fl exion 
deformation was described with an angle 
< 90°); coronal orientation of the tibial 
component compared with the mechanical 
tibial axis (normal = 90°, varus deforma-
tion was described with an angle < 90°); 
and sagittal orientation of the tibial compo-
nent compared with the proximal posterior 
tibial cortex (normal = 90°, fl exion defor-
mation was described with angle < 90°).

Individual analysis was performed 
as follows: one point was given for each 
fulfi lled item, giving a maximal accu-
racy note of 5 points. The accuracy note 
was compared among all groups with an 
ANOVA test with post-hoc Bonferrini-
Dunn correction. Prosthesis implantation 
was considered satisfactory when the ac-
curacy note was 5 (all fulfi lled items); the 
rate of satisfactory implanted prostheses 
was compared in all groups with a chi-
square test. Mean angular values in all 
groups were compared for each criterion 
with an ANOVA test with post-hoc Bon-
ferrini-Dunn correction; the sagittal ori-
entation of the femoral component of the 
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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 statisti-
cal tests were performed with a .05 limit 
of signifi cance. 

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 preop-
erative functional KSS was 61 points (SD, 
12). Mean preoperative coronal femoro-
tibial 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 signifi cant differ-
ences in any preoperative parameter among 
all groups.

Radiographic results at the early fol-
low-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 an-
gle 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 fulfi lled item was 20/30 in group A, 
25/30 in group B, 22/30 in group C, and 

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 fulfi lled 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 fulfi lled 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) 

Table 1 

Radiographic Resultsa

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

Global accuracy note

Coronal femorotibial mechanical angle
0.9
7
-6
4

1.5
5
-4
2.2

1.3
8
-8
2.1

2.6
6
-3
2.7

Coronal orientation of the femoral component
88
95
82
2.9

89.1
92
85
1.4

91.1
100
76
5

88
93
86
3

Sagittal orientation of the femoral component
89.3
97
78
2.8

89.6
92
86
1.6

87.6
96
78
3.5

81.6
87
74
4.2

Coronal orientation of the tibial component
88.2
96
79
2.6

89.1
92
86
1.4

91.1
94
83
5

87.8
94
85
2.7

Sagittal orientation of the tibial component 86.4
96
82
3.2

89.6
93
86
1.3

87.6
92
84
3.5

87.8
92
86
2.9

aRadiographic results in degrees (mean, maximum, minimum, SD).
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in group C, and 87.8º (SD, 2.7) in group D 
(NS). The rate of fulfi lled 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 fulfi lled 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 signifi -
cant 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 signifi cant.

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 

including lack of precision of the radio-
logic measurement technique, lack of rigid 
fi xation 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 modifi cation of 
the reference software should not introduce 
other causes of errors.

UKR is a valuable alternative to high 
tibial osteotomy13 or TKR for the treat-
ment 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 instru-
mentation 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 tech-
niques, which were expected to implant the 
prosthesis in the same position, whatever 
this position should be. Most instrumen-
tation offers imprecise guiding systems 
depends primarily on the surgeon’s skill.16 
Even intramedullary guiding systems do 
not offer reproducible optimal implanta-
tion technique.3

The conventional navigated instrumen-
tation used in this study is similar to that 
used for TKR implantation. It has been 
shown to allow achieving a signifi cantly 
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 naviga-
tion 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 al-
lows performing the entire procedure 
through a shorter skin incision. Our fi rst 
experience is interesting. All procedures 
succeeded with a 5- to 10-cm skin incision. 
We observed a trend toward decreased ac-
curacy of implantation of the prosthesis 
with the experimental minimally invasive 
navigated technique (group C). The calcu-
lation 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 tech-
nique (group B).

We did not yet study the infl uence of 
the minimally invasive approach on reha-

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

aRadiographic results in number of prostheses in the desired angular range.
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bilitation time. This point has already been 
investigated, and minimally invasive pro-
cedures 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 benefi t 
of a minimally invasive implantation.

CONCLUSION
Navigated implantation of a UKR with 

the nonimage-based system used allowed 
improvement of the accuracy of the radio-
logic implantation without signifi cant in-
convenience and with little change in the 
conventional operative technique. Mini-
mally invasive implantation was effective, 
but the accuracy may not reach that of the 
conventional navigated technique. Mini-
mally invasive techniques have to be vali-
dated, because a loss of accuracy will nega-
tively infl uence long-term outcomes.

REFERENCES
 1. Cartier P, Sanouillier JL, Grelsamer RP. Uni-

compartmental knee arthroplasty surgery. 
10-year minimum follow-up period. J Ar-

throplasty. 1996;11 (7):782-788.

 2. Tabor OB Jr, Tabor OB. Unicompartmental 
arthroplasty: a long-term follow-up study. 
J Arthroplasty. 1998;13 (4):373-379.

 3. Jenny JY, Boeri C. Accuracy of implantation 
of a unicompartmental total knee arthroplasty 
with 2 different instrumentations: a case-con-
trolled comparative study. J Arthroplasty. 
2002;17(8):1016-1620.

 4. Victor J, Hoste D. Image-based computer-
assisted total knee arthroplasty leads to 
lower variability in coronal alignment. 
Clin Orthop Relat Res. 2004;(428):131-
139.

 5. Saragaglia D, Picard F, Chaussard C, Mont-
barbon E, Leitner F, Cinquin P. Mise en 
place des prothèses totales du genou as-
sistée par ordinateur: comparaison avec la 
technique conventionnelle. Rev Chir Orthop. 
2001;87(1):18-28.

 6. Jenny JY, Boeri C. Unicompartmental knee 
prosthesis implantation with a non-im-
age-based navigation system: rationale, 
technique, case-control comparative study 
with a conventional instrumented implanta-
tion. Knee Surg Sports Traumatol Arthrosc. 
2003;11(1):40-45.

 7. Jenny JY, Ciobanu E, Boeri C. The rationale 
for navigated minimally invasive unicom-
partmental knee replacement. Clin Orthop 
Relat Res. 2007;463:58-62.

 8. Ahlback S. Osteoarthrosis of the knee. A 
radiographic investigation. Acta Radiol Di-
agn (Stockh). 1968; suppl.277; 1-72.

 9. Jeffery RS, Morris RW, Denham RA. Coro-
nal alignment after total knee replacement. 
J Bone Joint Surg Br. 1991;73(5):709-714.

 10. Jenny JY, Boeri C. Implantation d’une 
prothèse totale de genou assistée par ordi-
nateur. Etude comparative cas-témoin avec 
une instrumentation traditionnelle. Rev Chir 
Orthop. 2001;87(7):645-652.

 11. Delp SL, Stulberg SD, Davies B, Picard 
F, Leitner F. Computer assisted knee re-
placement. Clin Orthop Relat Res.1998;
(354):49-56.

 12. Plaskos C, Hodgson AJ, Inkpen K, Mc-
GRaw RW. Bone cutting errors in to-
tal knee arthroplasty. J Arthroplasty. 
2002;17(6):698-705.

 13. Schai PA, Suh JT, Thornhill TS, Scott RD. 
Unicompartmental knee arthroplasty in 
middle-aged patients: a 2- to 6-year 
follow-up evaluation. J Arthroplasty. 1998;13 
(4):365-372.

 14. Newman JH, Ackroyd CE, Shah NA. 
Unicompartmental or total knee replace-
ment? Five-year results of a prospective, 
randomized trial of 102 osteoarthritic knees 
with unicompartmental arthritis. J Bone Joint 
Surg Br. 1998;80(5):862-865.

 15. Bert JM. 10-year survivorship of metal-
backed, unicompartmental arthroplasty. 
J Arthroplasty. 1998;13 (8):901-905.

 16. Argenson JN, Chevrol-Benkeddache Y, Au-
baniac JM. Modern unicompartmental knee 
arthroplasty with cement: a three to ten-
year follow-up study. J Bone Joint Surg Am. 
2002;84(12):2235-2239.

 17. Price AJ, Webb J, Topf H, Dodd CA, Good-
fellow JW, Murray DW. Rapid recovery 
after Oxford unicompartmental arthroplasty 
through a short incision. J Arthroplasty. 
2001;16(8):970-976.

ORTHOs1800Jenny.indd   61 8/26/2008   2:16:01 PM



62 ORTHOPEDICS | www.ORTHOSuperSite.com 

■ Feature Article

abstract

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

Patellofemoral 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 tech-
nique and implant design, complications 
involving patellofemoral joint after TKA 
continue to be the primary cause of pain 
and the most often cited reason for revi-
sion TKA surgery.1,3,4 Many factors have 
been implicated as causes of patellofemo-
ral complications after  TKA, including 

preoperative patellar tilt, component de-
sign, 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-fl exion 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 Janu-

ary 2007, 46 total knee arthroplasty 
(TKA) procedures were performed in 
34 patients by a single surgeon (Y.W.M) 
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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 in-
cluded 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 (patel-
lofemoral congruence angle >16º) (P = .193) in preoperative radiographs 
showed no signifi cant differences between the two groups. In postoperative 
fi ndings, 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 
signifi cant difference between two groups (P = .089). In conclusion, there 
was no statistically signifi cant difference in patellofemoral congruence be-
tween 2 groups.
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with gap technique using the naviga-
tion system. Patients included two men 
(2 knees), and mean age was 66.9 years 
(range, 51-80). The preoperative di-
agnosis 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 Aes-
culap) 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 cruci-
ate ligaments were preserved or sacrifi ced 

based on the component used. The medial 
meniscus and the osteophytes were re-
moved. 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 fem-
oral tracker, mounted to a screw. A screw 
(1 pin) was fi xed 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 identi-
fi ed, and its coordinates were put into the 
computer by using the pointer specifi c to 
the navigation system used. After these 
localizations, the tibial mechanical axis 
was determined by a line joining the cen-
ter 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 car-
ried 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 neces-
sary at this stage. 

Proximal tibial cutting was carried 
out fi rst at a plane perpendicular to the 
mechanical axis in the tibia. A laminar 

spreader, which could adjust the medial 
and lateral compartments separately, was 
inserted to identify the adequate collateral 
tension in extension and 90º of fl exion po-
sition. These coordinates were recorded, 
and the femoral cutting block was oriented 
accordingly to achieve equal  extension and 
fl exion 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 intraop-
eratively after implantation by towel clip 
method. None of the cases showed sub-
luxation or maltracking, and thus the lat-
eral 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 intraop-
eratively is shown on Table 2. 

Because the patella was not resurfaced in 
any case, the postoperative patellofemoral 

Figure 1: Surgical technique resects the proximal tibial surface perpen-
dicular to the mechanical axis of the tibia and resects the posterior con-
dyles to create a rectangular fl exion space.

1
Figure 2: For rectangular fl exion gap, various degrees of external rotation (0º-6º) of 
the femoral component were adopted relative to the posterior condylar axis.

2
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congruence angle could be measured. 
Patellofemoral congruence angles in 
this study were measured by Merchant’s 
view at a fi xed angle of 45º in fl exed knee 
in the fl exed knee position in pre- and 
postoperative radiographs (Figure 3). Any 
congruence angle greater than +16º was 
defi ned as abnormal. The angles measured 
were evaluated by an observer who was 
blinded to the surgical technique.

For comparing pre- and postopera-
tive 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 signifi cant. 
Analysis of the data was performed using  
SAS, version 9.1 (Cary, North Carolina).

RESULTS
The mean preoperative patellofemo-

ral 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 sig-
nifi cance (P = .089) (Figure 4).

The percentages of abnormal preop-
erative 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 sig-
nifi cant differences between the two groups. 
Moreover, the percentage of abnormal post-
operative values in each group (66.7% and 
41.7%, respectively) showed no statistically 
signifi cant difference between the 2 groups 
(P = .116) (Table 3).

DISCUSSION
The stability of the patellofemoral 

joint is directly affected by several fac-
tors, including preoperative patellar tilt; 
prosthetic component positioning and re-
sultant limb alignment; preparation of the 
patella; prosthetic design; soft tissue bal-
ance; and surgical approach.3,9,10

The rotational alignment of the femoral 
and tibial components is one of the most 
important factors infl uencing patellofem-
oral stability because malrotation is one of 
the most common causes of patellofemo-
ral 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 

arthrofi brosis. Specifi cally for the femoral 
component, malrotation may lead to pa-
tellar 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-

Table 1

Patient Demographic Data

Group 1 Group 2

Number of patients: 15 31

Age

Mean ± SD 69.73 ± 4.95 65.52 ± 6.96

Range 63-80 51-79

Female (%) 100 93.5

Preoperative (KSS):

Knee score

Mean ± SD 50.27 ± 12.03 47.19 ± 12.95

Range 28-63 28-74

Functional score

Mean ± SD 48.33 ± 12.77 47.97 ± 14.24

Range 30-70 10-80

Preoperative (range, 0-145)

Flexion contracture

Mean ± SD 9.33 ± 6.23 9.68 ± 6.82

Range 0-20 0-25

Further fl exion

Mean ± SD 131 ± 17.44 134.19 ± 11.04

Range 90-140 90-145

Diagnosis

Osteoarthritis 15 29

Osteonecrosis 0 2

Others 0 0

Mean alignment 
deviationa

Mean ± SD 12.47 ± 4.02 10.52 ± 4.46

Range 5-21 5-20

Type of implant

E.motion PS 3 7

E.motion FP 4 15

E.motion UC 8 9

aAll cases were varus deformity.
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ance, and minimized patellofemoral shear 
forces early in fl exion.10,14,17 Thus, most total 
knee instrument systems in varus or normal 
alignment have adopted 3º of external rota-
tion relative to the posterior condylar axis to 
compensate for the nonparallel fl exion 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 be-
cause the tibial articular plane is in ap-
proximately 3º varus from the tibia shaft 
axis in normal knees. Insall was the fi rst 
to describe externally rotating the an-
terior and posterior femoral resections 
to correct limb alignment. Rhoads et al2 
and Anouchi et al11  showed, in studies 
using anatomic specimen knees, that ex-
ternal rotation of the femoral component 
makes the patellar tracking close to that 
of the physiologic knee and signifi cantly 
improves patellar tracking and reduces 
patellofemoral complications after TKA. 
Laskin18 has introduced the clinical study 
that the mean degree of external rota-
tion of the posterior femoral resections 
required to form a rectangular fl exion 
space was 3º to 5º relative to the posterior 
condylar axis.

In 1998, Berger et al4 analyzed the 
rotational alignment of TKA components 

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 

rotation parallel to the epicondylar axis 
resulted in the most normal patellar 
tracking and minimized patellofemoral 
shear forces early in fl exion.

Several reports16,19,20 suggest that the 
transepicondylar axis most consistently 
recreates a balanced fl exion 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 identifi ed 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 ex-
ternal rotation of the femoral component 
were adopted to achieve rectangular fl ex-
ion gap from 0º to 6º relative to the pos-
terior condylar line. There is a tendency 
for the femoral component to be placed 
in an internally rotated position in varus 

Table 2

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

Femoral external rotation Group 1 Group 2

0º 8

1º 7

2º

3º 6

4º 9

5º 12

6º 4

Number of cases 15 31

Figure 3: Patellofemoral congruence angle. Find 
the highest point of the medial (B) and lateral (C) 
condyles and the lowest point of the intercon-
dylar 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. 

3
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knees.7,23 By medial release, and to make 
rectangular fl exion gap simultaneously, 
the femoral component tends to rotate 
internally by 0º or 1º. Researchers were 
curious about whether differences in ex-
ternal 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 signif-
icant differences between the two groups. 

Managing the ideal axial alignment 
and correct balancing at the same time are 
the most diffi cult aspects of TKA and are 
primarily dependent on the skill and ex-
perience 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 ac-
curate 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 accu-
rate bone cut level and orientation. New 

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 actu-
ally measure the fl exion-extension gaps.8

There are several limitations to this 
study. First, the patellofemoral congru-
ence evaluated was based on radiographic 
measurement on Merchant view at a fi xed 
angle of 45º in the fl exed knee. The sensi-
tivity 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 ac-
curate method of determining alignment 
measurements and of assessing compo-

nent positioning.4,24 Also, the radiographic 
measurement on Merchant view at a fi xed 
angle of 45º in the fl exed knee does not 
refl ect patellofemoral congruence at all 
ranges of motion of the patellofemoral 
joint. Second, although there are several 
landmarks to determine the femoral com-
ponent rotation that can be used intraop-
eratively to ensure correct rotational align-
ment in TKA,12,25,26 debate still remains. 
Olcott and Scott17 found that fl exion space 
symmetry within 3º of that desired was 
created with 90% of cases using the tran-
sepicondylar axis, 83% using anterior-
posterior axis of Whiteside, and 70% us-
ing a posterior condylar reference, 
showing that the posterior condylar line is 

Table 3

Percentage of Abnormal Values in the Patellofemoral Congruence Angle

Congruency Angle
Group 1
(n = 15)

Group 2
(n = 31)

Preoperative No. of normal 11 29

No. of 
abnormal

4 2

Percentage of 
abnormal

26.7% 6.5%

Postopoperative No. of normal 5 20

No. of 
abnormal

10 11

Percentage of 
abnormal

66.7% 41.9%

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).
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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 con-
dylar 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 rota-
tion. This may be the reason for the ab-
sence of statistical signifi cance in our re-
sults. Fourth, one of the drawbacks of the 
navigation system is the surgeon’s factor 
because registration is dependent on the 
visually identifi ed anatomic landmarks. 
This leads to errors in the initial mechani-
cal 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 wheth-
er the various degrees of external rotation 
(0º-6º) determined by the navigation sys-
tem affects the patellofemoral congruency 
and whether the navigation system has a 
positive effect on determining optimal ro-
tational alignment of the femoral compo-
nent in TKA. 
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abstract

High tibial osteotomy (HTO) is an 
established operative procedure 
for correction of varus deformity 

in patients with unicompartmental osteo-
arthritis.1,2 Medial open-wedge HTO with 
interposition of bone grafts or hydroxyapa-
tite wedges has been reported.3,4 It has be-
come popular recently because it does not 
introduce peroneal nerve problems, as well 
as the simplicity of the procedure, shorter 
surgical time, more precise correction, en-
hancement of bone stock, and avoidance of 
changes in the proximal morphologic char-
acteristics of the tibia.3,5,6 In addition, con-
comitant anterior cruciate ligament (ACL) 
reconstruction may be easier with the me-
dial 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 

HTO.5,8 Furthermore, an unintended in-
crease in posterior tibial slope can infl u-
ence knee kinematics, stability,9 and tibio-
femoral contact pressure10 and potentially 
cause knee pain and loss of normal knee 
extension.11 Therefore, in open-wedge 
HTO, both coronal alignment and sagit-
tal alignment should be given close atten-
tion. 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 ob-
tained from 3D navigation in open-wedge 
HTO by comparing it with that evaluated 
with computed tomography (CT). In addi-
tion, the open-wedge  angle along the an-
teromedial 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 16-
detector CT scanner (Light Speed Ultra 
16, GE Healthcare, Milwaukee, Wiscon-
sin). The cadaveric knee was then con-
nected with a skeleton model that included 
the pelvic, hip, and ankle joints by using 
an orthodontic resin so that navigation-as-
sisted open-wedge HTO was simulated. 
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An unintended increase in the posterior tibial slope after open-wedge 
high tibial osteotomy (HTO) can infl uence knee kinematics and stabil-
ity. 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 ana-
tomic tibial slope in open-wedge HTO.
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Procedures of Open-wedge
High Tibial Osteotomy Using 3D Navigation 

A kinematics-based image-free naviga-
tion system (OrthoPilot; B. Braun Aesculap, 
Tuttlingen, Germany) with HTO software 
version 1.4 (3D Open-wedge; B. Braun Aes-
culap) was used for all experiments (Figure 
1). The transmitter was fi xed on the distal 
femur and the distal tibia (tibial shaft) with 
a bicortical screw. To determine the me-
chanical leg axis, kinematic data including 
hip, ankle, and knee joints were registered. 
Anatomic landmarks, such as the medial 
epicondyle, lateral epicondyle, medial mal-
leolus, 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 
fi xed 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 registra-
tion was done, the mechanical leg axis was 
visualized continuously. The osteotomy be-
gan approximately 3 cm distal to the medial 
joint line at the medial cortex of the proxi-
mal 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 deter-
mined 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 open-
wedge angle along the anteromedial tibial 
cortex and the length of the anterior and pos-
terior opening gaps was measured in the post-
operative 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 open-
ing 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 open-
ing 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 femoro-

tibial mechanical axis obtained from the 
navigation system was corrected from 

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 signifi cant 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 fi xed to maintain the ana-
tomic tibial slope with a viewing naviga-
tion 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 statis-
tically signifi cant difference in change in 
posterior tibial slope between the naviga-
tion 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 open-
ing gap was 61% (range, 53% – 69%) of 
the posterior opening gap, and the open-
wedge angle was 4.6° ± 0.4° (range, 4.0°– 
5.1°) when the anatomic tibial slope was 
preserved using 3D navigation. 

Figure 2: A, Human cadaver knee with transmitters. B, Screen shot of the preoperative leg alignment.Figure 1: Experimental set up of the navigation-
assisted open-wedge high tibial osteotomy. 

1 2A 2B
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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 uni-
compartmental osteoarthritis is performed 
to correct varus deformity in the coronal 
plane, open-wedge HTO tends to increase 
posterior tibial slope in the sagittal plane si-
multaneously. 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 fi xator to treat ante-
rior knee pain and a fi xed fl exional deformi-
ty 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 defi -
ciency.12 Giffi n 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 un-
der axial loads. This fi nding suggests that 
increasing the tibial slope may be ben-
efi cial in reducing tibial sag in a PCL-

defi cient knee, whereas decreasing the 
slope may be protective in an ACL-defi -
cient knee. Therefore, during open-wedge 
HTO, both coronal alignment and sagittal 
leg alignment should be monitored. 

A navigation system has been used suc-
cessfully in open-wedge HTO, with the ad-
vantage of continuous real-time visualization 
of the limb alignment.13-16 However, previ-
ous navigation systems could only monitor 
coronal leg alignment. The new version 3D 
navigation systems are available for open-
wedge 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 infl uences the tibial slope (sag-
ittal plane) and valgus correction (coronal 
plane) during medial open-wedge oste-
otomy. 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 mil-
limeter of gap error at the tibial tubercle 
resulted in approximately 2° of change in 
the tibial slope. Their specifi c measure-
ments and calculations provide the surgeon 
with the ability to determine the appropri-
ate 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 

unintended increases in posterior tibial 
slope in open-wedge HTO using comput-
er-simulated 3D virtual surgery. The vir-
tual surgery demonstrated that the anterior 
opening gap should be 67% of the posterior 
opening gap to preserve the original poste-
rior slope. In addition, they performed navi-
gated 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 ante-
rior opening gap was 61% of the poste-
rior opening gap and open-wedge angle 

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

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

Figure 5: Measurement of the anterior and poste-
rior opening gaps and open-wedge angle on post-
operative 3D-CT. 

3A 3B 4
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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 os-
teotomy while preserving the anatomic 
tibial slope in open-wedge HTO. Results 
suggested that 3D navigation could pro-
vide surgeons with reliable information 
to maintain the anatomic tibial slope in 
open-wedge HTO.
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Table 1

Posterior Tibial Slope in Medial Open-wedge High Tibial Osteotomy

Table 2

Posterior Tibial Slope in Medial Open-wedge HTO

Navigation 
Data Computed Tomography Data

Specimen Increase Increase Preoperative Postoperative

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

Mean
± SD

0.2° ± 0.4°a 0.5°
 ± 0.7°

10.1° ± 1.7° 10.6° ± 2.2°

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

Length of the Opening Gaps

Specimen 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

Mean ± SD 5.5 ± 0.6 9.0 ± 1.1 0.61 ± 0.1 4.6 ± 0.4

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

Real-time Computer-assisted Notch 
Assessment in Anterior Cruciate 
Ligament Repair
BRUNO E. GERBER, MD; M. BHATTACHARYYA, MD

Graft impingement can cause graft 
elongation and failure (Fig-
ure 1) or movement restrictions 

through the growth of a cyclops lesion, 
or localized anterior fi brosis that limits 
extension.1 As long as the intact anterior 
cruciate ligament (ACL) occupies the 
notch, no signifi cant 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 in-
crease the size of the intercondylar 
notch routinely.3 This allows for greater 
isometry, especially when the graft fi xa-
tion is away from the joint line. Such 

notchplasties, however, produce addi-
tional intra-articular bleeding4 with risks 
for the cartilage and for arthrofi brosis. 
Notchplasty performed with a radiofre-
quency device reduces  hemarthrosis5 but 
impairs the vitality of the bone around 
the tunnel entries where the ingrowth of 
the graft is most important. Sound crite-
ria to identify cases that really require 
notchplasty and to avoid unnecessary 
procedures are therefore indispensable.

Intraoperative computer-assisted ref-
erencing of the tibial and femoral func-
tional geometry, including precise map-
ping of the intercondylar notch, allows 
real-time calculated balancing of the im-
pingement risks vs isometry for anatomi-

cal placement of the tibial tunnel in rela-
tion to an optimized femoral tunnel entry. 
Overstretching and lifting off the graft 
are avoided,6 and the biological graft 
fi xation can fi x the graft fl ush tightly 
with the joint line (Figure 2). This pro-
vides 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 navi-
gation-controlled tunnel placement us-
ing an image-free computer-assisted 
surgical navigation system (OrthoPilot; 
B. Braun Aesculap, Tuttlingen, Germa-
ny). 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 refer-
enced, followed by precise mapping of 
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Graft impingement can cause graft failure or movement restrictions. Intraopera-
tive 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 
fi xation with bone cylinders locks the graft fl ush 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 ob-
vious osteophyte restriction. A notchplasty was added two times after the fi rst 
referencing to obtain satisfactory isometry. At staged follow up to 18 months, we 
found no laxity, fl exion contracture with a mean fl exion 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 fl exible biological graft fi xation.
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the notch entry and the lateral notch 
wall in the area of the natural femo-
ral attachments of the anterior cruci-
ate 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 impingement-
free isometric graft positioning. 

Criterion used to determine whether 
to perform a notchplasty was 1) the 
intercondylar notch of the ACL defi-
cient knee was found walled up with a 
wide osteophyte or 2) no isometric im-
pingement-free point could be found 
while navigating the femoral tunnel en-
try. 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 dia-
mond reamers producing autologous 
bony locking bolts for biological graft 
fixation. Finally, the anteroposterior 
and rotational stability are reassessed 
with the navigation system and com-
pared with the instrumented preopera-
tive instability results. 

All patients had continuous pas-
sive 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 

less than 90° of flexion without any 
splinting but with partial weight bear-
ing. Free full weight bearing was al-
lowed after 6 weeks.

All patients were followed at 6 and 
12 weeks and 6 to 9 months after sur-
gery, then annually with x-rays.

21
Figure 1: Secondary graft rupture due to anisomet-
ric tunnel position with impingement.

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

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

3
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RESULTS
Of the 45 patients studied, 41 did not 

undergo notchplasty. In two cases, notch-
plasty was performed  immediately be-
cause of osteophyte restriction. In two 
other cases, notchplasty was added after 
the fi rst referencing to obtain satisfactory 
isometry. At 18 months’ follow up, no 

patients had laxity or fl exion contracture. 
Mean fl exion arc was 130°, and there was 
no tunnel widening.

DISCUSSION
For optimal stability, ACL reconstruc-

tion should have the tunnel apertures 
at the anatomic attachment area of the 

genuine cruciate as well as a free inter-
condylar notch to achieve good overall 
isometry and range of motion. For ana-
tomic 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. Expe-
rience 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 artifi cial ligaments, this limitation in 
manually placing the tunnel entries pre-
cisely can lead to overstressing the im-
planted structure and graft failure. With 
autografts, in many cases, such over-
stressing and rupture of the graft are 
avoided with a graft that gives way to a 
certain extent (like hamstrings) and by a 
more fl exible fi xation 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 diffi cult, and 
contributes to the risk of tunnel widen-
ing 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 

Figure 4: Locating central and lateral over-the-top position.

4

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

5
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drilled. The infl uence of a graft devia-
tion 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 evalu-
ated 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 arthrofi brosis. To prevent this compli-
cation by performing the notchplasty with 
radiofrequency devices jeopardizes the in-
growth 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 place-
ment 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 impinge-
ment 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 unnec-
essary 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 sta-
bility 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 fl exible biologi-
cal graft fi xation. 
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abstract

The accuracies of lower extremity 
alignment and implant position 
signifi cantly infl uence 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 ultrasound-
guided 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 infra-
red optical navigation system has been 
well popularized, and clinical results 
accumulated over 10 years confi rm its 

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 fi xed 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 fi xed to femur and tibia. Only 
the hip center was registered using the 
kinematic method, and the other anatomic 
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We evaluated the accuracy of navigation systems for measuring the mechani-
cal 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.

ORTHOs1008Song.indd   76 8/26/2008   3:02:35 PM



OCTOBER 2008 | Volume 31 • Number 10/SUPPLEMENT 77

INFRARED OPTICAL AND ELECTROMAGNETIC NAVIGATION | SONG ET AL

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; Pacifi c 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 fi eld. 
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.

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 defi ned 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. 

Intentionally Erroneous Identifi cation of 
Anatomic Landmarks 

Using the same bone model, anatomic 
landmarks were intentionally erroneously 
identifi ed 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 errone-
ous data were compared. This process was 
performed by one operator. 

Statistical Analysis 
The Mann-Whitney test was used 

Figure 1: Synthetic bone models. The hip, knee, 
and ankle joints are made of titanium, which has 
no effect on electromagnetic fi eld. The knee joint is 
constrained to not allow varus or valgus motion.

1

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. 

2

ORTHOs1008Song.indd   77 8/26/2008   2:16:41 PM



78 ORTHOPEDICS | www.ORTHOSuperSite.com 

■ Feature Article

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 

signifi cance (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 

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 signifi cant interobserver 
or intraobserver variance was detected. 
Pearson’s correlation coeffi cient ranged 
from 0.611 to 0.791 for interobserver 
variance and from 0.798 to 0.934 for 
intraobserver variance (P < .05). 

Change of Mechanical Axis After the 
Erroneous Identifi cation of Anatomic 
Landmarks 

With OrthoPilot, 0.2° valgus or varus 
changes of the mechanical axis were ob-
served 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 errone-
ous 10-mm medial or lateral registration 
from the center of the proximal tibia, Or-
thoPilot showed 1.24° valgus or 1.43° var-
us 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 signifi cantly affected and had 1.69° 
varus or 1.62° valgus changes. AxiEM 

Figure 3: Erroneous identifi cation of anatomic landmarks. A, Distal femur; B, proximal tibia; C, ankle. 

3

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

4
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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. 

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 identifi ed 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 signifi cance. 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%. 

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 intra-
observer 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 

several advantages such as a small 
tracker that can be fi xed 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, Bakersfi eld, 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 signifi cant distortion can 
occur by interaction with metal (most 
signifi cantly by 400 series stainless 
steel). Electromagnetic interference in the 

Table 1

Preoperative Mechanical Axes of TKA Patientsa

 Scanogram OrthoPilot AxiEM

MA(º) varus 9.45 ± 7.9 9.02 ± 5.18 10.25 ± 5.10

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

Table 2

Mechanical Axis of the Synthetic Bone Modela

 ORTHODOC(º) OrthoPilot(º) AxiEM(º)

A -1.3 ± 0.14 -1.4 ± 0.54 -1.9 ± 0.68
B -1.2 ± 0.16 -1.2 ± 0.47 -1.8 ± 0.64
C b -0.8 ± 0.83 -1.6 ± 0.86
D b -1.0 ± 0.54 -1.8 ± 0.83
Mean (SD) -1.25 ± 0.15 -1.10 ± 0.64 -1.78 ± 0.79

a- Indicates mechanical varus; bIt was not checked
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operating fi eld 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 fi ndings 
for identical experiments using the Treo-
EM 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. 

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 signifi cantly 
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 signifi cant 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 Ax-
iEM 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 signifi cant 
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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