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Abstract
Purpose Incorrect positioning of components during total knee arthroplasty (TKA) increases the risk of pain, instability, and
early revision. The purpose of this study was to compare 3D planning-assisted and a conventional system for TKA positioning.
We hypothesized that the use of three-dimensional CT-scan planning and custom cutting guides would increase the accuracy of
component positioning.
Methods A randomized, controlled, prospective study of two groups was performed. In one group, patient-specific custom cutting
guides (PSCG)were used for component positioning based on 3DCT-scan planning. In the control group, TKAwas performedwith
a conventional ancillary system. The components’ positioning angles were measured on 3D reconstructions. The main evaluation
criterion was the percentage of outliers outside of a target zone of ± 3° for the coronal positioning of the femoral component.
Results Eighty patients were included. The percentage of outliers for the femoral component was significantly lower in the 3D-
guided group (1 patient) compared to the control group (7 patients p = 0.02). The coronal femoral angle was restored with greater
accuracy in the 3D-assisted group (− 0.1° ± 1.4°) compared to the control group (1.6° ± 2.5°). Surgery was significantly shorter in
the 3D group. The clinical outcomes were better in the 3D group at the two year follow-up with fewer failures and a lower
standard deviation in IKS scores.
Conclusion The use of a 3D planning and custom guides can improve TKA component positioning by increasing the accuracy of
implants alignment and reducing the percentage of outliers. The same benefit was not demonstrated for the global knee alignment
and the clinical scores with no indisputable clinical advantage for the PSCG.
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Introduction

Malalignment after total knee arthroplasty (TKA) has been
shown to play a role in several complications including pain

and a higher rate of revision [1–3]. Conventional 2D
planning–based systems are still the most frequently used
techniques for component positioning. Although the average
reported rates of knee alignment are satisfactory, 8 to 46% of
patients may have an alignment that is outside the convention-
al − 3°/+ 3° range [4–6]. The mean accuracy (percentage of
patients within ± 3°) of component positioning in the literature
with conventional ancillary systems is 85% (77–96%) for the
femoral prosthesis and 96% (90–98%) for the tibial plateau [4,
5, 7–11] suggesting that the weak point of conventional ancil-
lary systems concerns the femoral component alignment. This
lack of accuracy can be critical because the mean rotation axis
may not be restored resulting in stiffness or pain.

Patient-specific custom guides (PSCG) have been devel-
oped to improve the accuracy and reproducibility of 3D-
component positioning. Results of these guides vary, with
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some studies showing no improvement in knee alignment [9].
However, PSCG designs and techniques differ, with some
using MRI and others CT, with poorer results for the MRI-
based guides [9, 12]. The bone segmentation used to generate
the 3D surface models plays a major role in the accuracy of
these techniques.

Although Franceschi et al. [13] recently showed that a spe-
cific PSCG associating tripod support and an anterior cortical
marker was highly reliable and accurate, there are no compar-
ative randomized controlled studies confirming the efficacy of
this system. The goal was to compare the accuracy of knee
reconstruction with 3D planning and with conventional 2D
planning–assisted TKA. We hypothesized that the use of pre-
operative 3D planning with CT-scan and this PSCG system
would increase the accuracy of knee reconstruction during
TKA.

Material and methods

Subjects

A prospective, randomized, controlled study was performed
from January 2012 to December 2014. The study protocol and
consent forms were approved by the local ethics committee.
The trial was registered at the ANSM registry with the BRC
identification number 2015-A01841-48. Consort guidelines
were added as additional material.

Criteria for inclusion in the study were patients who
underwent primary TKA by anteromedial approach with the
same surgeon using a cemented postero-stabilized prosthesis
(FIRST®, Symbios, Yverdon, Switzerland). Exclusion crite-
rion was revision knee surgery. Patients were randomized by
the clinical research department using a systematic sampling
method, including blocked randomization with a block size of
four. Two patients in each block were assigned to procedure-1
(2D planning with a conventional ancillary system) and two
were assigned to procedure-2 (CT-scan-based 3D planning
with PSCG) (Fig. 1). All patients provided informed consent
to participate in the study. The senior surgeon had more expe-
rience with the conventional technique. This study included
his learning curve with the 3D planning and the PSCG.

Three-dimensional pre-operative planning

CT-scan-based 3D planning and simulation surgery with
Knee-Plan® (Symbios, Switzerland) software [13] was per-
formed in each patient to analyze the 3D knee anatomy and to
plan component size and position.

The real 3D positions of the hip, knee, and ankle rotation
centers were determined to determine the mechanical axis of
the femur and the tibia. Spheres were used to identify the
centre of the femoral head (H). Then, the centre of the knee

(K) was considered to be the intersection between the
Blumensaat line and the Whitside line. Finally, the middle of
the talus dome was used as the centre of the ankle (A) (Fig. 2).

The knee rotation axis was determined by the line joining
the lateral epicondyle (El) to the medial epicondyle (Em), and
we used the surgical bi-epicondylar axis. In order to measure
the tibia rotation, the centres of the two tibial plateaus were
determined on the axial view passing 10 mm under the lateral
plateau, then the antero-posterior axis was defined as the or-
thogonal to the line joining these two centres. Two Cartesian
referentials were determined. First, the femoral frame was
defined as the plane passing through the femoral mechanical
axis (H-K) and parallel to the bi-epicondylar line (El-Em)
(Fig. 3). The tibial frame was defined as the plane passing
through the tibial mechanical axis (K-A) and orthogonal to
the line joining the centres of the pre-spinal and the retro-
spinal surfaces of the tibia (Fig. 4).

The guidelines for 3D planning included (1) a tibial cut
orthogonal to the tibial mechanical axis, (2) restoration of
tibial rotation and slope, (3) restoration of the average knee
rotation axis corresponding to the bi-epicondylar axis (El-Em)
on both the axial and coronal planes.

Afterward, a fine tuning for tibial plateau positioning was
performed during the 3D planning in order to avoid an
oversizing with a risk of soft tissue impingement, especially
on the postero-lateral side.

Component sizes and positions were determined to meet
requirements and to place them in the capsular envelope.
Components were controlled by 3D visualization to avoid
oversizing and anterior femoral notching (Figs. 4 and 5). In
this purpose, the sagittal alignment of the femoral component
was adapted to minimize both of these two risks. This sagittal
alignment was a compromise between the notch risk induced
by a high femoral shield extension and a prosthesis-soft-tissue
impingement risk induced by a high femoral shield flexion.

PSCG associating a tripod support and an anterior cortical
marker was designed using the 3D-planning results and spe-
cific software (BoneSurfacer®, Symbios, SA). The 3D tibial
custom-made cutting blocks indicated the tibial rotation angle
and the tibial slope.

2D planning methodology

The conventional group did not undergo pre-operative CT
scan. Planning in the 2D group was based on full leg standing
radiographs. The centres of the femoral head (H), knee (K)
and the ankle (A) were determined on the X-rays. Cuts were
orthogonal to the mechanical axes. The angle between the
distal femoral anatomical axis and the femoral mechanical
axis was measured to guide the distal femoral cut during sur-
gery using the conventional ancillary system that included an
intramedullary guidance system for the femur and an extra-
medullary device for the tibia. The femoral component was
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implanted aligned with the bi-epicondylar axis. However, this
axis may be difficult to visualize at the time of surgery, espe-
cially in obese patients. In this case, the surgeon checked the
alignment using a device that gives a 3° external rotation ref-
erence relatively to the bicondylar plane.

Post-operative evaluation (Fig. 6)

All patients underwent post-operative low dose CT scan three
months after surgery to compare the final position to the
planned position of the implants.

Fig. 1 The CONSORT flow chart
of the study

Fig. 2 The real 3D position of the
hip (H) knee (K) and ankle (A)
rotation center were determined in
order to find the 3D femoral and
tibial mechanical axes



The following parameters were measured (Fig. 6): (1) α:
the coronal femoral mechanical angle corresponding to the
angle between the tangent to the distal condyles of the femoral
shield and the HK mechanical axis measured on the coronal
femoral plane; (2) β: the angle between the bi-epicondylar
axis and the bicondylar plane measured on the axial plane;
(3) γ: the sagittal tilt of the femoral component; (4) δ: the
tibial mechanical angle corresponding to the angle between
the tibial plateau and the KAmechanical axis measured on the
coronal tibial plane; (5) ε: the tibial component rotation angle
on the axial plane; (6) θ: the tibial slope.

To compare the planned components, position to the final
position, we matched pre-operative and post-operative CT
scans with KNEE-PLAN® software by aligning the bone
landmarks (Fig. 7). Excellent agreement has been reported
for the reproducibility of these angular measurements [13].

Full leg radiographs were performed at 3 months follow-up
in order to analyze the final HKA angles in all patients.

Evaluation criteria

The main evaluation criterion was the percentage of outliers
for coronal femoral component alignment who were outside
the − 3°/+ 3° range from the planned angular value. Secondary
evaluation criteria included:

1. Accuracy of restoration of component positioning angles
and 3D knee alignment.

2. The percentage of outliers for the components alignment
and HKA angle who were outside the − 3°/+ 3° range.

3. The operating time.
4. The clinical outcomes at two years of follow-up using the

International Knee Society score [14] (IKS).

One independent person not involved in the surgical pro-
cedures performed the radiographic measurements. He was
blinded to the intervention and not a part of the surgical team.

Fig. 4 A 3D planning of the tibial
component was performed. 3D
views were used in order to avoid
an oversizing especially of the
posterior part of the lateral
plateau. The tibial component
was aligned with the line joining
the centres of the pre-spinal and
retro-spinal surfaces of the tibia

Fig. 3 The 3D coordinates of the
medial and the lateral epicondyles
were determined in order to find
the mean knee flexion rotation
axis
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Statistical analysis

According to the literature [4, 5, 7, 8, 10, 15], the mean rate of
outliers for femoral component positioning is 15% (4 to 23%).
The sample size was 37 patients per group based on an ex-
pected percentage of outliers of 15% in the 2D group and 5%
in the 3D group with a power of 1-β = 0.80 and a type I error
rate of α = 0.05. Forty patients were included in each group to
take into account the risk of lost to follow-up patients.

The accuracy of both methods was analyzed by a two-
group pair comparison of the planned and post-operative po-
sitioning angles. Means and variances of the component po-
sitions obtained with 3D planning were compared to those

obtained with the conventional method. The accuracy of angle
restoration between the planned position and the final position
was expressed as the mean difference ± standard deviation.
The Pearson coefficient (r) was used to evaluate the correla-
tion between the planned and post-operative position angles.
We then determined the percentage of components outside the
target-zone (outliers ± 3° from the planned angular value) in
each group. The percentage of outliers was compared between
groups using a chi-square test. Statistical analysis was per-
formed with JMP software (version 11; SAS Institute)
(Table 3).

All the results were fully blinded in relation to the groups.
All patients were blinded to the randomization results.

Fig. 6 The following angles were
measured for the femoral
component positioning angles in
the coronal (α), sagittal (β), and
axial (γ) planes and for the tibial
component positioning angles in
the coronal (δ), sagittal (θ), and
axial planes (ε)
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Fig. 5 A 3D planning of the femoral component was performed. 3D views were used in order to avoid an oversizing especially of the posterior condyles



Results

Forty consecutive patients were included in each group (Fig.
1). There were no significant differences in the demographic
data between the two groups except for gender (Table 1).
Patients were a mean 67.7 ± 8.7 years old in the 3D group
and 68.9 ± 9.2 in the conventional group. The mean body
mass index was 29.7 ± 5.3 in the 3D group and 29.5 ± 4.5 in
the conventional group. Aetiologies in the 3D group were
primary osteoarthritis in 37 knees, rheumatoid polyarthritis
in two knees, and osteonecrosis in one knee and primary os-
teoarthritis in 38 knees and rheumatoid polyarthritis in two
knees in the conventional group. The mean pre-operative

HKA angle was 178.5° ± 8° and 179.3° ± 8.8° in the 3D and
conventional groups, respectively.

Main evaluation criteria

The percentage of outliers was significantly lower in the 3D
group than in the conventional group for the femoral coronal
angle α (1 vs 7 patients, p = 0.02) and the axial angle β (2 vs 8
patients, p = 0.04) (Table 3).

Accuracy of knee reconstruction

In the 3D-guided group, there was no significant difference
between the mean planned and post-operative femoral compo-
nent positioning angles on the coronal plane (α) (91° ± 1.4° vs
91° ± 1.7°, p = 0.8), axial plane (β) (89.8° ± 1.8° vs 90°, p =
0.5), or sagittal plane (γ) (94.4° ± 2.9° vs 95.3° ± 3.9°, p = 0.3),
and strong correlations between these two values were found
for both α (0.62, p = 0.0001) and β (0.62, p = 0.0001). On the
other hand, in the conventional group, the mean postoperative
femoral component coronal α angle was significantly higher
(91.6 ± 2.5°) than the mean planned values (90°, p < 0.0001).
Results are summarized in Tables 2 and 3.

The accuracy of restoration of the coronal femoral angle
(α) was significantly better in the 3D-guided group (− 0.1° ±
1.4) than in the conventional group (1.6° ± 2.5°, p < 0.0001).
The standard deviations of the femoral angles were signifi-
cantly lower in the 3D group than in the conventional group

Table 1 Demographics

Demographic 3D-based TKA Conventional TKA
Mean ± SD (95% CI) Mean ± SD (95% CI)

Age (years) 67.7 ± 8.7 (65.0–70.4) 68.9 ± 9.2 (66.0–71.8)

Sex

Male 7 16

Female 33 24

Side

Right 22 29

Left 18 11

BMI (kg/m2) 29.7 ± 5.3 (28.0–31.3) 29.5 ± 4.5 (28.0–30.9)

HKA angle (°) 178.5 ± 8 (176.0–181.0) 179.3 ± 8.8 (176.6–182.0)
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Fig. 7 A matching of the pre-operative (green) and the post-operative
(gray) CT-scan was performed by aligning anatomic landmarks of the
femur and the tibia. The positioning angular parameters were measured

in the same Cartesian referential. a Coronal reconstruction, b sagittal
reconstruction, c axial view



on both the coronal (p = 0.0007) and the axial planes (p =
0.01) (Fig. 8).

There was no significant difference between the mean
planned and post-operative tibial component positioning an-
gles in the 3D group. On the other hand, in the 2D group, the
final sagittal tibial angle θ was significantly higher (87.4° ±

2.8°) than the mean planned values (84.8° ± 2.8 °, p < 0.0004).
The tibial standard deviations were significantly lower in the
3D group than in the conventional group on both the coronal
(p = 0.04) and the sagittal planes (p = 0.01).

There was no significant difference between the mean
planned and postoperative HKA angles in either group.

Table 2 Deviation between the
planned and the final femoral and
tibial components angles: A
higher accuracy was found in the
3D-based group comparatively to
the 2D conventional group for the
coronal femoral component
alignment (α) and the sagittal
tibial alignment (θ). Significant
p values are in italics

3D based TKA 2D Conventional TKA
Mean ± SD (95% CI) Mean ± SD (95% CI)

Planned α angle (°) 91 ± 1.4 (90.5/91.4) 90.0

Final α (°) 91 ± 1.7 (90.3/91.4) 91.6 ± 2.5 (90.8/92.4)

Deviation (°) − 0.1 ± 1.4 (− 0.5/0.3) 1.6 ± 2.5 (0.8/2.4)

p 0.8 0.0001*

Planned β angle (°) 90.0 90.0

Final β (°) 89.8 ± 1.8 (89.2/90.4) 90.2 ± 2.4 (89.5/91)

Deviation (°) − 0.2 ± 1.8 (− 0.5/0.3) 0.3 ± 2.7 (− 0.5/1.2)
p 0.5 0.6

Planned γ angle (°) 94.4 ± 2.9 (93.6/95.4)

Final γ (°) 95.3 ± 3.9 (94.1/96.5) 93.2 ± 2.6 (92.4/94.0)

Deviation (°) 0.8 ± 3.1 (− 0.1/1.8)
p 0.3

Planned δ angle (°) 90.0 90.0

Final δ (°) 89.7 ± 1.6 (89.2/90.2) 89.5 ± 1.9 (88.9/90.1)

Deviation (°) − 0.1 ± 1.4 (− 0.5/0.4) − 0.5 ± 1.9 (− 1.1/0.1)
p 0.8 0.1

Planned ε angle (°) 12.0 ± 2.8 (11.1/12.9)

Final ε (°) 10.7 ± 3.5 (9.6/11.8) 6.8 ± 3.6 (5.7/7.9)

Deviation (°) − 1.1 ± 4.0 (− 2.3/ 0.1)
p 0.1

Planned θ angle (°) 85.7 ± 2 (85.1/86.4) 84.8 ± 2.4 (85.1/86.4)

Final θ (°) 85.4 ± 3.5 (84.3/86.5) 87.4 ± 2.8 (84/85.5)

Deviation (°) − 0.4 ± 2.7 (− 1.2/0.5) 2.2 ± 3.1 (1.2/3.1)

p 0.4 0.0004*

Planned HKA angle (°) 180.7 ± 1.3 (180.3/181.1) 180.0

Final HKA (°) 180.4 ± 2.2 (180.3/181.1) 180 ± 2.5 (− 179.2/180.8)
Deviation (°) − 0.3 ± 2 (− 0.8/0.8) 0 ± 2.5 (− 0.8/0.8)
p 0.5 1

Negative numbers mean that the mean final value was lower than the mean planned one

Table 3 The number of outliers
± 3° (from the planned values)
was significantly lower in the 3D
group with regard to the femoral
component coronal (α) and axial
alignment (β) angles, as well as
for the tibial sagittal alignment (θ)

Outliers out of ± 3° 3D-based TKA 2D conventional TKA p
Number (%) (range) Number (%) (range)

Femoral coronal alignment α angle 1 (2.5%) (− 4°/3°) 7 (17.5%) (− 4°/8°) 0.02*

Femoral axial alignment β angle 2 (5%) (− 4°/3°) 8 (20%) (− 4°/9°) 0.04*

Femoral sagittal alignment γ angle 8 (20%) (− 7°/8°) –

Tibial coronal alignment δ angle 0 (0%) (− 3°/3°) 2 (5%) (− 5°/5°) 0.15

Tibial axial alignment ε angle 11 (27.5%) (− 15°/5°) –

Tibial sagittal alignment θ angle 6 (15%) (− 4°/8°)
HKA angle 4 (10%) (− 4°/4°) 8 (20%) (− 6°/5°) 0.2

p values are in italics
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There was no significant difference in the percentage of HKA
outliers between the 3D group (four, 10%) and the conven-
tional group (eight, 20%, p = 0.2).

Operating time

The operating time was significantly shorter in the 3D group
(85.4 min ± 11.7) than in the conventional group (91 min ±
10.3, p = 0.03).

Clinical outcomes

At the two year follow-up, two patients had undergone revi-
sion TKA in the conventional group: one patient for early
femoral component loosening and one for TKAmalalignment
with 7° valgus associated with pain in the medial collateral
ligament. One patient in the conventional group underwent
knee manipulation under general anaesthesia for stiffness
45 days after surgery. There were no revisions and no manip-
ulations in the 3D group.

Although there was no significant difference in the IKS
score between the 3D group (191.5° ± 20°) and the conven-
tional group (184° ± 30.5°, p = 0.2) at the two year follow-up,
the standard deviation was significantly lower in the 3D group
(p = 0.01) (Fig. 9). At two years follow-up, there was no sig-
nificant difference in the mean Flexion between the 3D group
(122° ± 12°) and 2D group (118 ± 16°, p = 0.1).

Discussion

The main finding of this study was that our technique of 3D-
planning-assisted TKA was more accurate than conventional
2D-planning-assisted TKA for the coronal and axial position-
ing of the femoral shield and the sagittal placement of the
tibial component. This higher accuracy allowed a more accu-
rate restoration of the mean flexion-extension rotation axis

that is imposed by the femoral component position.
However, there was no significant difference in global HKA
coronal alignment, suggesting no indisputable clinical advan-
tage for the PSCG with regard to the lower limb alignment.

The percentage of outliers was significantly lower in the
3D group than in the conventional group for femoral compo-
nent positioning. Although there was no significant difference
in the percentage of HKA outliers between the two groups,
there was a tendency for less HKA outliers in the 3D group.
Based on an expected percentage of HKA outliers of 20% in
the 2D group and 10% in the 3D group, as we found, 195
patients would be needed in each group to determine a signif-
icant difference. A more powerful controlled study including
more patients is needed to investigate a theoretical improve-
ment in the outlier’s rate for global knee alignment.

Our results confirm certain previous studies that showed
that the PSCGwere more accurate than conventional ancillary
systems for the femoral components’ positioning. Positioning
of the femoral component was found to be more accurate with
PSCG in a study by De Vloo et al. [16] with less variability in
the accuracy of positioning for femoral flexion and tibial ro-
tation. In the meta-analysis by Thienpont et al. [15], the use of
a PSCG was shown to improve the accuracy of the femoral
component and global alignment although the rate of outliers
for the tibial component was increased.

Unlike some meta-analyses [15], most published studies
[4, 7–11] have failed to show any improvement in global knee
alignment with PSCG. However, most of them included small
cohorts. Furthermore, these studies did not adapt the parame-
ters of knee reconstruction to patient morphotypes. Indeed,
most PSCG are designed with standard guidelines including
orthogonal cuts and 3° of external axial rotation for the femur.
However, these goals may be impossible to achieve during
surgery because of ligament balancing. Moreover, very few
studies assessed the actual 3D component positions by CT-
scan and were only based on leg X-rays. Finally, the failure
rate of most MRI-based PSG was higher and 16 to 22% of
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Fig. 9 At 2 years follow-up, there was also no significant difference in the
IKS score between the 3D group (191.5° ± 20°) and the conventional
group (184° ± 30.5°, p = 0.2) However, the standard deviation was
significantly lower in the 3D group (p = 0.01)

Fig. 8 The accuracy for the coronal femoral angle (α) restoration was
significantly better in the 3D-guided group (− 0.1° ± 1.4°) comparatively
to the conventional group (1.6° ± 2.5°, p < 0.0003). The standard devia-
tions were also significantly lower in the 3D group comparatively to the
conventional group



procedures were abandoned, confirming the central role of the
technology used for bone segmentation [9, 12].

There was no significant difference in the mean IKS scores
between the two groups. Nevertheless, the clinical outcomes
at the two year follow-up were slightly better in the 3D group,
with a significantly lower standard deviation in IKS scores.
Furthermore, unlike the 3D group, two patients were revised
in the 2D group. However, this clinical improvement remains
questionable given the low number of patients and the lack of
statistical power, especially since this technique generates ad-
ditional costs.

Recently, Abane et al. [17] reported that the use of
PSCG improves neither the alignment nor the clinical out-
comes after TKA. Similar results were also found by Kosse
et al. [18]. Anderl et al. [19] found that 3D-component
positioning outliers were significantly lower in the PSI.
Interestingly, clinical outcome was comparable between
the two instrumentation groups, significantly inferior out-
come was detected in the subgroup of HKA outliers sug-
gesting that PSI helped in improving the outcomes follow-
ing TKA.

This study has some strong points. It is a controlled com-
parative randomized trial with blinded analysis of results.
None of the patients was lost to follow-up and 3D reconstruc-
tion was assessed in all patients.

Moreover, we matched the pre-operative and post-
operative CT scans, reducing the risk of measurement errors
related to knee position on X-rays.

Our paper also has certain limitations. In particular, all
patients were operated upon by the same surgeon. Thus, it
would be interesting to perform this study with different sur-
geons with different levels of expertise.

Another limitation was that no cases with severe bone de-
formity such as major intra-osseous deformity (Blount disease
or fracture sequela) were found in this study. It would be
interesting to perform a study to assess the value of the
PSCGs in these difficult cases.

3D-planning-based TKA reduced the surgical time by
5.7 min, results which have also been reported by other au-
thors [5, 15]. However, this is a minor reduction.

The 3D planning may help in adapting the implants’ posi-
tioning according to the knee morphotype. Indeed, many au-
thors suggested the use of a kinematical alignment in order to
improve the early clinical outcomes [20].

PSCG allowed a more accurate femoral component po-
sitioning. However, it is still unclear whether this accura-
cy may improve the long-term outcomes as suggested by
the long-term follow-up studies of navigated TKA that
failed to show clear clinical advantage for navigation de-
spite its higher alignment accuracy comparatively to con-
ventional techniques [21]. Other factors such as bone
quality and fixation mode should be included at the time
of the 3D planning.

Conclusion

The present technique of pre-operative CT-scan based 3D-
planning combined with specific PSCG can improve compo-
nent alignment in TKA by increasing the accuracy of compo-
nent positioning and reducing the percentage of outliers for
the femoral component. The same benefit was not found for
global knee alignment. Better clinical outcomes were identi-
fied in the 3D group at the two year follow-up with fewer
failures and a lower standard deviation for the IKS scores.
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