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Abstract

Introduction Correct femoral rotational alignment in total knee arthroplasty (TKA) is important for femoropatellar knee
kinematics as well as for the overall clinical success. The goal of the present study was to evaluate how accurately standard
instruments of various manufacturers with specific rotational settings in posterior referencing restore the posterior femoral
condylar anatomy and allow a rotational alignment which matches a particular anatomic rotational landmark on CT.
Methods The anatomical transepicondylar axis (aTEA) and the posterior condylar line (PCL) were identified and the angle
formed by these two axes was measured on 100 consecutive CT scans of knees. A virtual posterior condylar resection was
performed relative to the aTEA for femoral sizers of various manufacturers in different external rotations ranging from 3° to
7°. The resections of medial and lateral posterior condyle were calculated as well as the condylar twist angle (CTA) between
PCL and aTEA.

Results The posterior condylar resection varied between 9 mm and 14 mm on the medial side and between 4 mm and
10.5 mm on the lateral side. The mean CTA was 5.5° of internal rotation (SD + 1.9°). External femoral rotation resulted in
increased resection of the medial posterior condyle and decreased resection of the lateral posterior condyle.

Conclusion Femoral sizers using a posterior referencing technique increase, with rising external rotation, medial posterior
condylar resection to an extent that may exceed the implant thickness in the majority of systems. Surgeons should be aware
that current standard instruments do not restore the anatomy of the posterior medial and lateral condyle and do not align the
femoral component parallel to the aTEA, which may result in internal rotation of a symmetric femoral component.

Keywords TKA - Rotation - Posterior condylar referencing - Posterior condylar offset - TEA - Total knee replacement -
CTA - MCO - LCO
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Nina Wuertele total knee arthroplasty (TKA) has important implications on
nina.wuertele @arcor.de clinical performance and success. Femoral malrotation can
Malin Meier result in patellar maltracking, anterior knee pain, premature
malin.meier @icloud.com wear of the polyethylene, instability, stiffness, and altered
Jochen Huth patellofemoral and tibiofemoral kinematics and can, there-
jochen.huth@sportklinik-stuttgart.de fore, require revision for correction [1-8].

Wolfgang Fitz According to several authors, femoral rotation should
wfitz@partners.org be based on surgical landmarks, such as the transepicon-

dylar axis (TEA) [9], the anteroposterior trochlear axis
[10], and the posterior condylar line (PCL). Some authors
even recommend the evaluation of preoperative CT scans
[11, 12] to measure the angle between the anatomic tran-
sepicondylar axis (aTEA) and posterior condylar line

3 Harvard Medical School Brigham and Women’S Hospital, 75 (PCL), the so-called condylar twist angle (CTA). This
Francis Street, Boston, MA 02115, USA

Klinikum Stuttgart-Olgahospital, Kriegsbergstr. 62,
70174 Stuttgart, Germany

2 Sportklinik Stuttgart Taubenheimstr. 8, 70372 Stuttgart,
Germany

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00402-019-03221-8&domain=pdf

1142

Archives of Orthopaedic and Trauma Surgery (2019) 139:1141-1147

angle has a high variability on CT scans and, therefore,
provides more accurate information to the surgeon to
accurate femoral rotation [12].

To achieve a parallel alignment of the femoral component
relative to the TEA, standard TKA instrumentation utilizes
a “femoral sizer” (Fig. 2) to align the femoral cutting block
parallel to the TEA first. This instrument allows the external
rotation to be adjusted between 0 and 7° depending upon
surgeon’s preference and measures femoral anteroposterior
height.

The goal of the present study was to evaluate how accu-
rately standard instruments of various manufacturers with
specific rotational settings in posterior referencing restore
the posterior femoral condylar anatomy and allow a rota-
tional alignment which matches a particular anatomic rota-
tional landmark on CT.

The first hypothesis of the present study is that the use of
different manufacturer’s standard instruments with specific
rotational settings in posterior referencing allows to restore,
despite various degrees of external rotation, both the poste-
rior medial condylar offset (MCO) and the posterior lateral
condylar offset (LCO) in TKA. Furthermore, the second
hypothesis is that using different manufacturer’s instruments
does not lead to any major difference. The third hypothesis
is that the resections do not result in internal rotation of the
femoral component relative to the aTEA.

Materials and methods

Computerized tomographic (CT) scans of 100 consecu-
tive patients undergoing custom-made primary TKA were
retrieved. This cohort included 57 women and 43 men with
an average age of 63.9 years (42-84 years). Weight-bearing

anteroposterior long leg radiographs showed 79 cases of
varus and 21 cases of valgus alignment.

Measurements of the distal femur were performed on
CT scans according to Berger’s method [9] using Centricity
Enterprise Web (GE Medical Systems, Chicago IlI, USA).
Measurements were done on a transverse plane display-
ing both medial and lateral epicondyles. For each image,
the PCL and the aTEA were identified. The surgical TEA
(sTEA) was identified for only 72% of the images. There-
fore, the aTEA was used for further calculations. After iden-
tifying the PCL and the aTEA, the resulting CTA, as the
angle between these two axes, was calculated.

The distances between the aTEA and the PCL on the
medial and lateral side were measured and defined as the
posterior medial condylar offset (MCO) and posterior lateral
condylar offset (LCO) (Fig. 1).

Six different femoral sizers of standard TKA instru-
mentation (Attune®, DePuySynthes, Warsaw, IN, USA;
PFC Sigma®, DePuySynthes, Warsaw, USA; Genesis e,
Smith&Nephew, Memphis, TN USA; Triathlon® Stryker,
Michigan, ILL, USA; NexGen®, Zimmer, Warsaw, IN, USA
Persona®, Zimmer, Warsaw, IN, USA) were included. The
pivot of all examined femoral sizers is located at the half
distance between the pin holes. Since the distances between
pin holes and posterior condyle line vary between the dif-
ferent sizers, the pivot varies. For each sizer, an external
rotation setting of 3°, 5°, and 7° was selected and the result-
ing bone resections of posterior medial and lateral condyles
were calculated (Fig. 2): For each femoral sizer, the dis-
tances between the pin holes and the feet of the femoral
sizer were measured with the setting of 0° external rotation
(indicated as black line) and then repeated for 3°, 5°, and
7° of external rotation. The red line in Fig. 2 exemplary
indicates the distance between the pin holes and the feet

Fig. 1 On each Ct scan the aTEA (left) and sTEA (right) axes and the
posterior condylar line (PCL) were identified and the resulting angle
between these two axes was calculated. The differences between the
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Fig.2 Exemplary femoral sizer (Attune®, DePuy Synthes, Warsaw,
IN, USA), set for a left knee. For each femoral sizer, the distances
between the pin holes and the feet of the femoral sizer were meas-
ured with the setting of 0° external rotation (indicated as black line)
and then repeated for 3°, 5°, and 7° of external rotation. The red line
in Fig. 2 exemplary indicates the distance between the pin holes and
the feet with a setting of 7° external rotation. The various distances
between the each medial and lateral pin hole and the medial and pos-
terior condyle represent the resulting bone resections

with a setting of 7° external rotation. The various distances
between each the medial and lateral pin hole and the medial
and posterior condyle represent the resulting bone resec-
tions. Statistical analyses of various measurements and
results were performed using the SPSS software (IBM SPSS
Statistics, Ehningen, IBM Deutschland GmbH, version 21).
For comparing the CTA and MCO and LCO between men
and women and also between varus and valgus alignment,
the Mann—Whitney U test was performed. For comparing the
CTA and also the MCO and LCO before and after implanta-
tion, the Wilcoxon Matched-Pairs Signed-Ranks Test was
used. A p value <0.05 was considered to be significant in
both tests.

Results

The mean CTA was 5.5° (SD +1.9°, 0.8° to 9.9°), reflect-
ing an internal rotation of the PCL relative to the aTEA.
CTA was larger in women compared to men and larger in
valgus deformities compared to varus. The differences were

significant between men and women, but not between varus
and valgus (Table 1).

The overall mean LCO was 25.7 mm and the overall mean
MCO was 30.5 mm. The LCO was smaller in women and
smaller in valgus deformities compared to men and varus,
respectively. Differences were significant for gender and
varus/valgus.

Using the measured distances of the different sizers,
the rotation of the sizer relative to the aTEA was calcu-
lated. All investigated sizers lead approximately to their
predicted rotation (3°, 5° and 7°). The mean deviation
between the predicted and the calculated rotation was
0.2°, p value 0.96.

With increasing external rotation, all femoral sizers
increased the medial and decreased the lateral posterior
condylar bone resection. Medial resections increased to a
mean medial resection of 10.8 mm for 3°, 11.1 mm for 5°
and 12.2 mm for 7° rotation, respectively. On the lateral
condyle, the mean resection was 8.4 mm for 3°, 7.3 mm
for 5°, and 6.4 mm for 7° rotation, respectively (Table 2).

Modern implants have a thickness ranging from 7 to
9 mm. Therefore, the posterior condyles are not restored:
the larger medial resection decreases the posterior condy-
lar offset of up to 5 mm and increases the lateral posterior
condyle of up to 5 mm (Table 2).

Table 2 compares values of mean CTA, medial and lat-
eral resection resulting from different settings of the dif-
ferent femoral sizers. The setting of 3° resulted in internal
rotation in 90.1% of cases studied and the setting of 5°
resulted in internal rotation in 81.2% of cases studied.
The setting of 7° resulted in external rotation in 72.4%
of cases studied with only an amount of 0.74°-1.9°. The
medial posterior condyle is overresected and the lateral
posterior condyle is under-resected compared to implant
thicknesses (Table 2).

Discussion

The most important finding of this study is that the pos-
terior medial and lateral condylar offset are not restored
using standard instrumentation of different manufacturers.
Standard femoral sizers decrease in posterior referencing
technique the medial posterior condylar offset and increase
the posterior condylar lateral offset with increased external
rotation. Furthermore, the medial posterior condylar resec-
tion exceeds the implant thickness in most cases (Table 3).

Therefore, the present study’s hypotheses have to be
rejected: first, increased femoral external rotation decreases
medial posterior condylar offset and increases lateral poste-
rior condylar offset. Second, bony resections vary between
the different instrumentation systems, and third, the femoral
rotation is not restored. The second most important finding is
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Table 1 Measurement of CT

Measurement Mean value (+ SD, min—max) p value
scans

Condylar Twist Angle (CTA)
Overall 5.5°(£1.9° 0.8-9,9)
Men 4.5°(£1.8°,0.8-8.5) <0.001
Women 6.2° (+1.7°,2.2-9.9)
Varus 5.3°(x£1.9°,0.8-9.9) 0.08
Valgus 6.3° (+1.9°,3.1-9.7)

Posterior lateral condylar offset (LCO)
Overall 25.7 mm (2.9, 19.8-35.5)
Men 27.9 mm (£2.7,22.3-35.5) <0.001
Women 24.0 mm (+ 1.8, 19.8-28.5)
Varus 26.1 mm (£2.9, 21.3-35.5) 0.01
Valgus 24.3 mm (2.9, 19.8-31.6)

Posterior medial condylar offset (MCO)
Overall 30.5 mm (£2.8, 24.2-39.1)
Men 32.3 mm (£2.5, 27.3-39.1) <0.001
Women 29.2 mm (1.9, 24.2-33.5)
Varus 30.8 mm (2.6, 24.2-39.1) 0.06
Valgus 29.6 mm (2.7, 25.4-36.5)

Table 2 Various sizers resect various amounts of posterior condyles with different degrees of femoral rotation

Type of prosthesis Predicted rota- Mean post-op. Resection MCO Resection LCO Difference of Difference of
tion by sizer CTA by implant ~ (mm) (mm) post-op. MCO post-op. LCO
(mm) (mm)
DePuySynthes Attune 3° 2.1°%8 11.0 8.0 -3.0 0
5° 1.0°%% 12.0 8.0 —40 0
7° —1.3°%8 13.0 7.0 -5.0 +1.0
DePuySynthes PE.C. Sigma ~ 3° 3.20%8 12.0 10 —40 -20
Smith&Nephew Genesis IT 3° 2.1°%8 9.0 6.0 0 +3.0
5° 0.4°%8 9.5 5.0 -05 +4.0
7° —1.9°%% 10.5 4.0 -15 +5.0
Stryker Triathlon 3° 3.20%8 9.5 75 -15 +0.5
4.5° 2.7°%8 9.0 6.5 -1.0 +1.5
6° —0.2°%% 10.5 5.5 -25 +25
Zimmer NexGen 3° 3.20%8 12.0 10.0 -3.0 - 1.0
5° 1.0°%% 13.0 9.0 —40 0
7° —1.3°%8 14.0 8.0 -5.0 +1.0
Zimmer Persona 3° 3.20%% 11.0 9.0 -20 0
5° 1.0°%8 12.0 8.0 -3.0 +1.0
7° —0.74°"8 13.0 75 —40 +15

*#Standard deviation: 1.8°, $p value <0.001 [mean postoperative CTA to mean preoperative rotation (5.5°)], positive values: internal rotation of

CTA, negative values: external rotation of CTA

the fact that even 3° and 5° of external rotation of the femo-
ral component relative to the PCL result in internal rotation
relative to the aTEA seen on CT scan.

This study cannot precisely predict how the over-resec-
tion of the medial condyle and the under-resection of the
lateral posterior condyle affects knee kinematics. However,
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altered posterior condylar offsets do result in clinical rel-
evant changes [13]. In general, the lateral flexion gap is
looser which allows lateral roll-back of the femur [14]. A
tighter lateral flexion gap decrease lateral condylar rollback
[15] and a looser medial flexion gap might be the cause of
the paradoxical anterior translation [16] and to lift-off while
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Table 3 Postoperative rotation relative to aTEA for different rotations
and sizers (mean)

Mean pre-op. Predicted rota-  Mean post-op- CTA
CTA (£SD) tion by sizer (+SD) by degree
Overall 5.5°(x£1.9°) 3° 2.9°(+0.6°)
5° 1.2° (+£0.9°)
7° —1.1° (+0.6°)
Men 4.5° (+1.8°) 3° 2.1° (+0.5°)
5° 0.6° (x£0.8°)
7° —1.4° (+0.6°)
Women 6.2° (+1.7°) 3° 3.4°(+0.6°)
5° 1.6° (+£0.9°)
7° —0.8°(x0.7°)
Varus 5.3°(+1.9°) 3° 2.7° (+0.6°)
5° 1.0° (+0.8°)
7° —1.2° (+0.6°)
Valgus 6.3° (x£1.9°) 3° 3.6 (+0.6°)
5° 1.8° (+£0.9°)
7° —0.6° (+0.7°)

aTEA anatomic transepicondylar axis, CTA condylar twist angle
(between aTEA and PCL) differences between men and women and
varus and valgus deformities are for each degree of external rotation
within more or less 1°

walking [17] and might be a cause for decreased patient
satisfaction [18]. Furthermore, it was reported that a more
anatomic reconstruction of the medial posterior condyle
resulted in improved knee kinematics [19]. Matziolis et al.
[20] observed that an anatomic reconstruction of both pos-
terior condyles occurs only in 3% in a cohort of patients
undergoing computer assisted surgery and they concluded
that a restoration of the posterior condyles within 2 mm is
necessary to avoid midflexion instability. Minoda et al. [21]
confirmed the present study’s observation that every added
degree of external rotation results in increased medial femo-
ral resection. Minoda et al. calculated the posterior resection
for each instrument using the production drawings of each
manufacturer. In contrast, in the present study, each resec-
tion amount was measured directly off the femoral sizers
for different external rotational degrees. It was noticed that
all femoral sizers have a pivot point for external rotation.
Furthermore, a comparison of different degrees of external
rotation to the true patient-specific anatomic CTA and aTEA
for each sizer was done with the finding that current practice
of adding 3° or 5° still places the femoral component in
internal rotation relative to the aTEA.

Recently, Bonnin et al. [22] confirmed the present study’s
findings. They investigated 110 preoperative CT scans and
14 different TKA models and the posterior lateral and medial
condyles were resected parallel 10 mm anterior to the pos-
terior condylar line seen of CT scan. They used different

resection levels in their study, whereas in the present study,
actual femoral sizers of various manufacturers were used.
Their calculations might be somewhat overestimating the
restoration of medial and lateral condylar offset. Further-
more, the asymmetric resection and reconstruction leads to
lateral overhang and may hereby lead to an impingement of
the soft tissues such as the popliteal tendon.

Bellemans et al. found that for every 2 mm decrease in
posterior condylar offset, the maximal obtainable flexion
was reduced by a mean of 12.2° [23]. However, they did
not differentiate between medial and lateral condylar offset,
since measurements were based on lateral X-rays and not
on CT scans.

Recently, a more anatomic reconstruction of the femoral
posterior condyles using a shape matching or kinematically
aligned technique has shown clinical improvements com-
pared to a traditional mechanically aligned surgical tech-
nique. In this technique, the amount of resected bone and
cartilage of both condyles matches the prosthetic implant
thickness. In a randomized controlled trial of 88 patients,
the kinematically aligned arm showed better flexion, better
pain relief, and better function [24]. However, Woon et al.,
who compared patient-reported outcome scores following
TKA between kinematic alignment using patient-specific
instrumentation (PSI-KA) and mechanical alignment (MA),
reported that pain and functional improvements were similar
between the two techniques studied [25].

The present study confirms that current standard surgical
techniques with femoral sizers offered by various manufac-
turers do not restore the anatomic posterior condylar offset
of both condyles.

The present study’s data show that a parallel alignment
of the femoral implant to the aTEA is only possible if sizers
are adjusted to a rotation of at least 5°. This is contrary to
common practice, since most surgeons use only 3°. Current
practice of 3° of external rotation leads to an internal rota-
tion of the femoral implant which may result in patellofemo-
ral malrotation, impacting negatively the clinical outcome
[26]. The present study showed that even though the setting
of 3° of external rotation was leading to an internal rotation
of the femoral implant, the medial condyle was overresected
in an amount that may exceed the implant thickness, which
would result in a loose medial flexion gap and may, there-
fore, result in flexion instability. Newer studies have shown
that a change as little as 2 mm of posterior condylar offset
results in midflexion instability [20].

The present study has several limitations: CT scans were
used to calculate the virtual resection instead of the actual
resection. However, Kinzel et al. [27] could demonstrate
that the visual identification of the TEA intraoperatively
is imprecise and should, therefore, not be used as the only
reference. The CT-based measurements could be seen as
a strength of this study, though. Furthermore, it has been
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shown that the accuracy of CT is high and that measured
angles on CT scans are transferrable to intra-operative sup-
port correct femoral rotation [28, 29]. Similarly, Victor et al.
described the accuracy of CT scans and found that inter- and
intra-observer variabilities are very low, and especially, the
measurements for the PCL and the aTEA are very precise
[12]. In addition, Michaut et al. [11] used CT measure-
ment to determine femoral rotation to increase accuracy of
femoral rotation: postoperative rotation was observed to be
within 2° of the objective in 77% of the cases. A further
limitation of the present study is the fact that CT does not
display cartilage thickness which varies between 1 and 6 mm
with a mean of 2 mm [30] on the posterior condyles, which
would change the present study’s results. However, the find-
ings in the present study question surgeon’s routine to fol-
low manufacturers’ recommendation of various degrees of
external rotation applied to femoral sizers. Furthermore, in
knees with varus alignment, the cartilage thickness of the
medial condyle is usually less than the cartilage thickness
of the lateral condyle and would, therefore, strengthen the
fact that the medial posterior condyle is over resected and
the lateral posterior condyle under resected. Furthermore,
cartilage wear, depleted on either posterior condyle, would
require additional rotational adjustments.

Another limitation is the fact that only the aTEA was
used for the calculations, since the medial epicondylar sul-
cus could not be identified in 28% of patients due to arthritic
changes. Other authors noticed similar findings: Yoshino
et al. [31] compared the aTEA and sTEA in CT scans of 96
knees for preoperative planning. They were able to detect
the medial sulcus of the medial epicondyle which is highly
influenced by the progression of the arthritis in only 20%.
On the other hand, the aTEA is probably the most used refer-
ence used intraoperatively.

This study cannot answer the question whether an ana-
tomic reconstruction of the posterior condyles has clinical
significance. However, this study should make surgeons
aware of the non-anatomic reconstruction of the posterior
femoral condyles with current standard instrumentations.
This research may initiate future studies to determine better
femoral rotation with a more anatomic reconstruction of the
posterior condyles.

Conclusion

Femoral sizers using a posterior referencing technique
increase, with rising external rotation, medial posterior
condylar resection to an extent that may exceed the implant
thickness in the majority of systems. A high amount of
femoral internal rotation using standard femoral sizers and
current techniques were observed. Surgeons should be aware
that current standard instruments do not restore the anatomy
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of the posterior medial and lateral condyle and do not place
the femoral component parallel to the aTEA, but likely in
internal rotation.
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