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Introduction

Implant alignment is an issue of high importance in total 
knee arthroplasty (TKA) [7, 17, 32], and malalignment 
can cause premature component loosening [3, 27], abnor-
mal wear [10, 33] and patellofemoral complications such 
as anterior knee pain [5, 6, 12]. The appearance of ante-
rior knee pain after TKA is reported in up to 20 % of the 
cases, and patellar maltracking is considered as one of the 
main reason [4, 6, 11, 12, 21, 28]. Several investigations 
state that patellar maltracking is mainly caused by rota-
tional malalignment of the femoral and tibial components 
[19]; especially, internal rotation of the femoral compo-
nent seems to contribute to altered patellofemoral kinemat-
ics and consequently to the occurrence of anterior knee 
pain [6, 11]. In a radiological investigation, Berger et  al. 
[6] showed that combined internal rotation of the femoral 
and tibial components directly correlates with severity of 
post-operative patellofemoral complications. Lüring et  al. 
[24] demonstrated that rotation of the femoral component 
according to the transepicondylar axis leads to a more 
physiological patellar tracking than 3° of external rotation 
relative to the posterior condylar line. Miller et  al. [26] 
also stated most physiological patellar tracking in knees 
with a femoral component rotation parallel to the transepi-
condylar axis. In a previous investigation, we were able 
to demonstrate the major impact of rotational component 
alignment on patellofemoral kinematics in TKA by means 
of a computer navigation system [20]. In contrast to coro-
nal and axial component alignment, just a few studies have 
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investigated the role of sagittal component alignment in 
TKA in general, as reported in a current review by Gromov 
et al. [16]. In one recent clinical investigation, a correlation 
between femoral component flexion and the appearance of 
painful patellar crepitus could be found [9]. However, the 
influence of sagittal component alignment on patellar kin-
ematics has not been investigated so far. We hypothesized 
that changes in sagittal component alignment in TKA sig-
nificantly alter patellar kinematics and should therefore be 
considered while addressing tibiofemoral kinematics intra-
operatively. The evaluation and quantification of the effect 
of sagittal component changes on patellar kinematics might 
help the surgeon to reconsider extensive femoral or tibial 
component changes.

Materials and methods

Ten lower limbs of five whole-body specimens were used 
for this investigation. All knees were free of patella or 
trochlea dysplasia, severe arthritic deterioration or varus/
valgus alignment deviations more than 3° and had no his-
tory of prior surgical procedures or injuries at the lower 
limbs. Patellar kinematics relative to the femur were meas-
ured using a commercial optical imageless computer navi-
gation system including patellar tracking (Knee Patella 
Tracking Software, BrainLAB; Feldkirchen, Germany) 
before and after standard TKA. To achieve standardized 
conditions, the limbs were placed onto a passive motion 
machine during each measurement and an extension/flexion 
cycle was performed, while no muscle force was applied.

Surgical procedure and experimental setup

Before performing a standard medial parapatellar approach, 
the capsule of each knee was marked at four defined loca-
tions (3  cm proximal to the superior patellar tip, at the 
medial superior patellar edge, centrally at the medial patel-
lar edge and at the medial distal patellar edge) to ensure 
later anatomical closure. A passive optical reference array 
was secured into the distal medial femur via an additional 
1-cm incision to avoid soft tissue tension during measure-
ments and the proximal medial tibia. After referencing 
the hip centre by circumduction, the landmarks needed to 
assess femorotibial kinematics (femoral epicondyles, femo-
ral knee centre, medial and lateral malleolus, tibial plateau 
centre) were digitized. The line connecting the middle of 
the posterior cruciate ligament to the medial border of the 
patellar tendon attachment according to Akagi et al. [1] was 
chosen as the tibial anterior/posterior axis. Additionally, 
a patella array was fixed onto the frontside of the patella 
by a small screw as recommended by the manufacturer. A 
central point at the medial edge, the superior and inferior 

tip and at the highest point of the posterior articular ridge 
of the patella were chosen to define the patella coordinate 
frame. After accurate anatomical closure of the joint cap-
sule at the prior marked locations, natural patellar kin-
ematics and the relative orientation between the femoral, 
tibial and patellar coordinate frame were recorded. Three 
full extension/flexion cycles were performed, while patel-
lar tracking was measured between 30° and 90° of flexion. 
Due to missing quadriceps muscle load, values until 30° of 
flexion were irregular and excepted from the experimen-
tal protocol. The limbs were placed onto a passive motion 
machine in neutral position without fixation of either the 
femur or the tibia to simulate intraoperative conditions. 
Subsequently, the implantation of trial components (PFC 
Sigma, cruciate retaining, fixed bearing inlay; DePuy, 
Warsaw, Indiana, USA) was performed with the tibial and 
distal femoral cut perpendicular to the tibial and femo-
ral mechanical axis. The femoral component consists of a 
“J-sign” design and a trochlea groove perpendicular to the 
posterior condylar line. In all knees, the femoral rotation 
was set to 3° of external rotation in relation to the femoral 
posterior condylar line. In the sagittal plane, the restoration 
of the preoperative tibia slope was aspired. In six cases, the 
femoral component flexion was set to 5°, while four knees 
were implanted with 0° of femoral component flexion in 
relation to the femoral mechanical axis. Due to distal femo-
ral bowing, the fifth knee planned for the 0° femoral flexion 
group was switched to the 5° flexion group to avoid ventral 
notching. The rotational alignment of the tibial trays was 
set to the line connecting the middle of the posterior cru-
ciate ligament to the medial border of the patellar tendon 
attachment according to Akagi et  al. [1], using the navi-
gation pointer, and was stabilized using screws to ensure 
stable conditions during measurements. No surgical patel-
lar intervention such as resurfacing or patelloplasty was 
performed, and no ligament releases were conducted due 
to well-balanced healthy knees. A restoration of the joint 
line height could be achieved in every knee by means of the 
navigation system. A second measurement of patellar kine-
matics was taken closing the joint capsule again at the prior 
marked locations to achieve equal soft tissue tension. Prior 
patellar kinematics were measured, each time the accuracy 
of the desired position of the trial components was veri-
fied using the navigation system and adapted if required 
(Fig.  1). For measurement of patellar kinematics, patellar 
shift (mediolateral translation in millimetres, medial: +/
lateral: −), patellar axial tilt (in degrees, medial: −/lateral: 
+) and patellar rotation (in degrees, medial: +/lateral: −) 
were chosen, which represent the most common patellar 
kinematic parameters in the literature. Additionally, epi-
condylar distance was chosen, which represent the anterior/
posterior position of the patella in relation to the femur dur-
ing the whole flexion cycle (in millimetres: perpendicular 
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distance of the highest point of the posterior articular ridge 
of the patella to the anatomical transepicondylar axis). Sub-
sequently, values for femoral and tibial sagittal component 
alignment were documented and correlated with patellar 

kinematics. The optical computer navigation system used 
has been verified to be a reliable measurement procedure to 
evaluate three-dimensional tibiofemoral and patellofemoral 
kinematics with an accuracy of 0.1 mm and 0.1 [15, 23]. 
Figure  2 shows patellar kinematics before and after trial 
component implantation.

Statistical analysis

Generalized linear models with intercept as random effect 
and tibiofemoral flexion as fixed effect were used to assess 
the influence of femoral component flexion and posterior 
tibial component slope on patellar kinematic parameters. 
The student’s t test was used to assess significant differ-
ences between the groups. A p value <0.05 was considered 
statistically significant. Statistical analyses were performed 
using SAS 9.3.

Results

Influence of sagittal component alignment

Both femoral and tibial sagittal component alignment sig-
nificant changed patellar mediolateral shift. A change of 
femoral component flexion from 0° to 5° with a 1° increase 
in posterior tibial component slope in the investigated 
range of 4°–6.5° (mean 5.3°) leads to a patellar lateral shift 
of 17.3 mm (9.8 + 7.5). Sagittal component alignment did 
not significantly influence patellar epicondylar distance, 
patellar rotation or tilt. However, an increase in femoral 
flexion and tibial slope decreased epicondylar distance and 

Fig. 1   Secured femoral, tibial and patellar navigation array. The 
femoral and tibial components are fixed using screws. Component 
alignment is verified by means of a cutting slot adapter equipped with 
optical spheres, and a navigation pointer (hand-held) prior patellar 
kinematic measurement is performed

Fig. 2   Patellar kinematics of the a preoperative knee and b after TKA. Screenshot of patellar mediolateral shift, rotation, tilt and epicondylar 
distance during flexion
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increased patella internal rotation. Furthermore, an increase 
in femoral component flexion led to an increase in patel-
lar lateral tilt, while a decreased by higher posterior tibial 
component slope was observed (Table 1).

Restoration of preoperative patellar kinematics

Patellar mediolateral shift, rotation and tilt showed a closer 
to normal restoration between 30° and 90° of flexion in 
knees implanted with 5° of femoral component flexion with 
statistically significant values for mediolateral shift and tilt 
(p  <  0.001). Interestingly, for epicondylar distance better 
values in the 0° femoral flexion group at 30° of flexion were 
found, while the 5° femoral flexion group was closer to nor-
mal at 80° and 90° of flexion. However, this was not found 
statistically significant. In all knees, the patella shifted more 
medially over tibiofemoral flexion. In the 5° flexion group 
as well as in the 0° flexion group, the patellae shifted more 
laterally at all flexion angles and tilted medially from 50° 
to 90° of flexion, in the opposite direction, compared to the 
preoperative knee. In general, the patellae rotated externally 
over tibiofemoral flexion, while the epicondylar distance 
decreased in all knees. Compared to the preoperative knee, 
the 5° and 0° flexion group showed more externally rotated 
patellae and a decrease in epicondylar distance during the 
whole motion cycle. Figure 3 shows patellar kinematics of 
the preoperative knee and after implantation of the TKA 
with the femoral component in 5° and 0° of flexion. For a 
better visualization over tibiofemoral flexion, the additional 
influence of tibial component slope on patellar kinematics 
was not considered in this figure.

Discussion

The most important finding of this investigation was that in 
addition to rotational component alignment, sagittal femo-
ral and tibial component position has a significant influ-
ence on patellar kinematics. Thus, our hypothesis could be 
confirmed. In general, patellar kinematics of the preopera-
tive knees could be restored closer to normal with the fem-
oral component flexed to 5° compared to 0°. Alignment 
changes in the sagittal profile significantly altered medi-
olateral patellar shift. However, no significant influence of 
both femoral component flexion and posterior tibial com-
ponent slope on patellar tilt, rotation and epicondylar dis-
tance could be found in this investigation. The appropri-
ate sagittal component alignment in TKA and its impact 
on kinematic behaviour and functional outcome has been 
studied relatively little [8, 29]. Some recent investiga-
tions reported a negative influence of both forced femoral 
component extension, which leads to ventral notching, 
and forced femoral flexion, which results in an overstuff-
ing of the ventral prosthetic shield and reduces the con-
tact surface of the component. Both can cause severe post-
operative complications such as fractures, post-operative 
anterior knee pain or early prosthetic loosening [9, 14]. 
Furthermore, it is known that increased femoral compo-
nent flexion decreases the flexion gap and alters condylar 
lift-off and tibiofemoral kinematics in TKA [2, 13]. In the 
current literature, a femoral component flexion between 0° 
and 3° is recommended to achieve satisfying tibiofemoral 
kinematics [16]. Kim et al. [22]. found that sagittal align-
ment of the tibial component less than 0° or greater than 
7° posterior slope had a higher failure rate as compared to 
a neutrally aligned control group. Cadaver investigations 
have reported that an increase in posterior tibial compo-
nent slope may lead to increased flexion following TKR, 
while a clinical study by Kansara and Markel [18] could 
not find any difference in post-operative flexion. Stoddard 
et al. [31] could not find any difference in patellar track-
ing between a symmetrical and an asymmetrical femoral 
component. However, in the current literature no study 
concerning the influence of sagittal component alignment 
on patellar kinematics in TKA could be found. For that 
reason, there is no comparable data available. The strong 
impact on patellar mediolateral shift might be explained 
by changed parapatellar soft tissue tension caused by 
changed femoral component flexion. Interestingly, both 
femoral component flexion groups showed an increase in 
patellar medial tilt from 50° to 90° of flexion. This might 
indicate a too prominent lateral femoral condyle which 
cannot be balanced by femoral component flexion, but 
rather femoral component rotation as described in our pre-
vious investigation [20]. We assume that the better restora-
tion of epicondylar distance in the 0° flexion group at 30° 

Table 1   Generalized linear models; influence of 5° of femoral com-
ponent flexion and tibial component slope per 1° on patellar kine-
matic parameters (mediolateral shift, medial: +/lateral: −; axial tilt, 
medial: −/lateral: +; rotation, medial: +/lateral: −; reduction in epi-
condylar distance: −)

All models are controlled for tibiofemoral flexion as fixed effect

Effect (95 % CI) P value

Mediolateral shift

 Femur flexion of 5° (ref 0°) −9.8 (−18.3, −1.3) 0.025

 Tibial slope per 1° −7.5 (−13.0, −1.9) 0.009

Epicondylar distance

 Femur flexion of 5° (ref 0°) −1.02 (−7.0, 5.0) (n.s.)

 Tibial slope per 1° −1.45 (−5.4, 2.5) (n.s.)

Rotation

 Femur flexion of 5° (ref 0°) 2.94 (−21.3, 27.2) (n.s.)

 Tibial slope per 1° 2.3 (−13.5, 18.2) (n.s.)

Tilt

 Femur flexion of 5° (ref 0°) 2.9 (−15.9, 21.7) (n.s.)

 Tibial slope per 1° −1.2 (−13.6, 11.1) (n.s.)
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might be ascribed to the more prominent proximal femoral 
component tip of the used “J-curved” prosthesis caused by 
the 5° of femoral component flexion. However, we could 
not find statistically significant results for this effect. The 
influence of tibial component slope on patellar kinematics 
might be ascribed to an increase in tibial anterior shift with 
increased posterior tibial slope as previously published 
[13, 27]. Previous investigations report altered tibiofemo-
ral contact points after both cruciate-retaining and cruci-
ate-substituting TKA compared to a healthy control group 
using fluoroscopy [9, 30]. By means of the computer navi-
gation system, a parallel orientation of the trochlea groove 
to the mechanical axis was generated which might play 
an important role in terms of muscle load and applied soft 
tissue tension. Other femoral component designs with 
an anatomically orientated trochlea groove might better 
restore the preoperative Q-angle and consecutively patellar 
tracking.

The present investigation has some limitations. Patel-
lar kinematics were measured without muscle load and 
through passive range of motion from 30° to 90° of flex-
ion to avoid irregular data in early flexion angles. Thus, the 
tibiofemoral “screw home mechanism” and its influence 
on patellofemoral kinematics could not be investigated in 
the present study. However, the data were collected using 
healthy cadaveric knees still attached to the torso to simu-
late intraoperative conditions, and can therefore be used 
for further clinical investigations. Moreover, Masri and 
Mc Cormack [25] reported that patellar kinematics are not 
strongly influenced by quadriceps contractions compared 
to passive motion. In the preoperative knee, reference 
points on the patella need to be registered after arthrotomy. 
Hence, patellar tracking of the natural knee was measured 
after anatomical closure of the capsule and might dif-
fer from untouched knee joints. However, defined marks 
were set to achieve same anatomical closure before and 

Fig. 3   Patellar kinematics in different tibiofemoral flexion angles of 
the preoperative knee and after TKA with 5° and 0° of femoral com-
ponent flexion (mediolateral shift, medial: +/lateral: −; axial tilt, 

medial: −/lateral: +; rotation, medial: +/lateral: −; epicondylar dis-
tance in mm) without consideration of the influence of tibial compo-
nent slope
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after TKA and again intraoperative conditions were tested. 
The closure and reopening of the arthrotomy as well as 
the motion cycle on the passive motion machine was 
conducted with great care, due to possible deterioration 
of the capsule. The tibial trial components were fixed by 
screws to ensure stable conditions during measurements. 
To evaluate changes in patellar kinematics, the femoral 
component was set to 0° and 5° of flexion and posterior 
tibial component slope ranged from 4° to 6.5° relative 
to the mechanical axis. Thus, results for different sagit-
tal component alignment are just valid if a linear change 
of patellar kinematics beside this range can be expected. 
Because of different sagittal femoral component align-
ment and therefore resulting complex experimental set-up, 
further measurements in different posterior tibial com-
ponent alignments were renounced. Due to a cadaveric 
investigation and the small group sizes, results should not 
be overestimated. Furthermore, the usage of components 
from one manufacturer might have produced unique patel-
lar kinematics, not transferable to knees resurfaced with 
other implants. However, due to the great impact of sag-
ittal component alignment on patellofemoral kinematics, 
we believe that the results of the present investigation are 
widely applicable. Finally, the patella was not resurfaced 
in order to compare patellar kinematics between the preop-
erative knee and after TKA. Therefore, a resurfaced patella 
might have shown a different tracking behaviour in some 
extent.

Pertaining to the present data, surgeons should be aware 
of altering patellar kinematics, especially mediolateral 
shift, while increasing femoral component flexion and/or 
posterior tibial component slope to a great extent. If possi-
ble, the preoperative sagittal profile should be restored and 
changes by balancing the tibiofemoral flexion gap should 
be kept to a minimum until the clinical relevance has been 
investigated.

Conclusion

The hypothesis that sagittal component alignment signifi-
cantly alters patellar kinematics could be confirmed. Thus, 
sagittal component alignment should be considered with 
regard to patellar kinematic changes during TKA. Further 
biomechanical and clinical investigations seem to be neces-
sary to analyse the clinical relevance of this issue regarding 
post-operative anterior knee pain in TKA.
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