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Background: The kinematic alignment (KA) technique for total knee arthroplasty (TKA) is an emerg-
ing implant positioning philosophy that aims to restore constitutional knee anatomy to improve knee
kinematics. At present, the KA technique aims to reconstruct native femorotibial (FT) joint alignment,
however there is still insufficient consideration towards the inter-individual trochlear anatomy var-
iability. Poor trochlear restoration may compromise clinical outcomes. Our study aimed at assessing
the anatomical relationship between the native trochlea and other FT anatomical parameters.
Methods: Fifty-eight preoperative CT scans of low-grade knee arthritic patients were segmented to
create 3D bone models. The FT and the PF anatomical parameters were measured using in-house
software. Values were compared between different groups of lower limb and FT joint line (JL) ori-
entation, and correlations between FT and PF anatomical parameters were assessed.
Results: Wewereunable todetect any significant correlationbetweengroove orientation (frontal and
axial) or groove radius and either the hip–knee–ankle (HKA), or the lateral distal femoral (LDFA), or
themedial proximal tibial (MPTA), or the FTJL-mechanical axis (FTJLMAA)Angles.When considering
the correlationwithin sub-groups of limb or JL orientation, we only found a positive correlation (r=
0.464, p= 0.022) in the varus lower limb (HKA ≤ 180°) sub-group between groove frontal orienta-
tion and LDFA.
Conclusion:Our study shows that thedeterminationof several limb, knee, and JL parameters is of poor
value to predict individual trochlea anatomy. This raises the issue of how to improve femoral compo-
nent design to achieve individualised FT and PF anatomical restoration with KATKA.
Level of evidence: Level 1 – computational study.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Mechanically aligned (MA) total knee arthroplasty (TKA) has been shown to have good long-term survivorship but sometimes
disappointing functional outcomes [9]. Alternative more anatomical surgical techniques for TKA, the most well-known being kine-
matic alignment (KA), have recently been promoted, with the goal of better prosthetic knee function [12].
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KA technique for TKA is an emerging implant positioning philosophy that aims to restore constitutional knee anatomy and soft
tissue balance, in order to preserve native knee kinematics with improved clinical outcomes. Of the four randomised trials com-
paring KA to MA TKA, two have shown that KA TKA is in fact often superior (statistically significant improvement of functional
outcomes) [12]. Furthermore, two in-vivo gait analysis studies found more native knee biomechanics and/or reduced abduction
moment after KA TKA, compared to after MA TKA [8,10]. Finally, durability of KA TKA has been demonstrated to be similar at
mid-term follow-up (mean 6.3 years) to MA TKA [3]. Although KA TKA has been proven to be safe, patellofemoral (PF) joint-
related complications still remain, with a rate similar to MA TKA [2,12], the cause of which may be partially implant-related.

The KA technique has so far mainly focused on restoring the native tibiofemoral (TF) joint anatomy while neglecting true an-
atomical restoration of the trochlea [12]. This is because current designs of femoral components are monoblock, and thus do not
allow further adjustment of trochlear parameters (groove alignment and offset) after the femoral component has been aligned
with the femoral flexion and extension facets. Therefore, while the TF joint is well oriented [13], the PF one is not always [14].
It has been shown that prosthetic kinematically aligned trochleae tend to substantially under-stuff the proximal 70% of the native
articular surface (due to a larger prosthetic groove radius), and also generate a mean of six degrees of excess valgus of the pros-
thetic groove [14]. However, as the trochlea shape guides patella kinematics, both of which have high inter-individual variability
[5], inadequate restoration of constitutional trochlea anatomy may prevent optimal outcomes from KA TKA [2]. This raises the
question of the relevance of new femoral implants, specifically designed for KA.

An improved understanding of the relationship between the orientations of the two joint lines should be of value for improving
design of TKA components. Therefore, the aim of our study was to assess the relationship between native trochlea and TF anatomies.
As far as we know, such an assessment has never been undertaken. The null hypothesis is that there is no relationship between
trochlea and TF anatomical parameters.
2. Methods

Fifty-eight preoperative computed tomography (CT) scans of patients' hips, knees and ankles were segmented using Mimics®
software (Materialize, Belgium) to generate tri-dimensional bone models (cartilage not segmented). Patients were over the age of
18 years and affected with low-grade primary medial tibiofemoral osteoarthritis (Ahlback grade ≤1), and no or slight PF arthritis
Figure 1. This figure illustrates the measured tibiofemoral joint anatomical parameters by using in-house planning software. TFJLMAA = femoro-tibial joint line
mechanical axis angle, LDFA = lateral distal femoral angle, MPTA = medial proximal tibia angle.
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(Iwano stage ≤2 [6]). As images were anonymised from the start, their use was not subject to approval by our institutional review
board.
2.1. Measurement of TF and trochlea anatomical parameters (Figures 1 and 2)

This was performed following a method previously published [11]. Briefly, one senior consultant used an in-house implant posi-
tioning planning software to generate the TF parameters, which does an automatedmeasure of the lateral distal femoral (LDFA), and
medial proximal tibial (MPTA) angles, aswell as femur, lower limb, and bi-epicondylar lengths (Figure 1). The hip–knee–ankle (HKA)
angle and the angle between the TF joint line and the limb mechanical axis (TFJLMAA) were calculated. In order to ease the under-
standing of the results, LDFA, MPTA, and TFJLMAA were further translated to distal femoral, proximal tibial, and tibiofemoral
joint line obliquity (JLO) (DFJLO, PTJLO, and TFJLO respectively), with valgus obliquity defining a LDFA b90° (DFJLO valgus) or a
MPTA N90° (PTJLO valgus), or a TFJLMAA N90° (TFJLO valgus). Three sub-groups of morphotype were defined as follows: group
A = morphotype with varus HKA, varus PTJLO, and valgus DFJLO; group B = valgus HKA, varus PTJLO, and valgus DFJLO; and
group C = valgus HKA, valgus PTJLO, and valgus DFJLO (Figure 1). Trochlear measures relied on cutting planes revolving around
the patella flexion–extension axis, which is the axis passing through the centre of the native trochlea radius and parallel to the cylin-
drical axis. Measurements were taken at 20° increments across the length of the groove, where 0° represents the vertical line passing
through the patella axis. Trochlear parametersmeasuredwere the groove varus–valgus and internal–external orientations relative to
the cylindrical axis, the groove and facet heights, as well as the start and end points and length of the groove (Figure 2).
Figure 2. This figure illustrates the in-house software for measurements of patellofemoral anatomical parameters through cutting planes revolving around the pa-
tella axis (D). Medial (mauve) and lateral (blue) facets' height and groove radius (A). Axial and frontal groove alignments (B and C, respectively). ER = external
rotation, IR = internal rotation.



Table 1
Comparison of tibiofemoral anatomical parameters among the different groups of combined lower limb or joint line alignments type. All results are expressed asmean
(SD). A = HKA varus, PTJLO varus, DFJLO valgus, B = HKA valgus, PTJLO varus, DFJLO valgus, C = HKA valgus, PTJLO valgus, DFJLO valgus. JLO = joint line obliquity,
TF = tibiofemoral, PT = proximal tibia, LDFA = lateral distal femoral angle, MPTA = Medial proximal tibia angle, HKA = hip–knee–ankle angle.

Whole
group

HKA TF JLO PTJLO Morphotype

Varus Valgus p value Valgus Neutral p value Valgus Varus p value A B C p value

HKA (°) 180.7
(3)

177.8
(1.4)

182.8
(2)

b0.001 180.7
(3)

180.85
(3.2)

0.871 185.9
(1.96)

180.11
(2.51)

b0.001 177.79
(1.38)

182.1
(1.19)

185.92
(1.96)

b0.001

LDFA (°) 86.2
(1.8)

87.3
(1.5)

85.3
(1.5)

b0.001 85.8
(1.6)

88.1
(1.45)

b0.001 85.42
(1.46)

86.25
(1.81)

0.284 87.31
(1.51)

85.3
(1.55)

85.4
(1.46)

b0.001

MPTA (°) 86.9
(2.4)

85.1
(1.)8

88.1
(1.9)

b0.001 86.4
(2.28)

88.9
(1.8)

0.002 91.33
(0.61)

86.36
(1.93)

b0.001 85.1
(1.81)

87.43
(1.3)

91.33
(0.61)

b0.001

Calculated
TF JLO (°)

3.5
(1.4)

3.7
(1.5)

3.4
(1.4)

0.43 3.9
(1.22)

1.5
(0.27)

b0.001 1.86
(0.6)

3.7
(1.39)

0.002 3.69
(1.5)

3.71
(1.32)

1.86
(0.6)

0.010

Bold data indicates statistical significance.
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2.2. Statistical analysis

Tibiofemoral parameters (HKA, LDFA, MPTA, and TFJLMAA) were computed. Medial and lateral trochlea facets' jumping distances
were calculated by the difference between the trochlear facet heights and that of the level of the sulcus of the patellar groove (groove
radius). Because the bi-epicondylar lengthwas found tomore positively correlate with groove radius than femur length, facet heights
and jumping distance were normalized on the former's parameters. Normal distribution was confirmed by the equality of variance
test. Continuous variables were expressed asmean±one standard deviation, and categorical data with absolute frequencies and per-
centages. Comparison between trochlear anatomic parameters (facet height, jumping distance, groove) and tibiofemoral parameters
(HKA, LDFA, MPTA and TFJLMAA) for thewhole group andwithin morphotype sub-groups of limbs (HKA) or JL (DF, PT and TF) align-
ment (valgus or varus) were performed using Student t-tests for independent samples or one-way analysis of variance (ANOVA). A
Bonferroni method was used to compensate for the multiple comparison tests performed, and the level of significance (p value)
was therefore set at 0.03. Correlations between groove alignment (frontal and axial) or groove radius and either the HKA, or
the LDFA, or theMPTA and facet heights or jumping distancewere analyzedwith Pearson's linear correlation test, as all datawere nu-
merical. Finally, to measure reproducibility and repeatability, the measurements were repeated twice for 14 knees by two operators,
independently. Intra-class correlation coefficient for inter-observer reproducibility and intra-observer repeatability indicated a very
good agreement, with ICC = 0.9982 [0.9975 to 0.9986] and ICC = 0.9993 [0.9990 to 0.9994], respectively. Statistical analysis was
performed using IBM® SPSS® Statistics 18 statistical software (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. TF anatomical parameters (Table 1)

The mean HKA in the whole group was slightly valgus (180.7° ± 3.02°); the DFJLO was always valgus oriented relative to
the femoral mechanical axis (0 to eight degrees) with a mean at 3.8° ± 1.79°; the PTJLO was on average 3.1° ± 2.39° varus, ranging
from two degrees valgus to eight degrees varus. The TF JLO was always valgus oriented relative to the mechanical limb axis with
a mean of 3.5° ± 1.44° (1.1 to 6.6°). The valgus orientation of the TF JLO was similar between varus and valgus lower limbs
(3.7° ± 1.50° vs 3.4° ± 1.41° respectively, p = 0.43) and is reduced when the proximal tibial orientation was valgus oriented. Sub-
groups of morphotype repartition were 24 subjects in group A, 28 in group B and six in group C.
Table 2
Comparison of trochlear anatomical parameters among the different groups of combined lower limb or joint line alignments type. All results are expressed as mean
(SD). Valgus and external rotations are negative value. A = HKA varus, PTJLO varus, DFJLO valgus, B = HKA valgus, PTJLO varus, DFJLO valgus, C = HKA valgus, PTJLO
valgus, DFJLO valgus. JLO = joint line obliquity, TF = tibiofemoral, PT = proximal tibia, HKA = hip–knee–ankle angle.

Whole
group

HKA TF JLO PTJLO Morphotype

Varus Valgus p value Valgus Varus p value Valgus Varus p value A B C p value

Groove frontal
alignment (°)
(valgus-)

−1
(5.7)

−0.8
(5.1)

−1.1
(6.1)

0.85 −1.6
(5.57)

1.9
(5.57)

0.079 0.15
(4.49)

−1.09 ± 5.82 0.616 −0.79
(5.08)

−1.35
(6.47)

0.15
(4.49)

0.830

Groove axial
alignment (°)
(ER-)

−1.7
(5.2)

−2.5
(5.9)

−1.1
(4.7)

0.33 −1.92
(5.44)

−0.41
(4.1)

0.412 −0.72
(4.1)

−1.77 (5.37) 0.646 −2.46
(5.94)

−1.17
(4.86)

−0.72
(4.1)

0.614

Groove radius
(mm)

22.6
(2.1)

22.5
(2.2)

22.7
(2.2)

0.9 22.82
(2.1)

21.4
(2.1)

0.064 22.52
(2.06)

22.59 (2.18) 0.937 22.48
(2.17)

22.69
(2.23)

22.52
(2.06)

0.937

Groove length
(mm)

108.6
(9.5)

110.5
(7.9)

107.2
(10.4)

0.19 107.31
(9.6)

114.7
(6.6)

0.024 112
(10.71)

108.19 (9.37) 0.357 110.54
(7.89)

106.18
(10.2)

112
(10.71)

0.166

Bold data indicates statistical significance.



Figure 3. This figure illustrates the differences of frontal and axial groove alignment and groove radius between different lower limb morphotypes. A = varus limb
(HKA) with varus PTJLO and valgus DFJLO, B = valgus limb with varus PTJLO and valgus DFJLO, C = valgus limb with valgus PTJLO and valgus DFJLO.
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3.2. Trochlear anatomical parameters (Table 2)

The native groove was on average 1° ± 5.68° valgus relative to the distal femoral joint line and 1.7° ± 5.23° externally rotated
relative to the posterior condylar line. We found the groove frontal and axial alignment and radius were not significantly different
between the different morphotype sub-groups (A,B,C) (Figure 3). Facets' heights and jumping distances were similar between
different lower limb (valgus or varus — Figure 4) or DFJLO (valgus or neutral) alignment groups. However, we found a significant
decreased proximal facet height (−3.83 mm for lateral facet at 0°, p = 0.024) and jumping distance (−3.91 mm and −2.31 mm
for the lateral facet at 0°, p = 0.012 and 20°, p = 0.023 respectively, −3.6 mm for the medial facet at 0°, p = 0.025) in
knees with varus tibias (varus oriented PTJLO). These lateral and medial jumping distances at 0° were moderately correlated
(r = −0.33, p = 0.018 and r = −0.375, p = 0.006, respectively) with axial groove alignment. We found that the normalized
value of the groove radius strongly, to very strongly positively correlate with almost every measurement of the lateral and medial
facet height (r = 0.293 to 0.830, p b 0.026). However, there was no significant correlation between the aforementioned param-
eters and the facets' jumping distances (p = 0.034 to 0.928).

3.3. Assessment of relationship between trochlea and tibiofemoral anatomical parameters

When considering every patient from the cohort, we did not find any significant correlation between groove alignment (frontal
and axial) or groove radius and either the HKA, or the LDFA, or theMPTA (Figure 5). However, we found aweak relationship between
groove length and LDFA (r = 0.29, p = 0.026) and JLO (r =−0.29, p = 0.028). When looking at the correlation within sub-groups
of limb or JL alignment, we only found a moderate positive correlation (r = 0.464, p = 0.022) in the varus lower limb (HKA ≤ 180°)
sub-groups between groove frontal alignment and DFJLO.

4. Discussion

While the KA technique has been shown to improve TKA outcomes overall, the rate of PFJ related complications has been re-
ported to be similar between MA & KA TKAs [2,12]. This may be because KA of current femoral components has so far focused on
restoring the distal condylar anatomy, while neglecting anatomical restoration of the trochlea [12]. We found the TF anatomy to
be of poor value to predict the trochlea anatomy; this makes monoblock femoral components likely inappropriate to adequately
restore both the native distal femoral and trochlea joint line orientation.

Before interpreting the results of this study, it is important to acknowledge some limitations. Firstly, our patients were mainly
white Caucasian, and therefore our results only apply to this ethnic group. Secondly, we generated bone models as we could not
segment the cartilage on the CT scans; although chondral thickness has been shown to have only a slight variability among indi-
viduals and between different areas of the distal femoral epiphysis [7,15], and therefore this limitation is not likely to significantly



Figure 4. This figure illustrates the differences of facets heights (A) and jumping distances (B) between the whole and varus/valgus limb groups.
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Figure 5. This figure illustrates the scatter diagrams of correlations between groove alignment (frontal and axial) or groove radius and either the hip–knee–ankle (HKA), or the lateral distal femoral (LDFA), or the medial
proximal tibia (MPTA) angles.
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affect our comparisons. Finally, we lacked power for some inter-group comparisons and correlation statistical tests that might
have been responsible of type 2 errors.

Our data regarding native TF (HKA, LDFA, MPTA) and trochlea (groove alignment and radius, facet heights) anatomies are in
line with those from previous studies [1,5]. However, we had several findings that have not been widely discussed in past studies,
including: 1) Trochlear anatomy was similar within different lower limb alignment groups (HKA, DFJL, PTJL, and TFJLO), the only
exception being we found a more constraining proximal trochlea (larger lateral facet and facets' jumping distance) in valgus prox-
imal tibia. The latter observation may be a compensatory factor given that valgus alignment of the proximal tibia could increase
the tibial tuberosity–trochlear groove distance, constituting a risk factor for patella instability. 2) The TFJLO was always valgus ori-
ented relative to the femoral mechanical axis. As the lower limb usually tends to adduct during the stance phase in normal gait, a
valgus orientation would contribute to having the TFJL horizontal to the ground no matter what the patient's lower limb axis is
[4,10]. And 3) the facets' jumping distance was similar between knees, whatever their size was after normalization. In other
words, the lateral and medial facets' jumping distances were almost the same whatever the size of the trochlea.

When looking at correlation tests, we only found the groove frontal alignment to be strongly correlated to the DFJLO in the
varus limb sub-group. As shown in Figure 5, we were far from having significant correlations regarding the other groups and other
anatomical parameters, making the relationship between TF and trochlear anatomies overall very poor. These findings surprised
us, and probably indicate that TF and trochlear anatomies are relatively independent from one another, therefore parameters such
as HKA, LDFA, andMPTA angles are of poor value in predicting trochlea anatomy. PF biomechanics would therefore be less influenced
by TF anatomy than traditionally thought.

In order to improve prosthetic PF biomechanics, it would be appropriate to develop custom implants or to increase modularity
of implants by creating femoral components with various trochlea shapes. This would raise the concern of having more inventory,
however could be solved with better preoperative planning and logistics management. The relevance of our results is that, if such
implants were made available, preoperative measurement of limb, knee, and JL alignments would be of poor value to predict (or
plan) individual trochlea anatomy. Therefore, the surgeon would need to get individual trochlear anatomy data either from pre-
operative three-dimensional (3D) planning or intra-operative landmarks, in order to make an informed decision on the correct
implant to use.

5. Conclusion

Our study shows that determining limb, knee, and JL parameters is of poor value in predicting the shape of the trochlea.
Restoration of individual trochlear anatomy, in addition to the TF joint, would probably further improve the currently good clinical
outcomes of KA TKA by optimization of whole-knee kinematics. This would require either custom or new modular femoral compo-
nent designs, which enable the surgeon to replicate native trochlea anatomy after TF joint alignment. Higher implant modularity
would bring logistical and inventory challenges, highlighting the need for more sophisticated preoperative planning.
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