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Abstract

Purpose The aim of this study was to describe the sagittal geometry of the trochlear groove in patients who underwent
primary TKA, based on intraoperative data acquired with a navigation system.

Methods Intraoperative navigation data were collected from 110 patients. All operations were guided by a non-image-based
navigation system (BLU-IGS, Orthokey Italia Stl). The trochlear groove has been described on the three anatomical planes;
in particular, on the sagittal plane the hypothesis has been verified that the acquired points are referable to a circle. Using
the data collected during intraoperative navigation, possible correlation between the radius of the trochlear groove and other
femur dimension (length, AP dimension) was analyzed; the orientation of the trochlear sulcus with respect to the mechanical
axis and the posterior condyle axis was analyzed too, searching for possible correlation between groove alignment (frontal
and axial) or groove radius and the hip—knee—ankle (HKA).

Results The average radius of curvature of the femoral trochlea was 25.5 + 5.6 mm; the difference was not statistically sig-
nificant between the men and women (n.s. p value). No correlation was found between the trochlear groove radius and the
femur length (r=— 0.02) or the HKA-phenotypes (r=0.03) and between the groove alignment and HKA-phenotypes. On
axial plane, the trochlear groove was 3.2° +4.3° externally rotated, with respect to the posterior condylar axis; on frontal
plane, the trochlear groove was 3.9° +5.3° externally rotated, with respect to the mechanical axis. In both cases, no statisti-
cally significant differences were found between male and female and between left and right limb (p > 0.05).

Conclusion The present study shows that the sagittal plane geometry of the femoral trochlea in patients affected by osteo-
arthritis could be described accurately as a circle. The acquisition of the trochlear morphology intraoperatively can lead to
more anatomically shape definition, to investigate deeper its radius of curvature and geometry. Trochlear shape could be
used as landmarks for femoral component positioning, thus customizing the implant design, optimize the outcomes and
improving anterior knee pain after TKA.

Level of evidence 1V.

Keywords Femoral trochlea - Trochlear groove - Sagittal curvature - Knee arthroplasty - Navigation system

Introduction

Patellofemoral complications are a common cause of pain
and complications after total knee arthroplasties (TKA).
Femoral implant misplacement may generate overstuff,
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resulting in increased patellar stresses and anterior knee
pain [14, 16]. A recent review on mid flexion instability
included as technique-specific risk factors the proximaliza-
tion and anteriorization of femoral implant [6, 20]. Iranpour
[9] clearly demonstrates that, in healthy knees, patella fol-
lows a circular path. This path is guided by circular shape
and orientation of trochlear axis [10].

Given that, a better understanding of the relationship
between the femoral component positioning, surgical tech-
nique and TKA outcomes, is related to an accurate knowl-
edge of the femoral trochlear geometry itself. However, most
of studies focused on the transverse and frontal geometry of
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the trochlear groove, quantifying its depths and orientation
[10], while its radius in the sagittal plane has been mostly
neglected [5, 15, 22]. Moreover, the few studies that inves-
tigated this aspect were limited to the use of radiological
technologies such as MRI or CT-based 3D reconstructions.

During surgery the trochlear groove could be used as ref-
erence for femoral implant positioning, because it is less
affected by pathology. Despite this, shape of trochlear sulcus
on TKA patients has been scarcely investigated. The aim of
the study was to verify if pathological trochlear sulcus, col-
lected during intraoperative navigation, is still comparable to
what is reported on healthy subjects with other methodolo-
gies. Based on literature [5, 10, 15, 22] we wanted to verify
if trochlear sulcus, in TKA patients, can still be modeled
with a circle, so that it can be modeled and used as intraop-
erative parameter for implant positioning. Trochlear sulcus
was also described on frontal and axial plane and aimed to
establish a possible correlation between the radius of the
trochlear groove and other femur dimensions.

Materials and methods
Data acquisition

Femoral sulcus was acquired on a cohort of 110 consecu-
tive patients (34 men and 76 women) who underwent navi-
gated TKA between October 2017 and November 2018 by
a single experienced surgeon (Y V). Patient characteristics
such as age, gender, body mass index (BMI) and mechani-
cal axis (HKA) were recorded (Table 1). HKA angle was
measured on preoperative standing full-length radiographs
and it was divided in phenotypes: neutral alignment was
defined between — 1.5° varus and 1.5° valgus, varus align-
ment < — 1.5° and valgus alignment > 1.5° [7].

Exclusion criteria of the study were: varus or valgus
deformities greater than 15°.

Anatomic data were acquired intraoperatively using a
navigation system (BLU-IGS, Orthokey Italia Srl, Firenze,
Italy), which also allows verification of bone resections,
extension and flexion gaps, ligament balance, and implant

Table 1 Demographic and clinical characteristics of the cohort

Male Female
Age (years) 72 (58-84) 74 (53-88)
Height (cm) 172.8 (158-180) 159.4 (140-173)
Weight (kg) 88.3 (71-115) 75.8 (50-132)
BMI (kg/m?) 29.6 (23.2-38.9) 29.8 (19.5-51.6)
HKA (°) 176.2 (165-190.5) 178.1 (168.5-193)
Varus/Valgus 28/6 54/22

Mean (range). BMI body mass index
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positioning. The navigation system’s protocol and accuracy
are reported [1, 2], nominal accuracy of the system is 0.5°/
mm and inter-tester reliability > 0.8 (intraclass correlation
coefficient ICC).

The femoral coordinate reference system was defined as
follows: the proximal—distal (PD) axis was aimed along the
mechanical axis was defined joining the femoral head center,
by leg pivoting, and the most distal part of the femur in
the inter-condylar notch. The medio-lateral (ML) axis was
defined from the most posterior parts of medial and lateral
condyles. Antero-posterior (AP) axis was calculated by
cross product of the previous two axes. Additional acquired
points were the anterior shaft and the most distal part of the
condyles.

The surgeon acquired also the trochlear groove. These
points were expressed and analyzed in the femur reference
system to define the sagittal geometry of the sulcus (femur
lateral view) (Fig. 1).

Studies demonstrated that in healthy knee, patellofemo-
ral groove closely approximated a circular arc [5, 10, 15,
22]. To evaluate this hypothesis in OA knees, the acquired
sulcus has been fitted by two different methods: cubic poly-
nomial and circle. The less-root-mean-square-error-method
was chosen to analyse the geometrical features of the groove
and it has been reported below. The trochlear groove points
were fitted by a circle in a range from 0° to 90°: the 0°-point
was lying on the AP axis and the 90°-point was lying on the
mechanical axis; measurements were taken at 5° increments
(Fig. 2). The best-fit circle was found using a software rou-
tine implemented in MATLAB (MathWorks Inc., Natick,
USA) that minimized the root mean-square error in relation
to the acquired points. The trochlear groove varus-valgus
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Fig. 1 Intraoperative trochlear groove point in the sagittal plane.
y-axis: antero-posterior direction; z-axis: proximal—distal direction
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Fig.2 Femoral trochlear groove fitting: point’s acquisition at 5 step
degrees, starting from the most distal point

and internal-external orientations as well as the starting and
end points of the groove were even evaluated.

Femoral length was defined as the distance between
femoral head center to the distal inter-condylar notch and
the APk femur dimension as the distance between the ante-
rior femoral cortex and the posterior condyle. No data about
medio-lateral femoral dimension were available, since epi-
condyles were not routinely digitized during navigation.

Navigated TKA represents the standard of care for the
senior surgeon; therefore, the present study represents
the retrospective analysis of prospectively collected data
acquired intraoperatively during a standard procedure. The
CNIL *French ethic comitee regarding personal datas* gave
the authorization to collect clinical data. Patients signed
informed consent for the surgical procedure the study was
performed in accordance with the ethical standards as laid
down in the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards.

Fig.3 Trochlear groove radii 25 -
distribution in the sagittal plane
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Statistical analysis

Data were reported as mean and standard deviation
(mean + SD). Considering the lack of studies in literature
with the same methodology, the sample size was calculated
with the aim to detect a significant difference between males
and females of 2 mm with a standard deviation of 3 mm.
Using a power of 80%, an alpha value of 0.05 and consider-
ing a male:female ratio of 1:2 base on the senior surgeon
experience and volume, a sample of 27 males and 54 females
was required. The Student’s ¢ test was performed to com-
pare the patients’ gender with the radius of the trochlear
groove and the APk dimension. Comparison between groove
alignment (frontal and axial) and HKA-phenotypes were
performed using one-way analysis of variance (ANOVA).
Correlation between femur length and groove radius was
analyzed with Pearson’s linear correlation test. A p value
of less than 0.05 was considered statistically significant.
Analyse-it software (Analyse-it Software Ltd., Leeds, UK)
was used to perform the reported statistical analysis.

Results

The geometry of the trochlear groove could be described
accurately as a circle in the sagittal plane. The average radius
was 25.5+5.6 mm (range 14.0-37.4 mm) and the 95% CI
was from 24.4 to 26.5 mm (Fig. 3). The data points had an
average root mean-square error of 0.4 +0.2 mm from the
fitted radius in each knee.

For men, the radius of the curvature of the femoral troch-
lear groove was 24.7+4.9 mm, while for women it was
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25.6+5.8 mm (Fig. 4). The difference was not statistically
significant between the men and women (n.s. p value). In the
sagittal view, the average center of the fitted trochlear groove
was at 24.0 +4.6 mm proximally along the mechanical axis
and 2.2 +5.2 mm posteriorly along the AP axis. A weak
correlation was found between the groove radius and the
anterior femoral cortex (r=0.27). No correlation was found
between the femur length and the trochlear groove radius
(r=-0.02) (Fig. 5).

On axial plane, the trochlear groove was 3.2° +4.3° exter-
nally rotated, with respect to the posterior condylar axis
(Fig. 6). No statistically significant differences were found
between male and female and between left and right limb
(Table 2).

On frontal plane, the trochlear groove was 3.9° +5.3°
externally rotated, with respect to the mechanical axis
(Fig. 7). No statistically significant differences were found
between male and female and between left and right limb
(Table 3).

No statistically significant differences between groove ori-
entation, and HKA-phenotypes (Fig. 8) were found. A varus
alignment was present in 66 (60.0%) cases (HKA <—1.5°), a
neutral alignment in 25 (22.7%) (— 1.5° <HKA < 1.5°), and
a valgus alignment in 19 (17.3%) (HKA > 1.5°).

A positive moderate correlation was found between the
APk dimension and the trochlear groove radius (r=0.36).

Fig.4 Comparison between 50 -
trochlear groove radius divided
by the gender. F female, M male
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Fig.5 Scatter plot: x-axis represents femur length; y-axis represents
the trochlear groove radius

The average APk dimension was 60.9 + 3.4 mm for men
and 56.3 + 3.2 mm for women; the difference was statisti-
cally significant (p < 0.05).

95% CI Notched Outlier Boxplot

95% CI Mean Diamond

10

@ Springer

M



Knee Surgery, Sports Traumatology, Arthroscopy (2021) 29:1769-1776

1773

Axial plane

30

trochlear axis

20

-20

-30

5

-40
-40 30 -20 -10 0 10
X (mm)

20 30 40

Fig.6 Trochlear groove orientation with respect to the posterior con-
dylar axis. Orange points: acquired trochlear groove; green point:
femoral shaft; yellow point: medial posterior condyle; violet point:
lateral posterior condyle; x-axis: medio-lateral direction; y-axis:
antero-posterior direction

Table 2 Trochlear groove rotation with respect to the posterior con-
dyle line

Left Right Female Male
Mean (°) 32 3.1 2.8 4.0
SD (°) 4.1 4.4 4.6 32
p value n.s. n.s.

Comparison between the values among left and right limb and male
and female patients

Discussion

The most important finding of the present study was that
the geometry of the trochlear groove, in patients who
underwent a TKA implant, could be described accurately
as a circle in the sagittal plane with an average radius of
25.5+5.6 mm centered 2.2 +5.2 mm posterior to mechan-
ical axis, and 24.0 +4.6 mm proximal to inter-condylar
notch. Sulcus line has 3.2° +4.3° of external rotation, with
respect to the posterior condyles axis and a 3.9°+5.3°
of external rotation, with respect to the mechanical axis.
Moreover, no differences were found between genders and
based on femoral length. We also found no differences in
sulcus orientation in patients divided according to limb
phenotypes.
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Fig.7 Trochlear groove orientation with respect to the mechanical
axis. Orange points: acquired trochlear groove; green point: femoral
shaft; yellow point: medial posterior condyle; violet point: lateral
posterior condyle; x-axis: medio-lateral direction; z-axis: proximal—
distal direction

Table 3 Trochlear groove rotation with respect to the mechanical axis

Left Right Female Male
Mean (°) 39 4.0 34 5.1
SD (°) 4.7 59 53 53
p value n.s. n.s.

Comparison between the values among left and right limb and male
and female patients

Despite few studies investigated the trochlear groove
geometry in relation to its radius of curvature, several
novel findings have been identified in the present study.
In fact, this is the first study to evaluate this morpho-
logical feature intraoperatively using a navigation system
and, moreover, the one with the largest sample size. This
allowed to study the patient morphology, independently
from the slice orientation of common radiological tech-
nologies such as X-ray or MRI. In fact, Monk et al. [13] in
25 healthy subjects, by means of MRI measured an average
radius of 21 mm, which is smaller than what reported in
the present study. Limitations of their MRI measurement
were the spatial resolution with 2.2 mm slice thickness and
the manual acquisition of parameters. For these reasons,
the value reported in the present study could be consid-
ered more reliable and closer to patient’s anatomy. In fact
Iranpour, with a 3D CT-based model on 40 healthy knees,
described the trochlear groove as a circle with a radius of
23 mm [10]. Considering that CT is able to capture only
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Trochelar sulcus alignment on frontal plane
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Fig. 8 Scatter diagrams of correlations between groove alignment (frontal and axial) and the hip—knee—ankle (HKA). Yellow dots: axial groove
alignment vs. HKA-phenotypes; orange dots: frontal groove alignment vs. HKA-phenotypes
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osseous anatomy, including a cartilage layer of 2 mm [3,
18], it is consistent to the value of 25 mm reported in the
present study. While the geometry of the cartilage surface
is known to differ from normal to OA knees, the differ-
ence is relatively small [8] and thus—this aspect is not
expected to affect our conclusions. An inferior value of
19-20 mm was instead found in 100 healthy Chinese sub-
jects, again using 3D CT-based reconstructions [22]. The
authors imputed the differences with previous studies to
the variation in reference axis, measurement methods and
racial differences. Such considerations are valid also for
the present study, where European patients were included,
similarly to previous studies [10, 13]. On the other hand,
a common finding is found in the population evaluated
in the present study and the in Chinese population, since
in both cases no differences were found between males
and females. This is important, because it confirms the
hypothesis that femoral groove shape is independent from
gender. Furthermore, the patient’s height seems irrelevant
as well, since no correlation was found between radius and
femoral length. Thus, in the view of patient specific TKA
positioning and TKA design, gender and patient’s femoral
length does not represent relevant variables to be taken
into account to optimize patellofemoral anatomy.

Our results confirm that the orientation of trochlear sulcus
on axial plane is about 3° externally rotated with respect to
posterior condylar tangent. This confirms what expressed by
Riviere et al. [17], kinematically aligned implants my lead
to overstuff of lateral trochlea, and also in works of Talbot
etal. [19].

Our data regarding native HKA and groove alignment and
radius are in line with those from Maillot et al. [11] reported
that TF and trochlear anatomies are relatively independent
from one another.

From a clinical perspective, the present study offers
important insights. First of all, it confirms that intraopera-
tively it is still possible to map the trochlear groove shape
with a circle, in a similar fashion to what reported in other
research [10, 13, 22]. Thus, a simple circle model can be
used to identify portions of trochlear sulcus to use as refer-
ence to customize implant positioning based on arches of
that circle, to avoid potential patellofemoral overstuff [12]
or mid flexion instability [6]. Further studies should be per-
formed in this direction to assess its reliability and its clini-
cal implications in optimizing the outcomes and reducing
anterior knee pain after TKA. Moreover, instrumentations
and software could be developed for this purpose. Another
insight is represented using these measurements in the
development of patellar-friendly TKA designs. It was in fact
demonstrated that several actual TKA designs exhibit char-
acteristics of trochlear dysplasia [4], that manufacturer’s def-
inition of anatomical groove geometry may not imply exact
replication of normal anatomy, and that exact restoration of

physiologic patellar tracking may not be feasible with cur-
rent designs [17, 21].

The present study has several limitations. First, the meas-
urements were not obtained in healthy patients but in those
with OA requiring TKA, without considering the amount
of patellofemoral disease that could bias the results. If from
one side this could not allow to generalize the findings to
general population, on the other hand those are applicable
to osteoarthritic patients, which are those that effectively
need knee replacement and thus represent the ideal popula-
tion to investigate the patellofemoral anatomy. Secondly, all
measurements were obtained manually by a single examiner.
However, the small average root mean square error demon-
strates a good reliability in such measurements, thus discard-
ing bias in the method of measurement. Finally, the lack of
MRI or CT evaluation did not allow to correlate and vali-
date the navigation measurement with common radiological
methods. However, it was not the aim of the study, which
was instead designed to assess the in vivo trochlear shape
and its correlation with gender and femoral dimension.

Conclusions

The geometry of the trochlear groove in patients with oste-
oarthritis could be described accurately as a circle in the
sagittal plane with an average radius of 25.5 +5.6 mm and
a 3.2° +4.3° of external rotation, with respect to the pos-
terior condyle axis and a 3.9°+5.3° of external rotation,
with respect to the mechanical axis. Moreover, no differ-
ences are present between the genders and based on femoral
length; differences are present instead between gender and
femoral AP dimension. No correlation was found between
groove alignment (frontal and axial) or groove radius and
the HKA-phenotypes.
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