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Abnormal patellar sagittal spatial kinematics 2
in patients with patellofemoral pain: an in vivo
dynamic CT study

Mao Yuan'", Yurou Chen?", Jia Li', Haitao Yang', Fan Yu'" and Furong Lv'""

Abstract

Background Patellofemoral joint kinematics is a complex three-dimensional(3D) motion, involving shift and rotation
in the coronal, sagittal, and axial directions. Quantifying patellar tracking only at the axial level of the patella or

with two-dimensional(2D) parameters may not be comprehensive. The current study sought to explore the spatial
kinematics characteristics of the patella in three directions, especially the sagittal plane in patients with patellofemoral
pain (PFP) based on Four-dimensional computed tomography (4D-CT).

Methods A total of 35 knees with PFP and 35 controls from March 2023 to May 2024 were evaluated. 3D shift and

tilt of the patella were measured in the patellofemoral joint coordinate system established by MIMICS. The 3D shift
and tilt of the patella in three directions (coronal, sagittal, and axial) were evaluated. Differences between groups were
analyzed using two-way repeated measures ANOVA.

Results The 3D tilty, g, and 3D tilt,,;, trends differed between the two groups (P=0.020, 0.018, respectively). The 3D
shifts,gia at knee flexions of 50° to 70° was significantly increased in the PFP group compared to the control group
(P=0.009, 0.015, respectively). The 3D tilt,, . Was significantly greater in the PFP group than in the control group at
-10°to 10° and 50° to 70° of knee flexion (P=0.004, 0.005, 0.046, 0.007, respectively). The 3D tilt,;, was significantly
greater in the PFP group than in the control group at -10° to 0° and 40° to 70° of knee flexion (P=0.033,0.011, 0.004,
0.015, respectively). The 3D shift.,,on, at knee flexions of -10° to 20° were significantly decreased in the PFP group
compared to the control group (P=0.002, < 0.001, 0.018, respectively).

Conclusion It is necessary to evaluate the spatial position characteristics of the patellofemoral joint and the stability
of the patella from multiple planes and angles at the dynamic level. Analyzing the spatial multi-plane kinematic
characteristics of the patellofemoral joint may help in determining the etiology of PFP.
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Introduction

Patellofemoral pain (PFP) is one of the most common
knee disorders, especially prevalent in adolescents and
physically active adults [1-4]. Long-lasting PFP may be
associated with the development of patellofemoral osteo-
arthritis [5-7]. With a high incidence of PFP and a poor
prognosis, early detection and prevention are necessary
[8, 9]. Clinical examination is the basis for the diagnosis
of PFP, but because the etiology of PFP is multifactorial,
there is a wide variety of approaches to clinical assess-
ment, and no consensus has been reached on the diag-
nosis of PFP [10]. The clinical evaluation methods of PFP
mainly include patellar palpation, patellofemoral com-
pression test, and pain during squatting [11, 12]. How-
ever, many patients with PFP may have reduced knee
motion due to pain, so this diagnostic approach may
only identify patients with higher levels of pain or who
are still actively exercising [13]. Reduced effective knee
motion may lead to reduced muscle function around the
knee and thus reduced patellofemoral joint stability [14],
which in turn is detrimental to the long-term outcome of
PEP therapy. Some studies have proposed patellar mal-
tracking/malalignment as the cause of PFP [15, 16]. The
“J” sign is one of the most common physical examination
techniques used in clinical practice to diagnose patellar
maltracking, but the visual assessment of patellar track-
ing varies greatly among different orthopedic surgeons,
resulting in inconsistent judgments on patellofemoral
stability [17], which emphasizes the importance of objec-
tive quantification of patellar tracking [18].

Normal patellofemoral joint motion is maintained by a
dynamic balance between the skeletal structure and the
surrounding soft tissues [19]. Four-dimensional com-
puted tomography (4D-CT), also known as dynamic CT,
is an effective examination that can combine skeletal
anatomy with the functional status of movement, provid-
ing objective functional data for the assessment of patel-
lofemoral stability [20, 21]. Miho J. Tanaka et al. [22] used
4D-CT to objectively quantify patellar maltracking pat-
terns. The patellar axial motion pattern (J-sign) was com-
plemented by their study, patients with a J-sign severity
greater than grade 2 may have symptoms of patellar
instability. Ariel. A. Williams et al. [23] found that in
patients with unilateral patellofemoral instability, tibial
tubercle-trochlear groove distance, lateral patellar tilt,
and bisect offset were significantly higher on the affected
side than on the healthy side. However, these 4D-CT-
based studies have mainly explored changes in the axial
position of the patella, ignoring shift and tilt changes of
the patella in other planes, especially the sagittal plane.
A study by Wilson NA et al. [24] found poor rotational
alignment of the patella in the sagittal plane in patients
with PFP. Given that patellar motion involves shift and
rotation in the coronal, sagittal, and axial directions [25],
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quantifying patellar tracking only at the axial level of the
patella may not be comprehensive.

Patellar tracking is a complex three-dimensional move-
ment and the use of two-dimensional linear parameters
to assess the three-dimensional positional relationship
between the patella and femur may be inaccurate [26].
A growing body of research proposes to focus on three-
dimensional measurements [27, 28]. Yet, an extensive
search of the literature revealed no studies on three-
dimensional measurement parameters to assess sagit-
tal plane motion characteristics of the patella in patients
with PFP. This study aimed to quantify the three-dimen-
sional motion characteristics of the patella in three
directions, especially the sagittal plane in patients with
PFP based on 4D-CT. We hypothesized that there were
abnormal movement patterns in 3D shift and tilt of the
patella, and the occurrence of PFP may be related to
abnormal movement of the patella in multiple planes and
multiple angles.

Methods

Participants

Patients with PFP were recruited in an outpatient clinic
from March 2023 to May 2024. Two orthopaedic sur-
geons with more than 6 years of clinical experience per-
formed physical examination and clinical diagnosis of
these patients. The inclusion criteria were as follows: (1)
typical clinical signs and symptoms of PFP in the knee
(typically presented as diffuse pain behind or around the
patella), if both knees were symptomatic, both knees of
one patient were included; (2) persistence of symptoms of
PFP symptoms in the knee for at least 6 months; (3) Age
between 16 and 45 years. The exclusion criteria were as
follows: (1) a history of patellar dislocation or those with
traumatic PFP onset; (2) a history of knee surgery; (3)
ligamentous or meniscal injuries confirmed by magnetic
resonance imaging; (4) femorotibial osteoarthritis and/
or patellofemoral osteoarthritis[> Kellgren-Lawrence(KL)
3grade]; (5) The image is incomplete or of poor quality;
and (6) contraindications to CT scan.

We recruited patients who required CT scanning for
acute trauma or benign tumors of the contralateral leg,
without signs of patellofemoral symptoms and no posi-
tive findings on physical examination or MRI. The con-
trol knees were the asymptomatic knees of this group of
patients without PFP. The exclusion criteria were con-
sistent with the patient group. This case-control study
was approved by our Institutional Review Board (No.
2023 -360). Informed consent was obtained from all
patients.

4D- CT protocol
4D-CT scanning was performed on a wide detector CT
scanner equipped with 320 0.5-mm detectors (Aquilion
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ONE, Canon Medical Systems, Otawara, Japan) in
dynamic CT continuous scan mode without table feed.
The participant was positioned supine with the thighs
secured to the table using a strap, while the calves were
placed outside the gantry without restraint, allowing
the knees to flex and extend freely (Fig. 1). During the
10-second scan, the participant performed approximately
1.5 cycles of knee motion (flexion-extension-flexion) at a
constant speed, ranging from - 10° hyperextension to 70°
flexion. The scan protocol included a slice thickness of
0.5 mm, slice spacing of 0.5 mm, tube rotation of 0.35 s,
tube output of 100 kV and 70 mA, a time interval of 0.5 s,
and a DFOV of 500 x 500 x 160 mm. A total of 21 frame
images were obtained. During the scan, a lead protector
covered each participant from the neck to the proximal
thigh to minimize ionizing radiation exposure. The study
by TanakaM] et al. [22] clearly stated the radiation dose
for 4D-CT examination of the knee joint: when the same
amount of image information is obtained, the effective
dose of a 64-slice CT machine is more than three times
that of a 320-slice CT scanner.

Patellofemoral joint kinematic coordinate system

Mimics 21.0 and 3-matic 13.0 (Materialize, Leuven, Bel-
gium) software were used in this study. DICOM data
were imported into Mimics 21.0 to segment and recon-
struct 3D models of the patella and femur. The spa-
tial relationship between the patella and femur was
preserved. Anatomical location points were selected on
the 3D skeletal model and a coordinate system was cre-
ated (Fig. 2A-B). The coordinate system of the patel-
lofemoral joint was used to describe the spatial motion
of the patella relative to the femur (Fig. 2C). The patellar
reference point was the calculated center of gravity of the
patella by the software. The patellar ridge proximal point
(PRPP) was defined as the most proximal point on the
patellar ridge. The patella distal pole (PDP) was defined
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as the most distal point of the patella. The long axis of the
patella was defined as the line between PRPP and PDP.
PMP (patella medial pole) was defined as the most medial
point of the patella. PLP (patella lateral pole) was defined
as the most lateral point of the patella. The short axis of
the patella was defined as the line between PMP and PLP.
The lateral femoral condyle point (LFC) was defined as
the most prominent point of the lateral femoral condyle.
The medial femoral condyle point (MFC) was defined as
the most prominent point of the medial femoral condyle.
The origin of the coordinate system was defined as the
midpoint of the line connecting LFC and MFC. Roman
arch (RA) was defined as the most concave point of a
Roman arch. The X0Y plane was established by the LFC,
MEC, and RA points, and the X0Y plane was perpendicu-
lar to the long axis of the femur. A normal vector perpen-
dicular to the X0Y plane was created based on the origin.
The X0Z plane was created based on the LFC, MFC, and
an arbitrary point on the normal vector (Fig. 2C).

Measurement of parameters

We used 3D shift (including 3D shift,,g,, 3D shift,,p,
and 3D shift,,,,,) and 3D tilt (including 3D tilt,g;,, 3D
tilt, ;,» and 3D tilt.,,,.) to describe the relative motion
between the patella and femur in three directions: sagit-
tal, axial, and coronal. The 3D parameters were measured
using 3-matic 13.0. 3D shift,,., was defined as the spa-
tial distance in the Z-axis direction between the patel-
lar reference point and the origin (Fig. 3a). The patellar
reference point moved upward relative to the X0Y plane
to be positive. 3D shift,;,; was defined as the spatial dis-
tance in the X-axis direction between the patellar refer-
ence point and the origin (Fig. 3b). The patellar reference
point moved outward relative to the Z-axis to be positive.
3D shift .. Was defined as the spatial distance in the
Y-axis direction between the patellar reference point and
the origin (Fig. 3c). The patellar reference point moved

Fig. 1 Position of the subject during 4D-CT scan. The subject is in a supine position and the subject is asked to fully extend and flex both legs in ap-

proximately 10's
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PLP PLP

LFC

Patellar
reference point

Fig. 2 3D knee joint model with bone landmarks and establishment of patellofemoral joint coordinate system. (A) Patella anatomical landmarks. Patellar
reference point: center of gravity of the patella; PRPP: patellar ridge proxima point; PDP: patella distal pole; Long axis of the patella: the line between PRPP
and PDP. PMP, patella medial pole. PLP, patella lateral pole. The short axis of the patella: the line between PMP and PLP. (B) Femur anatomical landmarks.
LFC: lateral femoral condyle; MFC: medial femoral condyle point; Origin: the midpoint of the line connecting LFC and MFC; RA: Roman arch. (C) Establish-
ment of patellofemoral joint coordinate system. The X0Y plane was established by the LFC, MFC, and RA points. A normal vector perpendicular to the X0Y
plane was created based on the origin. The X0Z plane was created based on the LFC, MFC, and an arbitrary point on the normal vector

Z-axis

atellar reference point Patellar releeel 3N 1lar reference point

Y-axis

(b) (c)

Fig. 3 3D shift measurements. (a): 3D shift,, ., was represented as d1, which was the spatial distance in the Z-axis direction between the patellar refer-
ence point and the origin. The patellar reference point moved upward relative to the X0Y plane to be positive. (b): 3D shift, ., was represented as d2,
which was the spatial distance in the X-axis direction between the patellar reference point and the origin. The patellar reference point moved outward
relative to the Z-axis to be positive. (c): 3D shift.,,,., Was represented as d3, which was the spatial distance in the Y-axis direction between the patellar
reference point and the origin. The patellar reference point moved forward relative to the X0Z plane to be positive
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Fig.4 3D tilt measurements. (a): 3D tilt,q, Was represented as € 1, which was the spatial angle between the long axis of the patella and the X0Z plane.
The angle was positive when the long axis of the patella was tilted forward relative to the X0Z plane. (b): 3D tilt,,;, was represented as € 2, which was the
spatial angle between the short axis of the patella and the X0Z plane. The angle was positive when the short axis of the patella was tilted outward relative
to the X0Z plane. (c): 3D tilt s Was represented as 6 3, which was the spatial angle between the short axis of the patella and the X0Y plane. The angle
was positive when the short axis of the patella was tilted upward relative to the X0Y plane

Fig. 5 Method for measuring the flexion angle of the knee. (A) - (B) represents measurements of knee flexion angles in images from different time
frames using the same measurement method. Two circles are made at the level of the median of the tibia and femur respectively. The edges of the circles
intersect the cortex of the anterior and posterior margins of the bone and the center of the other circle. The long axes of the tibia and femur are the lines
joining the centers of the two circles. The angle between the long axes of the tibia and femur is the knee flexion angle. (A) Angle measurements with the

subject in the extended position; (B) knee flexed at 60°

forward relative to the X0Z plane to be positive. 3D shift-
sagittab 3D Shift,y;,, and 3D shift.,, . were normalized to
the transepicondylar axis (TEA) and expressed as a per-
centage of the TEA.

3D tiltg,gia was defined as the spatial angle between
the long axis of the patella and the X0Z plane (Fig. 4a).
The angle was positive when the long axis of the patella
was tilted forward relative to the X0Z plane. 3D tilt,,
was defined as the spatial angle between the short axis
of the patella and the X0Z plane (Fig. 4b). The angle was
positive when the short axis of the patella was tilted out-
ward relative to the X0Z plane. 3D tilt_,. .., was defined

as the spatial angle between the short axis of the patella
and the X0Y plane (Fig. 4c). The angle was positive when
the short axis of the patella was tilted upward relative to
the X0Y plane.

In this study, a total of 21 consecutive images (knee
flexion —10° to 70°) were obtained for each scan, and
measurements were performed on each image. To
observe more or less movement of the patella within
the PFP or control group, we normalized the data to the
extended position. The knee flexion angle was defined as
the angle between the long axis of the femur and the long
axis of the tibia (Fig. 5). Two musculoskeletal radiologists
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Table 1 Participant characteristics

Characteristic PFP group  Control P
(n=35) group value
(n=35)
Gender (males/females) 3/18 22/13 0.001
Side (left/right) 19/16 15/20 0.339
Age,y 3262+7.73 3129+£816 0549
Age range, y 16-45 17-44 NA
BMI (body mass index), kg/m? 21874234  2244+340 0507
Insall-Salvati index 1.03+0.11 1.00+0.11 0.244
VAS pain scores (out of 10)
Pain during a typical day 210£070  — NA
Pain during a provocative activity 4.19+1.08 — NA

with more than 5 years of clinical experience performed
the measurements independently after the data from
both groups had been blinded and randomly distributed.
To assess intra-observer reliability, one of the radiologists
repeated all measurements after a minimum interval of 4
weeks.

Statistical tests

Statistical analyses were performed using SPSS software
(version 17.0; SPSS, Chicago, IL, USA), with a signifi-
cance level set at 0.05. In demographic data, count data
were compared between two groups using the chi-square
test. The Shapiro-Wilk test was used for normality test-
ing. Continuous variables with a normal distribution
were expressed as mean * standard deviations and were
analyzed using two-way repeated measures analysis of
variance (ANOVA). A Greenhouse-Geisser correction
was applied if the analysis failed a Mauchly test for sphe-
ricity. Intraclass correlation coefficients (ICCs) was used
to assess the inter- and intraobserver reliability measure-
ments for two parameters.

The sample size was calculated a priori with G*Power
(version 3.1.9.7) based on a 5% probability of deviating
norm values in a population, considering a 95% confi-
dence interval (CI). With an alpha of 0.05 and a statisti-
cal power of 0.95, a sample size of at least 12 knees per
group, totaling 24 knees, was required to obtain reliable
results.

Results

Demographic characteristics of subjects in the two groups
During the study period, 42 knees with PFP underwent
4D-CT scans, 5 knees were excluded due to insufficient
knee flexion angle, 2 knees were excluded due to patel-
lofemoral osteoarthritis (> KL grade 3) and a total of 35
knees (19 left, 16 right) of 21 patients (3 males and 18
females, age range 16—45 years, mean age 32.62+7.73
years) were finally included in the PFP group. All patients
included in the PFP group had bilateral PFP. In the con-
trol group, 40 participants completed 4D-CT scans, 2
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Table 2 Consistency analysis of intra-and interobserver
parameter measurements
3D parameters

Interobserver
reliability(95%Cl)

Intraobserver
reliability(95%Cl)

3D shift,giga 0.996(0.992,0.998) 0987(0.977,0993)
3D tilt g 0.992(0.987,0.995 0.983(0.973,0.989
3D shift 0.980(0.967,0.988 0.949(0.624,0.983

axial

( )
( )
3D ilt,, 0.997(0.995,0.998)
3D shift 0.987(0.816,0.996)
3Dt 0.991(0.987,0.994)

0.960(0.807,0.984
0.978(0.899,0.991

coronal

( )
( )
0.991(0.937,0.997)
( )
( )

coronal

knees were excluded due to heavy image motion artifacts,
and 3 knees were excluded due to insufficient knee flex-
ion angle. Finally, there were 35 knees (15 left, 20 right) of
35 participants(22 males and 13 females, age range 17-44
years, mean age 31.29 +8.16 years) in the control group.
There was a significant difference in sex between the two
groups of subjects (P=0.001), but no significant differ-
ences in age, side, and body mass index. In this study,
patients with PFP primarily exhibited mild to moderate
pain in the patellofemoral joint (Table 1).

Intra-and interobserver reliability of the parameter
measurements

The intraclass correlation coefficients (ICCs) for intraob-
server reliability of 3D shift (including 3D shift,gy,, 3D
shift,;,;, and 3D shift . ..;) and 3D tilt (including 3D tilt-
sagittab 3D tiltyyiy, and 3D tilt ,,o,,) measurements ranged
from 0.980 to 0.997, while interobserver reliability ranged
from 0.949 to 0.991 (Table 2), indicating good reliability
both within and between observers.

Comparison of 3D shift and tilt between the PFP group and
the control group

The trends of 3D shift,q;,, 3D shifty,g;, normalized to
the TEA, and 3D shift,, ., normalized to the full exten-
sion were consistent between the two groups (P=0.244,
0.698, 0.962, respectively). The trends of 3D shift ,,;, 3D
shift ,,;,; normalized to the TEA, and 3D shift, , nor-
malized to the full extension were consistent between
the two groups (P=0.986, 0.637, 0.590, respectively). The
trends of 3D shift, .., and 3D shift.. .., normalized
to the full extension were consistent between the two
groups (P=0.053, 0.903, respectively). The trends of 3D
shift,,ona NOrmalized to the TEA were different between
the two groups (P=0.003). (Fig. 6)

The trends of 3D tilt,,;, were different between the
two groups (P=0.020). The trends of 3D tilty,,;y, normal-
ized to the full extension were consistent between the
two groups (P=0.285). The trends of 3D tilt,,;, were dif-
ferent between the two groups (P=0.018). The trends of
3D tilt,,;, normalized to the full extension were consis-
tent between the two groups (P =0.448). The trends of 3D

tilt and 3D tilt  normalized to the full extension

coronal corona
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Fig. 6 Curve of mean (£ standard deviation) interpolated data of the 3D shift. (a 1-3): 3D shift of the sagittal plane; (b 1-3): 3D shift of the axial plane; (c
1-3): 3D shift of the coronal plane; (a 2-c2): 3D shift was normalized to the transepicondylar axis (TEA) and expressed as a percentage of the TEA; (a 3-c3):
3D shift was normalized to the full extension. The trends of 3D shift,g.y, 3D shifty,q, normalized to the TEA, and 3D shift,q, normalized to the full
extension were consistent between the two groups (P=0.244, P=0.698, P=0.962, respectively). The trends of 3D shift,,;,, 3D shift,,;, normalized to the
TEA, and 3D shift,,;,; normalized to the full extension were consistent between the two groups (P=0.986, P=0.637, P=0.590, respectively). The trends of
3D shiftgrona @nd 3D shift g,ona NOrmalized to the full extension were consistent between the two groups (P=0.053, P=0.903, respectively). The trends of

3D shift

corona

were consistent between the two groups (P=0.628, 0.669,
respectively) (Fig. 7).

The differences between the two groups at the same
knee flexion angles were compared. As shown in Table 3,
the 3D shift,,g;, at knee flexions of 50° to 70° were sig-
nificantly increased in the PFP group compared to the
control group (P=0.009, 0.015, respectively). There were
no significant differences between the two groups in the
3D shift,,gi, normalized to the TEA and 3D shift,,g.
normalized to the full extension at -10° to 70° of knee
flexions (all P > 0.05). There were no significant differ-
ences between the two groups in the 3D shift,,, 3D
shift,;,; normalized to the TEA, and 3D shift,;, nor-
malized to the full extension at -10° to 70° of knee flex-
ions (all P > 0.05). The 3D shift,,,,, at knee flexions of
-10° to 20° were significantly decreased in the PFP group
compared to the control group (P=0.002, < 0.001, 0.018,

; normalized to the TEA were different between the two groups (P=0.003)

respectively). The 3D shift,,,, normalized to the TEA at
knee flexions of -10° to 50° were significantly increased in
the PFP group compared to the control group (P=0.002,
0.007, 0.001, < 0.001, 0.012, 0.024, respectively). There
were no significant differences between the two groups in
the 3D shift,,,, normalized to the full extension at -10°
to 70° of knee flexions (all P > 0.05).

As shown in Table 4, the 3D tilty,q, was significantly
greater in the PFP group than in the control group at
-10° to 10° and 50° to 70° of knee flexion (P =0.004, 0.005,
0.046, 0.007, respectively). There were no significant
differences between the two groups in the 3D tilty,g
normalized to the full extension at -10° to 70° of knee
flexions (all P > 0.05). The 3D tilt,,;, was significantly
greater in the PFP group than in the control group at -10°
to 0° and 40° to 70° of knee flexion (P=0.033, 0.011, 0.004,
0.015, respectively). There were no significant differences
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Fig.7 Curve of mean (+standard deviation) interpolated data of the 3D tilt. (a 1-2): 3D tilt of the sagittal plane; (b 1-2): 3D tilt of the axial plane; (¢ 1-2): 3D
tilt of the coronal plane; (a 2-c2): 3D tilt was normalized to the full extension. The trends of 3D tilt, ., were different between the two groups (P=0.020).
The trends of 3D tilty, g, Normalized to the full extension were consistent between the two groups (P=0.285). The trends of 3D tilt,;, were different be-
tween the two groups (P=0.018). The trends of 3D tilt,;, normalized to the full extension were consistent between the two groups (P=0.448). The trends
of 3D tilt g ona @nd 3D tilto,0na NOrmMalized to the full extension were consistent between the two groups (P=0.628, P=0.669, respectively)
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Table 3 Comparison of the 3D shift parameter between the PFP group and control group

Flexion angle Sagittal Axial Coronal

) PFP Control group  P-value PFP Control group  P-value PFP Control group  P-value
group group group

-10-0 1683+4.95  17.96+5.95 0357 6.10+352  6.08+3.89 0975 45104322  47.08+253 0.002
22.86+£649%  2239+7.34* 0.757%  841+492% 766+489* 0461*  6133+386* 5886+3.19* 0.002*

0-10 8.50+5.89 862+6.78 0934 1744331 2.05+2.95 0.688 4533+293  47.80+2.77 <0.001
1140+7.78%  10.76+8.58* 0732%  238+444* 257+370* 0.852%  61.64+334* 5974+3.19* 0.007*
-1146+4.72%  -1163+533% 0.890*  -6.03+3.93* -510+3.23% 0230 032+196*  088+2.07* 0.256*

10-20 042+531 -0.73+6.18 0423 099+266  0.93+241 0930 4475+308  46.54+3.29 0.018
043+725%  -0.92+7.94* 0482%  136+3.58* 1.16+3.03* 0.829%  60.82+292* 5815+373% 0.001*
-2243+539%  -2331+598* 0520 -705+4.10*% -650+441*% 0527%  -051+272% -071+358* 0.800%

20-30 -6.85+5.21 -8.80+5.31 0.165 1204241  1.16+256 0938 4268+3.11  4351+3.90 0.348
037+726%  -11.00+689%  0392*  168+332% 145+3.13* 0781*%  5801+298* 5436+464* <0.001*
-3223+498% -3340+5.14* 0342%  -673+440*% -621+447% 0524*  -332+342%  -450+4.70* 0.269*

30-40 -1265+4.85  -14.85+4.77 0.083 2044241 20+224 0.949 39.104364 40224427 0.250
-1730+£6.96* -1857+6.03%  0461*  282+335% 250+2.80* 0692%  53.09+351%  5026+520% 0.012*
-40.16+551%  -4096+5.12* 0487%  -559+470*% -516+444* 0622%  -823+4.17%  -860+5.25* 0.768*

40-50 S1811+3.92  -19.94+4.14 0.065 266+235 2794262 0.846 34924380  35.84+4.09 0.356
2469+565% -2487+503%  0894*  369+332% 351+£333* 0.834*%  4744+434%  4479+510% 0.024*
4755+511%  -4726+578* 0823*%  -471+472*% -415+476% 0538*  -1389+441% -1407+499* 0.883*

50-60 21974340  -23.73+351 0.009  359+227  369+260 0.878 30.174£401  31.15+4.69 0.351
-29.95+4.99% 2967 +444% 0765  495+324% 464+333* 0720%  4095+463* 3888+549* 0.079*
-5281+527%  -5206+562* 0532%  -346+489% -302+480* 0646*  -2038+563* -1999+579¢ 0.775%

60-70 225174201 -26.55+3.04 0.015  424+253  380+342 0.548 2553+386  27.11+3.62 0.100
-3431+338*% -33.15+£349% 0122  584+364* 474+416* 0.244*  3460+409% 3392+471* 0.515*
-57.17+6.16% -5554+653* 0287 -256+495*% -292+6.30% 0.762*  -2673+503*% -2495+4.27% 0.110%

*3D shift was normalized to the transepicondylar axis (TEA) and expressed as a percentage of the TEA

#3D shift was normalized to a set position (i.e. full extension)

Table 4 Comparison of the 3D tilt parameter between the PFP group and control group

Flexion angle Sagittal Axial Coronal

) PFP Control group  P-value PFP Control group  P-value PFP Control group  P-value
group group group

-10-0 -591+425  -1045+6.78 0.004 585+829 2074640 0.033  0.0243+394 0.19+6.19 0910

0-10 -196+390  -552+545 0.005  175+695  -065+545 0.140 0.24+458 1114520 0.506
395+390%  493+517* 0374%  -410+366% -2.71+4.04* 0093*  022+354%  092+343* 0426*

10-20 3.70+445 0.81+6.13 0.063 1514612  -099+445 0.071 1.66+4.06 2034565 0.779
962+468%  1126+575% 0234*%  -434+433% -306+462* 0.188*  163+363* 1.84+369* 0.827*

20-30 947 +5.66 7.38+6.40 0.261 234+569  -024+437 0.053 322+442 448+4.82 0.296
1538+544%  1783+6.78* 0.145% 3514540 -2.31+496* 0342*%  320+399%  429+451% 0.379*

30-40 15824549  13.09+6.72 0.127 2794508  045+4.12 0.071 5.17+4.71 5.84+4.76 0.588
21.74+565%  2353+6.72% 0297%  -306+6.11% -161+505* 0.249*  515+456%  565+4.56* 0.692*

40-50 23274548  2042+687 0.110 297+487  -056+4.93 0.011 647 +462 7124526 0.593
29.19+6.16%  3086+7.35* 0363*%  -288+594% -263+4.80* 0843*  644+462%  693+4.14% 0.667*

50-60 30.83+£596  27.60+6.57 0.046  238+443  -1.50+4.70 0.004  846+533 8.75+4.94 0.830
36.74+7.14%  3804+667* 0452%  347+644% -357+545% 0939%  844+523%  856+444% 0.926*

60-70 37414524  34.02+456 0.007  152+483  -1.99+4.96 0.015  939+5.12 9.50+4.86 0.935
4332+690%  4447+762* 0558*  -432+668% -406+6.75* 0870*  937+530f  931+476* 0.966*

#3D tilt was normalized to a set position (i.e. full extension)

between the two groups in 3D tilt, ,; normalized to the

full extension at -10° to 70° of knee flexions (all P > 0.05).  Discussion

There were no significant differences between the two
groups in the 3D tilt,,..; and 3D tilt, .. normalized to
the full extension at -10° to 70° of knee flexions (all P >
0.05).

There were three main findings in this study. Firstly, the
results suggested that abnormal motion in the patel-
lar sagittal plane might be a potential risk factor for the
development of PFP. The patella elevated at knee flex-
ions of 50° to 70° and tilted anteriorly at flexions of -10°
to 10° and 50° to 70°. These findings indicated potential
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sagittal patellar instability in patients with PFP. Secondly,
axial and coronal patella instability may also be present in
patients with PFP. The patella of patients with PFP had an
axial outward tilt at flexions of -10° to 10° and 40° to 70°.
It was found that when extended to 20° flexion, the patella
was closer to the femoral trochlear groove in patients
with PFP. Third, the angle of knee flexion affected the
sagittal and axial 3D tilt of the patella. The trends in the
sagittal and axial 3D tilt differed between the two groups,
indicating an abnormal dynamic tilting pattern of the
patella in the sagittal and axial plane in the PFP group.
These findings supported our hypothesis that abnormal
patella motion patterns at multiple planes might lead to
the onset of PFP. Therefore, when analyzing the motion
patterns of the patellofemoral joint in PFP patients, the
multi- plane motion characteristics of the patella should
be considered. In particular, the sagittal plane, which is
easily ignored, needs to be paid attention to.

The position of the patella in relation to the trochlea
significantly impacts patellofemoral stability and can
contribute to potential pain [29]. Davies et al. [30] found
that an elevated patellar position is an important and
common anatomical factor in patients with PFP. Patella
alta increases the quadriceps moment arm, leading to
greater compression forces and reducing the patello-
femoral contact area between 0° and 60° of flexion. These
anomalies will increase the risk of cartilage degeneration
and subsequent pain [31]. A biomechanical study indi-
cated that as knee flexion exceeds 60°, there was a notable
increase in patellofemoral contact force when the patella
was elevated [32]. Our study found that compared to the
control group, the patella was elevated in the PFP group
when the knee was flexed at 50° -70°. This suggests that
abnormal patellar height changes may be associated with
the occurrence of PFP. Saikat Pal et al. [33] found that the
patellar height in the PFP group was elevated compared
to the normal control group when in an upright, weight-
bearing position. However, no differences were observed
near full extension in the current study, which is consis-
tent with the findings of Nicole A. et al. [24] This demon-
strates that the knee flexion angle during imaging is one
of the key influencing factors in assessing the kinematics
characteristics of the patellofemoral joint.

This study observed differences in sagittal plane shift
at higher knee flexion angles. Focusing solely on the
extended position seems to be incomplete. It is impor-
tant to emphasize the assessment of patellar instability
throughout the entire range of knee motion, as this may
provide more value for diagnosing PFP. Several studies
have measured patellofemoral joint alignment param-
eters at different knee flexion angles based on static mag-
netic resonance imaging to assess patellofemoral joint
instability [34, 35]. Although static imaging can provide
detailed anatomical information, they do not take into
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account the role of the quadriceps, which affects the kine-
matics and stability of the patellofemoral joint [36]. Grant
et al. [37] also showed that the ability to detect patellar
maltracking can be improved in a state of quadriceps
activity. Therefore, more and more studies are advocating
the assessment of patellar instability in a dynamic situa-
tion [22, 38, 39]. 4D-CT allows for imaging of the knee
joint during active flexion and extension, providing volu-
metric data throughout the entire range of knee motion
[40]. The quality of the image data obtained in this study
also suggests that 4D-CT is an effective technique for
analyzing patellofemoral joint movement patterns.

The motion of the patella relative to the femur involves
translation and rotation in three directions: coronal,
axial, and sagittal [41], so it is necessary to assess the
patellofemoral alignment modalities based on multiple
planes. In this study, it was found that compared with the
control group, the patella of patients in the PFP group
moved backward on the coronal plane. When the knee
joint was in extension and flexion at 40° to 70°, patients
in the PFP group tilted axially outward. The stability of
the patellofemoral joint is maintained by both skeletal
structure and muscles. The patella enters the femoral
trochlear groove at 30° of flexion. However, the patella in
the PFP group began to show a tendency to tilt outward
when the knee was flexed to 40°. This may be due to the
greater role of the peripatellar muscles at this time. Addi-
tionally, we found that patients in the PFP group exhib-
ited a tendency to tilt the patella forward compared to
normal controls. Anterior patellar tilt may result in the
reduced contact area between the patella and the femo-
ral trochlear groove, increased contact pressure on the
patellofemoral joint, and leading to PFP. This is consistent
with a study that have proposed theoretical models of the
pathological biomechanics of PFP [15].

At present, there is no consensus on the etiology of
PFP, and there is a lack of primary etiological evidence as
a basis for treatment [42]. One study suggested that the
occurrence of PFP may be related to patellar maltracking
[15]. Our study found that patients with PFP have multi-
planar patellar maltracking, especially in the easily over-
looked sagittal plane. These results may help determine
the etiology of PFP. The abnormal multiplanar tracking
patterns observed in this study may result from medial
quadriceps muscle weakness, an imbalance in the stiff-
ness of the knee extensor tendons, or a combination of
these factors. Biomechanical parameters of gait in the
sagittal plane, such as knee flexion moment and angle,
are associated with mechanical loading on the patel-
lofemoral joint and progression of knee osteoarthritis
[43—-45]. Patients with PFP can be given functional train-
ing to enhance quadriceps strength and gait retraining
to correct patellar maltracking, thereby reducing pain
and alleviating dysfunction. Our research results provide
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theoretical support for optimizing PFP treatment options
and rehabilitation treatment.

To eliminate the effect of body size between different
subjects, we normalized the 3D shift based on the TEA.
Results from the 3D shift,,., at knee flexions of 50° to
70° in the PFP group showed elevation of the patella.
However, the 3D shift,, ., normalized to TEA showed
that the patella was not elevated. In addition, results of
3D shift,,,,. have shown that the patella in patients with
PEP was closer to the femoral trochlear groove when the
knee was extended to 20° of flexion. However, the 3D
shift ,na Normalized to the TEA showed that the patella
was farther away from the femoral trochlear groove in
the PFP group. This seemed to be a better explanation
that patellar anterior shift may lead to a decrease in the
contact area between the patella and femoral trochlea,
an increase in the contact pressure of the patellofemoral
joint, and lead to PFP. Therefore, such standardization is
important to ensure the comparability of measurements
between subjects of different body sizes. To observe more
or less movement of the patella within the PFP or control
group, we normalized the data to the extended position.
The results showed that during knee flexion, the changes
in the PFP group and the control group were consistent.

A study by Aksahin et al. [46] and Chen et al. [47]
found that the patella was tilted posteriorly with respect
to the patellar ligament in patients with chondromalacia
patellae or PFP. In this study, we quantitatively measured
the spatial position of the patella relative to the sagittal
plane of the femur based on the established patellofem-
oral coordinate system. We found that the patella was
tilted forward relative to the femur. Due to the diversity
of imaging methods and differences in measurement
methods, it is difficult to integrate existing research
results. Previous studies have mostly quantitatively
assessed patellofemoral joint stability based on 2D linear
parameters. The reference lines used on the 2D image do
not match the reference lines measured in 3D space. This
may lead to inconsistencies between the 3D and 2D anal-
ysis results. Conventional 2D measurements of the patel-
lofemoral joint anatomical index are influenced by the
selection of slices and reference lines [48]. In this study,
3D measurement was performed based on the estab-
lished patellofemoral joint coordinate system, and the
tracking of the patella relative to the femur was directly
recorded. Compared with traditional 2D measurement,
dynamic 3D measurement reflects the spatial movement
of the patella and the activation of surrounding muscles
and soft tissues under the functional state of the patello-
femoral joint, thereby obtaining more realistic, objective,
and repeatable results.

This study still has some limitations. First, muscle acti-
vation can occur during dynamic CT scanning, but the
level of muscle activation during scanning is generally
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lower compared to the muscle strength when the patella
is dislocated during exercise. Ideally, we should con-
duct research under weight-bearing conditions to bet-
ter simulate actual exercise situations. Second, in order
to maximize the sample size, we did not strictly match
the sex of the subjects in the two groups. Previous stud-
ies have shown that although women are more likely to
develop PFP than men, patellar tracking does not show
significant sex differences [49]. Third, a comparison of
2D and 3D parameters was not performed in this study,
and the differences between 2D and 3D parameters are
unknown. Fourth, although the current study evaluated
patellofemoral joint kinematics with the knee flexed to
70°, the movement patterns may be different as knee flex-
ion deepens further and patellar motion becomes less
restricted. Finally, the results of the 3D parameters in this
study can only illustrate the phenomena present in the
sample of this study, and the actual value in the patho-
genesis of PFP still needs to be verified by relevant bio-
mechanical studies.

Conclusion

PFP has multi-plane patellofemoral joint instability,
which should be analyzed more comprehensively from
multiple planes and multiple angles. The effectiveness
and practical clinical value of tracking abnormal patella
in different planes in the development of PFP requires
more in-depth research.
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