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ABSTRACT

Background: The effects of kinematics on patient-reported outcome measures (PROMs) after cruciate-
retaining (CR) total knee arthroplasty (TKA) remain unclear. This study investigated the effects of ki-
nematic patterns after CR-TKA on PROMs.
Methods: We examined 35 knees (27 patients) undergoing primary CR-TKA. Knee kinematics and 2011
Knee Society Score were evaluated at a mean follow-up of 72.4 (+ 28.2) months. Knee kinematics was
analyzed using fluoroscopy, and the femoral antero-posterior position relative to the tibial component
was assessed separately for medial and lateral compartments during a squat. The correlations between
kinematics and PROMs were evaluated.
Results: The average amount of posterior femoral translation from full extension to maximum flexion was
0.2 (+ 2.6) mm for the medial femoral condyle and 4.1 (+ 2.9) mm for the lateral condyle. Medial pivot
motion was observed in 24 knees (68.6%) with a low rate (14.3%) of paradoxical anterior translation. The
anterior position of the medial femoral condyle at 60° had a negative impact on discretionary activities
(p = —0.37; P =.039), and at maximum flexion, had a negative impact on total functional activities
(p=-0.46; P=.005), advanced activities (p = —0.45; P=.006), and discretionary activities (p = —0.63; P <
.001). Anterior position of the lateral femoral condyle at 30° had a negative impact on total functional
activities (p = —0.48; P = .005), walking and standing (p = —0.56; P < .001), and advanced activities
(p=-0.49; P=.004), and at 60° had a negative impact on walking and standing (p = —0.45; P =.010).
Conclusions: The anterior positions of the medial and lateral femoral condyles at mid-flexion and
maximum flexion had negative impacts on PROMs. Soft tissue conditions should be carefully managed to
achieve medial knee joint stability, which can improve PROMs.

© 2024 Elsevier Inc. All rights reserved.

Achieving near-normal kinematics is a goal of total knee
arthroplasty (TKA); however, it is difficult to reproduce normal
kinematics after TKA [1]. Dissatisfaction after TKA has been re-
ported by approximately 20% of patients [2]. Aberrant kinematics
may have some impact, but it is necessary to determine which
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elements of the various kinematic patterns after TKA have the
maximum effect on patient-reported outcome measures (PROMs).

Several studies have demonstrated relationships between ki-
nematics and PROMs [3—8]. During closed kinetic chain move-
ments, patients who have poor PROMs after TKA experience more
anterior translation on the medial side followed by a medial mid-
flexion instability and less posterior translation on the lateral side
in deep flexion compared to patients who have good PROMs [7].
Higher values of anterior translation of the lateral compartment
correlate with higher clinical scores, whereas higher values of
anterior translation of the medial compartment correlate with
lower clinical scores [3]. However, the relationships between Kki-
nematics and PROMs have been evaluated in posterior-stabilized
(PS), medial-stabilized, or bicruciate-substituting implants. Unlike
these implant designs, the posterior cruciate ligament (PCL) is
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Table 1
Characteristics of the Study Population.

Variables 35 Knees (27 Patients)

Age at surgery, y
Age at fluoroscopy, y
Sex, men/women
Side, right/left

73.0 + 7.5 (51 to 82)
79.2 +7.9 (57 to 91)
15 (42.9%)/20 (57.1%)
14 (40.0%)/21 (60.0%)

Height, cm 156.4 + 11.4 (137.9 to 179.4)
BW, kg 63.3 + 11.4 (43.5 to 91.3)
BMI, kg/m? 25.8 + 3.6 (21.0 to 35.9)

Follow-up duration, mo 724 + 282 (35to 121)

BW, body weight; BMI, body mass index.

preserved in cruciate-retaining (CR) TKA without a prosthetic
postcam mechanism or congruity between the femoral component
and the tibial insert, which means that the kinematic pattern of CR-
TKA is dependent on soft tissue balance. However, little informa-
tion is available regarding the effect of knee kinematics on PROMs
in CR-TKA.

Soft tissue balance affects postoperative knee kinematics, in
which postoperative larger medial knee joint gaps are correlated
with more anterior position of the medial femoral condyle from
0 to 60° flexion during a squat [9]. Intraoperative medial soft tissue
release is occasionally performed in TKA for severe varus knees to
balance the medial and lateral joint gaps. However, over-release

results in a large medial gap, which may have an unfavorable ef-
fect on clinical outcomes [10, 11]. We previously proposed a surgical
technique to preserve the structures of superficial medial collateral
ligament (MCL) and PCL without ligamentous release (the medial
stabilizing technique), which may aid in improving postoperative
medial knee joint stability [12, 13]. However, the kinematics and its
direct impact on PROMs after CR-TKA performed using the
ligament-preserving technique remains unclear.

Thus, the present study aimed to analyze knee kinematics during
a squat using a 2-dimensional (2D) to 3-dimensional (3D) registra-
tion technique after CR-TKA with ligament preserving technique,
and to investigate the effect of the kinematic patterns on PROMs. The
hypotheses were that a medial pivot pattern similar to that of
healthy knees would be achieved in CR-TKA without ligamentous
release, and that the anterior position of the medial femoral condyle
relative to the tibia would have a negative impact on PROMs.

Materials and Methods
Patients
A cohort of 96 consecutive knees of 75 patients who underwent

CR-TKAs (NexGen CR-Flex, Zimmer Biomet, Warsaw, Indiana, USA)
was enrolled. The inclusion criteria were (1) severe radiographic

Fig. 1. Kinematics was analyzed using a 2-dimensional to 3-dimensional registration technique. The figures show a squat from full extension at the top left to maximum flexion at

the bottom right, before (A) and after (B) image matching.
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Fig. 2. The average anteroposterior positions of the medial and lateral femoral con-
dyles every 10° from 0 to 120° of flexion during a squat. The lateral femoral condyle
was always positioned posterior to the medial femoral condyle, and translated more
posteriorly than the medial femoral condyle throughout the range of motion.

osteoarthritis (Kellgren-Lawrence grades 3 and 4) with varus
alignment and (2) patients scheduled for primary TKA. Patients
who had severe bone defects, valgus alignment, inflammatory
arthritis, and knees with attenuated PCL function as determined by
preoperative subjective symptoms, manual testing, and lateral knee
radiographs were excluded from the study. Overall, 13 patients (17
knees) were lost to follow-up, and 5 patients (6 knees) died. Par-
ticipants were recruited via telephone between August 2, 2022 and
September 1, 2023. A total of 27 patients (35 knees) willingly
participated in the study. Patient characteristics are listed in Table 1.
This prospective study was approved by our institutional review
board (R-3486) and was conducted in accordance with the Decla-
ration of Helsinki. Written informed consent was obtained from all
the participants prior to the commencement of the study.

Surgical Techniques

All surgeries were performed or supervised by a single senior
surgeon, using a medial stabilizing technique [12, 13]. The NexGen
CR-Flex had a flat tibial surface and multiple radius femoral com-
ponents. Using a medial parapatellar approach, the distal femur
was cut perpendicular to the femoral mechanical axis in the coronal
plane and parallel to the distal femoral anatomical axis in the
sagittal plane. The axial rotation of the femoral component was
aligned with the surgical epicondylar axis. The femoral component
size was determined based on a posterior reference. The proximal
tibia was also cut perpendicular to the tibial mechanical axis in the
coronal plane, approximately 10 mm from the most proximal sur-
face of the lateral tibial plateau, while retaining the PCL attachment
as a bone island. The posterior tibial slope (PTS) was aimed at equal
to that of the original PTS. The maximum PTS was set at 10°. The

Table 2
The Amount of AP Translations of the Medial and Lateral Femoral Condyles.

Flexion Phases AP Translation (mm)

Medial Lateral

Early flexion (full
extension to 30°)
Mid-flexion (30 to 60°)
Late flexion (60 to 90°)
Deep flexion (90° to

maximum flexion)

~11+15(-52t021) -3.8+25(-8.0t01.4)
0.3 + 1.5 (—3.0 to 3.5)
14+ 1.0 (~1.7 to 3.4)
09 +23(-7.7t01.9)

04 + 1.5 (~2.4 to 5.0)
0.3 +1.5(-3.4t02.7)
15 +2.7 (~9.7 to 2.0)

AP, anteroposterior.

Table 3

Preoperative and Postoperative 2011 KSS.
2011 KSS Preoperative Scores Postoperative Scores P Value?®
Symptoms 103 +55(0to19) 22.2 +3.1(12to 25) <.001

Patient satisfaction
Patient expectation
Total functional
activities
Walking and
standing
Standard activities 17.4 + 5.9 (6 to 28)
Advanced activities 8.8 + 5.6 (1 to 21)
Discretionary 7.9 +3.7(0to 13)
activities

161 +59(6t032) 31.7+7.7(18t040) <001
139+ 15(10t0 15) 105+29 (4t015)  <.001
50.1 + 202 (4 to 88) 77.1 = 21.6 (27 to 100) <.001
171 +86(0t030) 245+77(5t030) <001
249 +55(12t030)  <.001

16.7 + 7.3 (2 to 25) <.001
111+43(0to15) <001

KSS, Knee Society Score.
2 Wilcoxon signed-rank test.

axial rotation of the tibial component was aligned with the tibial
antero-posterior (AP) axis parallel to the line connecting the PCL
attachment and the medial margin of the patellar tendon. The
concept of the medial stabilizing technique is to preserve medial
soft-tissue structure. The deep MCL was detached from the tibial
attachment approximately 1 centimeter distal to the medial tibial
articular surface, and the osteophytes were resected. No additional
medial soft-tissue release was performed to achieve an equal
medio-lateral joint gap balance, even if greater lateral laxity was
observed in comparison to the medial side. A tight MCL or PCL was
managed with bone re-cutting or downsizing of the femoral
component, and ligamentous release of the superficial MCL or PCL
was not performed.

Evaluation of Kinematics and PROMs

Fluoroscopic surveillance was conducted at a mean follow-up of
72.4 months (range, 35 to 121) (Table 1). Patients had to squat at a
comfortable pace under single fluoroscopy in the sagittal plane.
Motion was dynamically captured at 3 frames per second from full
extension to maximum comfortable flexion. Kinematics during the
squats was analyzed using a 2D to 3D registration technique
(ZedMotion, LEXI, Tokyo, Japan). This technique is based on a
contour-based registration algorithm that uses single-view fluo-
roscopy images and 3D computer-aided design models (Figure 1)
[5]. The precision of this software was reported to be 0.3 to 0.8
millimeter (mm) for in-plane translation, 2.2 mm for out-plane
translation, and 0.2 to 0.6° for rotation [14, 15]. The AP position of
the femoral component in the local coordinate system of the tibial
component [5, 9] was analyzed at every 10°. The central point of the
tibial component was defined as the origin, and the anterior posi-
tions of the femoral component relative to the tibial component
were defined as positive values. There were 4 flexion phases
defined: early flexion (full extension to 30°), mid-flexion (30 to
60°), late flexion (60 to 90°), and deep flexion (90° to maximum
flexion), and >2 mm anterior translation of the femoral component
was detected for each flexion phase. The AP position of the most
distal point of the femoral component was analyzed separately for
the medial and lateral compartments.

Simultaneously, the fluoroscopy patients completed the 2011
Knee Society Score (KSS) as PROMs [16, 17]. The 2011 KSS comprises
4 validated subscales: “symptom” (scored from 0 to 25), “patient
satisfaction” (scored from O to 40), “patient expectations” (scored
from 0 to 15), and “functional activities” (scored from O to 100).
“Functional activities” is the sum of 4 categories: “walking and
standing” (scored from 0 to 30), “standard activities” (scored from
0 to 30), “advanced activities” (scored from O to 25), and “discre-
tionary activities” (scored from O to 15). Higher scores indicated
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Table 4
Correlations Between AP Positions of the Medial and Lateral Femoral Condyles and 2011 Knee Society Score.

2011 KSS Medial

Full Extension 30° Flexion 60° Flexion 90° Flexion Maximum Flexion

p P Value® p P Value® p P Value® p P Value® p P Value®
Symptoms -0.25 .145 0.02 929 -0.19 295 —0.28 132 —0.26 130
Patient satisfaction —0.01 938 0.02 .900 -0.10 .601 0.03 .867 -0.19 .269
Patient expectations —0.02 908 -0.33 .061 -0.13 492 —0.04 827 -0.11 539
Total functional activities 0.16 362 0.07 .689 -0.23 218 -0.09 .620 -0.46 .005
Walking and standing 0.35 .040 0.14 434 —0.06 768 0.06 743 —0.30 .076
Standard activities 0.17 336 0.17 348 -0.13 489 0.02 915 —0.26 134
Advanced activities 0.08 .645 0.03 856 —0.26 .160 -0.18 342 —0.45 .006
Discretionary activities -0.02 .889 -0.07 .703 -0.37 .039 -0.17 360 -0.63 <.001
2011 KSS Lateral

Full Extension 30° Flexion 60° Flexion 90° Flexion Maximum Flexion

p P Value® p P Value® p P Value® p P Value® p P Value®
Symptoms -0.17 336 0.04 832 —0.08 667 0.02 .908 0.09 592
Patient satisfaction —0.09 618 -0.21 253 —0.02 915 0.15 415 0.10 573
Patient expectations 0.14 416 —0.02 .898 -0.00 980 0.22 237 0.13 457
Total functional activities -0.16 357 —-0.48 .005 -0.29 117 —0.25 174 —0.25 154
Walking and standing —0.07 .708 —0.56 <.001 —0.45 .010 —0.36 .053 -0.33 .050
Standard activities —0.02 926 -0.27 132 —0.11 566 -0.16 .388 —-0.12 483
Advanced activities -0.21 230 -0.49 .004 -0.30 .100 -0.22 233 -0.21 216
Discretionary activities -0.14 417 -0.32 .073 -0.13 475 -0.13 495 -0.21 233

Significant differences were shown in bold and italics.
KSS, Knee Society Score; AP, anteroposterior; p, correlation coefficient.
¢ Spearman’s rank correlation test.

better outcomes. The correlations of the PROMs with medial and
lateral femoral AP positions were evaluated at full extension, 30°,
60°, 90°, and maximum flexion.

Data Analyses

Statistical analyses were performed using the R software
(version 4.2.1; R Foundation for Statistical Computation, Vienna,
Austria). Categorical data were summarized as frequencies and
percentages, and continuous data as means + standard deviations
and ranges. Normality and homoscedasticity were examined using
the Shapiro—Wilk and Levene’s tests, respectively. Wilcoxon
signed-rank tests were used to compare the preoperative and
postoperative data. Mann—Whitney U tests were used to compare
AP positions between the subgroups. Correlations between kine-
matics and PROMs were evaluated using Pearson’s correlation or
Spearman’s rank correlation tests. The level of significance was set
at P=.05. An a priori sample size estimation according to a previous
study [3] was performed using G*power version 3.1.9.7 (Heinrich-
Heine-Universitat Diisseldorf, Diisseldorf, Germany) with an a er-
ror of 0.05 and a power (1-f) of 0.8, which indicated a requirement
of sample size of 21 knees.

Results
Kinematics

The full extension and maximum flexion angles during a squat
were 4.9 + 9.0 (range, —10 to 30) and 108.9 + 18.9 (range, 75 to
140°), respectively. The AP translation from full extension to
maximum flexion was —0.2 + 2.6 (range, —9.3 to 3.6) mm for the
medial femoral condyle and —4.1 + 2.9 (range, —10.0 to 2.6) mm for
the lateral femoral condyle (Figure 2). Medial pivot motion was
observed in 24 knees (68.6%), wherein posterior translation of the
lateral condyle was more than that of the medial condyle. Para-
doxical anterior translation of >2 mm of the medial femoral
condyle and both femoral condyles was observed in 4 (11.4%) and 1

(2.9%) knees, respectively. Both medial and lateral femoral condyles
translated posteriorly during early and deep flexion and moved
slightly anteriorly during mid-flexion and late flexion (Table 2).
Paradoxical anterior translation of >2 mm of the medial femoral
condyle was observed in 1 (2.9%), 2 (5.7%), and 7 knees (20.0%)
during early flexion (full extension to 30°), mid-flexion (30 to 60°),
and late flexion (60 to 90°), respectively, and there were no medial
femoral condyles with anterior translation >2 mm during deep
flexion (90° to maximum flexion). Paradoxical anterior translation
of >2 mm of the lateral femoral condyle was observed in 2 knees
(5.7%) during both mid-flexion and late flexion, and there were no
lateral femoral condyles with anterior translation >2 mm during
both early and deep flexion.

2011 KSS

The scores of the 2011 KSS subscales, except for patient expec-
tations, significantly improved postoperatively compared with the
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Fig. 3. Scatter plots for the anteroposterior position of the medial femoral condyle at
full extension, and walking and standing.
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Fig. 4. Scatter plots for the anteroposterior position of the medial femoral condyle at
60° flexion and discretionary activities.

preoperative scores (Table 3). Functional activity subcategories
significantly improved postoperatively.

Correlation Between Kinematics and Postoperative 2011 KSS

Correlations between kinematics and postoperative 2011 KSS
are shown in Table 4. Correlations were observed between AP po-
sitions of the medial femoral condyle at full extension, and walking
and standing (p = 0.35; P=.040) (Figure 3), at 60° and discretionary
activities (p = —0.37; P =.039) (Figure 4), and at maximum flexion
and total functional activities (p = —0.46; P =.005), advanced ac-
tivities (p = —0.45; P = .006), and discretionary activities
(p = —0.63; P < .001) (Figure 5A-C). The anterior position of the
medial femoral condyle at mid-flexion and maximum-flexion had a
negative impact on functional outcomes. Significant correlations
were observed between AP positions of the lateral femoral condyle
at 30° flexion and total functional activities (p = —0.48; P =.005),
walking and standing (p = —0.56; P < .001), and advanced activities
(p=-0.49; P =.004) (Figure 6A-C), and at 60° flexion and walking
and standing (p = —0.45; P =.010) (Figure 7). The anterior position
of the lateral femoral condyle at mid-flexion had a negative impact
on functional outcomes.

Discussion
This study analyzed knee kinematics during a squat using a 2D-

3D registration technique after CR-TKA was performed with a
ligament-preserving technique (medial stabilizing technique) and
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investigated the relationship between kinematic patterns and
PROMs. Overall, in the present study, a medial pivot pattern
without paradoxical anterior translation was observed with excel-
lent clinical outcomes. Patients who had more anterior positions of
both medial and lateral femoral condyles had worse 2011 KSS ac-
tivity scores. Therefore, hypotheses that a medial pivot pattern
similar to that of healthy knees would be represented by achieving
medial stability and that the anterior position of the medial femoral
condyle relative to the tibia would have a negative impact on
PROMs were reinforced by our findings.

A medial release is often performed to balance varus knee
deformity; however, excessive release can cause AP instability
because the MCL is an important soft tissue for AP stability. Para-
doxical anterior motion is reportedly often observed after CR-TKA [3,
8, 18—21]. One study reported that 95 of 136 patients after CR-TKA
experienced >3 mm anterior translation of either the medial or
lateral femoral condyle [19]. This might be emphasized by excessive
medial soft tissue release, increasing femorotibial AP movement, and
medial looseness [22, 23]. Morcos et al. compared the kinematics
after PS TKA among 3 groups divided by degree of medial soft tissue
release, and reported that the release of superficial MCL resulted in
more anterior translation of the medial femoral condyle from 20 to
80° and more anterior positions of the lateral femoral condyle at 40°
flexion. These results indicated that excessive medial soft tissue
release induces more anterior translation of the lateral and medial
femoral condyles. In the present study, wherein a medial stabilizing
technique with minimal release of the deep MCL was performed,
anterior translation of medial and lateral femoral condyles was
rarely observed. Moreover, the mean 0.5 mm AP translation of the
medial femoral condyle from full extension to maximum flexion was
3 mm less than the value previously reported using the same
prosthesis as in the present study [24].

Management of PCL tension is another important procedure in
CR-TKA [25]. The PCL is the primary resistance for femoral internal
rotation beyond 90° flexion, and the anterolateral and poster-
omedial bands of the PCL mainly function beyond 70° flexion and
from 0 to 15°, respectively, as resistance for femoral anterior
translation [26]. Due to the difficulty in tensioning the PCL, CR-TKA
implies various patterns of AP translation of the femoral condyle
compared to PS TKA [8]. In the present study, PCL tension was
adjusted by additional bone cutting or downsizing of the femoral
component for an excessively tight PCL without ligamentous
release [13, 27], which could sufficiently preserve PCL function, as
reflected by posterior translations of both the medial and lateral
femoral condyles during early and deep flexion.

The results of the present study indicated that more anterior
positions in both medial and lateral compartments after TKA had a
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Fig. 5. A-C Scatter plots for the anteroposterior position of the medial femoral condyle at maximum flexion and total functional activities (A); advanced activities at maximum

flexion (B); and discretionary activities (C).
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considerable impact on PROMs. Hodge et al. found that greater
satisfaction and decreased pain were obtained with a more poste-
rior femur position at maximum flexion during a deep knee bend in
CR-TKA [4]. However, kinematics was not evaluated during mid-
flexion. Moreover, the medial and lateral compartments were not
investigated separately. The present study investigated the rela-
tionship between knee kinematics after CR-TKA and PROMs at 30°,
60°, and 90° flexion, as well as at full extension and maximum
flexion. Notably, more posterior positions of the medial femoral
condyle at full extension and more anterior positions at 60° flexion
were negatively correlated with activity scores. This may reflect the
negative impact of anterior translation of the medial femoral
condyle from full extension to 60° on PROMs, although the position
at 30° flexion was not correlated with clinical outcomes. The pre-
sent study revealed the importance of AP stability in PROMs from
the perspective of kinematics, which was consistent with the
findings of Van Onsem et al, which demonstrated a 7 mm more
anterior translation of the medial femoral condyle in the lower-
PROMs cluster compared to the higher-PROMs cluster during a
squat after PS TKA [7]. The present study also indicated negative
correlations of the more anterior positions of the lateral femoral
condyle at 30 and 60° flexion with activity scores. The anteriorly
located lateral femoral condyle just before the PCL function might
have an adverse effect on sufficient femoral rollback. Various fac-
tors are reportedly associated with femoro-tibial AP translation
after CR-TKA such as MCL tension, PCL tension, radius of femoral
component, conformity of tibial surface, PTS, femoral sagittal
alignment, and muscle strength [28—36]. The NexGen CR-Flex has a
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Fig. 7. Scatter plots for the anteroposterior position of the lateral femoral condyle at
60° flexion and walking and standing.

multiradius femoral component and a flat tibial surface; thus, care
must be taken to ensure the medial structure is not loose. The
findings of the present study suggest that the meticulous man-
agement of the medial soft tissue and PCL by preserving carefully
without excessive release contributes to sufficient overall AP sta-
bility and PROMs.

The present study had some potential limitations. A sample size
of 35 knees in 27 patients may be considered low for statistical
analysis; the same applies to the study by Alesi et al, which was
used for the power analysis [3]. The small sample size can affect the
generalizability of the present study. A single implant with a medial
stabilization technique was used. Different results may be obtained
by using other prostheses and surgical techniques. Not all eligible
patients participated in the study. Only squat motion was investi-
gated. Daily activities that may be affected more by mid-flexion
stability, such as walking or step-ups, should be investigated. The
direct relationship between MCL or PCL tension and kinematics was
not evaluated. In addition, the relevance of actual muscle strength
was not considered. Anterior translation of the femur decreases the
quadriceps moment arm, resulting in reduced quadriceps efficiency
[18]. Therefore, the activity scores might have been particularly
affected.

Conclusions

A medial pivot pattern was represented by using a medial sta-
bilizing technique without ligamentous release of the MCL and PCL
in CR-TKA. The anterior positions of the medial and lateral femoral
condyles had a negative impact on PROMs. Soft tissue conditions
should be carefully managed to achieve medial knee joint stability,
which can improve PROMs.
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