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Abstract

Purpose: The recent introduction of personalized alignment strategies in
total knee arthroplasty (TKA) has transformed adult reconstruction. Pro-
ponents advocate for these techniques due to their kinematic benefits
compared to traditional methods. Current literature supports combining
medial-pivot designs with kinematic alignment (KA) surgery. This review
summarizes the application of gait analysis in KA medial-pivot TKA and
recommends gait parameters related to patient satisfaction.

Methods: This review followed the Preferred Reporting ltems for System-
atic Reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-
ScR). One hundred twenty-one articles from the three search engines un-
derwent a preliminary title/abstract and full-text screening. The final
screening resulted in 23 systematic reviews (SR), meta-analyses (M-A) and
narrative reviews (NR) as core articles of the current umbrella review.
Results: Out of the original 121 SR/M-A/NR articles, 23 (19%) were ulti-
mately evaluated based on the reported results. Twelve articles fell into the
first category (gait analysis following TKA as the main topic), five articles
were designated for the second category (knee implant design), only one
article was classified in the third category (kinematic alignment) and five
articles were assigned to the fourth category (a combination of all main
topics).

Conclusions: The literature investigating the relationship between kine-
matic and spatiotemporal data and clinical outcomes following KA medial
pivot TKA is limited. Few studies included in the current review showed that
remote measurements using wearable sensors are more informative than

Abbreviations: CR, posterior cruciate retention; GR, general review; GRF, ground reaction force; KA, Kinematic alignment; MA, mechanical alignment; M-A, meta-
analysis; MP, medial pivot; NR, narrative review; OA, osteoarthritis; PROMs, patients' reported outcome measurements; PS, posterior cruciate substitution;

rKA, restricted kinematic alignment; SR, systematic reviews; TKA, total knee arthroplasty; UKA, unicompartmental knee arthroplasty; uKA, unrestricted kinematic
alignment.
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INTRODUCTION

Total knee arthroplasty (TKA) surgery has recently
shifted from a traditional ‘one size fits all' approach
towards a more personalized strategy catering to indi-
vidual needs [16]. Regarding surgical techniques, var-
ious lower limb alignments have been introduced as
alternatives to conventional mechanical alignment
(MA), aimed at restoring the native ‘functional’ kine-
matics and natural perception of the knee. These new
techniques range from resurfacing the knee without
limitations in postoperative alignment (unrestricted
kinematic alignment or uKA) to imposing restrictions by
adjusting the alignment to predetermined safe zone
criteria (restricted KA or rKA), ultimately striving to
restore native ligament laxities for ligament isometry
(functional alignment or FA) [6, 37, 48]. This ‘kinematic
approach’ focuses on aligning the prosthetic compo-
nents to mimic the patient's native joint anatomy and
function instead of adhering to fixed alignment princi-
ples [35]. On the implant design side, medial pivot (MP)
implant designs are recently growing in popularity
worldwide [18] because of the theoretical advantage of
increasing sagittal plane stability and replicating a few
characteristics of native joint kinematics [32, 40].

Much is known about the biomechanics of the
native knee and the end-stage knee osteoarthritis
patient. Initially performed through static images, gait
analysis has recently evolved due to 3D motion capture
technologies. This approach, which uses infrared
camera-based systems and skin markers to
reconstruct anatomical segments and is sometimes
paired with dynamic EMGs, has been utilized to ana-
lyze the gait cycle in patients who have undergone total
knee arthroplasty (TKA) based on mechanical align-
ment surgical principles [5]. These patients showed
altered biomechanics in their lower extremities, but the
impact of these alterations on patient satisfaction
remains unclear [3].

While significant improvements in patient-reported
outcome measurements (PROMs) or subjective knee
function following KA TKAs have been reported after
comparison with MA TKAs [36], there is a profound lack
of knowledge on the impact of new TKA alignment
philosophies on postoperative knee kinematics as

patients' reported outcome measurements (PROMs) regarding a patient's
daily level of activities and, ultimately, gait. The current review demonstrated
that combining KA and MP designs can ensure a knee kinematic closer to
normal than combining MA and more traditional implant designs.

Level of Evidence: Level I.

gait analysis, kinematic alignment, knee, medial pivot, review, TKA

evaluated by modern gait analysis. Despite MP TKA
implants being recently advocated as ideal designs to
be combined with KA TKA [10], few basic science
studies have evaluated the triple combination KA-MP-
gait analysis.

This review aimed to answer the question: What is
currently known about gait patterns following KA with
MP designs? The authors reviewed systematic reviews
(SR), meta-analyses (M-A), and narrative reviews (NR)
articles published on this topic. Another aim was to
examine articles reporting on innovative technologies
for three-dimensional kinematic gait measurements to
evaluate the combined effects of KA-MP on gait
analysis.

MATERIALS AND METHODS

The local IRB approved this umbrella review as part of
an ongoing gait analysis study in an institutional TKA
research project (IRB: SABES 71/2023 and 17/2024).
The Preferred Reporting Items for Systematic Reviews
(PRISMA-ScR) recommendations were strictly fol-
lowed (Supporting Information S1: Table 1). First, the
International Prospective Register for Systematic Re-
views (PROSPERO) database was searched to ex-
plore the presence of similar studies (53 ongoing
reviews on TKA and GAIT were identified). The authors
searched for reviews registered on PROSPERO but did
not register their protocol. The electronic search was
done in January 2025 on PubMed, Embase, and
Epistemonikos.

Inclusion criteria were any review (SR, M-A, scop-
ing reviews and narrative reviews) that reported on gait
analysis following kinematic alignment TKA with a
medial pivot design and no restriction on publication
date. Exclusion criteria were clinical studies (RCT,
cohort, case-control, case series, case reports, tech-
nical notes, editorials or letters to the editor), reviews
that pooled results for all types of implants and align-
ment techniques without stratifying results, and reviews
in languages other than English.

The search terms included: #1: Gait [Title/Abstract]
AND analysis [Title/Abstract] AND Knee [All]; #2: ‘total
knee arthroplasty’ [Title/Abstract] OR ‘total knee
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replacement’ [Title/Abstract] OR TKA [Title/Abstract]
OR TKR [Title/Abstract]; #3: ‘meta-analysis’ [Title/
Abstract] OR ‘metanalysis’ [Title/Abstract] OR review
[Title/Abstract]; #4: #1 AND #2 AND #3. The search
was considered concluded when no new articles were
identified during search field variation. The first
screening resulted in 121 articles. All articles were then
screened by title and abstract for eligibility by two
designed authors. This final screening resulted in a
preliminary list of 27 articles: 9 SR/M-A and 18 SR/NR
(Figure 1). This first list of SR/M-A/NR articles was then
screened with the intent of highlighting the study type,
the number of articles included, the main topic, the
presence of a control group, and the kind of outcome
considered (functional or according to gait parameters)
(Table 1). After this preliminary screening, the 27 arti-
cles underwent a second full-text screening to include
each article in one of four categories to satisfy the main
and the secondary purposes of this umbrella review: (1)
SR/M-A/NR articles having gait analysis as a main to-
pic; (2) SR/M-A/NR articles having knee implant design
as a main topic; (3) SR/M-A/NR articles having KA as a
main topic; (4) SR/M-A/NR articles combining 1 and/or
2 and/or 3. Four of the 27 SR/M-A/NR articles were
ultimately removed because they did not provide
comprehensive data pertinent to the current umbrella
review (Table 1). The authors ultimately included 23
SR/M-A/NR articles as core articles of the current
umbrella review. Any disagreement was resolved
through discussion and consensus between the two
reviewers.

RESULTS

Of the original 121 SR/M-A/GR articles, 23 (19%) were
evaluated based on the reported results. Eleven arti-
cles fell into the first category (gait analysis following
TKA as a main topic), five articles were designated
the second category (knee implant design as a main
topic), only one article was classified in the third cate-
gory (kinematic alignment as a main topic), and five
articles were assigned to the fourth category (a com-
bination of all main topics).

Gait analysis following TKA

A total of 12 articles examined gait analysis following
TKA (Table 2). Five articles compared the gait param-
eters of patients who underwent TKA to those with
‘healthy or normal’ knees [8, 24, 25, 45, 46]. The most
relevant systematic review for the current umbrella
review was authored by McClelland et al. [25], who
were among the first to demonstrate that TKA patients
experienced a reduced range of motion (ROM), par-
ticularly in the swing phase of the gait cycle, compared
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to healthy controls. In a related study examining spinal
mobility, Van Criekinge et al. [45] found that significant
differences in trunk motion persisted after TKA, indi-
cating the need for a trunk motion and gait-retraining
rehabilitative protocol to restore postural alignment
post-TKA. Dominguez-Navarro et al. [8] also advo-
cated balance training protocols alongside conven-
tional physiotherapy to enhance proprioception and
functionality after TKA. Van der Straaten et al. [46] re-
viewed literature relevant to using knee and full-body
sensor systems to assess the kinematics of the knee
and lower extremities in TKA patients and healthy
controls, suggesting the potential application of inertial
sensor systems, accelerometers and gyroscopes to
evaluate patients following TKA. Marino et al. [24]
confirmed profound differences in kinematic (reduced
speed, lower stride length, slower cadence, more ex-
tended stance phase) and spatial-temporal parameters
between TKA patients and age-matched healthy
subjects.

Four other articles reviewed patients' monitoring
devices (in the gait lab or from remote) to monitor pa-
tients before and after TKA [11, 12, 22, 27].

Komnik et al. [22] reported that the literature on gait
analysis following TKA was mainly focused on level
walking, sagittal plane kinematics and analysis of knee
adduction moments. Those authors [22] recommended
future research on all three planes of the knee joint and
on inverse-dynamic techniques to investigate muscle
function following TKA. Gianzina et al. [12] and Feng
et al. [11] reviewed the results of the application of
wearable sensors during remote patient monitoring
following TKA, showing that wireless sensor devices
(accelerometers) could accurately and safely assess
spatiotemporal gait characteristics, negating the need
for a more advanced and more classical gait analysis
technology. Interestingly, Feng et al. [11] also reported
that modern wearable sensors could detect and par-
tially quantify the joint torque and estimate the intra-
articular load, which has been reported as a significant
limitation compared to data acquired in a classical gait
lab setting. Naal et al. [27], in their review of SR on the
use of motion sensors (accelerometers more accu-
rately than pedometers) to monitor patients undergoing
total joint arthroplasty, reported that those patients are
less active than recommended to achieve health-
enhancing activity levels; however, they still appear
more active than patients affected by degenerative joint
disease of the knee.

The last three articles examined different aspects of
using gait parameters to monitor TKA patients.
Schache et al. [39] emphasized that TKA patients often
displayed signs of quadriceps and hamstring weakness
after the surgical procedures, recommending rehabili-
tative strategies specifically aimed at strengthening
these muscle groups to enhance TKA outcomes ulti-
mately. Vij et al. [50] published a fascinating scoping
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FIGURE 1

|| IDENTIFICATION

SCREENING

ELIGIBILITY

INCLUDED

121 Potentially relevant articles after initial
literature

- Articles from PubMed: 31

- Articles from Embase: 64

- Articles from Epistemenikos: 25

— 42 Duplicates removed

y

79 Titles and abstracts assessed
for eligibility

—— 48 Articles excluded based on title and
abstract screening:
- Not relevant: 39
- Book chapter: 1
- Older than 20 years: 7
- Articles not in English: 1

A

31 Full text articles reviewed

4 Articles excluded based on full-text
screening

—

\4

27 Articles included for data

extraction: ) )
- SR+MA:9 4 of the 27 articles were ultimately
- SR, Reviews: 18 removed because they did not provide

comprehensive data pertinent to the
current umbrella review

PRISMA flow diagram showing the study screening process.
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review to identify the most suitable preoperative motion
analysis parameters for which a systematic review to
determine reliability and validity may be necessary;
notably, the authors found that the literature is limited
regarding articles addressing preoperative and post-
operative outcomes. Finally, Ornetti et al. [29], in a
15-year-old article, assessed the psychometric prop-
erties (test-retest reliability, validity, sensitivity and
specificity) of gait analysis applied to patients affected
by degenerative joint disease of the knee: the authors
ultimately questioned the use of kinematic parameters
as valuable outcome measures in OA. This concept
has been contested by more recent literature [21].

Influence of the design in TKA: Gait
analysis, SR and M-A

Five articles reviewed gait analysis outcomes to
determine the impact of different partial or total knee
designs (Table 3).

Two SR/M-A reviews focused on gait analysis out-
comes comparing TKA to unicompartmental knee ar-
throplasty (UKA) patients [9, 26]. Nha et al. [28], reviewing
several SR/M-A gait analysis studies, highlighted that no
significant differences in vertical ground reaction force
(GRF), joint moment at stance, overall kinematics, walking
speed, or cadence existed between UKA and TKA pa-
tients during level walking. A few years later, Dong et al.
[9], comparing spatiotemporal, kinematic and kinetic gait
characteristics during level walking between TKA and UKA
patients, found opposite outcomes: medial UKA designs
were superior to TKA designs regarding walking speed,
stride length, maximum knee flexion at loading, vertical
GREF, knee internal rotational moment and knee extension.
Compared to the results of Nha et al. [28], Dong et al. [9]
reported inconsistent findings, which were justified
because gait characteristics were analyzed more system-
atically and comprehensively with increased studies and
an expanded sample size.

Two other SR/M-A studies compared medial pivot
(MP) and posterior-stabilized (PS) knee designs regarding
gait parameters [19, 29]. Kakoulidis et al. [19] reported a
similar range of motion (ROM) and similar mean walking
speed between MP and PS TKA designs; on the other
hand, differences in the three-plane kinematic data were
not reported. Unlike Kakoulidis et al. [19], Risitano et al.
[33], in their systematic review, revealed significant kine-
matic and kinetic differences between MP and PS TKA at
all gait analysis phases; in fact, MP TKA showed subs-
tantially higher knee rotational moment and greater tibio-
femoral external rotation motion during knee flexion than
PS TKA.

Finally, Li et al. [23] compared two-dimensional gait
patterns between posterior cruciate retention (CR) and
substitution (PS) designs in TKA: no significant differ-
ences were found between CR and PS patients in

TABLE 3 Five articles were included in the ‘gait analysis outcomes category to determine the impact of different TKA designs’.

Outcomes
Gait

Outcomes

Notes

Functional

Control

Study type Articles Study

Journal

Country

Author (year)

UKA superior to TKA in multiple spatiotemporal and

sagittal kinematic parameters

N/A

TKA UKA

13

SR+MA

China Gait & Posture

Dong et al.

(2023) [9]

Similar ROM and similar mean walking speed between

MP and PS TKA patients

PS-TKA x

MP-TKA

SR +MA

KSSTA

Greece

Kakoulidis et al.
(2023) [19]

N major kinematic differences between CR and PS

J Orthop SR+MA 9 CR-TKA  CS-TKA x

China

Li et al.

patients but PS patients showed an increased second

knee flexion peak respect to CR patients

Surg Res

(2022) [23]

No significant differences in GRF, overall kinematics,

N/A

SR +MA TKA UKA

PLoS One

South
Korea

Nha et al.

walking speed, or cadence between UKA and TKA

patients

(2018) [28]

MP-TKA patients showed higher knee rotational

N/A

Arthroplasty SR MP-TKA
PS-TKA

ltaly/USA

Risitano et al.
(2023) [33]

moment and greater tibiofemoral external rotation

during ROM.
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terms of kinematic gait parameters, knee extension, or
walking speed; interestingly, PS patients showed an
increased second knee flexion peak compared to CR
patients.

Kinematic alignment and gait analysis

Only one study, by Van Essen et al. [47], was included
in the current umbrella review.

This study [47] represented a meta-analysis of ran-
domized controlled trials and observational studies com-
paring postoperative ROM and gait analysis in TKA
performed according to KA versus MA surgical philoso-
phies. According to multiple gait parameters analyzed
(including spatiotemporal parameters, kinetics and kine-
matics analysis), gait and plantar pressure distribution of
KA cohorts more closely represented healthy cohorts: KA
also showed a weak association of a decreased knee
adduction moment (KAM) compared to MA. Unfortunately,
this SR/M-A study [47] could not include articles reporting
three-dimensional kinematic measures of gait.

Mixed topics

Five articles (Table 4) were included in this umbrella
review because they reported data on multiple topics
related to the umbrella review's main topics, despite not
showing pure gait analysis parameters.

Two articles [14, 26] were focused on rehabilitation
after TKA. The first article [24] was a health technology
policy analysis by the Medical Advisory Secretariat, part of
Canada's Ontario Ministry of Health and Long-Term Care.
This report [26] had two main findings related to the current
umbrella review: first, home-based physiotherapy instead
of inpatient physiotherapy after primary TKA surgery was
recommended; second, an exercise programme beginning
4 to 6 weeks before primary TKA surgery was found
ineffective. The second review on rehabilitation was pub-
lished by Harvey et al. [14] the authors focused on the
application of continuous passive motion (CPM) following
TKA, reporting that CPM did not have clinically significant
effects on active ROM, pain, function, or quality of life to
justify its routine use.

Another SR article included in this umbrella review
was published by Smith et al. [41] the authors investi-
gated whether TKA wounds should be closed in flexion
or extension, ultimately showing that patients with TKA
wounds closed in flexion had greater flexion and
required less physiotherapy sessions compared to
those with wounds closed in full extension.

Di Laura Frattura et al. [7] investigated the incidence of
falls in patients with degenerative joint disease in the knee
who underwent TKA. Interestingly, TKA patients remained
at high risk of falls after surgery. Finally, Bragonzoni et al.
[4] reviewed the proprioceptive skills in OA patients before
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and after TKA. Interestingly, no consensus was found in
the literature about improving or worsening proprioception
before and after TKA.

DISCUSSION

The most important finding of the current review was that
combining KA and MP designs can ensure knee kine-
matics that are closer to normal than those achieved by
combining MA and more traditional implant designs. The
authors aimed to identify studies that report data on using
various forms of motion analysis following medial pivot
total knee arthroplasty performed according to KA princi-
ples. In a time when PROMSs serve as the primary driver in
the TKA decision-making process, the authors aimed to
emphasize the significance of obtaining objective data
following knee arthroplasty [30]. Unfortunately, this
umbrella review confirmed limited literature examining the
relationship between kinematic and spatiotemporal data
and clinical outcomes after KA medial pivot TKA. This
limitation is likely because alternative alignments in TKA
are a relatively new concept, primarily supported by aca-
demic or high-volume surgeons associated with scientific
societies [15, 48].

Considering the etymology, the term ‘kinematic align-
ment’ (KA) in TKA is founded on the principle that all three
kinematic axes of knee motion should be respected after
resurfacing the knee with the implant. It would be rea-
sonable to assert that, instead of viewing PROMs as the
definitive outcome measures, kinematic and kinetic out-
come measures comparing different alignments and TKA
designs hold greater significance [33]. The increasing use
of modern gait analysis platforms equipped with 3D cam-
eras (38), the application of inertial sensor systems, ac-
celerometers, and gyroscopes [46], and finally, the
application of wearable sensors during remote patient
monitoring [11] are elevating the opportunities to obtain
objective data following TKA. To support this, a few studies
[11, 12] included in the current umbrella review showed
that remote measurements using wearable sensors may
be more informative than PROMs regarding a patient's
daily level of activities and, ultimately, gait. Although it is a
fascinating alternative to more complex gait analysis plat-
forms, Feng et al. [11] reported that modern wearable
sensors provided partial estimates of joint torque and intra-
articular load, which has been identified as a significant
limitation when compared to data acquired in a traditional
gait lab setting. Unfortunately, the current umbrella review
confirmed that the available literature [22] on gait analysis
following TKA lacks three-dimensional data, including data
on muscle recruitment and function following TKA. Several
authors [1, 31, 38, 50] recently pushed on considering pure
spatiotemporal parameters (i.e., knee adduction moment,
cadence, stride length and velocity) and pure kinematic
parameters (i.e., knee ROM, spine ROM and hips ROM)
for integration into composite clinical scores.

This umbrella review acknowledges that objective
data support the shift from MA to a more personalized
alignment, but many of those studies report data
obtained with ‘static’ modalities. A significant criticism
of KA was the common misbelief that KA systematically
brings the joint line of the tibia into varus, interfering
with the natural parallelism between the joint line and
the floor during heel strike [17, 49]. Hypothetically, KA,
which aims to maintain pre-arthritic anatomy and
respects the soft tissue envelope of the knee, should
reproduce a closer-to-normal gait than fixed, anatomy-
altering alignments. To confirm this, recent data shows
that KA achieves more parallelism to the ground in both
the bipedal stance phase during standing and the
single-leg stance during gait [13]. A reason for this
kinematic behaviour has been found in the valgus pull
on the knee joint line during weight bearing or walking,
which shifts the kinematically aligned varus knee to the
alignment parallel to the floor [13]. On the other side,
implanting a mechanically aligned tibial component led
to a valgus position during the stance phase of the gait
cycle [20]. The study by van Essen et al. [47] has
shown a slight superiority of KA over MA in several
functional outcomes but without clinical significance:
anyway, TKA implanted following KA philosophy may
more closely resemble natural knee kinematics in some
studies.

With this shift to restoring knee anatomy and mak-
ing it as physiological as possible, the choice of the
implant has been considered crucial. Historically, a
medial pivot (MP) design showed the advantage of
rotational stability for replicating the physiological knee
motion, with the medial condyle being a ‘center of
rotation’ [40]. The review by Risitano et al. [34]
revealed the kinematic and kinetic advantages of MP
TKA over PS implants.

This umbrella review focuses on the combination of
KA with MP TKA design. By inductive reasoning, re-
ferring to multiple anatomical studies preimplantation
and postimplantation [33, 40], MP TKA should easily
comply with KA principles. A study by Kaneda et al. [20]
has shown that, on two- and three-dimensional gait
characteristics, MP and KA combination in TKA suc-
cessfully reproduced the medial pivot pattern of knee
motion and achieved more significant external rotation
of the femur relative to the tibia than MA MP TKA. Few
recent studies showed that KA could maximize the
primary concept of the medial pivot knee design by
enhancing its medial pivot pattern during gait [20, 44].

This umbrella review has several limitations. The
current literature search identified 121 SR/M-A/NR ar-
ticles. However, the vast majority of these articles did
not include all the researched terms (‘gait analysis’,
‘kinematic alignment’ and ‘medial pivot’) in the same
title or abstract; as a result, our umbrella review
revealed a lack of studies assessing gait patterns in
patients who underwent TKA using kinematic
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alignment techniques. Consequently, the findings of
this umbrella review have been extrapolated from arti-
cles focused on a single topic and later combined.
Furthermore, it reveals significant variability regarding
the methodology and quality of the included studies. No
quality assessment of the included studies was per-
formed because their designs (systematic review,
meta-analysis and narrative review) were too different
for a single tool like AMSTAR (Assessing the Method-
ological Quality of Systematic Reviews) to be
applicable.

CONCLUSION

The current umbrella review, despite its limitations,
demonstrates that combining KA and MP designs can
achieve knee kinematics closer to normal than those of
MA and more traditional implant designs. During this
transitional period between classical alignment princi-
ples and new strategies, the authors of this umbrella
review support the hypothesis that in vivo kinematic
studies are essential for understanding knee motion
and providing strong evidence of KA's benefits [30]
before shifting to different paradigms. Future prospec-
tive studies that yield consistent gait outcomes are
necessary to determine whether newer surgical ap-
proaches would enhance patient satisfaction and
implant survival.
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in the Supporting Information section at the end of this
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