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REFRAME:
Fundamentals of a Reference Frame Alignment Method Towards
Kinematic Phenotyping of Total Knee Arthroplasty Patients Based
on Mobile Gait Analysis

AssTrRACT (ENGLISH)

Research studies surveying satisfaction rates of osteoarthritis patients after total knee arthroplasty have
continually found that up to one in five individuals are not fully satisfied with their surgical outcomes.
Under the hypothesis that the problem stems from a need for more personalised treatment approaches,
experts in the field of orthopaedics have explored the use of different implant geometries, surgical tech-
niques, and alignment methods. The widespread adoption of a fully personalised knee replacement
approach with custom, individually made implants for every patient faces a multitude of barriers and
is thus not realistically feasible given existing resources and infrastructure, especially for high-volume
clinics. Patient phenotyping, on the other hand, holds the potential for improved surgical outcomes
by guiding clinicians to opt for targeted treatment approaches that incorporate patient-specific charac-
teristics without demanding a fully customised implant be designed and manufactured for every single
patient. Functional gait phenotyping thus relies on clustering osteoarthritis patients into subgroups or
“phenotypes” according to clinically meaningful differences between their joint motion patterns. Ad-
vocates of such a phenotyping approach expect that ongoing research will establish relationships be-
tween different phenotypes and patient satisfaction rates after treatment with e.g. a specific implant
geometry to address specific kinematic patterns and knee instability. By identifying the functional phe-
notype to which each patient belongs, clinicians could therefore make better-informed decisions re-
garding which treatment approaches to favour (or which to avoid), and thus maximise chances of pa-
tient satisfaction.

The development and practical adoption of a functional phenotyping approach to total knee re-
placement in osteoarthritis patients require the fulfilment of two key objectives. First, a motion capture
system that is capable of objectively quantifying joint movement patterns 7z vivo, and that can easily
and conveniently be incorporated into the existing clinical workflow that osteoarthritis patients follow,
must be readily available. Second, we should be able to reliably identify differences between joint mo-
tion patterns based on the data collected by such a system. While motion capture systems to analyse
gait 2n vivo are commercially available, the market is dominated by optoelectronic systems, often em-
ploying retroreflective markers. Frequently considered the “gold standard” despite known susceptibil-
ity to errors associated with soft tissue artefact, optical marker systems are not only difficult to use and
time-consuming, but also cumbersome and expensive. One of the underlying goals of this thesis there-
fore focused on the research and development of alternative technologies to optical motion capture. A
mobile gait analysis system for the assessment of tibiofemoral kinematics was designed using two low-
cost inertial measurement units. The prototype system involved attaching the mobile sensors to the
thigh and shank, and measuring angular velocity and linear acceleration during a movement. A sensor
fusion algorithm based on Rauch-Tung-Striebel smoothing was then implemented and adapted to es-
timate the rotational kinematics of the tibiofemoral joint from the raw inertial values. The system was
methodically validated using a six degrees-of-freedom robotic joint simulator, relying on real tibiofem-
oral kinematics that had originally been captured 7z vivo using moving videofluoroscopy as ground
truth data.



Even though a first cursory assessment of results obtained from validation tests indicated the pro-
totype system performed with promising accuracy, a deeper analysis considered the magnitude of any
remaining differences between the IMU-based and simulated ground truth kinematics. This explora-
tion revealed important insights into previously misunderstood (sometimes even altogether disre-
garded) effects of differences in local segment reference frame orientations (and positions) that can re-
sult from the lack of consensus regarding joint axes and coordinate system origin definitions. Notably,
this work demonstrated that in order for the comparison of two (or more) sets of kinematic signals to
be considered robust, researchers must first ensure that possible discrepancies in local reference frame
definitions have been properly addressed. To this end, a Frame Orientation Optimisation Method
(FOOM) was both developed and tested as part of this dissertation, as a computational approach that
allows researchers to harmonise the orientation of joint axes in all three dimensions and thus ensure
robust comparisons of kinematic signals (even where these stem from different sources). FOOM was
thoroughly validated by relying once again on moving videofluoroscopy data of a tibiofemoral joint
during gait.

Application of the developed FOOM approach to re-assess the findings of two representative phe-
notyping studies demonstrated that FOOM had implications beyond ensuring a reliable assessment of
accuracy in IMU-based joint kinematic estimates. Insights from the analysis with FOOM were found
to critically impact the identification of clinically meaningful functional gait phenotypes of the knee.
Importantly, two phenotypes could not be considered different functionally until FOOM had ex-
cluded the possibility that signal differences came from frame inconsistencies (rather than distinct joint
movement patterns). Considering that the tibiofemoral joint in fact possesses six degrees-of-freedom,
and that the relevant segments can not only rotate but also translate relative to each other, FOOM was
further expanded and developed into the REference FRame Alignment MEthod (REFRAME). A
comprehensive, flexible, yet robust and repeatable framework, REFR AME allows researchers to post-
process previously collected kinematic data to ensure local segment reference frames are consistent in
both orientation and position across datasets, thereby unifying the comparison of joint rotations and
translations. Developed into and released as an openly accessible tool, REFRAME will now allow the
wider biomechanics community to compare joint kinematics across subjects, trials, motion capture sys-
tems and even institutions.

In conclusion, the scientific outcomes of this dissertation have implications that extend far beyond
its initial scope of developing a mobile motion capture for the identification of functional phenotypes
among osteoarthritis patients. This dissertation fundamentally challenges a shockingly common as-
sumption in biomechanics research, which misguidedly assumes that the presence of differences be-
tween sets of kinematic signals inherently implies there are differences between the underlying move-
ment patterns. In addition to identifying and explaining this critical problem, this thesis lays the foun-
dation of a computational framework that can be used to address it: REFRAME. The unmistakable
convergence of local reference frames (and of kinematic signals stemming from the same movement)
after REFRAME implementation provided solid evidence of the method’s potential to ensure a con-
sistent and reproducible evaluation of joint motion. This doctoral dissertation therefore represents a
valuable step forward, extending past the practical development and validation of a mobile gait analysis
tool for functional gait phenotyping in osteoarthritis patients, and evolving into a critical inquiry and
re-conceptualisation of the fundamental principles behind the comparison of joint kinematics in the
field of biomechanics.



ZUSAMMENFASSUNG (DEUTSCH)

Verschiedene Studien, in denen die Zufriedenheit von Arthrose-Patienten nach einer Knie-Totalen-
doprothese untersucht wurde, haben ergeben, dass bis zu jeder finfte Patient mit dem Ergebnis seiner
Operation nicht vollstindig zufrieden ist. Unter der Hypothese, dass dieses Problem auf den Bedarf an
individuelleren Behandlungsansitzen zuriickzufiihren ist, haben Experten auf dem Gebiet der Ortho-
pidie die Verwendung verschiedener Implantatgeometrien, Operationstechniken und Ausrichtungs-
methoden getestet. Die flichendeckende Einfithrung eines vollstindig personalisierten Behandlungs-
ansatzes fiir den Kniegelenkersatz mit individuell angefertigten Implantaten fiir jeden Patienten st6f3t
auf eine Vielzahl von Hindernissen und ist angesichts der vorhandenen Ressourcen und Infrastrukeur
nicht realistisch umsetzbar, insbesondere nicht fiir Kliniken mit hohem Patientenaufkommen. Die
Phinotypisierung von Patienten bietet hingegen das Potenzial fiir bessere chirurgische Ergebnisse, in-
dem sie Arzte unterstiitzt, gezielte Behandlungsansitze zu wihlen, bei denen patientenspezifische
Merkmale berticksichtigt werden, ohne dass fiir jeden einzelnen Patienten ein vollstindig mafigeschnei-
dertes Implantat entwickelt und hergestellt werden muss. Die funktionelle Gangphinotypisierung be-
ruht daher auf der Einteilung von Arthrose-Patienten in Untergruppen oder "Phinotypen” anhand
klinisch bedeutsamer Unterschiede zwischen ihren Gelenkbewegungsmustern. Die Beftirworter eines
solchen Phinotypisierungsansatzes erwarten, dass die aktuelle und zukiinftige Forschung Beziechungen
zwischen verschiedenen Phinotypen und der Patientenzufriedenheit nach der Behandlung mit z. B.
einer bestimmten Implantatgeometrie, um patientenspezifische Kinematik und Knieinstabilitit zu ad-
ressieren, herstellen wird. Durch die Identifizierung des funktionellen Phinotyps jedes Patienten kénn-
ten Arzte daher besser informierte Entscheidungen hinsichtlich der zu bevorzugenden (oder zu vermei-
denden) Behandlungsansitze treffen und so die Chancen auf Patientenzufriedenheit maximieren.

Die Entwicklung und praktische Anwendung eines funktionellen Phinotypisierungsansatzes fiir
die Knie-Totalendoprothesenimplantation bei Arthrose-Patienten erfordern die Erfullung von zwei
zentralen Zielen. Erstens muss ein Bewegungserfassungssystem zur Verfiigung stehen, das objektiv die
Bewegungsmuster 7z vivo quantifizieren kann. Zweitens sollten wir die Méglichkeit haben, auf Grund-
lage der von einem solchen System erfassten Daten zuverlissig Unterschiede zwischen den Bewegungs-
mustern der Gelenke zu erkennen. Obwohl Systeme zur Bewegungserfassung zur Analyse des Gangs 77
vivo kommerziell verfiigbar sind, wird der Markt von optoelektronischen Systemen - oft mit retrore-
flektierenden Markern - dominiert. Optische Markersysteme - die trotz der bekannten Anfilligkeit fr
Fehler im Zusammenhang mit Weichteilartefakten hiufig als "Goldstandard” genannt werden - sind
nicht nur komplex und zeitaufwendig in der Anwendung, sondern auch umstindlich und teuer. Eines
der grundlegenden Ziele dieser Arbeit war daher die Erforschung und Entwicklung von alternativen
Technologien zur optischen Bewegungserfassung. Es wurde ein mobiles Ganganalysesystem fiir die Be-
wertung der tibiofemoralen Kinematik entwickelt, das zwei kostengiinstige inertiale Messeinheiten
(engl. inertial measurement units, IMUs) verwendet. Bei dem Prototypsystem wurden die mobilen
Sensoren am Oberschenkel und am Unterschenkel befestigt und die Winkelgeschwindigkeit sowie die
lineare Beschleunigung wihrend einer Bewegung gemessen. Anschlieend wurde ein Sensordatenfusi-
onsalgorithmus basierend auf der Rauch-Tung-Striebel Glittung implementiert und angepasst, um die
Rotationskinematik des tibiofemoralen Gelenks aus den Rohdaten der Inertialmessung abzuleiten. Das
System wurde methodisch mit einem robotischen Gelenksimulator mit sechs Freiheitsgraden validiert,
der sich auf reale tibiofemorale Kinematik stiitzte, die urspriinglich 7z vivo mit dynamischer Videoflu-
oroskopie als Basisdaten erfasst worden war.

Auch wenn eine erste vorliufige Bewertung der Ergebnisse aus den Validierungstests darauf hin-
deutete, dass das Prototypsystem mit einer vielversprechenden Genauigkeit funktioniert, wurde bei ei-
ner tiefergehenden Analyse das Ausmaf der verbleibenden Unterschiede zwischen der IMU-basierten



und der simulierten Ground-Truth-Kinematik untersucht. Diese Untersuchung brachte wichtige Er-
kenntnisse tiber bisher unverstandene (manchmal sogar aufler Acht gelassene) Auswirkungen von Un-
terschieden in den Ausrichtungen (und Positionen) lokaler Segmentkoordinatensysteme zutage, die
sich aus dem fehlenden Konsens tiber die Definitionen der Gelenkachsen und des Koordinatensys-
temursprungs ergeben konnen. Diese Arbeit hat insbesondere gezeigt, dass der Vergleich zweier (oder
mehrerer) Datensitze kinematischer Signale nur dann als robust angesehen werden kann, wenn die For-
scher zunichst sicherstellen, dass mogliche Diskrepanzen in den Definitionen lokaler Koordinatensys-
teme ausreichend berticksichtigt wurden. Zu diesem Zweck wurde im Rahmen dieser Dissertation eine
Optimierungsmethode fiir die Ausrichtung von Koordinatensystemen (engl. Frame Orientation Opti-
misation Method, FOOM) entwickelt und getestet. Dabei handelt es sich um einen mathematischen
Ansatz, der es Forschern ermdglicht, die Orientierung der Gelenkachsen in allen drei Dimensionen zu
harmonisieren und so einen robusten Vergleich kinematischer Signale zu gewihrleisten (selbst wenn
diese aus unterschiedlichen Quellen stammen). FOOM wurde griindlich validiert, indem erneut dyna-
mische Videofluoroskopiedaten des Tibiofemoralgelenks beim Gehen herangezogen wurden.

Die Anwendung des entwickelten FOOM-Ansatzes zur Neubeurteilung der Ergebnisse von zwei
reprisentativen Phinotypisierungsstudien zeigte, dass FOOM tiber die Gewihrleistung einer zuverlis-
sigen Bewertung der Genauigkeit von IMU-basierten kinematischen Gelenkschitzungen hinausgeht.
Es wurde festgestellt, dass die Erkenntnisse aus der FOOM-Analyse einen entscheidenden Einfluss auf
die Identifizierung von klinisch bedeutsamen funktionellen Gangphinotypen des Knies haben. Insbe-
sondere konnten zwei Phinotypen erst dann als funktionell unterschiedlich angesehen werden, wenn
FOOM die Méglichkeit ausgeschlossen hatte, dass die Signalunterschiede auf Inkonsistenzen im Koor-
dinatensystem (und nicht auf unterschiedliche Gelenkbewegungsmuster) zurtickzufithren waren. In
Anbetracht der Tatsache, dass das tibiofemorale Gelenk tatsichlich Giber sechs Freiheitsgrade verfiigt
und dass die Segmente sich nicht nur relativ zueinander drehen, sondern auch verschieben kénnen,
wurde FOOM weiter ausgebaut und weiterentwickelt zur REference FRame Alignment MEthod
(REFRAME). REFRAME ist ein umfassendes, flexibles, aber dennoch robustes und wiederholbares
Framework, das es Forschern erméglicht, zuvor gesammelte kinematische Daten nachzubearbeiten, um
sicherzustellen, dass die lokalen Segmentkoordinatensysteme sowohl in der Ausrichtung als auch in der
Position tiber alle Datensitze hinweg konsistent sind, wodurch der Vergleich von Rotationen und
Translationen der Gelenke vereinheitlicht wird. REFRAME wurde zu einem frei zuginglichen Tool
entwickelt und bereitgestellt und es erméglicht nun Forschungsgruppen in der Biomechanik, Gelenk-
kinematiken iber Probanden, Studien, Motion Capture Systeme und sogar Institutionen hinweg zu
vergleichen.

Zusammenfassend lisst sich sagen, dass die wissenschaftlichen Ergebnisse dieser Dissertation weit
tber die Entwicklung einer mobilen Bewegungserfassungsmethode zur Identifizierung von funktio-
nellen Phinotypen bei Arthrose-Patienten hinausgehen. Diese Dissertation stellt eine hiufige vorkom-
mende Annahme in der Biomechanik-Forschung grundlegend in Frage, die filschlicherweise davon
ausgeht, dass das Vorhandensein von Unterschieden zwischen kinematischen Signalen automatisch
Unterschiede zwischen den zugrunde liegenden Bewegungsmustern impliziert. Diese Arbeit identifi-
ziert und erklirt nicht nur dieses kritische Problem, sondern legt auch den Grundstein fiir ein compu-
tergestiitztes Verfahren, das zur Losung dieses Problems eingesetzt werden kann: REFRAME. Die un-
verkennbare Konvergenz der lokalen Koordinatensysteme (und der kinematischen Signale, die aus der-
selben Bewegung stammen) nach der Implementierung von REFRAME lieferte einen soliden Beweis
tiir das Potenzial der Methode, eine konsistente und reproduzierbare Bewertung der Gelenkbewegung
zu gewihrleisten. Diese Dissertation stellt daher einen wertvollen Schritt in die Zukunft dar, der tiber
die praktische Entwicklung und Validierung eines mobilen Ganganalysetools fiir die funktionelle
Gangphinotypisierung bei Arthrose-Patienten hinausgeht und zu einer kritischen Analyse und



Neukonzeptionierung der grundlegenden Prinzipien beim Vergleich von Gelenkkinematiken im Be-
reich der Biomechanik fiihrt.
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I. Overview

1. Introduction

Back in 1974, the development and implantation of the first total condylar prosthesis by Walker, Ran-
awat and Insall [1] represented a major breakthrough in the history of total knee arthroplasty (TKA)
[2]. Since then, orthopaedic surgery has evolved past the indiscriminate use of a generic implant design
and neutral mechanical alignment technique to more tailored practices aiming to address the individual
needs of different patients. Clinicians have the possibility to adapt their TKA approach by choosing,
for example, between different types of bearing mobility (e.g. fixed bearing vs. mobile bearing), implant
designs (e.g. medial pivot, cruciate retaining, posterior stabilised, etc.), fixation methods (e.g. cemented
vs. uncemented), patellar management strategies (e.g. whether or not to resurface), and limb alignment
techniques (e.g. mechanic vs. kinematic alignment) [3, 4].

Despite the numerous options available to orthopaedic surgeons within TKA procedures, longi-
tudinal cohort studies have repeatedly found up to a fifth of patients are not fully satisfied with their
surgical outcomes [5-7]. These findings therefore seemingly indicate that the mere availability of op-
tions to enable more individualised surgical interventions for patients suffering from knee osteoarthri-
tis (OA) is not in itself sufficient to guarantee patient satisfaction. Importantly, surgeons additionally
need to have an evidence-based understanding of how choosing between the aforementioned options
will impact patient function and surgical outcome, which in turn requires an objective quantification
of joint movement patterns.

It has been previously argued that kinematic signals obtained as part of gait analysis studies have
the potential to be of value as a quantifiable outcome measure of OA treatment [8]. Naturally, it fol-
lows that comparison of joint kinematics before and after TKA, especially considering the use of dif-
ferentimplant geometries and surgical techniques, could reveal valuable insight into how different clin-
ical choices empirically affect patients’ movement patterns, and numerous studies have in fact begun
to explore that hypothesis [9]. Some researchers have gone a step further and proposed that the under-
lying goal of TKA should be to leverage the knowledge being gained from the availability of kinematic
data to target the reproduction of so-called “native” or “normal” knee kinematics post-operatively [10].
This theory is often justified by a presumed avoidance of pain by ensuring the reproduction of more
physiologic soft tissue laxities and ligament strains [11-14].

Under the assumption that the overarching aim of TKA should indeed be restoration of pre-oper-
ative (or rather pre-pathology) joint kinematics, some experts have proposed using personalised implant
geometries [10, 15]. Importantly, however, while custom, individually made prostheses could prevent
issues of e.g. implant mismatch with the bony anatomy compared to conventional, off-the-shelf de-
signs, anatomical accuracy of fit is but one aspect influencing TKA outcome [16]. Additional factors
contributing to TKA success could potentially also be tackled in a more time- and cost-efficient manner
by relying on a comprehensive and flexible implant platform [17, 18]. Such a platform could offer
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sufficient size gradations to avoid under- or over-dimensioning, ample compatibility between sizes (and
designs) to extend intra-operative flexibility, and even (if necessary) asymmetrical components to en-
sure a balanced flexion gap. Moreover, such implants could easily undergo more extensive biomechan-
ical testing than customised components, ensuring safety in terms of wear, fatigue and failure modes.
In combination with an evidence-based patient-specific alignment strategy, an extensively accommo-
dating implant platform such as the one described could realistically lead to the long-sought improve-
ment in arthroplasty outcomes without demanding excessive workflow times, complexity, or expense.
Ultimately, regardless of limiting factors restricting the widespread adoption of such alternative frame-
works, opting for the default, yet outdated, “one-design-fits-all” approach to joint arthroplasty that
largely ignores individual patient needs is clearly not the optimal solution.

2. Functional Gait Phenotyping

There is a clear need for an approach to TKA that better recognises the individual needs of different
patients without demanding the development of single-use, custom-made implant geometries for every
patient. One possible framework that has been recently proposed and is being explored relies on pheno-
typing — that is, the identification of clinically relevant patient subgroups or clusters [19]. An under-
standing of functional phenotypes both within healthy populations and among individuals affected by
knee OA is believed by some to be essential to the successful improvement of treatment outcomes [20].

A phenotype-based approach to patient-specific OA treatment could potentially enhance clinical
decision-making by relying on empirical evidence to establish relationships between e.g. the use of a
certain implant design and key characteristics in the resulting post-operative kinematic patterns. The
identification of such quantifiable associations between surgical strategy and joint function could then
be leveraged to design a simple framework with which TKA could easily be tailored to address the needs
of individual patients. For example, patients could be classified into one of a handful of functional OA
subgroups, where additional research may have determined one of these groups as being especially well-
suited for and responding positively to implantation with a posterior-stabilised (PS) implant design,
but experiencing pain when implanted with an ultra-congruent (UC) cruciate sacrificing (CS) design
instead. Although probably an oversimplification of how phenotyping could be leveraged to improve
TKA outcomes, this illustrative case serves to highlight how phenotyping could provide clinicians with
the flexibility to incorporate their expert intuition, judgement, and experience into the decision-making
process, while still establishing a structural framework that ensures these decisions are guided by robust
scientific evidence and at the very least veered away from choices that may lead to patient discomfort.
Notably, in order for an evidence-based phenotyping approach to be successful, the objective quanti-
fication of patient function (and thus, joint motion) is crucial to reliably classify patients into clinically
meaningful subgroups. Consequently, we must circle back once more to the use of gait analysis for the
collection of kinematic signals and consider the feasibility of its potential routine implementation in
day-to-day clinical workflows.

Despite numerous experts having voiced their conviction that gait analysis could considerably im-
prove the outcomes of orthopaedic treatment and substantially enhance clinical decision-making [21-
23], a ubiquitous use of gait analysis, e.g. in all patients both pre- and post-TKA, has been historically
restricted by the high costs of these systems and the long time required for data collection, and subse-
quently data processing, and interpretation. For instance, considered by many to be the “gold standard”
[24-27], optical motion capture systems can easily cost as much as 300,000 EUR [28, 29], and often
additionally demand dedicated laboratory space, software, hardware, and trained staff. These
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combined requirements therefore represent a substantial barrier that critically restricts the widespread
use of motion capture and gait analysis in clinical settings (especially as part of routine clinical patient
pathways), and by extension, the adoption of a functional phenotype-based approach to TKA.

3. Mobile Gait Analysis

There is a palpable demand for cheaper, simpler, more mobile alternatives to traditional gait analysis,
especially to systems relying on optical motion capture. Several systematic reviews have been published
in recent years surveying potential alternative technologies, such as instrumented insoles, electromyog-
raphy sensors, electrogoniometry sensors and pressure sensors [28, 30, 31]. A particularly promising
and popular category of solutions relies on the use of inertial measurement units (IMUs). Such systems
are not only mobile and easy to use, but they are also much more affordable than most optical motion
capture systems [32, 33]. Although there are certainly numerous advantages associated with IMU-
based gait analysis, there are also multiple challenges involved in their use to accurately capture joint
kinematics. Some of these key issues include sensitivity to ferromagnetic disturbances, a tendency of
inertial measurements to drift over time, and difficulties with sensor-to-segment calibration [34].

Preliminary work for this dissertation involved an informal survey of existing algorithms designed
to estimate knee joint angles in three dimensions (3D) from accelerometer and gyroscope measure-
ments, as well as the selection of a particularly promising approach [35-37] seemingly capable of suc-
cessfully tackling several of the key challenges we identified. This initial exploration of current state-of-
the-art methodologies was followed by a first-hand adaptation of the specified chosen algorithm to es-
timate tibiofemoral flexion/extension, ab/adduction and int/external rotation during gait activities, as
well as a subsequent in-depth assessment of the accuracy of these estimates against a reference system.

Previous work has been published on the validation of IMU-based knee joint angles, but most of
these studies have tested directly 77 vivo. While testing in realistic conditions is definitely important, we
chose to approach the validation of our prototype IMU system in stages instead. We divided the prob-
lem into three fundamental layers:

(1) The factory calibration layer — This first layer affects the accuracy of the raw data values obtained
directly from the IMU sensors. This includes the accuracy of both the inertial measurements (i.e.
linear acceleration and angular velocity), as well as of the corresponding time stamps. This layer of
error also includes differences in the alignment of the internal accelerometer and gyroscope axes
versus those of the outer sensor casing. From a product development perspective, we have little
influence over this layer of error, as it is performed under controlled laboratory conditions during
the sensor manufacturing process, and reported as a fixed range in the device’s technical documen-
tation.

(2) The sensor fusion algorithm layer — The second layer affects the inherent ability of the chosen al-
gorithm to accurately estimate knee joint angles from inertial data (i.e. linear acceleration and an-
gular velocity) rather than from 3D coordinates (as is usually done in optical motion capture). The
errors affecting the system at this stage will mostly be associated with sensor drift, sensor-to-seg-
ment calibration, and the use of idealised models and approximations that do not fully represent
the complex reality of the joint.

(3) The soft tissue artefact (STA) layer — The third layer of error is specific to 7z vivo applications of
the IMU system, which involve fixating the IMU sensors to the subject’s skin (e.g. with adhesive
or elastic straps). This inevitably introduces another layer of uncertainty on our estimates, caused
by non-rigid movements of the skin relative to the underlying bones, namely, soft tissue artefact.
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Regardless of how well the first and second layers of errors can be addressed, as long as the IMU
sensors are attached to subject’s skin (and no additional computations are performed aiming spe-
cifically to quantify and compensate for the movement of soft tissue relative to the underlying
bones), this layer of error will always be introduced to some degree.

Consequently, while determining the approximate magnitude of the total error affecting our finalised
system in a real-world scenario is certainly necessary down the line, in a first stage of development, it
can instead be more informative to first isolate and evaluate the magnitude and characteristics of the
errors that are inherent to the specific sensor fusion algorithm 7% the absence of STA. Subsequent adap-
tations of the algorithm to reduce sensor-fusion-algorithm-layer errors can then be much more deliber-
ate and targeted than without any indication of how much of the errors can be attributed to the IMU
algorithm layer versus the STA layer. This first concrete objective was tackled by developing and testing
a comprehensive framework for the analytical validation of inertial-sensor-based knee kinematics using
a six-degrees-of-freedom (6 DOFs) joint simulator guided by 7% vivo kinematics collected using moving
videofluoroscopy [38]. A corresponding research article documenting this part of our investigation was
prepared and published in the scientific journal Sensors (5-year Impact Factor of 3.7 as of 2023) and has
been reproduced in this document as Journal Publication I: 4 framework for analytical validation of
inertial-sensor-based knee kinematics using a six-degrees-of-freedom joint simulator.

4. Comparing Joint Kinematics: The Effects of
Reference Frame Definition

The results of Journal Publication I were promising; An initial review found that the prototype system
achieved excellent accuracy in the IMU-based estimates of the knee joint angles during level walking
(root-mean-square error < 0.9°, maximum absolute error < 3.2°), although errors were higher for both
stair descent and sit-to-stand. Nevertheless, upon further consideration, a potential fourth layer of error
was identified.

Assessing the accuracy of an estimate using, e.g., root-mean-square error (RMSE) involves quanti-
tying the difference between the estimated values and a “ground truth” reference signal. Conceptually,
the goal in Journal Publication I was to evaluate the degree to which the underlying joint motion cap-
tured by the IMU sensors differed from the actual fluoroscopy-based kinematics (originally of six pa-
tients who had undergone TKA), which the simulator was known to have replicated. In other words,
assessing the accuracy of the system at this stage of the development process was akin to determining
the extent to which two kinematic signal sets (one originating from the joint simulator; the other, from
the IMU-based system) represented fundamentally similar or different underlying joint motion. The
ability to successfully tackle the task of establishing whether sets of kinematic signals characterise similar
or different movement patterns is not only vital to properly validate our prototype mobile gait analysis
system, but also to identify and establish robust functional phenotypes down the line. The foundation
of a treatment approach based on the identification of functional phenotypes evidently requires that
the corresponding phenotypes reliably represent groups of patients that have objectively different
movement patterns (where these differences are large enough to be considered clinically relevant).

Referring to an overwhelming majority of published work investigating potential significant dif-
ferences between kinematic signal sets (comparing e.g. natural vs. replaced knees [39], mild vs. severe
OA [40], fixed- vs. mobile-bearing implants [41]; merely a few of countless other examples), the initial
conclusions reached regarding the accuracy of our prototype system in Journal Publication I would
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easily hold and warrant no further consideration. After all, the previously mentioned examples, among
many others, all evidently operate under the simple premise that the presence of differences between sets
of kinematic signals inberently implies there are differences in the underlying movement patterns that
those signals represent. Nevertheless, we decided to re-evaluate this notion by reconsidering the funda-
mental theory behind 3D kinematics as a representation of the relative motion between two rigid bod-
jes.

The description and interpretation of the relative rotations of two reference frames (where each
frame is represented by a Cartesian coordinate system whose axes are defined by three orthonormal base
vectors) is not always straightforward. Simply specifying that rotations have been parametrised as Car-
dan angles (rather than as axis-angle, quaternions, etc.) is not sufficient to properly convey how the
angles of a given joint have been calculated. In addition to the three orthonormal base vectors defining
each coordinate system, and assuming they are both known to be, e.g., right-handed, other relevant
specifications include:

1
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the coordinate system acting as reference,
the use of passive or active rotations,
the use of an zntrinsic or extrinsic rotation sequence, and
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the actual rotation sequence.

For example, in the case of the common Joint Coordinate System convention described by Grood and
Suntay [42], after accounting for minor differences (e.g. in the sign assigned to certain parameters; see
(43, 44] for details), we are essentially referring to an intrinsic extension-adduction-internal rotation
(XYZ given the axes directions shown in Figure 1) sequence of the distal relative to the proximal seg-
ment frame (for the tibiofemoral joint, of the #/bza/ relative to the femoral local reference frame,) using
active rotations with respect to the local coordinate system. This particular joint angle convention was
employed not only for the original fluoroscopy-based reference dataset, but also to guide the joint sim-
ulator and to calculate the IMU-based angles. Consequently, any of the visible differences remaining
between the IMU kinematics and the simulator ground truth (Figure 2) could not, at this point, rea-
sonably be attributed to differences in angle representation. Nonetheless, before definitively conclud-
ing that these differences could be entirely attributed to the sensor fusion algorithm layer of error, yet
another possible source of disagreement had to be considered.
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Figure 1. Local femoral (top) and tibial (bottom) coordinate systems for a right knee. Reproduced
and adapted from [45]. Note: Unless specifically stated otherwise, the axis directions and rotation
conventions shown here can be assumed throughout Section I of this dissertation.
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Figure 2. Knee joint angles over one complete exemplary gait cycle (expressed as a percentage) for two
sample subjects. The solid green lines illustrate the simulator kinematics, while the solid purple lines
illustrate the IMU-based kinematics (prior to any correction in frame alignments in both cases). Simu-
lator and IMU-based kinematic signals are not in perfect agreement, as can be observed from the visible
differences between the green and purple lines in ab/adduction and int/external rotation. Reproduced
and adapted from [46] for the reader’s convenience. Note: Here, knee flexion was purposefully de-
picted as positive to match common clinical convention.



Even though the same rotation convention was used in both datasets (fluoroscopy/simulator vs.
IMU), the availability of different types of data associated with each motion capture modality inevita-
bly demanded that the exact directions of the 3D axes defining each segment’s local reference frame
were estimated using different joint axis approaches. On one hand, the fluoroscopy-based data that was
used to guide the joint simulator leveraged the availability of sequential radiographic images of the joint
throughout the gait cycle (Figure 3), as well as access to 3D models of the knee prosthesis components
each patient had had implanted, to ultimately employ a cylindrical-axis-based approach [47-49] for the
definition of the joint’s flexion/extension axis (Figure 4a). On the other hand, the IMU-based dataset
relied entirely on inertial measurements. The lack of direct information regarding the position of the
IMU sensors, let alone of the underlying bone segments the sensors were meant to represent, made it
arguably impossible to implement anything other than a functional-based approach [50] (Figure 4b)
to define the flexion/extension axis from the IMU-based system.

Figure 3. Fluoroscopic images of a) a natural knee, and b) a total knee replacement, with registered
bone/implant geometries. Reproduced and adapted with permission from [51, 52].

a) b)

Figure 4. Graphic representation of a) a cylinder axis, and b) a functional flexion axis. Reproduced
and adapted with permission from [53].



Previous work has been published suggesting that joint axes approaches based on bone geometry
and the position of anatomical landmarks can be used virtually interchangeably with functional-based
approaches [54, 55]. It is reasonable to expect however, that for several subjects, the presence of even
minor differences between their actual femoral bone geometries and the idealised cylinder model lever-
aged by a cylinder-based approach will lead to differences between an axis identified functionally versus
one identified geometrically. The inherent assumption in a considerable portion of the early literature
has been that these differences are likely so small that their effect on kinematic signals could be consid-
ered mostly negligible [54, 5S]. Nevertheless, given the complex nature of rotational data and the ten-
dency of any associated errors to propagate from one plane of motion into the others [56, 57] we de-
cided to perform a basic sensitivity analysis to gain a better understanding of the impact that minor
differences between e.g. a cylinder axis and a functional flexion axis could have on the shape of the
corresponding kinematic signals.

We began by considering an example set of kinematic signals (Figure S, in black) over a level walk-
ing cycle based on a fluoroscopically defined femoral reference frame. We then simulated a known mis-
alignment between that fluoroscopically defined femoral reference frame and an analogous inertially
defined femoral reference frame of 8° around the femoral anteroposterior (AP) axis, where 8 € { i €
Z| — 5 < i < 5}. The resulting kinematic signals varied in shape and magnitude within a window of
* 5°, especially in ab/adduction (Figure 5a, in blue). We then went on to consider analogous misalign-
ments around the AP axis of the tibial reference frame (Figure Sb, in orange), the proximodistal (PD)
axis of the femoral reference frame (Figure 5S¢, in blue), the PD axis of the tibial reference frame (Figure
5d, in orange), and even combined misalignments around the AP and PD axes for first the femoral
(Figure Se, in blue) and then the tibial (Figure Sf, in orange) reference frames. Finally, we illustrated an
example of the possible combined effects of misalignments around the AP and PD axes of both the
femoral and tibial reference frames (Figure 6, in grey). In all cases, the underlying relative motion be-
tween the joint segments was always kept exactly the same; only artificial differences to static frame
alignment were introduced. The results of these analyses clearly demonstrate the non-negligible effects
that even minor differences in frame alignment can produce on kinematic signals. Importantly, the
impact of these differences on the associated kinematic signals can consist of not just simple offsets to
the curves (e.g. Figure Sb, 5d), but also of notable changes in signal shape, potentially transforming a
local minimum into a local maximum (e.g. Figure Sc, Se) or vice versa. Furthermore, the combination
of misalignments around multiple axes, even if individually small in magnitude (< 5°), can lead to un-
certainty windows as large as 20° (Figure 6), a sizeable degree of error considering the relatively small
ranges of motion often observed for ab/adduction and int/external rotation during gait activities.
(Note: The sensitivity analysis presented here aimed to assess the effect of finding slightly different flex-
ion/extension axes using the cylinder axis vs. functional flexion axis methods. Errors of misalignment
around only the mediolateral axis were therefore excluded here, as a rotation around this axis would
not change its direction and would only happen if the cylinder and functional flexion axes were in fact
perfectly coincident.)
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Figure 5. Illustration of the effect of 8° of frame misalignment around the a) femoral AP axis, b) tibial
AP axis, ¢) femoral PD axis, and d) tibial PD axis, as well as a combination of 8° of frame misalignment
around both the a) femoral AP and PD and b) tibial AP and PD axes. Reference set of tibiofemoral
kinematic signals over a sample level walking cycle are illustrated in black; kinematic signals associated
with a misaligned femoral frame are blue, and signals associated with a misaligned tibial frame are or-
ange. Graphical representations of the local reference frames within the joint segments are also shown
in blue and orange for the femur and tibia, respectively. The kinematic signals resulting from the misa-
ligned frames are depicted for all integer values of @ from —5 to 5.
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Figure 6. Illustration of the effect of 6° of frame misalignment around the femoral AP axis and tibial
PD axis, in addition to —8° around both the femoral PD and tibial AP axes. Reference set of tibiofem-
oral kinematic signals over a sample level walking cycle are illustrated in black; kinematic signals associ-
ated with misaligned frames are shown in grey. Local reference frames within the joint segments are
shown in blue and orange for the femur and tibia, respectively. The kinematic signals resulting from
the misaligned frames are depicted for all integer values of 8 from —5 to 5.

Notably, our sensitivity analysis confirmed that the presence of even minor misalignments between
a cylinder-based axis and a functional flexion axis could certainly lead to errors with the characteristics
and magnitudes observed between the simulator- and the IMU-based kinematic signals (Figure 2) in
Journal Publication I. Evidently, our results were susceptible to a fourth, previously overlooked layer
of error, namely, the cross-talk layer. The term cross-talk refers to the mechanism by which even small
differences in the direction of the joint’s primary rotation axis can lead to the artificial amplification of
rotations occurring around the other two secondary axes (Figure S1 in [46]). It becomes therefore crit-
ical to first compensate for possible differences in the alignment of the local segment frames of each of
our two datasets. Only once these differences have been corrected for, can we properly gauge the level
of error characterising the sensor fusion algorithm layer. This then motivated a study that was subse-
quently published in Nature Scientific Reports (S-year Impact Factor of 4.3 as of 2023), presented here
as Journal Publication II: A4 frame orientation optimisation method for consistent interpretation of kine-
matic signals.

Considering the lack of consensus surrounding joint axis definitions, it became unclear whether a
cylinder-based axis would be considered “more accurate” than a functionally defined flexion axis, or
vice versa. Without delving too deep into a longer philosophical discussion that would fall outside the
scope of this dissertation, at least from a mathematical and engineering perspective, neither axis is more
correct than the other, they are simply different. The same could be said of axes derived using other
approaches, such as the clinical and surgical transepicondylar axis methods [54, 58]. The idealised
model of a perfect hinge joint with clear anatomical landmarks marking the direction of the vector
representing the joint’s axis of rotation is helpful, but realistically flawed. Even excluding measurement
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errors, we can reasonably expect to see differences between the joint axes that result from different
methods because the underlying axis that each method seeks is based on different information and as-
sumptions, and is therefore, at the most basic level, znberently different.

The availability of different approaches to define joint axes and thereby establish local reference
frames to represent the moving segments of a joint, paired with a lack of awareness that signals obtained
using different axis approaches are not directly comparable, presents a clear problem in the field of
biomechanics in general. An inability to compare kinematic signals between studies due to a lack of
consensus regarding which axis method to use, as well as differences in the type of information made
available by different motion capture modalities (making it impossible to enforce the widespread use
of a single joint axis approach, even if one were to be unanimously chosen), make it incredibly challeng-
ing to reach a common understanding of tibiofemoral joint motion patterns. There is a pressing need
for a more robust and reproducible representation of kinematics, one which is not dependent on the
chosen joint axis approach. In Journal Publication II, we therefore present a frame orientation optimi-
sation method (FOOM), a computational approach we developed that visibly demonstrates the poten-
tial to address this critical gap in biomechanics research. Moreover, after successful implementation of
the FOOM approach on the simulator and IMU-based kinematic signals, our findings clearly estab-
lished that our IMU-based mobile gait analysis system is certainly accurate enough to capture patients’
knee rotational kinematics, at least in the absence of STA. Naturally, further work is required to addi-
tionally tackle the accurate estimation of tibiofemoral translations, as well as characterise (and poten-
tially improve) our algorithm’s resilience to errors introduced by STA. These investigations have al-
ready begun and are being continually explored in collaboration with partner institutions (FAU Erlan-
gen and Medizinische Hochshule Hannover).

5. Revisiting Phenotypes

In light of the new insights obtained from the previously described sensitivity analyses, as well as the
results obtained within Journal Publication II, it became necessary to assess the extent to which the
cross-talk layer of error could practically affect the identification of functional phenotypes. To perform
this assessment, we selected two peer-reviewed articles that fulfilled the following criteria:

(1) have been published within the last five years,

(2) have no authors in common,

(3) report the existence of clinically relevant functional phenotypes, which have been identified by
applying data clustering techniques to the 7z vivo kinematic signals of a large (>50) patient cohort,

(4) and report the kinematic signals of each of the identified phenotypes with sufficient detail for
these to be digitised for further analysis.

The first study that was selected claimed to have successfully identified three “meaningful pheno-
types” based on the application of a clustering model on the 3D kinematic curves of 150 healthy knees
during treadmill walking (Figure 7, left) [59]. Each kinematic phenotype was determined by averaging
the kinematic curves of all subjects assigned to a given cluster by the clustering algorithm. The study
claimed to have thus identified three meaningfully different patterns of knee motion characterising
asymptomatic gait. After digitisation of the kinematic signals of the three phenotypes from high-reso-
lution copies of the published figures using an online tool (v4.6; WebPlotDigitizer, Pacifica, California,
USA), our FOOM approach was applied to the kinematic signals of Phenotype 2 and Phenotype 3 to
optimise the orientations of the associated local femoral and tibial reference frames towards the orien-
tations of the frames used in Phenotype 1. This optimisation effectively re-orientated the underlying
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local reference frames towards a common target orientation (dictated in this case by Phenotype 1), after
which each phenotype’s kinematic signals were recalculated according to these optimised reference
frames. As previously mentioned, and described in Journal Publication II, only after possible differ-
ences in reference frame orientations have been corrected in this way (thus properly accounting for the
cross-talk layer of error) can one reliably conclude that the differences observed between kinematic sig-
nals represent real differences in the underlying joint movement patterns of the different groups. After
implementation of the described FOOM approach to the data presented by the previous study, the
kinematic signals of the original three phenotypes could be observed to reach a much higher level of
agreement than before (Figure 7, right). In fact, while minor differences could be detected between the
three groups, especially for Phenotype 2, the average kinematic curves essentially overlapped over the
entire gait cycle after simply adjusting the orientation of the local segment frames by a maximum of
12.7° around a given axis, with most adjustments falling below 7° (Table 1).

Original After FOOM
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Figure 7. Knee joint angles over one complete exemplary gait cycle (expressed as a percentage) for each
of the three phenotypes identified in [59], shown as reported in the original publication (left), as well
as after re-orientating the underlying local segment frames by implementing FOOM (right).
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Table 1. Corrective rotations in degrees applied to local femoral and tibial reference frames of
Phenotypes 2 and 3 by optimisation towards Phenotype 1 with FOOM.

Phenotype 2 Phenotype 3

X 2.0 7.6
k=
g Y -6.2 -6.0
L
P~

z 35 0.3

X 44 2.5
=
2 Y 127 -9.6
=

z 6.1 17

The second study that was selected for further analysis focused on the clustering of patients with
knee osteoarthritis, stating to have identified four patient subgroups (referred to here as “phenotypes”)
(Figure 8, left). The differences between phenotypes were initially considered to be statistically signifi-
cant and even “clinically relevant”, especially when compared against a healthy control group [20]. Im-
plementation of the FOOM approach (in this case, optimising towards Phenotype 4, or G4 in the orig-
inal publication) however, once again led to visibly better agreement of the kinematic signals of the four
phenotypes (Figure 8, right). Here, local reference frames were re-orientated by a maximum of 12.5°
around one of the frame axes, with most of the remaining frame orientation changes consisting once
more of 7° or less (Table 2).
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Figure 8. Knee joint angles over one complete exemplary gait cycle (expressed as a percentage) for each
of the four phenotypes identified in [20], shown as reported in the original publication (left), as well as
after re-orientating the underlying local segment frames by implementing FOOM (right). Note: in bot-
tom left plot, Phenotypes 2 and 3 are overlapping and shown as dashed (rather than solid) lines so that
both signals are visible.
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Table 2. Corrective rotations in degrees applied to local femoral and tibial reference frames of
Phenotypes 1, 2 and 3 by optimisation towards Phenotype 4 with FOOM.

Phenotype 1 Phenotype 2 Phenotype 3

X -2.9 9.8 -7.0
=
g Y L5 -1.6 -1.9
=

Z -0.2 3.4 0.6

X 3.7 5.9 -6.5
g
= Y -1.1 -9.3 -0.8
I

Z 12.5 -11.4 -0.2

The practical implications of our findings from using FOOM to analyse these two sample studies
are important. By adjusting the orientation of local segment frames, differences in the kinematic signals
between reported phenotypes previously considered to be “meaningful” or “clinically relevant”, were
virtually eliminated. This inevitably bears the question: Were the measured differences between the
kinematic curves of the different groups so-called “real” differences in the underlying joint motion? Or
were they merely the result of, e.g., measurement error in defining joint axes? The first phenotyping
study used an optical marker-based system to capture subject kinematics. Even though the system ad-
ditionally incorporated a rigid knee brace for marker attachment in an attempt to reduce errors associ-
ated with STA, previous research has demonstrated that the magnitude of errors affecting kinematic
estimates based on stereophotogrammetry can reasonably exceed 10° for the knee and ankle joints [57].
Accordingly, the differences in reference frame orientations enforced by FOOM in this first analysis
had magnitudes that could plausibly be explained by measurement error.

The second study considered, however, used biplanar radiographic imaging to ensure better accu-
racy and precision than traditional marker-based systems [20]. Under ideal testing conditions, valida-
tion of the system found errors on bone pose estimation to be below 0.5° [60]. Nevertheless, dynamic
validation tests only involved cadaveric specimens performing a simulated squat at an angular speed of
12°/s, a much slower rate than what would be observed 77 vivo at a normal walking speed. At the re-
ported walking speed of 0.83 m/s, angular velocities would have easily exceeded 250°/s [61]. The used
imaging frequency of 15Hz was therefore never validated for these higher angular velocities, and accu-
racy would likely suffer as a result. Similarly, the negative effect of limb overlay (i.e. when the contrala-
teral leg crosses over the target leg, thereby obfuscating the image) was not empirically assessed. The
combination of factors such as image resolution, contrast, overlapping contours and equipment setup
are known to influence the precision of radiostereometric analysis [62], and could therefore plausibly
lead to error values larger than initially presumed. Furthermore, even assuming the image registration
process was accurate, the automated algorithm used to define local anatomical coordinate systems was
known to be affected by variability. In 10 normal knees, the algorithm varied by about 2.5° around each
axis for the femur, and about 2° for the tibia. Moreover, larger differences in morphology between sub-
jects were hypothesised to negatively impact the algorithm’s repeatability. In the context of an 7z vive
study with 66 OA patients at different stages of disease progression, higher variability in joint morphol-
ogy between subjects is certainly reasonable, and so would, by extension, be larger uncertainties. The
possibility that measurement error and morphological variability could arguably explain the changes to
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frame orientations that were applied during the implementation of FOOM on this second study thus
once again brings into question the extent to which the reported phenotypes can be definitively con-
sidered to exhibit distinct joint movement patterns.

Our findings stemming from the application of FOOM on the two cited phenotyping studies were
by no means conclusive evidence that those phenotypes were invalid or clinically meaningless. What
our analysis did achieve, however, was portray why the evidence these studies presented to corroborate
the existence of three healthy (or four OA) patient subgroups with allegedly different underlying move-
ment patterns of the tibiofemoral joint should be interpreted with caution. Our exploration clearly
demonstrates that frame misalignments well below 13° could in fact artificially lead to very similar dif-
ferences than the ones observed between the reported phenotypes. More importantly, this analysis
serves to highlight that even if the reported differences between the identified subgroups were not the
result of measurement error, they were likely not differences between dynamic movement patterns, but
rather between the alignments of each subject’s skeletal anatomy. In this manner, the presence of system-
atic differences in segment frame orientation between phenotypes could itself be a clinically meaningful
observation that should be further explored. Either way, there is a clear need for additional efforts to
reliably identify more robust patient phenotypes — phenotypes which even after the application of
methods like FOOM to correct frame alignment inconsistencies, still clearly exhibit visibly different
joint motion.

6. The REference FRame Alignment MEthod:
REFRAME

The identification of robust, reproducible and reliable functional phenotypes requires a re-examina-
tion of previously collected data, by additionally post-processing results to exclude possible differences
caused by frame alignment inconsistencies. Importantly, the FOOM approach presented thus far tar-
geted only frame orientations, even though kinematic data often comprises both joint rotations and
translations. Much like differences in frame orientations can lead to considerable errors in the calcula-
tion of joint rotations, differences in the positions of reference frame origins can lead to errors in joint
translations. Consequently, the FOOM approach was additionally extended by complementary tech-
niques to analogously optimise coordinate system origins based on translational kinematic signals, re-
sulting in the conception of the REference FRame Alignment MEthod (REFRAME). This flexible,
more comprehensive framework was then validated using 27 vivo moving fluoroscopy data of a healthy
knee joint during five stair descent cycles.

A ftull description of REFRAME and the results of validation testing for the first sample subject
were drafted into Journal Publication III: 4 reproducible representation of healthy tibiofemoral kine-
matics during stair descent using REFRAME - Part I: REFRAME foundations and validation, which
was published in Nature Scientific Reports (5-year Impact Factor of 4.3 as of 2023). In that study, prior
to the implementation of REFRAME, for each single motion trial, the use of different axis approaches
to define three femoral reference frame variations resulted in clear discrepancies between the kinematic
signals associated with each of those reference frames (Figure 9). These differences were present ever
though the physical movement of the joint segments (and the underlying set of raw datapoints) was known
to be one and the same. It therefore became evident that in the absence of REFRAME, we can no longer
operate under the misleading assumption that the presence of differences between sets of kinematic
signals inherently implies that there are differences in the underlying movement patterns. Importantly,
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however, the convergence of the local reference frames and between the kinematic signals after RE-
FRAME implementation (Figure 10) provided solid evidence of our method’s potential to ensure a
consistent and reproducible evaluation of joint motion.
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Figure 9. Local segment reference frames (left) and raw kinematic signals (right) for a healthy tibio-
femoral joint during a stair descent cycle. Three variations of the kinematic signals were calculated based
on three femoral reference frame variations resulting from three distinct joint axis approaches (CA:
Cylinder Axis, FFA: Functional Flexion Axis, and TEA: TransEpicondylar Axis).
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Figure 10. Local segment reference frames (left) and kinematic signals (right) for a healthy tibiofemo-
ral joint during a stair descent cycle, after REFRAME implementation. Three variations of the kine-
matic signals were calculated based on three femoral reference frame variations resulting from three
distinct joint axis approaches (CA: Cylinder Axis, FFA: Functional Flexion Axis, and TEA: TransEpi-
condylar Axis). REFRAME implementation visibly leads to convergence of the femoral reference
frames, as well as of the kinematic signals in all six degrees-of-freedom. (Note: signals from all three axis
approaches coincide after REFRAME, so TEA overlaps CA and FFA).

16



While Journal Publication III described the mathematical formulation of the REFRAME frame-
work in detail and presented five stair descent trials of a single subject as preliminary validation and
proof-of-concept, a second associated manuscript (Journal Publication VI) was subsequently drafted.
Journal Publication IV: 4 reproducible representation of healthy tibiofemoral kinematics during stair
descent using REFRAME - Part II: Exploring optimisation criteria and inter-subject differences, which
was likewise published in Nature Scientific Reports (S-year Impact Factor of 4.3 as of 2023), further
validated the method in nine additional subjects (five trials each) and considered the effects of two RE-
FRAME implementations on inter-subject differences, while making a first attempt at clinical inter-
pretation of the motion patterns.

In light of the results obtained during first-stage analytical validation of our IMU system prototype
and the development of FOOM and REFRAME, additional steps to further test the previously de-
scribed sensor fusion algorithm in increasingly more complex and/or realistic scenarios were planned
and executed. These investigations resulted in the additional publication of two other manuscripts,
Journal Publications V and V1. Journal Publication V: Validation of inertial-measurement-unit-based
ex vivo knee kinematics during a loaded squat before and after reference-frame-orientation optimisation,
which was also published in the journal Sezsors (5-year Impact Factor of 3.7 as of 2023), tested the
chosen sensor fusion algorithm against an optical system in a more challenging setting than previously
described; by considering single iterations of a loaded squat cycle, simulated in each of seven cadaveric
specimens on a force-controlled knee rig. In Journal Publication VI: Comparison of IMU-based knee
kinematics with and without harness fixation against an optical marker-based system, which was pub-
lished in the journal Bivengineering (2023 Journal Impact Factor of 3.8), on the other hand, the STA
layer was finally introduced, and 40 asymptomatic knees were tested 77 vivo against an optical marker-
based system that leveraged a strategically placed rigid brace (to which the reflective markers were at-
tached). Both studies implemented the REFRAME approach in post-processing, further demonstrat-
ing the importance of considering local reference frame definitions when assessing the agreement of
kinematic signals.

The collective insights generated while composing the above manuscripts eventually led us to re-
evaluate our earlier perception of kinematic signals as a representation of joint motion. This conceptual
shift in our understanding is most easily portrayed through what we ultimately labelled The Book Anal-
ogy, illustrated graphically and described in detail in Appendix A. The analogy essentially proposes that
the kinematics of a joint throughout a given motion trial can be thought of as being contained within
a book, where a single set of kinematic signals (e.g. the set of six green time series signals in Figure 10) is
merely one page of that book, i.e. one possible representation of that joint motion. The set of kinematic
signals resulting from representing that same joint motion using local reference frames that are orien-
tated (and positioned) slightly differently would be another page within that book. The entire book
could then be thought of as containing all the different possible representations of the same underlying
joint motion, with each page corresponding to a different orientation (and position) of the local frames.
The implementation of REFR AME essentially aims to enforce consistency in the orientations and po-
sitions of the local frames used across the kinematic datasets being compared, which in terms of our
book analogy, can be thought of as making sure that a// the books we are comparing are turned to the
same page. The presence of differences between kinematic signals after REFRAME can therefore lead
to much more robust conclusions; Since any observed differences can no longer be the result of frame
alignment inconsistencies, we can now more confidently infer that they likely reveal actual fundamen-
tal differences in joint motion. The implications of REFRAME are thus by no means limited to the
identification of functional gait phenotypes or the validation of IMU-based gait analysis. Having access
to a method that facilitates a repeatable and robust representation of joint kinematics is extremely
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valuable to the biomechanics field in general. Consequently, in order to allow external researchers to
independently optimise their kinematic signals and achieve a reproducible representation of joint kin-
ematics across trials, subjects and even institutions, regardless of the joint axis approach used for seg-
ment frame definition, REFRAME was developed into an openly available computer application and
released online at https://bbraun.info/reframe and https://movement.ethz.ch/data-repository/re-

frame.html. Accompanied by a detailed user guide (reproduced here in Appendix B) this executable
tool is readily available for download and enables users to adapt the implementation of REFRAME to
address their specific research needs. REFRAME has in fact already attracted the attention of other
research institutions, with which we have since begun collaborative efforts to re-evaluate the compari-
son of e.g. kinematic signals based on different marker sets, or even marker-less vs. marker-based sys-
tems. Moreover, a 2.5-hour hands-on workshop on the theory and application of REFRAME was one
of the six pre-courses offered at the 29" Congress of the European Society of Biomechanics (held in
Edinburgh in July 2024) and was attended by an audience of both students and professors, with over
35 participants.

7. Summary & Outlook

This doctoral dissertation was an exploratory investigation meant to establish the necessary foundation
required to take on a larger interdisciplinary project. The overarching goal of that project is two-fold:
1) to develop and commercialise a mobile gait analysis system to measure the tibiofemoral kinematics
of OA patients in a clinical setting, and 2) to use the kinematic data collected by that system to support
the development and validation of a treatment framework that allows physicians to better tailor TKA
to individual patient needs, by leveraging the identification of clinically relevant functional phenotypes.

Towards the first objective, this dissertation achieved the identification and first-hand implemen-
tation of a sensor fusion algorithm to successfully estimate rotational knee kinematics during a series of
gait activities using only two IMU sensors. The total estimated cost of the resulting prototype system
was 200 EUR. This system was analytically validated on real kinematic data (previously collected 7n
vivo with moving videofluoroscopy) by exploiting a 6 DOFs joint simulator setup (Journal Publication
I). Additional testing of the system was also carried out under more challenging conditions in cadaveric
specimens each performing a loaded squat cycle (Journal Publication V), as well as 7% vivo under the
influence of STA against a commercially available optical motion capture system (Journal Publication
VI). Next steps in the development of this mobile gait analysis system will involve further product de-
velopment and commercialisation. In parallel, the technical feasibility of estimating tibiofemoral trans-
lations or an alternative metric for joint stability are now being explored.

Towards the second objective of the project (i.e. the identification of functional gait phenotypes),
this dissertation identified a fundamental challenge associated with the comparison of kinematic signals
in general: Even minor (e.g. < 5°) differences in reference frame orientation (and/or position) could
easily lead to considerably changes in the visible characteristics of kinematic signals (Journal Publication
II). The problem was deemed to be relevant not only in the context of the mobile gait analysis system’s
validation, but additionally within the scope of robust functional phenotype identification. The lim-
ited ability to make reliable conclusions from kinematic signal sets where the orientations and/or posi-
tions of the underlying local segment frames have not been optimised for consistency represents an
important restriction to the clinical relevance of kinematic comparisons. Within the context of this
dissertation, this problem was not only identified but also systematically addressed through the devel-
opment and validation of REFRAME, a reference frame alignment method that is now an openly
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accessible solution that can notably facilitate the consistent representation of joint movement patterns,
by correcting for differences in reference frame orientations and positions to produce a set of repro-
ducible and repeatable kinematic signals (Journal Publications III and IV). REFRAME thereby repre-
sents a valuable step forward in our ability to detect fundamental differences between joint movement
patterns.

The valuable advances achieved as part of this dissertation have widespread implications, not only
within the scope of the encompassing project but for biomechanics research in general. First of all, the
high sensitivity that kinematic signals demonstrated to even minor inconsistencies in reference frame
orientation and position strongly indicate that alternative routes to functional phenotyping may prove
to be valuable down the line. This is especially relevant considering that only by identifying robust phe-
notypes in our patient population will we really be able to design a treatment framework that will suc-
cessfully improve patient satisfaction rates. As a result, we strongly recommend that future work ex-
plores using REFRAME to develop a patient classification approach that focuses on the extraction of
relevant features that characterise joint function, rather than strictly fixating on having to analyse the
shape and magnitude of the time series kinematic curves themselves. Second, the deeper implications
of REFRAME should also be considered more generally. For example, previous studies evaluating the
presence of significant kinematic differences between distinct subject populations may need to be re-
visited using REFRAME, to conclusively establish whether any detected differences could be plausibly
explained by frame alignment inconsistencies rather than different joint motion. Similarly, the clinical
meaning and interpretability of kinematic signals both before and after REFRAME optimisation
should urgently be studied in more depth. The question of how much value can be attributed to the
shape of kinematic signals in objectively representing joint motion, especially in light of how sensitive
their visible characteristics are to the measurement process itself, is one that should be critically consid-
ered moving forward. To conclude, this doctoral dissertation represents valuable steps forward, not
only towards our vision of developing a mobile gait analysis system, and leveraging functional gait phe-
notyping to improve TKA outcomes, but also towards our fundamental ability to compare kinematic
signals and joint movement patterns in musculoskeletal biomechanics in general.
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Abstract

The success of kinematic analysis that relies on inertial measurement units (IMUs) heavily depends on
the performance of the underlying algorithms. Quantifying the level of uncertainty associated with the
models and approximations implemented within these algorithms, without the complication of soft-
tissue artefact, is therefore critical. To this end, this study aimed to assess the rotational errors associated
with controlled movements. Here, data of six total knee arthroplasty patients from a previously pub-
lished fluoroscopy study were used to simulate realistic kinematics of daily activities using IMUs
mounted to a six-degrees-of-freedom joint simulator. A model-based method involving extended Kal-
man filtering to derive rotational kinematics from inertial measurements was tested and compared
against the ground truth simulator values. The algorithm demonstrated excellent accuracy (root-mean-
square error <0.9°, maximum absolute error <3.2°) in estimating three-dimensional rotational knee kin-
ematics during level walking. Although maximum absolute errors linked to stair descent and sit-to-
stand-to-sit rose to 5.2° and 10.8°, respectively, root-mean-square errors peaked at 1.9° and 7.5°. This
study hereby describes an accurate framework for evaluating the suitability of the underlying kinematic
models and assumptions of an IMU-based motion analysis system, facilitating the future validation of
analogous tools.

Keywords: gait analysis; IMU; joint angle; knee kinematics; joint simulator
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1. Introduction

Research suggests that up to a fifth of total knee arthroplasty (TKA) patients are dissatisfied with their
joint functionality post-surgery [1-5]. Experts have previously attributed this deficit to the ubiquitous
use of standardised treatment protocols across patients, regardless of their specific kinematic character-
istics [6]. It has been suggested that the inclusion of gait analysis could improve clinical decision-making
and treatment outcomes [7]. Current state-of-the-art technology includes both marker-based and
markerless optical motion capture systems, as well as static and moving fluoroscopic systems [8, 9].
While fluoroscopy offers the considerable advantage of not being affected by soft-tissue artefact, such
systems are associated with substantial processing time requirements, infrastructure, expense and com-
plexity, hence limiting their widespread adoption in clinical settings.

The need for cheaper and more mobile gait analysis solutions has recently been addressed with
systems based on wearable sensors, such as inertial measurement units (IMUs). A key hurdle of relying
on surface-mounted IMUs to derive joint kinematics is accurately estimating the orientation of the
underlying bone segments. This task is made especially challenging by the need to estimate kinematic
parameters from linear acceleration and angular velocity data instead of direct three-dimensional posi-
tions (as is the case with optical motion capture). Vitali and Perkins [10] recently identified four differ-
ent categories of methods that tackle this challenge. One of these, the group of so-called “model-based”
methods, was highlighted as offering obvious advantages, but requiring more thorough validation be-
fore widespread adoption is warranted. Unlike “assumed alignment” methods, model-based methods
do not rely on a technician’s ability to visually align the IMU axes with those of limb segments, nor do
they expect subjects to properly execute calibration movements, such as “functional alignment” meth-

ods do.

An example of a model-based method to estimate the orientation of underlying bone segments has
been laid out by Seel et al. [11, 12]. Their particular implementation of this method, as later refined by
Versteyhe et al. [13], stands out by offering four notable advantages:

(1) While numerous IMU-based approaches measuring knee kinematics successfully estimate flex-
ion/extension angles, accurate quantification of ab/adduction and int/external rotation motions
are reportedly more challenging. By exploiting a Kalman smoother that leverages two simple me-
chanical models of the knee joint, this method provides accurate estimates for joint angles in all
three anatomical planes.

(2) While the user is offered certain guidelines for correct sensor placement, these are minimally re-
strictive and easy to follow.

(3) The approach does not require a separate extensive calibration procedure; there are no additional
movements that the patient must perform prior to gait assessment.

(4) By avoiding the use of magnetometer data, susceptibility to ferromagnetic disturbances is pre-
vented.

Despite demonstrating promising accuracy in characterising rotational knee kinematics during
level walking [13], widespread adoption of the technology in clinical settings remains limited. This is,
in part, rooted in the broad spectrum of complex parameter interactions when using IMU-based tools,
as well as the associated algorithms that are available. Further variables include sensor placement, pre-
processing of raw sensor data, and drift compensation methods [14], to name but a few.
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In addition to algorithmic differences, even among systems focused exclusively on capturing rota-
tional knee kinematics, it remains extremely difficult to assess an approach’s accuracy, confounded by
contrasting sources of ground truth data. As a result, reaching an objective verdict on how different
IMU-based systems perform and which system design is most appropriate can be challenging. Indeed,
a systematic review conducted by Pacher et al. [15] reached an analogous conclusion.

1.1. Analytical Validation of Inertial-Based Rotational Knee Kinematics

With the goal of establishing a common foundation for evaluating digital tools that support clinical
decision-making, including IMU-based kinematic assessment, the Digital Medicine Society has recently
presented the V3 framework [16]. The project lays out standard guidelines divided into three steps:
verification, analytical validation and clinical validation. Analytical validation, in particular, focuses on
assessing the performance of an algorithm in deriving a physiological metric from sample-level sensor
data. The importance of analytically validating IMU-based kinematic assessment tools is therefore clear.
Algorithms that derive rotational knee kinematics from inertial data without additional input or exten-
sive calibration generally require the use of models and assumptions. These approximations are needed
to compensate for the lack of position data in a global frame, but rarely perfectly reflect reality. Char-
acterising the magnitude of this error can be crucial to guiding product development.

Validation of IMU-based systems directly on human subjects using retroreflective markers and op-
tical motion capture systems [17, 18] is difficult due to soft-tissue artefact, whereby the skin on which
the sensor is placed moves relative to the underlying bones [19, 20]. With known difficulties associated
with assessing the magnitude of soft-tissue artefact alone, it is clear that isolating how much uncertainty
is due to the algorithm’s models and assumptions, as opposed to soft-tissue artefact itself, is extremely

challenging.

Comprehensive analytical validation of an IMU-based system that estimates knee kinematics
should therefore occur at two different levels (Figure 1). The first level involves appraising the degree
of uncertainty associated with the models, assumptions and approximations that are implemented
within the chosen algorithm. In order to isolate this level of error and quantify it experimentally, we
require an approach that does not add other considerable sources of error (such as soft-tissue artefact).
Current options include the use of manually operated mechanical rigs [21] and industrial robot arms
[13, 22]. These methods are subject to limitations, such as dissimilar embodiments, susceptibility to
easily overlooked errors in kinematic mapping, and difficulties in recreating physiological movements.
Thorough testing against references that are able to generate realistic knee motion without soft-tissue
artefact are therefore clearly required before system performance can be assessed in real-life scenarios.
This investigation consequently aimed to develop and test a protocol for a first-level analytical valida-
tion of IMU-based knee rotational kinematics using real joint kinematics reconstructed in a simulator.
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Figure 1. Analytical validation of an inertial-based tool for kinematic assessment should occur at dif-
ferent levels (e.g., with and without the possibility of soft-tissue artefact) to allow characterisation of
different sources of error.
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2. Materials and Methods

To investigate the accuracy of IMU-based systems to estimate flexion/extension, ab/adduction, and
int/external tibial rotations, we established a simulator setup that was able to recreate tibiofemoral kin-
ematics throughout in vivo measured functional activities of daily living. To achieve this, we applied
the open-source kinematic data collected experimentally by Schiitz et al. in 2019 [23]. In their study, a
moving fluoroscope was employed to capture the tibiofemoral implant kinematics of six total knee ar-
throplasty (TKA) patients (average age of 72.8 + 8.5 years; BMI 24.3 + 2.2 kg/m?), each with a unilat-
eral PFC Sigma cruciate retaining fixed-bearing prosthesis (Depuy Synthes, Warsaw, IN, USA), during
level walking, stair descent, and sit-to-stand-to-sit. At the time of assessment, all subjects showed good
functional outcome (Knee Injury and Osteoarthritis Outcome Score 91.2 £ 5.7, no/very low pain) and
were measured in the gait lab at least 1 year post-operatively (4.2 + 3.5 years). This subject-specific data
was used as input to guide the kinematics of two independent arms of the joint simulator (described
below). Output measurements of the physical rotations actually performed by the simulator then
served as ground truth data in order to investigate the accuracy of IMU-based angle derivation.

2.1. Joint Simulator

A six-degrees-of-freedom hydraulically actuated joint simulator (VIVO, AMTI, Watertown, MA), of-
ten used for wear testing applications, was selected for use in this study (manufacturer-reported posi-
tion resolution: <0.1mm, rotation: <0.1°). Displacement mode and the Grood and Suntay joint coor-
dinate system [24] were used to recreate tibial and femoral kinematics of the robotic segments without
the influence of the soft-tissue artefact.

To set the reference pose, the upper segment was positioned to correspond with a flexion/exten-
sion gimbal arm parallel to the base plate (Figure 2), and ab/adduction actuators at the centre of travel.
Meanwhile, the lower segment was centred along both the anteroposterior (AP; Cartesian Y-axis) and
mediolateral (Cartesian X-axis) axes, as well as about the int/external rotation actuator axis. Finally,
axial translation was set to correspond with an offset of 0 mm from the default (factory-defined) Z
position. These axes corresponded to the original subject data captured in the gait laboratory [23]. This
specific configuration was set to correspond to the Grood and Suntay translation (0, 0, 0) and angular
coordinates (0, 0, 0).

Iterative learning control was enabled on the AP, flexion/extension and int/external rotation axes
(gain fractions of 0.5, 0.2 and 0.5, respectively) to ensure that the simulator kinematic pathway accu-
rately replicated the subject joint kinematics. This iterative learning control feature monitors the track-
ing error, which refers to the difference between the actuator’s commands and the actual execution. A
compensation signal to minimise this error is generated and applied to the following cycle iteration.
Here, the goal was for the compensation signal to rapidly reach equilibrium while avoiding dynamic
instability, hence allowing accurate kinematic data to be replicated in the simulator. It was found that
by the 50th cycle, all input and output simulator signals had converged (tracking error < 1.0°) and be-
come stable. As a result, cycles of each activity were simulated until the kinematic values for the SOth
and S1st iterations could be acquired.
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Figure 2. Two inertial sensors were attached to the joint simulator (shown here in reference pose) using
mounting adhesive tape: one was attached to the condylar adapter component (top), and the other to
the tibial adapter component (bottom). Custom rapid prototype adapters (in blue) were developed to
ensure both sensors could be easily adhered onto a flat surface.

Subject-specific kinematic data were made compatible with the simulator coordinate system by
expressing rotations of the tibia relative to the femur, as per Grood and Suntay [24]. Standing up and
sitting down motions were combined into a single movement by concatenating the respective average
signals of each subject in order to ensure a cyclical signal such that the simulator could execute the
motion smoothly over multiple iterations. For certain trials in which the subject did not return to their
original posture, the kinematic data was smoothed (using De Boor’s approach [25] to fit a cubic
smoothing spline with a smooth factor of at least 0.5) to remove any jumps in the signal. Here, smooth-
ing was deemed necessary when the simulator failed to complete haptic mapping (an automated process
run as part of the iterative learning control feature [26]). Once the necessary smoothing had been ap-
plied, kinematic data corresponding to the subject rotations and anteroposterior translations (mean
movement pattern of all activity trials) were input (totalling three activities for each of the six subjects).
Imported as text files, data were transferred onto the simulator’s host PC using a USB flash drive. Here,
AP translation and int/external rotation were applied to the tibia, while flexion/extension and ab/ad-
duction were applied to the femur. One cycle iteration was performed per second and sampled at 100
Hz.
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2.2. Inertial Motion Sensors

Two Xsens DOT IMUs (Movella, Enschede, Netherlands) were mounted on the simulator using ad-
hesive strips: one on the upper (representing the femoral segment), and one on the lower (representing
the tibial segment) adapter (Figure 2). After time synchronisation of the sensors (Xsens DOT software,
v2021.0), linear acceleration and angular velocity data were collected at 60 Hz [27, 28] while the simu-
lator performed the kinematic cycles. Data recording was stopped a few seconds after the simulation in
order to capture a stationary reference pose.

2.3. IMU-Based Knee Kinematics Estimation

A wide spectrum of algorithms to estimate kinematics based on inertial measurements exist [10, 14].
Upon review, the algorithm implemented by Versteyhe et al. [13] was selected since this computational
method relies exclusively on gyroscope and accelerometer measurements. Correction of drift is
achieved using an extended Kalman filter and smoother framework (also referred to as a Rauch-Tung-
Striebel smoother [29]) in which orientation is parametrised as unit quaternions. In general, the pro-
posed set up requires one IMU sensor to be attached to each of the two limb segments (i.e., thigh,
shank). The algorithm relies on a rigid body model that approximates the knee as first a hinge and then
a spheroidal joint, such that most rotations occur around one main (flexion/extension) axis, while the
algorithm still accounts for small rotations in the other planes. Certain kinematic constraints, [11-13],
are implemented in a first stage to optimise estimates of a joint axis and joint centre of rotation. These
approximations are fed into the filter as additional input parameters. Using a pseudo-observation ap-
proach [30], a series of output constraints [30] is implemented to update model estimates.

The original scripts implemented by Versteyhe et al. [13] and Kresie [21] are openly available as
MATLAB m-files (The Mathworks Inc., Natick, USA). Custom MATLAB scripts (vR2021b) based
on these works were developed, as well as additional scripts for pre- and post-processing of the data. A
fourth order Butterworth filter was applied to the raw inertial signals, with a cut-off frequency of 7 Hz.
An offset correction script corrected all timepoints to the reference pose orientation. The resulting
waveforms were then normalised to 101 points and plotted as a percentage of one gait cycle.

To temporally synchronise the IMU and simulator data, signal alignment parameters (i.e., the time
delay between two input signals) based on the flexion/extension waveforms were estimated using the
built-in alignsignals function and subsequently used to align all three kinematic curves in time.

2.4. Data Analysis

Knee joint angles were estimated in the sagittal, frontal and transverse planes, corresponding to flex-
ion/extension, ab/adduction and int/external tibial rotation, respectively. Rotational kinematics were
plotted and the root-mean-square error (RMSE) between the sensor-estimated kinematics and the sim-
ulator-generated ground truth data was assessed over one representative (51st) activity cycle. In addi-
tion to RMSE, the maximum absolute error over the assessed representative activity cycle was also com-
puted to more comprehensively judge the magnitude of errors that could potentially occur at a given
time point. Finally, Bland-Altman plots [31] were created to establish the agreement (means and dif-
ferences) between the IMU- and simulator-based kinematics.
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3. Results

The collected kinematic data showed the highest levels of accuracy were associated with flexion/exten-
sion angles during level walking (Table 1, for subject-specific values see Table A1), with an RMSE be-
low 1.0° for all three rotations (Figure 3). The largest errors in ab/adduction occurred between 60% and
90% of the gait cycle for level walking, and between 40% and 80% for stair descent (Figure 4). In the
case of sit-to-stand-to-sit, the highest ab/adduction uncertainties occurred at the beginning and end of
the activity cycle, when joint flexion was highest (Figure 5). No clear patterns were recognisable for
int/external rotation errors. In general, the flexion/extension rotations were subject to the smallest er-
rors. The largest RMSE: for all three rotations occurred for sit-to-stand-to-sit, with values of 0.9°, 3.1°
and 4.8° in the sagittal, frontal and transverse planes, respectively.
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Figure 3. Level Walking: Knee joint angles were plotted over the progression (expressed as a percent-
age) of one complete gait cycle. The solid blue line illustrates the angles estimated using inertial data.
The dashed gold line illustrates the ground truth angles performed by the joint simulator. Each row
represents one subject, while each column presents rotations in a different plane relative to the femoral
coordinate system.
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Figure 5. Sit-to-Stand-to-Sit Sequence: Knee joint angles were plotted over the progression (expressed
as a percentage) of one complete gait cycle. The solid blue line illustrates the angles estimated using
inertial data. The dashed gold line illustrates the ground truth angles performed by the joint simulator.
Each row represents one subject, while each column presents rotations in a different plane relative to
the femoral coordinate system.
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Table 1. Root-mean-square error (in degrees) between sensor-estimated kinematics and simulator-gen-
erated ground truth data was calculated over one cycle of every activity, for each of the six subjects.
Results are summarised by expressing mean RMSE, *1 standard deviation, over all subjects, for each
of the three planes of rotation.

Flexion/Extension ~Ab/Adduction Int/External Rotation

Level Walking 0.7£0.1 0.6£0.3 0.9+0.2
Stair Descent 0.7£0.2 1.2£05 1.3+0.5
Sit-to-Stand-to-Sit 09+0.3 31+1.9 48+25

Maximum absolute errors for all subjects in the sagittal plane ranged between 1.0° and 2.7° (Table
2, for subject-specific values see Table A2). In the frontal plane, they fell between 0.4° and 7.0°, while
errors in the transverse plane ranged from 1.2° to 10.8°. Peak errors for a given plane and activity ranged
from 1.6° (sagittal plane in stair descent) to 10.8° (transverse plane in sit-to-stand-to-sit).

Table 2. Maximum absolute errors (in degrees) between sensor-estimated kinematics and simulator-
generated ground truth data over all subjects, for every activity type, and each of the three planes of
rotation.

Flexion/Extension =~ Ab/Adduction Int/External Rotation

Level Walking 2.3 3.2 2.6
Stair Descent 1.6 3.0 5.2
Sit-to-Stand-to-Sit 2.7 7.0 10.8

Bland-Altman plots revealed that high levels of agreement existed between the IMU and simulator
kinematics (Figure A1, Figure A2 and Figure A3). On average, the two approaches differed by 0.5° and
presented a mean two-tailed 95% confidence interval of +2.8°, including results which did not fulfil the
assumption of normality (based on a Lilliefors test [32] at 5% significance level). When such cases were
excluded, an average difference of 0.2° and a mean confidence interval of +1.3° was observed.
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4. Discussion

Validation of IMU algorithms for estimating joint kinematics is critical before sensor systems can be
robustly implemented in clinical settings. In this study, we propose and test a framework for validating
sensor technology using a joint simulator to assess the accuracy of IMU-derived joint angles. The sim-
ulator was driven using subject-specific data to recreate real kinematic profiles, unaffected by soft-tissue
artefact. Operation of the robotic simulator using Grood and Suntay, instead of Cartesian, coordinate
systems, has specifically allowed simplification of the data harmonisation process and interpretation of
the resulting kinematic curves. The simulator approach presented here can therefore act as a reference
standard with which to generate realistic kinematics and assess the accuracy of different sensor systems
and algorithms to capture real-world movement patterns.

Demonstration of this framework was achieved using a computational approach previously pre-
sented by Seel et al. [11, 12] and later enhanced by Versteyhe et al. [13]. Our results reveal that this
algorithm exhibited high average accuracy (RMSE <0.9°, maximum absolute errors <3.2°) for all three
rotations during level walking. This was in line with previous studies [13] in which IMUs were strapped
to two segments of a robotic arm, where the segments represented the femur and tibia. In their study,
the femur remained fixed in space, while the tibia was programmed to move. They reported quaternion
values of the tibial segment in a global reference frame in a comparison against the robotic arm data.
Our framework has been able to build on these preliminary findings by implementing a joint simulator
setup in which both femoral and tibial segment analogues rotated (and even translated along one axis).
This setup has therefore enabled us to compare the joint angle estimates obtained by calculating the
relative pose between limb segments, in a scenario in which both segments rotated relative to a global
reference frame. Furthermore, our framework allows the complete three-dimensional reconstruction
of measured subject-specific knee joint kinematics. By applying the method of Versteyhe et al. to activ-
ities other than level walking, it has been possible to assess the accuracy of IMU analysis during a range
of functional activities of daily living.

Based on RMSEs, the IMU-based joint angle estimates were most accurate during level walking.
Results during stair descent were slightly inferior, followed by sit-to-stand-to-sit. Similar trends were
observed in maximum error values, where level walking was once again subject to the smallest peak
errors, while maximum absolute errors during sit-to-stand-to-sit increased to over twice those of other
activities. This trend may be a reflection of the algorithm’s underlying assumptions, which are based
around applications comprising straight line walking. Here, the joint flexion angles involved in stair
descent deviate only slightly from level walking, where both activities exhibit stance and swing phases,
with motion advancing in a straight line by alternating movements of the lower limbs. Sit-to-stand-to-
sit, on the other hand, lacks a swing phase and does not involve progressive displacement of the lower
limbs relative to the ground. This activity is therefore associated with the greatest deviations from the
modelling assumptions, hence providing a plausible explanation for the highest measured errors (Fig-
ure 3, Figure 4 and Figure 5).

It is clear that out-of-sagittal-plane rotations were subject to the largest errors across all activities.
Moreover, visual inspection of the simulator versus IMU kinematics (especially the first two columns
of Figure 3, Figure 4 and Figure 5), suggest a correlation between the magnitude of flexion angles and
errors in ab/adduction. This association is indicative of cross-talk, which describes how differences in
knee mediolateral axis alignment can lead to an artificial increase in the amplitude of ab/adduction
angles [33], and additionally propagate to affect int/external rotation angles. Subsequent work should
therefore involve a more in-depth assessment of the accuracy of the orientation of the joint
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(flexion/extension) axis identified by the inertial data, as compared to that defined by the simulator.
Furthermore, a more detailed analysis of the nature of the apparent relationship between flexion mag-
nitude and out-of-sagittal-plane rotation errors should be performed. Any such investigation should
specifically take into account the problematic lack of consensus surrounding joint segment frame defi-
nition.

A review by McGinley et al. [34] concluded that errors in excess of 5° should be avoided in gait
analysis to prevent incorrectly guiding clinical decision-making. The advantage of approaching analyt-
ical validation of IMU-based gait analysis systems in the framework presented here is that we can con-
clusively establish whether the underlying technology and computational model for joint angle estima-
tion is able to attain results with mean RMSEs that fall within this 5° window. However, in vivo appli-
cations will undoubtedly be additionally affected by soft-tissue artefact, which is likely to compound
the model’s uncertainty to exceed this 5° threshold (especially for out-of-sagittal plane rotations in ac-
tivities such as sit-to-stand-to-sit). Quantification of the errors associated with soft-tissue artefact is be-
yond the scope of this investigation, but has been addressed by other works [20, 35, 36]. Minimisation
of these uncertainties is known to be challenging and affected by a number of variables, including ac-
tivity type, movement speed, and subject anatomical characteristics [37]. Nevertheless, the clear ad-
vantage offered by the proposed IMU solution is the insensitivity of the approach to sensor placement,
which can be leveraged to minimise the effects of soft-tissue artefact [38]. As a result, having established
the accuracy of the underlying biomechanical model and its associated assumptions, subsequent work
can specifically address soft-tissue artefact and explore promising methods for tackling it.

Although intermittently disrupted by large peak errors (Table 2), the assessed algorithm for IMU-
based joint estimation (mainly selected for use in this study due to its flexibility in sensor placement)
demonstrated good average accuracy over the assessed activities. Nonetheless, RMSEs of up to 7.5° for
individual subjects suggest that the algorithm still requires further enhancement to ameliorate the er-
rors affecting out-of-sagittal plane rotations during activities besides level walking (e.g., by modelling
additional constraints imposed by the ankle joint during sit-to-stand-to-sit). Moreover, from a clinical
perspective, errors of 7.5° could also critically lead to a different interpretation of joint functionality,
particularly if this addresses ab/adduction or int/external rotation. As a result, there is a critical require-
ment to further develop approaches to mitigate cross-talk in kinematic datasets. Other methods that
have attempted to quantify human joint kinematics using IMU technology have utilised different filter
implementations [39, 40], sensor fusion methods [12, 40] and biomechanical models [14] to address
drift and attain accurate movement patterns. While the algorithm implemented here is only one of
many different approaches to joint angle estimation based on inertial data, the presented framework
allows for a standard assessment and comparison of similar solutions.

While the use of a six-degrees-of-freedom joint simulator offered advantages over alternative vali-
dation techniques, it was not impervious to limitations. Notably, in a clinical context, both joint seg-
ments would be free to move in all degrees of freedom. In the simulator used in our framework, how-
ever, all translations, as well as rotations around the longitudinal axis, were performed by the bottom
segment, while the remaining two rotations were executed by manipulating the upper femoral segment.
These complex kinematic interactions pose a challenge to the algorithm when estimating the motions
of the simulator, as only one of the sensors measures active rotational information that is valuable for
assessing the model. In a clinical context, the availability of inertial data from both sensors can be fused
to produce more accurate joint angle estimates, hence improving system performance rather than hin-
dering it. An additional challenge arose from the boundaries of the simulator’s physical range of mo-
tion. For our particular set up and reference pose combination, maximum flexion was capped at 85.0°.
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During our study, Subject 5 reached 89.4° of flexion during sit-to-stand-to-sit, hence requiring kine-
matic data to be cropped. However, in general, our framework has demonstrated suitability for recre-
ating real-word kinematic data as a setup for testing IMU algorithm accuracy.

The algorithm for IMU-based joint angle estimation employed in this study relied on Rauch-
Tung-Striebel smoothing, an extension of Kalman filtering approaches. Here, filter parameters were
defined based on sensor manufacturer specifications and manually tuned by visually inspecting the in-
novation term for zero mean and no correlation between parameters. In order for the technology to be
feasibly scalable, parameter tuning should be performed systematically, repeatably and reliably. As a
result, it is crucial that any system that uses a Kalman-type-filter, clearly and transparently reports an
associated reproducible method for parameter tuning. This seems by no means to be the norm in the
relevant literature published thus far, and is an aspect future investigations are encouraged to address
more clearly.

In conclusion, quantifying the inherent error of a given algorithm that estimates joint kinematics
from inertial data is a pivotal step in establishing an accurate, yet affordable, and mobile solution to
knee kinematic assessment. By quantifying accuracy prior to the introduction of soft-tissue artefact,
valuable insights into sources of error can be gained, enabling researchers to better compare the perfor-
mance of different IMU-based solutions, particularly in light of the challenge posed by cross-talk. The
framework presented in this study thus offers a straightforward approach to test inertial-sensor-based
systems, and to determine the suitability of the underlying biomechanical models and the limitations
of their assumptions. Successful development and adoption of such a system would have widespread
clinical implications: By enabling gait analysis to become a regular part of the TKA treatment and re-
habilitation workflow, it could help healthcare experts gain insights into the biomechanical mecha-
nisms contributing to patient (dis)satisfaction.
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S. Supplementary Material

Table Al. Root-mean-square error (in degrees) between sensor-estimated kinematics and simulator-
generated ground truth data, throughout a representative activity cycle. Results are shown for all six
subjects, for every activity type, in each of the three rotation planes. (F/E = flexion/extension; A/A =
adduction/abduction; I/E = internal/external tibial rotation).

Level Walking Stair Descent Sit-to-Stand-to-Sit

FJE A/A IVE FE A/A I/E FE A/A TE

Subject1 0.9 0.5 1.0 0.7 1.6 1.5 0.8 1.4 0.8
Subject2 0.7 0.4 0.8 0.7 0.3 0.8 0.9 2.0 4.3
Subject3 0.5 0.4 1.1 0.8 1.9 1.9 1.2 5.5 7.5
Subject4 0.7 0.7 1.0 0.6 0.9 0.8 1.0 3.0 4.6
Subject5 0.7 1.3 0.7 09 1.2 1.8 1.0 1.4 4.2
Subject6 0.7 0.6 1.0 0.4 1.2 0.8 0.4 5.2 7.5

Table A2. Maximum absolute error (in degrees) between sensor-estimated kinematics and simulator-
generated ground truth data over the same previously analysed cycle. Results are shown for all six sub-
jects, for every activity type, in each of the three rotation planes. (F/E = flexion/extension; A/A = ad-
duction/abduction; I/E = internal/external tibial rotation).

Level Walking Stair Descent Sit-to-Stand-to-Sit

FJE A/A IVE FE A/A I/E FE A/A TE

Subject1 2.3 1.1 2.1 1.6 2.7 2.6 1.5 1.9 1.8
Subject2 1.4 1.0 1.2 1.6 0.4 1.4 1.8 2.7 5.5
Subject3 1.4 0.7 1.7 1.6 3.0 52 27 7.0 9.9
Subject4 1.8 1.5 1.9 1.2 1.7 1.2 22 4.0 7.0
Subject5 1.4 3.2 1.5 1.6 2.5 3.8 1.9 2.3 5.9
Subject6 1.9 1.4 2.6 1.3 2.1 1.6 1.0 7.0 10.8
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Figure A1l. Bland-Altman plots for level walking. Differences between simulator- and IMU-based es-
timates were plotted against the average of the two measures. Shaded areas denote two-tailed 95% con-
fidence intervals while dotted blue lines represent limits of agreement and solid blue lines show the
mean difference. Each row corresponds to a different subject; each column to a different plane of rota-
tion. Inclusion of an asterisk indicates the assumption of normality was not fulfilled.
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Figure A2. Bland-Altman plots for stair descent. Differences between simulator- and IMU-based esti-
mates were plotted against the average of the two measures. Shaded areas denote two-tailed 95% confi-
dence intervals while dotted blue lines represent limits of agreement and solid blue lines show the mean
difference. Each row corresponds to a different subject; each column to a different plane of rotation.
Inclusion of an asterisk indicates the assumption of normality was not fulfilled.
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Figure A3. Bland-Altman plots for sit-to-stand-to-sit. Differences between simulator- and IMU-based
estimates were plotted against the average of the two measures. Shaded areas denote two-tailed 95%
confidence intervals while dotted blue lines represent limits of agreement and solid blue lines show the
mean difference. Each row corresponds to a different subject; each column to a different plane of rota-
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46



III. Journal Publication II

A frame orientation optimisation method
for consistent interpretation of kinematic
signals

Ortigas-Vasquez, A., Taylor, W.R., Maas, A., Woiczinski, M.,
Grupp, T.M. and Sauer A.

Published in Scientific Reports 2023, 13, 9632
DOI: 10.1038/541598-023-36625-z

47



Abstract

In clinical movement biomechanics, kinematic data are often depicted as waveforms (i.e. signals), char-
acterising the motion of articulating joints. Clinically meaningful interpretations of the underlying
joint kinematics, however, require an objective understanding of whether two different kinematic sig-
nals actually represent two different underlying physical movement patterns of the joint or not. Previ-
ously, the accuracy of IMU-based knee joint angles was assessed using a six-degrees-of-freedom joint
simulator guided by fluoroscopy-based signals. Despite implementation of sensor-to-segment correc-
tions, observed errors were clearly indicative of cross-talk, and thus inconsistent reference frame orien-
tations. Here, we address these limitations by exploring how minimisation of dedicated cost functions
can harmonise differences in frame orientations, ultimately facilitating consistent interpretation of ar-
ticulating joint kinematic signals.

In this study, we present and investigate a frame orientation optimisation method (FOOM) that
aligns reference frames and corrects for cross-talk errors, hence yielding a consistent interpretation of
the underlying movement patterns. By executing optimised rotational sequences, thus producing an-
gular corrections around each axis, we enable a reproducible frame definition and hence an approach
for reliable comparison of kinematic data. Using this approach, root-mean-square errors between the
previously collected (1) IMU-based data using functional joint axes, and (2) simulated fluoroscopy-
based data relying on geometrical axes were almost entirely eliminated from an initial range of 0.7°-5.1°
to a mere 0.1°~0.8°. Our results confirm that different local segment frames can yield different kine-
matic patterns, despite following the same rotation convention, and that appropriate alignment of ref-
erence frame orientation can successfully enable consistent kinematic interpretation.

Keywords: kinematics; cross-talk; optimisation; knee joint; gait analysis; joint coordinate system; lo-
cal reference frame; IMU
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1. Introduction

The development of an affordable and mobile alternative to current state-of-the-art gait analysis sys-
tems (such as marker-based or markerless optical motion capture, and static or moving videofluoros-
copy [1,2]) could allow experts to better incorporate objective assessment of patient function into daily
clinical practice. Most notably, the accurate estimation of rotational knee kinematics from inertial
measurement units (IMUs) has received considerable attention in recent years [3]. Assessing these tech-
nologies to establish which approaches are able to provide a correct interpretation of the underlying
kinematics requires their accuracy to be evaluated.

In clinical movement biomechanics, kinematics can be plotted to characterise joint motion over
time. Two (or more) of these signals are then often compared to determine whether significant differ-
ences in kinematic patterns are associated with, for example, different pathologies [4, 5], disease stages
[6, 7], treatment strategies [8, 9], or measurement systems [10-12] . In previous work, inertial-based
knee kinematic estimates were compared against ground truth data generated by a calibrated joint sim-
ulator, using an analytical approach that allowed flexibility in the orientation of the sensor placement
on the joint segments [13]. By assuming that the simulator output represented a true and correct meas-
urement of the joint kinematics, the accuracy of the IMU estimates was quantified by calculating the
root-mean-square error (RMSE) and maximum absolute error. This comparison relied on the funda-
mental assumption that the kinematics originating from each source (IMU-based system and robotic
joint simulator) could be directly compared and would ideally be identical, therefore producing a con-
sistent interpretation of the underlying movement patterns. This previous work demonstrated that ac-
curacies (RMSEs) in the ranges of 0.4°-1.2°, 0.3°-5.5° and 0.7°-7.5° for angles in the sagittal, frontal, and
transverse planes respectively, could be achieved using a model-based method to derive rotational knee
kinematics from IMU data [13]. However, given that the testing scenario did not include deviations
due to soft tissue movement, the observed level of errors was thought to be insufficient to reliably sup-
port clinical decision-making. Since the underlying segment kinematics were fundamentally the same,
itis entirely plausible that the observed errors result from differences in the reference frames. Although
this concept is well appreciated in the field of movement science, the practical implementation of con-
sistent reference frames, especially when using IMU technology, has remained almost impossible.

When presenting any set of kinematic data, the associated coordinate frames of the individual joint
segments 7ust be clearly defined. In general, each body segment is assigned a three-dimensional (3D)
Cartesian coordinate system. For rotational kinematics, this coordinate frame definition should, at a
minimum, describe how the exact orientation of each of the three axes is determined. In cases where
translational data is also included, each segment’s coordinate frame should be complemented by an
explanation of how the location of the frame’s origin is established. Critical problems arise when these
core requirements fail to be met. This failure commonly stems from a lack of consensus in the under-
standing and interpretation of approaches [14]. The popular Grood and Suntay Joint Coordinate Sys-
tem (JCS) was initially presented as non-orthogonal and sequence independent [15]. In practice, use of
the JCS to describe e.g. knee kinematics is equivalent to individually assigning the femur and tibia a
right-handed 3D Cartesian frame, and calculating a Cardan sequence describing the orientation of the
distal (tibial) frame relative to the proximal (femoral) frame. This transformation follows an intrinsic
sequence of rotations analogous to what would be clinically construed as: 1) flexion/extension, 2) ad-
duction/abduction, and 3) internal/external rotation. In fact, the mathematical proof substantiating
this interpretation has been previously reported, demonstrating the JCS to be both sequence depend-
ent and orthogonal [16, 17]. These controversies have contributed to confusion surrounding the
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definition of joint reference frames. Statements such as “kinematics were calculated according to Grood
and Suntay” have unfortunately become commonplace, but insufficient if not accompanied by unam-
biguous details. A multitude of variations in the definition of tibiofemoral frames alone can be observed
in the literature, even among those explicitly citing Grood and Suntay [14, 18].

Movement scientists attempt to standardise measurements of motion by using reliable anatomical
or functional landmarks. However, different approaches used to analyse consistent kinematics have
shown to result in considerably different interpretations of the joint motion [14, 19]. In fact, the au-
thors of this work strongly suggest that cross-talk between the different analysis approaches produces
the large errors observed, and are therefore the underlying source of the very different interpretations.
Cross-talk itself is a phenomenon whereby the alignment of the local segment coordinate system allows
the rotation around one axis to be mixed-up with rotations around the others (see Supplementary Fig-
ure S1 for an illustration of this effect). As a result, the measured rotations around each axis heavily
depend upon the orientation of the chosen coordinate systems and to date assessment of motion pat-
terns remains insufficiently reliable to support clinical decision-making.

To mitigate this problem, previous studies have explored methods of post-processing kinematic
data to eliminate cross-talk. Woltring considered reducing cross-talk by transforming local segment
frames so that ab/adduction or both ab/adduction and int/external rotation were zeroed at maximum
flexion [20]. From a clinical perspective, however, the inherent assumption that there must be no
ab/adduction and/or int/external rotation at maximum knee flexion of a gait cycle is questionable.
Baker and co-workers, on the other hand, minimised ab/adduction variance, under the assumption that
medio-lateral stability could be approximated as a hinge [21], and therefore any variation in marker-
based ab/adduction measurements was a likely result of thigh marker misplacement [22]. Rivest ad-
dressed cross-talk by transforming local segment frames to minimise the quadratic variation of ab/ad-
duction and int/external rotation, but only applied the transformations in a weighted manner to min-
imise between-subject variability [23]. Cross-talk reduction thus depended on the assessed subject pop-
ulation, and post hoc inclusion of any additional participants would require complete recalculation of
all subjects’ kinematics. Furthermore, for a given subject’s trial, the analysis could lead to different kin-
ematic values, simply by being processed as part of different cohorts.

More recently, Baudet and co-workers proposed a cross-talk correction method based on principal
component analysis, whereby variables were linearly transformed to eliminate correlations and mini-
mise ab/adduction variance [24]. The authors concluded that the “correction method eliminated the
presence of knee joint angle cross-talk, as proved by mean r* values close to 0 for the left and right side
after correction”, where r was the correlation coefficient between flexion/extension and ab/adduction.
While r can be used as a descriptive measure of the /inear association between two variables [25], sen-
sitivity analyses have shown that the relationship between flexion/extension and cross-talk artefact out
of the sagittal plane is not linear (Supplementary Figure S1) [26]. By extension, the assumption that
cross-talk is equivalent to the linear relationship between flexion/extension and ab/adduction (rather
than ab/adduction error) is an inherently misleading oversimplification. Furthermore, even if this lin-
earity approximation were justified by limiting analyses to a confined range of knee flexion (i.e. where
the relationship could be considered to be linear), r* has repeatedly been criticised for being misinter-
preted and confused with R (the coefficient of determination) [27, 28]. While numerically equivalent
to r* under specific conditions, the idea that an R* value close to zero indicates that two variables are
not related is incorrect. Reducing r* (or R?) between flexion/extension and ab/adduction to zero is
therefore not the same as eliminating cross-talk. Moreover, Baudet and co-workers also justified the
minimisation of ab/adduction variance by suggesting that previous cadaveric studies had managed to
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measure the knee’s physiological range of motion (ROM), and this range was small in ab/adduction
[29]. This argument ignored the fact that, of all three reported rotations, ab/adduction was likely af-
fected by the largest errors. Importantly, these ab/adduction measurements must have been associated
with a set of local segment frames that were themselves susceptible to cross-talk, making it impossible
to assume they unequivocally represent the joint’s true physiological ROM:s.

A new perspective on knee kinematics is therefore critically necessary; one that recognises that any
muculoskeletal kinematic measurement is the result of a series of chozces designed to help us empirically
characterise the highly complex 3D and time-dependent motion of an articulating joint. The fact that
some of these choices may be more intuitive than others does not imply they are inherently correct or
incorrect. Without the ability to reference values of some known true physiological joint motion, the
following question arises: Given sets of kinematic data, can a consistent interpretation of the underly-
ing movement patterns be achieved, independent of the analysis approach used? Answering this ques-
tion is of critical importance in order to allow a standardised understanding of whether joint movement
patterns are fundamentally similar or different, and therefore reliably support clinical decision-making.
In this study, we directly address this challenging question by considering a Frame Orientation Opti-
misation Method (FOOM) that aligns reference frame orientations and corrects for cross-talk errors
between kinematic signals derived using two different analysis approaches, with the goal to produce a
consistent interpretation of the underlying articulating joint movement patterns.
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2. Methods

In this study, we present and investigate a Frame Orientation Optimisation Method that ensures con-
sistent reference frame orientations and corrects for cross-talk errors in kinematic datasets. By executing
rotational sequences to minimise cross-talk error between segment frames, we target a reproducible
frame definition and hence document an approach for reliable interpretation of articulating joint
movement patterns.

Our underlying hypothesis was that if discrepancies between kinematic datasets and the ground
truth signals result from differences in frame alignment, then a set of frame rotations should exist,
which, if applied to the segment frames, would compensate for misalignment and eliminate cross-talk
errors. Such a method could ideally be applied independently to any given kinematic dataset, without
requiring access to a full ground truth signal, and thereby provide a reliable and reproducible interpre-
tation of the kinematic patterns for comparison across studies.

In order to describe the mathematical formulation, we initially provide the underlying notation:

Let rotation matrix R denote the orientation of frame A relative to frame B. R§ can be expressed in
terms of Tait-Bryan angles as

R5 = R(& a) X R, B) x R(Z,7), (1)

for an intrinsic XYZ sequence of rotation, where R(V, 8) indicates a positive rotation of 6 around an
axis in the direction of V. Let us define, for convenience, I as the corresponding 3 X 1 column vector,
where the vector elements (in order from top to bottom) indicate e.g. knee joint flexion/extension,
ab/adduction, and tibial int/external rotation,

(8 a (2)
r5(t) = | (g), |=|F)
(rd)s 14

at timestep t.

Let us now consider a set of “raw” rotational knee kinematics, established based on measured data,

. . . tibia
expressed in matrix representation, where Rz """

FemuuTomy denotes the orientation of the tibial segment

frame, tibia, gy, relative to the femoral segment frame, femur,.,,,, and varies with time (Figure 1a).

52



femuTraw femurldeal ) >
tibia, g tibiajgeql
femuryqy femurigeqi
:“
tibiGraw tibia;geq
X \
\".,,,_‘
relative orientation relative orientation of ideal
of raw frames cross-talk-free frames

Figure 1. Schematic of local segment frames relative to one another: (a) Measured kinematics are given
ibiayqw

by rotation matrix R%
y femuryqw

, denoting the orientation of the raw tibial segment frame relative to the

raw femoral segment frame. (b) A set of ideal kinematics would be given by rotation matrix
Rtibiaideal

femurigeq
cross-talk-free femoral frame.

;» denoting the orientation of an ideal cross-talk-free tibial segment frame relative to an ideal

tibiarqw

The vector T omuree,

highly depends on both the order of the rotation sequence and the exact

orientation of the individual femoral and tibial frames. Orientation of these frames is determined by
the specific choice of approach used for coordinate system definition; be it landmark-based, functional,
or a combination of the two. Any difference in frame orientation, even a very minor one, is known to
lead to differences in kinematic patterns, even if the physical relative movement between the underlying
joint segments is fundamentally the same [14]. This is especially problematic because for a given set of
collected data, any and all estimated segment coordinate systems will be subject to some level of uncer-
tainty or error.

. «: » : . : tibiaideal
Consider an “ideal”, cross-talk-free kinematic signal, Rf emurgg

entation of two frames, femur;geq; and tibia;geq; (Figure 1b). At any given instant in time, it cannot

P resulting from the relative ori-

be assumed that the raw frames are perfectly aligned with the orientation of these hypothetical ideal
cross-talk-free frames (Supplementary Figure S2). The difference in orientation between the raw and
ideal frame of a given segment is constant over time, since both frames are defined as fixed relative to
the (assumed to be) rigid bodies they represent. For measurements affected by soft-tissue artefact, an
approach such as the Optical Common Shape Technique based on Procrustes approaches as described
in [30] would be required in order to ensure a rigid marker (or sensor) configuration. With sufficient
knowledge of the raw frames’ and ideal frames’ respective orientations, it would then be possible to re-

align the raw frames to match the ideal frames, hence allowing a set of “modified” or reorientated fem-
s i1 . . femurpoq

oral and tibial frames, femury,,q and tibia,;,,q to be obtained (Figure 2). Let Ricmurme, d

tibiamod

tibia.., denote the orientation of the modified frames relative to the orientation of the raw segment
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frames. The relative orientation of these modified frames would yield kinematics given by rotation ma-
Rtibiamod

trix Reoproe > where these modified kinematics are related to the raw kinematics by

tibia emur — tibia tibia
R mod — (Rf mod) 1, R raw - mod (3)
femurmod femuryqw femuryqw tibiarqw

R femuryoa
femuryqy,

~

femutraw femurigeq

Rtibiamod
femuryoq

tibidraw .
tibiad;gea

tibia

mod

tibiamod
tibia,qy,

Figure 2. Schematic of raw (solid purple), ideal (solid green) and modified (dashed purple) local seg-

ment frames relative to one another, where modified frames are the raw frames after realignment to

. . . . emur tibia
approximate the orientation of the ideal frames. R’ mod and R mod

oMUt tibiarmy denote the orientation of

. . . . tibia
the modified frames relative to the orientation of the raw segment frames, and R mod

’ emurmoddenotes the

orientation of the modified tibia frame relative to the modified femoral frame.

Assuming the orientation of these ideal segment frames relative to the underlying segments are un-
tibiaigeal
Rf emurideal(

), are known, then mathematical optimisation approaches could be used to solve for the

known, but the resulting relative rotations between the two segment frames,
rtibiaideaz
femurigear
tibiamoa

femurmod tibiamod
values of R and R L emurmod’

femuryaqw tibiarqw

. tibiaigeal . .
nd theideal, I - kinematics.
and the ideal, Femry o KiNEMatics

that minimise the differences between the modified,

In most practical cases, knowledge of the numerical value of the hypothetical cross-talk-free ideal
kinematics is admittedly not realistic. Although an undisputed definition of optimal segment frame
orientations does not exist, partly due to a lack of consensus, but also due to differences in data capture
approaches (including the consideration of soft-tissue artefact etc.), there is a common agreement that
cross-talk artificially amplifies out-of-sagittal plane rotations (Supplementary Figure S1). If absolutely
no cross-talk were present, then pure joint flexion would not produce any artefact kinematic signal
around the other axes. In a kinematic measurement, consisting of one dominant (e.g. flexion/exten-
sion) axis and two non-dominant (e.g. ab/adduction and int/external rotation) axes, the minimisation
of rotations around the two non-dominant axes would inherently maximise rotation around the dom-
inant axis, and therefore would not allow artefact rotations into the non-dominant axes. As a result, the
remaining rotations in the non-dominant axes would not be distorted by cross-talk artefact. To achieve
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this, finding a frame alignment that is affected by as little cross-talk as possible can be enabled by deter-

.. emur tibia
mining the values of RS mod and R mod

tibiamod tibiamod
femuryqw tibiarqw )2 and ( )3.

that minimise (rfemurmo 4 Y emurmoq

While there are clearly various different cost functions that can be applied to minimise these values
(each associated with different kinematic targets), for this demonstration of the approach, we have cho-
sen to minimise root-mean-square (RMS). This choice implies that higher deviations from zero are
weighted more heavily than if using the sum or average of the absolute values.

By re-aligning the segment frames to minimise the components of the 3D rotation that occur in
the transverse and frontal planes, the magnitude of the rotation component in the third (sagittal) plane
is thus effectively maximised. We therefore ensure that flexion predominates and that cross-talk is min-
imised. Furthermore, the need for a second associated kinematic dataset to act as the assumed ideal
ground truth is eliminated. In practice, such a minimisation would be applied over the entire activity
cycle. As such, itis not possible to entirely mitigate cross-talk errors for every instant of time. However,
the overall output will indeed produce a consistent and reliable set of data, and hence allow comparison
across trials, subjects, and studies.

2.1. Application

As a first step towards approach verification, results of a previous investigation were used to explore the
potential relationships between the magnitude of errors in different planes [13, 31]. In a previous study,
in vivo kinematics for six subjects over five valid cycles of three activities of daily living (level walking,
stair descent, and sit-stand-sit) were derived from moving videofluoroscopy, using a cylindrical axis ap-
proach (i.e. based on the fitting of a cylindrical shape to each femoral condyle) to define the primary
joint axis [31]. Mean kinematic signals for each subject were then replicated in a six-degrees-of-freedom
robotic joint simulator (VIVO, AMTI, Watertown, MA) and measured using IMUs [13]. The ground
truth data was then compared against IMU-based estimates obtained using an algorithm that leveraged
the combined use of simple biomechanical models and Kalman smoothing [32] to estimate functional
axes and the associated knee joint angles from linear acceleration and angular velocity measurements.
Although the simulator segment kinematics were consistent and unaffected by soft-tissue artefact, max-
imum absolute errors between the two kinematic datasets of up to 10.8° were observed. Larger errors
in the transverse plane rotations seemingly coincided with higher flexion angles; a trend indicative of
cross-talk between coordinate system axes (Supplementary Figure S1).

In a preliminary frame orientation analysis, we first tested the assumption that the observed errors
originated from cross-talk by applying mathematical optimisation (in this case, using a Levenberg-Mar-

quardt algorithm [33]) to solve for R/€MTmod o4 REPUmod ¢ hinimise the RMSE between

femuryaqw tibiayrqw

tibiamod tibidigear - C .. 3 1T (( tibiaigeal ) ( tibiamod ) )
I, nar, 1.e. minimi 1 = Qe I t —|r t
femurmoq and femurigeqr’ ( ¢ s¢ Zl_l T Zt—O femurideal( ) i femurmod( ) i )

under the assumption that IMU-based estimates represented the raw data, and simulator ground truth

represented the ideal data. Here, we used a specific implementation of FOOM to rotate the IMU-based
reference frames to minimise differences between the IMU and simulator kinematic signals (i.e. FOO-

Mivusim). By rotating the local femoral and tibial frames associated with the IMU data by R;ZZZ:I’ZZ‘}

tibiamod . . . .
and Ry, ; it respectively, to align with the ground truth segment frames, a set of modified local
frames was established and the resultant relative rotations were calculated. A comparison between the
IMU kinematics resulting from these newly aligned frames and the simulator ground truth kinematics

was then performed to establish how much of the reported errors were associated with cross-talk.
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After this preliminary analysis established the level of cross-talk, the presented stand-alone im-
plementation of FOOM to reorientate the segment reference frames was tested by comparing the IMU
and simulator kinematic curves, which were derived from identical motion patterns but with different
underlying reference frames. Here, each kinematic dataset was independently optimised by minimising

the

of ab/adduction and int/external rotation (here, we minimised

RMS
l T tibiamod
7 2e=0 T,

2
Femur g (t))i ); In contrast to FOOMnu-sim in the preliminary analysis (which

3

=2
technically also involves optimising frame orientations to meet certain criteria), this latter broader im-
plementation of FOOM individually considers both the simulator- and IMU-based kinematics as
“raw” values in turn, acting as a self-contained approach that does not rely on information encom-
passed within a second dataset to achieve frame orientation optimisation.

Custom scripts to implement the described optimisations were developed in MATLAB (vR 2021b;
The Mathworks Inc., Natick, Massachusetts, USA). RMSEs were calculated for both the preliminary
analysis (FOOMmu-sim) and the stand-alone implementation of FOOM. Paired t-tests were then con-
ducted to compare RMSEs before and after frame reorientation, with and without a Bonferroni cor-
rection to account for multiple comparisons [34] (assuming two independent comparisons were per-
formed: 1 - No Optimisation vs. FOOMmu-sim, and 2 — No Optimisation vs. FOOM).

2.2. Ethics declarations

This study used publicly accessible data and therefore did not directly involve humans. Collection of
the original fluoroscopy data that was replicated here occurred within the scope of a separate cited
study, which states that all subjects "provided written, informed consent to participate in this study,
which was approved by the local ethics committee (EK 2011-N-6)" [31].
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3. Results

3.1. Preliminary analyses

There were visible differences between the raw IMU-based and raw simulator kinematic patterns,
despite identical underlying motion. The preliminary analyses (FOOMuu-sim) that aligned the IMU-
based local segment frames to that of the simulator resulted in a clear convergence of the kinematic
signals in all three planes, throughout the entire activity cycles and for all subjects — for brevity, only
images for level walking are shown (Figure 3), but figures for stair descent and sit-to-stand-to-sit can be
viewed in the Supplementary Material (Figures S3-S4), along with the corrective rotations applied to
the femoral and tibial frames as part of these analyses (Tables S1-52). Importantly, these improvements
were associated with a considerable reduction in average RMSEs across all three activities for
ab/adduction (from 0.7°-3.2° to 0.1°-0.5°) and for int/external rotation (from 0.8°-5.1° to 0.3°-0.6°)
(Tables 1-2).
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Figure 3. Level walking with raw frames: Knee joint angles are shown over one complete exemplary
gait cycle (expressed as a percentage) for each subject. The solid green lines illustrate the simulator kin-
ematics, while the solid purple lines illustrate the IMU-based kinematics. The dashed purple lines show
these IMU-based signals after rotation of the IMU- to the simulator reference frames (FOOMnu-sim),
demonstrating convergence of the signals and a different interpretation of the movement patterns once

aligned.
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Table 1. RMSE + standard deviation (in degrees) between the raw IMU-based kinematics and the
raw simulator kinematics.

Not Optimised Flexion/Extension =~ Ab/Adduction Int/Ext Rotation
Level Walking 0.7+0.1 0.7%+0.5 0.8£0.2
Stair Descent 0.7+0.1 1.4%1.1 1.4+£0.9
Sit-to-Stand-to-Sit 0.9+0.3 32117 5.1%2.1

Table 2. RMSE + standard deviation (in degrees) between the IMU-based kinematics with rotated
segment frames and the raw simulator kinematics (i.e. FOOMuu-sim)-

zl::il;;irslary Flexion/Extension =~ Ab/Adduction Int/Ext Rotation
Level Walking 0.7+0.1 0.1£0.0 0.3+0.1
Stair Descent 0.6£0.1 0.3£0.2 0.4+02
Sit-to-Stand-to-Sit 0.8£0.2 0.5£0.2 0.6+0.2

3.2. Frame Orientation Optimisation Method

After independent frame orientation optimisation of each raw dataset using the described FOOM,
average RMSEs across all activities decreased to 0.1°-0.5° for ab/adduction and 0.3°-0.6° for int/external
rotation (Figure 4, Table 3). Figures for stair descent and sit-to-stand-to-sit can be viewed in the
Supplementary Material (Figures S5-56), along with the corrective rotations applied to the femoral and
tibial frames for all three activities (Tables S3-S6).
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Figure 4. Level walking with ideal frames: Knee joint angles are shown over one complete exemplary
gait cycle (expressed as a percentage) for each subject. The solid green lines illustrate the raw simulator
kinematics, while the solid purple lines illustrate the raw IMU-based kinematics. The dashed purple
lines show these IMU-based kinematics after frame orientation optimisation, while the dashed green
lines show the simulator kinematics after optimisation, demonstrating convergence of the two sets of
signals and a different interpretation of the movement patterns once aligned. Note that the converged
signals differ from both original datasets but become consistent with one another.
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Table 3. RMSE + standard deviation (in degrees) after application of FOOM to both the IMU- and
simulator datasets.

Frame Orientation Flexion/Extension Ab/Adduction Int/Ext Rotation

Optimisation Method

Level Walking 0.7+0.1 0.1+0.0 0.3+0.1
Stair Descent 0.7£0.2 0.3£0.2 0.4+02
Sit-to-Stand-to-Sit 1.0+0.2 0.5+0.2 0.6+0.2

3.3. Statistical analyses

For the most part, neither the FOOMmu-simimplementation in the preliminary analysis nor the stand-
alone implementation of FOOM led to statistically significant changes in flexion/extension RMSE
compared to the raw data (with the exception of FOOMu-sim analysis of stair descent, when
Bonferroni correction was excluded; Figure Sa). On the other hand, paired t-tests showed ab/adduction
RMSE:s to be significantly improved after frame optimisation for all activities (except stair descent if
we perform a Bonferroni correction; Figure 5b). Average RMSEs for ab/adduction decreased from a
range of 0.7°-3.2° to 0.1°-0.5° after FOOMimu-sim analysis, and to 0.1°-0.5° after full frame orientation
optimisation (stand-alone FOOM). Similar outcomes were observed for int/external rotation RMSEs,
which were significantly reduced for all activities (once again except stair descent if a Bonferroni
correction is considered), from an average range of 0.8°-5.1° to 0.3°-0.6° (Figure Sc).

61



Flexion/Extension
1.4

1.2
1.0

0.8 *
0.6
0.4
0.2
0.0
NO

FooMIMU-)Sim FOOM
mLevel Walking = Stair Descent - Sit-to-Stand-to-Sit

RMSE []

b Ab/Adduction
5.0
45
4.0
3.5
3.0
2.5

2.0

1.5

1.0 i ok %

0.5 r

o rlll gl
NO FOOM\y-sim FOOM

= Level Walking = Stair Descent = Sit-to-Stand-to-Sit

RMSE []

Int/External Rotation
8.0

7.0
6.0
5.0
4.0
3.0

RMSE []

2.0 i
1.0 O * ¥
* *
0.0 - = &3] I i !
NO FOOM \y-sim FOOM
m Level Walking = Stair Descent - Sit-to-Stand-to-Sit

Figure 5. Root-mean-square error (RMSE) comparison: Average root-mean-square errors + 1 stand-
ard deviation, before optimisation (NO - Not Optimised), after initial cross-talk analysis (FOO-
Mivmu-sim), and frame orientation optimisation based on minimisation of ab/adduction and int/exter-
nal rotation RMSE (FOOM), for all three activities: (a) flexion/extension, (b) ab/adduction, and (c)
int/external rotation. Statistically significant differences based on a paired t-test with significance con-
sidered at 0.05 are indicated by an asterisk, where black asterisks indicate statistically significant differ-
ences after Bonferroni correction.
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4. Discussion

In human movement science, the interpretation of joint motion around each axis is known to strongly
depend upon the orientation of the chosen local coordinate frames. Due to variability in measurement
and analysis approaches between institutions, the assessment of motion patterns remains insufficiently
reliable to support clinical decision-making. In this study, we present the Frame Orientation Optimi-
sation Method that has clearly demonstrated efficacy in unifying frame orientation to mitigate cross-
talk in kinematic datasets, thereby providing a repeatable and standardised output, regardless of the
analysis approach used. Application of FOOM to measured joint kinematics could therefore provide
an approach for universal comparison of movement data.

In our study, we have been able to successfully realise the convergence of kinematic datasets to a
reproducible signal using datasets from a previous study [13]. Here, the observed errors between IMU-
based estimates and ground truth kinematics from a robotic joint simulator were thought to be indic-
ative of cross-talk — a hypothesis that could be verified by solving for a set of compensatory 3D rotation
parameters. The results of applying corrective rotations as part of a preliminary analysis (using FOO-
Mivmu-sim) clearly demonstrated that the differences could be almost entirely removed for all tested da-
tasets (Figure 3, Tables 1-2), hence providing strong evidence that almost all of the original errors did
indeed stem from differences in frame orientation.

In 77 vivo settings, a set of ground truth values is almost never available, and movement scientists
have therefore attempted to standardise clinical motion data in order to allow suitable comparison
across studies [15, 19, 35-37]. In order to address this challenge, a fundamental assumption of our
FOOM approach was that an ideal orientation exists for each of the segment frames. Consequently,
instead of assuming that the ideal segment frames are prescribed by either ground truth data or the
measured local segments’ anatomical or functional data (like other cross-talk reduction approaches 22,
24]), our premise is that an alternative set of frames exists that is able to minimise cross-talk between
axes. In our study, we demonstrated this postulation by minimising the RMS of ab/adduction and
int/external rotation. Since it cannot be assumed that the simulator segment frames were defined to
comply with the same criteria, an analogous transformation was applied to the simulator-based data
(Figure 4). These optimisations resulted in a third converged kinematic signal that could be consistently
achieved from different kinematic datasets for the given motion patterns. It is important to note that
implementation of the chosen criteria does zo# assume that ideal natural joint motion should consist of
pure flexion/extension, nor that the resulting modified signal should approximate to a constant 0°; nei-
ther does it imply that the optimisation will actually produce that result. This application of FOOM
should, however, maximise flexion/extension and therefore minimise the level of cross-talk artefact be-

tween axes.

Although the FOOM approach may redefine the motion planes, the method possesses the consid-
erable advantage of being entirely self-contained; optimisation of a kinematic dataset based on segment
frame alignment can be achieved without relying on information contained within a second dataset.
While other approaches, such as the determination of functional joint axes [38], also target the optimal
orientation of the primary axis of rotation, our approach possesses the benefit of complete 3D frame
re-orientation to minimise cross-talk around all axes. Naturally, different criteria might be better suited
to optimise the alignment of segment frames during activities where flexion/extension does not clearly
dominate, e.g. for a sidestep or crossover cutting manoeuvre. In such cases, out-of-sagittal plane
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rotations may themselves be of primary interest, and so minimisation of ab/adduction may not be ap-
propriate.

Acknowledging that any optimisation-based method to standardise the representation of kine-
matic signals requires some flexibility, and offering this freedom to the user is a key difference between
FOOM and methods such as those presented by Woltring [20] or Rivest [23]. Accordingly, whether
the implementation of a post-processing method like FOOM in fact leads to a better or more accurate
set of kinematic data remains open for discussion. While finding consensus on the ideal definition of
tibiofemoral kinematics is beyond the scope of this study, coordinate system definitions and alignment
methods rely on one key assumption: that an optimal (ideal) alignment of the joint segment frames
exists. However, how this alignment is defined and how it is best approximated based on the available
data is ultimately a matter of choice, and further investigation towards standardising these choices is
clearly required. While a certain choice of frame definition may be more (or less) suitable for answering
a particular research question, the respective resultant kinematics cannot be considered to be more (or
less) accurate, but rather simply a different (and hopefully more repeatable) representation of the same
movement.

Here, the FOOM approach redefined the motion planes using rotational sequences, requiring only
small angular corrections. In its current formulation, the algorithm could nevertheless find that larger
rotations are needed to optimise the objective criteria for a different kinematic dataset. Rotating raw
frames by larger angles to reach the desired modified frames does not hinder the underlying goal of
determining whether differences in kinematic signals are caused by differences in frame orientation,
rather than actual differences in the underlying movement patterns. If, however, the absolute values of
the kinematic signals are believed to be clinically relevant, it is possible to ensure only small deviations
from reference signals by modifying the underlying objective function to include a term that penalises
deviations from one (or more) of the raw signals themselves. For example, it is possible to additionally
minimise the difference between raw and ideal flexion values, or by constraining the magnitude of
frame rotations permitted for optimisation.

For both the IMU-based data and the simulator values, kinematic calculations followed the glob-
ally recognised joint rotation convention of Grood and Suntay; a 3D Cartesian coordinate frame was
attached to the femur and tibia, respectively, and angles were calculated as an intrinsic extension-ad-
duction-internal rotation Cardan sequence of the tibia relative to the femur [15-17]. However, the sim-
ulator kinematic signals originally stemmed from values derived using a fluoroscopic dataset, where a
cylindrical axis approach was used to define the femoral reference frame [31]. The IMU-based signals
were derived with no direct information of the bone geometry, and therefore defined segment frames
using a functional approach instead [13, 32]. The converged signals of the optimised IMU and opti-
mised simulator kinematics (Figure 4) and the substantial reduction of ab/adduction and int/external
rotation RMSEs after frame orientation optimisation (Figure 5) indicate excellent agreement between
these two datasets. This observed reduction in RMSEs after frame re-orientation suggests that the two
dataset segment frames were not initially consistent with one another and were susceptible to cross-talk
artefact, despite the fact they both represented the same underlying motion and followed the same
Grood and Suntay rotation convention. It is therefore clear that comparable rotational kinematics re-
quire two key components: not only 1) a common joint rotation convention, but importantly also 2)
common axis orientations in the local reference frames of the proximal and distal segments. While the
former requirement is easily addressed within e.g. the Grood and Suntay convention, the latter is con-
siderably more complicated and often completely ignored. As mentioned, the definition of axis orien-
tations is generally approached geometrically based on the identification of anatomical landmarks, or
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functionally based on dynamic joint motion. However, although relationships between geometry and
functional movement undoubtedly exist [39], they are neither straightforward nor generalisable. The
FOOM approach bypasses the need to relate differently defined axes of rotation by directly producing
consistent and reliable kinematic signals.

In conclusion, our study has demonstrated that consideration of the exact orientation of reference
frames, beyond basic conventional guidelines, is vital when drawing inferences regarding the (dis)agree-
ment of two (or more) kinematic curves. Moreover, the optimisation of reference frames towards min-
imisation of cross-talk now allows a clear perspective for reliable comparison of kinematic data collected
using different techniques and in different settings. As such, the presented approach provides new op-
tions for comparing e.g. IMU data, where the challenge of sensor-to-segment calibration has so far
made valid comparisons difficult. Further investigation should clearly attempt to better understand
what correct kinematics and optimally aligned joint frames entail, as well as further study methods of
cross-talk quantification and their associated clinical applications [40] and implications. Moreover,
while the current examination was limited to rotational kinematics, a more comprehensive approach
including translational kinematics should also be considered. By consistently standardising local seg-
ment frame alignment, such a collectively relevant approach will enable the valid comparison of kine-
matic data across trials, subjects, and studies.
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Figure $3. Stair Descent (Preliminary Analyses): Knee joint angles are shown over one complete exem-
plary gait cycle (expressed as a percentage) for each subject. The solid green lines illustrate the simulator
kinematics, while the solid purple lines illustrate the IMU-based kinematics. The dashed purple lines
show these IMU-based signals after rotation of the IMU- to the simulator reference frames, demon-
strating convergence of the signals and a different interpretation of the movement patterns once

aligned.
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Figure S4. Sit-to-Stand-to-Sit (Preliminary Analyses): Knee joint angles are shown over one complete
exemplary gait cycle (expressed as a percentage) for each subject. The solid green lines illustrate the sim-
ulator kinematics, while the solid purple lines illustrate the IMU-based kinematics. The dashed purple
lines show these IMU-based signals after rotation of the IMU- to the simulator reference frames,
demonstrating convergence of the signals and a different interpretation of the movement patterns once

aligned.
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Table S1. Corrective rotations in degrees applied on femur frame in preliminary analysis.

Level Walking Stair Descent Sit-to-Stand-to-Sit

FJE A/A I/E FE A/A I/E FE A/A 1E

Subject 1 0.1 -0.6 1.9 0.0 1.3 -0.3 0.4 4.7 -4.0

Subject 2 0.0 0.6 -1.9 0.3 0.8 -1.6 0.2 -2.7 -2.8

Subject 3 00 -0.8 -0.8 0.1 -3.3 -1.5 -04 77 -2.6

Subject 4 0.2 1.0 -2.0 0.1 2.0 -1.8 0.3 4.1 7.2

Subject 5 05  -35 3.9 02 -61 33 0.9 2.8 -5.6

Subject 6 02 -15 21 0.1 2.1 -2.0 1.6 7.9 -11.8

Table S2. Corrective rotations in degrees applied on tibia frame in preliminary analysis.

Level Walking Stair Descent Sit-to-Stand-to-Sit

FJE A/A I/E FE A/A TI/E FE A/A 1E

Subject 1 00 -05 1.0 -0.1 1.5 -0.4 0.0 3.9 0.3

Subject2  -0.2 0.7 -1.2 0 -0.1 1.0 -0.3 -0.3 2.0 0.1

Subject 3 0.0 -0.5 02 -02 -24 0.1 0.5  -61 0.2

Subject 4 0.0 1.3 -1.4 0.1 1.9 04  -0.1 3.7 -0.3

Subject 5 03 -33 33 -0.6  -5.1 1.2 -0.2 2.4 0.3

Subject 6 0.1 -1.5 1.1 -0.1 2.2 -0.9 0.7 6.7 -0.3
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Abstract

In clinical movement biomechanics, kinematic measurements are collected to characterise the motion
of articulating joints and investigate how different factors influence movement patterns. Representa-
tive time-series signals are calculated to encapsulate (complex and multidimensional) kinematic datasets
succinctly. Exacerbated by numerous difficulties to consistently define joint coordinate frames, the in-
fluence of local frame orientation and position on the characteristics of the resultant kinematic signals
has been previously proven to be a major limitation. Consequently, for consistent interpretation of
joint motion (especially direct comparison) to be possible, differences in local frame position and ori-
entation must first be addressed. Here, building on previous work that introduced a frame orientation
optimisation method and demonstrated its potential to induce convergence towards a consistent kine-
matic signal, we present the REference FRame Alignment MEthod (REFRAME) that addresses both
rotational and translational kinematics, is validated here for a healthy tibiofemoral joint, and allows
flexible selection of optimisation criteria to fittingly address specific research questions. While not
claiming to improve the accuracy of joint kinematics or reference frame axes, REFRAME does enable
a representation of knee kinematic signals that accounts for differences in local frames (regardless of
how these differences were introduced, e.g. anatomical heterogeneity, use of different data capture mo-
dalities or joint axis approaches, intra- and inter-rater reliability, etc.), as evidenced by peak root-mean-
square errors of 0.24° + 0.17° and 0.03 mm * 0.01 mm after its implementation. By using a self-con-
tained optimisation approach to systematically re-align the position and orientation of reference
frames, REFRAME allows researchers to better assess whether two kinematic signals represent funda-
mentally similar or different underlying knee motion. The openly available implementation of RE-
FRAME could therefore allow the consistent interpretation and comparison of knee kinematic signals
across trials, subjects, examiners, or even research institutes.

Keywords: kinematics; coordinate system; reference frame; joint axis; joint angles; knee motion;
movement analysis
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1. Introduction

Clinical movement analysis seeks to improve our understanding of human joint motion to better guide
treatment development and improve clinical decision-making. To achieve this, reliable analyses require
objective quantification of joint movement patterns, i.e. joint kinematics. While raw movement data
(e.g. marker coordinates in a three-dimensional (3D) global laboratory reference frame) are measured,
a kinematic signal must be calculated from the captured data points to allow a clinical interpretation of
the underlying movement patterns of the articulating segments. Importantly, assessment of kinematic
signals should inherently lead to a consistent interpretation of joint movement, regardless of the nu-
merical approach used to derive them. Unfortunately, the complexity of fully characterising the motion
of a biological joint using classic mechanical engineering principles is challenged by the requirement to
present the 3D motion patterns of multiple segments at multiple timepoints in a simple two-dimen-
sional illustration — such that the outcome is mathematically accurate, yet intuitive to clinical practi-
tioners. This complexity has led to the lack of consensus around the calculation of kinematic signals,
hence resulting in inconsistency in the interpretation of the underlying movement patterns [1-4].

In 1995, the International Society of Biomechanics (ISB) released an official set of recommenda-
tions towards standardising the reporting of joint kinematics [5]. Their guidelines on detailing relative
orientations recommended the definition of a rotation convention for each individual joint, citing the
work of Grood and Suntay [6] as a suitable example for the knee. Although these guidelines explicitly
noted that both the orientations of the local proximal and distal reference frames, as well as the posi-
tions of their respective origins, need to be not only clearly specified but also consistent across trials,
subjects and/or studies, emphasis was placed on the importance of detailing a common rotation con-
vention. Following the ISB’s publication, Grood and Suntay’s approach and variations thereof have
gained popularity and been widely adopted by the biomechanics community. Importantly, this ap-
proach has been repeatedly proven to be mathematically analogous to an extension-adduction-internal
rotation Cardan sequence of the distal relative to the proximal segment (excluding Grood and Suntay’s
modification of positive and negative signs — see Supplementary Figure S1) [7, 8]. Nevertheless, as ISB
guidelines suggested and more recent studies have demonstrated [1, 9], a common choice for local seg-
ment frame orientation and origin definition is fundamental to the standardised reporting of joint kin-
ematics, but is extremely difficult to achieve in practice. Critically, however, even small inconsistencies
from practical application result in a malalignment of the primary joint axis relative to the true instan-
taneous axis of rotation, which is known to result in artefact translations and therefore differing inter-
pretations of joint movement [1].

Existing literature on the knee joint alone presents abundant approaches seeking to provide con-
sistent interpretations of joint motion by focusing on the exact method used to define the primary
(flexion/extension) axis, whereby the secondary axes stem from this definition. On one hand, anatom-
ical-based approaches, such as the transepicondylar axis [10, 11] and the cylinder axis [12-14], leverage
the relative location of skeletal landmarks to define joint axes. However, identification of anatomical
landmarks is known to be subject to considerable observer variance [15], and previous analyses have
demonstrated that even minor differences in landmark location can result in noticeably divergent kin-
ematic signals [16]. On the other hand, functional axes such as the symmetrical axis of rotation (SARA)
[17], the least squares estimate method [18, 19] and the mean helical axis [20], are defined based on the
relative movement between the joint segments. In fact, some have recommended functional axes over
other approaches because of their practical representation of the average instantaneous axis of rotation
[1], especially in settings where medical imaging is not available (which is often the case). However, as
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described by Postolka et al. [1], knee motion can be composed of a combination of rolling, slipping,
and/or gliding between segments. Therefore, functional approaches that rely on approximations of
only rolling with slipping (and therefore approximate to a simple — albeit optimised — hinge joint), or
those finding the exact instantaneous axis of rotation at each timestep (without a fixed relationship to
the bone anatomy), while advantageous, are still inherently limited. Moreover, previous studies have
suggested that the reliability of functional methods often suffers due to their sensitivity to functional
calibration trial performance [21].

In addition to practical approaches seeking to improve the initial definition of a primary joint axis,
post-processing methods looking to realign local segment frames and thus achieve so-called “cross-talk
reduction” have also been introduced (where cross-talk refers to the presence of artefact rotations
around secondary axes due to a misalignment in primary axis orientation) [22]. A brief summary of
relevant examples was provided in one of our recent publications [9], making explicit reference to the
work of Woltring [23], Baker et al. [24], Rivest [25], and Baudet et al. [26]. While these methods of
post-processing all aim to mitigate the presence of cross-talk in kinematic datasets, they focus predom-
inantly on frame orientation. Even the recent Frame Orientation Optimisation Method (FOOM) ac-
counts exclusively for differences in the orientation of local body axes, offering only consistent roza-
tional kinematic signals [9]. The interpretation of translational movement patterns, however, is criti-
cally dependent not only on the orientation of the reference frames, but even more so on their locations
in space [1].

Even studies that specifically use the ISB official guidelines for standardising kinematics, including
the Grood and Suntay convention, are not able to produce consistent (i.e. repeatable) local segment
frame orientation and location. This is largely due to the overwhelming variety of approaches available
to quantify joint kinematics, with differences emerging not only in the choice of joint axis definition
(as discussed here), but also in the choice of anatomical model [27-29], data capture modality (e.g. in-
ertial vs. optical), marker set (in the case of marker-based optical motion capture) [30, 31], and compu-
tational method (e.g. direct vs. inverse kinematics) [27]. These challenges are further exacerbated by
variability across studies related to different e.g. anatomical landmark locations (for example, due to
different bone morphologies) [16, 29], examiners [15], equipment and instrumentation (including
software) [32, 33], and magnitudes of soft-tissue artefact [34, 35].

Within the context of joint axis definitions, although in some cases the choice of approach to define
a primary axis is largely based on study protocol, it can also be driven by the type of measurements
available. For example, given the lack of exact data regarding the 3D positions of bony landmarks pro-
vided by inertial measurement units (IMUs), calculation of kinematic signals from an IMU-only system
is likely to leverage functional axes [36]. Ultimately, the lack of agreement on a universally applicable
definition of local segment frames results in a collection of kinematic signals that cannot be directly
compared against one another. Importantly, to date, axes derived from functional joint kinematics usu-
ally not only require exceeding a range of motion threshold for proper calibration, but also tend to
optimise joint motion exclusively around one axis. Even the SARA approach [17], which symmetri-
cally identifies the primary joint axis based on relative motion, is generally limited by placing the origin
of the coordinate system along the approximated functional axis, usually at a distance bisecting the
medial and lateral condylar landmarks. As a result, any of the approaches currently available will inevi-
tably also lead to inconsistent interpretations of what should be an unambiguous quantification of
joint motion [1].
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To eventually achieve consistency in clinical interpretation, the biomechanics community criti-
cally needs an approach that results in a unique and unambiguous solution before kinematic datasets
can be compared across studies in a reliable manner. This can only be accomplished using methods that
provide unique solutions in all six degrees of freedom (DOFs). Therefore, towards the vision of stand-
ardising kinematic signals for their consistent representation within and across studies, the so-called
REference FRame Alignment MEthod (REFRAME) seeks to offer both unified and unambiguous
frame orientations and origin locations. Here, we aim to 1) present a general mathematical formulation
of REFRAME, 2) perform a preliminary validation for the knee in one subject (see Part II for further
validation), and 3) discuss optimisation criteria options.
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2. Methods

In this study, we present the REFRAME approach that further develops a previously presented opti-
misation method for the standardisation of frame orientations [9] to now provide a more generalised
formulation that additionally addresses coordinate system origin positions. The combined framework
therefore offers a comprehensive approach for standardising kinematic datasets. Finally, the practical
implications of establishing frame alignment optimisation criteria based on different combinations of
statistical parameters are then investigated by systematically assessing REFRAME’s efticacy for pro-
ducing converging kinematic signals for the same underlying movement pattern. Here, using an illus-
trative dataset of six DOFs 7z vivo tibiofemoral kinematics that exhibit seemingly different kinematic
signals, even though they originate from a single set of kinematic data, we demonstrate the ability of
REFRAME to produce converged kinematic signals.

Normally, axes of rotation [17] would be used to describe the movement patterns of segments rel-
ative to one another, but the interpretation of the joint kinematics is known to vary greatly according
to the analysis approach used [1]. The REFRAME approach is based on the fundamental assumption
that kinematics can only be reliably compared if the segment reference frames are completely con-
sistent. Here, we propose a framework to obtain consistent reference frame definitions based on the
characteristics of the associated six DOFs kinematic signal and therefore allow reliable comparison of
datasets. The approach builds on FOOM [9], which allows orientation alignment of the coordinate
systems, to also provide an approach for the reliable determination of joint translations. In the preced-
ing FOOM study, we demonstrated REFR AME’s ability to target differences in reference frame orien-
tations when comparing kinematic signals collected using two different data capture modalities (IMUs
vs. fluoroscopy/robotic simulator). Not only do we now consider the tibiofemoral kinematics of
healthy patients (vs. with total knee replacement in FOOM study), but we also additionally show that
even a single set of raw data from a common source (i.e. fluoroscopy) can lead to notably different
kinematic signals when processed using distinct axis approaches. Moreover, given all kinematic signal
sets compared in this study stem from the same raw measurements (and are therefore all affected by
noise equally), we are able to target quasi-perfect convergence of signals after REFRAME in our vali-
dation of this method. To mitigate the effects of cross-talk, the REFRAME approach reorientates and
translates the segment reference frames in order to optimise rotations and translations of the joint.
While we appreciate there is a philosophical argument to be had regarding which parameters should be
maximised or minimised, in general, we assume that flexion/extension is dominant throughout gait
activities, and therefore provide a proof-of-concept based on this foundation for the healthy knee joint.

2.1. REFRAME: General optimisation method

Kinematics describe the relative pose of two joint segments, where the term pose encompasses position
(translational kinematics) and orientation (rotational kinematics). In order to calculate kinematic sig-
nals, a reference frame fixed to each (assumed to be rigid) joint segment is defined. Rotational kinemat-
ics will depend exclusively on the orientation of the axes of each segment frame, while translational
kinematics will depend on each frame’s orientation, as well as the exact position of their respective ori-
gins. As a result, REFRAME’s approach to optimise the pose of segment reference frames is divided
into two stages. In stage I, optimal axis orientation is found by minimising criteria of rotational param-
eters exclusively. Building on the optimal orientations determined in the first stage, stage II then deter-
mines the optimal position for each frame’s origin by minimising criteria of joint translations. In the
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following section, vectorial and multidimensional variables and functions are represented by characters
in bold, to distinguish these from scalar parameters.

Consider an initial kinematic measurement stemming from an arbitrary set of two segment frames.
Let us express this raw measurement using the matrix K of size M X N, where the matrix rows (in
order from top to bottom) indicate extension, adduction, internal rotation (of the distal segment), lat-
eral translation, anterior translation, and proximal translation, such that M = 6 and N is the total num-
ber of timesteps. To allow for column-wise operations, we let n represent the current timestep and
borrow (:, 1) from programming notation, such that K%, represents the entire n-th column of matrix
K. Therefore, K%, is a 6 X 1 column vector providing all three raw rotational kinematic values and
all three raw translational kinematic values between the joint segments at timestep n.

Similar to the derivation of FOOM [9], we refer to the captured data as “raw”, while the RE-
FRAME approach aims to obtain a “modified” or “optimised” set of local segment reference frames,
for which the resultant joint kinematics fulfil certain optimisation criteria. (Note: While the term raw
is usually used to refer to unprocessed primary data from the data capture source, e.g. 3D marker coor-
dinates, in this context we use the term 72w to differentiate reference frames and/or kinematic signals
that have not yet undergone optimisation with REFRAME from those that have.) The relative rota-
tions between the raw and modified frames are given by a 6 X 1 column vector r (3 rotations for each
of the 2 segment frames = 6 elements). Similarly, the relative translations between the raw and modified
frames are given by a 6 X 1 column vector t. In the optimisation process, I then t act as decision varia-
bles for optimisation stages I then II, respectively.

Let the modified kinematic data K be given by
K= k(K%r,t) . (1)

Note that function k will depend on the specific joint and associated segment frame conventions cho-
sen. Analogous to K?,, the joint kinematic values resulting from the modified segment frames for a
specific timestep, 1, will be given by the 6 X 1 column vector K. .

2.1.1. Stage I - Relative Orientations

First, the optimal relative rotations of the reference frames can be found by minimising the objective
function ¢, by varying decision variable r (i.e. by varying the relative orientations between raw and
modified segment frames). Given that rotational kinematics are unaffected by the exact position of each
frame’s origin, decision variable t can be set to equal a 6 X 1 zero vector 0 during this stage. The opti-
misation problem at this point can therefore be expressed as

min cr(K(K", r, 0)) . 2)

An example for such a criterion for the knee joint could be the sum of the root-mean-square (RMS) of
adduction and internal rotation,
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e.g. min| ¢, = NE . szn(K:,n, T, 0) + NE . ngn(K:‘n, T, 0) . (3)
n= n=

The relative rotation angles between raw and modified segment frames that minimise ¢, are referred to
as ", and are fixed as a constant model parameter during stage II.

2.1.2. Stage II — Relative Positions

During this second optimisation step, the objective function ¢; will be minimised by varying the value
of t, given the previously determined rotations, r,

min ct(K(KO, r, t)). (4)

An example for this criterion applied to the knee joint could be the sum of the RMS of the three trans-
lations,

e.g. min <ct = J%ZLO(K‘;,,.)Z +\/%Zﬁ:0([{5'n)2 +\/%Zﬁ:0(](6,n)2>, (5)

After this second stage, optimal relative frame translations, t*, are also known and the segment kine-
matics can thus be represented in the REFRAME reference frames,

K* — K(KO, I'*, t*), (6)
where K* represents the updated (“REFRAMEAJ”) kinematic signals.

2.2. Application

In order to validate the ability of REFRAME to achieve convergent kinematic signals in all six DOFs,
in vivo knee kinematic data from a previous study were utilised. Here, five gait cycles of stair descent
were collected using moving videofluoroscopy [37, 38]. In their study, Postolka et al. [1] presented
multiple different approaches to define flexion/extension axes and describe the motion of the joint,
including the cylindrical axis (CA) [12-14], the functional flexion axis (FFA) based on the symmetrical
axis of rotation approach (SARA) [17], and the transepicondylar axis (TEA) [10, 11]. Stair descent was
selected for REFR AME validation because it follows the familiar pattern of level walking, while includ-
ing deeper flexion angles and thus better highlighting cross-talk effects. Importantly, this original study
revealed clear differences in the interpretation of the joint movement patterns in the anteroposterior
direction according to the analysis approach used (emphasising the need for methods such as RE-
FRAME).

In our study (Part I), data from one (female; 22 years old; BMI of 19.3 kg/m?®) of these originally
evaluated subjects [1] was used as a proof-of-concept for the REFRAME approach. Similar to that
previous study, axes for ab/adduction and int/external rotation, as well as a femoral coordinate system
origin, were defined based on each of the three primary axis (CA, FFA, TEA) variations, while a single
coordinate system was defined for the tibial segment (Figure 1). A temporary shaft axis was first defined
by fitting a cylinder to the proximal femoral shaft. The femur anteroposterior axis was then orthogonal
to this shaft axis and the primary axis. The femur longitudinal axis was defined orthogonal to the
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anteroposterior and primary axes. The tibial longitudinal axis direction was defined based on the ori-
entation of the tibial shaft. Directions for the anteroposterior and mediolateral tibial axes were defined
by leveraging two circles fitted to the tibial cortex. The details of this approach have been previously
described [38]. For each of the three femoral axis variations, kinematic signals were calculated for all six
DOFs. Flexion/extension (around the X-axis), ab/adduction (around the Y-axis) and int/external rota-
tion (around the Z-axis) were derived as rotations of the tibial relative to the femoral segment frame as
an XYZ intrinsic rotation sequence (which, again, is numerically equivalent to a Grood and Suntay
based approach, but where extension, adduction and internal tibial rotation are positive for a right knee;
see Supplementary Figure S1). On the other hand, anteroposterior (AP), mediolateral (ML) and prox-
imodistal (PD) translations were obtained by calculating the position of the femoral origin relative to
the tibial origin, along the tibial segment frame axes. Data for the entire ten subject cohort, as well as a
hands-on exploration of the effects of different optimisation criteria and of inter-subject differences
after REFRAME can be found in an associated study (Part II) and have been excluded here for brevity
and clarity.

The REFRAME approach was then applied to each of these three different sets of axis kinematic
signals. As previously described, any full implementation of REFRAME to consistently optimise dif-
ferent sets of joint rotations and translations requires a specific selection of optimisation criteria. In the
context of healthy knees, for joint rotations, we chose to optimise frame orientation by minimising
root-mean-square (RMS) ab/adduction and int/external rotation. Here, this minimisation process in-
herently ensures that the large flexion/extension rotations are excluded from the ab/adduction and
int/external rotations, hence producing frame orientations with minimal cross-talk effects. Joint trans-
lations were then optimised by minimising the variances of all three translational kinematic signals (AP,
ML and PD), in line with an expected ideal signal with minimal amplitude, where the femoral and tibial
origins are not necessarily coincident during a neutral reference pose. All optimisation criteria were
weighted equally. The resultant frame transformations were then applied to the raw femoral and tibial
frames respectively, to obtain a new set of modified local segment frames. A corresponding set of mod-
ified (hereinafter also referred to as “REFRAMEd”) kinematic signals was calculated based on the rel-
ative orientation and position of these modified frames, and then plotted over the progression of one
activity cycle. Finally, root-mean-square error (RMSE) values were calculated between all possible pair-
wise comparisons of the three sets of kinematic signals, both before (i.e. for raw signals) and after (i.e.
for modified signals) REFRAME implementation.

2.3. Statistical Analysis

The goal of statistical analysis was to compare the mean outcomes of applying two different data pro-
cessing methods (without REFRAME vs. with REFRAME) to multiple trials of the same subject.
Given as each gait cycle was processed individually, the (probabilistic) event of REFRAME signifi-
cantly affecting the RMSEs of any one trial would not change the likelihood that the same or a different
effect would be observed for any other trial. Consequently, trials in this context can in fact be consid-
ered independent. Shapiro-Wilk tests [39] with a significance level of 5% were used to verify that the
assumption of a normal distribution could not be excluded. Paired t-tests [40] were then used to eval-
uate whether differences were statistically significant at a 5% significance level. To account for the fact
that three comparisons were performed (1 — CA vs. FFA, 2 - CA vs. TEA, 3 — FFA vs. TEA), signifi-
cance levels were Bonferroni corrected with n = 3 to 1.67%. In cases where Shapiro-Wilk tests led to
rejection of the normality assumption, the non-parametric alternative to paired t-testing was addition-
ally performed, i.e. Wilcoxon Signed Rank testing [41] (left-tailed, 5% significance level). Processing of
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kinematic data was performed using custom MATLAB scripts (vR2022a; The Mathworks Inc., Na-
tick, Massachusetts, USA). Statistical analyses were run using GraphPad Prism 9 (v9.5.1; GraphPad
Software Inc.; San Diego, CA, USA).
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Figure 1. Raw local segment reference frames: Three different femoral reference frames (in red, yellow and green) were defined based on each of three analysis approaches
(CA: cylindrical axis; FFA: functional flexion axis; TEA: transepicondylar axis). A single common raw reference frame was defined for the tibia (in black). All coordinate
systems and bone segments are shown here relative to the raw tibial coordinate system (i.e. the raw tibia origin is at 0,0,0).
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3. Results

Differences could be observed between the three raw sets of kinematic signals for the five trials of stair
descent according to the analysis approach used (CA, FFA, TEA). For rotations, the largest differences
were observed primarily in the frontal and transverse planes (Figure 2); for translations, primarily in the
sagittal plane (Figure 3).

Application of the REFRAME approach to the raw kinematic signals originating from the same
underlying movement then led to local frame reorientation and translation of 4.47° (around the corre-
sponding screw axis; for XYZ intrinsic Cardan angle sequence see Table 1 and Supplementary Table
§1) and 14.1 mm (net absolute displacement; for individual displacement along each axis see Table 1
and Supplementary Table S1) on average for the femoral frame, and 9.99° and 0 mm on average for the
tibial frame (Figure 4), resulting in convergence of the modified kinematic signals for all three rotations
throughout the entire activity cycle (Figure 2) — for brevity, only trial 1 is shown, but trials 2-5 are
presented in the Supplementary Material (Figures S2, S4, S6 and S8). Visible improvements in signal
convergence were substantiated by maximum differences between curves (quantified by peak mean
RMSEs) of 0.24° + 0.17° after REFR AME optimisation (Table 2).

Similarly, after application of REFRAME to the reference frame translations, almost no obvious
differences were discernible between the optimised translational kinematic signals (Figure 3) — trial 1
shown; trials 2-5 are given in the Supplementary Material (Figures S3, SS, S7 and S9). Peak mean
RMSEs for ML (from 0.54 mm % 0.09 mm to 0.03 mm * 0.01 mm), AP (from 4.91 mm + 0.10 mm
to 0.02 mm £ 0.01 mm) and PD (from 8.32 mm % 0.05 mm to 0.02 mm * 0.00 mm) translations de-
creased across all trials (Table 2).

In the pairwise comparison between axis approaches, decreases in the RMSEs of out-of-sagittal
plane rotations as a result of REFRAME implementation were deemed statistically significant (Figure
5). (Differences in int/external rotation between CA vs. FFA did not pass the Shapiro-Wilk test for
normality, so a left-tailed Wilcoxon Signed Rank test was performed in addition to the default paired
t-test. The decrease was still found to be statistically significant with a p-value of 0.03125. Notably,
however, for a sample size of S pairs with a non-zero difference, the minimum p-value that can be ob-
tained with a Wilcoxon Signed Rank test in the extreme case where all values in one group are greater
than the other is in fact 0.03125 [42].) Similarly, statistically significant decreases were observed in the
RMSEs of joint translations, especially for the anteroposterior and mediolateral directions (Figure 6).
The statistically significant effects identified here (except for CA vs. FFA int/external rotation) would
withstand even more conservative implementations of the Bonferroni correction, e.g. if the number of
comparisons were to be considered 18 (6 degrees of freedom x 3 axis comparisons) instead of 3.
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Figure 2. Rotational kinematics: Joint rotations (in degrees) of the tibial relative to the femoral seg-
ment frame for one sample cycle of stair descent (trial 1), before (Raw) and after REFRAME optimi-
sation, for all three axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA: transepi-
condylar axis). Curves overlap in right-hand side plots; CA and FFA are almost fully covered by TEA.
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Figure 3. Translational kinematics: Joint translations (in mm) of the femoral relative to the tibial origin
for one sample cycle of stair descent (trial 1), before (Raw) and after application of the REFRAME
optimisation, for all three axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA:
transepicondylar axis). Curves overlap in right-hand side plots; CA and FFA are almost fully covered
by TEA.
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Table 1. Average (of absolute values) rotations (in degrees) and translations (in mm) applied to raw

local reference frames to transform them into the REFRAMEA reference frames; Rotations are ex-

pressed as an XYZ intrinsic Cardan angle sequence.

CA FFA TEA
Femur
X 0.02 + 0.03 0.02 + 0.01 020 + 0.18
Pﬁt Y 152 + 1.00 142 + 1.00 829 + 1.00
z 236 + 171 147 + 116 153 + 0.69
X 1292 + 330 12.86 £ 3.30 1317 + 3.22
[ani;l]s Y 266 + 0.60 0.52 + 0.39 821 + 0.50
z 195 * 053 050 + 0.22 3.77 + 0.86
Tibia
X 939 + 6.43 940 * 6.42 934 + 643
Pﬁt Y 141 + 133 141 + 133 141 + 133
z 226 + 117 226 + 117 226 + 117
X 0.00 * 0.00 0.00 + 0.00 0.00 + 0.00
[T[;:]s Y 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
z 0.00 * 0.00 0.00 + 0.00 0.00 + 0.00
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Figure 4. Optimised local segment reference frames after REFR AME: The previously differently oriented and positioned femoral reference frames (CA: cylindrical axis in
red; FFA: functional flexion axis in yellow; TEA: transepicondylar axis in green) visibly coincide in 3D space after REFR AME. A single representative optimised tibia reference
frame is illustrated here in black (transformations of the tibia frame as result of REFR AME were consistent across all three datasets to 0.1° and 0.00001mm). All coordinate
systems and bone segments are shown relative to the raw tibial coordinate system (i.e. the raw tibia origin is at 0,0,0).
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Table 2. Root-mean-square error (rotations in degrees, translations in mm; ML — mediolateral, AP — anteroposterior, PD - proximodistal) between kinematic signals
resulting from different axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA: transepicondylar axis), before (Raw) and after REFRAME implementation.

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Mean * SD
Raw REFRAME Raw REFRAME Raw REFRAME Raw REFRAME Raw REFRAME Raw REFRAME
CA vs. FFA
Flex/Ext 0.08 0.06 0.06 0.05 0.08 0.06 0.08 0.09 0.07 0.08 0.07 = 0.01 0.07 £ 0.02
Ab/Add 0.99 0.00 1.01 0.00 1.01 0.00 1.01 0.00 1.02 0.00 1.01 £ 0.01 0.00 £ 0.00
Int/Ext 1.01 0.00 0.99 0.00 0.99 0.00 0.99 0.00 0.99 0.00 0.99 = 0.01 0.00 £ 0.00
ML 0.20 0.02 0.23 0.02 0.17 0.03 0.24 0.02 0.27 0.01 0.22 = 0.04 0.02 + 0.01
AP 2.06 0.00 2.00 0.00 2.04 0.01 2.03 0.00 1.96 0.00 2.02 + 0.04 0.00 £ 0.00
PD 3.17 0.01 3.20 0.01 3.18 0.01 3.18 0.01 3.22 0.01 3.19 = 0.02 0.01 £ 0.00
CA vs. TEA
Flex/Ext 0.24 0.43 0.24 0.15 0.31 0.08 0.26 0.14 0.27 0.42 0.26 + 0.03 024 £ 0.17
Ab/Add 4.20 0.00 4.09 0.01 4.15 0.01 4.14 0.01 4.03 0.00 412 + 0.07 0.01 £ 0.00
Int/Ext 6.09 0.01 6.17 0.01 6.12 0.01 6.13 0.02 6.22 0.01 615 = 0.05 0.01 £ 0.00
ML 0.28 0.01 0.34 0.01 0.24 0.04 0.33 0.03 0.39 0.02 0.32 + 0.06 0.02 = 0.01
AP 2.96 0.01 2.89 0.01 2.96 0.04 2.95 0.02 2.82 0.01 292 + 0.06 0.02 £ 0.01
PD 5.12 0.01 S.15 0.01 5.12 0.01 S.12 0.01 5.19 0.01 5.14 = 0.03 0.01 £ 0.00
FFA vs. TEA
Flex/Ext 0.19 0.37 0.22 0.10 0.25 0.01 0.21 0.05 0.23 0.34 022 = 0.02 0.18 £ 0.17
Ab/Add 4.58 0.01 4.45 0.01 4.50 0.01 4.47 0.01 4.42 0.01 449 t+ 0.06 0.01 £ 0.00
Int/Ext 5.37 0.01 S.47 0.01 5.43 0.01 S.45 0.01 5.50 0.01 S.44 * 0.05 0.01 £ 0.00
ML 0.48 0.03 0.57 0.02 0.41 0.02 0.57 0.05 0.65 0.03 0.54 = 0.09 0.03 = 0.01
AP 5.00 0.01 4.87 0.01 4.98 0.04 4.96 0.02 4.76 0.01 491 = 0.10 0.02 = 0.01
PD 8.28 0.01 8.35 0.02 8.29 0.02 8.29 0.02 8.41 0.01 832 £ 0.05 0.02 £ 0.00
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Figure 5. Rotations: Average pairwise root-mean-square errors (RMSE + 1 standard deviation, in degrees) before and after REFRAME optimisation across all trials for the
three joint rotations (FE: flexion/extension; AA: ab/adduction; IE: int/external rotation) based on the RMS minimisation of ab/adduction and int/external rotation. Dots

over bars illustrate individual data points. CA: cylindrical axis; FFA: functional flexion axis; TEA: transepicondylar axis.

* Raw
* Raw

* Raw
CA vs. FFA . perrane CA vs. TEA - REFRAME FFA vs. TEA - rerrave
10 10 10
p <0.001 p <0.001 p <0.001
81 81 81
| o | | |
£ E €
.m. 6 .m. 61 p <0.001 p <0.001 U_A 0.001 .m. 6
w w w
2 4 p <0.001 P<0.001  p<0.001 2 4 2 4
[+3 (-2 o
21 21 21
0 = S O.|i4| — o.|l4| —
ML AP PD ML AP PD ML AP PD

Figure 6. Translations: Average pairwise root-mean-square errors (RMSE + 1 standard deviation, in mm) before and after REFR AME optimisation across all trials for the
three joint translations (ML: mediolateral; AP: anteroposterior; PD: proximodistal) based on the RMS minimisation of ab/adduction and int/external rotation, as well as of
AP, ML and PD translations. Dots over bars illustrate individual data points. CA: cylindrical axis; FFA: functional flexion axis; TEA: transepicondylar axis.
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4. Discussion

In clinical movement biomechanics, analysis of kinematic data is often tackled by focusing on rotations
around (or translations along) a single joint axis at a time. For example, a single kinematic curve may
depict flexion/extension (i.e. rotations around the mediolateral axis only). Moreover, the origin of each
segment coordinate system is often based on anatomical or only limited (e.g. to a calibration trial) func-
tional movement data. Importantly, while this type of analysis demands the definition of segment-fixed
axes, previous work has demonstrated that the instantaneous axis or centre of rotation in a joint most
likely varies throughout the progression of an activity [1]. Unfortunately, recent work has also shown
that even minor differences in the orientation and position of joint segment frames can lead to substan-
tial variation in the characteristics of the resulting kinematic signals [1, 9, 43]. The challenges to provide
consistent frame definition and present complex time-dependent 3D kinematic signals in a simplified
manner has therefore led to a number of kinematic analysis methods being presented [1, 17]. Use of
different analysis approaches has thus resulted in a collection of kinematic signals presented across the
literature which, if directly compared without further analysis, easily leads to questionable and/or in-
consistent conclusions [1]. In this study, we expand on the previously presented FOOM approach [9]
to address these inconsistencies towards mitigating kinematic cross-talk and providing an approach to
standardise movement signals of the tibiofemoral joint. Here, to achieve this, we have now considered
coordinate system locations (in addition to our previous optimisation of orientations) to provide a gen-
eral framework, the so-called REFRAME approach, to enable the standardisation of tibiofemoral joint
kinematics in all six DOFs. Offered as a set of adaptable MATLAB scripts (vR2022a; The Mathworks
Inc., Natick, Massachusetts, USA) upon request, as well as an openly available online tool (accessible

through Aesculap AG, https://bbraun.info/reframe, and the ETH Ziirich, https://move-

ment.ethz.ch/data-repository/reframe.html), REFRAME allows researchers to independently imple-
ment the presented approach and thereby standardise kinematic signals for reproducible representation
across trials, subjects, and institutions, regardless of the initial underlying segment frame definitions
used.

In this study, we successfully developed the conceptual framework and applied REFRAME to a
sample subject’s knee kinematic data for five cycles of stair descent. Here, the visible differences in the
magnitude and characteristics of the raw kinematic signals obtained from processing the same set of
fluoroscopically obtained datapoints with three distinct axis approaches (Figures 2 and 3) corroborate
the findings of previous studies [1, 2, 9] and demonstrate the substantial effect that frame pose has on
kinematic signals (and thus, by extension, on the clinical understanding of joint motion). Using an im-
plementation of REFRAME that minimises ab/adduction and int/external rotation RMS, and then
the variance of all three translations, femoral and tibial segment frames are transformed and become
aligned, achieving convergence of the three seemingly distinct raw kinematic signals to a new solution.
From over 6° rotation and over 8 mm translation, application of REFRAME has achieved mean
RMSEs between approaches of well below 0.5° for rotations and 0.05 mm for translations over five
trials. Such results therefore suggest that consistent outcomes and interpretations of kinematic signals
can be achieved regardless of the initial analysis method used, but that application of an approach such
as REFRAME is required before different kinematic datasets can be compared.

As previously described, the particular combination of optimisation criteria applied in our study
is based on the underlying assumption that minimising out-of-sagittal-plane rotations inherently max-
imises flexion/extension and thus minimises cross-talk [9]. Furthermore, optimisation of joint transla-
tions by targeting minimal variances for all three translation signals is consistent with the clinical
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expectation that, in the absence of trauma or pathology, any relative displacement between joint seg-
ments will be small in magnitude, without requiring that the tibial and femoral origins perfectly coin-
cide at neutral stance. The initial implementation of REFRAME presented in this study is presumed
to be suitable for most applications assessing asymptomatic flexion-dominant knee movement pat-
terns, and we therefore tentatively recommend selecting this implementation for gait activities such as
level and inclined walking, as well as stair ascent/descent. However, it is important to note that while
minimising the RMS of both out-of-sagittal-plane rotations, followed by the variance of all three trans-
lations, is a reasonable choice based on expected gait patterns, other less common activities may require
a bespoke implementation of REFRAME to ensure that relevant movement characteristics can be dis-
criminated.

Importantly, while REFRAME offers users the flexibility to choose between different objective
parameters, the underlying assumptions associated with this choice of optimisation criteria should be
critically considered. In the previous example, the optimisation criteria for joint rotations inherently
assume that a sinusoidal correlation between flexion/extension and out-of-sagittal-plane rotations is
the result of cross-talk and therefore not a “real” movement pattern [9]. Consider a hypothetical subject
for whom ab/adduction and int/external rotation values are sinusoidally related to the degree of tibio-
femoral flexion/extension; The recommended REFRAME implementation would interpret this rela-
tionship as artefact and propose a new set of local frame orientations that suppresses that pattern as far
as possible, potentially hiding clinically relevant information. It is therefore crucial that users are aware
of such implications before clinically interpreting optimised kinematic signals. In fact, the application
of REFRAME based on any choice of optimisation criteria will be associated with some underlying
assumption(s) about joint behaviour, and local segment frames will, in turn, be modified to fulfil these
assumptions as much as possible. As such, implementation of REFRAME for understanding the mo-
tion of joints other than the human knee, clearly requires further investigation to provide recommen-
dations of best practice usage. However, for several clinically relevant assessments of the normal knee,
REFRAME does now plausibly provide a post-analysis approach for standardising and comparing kin-
ematic signals.

The majority of previously proposed standardisation methods (especially those presented as post-
processing cross-talk reduction approaches), have been evaluated on their ability to reduce the correla-
tion between e.g. flexion/extension and ab/adduction [26]. Enforcement of these assumptions is
merely a means by which these approaches seek to standardise kinematic signals, but reduced correla-
tions are inherent to the approach and are therefore not an appropriate outcome metric. We therefore
suggest that kinematic standardisation methods should be instead evaluated by ensuring 1) that two
representations of the same motion can be identified as corresponding to a single underlying movement
pattern by simple visual inspection, and 2) that substantial differences between two kinematic signals
after they have been properly standardised are a reliable indication that fundamentally different motion
profiles are presented. Our results indicate that REFRAME holds the potential to fulfil both of these
requirements, therefore making it a strong candidate for kinematic standardisation and repeatable rep-
resentation of tibiofemoral movement patterns.

4.1. Tailoring the optimisation criteria

The optimisation criteria in REFRAME (previously ¢, and c; for rotations and translations, respec-
tively) consist of mathematical functions that characterise the properties of a set of kinematic signals.
The choice of optimisation parameter(s) should be methodically suited to address each specific
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underlying research question, and is expected to vary for different joints, pathologies, and activities.
Aside from the previously introduced RMS, examples of possible functions include e.g. the minimisa-
tion of variance, the sum of absolute values, the maximum absolute value, and/or the range of motion
over an activity cycle. Whichever criteria are selected, these functions will be used to quantify the extent
to which a specific kinematic signal deviates from an assumed or expected behaviour (Table 3). Here,
for example, our implementation of REFRAME that minimised the RMS of ab/adduction and int/ex-
ternal rotation inherently orients the reference frames to produce the best possible hinge joint at the
knee. Any remaining signal around these secondary axes is then assumed to be the cross-talk-free mo-
tion of the knee joint. However, it is entirely reasonable to use different optimisation criteria to best
understand other joint movement patterns where flexion/extension is not necessarily the dominant
joint rotation (e.g. sidestep cutting or knee rotational laxity tests [44]).

REFRAME optimisation criteria can also be given different weights to specify how their fulfilment
should be prioritised within the optimisation process. The use of different functions to define the op-
timisation criteria clearly has different effects on the characteristics of the resulting kinematic signals
(Figure 7). Needless to say, it is possible to combine the use of different functions for different kine-
matic parameters (e.g. minimise the RAS of int/external rotation, but the variance of ab/adduction,
equally weighted). Furthermore, as previously shown [9], it is also possible to optimise the joint seg-
ment frames towards an “ideal” reference kinematic pattern by minimising the RMSE against a refer-
ence dataset, e.g. within mechanical or simulator setups. Moreover, customised objective functions can
be designed that similarly penalise deviations from such reference signals, or even from one (or more)
of the raw signals themselves (e.g. if we assume that certain raw rotation values are sufficiently accurate
and should not be considerably affected by REFRAME optimisation). In this sense, REFRAME is
highly flexible and can be tuned to address individual needs in many different fields.

Table 3. Examples of possible building blocks for the objective functions.

Parameter Associated expected behaviour

Sum of absolute values or average of absolute values Very small (or zero) rotations/translations

RMS or quadratic mean Very small (or zero) rotations/translations; higher deviations have a
(i.e. RMSE against a constant zero reference signal) ~ greater weight

Variance Any (close to) constant value

Maximum absolute value Extrema occur at small values of rotation/translation

Range of motion over the activity cycle Small peak-to-peak amplitude

(i.e. maximum-minimum)

RMSE against reference data “Ideal” kinematic curve given by a reference dataset
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Figure 7. Illustration of the effects of optimising ab/adduction based on different statistical parame-
ters — Joint rotations (in degrees) of the tibial relative to the femoral segment frame during stair descent
(trial 2) based on a transepicondylar axis approach. “Raw” signals (green) are processed using six differ-
ent REFRAME implementations to yield REFRAMEJ signals (purple). Each figure panel illustrates
minimisation of a different statistical parameter: a) Sum of absolute values — i.e. shaded area (deviation
from zero) is minimised; b) Root-mean-square — i.e. shaded area (deviation from zero) is minimised,
colour gradient reflects higher weighting of values further from zero; ¢) Variance - i.e. shaded area (de-
viation from mean) is minimised, colour gradient reflects higher weighting of larger deviations; d) Max-
imum absolute value - i.e. peak absolute value (indicated with a star) is minimised; e) Range of motion
- i.e. difference between maximum and minimum values (indicated by annotation) is minimised; f)

_ 2
Root-mean-square error vs. an arbitrary sample reference signal f(t) = —4.5 (%) +2
— i.e. shaded area is minimised, colour gradient reflects higher weighting of differences with a larger

absolute magnitude.
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Although the use of different parameters potentially influences the characteristics of the RE-
FRAMEd signals (Figure 7), five different REFRAME implementations did achieve convergence for
all three rotational signals, regardless of the optimisation parameter selected (Figure 8). Similar results
were observed for joint translations, demonstrating convergence after REFRAME optimisation (Fig-
ure 9). The exclusive use of variance or ROM to guide the optimisation of joint translations is at this
time recommended only with great caution, as these two parameters are not thought to guarantee signal
convergence. This hypothesis is associated with the fact that while RMS, sum of absolute values, and
maximum absolute value all involve a quantification of the signal’s absolute magnitude (whether on
average or at a discrete timepoint), ROM and variance exclusively target the signal’s amplitude. Our
reasoning suggests that multiple (possibly infinite) solutions that minimise ROM or variance may exist,
and therefore signal convergence is not guaranteed for joint translations based on these optimisation
criteria. In the example presented in this study, by restricting only the level of variation in the position
of the femoral origin (expressed in the tibial frame), but not its absolute value, the optimisation may
propose femoral and tibial origins that are either very close to each other, very far from each other, or
anything in between, while still achieving the same level of variation in the femoral frame’s position.
The same effect is not observed when using ROM or variance to optimise joint rotations, presumably
due to the order-dependent nature of rotational sequences (although further work is needed to better
understand these effects).
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Figure 8. Different parameters as optimisation criteria — Rotational kinematics: Joint rota-
tions (in degrees) of the tibial relative to the femoral segment frame during one cycle of stair
descent (trial 1) for all three axis approaches (CA: cylindrical axis; FFA: functional flexion axis;
TEA: transepicondylar axis). Kinematic signals are shown before (row 1) and after (rows 2-6)
five different REFR AME implementations, where each implementation minimises one of five
statistical parameters for ab/adduction and int/external rotation (RMS: Root-mean-square;
Sum Abs Val: Sum of absolute values; Variance; Max Abs Val: Maximum absolute value;
ROM: Range of motion over single activity cycle). Note: In several plots, CA and FFA are
covered by TEA.
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Figure 9. Different parameters as optimisation criteria — Translational kinematics: Joint translations
(in mm) of femoral origin relative to tibial origin, along tibial frame axes over one cycle of stair descent
(trial 1) for all three flexion/extension axis approaches (CA: cylindrical axis; FFA: functional flexion
axis; TEA: transepicondylar axis). Kinematic signals are shown before (row 1) and after (rows 2-6) five
different REFRAME implementations, where each implementation minimises RMS of ab/adduction
and int/external rotation in stage I, followed by a minimisation of one of five statistical parameters for
all three joint translations (RMS: Root-mean-square error; Sum Abs Val: Sum of absolute values; Var-
iance; Max Abs Val: Maximum absolute value; ROM: Range of motion over single activity cycle).
Note: In several plots, CA and FFA are partially covered by TEA.

4.2. Clinically interpreting REFR AMEd kinematic signals

We have demonstrated that signal convergence can be achieved using a variety of different statistical
parameters to define REFRAME’s underlying objective function (Figures 8 and 9). However, results
also showed that the magnitudes and characteristics of the optimised kinematic signals are influenced
by this choice of statistical parameter (Figure 7). Application of REFRAME therefore leads to a
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fundamental far-reaching question: How can we clinically interpret REFRAMEd kinematic signals?
While this overarching issue is largely philosophical in nature, reaching a consensus will inevitably re-
quire a discussion of its practical implications. Biomechanical engineers need to work closely with clin-
ical practitioners to ultimately agree on a representation of joint kinematics that is not only objectively
unambiguous and mathematically coherent, but also intuitive to clinicians and in keeping with their
occupational understanding of physiological joint movement. Interestingly, while it is true that apply-
ing objective functions that target different statistical parameters of a single DOF clearly leads to differ-
ent optimised signals (Figure 7), application of objective functions that target the same statistical pa-
rameter for two or more DOFs led to a rather consistent set of optimised signals (Figures 8 and 9). In
fact, in this study, the optimised signals for joint translations are fairly uniform across statistical param-
eters. Comparison of the rotational and translational results clearly reveals convergence of the rota-
tional signals, but variation in the magnitude of the translational values, even though the patterns are
almost identical. Preliminary attempts at interpreting these signals can be achieved through reconcilia-
tion with existing knowledge. For example, after REFRAME optimisation, translational kinematics
repeatedly converged on an AP signal with a range of about 7 mm for this particular subject. Intuitively,
envisioning solely what is usually clinically understood by AP translation between the femur and tibia
(i.e. excluding any cross-talk effects entirely) in a healthy subject with intact soft-tissue structures, 7
mm of displacement seems highly plausible, especially considering the proximal tibia has an average AP
dimension of about 50 mm [45, 46]). However, notwithstanding the possibility to make further first
crude attempts at clinically interpreting REFR AMEd signals, the clinical “accuracy” of the values given
by the REFRAMEd kinematic signals is very much open for debate, and additional efforts are certainly
needed before any kind of consensus can be reached. Importantly, REFRAME does not aim to improve
the clinical accuracy of raw kinematic signals, nor does it claim to find the #7ue or correct flexion/exten-
sion axis, etc., but rather aims to make it easier to determine whether two kinematic signals represent
fundamentally similar or different underlying motion.

4.3. Conclusion

This study confirmed that reconciling any possible differences in segment frame pose is essential to
allow the consistent interpretation and comparison of articulating joint kinematic signals across stud-
ies. Furthermore, while a complete understanding of the clinical significance of optimised kinematic
signals will certainly require further investigation and discussion, REFRAME demonstrates flexibility
and consistency in its ability to optimise local segment frame orientation and position. While this po-
tential was established here for understanding tibiofemoral kinematics, REFRAME is presumed to of-
fer similar possibilities for other articulating joints towards understanding movement patterns and e.g.
joint stability/laxity [47], although additional work will be necessary to corroborate these conjectures.
Importantly, our results have highlighted that without an approach like REFRAME, we cannot ex-
clude the possibility that differences observed between two (or more) kinematic signals are simply the
result of discrepancies in frame alignment. Neither can we, by extension, make reliable conclusions
about clinical differences in joint movement patterns without REFRAME (except for in very specific
scenarios). Consequently, by holding the potential to enable reliable comparisons of kinematic signals
across trials, subjects, examiners, motion capture systems, or even research institutes, REFRAME rep-
resents a valuable step forward in improving our collective understanding of articulating joint motion,
at least within the context of the tibiofemoral joint.
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5. Supplementary Material

Z
\I_> Internal Tibial Rotation (+)
Extension (+) C 3
™

Adduction (+)

Supplementary Figure S1. Joint angle calculation for a right knee. Tibiofemoral kinematics were cal-
culated as an intrinsic XYZ rotation sequence of the tibial relative to the femoral frame (i.e. as the se-

quence of rotations needed to transform the femoral frame into the tibial frame). Joint angle signs were
determined according to the right-hand rule: Extension represents a positive rotation around the x-axis,
adduction represents a positive rotation around the y-axis, and internal tibial rotation represents a pos-
itive rotation around the z-axis. The magnitude of joint angles derived this way is numerically equiva-
lent to that obtained using the Grood & Suntay approach [7, 8]. However, it is important to note that
Grood & Suntay define flexion, abduction and external tibial rotation as positive for a right knee [6].
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Supplementary Table S1. Rotational (in degrees) and translational (in mm) values applied to raw local reference frames to transform them into the REFRAME(d reference
frames; Rotations are expressed as an XYZ intrinsic Cardan angle sequence.

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5

CA FFA TEA CA FFA TEA CA FFA TEA CA FFA TEA CA FFA TEA

Femur
Rot X 0.00 -0.03 -0.43 0.00 0.02 -0.08 -0.02 -0.02 -0.11 0.01 0.01 -0.03 0.08 0.02 -0.37
[ Y 2.32 2.23 9.10 0.96 0.87 7.73 1.44 1.34 8.20 0.22 0.12 6.98 2.66 2.57 9.45
Z -3.92 -2.51 -0.86 -2.01 -0.60 0.99 -0.59 0.83 2.42 -0.92 0.49 2.07 -4.34 -2.93 -1.28
Trans X -15.20 -15.16 -15.40 -9.32 -9.26 -9.64 -9.30 -9.24 -9.65 -15.59 -15.53 -15.80 -15.18 -15.12 -15.36
[mm] Y -1.96 1.03 -7.63 -2.78 0.36 -8.14 -3.47 -0.33 -8.83 -2.92 0.07 -8.60 -2.19 0.81 -7.86
Z -1.35 0.34 -2.89 -2.36 -0.66 -4.60 -2.48 -0.78 -4.72 -2.13 -0.44 -3.64 -1.44 0.25 -3.00

Tibia

Rot X 6.44 6.45 6.41 6.45 6.46 6.41 5.33 5.35 5.24 7.96 7.98 7.92 20.76 20.77 20.72
U] Y 2.81 2.81 2.81 -0.34 -0.34 -0.35 0.65 0.65 0.64 -0.34 -0.34 -0.34 291 291 2.90
Z -3.74 -3.74 -3.73 -2.96 -2.96 -2.96 -2.08 -2.08 -2.07 -1.90 -1.90 -1.89 -0.64 -0.64 -0.63
Trans X 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
[men] Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

z 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Supplementary Figure S2. Trial 2 — Rotational kinematics: Joint rotations (in degrees) of the tibial

relative to the femoral segment frame for one cycle of stair descent, before (Raw) and after REFRAME

optimisation, for all three axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA:

transepicondylar axis). Curves overlap in right-hand side plots; CA and FFA are partially covered by

TEA.
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Supplementary Figure 83. Trial 2 - Translational kinematics: Joint translations (in mm) of the fem-
oral relative to the tibial origin for one cycle of stair descent, before (Raw) and after application of the
REFRAME optimisation, for all three axis approaches (CA: cylindrical axis; FFA: functional flexion
axis; TEA: transepicondylar axis). Curves overlap in right-hand side plots; CA and FFA are partially
covered by TEA.
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Supplementary Figure S4. Trial 3 — Rotational kinematics: Joint rotations (in degrees) of the tibial
relative to the femoral segment frame for one cycle of stair descent, before (Raw) and after REFRAME
optimisation, for all three axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA:
transepicondylar axis). Curves overlap in right-hand side plots; CA and FFA are partially covered by

TEA.
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Supplementary Figure S5. Trial 3 - Translational kinematics: Joint translations (in mm) of the fem-

oral relative to the tibial origin for one cycle of stair descent, before (Raw) and after application of the

REFRAME optimisation, for all three axis approaches (CA: cylindrical axis; FFA: functional flexion

axis; TEA: transepicondylar axis). Curves overlap in right-hand side plots; CA and FFA are partially

covered by TEA.
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Supplementary Figure $6. Trial 4 — Rotational kinematics: Joint rotations (in degrees) of the tibial
relative to the femoral segment frame for one cycle of stair descent, before (Raw) and after REFRAME
optimisation, for all three axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA:
transepicondylar axis). Curves overlap in right-hand side plots; CA and FFA are partially covered by

TEA.
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Supplementary Figure S7. Trial 4 - Translational kinematics: Joint translations (in mm) of the fem-

oral relative to the tibial origin for one cycle of stair descent, before (Raw) and after application of the

REFRAME optimisation, for all three axis approaches (CA: cylindrical axis; FFA: functional flexion

axis; TEA: transepicondylar axis). Curves overlap in right-hand side plots; CA and FFA are partially

covered by TEA.
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Supplementary Figure 88. Trial 5 — Rotational kinematics: Joint rotations (in degrees) of the tibial

relative to the femoral segment frame for one cycle of stair descent, before (Raw) and after REFRAME

optimisation, for all three axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA:

transepicondylar axis). Curves overlap in right-hand side plots; CA and FFA are partially covered by

TEA.
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Supplementary Figure §9. Trial 5 - Translational kinematics: Joint translations (in mm) of the fem-

oral relative to the tibial origin for one cycle of stair descent, before (Raw) and after application of the

REFRAME optimisation, for all three axis approaches (CA: cylindrical axis; FFA: functional flexion

axis; TEA: transepicondylar axis). Curves overlap in right-hand side plots; CA and FFA are partially

covered by TEA.
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Abstract

Kinematic analysis is a central component of movement biomechanics, describing the relative motion
of joint segments during different activities, in different subject cohorts, and at different timepoints.
Establishing whether two sets of kinematic signals represent fundamentally similar or different under-
lying motion patterns is especially challenging, given 1) the lack of consensus around reference frame
and joint axis definition, and 2) the substantial effect that minimal variations in frame position and
orientation are known to have on signal magnitude and characteristics. As such, enormous variability
in the reporting of tibiofemoral kinematics has resulted in joint movement patterns that remain con-
troversially discussed. Previously, we demonstrated the ability of the REference FRame Alignment
MEthod (REFRAME) to reorientate and reposition differently aligned local segment frames to achieve
convergence in signals representing the same underlying motion, thereby offering a novel approach to
consistently report joint motion.

In this study, for the first time, we apply REFRAME to assess the rotational and translational 7z
vivo tibiofemoral motion of ten healthy subjects during stair descent based on kinematic signals col-
lected using a moving videofluoroscope. Kinematics were analysed before and after different RE-
FRAME implementations, revealing generally neutral ab/adduction behaviour, accompanied by vary-
ing degrees of a sinusoidal int/external tibial rotation pattern over the activity cycle. Our data demon-
strate that different selected implementations of REFRAME are able to highlight different character-
istics of the motion patterns: Minimisation of the translational root-mean-square revealed proxi-
modistal translation patterns with overall neutral progression, while anteroposterior translation
showed seemingly different levels of correlation with flexion/extension in different subjects. On the
other hand, REFRAME minimisation of translational variances exposed differences in the relative
mean displacement between the femoral and tibial origins between subjects, highlighting differences in
mean centre of rotation positions. This early application of REFRAME for providing an understand-
ing of tibiofemoral kinematics demonstrates the potential of this novel approach to bring clarity to an
otherwise complex representation of highly variable time-series signals, while highlighting the philo-
sophical challenges of clinically interpretating kinematic signals in the first place.

Keywords: gait analysis; knee; tibiofemoral; kinematics; joint coordinate system; reference frame;
motion capture; stair descent
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1. Introduction

In clinical movement biomechanics, motion analysis can be divided into two main components, joint
kinematics and kinetics, where the former investigates the relative movement of joint segments. At the
most basic level, joint kinematics fundamentally describe the rotational and/or translational displace-
ments of a rigid body relative to another, where both rigid segments are connected by an articulating
joint. Characterisation of these displacements can be achieved by defining a coordinate frame fixed to
each segment, and tracking the movement of one frame with respect to the other. The position and
orientation of each frame relative to the segment it represents can be defined based on e.g. anatomical
landmarks [1, 2] or functional calibration movements [3, 4]. The exact pose (i.e. orientation and posi-
tion) of a segment’s local coordinate frame will depend on the specific frame definition approach; in
other words, for a single joint segment, two different approaches will, in almost all cases, lead to two
different reference frames [5]. As a result, the set of joint axes identified using one landmark-based ap-
proach will not necessarily match the set of axes identified by a different landmark-based approach, let
alone axes identified using a functional method.

In the specific case of the knee joint, early studies inferred that different axes could be used inter-
changeably. For instance, Churchill and co-workers stated that the transepicondylar axis “closely ap-
proximates” the optimal flexion axis, where the latter “can be considered the true flexion axis of the
knee” [2]. Such statements have been misinterpreted to mean that the transepicondylar axis and a func-
tional flexion axis could be suitable substitutions for one another, which inherently assumes that minor
differences between joint axes lead to proportionally small differences between the kinematic signals
stemming from those reference frames. This notion has, in turn, contributed to the false impression
that, when comparing two or more sets of kinematic signals, clearly visible differences in their shape
and magnitude could immediately be interpreted as evidence of fundamentally different underlying
joint motion patterns. Despite the subsequent publication of studies that have explicitly challenged
these early simplified models [5-7], as well as official attempts to establish uniformity across studies to
allow comparisons between datasets [8], a clear understanding that different kinematic signals do not
necessarily imply different underlying joint motion patterns is not ubiquitous among the biomechanics
community.

In recent years, our investigations have conclusively shown that even minor (e.g. < 3°) differences
in frame orientation can lead to substantial variation in the shape and magnitude of kinematic signals
due to cross-talk between reference frames [9, 10]; an effect that is further exacerbated by differences
in frame origin position, which can be present even when relying on a single common joint axis ap-
proach [11, 12]. As a result, an easily reconcilable representation and understanding of movement pat-
terns remains lacking [5], hence limiting our ability to compare kinematic datasets across studies and
between labs, and even hindering a consistent clinical interpretation of joint motion patterns. To ad-
dress this issue, we previously presented the REference FRame Alignment MEthod (REFRAME) [13],
which expands on the Frame Orientation Optimisation Method (FOOM) [9] by enhancing flexibility
and incorporating joint translations (see Supplementary Material for details on how FOOM relates to
REFRAME), to allow consistent local reference frame alignment even among datasets derived using
different joint axis approaches.

Importantly, considerable work has already been undertaken to investigate knee movement pat-
terns during different functional activities [14-17]. Our recent analysis found that healthy knees exhib-
ited a range of motion (ROM) of approximately 13° in int/external tibial rotation and 6° in
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ab/adduction during stair descent [14]. Results also indicated that although there was large variation
in the degree of int/external tibial rotation present at heel strike, subjects consistently demonstrated a
tendency to rotate their tibia internally during the stance phase to reach peak internal rotation shortly
before toe-oft, ending with an externally rotating tibia in preparation for the next heel strike.

Given that the aforementioned studies were also potentially susceptible to the cross-talk effects
described above, it is important to assess whether past work needs to be revisited, and explore whether
a revised analysis that incorporates tools such as REFRAME produces a different interpretation of the
underlying joint movement patterns. Since REFRAME offers the ability to retrospectively analyse da-
tasets and account for inherent cross-talk artefact, we therefore aimed to understand whether new in-
sights into the interpretation of functional joint kinematics can be gained through application of these
techniques. In this study, we thus expand on the aforementioned investigations by including a larger
cohort of ten healthy subjects in order to explore how subject differences manifest before and after
REFRAME implementation.
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2. Methods

One clear requirement prior to comparing kinematic signals before and after REFRAME implemen-
tation was to further validate REFRAME’s ability to produce convergence in kinematic signals that
were derived using different joint axis approaches, yet correspond to a single common underlying
movement pattern. Here, we relied on 77 vivo kinematic data previously collected as part of a separate
study [14]. In that study, moving videofluoroscopy [18] was used to capture the tibiofemoral kinemat-
ics of ten healthy subjects with neutral knee alignments as they performed a minimum of five valid
cycles of stair descent. Similar to our previous investigation [S, 13] three different approaches were used
to establish a primary flexion axis: a cylindrical axis approach (CA), a functional flexion axis approach
(FFA), and a transepicondylar axis approach (TEA) (for further details on axis definitions see [1-3, 5,
19-21]). By designating corresponding ab/adduction and int/external rotation axes, as well as a femoral
reference frame origin, three local femoral frames were defined based on the three specified flexion axis
variations. Conversely, a single common local reference frame was defined for the tibial segment. Six
degrees-of-freedom (DOFs) tibiofemoral kinematics (i.e. joint rotations and translations) were calcu-
lated according to each of these three variations of the femoral segment frame. Joint rotations were
given by the relative orientations of the tibial relative to the femoral segment frame, following an in-
trinsic XYZ (extension-adduction-internal tibial rotation for a right knee) rotation sequence as previ-
ously described [13, 22]. (Extension, adduction, and tibial internal rotation are positive rotations as per
the right-hand rule). Joint translations were dictated by the position of the femoral frame origin relative
to the tibial frame origin, in the tibial coordinate system.

After raw CA, FFA and TEA kinematic signals had been derived, reference frame orientations
were optimised based on an adaptation of our previously presented FOOM approach [9] (a precursor
and specific sub-implementation of the larger REFRAME framework) that we recommended for flex-
ion dominant gait activities. (Note: the term 72w is used to refer to reference frames and/or kinematic
signals that have not yet undergone optimisation with REFRAME.) This configuration of REFRAME
consisted of minimising the root-mean-square (RMS) of ab/adduction and int/external rotation, both
with a weighting of 1. Transformations of the raw tibial frame consisting of rotations around the me-
diolateral axis were restricted to zero. Additionally, transformations of the raw femoral frame consisting
of rotations around the mediolateral axis were minimally penalised (criteria weighting: 0.0001). This
REFRAME configuration prevented considerable changes in the orientations of the local frames’ an-
teroposterior and longitudinal axes in the sagittal plane. The effect of the additional constraints ensured
the REFRAMEd kinematics could still be reconciled with our general existing clinical understanding
of joint angles (Supplementary Figure S1). Based on the resulting optimally oriented local reference
frames, the REFR AMEd rotational tibiofemoral kinematics were calculated for each individual subject
and trial.

After optimisation of the coordinate system orientations, two different REFRAME variations
were investigated for the optimisation of frame origin positions (i.e. joint translations). The first con-
sisted of a minimisation of the RMS of mediolateral (ML), anteroposterior (AP), and proximodistal
(PD) translations, while the second minimised the variance of the same three joint translations. In both
cases, all three minimisations were weighted equally with a weighting of 1. Once again, REFRAMEd
translational kinematic signals were calculated according to each of the two presented REFRAME im-
plementations. All REFRAME implementations were executed in MATLAB (vR2022a; The Math-
works Inc., Natick, Massachusetts, USA).
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For each subject and trial, kinematic signals were plotted to assess differences between axis ap-
proaches, as well as whether signal convergence can be achieved for all individual trials through appli-
cation of REFRAME. Mean intra-subject kinematic signals (and the corresponding standard devia-
tions) were additionally plotted to examine tibiofemoral movement profiles with and without RE-
FRAME. Finally, box plots were made to illustrate the different subject mean ROMs (calculated from
each subject’s mean curve) in each DOF.
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3. Results

Differences between the three raw sets of kinematic signals were strongly apparent according to the
joint axis approach used (CA, FFA, TEA). For several subjects, raw CA-based signals visually displayed
a higher level of agreement with raw FFA-based signals than with TEA (see e.g. Subject 2, Supplemen-
tary Figures $15-24). Furthermore, raw TEA-based signals presented clear indications of being affected
by cross-talk artefact, as evidenced by visible amplifications of AP translation signals with flexion angle
(see e.g. Subject 1, Supplementary Figures S5-14). Despite the stronger similarity observed between raw
CA- and FFA-based signals in most participants and most DOFs, two subjects (3 and 8) displayed high
agreement in the raw translation signals derived from CA and TEA approaches (Supplementary Fig-
ures $26,28,30,32,34 and §76,78,80,82,84).

Much like in our previous investigation [13], essentially no visible differences were discernible be-
tween the three sets of tibiofemoral kinematics after REFR AME implementation in all six DOFs (Sup-
plementary Figures $5-104), consistent with the notion that all three datasets corresponded to a single
common underlying motion pattern.

3.1. Joint Rotations — Raw Signals

In the sagittal plane, no notable differences were visible between the three sets of raw flexion/extension
signals (Figure 1). Average ROM was consistent across joint axis approaches, falling between 90.7° +
5.4° and 90.9° + 5.3° (Figure 2). In the frontal plane, the lowest inter-subject variability was seen in the
raw CA-based ab/adduction signals, followed by FFA- and finally TEA-based signals (Figure 3). While
average ab/adduction ROMs were 4.3° + 1.1° and 4.3° £ 1.0° for CA and FFA, respectively, TEA-based
signals reached an average ROM of 8.9° + 2.7° (Figure 4). In the transverse plane, raw CA- and FFA-
based int/external rotation signals were generally similar for most subjects, with both signal sets dis-
playing higher inter-subject variation than TEA (Figure 5). On average, TEA-based signals exhibited
higher ROM (13.9° £ 3.7°) than CA- (11.1° + 3.2°) and FFA-based (11.1° £ 3.6°) int/external rotation
signals (Figure 6).

3.2. Joint Translations — Raw Signals

Raw ML translation signals were comparable among the three joint axes approaches (Figure 7), as were
average raw ROMs along the ML axis (3.5 mm * 0.9 mm, 3.6 mm * 1.0 mm, and 3.7 mm %+ 1.0 mm
for CA-, FFA-, and TEA-based signals, respectively; Figure 8). The average position of the raw femoral
frame origin relative to the tibial origin was fairly constant (roughly 7 mm medially) in the ML direc-
tion. Among the three sets of raw AP translations, TEA-based signals seemed to be the most affected
by cross-talk, as indicated by the visible association between AP translation and flexion/extension; FFA-
based signals, on the other hand, appeared to be the least affected (Figure 9). FFA-based translation
signals along the AP axis also displayed the lowest levels of inter-subject variability out of the three axis
approaches investigated. Mean AP translation ROMs varied between the axis approaches, ranging from
6.7 mm * 1.6 mm for FFA-based signals, to 11.3 mm * 4.8 mm for CA-based signals, and 17.5 mm +
3.3 mm for TEA-based signals (Figure 10). Lastly, of the three PD translation signals, TEA-based sig-
nals once more appeared to be the most susceptible to cross-talk artefact (especially Subject 7), while
CA- and FFA-based signals displayed similar levels of inter-subject variability (Figure 11). Regarding
PD translation signals, before REFRAME implementation, the average PD position of the femoral
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frame origin relative to the tibial origin varied little throughout the gait cycle for most subjects. Femoral
origins were mostly positioned between approximately 25 and 40 mm proximal to the tibial origin.
Average translational ROM along the PD axis was highest for TEA-based signals (5.0 mm + 2.7 mm),
followed by FFA- (2.9 mm * 0.7 mm) and CA-based signals (2.5 mm * 1.0 mm) (Figure 12).

3.3. Joint Rotations — After REFRAME

In the sagittal plane, implementation of REFR AME did notlead to distinguishable changes in the flex-
ion/extension signal (Figure 1). Similarly, flexion/extension ROM was not substantially affected by the
optimisation of local frame orientations, averaging 90.9° £ 5.4° after REFRAME (Figure 2). For rota-
tions in the frontal plane, implementation of REFRAME led to comparatively less variable ab/adduc-
tion signals (Figure 3), and a reduced average ROM of 4.1° + 0.8° (Figure 4). In the transverse plane,
REFRAME also decreased inter-subject variability of int/external tibial rotation signals, resulting in a
perceivable sinusoidal pattern over the activity cycle (Figure 5), and a decrease in ROM from peak val-
ues as high as 19.8° (Subject 4, FFA) to an average of 10.1° £ 3.0° (Figure 6).

For the femoral reference frame, the differences in orientation between raw and REFRAMEd co-
ordinate systems were virtually negligible around the ML axis. Orientation differences averaged 2.8° +
2.7° and 2.6° £ 2.5° across all joint axis approaches, subjects, and trials around the AP and PD axes,
respectively (Table 1). For the tibial frame, no changes were applied to the local segment frame around
the ML axis (in line with our chosen optimisation constraints), while average rotational changes around
the AP and PD axes were 2.3° + 1.5° and 5.2° + 4.2°, respectively.

3.4. Joint Translations — After REFRAME (Minimising RMS)

REFRAME optimisation based on the minimisation of translation RMSs led to an offset in the ML
translation signals, such that the mean ML position of the femoral origin relative to the tibial origin
was approximately 0 mm (Figure 7). These effects were in line with our previous investigation of the
impact of choosing RMS as the optimisation parameter [13]. Translational ROM along this axis was
not substantially affected by the implementation of REFRAME, averaging 3.7 mm + 1.2 mm (Figure
8), although it did increase for one of the ten subjects, leading to a larger interquartile range. For AP
translation, REFRAME implementation visibly reduced inter-subject variability, and similarly to ML,
consistently shifted the mean AP values towards 0 mm (Figure 9). After REFRAME, subtle differences
in the levels of variation in AP signal magnitude with flexion/extension were discernible among differ-
ent subjects. AP ROM also noticeably declined, reaching an average of 5.2 mm * 1.4 mm (Figure 10).
In terms of PD translation, REFRAMEJ signals exhibited fairly constant behaviour throughout the
entire activity cycle, once again settling at approximately 0 mm (Figure 11), as upheld by the minimisa-
tion of RMS. After minimisation of translational RMSs through REFRAME, average ROM along the
PD axis was 2.4 mm * 0.5 mm (Figure 12).

This REFRAME implementation resulted in modifications to the femoral origin position of up to
25.9 mm along the ML axis, and 10.9 mm along both the AP and PD raw femoral axes. The tibial
origin, on the other hand, was translated a maximum of 33.8 mm along the ML axis, 10.9 mm along
the AP axis and 30.9 mm along the PD axis.
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3.5. Joint Translations — After REFRAME (Minimising variance)

As previously described, a second REFRAME adaptation was implemented to optimise the position
of local reference frame origins based on the minimisation of variance (instead of RMS) for all three
translations. After this alternative implementation of REFRAME, the general patterns of all three
translational signals were consistent with the results obtained after minimising RMS. This second ver-
sion of REFRAME led to greater inter-subject variability in mean translation values, especially along
the ML and AP axes (Figures 7 and 9). Despite this increased variation, ML translation signals for all
subjects became negative, indicating a medially located joint centre of rotation relative to the tibial
origin. On the other hand, mean tibiofemoral PD translation values for all subjects fell between 20 and
35 mm for the relative position of the femoral relative to the tibial origin, coherent with a femoral origin
that was located proximally to the tibial origin (Figure 11). Average ROMs were comparable to those
resulting from REFRAME optimisation based on RMS, averaging 3.7 mm * 1.2mm, 5.1 mm *
1.4 mm, and 2.5 mm # 0.6 mm for ML, AP and PD translations, respectively (Figures 8, 10, and 12).

The implementation of REFRAME based on translational variance minimisation led to changes
in the position of the femoral origin within the bone segment as high as 26.8 mm, 10.8 mm and
10.8 mm around the ML, AP and PD axes, respectively. Changes in the position of the tibial origin as
a result of REFRAME implementation were negligible in all directions. In fact, the largest translation
applied to the raw tibial origin along any given axis by the optimisation was 3.9 x 10° mm, i.e. virtually
0 mm.
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Figure 1. Rotational kinematics: Flexion(flex)/extension(ex) (in degrees) of the tibial relative to the
femoral segment frame over a stair descent cycle. Solid lines represent the mean across all trials for each
subject, while the corresponding shaded areas depict the associated standard deviations for each indi-
vidual. Values are illustrated for each of the three joint axis approaches (CA: cylindrical axis; FFA: func-
tional flexion axis; TEA: transepicondylar axis) before REFRAME (top), and after REFRAME (bot-
tom). Note: kinematic patterns for all three axes converge to a single solution upon application of RE-
FRAME, and therefore coincide graphically. Additional note to readers from a clinical background:
knee extension is illustrated here as positive because following the right-hand rule it corresponds with
a positive rotation around the laterally pointing mediolateral axis for a right knee.
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Figure 2. Box plot of flexion/extension range of motion (all subjects and repetitions) according to each
of the three different axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA: transep-
icondylar axis), as well as after REFRAME implementation. Centre lines illustrate the medians, while
box limits depict the 25™ and 75™ percentiles. Whiskers extend to data points that are less than 1.5 times
the interquartile range away from the 1% and 3" quartiles. Note: kinematic patterns for all three axes
converge to a single solution upon application of REFRAME, and therefore all display the same range
of motion values.
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Figure 3. Rotational kinematics: Abduction(ab)/adduction(add) (in degrees) of the tibial relative to

the femoral segment frame over a stair descent cycle. Solid lines represent the mean across all trials for

each subject, while the corresponding shaded areas depict the associated standard deviations for each

individual. Values are illustrated for each of the three joint axis approaches (CA: cylindrical axis; FFA:
functional flexion axis; TEA: transepicondylar axis) before REFRAME (top), and after REFRAME
(bottom). Note: kinematic patterns for all three axes converge to a single solution upon application of

REFRAME, and therefore coincide graphically.
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Figure 4. Box plot of ab/adduction range of motion (all subjects and repetitions) according to each of
the three different axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA: transepi-
condylar axis), as well as after REFRAME implementation. Centre lines illustrate the medians, while
box limits depict the 25™ and 75™ percentiles. Whiskers extend to data points that are less than 1.5 times
the interquartile range away from the 1% and 3" quartiles. Note: kinematic patterns for all three axes
converge to a single solution upon application of REFRAME, and therefore all display the same range
of motion values.
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Figure 5. Rotational kinematics: External(ext)/internal(int) rotation (in degrees) of the tibial relative
to the femoral segment frame over a stair descent cycle. Solid lines represent the mean across all trials
for each subject, while the corresponding shaded areas depict the associated standard deviations for
each individual. Values are illustrated for each of the three joint axis approaches (CA: cylindrical axis;
FFA: functional flexion axis; TEA: transepicondylar axis) before REFRAME (top), and after RE-
FRAME (bottom). Note: kinematic patterns for all three axes converge to a single solution upon ap-
plication of REFRAME, and therefore coincide graphically.
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Figure 6. Box plot of int/external rotation range of motion (all subjects and repetitions) according to
each of the three different axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA:
transepicondylar axis), as well as after REFRAME implementation. Centre lines illustrate the medians,
while box limits depict the 25™ and 75™ percentiles. Whiskers extend to data points that are less than
1.5 times the interquartile range away from the 1% and 3™ quartiles. Outliers are indicated by circles.
Note: kinematic patterns for all three axes converge to a single solution upon application of RE-
FRAME, and therefore all display the same range of motion values.
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Figure 7. Translational kinematics: Medio(med)-lateral(lat) translation (in mm) of the femoral relative
to the tibial segment frame over a stair descent cycle. Solid lines represent the mean across all trials for
each subject, while the corresponding shaded areas depict the associated standard deviations for each
individual. Values are illustrated for each of the three joint axis approaches (CA: cylindrical axis; FFA:
functional flexion axis; TEA: transepicondylar axis) before REFRAME (top), after minimisation of
root-mean-square using REFRAME (middle), and after minimisation of variance using REFRAME
(bottom). Note: kinematic patterns for all three axes converge to a single solution upon application of

REFRAME, and therefore coincide graphically.

128



Mediolateral Translation

6 —_
- ° -

E 57 : : : '
c ! : |
Qo ! | |
o 1
£ 47
5 + + +
)
g 3 i 1 1 T
© ! 1 1 | |
o i _1 _1 L _1

2 -

T T T T 1
C)v (8?\ «((/?“ Q\@%\ S'Zp
2 4
N \a
s &
< &
Q{o <

Figure 8. Box plot of mediolateral translation range of motion (all subjects and repetitions) according
to each of the three different axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA:
transepicondylar axis), as well as after REFRAME implementation. Centre lines illustrate the medians,
while box limits depict the 25™ and 75™ percentiles. Whiskers extend to data points that are less than
1.5 times the interquartile range away from the 1% and 3™ quartiles. Outliers are indicated by circles.
Note: kinematic patterns for all three axes converge to a single solution upon application of RE-
FRAME, and therefore all display the same range of motion values.
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Figure 9. Translational kinematics: Antero(ant)-posterior(pos) translation (in mm) of the femoral rel-

ative to the tibial segment frame over a stair descent cycle. Solid lines represent the mean across all trials

for each subject, while the corresponding shaded areas depict the associated standard deviations for

each individual. Values are illustrated for each of the three joint axis approaches (CA: cylindrical axis;
FFA: functional flexion axis; TEA: transepicondylar axis) before REFRAME (top), after minimisation
of root-mean-square using REFRAME (middle), and after minimisation of variance using REFRAME

(bottom). Note: kinematic patterns for all three axes converge to a single solution upon application of

REFRAME, and therefore coincide graphically.

130



Anteroposterior Translation

25
(o)
20 '
£
£
5 151
5 — L
=
S
© 10 - —
2 : S
& I I ——
5 [ T | : |
0_
[ T T T 1
2 v&
X
& &
Qﬁo &

Figure 10. Box plot of anteroposterior range of motion (all subjects and repetitions) according to each
of the three different axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA: transep-
icondylar axis), as well as after REFRAME implementation. Centre lines illustrate the medians, while
box limits depict the 25™ and 75™ percentiles. Whiskers extend to data points that are less than 1.5 times
the interquartile range away from the 1% and 3" quartiles. Outliers are indicated by circles. Note: kine-
matic patterns for all three axes converge to a single solution upon application of REFRAME, and
therefore all display the same range of motion values.
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Figure 11. Translational kinematics: Proximo(prox)-distal(dist) translation (in mm) of the femoral rel-
ative to the tibial segment frame over a stair descent cycle. Solid lines represent the mean across all trials
for each subject, while the corresponding shaded areas depict the associated standard deviations for
each individual. Values are illustrated for each of the three joint axis approaches (CA: cylindrical axis;
FFA: functional flexion axis; TEA: transepicondylar axis) before REFRAME (top), after minimisation
of root-mean-square using REFRAME (middle), and after minimisation of variance using REFRAME
(bottom). Note: kinematic patterns for all three axes converge to a single solution upon application of

REFRAME, and therefore coincide graphically.
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Figure 12. Box plot of proximodistal range of motion (all subjects and repetitions) according to each
of the three different axis approaches (CA: cylindrical axis; FFA: functional flexion axis; TEA: transep-
icondylar axis), as well as after REFRAME implementation. Centre lines illustrate the medians, while
box limits depict the 25™ and 75™ percentiles. Whiskers extend to data points that are less than 1.5 times
the interquartile range away from the 1% and 3" quartiles. Outliers are indicated by circles. Note: kine-
matic patterns for all three axes converge to a single solution upon application of REFRAME, and
therefore all display the same range of motion values.
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Absolute Values

Maximum Mean *= SD

Femur
X 0.0 0.0 £ 0.0
Rot[] Y 116 28 £ 2.7
z 10.1 26 + 25
X 25.9 102 £ 66
a?r?s}[{nﬁan;]) Y 10.9 38 + 3.6
z 10.9 3.7 + 29
X 26.8 105 + 7.0
fﬁﬁf[vn;ﬁ] Y 10.8 40 + 36
z 10.8 3.7 + 29

Tibia
X 0.0 0.0 £ 0.0
Roe[] ¥ 7.2 23 + 15
z 15.0 52 + 42
X 33.8 167 £ 69
Zﬁﬁn&né]) Y 10.9 62 + 22
z 30.9 278 £ 21
X 0.0 00 + 00
T(zil;[\r;;rrl;] Y 0.0 00 + 00
z 0.0 0.0 £ 0.0

Table 1. Maxima and mean values + standard deviation of absolute values of rotations (in degrees)
and translations (in mm) applied to raw local reference frames as part of REFRAME implementation;

Rotations are expressed as an XYZ intrinsic Cardan angle sequence; Transformations are expressed in

the corresponding raw reference coordinate systems (x-axis = mediolateral; y-axis = anteroposterior; z-

axis = proximodistal).
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4. Discussion

Despite multiple studies showing that kinematic signals are sensitive to the orientation of the knee flex-
ion axis [S, 23-25], the influence of local 3D reference frame orientation and position is frequently
underestimated (or in some cases, haphazardly ignored), especially in investigations involving the com-
parison and interpretation of kinematic signals. Difficulties in achieving a repeatable and reproducible
representation of human joint motion has therefore limited our ability to attain a robust understanding
of knee kinematics, even among asymptomatic populations, let alone detect differences in pathological
joints. In this study, the fluoroscopy-based tibiofemoral kinematics of ten healthy subjects were ana-
lysed before and after the implementation of REFRAME, thereby substantiating results obtained in a
previous investigation [13] in nine additional subjects. Moreover, these latest findings served as a start-
ing point for the analysis of inter-subject differences in kinematic signals in which cross-talk artefacts
due to frame alignment inconsistencies have been addressed repeatably.

Analysis of the raw kinematic signals obtained from calculating tibiofemoral rotations and transla-
tions based on three different joint axis methodologies, strongly indicated that the CA and FFA ap-
proaches produced generally closer approximations of each other than the TEA approach. We there-
fore challenge Churchill and colleagues’ early proposal that a TEA based on the palpation of bony
landmarks acts as an accurate approximation of the knee joint’s functional flexion axis [2]. Instead, in
the absence of post-processing methods such as REFRAME, our results partially support the findings
of our recent work [5] favouring the use of an FFA or CA approach to avoid the high susceptibility to
cross-talk artefact demonstrated by TEA-based kinematics. Under the assumption that joint segments
are rigid bodies (for measurements affected by soft-tissue artefact, pre-processing raw data with dedi-
cated algorithms to reduce motion artefact and approximate rigid marker configurations would be re-
quired), REFRAME then additionally allows users to optimise frame pose in all six DOFs, rather than
performing no frame optimisation (e.g. TEA, CA) or only optimising the orientation of the ML axis
(e.g. FFA). Notably, joint axes defined using REFRAME are effectively functional in nature (and as
such both subject- and activity-dependent), as they leverage information contained within the kine-
matic signals to arrive at the optimised reference frames (thus inherently less susceptible to intra- and
inter-observer errors). In this study, the availability of fluoroscopic data to assess the pose of local seg-
ment frames relative to each subject’s bone geometry after REFR AME optimisation could potentially
be crucial to explore whether kinematic signals represent similar motion in different subjects (Supple-
mentary Figure S2). It is important to note, however, that the pose of the true instantaneous axis of
rotation (i.e. axis with zero translational velocity) is not constant relative to the moving segment’s bone
geometry. As a result, any anatomically fixed axis will deviate from the instantaneous axis of rotation as
soon as complex motion like e.g. rolling without slipping occurs, leading to cross-talk between flexion
and translation (Supplementary Figure S3). Consequently, any segment-fixed axis may be able to cor-
rectly characterise relative segment motion at particular timepoints (whenever the axis coincides with
the instantaneous axis of rotation) but will likely introduce translational cross-talk over the rest of the
movement cycle. While an exploration of the philosophical discussion that arises regarding the ad-
vantages and pitfalls of anatomically fixed axes versus functional joint axes is beyond the scope of this
study, researchers should stay aware of the implications that choosing one type of axes over the other
has on the interpretability of their reported results.

Comparison of raw kinematic signals in all six DOFs was followed by optimisation of frame orien-
tations and positions using REFRAME. In line with the previously presented two-stage implementa-
tion of REFRAME [13], only frame orientations were optimised in the first stage, followed by the
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optimisation of frame origin positions in the second stage. In this study, we chose to minimise ab/ad-
duction and int/external rotation RMS, while restricting changes in the orientation of the tibial local
reference frame around the ML (x-) axis, and minimally penalising analogous changes to the femoral
reference frame. This REFR AME configuration was selected to minimise cross-talk artefact and max-
imise rotations in the sagittal plane, which we previously recommended for aligning the axes in clearly
flexion-dominant activities [13]. Here, the most notable changes that resulted from REFRAME axis
realignment were present in out-of-sagittal-plane rotations. After REFRAME, the resultant ab/adduc-
tion patterns over stair descent became both more constant and neutral, while subjects exhibited subtly
varying degrees of a sinusoidal pattern in their int/external rotation. These observations are consistent
with previous interpretations that suggest knee motion is dominated by rotation in the sagittal and
transverse planes [2]. Even though the resulting kinematic signals appear smaller in magnitude, it is
important to note here that REFRAME minimisation does not reduce the actual motion that occurs
in the joint. Given as the transformations applied to the local segment reference frames are constant
over the entire cycle, REFRAME can help illustrate the same articulating movement patterns while
excluding artefact amplifications linked to cross-talk [13]. Notably, the magnitude of rotations around
the AP (y-) and PD (z-) axes performed by REFRAME to reconcile the orientation of local reference
frames averaged only 2.8° + 2.7° and 2.6° + 2.5°, respectively, for the femur. For the tibia, they averaged
2.3°+ 1.5° around the AP axis, and 5.2° + 4.2° around the PD axis. These magnitudes were well within
the range of uncertainty typically associated with joint axis methods [11, 26], especially considering
that while absolute changes to the tibial frame orientation did exceed 5° around the PD axis, relative
changes between femur and tibia did not. Researchers are encouraged to review cases where relative
changes in frame orientation drastically exceed 5° to evaluate the possible clinical implications of such
transformations. Importantly, the standardisation of kinematic signals towards a single repeatable rep-
resentation (c.f. Subject 8 in Figure 9) brings us closer to achieving a common and consistent interpre-
tation of joint motion patterns between subjects, studies and even laboratories. By excluding any signal
differences that could be explained by distinctions in analysis methodology (specifically, by harmonis-
ing reference frame orientations and positions), optimised signals offer stronger evidence of potential
differences in joint motion.

The first REFRAME configuration we explored for the optimisation of local frame origin loca-
tions relied on a minimisation of the RMS of joint translations along all three coordinate frame axes,
targeting a zero-mean signal with minimal variation over the activity cycle. While this choice of objec-
tive criteria held the potential to highlight inter-subject differences by minimising signal variability, it
targeted mean value of 0 mm along all three axes, corresponding with the underlying assumption that
the femoral and tibial origins would ideally coincide or be only minimally offset.

A second implementation of REFRAME was also investigated, which minimised translational var-
iance instead of RMS. The minimisation of variance for all three joint translations effectively mini-
mised signal amplitude over the activity cycle (consistent with the notion that changes in joint transla-
tion are generally small in magnitude), while allowing for any mean translation value. This philosophy
better aligns with a more clinically intuitive model of the knee that does not assume the femoral and
tibial origins should be coincident during standing. Instead, this second implementation facilitates a
knee model in which the femoral and tibial origins are likely offset by roughly fixed distances of easily
10 mm or more (Supplementary Figure $4).

For joint translations, these two different implementations of REFR AME each appear to highlight
different relevant aspects of joint motion during stair descent. The first REFRAME minimisation of
translation RMS aimed for coincident origins along all axes, thereby “flattening” the kinematic signals
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towards a common mean close to 0. This implementation emphasised differences in the progression of
the kinematic signal over the activity cycle, especially in AP translation. While PD translation appears
to have been rather constant, ML translation signals showed slightly more local fluctuations around a
constant mean. These fluctuations, however, are likely the result of out-of-plane errors in the 2D/3D
registration of uniplanar fluoroscopy data. Moreover, for one of the ten subjects, the set of optimal
orientations and positions found after REFRAME were associated with an increase in average ML
ROM. This effect could be explained by the choice to weigh the minimisation of all parameters equally,
such that the subtle increase in ML ROM was offset by the comparably larger decrease in e.g. AP ROM,
rendering that solution for the objective function to nevertheless be optimal. Given the limitations of
single-plane fluoroscopy, the ML translation results presented in this study should be interpreted with
caution, especially considering that the ML registration of images had to be manually adjusted for sev-
eral trials [14, 27]. Future research leveraging state-of-the-art dual-plane moving fluoroscopy could lead
to confirmation of this interpretation, as well as support insights into the advantages provided by other
REFRAME implementations. On the other hand, AP translation patterns displayed subtle peaks at
approximately 50% and 80% of the gait cycle, with a slight global minimum between 60% and 70%.
While this general overall pattern was fairly repeatable across all subjects, signal amplitude varied be-
tween subjects, likely a manifestation of variation in the degree to which different individuals’ AP trans-
lation relates to knee flexion.

The second implementation of REFRAME minimising translation variance effectively “flattened”
the curve (similar to RMS) but towards a mean value (not necessarily 0) for each individual. Although
differences in pattern progression over the activity cycle are less evident than when minimising RMS,
this implementation minimising variance reveals potentially interesting differences in the mean values
after optimisation. The translational offset between the femoral and tibial origins axially is consistently
between 20 mm and 35 mm over the entire gait cycle which, when combined with the almost negligible
ab/adduction ROM, suggests that little (if any) condylar lift-off occurs in healthy knees. This RE-
FRAME interpretation is more compatible with current clinical understanding of joint motion (e.g.
that effectively no condylar lift-off takes place in healthy knees during gait) than the far more extreme
interpretation of movement patterns suggested by the raw joint axes (e.g. that the joint gap is com-
pressed by over 10 mm in Subject 7, according to TEA, Figure 11).

The location of the REFRAME origins can also provide critical insights into other aspects of joint
functionality, especially considering the optimised origin after translation variance minimisation is con-
ceptually comparable to an average pivot point. Taking into account that the initial mediolateral posi-
tion of the tibial origin was at the midpoint between lateral and medial epicondyles, and that this origin
barely moved with REFRAME optimisation, our results suggest a joint centre of rotation that is located
medially, in line with Freeman and Pinskerova’s proposed general description of knee motion [28, 29].
Here, one valuable aspect of REFRAME is that such functional characteristics of joint motion can be
directly extracted without further analysis (although additionally exploring the motion of specific bony
landmarks can certainly still be valuable in several cases). Notably, even though the variance-based im-
plementation of REFRAME predictably led to larger differences in the mean relative displacement of
femoral and tibial origins, results show that both REFRAME implementations led to almost identical
average translational ROM along all three axes. These results exemplify how different REFRAME im-
plementations could emphasise different motion characteristics, highlighting intra- and inter-subject
patterns that become noticeable only after REFR AME has successfully excluded signal variations asso-
ciated with reference frame pose. Nevertheless, the practical implications of different REFRAME for-
mulations are highly nuanced, and further investigations are necessary before a full understanding of
the potential of this approach for interpreting joint kinematics can be gained.
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In this study, our results clearly demonstrate that the numerical magnitude of kinematic signals
can vary greatly depending on the exact orientation and position of joint axes. For example, for a unique
physical motion pattern, an AP displacement measurement of -10 mm, could easily become 0 mm or
+5 mm after slight local frame reorientation and/or repositioning [9, 13]. As a result, evidence suggests
that any attempt to clinically interpret joint kinematics based on the plots of joint angles and/or trans-
lations should generally avoid extracting inferences from their absolute values. Instead, the focus should
be on assessing relative differences, either for a single knee joint (e.g. at different instances in time), or
between knees (e.g. left knee vs. right knee of the same subject, or different subjects). On the one hand,
there may be a potential advantage to switching our focus from the interpretation of kinematic pattern
shape and instead concentrating on the extraction of discrete, yet informative, kinematic features (e.g.
position of the femoral origin after minimisation of translational variances to examine the centre of
rotation in the transverse plane). On the other, however, as long as traditional plots of kinematic time
series continue to be used for interpretation, our findings clearly substantiate that the removal of kine-
matic signal differences caused by inconsistent representations of joint segments is critical to allow the
detection of actual differences in joint motion (while showcasing REFRAME’s ability to tackle a key
component of this challenge). In this manner, this study compellingly illustrates the pivotal role that
methods like REFRAME (which can successfully account for differences in frame orientation and po-
sition) stand to play in our clinical understanding of joint movement patterns.
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mation regarding the data availability of this referenced kinematic dataset, please refer to the original
article available here: https://doi.org/10.1016/j.jbiomech.2022.111306; and/or contact the respective
corresponding author of that study.

Acknowledgements

The authors wish to thank Michael Utz for his valuable insights and ongoing support.

138



Ethics declarations

Collection of the original fluoroscopy data that was analysed here occurred within the scope of a sepa-
rate cited study, which was performed in accordance with relevant guidelines and states that all subjects
“provided written, informed consent to participate in this study, which was approved by the local eth-
ics committee (KEK-ZH-Nr. 2016-00410)” [5].

Competing interests

A.O.V,AM,T.G.and A.S. are employees of B. Braun Aesculap AG, Tuttlingen, Germany. W.T. has
received compensation as a member of a scientific advisory board of the company. A.S., and A.M. are
all listed as co-inventors on a pending patent application submitted by Aesculap AG under number
DE102022125697A1, which claims a system for standardising axis orientation and position in kine-
matic data relating to a patient’s body joint. A version of the REFRAME code is nevertheless openly
available upon request for non-commercial purposes.

References

1. Berger, R.A., Rubash, H.E., Seel, M.J., Thompson, W.H., and Crossett, L.S., Determining
the rotational alignment of the femoral component in total knee arthroplasty using the
epicondylar axis. Clinical Orthopaedics and Related Research, 1993(286): p. 40-47.

2. Churchill, D.L., Incavo, S.J., Johnson, C.C., and Beynnon, B.D., The transepicondylar axis
approximates the optimal flexion axis of the knee. Clinical Orthopaedics and Related
Research, 1998(356): p. 111-118.

3. Ehrig, R.M., Taylor, W.R., Duda, G.N., and Heller, M.O., 4 survey of formal methods for
determining functional joint axes. Journal of Biomechanics, 2007. 40(10): p. 2150-2157.

4, Ehrig, R.M., Taylor, W.R., Duda, G.N., and Heller, M.O., 4 survey of formal methods for
determining the centre of rotation of ball joints. Journal of Biomechanics, 2006. 39(15): p.
2798-2809.

5. Postolka, B., Taylor, W.R., Datwyler, K., Heller, M.O., List, R., and Schiitz, P.,

Interpretation of natural tibio-femoral kinematics critically depends upon the kinematic
analysis approach: A survey and comparison of methodologies. Journal of Biomechanics, 2022.
144: p. 111306,

6. Victor, J., Rotational alignment of the distal femur: A literature review. Orthopaedics &
Traumatology: Surgery & Research, 2009. 95(5): p. 365-372.
7. Feng, Y., Tsai, T.Y., Li, ].S., Rubash, H.E., Li, G., and Freiberg, A., In-vivo analysis of flexion

axes of the knee: Femoral condylar motion during dynamic knee flexion. Clinical
Biomechanics, 2016. 32: p. 102-107.

8. Wu, G. and Cavanagh, P.R., ISB recommendations for standardization in the reporting of
kinematic data. Journal of Biomechanics, 1995. 28(10): p. 1257-1261.
9. Ortigas-Vésquez, A., Taylor, W.R., Maas, A., Woiczinski, M., Grupp, T.M., and Sauer, A., 4

frame orientation optimisation method for consistent interpretation of kinematic signals.
Scientific Reports, 2023. 13(1): p. 9632.

10. Ortigas-Vésquez, A., Maas, A, List, R., Schiitz, P., Taylor, W.R., and Grupp, T.M., 4
Framework for Analytical Validation of Inertial-Sensor-Based Knee Kinematics Using a Six-
Degrees-of-Freedom Joint Simulator. Sensors, 2022. 23(1).

139



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Jenny, J.Y. and Boeri, C., Low reproducibility of the intra-operative measurement of the
transepicondylar axis during total knee replacement. Acta Orthopaedica Scandinavica, 2004.
75(1): p. 74-77.

Jerosch, J., Peuker, E., Philipps, B., and Filler, T., Interindividual reproducibility in
perioperative rotational alignment of femoral components in knee prosthetic surgery using the
transepicondylar axis. Knee Surgery, Sports Traumatology, Arthroscopy, 2002. 10(3): p.
194-197.

Ortigas-Vésquez, A., Taylor, W.R., Postolka, B., Schiitz, P., Maas, A., Woiczinski, M.,
Grupp, T.M., and Sauer, A., 4 Reproducible and Robust Representation of Tibiofemoral
Kinematics of the Healthy Knee Joint during Stair Descent using REFRAME - Part I:
REFRAME Foundations and Validation. 2024: Preprint on Research Square.

Postolka, B., Schiitz, P., Fucentese, S.F., Freeman, M.a.R., Pinskerova, V., List, R., and
Taylor, W.R., Tibio-femoral kinematics of the healthy knee joint throughout complete cycles of
gait activities. Journal of Biomechanics, 2020. 110: p. 109915.

Hamai, S., Moro-Oka, T.A., Dunbar, N.J., Miura, H., Iwamoto, Y., and Banks, S.A., I vivo
healthy knee kinematics during dynamic full flexion. Biomed Res Int, 2013. 2013: p.
717546.

Hoshino, Y., Wang, ].H., Lorenz, S., Fu, F.H., and Tashman, S., The ¢ffect of distal femur
bony morphology on in vivo knee translational and rotational kinematics. Knee Surgery,
Sports Traumatology, Arthroscopy, 2012. 20(7): p. 1331-1338.

Thomeer, L., Guan, S., Gray, H., Schache, A., De Steiger, R., and Pandy, M., Six-Degree-of-
Freedom Tibiofemoral and Patellofemoral Joint Motion During Activities of Daily Living.
Annals of Biomedical Engineering, 2021. 49(4): p. 1183-1198.

List, R., Postolka, B., Schiitz, P., Hitz, M., Schwilch, P., Gerber, H., Ferguson, S.J., and
Taylor, W.R., 4 moving fluoroscope to capture tibiofemoral kinematics during complete cycles
of free level and downhill walking as well as stair descent. PLOS One, 2017. 12(10): p.
e0185952.

Kurosawa, H., Walker, P.S., Abe, S., Garg, A., and Hunter, T., Geometry and motion of the
knee for implant and orthotic design. Journal of Biomechanics, 1985. 18(7): p. 487-499.
Asano, T, Akagi, M., Tanaka, K., Tamura, J., and Nakamura, T., In vivo three-dimensional
knee kinematics using a biplanar image-matching technique. Clinical Orthopaedics and
Related Research, 2001(388): p. 157-166.

Eckhoft, D.G., Dwyer, T.F., Bach, ].M., Spitzer, V.M., and Reinig, K.D., Three-dimensional
morphology of the distal part of the femur viewed in virtual reality. Journal of Bone and Joint
Surgery, 2001. 83-A Suppl 2(Pt 1): p. 43-50.

Grood, E.S. and Suntay, W.]., 4 joint coordinate system for the clinical description of three-
dimensional motions: application to the knee. Journal of Biomechanical Engineering, 1983.
105(2): p. 136-144.

Most, E., Axe, J., Rubash, H., and Li, G., Sensitivity of the knee joint kinematics calculation to
selection of flexion axes. Journal of Biomechanics, 2004. 37(11): p. 1743-1748.

Walker, P.S., Heller, Y., Yildirim, G., and Immerman, 1., Reference axes for comparing the
motion of knee replacements with the anatomic knee. The Knee, 2011. 18(5): p. 312-316.
Piazza, S.J. and Cavanagh, P.R., Measurement of the screw-home motion of the knee is sensitive
to errors in axis alignment. Journal of Biomechanics, 2000. 33(8): p. 1029-1034.

Yin, L., Chen, K., Guo, L., Cheng, L., Wang, F., and Yang, L., Identifying the Functional
Flexion-extension Axis of the Knee: An In-Vivo Kinematics Study. PLOS One, 2015. 10(6): p.
e0128877.

140



27.

28.

29.

Postolka, B., List, R., Thelen, B., Schiitz, P., Taylor, W.R., and Zheng, G., Evaluation of an
intensity-based algorithm for 2D/3D registration of natural knee videofluoroscopy data.
Medical Engineering & Physics, 2020. 77: p. 107-113.

Freeman, M.a.R. and Pinskerova, V., The movement of the normal tibio-femoral joinz.
Journal of Biomechanics, 2005. 38(2): p. 197-208.

Iwaki, H., Pinskerova, V., and Freeman, M.A., Tibiofemoral movement I: the shapes and
relative movements of the femur and tibia in the unloaded cadaver knee. Journal of Bone and
Joint Surgery, 2000. 82(8): p. 1189-1195.

141



S. Supplementary Material

A full copy of the supplementary material for this article is available online and can be downloaded

from the following link:

https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-024-76275-3/MediaOb-

jects/41598 2024 76275 _MOESM1_ESM.pdf

142



V1. Journal Publication V

Validation of inertial-measurement-unit-
based ex vivo knee kinematics during a
loaded squat before and after reference-

frame-orientation optimisation

Sagasser, S., Sauer, A., Thorwichter, C., Weber, J.G., Maas, A.,
Woiczinski, M., Grupp, T.M. and Ortigas-Visquez, A.

Published in Sensors 2024, 24(11), 3324
DOI: 10.3390/524113324

EEE

r

]

143



Abstract

Recently, inertial measurement units have been gaining popularity as a potential alternative to optical
motion capture systems in the analysis of joint kinematics. In a previous study, the accuracy of knee
joint angles calculated from inertial data and an extended Kalman filter and smoother algorithm was
tested using ground truth data originating from a joint simulator guided by fluoroscopy-based signals.
Although high levels of accuracy were achieved, the experimental setup leveraged multiple iterations of
the same movement pattern and an absence of soft tissue artefacts. Here, the algorithm is tested against
an optical marker-based system in a more challenging setting, with single iterations of a loaded squat
cycle simulated on seven cadaveric specimens on a force-controlled knee rig. Prior to the optimisation
of local coordinate systems using the REference FRame Alignment MEthod (REFRAME) to account
for the effect of differences in local reference frame orientation, root-mean-square errors between the
kinematic signals of the inertial and optical systems were as high as 3.8° £ 3.5° for flexion/extension,
20.4° £ 10.0° for abduction/adduction and 8.6° £ 5.7° for external/internal rotation. After REFRAME
implementation, however, average root-mean-square errors decreased to 0.9° + 0.4° and to 1.5° + 0.7°
for abduction/adduction and for external/internal rotation, respectively, with a slight increase to 4.2°
* 3.6° for flexion/extension. While these results demonstrate promising potential in the approach’s
ability to estimate knee joint angles during a single loaded squat cycle, they highlight the limiting effects
that a reduced number of iterations and the lack of a reliable consistent reference pose inflicts on the
sensor fusion algorithm’s performance. They similarly stress the importance of adapting underlying
assumptions and correctly tuning filter parameters to ensure satisfactory performance. More im-
portantly, our findings emphasise the notable impact that properly aligning reference-frame orienta-
tions before comparing joint kinematics can have on results and the conclusions derived from them.

Keywords: kinematics; optimisation; knee joint; local reference frame; IMU; knee rig
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1. Introduction

In the field of orthopaedics, the use of joint kinematic data to objectively quantify patient function and
mobility before and after treatment can markedly improve medical outcomes [1-3]. Current gold
standard technologies are often considered to be static [4, 5] or dynamic [3, 6, 7] fluoroscopy or in
some cases even marker-based optical motion capture systems [8, 9]. Both fluoroscopic and optical
systems are unfortunately not only time- and cost-intensive but also require a large laboratory space
and the involvement of experienced technicians [9, 10], thereby limiting their use in regular clinical
workflows. In recent years, inertial measurement units (IMUs) have been explored as a cheaper and
more flexible alternative to the aforementioned gold standards [11]. At the most basic level, IMUs con-
sist of at least (1) a gyroscope that measures angular velocity and (2) an accelerometer that measures
linear acceleration. The accuracy and reliability of the kinematic signals estimated from the measured
inertial datapoints highly depend on the performance and robustness of the sensor fusion algorithm
implemented, as well as the ability to address sources of errors, like drift [9, 12]. Consequently, the
thorough validation of said algorithms is a crucial step towards the standard application of IMU-based
gait analysis systems in a clinical setting, which could in turn lead to an improvement in orthopaedic
patient care and satisfaction.

Previously, a particular implementation [13] of a Rauch—Tung-Striebel smoother was selected for
further exploration based on a number of advantages: flexible sensor placement, non-susceptibility to
ferromagnetic disturbances, and no need for extensive calibration [14]. A first set of tests to explore the
algorithm’s accuracy in the absence of soft tissue artefacts was designed, in which real knee motion
patterns that had been previously collected in vivo during level walking, stair decent and sit-to-stand
using moving videofluoroscopy [15] were used to guide a six degrees of freedom joint simulator. Knee
kinematics estimated based on the two IMUs that had been rigidly attached to the simulator demon-
strated promising accuracy for level walking, but errors were larger for the other activities, especially
the more they differed from a standard gait. Notably, every simulator trial consisted of at least 50 itera-
tions of each activity cycle. On one hand, this number of repetitions was necessary to ensure accurate
execution of the motion by the robotic simulator; on the other hand, however, it could have repre-
sented an unrealistic advantage for the performance of the sensor fusion algorithm (especially consid-
ering the recursive nature of Rauch—Tung-Striebel smoothing, where a forward pass based on an ex-
tended Kalman filter is followed by a backward recursion smoother, and accuracy generally improves
with additional iterations) [16].

In this study, in order to further evaluate the effectiveness and reliability of a promising IMU-based
gait analysis system [13, 14, 17], a prototype was tested in a different, more challenging experimental
setup. This served as an intermediate step between the initial tests that relied on the controlled execu-
tion of simulated data and future in vivo tests in real-use cases. Originally designed and conducted as
part of a separate study, experiments consisted of simulating a single loaded squat in each of seven ca-
daveric specimens using a force-controlled knee rig. By additionally attaching IMU sensors to that knee
rig setup, IMU-based rotational knee kinematics could be estimated and compared against an optical-
marker-based reference system. Moreover, the potential effects of inconsistencies between the local ref-
erence frames defined by the IMU- vs. optical-based motion capture systems were subsequently as-
sessed by using the REference FRame Alignment MEthod (REFRAME) [17, 18]. Differences in the
kinematic signals stemming from each system were then evaluated both before and after the implemen-
tation of REFRAME. In this manner, this study represents an additional step in the validation process
of a promising IMU-based gait analysis system, bringing us closer to its possible application in clinics.
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2. Materials and Methods

2.1. Experimental setup

Data used for this investigation were collected as part of a study that was approved by the ethics com-
mittee of the Ludwig Maximilians University Munich (ID 58-16). Data collection and management
complied with all the relevant institutional, national, and international guidelines and legislation. Seven
cadaveric knees (fresh frozen specimens; 3 female; 2 right; aged 80.4 * 4.6 years; Table 1) were tested
on the Munich knee rig, an established force-controlled device [19-21]. Exclusion criteria included any
previous surgical intervention to the specimen’s knee or hip, as well as any records of symptoms point-
ing to a musculoskeletal pathology of the knee. Moreover, legs with a varus/valgus deformity greater
than 10° were excluded from the study. Notably, qualitative observations on bone quality and soft tis-
sue conditions were recorded and are available upon specific request. Kinematic profiles were collected
strictly to assess agreement between measuring systems and should not necessarily be interpreted as
representative of a “healthy” knee joint. Three additional specimens that were originally tested unfor-
tunately had to be excluded from the analyses because of missing datapoints (e.g., due to corrupted or
missing raw data files from either the optical or IMU systems). Specimen tests were carried out by five
of the listed study authors (see Author Contributions; Investigation), including the laboratory super-
visor, the lead knee rig operator, and the developer of the IMU system prototype used. Specimen han-
dling was additionally overseen by an experienced orthopaedic surgeon. All specimen tests took place
within a span of four months. Each specimen was tested within 36 h of thawing, as well as within 60 h
of having been removed from a freezing temperature.

Table 1. Specimen characteristics

Specimen ID Age (years) Sex Left / Right
1 73 Male Right
2 38 Male Right
3 83 Female Left
4 80 Male Left
5 78 Female Left
6 77 Male Left
7 84 Female Left
Mean 80.4
SD 4.6

Bone cuts were made 20 cm proximally and 22 cm distally from the epicondylar line, after which
the femur and tibia were embedded in metal pots with epoxy resin (RenCast FC 52/53 Isocyanate &
FC 53 Polyol, Huntsman Advanced Materials GmbH, The Woodlands, TX, USA). A cortical screw
was used to attach the fibula head to the proximal tibia, and a constant muscle force of 20 N was applied
throughout the entire load cycle by attaching metallic finger traps (Bithler-Instrumente Medizintech-
nik GmbH, Tuttlingen, Germany) to the vastus medialis, vastus lateralis, musculus semitendinosus,
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and biceps femoris. The mentioned loads were applied in the directions of the respective muscle origins
to simulate a physiological line of action (Figure 1; for more information on the direction of forces see
Figure 2 in [19]. Further details on this general setup have been described in prior studies [21-23].

optical _
markers

Figure 2. Cadaveric knee on the knee rig, side-view with optical markers (left) and from behind with
IMU sensors (right).

A squat from approximately 30° to 130° of the knee flexion (as measured by two angular sensors
placed on the hip and ankle joint, respectively; 8820, Burster, Gernsbach, Germany) was performed
with a constant angular velocity of 3°/s. In line with previous studies that demonstrated that the shapes
of kinematic profiles do not change considerably by increasing ground reaction forces, a controlled
muscle force was applied to the rectus femoris to achieve a constant ground reaction force of 50 N. As
per Miiller et al. [24], further increasing the load would unnecessarily stress both the specimens and
equipment but not guarantee better qualitative outcomes. Rotational tibio-femoral kinematics were
calculated based on the measurements from two different systems. One system consisted of two IMUs
(Xsens Dot, Movella, Enschede, Netherlands), where the sensors were fixed to the metal pots at the
ends of the femur and tibia using custom 3D printed parts (Figure 1, right, in blue). Furthermore, the
second system comprised a high-resolution 3D camera (Aramis, GOM, Braunschweig, Germany) and
2D optical markers attached to 3D printed parts fixed to the femur, tibia and patella (Figure 1, left, in
black).

2.2. Calculation of tibio-femoral kinematics

IMUs were used to sample linear acceleration and angular velocity at 60 Hz. Estimates of tibio-femoral
joint angles were obtained from these raw inertial measurements based on a sensor fusion algorithm
that leveraged Rauch-Tung-Striebel smoothing (i.e., extended Kalman filtering and smoothing) as per
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Versteyhe et al. [12-14, 25]. While an earlier formulation of the algorithm included an offset correction
step that relied on the assumption that the subject would start and end the trial at a neutral reference
pose with 0° of knee flexion, this operation was adapted to account for a starting flexion angle of ap-
proximately 30° by calibrating the flexion value at the first timepoint to match that of the marker-based
system.

A high-resolution camera system was used to track the 3D coordinates of selected anatomical land-
marks based on rigid clusters of adhesive reflective markers (Figure 1). A right-handed global coordinate
system was automatically determined by the camera system software such that the general directions of
the x-, y- and z- axes were up, left and towards the camera setup, respectively. Local reference frames
were defined for both the femur and tibia segments. The medio-lateral axis of the femoral reference
frame was oriented laterally, in the direction of a vector connecting the medial and lateral epicondyles,
with the femoral origin located at the midpoint between the two landmarks. The antero-posterior axis
of the femur was defined to be positive anteriorly, orthogonal to the medio-lateral axis and a vector
connecting the fossa intercondylaris to a point along the longitudinal axis of the femoral shaft, at the
centre of the proximal surface of the top metal pot. Lastly, the femoral proximo-distal axis pointed
proximally, in a direction orthogonal to the previously defined medio-lateral and antero-posterior axes.
For the tibial reference frame, the origin was set at the midpoint between the tubercles of the tibial
intercondylar eminence. The tibial medio-lateral axis pointed laterally in the direction of a vector point-
ing from the medial to the lateral tibial condyle. The tibial antero-posterior axis, on the other hand,
pointed anteriorly, orthogonal to the medio-lateral axis and a vector from the centre of the tibial inter-
condylar eminence to a point along the longitudinal axis of the tibial shaft, at the centre of the distal
surface of the bottom metal pot. The proximo-distal axis was then defined as orthogonal to the first
two axes, pointing in the proximal direction.

For both IMU and optical systems, joint rotations were expressed as the orientation of the local
tibia frame relative to the local reference frame of the femur. Moreover, Cardan angles were calculated
based on an intrinsic XYZ rotation sequence from the femoral to the tibial frame, where the x-axis was
pointed laterally, the y-axis anteriorly and the z-axis proximally for a right knee (left knees were mirrored
into right knees). The knee joint angles in the sagittal, frontal and transversal planes corresponded to
extension(+)/flexion(—), adduction(+)/abduction(—) and internal(+)/external(—) rotation, respec-
tively. In this manner, two sets of kinematic signals were derived for each trial: one based on inertial and
the other on optical measurements. These kinematic signals were then plotted over the progression of
the activity cycle and the root-mean-square errors (RMSEs) between data capture systems were calcu-
lated for rotations around each of the three axes. RMSE was chosen as one of the most common metrics
used to assess the performance of predictive models [26], like the one leveraged by the IMU-based al-
gorithm, and effectively consists of calculating the square root of the average of the squared differences
between observed (here, optical) and predicted (here, IMU) outcomes.

2.3. REFRAME

The primary flexion axis assumed by the optical system was defined based on the position of bony
landmarks, as described above. On the other hand, the IMU-based system instead leveraged functional
calibration methods (finding a best fit primary axis by first approximating the knee joint as a perfect
hinge and then expanding the model to consider a ball-and-socket joint) to define the analogous joint
axis. Given that natural knees do not behave as perfect hinges, the anatomical axis assumed by the op-
tical system will inevitably differ to some degree from the functional axis used by the inertial system.
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Notably, previous studies have highlighted the importance of accounting for differences in local refer-
ence-frame orientations prior to comparing joint movement patterns based on kinematic signals [17].
Consequently, after the two aforementioned sets of rotational kinematics had been calculated (inertial
and optical), REFRAME [17, 18] was applied to each of the datasets, to optimise the orientation of the
associated local segment reference frames and thus ensure consistency in our comparison of the joint
angles.

Two different implementations of the REFRAME approach were explored. The first (RE-
FRAMEmu-coms; i.e., “optimising IMU towards GOM”) minimised the RMSEs of the IMU-based
kinematic signals versus the optical-based estimates. Additionally, frame transformations consisting of
rotations around the femoral x-axis during optimisation were restricted to prevent non-physiological
frame orientations. Rotations around the different segment frame axes have an intuitive clinical mean-
ing only within certain ranges (e.g., if the femoral longitudinal axis is roughly in the direction of the
femoral shaft or the vector connecting the knee joint centre to the hip joint centre). Mathematically,
however, it would be possible to, e.g., keep a consistent clinically meaningful flexion angle between
femoral and tibial frames (by rotating both frames simultaneously), even while using a set of local frame
orientations that no longer holds clinical meaning (e.g., if the longitudinal axes of the femur and tibia
local segment reference frames are both at a 45° from the direction of the respective bone shafts). Re-
stricting REFRAME transformations consisting of rotations around the mediolateral axis for one of
the two segment frames is therefore a way to avoid this effect. The goal of this implementation was to
determine whether, despite any initial apparent differences between the inertial and optical joint kine-
matic signals (due to differences in local reference-frame orientation), the underlying motion being
characterised was in fact the same. Given the described experimental setup, both systems were known
to measure the same underlying joint motion and, in the absence of errors, their kinematic signals
should therefore coincide after the implementation of REFRAME. This method would inherently
transform the orientation of the IMU-based reference frames to match that of the optical based frames,
so optimisation of the inertial dataset was not entirely independent as it relied on information con-
tained within the optical dataset.

A second implementation of REFRAME (REFRAME-rys) was also explored that independently
minimised the root-mean-square (RMS) of abduction/adduction and external/internal rotation signals
(both with criteria weighting of 1). Optimisation rotations around the femoral x-axis were once again
restricted. Finally, in an effort to maintain clinical interpretability after REFR AME, flexion/extension
was anchored to its raw values by minimising the RMSE between raw and optimised signals, with a
criterion weighting of 0.1.

After REFRAME analysis, the resulting kinematic signals were once again plotted over the pro-
gression of the activity cycle, and the RMSEs between data-capture systems were calculated for rota-
tions around each of the three axes. Paired #-tests at a 5% significance level were executed to compare
RMSEs before and after REFRAMEnu—com, as well as before and after REFRAMEgrys. The sensor
fusion algorithm, joint angle estimates, REFRAME implementation, and RMSE calculations were all
performed in MATLAB (vR2022b; The Mathworks Inc., Natick, MA, USA). Paired #-tests were per-
formed in GraphPad Prism 10 (v10.1.0; GraphPad Software Inc.; San Diego, CA, USA).
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3. Results

An analysis of the IMU- and GOM-based kinematics before REFRAME (“raw”) showed agreement
only between flexion/extension signals (Figure 2). Clear differences were visible between the two
systems for abduction/adduction and external/internal rotation, with RMSEs up to 20.4° + 10.0° for
abduction/adduction and 8.6° £ 5.7° for external/internal rotation (Table 2). Notably, the magnitude
of errors affecting abduction/adduction angles was seemingly associated with the joint flexion, possibly
indicating the presence of a crosstalk artefact.

Nevertheless, after the first REFRAME implementation, REFRAMEmu-com, there was a
significant improvement in the agreement between the two datasets for all three movement directions
(RMSE of 3.0° £ 2.0° for flexion/extension, 0.9° + 0.4° for abduction/adduction and 1.4° + 0.7° for
external/internal rotation) (Figure 3, Table 2). REFRAMEnu-.com led to transformations of the local
femoral reference frame of 0° around the x-axis (restricted by the optimisation formulation), 13.5° +
13.7° around the y-axis, and 2.0° + 3.1° around the z-axis, on average (Table 3). On the other hand, the
tibia frame was on average transformed by 0.7° £ 4.5° around the x-axis, 19.3° £ 10.8° around the y-axis
and 4.4° + 6.9° around the z-axis. (Although traditional mean and standard deviation values are
provided here for context, attempts at interpretation should consider that standard operators act non-
commutatively when dealing with transformations.)

A second self-contained implementation of the REFRAME approach, REFRAMEgys, whereby
the optimisation of a dataset was achieved using only information contained within itself, likewise
resulted in visible improvement in the agreement of the inertial and optical kinematic signals for two
of the joint angles (RMSE of 0.9° + 0.4° for abduction/adduction and 1.5° + 0.7° for external/internal
rotation) (Figure 4, Table 2). Only for flexion/extension was there a slight deterioration in the
correspondence of the IMU and GOM signals (RMSE of 4.2° + 3.6°) (Table 2). On average, the changes
in frame orientations associated with the IMU signals resulting from the implementation of
REFRAMEgys were 15.0° £ 10.1° and 0.6° £ 0.7° around the y- and z- femoral axes, respectively (Table
4). Changes to the orientation of the tibial frame, on the other hand, averaged 2.0° + 2.1° around x,
13.6° % 9.2° around y and 6.1° + 3.7° around z. Analogously, the orientation of the GOM-based femoral
reference frame was transformed by 1.4° + 4.3° around y and —1.4° + 3.0° around z, on average (Table
5). Finally, the GOM tibial frame was rotated 0.0° + 0.6° around the x-axis, —=5.9° + 4.3° around the y-
axis and 2.0°  3.4° around the z-axis.

The results of paired #-tests indicated that the change in RMSE for flexion/extension was not sta-
tistically significant for either REFRAME implementation (Figure Sa). However, the decreases in
RMSE values for abduction/adduction and external/internal rotation brought about by the RE-
FRAME application were found to be statistically significant for a p-value of 0.05 (Figure 5b, c). In
fact, even after Bonferroni correction to account for the double comparison (raw vs. after RE-
FRAMEmu-opr, and raw vs. after REFRAMEguys), the decrease in the RMSESs of out-of-sagittal-plane
rotations was still considered statistically significant.
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Figure 3. Raw knee joint angles, plotted over the entire squat movement, expressed as a percentage.
The solid purple lines represent the angles estimated using inertial data. The dashed green lines repre-
sent the angles measured by the optical marker-based system. Each row represents one subject, while
the columns represent flexion/extension, ab/adduction and ext/internal rotation (from left to right).
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Table 1. Average root-mean-square error (in degrees) for flexion/extension, ab/adduction and ext/in-
ternal rotation between IMU-based data and optical marker-based data, before and after RE-
FRAMEIMueGOM and REFRAMERMS.

Flexion/Extension ~ Ab/Adduction Ex/Internal Rotation

Raw 3.8+3.5 20.4+10.0 8.6+5.7
REFRAMEmuscom 3.0£2.0 0.9+£0.4 1.4+0.7
REFR AMERrwys 42136 0.9+0.4 1.5+0.7
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Figure 4. REFRAMEnwu-cowm knee joint angles, plotted over the entire squat movement, expressed as
a percentage. The solid purple lines represent the angles estimated using inertial data. The dashed green
lines represent the angles measured by the optical marker-based system. Each row represents one sub-
ject, while the columns represent flexion/extension, ab/adduction and ext/internal rotation (from left
to right).
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Table 3. Rotational (Rot) transformations (in degrees) of the IMU-based local femoral and tibial ref-

erence frames through REFR AMEnu-»coum around the x-, y- and z-axis for each specimen.

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7

Femur
0.0 0.0 0.0 0.0 0.0 0.0 0.0
}Et 125 2.7 -6.2 30.1 14.0 23.4 23.2
5.2 1.3 6.0 -1.1 2.1 0.6 4.1
Tibia
-8.6 2.1 0.9 4.4 -0.8 4.0 32
}E’t 10.9 5.3 14.2 34.5 14.4 29.7 26.1
9.6 -3.8 -3.2 7.4 -1.1 8.4 13.2
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Figure 5. REFRAMEgus knee joint angles, plotted over the entire squat movement, expressed as a
percentage. The solid purple lines represent the angles estimated using inertial data. The dashed green
lines represent the angles measured by the optical marker-based system. Each row represents one sub-
ject, while the columns represent flexion/extension, ab/adduction and ext/internal rotation (from left
to right).
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Table 4. Rotational (Rot) transformations (in degrees) of the IMU-based local femoral and tibial ref-
erence frames through REFR AMEg s around the x-, y- and z-axis for each specimen.

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7

Femur
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0
}E’t 16.8 0.9 3.0 26.8 12.4 22.7 22.7
7 -0.6 0.2 0.1 0.9 1.0 11 15
Tibia
X 1.0 0.0 0.0 5.5 1.0 3.6 3.1
}E’t Y 15.0 0.9 2.7 25.0 10.9 20.4 20.0
Z 7.4 0.6 1.7 8.9 5.2 8.7 10.0

Table 5. Rotational (Rot) transformations (in degrees) of the GOM-based local femoral and tibial
reference frames through REFRAMEgys around the x-, y- and z-axis for each specimen.

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7

Femur
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PE:? 38 3.6 9.1 32 1.7 0.7 0.8
7 48 0.8 5.1 1.1 2.9 0.3 3.0
Tibia
X 0.2 0.1 1.1 0.7 0.4 0.2 0.2
}Et Y Ls 47 11.9 8.8 35 8.4 5.7
7 0.2 43 44 1.9 6.6 0.2 35
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4. Discussion

An IMU-based tool capable of accurately capturing tibio-femoral joint angles during activities of daily
living could be extremely valuable in improving patient outcomes in orthopaedic care. In previous
work, we adapted and performed first-level validation testing of a prototype system consisting of two
IMUs and the implementation of an extended Kalman filter and smoother algorithm [14]. Testing oc-
curred under idealised conditions using a six-degrees of freedom joint simulator and fluoroscopy-based
data collected in vivo. Additional work then explored the implementation of a frame orientation opti-
misation method [17], demonstrating its relevance in ensuring valid conclusions were reached regard-
ing the similarity of and/or difference in joint movement patterns. Importantly, this work determined
that even minor inconsistencies in the alignment of joint axes can lead to unreliable kinematic signals.
In this study, we therefore tested seven cadaver specimens on a force-controlled knee rig to evaluate the
accuracy of the aforementioned IMU-based system in estimating joint kinematics under more challeng-
ing conditions than previously tested. This represented a valuable transition from testing on a robotic
simulator to testing on real cadaveric specimens, before eventually progressing to the intended in vivo
testing conditions. The simulated squat movement was additionally analysed using an optical marker-
based system for reference. To ensure reliable comparisons, the kinematic signals stemming from both
motion-capture systems were processed using REFRAME, in an effort to align the underlying local
coordinate systems of the IMU- and optical-marker-based systems.

Prior to the implementation of REFRAME, our results revealed agreement between the IMU and
GOM kinematics for flexion/extension only, showing clear differences for abduction/adduction and
external/internal rotation. Moreover, standard deviation values revealed that the implemented IMU
algorithm performs differently on different subjects (at least within our limited sample of seven), and
these variations seemed to remain even after REFR AME implementation, an effect that was not clearly
evident when assessing multiple iterations of repetitive motion patterns, like gait. Importantly, the
Rauch-Tung-Striebel smoother assumed by default a reference pose of 0° flexion, 0° adduction and 0°
tibial rotation. In the previous study using a six-degrees of freedom joint simulator [14], the assumption
of a perfectly neutral reference pose was accurate. In the current study, however, specimens were
known to start closer to 30° of flexion, and so the flexion angle at the reference pose assumed by the
IMU-based system was appropriately adjusted. Reference abduction/adduction and external/internal
rotation values were not analogously adapted, under the assumption that they would be negligible. The
resulting discrepancies between the IMU and GOM signals for abduction/adduction and external/in-
ternal rotation observed at the beginning of most cycles therefore highlights the importance of having
appropriate estimates for all three joint angles in the reference pose to obtain reliable kinematic meas-
urements, especially in the absence of post-processing methods, like REFRAME.

The patterns of errors in abduction/adduction and external/internal rotation seen in the raw kin-
ematic patterns are clearly indicative of cross-talk, which refers to how differences in the alignment of
the knee’s medio-lateral axis lead to an artificial increase in the amplitude of out-of-sagittal plane rota-
tions (Figure 2). In an idealised representation of cross-talk, with a frame misalignment of a non-zero
angle around one of the three frame axes, what should be perceived as pure flexion around a single axis
would instead result in artefact non-zero rotations around the remaining two axes (for a visual repre-
sentation of this effect, please refer to Supplementary Figure S1 of Ortigas-Vasquez etal. [17]). Around
one axis, this effect would follow a sine wave pattern, starting at zero with zero flexion, peaking at 90°
of flexion and progressively decreasing back to zero by 180° of flexion. This is the case for int/external
rotation in Figure 2 (c.f. specimens 4, 6 and 7), as errors peak at approximately 90° of flexion, beyond
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which they decrease back down again until peak flexion halfway through the cycle, only for the effect
to be mirrored as the knee extends in the second half of the squat. Around the other secondary axis, the
artefact would behave like a cosine wave, starting at its peak high (or low) at 0° of flexion, reaching zero
at 90° of flexion and continuing on to reach its peak low (or high) at 180° of flexion. This error pattern
is clearly reflected for ab/adduction in Figure 2 (c.f. specimens 4, 6 and 7), where the error progressively
increases, even past 90° of flexion, and peaks at peak flexion and then decreases back down with exten-
sion. Notably, for specimen 3 (Figure 2), the GOM-based kinematic signals for out-of-sagittal-plane
rotations were more visibly indicative of crosstalk than the IMU-based signals, highlighting that neither
GOM-based nor IMU-based kinematics are necessarily more objectively “accurate” than the other, but

rather just graphically different.

The fact that the knee joint does not behave like a proper hinge (which can only rotate about a
single fixed axis), but instead displays the complex motion pattern of a six-degrees-of-freedom joint,
poses a unique challenge. For activities of daily living (e.g., level walking, stair descent, squat) any true
instantaneous axis of rotation will in general not have a constant orientation relative to the bony anat-
omy, which fundamentally implies that any joint axis identified by palpating bony landmarks on, e.g.,
the distal femur, will be inherently “flawed” or at least different. This logic suggests that approximating
a landmark-based joint axis using only IMU data (and thus functional methods) would be next to im-
possible. The first REFRAME implementation, REFR AMEnu-com, was therefore a necessary step to
ascertain whether the differences observed between IMU- and GOM-based signals could potentially be
explained by inconsistencies in local reference-frame orientations, rather than reflecting definitive dif-
ferences in joint motion. After applying REFRAMEu-.cowm, there was a visible improvement in the
agreement between the IMU and GOM systems for all three joint angles, suggesting that indeed most
of the differences observed between the kinematic signals could be explained by differences in the ori-
entations of the joint axes identified by the two systems. After REFRAMEnu-.com had been imple-
mented to ensure a consistent axis orientation, there was considerable improvement in the agreement
between IMU- and GOM-based signals for all three rotations, especially abduction/adduction and ex-
ternal/internal rotation (Figure 3). This suggests that REFRAME eftectively reduced the impact of
crosstalk artefacts, drastically improving the agreement to under 3° of deviation between joint angles
around all axes. While certainly sufficient for most applications, given the small range of motion in,
e.g., external/internal rotation, errors of 1.4°  0.7° (Table 2) may still be critical in some use cases (es-
pecially in combination with soft tissue artefacts), suggesting that further work to improve system ac-
curacy could still be beneficial. Importantly, this analysis revealed that, while the IMU system was sub-
ject to some measurement error, most of the initially observed differences between IMU and GOM
actually stemmed from problems with calibration of the sensor fusion algorithm, rather than IMU sen-
sor inaccuracies.

The transformations applied during REFRAMEnu-com (Table 3) effectively describe the rota-
tions needed to align the IMU-based local femoral and tibial reference frames with those of the GOM
system. These transformations can most likely be attributed to two key components. The first is the
difference in frame orientations that results from the “incorrect” assumption of 0° abduction and 0°
tibial rotation at the first timepoint. For example, according to the GOM system, specimen 3 begins
the squat cycle with over 20° of abduction (Figure 2). As a result, reconciliation of the IMU and GOM
signals will undeniably demand a change of approximately 20° in the relative orientation of the raw
IMU femoral and tibial frames. This is substantiated by the results, as REFRAMEu-.com leads to the
transformation of the IMU femoral and tibial frames around the corresponding y-axes by —6.2° and
14.2°, respectively. The second key component contributing to the transformations implemented by
REFRAME stems from fundamental differences in the types of joint axes identified by the two systems.
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While the GOM system defines joint axes based on the 3D coordinates of specific anatomical land-
marks, IMU-based kinematics are restricted to purely functional methods. Angular deviations between
functional and anatomical axes have been previously estimated to be 1°-5° in the knee joint [27-29].
Consequently, up to 5° (or potentially more considering crosstalk) of the frame transformations by
REFRAMEmu-com could easily be attributed to such differences.

The ideal post-processing approach we envision to ensure consistent frame orientations and posi-
tions fulfils three key criteria: (1) the resulting signals are clinically interpretable, (2) it should ensure
consistent frame orientations and positions regardless of the initial choice of raw frames, and (3) it
should be self-contained (i.e., aside from the objective criteria fed by the user, optimisation should rely
exclusively on information contained within the set of signals being optimised itself). Although RE-
FRAMEmu-com fulfilled the first two, the third was violated; the implementation relied on the GOM-
based signals, optimising the IMU-based signals towards them. Despite this shortcoming, RE-
FRAMEmu—com provided valuable insight into just how much of the differences between the raw
IMU and GOM signals could potentially be explained by reference-frame alignment inconsistencies.
RMSE values after REFRAMEnu-coum thus quantified the magnitude of the measurement error that
could not possibly be attributed to frame alignment issues. In contrast, the second REFRAME imple-
mentation, REFRAMEguys, did fulfil the independence criterion; each dataset was optimised without
any input from its counterpart. The minimisation of abduction/adduction and external/internal rota-
tion RMS inherently minimised crosstalk artefacts in both sets of kinematic signals [17], leading to
improved agreement between the systems (as evidenced by the reduction in RMSEs of out-of-sagittal-
plane rotations compared to raw RMSEs). Notably, the objective criteria for REFRAMEgys only
slightly considered (criteria weighting of 0.1) changes to the flexion/extension, thereby resulting in a
slight increase in this rotation’s RMSE. The fact that RMSEs after REFRAMEgwys were marginally
larger than after REFRAMEu-.com suggests that although consistency in frame alignment improved
after both optimisations, the level of convergence between local reference frames achieved after RE-
FRAMERruys was not quite as precise as with REFRAMEu—com. This helpfully illustrates the chal-
lenges associated with trying to fulfil all three key criteria with a single method, which in our experience
is extremely difficult (if not impossible). Finally, in terms of the frame transformations applied to the
femoral and tibial frames as part of REFRAMEgysoptimisation (Table 4 and Table 5), the combined
magnitudes of individual rotations strongly support the assumption that almost the same level of con-
vergence was reached as with REFRAMEu-com. For example, REFRAMEnu-.cou transformations
indicated that for specimen 3, frame alignment required a —6.2° rotation around the femoral y-axis.
Similarly, REFRAMEguys led to femoral frame transformations of 3.0° around y for the IMU frames
and 9.1° for the GOM frames, totalling about —6.1° net relative rotation around y, much like with RE-
FRAMEmu-com. Analogous effects were observed in all other subjects.

In conclusion, our study demonstrates the importance of incorporating an approach, such as RE-
FRAME, when evaluating the so-called accuracy (or rather, agreement) between different motion-cap-
ture technologies that are known to rely on different methods of joint axis definition. Not only are
consistent reference-frame orientations crucial for a robust comparison of kinematic signals, RE-
FRAME analysis has the potential to reveal valuable information about the possible sources of error
affecting our measures. Importantly, our work also emphasises the difficulty in developing an ideal
post-processing method for reference-frame alignment, especially in light of what are conflicting, some-
times even mutually exclusive, objectives. Finally, we established that although the assessed sensor fu-
sion algorithm does leverage the repetitive nature of gait activities to improve performance, IMU-based
joint angles can still achieve promising accuracy for single movement cycles, especially when reliable
reference pose values in all three dimensions are available. Nevertheless, the possibility of varying
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performance in different subjects for non-repetitive motion patterns should be further investigated.
Next steps shall involve in vivo experiments using a larger subject cohort, as well as an evaluation of the
effects of soft tissue artefacts.
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Abstract

The use of inertial measurement units (IMUs) as an alternative to optical marker-based systems has the
potential to make gait analysis part of the clinical standard of care. Previously, an IMU-based system
leveraging Rauch—Tung-Striebel smoothing to estimate knee angles was assessed using a six-degrees-
of-freedom joint simulator. In a clinical setting, however, accurately measuring abduction/adduction
and external/internal rotation of the knee joint is particularly challenging, especially in the presence of
soft tissue artefacts. In this study, the 7z vivo IMU-based joint angles of 40 asymptomatic knees were
assessed during level walking, under two distinct sensor placement configurations: (1) IMUs fixed to a
rigid harness, and (2) IMUs mounted on the skin using elastic hook-and-loop bands (from here on
referred to as “skin-mounted IMUs”). Estimates were compared against values obtained from a harness-
mounted optical marker-based system. The comparison of these three sets of kinematic signals (IMUs
on harness, IMUs on skin, and optical markers on harness) was performed before and after implemen-
tation of a REference FRame Alignment MEthod (REFRAME) to account for the effects of differ-
ences in coordinate system orientations. Prior to the implementation of REFRAME, in comparison to
optical estimates, skin-mounted IMU-based angles displayed mean root-mean-square errors (RMSEs)
up to 6.5°, while mean RMSEs for angles based on harness-mounted IMUs peaked at 5.1°. After RE-
FRAME implementation, peak mean RMSEs were reduced to 4.1°, and 1.5°, respectively. The negligi-
ble differences between harness-mounted IMUs and the optical system after REFR AME revealed that
the IMU-based system was capable of capturing the same underlying motion pattern as the optical ref-
erence. In contrast, obvious differences between the skin-mounted IMUs and the optical reference in-
dicated that the use of a harness led to fundamentally different joint motion being measured, even after
accounting for reference frame misalignments. Fluctuations in the kinematic signals associated with
harness use suggested the rigid device oscillated upon heel strike, likely due to inertial effects from its
additional mass. Our study proposes that optical systems can be successfully replaced by more cost-
effective IMUs with similar accuracy, but further investigation (especially 27 vivo and upon heel strike)
against moving videofluoroscopy is recommended.

Keywords: IMU; gait analysis; knee kinematics; REFRAME; motion capture; movement biome-
chanics; wearables
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1. Introduction

Gait analysis is the systematic study of locomotion of human legs during gait and can be used in both
clinical and research settings, such as patient diagnostics and biomechanical studies. One of the domi-
nant state-of-the-art technologies is optical marker-based motion capture (OMC) systems. Kinematic
signals are determined computationally based on the tracked positions of reflective markers in three-
dimensional space using multiple infrared cameras [1]. Maintaining consistent environmental condi-
tions is important, as factors such as lighting and reflective surfaces can affect the accuracy of dynamic
measurements, so setup typically requires an expert and is time-consuming. These characteristics tend
to tie OMC systems to laboratory conditions and associate them with high costs [2].

In recent years, the field of gait analysis has witnessed a significant shift towards the development
of more mobile solutions with the emergence of wearable technologies such as inertial measurement
units (IMUs). These systems offer a promising alternative to traditional optical marker-based ap-
proaches for assessing human movement patterns, particularly in the context of measuring rotational
knee kinematics [3-6]. IMU-based systems are associated with more affordable prices, are more user-
friendly, have smaller dimensions, and are therefore particularly well-suited for capturing motion inside
and outside of laboratory settings [6, 7]. Their application usually relies on processing linear accelera-
tion data collected using an accelerometer, and angular velocity data collected using a gyroscope, to
then estimate joint kinematics using sensor fusion algorithms. One of the key benefits of IMU-based
systems is thus their potential to make gait analysis more accessible and cost-effective, enabling their use
outside of laboratory settings, potentially even as part of routine clinical patient pathways.

Prior to clinical application, any gait analysis system should be thoroughly validated [8]. To that
end, the accuracy of an IMU-based system to estimate knee joint angles was previously assessed using a
six-degrees-of-freedom joint simulator [9]. Guided by fluoroscopy-based signals originally captured 7z
vivo, the simulator replicated the tibiofemoral motion of six total knee arthroplasty patients performing
daily activities [10], while excluding the possible influence of soft tissue artefact. Raw inertial data col-
lected using a pair of IMUs attached to the simulator were then processed using a Rauch-Tung-
Striebel smoother to derive flexion/extension, abduction/adduction, and internal/external tibial rota-
tion based on IMU measurements. To evaluate differences between the simulator and IMU-based sig-
nals, the root-mean-square errors (RMSEs) between them were calculated. For level walking, results
showed mean RMSEs of 0.7° = 0.1° for flexion/extension, 0.6° = 0.3° for abduction/adduction, and
0.9° + 0.2° for external/internal rotation, indicating promising accuracy. Another study tested the al-
gorithm against an optical marker-based system with single iterations of a loaded squat cycle simulated
on seven cadaveric specimens on a force-controlled knee rig and achieved mean RMSE values after
aligning the underlying reference frames of 4.2° + 3.6°,0.9° £ 0.4°, and 1.5° + 0.7° for flexion/extension,
abduction/adduction, and external/internal rotation, respectively [11]. In a clinical setting, however,
motion capture systems consisting of skin-mounted sensors (whether optical or inertial) are usually
subject to errors caused by non-rigid movements of the skin (and other soft tissue) relative to the un-
derlying bone. This phenomenon, known as soft tissue artefact (STA), can involve either (a) the collec-
tive displacement of a group of markers, or (b) the variation in individual inter-marker distances due to
skin elasticity [12, 13].

Consequently, a next step in the analytical validation of the described IMU-based knee kinematics
analysis system is therefore to utilise the system 7% vivo, where results may be affected by errors due to
STA. In the following study, we present an 7z vivo examination of IMU-based tibiofemoral kinematic
estimates, considering two distinct configurations of IMU placement: (1) IMUs attached to a rigid
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harness (referred to as “IMUs on harness”, i.e., with harness fixation), and (2) IMUs mounted “on the
skin” using elastic hook-and-loop bands (referred to as “IMUs on skin”, i.e., without harness fixation).
(Note that “IMUs on skin” were technically not directly adhered onto the skin). Both datasets were
then compared against a reference signal calculated from optical markers attached to the rigid harness
(“OMC on harness”, i.e., the KneeKG system) [14-16] The underlying sensor fusion algorithm used to
calculate the IMU-based knee joint angle estimates presented here was based on Ortigas-Vidsquez et al.’s
adaptation [9] of the approaches previously developed by Seel et al. [3] and Versteyhe et al. [17] IMU-
based knee joint angles were estimated using the previously tested adaptation of Rauch—Tung-Striebel
smoothing, after which the REference FRame Alignment MEthod (REFRAME) [18, 19] was imple-
mented to account for differences in coordinate system orientations, thus enabling a more rigorous
comparison between the three sets of kinematic data (IMUs on harness, IMUs on skin, OMC on har-
ness). Previous studies implementing the REFR AME approach on IMU data tested either on a robotic
joint simulator [9] or on cadaveric specimens [11]. This is thus the first study to account for potential
differences in local segment reference frame orientations using an optimisation-based approach such as
REFRAME within an 7z vivo evaluation of IMU-based tibiofemoral kinematics against optical motion
capture.
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2. Materials and Methods

2.1. Participants

The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by
the Institutional Review Board (or Ethics Committee) of the medical faculty at Ludwig Maximilian
University Munich. Thirty volunteers participated in the study after screening for exclusion criteria
(Table 1). After exclusion of all incomplete trials due to (a) equipment failure or (b) missing or cor-
rupted data files, a total of 40 individual knees were considered in the final analysis (sex: 20 female, 20
male; side: 20 right, 20 left; mean age: 31.0 9.6 years; mean height: 1.74 * 0.07 m; mean body mass:
71.9 £ 13.1 kg; mean body mass index (BMI): 23.7 + 3.4 kg/m? mean selected walking speed: 3.9 +
0.7 km/h).

Table 1. Inclusion and exclusion criteria for participation in the gait analysis study

Inclusion criteria Exclusion criteria

Employment at Aesculap AG in Tuttlingen | Impairment due to lower extremity, spine or
pelvic injury, or neurological disease

Ability to walk independently on a tread- Last surgical procedure less than six months
mill for at least five minutes at a time ago
BMI < 40 kg/m’ Pregnancy

2.2. Reference motion capture system

As a reference system, a non-invasive and marker-based OMC system was used (KneeKG, Emovi Inc.,
Laval, QC, Canada). The system consisted of an infrared camera (Polaris Spectra camera, Northern
Digital Inc., Waterloo, ON, Canada), a personal computer equipped with dedicated software
(Knee3D, v5.20.7 and v5.20.8, Emovi Inc., Laval, QC, Canada), and passive markers attached to a rigid
harness [20]. The computational method employed to define bone-embedded anatomical frames from
marker positions and thus estimate knee joint angles has been previously described in detail by Hage-
meister et al. [15]. Briefly, the calibration method used by the optical reference system combined the
identification of anatomical landmarks and functional calibration tasks. Specifically, during a static
trial, the medial and lateral malleoli, and the medial and lateral epicondyles were identified using a
pointer (which was itself equipped with optical markers that could be tracked by the cameras). Addi-
tionally, participants were asked to perform functional calibration trials to determine the hip and knee
joint centres, as well as their postural alignment during neutral standing. In an attempt to minimise
STA, the system’s manufacturer trains users to strategically position the provided rigid harness on se-
lected anatomical landmarks [14, 20]. Flexion/extension, abduction/adduction, and external/internal
rotation values measured by the system have been previously validated at discrete intervals of knee flex-
ion during a quasi-static weight-bearing squatting activity against radiographic images [16]. To the au-
thors’ knowledge, a comprehensive validation of the system during treadmill walking (the system’s in-
tended use) against fluoroscopic imaging is not yet available in the literature. Although the extent to
which the device minimises STA during level walking has therefore yet to be directly assessed, multiple
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studies that utilise the optical reference system as a validated clinical gait analysis system or “silver stand-
ard” have been previously published [21-23]. Further studies by, e.g., Lustig et al. [20], Clement et al.
[16], and Northon et al. [24], commenting on the validity of the KneeKG system are also available for
review. Mean repeatability values have similarly been reported by Hagemeister et al. [15] as ranging
between 0.4° and 0.8° for joint rotations, although these values are expected to be highly optimistic and
representative of a best-case scenario.

2.3. Study protocol

In addition to total body height and mass, the individual circumferences of each participant’s hip,
waist, neck, thighs, and shanks were in turn measured and recorded. Prior to the acquisition of kine-
matic gait data, each participant underwent a familiarisation trial at a self-selected walking speed (0.5
to 6 km/h) in light-coloured socks (as indicated by the optical system’s manufacturer). The trial order
(right knee assessed first vs. left knee assessed first) was randomised for each participant. The KneeKG
marker system (“OMC on harness”) was carefully positioned on each participant by a certified techni-
cian (as instructed during official training by the manufacturer of the KneeKG). Additionally, two
IMU pairs (Xsens DOT, Movella, Enschede, Netherlands) were attached to the same leg, with one pair
of sensors (“IMUs on harness“) adhered to the optical reference’s rigid thigh and shank harness com-
ponents using double-sided mounting tape, and the other pair (“IMUs on skin®) placed facing (approx-
imately) anterior using elastic hook-and-loop straps secured around the thigh and shank circumferences
(Figure 1).

IMUs on skin
IMUs on harness
OMC on harness

Figure 1. The optical harness-based reference system, as well as two pairs of IMU sensors, were care-
tully positioned on each participant by a certified technician. One IMU pair was attached to the rigid
harness of the reference system (“IMUs on harness”), and a second IMU pair was mounted on elastic
hook-and-loop bands (“IMUs on skin”). As per the optical system manufacturer’s instructions, par-
ticipants walked in socks on the treadmill.

All four IMUs were time-synchronised immediately prior to data collection and set to a sampling
rate of 60 Hz. Participants were instructed to begin each trial by spending a minimum of three seconds
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in a static neutral standing pose, with both knees in full extension and feet facing a direction parallel to
the treadmill belt. Participants were instructed to then start the treadmill and set it to increase to the
self-selected speed they identified during the preliminary familiarisation trial. A few seconds after the
chosen walking speed had been reached, data were collected with the OMC system for 45 s. A second
set of OMC data was then collected shortly after the first, for another 45 s. Participants then turned off
the treadmill, progressively slowing their pace to reach a full stop, and finally adopted the initial neutral
reference pose once more, for a minimum of three seconds. At this point, data collection with the IMUs
stopped and the entire procedure was repeated for the contralateral knee.

2.4. Data processing

For each knee, three initial sets of “raw” (non-optimised) kinematic signals were first considered: two
sets stemming from the two IMU configurations (IMUs on harness, IMUs on skin), and a third set
from the reference system (OMC on harness). The underlying sensor fusion algorithm used for analysis
of the IMU data was based on Ortigas-Vdsquez et al.’s adaptation [9] of the approaches previously de-
veloped by Seel et al. [3] and Versteyhe etal. [17], which leverage Rauch-Tung-Striebel smoothing [25].
This iterative method relied first on a hinge joint model to find an optimal axis of rotation, followed by
a ball-and-socket joint model to determine an optimal joint centre. The periods of static neutral stand-
ing at the beginning and end of each trial were used during post-processing as a reference pose to cali-
brate any possible offsets in the kinematic signals. For further details, the reader is referred to [3, 9, 17].
This allowed calculation of knee joint angles from the raw data sampled by each pair of IMUs, using
custom Matlab scripts (vR2021b; The Mathworks Inc., Natick, MA, USA). In contrast, the OMC
system used built-in software to automatically output joint angle estimates following an approach de-
veloped by the manufacturer [15]. Due to the proprietary nature of the software, details regarding, e.g.,
how the raw marker data were filtered for processing, were not readily available, although previous
studies implementing the same harness system have described the use of a zero-lag 2nd-order Butter-
worth filter with automatically calculated cut-off frequencies [26-28]. Each of the resulting sets of kin-
ematic signals consisted of the three rotational kinematic values of the tibiofemoral joint throughout
the gait cycle, i.e., flexion/extension, abduction/adduction, and external/internal tibial rotation. Val-
ues corresponded to the intrinsic XYZ Cardan angle sequence that transformed the femoral frame into
the tibial frame at each time point, where local axis directions were pointed laterally for a right knee for
X, anteriorly for Y, and proximally for Z (the resulting joint angles are comparable to those described

by Grood and Suntay [29, 30]).

IMU- and OMC-based signals were time-synchronised relative to each other by estimating the de-
lay between the OMC-based flexion/extension signal with respect to the IMUs on harness flexion/ex-
tension signal (using cross-correlation). The estimated delay was then consistently corrected on all three
OMC-based joint angles to collectively align them in time with the IMU-based estimates. (The IMUs
on skin and IMUs on harness had already been time-synchronised prior to data collection using dedi-
cated software, as described in Section 2.3). Prior to the implementation of a gait detection algorithm
for the identification of individual gait cycles, raw angular velocity values in the sagittal plane of the
shank IMU were filtered using a fourth-order Butterworth filter with cut-off frequency at 7 Hz. The
negative peaks of the filtered signal were then used for heel strike detection and thus identified the start
and end of each stride [31]. The period of every individual cycle was calculated, and cycles with a dura-
tion below the Sth or above the 95th percentile were excluded from further analyses, leaving at least ten
valid gait cycles per knee. Each of these 400 gait cycles (40 knees * 10 cycles) were then time-normalised
from 0% to 100%.
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In order to ensure consistent orientations of local segment coordinate systems across the three sets
of kinematic signals, the REference FRame Alignment MEthod (REFRAME) [19] was applied to the
normalised cycles. Two different implementations of REFRAME were explored. The first, RE-
FRAME 3100, minimised the root-mean-square error (RMSE) between each set of IMU-based kin-
ematic signals (IMUs on harness, IMUs on skin) and the OMC system’s raw signals (OMC on harness)
as reference. A second implementation, REFRAMEzas, minimised the root-mean-square (RMS) of
abduction/adduction and external/internal rotation of each of the three signal sets (IMUs on harness,
IMUs on skin, and OMC on harness) independently. Note that since frame transformations applied
by REFRAME were constant across the entire activity cycle, the relative motion between limb seg-
ments actually remained the same (it was just illustrated differently). This self-contained implementa-
tion additionally minimised the absolute value of flexion/extension at the first timepoint (i.e., 0%) of
the cycle. This combination of objective criteria would minimise cross-talk effects, while still allowing
for signal convergence with an independent methodology. For both REFRAME;0-0mcand RE-
FRAME a5, optimisations were formulated to hinder femoral frame transformations consisting of ro-
tations around the femoral X-axis, thus preventing unrealistic changes in the pitch of the femoral and
tibial segment frames that could impair the clinical interpretability of the optimised signals. Finally, the
RMSE:s for each individual gait cycle of the pairwise comparisons between the IMUs (IMUs on harness
or IMUs on skin) and the OMC on harness were calculated for each gait cycle before vs. after each
REFRAME implementation. Furthermore, the mean RMSEs * standard deviation across all knees and
cycles, and the mean RMSEs * standard deviation across all cycles of each individual knee were calcu-
lated as well.

2.5. Statistical analysis

To evaluate the statistical significance of the mean RMSE differences for each knee before (raw) vs.
after REFRAME (REFRAMEs0-0mc ot REFRAMEgass), a two-tailed paired #-test with a signifi-
cance level of @ = 0.05 was performed after each of the two REFRAME implementations inde-
pendently. Given the considered sample size of 40 knees, testing for normality was not necessary (nor-
mality assumption can be violated for 7 > 30 [32]. To account for the possible effects of multiple com-
parisons, the significance threshold was adapted from 0.05 to 0.004 (2 sensor configurations * 2 RE-
FRAME implementations * 3 planes; therefore, n = 12) using a Bonferroni correction [33].
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3. Results

For the mean across all knees and cycles, minor differences between the raw kinematic signals (Figure
2, left column) from the IMUs on harness (purple) were observed versus the raw signals from OMC
on harness (blue), in the frontal and transverse planes especially. Mean RMSEs between the two sys-
tems were 3.8° + 2.6°% 3.0° + 2.1°, and 5.1° + 2.7°, for flexion/extension, abduction/adduction and ex-
ternal/internal rotation, respectively (Table 2). Visibly larger differences could be observed between
the IMUs on skin (green) and OMC on harness (blue) (also particularly for abduction/adduction and
external/internal rotation) than between the IMUs on harness (purple) and OMC on harness (blue).
Mean RMSEs between raw OMC on harness signals and raw IMUs on skin signals were 4.8° £ 2.8°,
3.9°+2.1°,and 6.5° + 2.5°, for flexion/extension, abduction/adduction, and external/internal rotation,
respectively (Table 2). Analogous differences were more pronounced in participant-specific results
(Figure 3, left column), where mean values were affected by much smaller standard deviations (Table
3). Furthermore, OMC on harness kinematic signals showed clear fluctuations upon heel strike for
several knees (e.g., Figure 3; for more examples see Supplementary Materials). These fluctuations ap-
peared highly repeatable, as demonstrated by the relatively small standard deviation across the trials
(e.g., Table 3; for more examples see Supplementary Materials).
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Figure 2. Mean tibiofemoral joint angles (solid lines) £ standard deviation (shaded areas), in degrees, as estimated by inertial measurement units (IMUs) on harness (purple),
IMUs on skin (green), and optical motion capture (OMC) on harness (blue), averaged over all knees and cycles. Note that flexion angles have been illustrated as positive
(despite representing a negative rotation around the laterally directed X-axis) for easier comparisons against other studies. Angles are shown as a percentage of the gait cycle
under three conditions: (1) raw, i.e., in the absence of post-processing methods to correct reference frame orientation differences (left), (2) after implementation of
REFRAMEnsv--oac (middle), and (3) after implementation of REFRAMErass(right).
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Figure 3. Mean tibiofemoral joint angles (solid lines) * standard deviation (shaded areas), in degrees, as estimated by inertial measurement units (IMUs) on harness (purple),
IMUs on skin (green), and optical motion capture (OMC) on harness (blue), averaged over all cycles for knee 17. Note that flexion angles have been illustrated as positive
(despite representing a negative rotation around the laterally directed X-axis) for easier comparisons against other studies. Angles are shown as a percentage of the gait cycle
under three conditions: (1) raw, ie., in the absence of post-processing methods to correct reference frame orientation differences (left), (2) after implementation of

REFR AMEnu-omc (middle), and (3) after implementation of REFR AMEgs (right).
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Table 2. Mean * standard deviation (in degrees) root-mean-square errors between tibiofemoral joint
rotations estimated by the IMU-based systems and the optical reference on harness, calculated across

all knees and cycles.

Raw REFRAMEmusomc REFRAMEgwms

IMUs on IMUs on IMUs on IMUs on IMUs on IMUs on

harness skin harness skin harness skin
Flexion/extension 3.8+26 48+2.8 1.1+£0.5 1.9+0.6 1.5+£0.5 27+1.2
Abduction/adduction 3.0+2.1 39+2.1 0.61£0.3 1.5+0.6 0.7£0.3 1.7+0.7

External/internal rotation 51127 65125 0.9£0.3 41%£12 09+0.3 40%1.1

Table 3. Mean + standard deviation (in degrees) root-mean-square errors between tibiofemoral joint
rotations estimated by the IMU-based systems and the optical reference on harness, calculated across
all cycles of an exemplary knee (knee 17).

Raw REFRAMEmusomc REFRAMEgwms

IMUs on IMUs on IMUs on IMUs on IMUs on IMUs on

harness skin harness skin harness skin
Flexion/extension 4.1+0.1 6.9+0.1 1.7+0.2 3.2+0.1 2.0£0.2 4.610.2
Abduction/adduction 2.4+0.1 5.7+0.1 0.8£0.0 2.8+0.1 1.0+ 0.0 3.2+0.1

External/internal rotation 53+0.2 5.6£0.3 1.0£0.1 43102 1.0+0.1 42102

The application of REFRAMEy10ac (Figure 2, middle column) resulted in a decrease in mean
RMSEs between the OMC on harness (blue) and the IMUs on harness (purple) from 3.8° to 1.1° for
flexion/extension, from 3.0° to 0.6° for abduction/adduction, and from 5.1° to 0.9° for external/inter-
nal rotation (Table 2). However, mean RMSEs between OMC on harness (blue) and IMUs on skin
(green) after the application of REFRAME 310 0ac resulted in a comparably smaller decrease from 4.8°
to 1.9° for flexion/extension, from 3.9° to 1.5° for abduction/adduction, and from 6.5° to 4.1° for ex-
ternal/internal rotation (Figure 4). On average, the frame transformations executed under RE-
FRAME 310-0mc consisted of rotating the local segment frames of the IMUs on harness by no more
than 3° around any of the three axes (Table 4). In contrast, the average frame transformations resulting
from REFRAME av-omc for the local segment frames of the IMUs on skin were comparably larger, in
some cases exceeding 5°. Notably, the large magnitude of standard deviations affecting these average
transformations (Table S) was not present for participant-specific averages, where mean transfor-
mations were affected by much smaller standard deviations (Supplementary Materials, e.g., Tables S25,

$43, and S76).
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Table 4. Mean + standard deviation (in degrees) of the rotational transformations (Rx: rotation
around X, Ry: rotation around Y, Rz: rotation around Z) applied to the femoral and tibial segment
frames as part of REFRAME 001, calculated across all knees and cycles.

Femur Tibia

IMUs on IMUs on IMUs on IMUs on

harness skin harness skin
Rot X [7] 0.0£0.0  0.0+£0.0  05%43  -1.9+47
Rot Y [] 01+28  -58+49  07%30  -55%49
RotZ [°] 24164 5.0£7.9 -2.0+ 8.4 5.0+£7.9

Table 5. Mean * standard deviation (in degrees) of the rotational transformations (Rx: rotation
around X, Ry: rotation around Y, Rz: rotation around Z) applied to the femoral and tibial segment

frames as part of REFRAME 3100, calculated across all cycles of an exemplary knee (knee 17).

Femur Tibia

IMUs on IMUs on IMUs on IMUs on

harness skin harness skin
Rot X [] 00£00  00+00  -37£01 -67%02
Rot Y [] -0.5+0.2 -4,7+1.0 22102 -3.2+1.0
RotZ [°] -6.01+0.2 11.3+0.4 -0.4+0.2 6.1+£0.3

Analogously, the implementation of REFRAMErus (Figure 2, right column) resulted in a decrease
in mean RMSEs between OMC on harness (blue) and the IMUs on harness (purple) from 3.8° to 1.5°
for flexion/extension, from 3.0° to 0.7° for abduction/adduction, and from 5.1° to 0.9° for external/in-
ternal rotation (Table 2). Application of REFRAMEgass also led to a relatively smaller decrease in mean
RMSEs between OMC on harness (blue) and the IMUs on skin (green), from 4.8° to 2.7° for flex-
ion/extension, from 3.9° to 1.7° for abduction/adduction, and from 6.5° to 4.0° for external/internal
rotation. Notably, all changes in mean RMSEs were found to be statistically significant even after Bon-
ferroni correction (Figure 4; Supplementary Materials Tables S121 and $122). Similar results were once
again more evident for knee-specific averages (Figure 3, right column; Table 3). The transformations
executed under REFR AMEgs were lowest for OMC on harness and IMUs on harness, compared to
those applied to IMUs on skin (Table 6). Once again, participant-specific transformations demon-
strated much smaller standard deviations (e.g., Table 7, Supplementary Materials Tables S26, S35, and
§101) than inter-participant averages.
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Table 6. Mean + standard deviation (in degrees) of the rotational transformations (Rx: rotation
around X, Ry: rotation around Y, Rz: rotation around Z) applied to the femoral and tibial segment
frames as part of REFRAMEgass, calculated across all knees and cycles.

Femur Tibia
OMC on IMUs on IMUs on OMCon IMUson IMUs on
harness harness skin harness harness skin
Rot X [°] 0.0£0.0 0.0£0.0 0.0£0.0 4.3 £3.9 5.5%+5.2 2.1£5.0
Rot Y [] -0.4£5.3 -0.3£5.6 -42+7.0 -1.4+43 -1.1£5.4 -4.6£6.8
RotZ [°] 5.1+6.4 2.8t4.7 9.3+7.1 45+6.7 25171 9.7+6.5

Table 7: Mean + standard deviation (in degrees) of the rotational transformations (Rx: rotation

around X, Ry: rotation around Y, Rz: rotation around Z) applied to the femoral and tibial segment

frames as part of REFRAMEgys, calculated across all cycles of an exemplary knee (knee 17).

Femur Tibia
OMC on IMUs on IMUs on OMCon IMUson IMUs on
harness harness skin harness harness skin
Rot X [°] 0.0+0.0 0.0£0.0 0.0£0.0 1.8+ 0.6 -0.9+0.5 -1.0+£ 0.6
Rot Y [] 1.7£0.5 2.0£0.5 -32+1.5 -2.0+0.5 1.0£0.4 -4.6%1.5
RotZ [°] 11.1£0.3 5.3%0.3 22.6+0.5 7.0%£0.3 7.0+0.3 13.9£0.3
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4. Discussion

Despite showing promising results [3-5, 31, 34], further validation of IMU-based motion capture sys-
tems is needed before they are widely used in clinics. Previously [9], a sensor fusion algorithm based on
Rauch-Tung-Striebel smoothing [17] was assessed under ideal conditions (i.e., in the absence of STA)
using a robotic simulator. In this study, we tested the same IMU-based system 7z vivo, under the pres-
ence of STA, against an optical harness-based reference system.

Both IMU- and optical marker-based motion capture systems aim to characterise the relative mo-
tion of the underlying bony segments. To achieve this non-invasively, the systems track (optical or in-
ertial) sensors attached (non-rigidly) to the relevant segments. Any displacement of the sensors relative
to the underlying bones therefore results in motion artefacts, which in this context referred not only to
STA caused by the movement of skin, muscle, etc., but also displacements of the sensor fixation device
(e.g., harness). Here, the IMU system was tested in two distinct configurations (attached to a rigid har-
ness or, alternatively, to the skin using elastic hook-and-loop straps; Figure 1), and differences between
the resulting knee kinematic signals were evaluated against a harness-based optical reference system.

A preliminary assessment of the raw tibiofemoral kinematic signals obtained using each IMU con-
figuration revealed visible differences against the optical reference. These differences could stem from
anumber of sources, especially STA and/or cross-talk effects. In the previous study [9], the IMU-based
system characterised rotational knee kinematics during simulated level walking with less than 1° of error
in the absence of STA. Given our cohort’s normal average BMI of 23.7 kgm2, STA magnitudes could
reasonably be expected to reach 5° [35, 36]. Although average RMSE values between IMUs on skin and
the optical reference were roughly within that range, peak RMSEs clearly exceeded these values (>10°,
Supplementary Materials; Tables S1 and S2), indicating that error sources beyond STA could be pre-
sent. For IMUs on harness vs. OMC on harness, motion artefacts between systems could even be ex-
cluded, as both inertial sensors and optical markers were fixed to the same rigid brace, so peak RMSEs
over 10° suggested that cross-talk effects were likely also present.

As described by Hagemeister et al., the optical reference system leveraged joint axes that involved
some level of functional calibration, but were still largely dependent on the manual identification of
the 3D coordinates of key anatomical landmarks in a laboratory reference frame [15]. On the other
hand, the joint axes implemented by the IMU-based system were based only on the available gyroscope
and accelerometer data (as the position/orientation of bony points relative to the sensor positions/ori-
entations were not directly measured) and were thus entirely functional [3, 9, 17]. The joint axes esti-
mated by the different systems were therefore likely similar, but not perfectly coincident [37, 38]. Pre-
vious work has demonstrated that even very minor differences in joint axis definition leads to consid-
erable artefacts on kinematic signals [18, 37-39]. We therefore re-assessed signal differences after two
distinct implementations of a REference FRame Alignment MEthod (REFRAME) [19] to address
such discrepancies in joint axis definition.

In order to address differences in joint axis orientations, REFRAME a0 01c was applied to the set
of kinematic signals stemming from each of the two IMU configurations (on harness and on skin) in
turn. The underlying goal of this first REFRAME implementation was to re-align the IMU-based local
segment reference frames to minimise the RMSE between IMU-based joint angles against the optical
reference. The required transformations ranged from as little as 0.0° to as much as 31.0° (Supplemen-
tary Table S1). In addition to a visible improvement in signal convergence, average RMSEs decreased
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to well below 2° for the IMUs on harness (Table 2). The level of agreement observed after optimisation
suggested the underlying motion captured by both systems was highly comparable. Both the optical
markers and the IMU sensors on the harness were effectively rigid relative to each other, so after frame
alignment, the resulting signals were highly similar. However, average RMSEs between OMC on har-
ness and IMUs on skin after REFRAME a0-0mc were higher (up to 5°% Table 2), and clear disagree-
ment remained between signals from the harness-mounted configurations and the skin-mounted IMU
set up (Figure 2, middle column; Figure 3, middle column). The remaining differences could not plau-
sibly stem from differences in frame alignment, so alternative sources of error, such as noise and/or
measurement error, but especially differences in STA behaviour, were suspected. The differences in
these kinematic signals therefore indicated that tibiofemoral motion, as characterised by a harness-
based system, was inherently different to that captured by a system using skin-mounted sensors. In
contrast to the IMUs on harness, the IMUs on skin quantified the motion of the elastic hook-and-loop
bands wrapped tightly around the limb segments (rather than the motion of the harness). Since the
harness likely moved relative to the elastic hook-and-loop bands, even after reference frame alignment,
the IMUs on skin and IMUs on harness did not quantify the same underlying movement pattern, and
so those signals remained visibly different.

Even though the implementation of REFRAME 11 0asc revealed valuable new insights by char-
acterising the frame transformations needed to achieve maximum signal convergence, it inherently tar-
geted the local frame orientations used by the OMC system, which we knew to also be error-prone (due
to inaccurate palpation, marker placement, etc.). For example, in some cases, the OMC-based abduc-
tion/adduction signals were clearly dependent on flexion angle, a strong indicator of cross-talk (c.f.
knees 10, 29, and 32 in Supplementary Materials; Figure $10, S28, and S$31, middle). Moreover, this
REFRAME configuration was not independent. In order to optimise one signal set, it relied on infor-
mation contained within the other set. Consequently, we then implemented REFRAMErass, seeking
to achieve a similar level of signal convergence using a strictly self-contained method. Mean RMSEs
between OMC on harness and the IMUs on harness decreased after REFRAMErass, as did RMSEs
between the OMC on harness and the IMUs on skin, although the latter did so to a lesser extent. More-
over, frame transformations implemented as part of REFR AMEzss ranged from 0.0° to 32.7° (Supple-
mentary Table S2). The results of this second REFRAME implementation therefore corroborated our
previous findings; inconsistencies in reference frame orientations could account for most, but not all,
differences between systems, especially between IMUs on skin and the optical reference on harness.

Even after REFRAME implementation, certain differences between signals remained, most obvi-
ously between external/internal rotation signals (as reflected by RMSE values) of IMUs on skin and
OMC on harness (and IMUs on harness as well) (c.f. knee 11 in Supplementary Materials; Figure S11).
A tendency to estimate larger ranges of axial rotation with the IMUs on skin was observed, although it
remained unclear whether this reflected an overestimation of external/internal rotation by the IMUs
on skin vs. an underestimation of this rotation by the harness-mounted sensors. Moreover, signals from
harness-mounted systems often displayed characteristic fluctuations, sometimes throughout the entire
cycle (c.f. knee 22 in Supplementary Materials, Figure S21), or specifically upon heel strike for the
OMC system (c.f. knee 17 in Figure 3). Association with heel strike led us to hypothesise that the ob-
served fluctuations could be due to the added mass of the harness, which interestingly was originally
intended to reduce such artefacts [14]. From a simplified spring—mass system perspective, heel strike
can be thought of as representing a transformation of kinetic energy into spring potential, resulting in
vibration of the harness, much like a mass on a spring. A larger mass would logically lead to a larger
relative displacement, plausibly explaining the differences in relative motion between sensors on skin
and sensors on harness. Notably, although the general movement patterns after REFRAME were
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essentially the same for both harness-mounted systems, heel-strike-related fluctuations were visible
mostly on OMC on harness signals only (and not on IMUs on harness signals). We hypothesised that
this effect was likely associated with the use of Rauch—-Tung-Striebel smoothing to estimate the knee
joint angles from inertial data. As this method considered the levels of uncertainty associated with state
variables at different timepoints, it was likely able to “reject” sensor measurements pointing to non-
physiological movement patterns. Nevertheless, it remained unclear whether this smoothing effect
could inadvertently discard real, relevant information (e.g., the presence of tremors in Parkinson’s pa-
tients).

The added mass of the harness was not the only concern associated with the OMC system. The
brace was designed to act as a femoral “clamp”, where the lateral femoral attachment was meant to fit
between the iliotibial band and the biceps femoralis tendon [14]. This not only led to difficulties related
to harness placement in some of the more athletic participants (for example, due to muscle size ob-
structing this “groove”), but also to reported participant discomfort during dynamic activities and
therefore possible gait alterations of natural movement patterns [40]. Although the system was only
tested on a healthy population within this study, these effects would likely be exacerbated in a patient
population displaying pathological patterns of gait. Notably, the technician supervising data collection
mentioned noticing a visible reduction in flexion/extension range of motion between treadmill famil-
farisation trials without the brace and data collection trials with the brace for several participants. We
hypothesised that this could be associated with the lateral femoral attachment of the brace obstructing
the motion of the iliotibial band, which would otherwise naturally move from being anterior to the
lateral femoral epicondyle in full knee extension, to being posterior of the epicondyle with flexion [41].
Moreover, the optical marker-based system used in this study required the use of a treadmill for level
walking to ensure that all markers stayed within the cameras’ field of view during the entire activity.
Although this did allow for controlling of gait speed, it was nevertheless yet another limitation of the
optical system that could be tackled using inertial sensors. The optical system also specifically instructed
users to walk on the treadmill with socks for “better visualisation”, which could be considered by some
to be suboptimal (vs. walking in athletic shoes or barefoot).

In addition to participant discomfort arising from the use of the rigid harness and other usability-
related issues that could clearly be improved, further limitations were identified. In a recent study, we
established post-processing methods to ensure that consistent reference frame poses would ideally
achieve three objectives: (1) clinical interpretability, (2) consistent reference frame orientation and po-
sition regardless of initial frame choice, and (3) method independence [11]. We concluded, however,
that achieving all three was extremely challenging. REFRAMEras prioritised method independence to
tulfil objective #3. In order to achieve a similar level of convergence as with REFRAME 310 0as¢ (and
therefore attempt to fulfil objective #2), it was necessary to additionally target a common starting flex-
ion angle of 0°. The comparably higher RMSE achieved in flexion/extension after REFRAMEgass vs.
REFRAME 310 0mc, however, suggested that this objective was only partially fulfilled. Moreover, the
target of 0° flexion at heel strike was chosen arbitrarily and was kept consistent across trials and partici-
pants for convenience. Fulfilling the remaining goal of clinical interpretability (objective #1) would
naturally require targeting a clinically accurate value instead, determined based on, e.g., a sagittal view
standing X-ray (assuming that knee flexion angle at heel strike was consistent with knee flexion angle
during neutral standing). Likewise, the minimisation of abduction/adduction RMS as part of RE-
FRAME s favoured a zero mean for that signal, possibly leading to the loss of information regarding,
e.g., static varus/valgus alignment. Importantly, while our study systematically analysed agreement be-
tween the optical and inertial systems, establishing which of the systems most accurately captured the
true motion of the underlying knee joints was considered a philosophical question beyond the scope of
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this investigation. The present comparison against the harness-based optical marker system was meant
strictly to put the IMU-based estimates into context, by comparing against an established system that
is currently used by experts for gait analysis [21-23]. It was certainly not meant to be an assessment of
objective accuracy of the IMU-based system, as that would have required the use of, e.g., fluoroscopy
to obtain soft-tissue-artefact-free kinematic measurements.

In conclusion, the negligible magnitude of the differences between the harness-mounted IMUs
and the optical system after REFRAME conclusively demonstrated that the inertial-based system was
capable of capturing the same underlying motion pattern as the optical-based system. On the other
hand, the visible differences that remained between the skin-mounted IMUs and the optical reference
indicated that the movement profile captured by the sensors on the harness was fundamentally differ-
ent to that captured by IMUs on the skin, even after accounting for differences due to reference frame
misalignment. This difference, however, did not conclusively indicate that the IMUs attached to the
skin were subject to greater soft tissue artefact. In fact, the small fluctuations observed in the kinematic
signals obtained from both the optical and inertial sensors that were fixed to the harness were suggestive
of vibrations undergone by the rigid device upon heel strike, likely due to inertial effects resulting from
its additional mass. Our study results propose that (1) the use of optical markers and camera systems
can be successfully replaced by more cost-effective IMUs with similar accuracy (although further test-
ing should more thoroughly assess performance in characterising more complex activities and, e.g.,
pathological gait patterns), while (2) further investigation (especially in vivo and upon heel strike)
against moving videofluoroscopy is recommended. Further testing should enable us to not only con-
clusively validate IMU-based knee kinematics, but also establish exactly how the kinematics captured
using a rigid brace compare to the actual relative movement of the underlying bone segments.
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from the following link:

https://www.mdpi.com/article/10.3390/bioengineering11100976/s1
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Appendix A: The Book Analogy

The detailed analyses performed as part of this dissertation to explore the relationship between the pose
(i.e. orientations and positions) of local segment reference frames and the resulting kinematics signals
led to an important re-conceptualisation of joint kinematics, especially in the context of comparisons.
To clearly portray this conceptual shift, we found it useful to rely on what we called “The Book Anal-
ogy”. The Book Analogy juxtaposes our previous (flawed) impression of how kinematic data could be
compared (a.k.a. “The Page”) against our more recent, improved understanding of how truly robust
comparisons of sets of kinematic signals should be approached (a.k.a. “The Book”).

First, we consider a hypothetical scenario in which we aim to compare the tibiofemoral rotations
of subject A’s right knee during one cycle of level walking against those of subject B’s right knee. We
could have subject A come into our institution’s gait laboratory and have them undergo marker-based
optical motion capture to record the motion of their tibial and femoral joint segments as they perform
this activity. The optical system would store the 3D coordinates of the entire marker set, where each
marker would have been strategically placed to represent a key anatomical landmark on the subject’s
musculoskeletal system. 3D Cartesian coordinate systems would then be defined based on the marker
data and the chosen joint axis approaches to establish a local reference frame for each of the joint’s
relevant segments (here, femur and tibia). Subject A’s rotational knee kinematics over one trial would
then be illustrated by the estimated joint angles from start to end (0% to 100%) of a gait cycle; essentially
by three (or six, if we include translations) 2D line graphs fitting on a single page (Figure 1; “knee kine-
matics of subject A”). By following the same methodology to record, estimate and graph the rotational
knee kinematics of subject B, one could then visually assess both “kinematic reports” (i.e. each subject’s
“page”) and (misguidedly) conclude that the presence of obvious differences between the shape and
magnitude of the two sets of kinematic signals are a reliable indication that the underlying joint motion
pattern displayed by each subject was, by extension, inherently different as well.

The crucial problem with “The Page” stems from the complex relationship between local segment
reference frame poses and the corresponding kinematic signals. Specifically, while the plots on “The
Page” are indeed a mathematically valid representation of the joint motion pattern captured during the
gait trial, they are one of many possible representations. In fact, if we take Subject A’s first trial, keep
everything else the same except for the exact orientation of the local femoral reference frame (even for
a very small difference, e.g. 1° of clockwise rotation around the femoral x-axis) the kinematic signals
resulting from that same trial would be visibly different from our original “page”, even though the un-
derlying joint motion and raw data for that trial clearly did not change. This fundamental flaw in ap-
proaching the comparison of kinematic signals with a framework like the one presented in “The Page”
then led us to developing a new, more robust approach, which we labelled “The Book”.
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Each subject's joint kinematics during a
given motion trial can be represented on
a single page, by a set of 3 (or 6)
kinematic signals. Visible differences
between the kinematic signals of the
subjects implied their joints had shown
different underlying movement.

"knee kinematics
of subject B"

"knee kinematics
of subject A"

Figure 1. The Page: Graphical illustration of how we used to approach the comparison of two (or
more) sets of joint kinematic signals.

The assumption that comparing the joint motion of two subjects is as simple as assessing the stand-
ard plots of joint angles/displacements to identify visible differences between subjects is clearly defi-
cient. Consequently, “The Book” approach (Figure 2) instead incorporates what we now grasp to be
the effect of local reference frame poses on kinematic signals. The set of three (or six) plots obtained
from processing the motion data captured in the previously described scenario is indeed one valid rep-
resentation of the joint motion during that trial. Nevertheless, the use of slightly differently orientated
(and/or positioned) local reference frames would have resulted in a different set of plots, i.e. a different
“page”. The same underlying joint motion pattern can thus be graphically represented by different sets
of kinematic signals or, to fit our analogy, a collection of pages; in other words, a “book”. “The Book”
perspective captures the fact that when we derive a set of kinematic signals from a trial, we have essen-
tially found one page in the book of that recorded motion pattern. Because of inherent uncertainties
such as marker placement errors, we cannot guarantee that our analysis of a second subject will arrive
precisely at the same page of their book. Moreover, comparing, e.g., page 7 of subject A’s book against
page 5 of subject B’s book would obviously not be a robust assessment, as the signals on those pages
would appear different even if the underlying joint motion pattern were exactly the same for both. In-
stead, it becomes clear we need to ensure both our subjects” books are turned to the same page (i.e. we
have consistent local reference frame poses) prior to reaching a conclusion. This is essentially what the
REFRAME approach does. The choice of objective criteria effectively dictates which page within each
book we are targeting, and by subjecting every dataset to the same criteria, we ensure all our books are
ultimately turned to the same page.
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pages of each subject's book may lead to
inadequate  conclusions about the
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subject A vs. B. (Signals could look
different even if they represent the same
motion.)

REFRAME

By ensuring consistency in the orientations
(and/or positions) of reference frames, we
essentially make sure the books being
compared are all turned to the same page.
Any visible differences between kinematic
signals with the same underlying local
reference frames are now a much more
robust indication of actual differences in
joint motion.

Figure 2. The Book: Graphical illustration of our newly developed, more robust approach for the

comparison of two (or more) sets of joint kinematic signals, whereby REFRAME is used to ensure
the consistent orientations and/or positions of the underlying local segment reference frames.
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Appendix B: REFRAME Tool

REFRAME Tool User Guide

Basic Executable Version

REFRAME (REference FRame Alignment MEthod) is an approach to standardise the orientation and
position of local joint segment frames, in order to facilitate the consistent interpretation and compari-
son of kinematic signals [1]. With the REFRAME Helper Tool, users can input “raw” kinematic signals
and specify their choice of objective function for optimisation. The REFRAME Helper Tool will then
output an “optimised” (also referred to as “REFRAMEA”) set of kinematic signals, as well as the trans-
formations (rotations + translations) that were performed on the raw segment frames to obtain the
modified segment frames associated with these output signals.
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Underlying Conventions

»  All coordinate systems are right-handed.
> Rotations are expressed in degrees.

»  Translations are expressed in millimetres.
>  Baserotations:

[1 0 0
R,(a) = |0 cosa -—sina
0 sina cosa |

rcosf 0 sinf]
R,(B) = 0 1 0
|—sinf8 0 cospl

[cosy —siny 0
R,(y) = |siny cosy O
L 0 0 1
> Implemented for a RIGHT knee (Figure 1)

o X-axis: Mediolateral (lateral +/medial -)

o Y-axis: Anteroposterior (anterior +/posterior -)
o Z-axis: Proximodistal (proximal +/distal -)

Figure 7. Illustration of the axes directions used in REFRAME script. Axes were defined with a
right knee (tibiofemoral) joint in mind. (See also Figure S1in [1])
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II.  Quick Start Guide for Beginners

Step-by-Step

1. While a licensed copy of MATLAB (The Mathworks Inc., Natick, Massachusetts,
USA) is not necessary to run this application, it does require the correct version of
MATLAB Runtime to be installed. Download and unzip the REFRAME zip file. To
run the REFRAME tool:

On Windows
a. Download and install MATLAB Runtime version R2023a (9.14) separately
from the following link before running REFRAME: https://de.math-
works.com/products/compiler/matlab-runtime.html
b. You can now run REFRAME by navigating to the “for_redistribu-
tion_files_only” folder and double clicking on the file “REFRAME.exe”
On Mac
a. Navigate to the “for_redistribution” folder and run “MyAppln-
staller_web”. Installing REFRAME in this way will verify whether the cor-
rect required version of MATLAB Runtime has already been installed in the

system. If it has not been installed, this will attempt to download and install it
from the web automatically. Once installation is complete, you can run the
newly installed REFRAME application.

Note 1 — If the automatic MATLAB Runtime installation failed:

i. Download and install MATLAB Runtime version R2023a (9.14) sepa-
rately from the following link before running REFRAME:
https://de.mathworks.com/products/compiler/matlab-runtime.html

ii. You can then run REFRAME by navigating to the “for_redistribu-
tion_files_only” folder and double clicking on the file “REFRAME”.

Note 2 — If you have a MacBook with an M Chip:

i. After installation of the REFRAME application via “MyAppln-

staller_web”, open the terminal and go to the directory where the file

“run_REFRAME.sh” has been saved, for example, by running:
cd /Applications/REFRAME/application
ii. Then type
./run_REFRAME.sh /Applications/ MATLAB/MATLAB_Runtime/R2023a

and press Enter.
iii. Now you can run REFRAME by double-clicking on the “REFRAME”
file within the application folder.
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2. The application can take quite a bit of time to load, even if it has been run successfully
(especially the very first time you run it). It can take anywhere from 30 seconds up to
a couple of minutes (if you know how we can improve this please reach out!). If the
terminal pops-up, this is a good indication that REFRAME is running successfully; it
just needs some time to load. Once it has finished loading, the following GUI should

appear:

REFRAME Helper Tool

Please select the .mat file containing the raw kinematic data

‘ | Browse

[] Kinematic dataset includes translations (in addition to rotations)

Please specify the desired objective criteria
[Rotations " E |
[[JRotx ‘
[JRotY l
|

[JRotz

Convention

§‘Groou & Suntay, clinical translations (q)

(O Grood & Suntay, joint translations (S)

(O Custom

() Specified in userSpecific_calcKinematics.m

Run REFRAME |

Figure 2. Screen capture of the REFRAME Helper Tool’s graphical user interface.

3. Click on Browse (Figure 2) to select the input file that contains the raw kinematic
signals you would like to process with REFRAME. An ideal input file will be in .mat
format, with six columns (or three, if you are only dealing with rotational signals), and
101 rows (i.e. signals are normalised to 100% of an activity cycle) (Figure 3).

4. Use the GUI to provide your individual specifications for the REFRAME implemen-
tation.™?

5. Verify your choices and click on Run REFRAME.

Select appropriate paths to save the output files Transformations.csv and
OptKin.csv.

' The “Grood & Suntay” options are meant to follow the exact definitions given in the original paper [2] (imple-
mented for a right knee: flexion (+), abduction (+), external (+) tibial rotation). We szrongly recommend review-
ing the equations in the original article before selecting this option.

> The use of custom parameters or root-mean-square error (RMSE) vs. a reference curve within the objective
function are recommended only for advanced users and require access to additional MATLAB files and a

MATLARB license. For more information, please contact us.
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Rot X Rot Y Rot Z Trans X Trans Y Trans Z

0%
1%
2%
/NN VAN
VAN VAN
VAYAYAN VAN
/A MN /MM
99%
100%

Figure 3. Structure of input .mat file. This is the transpose of matrix K°, described in [1]. For da-
tasets not including joint translations, the last three columns would be omitted.”

Output

After running REFRAME, you will receive three main outputs:
1) Output Figure 1
If your dataset contains rotations only:

Output Figure 1 shows three subplots displaying the rotational kinematic signals (in
degrees) in the sagittal, frontal and transverse planes, in turn. Raw signals are given by
the dashed blue lines; REFRAMEA signals are solid red. Signals are plotted over 100%
of the activity cycle.

@ Figure 1 - o X
File Edit View Inset Tools Desktop Window Help

Dede Q08| RE

= = =Raw REFRAMEG

Rotations (*)

Flex(-YExt(+)

Abd(-yAdd(+)

Ext(-)Int(+) Rot

% cycle

Figure 4. Example of figure output by the REFRAME Helper Tool for a dataset containing joint
rotations only.

3 The clinical meaning of positive values will vary depending on your chosen convention. E.g., for Grood
and Suntay: flexion, abduction and external tibial rotation should be positive. (Where Adduction = B -
90°. For the orientation of the distal relative to the proximal frame following an XYZ intrinsic rotation
sequence: extension, adduction and internal tibial rotation should be positive. Please ensure you follow
these conventions correctly.
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2)

If your dataset contains both rotations + translations:

Output Figure 1 shows six subplots displaying the rotational kinematic signals in de-
grees (first column of subplots) and the translational kinematic signals in millimetres
(second column of subplots). Raw signals are given by the dashed blue lines; RE-
FRAME( signals are solid red. Signals are plotted over 100% of the activity cycle.

4 Figure 1 - [u] X
File Edit View Inset Tools Desktop Window Help ~

Dede @ 08| rE

= = =Raw REFRAMEd

Rotations (°)

Flex(-YEXt(+)
Med(-)/Lat(+)

Abd(-VAdd(+)
Pos(-YANH(+)

Ext(-YInt(+) Rot
Dist(-)/Prox(+)

N
0 2 4 60 8 100 0 20 40 60 80 100
% cyde % cydle

Figure 5. Example of figure output by the REFRAME Helper Tool for a dataset containing joint

rotations and translations.

Note on y-axis labels:
The y-axis labels shown in Figures 4-5 are correct for a right tibiofemoral joint (Figure
3). These labels automatically update to account for the user’s chosen convention, but

may require adaptation when applying REFRAME to another body joint.

Transformations.csv

6x2 array with rotations and translations applied to raw frames to transform them into
optimised frames. These are expressed in our convention of XYZ intrinsic Cardan se-
quence (see Figure 1 for axis directions). Rows 1 and 4 are always around/along the X-
axis; Rows 2 and 5 around/along the Y-axis; Rows 3 and 7 around/along the Z-axis.
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' Results;trafos

Results.trafos

(= LS L R S W E R N

|

0.0050

2.3240
-3.9235
6.4435
2.8148
-3.7350

2
-13.9809
-1.7344
-1.3471
-18.3998
-7.0317
28.2657

Figure 6. Example of the contents of the Transformations.csv file. In this example, the orientation of
the optimised proximal segment results from rotating the raw proximal segment frame with an in-
trinsic rotation sequence of 0.0050° around X, 2.3240° degrees around Y, and -3.9235° around Z.
Similarly, the position of the optimised proximal segment frame origin is 13.9809 mm along X, -
1.7344 mm along Y, and -1.3471 mm along Z, relative to the raw proximal segment frame origin
(along the raw proximal segment frame axes).

3) OptKin.csv

101x6 array with “optimised”/“modified”/“REFRAMEJ” kinematics; same struc-
ture as input file (Figure 3).

Sample files

We have additionally provided the following three files:

1) imu_mat.mat
2) OptKin.csv

3) Transformations.csv
As avalidity check, feel free to upload imu_mat.mat to the REFRAME tool and run RE-
FRAME with the following configuration:

| Results.optKin \
Results.optKin
1 2 3 4 5 6
1 02638  -14334 12007 -2851  -0.3174
2| 104853  -00695  -0.3321 15650  -1.9386 03569
3| 117618 -1.0026 0.7666 18395  -1.0221 10329
4 -131033 18425 1.6747 20018 -0.3345 1.5505
5 -148197 21231 14539 21503 -1.0346 11103
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[ ] [ ] MATLAB App

REFRAME Helper Tool

Please select the .mat file containing the raw kinematic data.

/Users/ortiarde/Library/CloL 'OneDrive-Freigegeb -B.E Browse

[] Kinematic dataset includes translations (in addition to rotations)

Please specify the desired objective criteria.

Rotations

["]Rotx
[VIRotY |RMS v 1
RotZ |RMS v 1

Convention Custom convention settings

e ratar e oo ey aler R (® intrinsic () extrinsic
(O Grood & Suntay, clinical translations (q)
() Grood & Suntay, joint translations (S)
(e) Custom

Sequence: | XYZ v

Rotations:  (®) Distal relative to proximal

(O Specified in userSpecific_calcKinematics.m O Proximal relative to distal

| Run REFRAME

Figure 8. Example REFRAME configuration to optimise imu_mat.mat.

Save the resulting OptKin and Trasnformations. Values should coincide (at least to the

third decimal place!) with those given in the provided sample OptKin.csv and Transfor-
mations.csv files.

III. References

1. Ortigas-Vdsquez et al. In review. 2024.
Grood and Suntay. / Biomech Eng. 1983.

IV. Note from the Authors

REFRAME scripts and this accompanying user guide are meant to be an ongoing, collab-
orative effort. While we have done our best to comb through the code and run basic tests
to validate the REFRAME Helper Tool, we are not computer programmers. It is certainly
possible that we overlooked something. If you suspect you have identified an error, or have
suggestions for future improvement, please do reach out to us. We will be happy to take a
closer look and continue to improve REFRAME.

We hope you find our work helpful!

All the best,

The REFRAME Team (reframe@aesculap.de)
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