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Summary

Summary
Musculoskeletal disorders, particularly in the lower limb, are the most common cause of
severe long-term pain and physical disability, and affect hundreds of millions of people
around the world. Accurate measurement tools are required to diagnose these pathologies
and to evaluate the efficacy of various treatment options. In this respect, detailed
measurement and analysis of human movement have shown to be of great value.
Joint kinematic data can be used in motion analyses combined with biomechanical
modelling, e.g. musculoskeletal models for inverse dynamics approaches. Subsequently,
researchers can utilize these musculoskeletal models to better understand the dysfunctions of
the musculoskeletal system, and try to improve the diagnosis and treatment for patients.
Hence, as a critical input to the musculoskeletal models, a valid representation of actual
skeletal motion and kinematics are of high relevance. However, the fact is that human skeletal
structures are not exposed to the outside environment but are surrounded by soft tissues
(muscles, fat, skin etc.). Therefore, an effective measuring technique that could directly or
indirectly detect the motion of the bony segments is necessary to quantify the movements of
these segments inside the body.
To measure skeletal kinematics of the lower extremity researchers have previously used
intra-cortical bone pins with mounted markers. The positions of the inserted bone pins were
measured by a stereo photographic system (e.g. optical tracking system). It has been
demonstrated that this method provides a very accurate representation of the motion of bone
segments in the knee joint. However, the invasiveness of this method impedes its application
into clinical practice. As an alternative, utilization of skin-mounted markers is currently the
most widely used method for measuring kinematics of the lower extremity for gait analysis,
in which the trajectories of skin-mounted markers represent the movements of the bony
segments beneath the skin. However, this method is limited by its accuracy of estimated
kinematics, which is subject to Soft Tissue artifacts (STA). Alternatively, fluoroscopic
systems utilize radiographic images and adequate model based methods to be able to achieve
high accuracy, but induced irradiation to the subject and a limited field of view hamper
routine usage in the clinical setting.
Ultrasound (US) provides the possibility of detecting the tissue-bone boundary and
estimating its depth through the soft tissue during movement with the advantages of noninvasiveness and non-radiation. The goal of this research was to develop and validate a new
non-invasive method based on ultrasound that is able to track skeletal motion around the knee
joint and to quantify tibiofemoral kinematics under dynamic conditions. To achieve this goal
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we separated the work in various parts which are outlined in this thesis and which are
summarized below:
Firstly, to investigate the feasibility of point cloud registration algorithm implementation
for this specific application, a numerical simulation was conducted to explore the possibility
of registering the detected point cloud with a known bone shape model in Chapter 2.
Furthermore, the sensitivity to the number of acquired points and the sensitivity to induced
noise were also investigated. A cadaveric experiment was also conducted to evaluate the
registration method that is capable of determining the 3D position of a bone segment at a
fixed position. The results showed that our registration method (ICP with Perturbation Search)
had a significant improvement on the registration accuracy relative to the standard ICP
registration method. The results of Chapter 2 furthermore demonstrated the possibility of
registering a known bone shape to a sparse point cloud and provided a guideline to decide
the necessary number of A-mode ultrasound transducers that should be used in the first
prototype system. We found that 15 points could get an acceptable accuracy (Root Mean
Square Errors, RMSE <1.5 mm) when localization error is low (< 1mm). Hence, we decided
to employ 15 A-mode ultrasound transducers for each bone segment. Thus, based on this
study, a total number of 30 A-mode ultrasound transducers was selected to be used for our
final system.
Secondly, the principle of digitizing a bony point from a tracked A-mode ultrasound probe
was investigated in a cadaveric setting in Chapter 3. The skeletal positions of shank and thigh
were estimated while fixing the bones in different stationary positions. We assumed that
measuring multiple bony points covering the shank and thigh at one stationary position would
provide a data set that would be comparable to the simultaneous measurement of bony points
by multiple tracked A-mode ultrasound probes. Under these circumstances, the obtained
bony points at one stationary knee position were processed to quantify tibiofemoral relative
positions and orientations between the femur and tibia in a static manner. The derived
rotational and translational outcomes were compared to the reference outcomes that were
derived from inserted intra-cortical bone pins that we considered as the ground truth. The
results derived from the tracked A-mode ultrasound probe achieved a mean of 1.06 ± 2.05°
and -2.16 ± 3.02 mm error for rotational components and translational components,
respectively, which showed a relative high accuracy in estimated rotations and translations.
The results of this method showed the potential to estimate tibiofemoral kinematics under a
dynamic situation when simultaneously tracking an array of A-mode transducers covering
the lower extremity at multiple locations. Hence, after this feasibility study it was decided to
acquire the hardware to build a multi-channel A-mode system.

10

Summary
Thirdly, we developed a multi-channel A-mode ultrasound tracking system as described
in Chapter 4. The unique feature of our proposed ultrasound tracking system lies on the
extension of the detection range of skin-mounted markers from the superficial measurement
to the real bony surface. The combination of multiple A-mode ultrasound transducers with a
conventional motion capture system improves the validity of the estimated 3D positions of
the underlying bony segments which are required to accurately quantify tibiofemoral
kinematics in a dynamic fashion. The results of Chapter 4 show the accuracy of the estimation
in flexion-extension (RMSE 1.51°), adduction-abduction (RMSE 0.88°). Average rotational
errors of 1.51 ± 1.13° (mean ± SD) and average translational errors of 3.14 ± 1.72 mm (mean
± SD) were obtained. Although the reconstructed tibiofemoral kinematics were less accurate
than those reported for fluoroscopic systems, it has the potential to overcome the effects of
soft tissue artifacts of skin-mounted markers systems to produce accurate kinematics.
Subsequently, an in-situ comparison was conducted in a cadaveric experiment in order to
investigate the performance of our method against the more traditional method using skinmounted markers with the constrained hinge and spherical knee models (in Chapter 5). The
ultrasound tracking system resulted in lower kinematic errors than the skin-mounted markers
(the ultrasound tracking system: maximum RMSE 3.44° for rotations and 4.88 mm for
translations, skin-mounted markers with the spherical joint model: 6.32° and 6.26 mm, the
hinge model: 6.38° and 6.52 mm). The ultrasound tracking method resulted in lower
kinematic errors, in the experimental conditions investigated, and could represent a viable
alternative to traditional system, which could improve the measurement accuracy of bone
and joint kinematics.
Eventually, we aimed to demonstrate the feasibility of capturing skeletal motions and
quantifying tibiofemoral kinematics for healthy subjects performing different daily activities
(in Chapter 6). After changing several gait parameters, e.g. imposed speed of treadmill and
height of staircase, kinematic alterations could be quantified which were in accordance with
previous findings. Although it should be realized that there was no ground truth measurement
accompanied in this experiment, the experiment was valuable in demonstrating some features
of the system that are important for in-vivo assessment of human movement, such as walking
and stair descent. Furthermore, we were successful in obtaining on-line (real time) kinematic
data, which is important to directly assess the quality of the measurement. Finally, we
demonstrated that the system prototype worked appropriately under in-vivo conditions and
therefore has the potential to measure skeletal motion in research and clinical applications.
In conclusion, ultrasound based skeletal motion capture is feasible and has the potential to
achieve high accuracy in the estimation of skeletal motion and quantification of 6-DOF joint
kinematics. The currently developed system showed the ability to directly measure skeletal
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kinematics despite soft tissue deformations between the transducer and the bony surface.
Therefore, this method has great potential to be considered as a suitable alternative for
measuring human skeletal motion.
In this thesis a considerable number of improvement steps are described which will enable
to achieve higher accuracies and sampling rates than those described in this thesis. After
implementation of these improvements a unique measurement system can be obtained that
can be applied to a variety of applications such as quantification of dynamic motion and
deformation of soft tissue structures, general gait analysis, prosthetic design optimization,
orthopaedic reconstructive surgery and surgical navigation. This thesis provides the
foundation for these future applications.
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Samenvatting
Aandoeningen aan het spierskeletsysteem, met name in de onderste extremiteit, zijn de
meest voorkomende oorzaken van ernstige chronische pijn en fysieke beperkingen en komt
wereldwijd voor bij honderden miljoenen mensen. Een nauwkeurige bepaling van de
beweging van de onderste extremiteit is een vereiste voor een correcte diagnose en een
optimale behandeling. Gedetailleerde meting en analyse
bewegingsapparaat zijn in deze context van grote waarde gebleken.

van

het

menselijk

Gewrichtskinematica kan worden gebruikt in combinatie met biomechanische modellen
zoals spierskeletmodellen met inverse dynamica. Onderzoekers kunnen deze modellen
gebruiken om afwijkende functionaliteit van het spierskeletsysteem te bestuderen en bij te
dragen aan een verbeterde diagnose en behandeling van patiënten. De meerwaarde van een
dergelijk model is in grote mate afhankelijk van een nauwkeurige meting van de
daadwerkelijke kinematica van het skelet. Correcte meting van de beweging van de
botsegmenten wordt echter bemoeilijkt door de omliggende zachte weefsels (spier, vet, huid,
etc.). Een effectieve techniek zal derhalve op directe of indirecte wijze de beweging van de
botsegmenten moeten kunnen volgen binnen het lichaam.
Eerder onderzoek heeft gebruik gemaakt van botpennen waarop markers bevestigd waren.
De positie van de botpennen kon dan worden gevolgd met behulp van een stereo fotografisch
systeem (b.v. een 3D optisch meetsysteeem). Deze benadering verschaft weliswaar een zeer
nauwkeurige weergave van de beweging van de botten, maar de invasiviteit van de methode
belemmert toepassing in de kliniek. Markers op de huid vormen een niet-invasief alternatief
en worden op dit moment veelvuldig gebruikt in academische en klinische onderzoeken om
skeletkinematica te meten. Markers worden op meerdere plekken op de huid aangebracht en
representeren dan de positie van het bot vlak onder de huid. Op basis van beweging van de
markers ten opzichte van elkaar en ten opzichte van de ruimte, kan de botkinematica worden
gereconstrueerd. Deze methode is aanzienlijk minder invasief dan de methode met botpennen,
maar boet dientengevolge in aan nauwkeurigheid. Deze verlaagde nauwkeurigheid wordt
veroorzaakt door de beweging van de huid ten opzichte van het bot (zogenaamde Soft Tissue
Artifacts; STA). Een derde benadering voor het meten van botkinematica is fluoroscopie.
Fluoroscopische systemen maken gebruik van röntgenstraling om de botten in 3D te
visualiseren tijdens beweging. Deze methode heeft een nauwkeurigheid die vergelijkbaar is
met die van botpennen. Echter wordt deze methode veelal niet verkozen boven markers op
de huid vanwege het gebruik van röntgenstraling en het beperkte zichtveld waarin
botsegmenten kunnen worden gevisualiseerd.
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Echografie ofwel ‘ultrasound’ is in staat het bot onder de huid te detecteren zonder gebruik
van straling of een invasieve ingreep. Het doel van dit project was het ontwikkelen en
valideren van een nieuwe niet-invasieve methode gebaseerd op ultrasound voor het meten
van skeletbeweging rondom het kniegewricht en de kwantificatie van tibiofemorale
kinematica met een nauwkeurigheid vergelijkbaar met die van botpennen of fluoroscopie
met behoud van de klinische toepasbaarheid van markers op de huid. Voor het bereiken van
dit doel zijn meerdere studies verricht die als volgt zijn beschreven in dit proefschrift:
Allereerst is een studie gedaan om de haalbaarheid te demonstreren van het bepalen van
3D oriëntatie en positie van botmodellen op basis van puntenwolken (hoofdstuk 2). In deze
studie is de gevoeligheid van de registratiemethode voor het aantal gemeten punten en de
ruis (fouten) op deze punten onderzocht. De numerieke methode is onderbouwd met een
kadaverexperiment door in het experiment te toetsen in hoeverre het mogelijk is om de 3D
positie van een bot te reconstrueren is op basis van slechts een beperkt aantal gemeten punten
op het bot. Uit de resultaten bleek dat de gebruikte registratie methode (Iterative Closest
Points (ICP) met perturbatie) een significante verbetering oplevert in nauwkeurigheid van
registratie versus de standaard ICP methode. Daarnaast toonden de resultaten aan dat het
fundamenteel mogelijk is een botmodel te registreren op basis van een klein aantal gemeten
punten op het bot en ze gaven een indicatie voor het benodigde aantal A-mode ultrasound
transducers voor het behalen van een bepaalde vereiste nauwkeurigheid. Op basis van deze
indicatie is er gekozen voor het gebruik van 15 transducers per bot segment (30 voor de
combinatie van femur en tibia) voor het uiteindelijke systeem voor het behalen van een
acceptabele foutmarge (RMS fout < 1.5 mm gegeven een lokalisatiefout <1mm).
In hoofdstuk 3 wordt, in een kadaver experiment, het principe van het verkrijgen van een
de locatie op een bot met behulp van een in 3D gevolgde A-mode ultrasound sensor
onderzocht. De posities van het onder- en bovenbeen zijn gemeten terwijl de botten in
meerdere stationaire houdingen gefixeerd waren. We namen hierbij aan dat het sequentieel
meten van meerdere botpunten verdeeld over onder- en bovenbeen in een gefixeerde houding
een dataset zou opleveren die vergelijkbaar is met een meting die gebruik maakt van
meerdere A-mode sensoren die simultaan bemeten worden. De gemeten botlokaties per
stationaire houding zijn vervolgens verwerkt om tibiofemorale relatieve posities en
orientaties te kwantificeren. De berekende rotaties en translaties zijn vervolgens vergeleken
met data van intra-corticale botpennen die we als basisreferentie beschouwden. Deze
vergelijking toonde aan dat de A-mode ultrasound sensor een gemiddelde fout van 1.06 ±
2.05° voor rotaties en -2.16 ± 3.02 mm voor translaties heeft. Dit geeft een indicatie voor de
relatief hoge nauwkeurigheid van gemeten rotaties en translaties bij gebruik van deze
methode. De resultaten gaven daarmee vertrouwen in de potentie van een systeem van
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meerdere A-mode transducers, geplaatst op de huid op meerdere locaties verdeeld over de
onderste extremiteit, voor het nauwkeurig schatten van tibiofemorale kinematica onder
statische omstandigheden. Op basis van deze haalbaarheidsstudie is besloten hardware te
kopen voor het bouwen van een meerkanaals A-mode systeem.
In hoofdstuk 4 wordt de ontwikkeling van het meerkanaals A-mode ultrasound 3Dmeetsysteem beschreven. Het unieke kenmerk van dit systeem ligt in de uitbreiding van het
meten van huidlocaties met een marker systeem naar het meten van botpunten vlak onder de
huid middels ultrasound. De combinatie van meerdere A-mode ultrasound sensoren met een
conventioneel 3D-meetsysteem biedt een hogere 3D positie nauwkeurigheid van
botsegmenten. Met behulp van deze positie data kan tibiofemorale kinematica worden
gereconstrueerd onder dynamische situaties. Resultaten uit hoofdstuk 4 lieten de
nauwkeurigheid in flexie-extensie (RMS fout 1.51°), en adductie-abductie (RMS fout 0.88°)
zien. Het gemiddelde van de fout in rotaties is 1.51 ± 1.13° (gemiddelde ± SD) en de
gemiddelde fout in translaties is 3.14 ± 1.72 mm (gemiddelde ± SD). De gemeten
tibiofemorale kinematica had een lagere nauwkeurigheid dan de nauwkeurigheid die
gerapporteerd is bij fluoroscopie. Het systeem toont echter de potentie om kinematica te
meten met minder verstoring door effecten van zacht weefsel dan bij een conventioneel
systeem met markers op de huid.
Hoofdstuk 5 beschrijft een kadaverexperiment waarbij een in-situ vergelijking werd
onderzocht van de methode ontwikkeld in dit proefschrift met de conventionele skin marker
methode (toegepast met zowel een scharnier als een sferisch kniemodel). Met behulp van het
ultrasound tracking systeem zijn we er in geslaagd een hogere nauwkeurigheid te behalen
dan het skin marker systeem: een maximum RMS fout van 3.44° voor rotaties en 4.88 mm
voor translaties met het ultrasound systeem; 6.32° en 6.26 mm voor het skin marker systeem
gereconstrueerd met een sferisch model en 6.38° en 6.52 mm voor het skin marker systeem
gereconstrueerd met het scharnier model. Onder de condities van dit experiment levert de
ultrasound methode een hogere nauwkeurigheid en vormt daarmee een mogelijk alternatief
voor het meten van kinematica in het knie gewricht, met een hogere nauwkeurigheid en
gelijkwaardige patiëntvriendelijkheid.
Hoofdstuk 6 beschrijft een haalbaarheidsstudie voor het toepassen van het ontwikkelde
ultrasound systeem voor het meten van kinematica in gezonde vrijwilligers tijdens het
uitvoeren van dagelijkse bewegingen. Veranderingen in de kinematica aan de hand van
veranderingen in meerdere parameters zoals snelheid van een loopband, en hoogte van een
traptrede zijn gekwantificeerd en vergeleken met resultaten uit de literatuur. Alhoewel er in
dit experiment niet vergeleken kon worden met een zogenaamde ‘ground truth’, is met deze
resultaten wel gedemonstreerd dat het systeem bruikbaar is voor metingen van belangrijke
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parameters van gangbare bewegingen, zoals wandelen en traplopen. Daarnaast hebben we
gedemonstreerd dat het met dit systeem mogelijk is om real-time kinematische data te meten,
zodat de data direct kunnen worden bestudeerd. Tot slot hebben we kunnen demonstreren dat
het met dit prototype systeem mogelijk is om kinematische metingen te doen bij gezonde
vrijwilligers onder omstandigheden die klinisch toepasbaar zijn.
Concluderend beschrijven we in dit proefschrift een systeem voor het meten van
skeletbeweging in 6 graden van vrijheid in de onderste extremiteit gebaseerd op ultrasound,
met de potentie van een aanzienlijk hogere nauwkeurigheid, vergeleken met conventionele
skin marker methodes. Het systeem is in staat om beweging tussen bot en huid te
ondervangen en de beweging van het bot direct te volgen. Deze methode is derhalve een goed
alternatief voor het meten van skeletbeweging met skin markers.
In dit proefschrift zijn meerdere mogelijkheden beschreven om het huidige prototype te
verbeteren en tot een hogere nauwkeurigheid en bemonsteringsfrequenties te komen dan wat
nu beschreven is in de experimenten in dit proefschrift. Implementaties van deze
verbeteringen zullen leiden tot een uniek systeem geschikt voor het meten van
hoogdynamische beweging, complexe vervorming van de zachte weefsels, standaard
looppatroonanalyse, optimalisering van prothese ontwerp en planning en navigatie van
orthopedische chirurgie. Dit proefschrift geeft een basis voor de ontwikkeling van deze
toepassingen.
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1.1 Background
Most animals are capable of moving, with few exceptions that do not move their whole
bodies, or relocate to new positions (like coral and sea anemones). Human beings, as
Vertebrates, are not like Arthropods (crab, spider and centipede) having an exoskeleton
(external skeleton) or Molluscs (snail, octopus and slug) having no skeletal structure. For
humans, the skeletal structures are surrounded by soft tissues, such as muscle, fat, tendons,
skin, etc. The neural system controls the combination of muscles to generate forces in order
to move the skeleton for different tasks. Thus activities such as walking, sitting down,
standing up, climbing, squatting, and dancing, can be performed easily and naturally in our
daily life. However, musculoskeletal disorders influence many different parts of the body,
including neck, shoulders, back, upper extremities (hand, wrist, arm, elbow), and lower
extremities (hip, knee, ankle, feet) and subsequently may limit the execution of daily
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activities and reduce the quality of life. It is important to determine how these activities are
affected by musculoskeletal disorders and to diagnose the pathological changes occurring at
the joint and within the limb as a whole [1]. Furthermore, during orthopedic surgery, accurate
three-dimensional (3D) positions and orientations of the bone segments are required to
correct for limb malalignment or to accurately position prosthetic components e.g. during
total knee arthroplasty (TKA) [2, 3] and total hip arthroplasty (THA) [4].
However, accurate quantification of bone positions and human movement parameters is
quite challenging. This is because observing and describing the subtle skeletal motions of
humans is a non-trivial task, particularly under dynamic conditions, since the direct
observation of skeletal motion of humans is impossible in practice without an auxiliary tool
which helps to ‘view’ the skeleton beneath the outer surface of the body. The research as
described within this thesis is concentrated on the knee joint, especially the tibiofemoral joint.

1.2 Requirements
To know the positions of the bony segments around the knee, an accurate method that is
capable of measuring skeletal motion of the knee joint and quantifying six-degree-of-freedom
(6-DOF) tibiofemoral kinematics in a non-invasive and non-radiative manner would be a
desirable. The required accuracy of kinematic measurement for tibiofemoral joint differs
depending on the clinical application:
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•

Gait analysis: 2° and 2 mm [5].

•

Prosthetic kinematics: 1° and 1 mm [6-8].

•

Surgical navigation: 1° and 1 mm or below 2 mm registration accuracy [3, 9].

Introduction

1.3 Current techniques
In order to capture the skeletal motion in the knee joint and to quantify the tibiofemoral
kinematics under dynamic conditions, several techniques have been developed and applied
for various clinical scenarios. These techniques are summarized in Figure 1.1.

1.3.1 Intra-cortical bone pins
The most direct approach to measure relative motion of two bony segments is to fixate
tracked intra-cortical bone pins to the bone segments [10, 16]. These intra-cortical bone pins
remain in a fixed position relative to the corresponding bone segments. Hence, the generally
made assumption that the relative positions between intra-cortical bone pins and bone
segments are rigid can be considered as acceptable. The intra-cortical bone pins are typically
tracked by motion capture systems or surgical navigation systems. This method provides an
accurate measurement of the skeletal motion and is considered as the gold standard in
tracking skeletal motion and quantifying skeletal kinematics. However, the invasiveness of
the method impedes routine usage in most clinical scenarios, except during surgery.

1.3.2 Skin markers
Currently, skin-mounted markers are widely used in capturing human motion. The active
or reflective markers attached on the skin are tracked by stereo photographic techniques, in
which the trajectories of skin-mounted markers are recorded and represent the movement of
the subject. When we then assume that the movement of the skin is rigid relative to the bone
movement, this measurement represents the underlying skeletal motion. The deformation
between the underlying skeletal structure and the superficial skin surface, however, results in
inaccuracies in estimated skeletal motion which generally propagates to the kinematic
estimation and contaminates their validity in representing underlying bone motion. It has
been reported that Soft Tissue Artefacts (STA, the term generally used for these types of
errors) can cause measurement errors of skin markers up to 30 mm in the thigh [17]. The
propagation of STA to knee joint kinematics has been reported to lead to average rotational
errors of up to 4.4° and 13.1° and average translational errors of up to 13.0 mm and 16.1 mm
for walking and cutting motions, respectively [11].
Extensive research has been conducted on quantification, assessment, and compensation
of STA for different motor tasks [18-23]. Multi-body Kinematics Optimization (MKO) has
been used with the intent to compensate the STA and to limit the propagation of STA to joint
kinematics estimation [19, 23]. Unfortunately, MKO generally reduces the errors slightly but
does not completely resolve the problems caused by STA [5, 24]. The researchers stated that
the motion analysis research community should make more efforts in searching of more
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advanced subject-specific joint models or error models, or a new measurement modality in
order to improve the accuracy of estimated joint kinematics [5, 24, 25].

1.3.3 Fluoroscopic systems
With the development of medical imaging technologies, fluoroscopic systems have been
utilized to capture highly accurate skeletal motion and joint kinematics in the knee joint [6,
8, 26]. Fluoroscopic systems utilize radiographic images and adequate model based methods
[6, 27-29] to be able to achieve an accuracy in the order of 1 mm for translations and 1 degree
for rotations with the bi-planar fluoroscopic imaging system [30-32]. However, radiation
exposure of patients, high cost, cumbersome setup, and limited field of view (FOV) impede
routine usage in a clinical setting. Recently, several groups have been working on the
development of mobile fluoroscopy systems [7, 31, 33]. Although using a robotic trolley or
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gantry that carries the fluoroscopic system while following the movement of a subject
extends the FOV, the radiation exposure of the patient remains a problem. In addition, the
workload, low availability and high cost still hinder its transfer from a laboratory setting to
clinical routine usage.

1.3.4 Roentgen stereophotogrammetric analyses
Roentgen stereophotogrammetric analysis (RSA) is a radiographic technique used in the
orthopedic field for measuring micro-motion at bone-prosthesis interface or for joint
kinematics evaluation [34-36]. The RSA uses two X-ray sources synchronized with two
digital flat-panels, which allows a quantitative evaluation of the joint kinematics during the
recovery time [37]. However, similar to fluoroscopic systems, the radiation exposed to the
subject cannot be avoided and the systems are normally cumbersome and it is difficult to
capture dynamic motions.

1.3.5 4D dynamic MRI and CT
Recently, advanced four-dimensional (termed 4D, including 3D spatial domain with time
domain) MRI [15, 38, 39] and CT [12, 40] techniques have been used to track the bone
motion and to quantify joint kinematics inside the scanners. The obvious advantage of these
methods is that the actual 3-D kinematics of the joint can directly be extracted from the
images. The disadvantages of these methods are the limited FOV, limited sample rate (4D
MRI < 1 Hz, 4D CT: 10-20 Hz) and the inability to measure kinematics during daily activities.
Similar to the fluoroscopic systems, 4D dynamic MRI and CT systems also have the
drawbacks of high cost, high workload and limited availability.
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Figure 1.1 A schematic of several current techniques to capture skeletal motions and to quantify
related kinematics. (a) intra-cortical bone pins were used to record the motions of the femur,
tibia and patella. Reprinted from [10], Copyright (1992), with permission from Elsevier; (b)
skin markers attached on the lower extremity were used in gait analysis. Reprinted from [11],
Copyright (1992), with permission from Elsevier. (c) four-dimensional CT scan for knee joint.
Reprinted from [12], Copyright (2016), with permission of Springer. (d) ultrasound combined
with surgical navigation system for computer assisted orthopedic surgery. © [2006] IEEE: [13].
(e) fluoroscopic system and a radiographic image of in-vivo total knee replacement. © [2003]
IEEE: [14]. (f) four-dimensional MRI scan for tracking knee motion. Reprinted from [15],
Copyright (2013), with permission of WILEY.

Figure 1.2 A schematic representation of proposed ultrasound based motion tracking system
that extends the number of bony points acquired concurrently from a navigated A-mode
ultrasound probe to multiple modified A-mode ultrasound probes. (Top): The schematic of a
navigated A-mode ultrasound probe for bone registration; (bottom): our proposed ultrasound
based motion tracking system by increasing the number of A-mode ultrasound transducers and
change their shape and configuration in order to obtain a point cloud of the femur and tibia
concurrently over a period of time.
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1.3.6 Ultrasound
Ultrasound techniques have been developed and applied in many clinical applications,
particularly for assessments in soft tissues and internal organs [41-44]. Ultrasound imaging
techniques offer a truly non-invasive and non-radiative method of evaluating internal
anatomical structures. Since ultrasound is capable of visualizing the bone surface through the
soft tissue, ultrasound-based intraoperative registration have been utilized to eliminate the
need for physical contact with the bone surface [45, 46]. It has been shown to be possible to
register US images to segmented bone models in Computer-Aided Orthopedic Surgery
(CAOS) within the, for example, knee, spine and hip regions [13, 47, 48].
Ultrasound transducers have been developed and utilized to measure bone surfaces. Amode ultrasound transducers (single element ultrasound transducers) have successfully been

1

used for intraoperative registration in CAOS [44, 49-51]. The combination of a CAOS system
and a single A-mode ultrasound transducer has been used in skull [52, 53], pelvic [54], and
knee [51] surgery. An A-mode ultrasound transducer could be seen as a virtually extended
measurement line from the skin to the bone surface. A navigated A-mode ultrasound
transducer provides the possibility of measuring a 3D bony point through layers of soft tissue
[51] (see Figure 1.2).
A navigated B-mode ultrasound transducer could then provide multiple digitalized 3D
bony points after processing the acquired ultrasound image [13, 47]. The feasibility of
estimating knee joint kinematics based on conventional B-mode ultrasound transducers has
also been shown [55]. Consequently, researchers have proposed a similar concept by
combining a B-mode ultrasound transducer with a motion capture system, which could obtain
one or multiple curves representing bone surfaces [55, 56]. The potential of compensating
soft tissue artefacts with a B-mode transducer has been validated in an in-vivo experiment by
measuring the depth of bone surfaces on the greater trochanter with up to 16 mm Euclidean
distance difference between ultrasound measurement to skin marker measurement [56].
However, to our knowledge, dynamic kinematic measurements with ultrasound transducers
with the goal of removing the soft tissue artifacts have not been performed or validated in
previous studies.

1.4 Ultrasound based motion tracking system
All current techniques for skeletal motion capture and skeletal positioning have drawbacks
involving one or more technical restrictions (limited FOV, low accuracy, and low frame rate),
monetary restrictions (high cost and workload) and ethical restrictions (extra incision or
radiation). A new technique without these drawbacks would be considered as a suitable
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alternative method that could be applied in a variety of clinical applications from surgical
navigation (skeletal positioning) to human motion analysis (skeletal motion tracking) and
post-operative evaluation (prosthetic kinematics).
In this project we set out to develop a new, non-invasive and non-radiative method to
capture skeletal motions of the knee joint and to quantify tibiofemoral kinematics under
dynamic conditions. Since ultrasound imaging is a suitable imaging modality to offer a noninvasive and non-radiative measurement, it can be considered as an appropriate candidate to
detect the bone surface in 3D. When considering the feasibilities in technical and practical
aspects between A-mode and B-mode ultrasound transducers, the A-mode transducers have
the advantage over B-mode transducers in terms of cost, size, availability and effectiveness
in simultaneously using multiple-transducers to cover different anatomical areas. Compared
to the conventional B-mode ultrasound transducers, A-mode ultrasound transducers are
cheaper and appear to be more suitable for determining the bone surface in real-time [57, 58].
Its localization accuracy was reported to be approximately 0.4 mm after calibration [49, 51,
59]. A combination of multiple A-mode ultrasound transducers and conventional skinmounted markers provides a new approach to measuring the trajectories of underlying bone
segments in the thigh and shank. When a larger number of A-mode transducers is used and
the configuration and placement of these A-mode transducers are tuned to fit the geometrical
structure of anatomical areas on the lower extremity, multiple bony points (a point cloud)
could be detected and obtained concurrently over a period of time (see Figure 1.2). If
sufficient bony points are acquired from the surface of a known bone shape model, there
would be a unique solution to match all bony points to the known bone shape model, which
means that these discrete bony points could represent a unique 3D position and orientation
of the known bone segment. In this context, for the next step, those bony points could be used
to register known patient specific bone models (normally obtained from CT or MRI scans or
bone morphing) and thus obtain the 3D positions and orientations of the bone segments of
the subject during movement. In the knee joint, when the relative position of the femur with
respect to the tibia is known, tibiofemoral kinematics can subsequently be quantified (see
Figure 1.2).
To realize this concept towards a prototype or a product, several primary functional
modules should be developed and evaluated (see Figure 1.3)
•

Obtain a cloud of discrete points obtained from the bone surface (hardware acquisition)

•

Register the known bone shapes to the cloud of discrete points (software processing)

•

Derive joint kinematics from the registered bone shapes (outcomes determination)
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Calculating joint kinematics from a known spatial relation between two bone segments is
well defined [60], thus the core functional modules that need to be developed in this project
are twofold: 1) the acquisition of sufficient bony points; 2) registering known bone shapes to
the obtained bony points.

1
Figure 1.3 the conceptual workflow of ultrasound motion tracking system

To achieve the goal of this study and to assess the feasibility of this new method, several
research questions need to be addressed step by step in the following chapters and will be
critically assessed in the Discussion chapter.
Q1. How many points are needed to determine the 3D position of a bone segment using
this method and with what accuracy can this be obtained? How do the localization
errors of the points affect the accuracy of segment position?
Q2. Is this method capable of determining the 3D position of a bone segment at a fixed
position and with what accuracy?
Q3. Is it possible to quantify tibiofemoral kinematics at different static positions using this
method and with what accuracy?
Q4. Is this method capable of quantifying tibiofemoral kinematics dynamically in a
cadaveric setting and with what accuracy?
Q5. How does this method compare to a skin marker system?
Q6. Is it feasible to quantify tibiofemoral kinematics in living subjects performing daily
activities?
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1.5 Aim and outline of thesis
The main goal of this thesis is to describe the development and scientific assessment of
the multi-channel A-mode ultrasound based motion capture method to effectively capture
skeletal motion and to accurately quantify corresponding joint kinematics for the knee joint
under dynamic conditions. Furthermore, we aimed at assessing the technical and clinical
feasibility of this new ultrasound-based skeletal motion tracking system in both in-vitro and
in-vivo experiments, and to demonstrate its potential for as an alternative method to measure
human skeletal motion. The thesis consists of 6 chapters describing the following research
topics:
Chapter 2 presents a numeric simulation followed by a cadaveric experiment to
investigate the feasibility of utilizing a point cloud to register a known bone model.
Furthermore, we assessed the effects of the number of used bony points and the magnitude
of localization error of a bony point on the overall registration accuracy.
Chapter 3 demonstrates the technical feasibility of measuring tibiofemoral kinematics at
different static positions in a human cadaveric experiment using a one-channel 3D-tracked
A-mode ultrasound system. The work of this chapter guided the following development step
towards a multi-channel A-mode ultrasound tracking system.
Chapter 4 presents a novel method to measure tibiofemoral kinematics dynamically using
a multi-channel 3D-tracked A-mode ultrasound system. In this study we demonstrated the
feasibility of this method and quantified its achievable accuracy in a cadaveric setting.
Chapter 5 presents in situ comparison between the multi-channel 3D-tracked A-mode
ultrasound system and a conventional skin-mounted marker measurement on the achieved
accuracies of estimated tibiofemoral kinematics in a cadaveric experiment. The purpose was
to assess whether the newly develop system could overcome the effects of STA and
mitigating its propagation to bone kinematics.
Chapter 6 presents an in-vivo demonstration study on the feasibility of measuring 6-DOF
tibiofemoral kinematics in a group of healthy subjects. Various activities were considered
while quantifying knee kinematics as well as the changes in soft tissue thickness. Hence, this
chapter was meant to demonstrate a prototyping system that has great potential to measure
human kinematics in an ambulant, non-radiative and non-invasive manner.
Chapter 7 presents a general discussion, where the key findings of this thesis are
summarized, and the impact of the ultrasound-based skeletal motion tracking system on
clinical applications is also discussed. In addition, future work is suggested for further
improvements.
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Finally, Chapter 8 was added as supplementary technical details for the development of
the whole system which contained many technical challenges and which could not reasonably
be described in the scientific publications (Chapters 2-6). Hence, this supplemental chapter
provides valuable (technical and experimental) information regarding the different design
stages of the system and also includes detailed descriptions on hardware characteristics and
software design.
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Chapter 2 Feasibility of A-mode ultrasound based
intraoperative registration in computeraided orthopedic surgery: a simulation and
experimental study
Purpose: Computer-Aided Orthopedic Surgery (CAOS) requires a quick and accurate
registration of patient’s anatomy during operation to the pre-operatively acquired image data.
In orthopedic surgery, single element or A-mode ultrasound (US) may provide fast and
accurate registration without the requirement of a surgical incision. To utilize A-mode US
for intraoperative registration in CAOS, a suitable registration algorithm is necessary with a
small number of registration points and taking into account measurement errors (such as
noise) of the ultrasound sensor. Therefore we investigated the effects of (1) the number of
registration points and (2) the Ultrasound Point Localization Error (UPLE) on the overall
registration accuracy. The final simulation outcomes were validated in a cadaver experiment
and the feasibility of A-mode US based intraoperative registration in CAOS was assessed.
Methods: We developed a new registration method, including the Iterative Closest Points
(ICP) algorithm and a Perturbation Search algorithm (ICP-PS). This method enables to avoid
getting stuck in the local minimum of ICP iterations and to find the adjacent global minimum.
This registration method was subsequently tested in a numerical simulation and a cadaveric
experiment using a 3D-tracked A-mode US system.
Results: The results showed that ICP-PS outperformed the standard ICP algorithm. The
accuracy of the proposed registration method improved with the addition of ultrasound
registration points, but the rate of improvement gradually declined. In simulation, using 25
ultrasound registration points, an average registration accuracy of 0.25 mm was reached with
zero UPLE. The accuracy error increased to 1.10 mm for 1mm UPLE, and to 1.97 mm for
2mm UPLE. In the cadaver experiment, using 25 registration points, an accuracy of 2.81 mm
was reached.
Conclusions: The simulation approach provided a well-defined framework for estimating the
necessary number of ultrasound registration points and acceptable level of UPLE for a given
required level of accuracy for intraoperative registration in clinical practice. Our proposed
registration method outperformed standard ICP in both numerical simulation and cadaveric
experiment, which proved that ICP-PS is suitable for A-mode US based intraoperative
registration. This study would facilitate the application of A-mode US probe in registering
the point cloud to a known shape model (i.e. intraoperative registration for CAOS), which
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also has the potential of being used for accurately estimating bone position and orientation
for skeletal motion tracking and surgical navigation.

2
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2.1 Introduction
Computer-Aided Orthopedic Surgery (CAOS) systems have been developed, validated
and used for surgery in the lower extremity, such as total knee arthroplasty (TKA) [1, 2] and
total hip arthroplasty (THA) [3]. CAOS systems offer several advantages over traditional
surgery: improving guidance of the surgical instruments, reducing complication rates,
minimizing trauma from instrument access and allowing preview and measurement of
anatomical regions in a virtual environment [4-6]. In some of CAOS scenarios, medical
images of a patient are acquired preoperatively, for example from Computed Tomography
(CT) or Magnetic Resonance Imaging (MRI), and used to plan the surgical steps. During
surgery, the image data then needs to be registered to the actual patient. To find the
transformation that matches the preoperative image coordinate system to the intraoperative
patient coordinate system in order to express one data set in the coordinate system of other
data set and vice versa, the first step is to acquire intraoperative data (e.g. digitized points,
lines, curves or surfaces) from the anatomy of the actual patient in the operating room. The
second step is to use an appropriate registration algorithm to determine the transformation.
The acquisition of intraoperative data can be done by using various types of markers such
as adhesive skin markers [7, 8], anatomical landmarks and implantable bone markers, all of
which have advantages and disadvantages. Skin markers are non-invasive, but the skin
movements relative to the bone may dramatically decrease the accuracy of registration [8].
Anatomical landmarks on specific locations of patient’s anatomy can be detected and
digitized utilizing pointer probes (tracked by an optical or electromagnetic navigation system)
[9], but using anatomical landmarks often requires surgical exposure of additional bony
surfaces, causing additional trauma and extension of the operating procedure. Implanted bone
markers provide the highest registration accuracy, and are commonly considered as the gold
standard for evaluating a registration algorithm for clinical application [10]. The implanted
markers can be tracked using intraoperative fluoroscopy or CT data [11]. In cadaver
experiments, the error has been reported to be 0.99 ± 0.41mm [12]. However, implanted
markers have the drawback of exposing the patient to additional radiation and trauma.
Because it is necessary to affix the implant markers to the patient before pre-operative images
are acquired, which is an invasive and costly process that may require extra trauma and
additional blood loss instead of primary surgical site. To avoid most of aforementioned
drawbacks, ultrasound (US) offers a truly noninvasive and non-radiative way for
intraoperative registration. As ultrasound is capable of visualizing the bone boundaries
through the soft tissue, ultrasound-based intraoperative registration eliminates the need for
physical contact with the bone surface [13].
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A-mode (Amplitude modulation, a display of amplitude of received echo as a function of
depth through a single transducer scanning) ultrasound has already been used for
intraoperative registration [14-17]. Compared to the conventional B-mode (Brightness-mode,
a display of 2D image that image intensity depends on the amplitude of received B-mode
echoes through an array of transducers) ultrasound transducers, A-mode ultrasound
transducers are cheaper and more suited for determining the bone surface in real-time [18,
19], when taking cost and workload of employing multiple ultrasound transducers into
account. Besides, the size of A-mode ultrasound is beneficial to be installed in various
configurations to fit different anatomical areas. Although A-mode ultrasound could not
provide the 2D image like B-mode ultrasound, the received ultrasound signal is enough for
depth detection. Its localization accuracy was reported to be approximately 0.4 mm after
calibration [14, 16, 20]. However, since the calibration procedure is indispensable, it would

2

need an additional procedure before intraoperative registration. The combination of a CAOSsystem and single A-mode ultrasound transducer has been used in skull surgery [21, 22],
pelvis surgery [23], and knee surgery [16].
Hence, to utilize A-mode ultrasound transducers for intraoperative registration with its
inherent localization error, a clearly defined registration procedure should be established.
Different from the image registration by using image intensity or other image related
information, A-mode based registration typically uses a 3D point cloud obtained by the
transducer to register on a known shape model of the bony segment. For the registration, the
Iterative Closest Points (ICP) algorithm is commonly used to compute the transformation
between the point cloud and shape model by minimizing the objective function iteratively
that usually is a distance function from the point cloud to the corresponding points on the
shape model, such as the sum of squared differences of Euclidean distances between the
matched point pairs [24]. Generally, a larger number of points will probably lead to a more
accurate registration, but herein a tradeoff lies between registration accuracy and the time
spent on point acquisition. In this study, the combination of ICP with a Perturbation Search
algorithm was described as a suitable method for A-mode ultrasound based intraoperative
registration. This method attempts to avoid getting stuck in the local minimum of ICP
iterations and to complete accurate registration with less registration points than conventional
ICP would require [16, 25]. The registration method was subsequently tested by means of a
numerical simulation and a cadaveric experiment.
Furthermore, it is likely that the registration accuracy will not only depend on the number
of points acquired, but also on the errors to accurately locate the true points (termed
Ultrasound Point Localization Error, UPLE). To assess the sensitivity of these aspects in a
systematic manner, in-vivo or in-vitro studies would not be ideal as the first step as it is very
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difficult to change one factor while keeping the others constant. We therefore first performed
a numerical simulation (i.e. Monte-Carlo simulation) to determine the effects of two aspects
on the accuracy of both our proposed registration method and the standard ICP: (1) the
number of ultrasound registration points and (2) the point localization errors (UPLE)
introduced by A-mode ultrasound point detection. Secondly, a cadaveric experiment was
conducted to verify the outcomes of the simulation and to test the proposed registration
method in practice.

2.2 Materials and Methods
2.2.1 Data generation for simulation
In this study, we focus on the femur bone as object of study. A shape model (a STL file
format, contains 37745 vertices) of a healthy femoral bone was generated from CT data in a
previous study[26]. This model was considered as a known shape model that represents the
preoperative data of the patient (termed the Pre-Operative Model, POM), which will also be
used for generating the ultrasound registration points.
In the clinical registration procedure, the points measured by A-mode ultrasound on the
bony surface of the actual patient (termed the Surface Sample Points, SSP) can thus be
registered to the POM that was segmented on the preoperative CT/MRI images, as shown in
Figure 2.1.
The simulated registration procedure starts with the acquisition of a set of points from the
POM. A set of points is selected from all areas that would be accessible to ultrasound without
incision[16] as shown in Figure 2.2. These selected points were considered as the ground
truth locations of the SSP after registration (termed GT-SSP). After selecting GT-SSP, to
generate the corresponding SSP in the patient coordinate system, the GT-SSP was
transformed to an arbitrary new location, resulting in a set of ultrasound sample points (i.e.
SSP) on a virtual patient coordinate system. The selection of GT-SSP was performed by the
following two-step protocol:
(1) The first six points of the GT-SSP were picked from three pre-defined restricted areas,
termed pre-registration areas. These areas are clinically easy to locate and detect. To simulate
different conditions that would happen in the practical situation, two points were randomly
selected from each pre-registration area (Figure 2.2): two points from the greater trochanter
area, two points from the medial epicondyle area and two points from the lateral epicondyle
area. These six points were intended for pre-registration of the SSP to the POM, which will
be discussed later.
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(2) The rest of the GT-SSP were considered as the additional points for registration and
they were randomly picked from all accessible areas (as shown in Figure 2.2).

2

Figure 2.1 The comparison between clinical registration procedure and simulation registration.
(a) the procedure of clinical registrattion procedure by measuring ultrasound points from patient
and registering to the pre-operative model. (b) the procedure of simulated registration through
generating the ultrasound point from pre-operative model and transforming to an new position
rigidly, eventually registering those points back to the pre-operative model.

Figure 2.2 The inaccessible areas (gray), accessible areas (blue) and pre-registration areas (red)
on Preoperative Model. The pre-registration areas include: the greater trochanter area (30mm
diameter), medial epicondyle area (20mm diameter) and lateral epicondyle area (20mm
diameter); shaft areas around the middle shaft of the femur: lateral, medial, anterior, posterior
(20 diameter for each side).
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2.3 Registration method
The goal is now to register the SSP to the POM and to calculate the transformation between
the patient coordinate system and the image coordinate system (i.e. to link the patient in the
operating room to the preoperatively scanned image data). The registration is performed in a
four-step procedure: First, a point-to-point preregistration is performed using the 6 points
from the pre-registration areas. Secondly an Iterative Closest Point (ICP) algorithm is applied
using all of the points from the SSP to register to the POM. Thirdly, to avoid local minima
in the ICP, a systematic perturbation is applied exploring if there are better registration results
available compared to the first ICP result, based on the Point-to-Surface Euclidean Distance
(PSD) between the registered SSP and the POM. Fourth, the feedback loop that includes
perturbation and followed by the ICP is then repeated until the convergence of the PSD is
reached. Each of these steps is described in more detail in the following sections.

2.3.1 Pre-registration: 1st step
The first step is a pre-registration (coarse registration) using only the six points from the
greater trochanter and both lateral and medial femoral epicondyles. This is achieved using
point-to-point registration that fits the first six points of the SSP to a set of corresponding
points that represent the centroids of the pre-registration areas. Point-to-Point rigid
registration is a process that finds the transformation for the minimal distance between target
points and measured points[27]. The objective function is defined as:
𝑛𝑛

1
𝑓𝑓(𝑹𝑹, 𝑻𝑻) = � ∥ 𝑥𝑥𝑖𝑖 − (𝑹𝑹𝑢𝑢𝑖𝑖 + 𝑻𝑻) ∥2
𝑛𝑛

(1)

𝑖𝑖=1

where 𝑈𝑈 = {𝑢𝑢𝑖𝑖 } is a set of first 𝑛𝑛 points of SSP (𝑛𝑛 = 6 in our simulation) and 𝑋𝑋 = {𝑥𝑥𝑖𝑖 } is
the set of all the corresponding points on POM, which are centroids of pre-registration areas,

𝑻𝑻 represents the translation vector and 𝑹𝑹 represents the rotation matrix between the SSP and
the POM.

2.3.2 Iterative Closest Point (ICP): 2nd step
The maximum number of iterations of the ICP algorithm was set to 30 in our simulation
and experiment. The details of ICP algorithm can be found in [24]. For each iteration, firstly,
the closest points on the POM with respect to the SSP were calculated. Secondly, a point-topoint registration was applied on the corresponding point pairs between SSP and closest
points to get a updated SSP. Then the iterative procedure repeats first and second steps until
meeting ending conditions (beyond the iteration times or convergence). To speed up the ICP
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algorithm, k-d tree [28] was used for searching the closest points of the SSP from the POM,
which is the most time consuming part in the ICP algorithm.

2.3.3 Perturbation Search: 3rd step
As ICP and its variants are local optimization methods, which can get stuck in local
minima of the objective functions, it is difficult to find the global minimum from an arbitrary
starting position without the pre-registration process [29]. To avoid local minima of the ICP
registration, our method was inspired by the method of Ma and Ellis[29]. We perturbed the
transformed SSP rigidly from its ICP registered position and verified whether the perturbed
solution represented a smaller local minimum or even a global one. Perturbation can
obviously be done in all directions. Instead of perturbing randomly, we, based on a pilot study,
assumed that most mismatching occurred along the distal-proximal axis of the femur rather

2

than the anterior-posterior axis or the lateral-medial axis (Figure 2.3). The reason for this also
lies in the fact that the femur has a somewhat cylinder-like shape. Especially when the
number of ultrasound registration points is too small for providing strong geometrical
constraints in all directions (missing points from the proximal and distal parts of the femur),
it is more likely for translational and rotational misalignments to occur around the distalproximal axis of the femur. The perturbation of the first ICP result was therefore implemented
as a rotation around the femoral-distal-proximal axis from -5 to 5 degrees with intervals of 1
degree and a translation along the same axis from -3 to 3 mm with intervals of 0.5 mm. The
perturbation can thus be seen as a curved grid around the bone of 143 (11 by 13 grid)
combinations of rotations and translations (Figure 2.3). For each perturbation along this
curved grid, the Point-to-Surface Euclidean Distance (PSD) was calculated and compared to
the PSD of the original ICP result:
PSD =

𝑛𝑛

1
� ∥ 𝑠𝑠𝑖𝑖 − 𝑢𝑢𝑖𝑖 ∥2
𝑛𝑛
𝑖𝑖=1

(2)

where 𝑆𝑆 = {𝑠𝑠𝑖𝑖 } is a set of 𝑛𝑛 closest points on the Preoperative Model’s surface. Each 𝑠𝑠𝑖𝑖 is
calculated by each 𝑢𝑢𝑖𝑖 , and 𝑈𝑈 = {𝑢𝑢𝑖𝑖 } is perturbed sample points after ICP.
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Figure 2.3 The illustration of Perturbation Search. The curved grid of perturbation searches with
143 combinations of rotations and translations for each point in simulation environment. Green
point represents the perturbed sample points after ICP. Red point represent the registered points
of ICP.

Figure 2.4 The setup of cadaver experiment and ultrasound probe and bone pin probe. The
ultrasound probe and bone pin probe have four optical markers. The bone pin probe provides
the ground truth position of the underlying bone.

2.3.4 Feedback from perturbation to ICP: 4th step
If the perturbation procedure produces a more optimal result than the ICP result from the
second step (section 2.2.2), the ICP algorithm is repeated from the position provided by the
perturbation. The feedback loop that includes perturbation and followed by the ICP is then
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repeated until the convergence of the PSD is reached, i.e. PSDn+1 – PSDn <0.00001, with a
maximum of 5 repetitions.

2.3.5 Definition of registration accuracy
The accuracy of the registration was estimated by calculating the root mean square error
(RMSE) of Euclidean distances between the registered POM (i.e. the POM corresponding to
the registered SSP), 𝑈𝑈 = {𝑢𝑢𝑖𝑖 } and the known ground truth of the POM (i.e. corresponding to
the GT-SSP), 𝐺𝐺 = {𝑔𝑔𝑖𝑖 }, where 𝑛𝑛 represents the number of points in the POM. Therefore, the
RMSE calculation represents a bone -to- bone (point-to-point for all corresponding point

pairs, 𝑖𝑖 = 37745) error metric:

2

𝑛𝑛

1
RMSE = � �(‖𝑢𝑢𝑖𝑖 −𝑔𝑔𝑖𝑖 ‖2 )2
𝑛𝑛

(3)

𝑖𝑖=1

2.4 Simulation procedure
In the simulation, the aim of this study was to assess the accuracy of our proposed
registration method as a function of the number of registration points and UPLE. To compare
our proposed method to the standard ICP, the accuracy of different steps of our registration
method was calculated after the second, third and fourth step of the registration procedure as
described in the previous section (2.2.1 – 2.2.4). The number of registration points ranged
from 6 to 25 (i.e. 20 different sizes for registration points). The UPLE (i.e. the noise of SSP)
has several sources, e.g. calibration error (caused by calibration procedure approximate 0.4
mm) [16], speed of sound that would affect the depth calculation (𝑣𝑣𝑣𝑣/2; where 𝑣𝑣 is the

velocity of sound in the material (1590 m/s in muscle across the fibers [30] and 𝑡𝑡 represents
the time that ultrasound waveform takes from the origin of ultrasound beam to the bone
surface and reflect back to the origin.) [31], navigation system (intrinsic error of navigation
system, depending on deployed system). An investigation of the noise model of SSP is
beyond the scope of this study, hence, we assumed the noise had isotropic distribution in all

direction and was added to SSP randomly. The UPLE was simulated as a noise vector in
random direction with the magnitude uniformly distributed over a preset interval[32]. The
interval was varied from [0] (i.e. zero UPLE), [0-1] and [1-2] mm. We chose this range based
on previous studies in ultrasound detection that reported errors varied between 0.5 and 2mm
after calibration [16, 20, 22]. Then, to mitigate the effect of the randomness in the distribution
of the SSP (i.e. the points selected in step two of the protocol as described in section 2.1), at
the same range of UPLE and for each size of the SSP, the procedure from selecting GT-SSP
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to applying registration were repeated a hundred times. In total, we thus ran 6000 (20 x 3 x
100) simulations.
The simulation program was implemented in Mathematica (Wolfram Mathematica 10.3.0).
The computer hardware configuration used was Intel Core i7-4800MQ (2.70GHz) and 8G
RAM. The time efficiency of a single case of simulation (including from Select GT-SSP to
whole registration procedure) was 11.08 seconds on average. The total time cost of all
simulations combined was about 18 hours.

2.5 Cadaver experiment
In this study we used one human cadaveric specimen. Testing on cadaveric knees is
necessary to ensure the safety and functioning of the developed technology before we apply
this to patients. At the Radboud University Medical Center (Radboud UMC) we have a long
history of performing cadaveric experiments and we established working principles to ensure
all ethical issues and legal aspects are covered. Radboud UMC has an Anatomical department
which has the authority under Dutch law to use human tissue for educational and research
purposes. The Dean of the Medical faculty is responsible for the ethical issues with regard to
the use of human cadaver material. The cadaveric experiment was conducted according to
the protocol issued by the department of anatomy of the Radboud UMC and were approved
by both our local ethics advisor and the European Research Council
(UMCRPS02PRD_PRTC0119). None of the transplant donors were from a vulnerable
population and all donors or next of kin provided written informed consent that was freely
given.
To verify the outcomes of the simulation and assess the performance of our method in
practice, a cadaver experiment was conducted on a left leg. Prior to CT scan, one Bone Pin
probe (BP probe) was screwed onto the proximal part of femur, with a frame containing four
optical markers (Figure 2.4). Then a CT scan was made at the department of Radiology of
the Radboud UMC using TOSHIBA Aquilion ONE (TOSHIBA, Tustin, USA) with voxel
size of 0.755 mm × 0.755 mm × 0.500 mm. The image was segmented manually in Mimics®
17.0 (Materialise N.V., Leuven, Belgium) and the surface model of the femur was generated
for registration. The 3D locations of four optical markers of the BP probe were also digitized
manually from the CT data. During the experiment, the femoral head was fixated in a custom
setup and the upper leg was kept stationary during experiment, as shown in Figure 2.4. One
Ultrasound probe (US probe) that contained four optical markers and one 7.5 MHz A-mode
ultrasound transducer (Imasonic SAS, Voray / l'Ognon, France) was used to acquire
ultrasound sample points. An optical tracking system (Visualeyez VZ4000v trackers, PTI
Phoenix Technologies Inc, Vancouver, Canada) was operated at 100 Hz to track the 3D
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locations of BP probe and US probe. The ultrasound signal was captured and synchronized
with the optical tracking system in the Diagnostic Sonar FI Toolbox (Diagnostic Sonar Ltd.,
Livingston, Scotland). Custom written software was developed to process all data in
LabVIEW 2014 (National Instruments, Austin, USA). The origin and direction of ultrasound
beam were determined from the calibration method [16]. The ultrasound echo signal was
filtered and a peak detection window was manually set to find the maximum peak and thus
determine the bone depth. Subsequently, the ultrasound sample point could be computed [20].
The protocol to define the locations where points were collected was similar to the
protocol in the simulated registration procedure (section 2.1). Instead of randomly acquiring
points, we measured points from 25 anatomical areas including pre-registration areas on the
upper leg, which were distributed homogeneously and covered anterior, lateral and medial
parts of femur. For each anatomical area, the US probe acquisition was repeated 10 times.

2

After acquiring all points, the UPLE of each point was estimated by calculating the PSD
between each point and the ground truth location of bone determined from the BP probe. To
assess the effect of UPLE in this in vitro case, both the maximal PSD case (i.e. sample point
located farthest from bone) and the minimal PSD case (points closest to bone) out of 10 points
from each anatomical area were selected. After data acquisition, registration was performed
for 6 points increasing to 25 points in descending order of accuracy for both the maximal and
minimal case. In the rest of this study, these two datasets will be referred to as “closest” and
“farthest”. Both standard ICP and ICP-PS method were applied onto these two cases. The
registration accuracies of these two registration methods were estimated by computing the
RMSE of distance between registered bone position and the gold standard position derived
from the BP probe.

2.6 Results
2.6.1 Simulation: effect of the registration step for different UPLE
Figure 2.5 shows the average RMSE of the resulting registration at several steps in the
registration procedure as a function of the number of sample points. With the UPLE set to
zero, after the second step (ICP), the average RMSE ranged from 4.61 mm for 6 sample
points to 1.71 mm for 25 sample points (Figure 2.5-a). After the third step (perturbation
search), this dropped to an average RMSE of 4.51 mm for 6 points and to an average RMSE
of 0.76 mm for 25 points (Figure 2.5-a). The fourth step, (i.e. repeating ICP and perturbation
search until convergence is reached) yielded a further drop of the average RMSE, to 4.39 mm
for 6 sample points and 0.25 mm for 25 sample points after the first iteration (Figure 2.5-a).
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The addition of UPLE to the sample points clearly reduced the accuracy of the registration.
With the UPLE set to [0, 1], after the second step (ICP), the average RMSE was 4.66 mm for
6 sample points and 1.84 mm for 25 sample points. After the fourth step, the average RMSE
was 4.62 mm for 6 sample points and 1.10 mm for 25 sample points. When the UPLE set to
[1, 2], the average RMSE after the second step (ICP) was 4.57 mm for 6 sample points and
2.15 mm for 25 sample points. After fourth step, the average RMSE was 5.20 mm for 6
sample points and 1.97 mm for 25 sample points. The improvement of registration accuracy
from second step to fourth step became less effective with increasing UPLE. The number of
iterations needed to reach convergence within the fourth step never exceeded eight.

2.6.2 Simulation: effect of the number of registration points for different
UPLE
Generally, the registration accuracies of both standard ICP and our method improved by
increasing the number of sample points for all three UPLE cases. With a non-zero UPLE i.e.
[0, 1] or [1, 2], the average RMSE still decreased with increasing the number of points, but
the rate of descent declined with increasing UPLE (Figure 2.5).
With the UPLE set to zero, standard ICP achieved an average RMSE with 1.71 mm by
using 25 sample points. Using ICP-PS, the average RMSE dropped to 1.27 mm at merely 13
points and reached a level of 0.25 mm at 25 points. With the UPLE set to [0, 1], using 25
sample points could reach an average RMSE with 1.84 mm. For our method, only 15 sample
points were needed to reach even higher accuracy (average RMSE: 1.40 mm), as shown in
Figure 2.5-b. Nevertheless, this outperformance of our registration method that achieved
higher accuracy with fewer sample points vanished when the UPLE set to [1, 2]. The
performance of our method was even worse than standard ICP when the number of points
was lower than 16 and was only slightly better with more than 16 points (Figure 2.5-c).

2.6.3 Experimental results: cadaver experiment
Figure 2.6 shows the resulting RMSE for the “farthest” and the “closest” cases with an
increasing number of points and comparing standard ICP to ICP-PS (Figure 2.6). When the
number of points was beyond 8, our method provided a more accurate registration result than
standard ICP for both cases. In the “farthest” case, when the number of points was 25, the
RMSE was 5.88 mm for ICP method and was 3.96 mm for ICP-PS. In the “closest” case,
ICP-PS achieved an RMSE of 2.81 mm relative to 5.84 mm for the ICP for the identical 25
points.
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Figure 2.5 The simulation results of average RMSE after different registration steps. (a) the
average RMSE after different registration steps with the UPLE set to zero. (b) the average
RMSE after different registration steps with the UPLE set to [0, 1]. (c) the average RMSE after
different registration steps with the UPLE set to [1, 2].

Figure 2.6. The cadaver experiment results of registration accuracy and UPLE. (a) The
registration accuracy of different registration methods on the “farthest” case. (b) The registration
accuracy of different registration methods on the “closest” case. (c) the histogram of the UPLE
of 25 point for the “farthest” case. (d) the histogram of the UPLE of 25 points for the “closest”
case.
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The histograms of the UPLE of 25 points for two cases is shown in Figure 2.6-c and Figure
2.6-d. Different from the simulation study, (where the theoretically maximal UPLE was set
at 2 mm), the maximum UPLE of the “farthest” case was 4.25 mm and the maximal UPLE
of the “closest” case was 3.68 mm when 25 points were used. Since the registration points
were added based on descending order of UPLE, the points with the maximum UPLE for
both cases always existed when the number of points increased from 6 to 25. Although the
UPLE of cadaver experiment were bigger than that of the numerical simulation, ICP-PS
method still showed a more accurate result than standard ICP.

2.7 Discussion
In this study, we compared our proposed ICP-PS method with standard ICP in both a
numerical simulation and a cadaveric experiment. The simulation approach was used to
assess the effects of two basic factors on the registration accuracy: (1) the number of
registration points; (2) the size of UPLE. Based on simulation and experimental results
concerning registration of a femoral bone shape, our method outperformed standard ICP
registration. We believe that our method provides an effective solution for the registering a
known shape model to a small number of points, which aids to the potential for A-mode US
based intraoperative registration in upper and lower extremity orthopedic surgeries, e.g.
skeletal positioning in TKA, THA and orthopedic surgeries in elbow and should joint. The
method is capable of providing reliable registration with high accuracy provided when the
UPLE is low. Furthermore, we have provided a framework for estimating the required
information i.e. the number of sample points for a required accuracy at a known level of error,
which gives valuable information, for experimental assessments in orthopedic surgery where
this type of registration is applied.
We found that, relative to the standard ICP method, our proposed registration method
improved the accuracy of the final registration quite remarkably when the amplitude of UPLE
was small, e.g. 0 to 1 mm (Figure 2.6). The added Perturbation Search was able to overcome
local minima encountered by the ICP. The inclusion of a perturbation search is thus a quite
powerful method to minimize the PSD value and reach a better solution. Where previously
reported methods randomly perturb sample points [14,29], our method uses prior knowledge
concerning the geometrical constraints imposed by the shape model representing the
preoperatively known data of the patient (POM) with a more efficient search. The accuracy
obtained in this simulation showed similar results to other studies[15, 20, 22, 31]. However,
different accuracy metrics were used in various application scenarios and made the
comparison difficult. Commonly, an error of least 1 ± 0.3 mm Target Registration Error is
reported. In our simulation, we found that 15 points would be required assuming a UPLE of
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0 mm to achieve a RMSE error below 1 mm. To get below 1.5 mm RMSE under a 1 mm
UPLE condition, 15 points are needed on average (1.40 mm). As shown in Figure 2.5,
compared to standard ICP, the improvement of registration accuracy of our proposed method
became less effective when the UPLE increased to [1, 2] mm. This indicates that the
additional steps to the standard ICP algorithm gives an improved registration result as long
as the error remains sufficiently small.
The cadaver experiment results showed that the registration accuracy generally improved
with an increasing number of surface sample points. However, this improvement highly
depended on the error of each newly added point (see Figure 2.6-c,d). As the ICP-PS reached
2.81 mm for 25 points, the maximal error associated with the registration point was 3.68 mm
(Figure 2.6-d). Therefore, only 2.81 mm RMSE could be achieved by ICP-PS. From these
cadaver experiment results, the magnitudes of UPLE of all registration points influences the
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final registration accuracy. The UPLE must be carefully reduced when the ICP-PS would be
applied in the clinical practice. In this study, technical feasibility has been investigated.
Clinical feasibility regarding to specific surgeries (e.g. TKA, THA) would be investigated in
future study.
In the simulation, the registration accuracy of our method improved more quickly than
standard ICP when adding same number of points (Figure 2.5) at low UPLE. Heger et. al.
performed a similar study, where they also found that the addition of palpation points on the
distal femoral region improved the registration accuracy[31]. However, they used a
mechanical probe to conduct pre-registration, which resulted in a more accurate initial guess
than US based pre-registration.
In the zero UPLE case of the simulation results, perfect registration was possible using
ICP-PS in 80 out of 100 cases using 25 sample points. Standard ICP reached perfect
registration in only 13 out of 100 cases for the same amount of sample points. Whereas when
using 25 sample points certain cases still could not reach the perfect registration result (0 mm
RMSE). Closer inspection of those cases revealed that the addition of random sample points
can also lead to the inclusion of registration points with less contribution to the final result.
For example, a newly added point may not anatomically be important or homogenously
distributed (e.g. close to previously selected points) and that thus do not give adequately extra
information for the registration. Thus, the spatial distribution of SSP must provide enough
geometrical constraints for ICP-PS registration.
In this study we did not distinguish among sources of UPLE in the ultrasound data [20,
22] as all of these sources of error are difficult to quantify and measure in practice. In reality
the various sources of UPLE (e.g. the inherent error of the navigation system and the point
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localization error of A-mode ultrasound) may each have slightly different effects on the
registration accuracy and the overall registration accuracy will logically be differently
affected. Thus, to simplify the noise distribution in simulation, we used an isotropic error
model that random direction noise vector added to the SSP with uniformly distribution over
a preset interval. The registration results at various UPLE levels consistently show that the
registration accuracy does improve by adding more points, but it will never improve beyond
a certain registration limit that is associated with the average UPLE. Hence, reducing the
Ultrasound Point Localization Error in detecting the bone surface seems the most effective
way to improve registration accuracy; large UPLE’s cannot easily be compensated by adding
more points or introducing smart perturbation algorithms to improve the registration
techniques.
As we found in the results of the numerical simulation and the cadaver experiment, UPLE
is a critical parameter that could affect the overall registration accuracy, especially when its
magnitude is large (e.g. larger than 2 mm). However, the magnitude of UPLE is difficult to
quantify in clinical practice. In some cases, a tracked mechanical sensor with an optical
tracking system may produce higher accuracy than a navigated A-mode US probe (influenced
by thickness of soft tissue, accessibility of ultrasound waveform for different anatomical
regions). Hence the proposed ICP-PS algorithm can be applied for intraoperative registration
not only via an A-mode US probe but also other digitalizing sensors. To facilitate the usage
of A-mode US probe in CAOS, the improvement of localization accuracy of detected
ultrasound point is a necessary step toward a feasible clinical application. To improve the
localization accuracy, a systematic investigation of A-mode US performance on special
anatomical locations would provide valuable information regarding to ultrasound waveform
accessibility and intensity of received echo, which would be a further study. The more robust
and accurate calibration method should be developed in the future. To explore the actual
speed of sound in soft tissue, an in-vivo experiment should be conducted to measure the
actual speed of sound in the further improvement.
This study has some other limitations. Firstly, the numerical simulation we used differs
from a real world situation in several ways. Nevertheless, we chose to use a simulation
approach because that allowed us to assess the effects of individual parameters systematically,
without interference of other parameters such as additional experimental errors and other
uncertainties that will occur in an experimental setup. The optimal procedure as determined
with such a numerical simulation should always be tested in in-vitro situations before
proceeding to in-vivo situations (surgery). Secondly, we only compared our proposed
registration algorithm with standard ICP, which is the currently the most widely used
algorithm in this type of experiment. Still, further research could extend the applicability of
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our proposed simulation method to other registration algorithms for comparison (e.g.
Gaussian Mixture model registration[33]), which could also be tested in the simulation
framework as described in this study. Thirdly, we used an empirically designed perturbation
approach based on the observation of registration results to avoid local minima. Due to the
object of our registration study being a femur, which is a long cylinder-like shape, most of
the ‘looseness’ in 3D geometry is along the distal-proximal axis. For other shapes, the
principle component analysis (PCA) can be applied on the known shape model to determine
the perturbation axis. The principle of avoiding local minimum of a certain registration
algorithm will be equally applicable for all situations where a point cloud is needed to register
to a known shape model. More suitable perturbation approaches should be investigated and
designed carefully based on different purposes.

2.8 Conclusions
2

This study has presented a simulation approach to investigate the effects of the number of
registration points and the Ultrasound Point Localization Error on the registration accuracy
for intraoperative registration in CAOS. The finding of this simulation were then verified in
a cadaver experiment. A registration algorithm using fewer points to achieve high accuracy
was established and validated using numerical simulation and cadaveric experimental
techniques. Furthermore, the simulation approach provides a well-defined framework for
estimating the minimally required number of registration points for point cloud registration,
once the required levels of accuracy and time efficiency have been set and the UPLE can be
estimated. Based on the simulation and in-vitro results, the registration accuracy was shown
to improve with an increasing number of registration points. The addition of a perturbation
search and feedback to ICP resulted in significant improvement of accuracy for low UPLE
(i.e. UPLE <1 mm) and also outperformed standard ICP during the cadaver experiment. With
the high potential to implement further improvements associated with the localization
accuracy of acquired registration points (i.e. UPLE), the proposed ICP-PS method has the
potential to be applied on intraoperative registration of CAOS.
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Chapter 3 Measuring Tibiofemoral Kinematics Using
One-channel 3D-Tracked A-Mode
Ultrasound Tracking System: A Proof of
Principle Study
The purpose of this study is to investigate the technical feasibility of measuring tibiofemoral
kinematics in an in-vitro experiment by using a 3D-tracked A-mode ultrasound system and
to determine its accuracy of measured kinematics. As A-mode ultrasound is capable of
detecting bone surface through soft tissue in a non-invasive manner, the combination of a
single A-mode ultrasound transducer with an optical motion tracking system provides the
possibility for digitizing the 3D locations of bony points at different anatomical regions on
the thigh and the shank. After measuring bony points over a large area of both the femur and
tibia, the bone models of the femur and tibia that were segmented from CT or MRI images
were registered to the corresponding bony points. Then the relative position of the tibia with
respect to the femur could be obtained and the tibiofemoral kinematics could also be
measured. A cadaveric experiment was conducted to assess the accuracy of measured
tibiofemoral kinematics compared to the reference kinematics obtained by optical markers
fixed to intra-cortical traction pins placed in the femur and tibia. The results showed that the
ultrasound system could estimate all six degrees of freedom of tibiofemoral kinematics with
1.06 ± 2.05° (mean ± standard deviation) error for the three rotational components and -2.16
± 3.02 mm error for the three translational components. It was concluded that this technique
is feasible and facilitates the integration of arrays of A-mode ultrasound transducers with an
optical motion tracking system for non-invasive dynamic tibiofemoral kinematics
measurement.
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3.1 Introduction
Detailed knowledge of the skeletal knee kinematics is very important to assess pathologies
of the lower limb [1-3]. Accurately measured tibiofemoral kinematics is also useful for
evaluation of surgical techniques such as implantation of artificial knee implants [4, 5] and
for the development and validation of computer models (e.g. musculoskeletal models)
capable of simulating normal and pathological human movement [6, 7].
Reconstruction of three-dimensional (3D) human movement based on skin-mounted
markers has become the standard procedure in clinical human motion analysis [8], where the
skin-mounted markers are typically taken to represent movement of the bony segment
beneath the skin. However, the spatial reconstruction of the musculoskeletal system and
calculation of its kinematics via a skin marker based multi-link model are subject to Soft
Tissue Artifacts (STA) [9]. The markers follow skin movement, but generate errors when

3

used to represent motion of the underlying bony segments.
A wide variety of studies have investigated the quantification and influences of STA in
the lower limb during different motor tasks [5, 10-21]. These studies found that STA were
greater for the thigh than for the shank, with STA errors as high as 50 mm [7]. In terms of
kinematics, an average error of 4.4° and 13.1° was found for the three rotation angles and
13.0 and 16.1 mm for the three translations for walking and cutting, respectively [11]. In
addition, the flexion-extension rotation of the knee joint was found to be determined reliably
by skin-mounted markers. However, the remaining motions in the knee joint were more
severely affected by STA, which resulted in inaccuracies of relative kinematic outcomes [12].
To reduce the STA introduced by skin-mounted markers, researchers apply optimization
techniques [22, 23] and improve the knee model based on advanced joint motion constraints
[9]. Although these techniques indeed lead to globally reduced measurement errors of skin
markers, the inherent mismatch between skin and bone movement is difficult to remove under
all circumstances. Andersen et al. showed that the inclusion of optimized idealized knee joint
constraints did not eliminate or reduce the effects of STA and did not improve the validity of
the tibiofemoral kinematics derived from skin markers on the thigh and shank [16].
A method to effectively reduce STA is to utilize intra-cortical traction pins rigidly fixed
to the bone and equipped with optical markers. This approach has been shown to provide a
very accurate estimation of the movement of femur and tibia in the knee joint [10, 11].
However, the invasiveness of this method severely limits its in-vivo applicability.
Alternatively, fluoroscopic systems have been used to quantify joint motion in-vivo [2, 14,
15, 24, 25]. Reported accuracies are in the order of 1 mm and 2 degrees, depending whether
a dual or a single fluoroscopic system was used and whether intact knees or implants were
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involved. In addition to the radiation, a drawback of the fluoroscopic systems is the limited
field of view that restricts the patient’s natural movement. Recently, fluoroscopic systems
that are mobilized by robots which can follow the patient during gait have been proposed,
allowing for more natural kinematics [2, 26]. These types of robotized fluoroscopic systems
are, however, still radiative, high in cost and workload. As such it is difficult to implement
them in clinical practice on large patient cohorts.
Ultrasound (US) technology is a rapidly developing field with the advantages of noninvasiveness and non-radiation. It has become possible to register US images to the
segmented bone in computer-aided orthopedic surgery [27]. The feasibility of estimating
knee joint kinematics based on conventional B-mode (Brightness-mode) ultrasound
transducers has also been shown [28]. As ultrasound is capable of detecting the bone
boundaries through the soft tissue under dynamic motion, the combination of ultrasound
technique with a motion tracking system (e.g. optical tracking system) provides a possibility
to digitize the detected bone boundaries into 3D bony points. Compared to a conventional Bmode transducer, an A-mode transducer (i.e. single element ultrasound transducer) is cheaper
and smaller in size and more accurate for biometric measurement, e.g. depth [29].
In this study, we developed a one-channel 3D-tracked A-mode ultrasound tracking system
by combining one A-mode ultrasound transducer with optical tracking markers. The 3Dtracked A-mode ultrasound probe was used to measure bony points over a large area of both
the femur and the tibia. After this measurement, the known bone models of the femur and the
tibia (segmented from CT images) were registered to the corresponding bony points. Then
the relative position of the tibia with respect to the femur was quantified from the position of
the registered femur and the registered tibia. In the end, the tibiofemoral kinematics were
measured form the relative position of the registered tibia and femur. The working principle
of our proposed system is shown in Figure 3.1. Due to the fact that the position of the
registered bone is reconstructed from the 3D bony points instead of skin markers, our system
provides the potential to overcome the effect of STA to achieve accurate kinematic outcomes
when dynamically applied. In this study, a cadaveric experiment was conducted to assess the
accuracy of measured tibiofemoral kinematics compared to reference kinematics obtained by
optical markers fixed to the intra-cortical traction pins placed in the femur and tibia. Hence,
in this study we aimed to demonstrate the feasibility of an ultrasound tracking system applied
in a static fashion. Demonstration of this feasibility of accurately reconstructing the relative
positions of the tibia and femur and then measuring tibiofemoral kinematics by one-channel
3D-tracked A-mode ultrasound tracking system in this static study would point towards a
level of feasibility of reconstructing tibiofemoral kinematics by combining arrays of A-mode
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ultrasound transducers with an optical tracking system (i.e. multi-channel 3D-tracked Amode ultrasound tracking system) to quantify tibiofemoral kinematics in dynamic condition.

3

Figure 3.1 A schematic of the working principle of the one-channel A-mode ultrasound tracking
system.

Figure 3.2 (I) Experimental setup with the cadaveric leg fixed in the rig and two intra-cortical
traction pins (A) screwed into the femur and tibia separately and one 3D-tracked A-mode US
probe (B) was used to measure different anatomical locations; (II) The setup maintains the
stability of the leg after changing the flexion angle of the knee that is tracked by Visualeyez
tracking system (C).

3.2 Methods
3.2.1 The cadaveric experimental setup
After obtaining ethical approval, one frozen, intact left cadaveric leg (from foot to femoral
head) was obtained from the anatomical department of the Radboud University Medical
Center (RUNMC). After thawing, two intra-cortical traction pins were screwed into the
proximal-anterior part of the femur and the middle shaft of the tibia separately, with a rigid
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structure containing four optical markers that were used to record the reference motions of
the bones. After mounting the intra-cortical traction pins, a CT scan was made at the
Department of Radiology of the RUNMC using a TOSHIBA Aquilion ONE (TOSHIBA,
Tustin, USA) with a voxel size of 0.755 mm × 0.755 mm × 0.500 mm. The CT images were
manually segmented and surface meshes of the femur and tibia in STL format were generated
using Mimics® 17.0 (Materialise N.V., Leuven, Belgium), including the 3D locations of
optical markers of intra-cortical traction pins. The anatomical reference frames of the femur
and tibia were defined from the generated STL Models of the femur and tibia [30]. After CT
scanning, the leg was fixated in a flexion-extension rig that allowed flexion of the leg in a
static manner. The femoral head was rigidly fixated with a pin thereby enabling fixation of
the upper leg. The ankle was clamped tightly by wooden blocks to restrict the free movement
of the shank (Figure 3.2-I). The rig could be manipulated to flex the knee. When the flexion
angle of the knee was fixed at a certain angle, the setup guaranteed the stability during
ultrasound measurements (Figure 3.2-II).

3.2.2 3D-tracked A-mode US probe
A single A-mode ultrasound transducer was attached to a custom-made, crucifix-shaped
probe containing four optical markers for the tracking system (Figure 3.3). The A-mode
ultrasound transducer (Imasonic SAS, Voray / l'Ognon, France) had an operating frequency
of 7.5 MHz and was focused at 2.5 cm. Two Visualeyez VZ4000v tracking systems (PTI
Phoenix Technologies Inc, Vancouver, Canada) were operating at 100 Hz to measure the
trajectories of all optical markers with less than 0.5 mm RMS error [31]. The ultrasound and
Visualeyez systems were integrated in the Diagnostic Sonar FI Toolbox (Diagnostic Sonar
Ltd., Livingston, Scotland) based on a National Instruments PXI system (National
Instruments, Austin, USA) with 2.3GHZ CPU (Intel Core i7-3610QE) and 8GB RAM. The
sample rate of the Diagnostic Sonar system was 40 MHz. The acquisition and post-processing
software was written in LabVIEW 2014 (National Instruments, Austin, USA).
When probing the 3D-tracked A-mode US probe at different anatomical locations on the
thigh and shank, both the received ultrasound signals and the 3D coordinates of the four
optical markers were recorded to determine the 3D coordinates of the ultrasound reflection
point (i.e. bony point) on the bone surface (Figure 3.3). To get the ultrasound reflection point,
firstly the received ultrasound signal was filtered using a second-order low-pass Butterworth
filter with a cut-off frequency of 2MHz and then a peak detection window was set manually
in which a detected peak that had greater amplitude than the setting threshold was determined
to be the bone surface reflection [3]. To convert the determined peak from time domain to
spatial domain in distance unit, the depth (𝜆𝜆) from the origin point of ultrasound beam to
ultrasound reflection point was calculated using equation (1):
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𝜆𝜆 =

𝑣𝑣𝑣𝑣
2

(3)

where 𝑣𝑣 is the velocity of sound in the material (1590m/s in muscle across the fibers) [32]

and 𝑡𝑡 represents the time that ultrasound waveform takes from the origin of ultrasound beam
�⃗𝑝𝑝 ) and the unit
to the bone surface and reflect back to the origin. Secondly, the origin point (𝑂𝑂

�⃗𝑑𝑑𝑑𝑑𝑑𝑑 ) of the US beam were determined from a calibration method
pointing direction ( 𝑉𝑉

described in [3]. Subsequently, the 3D coordinates of ultrasound reflection point (𝑅𝑅�⃗𝑝𝑝 ) were
calculated by:

�⃗𝑝𝑝 + 𝜆𝜆 𝑉𝑉
�⃗𝑑𝑑𝑑𝑑𝑑𝑑
𝑅𝑅�⃗𝑝𝑝 = 𝑂𝑂

(2)

�⃗𝑝𝑝 represents the original 3D coordinates of US beam and 𝑉𝑉
�⃗𝑑𝑑𝑑𝑑𝑑𝑑 represents the unit
where 𝑂𝑂
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vector of the direction of US beam and 𝜆𝜆 is the measured depth from equation (1). The
abovementioned method was used to calculate ultrasound reflection points at different
anatomical locations on the femur and tibia.

3.2.3 Measurement protocol
Since only one 3D-tracked A-mode US probe was used in this study, the cadaveric leg
needed to be kept in various stationary poses so that we could obtain multiple bony points
from the femur and tibia. After collecting all bony points at one stationary pose, the leg was
flexed to a new position where a new set of bony points was collected. The cadaveric leg was
flexed and fixed at five different positions for ultrasound measurements ranging from full
extension to an approximate flexion angle of 90°. In addition, to ensure the bony points
measured at the thigh and shank were consistently acquired at the different poses of flexion,
we divided the upper and lower leg into eight regions of interest which contained Anatomical
Spots (AS, see Figure 3.4) marked with red spots on the skin where we attempted to measure
the bony points with the 3D-tracked A-mode US probe. A total of 28 AS were defined on the
thigh and 18 AS were defined on the shank (Figure 3.4-A, B).

58

Measuring Tibiofemoral Kinematics Using One-channel 3D-Tracked AMode Ultrasound Tracking System: A Proof of Principle Study

Figure 3.3 The principle of calculating the ultrasound reflection point on the bone surface via a
3D-tracked A-mode US probe. The depth 𝜆𝜆 is determined from the received ultrasound signal
�⃗𝑝𝑝 ) is determined based
by setting a peak detection window. The ultrasound reflection point (𝑅𝑅
�⃗𝑝𝑝 ) and unit vector of
on the equation (2) with knowing origin point of ultrasound beam (𝑂𝑂
�⃗𝑑𝑑𝑑𝑑𝑑𝑑 ).
ultrasound beam direction (𝑉𝑉
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Figure 3.4 Illustration of Anatomical Spots (AS) on upper and lower leg. (A) the cadaveric leg
fixed on the rig and the AS were marked in red color spots on skin; (B) the schematic of all
defined AS on upper and lower leg; (C) the schematic of the finally selected AS based on
anatomical importance and the ease of acquiring bone reflection points.

From a practical point of view the number of ultrasound transducers of multi-channel Amode US tracking system will be limited due to issues with limitations in electronics, cabling
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and costs. Therefore, in this study, we chose to use a total of 30 ultrasound reflection points
to enable calculation of the position of the tibia relative to the femur; 15 points from the
femur and 15 points from the tibia. As the lateral and medial epicondyles of femur and tibia,
great trochanter and ankle joint are important anatomical landmarks for lower limb intraoperative registration in orthopedic surgery [3, 33], we prescribed that those anatomical
landmarks were to be included in selected AS. The remaining AS were selected based on the
level of ease of acquiring a valid bone reflection from each AS at different flexion angles.
The distribution of the finally selected AS is shown in Figure 3.4-C. When the cadaveric leg
was flexed and fixed at one pose, six ultrasound measurement trials were recorded at each
selected AS. Each trial was a single shot measurement. Hence, in total, 180 (6 × 30) bony
points were measured for one fixed pose. The duration of capturing 180 bony points was
about 1 hour.

3.2.4 Estimation of the relative tibia-femoral position

3

After measuring all selected AS for five flexion angles, a dataset including 900 (180 × 5)
ultrasound reflection points was calculated. Each of the trials involved a point cloud
consisting of 30 bony points from the femur and tibia. In the registration phase, the Original
Bone Models (termed OBM) of the femur and tibia were registered to those 30 bony points
and finally the most likely position of the tibia relative to the femur was calculated and
tibiofemoral kinematics can be quantified from the relative positions of the Registered Bone
Models (termed, RBM).
The Iterative Closest Points (ICP) algorithm[34] provides an efficient method to compute
the transformation between the point cloud and the OBM. To avoid local minima of the ICP
registration, a perturbation method was employed to search for another possible solution
around the result of first ICP iteration. The perturbation was implemented as a rotation of
RBM around its distal-proximal axis from -5 to 5 degrees with intervals of 1 degree and a
translation along the same axis from -3 to 3 mm with intervals of 0.5 mm. If the perturbation
method produced a more optimal result (i.e. smaller differences between the distance of point
cloud and the RBM) than the first previous ICP iteration, the same ICP algorithm was
repeated from the position provided by the perturbation. An iterative loop that included
perturbation, followed by the ICP was then repeated until convergence (i.e. perturbation did
not find a more optimal result), with a maximum of 5 iterations. After registration, the relative
position of the registered tibia respect to the femur was used to measure the tibiofemoral
kinematics using the method described by Grood and Suntay [35]. The measured kinematics
were compared to the reference tibiofemoral kinematics which were derived utilizing the 3D
locations of intra-cortical traction pins on the femur and tibia using a point-to-point
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registration algorithm[36] at the different poses. Using the selected AS (Figure 3.4-C), the
registration algorithm was employed in 6 consecutive trials for every pose (5 poses in total).

3.3 Results
For flexion(+)/extension(-) and adduction(+)/abduction(-) rotations, the mean error were
sub-degree compared with reference tibiofemoral kinematics (Figure 3.5; Table 3.1). RootMean-Square (RMS) errors ranged from 0.95° to 3.30° for joint rotations and ranged from
3.20 mm to 4.20 mm for joint translations. The largest rotational error was associated with
external-internal rotation whereas the anterior-posterior translation produced the largest
translational error. The overall mean and standard deviation (SD) was 1.06 ± 2.05° (mean ±
SD) for three rotational components and -2.16 ± 3.02 mm (mean ± SD) for three translation
components.
Table 3.1 Mean, Standard Deviation (SD) and Root-Mean-Square (RMS) errors across
six US trials for relative tibiofemoral kinematics compared to reference kinematics:
Flexion-Extension (Flex/Ext), Adduction-Abduction (Add/Abd), External-Internal
(Ext/Int) rotations; Anterior-Posterior (Ant/Post), Proximal-Distal (Prox/Dist) and
Lateral-Medial (Lat/Med) translations.
Joint rotational errors (°)

Joint translational errors (mm)

Flex/Ext

Add/Abd

Ext/Int

Ant/Post

Prox/Dist

Lat/Med

Mean

0.49

0.85

1.85

-2.22

-2.80

-1.44

SD

0.83

1.86

2.78

3.62

2.35

2.90

RMS

0.95

2.01

3.30

4.20

3.63

3.20
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3

Figure 3.5 Comparisons of the six US trials of ultrasound determined tibiofemoral kinematics
(dashed lines) and the reference kinematics (red, solid line) on knee joint flexion(+)/extension(-),
adduction(+)/abduction(-) and external(+)/internal(-) rotations and anterior(+)/posterior(-),
proximal(+)/distal(-) and lateral(+)/medial(-) translations.

3.4 Discussion:
This study has shown that a one-channel 3D-tracked A-mode US tracking system can
measure tibiofemoral kinematics in a static fashion with an accuracy of 1.06 ± 2.05° (mean
± SD) for rotations and -2.16 ± 3.02 mm (mean ± SD) for translations. A rather unique feature
of this system is the combination of an A-mode ultrasound transducer with a conventional
motion tracking system (optical tracking system in this study) to measure the trajectories of
bony points instead of markers mounted on the skin. Subsequently, the registration method
was applied to the acquired cloud of bony points to estimate the relative position of the tibia
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with respect to the femur after which the tibiofemoral kinematics could be obtained. In this
study we used a cadaver experiment to demonstrate its technical feasibility. With this study
the technique has shown the potential to be extended to a multi-channel 3D-tracked A-mode
ultrasound tracking system for measuring dynamic movements. Dynamic tibiofemoral
kinematic measurements in 3D space require the determination of the instantaneous positon
and orientation of the femur and tibia[37]. This study demonstrates the feasibility of such
system. However, to complete such a system, a number of issues involved in dynamically
measuring bony points and estimating the position and orientation of bone under dynamic
conditions will be investigated in the future studies.
In contrast to the utilization of skin-mounted marker systems where STA (i.e. differences
between marker and bone positions) are generally existed and are difficult to eliminate its
effects [37, 38], we utilized the measured ultrasound reflection points to localize bone surface
in order to estimate the position and orientation of underlying bone [3], which has the
potential to overcome the effect of STA. Therefore, this technique has the potential to be
applied in gait analysis studies. However, in this paper, we did not perform a direct
comparison with a skin marker system. To investigate this, a multi-channel 3D-tracked Amode ultrasound tracking system is necessary for simultaneous ultrasound and skin marker
measurements.
Relative to our concept, the utilization of a fluoroscopy system to estimate the position
and orientation of bone is different, since it relies on the radiological images and adequate
model-based techniques [24, 39, 40]. Fluoroscopy systems provide highly accurate
measurements of tibiofemoral kinematics, especially for knee with implants [26, 39]. Guan
et al. reported that maximum root-mean-squared errors were 0.33 mm and 0.65° for
translations and rotations of the TKA knee and 0.78 mm and 0.77° for translations and
rotations of the intact knee [26]. The maximum root-mean-squared errors were 4.20 mm and
3.30° for translations and rotations of the intact knee for our one-channel ultrasound system,
which is much less accurate than a biplane fluoroscopy system. However, relative to
fluoroscopic systems, the advantages of our system are the larger field of view (similarly as
conventional skin marker systems) and the lack of radiation.
We defined the desired accuracies of a multi-channel 3D-tracked A-mode ultrasound
tracking system to be less than 1 mm and 1° for translational and rotational errors,
respectively. Thereby we would be close the accuracy of a biplanar fluoroscopic system. For
the one-channel US system as demonstrated in this study, the accuracy of measured
tibiofemoral kinematics could achieve sub-degree mean errors for flexion-extension and
adduction-abduction. However, external-internal rotation produced the largest mean error
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(1.85°) for rotations and the translational mean errors ranged from -1.45 mm to -2.80 mm.
Hence, in its current form the system does not fulfill the requirements yet.
Considering the working principle of this technique, there are two types of errors caused
inaccurate measurements of tibiofemoral kinematics: (1) the extrinsic errors in detection of a
bony point; (2) intrinsic errors of registration algorithm. The extrinsic errors in the bony point
detection mainly stem from the detection of the wrong peak caused by the problem of
distinguishing between real and spurious peaks amongst the noisy ultrasound receiving signal.
To mitigate this type of error, more advanced and robust peak detection methods can be
developed. The intrinsic errors were caused by the fact that both the femur and tibia are rather
tubular in shape. Hence, a small number of points on the tubular surface do not provide
sufficient constraints on external-internal rotation and proximal-distal translation. As the
bony points located on the two ends of bone (e.g. condyles of femur, femoral head) are
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inaccessible for the ultrasound beam, the registration method gives relative weak constraints
for external-internal rotation and proximal-distal translation and also is susceptible to be
stuck in a local minimum. More robust registration algorithm can be developed to tackle this
specific registration problem in the future.
This study has several limitations. Firstly, we used only one cadaver leg in the experiment
and more cadaver legs could provide more robustness information regarding the differences
of geometry of bony segment and the thickness of soft tissue. Secondly, we put the cadaver
leg in a rig and moved the leg in different static poses. Therefore, there was no dynamic
muscle activation and the soft tissues may have moved differently relative to the bone than
under in-vivo conditions. This may influence the expected accuracy of the US signal when
used under in-vivo conditions. Future studies will focus on dynamically measuring
ultrasound signals and investigating the way to fix the 3D-tracked A-mode US probe for
different anatomical locations. In future studies special ultrasound holders that are
customized for different anatomical regions will be one of the solutions to combine optical
markers and arrays of A-mode ultrasound transducers for detecting reliable bony points.
Thirdly, no direct comparison with a skin marker system and a fluoroscopic system was
included in this study, preventing quantitative comparison between the systems.
Obviously, this study also has strengths. Firstly, it focused on investigating the feasibility
of this system. The experiment was conducted in a highly controlled manner with navigated
intra-cortical traction pins as ground truth. This allowed for the best way to define the errors
of the US system.
Secondly, we used a single A-mode US system and applied it to static positions of the
knee joint. By using this method we found a cheap and fast way to assess the potential of a
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multi-channel system without actually acquiring all equipment and developing all software
integrations.
The results from this study, demonstrating the efficacy of a single A-mode transducer, can
be extended to a multiple transducers system that maybe create a new approach of noninvasive measurement of tibiofemoral kinematics in gait analysis and detailed prosthetic
measurement. Further research needs to be directed to implementing the multi-channel 3Dtracked A-mode ultrasound tracking system. In-vitro and in-vivo experiments will need to be
conducted to validate the multi-channel A-mode US tracking system under dynamic
circumstances.

3.5 Conclusion
This study has presented a one-channel 3D-tracked A-mode ultrasound tracking system
and proven its feasibility for measuring tibiofemoral kinematics in a cadaveric experiment.
Our proposed 3D-tracked A-mode ultrasound system could achieve a mean of 1.06 ± 2.05°
and -2.16 ± 3.02 mm error for rotational components and translational components,
respectively. Although there are opportunities to further reduce the errors, this study already
demonstrates the feasibility of extending it to a multi-channel A-mode ultrasound tracking
system for measuring tibiofemoral kinematics under dynamic conditions.
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Chapter 4 A Novel Multi-channel 3D-Tracked AMode Ultrasound System to Measure
Tibiofemoral Kinematics
Objective: This paper presents a novel method to measure 3-D tibiofemoral kinematics using
a multi-channel A-mode ultrasound system which is integrated with a conventional motion
capture system (i.e. optical tracking system). Utilizing this system, the 6 degrees of freedom
(DOF) of the tibiofemoral kinematics can be quantified in a non-invasive and non-radiative
manner. Methods: In this study we demonstrate its feasibility and quantify its achievable
accuracy in a cadaveric setting. During the experiments, the knee joint was manually moved
into flexion and extension. Six customized ultrasound holders containing a total of 30 Amode ultrasound transducers and 18 optical markers were mounted on different anatomical
regions of the lower extremity of the specimen to quantify ultrasound derived tibiofemoral
kinematics. Tracked intra-cortical bone pins were inserted into the femur and tibia to quantify
tibiofemoral kinematics as gold standard. Results: Average rotational errors of 1.51 ± 1.13°
(mean ± standard deviation) and translational errors of 3.14 ± 1.72 mm were obtained for the
ultrasound derived tibiofemoral kinematics, relative to gold standard kinematics. Conclusion:
This multi-channel A-mode ultrasound system is capable of measuring tibiofemoral
kinematics under dynamic motion. Significance: With the advantages of relative high
accuracy, non-invasiveness, and non-radiation, this method has the potential to be adopted
into gait analysis and prosthetic kinematic measurements to obtain high accuracy of 6 DOF
tibiofemoral kinematics.
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4.1 INTRODUCTION
Measuring joint kinematics during daily activities is important for understanding normal
and pathological joint functions and for assessing the outcome of orthopedic surgery and how
this is potentially related to designs of orthopedic joint implants. In order to accurately
determine the skeletal kinematics the acquisition of reliable data representing bone motion is
essential [1]. At the knee joint, accurate tibiofemoral kinematics have been obtained so that
the clinician can fully understand, diagnose and evaluate the behavior of the intact, diseased
or artificial knee.
To measure in vivo kinematics of the lower extremity several researchers have used intracortical bone pins with mounted markers [1-3]. The positions of the inserted bone pins are
measured by a stereo photographic system (e.g. optical tracking system). This method
provides a very accurate representation of the motion of bone segments in the knee joint.
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However, the invasiveness of this method impedes its application into clinical practice. As
an alternative, utilization of skin-mounted markers is currently the most widely used method
for measuring kinematics of the lower extremity for gait analysis, in which the trajectories of
skin-mounted markers represent the movements of the bony segments beneath the skin [4-7].
However, this method is limited by its accuracy of estimated kinematics, which is subject to
Soft Tissue Artifacts (STA), with root mean square errors as high as 29.3 mm [8]. In term of
kinematics, an average error of 4.4° and 13.1° was found for rotational angles and 13.0 and
16.1 mm for translations for walking and cutting activities, respectively [3]. Alternatively,
fluoroscopic systems utilize the radiographic images and adequate model based methods [912] to be able to achieve accuracies of kinematics in the order of 1 mm for translations and 2
degrees for rotations [13-15], but induced irradiation to the subject and a limited field of view
and its high cost hamper routine usage in the clinical setting.
Ultrasound (US) technology provides the possibility of detecting the tissue-bone boundary
and estimating its depth through the soft tissue during movement with the advantages of noninvasiveness and non-radiation. It also is possible to register ultrasound images to the
segmented bone in computer-aided orthopedic surgery [16-18]. A tri-plane B-mode
(Brightness-mode) ultrasound based method demonstrated the feasibility of estimating knee
joint kinematics through combing multiple B-mode ultrasound transducers and motion
sensors and employing image registration algorithm[19]. Compared to a B-mode transducer,
an A-mode transducer (i.e. single element ultrasound transducer) is cheaper and smaller in
size and more accurate for biometric measurement, e.g. depth [20].
In this study we developed a novel tibiofemoral kinematics measurement system based on
multiple A-mode ultrasound transducers integrated with a conventional motion capture
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system (i.e. optical tracking system) to track knee joint movement. The ultrasound
transducers ensured continuous sight of 3D spatial locations of the femur and tibia under
dynamic conditions. Multiple customized ultrasound holders were designed to attach to six
anatomical regions on the lower extremity, thereby digitizing different bone refection points
as the subject moved. Digitized bone reflection points were used to reconstruct 3D relative
position of the femur with respect to the tibia. The aim of this paper is twofold: first, to
describe the methods developed for measuring tibiofemoral kinematics, including data
acquisition, signal processing and tibiofemoral pose estimation; and second, to prove the
feasibility of our proposed method and to determine the accuracy of measured tibiofemoral
kinematics. A cadaveric experiment was performed and the kinematics as obtained by the
new system were compared to those obtained by utilizing intra-cortical bone pins which were
tracked with a motion capture system.

4.2 System design and methods

4

4.2.1 Data Acquisition
The multi-channel 3D-tracked A-mode ultrasound tracking system we developed
comprises of an optical tracking system (VZ4000v tracking systems, PTI Phoenix
Technologies Inc, Vancouver, Canada) and six customized 3D-tracked ultrasound holders
(Figure 4.1). Each 3D-tracked ultrasound holder contains three optical markers that provide
spatial localization information and different numbers of A-mode ultrasound transducers
(Imasonic SAS, Voray / l'Ognon, France) to detect the depth of tissue-bone boundary. In total,
30 A-mode ultrasound transducers and 18 optical markers were used in the six ultrasound
holders. The transducers had an operating frequency of 7.5 MHz and were focused at 2.5 cm.
The 3D-tracked ultrasound holders were designed in SolidWorks 2016 (Waltham,
Massachusetts, USA) based on the anatomical dimensions of a subject in order to ensure
good skin contact of every A-mode ultrasound transducer. The designed ultrasound holders
were manufactured by 3D printing device (EOS Formiga P110, EOS GmbH, Krailling,
Germany) using Polyamide powder material. As a consequence of the high accuracy of the
3D printing process and the highly rigid design of the holders, the relative spatial relations
between the three optical markers and the A-mode ultrasound transducers remained constant
�⃗𝑝𝑝 ) and
during all measurements. For each A-mode ultrasound transducer, the origin point (𝑂𝑂

�⃗𝑑𝑑𝑑𝑑𝑑𝑑 ) of the ultrasound beam was calculated in the local holder
the unit pointing direction (𝑉𝑉

coordinate system (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶 ) during the holder design process. In addition, the 3D locations

of the three optical markers (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ) were also digitized in the 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶 for each 3Dtracked ultrasound holder. During measurement, the 3D locations of the three optical markers
for each ultrasound holder were recorded concurrently in the global coordinate system
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(𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝐶𝐶𝐶𝐶 ), termed 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 . The rigid-body transformation from 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 to

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 of each ultrasound holder was found using point-to-point registration method

described in [21], termed 𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅 . Hence, in this way, an ultrasound refection point (𝑅𝑅�⃗𝑝𝑝 ) could
be digitized when the depths (𝜆𝜆) were obtained from the received ultrasound signals (Figure
4.1).
�⃗𝑝𝑝 + 𝜆𝜆 𝑉𝑉
�⃗𝑝𝑝 = 𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅 (𝑂𝑂
�⃗𝑑𝑑𝑑𝑑𝑑𝑑 )
𝑅𝑅

(1)
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Figure 4.1 The principle of calculating the ultrasound reflection point on the bone surface via a
3D-tracked ultrasound holder. The depth 𝜆𝜆 is determined from the received ultrasound signal
�⃗𝑝𝑝 ) was determined based
by setting a peak detection window. The ultrasound reflection point (𝑅𝑅
�
⃗
on obtaining the origin point of the ultrasound beam (𝑂𝑂𝑝𝑝 ) and the unit vector of the ultrasound

�⃗𝑑𝑑𝑑𝑑𝑑𝑑 ) and the transformation (𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅 ) that matches three optical markers from the
beam direction (𝑉𝑉
local holder coordinate system to the global coordinate system.

Figure 4.2 A schematic representation of the multi-channel A-mode ultrasound system to
quantify tibiofemoral kinematics.
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4.2.2 Working Principle
The working principle of the multi-channel 3D-tracked A-mode ultrasound tracking
system is shown in Figure 4.2. In such a system, six customized 3D-tracked ultrasound
holders are attached to six corresponding anatomical areas including greater trochanter,
middle part of femur, distal femur, proximal tibia, middle part of tibia and ankle. These 3Dtracked ultrasound holders are tracked by an optical tracking system concurrently. The
multiple ultrasound reflection points from the femur and tibia are digitized as the subject
moves. Subsequently segmented bone models of the tibia and femur obtained from CT are
instantaneously registered to the corresponding ultrasound reflection points using registration
algorithms [22-24]. Eventually, the kinematics of the knee joint can be derived from the
positions of the registered bone models. In this way the relative positions of the registered
femur and the registered tibia can be monitored allowing for the quantification of rotations
and translations of the two segments relative to each other during dynamic motion (Figure
4.2).

4

4.2.3 Ultrasound Signal Processing
The received ultrasound signal of each A-mode ultrasound transducer was filtered using a
second-order low-pass Butterworth filter with a cut-off frequency of 2MHz. Before dynamic
measurements, a specific peak detection window for each transducer was manually set in the
received ultrasound waveform based on the ultrasound signal obtained during flexing the
knee joint of the subject in advance. The transducer-specific window allowed for a faster and
more reliable peak detection in the most likely range of occurrence of the tissue-bone
boundary at the different transducer locations. During the dynamic measurements, a peak
detection method that finds a greater amplitude than the setting threshold and also with the
biggest slope was used to determine the peak representing tissue-bone boundary.

4.2.4 Tibiofemoral Pose Estimation
After attaching all ultrasound holders on the lower extremity, 30 ultrasound reflection
points could be digitized concurrently as the subject moved. All obtained ultrasound
reflection points were fed to a registration algorithm that combined an iterative closest point
algorithm [25] and perturbation method [23] to register bony segments to corresponding
ultrasound reflection points per time-frame. The registration was performed by providing an
initial guess of the pose of an object and following an optimization that minimizes the cost
function of point-to-object matching. In our case, we used several anatomical landmarks to
obtain an initial guess (pre-registration), including the lateral/medial femoral epicondyles and
tibia epicondyles, greater trochanter and ankle. A subsequent optimization was performed by
a modified weighted iterative closest point algorithm [26, 27]. The weighting factors were
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associated with the intensity (i.e. ‘reliability’) of the detected peak of the tissue-bone
boundary. The registration algorithm produced the transformation matrix that matched the
segmented bone model to the acquired ultrasound refection points. After applying the
calculated transformation matrix to the segmented bone model, the estimated 3D position
and orientation of bone model were obtained (i.e. the position of registered bone model).
When the anatomical coordinate systems of the femur and tibia were determined from the
segmented bone models [28], the tibiofemoral kinematics could be calculated from the
estimated positions of registered femur and tibia per time-frame using the method describe
by Grood and Suntay [29].

4.2.5 Cadaver experiment
A full-body specimen cadaver (male, 79kg, 179cm) was obtained from and approved by
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the Anatomy Department of the Radboud medical center (RUMC), Nijmegen, the
Netherlands. There was no history of illness, injury, or treatment affecting the knee or hip
joint for this specimen. Prior to the experiment, the dimensions of several anatomical regions
were measured, including the circumferences of the middle parts of thigh and shank, the
distal femur, the proximal tibia and the ankle for designing subject-specific ultrasound
holders. In addition, two intra-cortical bone pins with four optical markers were inserted to
the femur and tibia separately (i.e. four intra-cortical bone pins and 16 optical marker in total)
to track actual motion of the leg and to obtain gold standard kinematics (Figure 4.3-A). After
inserting all intra-cortical bone pins, a CT scan was made at the Department of Radiology of
the RUMC using a TOSHIBA Aquilion ONE (TOSHIBA, Tustin, USA) with a voxel size of
0.755 mm × 0.755 mm × 0.500 mm. After the CT scan, the bone models of the femur and
tibia were manually segmented from the CT images to generate a surface mesh of the bone
in STL format using Mimics® 17.0. The 3D locations of the optical markers mounted on four
intra-cortical bone pins were also digitized in the CT image coordinate system.
During the experiment, the upper body of the specimen was fixated by nylon straps on the
surgical table and the flexion angle of right leg was manually move cyclically from flexion
to extension to simulate swinging phase (Figure 4.4-a, b). The cycle started from flexion to
extension and flexed back to starting point, in total seven cyclic motions. Six custom A-mode
ultrasound holders were mounted on the low extremity (Figure 4.3-B). All optical markers
(16 markers for bone pins, 18 markers for ultrasound holders) were concurrently tracked by
the Visualeyez optical tracking system (VZ4000z) with three calibrated trackers operating at
60 Hz (Figure 4.3-C). The ultrasound signal was captured and synchronized with the
Visualeyez tracking system in the Diagnostic Sonar FI Toolbox with 2.3GHZ CPU (Intel
Core i7-3610QE) and 8GB RAM. The sample rate of acquisition was 25Hz. Custom written
software (LabVIEW 2015) was developed to provide a graphical user interface for storing all
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raw data and for post-processing. The gold standard tibiofemoral kinematics and ultrasound
derived tibiofemoral kinematics were quantified together to assess the accuracy of the multichannel 3D-tracked A-mode ultrasound tracking system. Mean, Standard deviation (SD) and
Root-Mean-Square (RMS) errors of absolute differences between these two sets of
kinematics were calculated. To illustrate the differences of two sets of kinematics, 6 DOF
kinematics were plotted as a function of increasing sample number. Since the cadaveric leg
was manipulated in a periodic fashion, the full lengths of two sets of kinematics were also
cropped into seven cyclic motions which started from flexion to extension and back to flexion
as a completed cyclic motion. The lengths of cropped cyclic motions were normalized in
order to illustrate 6 DOF kinematics with the corresponding percentage of cyclic motion.

Table 4.1 Mean, Standard Deviation (SD) and Root-Mean-Square (RMS) errors of
absolute differences between the ultrasound derived tibiofemoral kinematics and
bone-pin kinematics (gold standard): Flexion-Extension (Flex/Ext), AdductionAbduction (Add/Abd), External-Internal (Ext/Int) rotations; Anterior-Posterior
(Ant/Post), Proximal-Distal (Prox/Dist) and Lateral-Medial (Lat/Med) translations
Joint rotational errors (°)

Joint translational errors (mm)

Flex/Ext

Add/Abd

Ext/Int

Ant/Post

Prox/Dist

Lat/Med

Mean

1.32

0.71

2.49

4.55

3.08

1.80

SD

0.73

0.52

2.14

2.17

1.57

1.41

RMS

1.51

0.88

3.28

5.04

3.45

2.29
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Figure 4.3 (a) Four intra-cortical bone pins was inserted into the low extremity to produce gold
standard kinematics, two in the femur and two on the tibia; (b) Six 3D-tracked ultrasound
holders attached on the lower extremity produced the ultrasound derived kinematics. (c) A
schematic of a cadaver experiment showing the multi-channel A-mode ultrasound tracking
system comprised of Visualeyez tracking system and Diagnostic Sonar system.

Figure 4.4 (a) the knee joint of specimen was kept at a certain flexion angle. (b) the knee joint
of specimen was moved to full extension. (c) the estimated 3D positions of the registered femur
and tibia at a corresponding flexion angle as (a). (d) the estimated 3D positons of the registered
femur and tibia at same extension pose as (b).

4.3 Results
Flexion (+) / extension (-) rotation, adduction (+) / abduction (-) rotation and lateral (+) /
medial (-) followed the trends of the gold standard kinematic components (Figure 4.5 and
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4.6). For the Anterior (+) / Posterior (-) and Proximal (+) / distal (-) translations, there were
systematic errors between the gold standard and ultrasound derived kinematics.
Root-Mean-Square (RMS) errors ranged from 0.88° to 3.28° for joint rotations and ranged
from 2.29 mm to 5.04 mm for joint translations. The largest rotational error was associated
with external-internal rotation whereas the anterior-posterior translation produced the largest
translational error. Average rotational errors of 1.51 ± 1.13° (mean ± SD) and average
translational errors of 3.14 ± 1.72 mm (mean ± SD) were noted for ultrasound derived
kinematics relative to gold standard.

4.4 Discussion
The purpose of this study was to describe a novel tibiofemoral kinematics measurement
system based on multiple 3D-tracked A-mode ultrasound system, to prove the feasibility of
this method and to assess its achievable accuracy by performing a cadaveric experiment. As
we demonstrated, the multi-channel 3D-tracked A-mode ultrasound tracking system was
capable of measuring 3D knee joint motion during simulated flexion-extension movements
in a dynamic fashion. The novelty of this study is the combination of two existed techniques
(3D motion capture and ultrasound technique) and to use their advantages for developing a
new methodology to explore the possibility to track the motion of bone segments in the knee
joint without invasiveness and lack of radiation as well as to provide a relatively high
accuracy. We originally set the desired accuracy of measured kinematics by the multichannel 3D-tracked A-mode ultrasound system to be less than 1 mm and 1° for translational
and rotational errors, respectively. Thereby we could be close to the current state-of-art
biplane fluoroscopic systems [30, 31] so that our system could serve as an alternative to
measure prosthetic kinematics in TKA patients and gait analysis.
The smallest RMS error was 0.88° for Abduction(+)/Adduction(-), which has achieved
sub-degree accuracy and is comparable with fluoroscopic systems with 0.77° RMS error [14].
The maximum RMS errors were 3.28° and 5.04 mm for external(+)/Internal(-) rotation and
Anterior(+)/Posterior(-) translation. However, the largest translational error maybe caused by
a systematic deviation in registration. Further study is necessary to tackle this erroneous
registration outcome in order to meet the required accuracy for prosthetic kinematic
measurement.
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Figure 4.5 Comparisons of the ultrasound derived tibiofemoral kinematics (blue dashed lines)
and gold standard kinematics derived from bone pins (red, solid line) on knee joint
flexion(+)/extension(-), adduction(+)/abduction(-) and external(+)/internal(-) rotations and
anterior(+)/posterior(-), proximal(+)/distal(-) and lateral(+)/medial(-) translations.

Compared to skin-mounted markers, multi-channel A-mode US system has the potential
to provide more accurate tibiofemoral kinematics, since the bone position and orientation
were estimated from the bony points instead of the positions of markers on the skin. Hence,
it has the potential to overcome the effect of STA. In a skin-mounted marker system, STA
are generally generated and their effects are difficult to eliminate [4, 5], because the inherent
mismatch between skin and bone movement is difficult to remove under all circumstances.
Andersen et al. reported that the inclusion of optimized knee joint constraints did not
eliminate or reduce the effect of STA and improve the validity of reconstructed kinematics
[32] for skin marker systems. The reported accuracy of skin-mounted marker system showed
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that average errors were up to 4.40° and 13.0 mm for rotations and translations, respectively,
for a walking motion task [3]. Our system the largest mean errors were up to 2.46° and 4.55
mm, which showed lower error than literature reported accuracy of skin markers. However,
a more critical comparison is needed to evaluate the performance of our system against a
skin-mounted marker system. When it comes to fluoroscopic systems, only
Flexion/Extension and Abduction/Adduction rotations are relatively comparable with the
accuracies of fluoroscopic system. The other motions had larger error than fluoroscopic
systems. Therefore, the aim of further study is to improve the accuracy of the current system
in order to get close to the desired accuracy and obtain comparable errors as obtained with
fluoroscopic systems.

4

Figure 4.6 6 DOF tibiofemoral kinematics derived from ultrasound and bone pins are displayed
in cyclical fashion. All cyclical trials of ultrasound derived kinematics are plotted in blue dash
lines and the solid thick blue line represents average motion cycle estimated from ultrasound
system; all bone pins trials are plotted in dashed red lines and solid thick red line represents the
average motion cycle measured from bone pins.
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There are several factors contributing to the error of the ultrasound system reported in this
study 1) loss of sight between ultrasound probe and bone during movement, i.e. during
movement the bone can move out of the field of view of the ultrasound probe; 2) incorrect
detection of the reflection peak, directly related to the distance between bone and ultrasound
probe; 3) the inherent error of the registration algorithm; 4) the lack of geometric constraints
in distal-proximal direction. The first and second factor are closely related, and strongly
influenced by the incident angle of the A-mode ultrasound transducer [24, 33] affecting both
the optimal field of view and the quality of the ultrasound echo-signal. By keeping the Amode ultrasound transducer perpendicular to the bone surface it will be easier to find the
bone peak in the ultrasound echo-signal [34, 35]. However, it is challenging to maintain the
incident angle always perpendicular in practice, especially during movement. Also the
specimen was lying on the surgical table and the soft tissues on the greater trochanter and
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proximal part of thigh were squeezed so that the depth of tissue-bone boundary increased in
an abnormal fashion; this is obviously different from soft tissue deformation occurring during
standing or walking circumstances. The bone to each transducer distance was determined
from the ultrasound echo-signal. Sometimes the incorrect peak was selected and then untrue
bone reflection points were inserted in the automatic registration algorithm. Hence, future
work will focus on the improvement of keeping the sight of bone signal of A-mode US echo
during movement and the development of more accurate and reliable peak detection methods.
Factors 3) and 4) are interrelated. In our study, the number of A-mode US transducers was
limited to 30 since it was just the first prototype. As the mid-shaft areas of femur and tibia
are largely symmetric along the longitudinal axis, the errors along this axis are reasonably
larger than around other axes. In the future, more A-mode ultrasound transducers will be
added and relocated on newly designed custom US holders to cover more anatomical regions.
More advanced registration algorithm will be adopted to improve registration accuracy in our
scenario.
This study has several limitations. Firstly, we only used one specimen in the experiment.
More specimens covering various sizes and BMIs could provide more valuable information
regarding the 3D-tracked ultrasound holder design, improvement of maintaining good skin
contact, ultrasound signal quality, and overall measurement robustness. Secondly, the
specimen was placed on a surgical table and motions were generated manually. Muscles were
obviously passively stretched and soft tissues may move differently as in living subject.
However, to simulate the walking of a full body specimen is quite challenging to complete
in a cadaveric session. Future studies will focus on the in-vivo validation.
Certainly, this study also has strengths. Firstly, intra-cortical bone pins provide gold
standard kinematics, which were measured with all 3D-tracked ultrasound holders
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concurrently. It avoided the synchronization problem when using different tracking
modalities. Secondly, the customized 3D-tracked ultrasound holders were manufactured
using an accurate 3D printing process, which simplified the procedure of calibrating all
ultrasound holders. In addition, the working principle of 3D-tracked ultrasound holders
facilitates the application of our system into clinical scenarios with simplification and reusage. Although our current system has a lower accuracy of reconstructed kinematics than
most of fluoroscopic systems, it provides an approach to reconstruct tibiofemoral kinematics
non-invasively and without any radiation. With the high potential to implement further
improvements relative to the overall design of the system, the registration algorithms and
peak detection methods, we expect to develop a system that the accuracy of the system to
measure tibiofemoral kinematics will be comparable to that of fluoroscopic systems.

4.5 Conclusion
This study has presented a multi-channel A-mode ultrasound system and proven its
feasibility of tracking tibiofemoral kinematics by means of a cadaver experiment. Although
the reconstructed tibiofemoral kinematics were less accurate than those reported for
fluoroscopic systems, it has the potential to overcome the effects of soft tissue artifacts of
skin-mounted markers systems to produce more accurate kinematics. Thus, this multichannel A-mode ultrasound system provides a non-invasive and non-radiative method for
measuring tibiofemoral kinematics, which could aid in clinical gait analysis and prosthetic
kinematic measurement.
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Chapter 5 In situ comparison of A-mode ultrasound
tracking system and skin-mounted markers
for measuring kinematics of the lower
extremity
Skin-mounted marker based motion capture systems are widely used in measuring the
movement of human joints. Kinematic measurements associated with skin-mounted markers
are subject to soft tissue artifacts (STA), since the markers follow skin movement, thus
generating errors when used to represent motions of underlying bone segments. We present
a novel ultrasound tracking system that is capable of compensating STA by means of
measuring tibial and femoral bone surfaces during dynamic motions, and subsequently
measuring six-degree-of-freedom (6-DOF) tibiofemoral kinematics. The aim of this study is
to quantitatively compare the accuracy of tibiofemoral kinematics estimated by the
ultrasound tracking system and by a conventional skin-mounted marker based motion capture
system in a cadaveric experimental scenario. Two typical tibiofemoral joint models (spherical
and hinge models) were used to derive relevant kinematic outcomes. Intra-cortical bone pins
equipped with optical markers were inserted in the tibial and femoral bones to serve as a
reference to provide ground truth kinematics. The ultrasound tracking system resulted in
lower kinematic errors than the skin-mounted markers (the ultrasound tracking system:
maximum root-mean-square (RMS) error 3.44° for rotations and 4.88 mm for translations,
skin-mounted markers with the spherical joint model: 6.32° and 6.26 mm, the hinge model:
6.38° and 6.52 mm). Our proposed ultrasound tracking system provides a potential for
overcoming the effect of STA and mitigating its propagation to bone kinematics.
Consequently, this technique could be considered as an alternative method for measuring 6DOF tibiofemoral kinematics, which may be adopted in gait analysis and clinical practice.
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5.1 Introduction
Accurate measurements of joint kinematics are essential to comprehensively understand
the mechanism of joint motion. Most of kinematic data on the lower extremity are obtained
from motion capture systems, in which the trajectories of skin-mounted markers are recorded
to represent the motion of underlying skeletal structure [1]. However, the estimated threedimensional (3D) position and orientation of bone segments and the related kinematics are
subject to soft tissue artifacts (STA) [2]. Since the movement of the skin, muscles, and fat
relative to the underlying bone is an inevitable phenomenon under dynamic motion tasks [3],
the inherent mismatch between skin and bone movement is difficult to remove under all
circumstances [4, 5]. It has been reported that STA can cause measurement errors of up to 30
mm in the thigh [6]. The propagation of STA to knee joint kinematics has been reported to
lead to average rotational errors of up to 4.4° and 13.1° and average translational errors of up
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to 13.0 mm and 16.1 mm for walking and cutting motions, respectively [7].
Extensive researches have been conducted on quantification, assessment, and
compensation of STA for different motor tasks [8-13]. Multi-body kinematics optimization
(MKO) has been used with the intent to compensate the STA and to limit the propagation of
STA to joint kinematics estimation [9, 13]. The typical mechanical linkages representing the
knee joint and embedded in MKO are the hinge joint and the spherical joint, which involve
major simplifications with respect to the actual joint and reduce the degrees of freedom (DOF)
of the joint [14, 15]. The hinge joint only allows the flexion-extension rotation [9]. The
spherical joint allows all three rotations but no translation [16]. Researchers have realized
that motion analysis research community should make more efforts in search of more
advanced subject-specific joint models or error models, or a new measurement modality in
order to improve the accuracy of estimated joint kinematics [17-19].
Instead of compensating STA from various perspectives of mathematical models and
optimizations, we developed a new method to directly measure spatial information of
underlying bones in order to produce an effective and valid representation of skeletal motion
and the corresponding joint kinematics. A novel ultrasound (US) tracking system was
developed to measure tibiofemoral kinematics dynamically, non-invasively, and without
radiation. As A-mode ultrasound transducers are capable of detecting underlying bone
surfaces non-invasively through multiple layers of soft tissues under dynamic movement, a
combination of multiple A-mode ultrasound transducers and conventional skin-mounted
markers provides a new approach of measuring the trajectories of multiple A-mode
ultrasound transducers attached on the thigh and shank as well as detecting respective
underlying bone surfaces from received ultrasound signals. Subsequently, the trajectories of
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bone surfaces could be obtained and the relevant kinematics can be quantified. To evaluate
our system relative to conventional motion capture systems with skin-mounted markers,
cadaveric experiments were conducted.
The aim of the presented work is to compare tibiofemoral kinematics derived from our
ultrasound tracking system with those kinematic outcomes derived from skin-mounted
markers using two typical joint models (hinge and spherical) in cadaveric experiments.
Another goal is to demonstrate the potential for overcoming the effect of STA and achieving
high accuracy in estimated tibiofemoral kinematics with our ultrasound tracking system.

5.2 Material and methods
5.2.1 Experimental setup
A full body cadaveric specimen (male, 79kg, 179cm) was obtained from and approved by
the Anatomy Department of the Radboud University Medical Center (RUMC), Nijmegen,
the Netherlands. There was no history of illness, injury, or treatment affecting the knee or hip
functions. Tracked intra-cortical bone pins equipped with optical markers were inserted into
the right femur (with two pins) and right tibia (with two pins), which provided ground truth
kinematics as a reference. A CT scan was made at the Department of Radiology of the RUMC
using a TOSHIBA Aquilion ONE (TOSHIBA, Tustin, USA) with a voxel size of 0.755 mm
× 0.755 mm × 0.500 mm. Subsequently, the femur and tibia were manually segmented using
Mimics 17.0 (Materialise N.V., Leuven, Belgium) to generate geometrical surface models of
the bones, which were exported in STL format. The femoral and tibial anatomical reference
frames were defined based on bone geometries using a method previously described [20].
The upper body of the cadaver was fixated with nylon straps in a supine position on a surgical
table, while ensuring that the right leg could be manually displaced without any hindrances
to its movement.

5.2.2 Ultrasound tracking system
The ultrasound tracking system comprised six customized 3D-tracked ultrasound holders
covering six anatomical areas: greater trochanter of the femur, middle femoral shaft, lateral
and medial sides of both femoral epicondyles and tibial condyles, middle tibial shaft, and
ankle (Figure 5.1). Each ultrasound holder consisted of a variable number of A-mode
ultrasound transducers (frequency: 7.5 MHz, Imasonic SAS, Voray / l'Ognon, France) and
three optical markers that were tracked by Visualeyez VZ4000v system (PTI Phoenix
Technologies Inc., Vancouver, Canada) operating at 60 Hz. In total, 30 A-mode ultrasound
transducers and 18 optical markers were installed on six ultrasound holders.
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Figure 5.1 A schematic representation of measurement of ultrasound tracking system and the
placement of six ultrasound holders. All inserted intra-cortical bone pins and attached six
ultrasound holders were tracked and recorded concurrently by Visualeyez tracking system.

Figure 5.2 A schematic representation of skin-mounted marker measurement and configuration
of marker placement. All intra-cortical bone pins and marker clusters and individual markers
were tracked and recorded concurrently by Visualeyez tracking system.

After attaching all ultrasound holders on the lower extremity, the received ultrasound
signals and trajectories of rigidly attached markers were collected to calculate corresponding
points on the surface of the bones. Subsequently, these points were fed to a point-cloud
registration algorithm [21] to estimate the position and orientation of the bone model in 3D
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space. Finally, tibiofemoral kinematics were quantified from the estimated bone positions
per time-frame of acquisition using the established anatomical reference frames [22]. The
relevant data acquisition and processing have been described previously in detail [21].The
trajectories of inserted intra-cortical bone pins and attached ultrasound holders as well as
received ultrasound signals were synchronized and recorded simultaneously.

5.2.3 Skin-mounted markers measurement
The skin-mounted marker measurement was performed by attaching active optical marker
clusters and individual markers directly to the skin to track locations of anatomical landmarks
which were measured by the same configuration of Visualeyez tracking system operating at
60 Hz. The individual markers were placed directly on top of the skin of both the lateral and
medial malleoli, tibial condyles, and femoral epicondyles, and of the greater trochanter,
patella, and tibial tuberosity landmarks (Figure 5.2) [23]. Two marker clusters with three
optical markers were firmly strapped on the middle part of the shank and thigh to reconstruct
the used anatomical landmarks on the tibia and femur, respectively. Reconstruction of the
related landmark positions was done by performing additional measurements using a fivemarker pointing device indicating landmark locations relative to the 3D positions of marker
clusters, and the use of dedicated custom MATLAB scripts [24]. The positions of
abovementioned anatomical landmarks were also measured by individual markers to ensure
that reliable continuous data were available during dynamic movements, and to minimize
soft-tissue artifacts within the choice of landmarks. The placement of skin-mounted markers
is demonstrated in Figure 5.2. All the trajectories of attached marker clusters and individual
markers accompanied with intra-cortical bone pins were measured and recorded
simultaneously.

5.2.4 Experimental trials
Due to interferences in the placement of six ultrasound holders and skin-mounted markers
altogether on the lower extremity, the cadaveric experiments needed to be performed in two
independent experimental trials: 1) US-trial, i.e. ultrasound tracking system measurement
with intra-cortical bone pins; 2) SKIN-trial, i.e. skin-mounted marker measurement with
intra-cortical bone pins. During both trials, the same intra-cortical bone pins were used and
recorded simultaneously with the other measurement technique. For each trial, the
experiment consisted of a cyclic flexion and extension of the knee, performed manually. One
motion cycle started from the initial pose (approximately 45° of knee flexion), and proceeded
to full-extension and ended back in the initial pose. The duration of one cycle was
approximately 3 seconds. At least five successive motions cycles were recorded for each trial.
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5.2.5 Quantification of tibiofemoral kinematics
All measurement data for US-trial were recorded in the Diagnostic Sonar FI Toolbox
(Diagnostic Sonar Ltd, Livingston, UK) on a 2.3-GHz CPU (Intel Core i7-3610QE) computer
equipped with 8 GB of RAM. Custom written software in LabVIEW 2015 (National
Instruments, Austin, Texas, US) was developed to obtain 6-DOF tibiofemoral kinematics
derived from ultrasound tracking system along with corresponding ground truth kinematics
obtained from intra-cortical bone pins. The detailed description of post processing can be
found in [21].
The SKIN-trial data were firstly processed in MATLAB R2015a (MathWorks, Natick,
Massachusetts, US), by applying a bi-directional second-order low-pass Butterworth filter at
a cut-off frequency of 20 Hz onto the marker coordinates and reconstructing landmarks

5

following marker clusters. The identical bone models and established anatomical reference
frames of the femur and tibia were imported into AnyBody Modeling System (AMS, version
6.0, AnyBody Technology, Aalborg, Denmark) as used in the US-trial. Anatomical landmark
locations on the bone model were defined based on bone geometry. Individual markers were
used for all indicated landmarks of Figure 5.2 except for the greater trochanter. The marker
cluster attached to the middle thigh was used to reconstruct the pathway of the greater
trochanter landmark, due to large soft-tissue artifacts within this position as a result of the
cadaver setup.
Two models with different knee joint definitions were used to obtain kinematic outcomes;
the hinge model and the spherical model, representing the two most widely used idealized
joint definitions in kinematic analysis. Both models used the knee center of rotation as
defined by the origin of the femoral anatomical reference frame [22]. However, the hinge
model only allowed rotation in one degree of freedom, namely around the flexion-extension
femoral axis, while the spherical model allowed all three rotations. Since only one kinematic
DOF (flexion/extension) was allowed for the hinge model, the remaining translational and
rotational kinematic components exhibited constant values. Specifically, the
adduction/abduction and internal/external rotation remained at zero, whereas the translations
assumed non-zero constant values, because of the tibial anatomical refrence frame being at a
different location than the center of the knee joint (femoral anatomical frame). For the
spherical model, the same consideraion for the translatons can be made as for the hinge model.
Over-determinate kinematic analyses were carried out based on input spatial trajectories of
processed landmarks [9], while enforcing the relevant kinematic constraints for each of the
two knee joint definitions. The corresponding ground truth kinematics (i.e. obtained from the
intra-cortical bone pins) were quantified using the same routine as for the US-trial [21].
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Figure 5.3 6-DOF tibiofemoral kinematic plots of US-trial in flexion-extension, abductionadduction, internal-external, anterior-posterior, proximal-distal, and lateral-medial kinematic
components. Red solid line represents ground truth kinematics (reference) obtained from
inserted intra-cortical bone pins; blue dashed line represents the kinematics derived from the
ultrasound tracking system.

5.2.6 Data analysis
Absolute errors between the ground truth kinematics and the corresponding kinematics
from the US-trial and SKIN-trial were calculated. Mean, standard deviation (SD), and rootmean-squared (RMS) errors were calculated. 6-DOF tibiofemoral kinematics were plotted as
a function of increasing sample number for US-trial and SKIN-trial in Figure 5.3 and 5.4,
respectively. In addition, the bias of estimated kinematics using the ultrasound tracking
system, the spherical model, and the hinge model with respect to their respective ground truth
kinematics were computed as a function of percentage of the motion cycle (Figure 5.5). The
overall absolute errors for six kinematic components were illustrated in box whisker plots to
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intuitively display the variety of estimated kinematic errors for the different methods (Figure
5.6).
Table 5.1 Mean ± standard deviation (SD) of absolute errors describing the errors
associated with three types of kinematic measurements (the ultrasound tracking
system, the spherical joint model, and the hinge joint model).
Mean ± SD

Ultrasound

Spherical Joint

Hinge Joint

tracking system

5

Flex/Ext (°)

1.39 ± 0.66

3.62 ± 1.35

3.20 ± 1.24

Abd/Add (°)

0.85 ± 0.53

3.23 ± 1.01

2.17 ± 0.44

Int/Ext (°)

2.65 ± 2.20

6.25 ± 0.98

6.12 ± 1.79

Ant/Post (mm)

4.35 ± 2.21

5.82 ± 2.31

6.06 ± 2.29

Prox/Dist (mm)

3.14 ± 1.61

4.65 ± 2.34

4.56 ± 2.38

Lat/Med (mm)

2.00 ± 1.53

4.82 ± 1.48

6.39 ± 1.25
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Figure 5.4 6-DOF tibiofemoral kinematic plots of SKIN-trial in flexion-extension, abductionadduction, internal-external, anterior-posterior, proximal-distal, and lateral-medial kinematic
components. Red solid line represents ground truth kinematics (reference) obtained from
inserted intra-cortical bone pins; orange dashed line represents the kinematics derived from the
spherical joint model; black dashed line represents the kinematics derived from the hinge joint
model.
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Figure 5.5 The biases of three kinds of kinematics (derived from the ultrasound tracking system,
the spherical model, and the hinge model) with respect to ground truth kinematics were
illustrated in 6-DOF kinematic components. The shaded curves represent mean ± standard
deviation of respective bias as a function of the percentage of the motion cycle. The biases of
the ultrasound tracking system were indicated in blue. The biases of the hinge model and
spherical model were indicated in black and in orange respectively.

5.3 Results
The mean rotational errors ranged from 3.23° to 6.25° and from 2.17° to 6.12° for the
spherical model and hinge model, respectively. The mean translational errors ranged from
4.65 to 5.82 mm and from 4.56 to 6.39 mm for the spherical model and hinge model,
respectively. For the ultrasound tracking system, the mean rotational errors (0.85° to 2.65°)
and mean translational errors (2.00 to 4.35 mm) were lower than those errors of the two types
of kinemaitc measurements (obtianted from the spherical and hinge models, Table 5.1).
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Similarly lower errors were found in RMS errors for the ultrasound tracking system (1.00°
to 3.44° and 2.52 to 4.88 mm) compared with the spherical model (3.38° to 6.32° and 5.04
to 6.26 mm) and the hinge model (2.22° to 6.38° and 5.14 to 6.52 mm) (Table 5.2).

5

Figure 5.6 Box Whisker plots of absolute kinematic errors of three kinds of kinematics derived
from the ultrasound tracking system (blue), the spherical model (orange), and the hinge model
(black) with respect to the ground truth in six kinematic components.

5.4 Discussion
In this study, we performed cadaveric experiments in order to compare the measurement
of our novel ultrasound tracking system with skin-mounted marker measurement for
assessing the accuracy in estimated tibiofemoral kinematics in a highly controlled
experimental scenario. Because of limited space on the thigh and shank, it was not possible
to simultaneously attach all ultrasound holders and skin-mounted markers. Considering this
challenge, intra-cortical bone pins were used as a reference for both separate measurements,
which makes comparison feasible in this study. As the results have shown, the ultrasound
tracking system could achieve relatively high accuracies in flexion/extension (1.54° RMS
error) and abduction/adduction (1.00° RMS error), which is close to the accuracy of the
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mobile fluoroscopic system with 0.77° RMS error [25]. In addition, the ultrasound tracking
system showed the potential to measure all 6-DOF kinematics with comparable accuracy by
effectively reducing the propagation of STA to kinematic outcomes. In this study, the lower
accuracy in internal/external rotation (3.44° RMS error) indicated the instability of the
ultrasound tracking system when the leg was at full-extension pose (Figure 5.5,
Internal/External bias). We believed this mainly originates from the lack of skin contact for
several ultrasound holders caused by the deformations of surrounding soft tissue when
stretching. Further research will focus on the improvement of the design of the ultrasound
holders, especially regarding to skin contact.
Table 5.2 Root-mean-square (RMS) error describing the errors associated with three
types of kinematic measurements (ultrasound tracking system, spherical joint model,
and hinge joint model).

5

RMS error

Ultrasound
tracking system

Spherical Joint

Hinge Joint

Flex/Ext (°)

1.54

3.86

3.43

Abd/Add (°)

1.00

3.38

2.22

Int/Ext (°)

3.44

6.32

6.38

Ant/Post (mm)

4.88

6.26

6.47

Prox/Dist (mm)

3.53

5.20

5.14

Lat/Med (mm)

2.52

5.04

6.52

Different to conventional motion capture systems using skin-mounted markers, we
introduced an ultrasound technique into kinematic measurement, thus taking advantage of
the capability of ultrasound transducer to measure underlying skeletal structure through soft
tissues, which is an extension of the navigated A-mode ultrasound probes utilized in
computer assisted orthopedic surgery [26-29]. In this study, an A-mode ultrasound transducer
(single element ultrasound transducer) could be deemed as a virtually extended measurement
line from the skin to the bone surface. Some researchers have proposed a similar concept by
combining B-mode ultrasound transducer with a motion capture system, which could obtain
one or multiple curves representing bone surfaces [30, 31]. The potential of compensating
STA has been validated in an in-vivo experiment by merely measuring the depth of bone
surfaces on the greater trochanter with up to 16 mm measurement difference to skin marker
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measurement [30]. However, to our knowledge, dynamic tibiofemoral kinematic
measurements have not been performed or validated in previous studies.
The framework for processing measured datasets of skin-mounted markers has been
developed by many researchers, containing different kinds of MKO models besides the hinge
and spherical models which were used for comparison in this study, e.g. parallel [12],
coupling [10], and elastic [32] models. The placement and configuration of skin-mounted
markers have also been investigated to assess the STA measurement error [33]. Although
those findings showed a certain extent of mitigation of measurement errors related to STA,
the validity of representing actual position and orientation of bone segments and related joint
kinematics have not been improved [18, 19]. This difficulty stems from the principle that
processing skin-mounted markers cannot provide straightforward measurement of the
underlying bone [34]. Current models and mathematical optimizations are unable to tackle
this difficulty completely. Only invasive or fluoroscopic methods are currently capable of
assessing joint kinematics with desirable level of accuracy of (2° and 2 mm) [19]. Based on
the current study, the ultrasound tracking system showed the potential of being considered as
an alternative to measure joint kinematics in the near future. It provides a new approach of
compensating STA by actually measuring bone surfaces. Thus, this approach also has the
potential to mitigate the effect of STA and to reduce the propagation of STA to final
kinematics. In addition, no matter how the ultrasound holder shifts with respect to the
underlying bone (i.e. either ultrasound holder to skin or skin to bone movements), as long as
the underlying bone segment remains within the “field of view” of ultrasound transducer,
valid bony points can be captured and the registration algorithm could find an appropriate
transformation to match the bone model to the point cloud of bony points and quantify 6DOF tibiofemoral kinematics. When using skin-mounted markers, this type of shifting would
contaminate the quality of skin-mounted marker dataset.
This work has several limitations. First, only one cadaveric specimen was used for the
experiments. Ideally, a cohort of living subjects covering different sizes and BMIs and using
advanced biplane fluoroscopic systems as the ground truth measurement could provide more
valuable information regarding to STA and its effects on kinematics, which is related to an
in-vivo validation study of the ultrasound tracking system for future work. Second, the
ultrasound tracking system and skin-mounted marker measurement were used consecutively
instead of simultaneously. However, using two independent measurement trials accompanied
with the same intra-cortical bone pins serving as ground truth makes the quantitative
comparison feasible and justifiable in this study. Third, only hinge and spherical models were
used for comparison, which have their own limited DOF in final kinematic outcomes.
However, these two models are the most widely used representations of the knee joint in
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motion analysis. Fourth, knee motion of cadaveric leg was manipulated manually and the
posture of body differed from the normal posture, e.g. walking. Subsequently, the muscle and
soft tissue were passively stretched and compressed, which also differed from those during
gait. However, to reproduce the locomotion of normal gait is quite challenging in a cadaveric
setting. Further studies will move towards the assessment and validation of the ultrasound
tracking system on the living subjects performing daily activities. To realize this goal, some
improvements will be completed first, such as the redesign of the ultrasound holders for better
skin contact and the employment of an advanced registration algorithm. With the high
potential to implement further improvements associated with the ultrasound tracking system,
we expect that the ultrasound tracking system could estimate 6-DOF tibiofemoral kinematics
with an accuracy within the range of fluoroscopy measurements [25, 35] and provide a valid
representation of bone segments in the knee joint, which will aid in gait analysis and
disclosure of some pathological features.

5

5.5 Conclusion
In the present study we proposed a quantitative comparison of the estimations of
tibiofemoral kinematics using the ultrasound tracking system versus skin-mounted markers
with hinge and spherical models. The results showed that the ultrasound tracking method
provides a valuable alternative to compensate STA and to improve the accuracy of kinematics
estimation. This new ultrasound based kinematic measurement technique thus provides a
useful approach to study joint motion for musculoskeletal modeling and biomechanical
research communities.
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Chapter 6 A novel ultrasound tracking system to track
in-vivo knee joint motions during walking
and stair descent: a feasibility study
Tracking joint motion of the lower extremity is important for human motion analysis. In this
study, we present a novel ultrasound-based motion tracking system for measuring threedimensional (3D) position and orientation of the femur and tibia in 3D space and quantifying
tibiofemoral kinematics under dynamic conditions. As ultrasound is capable of detecting
underlying bone surface non-invasively through multiple layers of soft tissues, an integration
of multiple A-mode ultrasound transducers with a conventional motion tracking system
provides a new approach to track the motion of bone segments during dynamic conditions.
To demonstrate the technical and clinical feasibility of this concept, an in-vivo experiment
was conducted. For this purpose the variations of soft tissue thickness as well as the
kinematics of healthy individuals were determined in treadmill walking conditions and stair
descending tasks.
The results showed to be able to quantify various levels of soft tissue thickness change,
depending on the location of the measurement. Furthermore, we clearly demonstrated the
potential of tracking skeletal motion of the lower extremity and measuring 6 degree-offreedom tibiofemoral kinematics and related kinematic alterations caused by a variety of gait
parameters. It was concluded that this prototyping system has great potential to measure
human kinematics in an ambulant, non-radiative and non-invasive manner.
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6.1 Introduction
Measuring skeletal motion occurring in the human joints is important to understand the
functions of human joints[1],to assist in pathological diagnostics[2] and to monitor the actual
three dimensional (3D) positions of bone segments during surgeries[3] (e.g. total hip
arthroplasty[4] (THA), total knee arthroplasty[5, 6] (TKA)) and to assess the outcomes of
treatments[7, 8]. Skeletal kinematic data may be used in motion analyses combined with
biomechanical modelling, e.g. musculoskeletal models combined with inverse dynamics
approaches[9, 10]. Hence, a valid representation of actual skeletal motion and an accurate
skeletal kinematics estimation is important in the fields of orthopedic research and human
motion analysis[11]. However, the fact is that human skeletal structures are not exposed to
the outside environment but are surrounded by the soft tissues (muscles, fat, skin etc.).
Therefore, an effective measuring technique that could directly or indirectly detect the motion
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of bone is necessary to monitor and trace the movements of bone segments underlying the
skin surface[12, 13].
Currently, skin-mounted markers are widely used in human motion analysis to estimate
the motions of bones by assuming no relative motions between the skin and bone[14].
However, this method is subject to soft tissue artifacts (STA) because the markers attached
on the skin cannot represent the actual motions of underlying bone segments[15]. It has been
reported that STA can cause measurement errors of markers up to 30 mm in the thigh[16].
The propagation of STA to knee joint kinematics has been reported to lead to average
rotational errors of up to 4.4° and 13.1° and average translational errors of up to 13.0 mm
and 16.1 mm for walking and cutting motions, respectively[17]. Although many researchers
attempted to compensate for the STA by computer modelling[13, 18-24], no significant
improvement has been found in previous studies[12].
With the development of medical imaging technologies, fluoroscopic systems have been
utilized to capture high accurate joint kinematics in the prosthetic measurement for TKA
patients[25-27]. However, high cost, cumbersome setup and limited field of view (FOV)
impede routine usage in the clinical setting. Recently, several groups have been working on
the development of mobile fluoroscopy systems[28-31]. Although using a robotic trolley or
gantry carrying the fluoroscopic system following the movement of subject extends the FOV,
the radiation exposure to the subject remains inevitable. Recently advanced four-dimensional
(4D) MRI [32-34] and CT[35, 36] techniques have been reported to track the bone motion
and to quantify the respective joint kinematics inside the scanners[32-34]. The disadvantages
of this method are the limited FOV, limited sample rate and the inability to measure
kinematics during daily activities.
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Besides abovementioned image modalities, ultrasound serves as a non-invasive and nonradiative imaging method to observe the soft tissues and internal organs in various clinical
applications[37]. In addition, ultrasound is also capable of detecting bone surfaces through
multiple layers of soft tissues[38]. Utilization of an ultrasound transducer combined with a
surgical navigation system to accomplish the intra-operative registration of bone segments
has been reported in computer assisted orthopedic surgeries[39-41]. Due to its capability of
detecting a bone surface under dynamic motions, the combination of multiple ultrasound
transducers with conventional motion capture markers provides a new approach to estimate
the 3D positions and orientations of bone segments and to quantify related joint kinematics.
The bone detections (i.e. depths from the skin to bone) accompanied with corresponding
spatial positions (3D coordinates of the ultrasound transducers) provide sufficient
information to reconstruct the 3D bone motion per time frame without the effect of STA that
exists in skin-mounted marker measurements. In-vitro validation of this concept has been
investigated for the knee joint in a previous study[42], which showed a relative high accuracy
on the estimated tibiofemoral kinematics. A comparative with a conventional skin-mounted
marker based system has been conducted in a cadaveric setting. The ultrasound tracking
system showed a rather good accuracy in estimated 3D bone positions and quantified sixdegree of freedom (6-DOF) joint kinematics (maximum root-mean-square (RMS) error 3.44°
for rotations and 4.88 mm for translations). However, to evaluate the in-vivo capability of
tracking knee joint motions during daily activities has not been performed yet.
The aim of this study was to demonstrate and assess the in-vivo capability of our proposed
ultrasound tracking system when healthy subjects performed several daily activities,
including treadmill walking at three different speeds and stair descent. We expected that
kinematics alterations caused by different imposed gait parameters could also be identified
by the ultrasound tracking system.

6.2 Method
6.2.1 Participants
Five subjects (five males; age 37 ± 10 years; height: 180 ± 8 cm; weight: 75.4 ± 14.1 kg)
participated in this study. Although one subject had a meniscus operation four years ago,
there was no influence and/or complaints on performing exercises reflecting daily activities
as conducted during this experiment. The other subjects had no history of injury, treatment
or disorder affecting knee and hip functions. All subjects gave written informed consent.
Prior to the experiment, each subject had an MRI scan using a Philips INGENIA 3T (BEST,
the Netherlands) with a voxel size of 0.5 mm × 0.5 mm × 1 mm at the radiology department
of Academisch Medisch Centrum (AMC, Amsterdam, Netherlands). After the MRI scan, the
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obtained MRI images were segmented manually to generate subject-specific geometrical
surface models of the femur and tibia using Mimics 17.0 (Materialise N.V., Leuven,
Belgium), which were exported in STL format. The femoral and tibial anatomical reference
frames (ARF) were then defined based on obtained bone geometries using a method
previously described[43]. Approval of this study was obtained from the Ethical committee at
the Radboud University Medical Center (RUMC).

6.2.2 Ultrasound tracking System
The ultrasound tracking system consisted of a conventional motion tracking system and
an ultrasound signal acquisition system. In this study, we used Visualeyez VZ4000v system
(PTI Phoenix Technologies Inc., Vancouver, Canada) equipped with two trackers to provide
spatial positioning (see Figure 6.1 and 6.2). The ultrasound signal and marker positioning
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information was collected and synchronized in the Diagnostic Sonar FI Toolbox (Diagnostic
Sonar Ltd, Livingston, UK) with 2.3GHZ CPU (Intel Core i7-3610QE) and 8GB RAM with
a custom acquisition program written by LabVIEW (National Instruments, Austin, Texas,
US). 30 A-mode ultrasound transducers (7.5 MHz, focus at 3.5 cm, Imasonic SAS, Voray /
l'Ognon, France) and 27 active optical markers (tracked by Visualeyez system) were installed
into custom ultrasound holders. The ultrasound holders cover various anatomical areas on
the lower extremity, including ankle, middle shaft of tibia, tibial condyles, femoral
epicondyles, middle thigh, greater trochanter (Figure 6.3). The ultrasound holders were
designed in SolidWorks (Waltham, Massachusetts, USA)) and manufactured using
Polyamide powder material in 3D printer (EOS Formiga P110, EOS GmbH, Krailling,
Germany) to ensure high accuracy on their 3D geometrical structures for maintaining the
strength, rigidity, and stability.
The US transducers attached to the customized ultrasound holders reproduce the necessary
information (i.e. the 3D discrete point cloud) to reconstruct bone motion through the obtained
raw ultrasound signals and spatial information. The detailed description of this processing
can be found in our previous paper[42]. The yielded discrete point cloud was fed to a
registration algorithm, using a modified weighted iterative closet point algorithm[44, 45] to
get the transformations from the original geometrical surface models to the actual 3D
positions and orientations of bone models in the laboratory coordinate system. The raw
ultrasound signals from 30 (15 for the femur and 15 for the tibia) A-mode ultrasound
transducers and the raw 3D coordinates of 27 optical markers were synchronized and
recorded at an average sampling rate 45 Hz. Thus the 3D discrete point cloud was reproduced
in an average 45 Hz sample rate during experiment. The respective tibiofemoral kinematics
were derived from the method based on the ISB recommendations[46, 47].
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Figure 6.1 (a) a side view of experimental setup, including two Visualeyez trackers to track the
optical markers on ultrasound holder; (b) a front view of experimental setup, one subject wore
all ultrasound holder and performed a treadmill walking task; (c) a subject performed stair
descent with the ultrasound tracking system measurement.
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Figure 6.2 A schematic representation of the experimental setup for treadmill walking (left) and
stair descent (right). Two Visualeyez trackers were used to record the spatial information of
attached ultrasound holders. Diagnostic Sonar FI Toolbox received all raw ultrasound signals
and was synchronized with collected spatial information from Visualeyez trackers.

Figure 6.3 A schematic representation of the A-mode ultrasound system to quantify tibiofemoral
kinematics from obtained point cloud. Also shown is the placement of ultrasound holders on
the right leg.
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6.2.3 Experiments
The ultrasound holders were attached to the right leg of each subject and were fixated by
using skin tapes in order to cover all needed anatomical areas without any hindrance during
movements. After attaching all ultrasound holders, each subject performed two sets of trials:
1) walking at three different imposed speeds (1 km/h, 2 km/h, and 3 km/h) on the treadmill
as well as 2) stair descent from two consecutive stairs (first stair: 18 cm height; second stair:
21cm height, next to the ground). For treadmill walking, at least five gait cycles were
recorded for each trial. For the stair-descent trial, each subject was asked to repeat three times
for stair-descent trial and was always asked to step the right leg at first for each stair. It took
about one hour to complete an experiment of one subject, including attachment of ultrasound
holders to the subject, the calibration procedure and all measurements of all trials.

6.2.4 Data processing
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After all experiments, 3D knee joint motions and 6-DOF tibiofemoral kinematics were
calculated for all trials over all gait cycles and three repeated stair-descent cycles. The
calculated 6-DOF tibiofemoral kinematics of treadmill walking were averaged across five
subjects under imposed three treadmill speeds. The mean and standard deviation across five
subjects of calculated 6-DOF tibiofemoral kinematics for the stair-descent cycles were
illustrated as the functions of percentage of two-stair descending (100% represent one
complete cycle of one-stair descending, thus completed cycle is 200%).
To demonstrate the capability of detecting the bony surfaces from different anatomical
areas and the capability of detecting the changes of depth (i.e. the thickness changes of the
soft tissue layer) of detected bone surface caused by soft tissue deformation, several M-mode
(motion mode) ultrasound images were generated. M-mode image is defined as motion
display of the ultrasound wave along a chosen ultrasound line (in our case, a single ultrasound
transducer element) during a time period. Its x-axis represents the number of samples. Its yaxis represents the intensity of received echo in a color map. It provides a two-dimensional
view of the depth changes. We illustrated the M-mode images in two groups: 1) several
anatomical areas at the same treadmill speed (lateral side of middle femur, anterior side of
middle femur, femoral lateral epicondyle, medial side of middle tibia at 1 km/h) and 2) three
different treadmill speeds of an identical location (lateral side of middle femur at 1, 2, 3,
km/h).

6.3 Results
The mean of 6-DOF tibiofemoral kinematics across five subjects under imposed three
different treadmill speeds are illustrated in Figure 6.4. The mean ± standard deviation of 6-
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DOF tibiofemoral kinematics across five subjects during stair descending is shown in Figure
6.5.

6.3.1 Treadmill walking
The largest rotation motion was flexion-extension, followed by external-internal rotation
and adduction-abduction. The peak knee flexion at the swing phase increased with increasing
imposed speed. At heel-strike, the knee was not fully extended (reach 0°) at all three imposed
speeds. As the imposed treadmill speed increased, the extension angle of the knee joint
increased at heel-strike. The knee joint distraction started to increase from the heel-strike and
reached the peak until the swing phase started. Walking at the lowest imposed speed resulted
in the smallest range of motion (ROM) for all 6-DOF kinematics compared to a higher
imposed speed.

6

Figure 6.4 Averaged 6-DOF tibiofemoral kinematics across five subjects for imposed three
different speeds: 1 km/h (red line), 2 km/h (green line), and 3 km/h (blue line).

6.3.2 Stair descending
The mean flexion angle across five subjects reached the first peak (35.1°) during stepping
down the first stair (18 cm) and reached the second peak (41.0°) during stepping down the
second stair (21 cm). The knee joint distraction started to decrease when the right leg reached
the next floor level and started to flex the knee to support the increasing pressure on the right
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knee. When the contralateral foot reached the same floor, the joint distraction began to
increase until flexion angle was as the same as neutral standing. The similar changing pattern
of joint distraction happened during stepping down to the second floor level.

6.3.3 M-mode images
Examples of several M-mode images of one subject are illustrated in Figure 6.6. The level
of thickness is logical at different anatomical areas, as thick around the middle of thigh, thin
around the middle of shank. The depth changes at the same walking speed were different for
various anatomical locations. The depth changing at the medial side of middle tibia was very
small, which is logical as the soft tissue is the smallest (and therefore its expected deformation)
compared to other locations. The anterior and lateral sides of middle femur had rather large
variations in detected bone depths. Again, this is logical as the thickness of soft tissue (and
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its expected deformation during walking) is the larger than other locations. The frequency of
depth change on the lateral side of middle femur increased with the increase of the imposed
treadmill speed. The changing range of depth also increased with the increases of speed,
suggesting more soft tissue deformation at higher walking speed.

6.4 Discussion
We presented a novel method to dynamically track the knee joint motion and to quantify
6-DOF tibiofemoral kinematics in a non-invasive and non-radiative manner. The
combination of multiple A-mode ultrasound transducers with a conventional motion capture
system provides an alternative method to capture skeletal motions and kinematics with
mitigating the effect of STA. In this study, the in-vivo capability of our proposed ultrasound
tracking system to measure knee joint motion and to quantify 6-DOF tibiofemoral kinematics
was demonstrated in two motor tasks of daily activities. The kinematic alterations caused by
different gait parameters has also been identified by the ultrasound tracking system. The peak
flexion angle during swing phase on treadmill walking reduced when participants walked at
the slow imposed speed, which is in accordance with the findings in a previous study[48].
Similarly, a smaller ROM was associated with a lower imposed speed during walking for all
6-DOF tibiofemoral kinematics[48]. The patterns of obtained 6-DOF tibiofemoral kinematics
on the treadmill waking were in accordance with those of previously obtained tibiofemoral
kinematics utilizing a mobile fluoroscopy system[49]. For the stair descending, the peak
flexion angle was correlated with the height of the stair level. The kinematic alterations
caused by small changes of gait parameters could be recognized by our ultrasound tracking
system, which proves a certain extent of sensitivity of the ultrasound tracking system.
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6
Figure 6.5 6-DOF tibiofemoral kinematics for two consecutive stairs descending across five
subjects. The solid line represents the mean data while the shaded areas represent ± 1 standard
deviation from the mean. 100% of stair descending cycle represents the completion of the first
floor. 200% of stair descending cycle represents the completion of the second floor.

Figure 6.6 Left: the examples of six M-mode images of one subject: x-axis of M-mode image
represents the number of samples, y-axis of M-mode image represents the intensity of received
ultrasound echo in a color map; (a, b ,c) the M-mode images for lateral side of middle femur
location at 1 km/h, 2 km/h 3km/h respectively; (d) the M-mode image for anterior side of middle
femur at 1km/h; (e) the M-mode image for femoral lateral epicondyle at 1km/h; (e) the M-mode
image for medial side of middle tibia at 1km/h; right: the illustration of abovementioned
anatomical locations on the femur and tibia.
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The novelty of this study lies in the combined implementation of two existing techniques,
i.e. motion capture and ultrasound imaging. Taking advantage of ultrasound techniques
extends the range of detection of a conventional motion capture system from superficial skin
surface tracking to internal bony surface tracking. As a consequence, the sufficient spatial
information (trajectories) of bony segments under the skin surface contributes to the accurate
bone motion tracking and accurate kinematic estimation.
Relative to a conventional skin-marker system, the ultrasound tracking system has the
clear advantage of the reduction of STA on the measurement data and its propagation on
kinematic outcomes[50]. As demonstrated in the examples of M-mode images, A-mode
ultrasound transducers have the capability of detecting the depth changes of bone surfaces at
different anatomical areas. This capability will improve the validity of representing actual
bone movement, since the trajectories of bone surfaces will be measured instead of superficial
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skin surfaces. A comparison with a skin-mounted marker measurement in a cadaveric setting
has been conducted in our previous study. However, a critical comparison with a skin marker
system under in-vivo conditions is yet to be performed, particularly if a ground truth method
(e.g. an advanced mobile fluoroscopic system)[28, 29] can be incorporated. Currently, the
FOV of our system is the same as the conventional motion capture systems, since it only
depends on the FOV of the employed motion capture system. In addition, the length of the
cables connected to the ultrasound transducers also restricts the maximum dynamic motion
range. However, this aspect can be solved reasonably easily by extending the length of cables
or employing an ambulant acquisition terminal instead of a standalone desktop computer on
the side.
This work has several limitations. Firstly, no “ground truth” measurement was employed
during experiment. There is not a non-invasive and non-radiative method to obtain the ground
truth of movements (walking and stair descent). Available methods like intra-cortical bone
pins and fluoroscopic systems have obvious ethical restrictions. Even though, we propose
that an in-vivo validation study will be completed in the near future so that the results would
facilitate the improvements of the current system and provide valuable comparisons with
existing techniques. Secondly, only five healthy subjects were involved in this study. Ideally,
a cohort of living subject covering different patient and healthy groups with different sizes
and BMIs accompanied with a ground truth measurements as a reference could provide more
valuable information with regard to the pathological patterns on kinematics. Thirdly, it has
been shown that gait patterns on a treadmill are different to freely normal level walking [49].
However, in this study, the focus was on the demonstration of knee joint motion tracking
during dynamic movements and detecting the kinematic alterations caused by different
imposed treadmill speeds and heights of staircase. Treadmill speed is a convenient parameter
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to change. Fourthly, the cables and skin tapes may influence the nature gait pattern for
individuals. In the future, we are aiming to develop a miniature and light-weight system
towards a wearable measurement system that would facilitate its implementation in the clinic.
Furthermore, future study will also focus on the improvement of designing the ultrasound
holders to create a lighter, smaller, user friendly and ergonomic design. These improvements
of the holders will also be beneficial to utilize our system in a broader application field and
to facilitate clinical implementation.
In summary, we developed an ultrasound tracking system that is capable of capturing the
soft tissue deformation and acquiring knee joint motion. Hence, we conclude that this
prototyping system has great potential to measure human kinematics in an ambulant, nonradiative and non-invasive manner.
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The goal of the research, as presented in this thesis, was to develop and validate a new
method that is able to track skeletal motion in the knee joint and to quantify tibiofemoral
kinematics under dynamic conditions. Our proposed method can be briefly described as:
1) multiple A-mode ultrasound transducers are combined with conventional optical
markers in order to detect sufficient bony points covering the femur and tibia.
2) Subsequently, these obtained points are used to determine the unique 3D position and
orientation of bone segments by a point cloud registration algorithm.
To achieve the goal of this study and to assess the feasibility of this new method, several
research questions needed to be incrementally addressed, as described in Introduction
(Chapter 1):

7

Q1. How many points are needed to determine the 3D position of a bone segment using
this method and with what accuracy can this be obtained? How do the localization
errors of the points affect the accuracy of segment position?
Q2. Is this method capable of determining the 3D position of a bone segment at a fixed
position and with what accuracy?
Q3. Is it possible to quantify tibiofemoral kinematics at different static positions using this
method and with what accuracy?
Q4. Is this method capable quantifying tibiofemoral kinematics dynamically in a
cadaveric setting and with what accuracy?
Q5. How does this method compare to a skin marker system?
Q6. Is it feasible to quantify tibiofemoral kinematics in living subjects performing daily
activities?

7.1 Summary of research questions
To answer Q1, a numerical simulation was conducted to explore the possibility of
registering the detected point cloud with a known bone shape model in Chapter 2.
Furthermore, the sensitivity of the number of acquired points and the sensitivity of induced
noise were also investigated. To validate our registration method and to investigate the same
parameters (number of points and magnitude of noise), a cadaveric experiment was also
conducted to evaluate the registration method that is capable of determining a 3D position of
bone segment at a fixed position (To answer Q2, also in Chapter 2). The results showed that
our registration method (ICP with Perturbation Search) had a significant improvement on the
registration accuracy, relative to the standard registration method, such as ICP [1]. The results
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of Chapter 2 furthermore proved the possibility of registering a known bone shape to a sparse
point cloud and provided a guideline to decide the necessary number of A-mode ultrasound
transducers that should be used in the first prototype system. We found that 15 points could
get an acceptable accuracy (RMSE <1.5 mm) when localization error is low (< 1mm). Hence,
we decided to employ 15 A-mode ultrasound transducer for each bone segment. Thus a total
number of 30 A-mode ultrasound transducers were used for our final system.
To answer Q3, in Chapter 3, the principle of digitizing a bony point from a tracked Amode ultrasound probe was investigated in a cadaveric setting. The skeletal positions of
shank and thigh were estimated while fixating the bones in a stationary position. We assumed
that measuring multiple bony points covering the shank and thigh at one stationary pose was
the same as the simultaneous measurement of bony points by multiple tracked A-mode
ultrasound probes. Under these circumstances, the obtained bony points at one stationary
pose were processed to quantify tibiofemoral ‘kinematics’ in a static manner. The derived
kinematic outcomes were compared to the reference kinematics that were derived from
inserted intra-cortical bone pins that we considered as the ground truth. The results derived
from the tracked A-mode ultrasound probe showed a high accuracy in estimated rotations
and translations. The results of this method showed the potential to estimate tibiofemoral
kinematics under a dynamic situation after employing an array of tracked A-mode
transducers covering the lower extremity at multiple locations. Hence, after this feasibility
study it was decided to acquire the hardware to enable building a multi-channel A-mode
system.
To explore the answer of Q4, we developed a multi-channel A-mode ultrasound tracking
system as described in Chapter 4. The unique feature of our proposed ultrasound tracking
system lies on the extension of the detection range of skin-mounted markers from the
superficial measurement to the real bony surface. The combination of multiple ultrasound
transducers (in our case, A-mode ultrasound transducers) with a conventional motion capture
system improves the validity of estimating the 3D positions of the underlying bony segments
which are required to accurately quantify tibiofemoral kinematics in a dynamic fashion. The
results of Chapter 4 showed the high accuracy estimation in flexion-extension, adductionabduction. Although the reconstructed tibiofemoral kinematics were less accurate than those
reported for fluoroscopic systems[2, 3], it has the potential to overcome the effects of soft
tissue artifacts of skin-mounted markers systems to produce more accurate kinematics. Thus,
this advancement in measurement technology of true human motion shows to have great
potential as a suitable skeletal motion capture and kinematic quantification method without
the necessity of skin incisions or radiation exposure.
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To answer Q5, an in-situ comparison was conducted in a cadaveric experiment in order to
investigate the performance of our method against the more traditional method using skinmounted markers (in Chapter 5). The ultrasound tracking system resulted, indeed, in more
accurate 6-DOF kinematic estimations than skin-mounted markers. Consequently, this
technique could be considered as an alternative method for measuring 6-DOF tibiofemoral
kinematics, which may be adopted in gait analysis and clinical practice.
To find the answer of Q6, we aimed to demonstrate the feasibility of capturing skeletal
motions and quantifying tibiofemoral kinematics for healthy subjects performing different
daily activities (In Chapter 6). After changing several gait parameters, e.g. imposed speed
of treadmill and height of staircase, kinematic alterations could be quantified which were in
accordance with previous findings. Although it should be realized that there was no ground
truth measurement accompanied in this experiment, the experiment was valuable at
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demonstrating some features of the system that are important for in-vivo assessment of
human movement. The processing algorithms were modified to a weighted ICP method based
on the amplitude of “confidence” of detected bone surface to obtain final kinematic outcomes
[1] . Furthermore, we were successful in obtaining on-line (real time) kinematic data, which
is important to directly assess the quality of the measurement. Finally, we demonstrated that
the system prototype worked appropriately under in-vivo conditions and therefore has the
potential to measure skeletal motion in research and clinical applications.

7.2 Potential applications
In section 1.2 of the introduction of this thesis, we defined accuracy requirements for
various potential applications of this system:
•

Gait analysis: 2° and 2 mm [4].

•

Prosthetic kinematics: 1° and 1 mm [3, 5, 6].

•

Surgical navigation: 1° and 1 mm or below 2 mm registration accuracy [7, 8].

We did not succeed in generating a system that has the accuracy for these three application.
However, we feel that there is great room to improve upon these errors. For example:
•

enhanced registration algorithms can be developed that position the bony
segment in a more accurate and robust manner;

•

an improved motion capture system with higher inherent accuracy could be
acquired and will reduce errors,

•
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•

not all sensors are detecting bone at the same time thereby reducing the number
of effective ultrasound sensors; more A-mode transducers than currently utilized
could be utilized;

•

the addition of one (or more) B-mode transducer(s) at vital positions could
provide geometrical information to reduce errors.

We are convinced that we can generate next versions of the system in which some of the
features as described above are implemented and which have accuracies as requested for the
various applications.

7.2.1 Gait analysis
In gait analysis, skin-mounted markers are widely used to produce kinematic data.
However, the validity of produced kinematic data and actual skeletal motion are affected by
soft tissue artifacts (STA) that may result in kinematic errors up to more than 4° in rotations
and 10 mm in translations [9]. STA are generally generated and their effects are difficult to
eliminate [10, 11], because the inherent mismatch between skin and bone movement is
difficult to remove under all circumstances. Andersen et al. reported that the inclusion of
optimized knee joint constraints did not eliminate or reduce the effects of STA and therefore
does not improve the validity of reconstructed kinematics [12] for skin marker measurements.
As an alternative to conventional motion capture systems using skin-mounted markers, we
introduced an ultrasound imaging technique into kinematic measurement, thus taking
advantage of the capability of ultrasound transducers to detect the underlying skeletal
structure through soft tissues. Hence, this can be regarded as an extended application of the
navigated A-mode ultrasound probes utilized in computer assisted orthopedic surgery [1316]. The ultrasound tracking system thus has the potential to provide more accurate
kinematics and to overcome the effects of STA, since the bone positions and orientations are
estimated from the bony points instead of the positions of markers on the skin. The largest
average errors of ultrasound tracking system were up to 2.46° and 4.55 mm (Chapter 5),
which showed to be more accurate kinematic estimations than respective skin markers
measurement. Average rotational errors of 1.51 ± 1.13° (mean ± SD) and average
translational errors of 3.14 ± 1.72 mm (mean ± SD) were obtained in Chapter 4. Hence, we
did not fully reach the required accuracy for gait analysis.
Some researchers have proposed a similar concept by combining B-mode ultrasound
transducers with a motion capture system[17, 18]. However, to our knowledge, dynamic
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tibiofemoral kinematic measurements have not been performed or validated in previous
studies. Based on the current study, our proposed ultrasound tracking system shows the
potential of being considered as an alternative to measure 6-DOF joint kinematics for gait
analysis in the near future. In addition, no matter how the ultrasound holder shifts with respect
to the underlying bone (i.e. either ultrasound holder to skin or skin to bone movements), as
long as the underlying bone segment remains within the “field of view” of the ultrasound
transducers, valid bony points can be captured and the registration algorithm could find an
appropriate transformation to match the bone model to the point cloud of bony points and
quantify 6-DOF tibiofemoral kinematics. When using skin-mounted markers, this type of
shifting would contaminate the quality of skin-mounted marker dataset.

7.2.2 Prosthetic kinematics

7

Bi-planar fluoroscopic systems are considered as gold standard for prosthetic kinematic
measurements with high accuracy of below 1° and 1 mm errors in estimated kinematics.
Single planar fluoroscopic systems are normally subject to the large errors in out-of-plane
directions. Comparing our system to bi-planar fluoroscopic systems, only Flexion/Extension
(RMS: 1.51°) and Abduction/Adduction (RMS: 0.88°) rotations are relatively comparable
(see Chapter 4) with the accuracies of fluoroscopic system (below 1°) . The other kinematic
parameters have larger errors than mobile fluoroscopic systems [2, 19]. Therefore, to meet
the required accuracy for prosthetic kinematic measurements, further study should be
directed to improve the accuracy of the current system [2]. Compared to current fluoroscopic
systems, the advantage of our ultrasound based skeletal motion capture method is the absence
of radiation, smaller size and the possibility for generating a truly ambulant system.

7.2.3 Surgical navigation
Our current system could not fulfill the accuracy requirement for surgical navigation
application. However, when these accuracies can be improved as discussed above, this
system offers great potential to be adapted in a surgical navigation system. Especially in the
field of computer assisted orthopedic surgery (CAOS). Replacing the inserted intra-cortical
bone pins [8] will avoid the extra incisions and subsequent trauma to the patient (see Figure
7.1).
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Figure 7.1 The comparison between current intra-cortical bone pins used in CAOS and multichannel A-mode ultrasound system. (a) A commercial application of 3D tracked intra-critical
bone pins in TKA, example from Brainlab [20]. (b) our proposed multi-channel 3D-tracked Amode ultrasound system adapted for surgical navigation by reducing the number of transducers
and optimizing its configurations with optical markers in order to determine the positions of the
femur and tibia.

7.2.4 Other potential applications
The novelty of the method described in this thesis lies in the integration of existing
techniques, i.e. ultrasound imaging and motion capture system, which broadens the range of
detection of conventional motion capture systems, where skin markers record the trajectories
of skin surfaces instead of skeletal surfaces. The characteristic of the ultrasound imaging
technique makes the observation of skeletal surfaces from skin-attached sensors possible and
effective. Therefore, this method can not only be applied in knee joint motion tracking, but
could also be applied in other skeletal joints. We therefore anticipate that the current system
can be transferred into applications such as the pelvic, ankle, elbow and shoulder skeletal
joints.
Furthermore, the system could be transferred to measure deformations of non-skeletal
structures. Since the ultrasound imaging is also capable of imaging other internal anatomical
structures, the motion of all internal anatomical structures that are accessible to ultrasound
imaging could be captured if its estimation is beneficial to clinical diagnostics and subsequent
treatment. Obviously more sophisticated detection algorithms are required to detect various
soft tissue structures within the body, but in principle, this is a technical challenge that can
be overcome.
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7.3 Limitations and Improvements
Like any study or product, our current system has limitations as well. The largest limitation
lies in the fact that the system has not yet been fully validated in-vivo on living subjects (with
or without a movement disorder). The main problem with such an in-vivo validation lies in
the absence of a non-invasive method to obtain the ground truth for the movement; available
methods like intra-cortical bone pins and fluoroscopy obviously have serious ethical
considerations. Even though we are not aware of any methods to obtain the ground truth noninvasively, we hope that an in-vivo validation study will be completed in the near future so
that the results would facilitate the improvements of the current system and provide a
valuable comparison with other existed (gold-standard) techniques.
Next to this main limitation, there are several areas where the system can be improved.
First, the current design of the ultrasound holders only meet the requirements for laboratory

7

experiments. Towards a clinical product, the ultrasound holders should be made lighter,
smaller and more ergonomic. Improvements on these aspects are beneficial to make the
measurement session easier for potential users and will facilitate application into practical,
clinical departments. The next generation of ultrasound holders should be manufactured in a
professional industry standard (e.g. < 0.2 mm error) to reach high accuracy and process.
Second, the locations of the ultrasound holders on the lower extremity should be further
optimized with regard to the number of A-mode transducers as well as the anatomical
locations of the holders. A systematic test should be conducted to determine the most optimal
anatomical locations in terms of skin contact, obtained bone signal and the influence on
registration accuracy. As the first and second limitation are interrelated, they need to be
addressed as one. Third, the registration algorithm used in this project was a weighted ICP
based on the reliability and intensity of detected bone peak. This weighting allows
compensating the instability of obtained bony points that is caused by missing optical
markers or erroneously detected bone points from the ultrasound signal. Chapter 4 and 5
clearly showed its strength compared to other motion capture methods, the errors in the
registration procedure still play a large part in the errors in the final outcomes (3D positions
and kinematics). In future work, a more efficient registration algorithm should be developed
to reach a higher accuracy than the current registration method, especially improving the
robustness and stability while maintaining fast operation. Fourth, the overall volume and
weight of the currently developed system cannot meet the requirements for ambulant
measurements of all daily activities. An ambulant version of the system would be interesting
in order to utilize this system in a broader field of research and in a clinical setting.
Fortunately, the current hardware design has the possibility for miniaturizing the system into
a backpack size for various daily activities. To ensure that the system remains accurate at
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movements at higher speeds and accelerations it can be expanded with inertial movement
units (IMU’s). These sensors are very accurate to quantify accelerations and decelerations.
Fusion of information of the optical motion capture system, the IMU’s and ultrasound
detection information could lead to a more reliable and robust system with a broader
application range (e.g. including sports activities).

7.4 Final conclusions
Ultrasound based skeletal motion capture is feasible and has the potential to achieve high
accuracy in the estimation of skeletal motion and quantification of 6-DOF joint kinematics.
The currently developed system showed the ability to overcome the effect of soft tissue
artifacts that typically plague conventional motion capture systems, and showed the ability
to mitigate the propagation of soft tissue artifacts into the final kinematic estimation.
Therefore, this method could be considered as a suitable alternative to measuring human
skeletal motion and if the accuracy could be improved with further research based on this
thesis, could be applied in the future for human motion analysis in the fields of biomechanical
research, prosthetic measurements, and surgical navigation. The method not only provides a
new method to capture skeletal motion, but also has the potential to observe dynamic motion
of all anatomical structures that are accessible to ultrasound imaging. Those potentials could
further be explored in future work.
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8.1 Overview
The working principle of our final ultrasound tracking system which has been described
in the previous chapters is illustrated in Figure 8.1. In this chapter, supplementary technical
details regarding the design of our final system are introduced in several sections below:
•

A-mode ultrasound transducer

•

Ultrasound generation and acquisition

•

Ultrasound holder design

•

Software architecture

8.2 A-mode ultrasound transducer
8.2.1 Frequency

8

One of the most important aspects of the transducers is their transmitting frequency. The
conflicting properties that we have to deal with are the axial resolution, which is better for
higher frequencies, and the depth at which bone can still be seen which is better for lower
frequencies, as high frequency ultrasound is easily absorbed and dispersed within the soft
tissue. The amplitude of the received waveform is limited by the used equipment, and the
safety regulations (voltage).
Since there is a thick soft tissue layer to go through at the thigh, we opted for a transducer
frequency that is mostly used for visualizing internal organs (e.g. bowel) or deep muscles in
clinical practice: the range from 5-10MHz. An A-mode ultrasound transducer with a resonant
frequency of 7.5MHz, would yield a wavelength of:
𝜆𝜆 =

1480[m/s]
= 197[µm]
7.5 × 106 [Hz]

The Barker code (see section 8.3.1) gives a sharp peak of the width of one period of the
frequency with which it is encoded, so the wavelength can be seen as an approximation of
the resolution. The ultrasound system samples (and generates waveforms) at 50MS/s. A much
higher frequency than 7.5MHz would also yield problems with phase detection, as the
reconstructed waveform would consist of fewer and fewer samples per excitation sine wave.

8.2.2 Beam width
The first tests were performed with commercially available Olympus transducers (V121RM, outer diameter 10mm, element diameter 6.35mm, Olympus Corporation, Shinjuku,
Tokyo, Japan) with a specified 7.5MHz peak frequency. When experimenting with the
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transducers, the peak frequency was found to be 6.8MHz, which was used as frequency for
experiments with these transducers.

Figure 8.1 A schematic representation of the A-mode ultrasound system to quantify tibiofemoral
kinematics. From left to right: camera tracks holders with A-mode transducers, with known 3D
relation between holders and transducers a point cloud per bone can be obtained. Subject
specific 3D bone shapes can be fitted to these point clouds. From these registered bones, the
joint kinematics can be determined.

Figure 8.2 Schlieren picture of beamforming where 50 sine periods of 7.5MHz were transmitted.
The formula calculates the total length of the burst using the speed of sound in water (1480 m/s).
The transducer (illustrated in place for clarity) has a diameter of 8mm. Below the transducer the
pressure gradient due to a burst of 50 periods can be seen, comprising of a main lobe and two
side lobes, the dispersion can mostly be seen in the side lobes.

Transducers can be focused, but the Olympus transducers were ‘non-focused’, both for
simplicity and cost considerations. In our system approach we use a detected bone location
as a single coordinate, but in reality we find a bony reflection which is within an ultrasound
beam. To determine the dispersion of the beam we did a synchronous Schlieren [1] test and
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determined that the dispersion of the waveform was ~3° in the near field (Figure 8.2). Hence,
we can safely assume that the reflection that we measure is in a spot of roughly the size of
the transducers.
When a larger system was constructed, 30 transducers were needed. Olympus could not
provide us with axial beam profiles of their transducers, also other requirements such as MRI
compatibility and subject safety (no electrically conductive parts) could not be
accommodated. A partner was found in Imasonic (l’Ognon, France), who provided us first
with samples, then with a set of 30 transducers. These transducers appeared to be more
efficient; a comparative measurement showed a factor of 15 fold increase in returned signal
amplitude with respect for the Olympus transducer for the same waveform and amplitude.
Although a non-focused transducer was ordered, the manufactured transducer was slightly
focused at 35mm, as can be seen in Figure 8.3 a and b. For frequency characteristics, in

8

Figure 8.4 the time and frequency response of one of the transducers can be seen. Peak
frequency is 7.5MHz, with 5MHz bandwidth for all transducers that were acquired at
Imasonic.

Figure 8.3 (a) Ultrasound pressure over axial distance. Intensity is highest at 35mm, this also
means that the beam is narrowest at 35mm (horizontal axis is depth; vertical axis is returned
signal amplitude for a fixed excitation. Apparently the transducer is focused at 35mm). (b)
Radial height and width of the beam at the focal point (35mm); at the -6dB (half intensity) point,
the width of the beam is approximately 1.4 mm. (c) Physical design of transducer, outside
diameter is 8mm.
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Figure 8.4 Test report for one of the transducers produced by Imasonic.
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8.2.3 Axial sensitivity test

8

Figure 8.5 A schematic of the axial sensitivity setup for A-mode ultrasound. For clarity of the
illustration, not all 24 steps are shown.

To evaluate the axial sensitivity of an A-mode ultrasound transducer, we performed a
phantom study to assess the axial sensitivity of A-mode ultrasound measurement (Figure 8.5),
this was done with the Olympus transducers. A ‘staircase’ was milled from
Polyoxymethylene (POM) material with 24 stair steps (2 mm height for each step). The
customized staircase was immersed in water. The A-mode ultrasound transducer was
mounted on an X-Y table to be able to move along the X-axis of X-Y table step by step (0.2
mm). For each step, a received ultrasound signal was recorded. The results as shown in Figure
8.6 were obtained by processing the recorded data to determine the detected depth for each
acquisition. As the results show, the A-mode ultrasound transducer is capable of detecting
the different depths and is sensitive to the depth changes. The differences between two
adjacent detected depths were calculated, as is shown in Figure 8.7. As the height of stair
step is 2 mm, the calculated differences of depth had three values, -2 (two adjacent points
lied on different stair steps, the first point lied lower than last one), 0 (two adjacent points
lied on same stair step), 2 (two adjacent points lied on different stair steps, the first point lied
higher than last one). After processing, there were 24 stair steps recognized in total, which
was in accordance with the actual number of stair steps.
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Figure 8.6 The detected depths for the stair phantom study.

8

Figure 8.7 The results of data analysis on the depths found in the stair phantom study. Left:
depth difference between two adjacent points on the X-axis, right: box-whisker chart of these
values.

8.2.4 Ultrasound Safety
Ultrasound is known as a ‘safe’ technique, but some restrictions in the amount of
mechanical power applied to the subject are present. The most important of these restrictions
is the Mechanical Index (MI). In commercial ultrasound machines for clinical use, the MI is
shown to give the operator an indication of the power that is transmitted. The MI is based on
the Peak Negative Power; a high negative pressure could cause cavitation (small air bubbles
due to local vacuum) in the blood.
The initial tests were all prepared with a single transducer. When the multiple transducer
setup was built, a better understanding of the ‘Mechanical Index’ (MI) that is used as an
indicator of subject safety was needed. The MI is determined as follows:
𝑀𝑀𝑀𝑀 =

𝑃𝑃𝑃𝑃𝑃𝑃
�𝑓𝑓𝑐𝑐
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Where 𝑃𝑃𝑃𝑃𝑃𝑃 is the peak negative pressure in MPa, derated by

0.3dB

𝑐𝑐𝑐𝑐∙ 𝑀𝑀𝑀𝑀𝑀𝑀

. The limit set by the

FDA is that the MI should be lower than 1.9 [2]. With a calibrated needle hydrophone
measurements were taken of the pressure that was created by our transducers, using different
settings (Figure 8.8). Settings that were varied (with bold the setting that gave the highest
𝑃𝑃𝑃𝑃𝑃𝑃 ):

Maximum transmit voltage (30,60,90,120V)
Barker code length (5 or 7 bit)
Duty cycle of the waveform (40% and 80%)
Frequency (6.8 MHz)

8

Figure 8.8 Needle Hydrophone setup. A needle hydrophone suspended from a cart on a gantry
was submerged in a water tank. One transducer was placed in a hole in the water tank. The zaxis of both transducer and hydrophone were aligned manually. Measurements were taken at
several depths along the transducer z-axis.

The graph below (Figure 8.9) depicts the MI for the worst case setting. The measured peak
negative pressure (absolute value given) is shown in blue, this pressure is derated with
0.3dB

𝑐𝑐𝑐𝑐∙ 𝑀𝑀𝑀𝑀𝑀𝑀

in the orange graph. The derived MI is shown in grey (value on right vertical axis).

The highest value is 0.26 for a single transducer, which is far below the limit of 1.9. In the
‘real’ setup we are using 60V excitation voltage, which yields an even lower MI.
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Figure 8.9 Highest Mechanical index is next to the transducer, where the MI is 0.26. This is far
below the limit of 1.9 as quantified by the FDA. Horizontal axis is in mm distance from
transducer.

This result would mean that the FDA limit would be reached when more than 7 transducers
would hit the same spot of tissue at the same time, in phase. This is highly unlikely, so we
are certain that our system is safe for use on human subjects.

8

8.3 Ultrasound generation and acquisition
8.3.1 Coded Excitation
To detect a tissue-bone boundary, we are looking for good axial resolution. When sending
a single period sine wave, the signal-to-noise ratio can be very low, and reflections can be
missed. Sending longer waveforms will give higher SNR, but will make it difficult to find
the exact center of the peak. Correlation of the pulsed waveform with the received one gives
a broad peak for a sine wave [3, 4].

Figure 8.10 Comparison of 4-chip uncoded (top) and Barker coded (bottom) pulse sequence.
The horizontal axis is the time, and the vertical axis is the amplitude. The encoding of the signal
is in the phase, where +1 is encoded as one period of sin(x), and -1 is encoded as one period of
–sin(x). © 2005 IEEE, source:[3].

Another option is to use a Barker code, this code gives a clear peak in the center of the
auto-correlation. Barker code are codes that have the property that they consist of “+1” and
“-1” values and that the autocorrelation leads to a sharp peak in the center of the
autocorrelation waveform. To use this in ultrasonography, the waveform is phase encoded,
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as shown in Figure 8.10. A limited set of barker codes is available, the maximum length is
13 bit.
A third option that was evaluated was Golay coding (Figure 8.11). In this coding scheme,
two waveforms are sent and auto correlated. The sum of the auto correlated waveforms shows
a clear peak at the center, with phase encoding 2 small negative pulses are found near the
peak, but no signal in the rest of the waveform. The clear downside of this approach is that
the bandwidth of the system is halved; for every waveform that needs to be decoded the
previous (other) waveform is also needed. In our first setups the frame rate was limited to the
speed at which we could get the ultrasound data from the analog front ends into our program.
This was especially tricky when looking at moving objects, because the two reflections would
not overlap anymore. Although Golay yielded (slightly) better results in our preliminary
setup, we chose to use Barker coding for the real setup in order to be independent of previous

8

transmissions. With this setup we did the first test in combination with the optical tracking,
and found it to be good enough to proceed to a full system.

Figure 8.11 Illustration of Golay code that compresses without range sidelobes. Two
transmissions with same target-transducer distance are needed for this to work. © 2005 IEEE,
source:[3].

8.3.2 Diagnostic Sonar setup
Several systems were considered to use as a framework to program our own device:
Siemens S2000, Verasonics, DiagnosticSonar, Adlink, Esaote and Cephasonics. Because
previous experiments indicated that it was very beneficial to be able to create our own
waveforms we looked for a machine that could provide this. Cephasonics (USA) and
DiagnosticSonar (Livingston, UK) were both in an acceptable price range and met the
requirements. DiagnosticSonar was chosen based on technical factors (higher sample rate,
possibility to change ‘core’ LabVIEW functionality) and based on our need for technical
support (very responsive, only one hour time difference). Also, the possibility to extend the
National Instruments (Austin, TX, USA) PXI rack with other cards was regarded as
beneficial. This was proven to be true, because both the Visualeyez cameras needed a 1Mbps
serial link, which was achieved using a NI8432 card which was bought several months after
the platform was delivered.
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The final system is a research ultrasound machine by Diagnostic Sonar (Livingston, UK),
based on National Instruments (Austin, TX, USA) equipment. 30 transducers were purchased
from Imasonic, and attached to this system. 3D localization information was obtained by
measuring active marker positions with the Visualeyez system (PTI Phoenix, Canada).
The machine that was bought has these specifications:
•

PXI chassis

•

NI PXIe-8135 Core i7-3610QE 2.3GHz controller, 8GB RAM

•

32 channel transmit (50MS/s) + multiplexer (max 64 transmit)

•

32 channel receive (50MHz) + multiplexer (max 64 receive)

•

Maximum pulse voltage: ±120V

•

Connector: ITT Cannon 156-pin ZIF

8

Figure 8.12 A schematic overview of the hardware for the ultrasound and 3D marker acquisition

A schematic of the Diagnostic setup can be found in Figure 8.12. Both the pulser as the
receiver are capable of interfacing to 32 channels. Multiplexers were added to be able to drive
more than 32 transducers in future, with a maximum of 64 transducers.
The Diagnostic Sonar setup has a main application that controls the FPGAs and sets up
data transfer to the PC. This application can be run as stand-alone executable and be
interfaced using DLLs provided by Diagnostic Sonar. We decided to run the application as a
VI (Virtual Instrument) from the LabVIEW environment so we could add debugging methods
to the code ourselves and add features that were not yet present in the compiled executable.
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This main application is called “FITStream_FRD”. From this main application, a setup can
be made specifically to a certain setup: single element transducers, arrays with standard Bmode view and C-scan pictures. For our setup we can make a general setup for 30 transducers
where we get ‘live graphs’ of the signal received on these transducers. By default the
configuration only uses “pulse-receive” mode, so 30 responses would be acquired. We use a
feature called “Full Raw Data” (FRD) in which every response from every transducer is
received. A clear description of Full Matrix Capture and Full Raw Data is described in [5, 6]
and for their original use in NDT.

8.3.3 Data reduction
When reading all channels, and every transducers’ response to all channels, we would
have to send a waveform on the first transducer, acquire 30 channels for the time it would

8

take until a reflection would have returned (in our case 135μs, which is 100 mm in water),
send on the next transducer, wait for the data acquisition, etcetera. In the GUI of our setup
this would look like as shown in Figure 8.13, where each ‘beam’ (horizontal) is firing a
transducer, and the white section shows which transducer is fired.
The result would be a matrix of 30 (beams) x 30 (transducers) x 6756 (amount of samples)
x 2 (byte) = 12.2Mbyte per sample, and a total measurement time of 30 x 135μs = 4.05ms
Theoretically, this would yield (4.05 × 10−3 [s])−1 = 246[Hz]. What we found out is that

the sample rate was limited by the speed of data transmission over the backplane, and the
maximum achievable sample rate was ca. 27Hz.

Figure 8.13 This screenshot shows an illustrated table that indicates the order of transmitting
pulses for one frame in Full Raw Data mode. Each ‘beam’ column is a timeslot in which a
transducers sends a waveform and the receivers all save data for a predefined period, depending
on the maximum depth range. The rows are the ‘elements’ i.e. transducers. The white cells in
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the table indicate which transducer is sending in which beam. For FRD, only one transducer is
sending every beam, and all transducers are listening. The combination of all beams is called a
‘frame’, the repetition frequency of these frames determines the frame rate. (here 32 transducers
were the initial setting for visualizing FRD, instead of 30)

8
Figure 8.14 This screenshot shows how our setup is configured now. The rows and columns are
the same as the figure above, but in this configuration multiple transducers are sending during
the same ‘beam’. The configuration is made such that in the first beam all first transducers of a
holder are transmitting, then in the second beam all second transducers, etcetera. The holder
with most sensors determines the number of beams (so in this case the mid-femur holder had
seven sensors). Colors are indicating the waveform that is used, see section 8.3.4.

In order to reduce the amount of data, we could use the fact that holders that are lying next
to each other do not interfere with each other in the ultrasound measurement; the damping of
the tissue is high enough to guarantee this. With the setup as described in Figure 8.13 data is
captured by the transducers at the trochanter when the transducers at the ankle are sending.
This data cannot be discarded in the FPGA (without rewrite of FPGA code), but we can
reorder the transducers in the beams to have a more efficient pattern. This was done by
(mis)using the ‘Focal Law’ feature that was provided by the Diagnostic Sonar application,
which allows completely custom configuration of which transducers are transmitting which
waveform with how many delay in a beam. In our case it could be used to ‘compress’ the
Full Raw Data per holder:
What can be seen in Figure 8.14 is that each holder gets its own pattern of beams. The
order from bottom to top is: trochanter (2 channels), mid-femur(7 channels), femur
epicondyle (6transducers), tibia epicondyle (6 transducers), mid-tibia (5 transducers), ankle
(4 transducers).
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In this way the matrix of data becomes 7 beams x 30 transducers, reducing the data size
with a factor 4.3. The holder with the largest number of transducers determines the number
of beams. This means that also “useless” data (for example beam 2-6 for the Greater
Trochanter transducer) is transmitted. Without rewriting the FPGA code, this cannot be
prevented in the current setup.
Changing the configuration of the Focal Laws has to be done in a text file. Although the
configuration could be derived from the .ini described in 8.5.2, this was not implemented yet,
and the user should be sure that the array configuration loaded in the Diagnostic Sonar
application matches the configuration of the holders used. The amount of data that had to be
streamed from the FPGA to the CPU, and extracting the useful data from the matrix is the
key factor that currently limits the acquisition rate of our system.

8.3.4 Preventing ADC overloading using PulseTables

8

Measuring bone reflections in the leg poses a challenge in the dynamic range of the Analog
Front End (AFE), which is the analog signal processing path that conditions the signal prior
to digitization. Although Time Gain Compensation (TGC) is applied using a Voltage
Controlled Amplifier (VCA) prior to digitizing, the setting for the TGC is the same for all
input channels. The other setting that is common to all channels is the voltage applied to the
three-level pulse. The TGC combined with the common excitation peak voltage does not
result in a satisfied common setting to sample all channels in the leg; the transducers that
need to acquire bone signal on the thigh need a high voltage and high gains to be able to ‘see’
the bone beneath several centimeters of tissue, whereas the transducers at mid-tibia are very
close to the bone. Without another form of compensation either the signal acquisition of the
tibia would be clipped leading to non-linear effects such as clipping and overdrive recovery,
severely decreasing the ability to detect bone, or the bone in the thigh would be invisible.
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8

Figure 8.15 The waveforms applied to the three-level pulse. (top): the highest duty cycle;
(middle): a lower duty cycle than the highest one; (bottom): the lowest duty cycle.

During the tests with the first setup we had tested a way to change the “duty cycle” of the
3-level pulser, to modulate the amplitude of the output waveform. One of the additional
features of the FocalLaw application is that for every beam for every sending transducer a
waveform can be programmed. In our case we used that feature to change the duty cycle of
the waveform. This is color coded in Figure 8.14, dark blue is the waveform with the highest
duty cycle, light blue a lower duty cycle and white is the lowest duty cycle. The individual
waveforms are displayed in Figure 8.15. At the thigh a high intensity ultrasound signal is
needed because of the large muscles between skin and bone. At the anterior tibia, the tissue
layer is very thin, so a low intensity waveform was chosen for that location. These settings
were now ‘generic’ across subjects, but could be personalized based on the expected depth
in future research.

8.4 Ultrasound holder design
For this thesis, various customized holders were designed to provide a rigid coupling
between optical markers and A-mode ultrasound transducers. This rigid coupling can be used
to convert the depth found by the transducers combined with the coordinates of the 3D
markers into a point cloud of bone locations. Below, the design of theses holders is described.
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8.4.1 Design requirements
The ultrasound holders are the mediums between the sensors (A-mode ultrasound
transducers) and the human subject. Due to the characteristic of ultrasound imaging, the tight
skin contact is the primary requirement. Losing skin contact results in useless signal
acquisition. Besides, an appropriate pressure on each ultrasound transducer also is necessary
to avoid missing skin contact. The configuration of installed A-mode ultrasound transducers
and optical markers also need to be taken into account in terms of covering a large anatomical
area, while still maintaining line-of-sight between the cameras and the markers during
activities. For processing the acquired data, the rigidity of the holders is important.
From a practical point of view, the ultrasound holders should be easy to mount on the
subject. Last but not least, the easiness of getting ultrasound signal in high quality on the

8

lower extremity should be assessed systematically in order to screen multiple significantly
important anatomical spots in terms of intensity of signal. An experiment was conducted by
Mats Boeve in his bachelor assignment [7] by using a ultrasound holder prototype (Figure
8.16) that contained one signal A-mode ultrasound transducer and three optical markers to
find the suitable anatomical spots on the lower extremity. The results are shown in Figure
8.17. All designed holders were designed in SolidWorks 2016 (Waltham, Massachusetts,
USA). The designed ultrasound holders were manufactured by 3D printing (EOS Formiga
P110, EOS GmbH, Krailling, Germany) using Polyamide powder material.

Figure 8.16. The testing ultrasound holder for screening anatomical locations on the lower
extremity [7].

8.4.2 1st generation
Based on the screening results of important anatomical locations on the lower extremity,
the first generation of ultrasound holders was designed by Mats Boeve during his bachelor
assignment. In total, six ultrasound holders were designed to cover six anatomical regions on
the lower extremity: great trochanter, middle femur, femoral epicondyles, tibial condyles,
middle tibia and ankle. 30 A-mode ultrasound transducers and 18 optical markers were
installed in those ultrasound holders. Each holder had three slots for optical markers. The
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number of A-mode ultrasound transducers on each ultrasound holder ranged from 2 to 7, as
shown in Figure 8.18. The ultrasound holders that have a curved design were parametrized;
a protocol was made to measure some dimensions of the subject, so that the holder geometry
would be adapted to the size of the individual to optimize skin contact for the specific subject.

8

Figure 8.17 The screening results of important anatomical locations on the lower extremity. The
easiness of acquiring bony point are labeled in three colors, green (easy), yellow (normal) and
red(difficult).

Figure 8.18 The CAD models of designed 1st generation of ultrasound holder.

To test the performance of the design of the 1st generation ultrasound holder, we assessed
their performance in a cadaver experiment (Chapter 4). The dimensions of several anatomical
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regions on the specimen were measured to determine the actual sizes for all ultrasound
holders. After adjusting all holders with the dimensions of specimen, the 1st generation
holders were 3D printed. The printed ultrasound holders were installed with all 30 A-mode
ultrasound transduces and 18 optical markers. During the cadaveric experiment we noticed
that some of the transducers were still not making contact with the skin. This was caused by
measurement errors in dimensions of the specimen. Since the measurements were performed
on a frozen cadaver, size changes occurred in the defrosted condition. As a result of the nonoptimal fit to the cadaver, some anatomical areas could not be measured by the A-mode
ultrasound transducers due to loss of skin contact.

8.4.3 2nd generation
As shown above, the 1st generation ultrasound holder had problems maintaining
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permanent skin contact. To solve this problem, we decided to improve the design and make
a 2nd generation holder. The improvement of holder design was implemented by Tomas. A.
Johannink as a Capita Selecta Assignment [8]. The femoral epicondyle and tibia condyle
areas were separated into two parts covering medial and lateral sides, as shown in Figure
8.19. The middle tibia holder remained the same design as the 1st generation. The length of
the greater trochanter holder was extended in vertical direction to improve the stability when
attaching it to the subject. The rest of ultrasound holders were redesigned into flat plates. The
introduced “optical marker tree structure” (parts in green color in Figure 8.13 where the
optical markers are being attached to) increased the flexibility to change the configuration of
markers during evaluation. The assessment of this design was conducted on Chapter 6. The
skin contact was significantly improved, compared to the 1st generation.

Figure 8.19 The CAD models of the 2nd generation design of the ultrasound holders.
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8.5 Software architecture
8.5.1 Overview

8
Figure 8.20 A schematic representation of software. Grey boxes are software provided by
Diagnostic Sonar, orange boxes are software provided by PTI Phoenix, blue boxes is software
developed by University of Twente. Live Visualization is optional. Arrows A is of type
‘Network Stream’ because this is one of the few possibilities to exchange data between x86 and
64-bit LabVIEW versions. Arrow B is already a reduced set of scans for one frame, arrow C is
a queue of ‘bonetracker’ objects, which may be used for visualization.

The main challenges for the software design were the large amounts of data and the
integration of data from different sources. The first months that we used the system, all
sources for the Diagnostic Sonar application were in LabVIEW 2013, 32-bit. After that we
received an update that enabled streaming waveforms from DRAM through the FPGA to the
pulsers, which both enabled the Focal Laws feature (8.3.3 ) and increased the sample rate for
both pulsers and ADC’s from 40 to 50MS/s. Another added feature in the same release was
that the Diagnostic Sonar application was running in 64-bit LabVIEW, increasing its ability
to handle large data sets.
Although these features were very welcome, they did complicate the system integration.
Due to the inability of the Xilinx tooling that generates the FPGA code from LabVIEW code
to run in 64-bit, the FPGA code was still in 32-bit LabVIEW. This was not much of an issue,
because we rarely look into the FPGA code. A larger setback was that by running 64-bit
LabVIEW, the interface to the 32-bit Visualeyez DLL was broken. A new interface program
was written in 32-bit LabVIEW that reads the samples from the DLL, and sends them over a
network stream to the 64-bit code that combines the ultrasound data with the 3D marker data.
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For visualization, the bonetracker object (see 8.5.2) is put into a queue that can be read by
other applications.

8.5.2 LabVIEW architecture for raw data acquisition
In the initial setup, and the setup with only one “holder” with one ultrasound transducer
(Chapter 2 and 3) the locations of the Visualeyez markers were acquired, data from the
ultrasound acquisition was acquired, and this data was combined to find the depth from the
tip of the transducer to the bone. When we needed to track 30 transducers in combinations of
2-7 transducers per holder at higher sample rates, we had to come up with a new system to
manage the information, as we needed to combine the data per transducer / 3D marker, but
also had to maintain the 3D relation within the holders.
The solution was to use LabVIEW Object Oriented Programming (LVOOP). LVOOP uses

8

the main concepts of object oriented programming, such as classes and objects, inheritance
and encapsulation. It should be noted that LVOOP is both a subset and a superset of the
features of standard object oriented languages such as Java and C++. It omits advanced
features such as multiple inheritance, but adds a LVOOP specific features such as Dynamic
Dispatch. More background information can be found on the website of National
Instruments[9].

Figure 8.21 The Unified Modeling language diagram of software architecture.
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Our structure is such that we define our setup as the BoneTracker class, which holds
reference to both the ultrasound acquisition system as to the Visualeyez 3D marker data. The
class is filled with data when a new ultrasound sample has been retrieved from the ultrasound
data queue. The BoneTracker class holds several holder classes. In the “holder” class the 3D
transformation from the markers to the origin and direction of the ultrasound beam per
transducer is known. Each transducer class can calculate the bone depth it has seen.
To know which transducer belongs to which LED in which holder, an .ini file is used to
describe these relations. This file is read on startup of the application, and logged with the
data to be sure that the post processing algorithms will use the same data as was used during
acquisition.
This approach has proven to be very valuable as during the experiments the design of the
holders has changed regularly, and both acquisition and post processing code did not need to
be rewritten to accommodate for these changes.
The Unified Modeling Language (UML) diagram shows the defined classes in LVOOP
(Figure 8.21). BoneTracker Class contains two different kinds Classes derived from Holder
Class: HolderMarker Class and HolderUltrasound Class. HolderMarker Class refers to the
rigid body attached to the subject only with Visualeyez Markers and without any ultrasound
transducer. HolderUltrasound Class refers to the various customized Ultrasound holders
mentioned in this thesis, consisting of different numbers of A-mode ultrasound transducers
and three Visualeyez wireless markers. The different numbers of A-mode ultrasound
transducers are defined in another Class, named TransducerInLocalFrame that describes all
necessary information to specify each individual A-mode ultrasound transducer installed in
ultrasound holder rigid body, e.g. the local coordinates of each A-mode ultrasound transducer
with respect to the origin point local ultrasound holder coordinate system (USelemlocalPts),
the unit vector of pointing direction of each transducer (USelemlocalDir). Since each
transducer could process its own receiving ultrasound signal and detect the depth of bone,
the CalcuationBoneLocationLocalFrame function transforms the detected bone depth to a
bony point in the local holder coordinate frame. The member function in HolderUltrasound
transforms the calculated local bony points from local ultrasound holder coordinate frame to
global world coordinate frame (i.e. Visualeyez camera coordinate frame), in which the
transformation matrix is obtained from the corresponding matching from local positions of
three Visualeyez markers to the global detecting position of those three Visualeyez markers.

8.5.3 Pre-processing
The pre-processing procedure is used to obtain 3D bony points from raw data (received
raw ultrasound echo and raw Visualeyez coordinates) through several processes, including

149

8

Supplementary technical details
correlation, filtering, peak detection and calculation from depth to 3D point. These points are
described below.
8.5.3.1 Correlation
The received raw ultrasound echo is correlated with the sending waveform to get the
correlated waveform in order to improve the axial sensitivity to sudden impedance changes
(such as tissue-bone boundaries). Barker coding was used for correlation as described in
Section 8.3.1.
8.5.3.2 Filtering
After correlation, the raw received ultrasound signal is filtered by a second-order low-pass
Butterworth filter with a cut-off frequency of 2MHz (sample rate is 50 MHz). We used a

8

simple way to filter the correlated waveform. More advanced filtering algorithms could be
developed and employed to smoothen the received ultrasound signal and to help to
distinguish the reflection referring to bone surface.
8.5.3.3 Peak detection
After filtering, the received ultrasound signal is ready to detect the bone reflection. For
each transducer, the reflection that indicates the bone surface is always located within a
predictable depth range, discriminating it from those reflections that represent layers of soft
tissue. Therefore, we took some simplifications on the peak detection procedure: 1) crop the
correlated waveform to get a signal in which we expect to find the reflection of the bone; 2)
apply the LabVIEW built-in peak detection method to obtain the peak amplitude and the 2nd
time-derivatives of peaks within the cropped sequence of signal. The bone peak is normally
sharp when the ultrasound transducer is perpendicular to the bone surface. The 2nd derivative
gives an approximate measure of the sharpness of each peak. Under this context, we assume
that the peak with the maximal 2nd derivatives is the peak referring to the bone surface (above
a certain threshold on amplitude).
To extract the bone peak, we estimate the approximate position range based on different
anatomical areas where the A-mode ultrasound transducer would be attached. This is a
manual procedure that is performed on each subject prior to an experiment. There are two
parameters that need to be estimated, termed window position and window width (Figure
8.22). Within the estimated position range, a bone peak could be found and indexed in
original received ultrasound waveform to get a time period.
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Figure 8.22 An illustration of peak detection window with window width (vertical dashed line
in yellow) and window position (vertical solid line in red).

8

Figure 8.23 The example to get the 3D coordinates of 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅.

Figure 8.24 The schematic of the transformation from the local coordinate frame of US holder
to the camera coordinate frame.

8.5.3.4 Depth to 3D points
After above calculations, the depth information is obtained from all attached A-mode
ultrasound transducers. The A-mode ultrasound transducers are installed in holders with
known beam origin (𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) and beam direction (𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ) of each transducer with
respect to the installed optical markers. Therefore, in the local coordinate frame of each
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ultrasound holder, the depth information can be converted into 3D coordinates
(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) by adding the depth information along the pointing direction for
each transducer. Subsequently, the 3D points in local coordinate frame of each ultrasound
holder can be obtained and could be expressed in other coordinate frame by applying a
transformation ([R, T]), like a 3D coordinate in optical tracking camera coordinate frame

(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ). To demonstrate this calculation, an example is taken by
using femoral epicondyles holder of 1st generation design (see Figure 8.23 and 8.24) and the
equations are list as below:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 + (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 × 𝑑𝑑) (1)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) ∗ [R, T]

(2)

8.5.4 Algorithms for bone pose estimation

8

This section describes the algorithms that are used to estimate the 3D position and
orientation of bone segment. The ultrasound holders can produce a discrete point cloud from
the bone surfaces. In our case, a point cloud covering the femur and tibia can be obtained
after attaching all ultrasound holders onto a subject. The bone shape models of the femur and
tibia should be known for our approach to work, in our case the bones were manually
segmented from MRI scans.
8.5.4.1 Pre-condition
The bone shape model and the obtained point cloud are the known inputs. In order to
estimate the actual bone position and orientation, we need to fit the point cloud with the
known bone shape model. It is important to note that the fitting solution should be unique, as
the purpose of the fitting is not to find the best shape match between the point cloud and the
bone shape model, but to estimate the best pose estimation of the bone shape model that
makes sense in the anatomical perspective.
8.5.4.2 Pre-registration with weighting
After clarifying the pre-condition, the pre-registration procedure thus becomes important,
since it gives information on the initial guess of pose estimation (for example: femur
epicondyles are close to tibia condyles, instead of the hip). However, the obtained 3D bony
points from some anatomical areas are not always reliable, because of loss of skin contact
and/or missing data of an optical marker. If the pre-registration was implemented based on
those areas, then a suitable method is needed to either remove or compensate the instability
of those points. In our method, we used a preset weight to compensate this instability. The
preset weights are defined empirically based on the geometrical structures. For example,
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femoral epicondyles are difficult to be detected continuously, especially during rapid
movements. On the other hand, the points from femoral epicondyles can provide effective
geometrical constraints to avoid unrealistic situations. Hence, we set a higher weight for the
femoral epicondyle than other areas during pre-registration processing in order to make sure
that the 3D points detected from femoral epicondyle always match to the femoral epicondyle
area instead of great trochanter for instance. Finally, the weights are set for all attached
ultrasound holder based on the importance of those areas in geometrical constraints (femoral
epicondyle both lateral and medial sides: 0.8, greater trochanter: 1, middle femur lateral and
anterior: 0.2, lateral tibia condyle: 0.2, medial tibia condyle: 0.8, middle tibia: 0.5, ankle: 0.8).
These weighting parameters are set empirically, which can be improved in the future.
8.5.4.3 Weighted ICP based on each ultrasound signal amplitude
After applying a weighted pre-registration, the known bone shape model has been
transformed roughly to a 3D position that is close to the obtained point cloud. The next step
is to estimate an accurate pose of the bone shape model. This type of task can be solved easily
by standard ICP. However, the ICP cannot produce an accurate estimation when the point
could has been contaminated by errors (see Chapter 2). To mitigate the influence of
unpredictable error, we proposed a modified ICP method with dynamic weighting that is
determined by the quality of detected bone peak in received ultrasound signal. It can be
regarded as a ‘confidence’ parameter. As the loss of skin contact results in a low amplitude
of the found peak and high amplitude accompanied with a sharp peak indicates the bone
surface in a high possibility, the amplitude and the 2nd derivation of the peak provide good
parameters for weighting. Since these parameters are changing during measurement,
changing weight factors, updated for reliability of the peak detection are applied.
8.5.4.4 Data Logging
Data is logged in National Instruments “TDMS” format, as this can be streamed to disk
causing minimal latency in other sections of the program. All settings used for the
measurement (the .ini file) are saved in the header of the file, also all ultrasound and 3D
marker data is saved per sample. Data is not processed before logging, no bone fitting results
or kinematics are saved.
8.5.4.5 Optimization for real-time use
Much effort has been put into generating an application that uses the ultrasound data and
processes all the algorithms in soft real-time, rendering a 3D visualization of the STLs of the
bones together with transducer locations and projections of the retrieved depth. This

153

8

Supplementary technical details
visualization has helped in troubleshooting during development and measurements, and
could be reused in post-processing.
In order to process all data in real-time at 45Hz, for-loops were parallelized where possible,
and resource-hungry routines were run with debugging features disabled. Where applicable
producer-consumer programming structures were used to minimize the effect of variable
computation times on the timing of acquisition of ultrasound and optical tracker data.
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