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Abstract: Non-contact anterior cruciate ligament (ACL) injusyone of the most common ligament injuries in bioely.
Many patients’ receive graft surgery to repair tteenage, but have to undertake an extensive pefigdhabilitation.
However, non-compliance and lack of understandirnttp® injury, healing process and rehabilitatiorame patient’s return
to activities before effective structural integrivy the graft has been reached. When cliniciansca@uthe patient, to
encourage compliance with treatment and rehalidiiathe only tools that are currently widely ineuare static plastic
models, line diagrams and pamphlets. As modermtdohy grows in use in anatomical education, weehdsveloped a
unique educational and training package for pasi@¢atuse in gaining a better understanding ofrthgury and treatment
plan. We have combined cadaveric dissections ofkitee (and captured with high resolution digitalagas) with
reconstructed 3D modules from the Visible Humarasiet, computer generated animations, and imagesotuce a
multimedia package, which can be used to educateatient in their knee anatomy, the injury, thalimg process and
their rehabilitation, and how this links into ketages of improving graft integrity. It is hoped thiais will improve patient
compliance with their rehabilitation programme, aretter long-term prognosis in returning to norraalnear-normal
activities. Feedback from healthcare professioabtsut this package has been positive and encogrégirits long-term
use.

K eywor ds: Digital Reconstruction, Knee Anatomy, Surgical Restouction

1. Introduction will have to engage with to enhance recovesfdlbourne
' and Nitz, 1990; Fisher et al, 199Baylor and May, 1996;
The most common ligament in the body to be injuieed Brewer, 1998 To ensure success frorr_1 rehabilita_tic.).n, the

the anterior cruciate ligament (ACL) [1-6] is the most Patient must have a clear understanding of theryniits

common ligament to be damaged in non-contact stikets mechanism, the necessary rehabilitation goalschizece

football, basketball, volleyball and gymnasticspeially ~ ©f re-injury and the factors which could cause {8i2].
in women due to a number of biomechanical,Consequemly a desirable goal would be an effective

neuromuscular, biochemical and anatomical factbss,[7].  Method of educating patients to the nature and amess
Damage to this ligament varies in severity but meguire  ©f their injury and the necessary goals and reiiris of
surgical intervention. Most commonly, it involvepairing ~ tN€ir rehabilitation programme. The patient woulrt
the ligament by using a graft taken from ligamenithin have an under_ste}ndlng of why they were .followmgsth
close anatomical proximity like the patellar or tsrimg goals _and restrictions, and would be less likelyp¢onon- .
tendons[7, 8]. Following surgery, the patient then has tocoMPliant as they would understand the negative
undergo an extensive rehabilitation programme. Hewe Cconsequences which could follow i.e. a rupture fuirt
many factors come into play when educating a patierfraft

about their injury, and necessary physical thethpy they Despite the wide use by the public in digital tewlbgies,
patient education about their injury and treatmglah is
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still undertaken by using a static knee model, &mpe 2. EXperimental Procedures
drawings and outdated leaflets [8]. This still eeho .

physiotherapists training where 2D visuals are uged 2-1-Materials

educating them about anatomy and its clinical aptibns

2 : . < One male cadaver was provided from the Laboratbry o
[13]. This is because physiotherapists training egeity

L - i - Human Anatomy, University of Glasgow. All cadaveric
involves no or minimal access to cadaveric matédaid  yissection and related health and safety issues eeered
their 3D understanding of the human body in the UK. under the Anatomy Act 1984 and the Human Tissue

However, there is an increased demand from a”ammiC(Scotland) Act 2006, Part 5. The cadaver was 8@syel
educators for additional teaching resources, inoithose 54 \was preserved,using the standard universitiogub
of a virtual environment and interactive multimedieross for formaldehyde embalming. The person died of

a number of platforms [14-16]. This has happenadesthe bronchopneumonia and had no obvious lower limb
reduction in numbers of hours of direct contactchérg deformity.

time in anatomy wusing cadavers, especially for

undergraduate medical students [17,18]. There ang n 2.1.1. Tools

many anatomical training packages which are availtdr Scalpel handle size 3, with scalpel blade size 11

use in undergraduate anatomical education includiveg Scalpel handle size 4, with scalpel blade size 25

US Visible Human dataset [19], VisibleBody, GooBledy Blunt and toothed forceps

Browser, Primal Pictures and Cyber Anatomy Medame Scissors
a few. More recent work has also shown a very unigpd Surgical clippers
innovative way to use ultra-high definition reahs Bone saw

interactive 3D anatomy which can be used in a |aage Digital camera — Sony 12.1 Megapixels, Cyber Shot,
3D stereoscopic display in teaching laboratorieh Waptic ~ Optical Zoom 5x
procedures being able to be performed [20]. Prosection specimens for reference

There is a therefore a gap between the tools
physiotherapists, surgeons and other allied healthl-2- Data
professionals use in educating the patient aboefr th _Visible Human (VH) dataset: male, 38-year old, who
condition and what actually happens from an edanati died from lethal injection (Spitzer et al., 199§}om this .
and training perspective. As technology has dewslggnd dataset, computed tomography (CT) and high-resmiuti
become widespread, the use of static models andirga  'Mages were used of the anatomical detail.
has become increasingly outdated. Despite the pides Human Zygote model
distribution of both desktop and. Iaptop_computermjg 2.1.3. Computer Software
smartphones, they are not being utilized in patient pmirg 5.4.3, Visualisation Sciences Group
education. With the increasing availability of déi Autodesk Maya 2013
technologleg, coupled with .the fact thgt 3D mpdmie Adobe After Effects CC Version 12.0
more engaging [21], and patient education and ciamg Adobe Photoshop Elements 11
to rehabilitation is key [10], it seems that theation of a Unity 3D Engine 4.0
virtual knee model for patient’s is long overdue.

The motivation for this project therefore is todye the 2.2. Methods
gap between what is available to educators and tteat
patient is able to access from their healthcaréepsionals.
Current modern technology is not being utilizedtsofull
effect in the healthcare setting to help patiemdeustand
their injury, and aid the rehabilitation procesgspite
being used in all other aspects of day-to-day Titeerefore,
the work presented here is to demonstrate a veiguan
way we have created a multimedia training packagéehie
education and rehabilitation of the most commoartignt
injuries — that of non-contact anterior cruciatgatnent
injury. We hope that this can be used in the dihgetting
by surgeons, physiotherapists and allied heal
professionals alike, to benefit patient care angagement
with their treatment and rehabilitation following @njury ‘ - .
to the knee. We have uniquely combined anatomical€ight of the dissected specimen. B
dissection with modern technologies in creating an |h€ muscles of the anterior, medial and postefight
educational and training package of the anatomghef Were identified by blunt dissection.  Following
knee joint, injuries and the healing process, thaeoe identification qf these muscles, th_e knee joint wagosed.
patient understanding about their condition. On the posterior aspect, the popliteal fossa wasegp and

2.2.1. Cadaveric Dissection

In the supine position a vertical superficial incis was
made extending from the mid-point of the left thighthe
tibial tuberosity. Perpendicular incisions were mad the
proximal and distal ends to ensure wide exposur¢hef
anterior thigh, knee joint and upper leg. The ulyileg
fascia and subcutaneous fat of the anterior thigis w
removed. To allow access to the posterior aspedhef
thigh, the lower limb was amputated at the midthigvel.
Reflection of skin and removal of fascia and suapnabus
tfgt was continued on the posterior aspect by pieaém
dissection. The foot was amputated at the miditilenel
to allow ease of access to the knee joint and nigirthe
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the fat removed. The common peroneal (fibular) tipidl Bones
nerves were identified along with the politeal grtand Due to the nature of the high resolution images, fa
vein. Following this, the popliteal vessels and fetre appeared as the same pixel value as bone, thenefose
removed to allow exposure of the medial and latkeglds forms of automatic segmentation such as threshgldin
of gastrocnemius. The superior attachments oflgorithms were not useful or appropriate. The most
gastrocnemius were cut and reflected inferiorly sthueffective method of segmentation used was manual
exposing the deeper muscles. paintbrush segmentation supplemented by region iggow
The collaterals (medial and lateral) were then tified  For the main portion of each bone defined (Tableah)
and defined. The posterior joint capsule deep ia thinterpolation algorithm was applied every 5 slicAs.the
popliteal fossa was then exposed and the postemimiate proximal and distal ends of each bone, along witly a
ligament within the knee joint identified. The ai#tral irregular sections each slice was segmented mantall
ligaments were then sectioned to allow disartiéotatof  avoid any mistakes. Each bone was checked and any
the knee joint and clearer identification of bdtle anterior defects corrected manually.
and posterior cruciate ligaments and their femanal tibial
attachments. The medial and lateral menisci ween th Tab'“ Bones segmented from CT and cryosection images from the VH
identified and cleaned to expose them fully. atasel.
The same dissection protocol was repeated on ¢ftee ri  Femur Patella
lower limb as described. Photography was undertakedi  Tibia Fibula
key stages mentioned to capture each of the anasdbmi

structures in digital format. Muscles _ o
Segmentation of the muscles (Table 2) was primarily

2.3. 3D Recongtruction from the VH Dataset done by means of region growing; however in ceré@as

the muscles were in intimate proximity to each nthe

VI-|I-(()1| rtecor:struct the 3D r;g&)eltfrom ZDZE?Oa(;a'I\'ArIle used thwh|ch reduced the efficiency of this method. Instheases
ataset images a_vm 0avm ese Emag%anual segmentation using the paintbrush tool was

encompassed a region from upper thigh to feet. B}ﬁecessary Similarly to the bones, an interpolation

cor_nkiln_mgd ;’r\]"th MR dat?thof kthe I_”O”“a' ; kg we algorithm was applied every 5 slices for the m&joof the
maintaine e accuracy of the knee ligaments, ozl muscles excluding the proximal and distal ends ang

the ACL. This allowed for muscle fibres to be tradeom irregular sections. In these sections each slices wa

attachmen_ts to insertion and eased the identiinatind segmented manually. The high-resolution color imsage

segmentation process. . . . . were consulted to aid in identifying the muscled &meir
The_lmages wgre IO"_"ded into Amira. with a _p'xeldivisions, primarily to trace the muscles to thgioximal

resolution of 2048: 1216: 5001 and a voxel resofuif and distal attachment sites. The knowledge gaired the

0.33: 0.33: 1._Am|ra requires the images to be eaed to earlier dissection aided orientation and identtfaa of the
black and white to allow for 3D reconstruction, artdken muscles

by selecting the Maximum channel. An identical stm
of images were also loaded into Amira, however &hesraple 2. Muscles ssgmented from CT and cryosection images fromthe VH
images were kept as full color images to aid in thelataset.

segmentation to identify structures. The normalenialee

Vastus Vastus Vastus

MRI images were also loaded into Amira. Rectus Femoris L ateralis Medialis | ntermedius
Both the black and white, full color and MRI images Long Head of
L. . . . ) . Adductor .
were arranged in image stacks to be viewed in Hioslice  Sartorius Gracilis Magnls Biceps
format. This allowed the user to scroll through $teck of ) ) o lemeE
images in multiple planes (sagittal, coronal, aadgverse). Ez,?qr;::ad of Biceps isg;'gembr fﬁ:'tend'"o I\':t':::zr
. Extensor Digitorum Fibularis Fibularis Lateral Head of
24. Segmentatlon Longus ’ Longus Brevis Gastrocnemius
Slices 170 to 420 were used for the segmentat®thia gzst'i;ee?gf; Soleus Plantaris ;'é’i';or
selection of images shows the area of the leg Wad  pgpjiteus
explored in the earlier dissection. As segmentai®ora
particularly time consuming process, it was decittednly Ligaments
segment one leg of the VHP dataset. Sections afngber The various ligaments (Table 3) were segmented

of images, which show the right leg, had a numbker cexclusively by means of manual paintbrush segmientat
defects, likely caused in the freezing processiefioee the and no interpolation was performed. This was dareaf
left leg was chosen. Segmentation was primarilygoered number of reasons: a desire for a high degree afracy,
in the axial view, however both the sagittal andooal the intimate relations the ligaments have with vaeous
views where frequently checked to ensure accuragy w structures of the knee joint and the relatively kmamber
maintained. of images in which they appear. Each image was hedtc
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with an equivalent full color image to aid in thecaracy of
segmentation and in addition the medical MRI imagege
consulted. The knowledge gained from dissection aiss
extremely useful as a reference point. The medibhteral
ligament and the oblique popliteal ligament wereniw to
be virtually inseparable from the joint capsulesrtfore it
was impossible to accurately segment these stegtdihe
medial and lateral menisci were also extremelyialiff to
accurately segment due to their intimate proxiniaythe
tibial plateau. Therefore it was decided to maryuaibdel
these structures at a later stage in the projdwt. Fatellar
tendon was also segmented in this group.

Table 3. Ligaments segmented from CT and cryosection images from the
VH dataset.

Anterior Cruciate Ligament Posterior Cruciate Ligament

Lateral Collateral Ligament
Patellar Tendon

Patellar Ligament

2.5. Madification of Zygote Human Model

a7

tool, an intuitive method where the user “paintsiet
influence of a joint onto a polygonal mesh, allogvifor a
more natural looking binding.

2.6. Creation of Custom Models

2.6.1. Normal Custom Model

The extracted data files of each individual struetwere
loaded into Autodesk Maya, in the obj format. Maya
converted these files into 3D polygonal meshes. Dubde
segmentation process followed in Amira, each meak w
loaded into its correct anatomical position withaay user
input. The polygonal meshes were separated intersay
based on whether the mesh represented a bone,céerous
a ligament. The polygonal mesh representing thellpat
tendon was placed in the Muscle layer. These sdlrt
layers allow the user to independently view and ifgdtie
various tissue types. As the number of polygonganh
mesh was extremely high, and interacting with rpiéti
meshes at once can cause performance issues,thesey
layers allowed Maya and the user to work more ieffitty.

The complete Human Zygote Model was imported intdach polygonal mesh was cleaned up individually to
Autodesk Maya. The skeletal, muscular and connectivvemove any non-manifold geometry i.e. shapes which

tissue layers from and around the knee joint weseduto
reduce complexity with too many polygons. The mata$

then moved and manipulated to a cruciform positi@n,
prevent any later difficulties, as the cruciformsjtion is

the standard in animation. The cruciform allows fbe

efficient construction of joints and control rigsdaprevents
any defects occurring during the binding of meskes
joints.

cannot exist in reality. By removing the non-makdfo
geometry it was now possible to reduce the number o
polygons in each mesh. A second clean-up was apfdie
each mesh to remove any non-manifold geometry the
reduction may have caused. The Sculpt Geometry Tool
then manually smoothed each polygonal mesh. At this
stage the medial collateral ligament (MCL) and rinedial
and lateral menisci were not present in the motlkése

Maya includes a Human IK Skeleton option whichstructures were impossible to segment in Amiraefoge it

constructs a default joint skeleton in the crugciiguosition

was decided to manually create them in Maya. Firsté

which can be modified by the user for a range oMCL mesh from the Zygote Human Model was imported

requirements. For this study, the default skeletees
modified to have no finger joints, as no finger rments
were planned. A default control rig, also includedthe
Human IK option, was attached to the skeleton dlodved
the user to control the movement of the joints imealistic

into the Maya scene containing the model. As tmisdrted
polygonal mesh was independent from the structures
obtained from Amira, resizing and repositioning was
required. Next a Zygote Human model medial mesh and
lateral menisci mesh were imported into the scé&aeh

manner. The rig included controls for the head,knec meniscal mesh was scaled and repositioned to ttreato

clavicles, shoulders, elbows, wrists, various it the
spine, pelvis, hips, knees, ankles, balls of tle¢ #ad the
toes. Both the joint skeleton and the control rgrevplaced
in a separate layer to the skeletal, muscular andextive
tissues to improve workflow efficiency. The joirketeton
was scaled and moved to match the model, with iddai
joints positioned to match their anatomical equeméd.
This resulted in a model consisting of skeletal,soular
and connective tissues overlaid on a joint skeletidh an
attached control rig, with the joints of the mocdeld the
joint skeleton matched as closely as possible.

The entire skeletal mesh layer was bound to théralon
rig using a rigid bind, a method which only allovas
polygon to be influenced by one joint, this mettabalsely
mimicking the nature of a human skeleton. The abnig

was then used to move the bound skeleton through a

variety of motions to check for any defects or imaypriate
binding. Defects were corrected by the Paint Skigights

anatomical position. A final smooth was then applie
each of the meshes imported from the Zygote modeél.
meshes were then organized into a group titled Led.
This resulted in a complete model of the Normatlt ILefg.
This group was then mirrored, creating a symmdtrica
duplicate of the model which represented the Rigit, as
shown in Figure 1.

E—
5 eW eI

Figure 1. Normal custom model of left and right legs.
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2.7. Ruptured Custom Model middle portion of the mesh. This resulted in idealtitop

) o and bottom portions which represented the bonenfeans
To allow the patient to understand their injurymadel ¢ , pt graft, while the middle section representeel

was created of a ruptured ACL. A representativeaet tengon portion. These sections were grouped towallo
MRI images were used from a ruptured ACL injury andgynchronised movement. Minor manual sculpting was
loaded into Amira for reference. The previously ateel performed on all three sections to achieve a miylead
Normal Model was then imported into Maya with otihe appearance of the graft. The group was moved iositipn
bones and ligaments of the Left Leg shown. The mes e internal knee joint, and a second bend dedor
representing the ACL was selected and viewed asribar applied and manipulated until the mesh's represgrfie

of faces. The faces of the ACL at the femoral &aent one fragments was anatomically correct. A finabsth
were selected and extracted, and the lower edgésof | .o applied to the graft meshes, resulting in dizety
femoral portion was then closed. The femoral partieas representation of the graft, as shown in FigureTBe

manually sculpted to depict the appearance of @a@@lof  pijqen structures of the left leg were then restofEhis
a tear. The open upper border of the bulk of th& A@s o5 ited in a model of the Graft Left Leg.

closed. To obtain the correct shape of the rupté€d, a
bend deformer was applied to the bulk of the ligain€his
allowed for a natural curved appearance on the ruppe
portion of the ACL while leaving the tibial attacknt
unaffected. Minor manual sculpting was then appi@ethe
bulk of the ACL. All other anatomical structurestbé left
Leg were then revealed demonstrating the Ruptureft L
Leg model (Figure 2).

Figure 3. The graft model.

2.9. Creation of Anatomical Helpers

For later use in the interactive application, twoad
anatomical helpers were created in Maya, with oglpdr
assigned to each leg. Each helper consisted of six
polygonal cylinders with six polygonal pyramids

= positioned at the end of each cylinder. Each helpas
Figure 2. Ruptured |eft leg model. grouped to allow for synchronized manipulation &ealing,

rotation. These paired cylinders and pyramids farme
2.8. Graft Custom Model arrows, positioned to face the anterior, postesaperior,

inferior, medial and lateral directions. Each arrovas
named to match its direction. Both helpers wereathrexd
to achieve a more aesthetically pleasing appearance

To enable patient understanding of the healing gs®c
following a graft procedure (and the limitationgyhhave
to work within their rehabilitation programme, artde
reasoning for it), an animated model was creatggiin 2 10, Texturing
Maya, all other structures apart from bone andntigats
were hidden from the Ruptured Custom Model. Thetmes For the Zygote Model, the default textures of tmatdel
representing the bulk of the ACL was selected amered Were used generally with only slight modificatiots
deformer applied to the tibial attachment. Thisviled a  colour, based on what was observed in dissectioayaV
representation of the ACL, which was naturally eatv lambert textures were then individually applied éach
around the posterior cruciate ligament (PCL). Minorstructure in the Normal Model, the Ruptured Custom
manual sculpting was performed on the bulk of tt@LA Model, and the Graft Custom Model with the excepid
and the PCL, to achieve an appearance of fusings Ththe graft structure. This allowed for precision ohover
meant there was a cleared tibial portion for giagertion. the colour and transparency of each structure, mgaki
It was decided to create a representation of all@ate Possible to highlight or hide individual structuréssimple
Tendon (PT) graft due to its reported widespread us colour scheme was followed, with bony structuresygr

A polygonal cylinder was created, which was therhite, ligamentous structures grey, menisci andottellar
modified by the addition of a large number of diviss. A tendon dark grey, and muscles red. The three mettieb
bend deformer was applied, resulting in a slighignt make up the graft structure were given individexttres,
cylinder. The faces of the top and the bottom of thWwith the two meshes representing the bony fragments

cylinder were individually selected and separatednfthe colored grey-white representing bone and the mesh
representing the tendon colored red.



International Journal of Medical Imaging 2014;)2@4-53

2.10.1. Animations

Following on from the creation of the models, thesre
then animated to create a visually appealing et
package.
polygonal planes with Maya lambert textures colondtte.

49

consultant and trauma surgeon and the second arSeni
Physiotherapist. These interviews focused on the
individual's experience of ACL non-contact injurjebeir

In Maya two “rooms” were created fromtypical methods of communicating and educatingepasi

to the nature of their injury, their views on pate

These rooms were placed in separate layers. A NURB&lucation in relation to compliance with rehabiida

circle surfaces was created and centered in ro@raaod a
camera parented to this circle. This parenting ediube
camera to translate and rotate with the circlevahlg for
smooth camera movement. A directional light waachitd
to the camera, ensuring that the camera’s targetldvo
always be well lit. This group of circle, cameraddight
was duplicated and centered in room two. Both ek¢h
groups were placed in individual layers named Cander

programmes and their experience of utilizing 3D elsar
animations in the National Health Service (NHS).eTh
animations and learning application were also preskat
these interviews, enabling a discussion on the aliver
quality of the project, its potential uses, any giole
improvements, any potential future work and thgimmn
with regards to providing patient access to théguto

and Camera 2. Using this template, with each ‘room3 Regylts

containing a separate model if required, four ationa
were created to explain various processes invoivetbn-
contact ACL injuries. These were as follows:

1. Normal function of the ACL (utilizing the Mobile
Zygote Model and the Normal Custom Model)
Mechanism of a non-contact ACL injury, including
female differences (utilizing the Mobile Zygote

2.

3.1. Dissection

Dissection of the distal thigh and proximal loweqg |
regions exposed the internal and surrounding anatofm
the knee joint. This allowed for a detailed exartiora of
the various skeletal, ligamentous and musculacttres of

Model. the Normal Custom Model and thethe region, in most cases revealing their morphglog

Ruptured Custom Model)

Surgical procedure of ACL reconstruction (utilizing
the Ruptured Custom Model and Graft Custo
Model)

Four stages to graft healing after
reconstruction, and the early goal of rehabilitatio

n{Table 4),

surgical

including texture and color, origin and insertiorend
spatial relationships with other structures. All sties
ligaments and skeletal structures were
meticulously dissected and imaged.

(utilizing the Graft Custom Model with some minor

modifications)

The four animations were exported separately 1
Aftereffects. Once in Aftereffects a variety of &dthal
information was added, including titles, structuas,
movement arrows and text explaining the process
depicted in the animations.

2.11. Creating an I nteractive Application

An interactive learning application consisting of
number of scenes and levels was created in Unity
Engine. Each scene is a viewable and interactivel le
which the developer can modify as they require. SEhe
levels include a Main Menu, a level where the uszm
interact with the Normal Custom Model of the knard a
number of levels which show images taken from disse.

The images taken during the dissection stage we

(SR W o}

Table 4. Musclesidentified during cadaveric dissection.
Quadriceps
Rectug Vastus_ Vastus Medialis vastus .
Femoris Lateralis Intermedius
Medial Thigh Muscles
Sartorius Gracillis AT

Magnus

Hamstrings
Long Head Short Head
of Biceps of Biceps Semimembranosus Semitendinosus
Femoris Femoris

Muscles of the Anterior Compartment of the LowegLe

Tibialis Anterior Extensor Digitorum Longus
Muscles of the Lateral Compartment of the Lower Leg
Fibularis Longus Fibularis Brevis

Muscles of the Superficial Posterior CompartmerthefLower Leg
Lateral and
Medial Head of
Gastrocnemius
Muscles of the Deep Posterior Compartment of thedrd eg
Tibialis Posterior Popliteus

Soleus Plantaris

exported to the Unity project, assigned to matching

structures and placed in the various levels. A ugerface
was constructed to allow the user to navigate betwe
levels, along with allowing the user to performaaiety of
different interactions in each level.

2.12. Evaluation of the Animations and | nteractive
Learning Application

Semi-structured interviews were undertaken with two

individuals who work within the NHS, one an orthdjme

joint

the segmentation,

3.2. Construction of an Anatomically Accurate 3D Model

Using Amira’s processes of surface segmentation and
extraction, a root model of the 3D anatomy of theeek
was created. This model includes muscular,
ligamentous and skeletal structures. Due to thereadf
this model accurately shows the
morphology and spatial positioning of the structure
included.
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The use of high resolution anatomical images frbm t processes could be used. While this made the moces
Visible Human Dataset provided an anatomically a&igu significantly more time consuming, it provided an
baseline from which the model could be formed. Théncreased level of anatomical accuracy. Tabledwvshthe
images were primarily segmented in the axial planeanatomical structures which were segmented. Noge th
however a 4-plane view was frequently consultedrtsure absence of the MCL and both menisci. These strastur
accuracy. Full colour anatomical images and medwial were omitted as they were practically impossible to
data were also used to aid the user when they weeecurately segment. The final surfaces of the moasited
uncertain over a structure. Due to the nature efhityh- by Amira had a triangulated appearance and wererteg
resolution anatomical images, no automated segii@mta to allow for further modification.

Table 5. Sructures modeled in Amira.

Muscular Structures

Rectus . Vastus Vastus
. Vastus Lateralis L .
Femoris Medialis Intermedius
Sartorius Gracilis Adductor Magnus Long I-_|ead GRS
Femoris
it Head i ErEEE Semimembranosus Semitendinosus lelal!s
Femoris Anterior
Extensor - . Fibularis Lateral Head of
L Fibularis Longus B .
Digitorum Longus Brevis Gastrocnemius
Medial Head of . Tibialis
) Soleus Plantaris .
Gastrocnemius Posterior
Popliteus
Ligamentous Structures
ACL PCL LCL o
Tendon
Skeletal Structures
Femur Patella Tibia Fibula

movement arrows were added to these animationg usin

3.3. Creation of the Normal Custom Model, Ruptured Aftereffects.

Model and Graft Model

i 3.5. Interactive Learning Application
Importation of the extracted surfaces to Maya (from

Amira) resulted in a number of polygon meshes which An interactive learning application was createdngsi
represent anatomical structures. These polygontscaf  Unity. This application is intended to allow a user
these meshes were reduced to improve workflow aeth e interact with a 3D model of anatomy, with assigned
mesh was individually smoothed to improve its appeee. functions and images taken from dissection andldaveor
The three missing structures, the MCL and both swéni learning at the user’'s own pace and in an environroé
were created in Maya and modified towards an a¢euratheir own choosing. This also allows the user tpegience
anatomical appearance. This model was further neatib  some of the educational benefits of dissectionraidorce
display a number of different states including ttemal knowledge gained from the animations. For use is th
appearance, the ruptured appearance, and the grafiplication the Normal Custom model was used, aloitiy
appearance. These models retain a high level abamezal Anatomical Helpers and labeled images obtained fiioen
accuracy, but in some cases include stylized elesn@he  original dissection.
Zygote Human Model was also imported into Maya, and  The seven levels of the interactive applicationsistrof;
joint skeleton and control rig added. This resultada 1) Main Menu
model of the entire body which could be easily rpatated This is the initial level of the application andtaas a
and animated. Both the created models and the Humaateway to the other levels, through the use of Rlttions.
Zygote Model were textured to appear as realisic altis also possible to quit the application fronstlevel.
possible, while still allowing a high level of useontrol 2) Custom Model of Normal Knee Anatomy
over transparency and color. This level shows the Normal Custom Model as an
example of normal knee anatomy. All muscular,
ligamentous and skeletal structures in the mode ar
Utilizing these models four animations were created displayed. This model utilises highly interactiveustures
Maya, summarizing various processes involved in th&!lowing a user to highlight, click and drag champgsition,
normal function of the ACL, a non-contact ACL injyits ~ diSPlay important information on a display scregisplay a
surgical treatment and factors important in itsafslitation.  1abelled dissection image of the relevant structurea
Once rendered various additional elements suckxasand ~ T@me- The camera is user controlled with the maarse

3.4. Animations
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can zoom, pan and rotate. GUI Buttons and Slideesthe
user a great deal of control over the appearancth&
model and allow for the rset of the model and cam
position. A GUI label explais all the functions of the leve
A number of buttons allow the user to navigateh® Main
Menu or quit the application.

3) Images of Bones, Ligaments and Muscles

These levels display the various images taken -
dissection; divided into bones, ligamennd muscles.
Images are displayed at a small size in rows. Witieked
these images switch to full screen. An exit butadiows
the user to quit the full screen image view. Ongeima a
number of buttons allow the user to navigate to Nt&n
Menu, all image levels aquit the application (Figure «

Figure 4. Normal knee anatomy in an interactive learning application.
3.6. Evaluation

To gain an initial insight into the potential fdrig type
of package, we then interviewed, in a s-structured
format, two staff members involved in the care of patie
with ACL injuries-a Consultant in Orthopedic and Trau
Surgery and a Senior physiotherapist. Both staffnbers
worked within the NHS and had considerable clin
experience. When communicating withe patient about
the nature of their injury and treatment, they wgsatic
plastic models, with the consultant supplementhig with
quick sketches. Both felt patient education wasesmely
important. The consultant felt they spent a grezal df
time explaining to patient’s the limitations of their dréut
they stated that this effort caused a better rditetinn
compliance and outcome. The physiotherapist fet
provided patient education was related to the pgsi
desires, typically a returto work or sporting activity i
effective in increasing compliance. Both particifsadid
not currently use 3D models or animations and et
that none were currently being used in the NHSeimegal

Reaction to the animations and learning applicewere
extremely positive. They felt that the general a@wpace o
the animation was good and the information was eges
effectively. The physiotherapist highlighted a pui& use
of the animation to act as a baseline from which
physiotherapist orusgeon can build on. Both participal
were happy for patients to view the animations.
consultant expressed an interest in using the aitingafor
patient education. The physiotherapist also exprbsm
interest in placing the animations in a “us websites”
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link in the NHS ACL information pamphlets, providéte
animations were placed online. With regards to

interactive application, both individuals felt itaw suitec
for motivated, interested patients, typically theg® were
highly interestd in sports. Both participants felt t
application to be particularly useful for the user‘play”

with over a longer time frame. The consultant notiee
potential of the application for both students alwattors,
while the physiotherapist felt that - application was
useful for reinforcing the knowledge gained frome

animations.

4. Discussion

We have shown that using the unique approac
combining cadaveric dissection with volumetric
visualization technology we have produced an edltalt
tool which can be wused to aid pati-clinician
understanding for the most common ligamentous yr
encountered in clinical pract—non-contact ACL injury. It
is anticipated that this will now result in incred:
engagement with a patient's physiotherapy me, and
improve the outcome posperatively

One key element in this study, which will benefie
patient, is that the work was carried out on thdawar in
demonstrating the key anatomical components tha
involved in ACL injury. This ensures comte accuracy of
the dataset, and allows the patient to have actess
much information on their injury (including the aoeay
and treatment plan) and will improve the I-term
outcome. Indeed, it has been shown that patientasidun
about their conditin and treatment plan improves -
success pogiperatively [10]. Athletes in particular need
have a basic understanding of the anatomy
biomechanics of their injury to help them recoverd
return to exercise, but at the same time preveritingy
[22].

In addition to this, and the absence of cada\
dissection in most undergraduate physiotherapysesuin
the UK, there is a huge market for this tool todaptec
for both patient education and student traininge Thique
combination of disseatk material and novel digit:
technologies certainly advances considerably whe
currently on offer across the NHS (pamphlets, dnewing
by clinicians and fixed model:

During this study, a firm understanding of anatoafy
the knee joint and surroumdj structures was establish
However, the manual segmentation of the struct—
bones, ligaments and muscles, was certainly a tiery
consuming process. That said, it does clearly dsirate
that there is the highest degree of anatomical racguir
the material created, rather than many unrealistictoor-
like packages currently available as mentionedera®ne
thing, which has been clear in this study, is tathave
managed to combine traditional techniques, likeagadc
dissection, with madern technologies to create a hig
feasible educational package to aid patient unaledstg of
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their injury and treatment, thus ensuring engagéméin The segmentation process is a very arduous preceks
the rehabilitation process. Again, this provides ideal means that the model is not easily reproduciblenlitit the
platform to develop healthcare driven applicatiolise  advancement in technology, software and algorithims,
what we have previously described in relation tacadion  will hopefully improve the situation in the futur€hat said,
and rehabilitation for another sport related injuryhat of we do now have the knee joint fully reconstructedhis
the iliotibial band [23]. format to be used as a training and education#éfiopia.

This study has also created an educational pactage We also used a widely accessible resource in aredbm
allow a better understanding of the healing progesst- education — the VH dataset. This however, does bawee
operatively. This will allow the patient to apprat from a shortcomings due to the nature of how the matevid
visual perspective exactly what they can and cadooat collated. The cryosections were obtained afterctdaver
key stages after, for example graft surgery. Thispted had been segmented into four blocks resulting liosa of
with the ability to manipulate the anatomical datawill  data, though it was not felt to significantly impéas work
provide an excellent tool for both the patient alidician. [24].

Reconstruction from both anatomical and the VH The other limitation is that formal consultation thvi
datasets formed the ideal foundation in developing healthcare professionals consisted of only two theal
interactive application. We have also assessed semai- professionals in this field. However, it revealed
structured format with the potential users of fégkage — encouraging interest in adopting this in a widenteat,
healthcare professionals. It was widely felt, tlylowboth  although this is out with the scope of this studytle
the semi-structured interviews and informal corsidh moment. It serves as a future study into the wider
with healthcare professionals in this field, tha¢re is an applications both for health professionals, andhapes
overwhelming desire to improve the access to eduw@t more important, the patients themselves.
material for patients. It was found that the use of
technology in this way was not being exploited egfoin 42 Further Work
the NHS, Qespite the obvious benefit; describedthif, The methods used with this project to create the
and the wide body of research showing that engageme,nimations and interactive learning applicationsuldo
with the patient, their injury and treatment plaill whow

. X theoretically be used across a wide range of mkdica
resounding success for the long term post-opefgtive conditions in educating the patient. Remaining wiitie
There is clearly a pressing need for

. ) unique antcy  future animations could show conservative tirent
innovative tools to supplement the very basic mast 5yions a variety of graft types, and a varietysofgical
models and line diagrams which are being curramd in  techniques. Contact ACL injuries and their effectsild
educating patient's about ACL injury and rehabilte e shown along with injuries to other structureshsas the
from it. There is clearly a very large market i t8ports  pc| |t would likely be beneficial for researchémsthe
industry where a lot of monetary value is investéd the |y of medical visualisation to encourage closmtact
athletes and they, alongside those presentingh@er @reas .ith the staff of the NHS. A close working relatiip
to the _healthcare system, truly deserve more agearand  peryeen these two groups would allow for an effitie
engaging products than what is currently on offer. . identification of problems and deficiencies of ant
This study clearly demonstrates the unique edutalio atient education programmes, and the production of
and training package to aid both patient and Gnic fteciive, useful and patient friendly animatiofsom this
understanding OT the_|r injury. Using a number of keols, relationship a targeted database of animation cddd
pamely cadaveric dissection, normal and patholdgii created which covers the most frequent, debilitatmd
Images, the Zygote Human model, and the VH datésel, itficult to understand injuries. This database idou
validated the matgnal present.ed her.e.. It has t.absen include animations of the injury events, surgicahtments,
developed alongside anatomical, digital, surgicald a norma| and abnormal functions of damaged structares
physiotherapy expertise and input to benefit théep It gpapjlitation exercises. Therefore the developmeht

also could be ro!led lout ir.1 undergraduate . trainingynimations such as the ones created in this prageof
programmes, especially in physiotherapy, wheréénUK,  harticylar interest to orthopaedic and physiothgrap
there is minimal access to cadavers for theseeteain departments. However as animations have been ngbibi
study to show abstract processes (graft healingyould
be possible to create animations of similarly campl
Although only one cadaver was dissected (bothdeft scenarios, such as the growth and treatment ofecaard
right sides) at the knee joint, we did use a wigienence the process of a heart attack. The further devedoprof
range of professionally dissected and plastingtedlsécted) the interactive learning application is also areriesting
specimens from the anatomical collections withire th avenue to explore, as one senior NHS staff menatethft
Laboratory of Human Anatomy, University of Glasgow.it could also be a useful tool for doctors and roali
This coupled with meticulous dissection ensuredmete  students. This shows the potential applicationshsas
anatomical accuracy of the material imaged. these have in education. The interactive learning
application could further be developed with a langgion

4.1. Limitations
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of anatomy covered and a greater number of tisgpest
included, such as skin, fascia, and vascular andons
networks. Interactive applications could therefdre
developed to suit a variety of groups, a differamatomical
region targeted and features added or removedqaged.
These applications could eventually be introducetb i
medical schools, universities, colleges, and, wih
simplified version, schools and the wider public.
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