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SUMMARY

I chose the Biomechanical Evaluation and Functiteccgment for two reasons:
Primarily for the long held fascination | have wldtomotion and feedback control,
an interest which led me to study robotics as adergraduate with the aim of
building a biped! Secondly, after appreciating pgracticalities of that aim and the
responsibilities of engineering, | chose this medid help focus my career towards
applying technology to gait and neurological rehtaion.

The placement was carried out in the Gait Laboyatof the Douglas Bader
Rehabilitation Centre, within Queen Mary's Hospi®MH). hospital is part of
Wandsworth NHS Teaching Primary Care Trust (tPQhg training was carried out
over a 22-week period during March — November 2@@ider the supervision of Dr
David Ewins (Consultant Clinical Scientist and Twag Coordinator). The placement
was briefly interrupted in order to carry out the&sMproject. During my time in the
Centre | witnessed a range of clinics, biomechanassessment techniques and
conducted a number of small projects to help imerthe quality of service. This
portfolio documents that work and my experiencesugh additional CPD activities
carried out in the hospital.

Chapter 1 summarises the anatomical and physi@bggsis of gait, introduces the
need for a gait analysis service within the comryuand summarises the resources
and methods currently in place to meet those ne€bapters 2 to 7 and 9 to 10
describe the technologies | used during the plaoéroe lower limb biomechanical
assessment. Chapter 8 documents the design ofetickaalibration rod. A broader
coverage of upper limb assessment is covered ipt€tsall to 13. Quality and safety
are briefly discussed in Chapter 14, followed lgeaeral discussion on the placement
in Chapter 15.



LIST OF COMPETENCIES

The following tables list the competencies setlmutPEM and the suggested chapter

and section headings that go towards demonstratingpetence in those areas.

BE 1.1

SPECIFIC Competencies

Clinical Applications

demonstrate an understanding of the humatorn
systems and the disabling conditions that give tas
motor / control deficits for a range of musculosital
and neurological conditions;

Where
Demonstrated

n8ection 1.1
e

BE 1.2

discuss the primary, secondary and comperys
effects of these conditions in both physiologicatl
mechanical terms, including their biomechani
analysis;

aThroughout
;|
cal

BE 1.3

demonstrate an understanding of human mavie
including normal and pathological gait;

n8ection 1.1 an
throughout

BE 1.4

use a variety of current clinical methodsatssess
mechanical and functional effects in patients ie
clinical environment e.g. motor assessment, muy
activity, active and passive joint movement, attg
of daily living;

5 Throughout
th
scle

BE 1.5

Demonstrate an awareness of related methoq
assess quality of life and psychosocial scores;

i< hapter 2

Design and Use of Equipment

and legislation;

BE 2.1 use a range of clinical equipment to evaludhroughout
biomechanics and function (e.g. forces, movement,
electrophysiology, interface pressure, shape |and
energy expenditure) including operation of | a
movement/gait analysis system to obtain both kineti
and kinematic data;

BE 2.2 analyse and interpret the data obtained ftbm Throughout
measurements;

BE 2.3 | recognise, quantify and discuss the errors in | fhleroughout
measurements obtained and discuss their limitgtions

BE 2.4 specify, design and build a piece of equipimie be| Chapter 8
used in a biomechanical and/or functional assessmen

BE 2.5 specify the approach required to validatas |tsection 8.7
equipment against current clinical methods;

Quality Assurance and Safety

BE 3.1 identify the risks and limitations involved witharaof | Throughout
the evaluations employed;

BE 3.2 carry out follow up assessment of the pgtien Section 6.3

BE 3.3 undertake safety checks and calibration loé| Chapter 6
equipment used;

BE 3.4 demonstrate an awareness of the appropteteards Chapter 14

Table 1 Evidence of Specific professional competenc



1 INTRODUCTION
1.1 The Patient

To appreciate the need for gait analysis, attensdiirst turned to the anatomy and
physiology of patients presenting to the gait |abanry.

1.1.1 Normal anatomy and physiology

Human locomotion is the product of a synchronisetioa of a large number of
anatomical components. The upper and lower limbselksas the trunk support gait
and posture, but attention is often directed topbleic and inferior regions, since the
gross features of gait are generated by thosetstasc The bones develop to provide
optimum structural support for the body and remiotiglitakes places during life, to
conform to the physical stresses placed upon tly.bbhe sacrum, coccyx and hip
bones form the pelvic girdle which supports thetelaral column, provides muscle
attachment points and articular surfaces for thmeufe The femur, tibia and fibula
form the moveable lower limbs that enable ambutatwith the patella increasing
mechanical advantage about the knee joint. Thegdomtides a floor contact surface,
shock absorption and a pivot for the progressintbl{and comprises the calcaneus,
talus, navicular, 3 cuneiform bones, cuboid, 5 taesals and 5 phalanges).

Many movements of the musculoskeletal system agexial, this is particularly true
for motion about the hip and ankle joints. Movensesiich as supination are about
three axis. It is a simplification to describe #reee and ankle joints as hinges, since
the knee is polycentric and the talocrucal joinhick is formed of three articular
surfaces, changes geometry under varying loads.

Many muscles serve dual or more purposes, for ebarttpe biceps femoris is a hip
extensor and knee flexor. Anatomical variations &= be found in normal subjects.
Lower limb muscles (summarised in Figure 1 ovejlea¢ innervated by branches of
the lumbar and sacral plexi. The actions of musdetrol, limb movement and
walking are governed by a range of feedback lodpdifeering complexity. At the
simplest level a reflex arc (such as the patekdlex) is a response to an external
stimuli, detected by a sense receptor, relayechtmi@rneuron and then to a motor
neuron. The cerebellum and thalamus of the cemealous system initiate and
regulate more complicated motor functions.



C. Hip
and thigh
anterio

B. Hip
and thigh
posterio

|/, D.Hip
/and thigh
71/ anterio

E. Leg
anterolateral

F.Leg

Joint  Action Muscle
Lateral rotation of spine  Erector spinae
Hip Flexion Psoas major (D1) L2-L.3
(acceleration) lliacus (D2)
Extension Gluteus maximus (A1) Inferior  gluteal (sacra
(deceleration) Hamstrings (B) plexus, posterior, L4-S3)
Abduction Gluteus medius (A2) Superior  gluteal (sacral
(pelvic stabilisation) Gluteus minimus (deep A2)plexus, posterior, L4-S3)
Adduction Adductor longus (D7) Obturator (lumbar plexus
(pelvic stabilisation) Adductor magnus (D8) anterior, L1-L5) and sciatic
Knee | Extension Quadriceps: Femoral (lumba plexus,
-Vastus lateralis (C3) posterior, L1-L5)

-Vastus intermedius (C4)
-Rectus femoris (C5)
-Vastus medialis (C7)
Flexion Hamstrings: Femoral [umbar plexus
- Biceps femoris (B3) posterior, L1-L5)

- Semimembranosus (B4)
- Semitendinosus (B5)

Ankle | Dorsiflexion Tibialis anterior (E4) Tibial (sacral plexus,
anterior, L4-S3)

Plantarflexion Soleus (F1) Tibial (sacral plexus
Plantaris (F2) anterior, L4-S3)

Gastrocnemius (F3)

Figure 1 Summary of major muscle groups associattdgait. Diagrams from [1]



1.1.2 Normal gait

Gait is the manner and sequence of limb movemerasted to cause locomotion and
ideally provides shock absorption, efficient eneugg and stability. In clinical terms
normal gait refers to the mean seen in a local populateimple, it does not refer to
functional ability or the most efficient means okeegy use. It is important to note that
achieving a normal gait may not be the best goakbébilitation for some people.
Energy transference in gait has been likened tbahan inverted pendulum pivoting
about three rockers of the foot, or footfalls te thotion of a wheel. The gait cycle is
broken down using the terminology shown in Figure 2
Q) Q) ey ‘
R s

:

%

Initial Loading Terminal Pre Initial Mid Terminal
Contact | Responsel Stance | Stance Swing Swing | Swing Swing
Initial Double
double Terminal double limb )
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Figure 2 Phases and events of the gait cycle. Adapom P

For the purposes of clinical analysis the hip joéndescribed as a ball and socket, and
the knee and ankle joints as pin or hinge jointee felative joint angles between limb
segments (Figure 3) are the net result of the muadivity and joint moments as a
result of inertia and gravity acting on each bodgment and the ground reaction
force (GRF). The plots are used extensively tosssaad describe gait.
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Figure 3 Sagittal hip, knee and ankle joint anglielsormal gait through the gait cycle. Sourdg [



Additional determinants of gait include the followgi temporal-spatial parameters
(TSPs):

Walking speed(m/s) - stride length / cycle time. Generally @mses in
pathological cases but does not show pathologlahges if stride length and
cycle time change together.

Stance phase duratiofseconds) - time of occurrence of limb on the floo
Decreases on treadmill and with pain, increasds avgequilibrium.

Swing phase duratiofseconds) - time of occurrence of limb off the floo
Opposite effects as above.

Stance phase to swing phase ratistance phase to swing phase is typically
60:40 % of the gait cycle.

Step time (seconds) - time from one event to the same oaocere
contralaterally

Step length(meters) - distance from one event to the same romote
contralaterally

Stride timeor cycle time(seconds) - time from one event to the reoccurrence
of that event by the ipsilateral limb. Total of sgiand stance phase durations.
Stride length(metres) - distance from one event to the reocnoeef that
event by the ipsilateral limb. Shorter on treadmReduced caused by
inadequate push off, pain.

Step width- Mediolateral distance between heels in doudacs. Increases
with disequilibrium to increase base of supportrenevident at higher speeds.
Ratio of pelvic width to stance width measured between ASIS’s and
mediolateral distance between heels in double stddseful to discriminate
variations in developing step width

Cadence— number of steps per minute, not an Sl unit. Wakspeed is
preferred in the QMH gait laboratory because ihi@riant of step length.

The gait laboratory also report step time, swimgeti stance time and double stance
time as percentages of the gait cycle time. Thigblas clearer understanding of
kinematic data and to normalise the data for usth \population databases. If

normalised data is used, care must be taken taetisel normalisation parameter is
meaningful in relation to the clinical question atient sample under investigation.

The laboratory maintains a normal database for rkatee and static measures,

collected using the current clinical protocols. S'heduces the influence of operator
error on patient data, when comparison is madetmal data.

1.1.3 Development of gait

The landmarks for gait development follow on frdme establishment of the skeletal
system and neuromuscular control. 7 weeks post ta@ababy develops from a
uterine posture to gain head control, albeit wobly 4 months the head is held
steady and at 6 the baby can sit, actions thatuader the innate control of the
rubrospinal pathway. At 7 months the arms can malternately. Crawling begins
with arm and leg control 9-10 months after birthported walking is seen at around
8-10 months, the baby is learning to walk as cdriraceded to the corticospinal
pathway. The baby holds on to things, uses the shémdbalance, stance and swing
phases develop, excessive flexion is seen in kipses and ankles, no heel strike (flat



foot contact), dragging of toes rather than cleardff. The learning progresses with
toddling, unsupported walking with uneven TSPs fistnde to stride. With increased
bone growth comes increased limb inertia and adrighergy demand. A mature gait
emerges at approximately 3 — 5 years, with grestiility and smaller pelvic to

ankle spread ratio. Greater coordination, increaseergy efficiency and shorter
swing time is also seen. Temporal-spatial parametgability tends to reduce with a
mature gait, but increases in the elderly. The ga#ntually slows down, stride
lengths are reduced and the step width increasesnpensate for reduced stability.
Walking speed decreases by approximately 15% pddeafter 70 years of age [4].

1.1.4 Pathological function

Many of the patients referred for biomechanicaleassient have dysfunctional
muscle control as a result of a neurological mdisorder. Neurological disability is
a vast subject area; the following is only veryebrbutline of some relevant
conditions and terminology | met during the placame

Dyskinesias- sustained, involuntary contraction of musclesulting in twisting, repetitive
movements and abnormal posture

Dystonia (atonic, akinetic): excessive muscle tdegging to distortion

0 Generalised — lesions to the basal ganglia, manag#d anticholinergic
drugs (acetylcholine receptor inhibitors)
0 Focal — managed with localised botulinum toxin tdt injections,
(acetylcholine receptor block at neuromuscular tjiong

Blepharospasms — intermittent or sustained closub®th eyes — botox

Cranial dystonia — masticatory, jaw

Cervical dystonia — deviations of head posture

Hand cramps — writers/musicians cramp, tight gagnormal finger positions

Hemifacial spasm — facial twitching, compressiotthef 7" nerve by blood vessels
Motor neuron damage dysfunction of motor neuron, muscular paralysiatoophy

Poliomyelitis - viral infection of spinal cord matoeurons (ventral root)

Multiple Sclerosis — degeneration of myelin, limbakness

Cerebral Palsy — foetal brain damage, motor dysiomc
Ataxia — cerebellar lesion, failure of muscle coordinawomegularity

Dysmetria — fail to reach an object, or ‘oscillatesar object

Hyper/hypometria — over/undershoots when reaclirgyasp object

Gait ataxia — walk in a very broad-based fashiouonken gait'.

Optic ataxia — lack of voluntary medial-lateral extrol
Apraxia (dyspraxia) — cortical in nature, skilled movemeeficit, absence ofppropriate
actions.
Hemiplegia- loss of voluntary control contralateral to dam@demisphere
Paraplegia- paralysis of lower limbs “plegid’ n. paralysis
Quadriplegia- paralysis of all limbs
Myoclonus— brief, sudden, involuntary movements originatirgm any point in the CNS.
For example: a hiccup or orgasm.
Clonus —rhythmical contraction in response to a suddenjliag and then sustained stretch
stimulus. Exaggeration of stretch reflex.
Spasticity- a velocity dependant resistance to movement, melxat the beginning, gives
way as more pressure is applied.
Spastic paralysis— spasms that can be accompanied by muscle ssffrgpontaneous,
uncontrolled, exaggerated muscle contractions.
Athetosis— involuntary writhing movements.



1.1.5 Conditions presented to the gait laboratory

Amputation (and limb disarticulation) — can be carried outnany levels as a
result of trauma or a range of diseases, suchyasadularity, diabetes, tumour, bone
infections, polio or congenital limb deformity. Qare Mary’s Hospital has a long
history of amputation management. Whilst not congplsome restoration of function
can be achieved with prosthetic components. Howewabulation with prostheses
presents an increased energy demand, particularlybilateral patients. Patient
motivation and lifestyle are factors in the levelestoration.

Cerebral Palsy (CPa general term for disorders affecting movemeat posture
resulting from damage to the developing brain, nmmmsthmonly cerebral hypoxia.
Patients could suffer from spastic paralysis, aiset or ataxia. Contracture of the
calf muscles, rectus femoris and/or hamstrings, kined with the antagonist
weakness can lead to equinus gait and abnormahsateflexion patterns of the
knee. The degree of impairment is highly variabdeging from slight clumsiness to
complete immobility. CP is non-progressive but toadition can deteriorate due to
poor development of the neuro-musculoskeletal systander increased load with
growth.

Cerebrovascular Accident (CVA) or Stroks caused by hypoxia as a result of
thrombosis, embolism or haemorrhage. The resuttargage varies greatly according
to the type and location of the cause. Weaknesalys#s or loss of sensation on one
side of the body, poor balance, apraxia and losgssafn can commonly occur.

Hereditary Spastic Paraparesis (HSf®)s many names and describes a group of
genetic degenerative disorders of the spinal cafthracterised by progressive
paraplegia and spasticity of the lower limbs. HSRlassified as uncomplicated if
isolated, or complicated if compounding neurolobieetors are involved (such as
deafness, ataxia, retinal degeneration, deterarati intellectual function).

Multiple Sclerosis (MS)- is a degenerative demyelinating disease affgdtie
central and peripheral nervous system. Currentrigggosuggest that myelin is
destroyed by the immune response [5]. The resultimgairments are wide ranging
sensorimotor dysfunction, such as hemiplegia, gpiystvertigo, fatigue and loss of
vision.

Proximal Femoral Focal Deficiency (PFEDis an idiopathic non-hereditary
congenital abnormality that can range from hypaladithe entire femur to absence of
the proximal end. There is a leg length discrepatiey femur is flexed, abducted and
externally rotated. Flexion contractures of the dmgl knee are also present.

Table 2 Patients Attending Gait Laboratory from0112007

Patient group (condition) Number

Amputees: Trans-femoral 57 Trauma and pain 4
Multiple Sclerosis 40 Spina Bifida 4
Cerebrovascular Accident 35 Spinal Cord Injury 3
Amputees: Trans-tibial 28 Knee Disarticulation 3
Cerebral Palsy 14 Hip Disarticulation 3
Hereditary Spastic Paraparesis 7 Polio 1
Other (deformities) 6




1.1.6 Pathological Gait deviations and compensat@ghanisms

Without a completed description of human gait, ¢hesn be no precise definition of
gait abnormality. Asymmetry and population compzngs are used as an
approximation. Descriptions of gait deviations da@ imprecise. For example a
‘hemiplegic gait’ assumes a similar pattern of taimiplegics and neglects changes
with time and treatment. Knowing the gait deviatdoes not always point towards
the cause of abnormality. Deviations may arise ieeahe patient has no choice
(through muscle weakness or impaired motor consmadl spasticity, deformity,
inadequate joint mobility and range of motion), oilngh pain (resulting in a
compensatory antalgic gait), or may originate frdme CNS through a lack of
proprioception or be incorrectly learnt behavioootably with aspergers). This latter
case is fascinating because it strikes at the quest why we walk the way we do.
Some features can be identified to separate incityrdearnt behaviour from
autonomougpatterns, for example in toe walkers, increaseeekflexion on initial
contact may suggest a lower neurological causeanointentional one. For many
causes, as with elderly walking, there is an ingeda stance phase as a percentage of
the gait cycle and an increase in pelvic-to-anglead ratio, both to improve stability.
Other features can include:

Lateral trunk lean: Reduces forces on abductor fasisnd hip joint during single
leg stance. If it occurs bilaterally it resultsamwaddlinggait.

Anterior trunk lean: Brings the ground reactioncii(GRF) forward of the knee
joint at initial contact to compensate for weak &mtensors.

Posterior trunk lean: Brings the ground reactiorcédo(GRF) behind the hip joint
centre to compensate for weak hip extensors.

Increased lumbar lordosis: May result from hip exte or abdominal muscle
weakness, or spasticity of the hip flexors, creptin anterior pelvic tilt.

Functional leg length discrepancy: not a physidctieence, but an inability of a
leg to cover the range of motion required for ggitle events. Appears as:

o Circumduction: a tri-axis movement (hip abductifiaxion and a radial path
of external to internal rotation) during swing taciease ground clearance.
Also used to recruit the hip abductors in the preseof weak flexors.

o Hip hiking: an increased obliquity and ipsilateteink lean, used to assist
limb advancement proximally.

o Steppage: increased hip and knee flexion, to iseregound clearance in the
presence of dropped foot, for example.

o Vaulting: plantarflexing the contralateral foot.

Abnormal hip rotation: may result from a hip rotatproblem (spasticity,
contracture, weakness), a floor contact problemwefited foot for example) or as a
compensatory pattern (an antalgic pattern for exenp

Excessive knee extension: the characteristic stphese extension may become
fully or hyperextended. May be compensatory inghesence of weak quadriceps,
accompanied by an anterior trunk lean. Quadricemsstgity can cause over
extension and can cause a functional leg lengtirepancy.

Excessive knee flexion: Seen at initial contact bhedl rise. May result from knee
or hip flexion contractures, knee flexor spasticityadequate plantarflexion on
loading. It may also appear to correct a functidegllength discrepancy. A crouch
gait is a pattern characterised by excessive Kieaeh in stance, commonly with



excessive dorsiflexion. A stiff knee gait is sedthweduced range of movement at
the knee, usually with persistent knee flexion tigfwout the gait cycle.

Inadequate dorsiflexion control: Inadequate antagofunction during loading
response may appear and heard as a foot slap.quetéeagonist activity during
swing will result in a toe drag or dropped foot.

Abnormal foot contact: foot placement and orieotatcan be altered by the
proximal limbs and/or can be the cause of proxicoahpensations. Progression of
the ground reaction force (from the midline hindfoo the lateral border to the
midline forefoot) ensures a stable tibial progressiluring stance. Initial contact
deviations can occur as:

o0 Heel loading (talipes calcaneous or pas calcaneoas)result from excessive
dorsiflexion (through an overactive tibialis anteriweak gastrocnemius or
triceps surae, unbalanced muscle spasticity ooadeformity). Stance phase
duration is reduced, reducing contralateral swihgse duration and hence
reduced step length.

o Toe striking (talipes equinus or pas equinus): cesult from excessive
plantarflexion (through gastrocnemius spasticityhich moves the ground
reaction force anterior and creates a plantarflekizee extension couple.

o Medial border loading: during pes valgus the medriah is lowered to permit
increased weight bearing. Occurs with foot defolsiind valgus knees.

o Lateral border loading: such as seen with talipgsir®mvarus occurs with a
raised medial arch, unbalanced muscles, spasticityot deformity.

Abnormal foot rotation: toe-in or toe-out foot pregsion may result from
excessive internal-external hip rotation, tibialf@moral torsion or foot deformity.
This moves the ground reaction force, which modiftee joint moments and
creates an additional energy demand during walking.

Insufficient push-off: is a reduction in power aefswing and may result from foot
deformities, intrinsic foot muscle weaknesses an fghat reduces the load the
affected foot can take. The result is a reducedcstdime, reduced contralateral
swing phase duration, reduced step length and asynaal gait timing.

Abnormal walking base: an increased walking base/ macompensation to
improve stability (in general gait pathologies ddegly walking for example). It
may also appear as a result of knee valgus/vanasgased hip ab/adduction. An
increased walking base may require an excessiveralattrunk lean to
accommodate the greater centre of gravity displacésnneeded for stability.
Scissoring refers to a gait style with excessiveluatdon, which reduces the
walking base and impedes swing limb advancement.

Other abnormalities: could involve muscle trematsxic or athetoid movements.
Gait event timing disturbances may occur asymmedtyior aperiodically.

There is clearly a lot to be understood about thesers of gait pattern generation, the
efficiency of ambulation and the re-training praes following acquired gait
disturbances. An interesting area of researchasuse of virtual reality, computer
simulation and adaptive learning. Marc Raibert (ider of the MIT Leg lab. and later
Boston Dynamics) has been using these techniquis rafbots for many years to
study locomotion. Many technical limitations of odlz locomotion were overcome in
the past decade, the use of robotics may increasmpdrove our understanding of
human gait [6].



1.2  The Gait Laboratory

The gait laboratory is one of a number of rehadilin services provided by

Wandsworth teaching PCT for patients within thedoghh. Since the Trust has some
specialist services such as the limb fitting, nefisr are also accepted (following
review) from outside clinicians who don’t have avsee level agreement with the

PCT. The Trust organisation is shown below (Figite

ana 0 P
D 0 Provider Services Commissionin
Older .
Directorate Adult people / Ch'lq/
family
neuro.

ervice Dental Diagnostic | Adult Rehab.
services services therapy | services

Clinical Director Head of Rehabilitation
Consultant in Rehabilitation Medicine Services

Gait Laboratory
Contract Management Adult and paediatric gait
: assessment

Functional Electrical Stimulation
Gait feedback and retraining
Prosthetics and Orthotics

Upper and lower limb provision -
Amputee Therapy Team

Rehabilitation Gym

Wheelchair Services
Other community and hospital i

departments
- Surgical Departments : _ _
- Maxfax reconstruction o Special Seating

- Plastic surgery : - seating

= posture management

Figure 4 Organisation diagram for the Rehabilitat8ervices

The services work very closely in a number of dédfé areas and call on expertise as
required for separate cases. All service headsrirégpahe Head of Rehabilitation
Services, whilst clinical standards fall within treemit of the Clinical Director.

Clinical Services- Although called a gait laboratory, the departmeorks with the

other teams to provide a range of upper and lowvdy ervices, which include:

- Adult and paediatric gait assessment to inform bgi@ion. Pre- and post-
intervention assessment (such as pre-/post-botexrgery).
Prescription and management of Functional Eledti&tanulation for upper and
lower limbs.
Assessment of different prosthetic components. iy feedback to amputees in
a weekly drop-in ‘walking school’, in conjunctionittv the Prosthetics team and
the Rehabilitation Gym team.




Assessment of gait pre- and post- orthotic preBonpTuning ankle foot orthosis
to improve gait, in conjunction with the orthotiesam.

Analysis of gait is of interest to robotics engirsgeentomologists and healthcare
workers alike. For the purposes of healthcarefihdegait analysis as the quantitative
and qualitative assessment of gait to aid the me&mnagt of rehabilitation. The goals
of rehabilitation are very function / patient dedant, so to gain the most from the
Gait Laboratory services it is stressed that raferand research tenders are made
with specific questions in mind.

Referral ProcessThe Gait Laboratory accepts referrals from clams within
Wandsworth PCT. The process is broadly as follows:

1. Receive referral from colleague
2. Discuss referral:
- To get a background on the patient’s history
- Discuss the clinical questions
- Agree on measurements to be taken
. Send out appointment letter, appropriate infadiomesheets and questionnaires
. See the patient in the laboratory:
- Discuss their concerns about mobility
- Take measurements, check if they are completeepresentative
5. Process data and produce a clinical report
6. Discuss the report with the referring clinician
7. Finalise the report including any recommendation

W

Research Activitiess The Gait Laboratory has a working relationshighwthe
Department of Biomedical Engineering at the Uniitgref Surrey. The aim is to
“foster clinically relevant research, developmeatycation and training, underpinned
by routine clinical activities”. The group is aatly involved in the following:

Osseointegratiorin transfemoral amputees: part of a pan Europeati-oentre
team developing an intermedullary pin for limb eltament and the associated
surgical techniques and rehabilitation protocols.

Functional Electrical Stimulation (FESglectrode and stimulator development and
clinical evaluation with adults and children witt? Cstroke and multiple sclerosis.
Gait feedback and re-trainingise of novel virtual reality, haptics and biofeadk
technology to aid rehabilitation of patients withwier limb loss or dysfunction.
Prosthesis componentrgvaluation and development of lower limb compdsém
partnership with prosthetics manufacturers.

Orthotic tuning applying video vector techniques to improve gdficiency of
orthosis users.

Human motion analysis systentevelopment of kinematic systems and marker
sets.

NHS Training increasing awareness of gait analysis througtibat Service.
Provision of training for IPEM Clinical Scientistaining scheme, in partnership
with St George’s Hospital NHS Acute Trust.

Industrial consultancy
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The following staff work within the Gait Laboratory

Table 3 Summary of staff working in the gait lakdorg

" Professional Regulatory
Number Position Body Body
Institute of Health
1 Consultant Clinical Scientist (and | Physics and Professions
Reader at the University of Surrey)Engineering in Council
Medicine (IPEM) | (HPC)
Chartered Society Health
- . . .| of Professions
1 Clinical Specialist Physiotherapist Physiotherapists | Council
(CSP) (HPC)
1 Research Fellow (and Lecturer at
the University of Surrey)
Institute of
Physics and

Variable | Trainee Clinical Scientists

Engineering in

Medicine (IPEM)

The following tests are currently at their disposal

Static measures
- Anthropometric measures

Observational gait analysis and gait feedback

- Video cameras
- Force vector projection
- Limb loading frame

- Rating scales (for example Edinburgh & Rancho)

Kinematic gait analysis
- 3D motion capture

- Goniometers (electro. and manual)

Kinetic gait analysis
- Force plates
- Plantar pressure systems
- 2D Video vector
Electromyography (EMG)
Psycho-social and functional ratings
- Gross motor function measure
- Pediatric evaluation of disability

- Gillette Functional Assessment Questionnaire
Upper limb targeted function performance
- Jebson-Taylor hand function test (being commieesit)

Energy consumption

- Physiological Cost lindex (PCI) and Total HeaeaBIndex (THBI)

These will be discussed in the following chapters.
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2 QUALITY OF LIFE AND PSYCHOSOCIAL ASSESSMENT

2.1  Clinical Significance

An important goal in rehabilitation is the remowdlbarriers to independence and to
widen participation in daily activities. Biomechaal laboratories do not offer typical
environments experienced by patients with whichdsess rehabilitation progress, so
two approaches can be taken to improve the envieotahrepresentation:

1. Provide a simulated environment as close to theemizg specific task-based
environment as possible. For example: the use efJ&bson-Taylor test,
described in Chapter 11

2. Use ambulatory or self-reporting techniques toemtldata from the patient’s
environment. For example: activity monitoring, désed in Chapter 13.

Whilst the Gait Laboratory use both techniques bmmechanical assessment, the
former is a focus for upper limb assessment, whiist largely instrumented lower

limb assessment is aided by the use of data cetlemtitside the laboratory. Due to
the holistic nature of biomechanical assessmeid important to note that many

techniques outlined in this portfolio are completaey (such as psychosocial scales,
activity monitoring and energy measurement).

Psychosocial scales give the clinician the patse(dhd/or carers) valued perception
of the patient’s quality of life and activities enmtered daily. There is a wide range
of scales in use, validated for specific tasks patlent groups, for example: 61
measures have been identified to have been uskamalking ability following stroke
[7]. The QMH Gait Laboratory send out one of twaestionnaires prior to the first
appointment, to try to ensure it is completed a@sihe hospital environment. A
section of the Gillette Functional Assessment Qaestire (GFAQ) is used with
children to assess mobility. The GFAQ formed thaidbdor the Adult Mobility
Questionnaire, which is an in-house variant forltsdu

2.2 Gillette Functional Assessment Questionnaire &AQ)

The GFAQ includes a section on the child’s physataility to transfer and walk. It
begins with a ten question scale of ambulationitgbitanging from 1 “cannot take
any steps at all”, to 10 “walks runs and climbslewel and uneven ground without
difficulty or assistance” [8]. The scale is verybgctive but discriminates walking
distance, the type of environment and terrain &edlével of assistance required, for
example: “cannot manage kerbs, uneven ground ios stahout assistance of another
person”. This may help the clinician identify sgecdisabilities within the child’s
environment. Broader functions are then tackledh wés-no questioning, such as: the
ability to ride a bicycle, ice skate, hop, use a buescalator and so on. These can be
useful points in consultation, particularly in idiéying goals for intervention. The
third section presents the following factors whichy limit the child’s ability to walk:
pain, weakness, endurance, mental ability (suchlaak of concentration or
awareness), safety concerns, or other reasongsisdhe child or parent to highlight
all that apply. Finally the child or carer is askisddescriptively comment on their
goals for intervention or on specific disabilitidse child would like to overcome.
Test-retest reliability among parents and goodriater reliability between parents
and community caregivers has been demonstratedhat®FAQ [8].

12



2.3 Adult Mobility Questionnaire (AMQ)

The adult mobility level follows a similar format the GFAQ, with a seven question
scale of mobility level, followed by a selection dfinctional activities. The
guestionnaire then has a series of questions terdbe patient’s concerns, perceived
changes to ability, falls, limitations to walkingdhasks the patient’s about goals and
activities they would like to recover [9].

According to Stone “Designing questionnaires i®phssticated craft which has been
badly neglected by the medical profession” [10]ctBes in the design of the

guestionnaire can influence the response and iacline order and type of question,
the wording and language. The above questionnaieegs designed with the English
language structure in mind and could lose clatiisough translation for different

ethnicities, or through mis-interpretation by atiains unfamiliar with the format.

2.4 Other scales and measures

A number of scales and outcome measures exisirtlatle an element with which to
assess ambulation, for example: The Barthel Indehides a section scored by the
clinician, as follows:

0 = immobile or < 50 yards

5 = wheelchair independent, including corners, y&@is

10 = walks with help of one person (verbal or pbghi> 50 yards

15 = independent (but may use any aid; for exanspiek) > 50 yards [11]

The Timed Up and Go test (TUG) provides a measunetwtakes into account
walking and transferring to and from a chair. Thsttis performed with the patient
wearing their normal footwear and walking aid ifeded. It starts with the patient
seated in a chair with arm rests. On the word “@u8, patient is asked to:

1. Stand up from the chair

2. Walk 3 meters (in a straight line)
3. Turn around

4. Walk back to chair

5. Sit down

The second effort is timed and observational notéegsbe made on postural stability,
and temporal-spatial parameters. Short times @igelwith good functional
independence; long times correlate with poor inddpace and a higher risk of
falling [12,13].

The ‘Six minute walk test’ requires the patientvialk as far as they can in six
minutes and primarily measures the distance tragelllThe test can be used in
conjunction with other techniques such as pulsemekly (to measure oxygen
saturation level) or heart rate [14]. Fatigue osghoea can be concurrently measured
with the Borg Rating of Perceived Exertion (RPEheTRPE is a self-reported 15
point scale, ranging from “20% effort” to “exhawsti. The Borg scale has been
found to have a strong correlation with heart ratepd lactate, %Veha, VO,, and
rates of ventilation and respiration [15]. It isnomonly used in sports performance
monitoring and coaching. Energy measurement isudgsed further in chapter 13.
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3

STATIC MEASURES

3.1 Description and Clinical Significance

Biomechanical assessment requires a range of digpchniques for obtaining and
piecing together information. A limited understamgliof the patients underlying
anatomy and physiology can be obtained througlusleeof anthropometric measures,
taken during the consultation. The measures argc g@ssessing bone geometry,
alignment, limits to the range of motion about jsirand muscle compliance to
passive movement) and dynamic (assessing musciiapa clonus, strength and

sel

ective control). The measures taken at QMH delthe following, with notes on

the influence on gait and commonly seen compengatechanisms.

Hip

Hip flexion deformity - overactive hip flexors irease demand on the hip
extensors and reduce stability in stance. A congieng anterior pelvic tilt may be

seen.

Internal rotation — a cause of toe-in gait, reduckghrance and reduced ankle
stability

External rotation - toe-out gait and reduced askddility

Hip abduction in flexion / extension - reduced atichn may present as an over-
adducted scissor gait, creating increase latemaktshift. Abduction is measured
in extension and flexion to isolate the gracilis.

Femoral anteversion - a measure of femoral tordimernal rotation of leg and

toe-in gait.

Knee

n

Fixed flexion deformity - assesses the hamstringd knee joint soft tissues.
Increased knee flexion impairs contralateral switgprance, reduces ipsilateral
step length and may be compensated for by ipsilteulting

Hyperextension - instability during stance

Duncan Ely (positive/negative) - a dynamic testre€tus femoris spasticity.
Increased tone impairs knee flexion in swing, conspéed for with contralateral
vaulting or circumduction

Popliteal knee angle (fast/slow) - assesses statid dynamic hamstring
contracture. Step length assisted by posterion@glvin swing.

Hamstring shift (fast/slow) - assesses hamstringtle

kle

Passive dorsiflexion (knee flexed / extended) -essss spasticity of the
gastrocnemius (knee extended) and the soleus (lera). Contracture reduces
first rocker and impairs clearance and shock alisorp Compensated for by
equinus gait or contralteral vaulting.

Active dorsiflexion (knee flexed / extended) - d®ee, assesses active control of
dorsiflexion

Tibial torsion (bimalleolar-condylar angle) - asthviemoral anteversion, a cause
on in-toeing during development. Lateral rotatioayntause heel to catch stance
foot. Reduces stability.

Thigh foot angle - a measure of internal/extermaation of the foot relative to
thigh and subsequent in/out-toeing
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Clonus (negative / beats / sustained) - testetieaibkle to assess appearance of
clonus in calf muscles. 2 or more beats is assesspdsitive.

A description of the foot (hind- mid- and forefoa$) made with and without weight
bearing, with consideration of: the natural floantact posture, inversion/eversion,
points of contact, shape of arch, protraction draction of forefoot and calcaneus
valgus/varus deformity. The leg lengths are als@asueed (from ASIS to medial
malleolus). | found this parameter particularly fut@hen assessing the influence of
pelvic obliquity during observational gait analysi®ne patient presented a clear
pelvic obliquity and hip hiking gait, this was sarked | questioned her leg length
discrepancy, they were found to be equal. The smptasure therefore eliminated
that possible influence from the investigation.

Muscle Strengthls assessed against the Medical Research CouME&LC] Scale
(Table 4) and recorded for the calf muscles, tibiahterior, quadriceps and the hip
flexors/extensors. To ensure repeatability, the gitmuscle bulk measurement is also
recorded, for the quadriceps and calf muscles.

Rating Descriptor

0 No muscular activity

1 Minimal contraction of muscle but insufficientriwove a joint

2 Contraction of muscle sufficient to move a jdnt not oppose gravity

3 Muscle contraction sufficient to move a joint &gh gravity, but not
against physical resistance

4 Muscle contraction sufficient to move a joint iga gravity and against
mild/moderate physical resistance

5 Normal power, i.e. muscular contraction suffitiemnresist firm resistance

Table 4 MRC Scale for muscle strengifo]

The MRC Scale has been used for many decades andiveaa measure related to
functional ability, but it is a very crude scalathmay not capture the changes in fine
motor control of the hand, for example, over a seuof rehabilitation. Data from
modern dynamometers (such as the Biometrics pintrfier]).

Muscle ToneA number of outcome measures exist to assess entsne. The
modified Ashworth Scale (Table 5) is used in thi Igdoratory. The modification to
the original Ashworth Scale is the inclusion of therating to discriminate where the
‘catch’ occurs in the range of motion.

Rating Descriptor

4 Rigid extremity

3 Loss of full joint movement, difficult movemembnsiderable tone

2 Full joint/limb movement, but more marked increda tone, limb still
easily moved

1+ Slight increase in tone, catch and resistan@eigihout range of movement

1 Slight increase in tone, catch, or minimal resise at end of range of
movement

0 No increase in tone

Table 5 Modified Ashworth Scald ]

Other hypertonia measures include the Wartenburglitem test and the Tardieu
Scale. The Pendulum test requires the measurementreely swinging relaxed leg
with an electrogoniometer during sitting. EMG isaeded to monitor muscle activity.
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From the resulting second-order time response sutive swing time is determined,
which has been found to correlate with the modifstiworh Scale [19]. The Tardieu
Scale (Table 6) requires passive flexion measuré&sradrthree velocities (vVV,, and
V3). Responses are recorded at each velocity as With, X indicating the 0 to 5
rating, and Y indicating the angle at which the oleiseaction occurs.

Vi As slow as possible, slower than the natural drbfhe limb segmenL

under gravity

V, Speed of limb segment falling under gravity

V3 As fast as possible, faster than the rate of #teral drop of the limb
segment under gravity

Scoring  Descriptor

0 No resistance throughout the course of the passawvement

1 Slight resistance throughout the course of passievement, no clear
catch at a precise angle

2 Clear catch at a precise angle, interrupting plassive movement,
followed by release

3 Fatigable clonus with less than 10 seconds wheaintaining the
pressure and appearing at the precise angle

4 Unfatigable clonus with more than 10 seconds wma&intaining the
pressure and appearing at a precise angle

5 Joint is immovable

Table 6 Tardieu Scale [20]

Increased muscle tone may be caused by reflex aypability and/or altered
muscle function. The modified Ashworth Scale ishiaao differentiate between the
two causes, but the Tardieu Scale takes this tgtdependant nature of hypertonia
into account [20].

3.2 Data Collection

The aim of a static measure session is to colligtt h
quality data relevant to addressing a particula
guestion. The measures to be collected are distuss
between clinicians during the consultation, to easu
appropriate data are available to address thg
guestion and to plan the effective use of the
appointment time. | learnt to appreciate the
importance of well planned and documented time
with the patient during later analysis, where ihat
possible to revisit different aspects of the questlt
may also be the case that patients may not L
cognisant or able to maintain strength for the
complete appointment time. A plinth and wide range
of measuring instruments are available (Figure 5y . :
The physiotherapist palpates the patient, whilst th Figure 5 Variety of goniometers
Clinical Scientist measures and records the results ~2"¢ t00's for data collection
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This has been done in the laboratory for a numbegears thus fostering high intra-
operator repeatability, teamwork and efficiency.eThuse of goniometers during
clinical examination is a point of discussion betwecentres. The payoff is between
data quality and time. Their use takes longer #ramdividual calling out values to a
note taker, but they may provide more accuratelteeshon-goniometer examiners
could have known repeatability measures and some wmo within five degrees
suggesting that it is not possible to repeatedlyasuee to within a degree with a
goniometer. The value of static measures to theceli assessment and treatment is
also a factor, when the geometric accuracy of goetoy is weighted against the
accuracy of surgical treatment of patients withy\savere deformities.

A record of patient compliance, comprehension andtmnal state is also noted, as
this may modify some results. For example: incréas@iscle tone through anxiety
may increase Type 1 error. A database of protaaadsrecording sheets is maintained
for a variety of procedures carried out in laboratdNot only are they an aid to staff
training and development, but they are active damisiforming part of the quality
framework. The static measures recording sheet @tbcol can be found in
Appendix A.

33 Limitations and Risks

Static measurements require a stable physiologylstwdynamic measurements
particularly require a compliant patient. Therel @ situations where this ideal is not
met. For example | saw many paediatric patientsuireqy a lot of effort from
clinicians, to gain the focus of their attentiondamterest to perform active
dorsiflexion for example, or to remain still (agstinticklishness) during ASIS
palpation or leg length measurements. A particylenlallenging situation arose with
a boy with autism. He was referred to the orthtaiiming clinic for an assessment of
his ankle-foot orthosis using video vector analy&isowledge of his passive range of
dorsiflexion was required, but the laboratory wasdrange environment to him and he
intermittently demonstrated jerky, apraxic motohéeaour.

The level of activity prior to the consultation mafluence the state of relaxation.
Identification of the bony landmarks is also subjex and dependant on the body
tissue thickness, this may also change with tentperaGoniometer placement and
alignment is also subjective, aligning a straigtijee against a distant limb segment
may suffer a form of parallax error. These factamay diminish inter-operator
repeatability. The gait laboratory has a physiapet who has conducted the static
measures for a number of years, for this reasad hat conduct static measures on
patients, but did gain some experience palpatitigagues.

There are various tools that may assist in reducmgasurement errors, such as
acrylic templates and the use of electromyograpityiastrumented devices, but there
is a payoff between the ease of use and complekitye technique against the quality
and relevance of the data in the wider problemisgleontext.

There are few risks associated with collectingistateasures, other than those
associated with patient contact and palpation oakwand painful limbs. EMG,

electrogoniometers, dynamometers and other medigalpment have their own

attendant risks.
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4 OBSERVATIONAL GAIT ANALYSIS

4.1 Description and Clinical Significance

Pathological gaits are readily observed by manyjeeim society. Human observation
of gait has underpinned much of the field of gaialgsis for decades. Observational
gait analysis (OGA) provides a range of tools amutqrols and a problem solving
methodology to help produce a clinically relevantlgsis that is as objective as
possible. We regularly observe the gait of pati@stghey walk into the laboratory,
during various clinics and procedures and as tkayd, but this chapter describes a
particular OGA service provided by the gait laborgt OGA is the task of collecting
data and reviewing it against a set of validatealescto aid in the production of a
descriptive report. The referral may require a @ed post- intervention analysis
(such as pre- and post- FES or botulinum toxinaggy to document the effects of the
intervention, or a general descriptive analysis rbayrequired to aid in a wider
kinematic study. Two scales are used in the laboyathe first produced by Rancho
Los Amigos National Rehabilitation Center Physi€haerapy department, is referred
to as the “Rancho scale” and is validated and dsedidults. The second is the
Edinburgh Gait Score validated and used for childre

4.2 System Hardware and Data Collection

Figure 6 shows the major elements of the hardwargse in the gait laboratory and
can be referred to throughout this document. Thiewsy shown in blue is specific to

the OGA data collection process. In this simplesit two digital video cameras

collect data from a view of the walkway, sagittaldacoronal images are selected
using a video mixing desk and the data streamcisrded onto video tape. A firewire

link to PC permits digitisation at a later staget television viewing is preferred for

analysis, for the greater image quality.

Sagittal

camera

Infra-red motion
capture cameras [:

D Coronal ¢
Force plates camera

DVou tO
E firewire

Composite

DAQ

Genlock Firewire
USB box \ AR /

Video mixer
RS232 | pC | VGA

8 )

Firewire

¢ video

Projector i]
Video tape /

> video
Composite recorder 7

»

TV

Figure 6 Hardware setup of 3D motion capture system
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4.3 CASE STUDY TG - Paediatric CP review, EdinburghGait Score (EGS)

TG is a 13 year old boy with cerebral palsy andatdjia. He is rated 8 on the Gillette
Function Assessment Questionnaire (see ChapterliOh states: “Walks outside the
house for community distances, is able to managbeskand uneven ground in
addition to level surfaces but usually requiresimal assistance or supervision for
safety”. Endurance, coordination and balance ackteebe the main factors that limit
TG’s walking. He has been assessed at interval® 26002 to 2007, video was
collected at each session. During this consultasiatic measures were collected to
determine his muscular control. TG was then viddma@foot with rotation markers,
to assist the interpretation of kinematic gait d&@® kinematic data was also
collected. After the consultation | assessed hiswgéh the aid of the Edinburgh Gait
Score using video data from 2002 and 2007, comgarn 2002 results with that of
the Physiotherapists’ and comparing my 2007 reswitls kinematic data collected
during the same session.

Summary of static measuresRight knee appears to be becoming tighter, with
progressively higher popliteal and hamstring shifigles since initial assessment.
Apparent increase on passive dorsiflexion rangétrignkle (knee flexed and
extended) since previous assessment. The improvemeactive dorsiflexion knee
flexed seen at previous assessment has been maohtdProblems with selective
control of dorsiflexion more marked on the righidamaximum active dorsiflexion
knee extended is 1%lantarflexed. No clonus noted at this assessniRight leg
measured as 10mm shorter than left.

Anatomical markers Anatomical landmarks can be marked with a salgien prior

to data collection, to assist in their identificatiduring video playback. In TG’s case
the lateral malleoli, head of fibula, femoral cotejypatella apex and patella have
been palpated and marked (Figure 7). Foam rotdtimaakers with clearly visible
markings (figure 8) can be worn on the pelvis aghlthsegments to help identify
rotations in the transverse and coronal planes. édew these are attached to a
separate Velcro band and are prone to falling off.

Figure 8 Ratasil markers
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The medial and lateral borders and midline of thleaneal tendon are also marked, to
assist identification of valgus/varus deviationheg ankle (Figure 9 overleaf).
Retro-reflective markers can also be used at théSABr example, if ink is
unsuitable. The markers can fall off, leave theldfiof view, or simply be
unidentifiable on video. | found an alternative hwet that may improve
identification, to draw a black square around taedmark, leaving the landmark
visible.

Figure 9 Calcaneal marking Figure 10 Alternativarking

Data collection— TG was asked to walk up and down the walkwayvbeeh two
parallel lines painted 10 meters apart on the fltfathe patient is capable, a number
of walks are recorded for each session, with cdrand sagittal footage for each
walk. This allows the patient to become acquainéith walking in the laboratory
wearing the instrumentation chosen for them andjiera closer approximation to a
representative walk. It should be noted that wagloarefoot in a gait laboratory is not
the same functional task the patient undertakéseim home or community.

Analysis— The EGS table describes 17 features of thecgale marking them on a
five point scale [flexion 2 1 0 1 2 extension], w® is normal. When completed the
numbers are summed to produce an index, the higaendex the more abnormal the
gait. The highest score is 34. The video is pldyack in real-time and slow motion,
observing the features on the scoring sheet. Sdimeians prefer to work through
plane-by-pane to save time navigating video tapeefer to go through each point as
they are listed (first for stance, then swing) #onga sequential view of the patient’s
gait, linking each feature from the ground upwarsepresentative stride is sought.
Viewing in real-time may identify or discount theanrrence of any atypical features,
after which each stride from each walk can be viglwe amount of time spent
reviewing the tape is dependant on the complexityhe gait and the number of
walks. Additional notes on gait characteristics c#ipe to prosthetic users can be
found in Appendix B.

Results— TG’s EGS results and kinematic data can be fomndppendix C. In
comparison with the physiotherapist | scored T@82walk as 13 compared to the
physiotherapists 16. We identified the same featubeit my measures were
conservative on three points (14. pelvic obliqui, ground clearance and 7.
dorsiflexion). By comparing the 2007 kinematic dédathe right leg with the EGS
(as shown in Figure 11 overleaf), the followingrgeican be made:

The data broadly confirms the kinematics, with #heeption of the reported

moderate plantarflexion in swing.
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| find the descriptive nature of heel contact atidrhore intuitive on the EGS
compared to kinematics, this could be extendedcdude the presence of the three
rockers.

The trunk is not addressed in kinematics, neithethods address arm movement.
Ground clearance is defined on the EGS.

Event timing is crudely described with the EGS, aSiuq RANKLE (ue e
can be seen from the hindfoot varus/valgus. | wedch
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4.4 CASE STUDY RM - Adult FES review, Rancho Gait 8ale

RM is a 71 year old male who has multiple sclerogieakness in his right leg is
causing a dropped foot which restricts toe clesgahaing swing. He walks with two
crutches and is able to regularly walk outside diprto an hour with functional
electrical stimulation (FES) of the right anterrouscles (notably the tibialis anterior)
to aid ground clearance. Previous history:

Diagnosed with MS in 1994

Sept. 2002  Microstim exercise stimulator set up &ection 3.5)

Nov. 2002 ODFSII walking stimulator set up

2002 to date Regular reviews
RM came to the clinic for a six monthly review a$ ilmobility and FES use. He was
seen by the Consultant Clinical Scientist and Ritlisrapist. After consultation we
checked the stimulator hardware and stimulatiopaese to ensure correct operation.
Video and kinematic data was taken with and withstitnulation to assess the
response and progress with the FES interventiassisted during the data collection,
processed the video with the aid of the RanchoeSgabcessed the kinematic data
and wrote a report for discussion. This sectiou$es on the video observations; the
kinematic data is discussed in Chapter 5.

Analysis - The Rancho Scale reviews the eight major dimsiof the gait cycle
against a list of possible problems that may oasith each limb (the completed
recording sheets for RM are in Appendix D). If @amarmal feature is identified, the
corresponding box is shaded (or ticked). When cetegl reference is made to the
Rancho handbook for possible causes and signifecaheach deviation. The easiest
way to work through the Rancho is sequentially frsomk to toes. One recording
sheet documents one limb, so for a pre-/post-vatdion assessment the analysis is
carried out four times. The right leg only is pmreteel here. Since the recording sheet
is only a guide for analysis, | made marginal naiasfeatures not included in the
scale.

Results- Standing: wide stance, right foot (thigh) extdiy rotated, knees and hips

slightly flexed, slight forward trunk lean. Walkinghod, with bilateral forearm
crutches ?stiff knee gait.

Table 7 Video Description (adapted from Rancho Aosgos Observational Gait Scale)

Reference limb: (R) | STANCE
No stimulation With FES
Initial contact
Foot contact pattern Right flat foot contact
Knee
Hip
Hindfoot / Forefoot Inverted throughout cycle
Ankle
Heel rise
Knee Excessive right knee flexignLimited right knee flexion
throughout during loading response
Hip Excessive right hip flexion in stance Excessisight hip flexion in
stance
Pelvis Pelvis dropped on left Left pelvic drop dahghout
cycle
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Trunk Slight forward and left trunk IearSIight forward and left trunk

throughout lean throughout
SWING
Foot clearance Right toe drag from initial- to mjd-
swing
Ankle dorsiflexion Excessive right plantarflexioh @re-
swing, becoming more marked info
initial swing.
Knee Excessive left knee  flexignLimited right knee flexion
throughout swing during pre- and initial swingj,
excessive left knee flexion at
pre-swing.
Hip External rotation on right from pre- foExternal rotation on right from

mid-swing with slight right hipl initial- to mid-swing.
adduction during initial swing.
Excessive right hip flexion in PSw.

Pelvis Right pelvic hike from pre- to mig-Right pelvic hike from mid- tg
swing and contralateral drgpterminal swing and contralateral
throughout drop throughout

Upper limb Slight forward and left trunk legnSlight forward and left trunk
throughout lean throughout

Conclusions- Stimulation of the pretibials has prevented tbe catch seen during
swing, reducing plantarflexion. Initial foot contas better and there is a reduction in
the excess inversion throughout the cycle. CunoB$ has adopted a stiff knee gait
with stimulation, with reduced excess knee flexiorstance but also reduced knee
flexion in swing. Excessive hip flexion no longercars during swing. This gait may
be a conscious response to the sensation of stiomlar thoughtful walking in an
artifical environment, but remains an open questidhe pelvis and upper body
motion remain similar with FES. The pelvic hike @@ns, albeit diminished, in pre-
swing and the contralateral pelvis drop remainsughout the cycle. These may be a
result of a habitual pathological gait. Forward datkral trunk lean remains. This
may be a result of the use of bilateral forearntatres.

4.5 Limitations and Risks

As with the Edinburgh Gait Scale the resolutioribedf Rancho recording sheet could
be increased by inserting a number scale in thedbmstead of simply ticking them,
this would provide greater information on eventitigjnand severity. Both sheets are
heuristic guides for analysis and it could be gassito slip into a box ticking
approach without thought for the original questibtowever, reliability has been
demonstrated with increased experience [21,22]tuFeaecognition and translating
that information into the gait scale categories isubjective process and does not
easily permit comparison with normal data. | haffidilty identifying pelvic and
spinal posture from video data, particularly witlaghgy clothed patients. This
identification will improve with practice. | suggesl the use of guide lines on
background walls for guidance. Transverse rotatiares particularly difficult to
analyse using the scales, hence the use of rothlomks [23]. There are also written
guidelines for interpreting the scale definitiofitsis useful to take notes during the
video recording session — | observed a young boylgltraversing the walkway with
a rollater, he frequently stopped and looked imphracked my mind to think what
the anatomical or physiological cause was. He w@sping because he wanted to line
up his rollator with the line of the floor tiles.
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There are no risks associated with observationgbgalysis, other than requiring the
patient to walk a short distance. Video observatiaait analysis did grow, in part,
out of the need to capture data from patients whyg not be capable of walking any
great distance. It can be conducted with relativelgxpensive photographic
equipment.

4.6 Functional Electrical Stimulation (FES)

The Gait Laboratory prescribes FES, so is briefntrons here. FES is electrical
stimulation with a functional purpose. This coule to raise a dropped foot during
swing, assist physical rehabilitation of a par@uiuscle or to assist standing from
sitting and so on. The aim of FES is to initiatsteady train of action potentials to
contract specific muscles for the duration of tleguired task. This is done by
delivering a current locally to depolarise the cBlliring normal physiological muscle

contraction slow muscle fibres are recruited befast fibres. Electrical stimulation

recruits fibres in the reverse order, which resultsicreased muscle fatigue.

Two stimulators are used in the Gait Laboratory ¢aswn in figure 12): The

“Microstim” (Odstock Medical Ltd, Salisbury, UK) iased as a training device to
assist building up muscle bulk, to familiarise thatient with stimulation and/or to
gauge the viability of moving to a more task-specstimulator over a longer

duration. The Odstock Dropped Foot Stimulator Bls¢ Odstock Medical Ltd,

Salisbury, UK) is one such task-specific stimulattesigned for dropped foot. It has
facility for a heel switch input and is a more caupbelt-worn unit.

Figure 12 Microstim stimulator (top-left), Odstobkopped Foot Stimulator 11l stimulator (bottom-
left); electrode positioning for tibialis anteriaith RM (right)

Both systems used in the laboratory are wired, Wwletan be cumbersome and
cosmetically undesirable. The physiological respsnand functional advantages
elicited by stimulation vary considerably with dfént patients. The major limitations
of transcutenous FES may therefore appear withinguglegrees dependant on the
presented anatomy and physiology. There can be ppoorariable selectivity of
muscle recruitment: it is sometimes difficult totain balanced dorsiflexion and
minimise inversion, since the muscles of the lovegr compartment are so closely
packed. Repeatability of response can be low angvaey daily depending on: the
impedance and location of the electrodes, electgoadity and skin contact.
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5 VIDEO VECTOR

5.1 Description and Clinical Significance

The Ground Reaction Force (GRF) is the force equahagnitude and opposite in
direction to the forces the body exerts on the etppy surface through the foot. The
force vector trajectory follows a known patternidgrwalking (see below), deviation
from that trajectory increases the moments abaaijdints, which increases muscle
effort and energy demand of walking. Seeing thetorem relation to the joints
through the gait cycle therefore provides an irdismalysis of gait efficiency and the
compensatory mechanisms. The principle can be exppdn its own, or as an
enhancement to other techniques such as obseraltiokinematic gait analysis.

5.1.1 Normal GRF progression

On initial contact the vector appears posteridghtankle and anterior to the knee and
hip, causing passive plantarflexion, a knee extensnoment and a hip flexion
moment (refer to Figure 13). The vector progressesriorly aligning with the ankle
joint, creating flexion loading response momentsudtihe knee and hip. As the tibia
progresses over second rocker into mid-stanceGIRE vector lies anterior to the
ankle creating a dorsiflexion moment, anteriorie knee creating lackedextension
and posterior to the hip to create a hip extensiment. In terminal stance the hip
and knee joints are in extension until the vediwalfy moves behind the knee axis to
unlockthe knee for swing. | was a subject during the NE&ght course, where the
following data was taken. The diagrams also disgi@yPedotti or Butterfly diagrams
(in blue) which present the resultant force vedtoB dimensions. From these it is
easy to visualise loading symmetry and the vertieeP and M-L component
variations before and after interventions. These marticularly useful for the work
with amputees in the gait lab.

Figure 13 Sagittal alignment of the GRF vector tigtwout stance, subject Graham Webb ‘normal’
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5.2 Equipment and Data Collection

The GRF is obtained from load cells under platebezided in the walkway. Force
plates are generally 600 x 600 mm in size and staglin the walkway to capture
complete foot falls. Small plates have the disathgs that footfalls may land
partially or not on the plate. Patients may be awafrthe plates and aim for them,
producing a false gait. Small plates have the atdgen of minimising unwanted
torsional forces and moments. The plates in the QBtit Laboratory were designed
to overcome foot fall problems by spanning a lengftl3.3 metres and width of 0.4
metres each. The technical challenge of minimigangional forces across such a long
length was overcome by introducing box and honeyxeactions between the surface
and transducers (see Figure 14 overleaf). Fowaxigl strain gauge transducers are
used for each plate, with a range of 2500 N vdhyic&00 N laterally and an overload
range of 150 %. Linearity is £0.1 % of full scaleximum and hysteresis is 0.1%.
The transducers are amplified to 0-5 Volts anderfdtd by a six-pole low pass
Butterworth filter with a cut-off frequency of 30zHthis was based on data showing
that during walking 99% of the vertical power imtained below 15 Hz and 95% of
mediolateral power contained below 26 Hz. The ptatfresonant frequency is 68 Hz
in the vertical (75Hz in AP and 61Hz in ML) [24]aEa is acquired by 2 16-channel,
16-bit DAQ card capable of 50 kHz sample rate. Datsampled twice successively;
the second sample is discarded, resulting in aece@fe sampling rate of 2 kHz per
channel. LabVIEW (from National Instruments) hasdibe data acquisition to a
desktop PC and displays the vector on screen. TBA Yutput is sent though a
Genlock box, which overlays the vector image ohm\tideo image captured from by
two cameras (see schematic in Section 3.2). Datalen be recorded to tape and
viewed in real-time. Spatial synchronisation of tleetor with the video is achieved
by highlighting points on the force plates withroeeflective markers and using a
calibration facility within the LabVIEW program. B collection proceeds in the
same fashion as that of video data collection,raskine patient to repeatedly walk
between two parallel lines painted 10 meters apathe floor, a length beyond that
of the force plate surfaces.

5.3 PRACTICAL Commissioning 3.3 metre long force tes

The Gait Laboratory had recently moved to a newphalsbuilding before | began
this placement, so | became involved in the fort@epinstallation. This gave a
valuable and somewhat rare insight into the pralities of commissioning long force
plates. The major steps are outlined below witkrezice to Figure 14 overleaf.

A concrete pit was specified in the building plavith anchorage bolts for the floor
support framework (galvanised steel I-beams). lis #tase the pit was slightly
shallower than the force plate assembly thicknessthe footplate surfaces were
lowered by hand. The ground was marked with whitetpand footplate hole centres
marked with the plates in-situ. Holes were therlattito accommodate studding,
which was set in place with a resin compound. Theef plates were then inserted and
bolted down. In practice the following points mate task particularly challenging:
each force plate assemble weighs 34 kg and wadesigned with the torsional loads
of handling fully assembled in mind; the floor isugh concrete; millimetric
alignment accuracy was required, there was a sfilgite in the floor (approx 2mm
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difference between ends), so the plates were fittgtzontal and the difference taken
up at each end. The footplate clearance holesatitiipsome position adjustment. To
minimise torsion and unbalanced resting loads,|dlad cells output voltages were
displayed and assessed whilst the footplates weaéedo down sequentially.
Alignments were made with spirit levels and fegjauges. The surrounding I-beams
were then assembled and the floor panels placesl fdroe plate calibration requires
assessment of the location and orientation of aggbrces and moments (see Chapter
7), and assessment of shear forces which will bedaout with a test rig designed to
pull the plates toward the I-beams.

Figure 14 Installation of Gait Laboratory 3.3m Idiogce plates. Left to right: pit with floor supgor
frame, preparation of footplate base and studgnalsly and alignment, completed with markers

5.4 CASE STUDY DM - Bilateral amputee feedback, \&lking School

The Gait Laboratory run a weekly video vector smssvith the Rehabilitation Gym,
to provide feedback to patients and clinicianss Hlways stressed that the feedback is
not a pass/fail assessment, but information toegthd rehabilitation programme. DM
attended one such session conducted by myself (dinelesupervision of the Clinical
Scientist).

DM is a bilateral amputee (right transtibial, leéfansfemoral). The Rehabilitation
Consultant raised a concern about osteoporoticggdsaim her left hip and thigh and
the possibility of increased risk of fracture. Heegtioned the amount of loading
through the left socket during walking. The maimavas therefore to investigate the
symmetry of weight bearing during standing and gaitd provide a quantitative
appraisal of the socket loading. The physiothergsessment stated that gait is being
compromised by excessive soft tissue on the R Tpusation, leading to discomfort.
DM can achieve minimal long distance walking desgtescription of a C-leg (a
flexion controlled prosthetic knee) in 03/07.
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Data Collection- After explaining the process and listening to ®ddncerns, | asked
her to stand in the centre of the force platforminfg the camera. Video and video
vector data were captured for a few seconds tmdtia natural standing loads. | then
asked DM to walk up and down the laboratory betwienmarkers. It is very useful
to have a patient’s physiotherapist present (oresmm who knows the patients
natural gait), as some patients respond differemtiger review and it is not always
obvious that it is a conscious modification. | ectied two traverses for both sagittal
and coronal planes separately, with two differegonsthetic knees.

Analysis- The video is then played back and discussed tvélpatient and the team.
A report is later written on request. Typical faatidiscussed during these sessions
include: temporal-spatial parameters (step lengthstep length symmetry, gait phase
timing symmetry, stance width, walking speed), knag¢ic parameters are sometimes
evident (joint range of motion, ground clearange)sture, stability and confidence
iIssues can be discussed with the patient, as @prtgression of the GRF vector
across the foot. The peak stance forces are fonddaasessed for symmetry and
alignment. A brief report is held on file for easdssion, which is often referred to. It
is often the case with primary amputees that laadymmetry is monitored and used
by the physiotherapist, as a rehabilitation ‘target

Results- Standing (no stick): Weight bearing approximafi0:450N (L:R)
No loading through stick. Slight pelvic obliquitsight side superior) with slight trunk
lean to left.

Figure 15 (L to R): DM standing, peak left starpeak right stance and adducted right hip

Walking (one stick): weight bearing in stance apprately symmetrical, right
slightly greater than left. 140N through stick aght toe off. Sagittal: Right step
length greater than left step length. Looking datwoughout. Coronal: Lateral lean
of trunk and pelvis towards stance leg seen badigrgreater during right stance.
Pelvic hike seen during left swing. ?mechanismgasish forward progression of hip
and increase clearance. Right hip adducted thraughait cycle, leading to valgus
knee position during right stance.

Options and Recommendatiors| identified an issue with the left knee stdili
whilst standing. DM is apprehensive of distributimgr weight more evenly onto the
C-leg when standing, the knee was seen to suddlemlyvhen this was attempted. |
made the recommendation to review the C-leg stédiitoment and right socket fit.
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Reviewing the case in hindsight it would have bemtuable to have called a

Prosthetist into the session to witness the GRfnadent with the C-Leg and adjust it

accordingly. As a result of this type of case, phesthetics and gait laboratory teams
will work closer together in the future.

parallel to the patient. It projects the |
GRF vector onto the AP aspect of thg ....j jne [ |
patient, as a guide for static alignment =
(Figure 16). The standing knee flexion Wi B

angle for the C-leg is set such that the__, .. ,J;:i,f' .{L\
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Figure 16 Otto Bock L.A.S.A.R [25]

Collecting video vector data requires carrying autumber of activities in relatively
quick succession, whilst communicating with andueing the patient is not left
standing unaided. During the sessions | learnttmaiverlook some aspects, such as
switching the vector view to coincide with the wdeiew, and recording a header to
show which limb is in use.

5.5  Orthotic Tuning

The Gait Laboratory is piloting a new orthotic togiclinic in collaboration with the
Orthotics Department. The clinic focuses on impngvthe gait efficiency of fixed
Ankle Foot Orthosis (AFO) users. An AFO is a rigad semi rigid) three point ankle
support which stabilises and holds the foot indhentation it was cast for. This may
be used for example in patients with hemi- or djj@léo prevent the foot dropping in
swing or with autistic children to prevent toe watk Orthotic tuning aims to
optimise the Shank Angle to Floor (SAF) of the AR@d footwear, using video
vector and making alterations to the sole profdetimal alignment is defined as one
in which a minimal knee flexion/extension momenpisduced at defined stages in
the gait cycle. There is limited data regarding 8#& for all stages throughout the
gait cycle. The clinic focuses on loading respoasd mid stance, because at these
points, vector misalignment is most evident [26].
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5.6 CASE STUDY KH — Adult CVA AFO review, Orthotic Tuning

KH is a 54 year old female who suffered a left besgascular (CVA) and has right
sided hemiplegia. She has used a hinged AFO folastefive years to prevent foot
drop and excessive inversion and to provide supft attended the Orthotic tuning
clinic with both Orthotists, also in attendance @&ethe Clinical Specialist
Neurophysiotherapist, a pre-registration trainee ragself.

Data Collection— Video and video vector data for a number of drags were
recorded for two trials: barefoot, with a hinged@Fotwear combination (AFOFC),
and pre- and post- tuning with a fixed AFOFC.

Results (loading response)rigure 17 shows the video and vector at load#sgonse
for the four walks, with a normal for reference.r&aot is the most unstable of the
four walks, requiring assistance from her husbdarre is forward trunk lean, KH
looked at her foot contact, took shorter step leraftthe four walks, the vector is
anterior to the knee causing extension moment at@uknee. This leg stiffness is
reducing the shock absorbing effect of loading oesp. With the hinged AFO an
improvement on vector alignment and an increasedilgy can be seen, but the
vector is still anterior to the knee joint. A fixeéd~O was used for orthotic tuning to
gain control over the ankle joint. The AFO was cagh some visual alignment by
the Orthotist, so there was some ‘tuning’ priorthcs clinic. The action of the pre-
tuned fixed AFO can be seen with a slight improveime vector alignment, together
with a wider step length, erect trunk and a moablstgait. The heel sole differential
(heel height — metatarsal head height) quantifiesradions made to the AFOFC
contour, in this case it was increased from 10 mmMG mm with the application of
heel wedges between the AFO and footwear. Thisymexti a 2 degree increase in
SAF and moved the shank anterior, thus bringinggtioeind reaction vector posterior
to the knee joint centre, which is required at Ingdesponse. Similar changes to the
GRF and to KH’s posture can also be seen at mmtstgFigure 18). However,
despite an improvement in the GRF vector alignmi€ht felt she was uncomfortable
wearing the modified AFOFC.

Normal Barefoot Hinged AFO Pre-Tuned Post-Tuned

Figure 17 Case KH GRF at loading response
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Normal Barefoot Hinged AFO Pre-Tuned Post-Tuned
Figure 18 Case KH GRF at mid-stance

5.7 Limitations and Risks

Tuning modifications are currently made to specKi€O-footwear combinations, so
variation in sole geometry (from a range of shogs)ot taken into account. Heel rise
modifications are required on both legs, to minariisg length discrepancy. Making
adjustments is time consuming, because the sheesearoved, wedges are placed
and the shoe is replaced and tied. There is a tonthe amount of flexibility and
space provided by the uppers to do this. The tataiber of traverses in the clinic can
be very high, to provide repeatable data for eacdklification. Not all patients can
meet this energy demand. There is a need for a laothotwear tuning system that
permits in-situ adjustment of the height of a ranfiendependent points of the sole
profile. Given the large number of walking triafsa tuning clinic and the wide range
of modifications that can be made, the clinic p¢sean intensive workload for
clinical staff. This can be compounded if the patis weak or non-compliant. These
operational issues should be reduced as experisngained. The risks involved in
orthotic tuning are low and commensurate with tisksr of walkway use, where a
patient is required to walk possibly unaided, a bamof times, potentially on
unstable joints, with weak muscles, pain and/or pootrol.

5.8  Orthotics Acquaintanceship

With the introduction of the orthotic tuning clinim the gait laboratory it was
beneficial for me to spend a short time in the Guwtds department to gain a broader
understanding of how they assess patients. Theréwar Orthotists at the hospital,
who have a background in orthotics and prosthetibsy are extremely busy, seeing
approximately 13 patients per day and visiting tesidential schools once a week.

Patients are referred from many areas within thestT{by general practitioners,
occupational and physiotherapists and prostheti€ghotists from other hospitals
handle the orthopaedic case load for the Trustiefat are referred with a wide
variety of conditions including: arthritis, ligamear tendon injuries, cerebral palsy,
peripheral nerve injuries, cerebrovascular acciddiatbetes mellitus, poliomyelitis,
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spina bifida and spinal cord injury. The majoritypatients | saw required insoles to
alleviate plantar fasciitis, dropped arches or maesalgias.

The department has the facility to produce custamoles with a desktop

‘Paracontour’ CAD/CAM mill. Data is collected using 3D scanner in the first

assessment appointment. The 3D profile is then fieddby the orthotist to include

depressions and rises according to the patientd aiee the orthotists experience. A
typical modification would be a medial-lateral gt to assist correction of a
varus/valgus deformity. An ethyl-vinyl acetate tkawith three optional densities) is
automatically cut and hand trimmed ready for theoed fitting appointment.

During the assessment, the case is heard and skstufe patient is asked to stand
relaxed, facing forwards, barefoot and shod, whilst orthotists assesses the loaded
feet. The unloaded feet are also felt and asse€¥ddterest are: the range of motion
of the subtalar and metatarsal joints, the nepivaltion of the foot with regard to the
subtalar joint and the transverse arch, the flégbof the first metatarsal heads,
presence of callouses, pain and extent of sensattmn patient is also asked to walk
the short length of the clinic, to view the presemd any gait abnormalities. The
assessment is repeated with the insoles. To etisiiasole is suitable for the specific
patient, the Orthotists often take the insoles liadke workshop a few times to make
amendments, whilst the patient is in clinic. Thare also casting rooms and facilities
available to work with plastics and foam in the kabrop, shared with the prosthetists.
Metal and leather working skills are additionallyadable if challenging custom
orthotics are required. Other components are sdwgkternally.

A second major area of work in the department iscyring or casting and
manufacturing and fitting three-point pressure exyst such as a hip knee ankle foot
orthoses (HKAFO) and the variations therein, hingedl fixed. | assisted in the
casting of orthotics for two patients. The castmgthod for both is the same.

EB is a four year old boy with cerebral palsy aight hemiplegia. | assisted during
his gait analysis which is discussed in more daetaChapter 5. EB has outgrown a
fixed AFO that helps reduce an extent of toe walkithe polypropylene can normally
be remodelled with the application of heat fromeathgun, to accommodate minor
changed, but this had been done as far as possibéenew casting was required. The
second patient SK is a 47 year old male with polielitis, his right leg is completely
flaccid with considerable muscle and tissue atroping leg is approximately 140 mm
shorter than the left and unable to take any |lbBwears a KAFO with a manually
switched knee lock and is able to walk with onekstBK leads a very active lifestyle
and as such the KAFO has naturally deterioratest afinumber of years. Casting for
both patients required them to don a sock and &eqiee cutting strip along the
anterior aspect of the leg. Bony landmarks werekethon the sock (both malleoli?' 1
and %" metatarsal heads and knee joint centre) with ibigeink before applying
strips of plaster. As the plaster set the jointsemeeld in the desired amount of
flexion-extension, judged by eye. Once dry the @@t cut with a scalpel along the
visible protective strip and removed. A positivesica made from the plaster cast and
modified with the addition or removal of materi@he blank is then used to produce a
polypropylene orthosis in a vacuum forming procd3sron urethane padding (a
layered foam composite) is applied to areas of bemyninence and metalwork is
attached to sites constructed from polypropylenéherorthosis.
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6 KINEMATIC GAIT ANALYSIS

6.1 Description and Clinical Significance

Kinematics is the study of motion without refereroethe forces involved and is
therefore a useful tool for describing joint andéta. The body can be mathematically
represented by a linked segment model. The relgbug angle variations and
velocities from a normal sample population produepeatable data which can be
used as a comparison to guide the assessmenttafiggital gait. This has clinical
application with pre-/post- intervention analysianalysis of orthotic/prosthetic
components and gait deviations over time. With saxeeptions, the major bone
structures are defined as segments (foot, tibiddibfemur and pelvis for lower limb
models). Each segment is considered non-defornzatfalenence constrained such that
three non-collinear points are the minimum requiteddescribe each segment.
Coordinate frames can be defined in a number ofsw@ging physical or virtual
markers, or anthropometric data) [27]. Generalmbaton transforms are then used to
link the segment frames in a chain back to theajlo&ference datum, errors therefore
propagate distally. The model used in the QMH kpdubratory is the modified Helen
Hayes model (see Table 8), as originally definedhyis [28].

Table 8 Modified Helen Hayes marker locations agghsent definitions

Pelvis:
Sacrum (marker) x-axis between ASIS markers
(L)ASIS (marker) y-axis on line from point midway
(R)ASIS (marker) between ASIS markers extending

posteriorly to sacral marker
z-axis orthogonal to x and y axes

Hip joint centre

Pelvis segment Calculated relative to pelvis segment
Height using regression analysis based on
Marker offset anthropometric measurements
Thigh:
Hip joint centre (virtual marker) | Plane determined by 1 marker and 2
Thigh midpoint (marker) virtual markers
Knee joint centre (virtual marker
Knee joint centre:

Hip joint centre (virtual marker) | The hip joint centre, thigh wand and

Thigh midpoint (marker) knee marker are used to determine

Knee lateral condyle (marker) plane. Knee width used to determing

Knee width medial-lateral distance of centre.
Shank:

Knee joint centre (virtual marker) Plane determined by 1 marker and 2

Shank midpoint (marker) virtual markers

Ankle joint centre (virtual marker
Ankle joint centre:

Knee joint centre (virtual marker) Ankle width, Knee joint centre, shank
Shank midpoint (marker) wand and malleolus marker are used
Lateral malleolus (marker) to determine plane, ankle width used
to determine medial-lateral distance
of centre.
Figure 19 lower limb | Foot:
marker placement, Ankle joint centre (virtual marker) Plane determined by 2 markers and 1
white circles represent Lateral malleolus (marker) virtual marker.
virtual markers Metatarsal head (marker)
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Joint angles are defined between distal and prdxs@gments within the co-ordinate
frame of the proximal segment. A sequence of nanfoatative rotations can lead to
a singularity known as a gimbal lock, this can beided if placed in a physically
non-realisable space in the coordinate system, hentbe angle calculation error rate
increases with data close to this singularity [Z2je modified Helen Hayes model
uses a cardan sequence of three rotations (y-xih) av clinically relevant joint
coordinate system [30]. For reviews see [31] ar&.[3

6.2 Equipment and Data Collection

The markers used are highly retroreflective bafls jom
different sizes (19 mm and 25 mm are used in 1
lab.). Larger markers are easier to detect butd use
together, have reduced spatial resolution. The "f
foot model uses 16 x 5 mm markers on each foot &
shank (Figure 20), with few identification
problems. The wand markers shown are used Jure 20 Foot markers of Oxford

provide redundancy and greater detail to the model. ™ 56t model, posterior

Hardware Eight Qualisys ProReflex infra-red cameras aedus the gait laboratory
(Qualisys Medical AB, Gothenburg, Sweden) as showiigure 21. Infra-red lights
eliminate the walkway at 880 nm. Data is sampleti2é& Hz, from a 10° to 45° field
of view and 0.2 to 70 metre range. A maximum of bidrkers can be sampled at 60
Hz. Sub-pixel interpolation is used
to provide an effective resolution of
20000 x 15000 subpixels. The Vicon
MX system is based on an Etherne
network. Each Qualisys camer
housing contains a microcontrolle
that directly calculates marke
coordinates. The cameras are dai
chained, relaying information at
2Mbps directly into a PC RS232 Figure 21 ProReflex cameras W|th infra-red ringngy
port.

Software Qualysis Track Manager (QTM) interfaces with tteaneras, handling the
data acquisition for the cameras and additionalogie voltage channels used for
force plates or EMG. Visual3D (C-motion inc. RodleiMD) is used for model
generation and reporting.

The following steps are required to produce clilyceelevant data from the motion
capture system:

Intrinsic calibration (camera linearisation) — oratenanufacture

Extrinsic calibration — before each patient

Marker tracking — QTM real-time

Marker identification —QTM post-processing

Model generation — Visual 3D post-processing

Event identification — Visual 3D post-processing

Reporting — Visual3D and as part of wider clinicakrpretation throughout

NogoghkrwhE
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6.2.1 Intrinsic calibration

Camera linearisation is carried out to accounttifier physical characteristics of the

digital cameras in use: the focal length of thesJdhe image centre coordinates (the
focal point position in relation to the image sensoordinate system) and the

astigmatic aberrations present in the lens. Theseadial and tangential distortions of

features within the image as seen by the sensargerdial aberrations occur as a
result of the imperfect manufacture and alignmdrthe lens with the sensor, radial

aberrations include the barrel and pincushion &ffeabat appear as a result of
nonlinear magnification away from the optical ads,shown in Figure 22.
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Figure 22 Radial aberrations experienced by camera

Qualisys’ photogrammetric linearisation method igsdd on Zhang [33] which
involves the presentation of a grid of known eqgt@ht markers, Figure 23. Each
camera is calibrated separately and requires anmimi of two or more frames to
calculate the calibration coefficients. The processarried out at manufacture and
each camera/lens is provided with a calibratiom fite.

Figure 23 Tools for calibration - linearization f@dleft), global reference frame and wand (right)

Linearisation can be done at long time intervalsn(elly for example) to assess
changes that may occur over time. A colleague ptesly acquired the calibration
plate from the manufacturer and carried out thecess on the eight cameras in the

gait laboratory.
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6.2.2 Extrinsic calibration

Extrinsic calibration generates data for the calttah of the location of marker focal
points in the global coordinate system and thentaieon of each camera sensor
(rotation around the optical axis). The procesisducted at least daily or at the start
of each appointment before data collection and tlsesvand and L-frame shown in
Figure 23. The L-frame represents the global coatéi system, in the case of the
QMH gait laboratory this point is at the centretloé force plates (1650mm from an
end) and to the left of the leftmost plate. Theglaxis is placed parallel to the axis of
gait progression with the shorter arm perpendic@aralisys Track Manager uses this
frame as the global coordinate system and idestifie arms from the number and
spacing of markers. The process is timed and fedidy the user, who moves the T-
shaped wand around the measurement volume of shtdiiee area of clinical interest
is generally an area above the force plates froktedmeight to hip height and covers
a ‘run up’ area before and after the plates. Twakera on the wand are a known
distance apart (749.7 mm) and are presented toaas/ rmameras during what is
known as thevand danceThe system captures 500 data points and avethgas
over the capture time, Qualysis recommend a minimbinseconds for wand
calibration. On successful completion a reportasegated (Figure 24).

Calibration passzed

Camera rezults

Id = [mm) ' [mim] Z [mm] Paints  Awg res [mm)
0 449774 334890 225198 YEO 0.69301

02 -388.81 420291 233210 0 700 0.B2861

03 B0E1.53 -423630 2196898 778 1.14788

04  BE3456 -30B.75 219387  BE9 084698

05 477233 319038 224561 701 073052

06 -263.78 354206 235558  EBV9 0B3326

07 320406 343482 221306 623 072025

08 715934 3054 2227 61 a3z 1.43103

Standard deviation of wand length: 0.52372 [mm)
"W and length mawx - min: 3.39587 [mm)

Figure 24 Example calibration report

‘Id’ represents the camera number, X, Y and Z &ee doordinates from the global
datum to the optical centre of each camera, thebeuraf points show the number
successfully used in the calculation of the wandkeradistance. The average residual
is a measure used to represent the accuracy sfyttem for each camera. A residual
is the root mean square of the distance betweeerthtting ray (from the infra-red
emitter centroid to the centroid of the marker) #mel reflecting ray (from the marker
centroid to the camera sensor). These values astlydow and have low deviation
across cameras. It is possible to perform the cafegarisation in the same step as
the calibration, however Qualisys have chosen t&pkihe two processes separate
because camera linearisation using the wand iasi@ccurate as achieved with the
plate. The errors are one order of magnitude highen the calibration is combined
[34]. | routinely carried out calibration of the @lisys system. The Vicon wand is a
single device with dual purpose: The Vicon systatibcates the global reference
plane first and then collects data for the extdnsalibration, as separate tasks. The
above calibration process generates a large nuofb2D image coordinates. With
these and the extrinsic parameters, the 3D codetiraae calculated using a complex
mathematical process callédindle adjustmentThe process effectively generates a
very large nonlinear equation system and solvesogtichises it globally [35].
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6.2.3 INVESTIGATION — Accuracy of ProReflex camengstem

Aims: To become familiar with the calibration processdathe variations in
measurement accuracy around the workspace anddheofclinical interest and to
produce a department protocol for long-term momtpof system accuracy.

To gain familiarisation with the system, a wideiaon of short tests were carried
out, a selection are presented here:

Test 1 methodA static test to assess marker convergence ferdiit planes with
different marker sizes. Nine markers were firscpthalong the mediolateral axis at
increasing distances apart and ten second ¢ata

samples were taken (file: maker_test2b.qtr). & & & & O O 00

The marking spacing decreased for 90 mm toji#
mm, with the highest density markers in t
lateral group in the further line and medi
group in front line (see figure 25). The mark
sets were then rotated about the z-axis 4
placed along the axis of progression, at the sg
differing distances (file: marker_testl.qtm).

Test 1 resultAlong the y-axis QTM identified 5
stationary markers and a flickering blob of
converged markers in the front line and
stationary markers with a flickering blob of
converged markers in the distant line. Along t
y-axis QTM identified 7 stationary on each FOW.rigure 25 Varying marker spacing with
both rows mel’ged the last 2 markers. 25 mm markers, showing convergence

Test 1 conclusiondVarker convergence appears as noise in the filstaas a steady
flickering between two possible marker locationsrnthincreased random flickering
between the locations. This jittering was also segrpresenting two markers with
fixed spacing to one camera, with a varying distaacd observing the 2D raw data.
The point at which a marker location is lost is @obinary cut-off point, but an
extrapolation. This occurred with the 26 mm markgvaced approximately 50 mm
apart in the mediolateral axis and 30 mm in thes afi progression. This is not a
problem with the modified Helen Hayes marker set, dould present an issue with
the closely spaced foot markers of paediatric ptgiel6 mm markers are used in this
situation and observational gait analysis for wayng/small patients.

Test 2 method To understand what influence camera distance drasmarker
identification accuracy, the mean residual erroesencompared for each camera.
With the L-frame global coordinate frame (GCF) ntained in place, the extrinsic
calibration (wand dance) was carried out in ordegeénerate the calibration report
which details camera coordinates and mean residllaésresidual were compared to
the distance from camera-to-GCF for five trials.

Test 2 resultsThe camera-to-GCF distances are shown in Figbi@\erleaf). Figure
27 shows the mean residual error for each camera.
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Legend:

Infra-red camera

14822 TS a gy B/ I Global Coordinate Frame

Figure 26 Approximate layout of cameras, detaitiigfance (mm) from camera to global coordinate
frame (GCF), not to scale.

Infra-red camera errors
Camera number:

160 6 2 7 1 5 3 48

1.50 -
1.40
1.30
1.20 A
1.10 -
1.00
0.90 -
0.80
0.70 -
0.60 -
0.50 -
0.40
0.30 -
0.20 -
0.10 -
0.00 -

Average residual (mm)

4262.08 4822.47 5242.37 6042.78 6164.15 6956.10 6994.49 7500.49

Distance from camera to global coordinate frame (mm )

Figure 27 Camera-to-GCF distance against averaiguad for eight camera locations

Test 2 conclusionsDespite the L-frame being stationary throughdbgre was
variation in the camera location data across sanfplean 1.01 mm, SD 0.87 mm).
This could be due to noise inherent in each capgassion. Camera 8 exhibited the
greatest variation of 2.67 mm. The mean values wsed for the camera-GCF
distance calculation. The residual error increagiéls distance, but it is not possible
from this test to determine the influence the Lfeaorientation, as seen by each
camera, has on the error. This result was expebtichuse the residual error is a
function of distance. It would be interesting tce sehat effect moving the GCF
medially into centre of the two force plates hasdl arhat implications this has for
model building. It would also be interesting toesssthe variation in joint angle data
for different measurement locations on the forcagd (the area of clinical interest)
and how much this error propagates distally.

Calibration test aimGiven the above observation that repeated sta¢iasurements
can produce variable results, having a 3D contoap raf error rates across the
workspace would be very useful tool for optimisingmera location, to inform
clinical data confidence and for assessing systafh aler time. A protocol does
exists for regular calibration prior to patient aatollection (as stated in Section
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5.2.3), but there is not formal method in placeetain or use the data. A protocol was
required that could be used on a monthly/annualidto improve the departments
understanding of kinematic hardware errors.

Calibration test method (staticjhe calibration rod was placed in 15 locationshia
workspace (Figure 28) at differing heights, of 5@nnfapproximating the ankle
height), 500 mm (approximating the knee joint) @ mm (approximating the hip,
the maximum extension of the stand in use). Fivwosds of data were captured at
120 Hz and exported directly to a Microsoft Excpremadsheet. The mean wand
length and standard deviation were calculated &@hdocation. Since the wand is of
known length (749.7 mm), an indication of grossteys error can be taken from
variations in this measurement.

Figure 28 Calibration wand and frame (left), califiwn locations (right)

Calibration test method (dynamicfhe wand was then twirled about the x-axis and
carried through three trajectories of the workspaica self-selected normal walking
speed (Figure 29). Five seconds of data were captatr120 Hz and exported directly
to a Microsoft Excel spreadsheet. The mean wangtheand standard deviation were
calculated for walk. This test was repeated with subjects.

= e Starting positions

Figure 29 Holding wand (left), walking trajectories

Calibration test resultsThe mean measured wand length for the statictitota is
shown below left and the standard deviations beigiw (Figure 30), for heights of
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50, 500 and 900 mm (bottom to top). The mean medsuand length for both sets of
dynamic walks is shown in figure 31.

900 mm height 900 mm height
7515 0.35
0.3
750.5 0.25
Wand length 0.2
Mean wand standard )
length (mm) deviation 0.5
0.1
c 0.05 c
B Mediolateral 0 B Mediolateral
M A axis M A axis
J G J G
D D
Axis of gait progression Axis of gait progression
500 mm height 500 mm height
Mean wand Wand length
length (mm) Sta',]d"j”d
deviation
C
B Medlolf’:lteral Mediolateral
M J A A axis axis
D
Axis of gait progression Axis of gait progression
50 mm height 50 mm height
Mean wand Wand length
length (mm) star.ldgrd
deviation
. C
Mediolateral B Mediolateral
axis M A axis
J G
Axis of gait progression Axis of gait progression

Figure 30 Mean and standard deviation of wand lengtasurement at locations within the workspace
Mean Wand Length in +ve (blue) and -ve x (purple) d irection (walks = 2, ep & gw)

750.6

750.4

750.2

~
a
3

<
3
©
®

Recorded Wand Length in mm
<
3
&
S

749.4

749.2

749 ‘

AB‘C A‘B‘C A‘B‘C A‘B‘C

Entire data (2650mm in +/- x) Within FP only Outside FP 500mm in +/- x Outside FP 1000mm in +/- x

Figure 31 Mean wand length measured during 2 wglkiials
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Standard Deviation of Wand Length

0.9

03 1— | E—

0.2 +— —

0.1+— —

Entire data (2650mm in +/- X) Within FP only Outside FP 500mm in +/- x Outside FP 1000mm in +/- x

Figure 32 Measured wand length standard deviation

Calibration test conclusion$/arkers at static locations A, B ad C were ndeded
by the cameras. There were also marker drop-olN & and D at 50 mm. The force
plate area (KHE in figure 28) is the main areantériest and shows minimal variation
at hip height. There is wide variation on the ktte of the walkway (ADJGM ankle
height). The minimum wand length is 747.70 mm (mead at 50 mm location E),
maximum length is 751.67 mm (measured at 900 miatilme D). It should be noted
that an increased wand length spans a greatenaress the error contour map, which
could increase the relative measured error. No iveokers in the modified Helen
Hayes set are 750 mm apart, the longest pairedemdi&tance is the ASIS to lateral
condyle pair (approximately 0.245 x height [36]urfRer data is required to draw
more useful conclusions. The dynamic tests shownammm wand length of 745.97
mm (measured through C, figure 29) and a maximungtleof 752.81 mm (measured
at A). Minimum variation occurs within the forceape area. Variation is higher
during dynamic trials, possibly due to the occlasmf makers by the operator. It
would be interesting to repeat the tests over &madea, using a wand with reduced
marker spacing. To reduce operator occlusion, thendw could be carried
systematically through the workspace at a knowredgdry a simple mobile robot, or
radio controlled car. To ascertain the relativéuieice of different errors sources, a
time-consuming process of data collection and msiog would be required,
introducing a compromise of time vs. data qualitie suggested protocol (found in
appendix E) is a balance of these factors. Fustloek could be achieved with various
automonous electromechanical rigs.

6.2.4 Marker tracking and identification

Qualysis Track Manager (QTM) tracks the markerg)egates the 3D coordinates
with the bundle adjustment algorithm and presdmsrésulting data 3-dimensionally.
At this stage there is no reference to the apptinatother applications include
hydrodynamics, animation, crash testing and ergace)mlhe markers are therefore
labelled to suit the Gait Laboratories body motlalso assign colours for clarity - red
(right), green (left) and yellow (pelvis). Markeajectories can be displayed if there
are uncertainties in the image. The Oxford foot elqa@esents a particular labelling
challenge. Errors do become evident during latedehaonstruction, but it can
become time consuming if errors are made. To aklliag, the AIM function
(Automatic Identification of Markers) used at QMHhables batch processing
following the manual labelling of one representatidata set. There are also
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occurrences where a marker momentarily drops ouwigift, producing a gap and
therefore an uncertainty in the trajectory. Thitadzan be filled using an interpolation
algorithm. Qualysis use the NURBS (non-uniform agaéil B-spline) algorithm,
popular in computer aided engineering applications.

6.2.5 INVESTIGATION - Effects of varying gap-fillgninterpolation

Aim and Method To assess the effect gap filling has on the kitémresults of an
intervention assessment, a patient data set wasegsed in QTM without
interpolation and with interpolated data insertetb igaps spanning less than 20 and
less than 40 frames. The data was interpolatedTi @nd exported to Visual3D to
calculate the temporal-spatial parameters. Visual@®s the maximum number of
available strides to do this. The data quantitydfoge varies with the amount of gap
filling. Temporal-spatial data was primarily useor fcomparison as this is more
quantitative than reviewing joint angle graphs.

Patient PK is a 51 year old male who has left hemipleigidowing a right-sided
haemorrhagic cerebrovascular accident. He is ablgalk using one stick and with
assistance from either an AFO or FES to corredt dedpped foot in swing. His
mobility level was rated 5 (walks outside for mdl&n 20m can manage kerbs,
uneven ground, but has difficulty manoeuvring), ngsithe adult mobility
questionnaire (see Chapter 2). The main concema &ck of balance / stability due
to left toe catch during swing and toe drag at gwéig. Adducted position of left
ankle at initial contact also causing instabilide now uses FES all day, starting to
use on uneven ground but ankle still feels a litttestable. PK was referred for
analysis of gait with and without FES to the lekfbial muscles.

Results Numerical results can be found in Appendix F.rkrbl walkway traverses
1-9 trials were identified and used for calculasiomith no interpolation, 3-12 trials
for 20 frames of interpolation and 6-21 for 40 fesn

Effect of stimulation With stimulation all parameters move slightly tnas
normal values and become slightly more symmetrigéilh the exception of step
length which increases bilaterally, but becomeseramymmetrical (L > R). Speed is
still notably lower than normal, being approximst&0% of normal speed (18.0
m/min without FES; 24.6m/min with; 82.8m/min. FrapMH normal database).

Effect of gap-filling There are no discernable variations in the jamgle graphs,
other than an increase in the standard deviatiam$yawhich is expected with
increased data quantity. There are no major chatgésmporal-spatial parameters
with increased use of interpolation. The greatestporal difference was a 0.1 second
reduction in right stance time with 40 frames coredato no frames of gap filling.
The greatest spatial difference was a 34 mm regluati mean left step length with 40
frames of gap filling. | produced a more detailedart for the clinical assessment.

Conclusions There was little evidence that gap filling up406 frames altered the
temporal-spatial data discernibly. This is curigisen the increase in the number of
strides utilised, doubling the data quantity fomgoparameters. This could indicate a
high repeatability in PKs gait. The location andoaimt of gap filling required was not
quantified, the 20-40 frame limit was applied asila. There is a limit to the amount
of interpolation that can be used because jointeafeatures are non-linear and the
data may hide pathological features. The gap widded in this investigation were
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not large enough to demonstrate distortion of tlical data. The test could be
repeated for increasing gap widths and with atbento the location of gaps, for
example: A small gap in the medial malleolus trEgec during one of the rockers
may have a greater influence on the clinical assessthan a longer thigh marker
drop-out during swing.

6.2.6 Model construction

Once markers have been identified and labelledy duts have been assessed, the
AIM function batch processes the traverses and gagbrse is visually checked, then
the data is saved as a C3D file and exported todd3®. The highest frequency
component occurs below approximately 6 Hz fromrtietatarsal markers. The Gait
Laboratory policy is to lowpass filter the dataéatz using a % pole Butterworth
filter and to use a 10 frame interpolation. Bota applied in Visual3D. The following
anthropometric data is inputted, to define the rheggments (as listed in table 8):
Height, leg length, foot, ankle and knee width amigr-ASIS distance. Where the
measurement is not taken, a default based on papuldata, is used. The model is
applied to a standing trial data set, which idesgifthe segments before batch
processing all the walking files.

6.2.7 Event identification

User defined tags can be applied to each traversesporting purposes, to indicate
which files are pre-/post- intervention traversegbkich are in the positive direction of
the laboratory, which are barefoot and so on. Tdudity groups the data for report
generation. The task of event identification thehofvs, where each heel strike and
toe-off for each step within each file is manuadlgntified and labelled. This is done
with great care because the event tags define dhecygcle window and the data is
normalised to the gait cycle. QTM does have an raated event identification

facility, but the data requires reviewing and rfogs are found it is sometimes quicker
to do the task manually. This is a time-consumimgcess prone to error. | was
impressed by the speed of data processing of thenvVNexus system, but cannot
comment on the resulting accuracy.

6.2.8 Reporting

Data interpretation is an iterative process aimegar@ducing a clinical description of
what is presented by the data. It is an objectioegss that could potentially present
results contrary to professional opinion. This enguakes into account the
measurement conditions, the system errors andalilmits, the relative weighting of
data, the presence of known or unknown pathologigahces and there is always the
possibility that conclusions cannot be reached. ifoeess involves data produced by
Visual3D, the patient notes, video and other ab&laources. The Gait Laboratory
have defined data templates within Visual3D; thpsesent the sagittal, coronal,
transverse and pelvic joint angles, powers and msnend temporal-spatial data
pre-/post- intervention on singles pages whichtlaee printed. The interpretation and
reporting stage go hand in hand and there is artrdpmplate which aims for
uniformity in the quality of service. | find thenplates slightly tunnels the way |
work, but this may be lack of experience. An aléde software reporting aid is
Vicon Polygon (Motion Systems Ltd, Oxford, UK), whi presents disparate data
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files in one place, in synchrony. During reportingference is made to the referring
question(s), but other questions and avenues astigation may emerge. If it is

possible to make recommendations these are inclidexdletters that | have seen in
patient notes, between Consultants, appear vergiynamd polite, but it takes time to
extract the relevant information. It would be imgting to know if clinicians prefer

these letters or concise statements. The lattée stgpuld be easier to implement
electronically.

6.3 CASE STUDY RM — Adult FES review

RM is a 71 year old male diagnosed with multipleesasis and a regular patient of
the gait laboratory. Weakness in his right leg asising a dropped foot which is
restricting toe clearance during swing. This isngeimanaged with Functional
Electrical Stimulation (FES) of the right anterionuscle group to increase
dorsiflexion, following a signal from a foot switcRM Regularly walks on the local
common and can walk with stimulation for 1 hourhwi five minute rests. The left
leg is ‘not so good’, with fluid build-up on thefi@uads. drainage is planned. Overall
feels his health is in decline and energy levelgeling. RM uses two crutches and is
considering buying a powered wheelchair. RM cam#éhéoclinic for a six monthly
review of his mobility and FES use. He was seeihieyConsultant Clinical Scientist
and the Physiotherapist. | sat in on the review asglsted, then later processed his
data and produced a clinical report.

Consultation A history was taken, including factors such asvel of activity,
progress since previous visit, level of walkinglwaénd without FES, use of crutches,
any problems with FES including electrode surfacatact. Additional questions
included were copies of letters should be sentaarydtranslations required. The FES
system was then checked offline against a checidistintegrity of the housing,
controls, wires, connectors and the foot switclplagements are given if required.
Battery life, signal frequency, pulse width ranged aamplitude range were also
checked (see section 3.6). The electrodes wereplaead on the tibialis anterior and
RM was asked to stimulate his muscle unloaded. Wais observed and electrode
positioning was discussed. A buzzer was then athoh series with the stimulator
and RM was asked to walk. An observation of thegkation timing was made with
help from the foot switch operated buzzer. Theolwlhg course of action was
decided and agreed with RM.

Data Collection Video and kinematic data with and without stintidla was chosen
to assess the effect of stimulation. The forceeslatere not available at that time.
Consent was received for video, stills and datbetdaken, and optional consent was
given to use that data for teaching and/or in @msifsmal publication. Whilst the
Clinical Scientist sets up the hardware, the phigei@pist measured RM for the
kinematic model and places markers. The hardwatgp sequires the two video
cameras to be hard-wired as figure 6 (Section 3/280 shutter speed is used with
1.8f-stop for the lighting conditions and field wiew of the laboratory. Blinds are
drawn but there is still reflection from overheddofescent strip lights, this is not
normally an issue. The focus is set manually okedeton placed on the force plates.
The kinematic calibration is carried out as petisacs.2.2. A title image is placed on
the video tape and QTM is set ready. The staticsomes taken with a calliper and
steel rule were: knee, ankle and foot width, heigl#s also measured. These
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parameters were recorded and used later by Visuat3per Table 6. The modified

Helen Hayes marker was placed as shown in figurd3gimber of walks were mad

e

with and without stimulation, a record was madehe traverses. The marker data
quality was visually checked in QTM between walksronal and sagittal video was

collected at the same time as kinematic data. Tureber of traverses required

is

subjective and depends on the data quality, pafaigue and sometimes the time
commitment of the patient, parent or carer. SIIh[EE33 metre Iong force plates and

wide camera angle captures 2 to
strides for each traverse, four traver
pre- and post- intervention are normal
sufficient in the QMH Gait Laboratory .,
On completion, stills are taken of thee=y §
patient as a record of the marke
placement, the clothes worn and of a
appliances, prosthetic or orthoti
components in use, or assistance givé
When satisfied with the data set t
markers were removed and RM was d
briefed.

Figure 33 RM with modified Helen Hayes
marker set (26 mm retroreflective markers)

Processingl processed video data alongside the Rancho%zaie (see Section 3.4).

QTM and Visual3D were used to
prepare the kinematic data. |

Change in walking speed

compiled and reviewed historicgl *°

temporal-spatial data obtained from 25 \/‘\

RM'’s notes. 220 5= _—
E1s ‘\\""/“

Results The results are summaris
from the full clinical report. Figure 344
shows the change in RMs walking speed 5
over 3 years. Table 9 details the o ——— — —
temporal-spatial parameters. Kinematics ST @*@ $ L eSS N K
are shown in figure 35 overleaf and * < ST T e
pelvic kinematics can be found
Appendix D.

—e— without stimulation |

—=— with stimulation

Date

taken from kinematic and PCI measurements

Table 9 Temporal-Spatial parameters derived frometkiatic data for RM. Note 1: data taken from

QMH Gait Laboratory normal database

Figure 34 Change in walking speed. Note: data

Speed cycle | steplength| steptime | stance double swing

(m/min) time (m) % cycle time stance time

(s) % cycle | % cycle | % cycle

Left/right | left | right | left | right | left | right | left | right | left | right
QMH? 84 1.03 0.71 0.72] 50| 50| 60 60, 20 20 40 40

RM

EES 17.4 1.77 0.33 0.17| 45| 55| 78 77| 22 32 23 24
\Iivétg 21.6 1.70 0.390.23| 45| 55| 75 72| 19 26 25 29
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Interpretation With 24 graphs to comment on, pre- and post-rvetetion, each
broken into the 8 section gait cycle, it is difficto present the information both
accessibly and without loss of detail. There isdné® a systematic presentation
format that is intuitive to different clinicians rass different centres. Since gait is
linked triaxial motion, | found the ability to vielwone animations in Polygon very
useful in this respect. The following is my intezfation of the above data.

Temporal-Spatial: Walking 79% slower than normal database with sigaiftly
reduced step lengths. With FES there is a 20% aserén speed from increased step
lengths. Swing time has increased, more so inighe.rrhe overall trend since 2004
is a reduction in walking speed.

Kinematics (changes due to FES in blue):

Pelvis: Pelvis protracted on (R) in swing andiahitontactless so with FES in early
swing Oblique (R) high throughoutinchanged with FES(L) internally
rotated at late stance to mid-switggs so with FES

Hip: Reduced (R) hip extension in late stance @etticed flexion in late swing.

With FES the (R) hip has increased flexion at @ahitiontact and a slightly less
reduced extension in late stan@@®) adducted throughoutnore so with FES
in stance, less so in swingdue to pelvic position.
(L) flexed at initial contact, notably reduced exdmn through stance and
increased flexion in swingjnchanged with FESL) abducted and internally
rotated through stancBES reduces the abduction in stance but increages i
swing, the rotation is unchangéttue to pelvis tilt.

Knee: (R) knee flexed on initial contact and thlglbout stance with reduced range,
notably reduced swing range, returning to a flegesition in late swingWith
FES there is an improved loading response, buttablereduction in range
through swing.(R) knee slightly varus in stance and late swiggternally
rotated throughout, notably in swinghe varus in stance is unchanged with
FES but external rotation is reduced throughout.
(L) knee flexed on initial contact and throughotanee with reduced range.
Increased flexion in late swin§ES slightly reduces the IC flexion but stance
flexion and flexed swing remainslightly varus and internal rotation in late
swing and initial contactjnchanged with FES

Ankle: (R) ankle slightly plantarflexed on contaend lacks I rocker. FES
dorsiflexes the ankle on contact and improves piewvia rockerReduced
push-off at pre-swingwhich reduces further with FESand slightly
plantarflexed position through to initial conta€ES places foot in excessively
dorsiflexed position on contactR) ankle is abducted throughoutis
increases with FES.

(L) ankle has a better loading response than \{R)ch improves with FES

but is slightly plantarflexed and inverted throusfance,unchanged by FES.
There is a reduced (L) push-affich reduces further with FEShe video

broadly confirms the kinematic data (section 4.4).
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Summary: RM is compensating for his (R) dropped foot @ansferring to the (L) and
circumducting the (R) for clearance. The pelvicaality has remained throughout the
gait cycle and has caused the excessive adductierttald hip positioning and varus
knees bilaterally. (R) foot clearance is achieveth WES but RM curiously adopts a
stiff knee gait. Speed increases with FES as dtrekincreased step length. However
improved foot clearance appears to enable RM tueiduct with more confidence to
gain an increased step length. The underlying reugathology is not addressed in
this assessment. The shock absorption of loadsgprese may be accommodated for
with increased muscle tone, which could help expRIM’s reported lack of energy. It
would be useful to assess changes in RM’s energerse with and without
stimulation and to assess hamstring and quadraepsty bilaterally with EMG. It is
not possible to obtain clear EMG signals in conjiomcwith lower limb FES. Other
possibilities include the use of kinetic data, be tuse of a system capable of
ambulatory dynamometry such as the Locomat (Hoc@waéizerland [37]) to assess
joint torques, or to measure hamstring and quagsicectivity with an Ankle-Foot
Orthosis in place of stimulation.

6.4 Limitations, Errors and Risks

Kinematics is only concerned with joint angles dimib segment orientations and
locations in space. This is a very limited pictofdbiomechanical function. There are
further theoretical and practical limitations tleauld also obscure the picture.

6.4.1 Theoretical assumptions and limitations

The model segments are assumed rigid. This isheotase, particularly in complex
structures modelled as single segments. For exathplevariable geometry of the
tibia-fibula is represented by the modified Heleayds (mHH) model as a single
segment. The tibia-fibula modifies calcaneous rotatduring loading response [38].
The deformable geometry of the foot, which is keyefficient weight transfer, is
modelled as a single segment. The Oxford foot moefeles this somewhat by using
separate segments (hindfoot, forefoot and halux).tBis 3 segment model is still an
oversimplification of the 26 bones, 30 muscles awer 100 ligaments that make up
the foot [57]. Eversion / inversion of the footnsssed using the toe and heel markers
of the mHH model. Estimating joint centres of raiatis prone to error [39], for
example: The mHH model uses regression analysentifropometric measures to
define the hip joint centre. This does not tak® iatcount coxa vara / coxa valgus
deformities, or other pelvic or femoral deformitidde polycentric knee joint and the
ankle joint centres of rotation move during amhbaolatand may follow different
trajectories with different prosthetic componehtsiccuracies are propagated distally,
since the joint angles are defined between thaldistd proximal segments within the
co-ordinate frame of the proximal segment. No dxtats for validity checking with
the mHH model, it is all used to create the model.

6.4.2 Practical errors and limitations
The model requires congruency of the technical &amith the anatomical frame.
There are many factors that produce errors in #ignment: Bone-marker

displacement after marker placement or during gairrect identification of bony
landmarks. Tissue thickness is particularly prolage for overweight or obese
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patients, notably causing the ASIS markers to wabBISIS markers are sometimes
placed on clothes which may move during gait. Ttadlenlus markers are sometimes
placed on the external face of orthosis. Placemérfibot markers on shoes can be
hindered by shoe decorations, these could misquimtsement. There is the issue of
intra / inter tester repeatability of marker plaesi Repeatability is maximised at the
QMH Gait Laboratory since one Physiotherapist @abe markers and has done for
some years, and as with static measurements sbkabject to repeatedly tested
repeatability testing. The marker set needs toelaively easy to use clinically. The
current placement method and segment definitiotrednce a compromise between
the model detail and the time required with a coampl patient. Marker sets and
placement protocols differ between centres. Thig maoduce discrepancies if data
comparison is carried out, for example: if a pdtietocates across two PCTs. Once
the markers are placed, they are at risk of falbfig(notably toe markers, or with
sweaty skin), being knocked or occluded by swingirands. ASIS markers can
disappear from camera view amid clothes or unddommnal fat. Some patients may
require assistance, which may occlude a field efwiAs observed in section 5.2.3,
markers can appear converged if large markers lageg close together. Artefacts
can appear to different cameras from retroreflectiothes, trainers, or light patches
on the floor. These are not so problematic becdlisg are easily distinguishable
from the moving marker trajectories, but monochrbendighting is an ideal
requirement. A large number of rays can be founvéen a single camera and a
marker, the actual marker is identified by QTM igalrtime using a tracker to
determine the 2D marker trajectory. The payoff le&wthe number of markers and
patient contact time was mentioned. Increasingntimaber of markers also increases
the number of potential rays and the real-time @ssmg demand, in addition to
increased noise, post-processing time and the statage requirement. Errors can
also appear in the incorrect or poorly repeatathmtification of heel strike / toe off
events, particularly with pathological case datalltidle camera 3D motion capture
systems are high cost in comparison to other mestlobdjait analysis. Despite these
factors, errors can be minimised in order to collegh quality clinically useful data.

6.5 Alternatives and Improvements

Joint angles can be measured directly with ambrylatectrogoniometers. These are
cheap, simple and have straightforward output $sgidney measure planar rotations
with no cross talk. However they do measure redatingles with no position data,
alignment is poor, they could be an encumbrancéhéouser and as with motion
capture the knee is assumed to be a hinge. Acoaétens also have a simple output
signal, but are position dependant, costly andctbel an encumbrance. With today’s
small wireless transceivers there is scope to baitdnge of active, short run-time,
rechargeable devices that report kinematic dat& tma patient database. Increased
camera sensor resolution and use of servo-focusinges could improve the 2D
image resolution presented to the bundle adjust@lgotithm. With the introduction
of Picture Archiving and Communications System (FA@nthropometric data could
be obtained directly from medical images (MR, ufshuradiograms). Data
availability may not be such an issue for orthopaedtients. Marker labelling could
be automated, and improved modelling (such as ggdoot height data) could assist
in the development of automatic event detection.
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7 KINETIC GAIT ANALYSIS

7.1 Description and Clinical Significance

The efficiency of energy transfer during ambulatignof great relevance to gait
analysis. These factors have more of a top-downrigean a person’s quality of life,
than joint angles. Energy consumption is discusse@hapter 13 and the resulting
muscle activity is discussed in Chapter 9, the payegnand required of the muscles
is covered here, within the field of kinetics. Kiies is the branch of dynamics that
deals with forces and inertia properties of bodiesotion and the calculation of joint
moments. Inverse dynamics is a general technigateallows us to work back from
kinematic data to provide that kinetic data.

During swing the limb can be represented as an-cham kinematic system, so
inverse dynamics simply involves resolving forcesw each joint from the distal to
proximal segment. During stance the model is clagéid an unknown force imparted
to the floor. This distal force can be measuredgigorce plates (as described in
Chapter 4). The QMH force plate calibration was mampleted during my
placement, so | spent some time at the Oxford Galtoratory (OGL) to see the
interpretation and clinical value of kinetic datetheir service. The visit also gave me
a broader view of the gait analysis service withitdifferent PCT.

7.2 Equipment and Data Collection

Kinetic data requires the combination of 3D kinemand force plate data. The OGL
use the Vicon MX optical motion capture system (@ricMotion Systems Ltd,
Oxford, UK) to collect 3D kinematics with 12 infrad cameras. The ground reaction
force is measured with 2 AMTI force plates. Twoitdigcameras provide sagittal and
coronal video. The force plates and motion capsystem are calibrated in the
morning and the force plate calibration repeatesivéen each patient, with a 10 kg
load. Force errors greater than 1.5 Newtons areawcoepted. The Vicon Nexus
software combines the marker data with force amlgq; with overlays that can be
watched in real-time. The force plate locations syechronised with video using a
visual overlay.

7.3 CASE STUDY RK — Adult MS

RK is a 61 year old male diagnosed with multipleesisis. He attended the OGL for
assessment of his gait and review of a ground iceaankle foot orthosis. The team
had met before his appointment and agreed on tkee tdabe collected: clinical

examination (static measures), full kinematic gaitlysis with kinetics and video,
EMG and temporal-spatial data.

Data CollectionThe clinical examination involved static measulesing taken
(without goniometry) by a physiotherapist, withuks logged on a laptop directly to
the patient database. Markers and EMG electrodesa(Motion Lab. Systems, US,
EMG amplifier) were then placed. Markers for thef@a foot model are applied if
the patient reports foot pain, or if the foot isparticular interest. The additional 34
shank and foot markers can be placed relativelgkiyiby the physiotherapists,
whilst the clinical technologist calibrates the k&pace. In this case the model was
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not used. The patient was required to make a nuofliesiverses under the instruction
of the physiotherapist, whilst data was capturedgered lines on the walkway were
used as guides to assist in attaining whole footams with the force plates. Video
data was collected after the kinematics, due taratidth limitation.

Results— The data were automatically processed, graphsrgeed and a first check
of data quality is made by the clinical technologihilst the patient is in the
laboratory. The data is later re-checked and iné¢epl by the Clinical Scientist or
Physiotherapist assigned to that patient, befoneeekly interpretation meeting. The
following are the results of the data collection lfarefoot walking only.
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Figure 36 Results from clinical examination
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Unlike the QMH gait lab. where the mean and stashamviation of kinematic data
are reported, the OGL choose a single represeatdéta set for analysis.
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Figure 37 Case RK kinematic results
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Kinetic Data (Internal Moments and Powers)
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Figure 38 Case RK kinetic results

53



Left Rectus Femoris Right Rectus Femoris

Left Hamstrings Right Hamstrings

e

-
, Left Right
Il | N
| o~
L
| 1
o
Left Tibiais Anterior Right Tibialis Anterior
I |
| o
|
ol - —
LANK(Velocity RANK(Velocity

Figure 39 Case RK EMG results (left red, right bJdeom top to bottom: Rectus femoris, hamstrings,

gastrocnemius, tibilais anterior, ankle velocityagnitude)

Barefoot Walking
This Visit . Name:RK
Walking Speed 0.68 /s | Code:N195A |
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Figure 40 Case RK Summary of Temporal-Spatial tesul
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The OGL team meet once a week to work through @sligs the case notes for the
previous week’s patients. | attended one meetirtg two orthopaedic surgeons, two
physiotherapists, a clinical scientist and a pressh For each patient kinematic,
kinetic and EMG data is projected and video is ldiggd continuously from a DVD
archive. If the interpretation had not been dorsvipusly, the surgeon commented on
the data directly (using a Dictaphone) with inpubni the team. Treatment
recommendations were agreed in the meeting anetdetiso recorded. Seven cases
were discussed in the four hour meeting. This wgeeat opportunity for team input
and very efficient way to discuss the cases witle siiscussions on possible surgical
approaches, custom orthosis and areas for futgesmreh. It was a very demanding
meeting.

Interpretation | produced this interpretation from the raw dafaall trials, not the
above data sample. Intertrial consistency is gwaith some variability in foot
progression and rectus femoris data.

Clinical Examination: Hips internally rotated (L<R), weak hip abductorada

adductor spasticity. Knee hyperextension and titoedion bilaterally, weak (L) knee
flexors, rectus and hamstring spasticity. Weak taldiexion strength, gastrocnemius
spasticity.

Video: Shows lateral trunk lean to the right and limigeatursion of pelvic obliquity
throughout.

Kinematics (R) pelvis posteriorly tilts in late stance, ()posteriorly tilted at initial
contact. (R) pelvis also drops in early to mid-s&@@and rises during pre-swing. (R)
pelvis protracted throughout, increasing during-stahce. (L) hip is adducted during
loading response, internally rotated throughout fexkd during late stance. (R) hip
Is abducted in stance and moves towards adduati@wing. (L) knee is flexed at
initial contact, slightly valgus in mid-stance arslving, and remains flexed
throughout, with a reduced flexion excursion forirgyy The (R) knee has limited
flexion during swing and is flexed into initial c@at. Both knees are internally
rotated with the (R) moving towards normal during-pwing. (R) foot is dorsiflexed
on initial contact, follows the normal pattern brgmains slightly dorsiflexed
throughout. (L) has a good initial contact, but mhished third rocker becoming
dorsiflexed from mid-stance onwards. Both show duced push-off. (L) foot is
adducted during loading response and swing. (Rpducted during mid-stance and
notably adducted during swing. Both feet progressrnally throughout, but there is
some variability in the data.

Kinetics Internal moments are reported. There is an ise@dip extension moment
throughout stance bilaterally and an increasedidiexnoment through swing. Hip
abduction moment through stance is delayed onLthand notably diminished on the
(R). (L) knee has a brief extension moment in lngdiesponse, a slightly reduced
extension moment through tibial progression andeatension moment through
stance. The (R) knee broadly follows the normatgoat with an reduced extension
moment in late stance and an extension moment ingswBoth knees have an
increased varus moment in loading response. (R)e khas limited moments
throughout stance. (R) hip adduction in loadingpogse is producing a valgus thrust.
Plantarflexion moment is delayed bilaterally inn&t@ and diminished on the (L). Hip
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power broadly follows normal pattern bilaterallyti§L) is reduced throughout. There
is variability in knee power data. Ankle plantaxien moments are notably
diminished at push-off bilaterally.

EMG: High variability in rectus femoris activity. Hamisig activity broadly follows
normal timing bilaterally. Variable timing of (L)agtrocnemius activity throughout,
(R) closer to normal pattern than (L). (L) tibiasterior follows normal timing
pattern. (R) tibialis anterior follows normal pattebut remains contracted for an
extended period.

Temporal-Spatial: Walking speed is half of normal due to reducedisttength and
slight reduction in cadence. Step length is symigatiand double support time is
greater than normal.

Summary:Weak hip abductors and adductor spasticity is ogusielayed (L) hip
abduction moment causing a (L) hip adduction angd iR abduction, poor pelvic
positioning and a compensatory right trunk learer€hs also an increased hip flexion
moment through stance and increased extension niameugh swing. Hamstring
and rectus femoris spasticity is holding the kme#laxion during swing and reducing
knee extension throughout. (R) hip adduction inding response is producing a
valgus thrust. Weak plantarflexion strength is plgahe foot more dorsiflexed and
providing poor shock absorption during loading. Rnlantarflexion moments are
notably diminished at push-off bilaterally resudfim poor push-off, a reduced stride
length and reduced walking speed.

Based on their interpretation of the data, the @kifGait Laboratory provided the
following conclusions and recommendations:

“His gait analysis showed that his main deviatiorthe lower limbs focuses around
his (L) hip where he has reduced range of flexilimjted extension, persistent
adduction and internal rotation. He also has reduaage of motion around the (L)
knee. He appears to achieve adequate dorsiflexibath ankles. At the (L) ankle the
main problem is one of inversion and supinationhastibialis anterior and EHL

dynamically invert the foot during dorsiflexion.

We would recommend an X-ray of the pelvis in thistfinstance to rule out a (L) hip

problem. If this is ruled out, consideration may dpgen into reducing spasticity

around the (L) hip with Botulinum Toxin in the firnstance. Since he has anti-
gravity power in his hip and knee extensors, it tnayeasonable to consider a trial of
intro??baclofen injection to see if spasticity 2quld help with his gait. We did not

think that an ankle foot orthoses or Botulinum Toxajections around his (L) foot

would help him considerably. Injections into hibialis anterior may reduce foot

supination but they would do so at the expenseddifiexion power.” [40]

The disadvantage of using small force plates becgmparent - many traverses were
required to achieve complete whole foot contaeidriln one case the patient walked
20 times with and without an AFO to gain the sialg required by OGL. The two
digital cameras which provide sagittal and corondeo are operated remotely (for
pan and tilt, focus and zoom). However the mouwtsiot permit low floor shots of
the foot detail. The lab. is narrower than the QMBbL so the sagittal video is panned,
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but this creates a perspective problem. A wide lghit eliminates this with a greater
field of view. The demarcation of roles suited thigher and routine workloads and
made it possible to focus on specific tasks andipbsreduce repeatability errors.
Interdisciplinary teamwork and communication wa®vuted for in the weekly
interpretation meetings. This all allowed less titnebe spent on the operational
aspects of the assessment. From my brief visitc#seload appeared to be patients
with more severe and congenital skeletal deforsiiéied spasticity, requiring multi-
level surgery. The organisation of the Oxford Qaboratory, the weight given to
various techniques and the practical compromisdwds: time and data quality
appears to be optimised for their resources an@dlient groups they see.

7.4 Limitations and Risks

As with other forms of gait analysis, the few riski®e associated with requiring a
patient with poor stability or muscle control taverse a walkway. Misinterpretation
of data could also be considered a risk. Collectibrkinetic data as an adjunct to
kinematic data collection, so suffers from the samers and limitations highlighted
in section 6.4. There are specific limitations nwdrse dynamics, which have been
well summarised by Kirtley [41].
- The technique relies on assumptions that are n@tyal valid - specifically:
o There may be friction at the joint (for examplettwarthritis)
0 Segment mass distribution is not uniform and notceotrated at a single point.
Measurement error [42]:
o The alignment of the force platform and motion ge@l system, this can be
checked by a "stick" or "poker" test [43, 44]. SHwpter 8.
Body segment parameters (anthropometry) are appedians and generalisations:
o Very thin or overweight people, children and asyrtrioal patients may have
different proportions
o Note that this will mainly affect the swing phaseluring stance the ground
reaction forces are dominant and accelerationsaregnal
o Consideration must be given to amputees, in omleise values appropriate to
the prosthetic components
The method can only determine the net moment aneipo
o Co-contraction of antagonistic muscles will canoat - important in spastic
conditions such as cerebral palsy and stroke
The method cannot differentiate between differenscies:
o It is possible to determine that a joint momené iiexor, but not the relative
activity of each flexor muscle. This problem cardoelressed with EMG.
There have been successful attempts to gain ihtésnee data from instrumented
implants [45,46] for a review see [47]. Howeverghare limited to a small number
of total joint arthrodesis cases and are invasimstrumented walking sticks and
crutches have been used [48] that assist with fplaie use, but the encumbrance of
older wired devices weighs against the total datavided by the force plates. It
would now be a simple task to produce a wirelesscdghat could communicate with
the force plate software to separate foot and stickact.
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8 DESIGN PROJECT
8.1 Problem

Background To achieve accurate video-vector and kinetic ysigl the ground
reaction force (GRF) vector must be aligned with ¥ideo image and with the global
coordinate frame used by the kinematic system. AMIBW program aligns the
calculated vector with retroreflective markers timaticate the location of the force
plates in space. The global coordinate L-framenalighe force plates with the
kinematics. GRF positional accuracy can then becladw® against the image by
placing 2 x 10kg weights visually in the centre edich plate parallel to gait
progression. Guide lines on the weights indicatesffail criteria, as shown in Figure
41a. This is a crude check dependant on the rdpeamacement of the check
weights at the centre of the platform. Figure 4hbvss an example of positional
error. Figure 41c and d. show exaggerated exangiléanslational and rotational
errors that could occur with this method. This mo€tldoes not assess the angle of
incidence, it only assesses the net force impantdtbgonally over a relatively large
surface area.

a. Aligned pass/fail (coronal pass, sagittal fail) b. Positional variation

c. Laterally shifted false pass/fail Ritated false pass/fail

Figure 41 GRF check weights and errors

Problem StatemenA calibration wand is therefore required to assispot checking
the video-vector alignment accuracy, in terms @&f plosition and angle of incidence
of the applied load.

8.2 User Requirements

I met the Consultant Clinical Scientist and agridedfollowing requirements:
1. The applied load will vary and be less than 504@0(N)
2. The load will be purely translation — no moment# lae imparted to the plates
3. The load will be applied manually by a standing ladfi average height, at
various locations on the force plates
4. The maximum angle of incidence will be 20 degremsnfthe vertical in
mediolateral and anterior-posterior planes
A single point, non-slip contact is required
There must be a means of identifying the loading assing the Qualysis
motion capture system and the marker identificatadgorithm used in
conjunction with a Davis digitizing pointer [49].
The budget is £50.
The time allocation is 14 days.

o g

o~
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8.3  Technical Specification

The user requirements are a fairly concise stateofeine technical specification, so
are not repeated here. In addition, the wand well770 mm long, as this is the
average hand-to-floor height of an average standidglt male, obtained from
anthropometric data [50].

8.4  Conceptual Design

8.4.1 Several approaches have been taken for cigedkinetic accuracy. The

commercially available ‘CalTester’ consists of ataheod with a turned tip and a

separate plate with a corresponding hole [51]. Tdesice does not use movable
markers for identification. A similar static wanéshbeen employed by Baker [52]
and a standard walking stick has been modified aset in the Gait Laboratory

(figure 42). Although easy to use, the tip is largeide and prone to slipping and the
handle permits moments to be imparted to the pléteslternative method is the use

of a stationary frame to impart a purely verti
point load to the force plates [53]. A similar fra
Is in use by the Gait Laboratory, which consists

a plate with a metal inverted conical pin a
corresponding acrylic disk, to protect the for
plates (figure 42), referred to here as a p
loader. This device is cumbersome, has
potential to fracture the acrylic disk and is
restricted to vertical loading.

Figure 42 Alternative kinetic
calibration devices

8.4.2 Factors influencing design

The wand is divided into three sections: the pointontact (tip), the shaft and the
handle. The factors influencing the design of ipeate considered below (Table 10)

against three possible choices.

Table 10 Wand tip design options

Factor| Single point axial N . Desired
load congruent with on-slip range of Comments
g g
. - contact :
Design choic shaft motion
1. Ball and socket No. Lateral offset | Yes. Yes. Single device
(rod and plate) of force introduced | Dependant | Dependant | Difficult to view
by device geometry on plate on ball and | location of loading
%‘ and variable with | material socket Most complex to
; // angle of incidence geometry | manufacture —
highest cost
2. Plate and pin No. Lateral offset| Yes. Yes. Simple to make
of force introduced| Dependant | Dependant | Difficult to view
Z by plate thickness | on plate on location of loading
/ L 7/ and varies with material geometry
e angle of incidence of cup
3. Tipped wand Yes. Deformation| Yes. Yes Single device
// dependant on tip | Dependant Simple to make
é stiffness on tip Greater view of
material loading point
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A tipped wand was chosen because it satisfies ésgga criteria, provided a suitable
choice of tip material is used. The ball and sockeat rejected primarily for the
complexity of manufacture, this option and the g@lahd rod were rejected due to the
off-centre loading. The possibility of using an wment algorithm with these
designs could be the subject for later investigatio

A circular shaft cross-section was chosen for gigdbad alignment. A two-part shaft
is required to permit relative movement between tthe markers. The rod could
comprise: a hollow outer and solid inner or twoltvl components. For axial loading
a transition fit is required between the two shdtis example: for an 18 mm diameter
shaft an H7-k6 transition fit requires a shaft tafee of 18.055° mm and a hole
tolerance of 18.000.c  mm [54]. For a lengtty®0 mm it is possible (but difficult)
to turn the shaft between centres, with a long laglde. An external cylindrical
grinder is ideally required to finish the rod andiaternal grinder with a specialised
wheel would be required for the shaft. This toolimgnot available within the project
budget. The fit will therefore be dependant on éR&rusion quality of the available
material. The buckling load formula (Appendix G)ulm be used to determine the
material radii for a range of materials but givle testriction of using stock material
| decided to test material samples manually.

The handle is required to provide a surface toivectorce from the user’'s hand,
without imparting moments onto the force platesieEhoptions are presented:
Bulb: The potential to generate moments is miniaradl dependant on how the
handle is held. Difficult to manufacture using centional tooling. Manufacture
from stock material would result in high waste.
T-shaped: The potential to generate moments isndigpe on how the handle is
held.
L-shaped: Has the highest potential, of the thnegops, to generate moments,
because the force is applied off-axis.
Since each option could require time-consuming rfesrturing and as handles are
stock parts, | decided to search for a commerdfahe-shelf (COTS) device or
material to base the handle on.

8.5 Detailed Design
Full technical drawings can be found in Appendix H.

Shaft and housing chose to use the same material for both therishaft (part F)
and housing (part D), to minimise the abrasion iskithilar materials. Mild steel
components were found in stock. To locate an ialespring, the proximal 10 mm
end of the inner shaft is turned down to 7 mm. & i made for a 2 mm clearance
hole to hold the spring. The distal end has an N2® xnm tapped hole to suite the tip.
The proximal end is chamfered and provided withget distally for appearance. An
end-cap (part B) is provided as a surface for fireng proximally, this is also mild
steel and has a similarly defined spring attachmarttigh speed steel compression
spring (part C) is provided to return the distalrkea to the original position
following application of force.

Tip: In view of the reliance on tip material for wamérformance, | chose a
removable threaded tip to provide the option of mgkreplacements and
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experimenting with different tips shapes. This dopérmit experimentation with the
two rejected shaft designs. An M6 thread was chds®an experience, to suite the
diameter of the inner shaft. The tip is based aoracal stop (RS part no 254-7646),
which has a stainless steel base plate and rulaser (fFigure 44). A modification is
required to reduce the tip length and grind thebeulnose to a 20 degree angle from
the perpendicular.

Handle After some searching | found a gardening dibB&@ Southampton, UK) as
a basis for modification (Figure 44). It requird®gening to a length of 150 mm to
provide an external diameter to suite the housikdl6 mm diameter flat hole is
required, to a depth of 58 mm, to hold the housaing end-cap with the greatest
possible mating surface area without impingingtmreduced neck diameter.

Markers and assemblffwo 40 mm diameter retroreflective markers had@a mm
or 16 mm clearance hole to suite the shaft andihguespectively. They are attached
by push fit onto the wand and will be glued follogyispacing measurement with the
motion capture system. The wand is to be paintetll Int@ck to minimise reflections
to the infra-red cameras.

Figure 44 Unmodified wand components

8.6 Construction

Before manufacture, | produced job cards for eamhponent,

these can be found in Appendix I. | manufacturesl wand at
the Medical Instrumentation and Computing WorkslapSt

George’s Hospital (Tooting). A number of challengessented
during the construction: a 16 mm hole was requihedugh the
handle. The handle is too long to be held in a fawrchuck and
too uneven to be held on a machine vice. | theeettamped the
handle with packaging between two right-angledgdadn the
machine bed of a vertical mill and used a dial itedicator, held
in the spindle, to clock around the handle. Raietring on

the handle made this particularly difficult, butas possible to
achieve a centred hole. | planned to grind the eubip to the
required angle since it is not possible to turnnmaemperature
rubber with any precision. Unfortunately the wordghwas in

the process of relocation by the time the compomhaik been
delivered and the grinding room was unavailablee Tip was

crudely turned and left oversize for later grinditigwas very
difficult to drill holes in the hollow plastic maeks without

scratching the surface; they are too big for thailakile collet

chuck so a three jaw chuck was used lightly.

Figure 43 Completed
wand assembly
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8.7  Testing

To validate the wand, a load can be applied thraulgfad cell in series with the wand
to a second calibrated tri-axial load cell. Thelamyf incidence could be measured
either visually using a transparent compass, oh witmotion capture system, the
limitations of both methods must be taken into actauring testing. The magnitude
(from the series load cell) and the direction (frahe compass) would then be
assessed against the result of the tri-axis lo#d Aethe time of testing it was not
possible to collect kinematic and load cell datdhat same time. So the aim of the
functional testing was to compare the performarfidéewand against other methods
currently in use in the laboratory. These incluttee modified walking stick, the
pointer loader and free weights.

Test Protocol The wand and walking stick were used to placeaal Ivertically and
oblique, at points around the force platform. Catosnd sagittal video-vector data
was captured for each plate.

Test Results Figures 45 (below) and 46 (overleaf) show aesentative sample from
two repeated sessions.
Sagittal View

LEFT Plate RIGHT Plate
Front Middle Rear Front Middle Rear

B ... .I.
o ...

Stick

Wand

Point
loader

v

Figure 45 Video vector images of GRF at locatiomsiad both force plates, using the wand under test,
a walking stick and a point loader (red arrow iadis approximate point of floor contact)
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Coronal View

LEFT Plate RIGHT Plate

Weight / Wand Stick Wand Stick \Wan Stick Wand Stick
point loader point loader

3
Fr
Fr
Fr
48

\

Rear Edge

- "
- - . -
o . -
Front Edg

Rear

F

Figure 46 Video vector images of GRF at locatiomaiad both force plates, using the wand under égesfalking stick, a point loader and weights (rewwa indicates
approximate point of floor contact)
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Observations It should be stressed that since the force plates currently un-
calibrated, the primary interest here is the comsparbetween methods at specific
locations. The variation in GRF across the plagesnly discussed generally with this
in mind. In the coronal plane there is very litii@riation in GRF alignment between
the stick and the wand, both show offsets. Thetdoader shows an offset which is
slightly less than the stick and wand. Curiousky fiee weight placed on the front left
edge shows a GRF with an alignment central to taght whereas the wand, stick
and the point loader show a medial offset. Thera tiscrepancy between the GRF
and physical device for both wand and stick whenltiad is placed at an angle, this
appears more so with the wand. On the left plate GRF appears medial at the front,
then drifts laterally to the centre and returns ialgdat the rear. This is more evident
with the wand, compared to the stick and occura tesser extent on the right plate.
The GRF at the front and rear locations show theedt alignment with the wand and
stick. These locations are closer to the locatibpairs of tri-axial load cells beneath
the force plates. In the sagittal plane the GRFeapgpposterior to the front wand and
stick, and anterior to the rear wand and stickatsimilar extent. This offset is
comparable with the GRF obtained from the pointléra Since the force plates are
un-calibrated these discrepancies could demonstmaterror in the plates. During
testing | did observe a force-dependant movemenh@fGRF from all devices, in
both mediolateral and anterior-posterior directjahs requires further investigation.

8.8 Discussion
With reference to the original specification:

1. The shaft of the wand did not deform under &icedr

load of approximately 490 N. However, due to the

incomplete tip construction, the wand was too caampl

and travelled slightly under increased load, sgeré 47.

2. It was possible to apply load with one hand ne side  Figure 47 Unwanted

of the handle and create a moment, this appearadRF compliance in tig
angular offset. However this was a conscious etiad did not appear during normal
two-handed operation, this should not be a facitr adequate instruction.

3. Ergonomically the wand was easier to use tharstick, weights and point loader,
because the wand is lighter and less cumbersonmettigapoint loader and doesn’t
require the careful placement of the acrylic difke two-handed operation is more
comfortable and less fatiguing under load thanathkking stick handle.

4. It was relatively easy to apply a 20 degree lasidg the wand, without slipping.

5. It was easier to maintain a constant load utiegvand (and visual feedback from
the force plate output) compared to the stick, bseathe stick frequently slipped
under load. The tip also provided greater spagisblution than the other methods.

6. Although markers were provided, the identifioatalgorithm was not tested.

7. The project was completed within 14 days.

8. At a total cost of £6.29, see Appendix J forjgrbcosting. The low cost can be
explained because many items were stock items andut costs fell within the
departmental training budget, neither were incluidetie cost.

Further work is required to implement the kinemadientification and to validate the
wand using the described method. The point of @meuires improvement and the
force-dependant location of the GRF, observed dussting, needs investigating. A
protocol for routine use is also required.
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9 PLANTAR PRESSURE MEASUREMENT
9.1 Description and Clinical Significance

Force plates provide the net ground reaction foveetor, but not the force
distribution over the sole of the foot (the plansarface). This data is useful for
understanding how the foot is loaded through th& ggcle. To obtain this
information two methods are currently in use: l1ati®hary pressure sensing plates
and 2) Ambulatory insole pressure measurementragstAn ambulatory system can
be worn for extended periods of time and to coltata from the patient’'s home; but
suffers from errors associated with sensor movemmeatfootwear sole compliance. A
stationary sensor can be built into a gait labayatealkway, produces less artefacts
but requires barefoot walking and good whole-famitact (which is difficult if small
plates are used). Neither system can collect doeze data. A combined system has
been developed that enables estimation of resujamind reaction components
(vertical and shear resultant force components, fitement and location of the centre
of pressure), pressure distribution throughout fibet-floor contact area and the
trajectory of the centre of pressure to be supeysag to the contact area (foot print)
[55]. It is possible to divide the foot into verynall segments and obtain high
resolution data, but the global foot function pretwill be lost. To be of clinical use it
is therefore important to associate the pressune witn a functional description of
the foot. The Oxford Gait Laboratory have used dbevementioned pressure-force
plate combination with healthy children, combinedhwa kinematic description
(using the Oxford foot model) projected onto thanpar pressure map. This enabled
the foot to be divided into sub-areas (five werérel: lateral and medial hindfoot,
midfoot and lateral and medial forefoot). Peak puess and forces were found for
each section [56] and [57].

9.2 Equipment and Data Collection

The system used at QMH is an ambulatory devicec@i3Mobile insole pressure

monitor from Tekscan inc., Boston MA, Figure 48heTsensing element is a thin,
disposable bi-layered matrix, which can be cuthi @isers shoe profile. 960 sensing
locations can be recorded by an uncut sensor, avgpatial resolution of 4 sensing
elements per 10 nfmThe maximum operating pressure is 1103 kPA (18().P

Figure 48 F-Scan Mobile insole pressure measuregystem (Tekscan Inc.)
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An ankle worn interface connects to a belt packcWwhian log data directly, or
communicate with a PC. The gait laboratory usedinect PC connection to reduce
the data download time and to reduce the encumérahevearing the data logger.
The trailing cable could be viewed as an impedatwcenatural gait but this is
minimised with assistance. For a review see [58].

9.3 CASE STUDY AM — Pre-surgical review

AM is a 57 year old female referred to us 9 mongost (R) first metatarsal
osteotomy, reporting constant pain under the mestaitheads and toes of the (R) foot.
The pain spreads up to the knee and is exacerlmtedalking. Further clinical
concerns include knee osteoarthritis, causing (®ekto “give way”, and a callus
identified over 2? metatarsal head. AM has been fitted with inscése reported that
the full length insoles were slightly helpful anlethalf length insoles were not
effective. The primary goal is to relieve pressane pain under the (R) foot. Surgery
is planned to remove a broken pin in th&retatarsal head and fuse the hallux.

Data collection After discussing AM’s concerns and visually examg both feet
loaded and unloaded, we collected plantar prestate using her regular shoes, and
videoed her walking. The cameras were lowered enntbunts to provide detail of
AM'’s feet. Four traverses were collected: two baogftwo with insoles.

Analysis The video was analysed observationally givingoaarall picture of AM’s
gait. A gait scale was not used in this case aptbdominant features were apparent
with plantar pressure measurement. The pressufgegrare recorded as animations,
so traverses can be played back frame-by-framéh Saeviewed and representative
samples found (making reference to the patientsholiehe chosen samples are then
averaged (the first and last stances are generatjiected) and the centre of pressure
trajectory is also displayed for presentation. Phessure scale is adjusted to bring
data range into view. The software does havedhitly to define static geometrical
areas (timing analysis module focus boxes) and thletpressure variations within
those areas, but these are not used by the Gaotraiaiy.

Figure 49 Peak pressure of a representative sdeftle coronal video of AM’s feet detailing poiof
high pressure at terminal stance, with no halluxtact (right)
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Results

Plantarpressure

Left: Pattern of high pressure seen under the dee|f' and 3* metatarsal heads and
big toe. During terminal stance progression ofhlugh pressure region suggests some
inversion of the foot at toe off. This is also icalied by the COP trajectory.

Right: High pressure regions identified on latemapect of heel at initial contact
?inversion of foot at IC. This continues throughaténce as the COP and high
pressure regions progress to over thtahd & met heads and"®toe in terminal
stance. The usual high pressure seen uritleret head or big toe is not present

Videa

Barefoot, standing: No hallux contact on the (RY &e body is leaning to the (L).
Barefoot walking: Antalgic gait pattern. (R) stemgith > (L), (L) stance time > (R),
suggesting AM is trying to minimise duration of (Rgight bearing. (R) foot contact
is made with the lateral aspect of the foot thraughstance. This, accompanied with
hyperextension of the toes, results in the hallokkmaking contact with the ground.
External rotation of (R) foot > (L) throughout gait

Shod walking: As above

Summary From the limited information we have it is noeat why fusion of the
hallux is being considered. AM has full movementttd joint and it would appear
that the only reason for the lack of involvemently hallux at present, is due to pain
experienced under"2and & met heads. As such the normal roll-over movemént o
the forefoot is not seen.

94 Limitations

Data collection errors arise from movement of taasser within the shoe and since
the sensor location, in relation to the foot is koobwn, there is no indication if an
area of the foot looses sensor coverage. The sessoot supported by a solid
structure, but by the varying geometry, flexibiliznd compliance of a range of
footwear. The results are therefore specific to gh@ents footwear chosen for the
appointment. The sole contour and flexibility coaldo cause the sensor to buckle,
since the elements are coated in a semi-rigid iplaBhe method of data analysis at
QMH is limited in that there is no normative refece database and no objective
definitions for the areas of interest. The trajegtaf the centre of pressure is reviewed
subjectively and peak pressure areas are assesaéuderto the pressure contour of
the foot. The method used by Oxford, of matchinggemmetric model with the
pressure map is a step towards providing a quéwétaescription of the pressure
variations. Matching the pressure map with geometrth minimal complexity
continues to be a research need. It would be stiegeto assess the modification of
the pressure distribution made by various soleilpgofind materials with the aim of
informing orthosis prescription. Since the locatiand magnitude of the local
pressures can be readily presented 3-dimensioniahlyay be beneficial to construct
3-dimensional contours showing the mean and stdndawiation profile from a
normal data set, normalised to body weight or $etefoot proportions. It would then
be possible to construct a rule-based criteriaf@etifferent pathologies, based on
pathological data. This is an area of researcherGait Laboratory.
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10 ELECTROMYOGRAPHY (EMG)

10.1 Description and Clinical Significance

EMG is the study of the electrophysiology of muscl@&he relationship between
torque and EMG signal amplitude is not linear, $4CEis generally used to evaluate
muscle activation timing and the temporal relatitin gait cycle events. Perry
describes the following timing deviations: prematurprolonged, continuous,
curtailed, delayed, absent or out of phase [2]. dudibres are activated by motor
unit action potentials (MUAP) which occur when ati@n potential from a lower
motor neuron raises the end-plate potential abasertain threshold (approximately -
50mV). Since the MUAP is the muscle activation fum it is the signal of interest.
EMG signals have an amplitude of 0.1 — 5 mV angecsa ranging from DC — 10
kHz [59]. Fine wire needle electrodes can be ueanéasure individual muscle fibre
signals, but this can be unpleasant for the patfmtface electrodes measure the net
potential of fibres throughout the inhomogenousuu@ conductor, the measurement
is therefore not as selective as needle electrsde u

10.2 Equipment

Surface EMG is collected in the Gait Laboratoryngsa Bagnoli desktop EMG
system (Delsys. Boston USA) as shown below (Fige

/Computer: A
Data is sampled at 2400 Hz by p
custom in-house DAQ board

QTM is used to rectify and low pas
filter the data (at 40 Hz).

- J

T

(@) fMain amplifier (c): )
Amplification: 100,1000,100k +1%
Bandwidth: 20-450/Hz £10%
Bandwidth roll-off: 80 dB / decade
Overall noise: 1.2 uvV RMS
Leakage current < 100 pA
60601-1 compliant

JJ

(b) (@)

- /
(Electrode (a): A T
DE-2.1 SEMG Sensor
Type: Single differential Input module (b):
CMRR: 92 dB (typical) Receives 8 channels of EM
Input Impedance: >0 // 0.2pF and a single reference
Class | (93/42/EEC), TypeBF )

Figure 50 Surface EMG system, with key featureteotinical specification
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10.3 Data Collection and Analysis

To gain familiarity with the system | collected EMiata from myself and a colleague
(KW). The following steps are required to obtaimiclally usable data:

10.3.1 Patient Preparation

Prior to preparation all the required equipmentadlected and the electrodes are
cleaned with alcohol swabs. The following procesgasier with assistance. If they
are able the patient is asked to lie on a plinted]b Electrode placement ideally
requires greatest signal/noise ratio, signal stal{tepeatability) and minimal cross-
talk from adjacent muscles. The locations usedhénl@aboratory are those advised by
the European Union’s SENIAM Project (surface elattyography for the non-
invasive assessment of muscles). The guidelinegiqaoan explicit protocol. For
example, for the tibialis anterior:
Electrode placement:
o0 Location: The electrodes need to be placed atitB® line between the tip
of the fibula and the tip of the medial malleolus.
o Orientation: In the direction of the line betweés tip of the fibula and the
tip of the medial malleolus.
Fixation on the skin: Double sided tape / ringglastic band
Reference electrode: On / around the ankle orpheabkprocess of C7 [60]

Figure 51 Left: SENIAM electrode placement for gashemius (above), and tibialis anterior (below)
[60]. Right: Sagittal and coronal views of KW shogimarker placement and placement of electrodes
for gastrocnemius, tibialis anterior, rectus ferm@md biceps femoris bilaterally

The reference electrode is placed on tissue withimal electrical association with
the area of interest [61]. SENIAM recommend différeeference locations for
difference muscles. The Delsys system uses oneenefe for all 8 channels, so the
back of the right hand is used in the Gait Labasatdhe skin is cleaned with an
alcohol swab. The electrodes are provided with abtssided adhesive pad and
simply require pressing against the skin surface.rdduce magnitude variations
across muscles, it is good practice to ensure ldatredes are placed using a similar
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technique. The leads are then tidied and conndcteétde input module. For lower
limb work the module is attached to a Velcro batatg@d around the patient’s waist.
A form of gait event identification is used to &dater synchronisation, this could
involve a kinematic marker system or foot switch&ssingle long lead connects the
input module to the amplifiers.

10.3.2 Data capture

A maximum voluntary contraction (MVC) of the musdan be carried out to ensure
correct electrode placement and to provide a reteréevel for later normalisation. It

can be difficult to localise a muscle with an apgprate physiological action, but

SENIAM do provide guidance. This is advised for titéalis anterior:

“Support the leg just above the ankle joint witk #nkle joint in dorsiflexion and
the foot in inversion without extension of the drese. Apply pressure against the
medial side, dorsal surface of the foot in the aioa of plantar flexion of the
ankle joint and eversion of the foot”. [60]

Sitting or quiet standing can also be taken asreaf®® measurements. Figure 52
shows amplified (x1000) signals from electrodesc@thover KW’'s gastrocnemius
(blue) and tibialis anterior (red). | used a Piayse 220 digital oscilloscope (Pico
Technology Ltd, Cambridge UK) to capture the datd asked KW to rock about the
ankle (actively dorsiflexing and plantarflexing) Mg standing with knees extended
and flexed. The EMG signal appears to be noisytmwdistinct bursts of activity.
Note the diminished gastrocnemius activity (blug)ttee muscle loosens with flexed
knees.

Amplitude (Volts)
1 Volt per division

Time (seconds)
1 second per division

Figure 52 Raw EMG. Knees extended (top), kneesflgkbottom).

It is important to make a note of the channel nathesg the data collection and to
check the data quality before the electrodes an®ved.
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10.3.3 Data processing and event timing

The signal is rectified, filtered with a 50 Hz Igwass filter and normalised to the gait
cycle using QMT. Amplitude can be normalised to %®19r other references taken.
The following show KW’s EMG signals for the rectigenoris, biceps femoris, tibialis
anterior and gastrocnemius, whilst wearing traifeiso took EMG and kinematic
data with barefeet and high heels but these dataatrincluded).

Figure 53 Mean and standard deviation of KW'’s lolwab EMG

Perry reports that the rectus femoris are activéendypre-swing to initial swing, to
constrain excessive passive knee flexion. The rausalely accompanies the vasti
during loading response [2].The activity seen iading response in the above graph
may therefore be cross-talk from the vasti groupe muscle also plays a role in hip
flexion during early swing.

Biceps femoris is active during initial swing, flag the knee to assist foot clearance
for limb advancement. The muscle also plays a iroldecelerating the limb in late
swing and stabilising the hip during loading resgmn

Tibialis anterior activity occurs at initial contat¢o control the rate of foot
plantarflexion, and also throughout swing to adsist clearance.

Gastrocnemii become active at the end of loadisgaese to control the rate of tibial
progression. Tone is increased to support the bmdgrminal stance, where the ankle
dorsiflexion torque is maximal and the heel beginsse.

10.4 Noise and Artefacts

A number of factors can lead to false measuremeetserate artefacts or limit data
guality and repeatability, for example: Incorregbhaced electrodes, a hardware fault
such as component failure or damage, break in EM&Id or connectors. Of

particular concern are:

Unequal electrode impedance.

- Cause: poor skin-electrode contact, either throdgp and flaky skin, poor
adhesion, a bent and faulty electrode or from tleetmde part-falling off. This
will result in differing mains coupled voltages thae skin-electrode sites, which
will be amplified by the differential amplifier.

Identification: This fault can be identified by adeline drift. An impedance check
will quantify the problem.

Correction: Greater attention to skin site prepamatuse of a conductive gel,
stronger electrode adhesion — tape or use of diftezlectrode tip type.
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Signal lost in noise (low signal to noise ratio):

- Cause: Noise induced in EMG leads and hardwarsingrirom: nearby electrical
equipment, fluorescent lighting, other patient-wdevices, nearby mains circuits,
current paths across other people or items indbmr
Identification: The signal will not appear in thatd if the noise floor is too high.
Signals coupled to mains noise are characterisedrbgdulated data-noise signal.
Correction: Remove sources of noise — switch @img if not in use remove to
another room, or ensure good earthing of extergalpment. Reduce electrode
lead lengths. Segregate lead types (power from).dbtse an amplifier with a
higher CMRR or a filter with a tighter bandwidtimtdoduce active filtering, cable
shielding or equipment isolation.

10.4.1 Investigation of force plate noise

Aim: To see what influence the long metal force platesse at QMH, have on EMG

signal quality.

Method | measured EMG from four lower limb muscles whitsaking six traverses

on and six traverses off the force plate surfacéb Wware feet. The force plate
surfaces are painted steel and have a metallictsteuthroughout, the strain gauge
transducers have onboard amplification and earttnections with the platform

structure. Cables from the force plates to PC ammh subject to PC extend the length
of the walkway in close proximity to the mains ciitc

Results A representative sample of

results is shown for the right plate and two

muscles (figure 54). The on-plate signal

appears noisier and has considerable

distortion of signal features in comparison

with the on-plate signal.

Conclusions Although there is no

physical conduction path between subject

and force plate in the presence of the

surface coating, it appears that EMG

taken in proximity to the force plates is

distorted by the active electrical

environment. It would be interesting to

extend this to quantify the influence of

noise sources within the laboratory.

10.5 Limitations

Surface EMG measurement does not provide enougbrmiation to selectively

separate the net signal into the component actbrtosely related, or deep muscle
groups. Localisation is improved with fine wire dee EMG but this technique

requires greater attention and may be uncomforteblae patient. The problem of
localisation is compounded in the presence of ababanatomy, for example: the
redistribution of muscle roles in the presence skeletal torsion. Technical factors
such as signal noise and cross-talk can be overeotheonsidered use of equipment
and protocols, such as the SENIAM guidance. EM@Gtiaiship to muscle force is
non-linear, so EMG reporting is currently limitenl @ broad description of temporal
and spectral patterns with comparison to normalpatdological data.
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11 UPPER LIMB ASSESSMENT

11.1 Description and Clinical Significance

In comparison to the functional tasks required e bower limb, there is clearly a
wide range of activities associated with the udpeb. Physiologically, upper limb
rehabilitation is concerned with multi-level inveiment of the hands, wrists, arms
and shoulders and the sensory and control facuRigsctional tasks cover the ability
to identify, reach, grasp, grip, lift and carryoad, use fine motor control to twist and
manipulate objects and gross motor function to euppody weight. To assist in the
management of disability, the World Health Orgatiigsgs International
Classification of Functioning, Disability and HdalfICF) has set out a hierarchical
framework to define the functional tasks requireddaily activities. For example, the
following sub-sections derive from the functionaktegory “Activities and
Participation”:
“Activities and Participation
- Chapter 4 Mobility
- Carrying, moving and handling objects (d439449)
- d445 Hand and arm use
- d4453 Turning or twisting the hands or arms: -
Using fingers, hands and arms to rotate, turn adl@n object, such as is required to
use tools or utensils'6P].

Upper limb assessment aims to quantify the pergangeted functional performance
in carrying out such activities in both the home #imrough simulated exercises in the
Gait Laboratory. A number of techniques can be eygd.

11.2 Techniques

Nine-Hole Peg Tests a simple timed test of fine motor coordinatiamyolving
placing dowels (9 mm in diameter and 32 mm longpPimoles. Subjects are
scored on the amount of time it takes to placeranmbve all 9 pegs. Two scores
are collected, one for each hand and assessedshgaating scale [18].

Jebson-Taylor Hand Function Tess: a series of seven tests designed to represent
various aspects of hand function, such as: pickipgsmall objects, simulated
feeding, stacking draught pieces, picking up enapiy weighted tins and turning
pages. The tests are performed at a table witaralatd or improvised selection
of objects. The time to complete each task is cbf63].

Action Research Arm Tegst a series of four sequentially ordered testadsess
grasp, grip, pinch and gross movement. Each testahseparate scoring range.
Failure of the first test results in failure of &ilr.

Sensation discriminatiorcan be tested by poking the patient’s digits vaithin or
one of Semmes-Weinstein monofilaments (part of @eseof precise nylon
filaments). The subject is blindfolded and askeulémtify the site of contact.

Dynamometry is used to quantify muscle strength. Hand dynaeters and
pinchmeter can provide comparison between handsyggpomanometers are a
simple method of providing an index of hand grigsgth [64].

The Chartered Society of Physiotherapy have pratiaceseful database of outcome
measures [65]. For an excellent review of poskstugpper limb assessment see [66].
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12 POSTURE MANAGEMENT

Patients are referred to specialist seating prosidéhen conventional seating does
not meet their needs. The objectives of a cust@hase to provide stability, comfort,
redistribute pressure, help prevent the developnoéniurther deformities and to
maximise function and ability. To gain an appreomtof the steps involved in
assessing function for the delivery of a speciat,devisited Contour 886 Ltd (Potters
Bar, UK), a commercial seating provider. The delyvef a Contour 886 seat is a
three-stage process. | joined a Rehabilitation Bewyi and assisted with the
assessment and delivery for two patients respégtive

1. Initial assessment and castirithe patient completes a questionnaire prior & th
appointment, to provide indication of social anadtional ability (as described in
chapter 2). At the appointment static measuresaken of the range of movement of
upper and lower limbs using similar techniquesinat in chapter 3. Muscle strength,
hand function (grip strength) and the presencesandrity of pressure sores are noted
subjectively. A plinth assessment is then made relhethe patient is hoisted onto a
large polythene bag full of polystyrene balls (figb6a). A vacuum pump evacuates
the bag to reduce the compliance and provide thabibtation engineer with a
malleable material to form to the patient’s seatedtour. Starting with the pelvis, the
body is positioned manually to the desired postiMteasurements are then taken and
include seat depth and width, back, arm and foahte The patient’s requests and
concerns are noted and a choice of material cokmuldabrics are presented.

2. Manufacture A cast is made from the beanbag mould and usedtasplate for a
computer controlled foam milling machine. The foahell is trimmed by hand and a
padded cover is upholstered around the seat. Attashpoints are fitted to coincide
with the frame of a number of the patient’s chaitlsis can be a mechanical
engineering challenge if the chairs have widelYedifig frame shapes.

3. Delivery The patient is hoisted into the new chair andcesssd visually for fit,
range of movement if desired, comfort and handrobrAdjustments can be made to
rests and blocks according to the mechanical desigtruction is then given (to
patient and carers) on dismantling and handlingdar, with attention to safety
issues such as entrapment and manual handlingp@aonal therapists attended with
the patients | saw and completed a patient spet#icassessment. The patient then
has the opportunity to take a test drive, whichssful for identifying any outstanding
issues during active use.

a. Moulding seat b. Completed chair c. Test drive

Figure 54 Aspects of special seating delivery
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13 ENERGY EXPENDITURE AND ACTIVITY MONITORING

13.1 Description and Clinical Significance

Energy consumption measurements can provide arcatioin of the changes in
energy demand pre- and post- intervention, or rdimactly help to assess the level of
physical activity carried out within the patientisme. Among other patient groups,
QMH Gait Laboratory measure energy expenditure rapwaees to assess energy
demand with different prosthetic components.

Physical activity is linked to energy consumptiardacan be defined as any bodily
movement produced by skeletal muscles that resaltsnergy expenditure. The

increase in obesity in the UK [67], brings an iraged demand for physical activity
measurement techniques [68], these can be appliethny areas of healthcare. The
Gait Laboratory are currently reviewing some methtal aid the assessment of the
FES intervention. Physical activity is also relategsychosocial involvement so this
section follows on from the themes of Chapter 2.

13.2 Techniques

A number of methods with varying precision existni@asure energy expense and
physical activity, for example:

Direct calorimetry

Double labelled water

Indirect calorimetry (spirometry)

Heart rate monitoring ?r Objective methods
Accelerometry

Activity diaries
Questionnaires

} Criterion methods Precision

NookwNE

} Self-report methods | Ease of use

13.2.1 Direct calorimetry

Calorimetry measures the amount of heat generaged bubject placed inside an
insulated calorimetry chamber. The method is expenstime-consuming, and
requires expertise, but since it is based on thed&conservation of energy it is
considered a gold standard for energy measurermbatQMH Gait Laboratory does
not have this facility, but it is being commissidni@ the nearby Sport Performance
Assessment and Rehabilitation Centre in Roehamptoversity (see section 13.2.3).

13.2.2 Double labelled water

Two known quantities of isotope labef$i(and oxygert?0) are ingested with water
and distribute throughout the body. A hydrogen labaves a$H,O in sweat, urine,
perspiration and water vapour, whilst an oxygerladaves as H°0 and C?0,. The
outputs are measured, from which £€an be determined. Oxygen consumption can
be calculated with knowledge of the body’'s respmatquotient (the ratio of CO
volume released to Qrolume consumed in a given period). This methcalss used

as a gold standard [69].
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13.2.3 Indirect calorimetry (spirometry)

Metabolic rate can be calculated from oxygen comgion (assuming energy
expended is derived purely from oxidation reactipf@). Oxygen consumption can
be measured using closed or open-loop spiromet®. [Glosed-loop spirometry
measures the change in volume of inspired and exgases of known composition,
to determine oxygen consumption. During open-lopiosnetry the subject breaths
ambient air which is sampled over a period of timeetermine the composition. The
K4 B? respiratory monitor (COSMED, ltaly) is a commonlyged open-loop device
for ambulatory monitoring in biomechanical laborats.

| visited the Sport Performance Assessment and iléhtion Centre (SPARC) in
Roehampton University, to see what methods they tasenonitor the energy
consumption of athletes. SPARC offer nutritionayghological, and physiological
training, advice and measurement to athletes, omateur to Olympic standard. The
physiological team have facility to measure a nundfeparameters (altitude, heart
rate, haemoglobin, lactic acid and lactate thredgd)plnotably oxygen consumption

and VO,, _ with open and closed-loop spirometry, which werendestrated during

2max

the visit.

VO2max test theoryWO,, .. (maximal oxygen consumption / uptake) is the maximu

capacity of the body to use oxygen and is usedtbletas as an indicator of gross
body energy efficiency. It is the point at whichygen consumption plateaus with
increased exercise load (seen in Figure 8),is measured in millilitres of oxygen

per kilogram of body weight per minute. Normal amed males achieve values in
region of 45 ml/kg/min, females achieve approxirtya88 ml/kg/min, for comparison

professional athletes have a capacity of 80 — JRgimhin [71].

Test protocal The subject weight is measured and they choosergometer (an
exercise machine such as a rower, bicycle, treddappropriate to their discipline. In
this case a treadmill was chosen). A heart rateitmoand spirometry mask (or
mouthpiece) are worn and the subject begins exertis collect perceived exertion
level data, a card is held in front of the subpisplaying the Borg scale, the subject
points to their perceived level. The spirometerdudering the demonstration was an
open-loop Vmax encore (VIASYS Healthcare, US). Afiee minutes the load is
increased and then every minute by the assessorBting scale is used at each
increment. The test proceeds until the subjeabasfatigued to continue. The test is
stopped by the subject or assessor, for this retimoassessor establishes eye contact
and maintains clear communication particularly tigloout the final stages.

Test resultsThe sample of results shown in figure 56 showesiticremental loading,
(in the case of a treadmill, this relates to tre#ldgnadient) and the V@level over

time. Since exercising atO,,..,iS not sustainable, sufficient data is not produtzed
display the plateau. Therefore there is some stibigc (assessor experience) in
determining ifVO, . was actually reached. This test is suited to ahklend normal
subject, but may be inappropriate to expect eldeslyents or amputees to exercise to
VO,,..«- Some studies repoMO, for natural customary walking speed (CWS) and
self-selected fast walking speed (FWS) [72].
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Figure 55VO, measurement and with incremental load

13.2.4 Heart rate indices

To meet physical demand cardiac output is govetetieart rate (HR) and stroke
volume. A linear relationship has been shown betwidB® and VQ [73], but heart
rate in itself does not provide a picture of howatient responds to the physiological
demand of walking. Two indices used in the QMH QGaiboratory link HR with a
gait parameter to fill this knowledge gap, they. &he Physiological Cost Index (PCI)
and the Total Heart Beat Index (THBI). PCI, as gldted by equation 1, provides a
representation of the change in energy consumpghiento an activity carried out at
submaximal workloads.

PCl = HRwaIking -HR

Averagewalking velocity(ms?)

resting

.................................. Equation 1

A low PCI indicates an energy-efficient gait. P@lues for children (3 to 12 years of
age) walking at CWS have been shown to be betwezsh likats / metre (barefoot)
and 0.40 beats / metre (with shoes) [74]. A stestdte walking velocity is required
for improved repeatability, this is normally achéeMwithin three minutes [73].

A limitation of the PCI is that patients are re@uirto achieve a steady-state speed and
heart rate. This is not necessarily achievable#dients with impairments, who may
fatigue prior to stead-state. The outcome is adfiétty both resting and walking heart
rates [75], as such PCI test reliability may beetéd by factors such as: medication,
prior fatigue, caffeine and nicotine use, hunged a@atiety or anxiety. The test
protocol therefore requires consideration of thigepé state prior to test. PCI has been
found to have a similar, but less repeatable pateNO; [73,75].

The Total Heart Beat Index (THBI) was developedemuce the problem of reaching
a steady-state, associated with the PCI [73]. TH8ITis simply a measure of the
number of heart beats per metre for a walk, asutatd by equation 2. Because
change in heart rate is not a factor in the THB&, index is more robust than the PCI
to factors such as prior fatigue, caffeine use, in@n within trials, these factors
may influence the inter-trial variation.
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THBI = Totalnumbenf heartbeats Equation 2

Distancetravelledm)

THBI has been found to have a comparable repedyadird sensitivity with PCI and
VO, measures [67]. As with PCI, THBI is not a directasure of energy expense, but

a useful index of activity, appropriate for easy us a clinical gait laboratory. A
previous trainee conducted a review of the PCI B8] methods and found greater
variation in PCI measurements in comparison wittBTHuring measurement, across
measurement sessions and across days. To suppa@iniputee assessment activities
of the Gait Laboratory, | was asked to produce @8IThieasurement protocol. The
recording and explanatory sheets of which can badon Appendix K.

13.2.5 Measures of physical activity

Currently available methods for measuring physamivity (PA) have strengths and
limitations with regard to precision, costs, preality, and degree of invasiveness.
Choice of method will depend on research objectiveBability and validity, and
available resources.

The doubly labelled water technique is relativelpnfinvasive and allows
quantification of energy expenditure over a prokxhgeriod of time. However, the
method is expensive and cannot quantify causesnefgg expenditure, such as
intensity and frequency of the physical activityn e other hand questionnaires are
generally low cost, relatively easy to use, andehkbw participant burden, but are
poor at quantifying energy expenditure. Exampletuithe: the International Physical
Activity Questionnaire (IPAQ) which aims to detemaiongoing prevalence trends in
large-scale populations [76]. At the other exteiie Scottish Physical Activity
Questionnaire, the Godin Leisure Time Exercise Quesaire and the Seven-Day
Physical Activity Recall, survey frequency and mgry of PA of individuals over a
7-day period [77,78,79].

Measuring the acceleration of body segments prevateindex of physical activity
that correlates with energy expenditure in speaifstances [80,81]. However, due to
isometric muscle contraction, the energy cost ofrRady not always be equivalent to
body movement, for example: A patient in bed mayntaén fithess with isometric
exercises, yet appear physically inactive when toad with an accelerometer. The
systems are therefore measurement location depentlecelerometry is low cost,
un-encumbering and relatively easy to use in thmecchnd patient environment.

Methods such as the “ActiHeart” (Cambridge Neurbtetogy, UK) combine
accelerometry with heart rate data to estimateggnexpense. The relationships are

established (on a treadmill or bicycle) for actviigainstVO, and for HR against
VO, . A curve is fitted to the data using linear regres and the resulting regression

equation is used to predi®O, and hence energy expense [82]. The actiheart,iwhic

is a small data logger that clips onto a standa@¢Electrode, has been shown to be
a reliable indicator of energy expense for runrang walking [83,84].
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14  QUALITY AND SAFETY

14.1 Overview and Clinical Governance

The safety of patients, staff and visiting membeirghe public is of fundamental
importance to the NHS, not least because patielisquish a degree of personal
control to the clinicians working with them. Safeagtice is synonymous with high
guality of care [85] and the NHS has establishedGhnical Governance framework:
“through which NHS organisations are accountablecfmtinuously improving the
quality of their services and safeguarding highhdsads of care by creating an
environment in which excellence in clinical carellwilourish” [86]. Clinical
Governance applies appropriate legislation andlatign to foster best practice in
areas such as: risk management, education, traiamty continuous professional
development, clinical effectiveness, information nagement, communication,
leadership and team working. Wandsworth PCT haweldped an intranet-based
“team tool” which is designed to help clinicians mtor “must-do” activities within
their departments, provides a structured audit fdathe year and generates evidence
that the PCT is meeting the Department of Healtose standards, which are
monitored by the Healthcare Commission. The awdi#éscompleted and discussed by
the team on a monthly basis. Previous themes mahaded: Infection control, health
and safety, consent, respect privacy and dignitye Gait Laboratory also work
within the 1ISO 9000 standards framework for quaftitgnagement systems, which
generally cover administrative aspects of the setvi

14.2 Professional and Regulatory Guidance

The Health Professions Council regulates the GlinRcience profession (and other
allied healthcare professions) by setting standafd@¢enduct, performance and ethics.
It is the responsibility of Clinical Scientists toeet these standards by demonstrating
compliance to the Association of Clinical Sciergtisindividuals are supported
professionally by bodies such as the Institutelofdits and Engineering in Medicine
(IPEM), which also provide a forum for professiomakraction, through workshops,
seminars and so on.

14.2 Clinical Movement Analysis Society of UK andreland (CMAS)

CMAS was established in 2000 in order to bring tbge professionals working, and
interested in movement analysis. The society aims“encourage professional
interaction, develop and monitor professional stéadsl and training and to stimulate
and advance scientific knowledge in the fields lofical motion analysis” [87]. A
working group has been established to produce potdand standards in areas such
as: Clinical examination, data collection, the latory environment, auditing, quality
assurance and so on. Harmonising the working pectf centres across the UK is
an ambitious and interesting challenge. A poss$ybib then presented, to use the
expertise gained within the NHS from the rollout thie Picture Archiving and
Communication System, combined with increased useigital data storage, to
implement a data sharing infrastructure within G&AS community. Similar
organisations operate in other Countries, for examphe Gait and Clinical
Movement Society in the United State, the ItaliaotiSty for Clinical Movement
Analysis.
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15 DISCUSSION

Prior to the placement | expected the Gait Laboyato be a busy and somewhat
reactive place to work, it was a daunting move. Ewsv, | have been aware of their
research for many years and relished the oppoyttmijoin the team. | also had the
opportunity to join the hospital at the start ofeav period in its history.

Queen Mary’s Hospital emerged in 1915 from the ipasand determination of a few
individuals, who witnessed the inadequate provistorsoldiers returning from World
War |. The hospital met the demands of both warsyigding amputation and limb
fitting services from facilities such as the worgphshown below. Roehampton grew
and “completely dominated the amputation and limtRg activities in Britain and
accumulated a mass of experience” [88], expandiegdnge of services required by
post-war communities. In 2003 Wandsworth PCT joiaclrivate Finance Initiative
(PFI) scheme. The scheme is managed by

a subsidiary of a private property

developer that constructed a smaller

hospital in the grounds of the original.

The rise and decrease of the QMH limb

fitting facilities over ninety years could

be seen to reflect the rise and fall in

demand for a particular healthcare need.

One role of clinical scientists is to

prepare technology for future changes in

clinical need.
Main Roehampton limb factory 1950 [89]

There are many unanswered questions: Why do we thalkvay we do? How does

the learning process optimise energy use? How cardetermine whether a gait
pattern is under conscious or non-conscious cqntiol patients where a

communication barrier exists? For example in autisiwery young children. Much of

clinical gait analysis focuses on the lower limbridg ambulation. Stable gait

involves the movement of the upper limb centre aEswithin an area prescribed by
the feet. There is scope for interdisciplinary wiatween the gait laboratories and
audiological science in understanding the neuroplogical basis for balance during

gait, particularly during falls.

Throughout the portfolio | have mentioned variouwsgble advances to technology
and as a member of the World Future Society | amayd attempting to second-guess
our technological path. Much could follow from techogy convergence, for
example: the use of wireless ad-hoc networks andamorisation to increase the
scope and utility of instrumented gait analysise Tise of data-sharing from medical
imaging into improved kinematic body models, andoas centres for improved
epidemiological knowledge. Data presentation ig/Venited and would benefit from
both new ways of converging types of data and freew methods to view the data,
such as the use of virtual reality. Virtual reaktiyd robotic devices are finding use in
Stroke rehabilitation [90] as devices for biofeetbband have great potential to be
used in many aspects of upper and lower limb rditatimn.
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