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SUMMARY

The placement was carried out with the DepartmentMedical Physics and
Bioengineering of St George’s Hospital, which istpH the St George’s Healthcare
NHS Trust. The training was carried out over a 2&kperiod during 260ctober —
16" March 2007, under the supervision of Fred Mitclilincipal Clinical Scientist
and Training Coordinator).

| attended monthly seminars in the Department aMedical Devices Study Day to
gain a wider view of medical device training in thespital, during which | received
training from Nutricia Clinical Care. | also attestl the & Annual Education
Symposium for Clinical and Biomedical Engineerstta Barbican London, which
covered a broad range of physiological measuresdrjects.

This portfolio documents my experiences in thediwlhg areas:

« Audiology

« Lung Function’
« Neurology'

« Neonatal Intensive Cafe
« Urodynamic$

« Vascular Lab.

" Experienced as part of this Physiological Measergmlacement.
"Experienced as an acquaintanceship.



List of Competencies

The following tables list the competencies setlmutPEM and the suggested chapter
and section headings that go towards demonstratingpetence in those areas.

Table 1 Evidence of Specific professional competenc

SPECIFIC Competencies

Where
Demonstrated

Use of Equipment and Clinical Applications

Quality Ass

normality/abnormality of the data and/or the sigmaifice of any
changes detected in response to stimulation or attervention.
urance and Safety

PM 1.1 demonstrate a broad understanding of tmeiptes of common | Throughout
physiological measurement procedures, the physidbg
processes involved and the significance of the oreasents,
covering examples from (i) electrophysiologicalrsits and
processing, (ii) pressure measurements, andIGiy f
measurements;

PM 1.2 demonstrate a detailed understanding obtineiples, Sections 1.3, 2.3
physiological processes and measurement signifecamthree 3.2and 4.2
examples of physiological measurement coveringrevpessible,
very different physiological processes and/or chhiareas;

PM 1.3 identify the measurement of one parameten feach of the three
examples of physiological measurement chosen amdbleeto:

PM1.3.1 identify and justify the choice of equipmhencluding the Sections 1.3, 2.3
placement / selection of the electrodes/transducer; 3.2and 4.2

PM 1.3.2 use the equipment to obtain clinical measents from patients; Sections 1.5, 1}

2.6,3.4

PM 1.3.3 apply signal conditioning techniques, udéhg methods to Sections 1.3, 1.5
optimise the signal, improving signal to noiseaatand the role | 3.2, 3.3, 4.2
of filtering;

PM1.3.4 identify artefacts and be aware of souofesror; Sections 1.3.4,

2.35,2.45,324
3.35,44

PM 1.3.5 undertake calibration procedures (applézabhere appropriate, | Sections 1.3.2,

to both stimulus and measurement equipment); 2.3.3,2.4.3,
254,44
PM 1.3.6 apply appropriate statistical methodsremdconclusions as to the Sections 1.5, 1.6

2.6,3.4

or software (this must cover at least one of thaseh

PM 2.1 identify the risks associated with the uthe equipment and the Sections 1.7, 2.7
precautions to be taken with it (this must covéttake of the 3.3.5,4.3 and
chosen physiological measurements); Chapter 5

PM 2.2 perform measurements to ensure that theexuit used complies Section 5.7
with all relevant safety standards (this must catdeast one of
the chosen physiological measurements);

PM 2.3 demonstrate implementation of current safety statedfor the Throughout
safe use of the measurement system in its clisetiing (this
must cover at least one of the chosen physiological
measurements);

PM 2.4 carry out a formal risk assessment of aadiprocedure, device | Section 5.7

physiological measurements).

6,



1. AUDIOLOGY
1.1 Introduction

The Physiological Measurement placement began swthweeks in the Audiology

department of St George’s Hospital. During my timehe clinic | conducted some
hearing and vestibular measurements and carriegragtical work. | witnessed a
range of psycho-acoustic and neuro-otological te$tdis chapter describes the
experiences gained in clinic and through that mtoyjgork. The measurement types
cover electrophysiological signals arising fromcéleencephalographic (EEG) and
electronystagmographic (ENG). | observed motiom@eassessed in the Vestibular
Testing Laboratory.

1.2 Background

Mechanical pressure waves enter the ear througpitine, travel through the external
auditory meatus and strike the tympanic membragngsing it to vibrate.

Semicircular cana

Temporal bone

"l-.::; ) > A
Pinna (auricle)— , % ' { isses oa
Concha—p =
External auditory. ;

meatus (ear canal) \
§

Ji#e. . Auditory Nerve
2o

|- o % .
" b =— Cochlear Malleus __| . Stapes
e (hammer) \ (stirrup)

|,_«
|

*\i Tympanic Eustachian tUbeTympanIC I(ncu:i)
e anvi
Lobule y e membrane Tympanic cavit membrane
? (ear drum ymp y (ear drum)

Figure 1 Anatomy of Ear detailing the ossicles [1].

The middle ear transduces energy from these wdalations using the mechanical
advantage of the ossicles. The ossicles are thiestnand first fully formed bones in
the human body, comprising: the malleus, incus stages [2]. Two mechanisms
protect the middle ear from some damage causedrdipnged exposure to high
amplitude sounds: 1) air is equalised via the HEiséa tube and 2) the damping
action on the stapes by the tensor tympani andediap muscles, in a feedback
process known as the acoustic reflex [3].

The inner ear houses the transducers for balameeidscular canals and vestibule)
and hearing (cochlear). The cochlear contains tfited-filled channels separated
from each other by the tectorial and basilar memdsaVibration of the oval wall is
transmitted through these channels causing thdabasid tectorial membranes to
vibrate. The organ of Corti sits between the teat@nd basilar membranes with rows
of two types of cell, inner and outer hair cellack hair cell supports bundles of
stereocillia which protrude into the tectorial meare and synapse with a complex
network of afferent and efferent neurons. The diffiial vibration between the
basilar and tectorial membranes causes the stdi@doimove and create an action
potential.



The central auditory system is defined by the awditstructures medial to the
cochlear nerve. Afferent nerve cell bodies are €bum spiral ganglia within the
cochlear. The fibres make up the VIII cranial neavel travel through the temporal
bone to synapse with the ventral and dorsal regadrthe cochlear nucleus. These
regions lie within the medulla of the brainstemeTdfferent pathway ascends to the
superior olivary cortex within the medulla, the dtion of efferent nerve cell bodies
and the origin of the motor pathway of the middde muscles. The afferent pathway
continues superiorly through the lateral lemniseustructure that covers the superior
olivary cortex, pons and the inferior colliculustbe midbrain. Afferent signals then
conduct to the medial geniculate body, before neacthe primary auditory cortex,
located within the superior temporal gyrus of teesbral cortex.

Hearing loss or deafness affects about 8.7 milienple in the UK. A third of the
population will have significant hearing loss b tage of retirement. A loss of the
ability to discriminate different sounds is attribed to sensorineural loss (inner ear
and/or nerve pathology), whereas a loss of perddmgdness (loss in sensitivity) can
be attributed to sensorineural or conductive hgatoss (outer and/or middle ear
pathology). Conductive hearing loss may result frobstruction to the outer ear.
Viral or bacterial inflammation causes attenuationthe outer or middle ear.
Traumatic damage to the ear may cause perforafidtheomembrane. Otosclerosis
results in increased impedance of the stapes. Stiealoma is the growth of skin in
the middle ear, may follow otitis media and memilerperforation and lead to erosion
of the ossicles. Sensorineural hearing loss refulis loss or absence of inner hair
cells and may result from biological or chemicadaasdt. Noise-induced hearing loss
is the prolonged exposure to high amplitude souedslting in permanently flexing
inner hair cells. Multiple sclerosis destroys thgetin sheath of the vestibulocochlear
nerve. Tumours can also grow on the vestibulocachterve in neurofibromatosis
and restrict the development and growth of neris.ce

Over fifty tests are in use throughout the UK teess hearing, tinnitus and balance
disorders [4]. The following is a summary of thejonaests employed within the
department at St George’s Hospital.

Pure tone audiometry (PTA)PTA is the gold standard subjective test to assess
hearing threshold, recording the patient's respottsea range of air and bone
conducted audio stimulus, with varying frequency)ldnd intensity (dB SPL). PTA

is a subjective measure relying on the patient#italio decide if a stimulus is
audible and to respond accordingly. False negatives concern for cases involving
insurance claims. The audiologist must also comdialse positives due to patient
generated sounds, such as tinnitus. There arengtesor double blind controls in
PTA [5].

Tympanometry (or middle ear impedance audiometryympanometry is a middle

ear function test that measures membrane compliameefunction of static pressure.
This varies with effusion, ossicle trauma, otosudes, or perforation. Membrane
perforations and otitis media will produce resutteat could mask secondary
conditions involving the ossicles [6].

Acoustic reflex (or stapedius reflex)fhe stapedius muscles contracts, stiffening the
stapes when a stimulus above approximately 80dpresented [6]. The acoustic



reflex test provides an objective measure of thi§om by assessing acoustic
impedance changes. The amplitude, latency and dinoih the response can be
recorded using a tympanometer. Absence of the xrefle activation at lower
intensities could indicate sensorineural loss @futyction.

Preventative healthcare in audiology today placesnareased emphasis on early
detection of hearing defects. This is facilitatetder the NHS Newborn Hearing
Screening Programme (NHSP). Along with the uncamsciand uncooperative
patients, neonates often fall into the categoryhafd-to-measure patients. The
following tests are useful in these situations:

Visual reinforcement audiometry (VRA)An enhancement to PTA for neonatal and
paediatric threshold assessment, where patienbd&e&ds indicated by a conditioned
response. A visual re-enforcement is used to ti@npatient. This is a fascinating
modern day application of Pavlov’'s famous experitagb]. Low VRA thresholds
correlating with abnormal tympanograms or abseotagbustic emissions indicate a
hearing loss. An acoustically calibrated room isdugiith testers on either side of a
one way mirror. Speakers present free field tonésual re-enforcement boxes
containing toys are hidden and controlled by thé Rdster. PTA hardware is used.
The baby is conditioned to respond to the audioudtis. Tester 1 (or parent) distracts
the baby. Tester 2 conducts a PTA out of sightentisg responses by the direction
of head turns towards the visual rewards. This ®ilgjective psycho-acoustic test
used within a false (trained) psychological framgwdhe test can lead to both false
positives and false negatives.

Oto-acoustic emissions (OAEsPuter hair cells generate a sound which can be
evoked and picked up with a microphone. These #&weacoustic emissions. The
precise mechanism of the emissions is unknown thrit presence or absence has
been qualitatively documented in different path@sgmaking them clinically useful.
They can benefit diagnosis of: auditory neuropattegtibular schwannoma, ototoxic
drug action and noise induced hearing loss. OAEsised in neonatal screening [7].

Vestibular Testing: Although the majority of examinations in the depsenht are
audiological, there is a vestibular testing labomathat provides the following tests:

Eye gaze (using video-nystagmography or electréagysography)
Eye tracking or smooth pursuit (using VNG or ENG)

Saccadic eye motion (using VNG or ENG)

Rotary chair

Caloric

arwnE

The semi-circular canals provide feedback infororatio the vestibuloocular reflex
(VOR). VOR maintains visual acuity and a stableugisenvironment during motion.
Nystagmus can be found in patients with a non-fongtg VOR. Nystagmus are
rhythmic involuntary oscillations of the eyes witthearly defined fast and slow
phases, referred to as right-beating and left-bgafThe objective quantification of
nystagmus is the role of the vestibular laborat&gch test is a variation on a theme
of recording the patient’s eye motion before, dgidmd after a defined patient task.



Auditory Evoked Potentials (AEPs)Auditory evoked potentials are bio-potentials
with amplitude of 1-10 pV, which originate from féifent anatomical structures
along the central auditory pathway (Figure 2) [Bifferent AEPs are elicited by the
application of different external stimuli and presepeaks with characteristic
amplitudes and onset latencies following the stumullhe full range of potentials is
shown in Figure 3. The brainstem and late cortieaponses are used in St George’s
Hospital Audiology department and will be discussethore detail.

——» P41, Ny, P,, N> (Late latency cortical)

auditory —» Ny, Po, Na, Pa, Np (Middle latency early cortical)
coriex
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meaigl
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Figure 2Auditory evoked response landmarks
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Figure 3 Full range of normal auditory evoked rews@o



The Roman numeral labelling convention in use todayg developed by the pioneers
of the AEP test, Jewett and Williston. ‘N’ and ‘bels refer to positive and negative
peaks. Some interesting responses are labelleddaiwgao the time of appearance
following stimulus onset, for example: P3, P300N#00. The late cortical response
N400 is a cognitive one elicited by the presentatiba semantic incongruity, such as
the phrase “I am going to take my house for a watkven this specificity and the

small scale of the signals amid the total backgdoB&G, this begs the question —
what other signals are available for clinical usa have not been identified?

1.3  Auditory Brainstem Response (ABR)

The Auditory Brainstem response is an early latem@sponse originating from the
brainstem and is the most widely used for clinasdessment. The signal is picked up
with skin surface electrodes and the peak and -pgek relative and absolute
latencies are compared to normative reference sallibe reference database has
been built up from an ongoing longitudinal studytire department, based on an
80dBHTL stimulus, and is summarised in a lookuplgaflable 2). It is used
clinically to screen within + 2 standard deviatioS&e section 1.5 for my work on a
normal ABR database.

Table 2Normative values for peak and inter-peak ABR laiesic

Wave peak Ipsi-llateral recording Contra-lateral recording
atency (ms) latency (ms)
I 1.28-1.73 N/A
1 3.40-4.16 3.40-4.12
V 5.24-6.01 5.38-6.03
I-111 1.90-2.58 N/A
-V 1.53-2.17 1.68-2.28
-V 3.70-4.49 N/A

Note: Contra-lateral peaks do not emerge from dit@sl|l because these structures
(proximal and distal auditory nucleus) are not disestimulated. Hence there are no
inter-peak latencies. The signal crosses at the@upOlivary complex (lll), so late
contra-lateral signals exist.

The ABR has three major applications:

* Identification of retrocochlear pathologyif outer and middle ear tests eliminate
the possibility of conduction loss, the presencalzsence of a brainstem response
is used to review retrocochlear and sensorineuatiigbogies. A CN VIII lesion
will show an absence of characteristic wave peAksmour (acoustic neuroma or
vestibular schwannoma) compressing CN VIII willvgldown conduction velocity
producing a higher inter-peak latency.

* Newborn hearing screeningSince a cognitive response is not required, the ABR
is used in the NHS newborn hearing screening progFar the same reason it also
finds use with uncooperative and unconscious p&atien

* Interoperative monitoring ABR is used interoperatively (as is
electrocochleography), to monitor brainstem andhiEar integrity. Ischemia is a
primary cause of surgery-related hearing loss, wasemonitored to provide the
surgical team with information regarding blood flémvthe cochlear.



1.3.1 ABR Measuring equipment

Principle of operation: Auditory evoked signals are small (1-10pV) amick th
surrounding bioelectric signals: EEG (5-300uV), E@B-3500uV) and EMG (100-
5000uV). The signal appears for only a brief doratfa few ms). Two processing
techniques are employed to capture it: 1) The dtimmgenerator is time locked with
the ABR signal sampler as shown below. This effetyi acts as a trigger input for
the detection hardware and aids signal detectimpaoeally. 2) The signal is amplified
with a gain of approximately 30000 and band limitédllowing amplification, a

number of sweeps are made to generate data fogralsaverage to be taken.
Aperiodic noise is mathematically thrown away aedquic AEPs remain.

) m Signal User
> averager display

)y |
~ Stimulus | Pulse
N generator | generator

Figure 4 Schematic of ABR equipment

The Audiology department at St George’s Hospital agportable Biologic Navigator
Pro system and laptop in clinic, for work in thedktres and surgical assessment and
recovery wards. The unit presents a 100us duratiok stimulus to each ear drum
through an ear insert, or to both cochlear throtigh mastoid bone, with a bone
vibrator. In the time domain this is the closegresentation of a delta dirac function,
it has an infinite spectra in the frequency domaio.stimulate specific areas of the
basilar membrane, the frequency bandwidth is nadousing filtering, masking or a
narrow band tone burst. Parameters of concerrhtdne burst wave shape are the
number of cycles during rise time, plateau andtfalke. A typical stimulus would be
of the format 2-2-2 ps. The Biologic Navigator Fso capable of two channel
recording. The connections are as follows:

Single Channel Recordingfor a left ear ipsilateral test, ,As common and the
stimulus is picked up between,fand A. The stimulus is given to the right ear for a
contralateral test. For a right ear ipsilaterat #esis common and fzA, carries the
potential.

Left sz nght
Stimulus [: >> A Left ear ipsilateral ABR
2

Figure 5 single channel ABR hardware setup



Dual Channel Recording:Both A-C; and A-C; are measured with respect to the
high forehead electrode-F as follows. The stimulus is transferred betwears éor
ipsi- or contra-lateral recordings:

Left Foz Right
Stimulus >> o + Right ear ABR
Cz >
A]_ A2
+ Left ear ABR

Figure 6Amplifier — electrode configurations

Electrodes:The electrode positions conform to the internatign@ecognised 10-20
system, shown below. A combination of electrodesspa called anontage Three
types of surface electrode are used in the AudjolDgpartment to collect ABR
depending on the contact surface: Small self-astbgslly button electrodes are used
for neonates, slightly larger and stickier ‘tiptedelectrodes are used for adults and
Ag/AgCI cup electrodes are used for hairy surfasgsh as the high forehead and
vertex recording sites, as required. This electtgde is held in place with a piece of
tape. Care is taken when placing the electrodes theefontanel of neonates. All of
the electrodes and leads are disposable. A minuolidge variation at the skin-
surface contact, across the electrode montageqisred to minimise the variation in
induced noise. To impedance match the montageskimeis prepared with a slight
abrasion with clinical emery paper and the appbecaof a saline or aluminium oxide
solution callednuprep A conductive adhesion gel calledllodionis used for the
vertex cup electrode.

Preauricular
paint

Figure 7 10-20 electrode placement system



1.3.2 ABR Equipment calibration

The click stimulus used to evoke the ABR is caliédsannually according to BS-EN-
ISO 389-1:2000. The calibration is required to daiee the absolute sound pressure
level (SPL) of a particular stimulus emitted thrbug set of headphones. The
calibration also ensures the intensity levels a tequired stimulus and emitted
sounds are comparable. The relationship betweearabsSPL in an acoustic coupler
and output from different headphones is variabta. & given earphone, in specific
conditions, the SPL in response to a calibrateadtis is defined as the reference
equivalent threshold sound pressure level (RETSHhe calibrated stimulus is
determined from measurements of a statisticallyiBgant group of otologically
normal volunteers. The peak-to-peak equivalent dopressure level of insert
earphones and headphones is measured as follows:

1. The sound tube of the insert earphone is conndoteth insert ear simulator
and held in place by an acoustic coupling devicepaling to BS-EN-ISO
389-2:1997. Headphones are connected to a calibrateliometer and
connected to an acoustic coupler (Figure 8). Adoustikage is prevented
through the use of MX41/AR cushions and a loadedngpholds the
headphone in place with a nominal force of 4.55MN0.

2. According to EN ISO 389-1:2000, the equivalent shiidd at O dBHL is
7dBSPL, so a 1kHz pure tone signal at a level @iBHL is applied to the
earphone at 77dBSPL (70dB + 7dBSPL).

3. The output is recorded by a microphone and displayg@ng an oscilloscope.
The peak to peak amplitude is measured and adjastsadingly.

4. Using the Navigator Pro system, a 100us click dtiswis then applied at a
SPL of 70dB pk-pk.

5. The pk-pk sound pressure level output and pulselitarde is measured and
adjusted to provide the desired equivalent to tkelzlpure tone sound
pressure level.

il

2 —.
i
2 /% / Key
i i // a Insert earphone
s %/ b Airtight seal
/ ! c Ear mould substitute for insert earphone
“ d d Static pressure equalization
NERAN e Coupler cavity of 2000 miht: 70 mnd effective volume
L e e f Pressure response microphone
o - e
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Figure 8 Acoustic coupler for ear insert
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The click stimulus is calibrated in a similar mannéth the application of a 1 kHz 70

dB sinewave. IEC 60318 states that for a click shirs applied to an acoustic coupler,
the RETSPL peak-to-peak equivalent is 31dB SPLs Wailue has been determined
from average objective measurements conductechatrder of centres. So the click
is compared to 103 dB peak SPL (70 + 31 dBSPL)StAGeorge’s Hospital, a 1.5dB

tolerance is permitted between the expected andumed values.

1.3.3 ABR Test protocol

1. The equipment is mobile and in use throughout thepital, so it must be set up
and checked before use.

2. Patient details (name, hospital number and datbirtii) are entered into the
database.

3. The patient is seated and the test procedure egaldo them, the outer ears are
checked with an otoscope.

4. Using an abrasive pad or water based gel, theretectattachment sites are
prepared. The area should be dry before electradeplaced and care must be
taken to ensure the patient feels no discomfort.

5. Electrode impedance should be checked twice; Yitstfore attaching the vertex
electrode and then again after attachment of teigrede. The impedance should
be less than &k and the difference in resistance values betweerekctrodes
should be less than &k If values exceed these limits the electrodes Ishba
removed and the skin preparation repeated befecheaeking the impedance.

6. Insert earphones are deformed and inserted integheanals; once inserted they
will relax back to their original shape to ensur@aod seal is achieved. The
colour coding system ised wire to theight ear and the blue wire to the left ear.

7. The electrode leads are plugged into the amplibex according to the
configuration in use (refer to section 1.3.3). Oralk of the electrodes are
attached and the impedance is satisfactory, thea@scommence.

8. The incoming EEG waveform is observed from theaserecording, which gives
an indication of the state of relaxation of theigratt this is monitored throughout.
The test continues with an 80dBHTL signal and 40d@Bldontralateral mask.

9. Each measurement is repeated twice to ensure adyilégt If the traces are
unclear or unrepeatable, the electrode impedanceshe relaxed state of the
patient is checked. Once all the tests are contpletel verfied by the operator,
the electrodes are removed, electrode sites amdvapd the patient is free to go.

10. The waveform features are then labelled and thelateslatency of each wave
noted along with the amplitude of waves | and Ve Oata is then compared with
the normative reference data, this deviation isligéted in the report sent to the
consultant.

The patient must not have discharging ears or abalitres to the external ear that
would cause discomfort or pain as a result of #m.tThe patient must have a
developed CNS, understand the instructions andleeta sit still for up to one hour.

To reduce myogenic artefacts, the patient is iegtdito relax and remain as still as
possible. The test is conducted in a soundprooftibdo reduce external noise
influence. The room is darkened to aid relaxation.



1.3.4 Artifacts and sources of error

The following situations may occur to cause falssaaurements, generate artefacts or

limit data quality and repeatability:

Discharging ears, immature CNS, patient on medinati
Incorrectly placed electrodes
Measurement system tampered with by patient or care

Hardware fault — component failure or damage, lbnedeads or connectors
Filters incorrectly set — signal filtered out.
Capture window incorrectly set — signal occurringstde frame
Incorrect stimulus type to elicit a response fat tpatient group
Signal masked in myogenic artefacts, if the patiemibt relaxed
Headphones incorrectly placed
No signal expected, patient incorrectly referred tiest, unusual anatomy (path

from neural generators to electrodes), subjectnadyais of ABR graph

Of particular concern are:

Table 3Key faults in electrophysiological recording

Fault Cause Identification Correction
Poor skin-electrode
contact, either through | ¢ This fault can be
dry and flaky skin, poor identified in * Greater attention to skin site
adhesion, a bent and ECG for preparation.
Unequal faulty electrode or from example by a
the electrode part-falling| baseline drift. » Use of a conductive gel.
electrode o .
impedances off. T.hIS WI||.I’eSU|t in _ _
differing mains coupled | « Animpedance | « Stronger electrode adhesior
voltages at the skin- check will — tape. Use of different
electrode sites, which will  quantify the electrode tip type.
be amplified by the problem.
differential amplifier.
* Remove sources of noise —
. . switch off items if not in use
Noise induced in EEG remove to another room, or
Iez_ad_s apd htslrdwatr)e, « The signal will ensure good earthing of
:Irtlasé?r?carloerz?q.u?sri:en){c not appear in_ thg external equipment.
_ fluorescent lighting ;)ther data !f the noise | Reduce eleptrode lead
Signal lost patient-worn devicés floor is too high. | lengths. TWlst electrode
in nois_e nearby mains circuits’, leads to introduce \_/olta_ges
(low §|gnal current paths across other’ S|gna_|s cou_pled 18Fout of phase with signal
to noise : : to mains noise | ¢ Segregate lead types (powe
. people or items in the )
ratio) are characterised from data)

room such as beds or
diathermy equipment as
in the case of
interoperative
monitoring.

by a modulated
data-noise
signal.

* Use an amplifier with a
higher CMRR or a filter with
a tighter bandwidth

* Introduce active filtering,
cable shielding, equipment
isolation.
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1.4 PROJECT - Late latency response for neonatal heing screening

Objective | was asked to look at how to elicit a late lateoortical response through
a hearing aid, for neonatal screening. | was gifre@ days and provided with a
Siemens Prisma Pro hearing aid.

Background: A need arose from the newborn hearing screeningramme for an
objective technique to fit and evaluate hearings dok young paediatric patients.
Since babies are not mature enough to respondetpute tone audiogram protocol
the ABR is currently used to assess the hearinbisfpatient group. ABR is an early
latency response that presents short duration Btichioks and tonebursts to the
patient; this is not the stimulus type that heamds are designed to manage. High
amplitude click stimuli artefacts emerge from thignmphone electromagnetic pickup
during testing. One alternative currently in usdoslicit an ABR response from a
free field, however this is subject to the inacciga of potentially uncooperative
patients moving within the free field. The stimulejuired to elicit a late cortical
response is longer than the ABR stimulus, thus daeduce unwanted transient
effects in the DSP circuitry, improve the signalmise ratio and eliminate the
associated free field errors from the test. Nétaypical ABR stimulus is a 100us
click with 49.1 Hz pulse repetition rate. A typiaadrtical stimulus is a tone burst with
a 10 ms rise time, 60 ms plateau and 0.25 — 0.Butse repetition rate.

Method: | proposed that during clinical operation, theticat stimulus be presented
to the digital hearing aid through a direct inpbes, and then to the patient through a
calibrated ear insert coupled to the hearing aigl.a€hieve this, a connection is
required between the Biologic Navigator Pro stimaiitput to the hearing aid.
Modern digital hearing aids can be fitted with eedt input shoe (DI shoe), which is a
plastic interface that permits direct audio conioecfrom the user’'s media player or
for communications with a contra-lateral hearingl. ai contacted Siemens UK
Hearing Aid Division and was directed to a commara@ompany called called
Connevans Ltd, which produce leads for consumetsth& same time | made
enquiries with an online hobby group known as “hepraid hacks”, devoted to
hearing aid modifications. The DI shoe received@anse voltage data using two of
three pins (Pin 1 DC - 0.9 Volt signal, Pin 2 NEx 3 Ground, large diameter pin).

The connection out of the NavPro stimulator isemgard PS2 mouse connector with
3 pins in use (stereo signal and ground). | meadstire full scale output from the

stimulator with a digital oscilloscope and foundatbe a DC voltage level varying

from 0 — 0.8 volts, which was suitable for a direghnection to the hearing aid, with
the inclusion of a 330 (k current limiting resistor as suggested by Sieméns.
produced a cable for use with two hearing aidsp@sthe schematic below) and
mechanically turned the connector housing to shieNavPro case.

left Voo GND .
3.5 mm stereo jackout fight Voo GND

out
or PS2 connector
330k

|

330K2

Figure 9 Direct input cable, left to right: wiriiagram, completed cable, direct input shoe

11



Calibration: Calibration is required to ensure that the stimyussented to the ear
conforms to the standards required by the tesopobtbeing enacted. (For cortical
evoked response audiometry stimuli standards appli@eonates see Appendix A).

The block diagram shows the complete setup | sugdefr development and
calibration. Non-standard connections that requaeditional work are shown in red
and described in further detail. The stimulus isegated by the NavPro and presented
through the hearing aid. The electrical output sasured with an oscilloscope and
the acoustic output is measured through an agifear using a Bruel and Kjaer 2260
investigator sound level meter. The stimulus shegrethen be modified with either
the NavPro, or by the hearing aid DSP, which caprbgrammed using an Aurical.

Hearing Aid
Programmer (Auricle) [~ ; ;
4 H(es"’.‘gl:]%r?éd b Acoustic coupler
g ol g (Artificial Ear)
/l ABR Stimulus | 4 prisma pro,
PC L generator Direct audio
input shoe Sound level meter
(Biologic
‘Navigator Pro” (Bruel and Kjaer
2260 Investigato

c

\ 4

Digital Oscilloscope
(Picoscope ‘ADC200/20%)

A

Figure 10 Proposed hardware setup for developnmehtalibration

Hardware connections:
a) Custom direct input cable (described above)
b) A section of non-compliant tube connects the ouipiuthe hearing aid to the
acoustic coupler
c) | contacted Bruel and Kjaer and proposed three odstiio extract data from the
sound level meter:
1. The B&K propriety RS232 interface, which could bsed with a terminal
emulator such asyperterminalto transfer block data to a PC
2. An analogue output primarily intended for a DAT eéawhich could be read in
real-time with an oscilloscope
3. A custom RS232 interface, which would require wgtia program in NI
LabVIEW for example, to read data in real-time

The Aurical (pictured right) is a hearing aid
programmer, used clinically to adjust the frequency
response and hearing aid characteristics to dwate t interface
patient. An electrical connection is made to the /

hearing aid DSP circuitry and the loop is closed

with an acoustic coupler at the output. A small :
anechoic chamber is provided for testing. To &
ensure a linear response in preparation foi

calibration, | used an Aurical to flatten the hagri Acoulse“c\ AT
aid frequency response and switch off compressﬁl up chamber

and speech processing algorithms. Unit under test

MS Windows
compatible PC
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Discussion:| presented a method for eliciting a cortical wsge through a hearing
aid and produced a direct input cable. But gives tilght time constraints of the
project, a number of tasks are required to brirg niethod into clinical practice.
These include completing the calibration, carryiogt a risk assessment and
conducting a validation trial of normal subjects.

15 PROJECT - Normal ABR Database Update

Objective and Backgroundl was asked to collect auditory brainstem respataa
from a population of people with no reported hegupnoblems, in order to update the
database currently used by the Audiology DepartraeQueen Mary’s Hospital. An
ABR database provides a normal reference with whithcompare the patient
caseload. The database used at Queen Mary’'s Hogg@taproduced in 1993 and
reports mean values for the absolute latency ofkpda Ill and V, and the
interlatencies for I-lll, 11I-V and I-V, for the lcal population (Table 4).

Table 4 Current normative ABR database

Absolute peak latency Inter-peak latency
I 11 V 111 I-v -V
Mean values (ms) | 1.59 3.67 5.87 2.22 1.94 4.44

Subjects | recruited 11 adult subjects with no reportedrimgpproblems, in the age
range 25 — 49 years, from colleagues within St Ga&srHospital and Queen Mary’s
Hospital. See Appendix B for the subject informatgheet. The test is an audit of
equipment so no ethical approval was required byd8aorth Primary Care Trust.

Contraindications No history of neurological hearing disorders, manitus, no
noises in the ear, symmetrical hearing, no histdrgar infections, perforations or
middle ear effusion.

Method | produced the following protocol and carried it @uth each subject. | was
observed by the Senior Audiologist for the firsbjgat tested, in order to ensure the
data quality conformed to the existing database.

1. Seat subject and explain test procedure, check sfabuter ear with otoscope.
Instruct subject to relax and remain as still assge.

Otoscope safetyAn otoscope (pictured right) is a devi
used to examine the outer ear and tympanic membr
consisting of a lamp and detachable speculum. It™
important to ensure a sterilised speculum is usedeéch
patient ear. Insert slowly, avoid compacting cemnaad
contact with the eardrum. Consider the possibility
abnormal canal geometry.

2. Enter subject details (name and date of birth) ihéodatabase

3. Clean electrode sites usinuprep water based gel and an abrasive pad if
required. Allow to dry. AttacltAmbu 720disposable electrodes to the following

13



10.

recording sites: Channel % F A;, Channel 2 F— A, Common ground ;. F;
was chosen in favour of the vertex site)(t® ensure a low impedance across the
sample population.

Plug electrode leads into the amplifier box acaugtii:

Left

()

Riaht ear ABR

+: Left ear ABR

Check electrode impedance using the Bio-logic ABRware. The impedance
should be <5 and the difference in resistance values betweerekbctrodes
should be <2&. If values exceed these limits repeat electrodpgmation and re-
check the impedance

Individually place the TDH39A headphones over thenp of each ear and
tighten headband to rest of vertex. With red warghe right ear and the blue wire
to the left ear. Check with the subject that they satting comfortably. Re-check
electrode impedance

Set stimulator and capture parameters:

vy
Y

Stimulator (headphones):

Auditory stimulus: Click 10Qus (10 kHz)

Intensity: 80 dB nHL

Polarity: Alternating

Stimulation rate: 27.70 Hz

Masking: Contralateral white noise @ 80 dB SPL
Averager:

Input structure: Ch1&2, direct

Analysis (epoch) time: 10.66 ms

Stimulus delay: 0%

Artefact rejection: 15.8Vv

Sweep limit: 2048 (more if necessary to enhdraee)
Low filter (high pass): 100 Hz

High filter (low pass): 1.5 kHz

Amplifier Gain: 150,000 (adjust if required to x300,000)
Display gain: Adjust as necessary to maximise Vawe definition,

although all traces should be at same display gain
for reasonable comparisons to be made.

Commence test. The incoming waveform is observedh fthe high forehead
recording, giving an indication of the state ofaredtion of the patient. Observe
the number of artefacts. If artefact number ina@eastop test and re-check
electrode and headphone placement and state ehpafibserve the shape of the
averaged signal as it forms to assist in deterrmittie location of the peaks
Repeat test a minimum of three times for each eardpeatability, alternating
the ear receiving stimulus

Identify waves |, Ill and V and record the bestethrtrials from each set of
repetitions
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Results Figure 11 shows a typical example of four trialsuaprocessed ABR data
taken from one subject. Note the increase in aogsitat 10 ms represents noise
originating from the posterior auricular muscle.eeSAppendix C for individual
subject data.

nv

Figure 11 Representative sample of unprocessed data

The following peak and inter-peak latencies wer¢emheined from the sample
population (Table 5).

Table 5 Summary of group ABR results (n=11, 3 gatats of smoothing)

Absolute Latency Inter-peak latency

I 11 \/ I-111 -V -V
Mean 1.36 3.69 5.94 2.38 2.26 4.58
Min 0.17 2.08 5.58 1.17 1.75 3.50
Max 2.33 4.29 6.45 4.00 4.25 6.04
SD 0.67 0.41 0.20 0.78 0.44 0.73

Discussion: In comparison to the existing database, the gseat#ference is an

increase in peak IlI-V interlatency of 0.32ms, a@iher variations are fractions of a
millisecond (a decrease of 0.23ms in peak | later€y02 Il latency, +0.07ms V

latency, +0.16ms I-1ll interlatency and -0.14 md-M inter-peak latency).

Despite being capable of high resolution data idiogr the Biologic NavPro software
has a graphical resolution of 0.04 ms, but reptotswo decimal places. This
manifested as number preference during the regpoptiacess, for example: A sample
of peak v latency data appeared as: 5.87, 5.87, 5.91. This was problematic when
identifying sharp peaks, but not an issue duringicdl use where discrete thresholds
are observed. | smoothed the data with a movingageealgorithm using 3 data
points, to see if peak identification with smootpeaks affected the mean latency of
peak v. Smoothing reduced the group mean by 0.04hmglata are not interpreted to
this precision.
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1.6 CASE STUDIES
1.6.1 Case Study WM — Acoustic Neuroma (ABR)

WM is a 56 year old female with a history of praggwe bilateral hearing loss,
tinnitus and vertigo. Pure tone audiometry demawstt an air-bone gap and loss of
55 — 70 dB throughout the speech range. She wasredffor auditory brainstem
response testing for assessment of her otoneucalogathway. AF,, A,-F, were
assessed using a dual-channel amplifier with tHewiang parameters: 150000 gain,
100 Hz HP filter, 3000 Hz LP filter, 10.24 ms wimdo 2048 averages with
approximately 30% rejected as artefacts.

Results The following sample is representative of thepoese obtained at 80 dBnHL
(Figure 12 left). Absolute latencies are: 1.98 (evdly 3.58 (lIl), 6.32 (V). Interpeak
latencies are: 2.14 (I-111), 1.69 (111-V), 4.08 \4).

Li 80dB,L
|
/‘ﬂh\ A3
\"
Li 80dB,L
A4
T T T T T T T T I I
Latency 2.00 ms/div Latency 2.00 ms/div

Figure 12 ABR test result (left ear ipsi-later&jght: Typical normal ABR waveshape

Conclusion: The data are indicative of an acoustic neuroma. ABR waveshape
lacks the definitive peaks that can be seen inntbemal population, a normal
response is shown for comparison (taken from the aetabase). Notably, there is an
absence of peaks IlI-1V bilaterally. Peak V laterynuch slower than normal. Queen
Mary’s Hospital use an absolute peak V latency.@26ns as a threshold for further
investigation.

An acoustic neuromdor vestibular schwannoma, shown as
white mass in the MRI scan) is a benign slow-fogriimtracranial
tumour. They are formed by the schwann cells thed the
eighth cranial nerve and compress against the neausing
vertigo, hearing loss and sometimes pain. Curregatinent
options include observation, microsurgery and rédxi@apy.
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1.6.2 Case Study JP — Otosclerosis (adult hearingsessment)

History: JP is a 35 year old female suffering from gemgnabor hearing levels was
referred to the Audiology Department by her GPHearing tests. The patient’s case
was listened to by an audiologist. The procedureewexplained to her as the process
developed.

Pure Tone Audiometry (PTA)A GSI Clinical Audiometer was used with a tone
stimulus to test the air-conduction response franth kears. This was followed by a
bone—conduction pure tone test. The test startddthe better hearing ear (according
to the patient) at a frequency of 1000 Hz, follovizyd2000, 4000, 8000, 500 and 250
Hz. The first ear was retest at 1000 Hz, if thesevalue was more than 5 dB more
acute than the original value, the next frequerscyetested and so on. The more
sensitive threshold is taken as the final valuee dpposite ear is then tested in the
same order. A poor left ear threshold can be semn the audiogram (Figure 13).
The right ear was then masked with a narrow bamsergignal through a headphone,
whilst a left ear bone conduction test was repeaftats was done to mask any signal
conducted across the skull and isolate the earruade

= [ e ! ! BE
L 1 L I AC: 0 I L L
4 I } | : 0= Right : i
10 e : . %= Lok 10 i
20 —C)—ﬁ’ A t s 20 —"’} 4
30 3 ?0\ L . B.Cunmasked 30 i ¥
i 00 A=LeflRight 0 = NN
1 | 1 | 1 i
50 ‘ ‘ . ‘ B.C. Masked 50 | ?
60 T 1 7 1 [=Right 60 ! i
70 A 1
1 | 1 | 1
i | ! ’ | LDL: - |
ok e J=Let o T ;
100 ~ ‘ J ‘ L = Right 100 i | |
110 1 ——1 | 110 | i
120 e 120 —t- bt
| et | | |
125 250 500 1000 2000 4000 8000 125 250 500 1000 2000 4000 8000
Frequency (Hz) Frequency (Hz)

Figure 13 Air conduction (left) and bone conductamiogram

Tympanometry A GSI33 Middle ear analyser was used to assesmbmame
compliance. 46% reduction in compliance can be seetne LHS compared to RHS,
indicating a stiffer mechanism somewhere betweengathe ossicle chain from the
oval window to the tympanic membrane. This is supgabby a slight reduction in
middle ear pressure.

Ear canal volume i ml | : Ear canal volume 3 ml KEY
Maximum compliance J_}_ mil/mho Maximum compliance &7 ml/imho :
Middle ear pressure Ao daPa o Middle ear pressure 4S5 daPa Y/BIG P
Comments Comments ]

Figure 14Tympanometry results, right ear (right)
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Acoustic reflex thresholdsThe acoustic reflex thresholds were measuredfeunid
not to be present at the test threshold of 110dB.

Y/B!G Probe - Right Y/B/G Probe - Left
- 500 Hz | 1 kHz 2 kHz 4 kHz 500 Hz I 1 kHz 2 kHz 4 kHz
A Ipsi (d8) | _R Ipsi (B) MR .4_
1o o 9
1
> Contra Na Contra N4 4
| @8 | e (¢B) o <

Legend: NR - No Response

Figure 15Acoustic reflex results, right ear (right)

Diagnosis The notes and reports from all tests were settt wie patient to the

Consultant for a diagnosis. A suggested diagnasistosclerosis. Otosclerosis is a
sclerotic plaque part-fusing the ossicle chain gahebetween the stapes and the
oval window. From the audiogram: a 2kHz charadtierisotch present on the bone
conduction trace is indicative of a middle ear agriwn loss, this is called the
Carhart notch [6]. There is also a bone-air gap shi@gests a conduction problem.
This is supported by the tympanometry results &ecabsence of an acoustic reflex.

It is likely JP will receive a computed tomograpggan to determine the density of
bone growth around the oval window. If otosclerosisconfirmed the surgical
treatment involves the replacement of the stapea stepedectomy. This is a 45
minute procedure were entry to the middle ear iseghfrom behind the pinna.

Discussion This case is a good example of how a conclusem lee drawn from
complementary test data. Individually the tests Moot be as informative. The test
results are collected on, and presented to theddagical Physician as, a single sheet.

1.6.3 Case Study CT — Neonatal hearing screening

A neonatal screening program has been in placé @e&rges Hospital for two years
now. Newborns are screened on the wards by a w®ahnusing an automated pass-
fail handheld ABR device. Any baby who fails thest is invited to the Audiology
Department for a more in-depth analysis. The pitesgrpatient failed the test and
came to us, accompanied by both parents, six wiedksving the initial screening. |
assisted an audiologist to measure the baby’'s aiostic emissions (OAEs) and
ABR.

The procedures were explained to both parents. mhther held the baby and
encouraged him to sleep. Electrodes were placeth@mmastoids (Aand A) and
vertex (G). A Bio-Logic Evoked Potential System was used dapture the
conditioned data, as shown below. Data for thetrggr (A — C) is not shown
because it is almost identical.
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BIO-LOGTIC EVOKED POTENTIAL REPORT

AUDIOLOGY DEPARTMENT
ST. GEORGE'S HOSPITAL
LONDON UK SW17 OQT
020 8725 1880

Patient: Born: Age: 6 week(s)

Address: File: ID #:
Physician:

Phone: Date: 11/08/06 Operator : SK

i v L,34dB
A W S i CaidB

A3 y P % X a5 NG ———

¥ L,24dB

A5 10 o TR e e " L e e B g

= o] s e LSS S MR ALl Vo
AD SRV ~———— e~

A7 250V e A e

LATENCY 2.00 ms/div
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1E JE1Y ALATHE Iv v VI It AT/ RE 1
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A2 8.42
A3 8.97
A4 8.97
A5 9.44
A6 9.44

INTERLATENCIES (ms)
I 1EIR3E 1k I v
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Figure 16ABR results for left ear (A— G)

According to NHS Newborn Hearing Screening Progranpmotocol, the test aims to
identify the presence of a response, not a thrdsffdl The response in this case is
confirmed by the presence of wave V. The slow keyeperiod of approx. 8ms is
typical for a developing ear, since at 6 weeks &enerve mylination is still
underway. This figure will reduce by 2-3ms as neprapagation improves. An OAE
ear insert was then placed carefully inside bothcamals and the fully automated
“Otodynamics EZ-Screen” OAE system demonstrasteptesence of OAEs at 1.5 -
4kHz. Finally, the parents were questioned to aaeif there were any conduction
problems. Along with the presence of OAEs and aiRA®Bave V the baby passed his
first hearing test. The actual measurements tofdwaminutes to complete but the
assessment took approximately two hours becausédahg frequently woke and
removed the ear inserts and electrodes.

19



1.6.4 Case Study GW — Adult hearing assessment

History: GW is a 31 year old male referred to the Audiol@pgpartment by his GP,
complaining of hearing loss and a sense of fullielsgerally, which was greater in
the right ear. He was seen by the Consultant Aadioal Physician, | attended the
consultation. A history was taken. As a result eisonal flu and a poor ability to
equalise pressure GW has a history of otitis madié frequent build-up of fluid in
the middle ear, which has led to perforation ofhblympanic membranes. The recent
perforation had healed and he was taksulfradex(a sterile solution) to clean the
outer ear of cerumen. Examination by otoscopy skoaeeddened eardrum and
scarring where the perforation had been. The Piaysiceferred him for a
tympanogram and a standard adult pure-tone audigrtextt which were conducted
within the same day. | attended both hearing &@stisconducted the tympanometry.

Pure Tone Audiometry ResultsA PTA test was conducted with a tone stimulus to
test the air-conduction response from both earsceSihe patient presented with an
unresolved problem which has recurred for a nunabgrears, | accessed the notes
and produced the following summary of audiometisutes (Figure 17). 13 samples

were collected over 24 years (from 1982 to 2006).
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Figure 17 Summary of pure tone audiograms fromexats/

Table 6 Standard deviation across test frequencies

250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
Right Ear 5.16 6.25 4.80 3.76 5.36
Left Ear 6.58 7.20 5.76 3.80 4.94
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Discussion There is a bilateral loss of approximately 15 HBL, with a poorer
threshold in the low frequency range. This recesit presented the patient’s greatest
loss of -30 dB HTL at 500 Hz bilaterally and thesbeesponse at 4000 Hz bilaterally.
A loss of 25-39 dB is regarded as a mild hearirgg.|dhe mean values suggest GW
only dipped into a mild, and possibly temporarysloscently. The greatest variation
in measurement has also occurred bilaterally, @& 300 Hz range and the lowest
variation in the 2000 Hz range. Curiously thesekpaa sensitivity correspond with
the peaks of the equal loudness contour (see Appdnd There may simply be a
pathological cause or it could suggest that the edghting filters used by the
audiometer to conform to the equal loudness contmernot fulfilling their function.

It would be interesting to compare audiometry Jality data retrospectively, over a
large population group. GW was advised to practoeldle ear equalisation
techniques to reduce the incidence of fluid buitd-u

1.7  Safety

Two major patient safety concerns exist in terms anfdiological activities:
outer/middle ear damage and electric shock risle délicate tympanic membrane
(0.2mm thick) can easily be perforated if a foreapject impinges on it. This could
be a cotton bud, an otoscope tip, an ear inseahgthing else placed inside the ear
canal. To reduce the risk of a perforated eardrmmeormal anatomy should not be
assumed. For example: a short external meatus ctadeive a cotton bud wielder.
The ear should be approached with care and paoemeration.

High pressure exposure for an extended duratiofrazn a short loud burst can
perforate the membrane and/or cause damage to téheoallia (noise induced
hearing loss). To prevent this occurring, all stinpuesented to the ear are calibrated
according to British and International Standards. ¢farity, that range of standards is
not included here. The reader is referred to treekent online guide to audiometric
calibration and standards produced by The NatiBhgkics Laboratory [9].

Electrodes used to record a response from evolsd templete an electrical path
from the patient to the amplifier and filter bokeh to the PC and the 50Hz ring
mains circuit. Risk of a macro-shock will increaga fault condition occurs. AEP

equipment is therefore classified as patient comte@quipment and given the
designation “Type B, Class I". A type B device iseowith an external or internal

connection to the patient, except direct cardiaonegation. A class | device is

equipment that is earthed and has a fuse in the Jive. To satisfy designation

criteria, the device must pass the following satests, which quantify the means of
potential device failure and current paths frommadb patient, or patient to device.
See Chapter 5 for a deeper coverage of electiadetys

More than 60,000 NHS staff were physically assaulig patients and relatives of
patients in 2005, one assault for every 22 NHSf $1df]. St George’s Healthcare

NHS Trust has a policy in place entitled “Prevemtamd Management of Intimidation
and Violence (Including exclusion/withholding ofeatment)” [11]. This aims to

reduce incidence of assault with a series of gindsland progressive courses of
action, leading to the exclusion of the perpetrdtorless admitted on emergency
grounds). The key here is good communication armpetion with the patient;

however psycho-social background is not alwaysr ¢te¢he clinician.
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2. RESPIRATORY FUNCTION

2.1 Introduction

The placement proceeded to six weeks within thegLEanction / Sleep Studies
Clinic of St George’s Hospital Chest Clinic, duringhich time | carried out
assessment of respiratory function for in-patieat&l out-patients. Five Clinical
Physiologists conduct lung function tests on appnately twelve patients per day.
The respiratory tests include: spirometry, bodyttplemography and single breath
carbon monoxide diffusion testing. The unit alsovle a home sleep study service
for patients suffering obstructive apnoea. Outgyds are typically referred to the unit
by their GP, suffering from shortness of breathp&tient cases may include pre-
operative assessment for the validity of anaesdreministration and repeat referrals
for drug impact assessment, such as chemotheragg.dfhis chapter describes the
experiences met within the clinic. The measurenhgmgs covered lung volumes and
gas flow.

To appreciate the role the department plays inGbemunity, attention is now paid
to the anatomy and physiology of the patient groups attend the clinics.

2.2 Background

The respiratory system facilitates the intake ofgen and emission of carbon dioxide
for the purpose of metabolic energy conversion J2je conducting portion (nose,
pharynx, larynx, trachea, bronchi and bronchiofes)litates the mechanical flow of
gas (78.6% nitrogen, 20.9% oxygen, 0.04% carboridkoand water vapour) to the
areas where diffusion occurs [3]. The respiratamgtipn consists of the tissues at the
blood-gas interface, where external respiratioesgidace. The cycle is completed at
systemic capillaries during internal respiratiomrfBsion is the supply of nutritive
arterial blood to capillary beds.

Sinuses

Pharynx
Larynx
Trachea

Bronghial
tube

Figure 18Respiratory system with detail of respiratory panmti

The forces driving gas around the system include draphragm and intercostal
muscle activity, varying the relative volume (anenbe pressure) of the lungs in
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relation to ambient pressures; the relative papiabsures of the gases at the blood-
gas interfaces and the mechanical action of tloelleitory system. Accessory muscles
recruited during forced ventilation, include theerstocleidomastoid, scalene,
pectoralis minor and abdominal muscles. The ra@rbw and the amount of effort
required for breathing is influenced by alveolarface tension, compliance of the
lungs and airway resistance [12].

The following common parameters are recorded fra@tiepts attending the clinic;
they describe lung capacities and volumes [13].

Table 7: Nomenclature of lung capacities and vokifeapacities are combinations of volumes)

Typical average

Variable Description values (ml BTPS)
Male Female
Inspiratory reserve Maximum volume of gas inhaled. From
) A 3100 1900
volume (IRV) tidal volume to end-inspiratory level.
Tidal volume (W) Vqu_me_ of gas moved during normal 500 500
ventilation.
, Maximum volume of gas that can be
Expiratory reserve . .
volume (ERV) expelleq following a normal tidal 1200 700
exhalation.
. Anatomical volume of gas remaining
Residual volume (RV) following maximum expiration. 1200 1100
Inspiratory capacity | Maximum gas volume that can be inhaled
(IC) = V1+IRV 3600 2400
, . Volume not employed during normal
Functional residual | ;12 eathing 2400 1800
capacity (FRC) — ERV4RV
Vital capacity (VC) US(_afuI volume, total lung capacity minus 4800 3100
residual volume.
;I'T()E%I)Iung capacity Sum of vital capacity and residual volume 6000 4200

Reference normal indices: To aid the objective assessment of lung function,
reference values are used in comparison with pgatiata. The reference data is
internationally recognised and has been collected a number of years from studies
carried out on subjects who were non-smokers, witlpoevious disease that would
have affected their respiratory function. The testd equipment used was similar to
that employed today. The data is distilled in regren equations with a mean and
standard deviation, incorporating factors such @, &thnicity, height, weight and
gender. A range of these indices can be found peAgix E.

Note: - Volume measurements are quoted at Body Temperatdressure and
Saturated with water vapour (BTPS).
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The range of lung function variables demonstratadind defined breathing
manoeuvres, such as tidal breathing, forced ingpiraand forced expiration; can be
seen on a spirograph (or spirogram).
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Figure 19 Spirogram showing lung capacity and vawemges

2.2.2 Respiratory disorders

Respiratory disorders generally present as modiibica to the depth and frequency of
breathing manoeuvres [14] and can be placed into d¢ategories: restrictive and
obstructive.

Restrictive cases limit expansion of the lung vadsiiung compliance is reduced and
stiffness is increased. Greater pressure is rafjicaitilise a given volume increase
[15]. Examples include: inspiratory restrictive ¢urdisease such as: pulmonary
fibrosis, pleural fibrosis or effusion and diaphrajic weakness. In these cases
inspiratory reserve and tidal volumes are reducefrésenting shallow breathing).
Expiratory restrictive lung indications include shig, pregnancy, weakness of
abdominal musculature, during which expiratory resevolume is reduced [14].
Skeletal deformities such as kyphosis and scolwamnsrestrict lung movement.

Obstructive cases present obstructions to the fddvgas through the conduction
pathways. This causes increased resistance and here work required to ventilate.
An obstruction may not be evident in normal or skisep breathing since it may have
the characteristics of a frequency dependant fhedtance. This will become evident
by raising the frequency during forced ventilati@sts. Residual volume is greatly
increased and compensated for by an increasedat®y reserve volume. Examples
include: Tumours, chronic bronchitis (mucus plugginchronic obstructive lung
disease (combined chronic bronchitis and emphysess#)matic or allergic reaction,
damage from pneumonia, pneumothorax, pulmonary roadeleural effusion or
tuberculosis [16]. The breakdown of alveoli from ghysema is considered to be
obstructive.

Disorders of the circulatory system reduce thecigfficy of perfusion and internal

respiration cycles. For example: heart failure,npadary embolism, pulmonary
hypertension and anaemia [16].
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The Lung Function / Sleep Studies Clinic have thests at their disposal:

» Spirometry (mechanical function)

» Total Body Plethysmography (mechanical function)
» Single Breath CO Diffusion (gas exchange function)
» Bronchodilator Response (airway function)

» Actigraphy (sleep studies)

* Pulse Oximetry (sleep studies)

* Semi/polysomnography (sleep studies)

2.3 Spirometry

Pathologies alter a combination of lung volumegqac#ies or gas flow parameters
and as such a range of physiological measurementsaaried out on patients referred
to lung function clinics. Spirometry is the mostnuoonly used test [17]. The

following clinically relevant variables are of imést during spirometry testing [13].

2.3.1 Physiological measurement variables

Table 8 Summary of variables used in spirometrirtgs

Variable

Definition

Clinical Significance

The volume of gas | Low FEV; indicates
FEV; - Forced expiratory Litres explr_ed as quickly as obstructive d_|sease.
. possible in 1 second Normal or High FEY
volume in one second | (BTPS) . . L . -
following maximum | indicates occurs in restrictive
inspiration. disease.
FVC can be reduced in both
obstructive and restricted
The maximum cases. For some cases of
volume of gas that | obstructive disease a hormal
FVC - Forced vital Litres can be expired as F\_/C can be recor(_jed but
. rapidly as possible | will take a longer time to be
capacity (BTPS) g .
following a achieved.
maximum
inspiration. If FVC is low but FEV and
FET are normal, restrictive
disease may be suspected.
Percentage of vital | Normal in normal or
FEV./FVC % capacity expelled in| restrictive cases.
1 second. Lower in obstructive cases.
FET - Forced expiratory T|m_e taken to Longer if obstructed. Shorter
. Seconds achieve a full forced| . .
time . if restricted.
expiratory volume.
Peak flow rate Decreased in obstructive
PEF - Peak expiratory | Litres/sec | during a forced - o
) cases. Normal in restrictive
flow, or peak flow rate | (BTPS) expiratory .
cases. Subject dependant.
manoeuvre.
Peak flow rate
PIF - Peak inspiratory | Litres/sec | during a forced Lower in both obstructive
flow (BTPS) inspiratory and restrictive cases.
manoeuvre.

25



Flow volume loops:Volume and flow can be plotted against each othdrsince one
is a derivative of the other, the curves join tonfa loop, the volume-flow loop. The
following is a presentation of a typical normalaicapacity manoeuvre, from a rapid
inspiration to maximum inspiratory capacity, follesvby a maximal effort expiration
to maximum expiratory level.

Flow (L/s) 4
10+
(" PEF |-
g FERs1-1----- ,
= < I :_é__ Maximum
o FEFSO '
0 ! ! voluntary
FEF, : : expiration
5rf{--—-—--- t----- t-----
| | : Volume (L
S0 ——t—— ,\ : — .
c 5 vo4 o 3 ! 2 1
9 1 ] 1
@ : : :
= >
c FIFsoH------ - Sme— | PIE
= FVCes pvc,, FVCrs
- FvC S RV
TLC .

Figure 20 Flow-Volume loop for forced vital capgaihanoeuvre (typical values)

A number of parameters are used in conjunction withume-flow loops, for
example: Peak Expiratory and Inspiratory Flows (PEIF) and subdivisions of those
at specific volume percentages (REFFEFRs, FIF;s etc), Forced Vital Capacity
(FVC) and volume fractions of FVC at specific tinméervals (FEV, FEV; etc). The
shape of the loop can immediately provide a visndicator to pathology [18], for
example:

Flow (L/s)

Peak expiratory flow Restrictive lung Peak expiratory flow is

A .
Obstructive i . .

and FEhs.7s are reduced 10 lung diseases dlseaie/ slightly increased as a

as a direct result o result of a compensatory

airway obstructiot . increase in initial effor

TLC and FVC decreaseas a
result of the decreased

effective lung volume, this is
characteristic of a restriction

FER, becomes < Flf
dependant on patient effort.
A concave slope s
characteristic of obstruction

FVC decreases as gas VOllJlmi L)

is retained as a residual 0
volume, as a result o s
reduced expiration

RV decreases as a result
of the pathological caust
TLC increases as a result (for example, a reduction
of increased compensatony| RV increases as expired air is unable| in thoracic volume in
lung expansiol to escape, leading to gas trapping kyphoscoliosis)

D
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From the percentage of gas flow forced out duringoree second expiratory
manoeuvre, it is possible to devise a simple diatiadeuristic [18]:

Is FEV,/FVC < lower limit of predicted > No

Yes

v

Assess severity afbstruction using

% predicted FEV; No
Asthma l

Mild obstruction > 80 % : —
Moderate obstruction 80 % to 60 % Splrometfy \_Nlthln
Severe obstruction <60 % Normal Limits of

Reference Values

COPD (post-bronchodilator)

Mild obstruction > 60%
Moderate obstruction 60 % to 40 %
Severe obstructio < 40%

If FEV/FVC is below 2 standard deviations (SD) of theerefice normal an
obstruction is suggested because an obstructiampgding the flow rate of the
expelled vital capacity. The severity of the obstian is assessed as a percentage of
that flow. Assuming FEYFVC is within normal limits and the forced vitahgacity

is below 2SD of reference normal values, a restnotan be assumed since the lungs
are not utilising the full reserve volumes.

2.3.2 Spirometry measuring equipment

A number of methods have been employed to measwsigiogical gas flow, for

example:

» Rotating vane A simple and low cost method. But the dynamicperties (vane
inertia and bearing friction) limit the operation tnidirectional gas flow and
impede the time response to fast changing flowsrate

» Ultrasonic transmitter and receiver: Placed obliquely to tlas §ow path and
determines flow rate from the changes in acouséinsimission. The devices are
expensive and assess unidirectional flow

» Thermal convectiormeasurement: Can be achieved with a hot wire ane&tsrm
where the current required to maintain a constaniperature is measured to
determine the rate of cooling produced by a flovga$, against a reference wire.
This is a unidirectional method unless multiple esirare used. However this
doesn't take into account the different thermalperties of different expired
gasses, this disadvantage is notable when trases gae expired during diffusion
testing.

» Differential pressuretransducers operate on the venturi effect by meagsuhe
pressure drop across a flow restriction. The rmsin is created by a group of
tubes in parallel, producing a laminar flow. Thegsure either side of that flow is
measured with a diaphragm capacitive or resistivesqure transducer. From
Bernoulli’s principle, the volumetric flow rate \éan be found fromP, which is
then integrated to find volume. The mesh is heatedrevent condensation
forming during expiration.
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The spirometers used at St George’s Hospital Q@iksic use differential pressure
pneumotachometers, because they are capable otirnmggbi-directional flow and
the transducer is more robust to changes in amba@ditions.

The schematic for a typical pneumotachometer isvshbelow (Figure 21). The
mouthpiece is a cardboard or plastic tube dispo$edter each patient use. Gas flows
through a filter to remove airborne bacterial am@lvpathogens before flowing the
laminar flow passes through a series of two ordlp@rallel mounted mesh screens.

) ) Anti-bacterial, anti-viral filter
Disposable mouthpleci/

l P1 - P2- =RV Heated mesh screen
— W ' : / A
- .f
_— — | L
Q. :
W Gy
P17 g [ P2
.
Differential . JV‘-dt =V
pressure —— 0
transducer
P1-P2 Vv

Figure 21 Representation of typical pneumotachomete

St George’s Hospital Chest Clinic use a “Mastee8ot produced by Jaeger Tonnies,
a brief technical specification can be found in Apgix F.

2.3.3 Calibration of pneumotachometer

The pneumotachometer is calibrated once a day.oAitve syringe is used to deliver
a fixed volume of air into the meter with an acayraf +25ml. The Physiologist
delivers differing flow rate samples of air, ensgrithat each sample has a constant
flow rate. The procedure is ended automaticallyeycalibration software.

2.3.4 Spirometry test procedure

1. Patient details are recorded: Hospital number, agéght, height, sex, and race.
Factors that could influence the measurement owt¢csch as medications taken
and smoking history are also taken into account.

2. The patient is asked to sit with an erect postur¢he body plethysmography box
or in a chair at a pneumotachometer. A new moutepiénith new anti-
bacterial/viral filter for each patient) is fitted the pneumotachometer, the height
of the meter is adjusted to within comfortable rea€ the patient. Any abnormal
trunk posture could negatively influence the outeom

3. The patient is asked to place their mouth arourednttouthpiece and create an
airtight seal. A nose peg is available to occludgoav through the nose.

4. The patient is asked to relax and breath norm#iig, provides a normal baseline
of tidal flow. Instructions for the following brdahg manoeuvre are given, the
technologist demonstrates the manoeuvre away flf@mmachine and asks the
patient to enact that process.
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Figure 22 Breathing manoeuvre (spirogram) usechdwuspirometry

5. The manoeuvre is as follows: the patient breathsalby to establish tidal flow,
then following an exhalation, a full inspiration tvimaximal effort is made to
followed by a full exhalation with maximal effoid tover the vital capacity range.
FEV; and FVC are taken from the resulting spirogram.

6. Three trials are carried out to ensure data cargigt Performing more than eight
trials is considered to produce inadequate dataegime patient begins to tire at this
stage. The data should have a maximum variatiod086 across trials, to be
clinically useful.

Infection Control: Patients with TB or MRSA are assessed at the érdveorking
shift, to minimise the spread of nosocomial infeeti. The filters and tubing are
sterilised at the end of each day.

2.3.5 Limitations of spirometry

Spirometry measures relative lung volume changedsaansuch a major limitation is
the inability to measure intrathoracic gas volum&spneumotachometer measures
flow from a pressure drop, transduction is themfaffected by the condensation
content of expired gas and requires temperatureralomhe pneumotachometer can
be placed closer to the mouth which reduces theulzdéd dead space length of
additional tubing required by volume displacemengvides. Older volume
displacement spirometers are simpler, thermallplstand robust, but are larger
immobile devices using a lower resolution charbrder and often lack the statistical
and database facilities of modern computers, alllath make them less practical in
departments with a busy clinical caseload.

Forced capacity recordings rely on patient besirefind as such are sensitive to the
patient state at the time of testing. The manoeugan be difficult to remember and
enact. | found that many patients had trouble gnigpthe mouthpiece and suppressing
the gag reflex, which appeared particularly trueciderly ladies.
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2.4  Body Plethysmography

The volume of air remaining in the lungs after eapon (functional residual
capacity) or after a forced expiration (residuduwee) are intrathoracic gas volumes
(ITGV) used to determine total lung capacity. Sirtbe spirometry test measures
relative differences in an open volume, it is ligditin that it cannot determine RV,
FRC and the TLC. Information about intrathoracis galumes is provided by a body
plethysmography (or ‘body box’) test. The patiesitpiaced within a closed box of
known volume (a constant volume plethysmographghéiter mechanism operates to
briefly occlude flow of gas between the box andgkinproviding a measurable box
volume change. Any changes in box volume are late¢he pressure changes due to
the patients breathing, this is used to determia\.

2.4.1 Physiological measurement variables

The following table summarises the physiologicalseement variables of interest
during body plethysmography testing (Table 9).

Table 9 Summary of variables used during body ptattography [13]

Variable Unit Definition Clinical Significance
Volume not din ob ,
_ employed during Increased in obstructive
FRC - Functional , : cases.
Residual Capacity Litres norma! tidal Decreased in restrictive
(BTPS) | breathing cases
= ERV+RV '
Litres Useful volume, total| Normal in obstructive cases.
VC - Vital Capacity lung capacity minus| Significantly reduced in
(BTPS) . o
residual volume. restrictive cases.
Anatomical volume . .
. Litres of gas remaining Increase_d in o bstructive
RV - Residual Volume (BTPS) | following maximum cases. _Sl_gnlflcantly reduced
L in restrictive cases.
expiration.
TLC - Total Lung Litres Sum qf vital - Nprmgl in obstructive cases.
: capacity and residualSignificantly reduced if a
Capacity (BTPS) oo
volume restriction is present.
Ratio of RV to TLC Increases in the presence Df
RVOTLC % expressed as a an obstru_ctlon. Remains
constant in presence of a
percentage -
restriction.
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2.4.2 Body plethysmography measuring equipment

The body plethysmograph (Figure 23) is essentiallybox of known volume
containing a pneumotachograph. Some additionaklumsntation is included for
calibration and measurement purposes.

Body
plethysmograph
P1-P2=RV v\ pressure
- \‘:—P i"‘"-— \
- GLAY Shutter
. P1 7 'Pz
coated i ey HIFO
closed b P'i: ° v _ Sinusoidal volume
volume o ((j;%pl?)cement piston
m

Slow pressure
equilibration
leakage tube

7

Figure 23 Representation of a Body Plethysmograph

The box is transparent for patient comfort anddstdiensure no unaccounted volume
changes during measurement. Internal box pressuraeiasured and recorded. A

shutter is placed in the breathing path after thethn pressure transducer. The shutter
is open at the start of the test and the patiezdths through the pneumotachometer in
the same manner as during a spirometry test.

Once a regular tidal breathing pattern is 1 Mouth pressure [kPa]
observed, the shutter activates at the next = 41
FRC to occlude flow of gas between the box

and the lungs. The patient is asked to breath
rapidly against the shutter. Since the glottis is

open and no gas is being transferred between

il say

the box and the lungs, alveoli pressure is : \._\_1%«:-,%\
equal to the mouth pressure. 23 ‘2% i
3 %

The mouth pressure and box volume are 4
plotted against each other, a line of best fit is
produced and the gradien/AV is taken. 3
Figure 24 shows typical samples obtained Volume shift [mi]

from this manoeuvre. Figure 24 Change in mouth pressure
against change in volume

'
(=53]
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. . . AV,
The intrathoracic gas volume at FRC is giveny(FRC) = PAP( BP j

mouth
Where:Rp  is atmospheric pressure
AVpgp is the change in volume within the body plethygraph
APmoutnh iS the change in pressure at the mouthpiece.

The derivation can be found in Appendix G.

When the shutter opens, the patient is requirgaetiorm a maximum inspiration to
fill the lungs (to My in Figure 25), followed by a maximum expiratiordaa further
maximum inspiration. This provides a measure oélvdapacity (VC) and hence
residual volume (RV), since RV = FRC 4\~ VC.

Breaths against

vol. (1) PreparatoB/\tldaI breathini closed shutter

g )
, {0
: "EP“& r;-""\L ,.r"f X |it
"""Lf i x"*‘r"” I:
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! v 1]
J FRC | ok
] RV
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Figure 25 Screenshot of breathing manoeuvre dinady plethysmography

2.4.3 Equipment calibration

| carried out three calibration protocols to engheequality of body plethysmography
data at St George’s Hospital; these are conducted a day at the start of the clinic.

» Box pressure-volume calibratianThe door is closed, the system is switched on
and allowed to settle for a few minutes to allovessures and temperatures to
stabilise. An automated pump then delivers a sidas@olume of air into the closed
box, with a peak volume of 25ml. The correspongingssure changes are monitored
and a correction factor is automatically appliedht® subsequent measurements.

Note: the volume of the box is corrected for théuute of the patient, using the
approximation: Patient volume (litres) = patientighe (kg)/1.07, where 1.07 kg
represents the average density of the human baaythis reason ‘puffer jackets’ and
other such low density, high volume clothing is omed before the test.

» Air leakage — halve value tesf small leakage hole and plastic tube is in place i

the box wall to slowly equalise the pressure beiwtee inside and outside of the box
when the door is closed. The leak does not havamgact on the box pressure
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measurement because the leakage time constantgierhihan the breathing
manoeuvre sample duration. The manufacturer caésulthat the time constant
should be calibrated to fall within 4 and 7 seconds can be done so by altering the
tube length. The calibration process involves cirapghe volume of the box and
measuring the time taken for the pressure to falhalf its initial value, this is
achieved with the calibration pump.

* Pneumotachometer calibrationts carried out with a two litre syringe as per the
protocol used during spirometry testing (see sa@id.4).

2.4.4 Plethysmography test procedure

The following procedure is observed with patientsdergoing body plethysmography
testing at St Georges. The hardware functionsefaht are automated.

1. The procedures are explained to the patient poi@atrying out the tests, they are
instructed as to what is required of them.

2. The patient is seated inside the body plethysmdgm@apd the position of the
pneumotachometer is adjusted to reach the paneoish. As with spirometry, any
slouching could restrict the expiratory capacityttté lungs and so the patient sits
with an erect posture.

3. A nose clip is provided to occlude the nose, theepaasked to grip the disposable
mouthpiece and make an air tight seal with the I§sme frail patients or people
with a very sensitive gag reflex find this diffitulue to the size and dryness of the
tube. A new anti-bacterial/viral filter is used wigach patient.

4. The patient is then asked to breath normally umtilelaxed tidal flow ensues,
during which time the volume-flow loops are plotted

5. When the Physiologist is confident that a repeatablaxed breathing pattern is
occurring, a command is sent to close the shuttireanext FRC.

6. The patient is instructed to breath in and out éwimaking rapid panting breathes
against the shutter. At which point the mouth aox pressures are recorded.

7. The shutter opens immediately after the pantingtheehave been carried out and
the patient continues breathing manoeuvres forospgtry testing: maximum
inspiration, maximum expiration and a further maiminspiration.

Some patients find the instructions a little daongtand struggle to remember them.
The manoeuvres require maximum effort, so the €dinPhysiologist stands by the
patient, encouraging and coaching them throughptbeedure, by shouting relevant
instructions.

2.4.5 Limitations of body plethysmography

The test suffers the limitations of using a pnewabbmeter (as described in 82.3.5).
In addition, the results of whole body plethysmgdra assume all volume changes
within the box to be intrathoracic gas volume chemnon origin. The test is therefore
sensitive to space filling items such as colostdrags and low density high volume
clothing. The test assumes isothermal conditionschwhiequires the system to
acclimatise to the seated patient, but is senstivehanges in ambient conditions.
The Lung Function Unit at St George’'s Hospital hasently moved from a
portacabinin direct sunlight into an air conditioned brickilding, staff have noticed
a great improvement in the stability of measures\guarticularly in summer months.

33



2.5 Single breath carbon monoxide (CO) gas diffusio

Understanding gross lung properties forms only pédrthe picture of pulmonary
pathophysiology. The effectiveness of blood-gafugibn can be assessed using one
of a number of gas diffusion tests [14]. The methotbloyed at St George’s Hospital
(and generally within healthcare) is the modifiecb¢h technique, to determine the
capacity for carbon monoxide to travel from alveolithe blood. Assessment of the
resulting transfer factor Qo (or T.co in Europe) provides information on pulmonary
microcirculation. In cases of airflow obstructioh,co helps to distinguish asthma
from bronchiectasis and to distinguish both fronpbgsema. In volume loss without
airflow obstruction, the o will tend to be normal in extrapulmonary restctj but

it will reduce in intrapulmonary alveolar and valscudisease [18]. The following
variables are of interest during single breath €Sing, they will be referred to in the
following discussion.

2.5.1 Physiological measurement variables

Table 10 Summary of variables of interest during diffusion testing

Variable Definition szl
Significance

TLcoSB—- Measure of the diffusing | Reduced in both
Transfer factor of | mmol/min/kPa | capacity of CO across the restrictive and
CO during single | (STPD) alveoli capillary obstructive lung
breath test membrane disease
TieoeSB— mmol/min/kPa | As above — corrected for| As above — corrected
Haemoglobin . .

(STPD) haemoglobin count for haemoglobin count
corrected

Alveolar volume TLcoSB is proportional

V- Alveolar Litres Va =RV |tr? gﬁ’es}zsﬂ; ditj]c;lon
volume (STPD) + Vnspired

reduction in the other
- \équipment deadspace variable.

- \énatomical deadpsace

In normal subjects: 4-
5mlof CO is
transferred per minute
per litre of lung
volume. This is
reduced in both
restrictive and
obstructive cases.
Affects the amount of
CO that is taken up by
the blood. Normally
for each gram of
Haemoglobin, CO
uptake is 7%

mmol/min/kPa/L

Kco — Transfer itre The ratio TcoSB / Va

coefficient

Hp - Haemoglobin

g/100ml Haemoglobin count
count

Keoe - mmol/min/kPa/L | As above — corrected for| As above — corrected

Haemoglobin itre haemoglobin count for haemoglobin count
corrected
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2.5.2 Theory of operation

The test involves the patient breathing a gas mex{0.28% CO, 9% K 19% Q and
71.72% N) and holding the breath for eight seconds. Gadysex measure the
concentrations of the inspired and expired CO amdgHses. The transfer factor is
then calculated. Carbon monoxide is used over axygeause it diffuses in a single
direction (oxygen is bi-directional), also CO comds 210 times more readily with
haemoglobin than oxygen does. The transfer fac@io(SB) corrected for
haemoglobin levels is given by:

X F -
TLCOCSB = VA o0 X( = jx ln[ = |t_0 J X Hbcorrectiorfactor
(PB - PHZO)XT 224 Faco |t:T
= KCO X Va (expressed in mmol/min/kPa at STPD)
Where: \A = alveolar volume (ml STPD)
Ps = barometric Pressure (kPa)
R,o = water vapour pressure af87(kPa)
T = breath hold time (seconds)

60 gives the conversion from seconds to minutes
1/22.4 gives the conversion from ml to mmol

Faco at time t is the inspiratory alveolar CO concemnbrat
given by:

I:EH
Faco(t) = FICOX| —

He

Where: FICO is the CO concentration in the inspgas
Fene and hye are the expiratory and inspiratory helium
concentrations.

Also, theHb 1022+ Hb

correctiorfactor —
1.7xHb

The alveoli volume ¥is given by:

I:IHe

VA = X (Vl _VD) X STPQorrection‘actor

EH,

Where: \f = the inspired volume
Vp = dead-space volume
Equipment dead-space = 280ml
Anatomic dead-space = 2.2 ml/kg of body weight.

All inspired volumes must be corrected to standardperature, pressure and depth
(STPD).
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2.5.3 CO diffusion measuring equipment

Figure 26 below shows the additions to the spiroyneuipment used at St George’s
Hospital, to implement CO diffusion testing. Ingurand expired gas volumes are
measured from the integration of flow across thatéw® pneumotachometer. Test
gases are delivered from the reservoir, under tmral of a demand valve. An
electrochemical fuel cell analyses expired CO, th&t@meter measures thermal
conductivity to assess helium concentrations. Theter ensures test gases are being
inspired during the sampling period.

End tidal
expired gas
sampler

co T He
analyser analyser
P1-P2=RV ® Shutter
m " b ) I ,» | Spirometer
‘ i of “$5 demand
P1} g | P2 valve

1
| [vat=v
0 \/
P1-P2 A%

Gas Reservoir:
0.28% CO
9% He

19% Q
71.72% N

N~

Figure 26 Functional diagram of the single breathdiffusion measurement equipment ‘Master
Screen Jaeger Toennies'.

2.5.4 Equipment calibration

1. The pneumotachometer is calibrated with a two Igyeinge as discussed in
section 2.3.3.

2. The gas analysers are calibrated to room air ardp®ak gas concentration level
using the test gases in the reservoir. The resecytinder is opened to deliver
test gas to the analysers. A delay is made fotrdresducer to respond, then the
system automatically takes peak values when acseriti plateau is reached. Due
to the nature of the different operating principtéghe transducers, the response
times vary. The CO analyser has a slower response.

Test gas (BOC MA 0735 / 0011R) is supplied by BOg&&al Products Division,

which hold a Department of Health medical producerice for the production of
medical grade gases. For information regarding Bl&ability chain see [19]

36



2.5.5 Single-breath CO diffusion test procedure

1. The patient is asked to breath normally through disposable mouthpiece, the
shutter is open and the demand valve closed.

2. The patient is asked to gently inspire and thenrexgs much as possible. At the
end of maximum expiration the shutter is closed thiedpatient inspires rapidly to
maximum lung capacity. At the start of inspiratibre demand valve opens and
the patient inhales the test gas.

3. After an eight second breath hold, the patientsied to exhale. The equipment
discards the first 750ml to account for anatomarad equipment dead space. The
second 750ml is sampled as it represents alverfaregl gas. The concentrations
of helium and carbon monoxide are measured; théegqla reached in the
corresponding graphs determine the concentratigasés.

8 second
breath hold
A { \
inspiration Tidal o
breathing oA R
A N ]f i A 750ml washout volume
/) ' '\
~ A 1\ : v sample volum
WA, | A 35
Volume 1\ 'Ry \\ ;} \}’ / : , R /
(litres) o - AY 1 | | & = e
0 5 10“\\ 1# 20 1 25 -~ 30 Time (sec)
expiration
v

Maximum expiration
gently so as not to Shutter closes and demand value

collapse airway opens to present test gas mixture

Figure 27 Breathing manoeuvre for gas diffusion

4. The test is repeated after a four minute breakjltav the gases to be completely
washed out of the lungs. The test is repeated wafptoducible results are
obtained with a variation of no more than 10% freach other.

5. When the operator is satisfied with the resultg, ttansfer factor and alveolar

volume is calculated by the software. The carbomawale transfer factor is
approximately 13.5 for women and 14.5 for men.
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6. A small blood sample is taken from the finger anéi@mocue’ device measures
the haemoglobin in the blood. The factor is enténéalthe computer and corrects
the T.coSB values to those for normal haemoglobin levels{$B).

2.5.6 Data Quality

Reproducibility of results is checked and can beleddas a comment for the
Physician. This is important to mention, to improtiee standardisation and
performance of the test. Published guidelines aalable from the American

Thoracic Society (ATS). One important factor in theccess of such tests is the
encouragement given by the operator throughoutetts.

The criteria that should be met during the tests ar

1. The volume-time graph should show a smooth, rapgpiration from RV to
TLC.

2. The inspired vital capacity should be at least 98f%he vital capacity that was
measured in the spirometry test performed earlier.

3. The breath-hold line should be flat.

4. The alveolar sample volume should be 05-1 litred anust be collected in 3
seconds or less.

5. The expiration of the dead space gas should bd eap smooth.

6. The volume of the discarded dead space gas sheultwveen 0.75-1 litres, if
the subjects VC is less than 2 litres, the deadesgas volume may be reduced to
0.5 litres.

7. If the spirometry volume exceeds the best previodstermined VC measured

from the spirometry test, then the VC should bestjoeed and may need to be
repeated.
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2.6 CASE STUDIES
2.6.1 Case Study — Chronic obstructive pulmonary dease (COPD)

The patient is a 59 year old male outpatient obagdltant Cardiothoracic Physician
at St George’s Hospital. He is an ex-smoker of éary, 10-20 cigarettes per day,
unable to walk for more than a few metres withowpegiencing severe
breathlessness. He was referred for lung funceststand seen by a locum Clinical
Physiologist, | observed the tests. Blood gases #CQ PaQ, SaQ, ctHb) were
also taken by the Chest Clinic Sister and showretaormal.

The patient conducted spirometry and gas diffusests. The plethysmograph was
faulty at the time of this visit (09/01/07), sodve included plethysmography results
from a previous referral (24/01/06).

PredL Pred PredU Act1 Act2 Act3 Actd Act5 %Pred

Date 10/05/05 10/05/05 24/01/06 09/01/07 09/01/07

FEV 1 262 345 429 0.57 0.62 0.67 0.48 0.73 21
FVC 3.38 438 538 2.71 4.11 3.35 3.03 3.40 78
VC MAX 3.64 4.56 547 2.7 4.11 3.54 3.18 3.46 76
FEV1%M 64.83 76.58 88.35 21.03 15.09 18.92 15.23 21.06 28
PEF 6.56 8.54 10.53 3.00 3.20 3.24 3.49 2.92 34
PIF 6.65 6.03 6.39

FET 20.13 17.49 17.09

TLCOSB 7.53 9.85 12.17 2.74 2.77 2.53

TLCOc 7.53 9.85 12.17 2.61 2.59 2.47

VA 6.99 6.99 6.99 5.74 5.59 4.53

KCO -1.21 138 3.97 0.48 0.50 0.56

KCOc -1.21 138 3.97 0.45 0.46 0.55

VIN 3.64 456 547 4.16 3.81 3.53

Hb 15.40 17.20 15.00

ITGV 262 361 459 7.65

RV 173 240 3.07 6.12

TLC 599 7.14 829 9.76

RV%TLC 28.02 36.97 45.92 62.70

vC 3.64 4.56 547 3.64

ERV 121 121 1.1 1.53

Figure 28 Results for Case 1: Spirometry (uppért gas diffusion (middle set) and total body
plethysmography (lower set)

Note: the results are not corrected for race.

The patient also conducted spirometry pre- and-ypastilation through a nebuliser,
containing 20mg of the bronchodilateentolin The clinic also ussalbutamal The
bronchodilator results are unremarkable and ndudse here.
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The best representative spirometry manoeuvre igsh@low (Figure 29). From the
reduction in peak flow and the flattened respotise graph immediately suggested a
severe distal airway obstruction. This is confirmmdspirometry variables: FEMs
very low (21% of predicted), FVC is low (78%), traio FEVW/FVC is therefore very
low (28% of predicted). Peak flow is also very |@®4% of predicted), which indicate
an obstruction. The shape of the expiratory cunggssts that the airway obstruction
is distal.

Flow [L/s] F/V ex -1

R =25 , ‘ T Ml

R

104

F/Vin

Figure 29 Spirometry results for case 1

TicocSB and koc are much lower than predicted (25% and 40% res@hgl,
indicating the alveoli to be the site of obstrustiolhe plethysmography results
indicate high intrathoracic and residual volumesede data are indicative of
emphysema. In some individuals there is a genkiiciency of the protein alpha
antitrypsin, which inhibits the production of prages released by neutrophils during
the inflammatory response. Unchecked, these deésteuenzymes digest the alveoli
tissue, causing the sacs to coalesce, reducingeffieetive surface area for gas
transfer. | tracked the patient’s notes and fouvad he does have an alptamtitrypsin
deficiency. There is no treatment for emphysema patient was prescribed anti-
inflammatory drugs and advised increase use obadmodilator through a nebuliser.
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2.6.2 Case Study — Restrictive lung disease

The patient is a 64 year old black male and a o#lrdracic inpatient at St George’s
Hospital. He uses a wheelchair. He was referredufog function testing and seen by
the Chief Clinical Physiologist. The patient showdithinished cognition and high
levels of fatigue, there were some communicatidincdities.

The patient undertook spirometry in the morning aeturned to complete one
measurement of gas transfer. The best spirometrg is shown below (Figure 30).

Flow [L/s] F/V ex
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\_/
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Figure 30 Spirometry results for case 2

The spirogram immediately suggests a restrictiommfthe reduction in forced vital
capacity. This is confirmed numerically as a 53%urtion from predicted. All other
lung volume and capacity variables are below ptedi¢see overleaf), other than the
FEV1:%M and KCQ. However FEW%M is a ratio of two low values and KG®& a
corrected variable using a very low haemoglobinntolihe spirometry is indicative
of a restrictive cause, whilst the gas transfewltesdemonstrate a reduction in
diffusion efficiency.
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PredLL Pred PredUL Act1  %PredSR Value

Date 08/01/07
FEV 1 1.73 2.56 3.40 1.40 55 -2.27
FVC 2.24 3.24 424 1.72 53 -2.49
VC MAX 243 3.35 4.26 1.83 55 -2.70
FEV1%M 64.11 7587 8763 76.56 101 0.10
PEF 5.28 7.26 9.25 4.75 65 -2.08
PIF 2.88
FET 5.51

PredLL Pred PredUL Actt  %PredSR Value

Date 09/01/07

DLCOSB 5.27 7.59 9.91 2.62 35 -3.51
DLCOc 5.27 7.59 9.91 4.15 55 -2.43
VA 5.55 5.55 5.55 2.26 41

KCO -1.26 1.33 3.92 1.16 87 -0.11
KCOc -1.26 1.33 3.92 1.84 138 0.32
VIN 243 3.35 4.26 1.43 43 -3.42
Hb 8.90

Figure 31 Numerical results for case 2

This case demonstrates that a number of factorpent the presentation of high
guality data: the body plethysmography calibratiaqility was faulty and under a

commercial service contract with maintenance ergggesituated hundreds of miles
from the hospital. The patient’s fatigue and la€licammunication with the clinician

prevented trial replication. Many patients, espbcilderly people with dry mouths,

find it physically demanding to grip and form alsasound the pneumotachometer.
Some find enactment of the breathing manoeuvre atigrhallenging.

In such instances other assessment measures mtairek for example use of the
Medical Research Council’'s Dyspnoea Scale, as st@iaw.

Table 11 Medical Research Council dyspnoea scale

Grade Degree of breathlessness related to activities
1 Not troubled by breathlessness except on strenexercise
2 Short of breath when hurrying or walking up glsihill
3 Walks slower than contemporaries on level grourchbse of breathlessness,

or has to stop for breath when walking at own pace

Stops for breath after walking about 100m or adtésw minutes on level
ground

Too breathless to leave the house, or breathesa dressing or undressing
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2.6.3 Case Study — Chronic obstructive pulmonary dease (COPD)

TD is a 56 year old male referred by his GP fopmadory function testing, following
concerns about breathlessness and fatigue. Thenpatias a heavy smoker for
approximately 35 years prior to stopping last yddd. undertook spirometry, body
plethysmography and gas diffusion testing.

Results:
Table 12 Lung function test results - TD
PredH Pred PredUL Actl %Pred AValue
FEV, 2.82 3.66 4.49 2.27 62 -2.72
FvC 3.56 4,56 5.56 5.83 128 2.09
VC Max 3.83 475 5.67 5.83 123 1.93
FEV,%M | 66.09 77.8 89.61 38.89 50 -5.43
PEF 6.86 8.84 10.83 6.23 70 -2.16
PIF 5.08
FET
D,COSB | 7.99 10.31 12.63 5.61 54 -3.33
D,.COc 7.99 10.31 12.63 6.13 59 -2.96
VA 6.99 6.99 6.99 8.45 121
KCO 1.04 1.44 1.84 0.66 46 -3.21
KCOc 1.04 1.44 1.84 0.73 50 -2.95
VIN 3.83 4.75 5.67 5.76 121 1.80
Hb 11.90
ITGV 2.56 3.54 453 7.56 213 6.70
RV 1.57 2.25 2.92 5.05 225 6.83
TLC 5.99 7.14 8.29 11.01 154 5.53
RV%TLC | 25.29 32.24 43.19 45.83 135 2.12
VC 3.83 4.75 5.67 5.97 126 2.17
ERV 1.30 1.30 1.30 2.52 194

Note: TD is Caucasian with height 178.5 cm and ie@.3kg. See Appendix H for
volume-flow loop

Interpretation:

* Spirometry demonstrates a 50% reduction in FBY a percentage of FVC and a
30% reduction in peak flow, which are indicative ah airway obstruction.
According to the guidance (shown in §2.3.1) thia severe obstruction. FVC has
decreased as gas is retained as a residual vohsnaeresult of reduced expiration.

» Total body plethysmography shows that residual m&ithas more than doubled
(225% predicted) as expired air is unable to esdapeling to gas trapping. TLC
has also increased (by 154%), as a result of iseceacompensatory lung
expansion.

» The diffusing capacity of the lungs (corrected Haemoglobin level) has reduced
by 41%, however an increase in alveolar volume gdathe figure at a 50%
reduction per unit volume. This suggests that thstraction has resulted from
poor perfusion.

TD also conducted spirometry pre- and post- veidita through a nebuliser,

containing 2.5 mg of salbutamol. Spirometry datavgdd less than 10% difference,

suggesting a chronic condition was present. Thesa, avith the patient’'s smoking
history point towards emphysema. An option for ngamg emphysema us the use of
steroids.
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2.6.4 Case Study — Restrictive lung disease - asiosss

FD is a 77 year old male undergoing repeat assedgsfokowing treatment for a
myocardial infarction. He has never smoked, but had a 20 year occupational

exposure to asbestos.

diffusion testing.

FE conducted spirometryy ptethysmography and gas

Results:
Table 13 Lung function test results - FD
PredH Pred PredUL Actl %PredSR Value
FEV, 1.54 2.37 2.21 1.90 80 -0.93
FvC 2.16 3.16 4.16 2.32 73 -1.39
VC Max 2.34 3.26 4.18 2.32 71 -1.69
FEV,%M | 61.59 73.35 85.11 81.93 112 1.20
PEF 4.99 6.97 8.95 7.99 115 0.84
PIF 2.85
FET 7.31
DLCOSB | 4.90 7.22 9.54 2.92 40 -3.04
DLCOc 4.90 7.22 9.54 2.97 41 -3.01
VA 5.95 5.95 5.95 2.91 49
KCO 0.74 1.18 1.62 1.00 85 -0.66
KCOc 0.74 1.18 1.62 1.02 86 -0.61
VIN 2.34 3.26 4.18 2.11 65 -2.05
Hb 14.10
ITGV 2.48 3.46 4.45 2.75 79 -1.19
RV 1.95 2.63 3.30 1.60 61 -2.50
TLC 4.96 6.10 7.25 4.05 66 -2.93
RV%TLC | 35.04 43.99 52.94 39.45 90 -0.83
VC 2.34 3.26 4.18 2.45 75 -1.44
ERV 0.84 0.84 0.84 1.15 138
R tot 0.30 0.30 0.30 0.17 56
SG tot 0.85 0.85 0.85 1.99 234

Note: FD is a non-Caucasian with height 165 cmaetht 69kg. See Appendix H
for volume-flow loop

Interpretation:

* Spyrometery shows a decrease in vital capacitié®(@ecrease in FVC, 29% in
VCnax 20% in FEV\); peak expiratory flow has increased by 15%, &Nvhbich
are indicative of an airflow restriction.

* Plethysmography demonstrates a 49% decrease duatsiolume, which may be
a compensatory volume to account for the 34% dseergmatotal lung capacity.

* Overall gas diffusion capacity has reduced by 48&srécted for Haemoglobin
level). However, taking a reduced alveoli surfaceaainto account, the carbon
monoxide transfer coefficient shows only a slighecrdase of 14% (Hb
corrected), suggesting the restriction is not atcegrdue to effective alveoli
volume.

These data are suggestive of asbestosis, whiclibsoas thickening in the terminal
bronchioles following an inflammatory response tsbestos inhalation. Current
management of asbestosis includes the use of boditators, postural drainage and
pharmacological erosion of the fibrous material.
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2.7 Risk Management and Safety

The first step in improving safety is to identifgdaquantify the risks associated with
an activity. The International Standards Organmsahave produced 1ISO 14971:2000
“Medical Devices — Application of risk managementmedical devices”, which sets
out standards for manufacturers placing devicesnmtdical markets. Of interest is a
guestionnaire set out in Annex A, which presergsrées of questions to be asked of a
specific device, in order to aid the identificatiof risks. | have answered these
guestions with attention to the Jaeger Tonnies dssteen equipment used by the
Lung Function Clinic, the answers can be found ppéndix I. A summary of the

salient points raised through this process is agked below.

Table 14 Summary of salient risks associated witly Ifunction clinic activities

Nature of Risk Action

Infection or

spread of hospita
acquired infection
(HAI)

Use a new anti-bacterial, anti-viral filter witheth
pneumotachometer for each patient.

Use gloves when taking blood samples

Use gloves and apron when assessing infected fatien
assess at end of day session

Close clinic if assessed patient later found toeh&B, if
same day

Sterilise tubing and mouthpieces at end of day
Disinfect general aspects of equipment regularly

Electrical injury

Jaegger tonnies masterscreen equipment designed to
comply with BS-EN-60601-1 and appropriate colldtera
standard

Jaegger tonnies classified as a Class |, Type Bkoale
device

Installation of equipment supervised by Medical $tby
department

Planned maintenance of equipment managed under
commercial contract and audited by Medical Physics
department

Misdiagnosis

Calibration of gas sensors and pneumotachometer
Trial repetition

Measurement practiced under recognised protocol
Maximum effort samples taken

Training of staff

Effective communication amongst clinical team

For additional notes on electrical safety see Glreptand for additional notes on risk

assessment see Appendix J.
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3. NEUROLOGY
3.1 Introduction

The placement proceeded to five weeks within theohysiology department. The
tests experienced are electrophysiological in eatumused electroencephalography
(EEG) for the assessment of seizures, and electrogeghy (ENG) and
electromyography (EMG) for the assessment of pergdhnervous system disorders,
notably carpal tunnel syndrome.

3.2 Electroencephalography

EEG is the measurement of the electrical activityth@ brain. It is used in the
Neurology Department at St George’s Hospital t@uiase seizures. This section of
the report begins by describing the functional amgt of the brain followed by a brief
description of seizures. It then describes thesmemment technique used, followed
by case studies.

3.2.1 Functional Anatomy of the Brain

The central nervous system consists of the spora and brain. The brain is divided
into 3 main functional parts: cerebrum, brainsterd eerebellum.

» The cerebrum is associated with the conscious ifumetof the nervous system. It
is anatomically divided into both the left and tiglrontal, parietal, temporal and
occipital lobes. Regions of the cerebrum are kntavhe dedicated to motor and
sensory functions, e.g. hearing is associated thighupper part of the temporal
lobes and vision is located within the occipitdbés. The thalamus sorts the vast
array of incoming information, whilst the hypothalas regulates autonomic and
homeostatic functions (such as sleep-wake cy@esperature and fluid balance).

 The cerebellum (located
posteriorly and inferiorly to the
cortex) is a coordinator in the — Fronteliebe “ _
voluntary muscle system and acts E «
in  conjunction  with  the .. e
brainstem and cerebral cortex tg™ =" == L e
maintain balance. L " e e,

.~ Parietal lobe

Reading
£ %, comprehension
& araa

S Occlpital
B lobe

A,

Tempaoral lobe —

* The brainstem links the brain Longitudmnal  pons — 1 Nl &
with the spinal cord. The m = 22n [ . Y Viedulla oblongata
edulla regulates respiratory and ;-‘/ Tnmm .
cardiovascular functions and thg « & | F Precentaans

_;_ Postcentral gyrus
- Parietal lobe

pyramidal corticospinal tracts’ e
coordinate muscle function. The " L
cord extends to the cauda equina,
propagating peripheral nerves to
the musculature and receiving
efferent signal from the sense
receptors.

Deccipital lobe

Figure 32 Major functional components of the brain
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3.2.2 Normal EEG

EEG signals range from approximately 10uV — 500wkt a frequency of 0.5 — 40
Hz and originate from inhibitory post-synaptic putels (located in neuron cell
bodies) and excitatory post-synaptic potentialsgted in the dendrites) [20]. Signals
picked up on the surface are vector sums of a laogeber of equivalent dipoles per
unit volume. Currents from widely scattered germmattravel through the
inhomogenous media to detection electrodes. Anitefinumber of combinations can
give rise to the same pattern of surface potentilis is a great problem in localising
the source of an event. Fortunately patterns cafolnred in the signals by evoking
responses. Therefore much of EEG interpretationlveg around comparison with
known data sets [21]. Normal patterns include alpleta, theta, delta, mu and lambda
rhythms [22], as summarised in Table 15 below.

Table 15 Summary of major brainwave features. *Ndtere is no international agreement on the
bandwidth of different brainwave activities.

Wave Bandwidth” Characteristic Location Significance
Background activity arising
from normal cognisant

Alpha | 8Hz — 13Hz behaviour

Symmetrical Asymmetry
suggests disorder
Max. amplitude in | such as infarction

Attenuated with eyes open occipital region or hemiatrophy

« 2 IV W
Approx. scale

1s

Variable amplitude.
Does not respond to state of
eyes. Fronto-central Hemispheric
Beta 14Hz + Amplitude increases with | regions localisation.
drowsiness and drug
inducement.
R i i
1s
Symmetrical

Focal activity
indicates site of
local lesion

Lower frequency, variable
amplitude Midline and
temporal regions

o VAN Y

1s

Theta | 4Hz — 7Hz

Presence implies
Not present in normal cerebrall
Delta <4Hz ; Cortex dysfunction or
waking adult . .
localised brain
disease

’ - W
1s

Mu and Lambda waves are measured to indicate ndtmetion, but are less familiar
to electroencephalographers [23]. EEG frequencreases with cerebral activity and
amplitude increases when the eyes are closed.
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3.2.3 Seizures

A seizure (previously known as a convulsion or egsl) is a sudden and
uncontrolled excessive neuronal discharge witha lihain [24]. Many seizures are
idiopathic (of unknown cause), others have beessdiad, such as:

Localised (or focal) partial seizuresriginate in areas of the cerebral cortex.

Simple partial seizures occur for 30 - 60 seconad end without loss of
consciousness. Complex partial seizures involvasa bf consciousness, occur
for approximately 1 minute and originate from themporal lobe. Partial
seizures may develop across brain regions and keetamc-clonic

Tonic-clonic seizuréor grand mal) is so-called after the exhibiteni¢cand clonus

behaviour and is a more dangerous generalisedrsewiginating from both
cerebral hemispheres, it looks like a random sigesaeen in Figure 33

AT I 100uV

Figure 33 Characteristic tonic-clonic seizure [25]

Absence seizurgor petit mal) is characterised by generalised, bilaterally

synchronous, predominantly frontal spike-and-wavesclthrges, with a

frequency of 2.5 Hz — 3 Hz, lasting less than 3fbeds [35]. Post-ictal EEG is
normal. An absence seizure may cause a loss ancdmta resumption of

consciousness for a few seconds. The patient iwaneaof the event and it may
occur many times per day. | recorded the followabhgence seizure from an in-
patient at St George’s Hospital. Note: The peak|dnge is 10 times greater
than resting alpha amplitude

Seizure
Onset — — N —
N ) _ k
e i ."- il EII i ”A “ 1F| JSOOpV
A “"“’\ Iy
Wﬂ i DO

Figure 34 Characteristic spike and wave dischafga@bsence seizure.

Myoclonic seizureare sudden brief repetitive jerks of limbs withawa#rning

Atonic (akinetic) seizuresave an even quicker onset loss of muscle tosaltieg

in a sudden fall which may cause more serious suiesg injuries

A non-clinical seizure is one that presents no awmdclinical signs. This demands
intense concentration from the investigating stapot pre-ictal and ictal signs, such
as muscle tremors. For this reason the bedside iEEGraluable diagnostic tool for
the Consultant Neurophysiologist. A recurrent antcauous seizure without recovery
of consciousness is termsthtus epilepticuand requires intensive care.
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Incidence is higher in the young and old [24], withildhood seizures following a
typical pattern:

» Febrile seizuremccur from 3 months to 5 years of age. CT imagmthe primary
screening method

* Childhood absence seizurexcur from 4 to 10 years and present as normal
background activity interrupted by hyperventilatiouced 3 Hz spike-and-wave
activity

» Tonic-clonic seizuredevelop into puberty and present as spike-and-\aatreity

» Juvenile myoclonic seizurexcur from 10 - 20 years and present as poly-spike
and-wave activity induced by a strobe light (phaticulation)

Acquired adult seizures are generally focal asalt®ef a neuropathology or trauma

3.2.4 Noise and Artefacts

The signal-to-noise ratio for a 104V signal is apgmately 5:1 (for purely biological
noise). This highlights the major difficulty in @ming EEG before external noise is
even applied [26]. External noise comes from varicources such as the 50 Hz
mains system, which introduce harmonics at 100wuch is within range of signals
under research investigation [27]. This source lbarattenuated with a notch filter,
but this may also filter out a small fraction ofenéant biological data.

The following is a selection of artefacts and na@sarces found in EEG traces:

EMG artefact: A rhythmic chewing artefact originates from thdig@ats masticatory
muscles. Since EMG occupies approximately 10 Hz kH5, this can be reduce
with a low pass filter. This example demonstratee itmportance of having
knowledge of resting muscle activity - informatiaich can be found by touchin
the patient’s skin which is of particular valuetle case of non-clinical seizures.

o

(Ol

ECG artefact: ECG is also recorded from the clavicles to accéantardiac spikes.
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I\ drip artefact : A fascinating example of EEG sensitivity is showrthis IV drip
artefact. The electrostatic charge surroundingsihgle drop of fluid falling to the
drip chamber produces a periodic noise spike orntrdmee. This type of artefact i
accounted for with experience and a methodical Gaapr to data interpretation.
also demonstrates a difficulty of working outsitle tontrolled EEG clinic.

—~ N

Feeding pump artefact On intensive care units, the EEG headbox is often
positioned close to feeding pumps, which induceadefact that closely resembles
eplleptlform behaviour.
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The reporting Physician may not be present at 8@ Eecording, so these examples
demonstrate how thorough a technical report must be

3.2.5 Clinical Data Collection

The challenge of capturing the small signal andicedy unwanted data requires a
methodical data collection protocol which take®s iatcount the following:

Clinical Setting:

* An EEG clinic is ideally situated away from any smiof electromagnetic noise,
such as a radiography department, lift switch gaarair-conditioning plant, or
the air-call transmitter system.

» Electrical mains distribution is such that condugiaths around EEG rooms are
separated and kept to a minimum, some artefactclaaeacteristic of faulty
electrical equipment in adjacent buildings on thens mains line.

* No unnecessary electrical devices (such as radres)sed in the clinic.

» Temperature is kept as constant as possible toceedariable perspiration
artefact at the skin-electrode interface.

* The test elements within the room are physicallpasated, including: the
computer, headbox (which contains pre-amps. anerd), the patient and the
clinician.

* EEG amplifiers typically have a high common modecton ratio (see below).

» Leads lengths are as short as possible.

» Detachable tip electrodes are not in use in St @eeHospital.

* The patient is asked to be as still as possible.
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Electrode PlacementThe 10-20 system is an internationally recognisgstesn of
electrode placement. It provides clinics with datdlection uniformity around the
world and is the same system | used in the AudipDgpartment. The system is so-
called because the surface of the head is divideml 10 and 20 degree divisions
against a reference line, which is drawn circumfeadly from the nasion to inion,
(see Appendix L for the full 10-20 system).

An electrode pair is called montage Different montages are used to highlight
different physiological features, for example: _Apdlar montagds one were two
neighbouring electrodes on the 10-20 map are coadefr simple differential
amplification; this is useful in detecting localesxs, such as focal seizures. An
average reference montaigeone were each electrode is applied to one inpatach
amplifier, thereby contributing a fraction to thetal output; this is useful when
recording global activity, such as a tonic-clongizsire. For a good discussion on the
types, limitations and uses of different montages [28]. The system in use at St
George’s Hospital records all individual electroddtages with respect to reference
zero so that it is possible to generate all possitbntages for later viewing. It is also
possible to view different montage types duringitheestigation.

Electrode-skin contactTo ensure a consistent signal-to-noise ratio tiverduration
of the test and reduce differential noise couptedléctrodes, a number of factors are
required of the electrode-skin contact:

» Electrode impedance and the difference betweenreticimpedances should be
kept low and constant. At St George’s Hospital tetete impedance should be less
than 6 KK and the difference between electrodes less than. I'he leads are also
aligned. These methods ensure that 50 Hz coupleckrda for example, are
induced in equal proportion between electrodes lantce rejected as common
mode noise

* Non-polarisable Ag/AgCI cup electrodes are usedettuce local voltages at the
electrode-skin interface

* Cup electrodes are used with a conductive adhegVecalledcollodion in the
Neurophysiology Department to ensure an even cosiatace area and reduce
local capacitances, this is particularly importahere hair obscures the surface

» Secure contact surfaces are required for the duratf the test (up to 20 to 30
minutes). Cup electrodes can be held in place suthical tape

* A smooth and clean contact area is ideal, but basand skin preparations are the
reality. The skin is prepared with the applicatmiha saline or aluminium oxide
solution callechuprepand if required, a slight abrasion using cliniealery paper

* Minimum movement of electrodes is required to redwariations in electrode
local impedance and prevent movement artefact

* No discomfort or skin irritation to the patient

» Care is taken when placing the electrodes ovefoit@anel of neonates

* Some leads and cups can withstand sterilisationstrdthers are interchangeable
and disposable

Amplification: Electrode pairs are amplified using double ddferal amplification,

using what is commonly referred to as arstrumentation amplifierwhich is
referenced to a separate ground electrode. Thidared in close proximity to the
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measurement site on an electrically neutral surfBoay surfaces such as the back of
the hand provide good low impedance reference goint

Stimuli: Once a background EEG is taken to determine #seline resting state, a
range of stimuli can be used to evoke responsebal/eommands such as “open and
close eyes” simply serve to demonstrate variattomfnormal physiological spikes.
Others areactivation procedureshat attempt to induce a state of seizure. Adtivat
procedures include: Photic stimulation using a k&rolight, drug induction,
hyperventilation and sleep deprivation among oth#rss important to note that
during an activation procedure great care and tateims paid by the Clinician to the
EEG traces. The aim of stimulation is to determitiat frequencies and stimuli cause
a seizure and where they originate, it is not tokeva seizureAs soon as pre-onset
signs have been noted, the stimulus is removedafontroduction to this topic see
[27].

Equipment used at St George’s Hospitdlhe Neurophysiology Department use two
‘NicoletOne’ examination systems (VIASYS Healthcane., Pensylvania, US) as
shown below. One is portable and used with a lafdopuse outside the ward, the
other is set up with a desktop PC in the clinictrBbave the same software
functionality.

B Strobe light
Standard desktop PC = *—~__

36 channel electrode
connections for
differential recording

impedance test
indicator light

Figure 35 NicoleteOne system in use at St Geotgespital.

The system has a resolution of 256 16-bit sampkscphannel per second. It is
capable of bedside and long term recording of EM@& &EG, with photic
stimulation. Facilities exist for data telemetryetwork support, data analysis and
video synchronisation. Video is captured digitaliyth a simple webcam style
camera. Amplifier and filter settings used in tepartment include:

Parameter: Typical value:
* High pass cut off frequency 5 Hz

» Low pass cut off frequency 70 Hz

» Bandwidth 65 Hz

» Common mode rejection ratio (CMRR) 120 dB

» Mains band stop filter 50 Hz

» Gain 100 dB

* Noise amplitude 2 LV pk-pk

52



The Paediatric Intensive Care Unit (PICU) sees mbar of patients with seizures,
warranting the purchase of a 4-channel EEG headbartently only B-Ts andFz-C;
were being recorded due to underutilisation ofghgent monitor. After witnessing
the efforts made by the Consultant Paediatric Naghysiologist to obtain
physiological data from a patient (in Case PB dised at the end of this Chapter), |
instigated the use of all four channels on the ward

The Siemens Infinity SC7000 patient monitoring sys{Figure 36) which was
being used to monitor PB, is capable of displaying full screen traces and a
number of numerical parameters. The traces beingtored for PB included:
NIBP, heart rate and two channels of EEG, with SBGplayed numerically.
After  discussion with the
Consultant and the Senior House
Officer, 1 withdrew a separate
SPQ monitor from the equipment
library, connected it to PB and
reprogrammed the  Siemens
SC7000 to display NIPB, heart
rate and all four channels of EEG
data. | later demonstrated the
correct operation of the monitor
to the nurses on the ward.

Figure 36 Siemens Infinity SC7000 patient monitgraystem

Reporting data:EEG data supports differential diagnosis, it doassolely provide a
diagnosis. Because increasingly recruited limb muwmts provide clues to help
localise the seizure, video is captured to recoadifmmol signs (onset behaviour) of
the patient directly in clinic or via the telemetsystem. The case history and
neuropsychological profile also form major aspéctassessment [21].

An important distinction is made between a tecHmnieport and a diagnostic report
produced by EEG Physiologists. The former beingecurate account of recording
parameters and any deviations from a normal resgrdession (including photic

stimulation frequency, filter settings, commandgegi and those not carried out and
so on). The later is an interpretation of the tssiNeurophysiology clinics across the
NHS and across the world partition tasks diffesgntsome specialist EEG

Physiologists perform analysis of the results aresgnt a diagnostic report. Local
arrangements must be understood by all staff wgrkiithin the department.

At St George’s Hospital the data collection procsssonducted by a Physiologist,
who then presents a technical report to the Pharsidt is useful for the Physician to
observe which muscles are stimulated during seianset and how that stimulation
progresses around the body, so video data is alkrted and the team meet once a
week to discuss the caseload. This teamwork appr@aa valuable quality check
particularly when less experienced staff join theug.
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3.2.6 EEG Test Protocol
The following protocol is observed during EEG colien at St George’s Hospital:

1. The patient removes their outdoor clothes and imfodably seated in an
armchair. In the case of bed-bound patients, tlea aurrounding the head is
cleared

2. The clinician introduces his or herself and asksctinfirmation of name and date
of birth, a brief history of the neurological prebis, detail of the current
presenting problem and if there is a seizure hystorknown cause for seizure
onset. The procedure is explained to the patient

3. The scalp is prepared and electrodes are individpkdced:

a. The area should be dry before electrodes are pkacédare must be taken to
ensure the patient feels no discomfort

b. An abrasive pad or water based gel can be usedlporéduce skin-electrode
impedance

c. 23 Ag/AgCI cup-electrodes are used in the routimatage and attached with
collodion according to the 10-20 system. Theseumhelground and reference
electrodes and two additional electrodes placedhenclavicles to monitor
ECG. To avoid confusion each free end is pluggdd the appropriate
headbox connection as each electrode is placed.

4. Impedance is checked automatically by the softywarkage ‘NicoleteOne’.

5. The recordings begin with a lead-in period of eglesed relaxation. If a length of
consistent background EEG is apparent, the climiggeoceeds to a range of
commands according to the clinical request. Eachncand and any observed
event is labelled on the trace for quick retriedating analysis

6. Video data is also recorded of the patient and-sgrechronised to the EEG trace

7. The examination lasts approximately thirty minutéster which time the
electrodes are removed, the patient’s hair is eldamd the patient leaves

8. At St George’s Hospital a technical report is subedito the Physician with the
results. An EEG review meeting is then held wite Bhysician and the Clinical
Physiologist in attendance.

There are no contraindications for EEG, but somgsipliogical aspects can alter the
recording, such as: pharmacological history andmaacy.
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3.3 Peripheral Nerve Conduction Assessment using ENand EMG
3.3.1 Peripheral Neuropathies

The peripheral nervous system comprises: sensameraxons, which extend from
distal sense receptors to the cell bodies of thesalaoot ganglia and motor nerve
axons, which extend from neuromuscular junctionght anterior horns [3] (Figure
37). The system is a widely bifurcating networktti@nervates dermatomes with
apparent irregularity, for example: the median aeiwnervates 2 Y2 fingers of the
hand [2].

| O Anterior horn:
A2 8 the Brain T i I -
1 — T, g
3 Peripheral __.-""'f- r \“\" -y \\
. S Herves .-"- | e
Brachial / y =
plexus
Ulnar n. g y
Median n. N o /
Axillary n. B & A 7
Radial n e
7 - = .
‘ L. > AP = Dorsal root ganglia
Cauda ﬂ
equina Sciatic n. Femoral n.

Figure 37 System overview with detail of nerve orggand major branches

Neurophysiology patients can present with numboesgeakness in the extremities,
which translates to sensory or motor nerve fibresfulyction. The extent of

dysfunction or rate of rehabilitation is assesskobugh measurement of nerve
conduction velocity (NCV) using electroneurograpidNG). Fibres mylinated by

Schwann cells conduct action potentials at appratetg 40 — 70 m/sec, unmylinated
fibres conduct at 1-5 m/sec (generally too slowbéoof interest in NCV studies),

demylinated fibres do not conduct (conduction blo€ka pathophysiological cause)
[17]. Nerve conduction measurement at the neurouataisgunction is of interest to

anaesthetists, who monitor the action of nervekdaluring general anaesthesia.

3.3.2 Normal nerve conduction variables

Nerve conduction signals are evoked by an eleotrimagnetic stimulus and can be
measuredrthodromically(in the physiological direction of the nerve coation) or
antidromically (opposite to the physiological direction). Antidrizally evoked
signals have a more distinct AP waveshape, with reatgr amplitude than
orthodromically evoked signals and as such arsitjreals recorded [31].
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With reference to Figure 38, the following variablare of interest when recording
electroneurographic signals [30]:

» Latency(milliseconds): time from stimulus to peak onskthe fastest fibre. Motor
nerve latencies include the additional delay th&oacpotential experiences
passing through the neuromuscular junction. Normmdices must take into
account a standard distance (such as 80 mm foramewdirve). Increased latency
indicates a pathophysiological cause, for examplaeased motor median nerve
latency is found in carpal tunnel syndrome

* Amplitude (u-mV): sum of local action potential amplitudesgasured from
baseline to negative peak (Note: recording eleetnoalarity convention dictates
negative peaks point upwards). Since the waveferaasummation, the peak shape
includes range of speeds and number of axons tedruArea under curve is
reduced under pathophysiological conditions, iniigacompression or lesion

» Velocity (metres/second): directly recorded action potént&ocity in sensory
fibres. The differential from two recording poinis used for motor fibres, to
ensure invariance to the neuromuscular junctioaydel

* F-wave responseF-waves are low amplitude late responses duentiramic
activation of motor fibres, which then cause ortloogic impulses to pass back
along the axon. Absence or delay may indicate gipra pathology

L latency % -

i latencyt | ' d.-d

> Conduction velocity v(wrist-elbows ﬁ
2 4

%/>
)

stimulation artefact

Abductor
pollicis

Figure 38 Recording of median motor nerve conducti@ocity

56



3.3.3 Carpal Tunnel Syndrome

The incidence of Carpal Tunnel Syndrome (CTS) presk to the department
warrants a weekly CTS clinic. The median nerve rimnsugh the carpal tunnel with
the flexor tendons (see detail overleaf). The neare become compressed when this
space reduces, resulting in parasthesias and nssbmthe thumb (1), fingers 1l & IlI
and the lateral aspect of finger IV. A carpal tumedease is an outpatient procedure
to cut the carpal ligament. ENG is the primary mdttof pre- and post-surgical
assessment, which aims to compare deviation of NiOGwh a statistically normal
sample. Carpal tunnel syndrome presents with:

. Slowing of median nerve sensory conduction veloaityoss the carpal tunnel
(> 45.0 m/s in normal cases)

. Prolonged distal latency of the median motor nér4e2 ms in normal cases)

. Low amplitude of the median sensorineural actiotepial, (>20.0 pV in
normal)

. Low amplitude of the median compound motor actioteptial, (>4.0 mV in
normal)

. Spontaneous potentials in the ABP muscle (fibrdlas or PSWs)

. F-wave response is not significant in CTS

Severity is represented by the scale:

Mild — median sensory nerve conduction slowing and/ediam sensory amplitude
decreased by more than 50% of reference value @torrmvolvement)

Moderate — median sensory and motor slowing, and/or SNARli&mde less than
50% of the reference value

Severe- absence of median SNAP with motor slowing or meanotor slowing with
decreased median motor amplitude or CMAP abnorieslivith evidence of axonal
injury from EMG testing of the thenar muscles

3.3.4 Conduction velocity testing for carpal tunnekyndrome

General nerve conduction testing is carried oBtaBeorge’s Hospital by Consultant
Neurophysiologists and forms a small part of a welectrodiagnosis, during which
assessment can be made for CTS. Specialist PoaetitiPhysiologists also hold a
regular CTS clinic. The test protocol is as follow:

. Document current patient history, diabetes, musetesting and current
medication

. Check patient skin temperature. If cold, place Isafwt feet) in a warm water
bath to elevate temperature aboveé(32

. Collect data from both sides of the body, comparegpults with the following
department normative tables.

Since the ulnar nerve enters the distal regiorheftand through a different canal

(Guyon’s canal), comparison between median andr ulease conduction properties
is a useful technique CTS evaluation.
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The recording and stimulation sites and normatalees are summarised below.

Table 16 Sensory and motor nerve conduction paeset
Onset

. Active Stimulation Amplitude Velocity
LESE Gl MERE Electrode sites Ia(t;r;;:y (mV) (m/s)
1 | UPPerTight |\, ian | APDUCIOT <42 > 4.0 >50.0
(motor) pollicis brevis
2 Upper right Ulnar A_bc_il_Jctpr_ _ Wrist <34 > 40 > 500
(motor) digiti minimi
3 Upper right Ulnar A_bc_il_Jctpr_ _ Above <34 > 40 > 500
(motor) digiti minimi Elbow
F-latency (ms)
. Wrist 29.1+ 2.3
4 tJrT?gt?) rr)rlght Median Aglcljigicst%rrevis Elbow 24.8 £ 2.0
P Axilla 21.7 + 2.8
Wrist 30.5 £ 3.0
5 Upper right Ulnar Abductor BE 26.0 + 2.0
(motor) digiti minimi AE235+20
Axilla11.2+1.0
6 Repeat for left side
Key:
& Recording site
& Stimulation site
Digital
branch of
median
nerve

digiti
minimi

Carpal

Abductor

ligament

Abductor
pollicis
brevis

Test

Extremity

Nerve

Active
Electrode

Digital
branch o
ulna nerve

Stimulation
SIS

Median nerve

Onset
latency
(ms)

Amplitude
(V)

Velocity
(m/s)

Upper right | Median . d g
7 (sensory) digit 2 Wrist 2 digit <35 >20.0 >45.0
g | Upperright | Median |, ., 3¢ digit <35 >200 | >45.0
(sensory) digit 3
g | Upperright | Ulnar |, ., 5" digit <31 >18.0 | >44.0
(sensory) digit 5
10 Repeat for left side
11 é’;ﬁzg:{ght Median | Wrist Palmer <19 > 20.0 > 45.(
12 é’;ﬁzg:{ght Ulnar Wrist Palmer <3.1 >18.0 > 44.0
13 Repeat for left side
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3.3.5 Limitations of ENG

The following are limiting factors in nerve condwct studies:

Fastest fibre first:— since the latency of theieatlresponse to a stimulus is used in
the calculation of velocity, this measurement i&fehe conduction velocity of the
fastest motor fibres only. This indicates that mokatencies and conduction
velocities are not indicators of motor fibre lo$6e fastest fibres have the largest
diameters which produce the largest electricatlielompared to smaller fibres. A
complete loss of small fibres will result in a falpositive recording since one
healthy fast fibre will provide the acceptable data

Temperature:- as mentioned previously, the temperahould be kept at or below
32°C. Latency is increased by 0.2 ms / deg.C., angits increased with cooling
and conduction velocity is decreased 1.8 - 2.4 med.C. Temperature is not
currently corrected for at St George’s Hospital.rr€ction factors have been
published [32]

Measurement errors:- measuring subcutaneous lakdrfram surface features is
a notoriously difficult task [33]. The problem ilNE is further broken down into:

o lIdentifying the location and course of a nerve:-isitimpossible without
imaging techniques to manually identify nerve patiisv The task relies on
experience and is assisted by observing changesviuked response
waveforms.

0 Accounting for abnormal anatomy:- the above isipaldrly true for abnormal
anatomy. However there are a range of anomaligsnthaophysiologists are
aware of, such as the Martin-Gruber anastomosiwhith fibres from the
median nerve cross the forearm and join with tin@muherve.

0 Measuring surface distances:— tape measures artk tasprovide distance
measurements for the velocity calculation. Smallistances have increased
overall error (for example: a fixed 5mm measurenmenor introduces a 5%
overall error on a 100mm measured length, but 1084 éf the measured
length is 50mm). This is particularly relevant tolsile nerves: the ulnar nerve
across the elbow is taught when the arm is flexsl dack with extended,
measurements must reflect this. Some new autom®&€Y¥ systems
incorporate fixed acrylic electrode mounting tentgda designed for specific
investigations, which account for distance calilorat

o lIdentifying stimulation sites:- the above locatiomcertainties are equally
applicable to identifying stimulation sites andeimsity of stimulus.

0 Subcutaneous tissue depth:- the evoked responsétuapdoes not vary
significantly in patients with normal adipose tisslayer thickness. But for
obese patients, the amplitude varies with appliegsure [30]. There are no
protocols or system in place at St George’s Hokptgaake this variation into
account.

0 Inter-observer variability:- due to the reliance erperience and personal
approach NCV studies are susceptible to measurabilay [34].

0 Low signal-to-noise ratio: Due to noise inducedhandware.
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3.4 CASE STUDIES
3.4.1 Case Study JK — Carpal Tunnel Syndrome

JK is a 69 year old male with numbness and weakinelssth hands. This suggested
sensory and motor involvement and concentratedatka of investigation to the

media and ulnar nerves of both hands. ENG wasechmout to assess sensory
conduction velocities between: median F(finger)2 awrist, median F3 and wrist,

ulnar F5 and wrist, median palm and wrist and ujmelm and wrist, left and right

hands. Motor conduction latencies were also asgdesisthe abductor pollicis brevis

(ABP) and abductor digiti minimi (ADM) muscles, Wwistimulation at the wrist and

elbow, for median and ulnar nerves, both hands. BM&S conducted at the thenar
eminence.

Results:Table 18 shows the results for the motor nerve)eraB shows results for
the sensory nerve bundle. The values highlightegédndemonstrate the characteristic
features of carpal tunnel syndrome. EMG demonsiragry slight positive sharp
wave muscle activity. JK has moderate carpal tuspretirome in both hands.

Table 17 Summary of upper motor results
LatOn  Normal CcVv Normal P-PAmp Normal

Side Stim

(ms) LatOn (m/s) CVv (mV) P-PAmp
Median | Right | Wrist ABP 80 4.83 <4.2 6.48 >4.0
Elbow 265 10.08 50.5 | >50.0 5.48 >4.0
Ulnar Right | Wrist ADM 2.25 <4.2 11.90 >4.0
B. Elbow 310 8.33 51.0 | >50.0 11.37 >4.0
Median | Left Wrist ABP 4.33 <4.2 5.96 >4.0
B. Elbow 265 9.50 51.3 | >50.0 5.92 >4.0
Ulnar Left Wrist ABP 2.58 <4.2 11.75 >4.0
B. Elbow 295 8.33 51.3 | >50.0 11.91 >4.0
Median | Left Wrist ABP 4.33 <4.2 5.53 >4.0
B. Elbow 280 9.83 50.9 | >50.0 4.13 >4.0
Median | Right | Wrist ABP 4,58 <4.2 7.38 >4.0
B. Elbow 295 10.00 545 | >50.0 6.03 > 4.0
Median | Right | Wrist ABP 4.50 <4.2 7.06 >4.0
B. Elbow 4.50 8.21 > 4.0

Table 18 Summary of upper sensory results

Dist LatOn Normal CV (mis) Normal P-PAmp Normal

(mm) (ms) LatOn CVv () P-PAmp
Right | Med F2-Wr | 130 | 3.58 <3.5 36.3 >45.0 | 5.50 > 20.0
Right | Med F3-Wr | 135 3.48 <35 | 38.8 >45.0 | 5.20 > 20.0
Right | Uln F5 - Wr 120 2.42 <3.1 49.7 >44.0 8.52 >18.0
Right | Med PIm - Wr| 90 2.33 <3.5 | 38.6 >45.0 | 37.01 > 20.0
Right | Uln PIm-Wr | 85 1.42 <3.1 60.0 > 44.( 20.38 | > 18.0
Left Med F2 - Wr 135 3.40 <3.,5 | 39.7 >45.0 | 0.28 > 20.0
Left Med F3 - Wr 140 3.42 <3.5 |41.0 >45.0 | 0.45 > 20.0
Left Uln F5 - Wr 115 2.27 <3.1 50.7 >44.0 7.53 > 18.0
Left Med PIm - Wr | 90 2.37 <3.5 | 38.0 >450 | 32.34 > 20.0
Left Uln PIm - Wr | 85 1.40 <3.1 60.7 > 44.Q 20.19 | > 18.0
Right | Med F2-Wr | 135 2.82 <3.5 47.9 >45.0 10.67| >20.0
Right | Med F3-Wr | 140 3.22 <35 | 435 >45.0 | 3.85 > 20.0
Right | Uln F5 - Wr 105 1.83 <3.1 57.3 > 44.0 6.09 > 18.0
Right | Med PIm - Wr| 90 1.90 <3.5 47.4 > 45.( 36.75| > 20.0
Right | UIn PIm - Wr | 85 1.48 <3.1 57.0 > 44.( 14.98 | > 18.0
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3.4.2 Case Study IM — Structural Lesion / Partial 8izure (EEG)

IM is a 45 year old man who has been observed $whbrk colleagues to have had a
number of episodic events at work. The events fieetang his work and he has been
advised by his local hospital not to drive. He weferred to the Neurophysiology
Department from his local hospital Neurology Depeatt, for a sleep deprived EEG.
He has no known history and has also been refefimd MRI and a
neuropsychological assessment. The referral quésiporal lobe seizures as the
cause of the events. EEG Assessment: IM was adwisetb sleep the night before
the test and have a friend bring him to St Georgi@spital. He was alert, cooperative
and sleep deprived. The standard montage was U$edwaking record over the
temporal regions is masked by muscle artefact. HB& is of low amplitude but
responsive, symmetrical alpha waves can be se®rlaHz. Hyperventilation was
performed well for 3 minutes and produced an irseea the amount of alpha
rhythm. There are frequent single and runs of stz slow waves in the right
anterior to mid temporal regions during drowsingggwwn below). The findings are
consistent with a structural lesion and partialegmy. See Appendix M for a longer
representative sample of this activity.

A2-T4 e VS e

T4-C4

C4-Cz

Cz-C3

C3-T3

T3-A1

F4-F3

P4-P3

_ 3‘\
ECG - Sens:100 LF:0.5 HF:70 NF:0 ‘{~ o

Figure 39 Section of EEG trace from IM showing atomal sharp and slow waves in right anterior and
mid temporal regions. (Note: Even electrode numbselege to right hemisphere)

3.4.3 Case Study PB — Absence seizure (EEG)

PB is a six year old boy admitted to St George'spital Paediatric Intensive Care
Unit (PICU) after experiencing ongoing absence wgeig. The Neurophysiology
Department were asked to provide an EEG recordsabdtside to provide data for
his seizure management. The seizures were beinggadrby clonazepam. Each time
PB was brought into a state of consciousness, unbservation, a non-clinical
seizure followed. This was managed by returning ®Ba pharmacologically
controlled state. EEG was collected and two eldesovere placed on his clavicles to
record ECG. Recordings normally last approxima@ly minutes. PB experienced
non-clinical absence seizures when the investigabiegan, they came and went
almost continuously until the investigation was @shdy the Consultant by returning
PB to a medicated state. A section of the EEG tmmahown overleaf (Figure 37).
This portion follows on from a seizure, so what egms to be myogenic at the start of
the trace is focal activity around T4. The main tisec shows characteristic
generalised absence seizure discharges. Thesecdafmmed the presence and
frequency of the seizures. It was expected thaBIidid not respond to medication, he
would be diagnosed as being in status epilepticus.
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Chosen montage Inter-ictal discharges generalised seizure activity, bilateral 3/sec
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Figure 40 Case 1 — EEG trace indicating absencersei
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4. BLOOD PRESSURE MEASUREMENT

4.1 Introduction

This section of the portfolio discusses my worktlb@ measurement of arterial blood
pressure, carried out in the last two weeks ofplaeement. | reviewed the protocols
used in the Neonatal Unit and carried out a pratiitvestigation of catheter line
dynamics.

4.2 Arterial Blood Pressure

For the purposes of physiological measurement, dolp@ssure is measured as a
gauge pressure, in millimetres of mercury. Notesodte pressure = gauge pressure +
atmospheric pressure (atmospheric pressure is 76l atmosphere = 101kPa).
The following are physiological parameters of ietr

» Systolic pressure (SP) is the maximum aortic pressoilowing left ventricular
ejection, typically 90-120mmHg.

» Diastolic pressure (DP) is the lowest pressurdéndorta just before the ventricle
ejects blood, typically 60-90mmHg.

» Pulse pressure (PP), is the difference betweerolgysind diastolic pressures,
typically 0-60mmHg.

SP+ (21 DP)

* Mean arterial pressurMAP = is the average pressure in the arterial

system during complete cardiac cycle, typically,10@mmHg.

As a rule-of-thumb, healthy SP/DP and PP are repted by the ratios 3:2:1. For
example: 120/80 and 40mmHg, giving an MAP of 93feReng to Figure 41, MAP is

regulated by systemic vascular resistance (exojuginimonary vasculature) and
cardiac output. Cardiac output = heart rate x stroklume. Stroke volume is
influenced by inotropy (ventricular contractilitgnd preload (which refers to initial
stretching of myocytes prior to contraction).

The governing relationship:

MAP
AP
N — =R, where:
co SVR ~| Vascular AV
AN Anatormy _ . _
sy AP = the driving pressuid®, — R,
F‘rplo{ Inotropy Vascular AV = volumetric flow rate
/H \ Factars R = systemic vascular resistance, which
Bload Ve . increases with blood viscosity)( vessel
Volume Cor:‘];ﬁ;fpp Tissue length (L) and is inversely proportional to

Factors vessel radids

Renal MNa* . ]
and H,0 <—— Neurohurmoral GivesPoiseuille’s equation:
; Factars
handling
: , : . AP 1"
Figure 41 Factors influencing mean arterial Flow O
blood pressure n
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According to Poiseullie’s equation, a reductionvasculature radii (as blood travels
distally), increases resistance to flow. Howeves Hystolic pressure is higher in
peripheral arteries than in the aorta, due to ecgflas and constructive interference of
the pressure wave. The diastolic pressure reduitegligstance from the heart and the
MAP remains fairly constant and is representativeesfusion pressure.

Changes to the pulse shape also occur under pathiofgyical conditions. For
example: a stenotic aortic valve is presented r@slaction in systolic pressure, when
held against ECG the peak is delayed and the dianotch is sometimes ill-defined.
A regurgitating valve is shown as a high peak ¢coant for the increased volume of
backflow ejected) and a wide pulse pressure. Coatia ABP monitoring also
provides information about cardiovascular status. é&xample: atrial fibrillation can
be recognised in the ABP waveform by a shortenedtdlic filling time and a
decrease in systolic amplitude.

The normal ABP waveform: Pathological ABP waveforms

| bk

Aortic stenosis

200 -~

180 |

100 -

50

Aortic insufficiency

0
Features: W

Atrial fibrillation

1. Peak systolic pressure

2. Dicrotic notch (aortic valve closure)
3. Diastolic pressure
4.Anacrotic notch (during isovolumetri
contraction, a presystolic rise in pressxljre

mav be seel Pulses Alterans
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Measurement methods are divided into non-invasieeiavasive types. Non-invasive
methods tend to be less accurate, provide gloledspres, but are quicker, require
less training and are more acceptable to the patievasive methods access blood
vessels, providing accurate local recordings of evahhapes. Continuous invasive
monitoring requires specialised training and eq@pmand is of great value in
intensive care units.

4.2.1 Non-invasive blood pressure measurement

Sphygmomanometer (from the Greeksphygmus- pulse, manometer- pressure
meter). The device was simplified by Riva-Rocci dras been the gold standard for
non-invasive measurement since introduced in 183fuff is connected to a mercury
(or aneroid) manometer and inflated around the upp®, occluding brachial artery
blood flow. A valve on the inflation bulb is slowhgleased to allow blood to resume
flow into the artery. As the lumen expands, turbulBow causes vibration of the
compliant vessel walls, generating audible sounusmva as Korotkoff sounds. Five
distinct sounds can be heard through a stethosptamed against the artery, in a
process called auscultation. Pressures are read the height of mercury as the
sounds are heard. The first sound corresponds sygtolic pressure, the last sound
(quietness) corresponds with diastolic pressurededrtonditions of high systemic
vascular resistance, increased wall tension camndimthe amplitude of Korotkoff
sounds, leading to false measurements.

A SOUNDS

CUFF PRESSURE

ME AN G-

SYSTOLIC 4 DiasTOLIC

Figure 42 Korotkoff sounds superimposed onto ctéspure (above), cuff oscillations (below)

Oscillometric method An automated digital device that operates onirailar
principle to the sphygmomanometer. During vesselusion, the pulsatile flow of
blood alters the volume of the inflated cuff sumding the arm. The corresponding
mean pressure variation is measured and diastalicystolic pressures are calculated
using an algorithm (which may vary between manuia&et). Oscillometric devices
generally inflate to a higher pressure beyond $igstban sphygmomanometers, this
can cause discomfort for some patients. Oscillometvices can be purchased and
used without training and provide systolic / diéistgpressure and heart rate. CE
marking is not a guarantee of the accuracy of cmeswlevices. The Blood Pressure
Association is currently working with the Departrhesf Health and the British
Standards Institute to introduce accuracy testiagdards [36].
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4.2.2 Invasive blood pressure measurement

The most common invasive method employs non-comipliabing to form a fluid
conduction path from the blood volume to a transdycessure gauge (Figure 43). A
flush solution of saline provides the transmissmadium within the tubing and is
kept at a higher pressure than arterial pressums. dnsures no blood enters the fluid
circuit and establishes a flush flow to help mamta clean catheter tip. A 0.45%
heparinised flush solution is commonly used to prelots at the tip.
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Figure 43 Complete arterial blood pressure momigpgystem

The pulse pressure-wave deflects a compliant merebsgthin the transducer, which
separates the sterile chamber from a strain gaugeresistance change is measured
with a Wheatstone bridge circuit, amplified and tsem a data recorder. A more
expensive method places the transducer in theteattye, but the sterilisation process
shortens this catheter lifetime. St George’s Haspfvour fluid-filled disposable
systems. Note:-

1. The flush solution bag is held on a pole 600mm elitve transducer to provide a
positive static pressure of 45mmHg (=1000 x 9.186x 7.5). A pressurised bag
can also be used to create the flushing pressutkelneonatal ward at St George’s
syringe drivers are used to ensure precise cooven flush volumes.

. Non-compliant pressure tubing diameter sizes amdstrdised.

. The transducer is zeroed at fldebostatic axisthis is the precise point of origin
of the hemodynamic pressure being measured, in casssts this is the heart [37],
for an interesting discussion see [38]. Some newsttucer stands incorporate
laser pointers to help alignment with the axis.

4. A three-way tap is placed in series to gain acdessmedications, remove air
bubbles and sample blood. A second tap is placedrte and flush the system.

. Non-vented caps are placed on unused ports to amaiatclosed sterile system.

. Colour coding is used for pressure line identifmat red for ABP and blue for
CVP.

7. It is vital to manually follow any tubing, to findut what is connected, before

connecting or disconnecting any patient conneaibihg (see section 4.6.3).

8. A system specification can be found in Appendix O.

W

o 01
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4.2.3 Clinical Example - measurement in the Neonaténit

The Neonatal Unit (NNU) at St George's Hospitahis regional centre of excellence
for South West London and the South East of Engl&agh year the Unit cares for
over 500 new-born babies (up to 30 at any one timehe intensive care, high
dependency and special care nurseries. Many obdles are there because they
have been born prematurely, some mothers reachmlyg2d weeks of pregnancy. |
observed blood pressure measurements taken frorasbab the unit, the following
are pertinent observations supported by the NNWdlaressure measurement policy
[39].

NNU Measurement Protocol

Clinical use- Blood pressure is monitored in any sick babgluding those with
urinary tract abnormalities, chronic lung disedkese on steroids and infants of drug
addicted mothers. Cardiac babies, newborn infantpexted of having a cardiac

abnormality are also monitored. Any baby on vetdia support or Fi@>30% has an
indwelling arterial line for continuous BP measugstn

Data:- Systolic, diastolic and mean blood pressuresraasured, for example:

Table 19 Example measurements taken from patiemigdnatal unit

Parameter Baby 1 Baby 2 Baby 3
Systolic 47.0 76.4 43.8
Diastolic 31.3 47.4 27.8
Mean 40.0 61.0 40.0
Heart rate 162.3 162.3 165.8

Good nursing practice is recognised by accessiegptievious twelve-hour blood
pressure trend and developing an awareness ofaiwgsbresponse to handling and
procedures.

NIBP:- The Unit use standalone portable ‘Neocare’ norasive blood pressure
(NIBP) monitors and HP Merlin NIBP modules. | foundxed views regarding the
use of oscillometric blood pressure monitoringaw Ibirthweight neonates [40, 41].
The Unit only use oscillometric NIBP on very lowthiweight babies when insertion
of a UAC or peripheral arterial cannula has fail&bn-invasive blood pressure
readings taken during activity or when the babgasve or distressed are inaccurate.

Mean arterial pressure is overestimated if the euffth is too small and under
estimated if the cuff width is too large, the widthould be 75% of the distance
between the axilla and the elbow or have a wid#b@®% of the arm circumference.
The lower leg may also be used, with similar cufitiv restrictions.

Timer controlled intermittent blood pressure monitg is performed with NIBP
monitoring. However, the nurse must be vigilanemsuring the baby is at rest during
these recordings, the height of the centre of tifeis at the same level as the heart
and the cuff should not compress the limb whes rtat pressurized. The cuff should
be removed every three to six hours to inspecathefor signs of pressure injury or
skin irritation.
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Invasive Measurement- Invasive waveforms are given greater diagnasigcit over
NIBP values. The Unit measures invasive blood pmesgom the aorta, radial artery
or post tibial artery. Access to the aorta is madieg an umbilical artery catheter
(UAC) and access to the arteries is made with auwan All invasive systems are
fluid-filled, perfused with heparinised “0.45%"- dhalf normal” saline. The setup
process is as follows:

1. Gain arterial access and prepare skin site.

2. Zero transducer:

o Elevation of the transducer from the site of measwent by 14mm will cause
a pressure reduction of ImmHg. Likewise a lowerseemill cause a false
high reading. For this reason the transducer isaiged at the phlebostatic
axis, (if measuring from the heart the axis is miedi as the 2 intercoastal
space, midway between the anterior-posterior aspett the chest). If
measuring from a different location, position tle@sor at that level. Open the
transducer port and zero the patient monitor. Zgyas performed by nursing
staff when the line is first setup, at the begignaf each shift and after each
procedure that requires the patient or monitoriysiesn to be moved.

3. Prime line:
o Attach syringe driver (or flush solution bag in easf adult BP and half fill
drip chamber) and set to 30ml/hr.
Close distal valve, open nearest proximal valve
Allow fluid to fill section of tube
Open next nearest valve and allow fluid to fill he&ction of tube
Continue to patient ensuring no air bubbles etetubing
Fit distal tip of tubing to patient’s arterial cana, lock the luer lock.

O O 00O

Catheter system calibration aims to ensure higa deturacy by setting the system to
operate within the designed linear stable regiamn3ducer linearity and range is
assumed by nursing staff and can be checked byt&€bhnicians with an aneroid
manometer if required.

4.3  Safety
The major risks associated with blood pressure taong are:

1. Nosocomial infections - those received by the patievhilst in hospital
(iatrogenic). A path for expedient cross-contamoratould exist in the handling
and use of invasive devices. For this reason th&sie monitoring kits are sterile
and opened using an aseptic technique. The tulsnflushed and fluids not
permitted to escape. Needleless systems and omedhacapping procedures
reduce risk of needlestick accidents.

2. Tubing misconnections arise through lack of attentand the verisimilitude of
tube connectors. The MHRA and FDA have reportedsdherrors: an enteric
feeding tube connected to an IV catheter, CV cathgkeritoneal dialysis catheter
and a hemodialysis line. Injection of barium sulghiato a CV catheter. A NIBP
insufflator tube connected to an IV catheter and toeedleless IV port. Oxygen
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tubing to a needleless IV port [42]. Also a bat¢hransducers with a flush flow
rate suited to neonates (30ml/hour) was used ittsadequipment colour coding
and good nursing practice should be in place tagedncidence of these errors.

3. Inaccurate patient data could lead to incorrechgha to the patient's management
programme.

4. The MHRA reviewed the use of mercury in sphygmonmagiers and concluded
that while aneroid sphygmomanometers are prefer@d should be calibrated
with a mercury device) mercury devices can be wsigtin a controlled and safe
working environment [43].

4.4 INVESTIGATION - Arterial catheter-transducer dy namics

Background The ABP fundamental frequency range is 1 — 3Hz.harmonics are
considered sufficient to capture the waveform [ABfigure 44). If the heart rate
increases to 180 beats per minute during a tactiigcapisode, the highest frequency
component will be 18Hz. In addition, the fluid-6d catheter-transducer line behaves
as a second order system, with inertial, frictiowd alastic properties. The natural
resonant frequency and damping factor are, resbyti

y N
f :r(iﬁj eqn.1 Z:;ﬂs —L( 7ZZ{AP) eqn.2
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e e —~——r 5th harmonic
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Figure 44 Arterial blood pressure waveform harmsnic

To ensure accurate amplification of the pressureewand prevent distortion, it is
important to have a flat frequency response adiosphysiological bandwidth and
below the resonant frequency of the measuring syskéost lines in clinical use are
designed to be robust if a series of events odcon@e, such as a hypertensive patient
with tachycardia, monitored with long thin tubinQC to 30-60Hz is a suggested
maximum bandwidth [44].
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I conducted the following experiment to examine thanges to resonance with the
introduction of a compliant air bubble and demaaists the importance of priming the
system before use and ensuring the lines are nradtdubble-free during use.

Experimental method | used a function generator to provide a sinewanmit
function, with a varying frequency from 1Hz to 6QHiz 1Hz increments. This drove
a moving coil piston (the Biotek Model 601A BloodeBsure Calibrator) to generate a
pressure waveform. An Edwards Lifescience combiAB®/CVP pressure line kit
was used to establish the water filled transduceuit. French gauge 5 (1.67mm
diameter) tubing was used. The gain and dc offéed differential amplifier was
calibrated with a mercury manometer and the outyag displayed in millivolts on a
PC, via a digital oscilloscope. The fluid circuiagvsetup from new, giving a true
reflection of the configuration used on the war@ike fast flush input (normally
connected to an IV bag) was sealed with a non-denép. Water was boiled and
allowed to cool (to reduce bubble formation) andduto prime the system according
to the standard protocol. The frequency responseplated with and without a 5mm
long air bubble. A syringe was used to inject anbabble into the system through a
3-way stopcock.

Results The meniscus and parallax error presented bgrtial diameter tubing made
it very difficult to precisely measure the bubbdadth. For this reason, the following
results present a graphical indication of the ppies.

Arterial Catheter Frequency Response
25

0.5

W P Ry R R RGP R A
Frequency (Hz)
\ — with bubble — without bubble \

The resonant frequency was found directly fromdae:

without bubblen, = 31Hz
with bubble =17Hz

The damping factor{ was found from the relationshi@::L, where K is

2x10(M902°)
the DC gain, assumed to be 1 angh M the magnitude (in decibels) a’90

without bubbl€ =0.2166
with bubble ¢ =0.2475
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Discussion:The resonant frequency is reduced by 14Hz, ascéeghérom equation 1.

Damping is increased by 0.0309, as expected frooatep 2. The increase in
damping and compliant action of the bubble wasrbteabserved by marking the
boundaries of the bubble with a felt tipped pentloa tube, then reducing the input
frequency to watch the motion of the bubble. In mary: If, through a careless
technique, an air bubble enters a monitoring systim® resonant frequency will
reduce and higher harmonics will be amplified noéirly, distorting the wave shape.

| went on to replicate the distortion an ABP wavefo undergoes through
overdamping and underdamping. This was achievedvdoying the parameters
expressed in equation 2: altering the tube length diameter, using very compliant
tubing (not designed for blood pressure measurembgtincreasing resistance to
flow by compressing the tube and by addition of lideb of various number and
length. The following waveforms are indicative bétresults.

NN NN h\j

Figure 45 Optimally damped waveform, detailing egdal section of trace. Note the clarity of the
dichrotic notch.

MWMN

Figure 46 Over damped waveform, detailing enlarggation of trace. Note the reduction in amplitude
and reduction in resolution.

i b

Figure 47 Under damped arterial waveform, detaiéntarged section of trace, achieved by using 2m
long tubing. Note the extenuation and additionatdees as a result of the added harmonics.

A transient response test is used to check thetyalil the measuring system to
respond to changing system dynamics. Traditiontlly response is elicited by
inputting a brief square wave from a function gat@ror from a burst surgical glove
sealed over the top of an open chamber. | perfortinese tests using both methods
and achieved the responses shown below.

Figure 48a Optimally damped - square wave testtinpu
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Figure 49b Over damped - square wave test input

iy e

Figure 50c Under damped - square wave test ingtajlihg enlarged section of trace

Monitoring systems on wards are attached to peopetting their own arterial
pressure waves, so there is no constant steady-stseline. In this instance an
empirical observation is made. It is achieved bifimy and releasing the fast-flush
tab to inject a unit step pulse. The resulting iarres are observed on the bedside
patient monitor. | performed this test on the adotensive Care Ward and also
identified and removed air bubbles from a patiemtnected system.

@ b @

Observed Observed Observed
waveform waveform waveform

Normal Underdamped Overdamped

Figure 51 Varying responses from flush test

Table 20 Causes and Effects of damping on measuateme

Problem Consequence Causes

» Underestimates systolic and

Overdamped overestimates diastolic blood Air bubbles, compliant
Waveform tubing, catheter kinks, blood
pressure )
M terial ins tH clots, stopcocks, no fluid of
Saer;ag arterial pressure remains the o ch pressure

» Overestimates systolic and

Underdamped underestimates diastolic blood | Long tubing

pressure Increased vascular
waveform . . .
» Mean arterial pressure remains | resistance.
unchanged

72



5. ELECTRICAL SAFETY

51 Rationale

What effect does electricity have on the body? Haw those effects be reduced and
the risks managed in a healthcare system? Thosti@pugwill now be tackled.

5.2 Physiological Effects of Electricity

If the body forms part of an electric circuit a@mnt will flow which is proportional to
the voltage applied between the two contact po(sisn surface electrodes for
example) and inversely proportional to the comphegedances of the various tissues
that complete the circuit.

The musculature and nervous system are the maisiglbgical systems operating
under ionic charge flow and therefore most susbépto electrical disturbance. At
very low currents (0.5mA at 50Hz; 2-10mA DC) [25fiagling sensation can be felt
as sensor nerve fibres are stimulated. This ieddhe threshold of perception’ and

is known to any schoolboy who has touched a 9valteby with their tongue,
stimulating chemo-receptors. As the current in@sasmotor nerve fibres are
increasingly recruited and stimulated. This maysedfatigue, discomfort and/or pain.
Within the region of 6mA at 50Hz[25] the strengthirovoluntary muscle stimulation
becomes greater than voluntary withdrawal actidtere, the'let-go current’ is
defined as the maximum current at which the sulgantvoluntarily withdraw. If the
back of the hand touches a conductor carryingehgad current, there is less risk of
physical injury, because the fingers will not weapund and grip the conductor. With
increasing current flow, involuntary muscle contiat affects the respiratory
muscles (the diaphragm and intercostals), causspiyiation. Respiratory arrest,
the cessation of normal tidal flow, has been shtavoccur at currents of 18-22mA
[25]. This is accompanied by increased pain andudat

Gas filled lungs and bony ribs have the lowest catidities in the body (0.13SMh
and 0.04Srl respectively, at 433Hz) [45], offering some préit to the intricate
electrophysiology of the heart. When an externafiplied current is sufficiently great
to reach and stimulate part of the heart, the michvave of propagation becomes
disrupted, resulting in a disorganised and tactiicarhythm calledventricular
fibrillation . The brain remains oxygenated for approximately @inutes before
death occurs. Ventricular fibrillation is the majause of death due to electric shock
and takes place within the region of 75-400mA [25]defibrillator can be used to
discharge a capacitor across the heart, applyirgief peak biphasic current of
50Amps at 7500volts [46]. Aomplete myocardial contraction will occur with the
application of 1-6 Amps. This causes the entirethraascle to contract and when the
stimulus is removed, synchronised re-polarisaticay rforce the heart back into a
normal rhythm.

As the current increases beyond 10Amps, the high iEsistance at the electrode
contact points cause resistive heating and skinditigh current densities arise from
small electrodes, exacerbating the effects. Theousr system fails to function and
muscle contraction is so strong that muscles aped away from the bone. There is
great variability across the population to thedeat$; small people with oily skin are
more conductive than large people with dry skin asguch will experience effects at
the lower end of the ranges quoted.
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53 Fault Conditions

The following definitions are encountered in theiga and use of medical electrical
equipment.

A macroshock arises from an externally applied device presgnan unwanted
current to the body. The current follows a highstesce path, a proportion of which
may reach the heart. Anicroshock is experienced if a current follows a direct
conductive path to the cardiac muscle via an apgp@rt. An invasive catheter may
create such a path. A microshock requires a lowerent to cause ventricular
fibrillation than a macroshock. The impact of theosk will vary with the path
impedance of local skin and body structures, moaskevel and the points of entry of
the current.

A single Fault Condition is a “condition in which a single means for proi@at
against a SAFETY HAZARD in EQUIPMENT is defective a single external
abnormal condition is present” [47]. A single facbindition may involve:

* A broken earth
* A broken neutral line
* Areversed polarity supply

If a single fault condition occurs, the risk of aenoshock is increased if a person
touches the chassis of the faulty device. Forrgmson continuity of the ground wire
must be tested periodically.

An applied part is: “a part of the EQUIPMENT which in NORMAL USE:-
necessarily comes into physical contact with theEAT for the EQUIPMENT to
perform its function; or - can be brought into @attwith the PATIENT; or - needs to
be touched by the PATIENT” [47]. The flow of energgtween patient and device
through an applied part may be bi-directional.

5.4  Safety Standards

Gaining an understanding of the fault paths anceetqul effects is the first step in
managing risk. The next stage is to build safetp im set of standardised working
practises. Safety is an international theme andsthedards will inevitably become
harmonised across the various continents, theWollp sections focus on Europe.

The Medical Devices Directive (MDD 93/42/EEC) [483, one of three European
Directives in force concerning medical devices apgplies to medical devices not
covered by the Active Implantable Medical Devicasebtive (AIMDD 90/385/EEC)
[49] or the In Vitro Diagnostics Directive (IVDD 989-EEC) [50]. The Medical
Devices Directive is supplemented by 2000/70/EEG 2001/104/EEC. These are
embedded in UK law by Statutory Instrument No 61Be(Medical Devices
Regulations 2002, MDR) [51] and by Statutory Instamt No 1697 (the Medical
Devices (Amendment) Regulations 2003) [52]. The @ussion Electrotechnique
Internationale’s 60601 standard is an authoritastendard harmonised across the
United States, Canada, the European Union, Japastralia and New Zealand. For
products within the European Union that comply WiH#C60601 (or the UKs BS
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EN60601) there is a “presumption of conformity”’ttee Medical Devices Directive
93/42/EEC. The IEC 60601 comprises four parts:

 The 60601-1_basstandard is the core of the standard and withcthiateral
standards covers all of the general requiremenmtsléztrical medical products. For
example collateral standardEC60601-1-2 covers aspects of electromagnetic
compatibility.

» The 60601-2 group are particulstandards that include particular device-specific
standards. For example collateral standard IEC B@6R covers high frequency
surgical devices.

« The 60601-3 group are_ performancgtandards that cover performance
requirements for specific devices. For example IBDA-3-1 contains
requirements for the performance of transcutanenygen and carbon dioxide
partial pressure monitoring equipment.

55 Classification of Medical Devices

BS EN 60601-1 defines three classes for medicatrelgic instrumentation:

Class Definition Designated
Symbol

* Devices powered by an external source, provideld aviteliable

protective earth such as a complete metal enclosure that is
: ) : : No symbol

protectively tied to the ground pin of a three pawer plug

* A fuseis in place in the live path

" « As above, without a protective earth, reliesdonble insulation |:|

or reinforced insulation to protect against electric shock

» Safety extra low voltage (SELV) devices
1] » Externally powered <24)/. or < 50 ¢ No symbol
» Not recognised as medical devices

Figure 52 Classification of medical devices

The class designates the level of electrical ptateca device has. Three further
classification types exist for patient connectedigepent or ‘applied parts’ that come
into direct physical contact with the patient.

Designated Symbol

Definition Defibrillation-proof

Applied Parts

applied parts
An internal or external @

B connection (excluding ﬂ 4

direct cardiac connection)

j.t
Type B with a floating ®
BF (isolated) input R 1 x X

Suitable for direct cardia

CF L
application

wia

Figure 53 Type classification of medical devices
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5.6  Safety Testing
5.6.1 Visual inspection
70% of faults are identified during visual inspeat{53]. The inspection includes:

. Housing / enclosure - look for damage or cracks.

. Cabling — look for cuts, misconnections, exposeesyiincorrect colour coding.
. Fuse rating — check value against device spediiicat

. Markings and labelling — check the integrity

. Mechanical parts — check integrity or obstructions

The following measurements are then used to erssunedical device complies with
60601 standards. Earth bond or ground bond tedtsts the integrity of the current
path from the earth pin at the mains plug to amydcative surface on the device. If a
fault condition occurs to cause the casing to bexdine, a low resistance path to
earth will reduce the risk of shock if a personctoes the case.

5.6.2 Earth leakage current measurement

The earth leakage current is “current flowing fréne MAINS PART through or
across the insulation into the PROTECTIVE EARTH QDMNCTOR” [47]. Leakage
currents exist by virtue of capacitive couplingvbeen the mains lines. Figure 54
shows the path of an earth leakage current thraugiounded device. This assumes
that the ongoing ground path from the device torttans is unbroken. St George’s
Hospital require all extension leads to be testeadtdmpliance to 60601.

Earth leakage currenE
L T | . ~—
g\,”g Electronics [——*

N
E<.:_|

Equipment
,___o\'sjo _ U?ldngest
o | ¥
1
Mains : %Aains Applied =
art pp 16 s
$1 | ] Part [
G 3 ¢
® —0 O 0 ‘ r
Measurin| . Protective
] Device J — " Earth

Figure 54 Earth leakage current and its measurement

The measuring device measures the current flowhngugh the device’s protective
earth conductor. The test is conducted under nowandl a reverse polarity fault
condition using switch S5 (Figure 54) and with gremw neutral line fault condition
using switch S1. A 25A test current is commonlydugiest limits are shown in Table
21.
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5.6.3 Chassis (or enclosure) leakage current measument

Enclosure leakage current is “current flowing fréime ENCLOSURE or from parts
thereof, excluding APPLIED PARTS, accessible to @RERATOR or PATIENT in

NORMAL USE, through an external CONDUCTIVE CONNE®N other than the
PROTECTIVE EARTH CONDUCTOR to earth or to anotheartp of the

ENCLOSURE” [47].

Chassis leakage current
L =Y £ _

ed¢tronics [T

2B 2=

N.__|
E

Equipment
. andngest >

%o
Mains I applied ——— The current is measured
51 . _ part —< flowing from the

°0 © conductive enclosure to the

Y

o =L Protective protected earth. The test is
Earth .

Z performed with normal and

= : ' reverse supply polarity

Desice ' (S5), with an open neutral

(S1) and an open earth (S8).

Figure 55 Chassis (or enclosure) leakage currahttammeasurement
5.6.4 Patient leakage current measurement

Patient leakage current is “current flowing frome tAPPLIED PART via the
PATIENT to earth, or flowing from the PATIENT vian&-TYPE APPLIED PART
to earth originating from the unintended appearasica voltage from an external

source on the PATIENT". _
patient

leakage
curren |

L
:“E Electronic:!-

N
EI_J

|

% 3
S8
Q.E
oo
=3
oo
23

|

Mains E
I ; bl |Applied = .

51 E‘_&' Pait | For type B and BF devices, the
current is measured between the
o oL proectie applied parts  connected
together and earth. Type CF
y— applied parts are measured

g separately.

Figure 56 Patient leakage current and its measureme
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The mains voltage supply is also connected to th@ied parts and the leakage
current that would flow from an external sourcenittie patient circuits is measured.
The purpose is to ensure there is no danger dirielsbock to the patient who may be
raised to a potential above the earth when condéotthe applied parts of the device
under test.

L ! i
Electronics
N |
e leakage
$5 [mm— E *&—_ curren

}
Mains !
! Mains =
' Part Applied
' Part
———= =

s1
L co>—1 o

8

= Protective
—o® =0 tarth

Measuring
V——%O_D__. Device

L1

Figure 57 Mains on applied part patient leakageetuirand its measurement

5.6.5 Patient auxiliary current measurement

Auxiliary current is “current flowing in the PATIENin NORMAL USE between
parts of the APPLIED PART and not intended to pomla physiological effect”.

Examples include the bias current of an amplifiethe current used in impedance
plethysmography.

leakage
curren

L~ [ .
g I||§ Electronics
N+———

E

5 Equipment

_% | UnderTest

Mains

Applied |

St Part

O\C‘ —O0

JO\C ] Prolﬁctlve

[' O Eart

,; Measuring

Device

Figure 58 Patient auxiliary current and its measianet
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The following table summarises BS-EN IEC60601 Iggkaurrent limits, (all values
are given in mA). Note the earth leakage curreanttloccurs at around the threshold
of perception. Auxiliary currents and those expwre in type CF applied parts are
50pV.

Table 21 IEC60601-1 Test Limits

Non-detachable power cord <0.1Q
Detachable power cord <0.22
_ Type B Type BF Type CF
Applied Parts  Applied Parts  Applied Parts
Leakge Current Type NC SFC NC SFC NC SFC
Earth leakage 0.5 1 0.5 1 0.5 1
Enclosure leakage 0.1 0.5 0.1 0.5 0.1 0.5
Patient leakage (DC) 0.01 0.05 0.01 0.05 0.01 0.0%
Patient leakage (a.c.) 0.1 0.5 0.1 0.5 0.01 0.05
E::i)ent leakage (mains on appli NA NA NA 5 NA 0.05
Patient leakage (mains on sigr NA 5 NA NA NA NA

input or signal output)
Patient Auxiliary Current (DC) 0.01 0.05 0.01 0.05 0.01 0.0%

Patient Auxiliary Current (a.c.) 0.1 0.5 0.1 0.5 0.01 0.05

5.6.5 Medical Electrical Systems

It is important to stress that the act of attachenghedical device to a non-medical
device constitutes the process of manufacturingva medical device, which must
then be tested for compliance to 60601, this caash&mple as plugging a lamp into
an extension lead. This aspect of safety is coverster BS EN 60601-1-1:2001
“Safety Requirements for medical electrical systems

Since the recent loosening of restrictions on tbe of mobile phones in hospitals,
some concern has been raised that hospital visibass plug mobile phone chargers
into hospital electrical circuits and potentiallpplug incorrect devices. The 60601
regulations is particularly pertinent in such caseéth the requirement that enclosure
leakage currents from or between parts of the systéth the patient environment
shall not exceed 0.1mA. The patient environment iglearly defined envelope
extending 1.5 metres around the bed and 2.5 matvese the bed. This equally
applies to visitors televisions and devices produgring research and development.
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5.7 INVESTIGATION - Compliance Test of an ECG Monitor

I conducted the following test on an HP Merlin Momniwith 3-lead ECG monitor,
using the Bio-Tek 601 Pro electrical safety testdt.tests comply with BS EN
IEC60601. The monitor is a class 1, type CF deiegial number: 3051G04784.

Table 22 Test results for ECG monitor compliancé6@601
Test

no Test Description Results
0 Plugs and cables inYes
satisfactory condition?
1 Mains  voltage and 249.3V and 0.4A
current
Measured Unit Result Acc_:epted
Value Limit
5 Insu_latlon resistance Over M(min) Pass S50
(mains to earth)
Insulation resistance :
(applied parts to earth) Over MEY(min) Pass >5012
4 Earth continuity 0.125 Q(max) Pass <0Q
Normal Reverse Unit Result Acgepted
Limit
5 Earth_ _ leakage (normal 66 55 UA Pass 0.5mA
condition)
6 Earth leakage (single 59 58 UA Pass 1mA
fault, supply open)
7 |Enclosure  leakage ) 1 WA | Pass| 0.1mA
(normal condition)
8 Enclosure leakage (single 66 55 UA Pass 0.5mA
fault, earth open)
9 Enclosure leakage (single 0 0 UA Pass 0.5mA
fault, supply open)
10 Patle'n.t leakage (normal 0 0 LA Pass 0.01mA
conditions)
11 Patient leakage (single 5 2 UA Pass 0.05mA
fault, earth open)
12 Patient leakage (single 0 0 UA Pass 0.05mA
fault, supply open)
13 Patlgnt leakage (mains on 9 9 UA Pass 0.05mA
applied part)
14 | Patient auxiliary current 0 0 pA DC Pass 0.01mA
15 | (normal conditions) 2 2 HA a.c. Pass 0.01mA
16 Patient auxiliary current 0 0 HA DC Pass 0.05mA
(single fault, earth open)| 0 0 MA a.c. Pass 0.05mA
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APPENDICES

Appendix A Calibration limits of accuracy for Neonaal Cortical AEPs

General Notes:
1. The measurement methods advocated in IEC 60645-3 shall be used for clicks and
tone pips (2:1:2 cycle tone bursts) and be calibrated to reference zero values
published on the NHSP website until ISO 389-6 is formally available;

2. Tone burst stimuli (lasting > 20 ms or having > 10 cycles) should be calibrated by
extending the plateau to provide a near-continuous tone, and be calibrated to
reference zero values given in ISO 389 parts 1-4.

3. Equipment is deemed to be within calibration if its performance lies within specified

limits. Where possible, the limits shall be analogous to those given in IEC 60645-1
for a type 1 instrument. The limits are listed below.

Item Accuracy | Achieved?

Signal level +3dB

(All signals & transducers listed in part 1)

Masking level +5dB to -
3dB

Tone frequency +1%

Attenuator linearity +1dB per
5dB

Total harmonic distortion (250Hz & 1kHz) 2.5% AC

(CERA tone bursts. All transducers listed in pt 1) 5.5 % BC

Visual check of waveform at max O/P for freedom from clipping check

/ saturation / obvious distortion

Stimulus polarity (clicks) check

(All transducers listed for clicks in part 1)

Attenuator breakthrough <-70dB

R/L crosstalk <-70dB

Cursor amplitude accuracy +10%

(using internal or external test pulse)

Cursor latency accuracy +1%
(using internal or external test pulse)

Electrode impedance accuracy (5kQ) +10%

Part 3: Calibration Correction Values
Tables of correction values have been provided for: I:I ABR stimuli

D CERA stimuli
Date of calibration:

Calibrated by: on behalf of:

Source: Wood S. NHSP Guidelines for ERA EquipmealiiCation NHS Newborn
Hearing Screening Programme. 2007.
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Appendix B Subject Information Sheet for ABR Normal database Project

INFORMATION SHEET Wandsworth

Teaching Primary Care Trust

Auditory Brainstem Response Test (ABR)
You have been asked to volunteer as a subject in an ABR test:

What is the ABR test? It is a routine clinical test that measures the electrical activity
following the path of sound from your ear, through the brain, to the auditory cortex.
The test is automated so it doesn’t require a response from the patient. It is therefore
used to assess the hearing of babies and other people who would not normally
respond to the standard hearing test.

What is the purpose of this study? | am collecting data from a wide range of
people with no reported hearing problems, in order to build up a table of data of
normal ABR patterns. It will also form part of my training as a Trainee Clinical
Scientist.

How will your data be used?

* As part of a table of data which will be used as a reference when assessing
patients clinically with the ABR test
« A summary of the results will be included in my training portfolio

I will require your date of birth for information purposes only. All data will be
anonymous, kept confidential and only used within Queen Mary’s Hospital.

What does the test involve? Four electrodes will be placed on your head (one
behind each ear and two on your forehead) and you will be asked to listen to some
clicking sounds through a pair of headphones. While the test is being carried out, you
are asked to relax on a bed. This is because the signal is very small (a few micro
volts) and tense muscles generate unwanted noise that could hide the signal we are
looking for. But you do need to stay awake!

Are you eligible? Yes if you aged between 18 — 50 and have no current hearing
problems (tinnitus, glue ear, grommets, hearing aids etc)

Who, where and when?

The test will be conducted by me under the supervision of the Senior Audiologist at
Queen Mary’s. | am a postgraduate engineer and Trainee Clinical Scientist coming to
the end of my training.

It takes about 1 hour, most of the time you'll be sitting listening to clicking sounds in
the Audiology Department on the Ground floor (straight passed the coffee shop from
the main entrance, first on the right).

If you have any questions please don’t hesitate to contact me, Graham Webb on
extension 6101, or Justine Sweet Head of Audiology on 020 8487 6381
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Appendix C ABR Normal Database Project - Subject D&
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Appendix D Equal Loudness Curves

In 1933 Fletcher and Munsen studied subjectiverilesd by comparing an increasing
intensity stimulus against a 1 kHz reference t@wepss the physiological frequency
range (20Hz to 20kHz), the results were averagedsaca large subject group [1].
They produced the ‘equal loudness contour’, whishused today to normalise
acoustic intensity with frequency. Fletcher and Brmis data has been added to over
the years to derive a number of filtering functidios acoustic applications. Two
commonly used filters in audio measurement areAtiveeighting and C-weighting
functions. The A-weighting filter is defined by émhational Standards Organisation
(ISO) and subsequently by British Standards (BSJ & commonly applied to
continuous time-varying sound pressure levels. litsaly imitates the spectral
response of the human ear by de-emphasising loneehigher frequencies (0-1 kHz
and 5-16 kHz) and emphasizing mid-range frequendies kHz). The C-weighting
permits a broader bandpass and is applied to tlasumement of impulse sounds [2].
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Loudness level contours for an increasing numbephafns. A phon is the unit of
perceived loudness, (1 phon = 1dBSPL at 1kHz).

Sources:

[1] Fletcher H., M. W. (1933). "Loudness, Its Ddfion, Measurement and
Calculation." J. of the Acoustical Society of Anterb: 82-108.

[2] Electroacoustics - Sound level meters. (2088tish Standards OrganisatidBS EN
61672-1:2003




Appendix E Spyrometer Reference Values

Reference values for lung volumes and forced \aoty flows for adults of
European descent. The equations apply to men antewof European descent, aged
18-70 years of age and were derived from studiesedaout on subjects who were
non-smokers without (previous) disease, that wddde affected their ventilatory
function and used tests and equipment similar & &@mployed today. The height
range of the subjects in these studies was 1.5&¥l.®& men and 1.45-1.80m in
women. (Note: For measurements of PEF, RV, FRCTar@@ it was not ensured that
smokers and ex-smokers were consistently excluaea the studies). Accompanying
notes can be found in Ruppel G. (1994). Manualwfanory Function Testing"6
Edition. Mosby-Year Book, Inc.

Table 1 Summary equations for lung volumes andifeatty flows in adults The lower 5 or upper 95
percentile are obtained by subtracting or addiegdfitjure in the last column from the predicted mean

Variable | Unit | Regression Equation | RSD | 1.64RSD
MEN

IVC 1 6.10H-0.028A-4.65 0.56 0.92
FVC 1 5.76H-0.026A-4.43 0.61 1.00
TLC 1 7.99H-7.08 0.70 1.15
RV 1 1.31H+0.022A-1.23 .040 0.67
FRC 1 2.34H+0.009A-1.09 .06 0.99
RVITLC % 0.39A+13.96 5.46 9.0
FRC/TLC % 0.21A+43.8 6.74 11.1
FEV;, 1/sec 4.30H-0.029A-2.49 0.51 0.84
FEV./VC % -0.18A+87.21 7.17 11.8
FEFs.750 1/sec 1.94H-0.043A+2.70 1.04 1.71
PEF 1/sec 6.14H-0.043A+0.15 1.21 1.99
MEF;5 1/sec 5.46H-0.029A-0.47 1.71 2..81
MEFs, 1/sec 3.79H-0.031A-0.35 1.32 2.11
MEF,s5 1/sec 2.61H-0.026A-1.34 0.78 1.28
WOMEN

IVC 1 4.66H-0.026A-3.28 0.42 0.69
FVC 1 4.43H-0.026A-2.89 0.43 0.71
TLC 1 6.60H-5.79 0.60 0.99
RV 1 1.81H+0.016A-2.00 0.35 0.56
FRC 1 2.24H+0.001A-1.00 0.50 0.82
RVITLC % 0.34A+18.96 5.83 9.60
FRC/TLC % 0.16A+45.1 5.93 9.80
FEV, 1/sec 3.95H-0.025A-2.60 0.38 0.61
FEV./VC % -0.19A+89.10 6.51 1.07
FERs.750 1/sec 1.25H-0.034A+2.92 0.85 1.40
PEF 1/sec 5.50H-0.030A+1.11 0.90 1.48
MEF;s5 1/sec 3.22H-0.025A-1.60 1.35 2.11
MEFs, 1/sec 2.45H-0.025A-1.16 1.10 1.61
MEF,5 1/sec 1.05H-0.025A-1.11 0.69 1.13
H: standing height (m); A: age (yr); RSD: residstdndard deviationBetween 18 and 25 yr in the
equations. Mixture from (mini) Wright peak flowmeter and pneatachometer. more work is
needed.
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Table 2 Approximate conversion factors for adjugtiuropean reference values for application to men
of other ethnic groups

Population FEV, FVvVC Reference
Oriental

Hong Kong Chinese 1.0 1.0 [247]
Japanese American 0.89 - [248]
Polynesian 0.90 0.90 [249]

N. Indian & Pakistani 0.90 0.90 [250]
N.Indian, see Africans [251]
African descent 0.87 0.87 [252]

or subtract (1) 0.45 or 0.70 [241]
"The corresponding volumes for women are 0.41 afil 0.

Table 3 Summary equations for total lung capaaity tansfer factor for adults age 25-70 yr. The
upper and lower percentiles are obtained by addirsyibtracting the figure in the last column frdma t
predicted mean.

Index Regression equation 1.64 RSD

Men

TLCO SB 11.11H-0.066A-6.03 2.32

TLC(1) 7.99H-7.08 1.15

Women

TLCO SB 8.18H-0.49A-2.74 1.92

TLC(1) 6.60H-5.79 0.99

"mmol min' kPa"; H: standing height (m); A: age (yr); RSD: residstandard deviation. Betwegn
18 and 25 yr: substitute 25 yr in the equations.

Sources:

Quanjer Ph.H, Tammeling GJ, Cotes JE, PedersereRaMlt J-C. (1993). Report
working party. Standardisation of lung functiontse&uropean Community for
steal and coal: Lung Volumes and Forced Ventilakloys. European Respiratory
Journal, Vol. 6, Suppl 16, pp 4-40

Quanjer Ph.H, Chinn DJ, Cotes JE, Roca J, YerrdaGlt (1993). Report working
party. Standardisation of lung function tests Eessp Community for steal and
coal: Standardisation of the measurement of trarfafgor (diffusing capacity).
European Respiratory Journal, Vol. 6, Suppl 164p52
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Appendix F  Equipment specification: ‘Body Box’

= =

Flow measurement:

JAEGER Pneumotach

Range 0-+201/s

Accuracy 0.2-121/s£2 %
Resistance <0.05 kPa/(l/s) at 10 I/s
Volume determination: digital integration

Range 0-+201/s

Accuracy 5ml

Mouth pressure: JAEGER pressure transducer
Range +20 kPa

Accuracy <+2%

Box pressure: JAEGER pressure transducer
Range +1 kPa

Accuracy <2 %

Box: aluminium/acrylic glas
Principle volume-constant
Volume 830 litres

BTPS simulation ASC electronics

He Analyser: Electrochemical cell
Range 0-9.5%

Accuracy 0.05%

CO Analyser: Electrochemical cell
Range 0-4%

Accuracy 0.0003%

Calibration: CAL-Pack, automatically
Space Requirements:

Box 90 * 90 cm

Trolley 70 *90 cm
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Appendix G Derivation of Intrathoracic gas volume

Calibration
syringe

Reference
chamber

SSTEN

AP

Contfrolled
mechanical

leak v
— A

¥
k

-

The constant volume (or variable pressure) plettoggaph.

Parameters: V volumetric flow rate
APm change in mouth pressure
APA alveolar pressure
TGV Thoracic gas volume
AV change in box volume
Raw airway resistance
AP change in box pressure

Isothermal conditions can be assumed since thethalimal time constant is greater
than rate of physiological heat transfer. The Igakiame constant is also greater than
the rate of breathing. Therefore Boyles law, whstdtes that P.V is constant (under
isothermal conditions), can be applied to the luegfollows:

Po.TGV = (Py —AP)(TGV +AV)

The inspiratory or expiratory effort against thesgd shutter will decrease or increase
Pa by APA, and increase or decrease TGV by the small volcimeageAV.

Rearranging: TGV = [%}(PA - APA)

A

Since APn « PBPa (<2%) it is wusually omitted in the differential rte
andP, = PR,,, — P,

bar ,0,sat "

SO TGV = [2_;)/} [ﬁa)ar - I:)H 2Osat)

A

When respiratory efforts are made against the digseitterAP, can be recorded as
APmM.AV is measured by the calibrated plethysmograptpgassure transducer.
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Appendix H Volume-flow loops for cases TD and FD

10

Flow [L/s]

F/V ex

10

Figure 59 Volume flow loop result from TD

Figure 60 Volume flow loop result for FD



Appendix |  Risk Assessment for ‘body box’
Device: Jaeger Tonnies’ “Master Screen Body Equigime
Assessment Questionnaire taken from 1ISO14971:2000.

Q1. What is the intended use / intended purpose arttbw is the medical device to
be used?

* To assess the lung function, volumes and capaafigmtients attending the
lung function clinic.

« Mental and Physical factors: to accommodate whe#lansers, users with
claustrophobia and those who easily over exerttaligrand physically.

» Skill and training: users are coached by stafidiaccording to Association
for Respiratory Technology and Physiology standards

* Ergonomic factors: height adjustable seat with stdjole back rest to promote
correct erect posture for measurement. Transpamentor comfort.

* Environment: clinical setting, not in glare of ditesunlight, stable ambient
pressure and temperature.

* Influence of patient on control of medical devigatient can remove the
mouthpiece and end the tests at any time. Pat&ntnb other control over
functional operation.

Q2. Is the medical device intended to contact theafient or other persons?

* Yes, via a mouthpiece that is sterilised and a adiaple anti-viral, anti-
bacterial filter.

Q3. What materials and/or components are incorporagd in the medical device
or used with, or are in contact with, the medical dvice?

* A rubber mouthpiece, a disposable anti-viral aatitbrial filter and a length
of tubing to connect the pneumotachometer headet@mnalyser.

Q4. Is energy delivered to and/or extracted from th patient?

* Yes. A test gas is delivered to the patient andptiteent exerts a mechanical
energy through the act of ventilation.

Q5. Are substances delivered to and/or extracted dm the patient?
e Yes. A test gas (BOC MA 0735 / 0011R) supplied ByBSpecial Products
Division under licence, is delivered to the pati€das constituent$.28% CO,
9% H, 19% Q, 71.72% N.

Q6. Are biological materials processed by the medat device for subsequent re-
use?

* No.
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Q7. Is the medical device supplied sterile or inteded to be sterilised by the user,
or are other microbiological controls applicable?

* Yes. The device is not supplied sterile, but theutipieces and tubing are
sterilised on a daily basis. General aspects ofetiigpment are disinfected
when required or on a weekly basis, whichever aeo

Q8. Is the medical device intended to be routinelgleaned and disinfected by
the user?

* Yes. See Q7.
Q9. Is the medical device intended to modify the p&nt environment?

* Yes. The device will occlude patient airflow foetduration of two breaths.
Q10. Are measurement taken?

* Yes. Lung function, volumes and capacities are rtalaring spirometry,
plethysmograpy and single breath gas diffusionrtgst

Q11. Is the medical device interpretive?

* No. Trained clinical staff present results to Cdtsu Cardiothoracic
Physicians for interpretation.

Q12. Is the medical device intended for use in camction with medicines or
other medical technologies?

* Yes. The device is to be compliant with pacemakerd other body worn
implants. The device is intended for use with bhwatlators such as
Salbutamol and Ventilin.

Q13. Are there unwanted outputs of energy or substeces?
* Yes. The device may emit electromagnetic radiation.

Q14. Is the medical device susceptible to environmial influences?

* Yes. The device function is sensitive to ambierdgspure and temperature
variations.

Q15. Does the medical device influence the enviroremt?

e Yes. See Q13.
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Q16.

Are there essential consumables or accessorassociated with the medical

device?

Q17.

Q18.

Q109.

Q20.

Q21.

Q23.

Q24.

Yes. Nose pegs, mouthpieces, anti-viral anti-badtdilters and airway
tubing.

Is maintenance and/or calibration necessary?
Yes. The device is maintained under a commerciahn@dd maintenance
contract.
The device is calibrated daily, or more frequeragpropriate.

Does the medical device contain software?

Yes. Embedded software within the control box aimiga level user interface
on the host PC.

Does the medical device have a restricted shide?
No.
Are there any delayed and/or long-term use ef€ts?
Yes. Momentary breathlessness or fatigue folloviimgpediate use.
To what mechanical forces will the medical deése be subjected?
The seat post and base will see a force of nogréan 200kg.
The pneumotachometer head and supporting strutd®isubject to general
movement wear.

The door hinges will be subject to general weartaad
The side panels may be knocked.

. What determines the lifetime of the medical dece?

Senescence through the introduction of new andinegkniques.
Spare part obsolescence.

Is the medical device intended for single use?
No. The device will be used approximately ten tirpesday.
Is safe decommissioning or disposal of the medl device necessary?

No.
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Q25. Does installation or use of the medical deviecequire special training?
e Yes. Installation is carried out under supervisofrthe Medical Physics and
Bioengineering Department.
* The device is used by staff trained according tso&mtion for Respiratory
Technology and Physiology standards.
Q26. Will new manufacturing processes need to betablished or introduced?

* No.

Q27. Is successful application of the medical dewccritically dependent on
human factors such as the user interface?

* Yes. Data is collected in accordance with Assommtfor Respiratory
Technology and Physiology guidelines.

Q27.1 Does the medical device have connecting padisaccessories?
* Yes.

Q27.2 Does the medical device have a control intade?
* Yes.

Q27.3 Does the medical device display information?
* Yes.

Q27.4 Is the medical device controlled by a menu?
* Yes.

Q28 Is the medical device intended to be mobile gortable?

* No.
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Appendix J Risk Management in the Trust

Wandsworth PCT classifies risks as either AcceptablUnacceptable. An acceptable
risk is “one which has been accepted after propaiuation and is one where
appropriate controls have been implemented. Themisst not only be identified, but
also quantified to the maximum practicable, analysed communicated to the
appropriate level of management’[1l]. Action shoui@ taken to reduce any
unacceptable risks to an acceptable level. All piatde risks are measured according
to their likelihood (or frequency) and severity @nsequences) and entered into a
risk matrix (Table 23). The acceptance of a rislousth therefore represent an
informed decision to accept the consequences kelihibod of that risk.

Table 23 Risk Matrix

Severity (consequences)

Likelihood 1 2 3 4
(frequency) | (Insignificant) (Minor) (Moderate)
5 Certain 5 Y 10 Y
4 Likely
3 Possible
2 Unlikely

5

Table 24 shows the descriptors used to quantiy lkglihood and Table 25 shows
the risk severity descriptors.

Table 24 Likelihood (frequency or probability) @sk occurring or repeating.

SCORE DESCRIPTION
1 RARE Do not believe will happen, one off. Excep#il circumstances
2 UNLIKELY | Not expected but possible. Could occtisame time
3 POSSIBLE May/should occur at some time
4 LIKELY Will probably occur.
5 ALMOST

Likely to occur on many occasions. A persisternass

CERTAIN
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Table 25 Risk severity levels identified by the iNaal Patient Safety Agency

Description

Impact
on individual

Impact on
organisation

Person
affected
at any
one time

Financial
Impact
Complaint
Litigation

No risk to the PCT
No impact on

Theft/loss up to
£1k

1 Insignificant | No injury service None Sr?l?lzg:amt
No impact on nikey -
environment Litigation risk
remote
- . Theft/loss
Minimal risk to
First Aid PCT between £1k -
. . C . £5K
2 Minor M!nor _Injury or Sllght impact on Very few Complaint
Minor illness up | service 1-2 '
G possible
to 1 month Slight impact on O
environment Litigation
<£50K
Temporary Some service Theft/loss £5k -
incapacity. Short disruption £25k
term monitoring. prion. Small Complaint
" Potential for
3 Moderate Additional - numbers | expected
. adverse publicity e
Medical treatment . 3-15 Litigation
. Moderate impact .
requiredupto 1 on environment possible >£50k
year £500k
'(\:I:J%rrtlgi;?)/ maiof Service restriction Theft/loss £25k
ep 190 Adverse publicity — £200k
: clinical . L
4 Major intervention Loss of reputation Litigation
P Major impact on 16 — 50 >£500 - £1m
ermanent .
) . environment expected
incapacity
National Media 'ggggtl/(loss over
5 Catastrophic| Death Interest. Severe | 50+ L
. Litigation
loss of confidence SE1m

Source:

[1] Caulfeild-Stoker, D. (May 2006). Risk Managerhe$trategy Wandsworth
Teaching PCT.
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Wandsworth m

Appendix K PCT Risk Assessment Form Teaching Primary Care Trust

Wandsworth PCT

Risk Assessment Form
Section 1 — Process Description

DIRECTORATE: | DEPARTMENT:

Process/Activity:

Risk/Hazard Persons at Risk [Existing Control Measur  es Severity Likelihood Risk
(consequences) /Frequency | Rating SxL

1

Section 2 — Identifying Risks/Hazards

Complete Action Plan and attach to Risk Assessment form.

Is any employee health monitoring required? Yes o No o
Is a more detailed assessment (e.g. COSHH, Manual handling) required? Yes o No o
Is further information or investigation required to complete risk assessment? | Yes o No o
Assessor’'s Name: Job Title:

Date of Assessment: Reassessment Date:

Assessor’s Signature: Manager’s Signature:
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DIRECTORATE:

DEPARTMENT:

Risk/Hazard

Risk Score

Action Required to Control R

isk

Lead Person

Action By

q

Lomments

Completed By:
Date:
Manager's Signature:
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Appendix L International 10-20 System of ElectrodePlacement

Figure 61 The international 10-20 system. A = Bael C = Central, Pg = nasopharyngeal, P = PhrietaFrontal, Fp = Frontal Polar, O = Occipital.
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Appendix N Carpal Tunnel Anatomy
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Appendix O Equipment specification: blood pressureamonitor

The following is the specification for pressure si@ment and other general features
of the Draeger “Infinity Delta” series patient mtmring system, in use throughout the
intensive care units at St George'’s.

Noninvasive Blood Pressure (NBP)
Displayed parameters Systolic, mean and diastodisgures
Measuring method Oscillometric utilizing step dafia
Modes of operation
Manual (single measurement); Interval and Contisu@uminutes)
Interval times 1, 2, 2.5, 3, 5, 10, 15, 20, 25,48),60, 120 and 240 minutes
Measuring range (default)
Adult (Adult 270 mmHgQ)

* Heart rate 30 to 240 bpm

e Systolic 30 to 250 mmHg

* Mean 20 to 230 mmHg

» Diastolic 10 to 210 mmHg
Pediatric (Pediatric 180 mmHgQ)

* Heart rate 30 to 240 bpm

» Systolic 30 to 170 mmHg

*  Mean 20 to 150 mmHg

» Diastolic 10 to 130 mmHg
Neonatal(Neonatal 140 mmHg)

* Heart rate 30 to 240 bpm

» Systolic 30 to 130 mmHg

* Mean 20 to 110 mmHg

» Diastolic 10 to 100 mmHg
Cuff pressure
Default inflation pressure

e Adult (270): 160 mmHg = 10 mmHg

» Pediatric (180): 120 mmHg + 10 mmHg

* Neonatal (140): 110 mmHg + 10 mmHg
Inflation pressure after a valid measurement

» Adult (270): Systolic + 25 mmHg + 10 mmHg

» Pediatric (180): Systolic + 25 mmHg + 10 mmHg

* Neonatal (140): Systolic + 30 mmHg = 10 mmHg
Maximum inflation pressure

e Adult (270): 265 mmHg £ 5 mmHg

» Pediatric (180): 180 mmHg + 10 mmHg

* Neonatal (140): 142 mmHg + 10 mmHg
Minimum inflation

e Adult (270): 110 mmHg = 10 mmHg

» Pediatric (180): 90 mmHg + 10 mmHg

* Neonatal (140): 70 mmHg + 10 mmHg
Connector Quick-release connector with single ajrwa
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Invasive Blood Pressure

Displays up to 8 pressures

Measuring method Resistive strain gauge transducer

Display resolution 1 mmHg

Measuring range -50 to 400 mmHg

Frequency ranges DC to 8 Hz, DC to 16 Hz, and D82tbiz (user-selectable)

Zero balance + 200 mmHg

Transducer specifications Drager Medical-approvadsducers with a resistance of 20(
to 3000Jand an equivalent pressure sensitivity o¥58//mmHg + 10%

Accuracy £ 1 mmHg or £ 3%, exclusive of transdu@dnichever is greater)

IBP alarms User-selectable upper and lower lintitss§/stolic, mean and diastolic
pressures

Accessories Drager Medical-approved pressure tueesd

Display Specifications

Type Thin Film Transistor-Liquid Crystal Display #thee Matrix (TFT-LCD)

Size (Delta) 264 mm (10.4 in.) diagonal

Channels 5 channels standard, 6, 8 channels optiona

Viewing area 211 x 158 mm (8.3 x 6.2 in.)

Resolution 640 x 480 pixels

Size (Delta XL) 310 mm (12.2 in.) diagonal

Channels 6 channels standard, 8 channels optional

Viewing area 246 x 184.5 mm (9.7 x 7.3 in.)

Resolution 800 x 600 pixels

User Interface

Rotary knob

Easy-to-use menu structure and fixed keys

Three alarm levels Life-threatening, Serious angigaty

Connections

MultiMed® Pod, HemoMedTM Pod, Pod Comms (Deltatdndard, 1 optional,

Delta XL: 2 standard), NBP-input, etCO2 modulejrit§ Docking Station, analog

output, QRS sync output, RS 232, remote keypad Saim® multigas module via X8.

Analog Output

Signals ECG, arterial blood pressure

Delay<25 msec

Physical Specifications

Cooling Convection

Size (Delta) H x W x D 253 x 365 x 190 mm (10.04x4lLx 7.5 in.)

Weight (Delta) 5.8 kg (12.7 Ibs.) with externalteay 6.4 kg (14.0 Ibs.)

Size (Delta XL) Hx W x D 272 x 384 x 190 mm (16&.725.1 x 7.5 in.)

Weight (Delta XL) 6.2 kg (13.6 Ibs.) with exterridttery 6.8 kg (14.9 Ibs.)

Information Management Capabilities

Data storage 24 hours of trended parameter inféaomat

Data resolution 30-second sampling

Trend tables 1-, 5-, 15-, 30- or 60-minute disglaynats

Trend graphs 1-, 2-, 4-, 8-, 12- or 24-hour disgtaynats
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Electrical Specifications

Input voltage 11 to 15 VDC

Power consumptiog70 watts (fully loaded)

Patient leakage curregflOuA

Power adapter

Power requirements 100 to 120V AC, 3.4A or

200 to 240V AC, 1.7A (switch selectable)

Frequency 50 to 60 Hz

Chassis leakage current <3@0@ 120V AC

<50QuA @ 220V AC

Battery Specifications

Internal battery

Battery type Lithium-ion

Battery capacity 180 minutes

Charging time 6.5 hours at 25°C

External auxiliary battery

Battery type Sealed lead-acid

Battery capacity 50 minutes

Charging time 3.5 hours at 25°C

Size(external auxiliary battery)

HXWXD®62Xx 182 Xx 24 mm

(2.4x7.2x.9in.)

Weight 0.635 kg (1.4 Ibs.)

Battery life is specified for new batteries with mitor running under the following

conditions: ECG, SpO2, four invasive blood pressungo temperature probes,

NBP measurement every 15 minutes connected, digpaf% brightness.

Battery life may diminish after extended use.

Environmental Requirements

Temperature range

Operating 10°C to 40°C

Storage -20°C to 40°C

Relative humidity

Operating 20% to 90%, non-condensing

Storage 10% to 95% (with packaging)

Atmospheric pressure

Operating 525 to 795 mmHg

(70 to 106 kPa)

Storage 375 to 795 mmHg

(50 to 106 kPa)

Standards

IEC 60601-1 and applicable particular and colldtstandards,

IEC 60601-1-2, Electromagnetic compatibility CISPR Class B

The Delta and Delta XL monitors comply with Medi€x#vices Directive (MDD) 93/42
EEC and bear the CE mark.
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