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ABSTRACT

Monitoring intracranial pressure (ICP) is important for patients with increased intrdcrania
pressure. Invasive methods @GP monitoring include lumbar puncture manometry, which requires

high precision, is costly, and can lead to complications.-iNeasive monitoring of ICP using
tympanic membrane pulse (TMp) measurement can provide an alternative monitoring method that
avoids such complications. In the current study, a piezo based sensor was designed, constructed
and used to acquire TMp signals. The results showed that tympanic membrane waveform changed
in morphology and amplitude with increased ICP, which was inducedamgity subject position

using a tilt table. In addition, the results suggest that TMp are affected by breathing, which has
small effects on ICP. The newly developed piezo based brain stethoscope may be a way to monitor
patients with increased intracranpkssure thus avoiding invasive ICP monitoring eatlicing

associatedisk andcost.
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CHAPTER 1: INTRODUCTION

Increased intracranial pressure (ICP) can cause brain injury if left untreated. Elevated intracranial
pressure is one of the outcomes of severe traumatic brain injury (TBI), hydrocephalus-or intra
cerebral hemorrhadgé]. Hence, monitoring ICP is a useful tool for management of these cases.
Invasive methods of monitoring the ICP includes lumbar puncture manometry, placing ICP
transducerat certain locations, e,gsubduralor parenchymal. Although invasive metisodf
monitoring ICP are considered the gold standard, they come with certain risks and may require
hospital or clinic visits. They require high clinical skill and can be costly. Hencenwasive
methods of monitoring ICP can be advantageous for pati@nrisk of elevated intcaanial
pressure. The objective this study is to develop a namvasive way of monitoring ICP using
tympani ¢ me mbIrMp) measufemast Thesespolseg are vibratory movements of the

membrane that occur naturallythout external excitations



1.1 Cerebrospinal Fluid and Intracranial Pressure

The cerebrospinal fluid (CSF) is a fluid that surrounds the brain ventricles, cranial and spinal

subarachnoid spaces.

Cerebral

Lateral Spinal Fluid
Ventricles
Brain
Third = R —~
Ventricle e W — Skull
Fourth
Ventricle

Figure1l-1 CSF System Showing the CSF fluid in cranial subarachnoid space as well as ventricular places.

(2]

Figure 11 shows the CSF locations in the crani@8F is formed mainly in the choroid plexuses
which is a nawork of cells that produces CSF in the ventricles of the brain. The mean CSF volume

is approximately 150 ml where 25 ml contains in the ventriclesrencemainindl25 mlis found

in the subarachnoid spaces and spinal.cbhe balance between CSF sdoretand absorption
andflow resistanceletermines th€SF pressuravhich can be measured invasively by placing a
pressure transducer in the brain parenchyma or in the CSF spaces via external lumbar drain or

ventricular drain. The value of the CSF pressamges between 10 and 15 mm Hgormaladults



and 3 and 4 mm Hg inealthyinfants[3]. According to MonreKellie hypothesig4], the cranium

is a rigid structure surrounding the braivhich is assumed to be incompressible. Vhkime

inside the skull is constant. Therefore, the components of the cranium (volume of CSF, brain,
blood, cerebral perfusion pressure) creates a homeostasis (a stable equilibrium between inter
dependent elements) such ttiaincrease in volume of oredement leaslto a decrease in other.

This process keeps the ICP stable in normal hgnkagure 12 shows the typical ICP waveform

obtained by placing an ICP sensor in the frohtaln parenchyma through dygg.

—
Y
~
—~
o
~

10, y(b) 10~ Systolic pressure
’Ic\’ - ’ W f ‘..ll N . " i} .‘ \“ \ i ‘ r N L i ’IZ\) i % o. .. c. °
g 5F E 5 Diastolic pressure

o

S | S

o L 1 1 0 A A L L L

0 10 20 30 0 1 2 3 4 5 6
Duration (seconds) Duration (seconds)

Figurel-2 ICP waveform acquired by inserting ICP sensor through subdural cavity. (a) the whole duration
of the signal (b) zoomed in version of 6 second time wind5]



1.2 Inner Ear

The fuman inner eaffigure 1-3) consists of two regionghe vestibular system anithe cochlea.
The vestibular system consists of saccutecle andsemtcircular canalswhich are the human

balance organ$].

Cerebrospinal fluid
K* = 4 mEq/liter Endolymphatic
Na* = 152 mEq/liter sac
Protein = 20-50 mg/dL

Dura mater —__ Cochlear aqueduct

Anterior Endolymphatic duct
cowal Scala vestibuli
Posterior Perilymph

K* = 10 mEg/liter

Na* = 140 mEqg/liter

Protein = 200-400 mg/dL
Cochlear duct

canal

Horizontal
canal

Scala tympani

Saccule

Endolymph
K* = 144 mEqg/liter - Ductus
Na* = 5 mEq/iter ~ Utficle Round reuniens
Protein = 126 mg/dL window

Figurel-3 Inner ear showing Cochlea and the vestibular system. The inner ear is filled with Perilymph and
Endolymph. Both fluid is connected to CSF through cochlear aqueduct and endolymphatic sac respectively.

[6]



The cochlear fluid system consists of perilymph and endolymph and have similar properties
[7].While the Scala tympani arfsicala Vestibuli contains perilymph, the cochlear duct contains

endolymph.

Vestibular membrane
.22

7,
0y
’q.

0p€

Cerebro-spinal fluid

i

Figurel-4(a): Cross sectional area of human inneff@atb) Cross sectional area of cochlgj

Outside of the cochlear wall closettee semicircular cana is the oval windowwhich is attached to a

bone called stapdfigure 1-4(a))[8]. The cochlea consists of three long tubular chambers: scala vestibuli,

scah tympani and cochlear duct (Scala media) (figude)s e par at ed by basil ar memb
membrane[9]. The cochlear aqueduct, which is a bony channel between the Scala tympani and

subarachnoidpace establishes communication between the subarachnoid space and perilymphatic space.



1.3 Relation Between CSF Pressure and Cochlear FluiduPeess

Earlier study[10] suggest that pressuoé the perilymph and CSkre equal irthe cat. Another
study[11] examined the transmission of CSF pressure to middle ear fluid pressoecat by
increasing the CSF pressure quickly. Results showed that both perilymphatic and endolymphatic
pressure increased accordingly. The study suggestédntiiae cat the rapid change in CSF
pressure transmitted to the cochlear fluid throtighcochlear aqueduct. Other stuldy] varied

the CSF by changing blood pressure, posture, and blood gas corfemtat. Results showed

that the change iI@SF pressure were comparabléhtechange in perilymph pressure in all cases.

The findings of these experimental studies suggest that changes in CSF pressure are transmitted to

thecochlearfluid.

1.4 Middle Ear

The airfilled space between ear drum and ¢ival window of the cochlea is middle ear cavity or
tympanic cavity. Within this cavitythere aréhree smaltonnectedones fornmg the middle ear
These are known as stapes, incus and mall eus.
tympanicmembane at one end and the d6anvil 6 shaped
to the incus and oval window of the cochlea. The vibration of the tympanic membrane pushes the
malleus which vibrates against incus. This vibratidhémtransmitted tohe stapes through incus.

The gapes which is attached to the oval window vibrates creating pressure wave in the cochlear
fluid. At the base of the tympanic cavity, there is a tube that connects the tympanic cavity to nasal
cavity calledEustachian tube.Re tube allows the pressure in the tympanic cavity to be vented to

atmosphere. Figure5 showsthe middle ear bones along withetympanic membranfg].



Figure1-5 Human middle eaf9]

1.5 Tympanic Membrane and External Ear

The tympanic membran@M) is a circular membrane that is connected to the malleus of the
middle ear and separatdgetmiddle ear from external ear. Earlier st(ii§] showed that the
average thickness of the tympanic membrane is approximétél§4 mm. The tympanic
membrane transnsithe vibration caused by the sound energy in the external ear to the middle ear

ossicles. The tympanic membrane is slightly inclined at an angle of approximately 40vddgree

the floor of the ear can§l3].

Figure1-6 Human tympanic membrane along with An: Annulus fibrosus, lLgmg process of incus; Um:
Umbo, the end of malleus; Lr: Light reflex; Lp: Lateral process of the malleus; At: Pars flaccida; Hm
handle of the malleu§l3]



Figure (1-6) showed a photo of tympanic membrane annotating different locations of the

membrang13].

1.6 Variation of CSF Pressure and ICP with Respect to Body Posture

Earlier studyf14] suggestdthat changing body posture by tilting can lead to significant variations
of CSF presure. The study was done on a subject with artificial respiration. [lZ&sure
measurement was done by inserting a catheter into lateral ventriclee dbrain. Another

investigatiof15] done oradog showed that the CSF presstageswith change in body position.
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Figurel-7 Cerebrospinal fluid pressure in dog at different body postisg



Results(figurel-7) showed that the CSF pressure increased consideraliye deead and body

tilted downwardby 45 degrees while the pressure decreatighitly when the body was tilted by

45 in the head ugirection

In addition, the study performed variation of CSF pressure on human wislemite dementia and
dilated ventricle (figure 1-8). Results showed that the CSF pressure decreased considerably as the

subjectdés body posture changed from supine
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Figure1-8 CSF pressure in man with varying body post{té]

Anotherprevious study{16] on humas, where a butterfly needle was inserted into Ommya
reservoir &n intraventricular catheter systeised forthe delivery of drugs into CSh brain) and
connected to a prssre transducer to measure the ICP. Results showeal tatrogravity,ICP

was lower in upright sitting positions th#mat ofsupine.

t

(0]



Earlier study[17] showed that in sitting position the difference between ICP and lumbar CS
pressure is identical to the height of hydrostatic column. When the body position moved from
recumbent to sittingosition, the corresponding changdéumbar CSF pressureasly about 40%

of that predictethydrostatic column. In addition, when the bgubgtural position moved vertically

head down, the change in ICP was aboftl® higher than that of head ygwsition The study
suggested that in addition to hydrostatic pressure, the elasticity of lumbar thecal sac and venous

collapse influence the chgain ICP dudo variation in body postuse

1.7 Effect of Tympanic Membrane Movement on Intracranial Pressure

Earlier studie$1], [18] suggested that ICP is related to pressure of the cochlear fluid (fluid in the
cochlea of inner ear). In addition, CSF is connected to the inner ear via perilymphatic duct. Thus,
ICP can be tmasmittedto the inner ear via CSF or cochlear fluid and finathenthrough the

middle ear bone structure to the tympanic membrane. Therefore, it may be possible to monitor
changes in ICP by measuring the changes in the tympanic membrane pulsations (TMp)
previous studyl19] investigated the movement of tympanic membrane induced by the stimulation

of stapedial reflex. The study introduced a 1000 Hz stimulus signal with vdoyidgessnto
subject bs external ear canal . Thi s i ndduced

corresponding ossicular and tympanic membrane movement.
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Figure 1-9 Tympanic membrane displacement for -arel postoperative condition for a patient with
elevated ICP with a stimulus signal of 1000 M¥hile the negative volume indicatesward going
movement, the positive volume indicates-augird going movement ohé tympanic membrangl9]

Figure 19 showing tympanic membrane volume displacement with a 1000 Hz stimulus signal for
a patient with elevated intracranial pressure before and after placing a vermgdtdmeal shunt

[19]. According to the study the poperative tympanic membrane movement showing negative
volume displacement indicagwf elevated intracranial pressure which shifted to positive volume

after placement of the shunt indicating reduced intracranial pressure.

1.8 Measurement of Tympanic Membrane movemssihg volume displacemen

Earlier study{20] describeda technique of measuring variations in volume in the external ear due

to the movement of tympanic membrane.
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Figure1-10 Tympanic membrane displacement system showing the ear canal connected to a cavity using
a tube. The microphone measures the pressure fluctuations due to tympanic membrane movement. The
microphone output is then sent to reference diaphragm driver unibte the diaphragm and keep a
constant pressure in the cavity. The microphone output is a measure of tympanic membrane movement
[20]

I n this system, subj ect 6s ata(TMDcsarvoadvity)iinsidec o nn e c
the cavity, there is a microphone which measures the pressure fluctuation within the space between
tympanic membrane and the cavity. In addition, there is a reference diaphragm at one of the cavity
wall which is driven by aexternal driver circuit and can induce a subtle change in the ear canal

TMD system cavity voluméApproximately 0.04 microliters)rhe pressure fluctuation due to the
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movement of the tympanic membrane is sensed by the microphone inside the cavity. The
microphone output is sent to reference diaphragm driver circuit which move the diaphragm to
cancel out the pressure fluctuatieamd thus keeping a constant pressure in the cavity. The volume
displacement of the tympanic membrane is nullified by an equalgpus$ive volume displacement

of the reference diaphragm. The microphone output voltagieers used aa measure of the
tympanic membrangolume displacementin addition, the input to the reference diaphragm is
connected to an audiometer which can genereaege of frequencies with varying loudness. This

is used to stimulatthe system and excite the stapedius reflex in the ipsildiezalsame side)

middle earFigurel-11 shows the tympanic membrane volume displacement desecttation of

stapediuseflex.
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Figurel-11Tympanic membrane volume displacement waveform due to stapedius reflex ex¢2aiion

The TMD system is used in&ral studies[8], [19], [20] to investigatelCP changes in normal

humars and patients. The systeoutputdepends on the movement of reference diaphragm. The
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property of the reference diaphragm is not the same as tympanic membrane therefore, it cannot
mimic the exact movement of the tympanic membrane hence, it may not completely nullify the
pressure ltanges due to the movement of the tympanic membrane may cause buildup of back
pressure on the TM itselHence a passive approa@hithout using a stimulus signal to induce
stapedial reflexpf measuring th& M movement would therefore provide better ustknding of

how theTM moves under different physiological conditson

1.9 Relation between CSF Flow and Cerebral Blood Flow

Earlier study[21] described the relation betweklood and CSF volume in thekull. CSF volume
was obtained by integrating the CSF flow while the blood volume in the cranium was obtained by
the integration of the summation of the blood flow in the internal carotid arteryettms and

vertebral artery.

6.8 1 ml Blood and CSF volume
0.6 TCaudal flow variation in the brain

0.2 Intern carotid systolic peak flow

100%

| e o8 %
v percent of cardiac cycle
0.4
-0.6 - l @ (CSF
i Cranial flow e B1 OOD

Figurel-12 Relation between blood and CSF volume in the brain. As the blood volume increases, the CSF
volume decreases. The caudal flow indicates CSF flow towards spinal cord while the cranial flow indicates
cerebral blood flow towals brain [21]
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In addition, the studgiscussed thathe peak subarachnoaltflow of CSF(Maximum flow at
subarachnoid space towards spinal caaturs at 15% of the cardiac cyckgure 113 shows

the CSF and blood flow in two consecutive cardiac cycle

ml/mn B lood
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Break progression —o—C2C3 CSF
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500 I Cranial flow rela tionShip in the brain

Figure1l-13 Blood and CSF flow rate in the cranium. There is a time delay between the peak flow of the
two systems[21]

The vertebral and internal carotid systolic peak flow (ICSPF) happens approximately at 88% of
the cardiac cycle. This suggests that there is a delay between the peak flow of the twa. siyste
addition, raised ICP changes the intracranial compliance (change in vafinpdr unit change

in ICP (@P) and is the inverse of elastance) of the crariuthin normal condition, if intracranial
volume (CSF, ain or blood volume) increases, the ICP will rise accordingly. This then trigger
enhanced CSF absorption which will reduce ICP overtime. If CSF absorption process is obstructed
due to medical condition@raumatic brain injuryhydrocephalus the ICP wil rise leading to
decrement of the compliance as well as the cerebral bloodlwAs the intracranial compliance
changes the time interval between the cerebral blood flow and CSF peak flow may change. This

may lead to a chae in time interval between the CSF pulsations and earlobe pulsations from the
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external carotid artery which supplies blood tol@s. Hence a change in the GC&#&rlobe

pulsation time interval may reflect ICP variation in the cranium.

The TMp sensosystem (will be discussed in the following chapters) can acquire TMp signal and
the earlobe blood pulsations simultaneously. The ear lobe pulse signal depicts the pulsation of
external carotid artery due cardiac activity. The earlobe pulse signal wididaeto analysis the

effect of ICP variation on TMp signal induced by postural changes. In addition, the pulse signal
will be used to investigate changes in time delay between TMp and blood pulse signal due to

variation of ICP.
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CHAPTER 2: METHODS

2.1 Building the Sensr Assembly

The tympanic membrane pulsation sensor setup has two components: 1. Piezo sensor 2. Ear lobe
pulse sensor. A Buzzer Element Piefaesonant frequendy.6 kHz and44 mm diameterpiezo

disc(CUI inc, Tualatin, OR 97062, USAvas used to builche piezo sensor. The piezo disc was
inside a 2d printed circular chamber. There is a 3.5 mm opening at the center of the top surface
of the chamber. 88mm long tube(inner diameteB.5 mm) is attached at the opening of the
chamber. The tube is taperedailow easy insertion and removal of ear plug. A pressure tap was
installed at the base of the tube to allow testing thgiseadir tightness) of the connection between
thetympanic membrane and piezo disc. FigttEshows(a) the photo of piez@lementand (b)

the constructedensor.

Figure2-1(a) 0.6 kHz 44 mm piezo disc (b) Piezo sensor along with a side pressure tap and a long tube to
be put in external ear canal.
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The ear lobeptical pulse sasor(SparkfunElectronics, Niwot, CPwas attached to small 3-d
printedchamber to cover the electronics of the pulse sensor. An ear clip was attached to back of
the pulse sensto attach the senstw theear lobe. Both piezo and pulse sengereplaced inside

the right and left ear muffs (Fnova, 8B, ShenzhenGuangdongChing. Thesealtesting port at

the base of the long tube was connected to flexible wiieh was connected to a valdatwould

allow releasing the pressurethe connectiotetween TM and piezo disc to atmosphere. Figure

2-2 shows(a) the ear lobe pulse sensor along wWiihtheTMp sensor assembly.

Figure2-2 (a) Ear lobe pulse sensor (b) TMp sensor assembly. The piezessanddhe ear lobe sensors
are inside the right and left ear muffs. The while valves are used &irteghtnesdetween ear canal and
piezo disc by connecting the valve outlet to a manemet

2.2 Data acquisitionPost Processing and Analyzing the Acquifédp Data

2.2.1 Data Acquisition,Plotting the Acquired Tymgmic Membrane Waveform with Habe
Pulse and Airflow

The piezo sensothe ear lobe pulse sens@nd the spirometer outputs were connectealdata

acquisition systen{IX-RA 834, IWORX, Dover, NH, USA)which allowed realtime data
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monitoring while acquiring the dataAcquired data were saved in CSV files for later analysis.
During post processing,cquired tympanic membrane data along with earlobe pulsation and
airflow dataareread andlotted (Matlab 2013, Mathworks, Natick, MA)Figure 23 shows the
TMp waveform(top row), earlobe pulsémiddle row) and airflow rate (bottom row)t can be

seen in the figure that the TMp waveform tended to vary during the respiratory cycle.
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Figure 2-3 Tympanic membrane pulse (top), earlobe pulse (middle) and breathing airflow (bottom). The
tympanic membrane waveform changed with airflow.

2.2.2 Filtering the acquired signals

The acquired raw signals are fiker (bandpass=-20 Hz) to remove noigg.g., of environmental,

electronic, and respiratory origins)

Figure2-4 shows the filtered TMp, earlobe pulse and airflow sigoatsesponding to those shown

in figure 2-3.
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Filtered TMP waveform
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Figure2-4 Filtered TMp, earlobe pulse and airflow data
2.2.3 Identifying the Peaks of Ear lobe pulse

Next step in analyzing the data is to find the peak locations of earlobe pulse peaks.|®be ear

pulses are relatively repeatable undene condition. Hence elabe pulse peakocationsare used

as a reference to matkrrespondindMp waveformsThese peaks were identifieding methods

similar to previous studig®?], [23].This process involved setting a threshold amplitabeve

which peaks of all individual the ear lobe pulsgnalare assumed tb i e . Mat lsab Afir
functionwasthen used to find all the pulse pealt®vemean peak heiglfthreshold amplitude)

Since theheart rate was typically between-90 beats/minutef thereweremultiple peaks within

the correspondingulse periodonly the peak with higher amplitudeas choseand other peaks

will be defined as false peaks awdsremoved.Figure2-5 showsthe ealobe pulse peaks with

their peaks marked with red circles.
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Figure2-5 Earlobe pulses with their peaks marked with red circles

2.2.4 Finding the Nadirs (start and end points) of Individual TMp waveforms

24

25

Following the identifications of pulse peak locaticthe MATLAB program finds the nadirs (start

ard end points) of corresponding TMp waveforr8gce period of edobe pulses are identical

for each pulse, the TMp cycles are assumed to be similar. The algorithm finds the start and end

pointsby going a specified location in the TMp data before and efteesponding edobe pulse

peak locationsThis method is similato the above section (using the findpeaks Matlab function

after mul ti pl iowhgichis hlsesinslartgpreaxibus siugiegs], [25].
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Figure2-6 TMp and earlobe pulse waveforms are plotted. The peak locations of earlobe pulses are marked
with black circles. The start and end pesif corresponding TMp waveforms are marked with red and
green circles

Figure 26 shows the TMp nadirs along with pulse peaks.
2.2.5 Separating the Individual TMp Events

Once the start and end points of individual TMp waveforms are identified, the TMp waveforms
are stored in an array. Next, these waveforms are plftgeole 27) on top of each other. This

help looking at individual TMp waveforms and identify the noise in the stored data.
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