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ABSTRaCT

Hydrocephalus, a serious condition involving accumula-
tion of excess cerebrosvinal fluid in the ventricles of
the brain and elevated cerebrospinal fluid pressure, can re-
sult from any of a number of factors, especially congenital
malformations., Though many forms of treatment have been

tried, only shunting is in common use today. However, shunts

themselves cause many v»roblems,

Cerebrospinal fluid is produced in the choroid plexus
and central nervous system ependyma and is absorbed through
the arachnoid villi., Acetazolamide (Diamox), a carbonic
anhydrase inhibitor, and isosorbide, an osmotic diuretic,
are expected to diminish cerebrospinal fluid pressure.

The vroposed exveriment involved implanting piezoelec-
tric pressure transducers into cats' ventricles, trying to
obtain baseline values, anc attempting to quantify the ef-
fects of Diamox and isosorbide on cerebrospinal fluid pres-
sure, Unfortunately, it could not be performed because of
unforeseeable circumstances beyond the author's control,

A detailed discussion of several types of biological
vressure transducers and their drawbacks is presented. The
Fi system of Lorig, Cheng, and Ko is described and recom-
mended for future exveriments of this nature.
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FIGURE 1: CEREBROSFINAL FLUID CIRCULATION
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INTRODUCTION

Protlem Statement

Hydrocephslus 1s s serious condition cheracterized by
sccumulation of excess cerebrosvinal fluld in the ventricles
of the brain and *y elevated cerebrospinal fluld nressure,
often resulting in skull enlargement, brain demege, dementia,
disturbance, and even death. Hydrocevhalue is divided into
two claseses: communicsating hydrocephalus, in which the ven-
tricles of the hrain are connected normally, and obstructive,
or non-communicating, hydrocevhalus, in which a physical ob-
struction suck as a tumor tlocks cerebrospinal fluid flow in
or tetween the ventricles. The latte~ type of hydrocevhalus
results in e somewhat more localized pressure buildup (16).

The distinction between communicating and obstructive
hydrocephalus i1s somewhat arbitrery and mislead¢ing for sev-
eral reasons. Several types of so-called non-communica*ing
hydrocephalus are characterized by only vartial tlockage te-
tween the ventricles or contain patent interventricular con-
nections but possess other deformities which interfere with
cerebrosvinal fluid flow. A number of tyvnes of obstructive

hydrocephalus alsc exhibit problems related to cererosrinesl

Format for this thesis is based unnn that of articles
printed in the Annals of Biomedical Engineering.




fluid sbsorption. Thus, the two classes of hydrocephalus are
in some wave similar 2g fa» 2s symntoms and methods of man-
sgement are concerned.

Hydrocephalus occurs as a confenital defect in one to
two per thoucsand live births and ss a side effect in 90 to 95
percent of bhahies born with spina bifida cistica, which it-
self occurs in two to flve per thousand live tirths (16, 24).
One suggested e*iology 1s overdevelopment of the choroid
plexus, which produces cerebrosvinsl fluid (8). Eydrocepha-
lus may also develop in persons of any age as a result of
neurosurgery, neovlasm, hemorrhage, or meningitis.

Stenosis of the aqueduct of Sylvius is fairly common in
infants with congenital hydrocephalus. This condition can re-
sult from a highly branched aqueduct with numerous "blind al-
levs" and only a smell, narrow connection to the fourth ven-
tricle or from glioels following certain types of in utero
infection. It has even been suggested by some resesrchers
that mild ceses of aaqueductal stenosis may recult from a sex-
linked recescive trgit. Another well-known deformity, the
Dandy-Walker malformation, results from an obstructed foramen
of Magendie =2nd obstruction of one or both foramins of Lusch-
ka, leadinc to an enlarged fourth ventricle with a cystic
roof. A third anatomical anomely resultings in congenitel
hydrocenhalus is the Arnold-Chiari melformation, which can
be divided into three categories: Type I, in which the me-
dulla protrudes downward into the spinal canal snd 1is cov-

ered with peglike growths originating from cerebral and cere-



bellsr tissue; Tyve II, which is cuite similer to Type I ex-
cept that the fourth ventricle slso extends into the spinsl
cenal; and Type III, which consists of a cerebellar hernila-
tion throuzh a bony defect and is essentislly an occipital
meningoencenhelocoele (24).

Although many forms of trestment have teen suggested
within mndern times, none have been greatly successful.
Ventriculostomy of the third and fourth ventricles has been
virtually abandoned htecsuse of problems in alleviating ob-
struction e2nd total ineffectiveness against coexisting ab-
sorntion deficiencies. Choroid plexectomy andéd electricsl co-
aguletion of the choroid plexus, believed to be the major
site of cerehrosvinsl fluid vproduction, reduced fluid pro-
duction at the nrice of a very high mortality rate. Another
techniouve that has been used 1is ventriculocisternal shunt-
ing, which attemvts to short-circuit various problems above
the foramen magnum. The ms jor drawback is the operation's
307 mortelity rate, which may be a function of the numbers of
neoplasm patients who undergo this treatment. Chances for
survival are much better if the patient is older and has
patent foramina (10).

The current concept of hydrocephzlus trestment involves
draining cerebrospinal fluid by means of a shunt and dates
back as far a2s 1902 (33). Such tubes have been connected
from the ventricles to the heart and venae cavae, peritoneal
cavity, nleural cavity, Fallopian tubes, ureters, middle ear

and Eustachian tubes, longitudinal sinus, 2nd the gall blsdder



as well as to temporary extracorporesl drainace sites (9).
Many shunts are made of silicone rubber impregnated with
barium sulfate to render them visible in X-rays, with valves
composed of 316 stainless steel (7). Serious material and
mechanical complications exist.

Traditionsl hiocompatibility nroblems include an immune
response tn the foreizn body, thrombogenic and hemolytic ef-
fects, and grestly enhanced susceptibility to bacterial in-
fection. Materisl failures also result from corrosicn of me-
tallic elements in the body's extremcly harsh internal mi-
lieu, abnormal calcification related to shunt comnonents,
cracks and %inking in tubes, and denaturation and degradation
of rubber (5, 19). Sterilization is an imvortant considera-
tion since all the commonly used methods--dry heat, auto-
clave, chemical agents, and radiation--damage many polymers
(25). Heat, chemical additives, and other aspecte of manu-
facture may render polymers useless.

Shunts also carry many mechanical problems. Lack of
standegrdizatinn with regard to expressing surgical specifica-

tions anc to maintenance, implantation, and testing proced-
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s retards progreses and promotes confusinon. Valves such as
the Holter and Pudenz have relatively high failure rates;

for instance, toc low 2 flow rate will not effectively reduce
intraventricular pressure, yet too large a flow can concelv-
ably result in nartial to comnlete collavse of the ventricles.
Al1l types of shunts freauently clogs with cellular debris,

nroteine, tissue fracments, ete. (5), althoush this nroblem



can be somewhat reduced by flarinz the end of the shunt, as

1s the e with the Multiflanged Ventricular Portnoy Cathe-
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ter (9). The risk and pein of surgery must te repeated as
nften =8 necessary to sccommod=te growth or renlace falled
comoonents.

Two shunting syvstems commonly used today are the ven-
triculoatrial =and ventriculoveritoneal shunts, in which the
cerebroaninal fluid drains into the heart and nerlitoneal cav-
1ty, respectively. In one study, 65 of 134 recivients of
these devices experienced comnlications, with 26.2% experi-

en
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ing catheter blockage, 18.5% havinc postoperative convul-
sions, and 15.4% sufferine from infections. Of all the com-
plications, 53.87 were shunt-related, including blockage,
leakage, valve malfunction, disconnection, shortening, end
kinking. Of these two shunts, the ventriculoperitoneal re-
sults in slightly more complications initially but seems
much hetter for long-term use. For example, a patient with
a ventricoloneritoneal shunt 1s five-eighths as likely to

have an infection as a patient with a ventriculoatrial shunt.

Prophylacti~ doses of penicillin are fairly effective for

combatine the ma jor psthogen, Staphvlococcus enidermidis.

There 1s less need for growth revision in ventriculoperito-
neal shunts, and many ventriculoveritonesl complications are
sufficiently minor that they can be remedied by surgery ver-
formed under local anesthesia. Reported ventriculoperitoneal
complications include omental and neritoneal adhesinng, as-

cites (fluid accumulation in the abdéomen), intra-abdnninal



cysts, volvulus (an obhstructive twistinz of the gut), and
nerforations of the vagzina, scrotum, snd rectum. Ventriculo-
atrtal shunt hazards sre much more serlious, including clot-
ting and vascular occlusion of the venae cavae, accumulation
of fluids in the nleural cavity, nulmonary emboli, septi-
cemis, and a 30% infection rate (6, 10, 13, 22).

Ano*ther msa jor type of shunt is the ureteral shunt, in
which 2 kidney 1is remecved and the cerebrospinal fluid drained
intn the corresponding ureter. Though 1t ras the lowest
death rate of any shunting procedure, it is oulte unpopular
for two reasons: firstly, 1t can result in serious protlems
related to renal electrolyte imbalence, including sodium de-
vletion. Thers 1s also an ever-present rick that the othenr
kidney may someday fail. Thus, shunting can creste as many
problems ac it solves (10).

Because many shunt failures are associated with rejec-
tion of foreien matter, one team of researchers 1s experi-
mentine with a2 lumbho-omental graft, in which a section of the
omentum with blood vessels intact 1c incubated in 2 test tube
8t body temperature and later grafted to the svpinal meninges
during » laminectomy. By creating space in the bone, dura,
and arachnoid, the laminectomy helps to relieve pressure,
while excess cerebrospinal fluid 1is absorbted with amezing ef-
Ticiency by the omental graft. Although results thus far ap-
pear promising, a2 good deal of work must »e done before the
technioue can he tried on humaen subjects. A large graft

would probably te necessary, makinz the procecure fairly nhez_



ardous (33).

It should be emvhasized that shunting is only a life-
sustaining measure and that presently there is no known cure
for hydrocephelus. The need for a substitute or auxiliary
treatment which would bhe safer, more effective, and less
traumatic =nd invacive is therefore cuite obvious. For ex-
ample, effective chemotherapy would reduce injuries, demages,
and fatslitles associated with shunt implantation 2nd could
in effect "btuy time" for infan*ts by delaying the need for
life-threatening surgery.

Additionnal Backeround Information

To gein an insight into chemicel control of hvdrocepha-
lus, it is necesgary to hove some knowledge o¢ the cerebro-
spinal fluid itself. The cerebrospinal fluild supnorts the
brein snd sninal cord and helps protect them from injury by
scting as 2 damping fluid or "shock atsorbver." Without this
damning action, routine activities such as climbing a flight
of steirs would injure the brain. Cerebrospinal fluid volume
and pressure in & healthy man or woman lying down are ap-
proximately 150 ml and 10 mm Hg, respectively (34) and are
maintained by fluid production and avsorption.

Research strongly suggests that the ceretrospinsl fluid
serves as 2 cleansing fluid by ridding the btrain of certain
netatolic weastes and by-products. It ie also thought to sta-
ti1lize certain neurochemical factors such as oH and concen-
tration of amino acids snd of catecholamines. Histological

examination of choroid nlexus tissue reveals a glanduler



structure with ciliated evnithelium on villi consicting of
stroma and vessels. Enzymes involved in secretion, particu-
larly carbonic anhydrase, are also present (6).

The cerebrosvinal fluild conteins greater concentrations
of megnesium, chloride, and sodium lons thsn does blood
plesmas and is lower in concentration of glucose, nroteins,
amino 2cids, uric ecid, calcium, phosphate, and votassium.
It 1= severated from the plasms by carrier-medisated trans-
port of solutea. The solutes attach to the carrier molecules
on the blood =ide of the interface and sepsrate from the car-
rier molecules on the cerebrospinal fluid eide. Choroid
plexectomy doe<s not alter cerebrospinal fluid compvosition
and does not entirely halt cerebrosninal fluid formation.

It has thus been postulated that a portisn of the cerebro-
spinal fluic comes from the central nervous system evendyma
(18). Absorption occurs in the arachnoid villi, or granula-
tions, which in turn are conne cted to the venous sinuses.
The fluid nasses through the foramin- of Monro, the third
ventricle, the acueduct of Sylvius, s2nd the foramina of the
fourth ventricle and enters the subarechnoid space in the
cisterna magna (4). (See Fig. 1)

At least twn classes of drugs have been ohserved to di-
minish cerebrosninasl fluid »nressure. Two likely choices for
thies exneriment sre isosorbide, an osmotic diuretic, and
acetazolamide, a2 carbonic anhydrase inhibitor (27, 28).
Because these two druge function by means of different mech-

anismg, 1t 1s conceivahrle that using them in the onrover com-



bination would votentiate the effects of both.
Acetazolemide {also %nown as Diamox or 2-scetylamino-
1,3,b-th1adtaznle-5-culfonamide) is a votent, enzyme-spe-
cific carbonic ~nhydrase inhihitor with no significant ob-
served side effects okserved during experiments with hydro-
cevhalus patients. Carbonic anmvdrase catalyzes the re-
versihle production of carbonic acid from water and carbon
dioxide; the carbonic acid, in turn, 1is broken down re-
vercibly into hvdrogen and bicarbonate ions. Normally, the
hydrogen ions thus literated revlace sodium in several com-

pounds, including sodiun vhosphate, in order to conserve

sodium. These catlons 2lso prevent bicarbonate loss in urine

by converting bicarbonates back to carbonic aclild and react
with ammonias to form ammonium ions to helv retain calcium,
potassium, etc. However, Diamox drastically alters this
equilibrium so that diuresis occurs, sodium is excreted into
the urine, and osmotic pressure is lowered, causing cerebro-
soinal fluid to te absorbed by the bloodstream. Continuous
administration of acetazolamide inhibits cerebrosninal fluid
formation by inhibiting brein and spinal cord carbonic an-
hydrasse, whereas intermittent dosage increases uptake by

means of diuresis (12, 15).

Isosorbide, an osmotic diuretic, is preferred over glyc-

erol, urea, and mannitol tecause it can be adminictered oral-

T

ly 1nstead of intravenously and does not cause gastrointesti-

nal or renal disturbance (20). Presumed to function by ra

ing blood osmolarity, this drug has been reported to be 66
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effective in nartisllyv and totallyv communicating hydrncenhs-
lus and 227 effective in totally obstructive hydrocephalus
(28).

Before any drug is used in experimentation, anticipation
and measurement of cide effects 1s desirable. BEecause of
their diuretic properties, isosorbide and Dismox will defi-
nitely increase urine outoput by causing the kidneys to ex-
crete more water in tre urine. It is ouite likely that
there will also be some effect on venous blood pressure
caused by the change in venous fluid volume. This, in turn,
could affect arterisl tlood pressure. Clearly, 1t is im-
portant to ouantify influence on arterial and venonus blood
pressure and urine formation, effectiveness in reduclng cere-
brosoinal fluid pressure, and duration of effects for these

drugs, both individually and in combination.



METHODS AND MATERIALS

One of the problems associsated with testing verious
drugs in the treatment of hydrocephalus 1s that progress
1s cuite difficult tn assess and aquantify. Anticipated
long-term henefits of the drugs are ohserved (if at all)
in 2 ocuslitative manner. Phrases such as this are common
in the medical literature: "Child X showed no increase 1in
head circumference in three months and seems to be growing
normally." In some adul*ts, hydroceohslucs dones not produce
noticea®le enlargement of the skull, rendering this method
of measurement useless. Also, irreparable damsge mav al-
ready have ensued by the time the vhysician sees that the
medicationg are not proving effective and decides to try
other more traditional methods of treatment (5). Patients
in seemingly arrested states of hydrocephalus can still be
in danger from sudden increases in cerebrospinal fluid pres-
sure; for examnle, = violent cough can easily raise cerebro-
spinal fluid pressure from seven to fifty mm Hg, five times
the normal pressure (34),

One of the oldest methods of measuring ceretrospinal
fluid nressure is the lumhar puncture method, in which a
known amount of cerebrosvinsl fluild is removed from the
sninal canal hetween the sacral vertebrae and used to calcu-
late pressure by osmotic princinles. Although the region
punctured is the cauda eauina, a fan-shaned configuration
of sninal nerves just below the spinal cord orover, mnaralysis

and infection can result in addition to the sccomvanying
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gsevere nain. A eimilar method for instantaneous short-term
measurement involves withdrawing fluid from the brain ven-
tricles. This method, ton, is notentiaslly dangernus, useless
for long-term continuous mesasurement, and ocuite vainful (31).
Because of the invasive nature of lons-term measuring devices
in this area, intraventricular cerebrospinal fluild pressure
is most commonly monitored on a continunus basis during
neurosurcery for periods of several hours, with the longest
monitoring times recorded being five to seven days (17). If
such a long-term pressure monitor were implanted in a labora-
tory animal free to move about as usual anc¢ pursue a normal,

active life, the effects of common activities such 28 walk-

ing, breathingz, sleening, etc. on ceretrospinal fluid pres-

19}

sure (with and without drugs) could be measured ~nd cuanti-

fied. Such a device should not interfere with normal func-

tion of the organism by teing cumhersome, painful, or damag-
ing. In this wav, 1t would be much easier for physicians to
estimate dosages for human patients, who will want to be as

active as nossible.

Adult, random-bred cats were chosen as laboratery ani-
mals in this project for several reasons. First, a variety
of sterentaxic atleses 2and eduivment are readily available
(29). Behavicr is easv to observe, and cats are a convenient

size for surgery and other experimental procedures. Cost of

the animals was also considered.
The provosed imolantations were to be performed using

aseptic surgical procedure, with sodium pentothal used 25 2



general anesthetic. Burr holes were to be drilled into the

skull at arnvorooriate nnintae. Ueing stereotaxic eocuivment to

hold the animel's head in the nrover nosition, a Kulite Seni-

conductor piezoelectric pressure transducer was to be in-
serted into the third ventricle »~s follows: a thin-walled
stainless steel tube of avproximately 2.8 mm internal dilam-
eter was to be incerted through the turr hcle and a sharo
stainlese steel wire threaded through the tube to act as a
stylus. The wire then was to be removed and the catheter-
pressure transducer assembly threaded through the tube. For
an a»plicaticn such as this, biocompatibility of stainless
steel 1s consicdered adequate (14). Stainless steel screws
were to be inserted into the cat's skull for use as electro-
encevhalogram electrodes, with a steinless steel wire im-
planted Just over the shoulder Joint to serve as an EKG
electrode. The screws and cannula were to be attached to
the skull by means of dental acrylic, polymethyl methacryl-
ate. Recovery time wes estimated at one week.

The entire messurement system envisioned consists of a
nlezoelectric vressure transducer connected to a stainless
steel cannule, which 1s in turn connected to an amnlifier
anC¢ chart recorder. The pnlezoelectric transducer was chosen
over other tynes of pressure trancducers for its accurscy and
precision, with cost and availability bheing secondary in con-
sideration. It consists of a specially manufactured crystal
lattice whose internal vositive and negative charges rear-

range in the nrecence of an imbalanced avnnlied force. <‘hese

14
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rearranged internal charges induce surfece charges of oppo-
site nols~ity on ovnosite sides of the cryetal. Surface
charge can rte determined By measuring the difference in
voltage between electrodes attached to the surfaces. In-
duced ctaree a 1s directly orovortional to the annlied
force f:

a = kf
where k is the plezoelectric constant and eouals 2.3 pcoul/
newton for ouartz and 140 pcoul/newtor for barium titanate.
The niezoelectric crystal behaves gs a small parallel-plate
cavaclitor, o voltage is easily messured and cen be used to
calculate nressure. Thus,

=kf= Xk ft=- _ %k pt
€EoEr A €EpEr

Q

where €eo is the dlelectric constsnt of free space, €y i the

Fal

relative dilelectric constant of the crystal, A is the ares of

ct
]

the crys face, t 1s the thickness of the crystal, 2and p is

«

o)
the pressure. As =2n examnle, for & ocuartz cryvstel 1 mm thick
and 2 cerebrosninal fluid opressure of ten mm Hg,

v = 2.3 pcoul/newton x 1 mm x 10 mm Hg x 133 Pa = 0.3 mV;
8.8 oF/m (111L) mm Hg

with proper amnlification, such a value could essily be
"nicked un" and recorded (26).

Although the exverimentstion hed to be canceled tefore
meny final decisions could be made, the emplifier and cen re-
corder would definitely need a wide bendwidth; that is, the
signel should not he attenuated over a wide range of fre-

aguencles. Adecuste gain would te necessary for the amnlifier
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in orcer to be able tc visualize the outvut more eszsily.

Other characteristice desirable are high linearity, low hys-

Q

teresis, sné 2 range in which gaturation is not likely to
occur (32). Outvut rnoise would need to be identified and
filtereé out of the system (23).

After the cats had had ample time to recover from sur-

ery, baseline measurements were to be collected over a

m

eriod of apnroximetely two weeks. Attempts then were to

o]

have been made to correlate cerebrosrinal fluld pressure

with obeerved behavior, EEG's, and EKG's. Dosages of iso-
sorbice and acetazolsmide were to be determined emniricelly,
with the drugs administered by injJection. Cerebrosninal
fluid pressure would have 2gsin been correlsted with ob-
served behsvior, EEG's, and EKG's. Apvroximate data analy-
sis technioues were to have been used for the data gathered.
One such method 1is Fourier ceries, in which any periodic funec-
tisn can be analvzed in terms of sinusoldel components. Nu-
merical and statistical methods would have been used where

possible in order to conserve valuable research time.



DISCUSSICN

Unforeseeable trensducer-related difficulties prevented
the experiment from being performed at all. Since the trans-
ducer is a crucial but inherently weak part of the apparatus
and planned orocedure, it is apornpriate to consider the
problem in greater detail at this vpoint.

Implantable pressure transducers for biological research
are relatively sceovce, with only four companies (Honeywell,
Konigsberg, Kulite, andéd Millar) manufacturing them. These
devices are generally so non-uniform and inconsistent that
each transducer must te individually calibrated rather fre-
ocuently. Some imnlantable pressure transducers possess long-
term stability as low as 4 mm Hg/hr (30). Virtually all
commercially availatle pressure transducers designed for
other arplications are too large for implantation and possess
too high a range of overation for cerebrosrinal fluld pres-
sure measurement (11).

Piezoelectric pressure transducers, normally used for
hich freouvency pressure or sound-pressure measurements (21),
carry some problems of design and measurement. The plezoe-
lectric transducer is normally modeled as a parallel RC cir-
cuit (reoresenting the transducer itself) connected in paral-
lel RC combinatinn to account for the resistance and cavaci-
tance of the amnlifier. Though prover amovlification is abso-
lutely necessary becsause of the small transducer output, am-
plification tends to worsen the freouency resvonse. The cor-

ner freouency f,, at which amnlifier gsin is equal to 0.707

17
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timee the gain for the flat vortion of the freauency resoonse
vlot, {g defined as follows:

£, = (2tme)~1
For =a typical voltage amplifier, the reduction in resistance
accomnlished by combining the two resistances in narallel is
greatly overshacowed by the increased total cavpacitance re-
sulting from connecting the amplifier in parallel with the
transducer. As a result, transducer outputs for low fre-
auency pressure components are seriously attenuvated. Using
a charge amplifier with a feedback capscitor tec offset the
capaclitance increase improves the situation to some extent.
For examnle, an overall capacitance of 1 nF with an overall
resistance of 10 Mohm would result in a corner freaquency of
17 Hz., To reduce the corner frecuency to a more desirstle
value of 0.17 Hz would recuire an overall resistance of 1000
Mohm, which would cause serious noise artifacts becaucse of
precision difficulties in manufacturine resistors over 10
Mohm (2, 24).

Piezoelectric materinals possess a high but finite re-
sistivity; thus, surface charges will eventuelly dwindle to
zero, thereby ovreventing a dc resmonse. Since nightly varia-
tions in cerebrosvinal fluid pressure patterns have been re-
ported (31), such a lack of dc response would csuse incom-
vlete =2nd rotentially misleadinz data to be collected. Be-
cause of high trarcducer source impedance, the slightest cur-
rent between the two transducer terminsls can recult in a de-

ceptively large voltasge value unless connected to an ampli-



rier with impedsance of, for examnle, 100 Mohm. Availability
appears to be a marticularly importent limitation since the
desired transducer is no longer being manufactured and a
lesser auslity niezoelectric trasnsducer arrived too late to
be of use for this endeavor.

Another common type of pressure transducer, the strain
gauge-Glaphragm variety, apvears to have 1ts share ol disad-
vantazges for this particular application. Such devices ov-
erate on the orincipnle of g membrane deflected by pressure.
The strain gauges, arranged in either two or four arms of a
Wheatstone bridge circulit, exhibit resistance proportional
to their length according to the formula R =@ L/A where
P=- resistivity, L = length, and A = cross-sectional area of

a strain gauge. Thus, when the diaphragm deflects and the

gauges stretch, the circult exhitits a change in voltage out-

put with either =c or dc excitation. Unfortunately, this
type of transducer is too large and vossesses too high a
range to be of much value in measuring cerebrospinal fluid
pressure. Freauency response problems are highly likely
since the device requires a catheter for connection to cir-
cuitry outside the animal's body. Finally, behavior of a

circular diaphragm is descrited by a formidatrle eaquation:

z(r) = 3Ll?%ElLBE:EElEA§ﬂ__
16Et2(14(z(r)/t)4/2)

where z = deflection, r = distance from the center, R =
radius of the dianhragm, E = Young's modulus, t = diaphragm

thickness, end /L: Poisson's ratio. Large radius and small

19



thickness, the opntimsl reaquirements for high sensitivity, are
exactly the opposite of parameters recuired for high natural
freouency and thus good freouency response.

The capacitive pressure transducer appears promising in
some waye but also presents some nroblems. Two metsl vpletes
sevarated by s vacuum (or preferably =2 dielectric) store

charge and generate g potential difference across the space

D

accordine to the cernacitance ecuation,

C = €En€rA/d
whiere C is the canscitance, €o 1s the dielectric constant of
free cpsce, €r1s the relative dielectric constant of the
material hetween the rnlates, A is the area of overlap tetween
the nlates, 2nd 4 is the distance tetween them. Thus, ca-
vaclitance can be changed by varying distance tetween plates,
arezs of overlap, or the nature of the dielectric materiel,
with the first method being most commonly used in prescsure
transducers. Pressure moves the plates and changes the dis-
tance between them, with the resulting change in capacitance
sensed by approoriate impedance bridges (1). Most capacitive
pressure trsnsducers consist of one or two ststors (station-
ary electrodes) attached to the transducer case or to a ce-
ramic base of come type. In the more common duasl ststor con-
figuration, the electrodes serve as two arms of an ac bridge
circult. In the single stator transducer, the ststor is
present in the form of s diaphragm attached to a trensformer
and LC ecircuit. The major »roblem with this type of capaci-

tive transducer 1s the need for eouinment to nrovide excita-
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tion (21). Howvever, cavacitive transducers reouire s chenge
of only ten angstroms or so in distance between nlates. Sim-
1larly, force requiremen®s are extremely small; for example,
for two cavacitor nlates with an ares of 2 cm?, one mm apart,
to oroduce an output of 100 V, a force of anproximately one
dyne 1s reocuired., Becauce the mechanism is not e function of
vlate material, high stabllity is tvypical. Unfortunately,
large outout impedance reauires careful consideration to
electrical shielding in order to avoid overlosding the ampli-
fier. As with moet other pressure transducers, large size
and high range are limliting factors.

The Bourdon tube transducer, another well-known device
for measuring opressure, was also considered. The transducer
1tself consists of a curved or twisted tube having an oval or
elliptical cross-sectional area and sealed at one end. Lhe
difference in pressures inside and outside the tube tends to
make the tube more circular in cross-section (2). Deflection
varies with ratio of msajor to minor cross-sectional axes,
tube length, difference between internal and external pres-
sure, time rate of twisting (for twisted Bourdon tubes), and
tio-to-nort angle and radius of curvature for curved tube
varieties. It is also inversely related to wall thickness
and modulus of elasticity. Unfortunately, it is cquite diffi-
cult to manufsacture Bourdon tubtes of sufficliently small size
for implantation in the ventricles, a2nd the devices are auite
vulnerahle to mechanical shock and vibration damaze (21),

The linear variable differential transformer is a re-
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luctive device, converting pressure into an ac voltage change
ty changing the reluctance path bhetween two or more coils
with ac excitation. The LVDT conteins one primary and two
secondary coils with a mobile core and experiences a change
in mutual inductance when oressure moves the core. The Bio-
tronex BL-9630 is one such transducer. In the BL-9630, the
primsry coil is excited by an ac voltage of 5-20 V (peak-to-
peak) having a frequency between 1.5 and 15 kHz. As with
other LVDT'g, somewhat sonhisticasted eouinment 1s required
for excltation. Phase angle distortion is also present, ap-
proaching 900 at low freauencies. For 2 cerebrospinal fluid
pressure waveform of extremely large period, such a lag could
lead to drastically misleading results. Catheter frequency
regponse is another likely source of error (3).

Other reluctive methods exist for pressure transduction.
In one such methnd, oressure ceuses deflectinn of a dianhragm
tetween two iron core colls, thereby changing mutual induc-
tance. In an alternate design, rotatinn of a twisted Bourdon
tube turne an attached armesture (magneticslly nermeable
strivo), increasing the flux gav of one coil as 1t decreases
the gan of the other coil. Both of these reluctive trans-
ducers are useless for the proposed experiment, with minimum
ranges of 0-5 psid and 0-5 psi, resvectively.

Perhans the best solution to the problem at hand 1is the
so-called P1 system develoved by Lorig, Cheng, and Xo. A

pressure-sensitive transistor of appropriszte range manufec-

i)

tured by Pitran-Stow Labs is mounted in the kova» portion of
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a kovar-Pyrex tube 10 mm overall diameter. A kovar cap and
port are attached to the tube in order to seal off the trans-
ducer end. The cerebrosninal fluid contacts the pressure-
sensitive diavhragm through a standard silicone rubber cath-
eter incerted through the port and posltioned so as to extend
into the ventricles. The Pyrex end of the kovar-Pyrex tube
1s also sealed and contains the necessary electronic compo-
nents. The device itself 1s fastened to suhcutaneous muscle
Just external to the skull.

Power for the Pi gystem is provided by two sources in
parallel, a 1.3 V AgO battery and a radio-freacuency inductive
power source with 2 nominal freouency of 2.5 MHz. The bat-
tery 1s cenable of sunplying 5OFA to the circultry and ver-
mits either intermittent long-term overation or continuous
short-term overation. The svstem is designed such that the
RF is 2vailable any time and 1is particularly useful during
tattery failure. Also contained in the Pi system are signal
nrocessing systems, built-in temperature compensation mod-
ules, and both analog and digital readout of the cerebro-
spinal fluid pressure and trsnsducer temperature.

The oressure trancsducer current ics modulated by the
cerebrosninal fluid nressure as follows: a pulsatile wave-
forn whose period 1s proportionsl to pressure gates the
transmitter carrier on and off. Thus, the nominal carrier
frecuency of anproximately 100 MHz contains burste of RF
energyv relsted to pressure. Subcsrrier revetition rate

ranges from 1 to 10 kHz. By including a temperature trans-
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mltter operating at s slightly different freauency, trans-
ducer temperature 1s readily disnlayed. In this way, appro-
priste temmerature correction calculetions can be made with
relative ease. The vackage hes been tested in dogs for
periods of seven months with no leakage to the electronic
components, minimal inflammsatory resnoncse and corrosion ef-
fects, and lone-term stahbility high enough for drug experi-
mentation and physiological investigations (17).

This author feels that the pronosed vnroject, ouantifying
the effects of pharmaceutical agents on the production and
absorntion of cerebrosninel fluid, has a good deal of merit.
However, the investigation 1s essentially futile without
prover transduction to assure the exverimenter of reasonably
accurate results. Although the Pi system is definitely more
complicated andé expensive than many commercially available

systems, 1t avpears to show promise for use as a key to bet-

ter understanding of drug therapy in hydrocephalus.



10.

198

170

25

nREFERENCES

Busser, J. H., and B, N, Feinberg. leasurements. In:

CRC Handbook of Engineering in Medicine and Biolosgy,
Vol., I, edited by D. G. Fleming and B, N, Feinberg.

Cleveland: CRC Press, 1976, pp. 373-404,

Cobbold,rh. S, C, Transducers for Biomedical leasure-
ments: Yrinciples and Applications. New York: John
Wiley & Sons, 1974,

Cromwell, L., F., J. Weibell, and E, A, Pfeiffer., Bio-
medical Instrumentation and Measurements, 2nd edition.
Englewood Cliffs: Prentice-Hall, Inc., 1980, pp. 140-
145,

Cutler, K. W,, L. Page, J, Galicich, and G. V, watters.
Formation and absorpvtion of cerebrospinal fluid in man.
Brain 91:707-720, 1968,

Dawson, B, H., E. Dervin, and O, B. Heywood. The prob-
lems of design and implantation of shunt systems for
the treatment of hydrocevhalus. Developmental Medicine
& Child Neurology 17:78-84, 1975,

Fisher, R. G. The cerebrospinal fluid. Mayo Clinic

Gibbons, D. F, Biomedical materials. Ins CRC Handbook
of Engineering in Medicine and Biology, Vol. I, edited
by D. 4, Fleming and B. N, Feinberg. Cleveland: CRC
Fress, 1976, pp. 253-290.

Guyton, A, C. Basic Human Fhysiology: Normal Function
and Mechanisms of Disease, 2nd edition. Philadelphia:
The W, B. Saunders Co., 1977, p. 325,

Haase, J, and R. wWeeth., Multiflanged Ventricular Port-
noy Catheter for hydrocevhalus shunts. Acta Neurochi-
rurgica 33:213-218, 1976,

Hahn, Y. S., H., J. Kim, and H., J. Lee, Critical review
of shunting procedures for hydrocephalus. Yonsei Medi-
cal Journal, 17:163-171, 1976,

Harvey, G. F. Instrument Society of America Transducer
Compendium, 2nd edition, Part I. New York: Plenum
Fress, 1969, pp. 5-119.

Huttenlocher, P. K. Treatment of hydrocephalus with
acetazolamides results in fifteen cases, J. of Fedi-
atrics, 66:1023-1030, 1965.



13.

14,

15.

16,

17,

18.

19.

el

el

23

2k,

26

Ignelzi, &, J, and w. M. Kirsch. Follow-up analycis
of ventriculoperitoneal and ventriculoatrial shunts
for hydrocephalus. J. Neurosurg. 42:679-682, 1975,

Ko. W, H,, k, K, Neuman, and K. Y, Lin. Body reaction
of implant vackaging materials, Ins Biomaterials,
edited by L. Stark and G, Agarwal, New York: Plenum
Press, 1969, »np. 55-58,

Lederle Laboratories, Professional Services Division.
"Diamox (Acetazolamide)." 1976.

Lorenzo, A. V,, L. K, Page, and G. V, Watters., Rela-
tionship between cerebrospinal fluid formation, ab-
sorption, and pressure in human hydrocephalus., Erzin

93:679-692, 1970,

Lorig, R, J.,, E. M, Cheng, and W. H., Ko, Systems for
the long-term monitoring of intraventricular oressure
in neurosurgery. In: Indwelling angd Imclagtable Pres-~
sure Transducers, edited by D. G. Fleming, #. H. Ko,
and M. R, Neuman, Cleveland: CRC Press, 1977, uvp. 79-84,

Milhorat, T, H., The third circulation revisited. J.
Neurosurg. 42:628-645, 1975,

Moacanin, J., and R, F. Landel. A method for measuring
fatigue and aging of elastomers in phys1olovlcdl en-
vironments. In: EBiomaterials: Bioengineering Applied
to Materials for Hard and Soft Tissue Replacement,
edited by A, L. Bement, Jr, Seattle: University of
Washington Press, 1971, pp. 235-247,

Nodine, J. H., K. N, bModi, M, Rhodes, V. Paz-lartinez,
L., Ibarra, and R. J. Santos. Pharmacodynamies and
pharmacokinetics of isosorbide in man. Clinical Fhar-
macology & Therapeutics 14:196-203, 1972,

Norton, H. N. Handbook of Transducers for Electronic
lleasuring Systems. Englewood Cliffs: Frentice-Hzall,
Inc., 1969.

Nugent, R. G, Thromboembolic complications of ventricu-
loatrial shunts. Angiocardiographic and pathological
correlations. J. Neurosurg. 2&:3&-&2 1966,

Ulson, #W. H., Basic concepts of instrumentation. Ins
Medical Instrumentation: Application and Design,
edited by J. G, webster. Boston: Houghton Mifflin Co.,
1978, pp. 1-48.

Paine, K. S. Hydrocephalus. Pediatric Clinics of North




N

26,

31.

20

33.

3“’.

27

America 14:779.704, 1967,

biomaterials: An Introduction. New Yorks:
» 1979, pp. 88-89,

Park, J. B,
FPlenum Press
Pegrar R, A, and J. G. Webster. Basic transducers and
prlnglples. In: Medical Instrumentations Application
and Design, edited by J. G. wWebster, Boston: Houghton
Nifflin Co., 1978, bv. 49-102. )

Rubin, R. C,, E, S, Henderson, a, K. Ommaya, M. U,
walker, and D, P, Rall. The production of cerebrosvinal
fluid in man and its modification by acetazolamide. J.
Neurosurg. 25:430-436, 1966,

Shurtleff, D, B, and P, W. Hayden. The treatment of
hydrocephalus with isosorbide, an oral hyperosmotic
agent. J. of Clinical Pharmacology 12:108-114, 1972,

onider, n, >, and w, T, Niemer., a otereotaxic Atlas of
the Cat Brain., Chicago: University of Chicago Press,

1961,

Topich, J. A. bMedical telemetry. Ins CRC Handbook of
Engineering in Medicine and Biology, Vol I, edited by
D. G, Fleming and B. N, Feinberg. Cleveland: CRC Press,
1976, pp. 253-290,

#alker, A, E., L. J. Viernstein, and J. C. Chubbuck.
Intracranial pressure monitoring in neurosurgery. In:
Indwelling and Implantable Pressure Transducers, edited

by D, G. Fleming, W. H. Ko, and M, R, Neuman. Cleve-
land: CRC Press, 1977, pp. 69-78,

Webster, J. G. Amplifiers and signal vrocessing. In:
Medical Instrumentations Application and Design,
edited by J. G. Webster., Boston: Houghton Mifflin Co.,
1978, pp. 103-142,

Wennerstrand, J. R. and B, E. Levander. Lumbo-omental
drainage of cerebrospinal fluid: a new experimental

shunting procedure. Acta Chirurgica Scandinavia 140s

91-94, 1974,

Williams, B. Cerebrospinal fluid pressure changes in
response to coughing. Brain 99:331-346, 1976.




