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Intro duction

The brain is surrounded by a rigid skull and an incompressible uid, CSF (Cerebrospinal Fluid). The pulsatile
nature of CSF is induced by systolic in o w and diastolic out o w of blood to/from the brain within ead cardiac
cycle. The Monro-Kellie doctrine predicts that the CSF pulsewill be dissipated by shifting CSF out of the cranial
cavity and/or compressingvenousstructures to eject venousblood ow [27].

In early animal experimerts, Bering identied the choroid plexus as a source of CSF production [9] which is
identied as bulk ow of CSF. Du Boulay and co-workers con rmed that CSF pulsatility coincide with heart
beat [15] which is identied as pulsatile ow of CSF. Pulsatile changesof CSF is related to arterial and venous
ow changeinto the head [19]. It is produced at a rate of 500ml/day and o ws down through the foramen of
Monro, down through the aqueduct of Sylvius, and out through the foramen of Lushka and Magendiein the fourth
vertricle.

It is widely believed that abnormal behaviour in CSF o w is due to vertricular size, aqueductal diameter, brain
compliance,and cerebralblood ow [12]. There are many studies exploring this relationship on healthy subjects
and also on patients.

Enzmann and Pelc studied temporal quartitativ e relationships betweenblood ow and CSF o w, and concluded
from healthy subject studies that the pattern of CSF oscillation through the foramen of Monro and aqueduct
conrms that the lateral vertricles, rather than a third vertricular \CSF pump"”, play the major role in normal
CSF ow within the vertricular system [16, 17, 18]. The assumptionis that sincethe brain is not compressible
and there is no net CSF o w in or out, volumetric ow capacitancemust be provided by a comparablevolume of
uid (blood) or tissue displacemen [27]. Similar conclusionhas beendrawn by [3, 10, 11, 22] on control subject
studies.

The theory has beenfurther tested and con rmed by studies on patients with various CSF circulatory disorders
e.g. hydrocephalus [12, 14, 20, 21, 23, 24, 25, 26, 28, 30, 31], demertia [24, 26], AD (Alzheimer's Disease)[24, 32,
especially with hydrocephalussubjects. Hydrocephalusis a condition marked by dilatation of the cerebral vertri-
cles, most often occurring secondarilyto obstruction of the CSF pathways and accompaniedby an accurrulation
of CSF within the skull. Patients with this condition have increasedaqueductal CSF ow velocity and stroke
volume due to enlargemen of aqueduct and/or greater systolic inward motion of the vertricles. In somecases
of hydrocephalus,the study of before and after VPS (Ventriculop eritoneal Shunting) procedureis of great inter-
est[5, 7, 12, 14, 20, 21, 23].

Bradley and co-workers state that for NPH (Normal PressureHydrocephalus), patients with CSF stroke volume
greaterthan 42L arelikely to respond to VPS (P < 0.05). Others [25] also suggestedthat CSF o w > 18ml/min
suggestsidiopathic NPH and < 18ml/min are normal. Howewer this is debatable since reproducibility might be
ne but the absolute accuracy of the measuremen remains in question and also the sample size is rather small
for Bradley study (n=18), and the (Vascular Volume)/(in tracranial CSF volume) ratio is reported to be higher
in the NPH group than Normals [30, 31], which can be useful for the diagnosis of NPH. Recerily, Dixon and
co-workers found that there is a lack of signi cant assaiation between CSF ow at the aqueduct and outcome
following VPS. They conclude that although phase-corast MR measuremeh of aqueductal CSF ow may be
useful in establishing the diagnosisof NPH, CSF ow measuremen will play a more limited role in predicting
which patients will have a positive responseto VPS [14].

Bateman disputed the argumert by Bradley and others, arguing that the aqueduct o w is independert of ventricular
volume and only dependert on the volume increaseof the brain. He argued for venous compressionas a cause
of NPH [5, 6, 7]. The aqueduct ow is increasedin NPH and this may relate to the relative increasein straight
sinus pulsation in NPH patients comparedwith that in healthy subjects, owing to the increasedcompliance. In
NPH, there is signi cantly reduced craniospinal complianceand, becausethe CSF o w is also lower than normal,



SSS(superior sagittal sinus) pulsations must be higher than normal to accommalate the arterial pulse. Vascular
complianceis decreasedn NPH subjects relative to healthy or thosewith atrophy or arterial ischemia. He suggests
that the measuringof compliancemarkersmight be a better indicator of NPH than, say, tap tests or aqueduct ow
studies. In a comparison and underlying vascular pathophysiology study behind AD, VD (Vascular Demertia),

NPH, Bateman [8] alsostatesthat there is an underlying vascular pathophysiology behind conditions of AD, VD,

NPH, which is related to the strength of the pulse wavesinduced in the craniospinal cavity by the arterial vascular
tree. It is proposedthat the manifestation of the demenia in any one patient is dependart on the way pulsations
interact with the brain and its venousand perivascular drainage. This interaction is predominately dependart

on the compliance of the craniospinal cavity and the chronicity of the increasedpulse wave stress. NPH and ID

(Idiopathic Demertia) sharereducedvenouscompliance. However, the practical di erence is that in NPH reduced
venous compliance would be reversible with shunt insertion while in mixed demertia it would not be. Further

studies are neededto test which marker would be better indicator for CSF circulation disorders.

Alp erin and co-workers studied relationship between CSF and blood volumetric ow rates and ICP (Intracranial

Pressure)at the foramen of magnum and below [1, 2, 13]. They concludedthat CNS (Central Nervous System)
pulsations below the foramenmagnum weree ectiv ely driven by the total arteriovenous o w through the skull when
the pulsatile owsin di erent vesselsare transducedthrough a commonmecanism and the cervical CNS response
is not sensitive to the exact transcranial site of transduction. They included a phantom study aswell asa baboon
study and demonstratedthat there is a linear relationship betweenMRI (Magnetic Resonancdmaging)-drivenand
invasive measuremets. For NPH, the results shov abnormal resistanceto the ow of CSF and abnormal brain

complianceand they also concludedthat CSF movemens are driven by pulsations of transcranial blood o w.

MR (Magnetic resonance)technique hasbeenusedsincethe early 90'sto study CSF ow[1, 3, 10,16, 17, 18, 20, 23]
and many others, and the protocol appearsto be standardised a decadelater [25]. Measuremen of CSF ow
within the cerebral aqueduct is challenging becausethe diameter of the normal aqueduct is small (1-3mm) and
the ow is relatively slow (< 10cm/s). Error is introducedby the partial volume e ect of pixels that contain both
stationary surroundingsand o wing CSF. This error can be reducedif the number of pixels per vesseldiameter is
maximized and slice thicknessis minimized.

In this report, we will investigate the relationship between CSF ow and arterial & venous ow. We devisedan
electrical equivalent cranial pulsatile model and validate and test the model using MRI data obtained from 12
young healthy cortrols and 31 elderly with no known CSF abnormalities.

Electric Equiv alent CSF Pulsatilit y Mo del

The saliert biological features we wish to model are showvn in Figure 1(a). Narrowed o w paths are expected to
have assaiated impedancesand thin boundaries are expected to have complianceswhich can transmit in uence
of pressurebetween uid pools. The analogy we useto model the biological systeminto electrical circuit is shavn
in Figure 1(b).
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Figure 1: Biological systemand electric current

A full modelling approach would involve a nite elemert model for a givenindividual basedupon the Navier-Stokes
equations,including viscosity terms and elastic tissue boundaries, but we do not have enoughmeasuremets to take
this approach. The model by Ursino splits the arteries into proximal and distal componerts (Figure 2 capacitance
a) [33]. We may also wish to model compliance betweenthe vertricular and extra-cortical CSF spaces(Figure 2
capacitancec), or compliance of the head (Figure 2 capacitanced). Further re nement might include splitting

the arteries to model the e ects on the ventricular and extra-cortical compliancesseparately by including an extra
capacitancefed from somepoint along the artery (Figure 2 capacitanceb).
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Figure 2: Full electrical circuit.

Assumingfor now xed valuesfor compliancesand impedanceswithin this systemwe can write down an equivalert
model as an electrical circuit (Figure 3 (a)). Flow paths with impedanceare modelled as resistors and elastic
surfacesbetweenany two pressureresenoirs (arteries, brain, veins, CSF, VENTRICLE and SPINE) are modelled
as capacitors. Unfortunately some of the componerts are degenerateso we must combine them to produce a
simpli ed circuit (Figure 3 (b)). As can be seen,this systemhas 10 free parametersand 6 possiblemeasuremets.
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Figure 3: Electrical Circuits for the Simpli ed Biological Model.

Analysis of Curren t Flows

We will assumethat we can represen all time varying signalsin the Fourier domain so that we can analysethe
equivalert circuit at a xed set of frequenciesw. We can then analysethis circuit using convertional meansby
specifying current o ws and writing down the equations describing current and voltage.

Equations we have obtained and detailed analysisis preserned in Appendix A. We have obtained the Monro-Kellie
Principle which statesthat whatever goesin must comeout, and constraint equation relating currents which does
not contain 11, Cs or R4, and scaling equation for variables using mean potentials.

Parameter Estimation

The analysisin Appendix A (though useful as a way of exploring the role of measuremets on the parameters) is
not su cien t to attempt an optimal estimate of the parametersif we nd that we have enoughconstraints to form
an over-determined system. An approacd basedupon likelihood estimation of parametersis necessaryto do that.
We can build a suitable likelihood function from Equation (40). By substituting (33) and re-organisingterms we
can get an equation of the form

I3 |l 1 + l, = 0 (l)

where , and are complex variables given by;
= wCy[C1R; C4R3]

= C(WCiR1 )
= j(CL + Co + C3 + Cy)
W[C2R2(C3 + Ca) + C4R3(Cy + C3) + Ci(R1i(Cs + Cus) + Ca(R1 + R2) + C4R3)]
jW?[C1CoR1R2(C3 + C4) + C4R3(C1R1(C2 + C3) + CoR2(Cy + Cg))l
+ W3C1C,C3C4R1R2R3

The above equation are noisefree constraint. Applying the variational method to the constraint Equation (1) we
can sa that the complex residual on the constraint for ead Fourier amplitude w in the measuredcurrents is,
Figure 4;

Fw = law I'w + law
Assuming equal random independert Gaussianerrors (a scalar value) on eac of the measuredFourier amplitudes
on ead current ( ;) we get the likelihood that we should be minimising in the form of a sum over the appropriate
Mahalanobis distance terms from eac measuredfrequencyw;
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Log(P) = a F., Fw=var(Fy) (2)

w

where the variance on the complex residual is given by

var(Fy) = 7+ 2+

wWN

Box 5: Optimisation Function.

Having determined the most likely parameters for the model we can how make corrections to the o w variables
I, in order to enforcethe constraint equations,in a way which minimisesthe changein measuremem consistert

with their measuremen error.
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Notice that substitution of these equationsinto the expressionfor 2 above regeneratesour earlier expressionfor
log(P). This suggeststhat the other way to interpret the parameter estimation processis asdirect minimisation

of theseresidual functions.

The nal thing we needto know about this result is the expected accuracy of the estimated parameters. If we

concatenatethe unknown variablesin to a 6 dimensional vector z = (R3;R3;Cy;Cy;C3s; Cy), we can write the

covariance matrix on the estimated parametersas;

X
Cov(z) ! = r ;FwCov(Fw) *r .F,

w

which givesus the standard (statistical) errors and correlations on estimated parameters.

1Substitute for 11, dieren tiate w.r.t. 13 and |4 , set the resulting equations to zero and solve.



Image Acquisition and Analysis

The CSF ow at AQ (aqueduct) and FM (foramen of magnum, C2-C3), and blood ow at CAB (carotid & basilar
arteries) were studied in 12 young and 31 elderly volunteers (mean age 35.2, 12 male & mean age 74.9, 11 male
respectively), and for 22 of them blood o w at SSSwas measuredaswell. Sagittal T1-weighted and PCA (Phase-
Contrast Angiogram) scout imageswere acquired to identify the acquisition level which is perpendicular to the
oW we are going to measure,Figure 5 (a) and (b). Within a heart beat, 16 retrospectively cardiac-gated cine
phase-coitrast MR imagesare obtained from 1.5T and 3T Phillips medical systems. Image parameterswere ip

angle 10-15,5-7mm slice thickness, TR 8.82- 22.13,and TE 8.14- 14.39. Vg, (velocity encading) for AQ & FM is
setat 10cm/sec,90cm/secfor CAB, and 40 - 60cm/secfor SSS.Scanningtime was depending on subject's heart
rate and it usually lasted 2min30sec- 4min for ead sequenceand makes scanningtime for ead subject around
30min in total.

(a) Sagittal T1-weighted MRI (b) PCA MRI

Figure 5: MR Scout Images.

Typical imagesof a singletime point for the measuredregionsare shown in Figure 6 (a), (b), (c) and (d). Systolic
ow will have high intensity value, (a) & (b) and diastolic ow will have low intensity value, (c) & (d). The AQ
ow is computed by tting velocity imagesin the region over the cerebralagueduct with a quadratic function and
integrating the area under this curve for valuesof the tted function above zero. The CAB o w is estimated from
the sum of ow valuesin the foot-to-head direction within the region of the arteries, de ned by thresholding the
magnitude ow images. The ow into the FM and SSSis obtained in the sameway asCAB o w, but in the future
FM regionscould be automatically located using active shape models.

(a) Cerebral Agueduct. (b) Carotid and Basilar Ar- (c) Foramen Magnum. (d) Superior Sagittal Sinus.
teries.

Figure 6: MR data.

A typical ow graph obtained from ead region is presened in Figure 7 for one volunteer. Note that FM ow
follows closelyto CAB ow and delay betweenCAB ow and AQ ow.

Results

Table 1 shonvs o w statistics we obtained from data sets. There are 12 young cortrols and 31 elderly cortrols in
the setfor AQ, CAB, FM data sets,and 11 young cortrols and 11 elderly controls for SSSdata set.

There are no signi cant di erences betweenyoung and elderly control subjects in total ow volume for AQ and
FM but there is a signi cant di erence in meantotal ow in CAB and SSS(P < 0.05).



(a) Flow at aqueduct. (b) Flow at Carotid & Basilar.

(c) Flow at Foramen Magnum. (d) Flow at Superior Sagittal Sinus.

Figure 7: Flow results.

Region AQ CAB FM SSS
Measuremeits YC | EC YC | EC YC | EC YC | EC
Total Flow(ml/min) | 0.3908| 0.3342| 689.36 | 404.30| 62.56 | 55.83 | 243.99| 171.24
Systolic(ml/min) 0.1783| 0.1810| 689.36 | 403.42 | 28.87 | 34.31 0.0 0.0

Diastolic(ml/min) 0.2125]| 0.1542 0.0 0.0 33.35| 18.18 | 243.99| 171.24

Table 1: Flow results. YC - Young Controls, EC - Elderly Controls.

The approach we would advocate for parameter estimation is as follows. Given measuredAQ ow (I3), FM ow
(14), and CAB ow (l1), we minimise Equation (2) as a function of the remaining parameters normalisedto any
of R;, becausewe do not know the scaleof variables and also do not know which R; normalisedto. The estimated
ows |3 and |4 can be corrected back to zero mean.

The results preseried here can also be usedfor modelling. Given the compliancesand impedancesof the system
and the arterial and cerebralaqueduct o w, all other o ws and pressurescan be computed starting from Equation
(1) and working badk through the other results. The model could thus be usedin a forward manner in order to
determine the e ects of parameter changeson ow and pressurecurves.

Typical input curvesare shown in Figure 8 (a) and (b). Repeatability of measuremets in a repeatedstudy suggests
that the errors on the measuredcurvesare of the order of 0.1 ml/sec for the foramen magnum, 0.15ml/sec for the
arteries and 0.0015ml/sec for the cerebral aqueduct. Theseerrors are usedto scalethe fourier terms in Equation
(40).

The corrected o w curves(Figure 8(a) and(b)) are consistert within the expectederror on the measuremet, which
implies that the model is adequateto describe the data. The computed o w valuesat all other points in the model
are shown in Figure 8 (c) for one volunteer. Of particular interest are the curvesfor |¢ and I g, the o ws through
intermediate sized blood vesselswithin the brain. These curves are essetially at within the expected error,
demonstrating that almost all pulsatilit y hasbeenremoved from the arterial input curves,asyou would hope for a
normal brain. In fact this appearsto have comeabout by shunting the pulsatile componert for the arterial input
through the foramen magnum. The two curvesfor these measuremets are surprisingly similar.

The median of parameters estimated for the model are given in Table 2. We have normalised parametersto R,

R>, and Rz becausewe do not know the scaleof parameters. The ratio betweenthe computed impedancesseems
to make sensegiven the basic geometry of the anatomy. The very small value returned for the elastic capacity of

the arteries would seemto imply that this parameter is redundant in normal volunteers.

Fitting parametersby minimising Equation (2) shows that C; (arterial capacitance)doesnot have any e ect on



(a) Foramen Magnum and Arteries.

(b) Cerebral Aqueduct .

(c) Estimated Flows from model.

Figure 8: Fitted ow data.

Parameter physical interpretation R1 R> R3
R impedanceof arterial capillaries 1.0 1522.133 | 2771.822
R> impedanceof cerebralaqueduct | 0.891369 10.0 0.992421
R3 impedanceof venouscapillaries | 6.659505 | 130.9574 1.0
C elastic capacitanceof arteries | 0.0000275| 0.0000495| 0.000081
C, elastic capacitanceof vertricles | 0.002366 | 0.000837 | 0.000169
Cs elastic capacitanceof capillaries | 0.009894 | 2.341889 | 0.007855
Cq elastic capacitanceof veins 0.133373 | 123.0945 | 0.554642

Table 2: Fitted parametersfrom a normal subject (arbitrary units).

parameter tting precess.Figure 9 shows typical ttings of parameters. Throughout the subjects, parameter C;
shows no e ect on overall tting process. This suggeststhat whether compliancesof arteries are relaxed or not
that would not in uence pulsatile behaviour of the brain, moreover it would not a ect CSF pulsatilit y.

Although the o w through the cerebral agueductis very small, its precisionis suc that we can still expect useful
information regarding the elastic properties of brain tissue and linkage betweenventricular and extra-cortical CSF
spaces.



(a) Normalised to R;. Parameters are
in order of R, R3 C1 C» C3 Cy4

Discussion

(b) Normalised to R,. Parameters
are in order of R1 R3 C; Co C3 Cy4

Figure 9: Parameter Fittings.

(c) Normalised to R3z. Parameters
are in order of R1 R2 C1 C2 C3 Cy4

According to empirical results shown in this report, we can eliminate (or assumeit is so small we can ignore it)
parameter C, (arterial compliance) and simplify the model accordingly. This will give us the following modi ed
CSF model (Figure 10) and set of simpli ed equations:

Vertex Curren ts

Voltage loops

Figure 10: Modi ed CSF Model.

l1 = s

lg = lg + |
Il = lg = I3 + 17 + Ig
lg = I3+ |17 + Ig
3Ry + | 1 + 1R 0
3m2 3JWC2 11 =
1 1
I IsRs =
jwCs jwCyq 8

(3)
(4)
(5)
(6)

)

8)



1 1
l3: + I3R l7- =0 9
3]WC2 32 7JWC3 ( )
Point to point voltages
Vo Vi = I1R1 + IgR3 + 2Ry (10)
1 1
Vs Vi = I1R1 + | + I13Ry + | 11
3 1 1"l 3jWC2 32 4]WC5 ( )
Elimination of Unwanted Variables
Eliminate |g using equation (4) from equations (5) and (8);
Il = Iz + 17 + lg + 1 (12)
1 1
- - lg + I2)R3 = 0 13
7JWC3 9]WC4 (I 2)Rs (13)
Equation (33) stays true.
Eliminate |g¢ using (6) from (13) and eliminate 1, using (33) from (7):
T (1 | 1) 1 (1 | Il + 1)R3 = 0 (14)
7jWC3 4 3 7 ]WC4 4 3 7 2 3 -
I3(R 1 ) (I + 14)R;y = O (15)
3 2 ]WCZ 2 4 1 -
Eliminate 1, using equation (9) from equations (14) and (15);
2 = j | + R 1
7 = JwCs 3(jWC2 2) (16)
giving
bt + X 4 Ry (4 ls)—— (s 13+ I)Rs = O (17)
7 TWCs TwC, 3 4 3 wC, 4 3 2)R3 =
i WCsl 5 FR)(—— + —L 4 Ry (ls l)—— (s I3+ I)Rs = 0 (18)
J 33jWC2 2 jWCs jwC, 3 4 3ch4 4 3 2)R3 =
Parameter Estimation
I3 |l 1 + l, = 0 (19)
where , and are complex variables given by;
= wC,C4R3 = JCZ

= j(Co + C3 + C4) W[CoR2(Cs + Cs) + C4R3(Co + C3)]  jw?CC3CsR2R;3

Note that theseequationsdo not include R;. The optimisation function (2) remains the same.

We have derived a model for CSF pulsatility in the head due to the passageof blood though the brain in one
cardiac cycle in the form of an equivalent electrical circuit. This model does not include changesin impedance
in arteries and veins. We could use cross-sectionalmeasuremen of arteries and veinsto try to infer changesin
impedance,but this would then prevent the analytic analysis preseried here, it would be only possibleto write
a time stepped simulation. However, as detailed we can infer some conclusionsfrom the above set of equations
which (regardlessof the simplicity of or model) must be true in generalof trying to infer physical o w parameters
from the biological model.

Firstly , Equation (33) tells usthat oncewe have measuredany two of; arterial o w, venous ow and o w through the
foramen magnum, measuremetn of the third onedoesnot help to constrain directly the model parameters. Though
this constraint could be usedto improve accuracy of the measuremets. Howewer, as detailed agreemen between

11



biology and simpli ed modelsis always a di cult issue,it might be more sensibleto pick the two measuremeis
thought to be biologically most relevant and not measurethe third.

Secondly the only things which can be measuredare arterial compliance,brain compliance,ventricular compliance,
venouscompliance, arterial impedance,brain impedanceand the impedanceof the cerebral aqueduct. Even these
sewen parameterscan only be measuredup to a scalefactor using Equation (40) sowe might aswell selectoneand
X it to a nominal value. Thus there are 6 degreesof freedom and we would need constraints at three di erent
frequenciesw. This would give enoughinformation to give estimatesof the unknown variables by enforcing three
(complex) constraint equations.

Finally, we cannot estimate arterial impedance,spine compliance, static pressureor scalethe 7 estimated param-
eters without pressuremeasuremets. As the only other information we can determine from the system would
require Equations (27), (28) or (41). In fact the zeroth order term, which correspondsto a relationship between
meanarterial ow, meanarterial pressureand meanbrain pressure,are enoughto establishthe scalefactor (Equa-
tion (42)). Measuremerts of time dependenciesfor pressureand o ws would however allow additional constraints
on the estimation of parameters. A mean head pressuremeasuremet is directly equivalent to V3 in our model.
This meansthat it should be possibleto infer something regarding spine compliance (spinal injury) from mean
brain pressureand the time dependenciesseenin the arterial ow.

The model identi ed is the simplest we can manageat this stageand in places, particularly the resistances,it is
very dicult to identify specic parts of the anatomy as separableparameters. We would expect all mecanisms
relating to net production of CSF to be negligible within a single heart cycle and model-able as a linear function
which would have no e ect on any non-zerofrequency Fourier terms. These processesare however included in the
model by Ursino (Figure 2 resistor/dio de couplingsil and I11). Though someproduction mecanisms(such asfrom
arteries (Figure 2 diode/resistor coupling 1) have beenneglected. The other major di erence betweenthis model
and the one preseried hereis that the equivalent of vertricular and extra-cerebral compliancesdo not exist in the
Ursino model. Instead there is only the equivalent of our spine compliancewhich Ursino has usedfor intracranial
compliance and (being earthed on one side) has the physical analogy of being set in a vacuum, thus preventing
the presenceof a non-zero mean pressurein the brain. This has been compensatedby the use of a \mo ck CSF
injection rate" (Figure 2 current generatorat e ), which is not neededin our model.

We have made no attempt to put the relevant dimensionsor units on this model for a ow system. We will need
to have all of our measuremets in a sensibleunit scale. Also, we will inevitably nd that the equivalencebetween
complianceand capacitanceis not straight forward. Complianceis the equivalenceof permittivit y not capacitance,
and to get compliance (the measureof tissue elasticity) we will needscaling variables such as cross-sectionalareas
and volumes. This meansthat it will be very dicult to establishexpected xed valueswhich will be valid across
di erent individuals, meaningthat all parametersmay neededto be determined for everyone for eact casein order
to gain on unambiguous interpretation of results.

The results obtained from young & elderly volunteers' data suggestthat arterial compliancedoesnot have e ect on
pulsatilit y of the brain. This contradicts common belief that arterial complianceis a causeof many abnormalities
in CSF space [1, 2, 12, 13]. There are se\eral studieson relationship betweenCSF and arterial waveform and their
delays [11, 18]. They found that both arterial and venouswaveform amplitude cortribute to predicting the CSF
waveform amplitude and there is slight delay in CSF ow betweenthe vertricular system and the subaradnoid
space. They also suggestthat to allow for CSF oscillation there needto be capacitancein the brain system. A
portion of this capacitanceappearsto bein the lumber sacand its assaiated with the asymmetry in CSF systole
and diastole in the spinal subaradnoid space. Obviously this need further investigation to verify it and also if
arterial complianceis not a causeof abnormalities in CSF spacethen we needto nd what causethem and how
they a ect the pulsatile behaviour of CSF in the brain.
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App endix A

We can then write down the following equations from model Figure 3 (b).

Vertex Curren ts

l1 = Is + s (20)
lg = lg + 12 (21)
le = Iz + 17 + g (22)
la = ls + I3 + 17 + Ig (23)
Voltage loops
1 1
| 13R | IeR1 = 24
5jWC1 3Rz 3ch2 6R1 0 (24)
1 1
17- lg- IsR3 = 0 25
e e R (25)
1 1
+ I3R l7—— = 2
3ch2 3Rz 7jWC3 0 (26)
Point to point voltages
Vo Vi = IgR1 + 1gR3 + 2Ry (27)
1 1
V. Vi = IgR1 + I3 + 3Rz + g4 2
3 1 sR1 3]WCz 3R2 AJWC5 (28)

We have intro duced 5 new current variables (15 to |9), and we have nine equations leaving 6 degreesof freedom.

The point to point voltages require the equivalent of a pressure measuremerts in the biological system. To begin with we
must remove the unmeasured current variables from the (26) remaining constraint equations. This should leave us with
two equations composed of variables which are either measured or compliance and imp edance parameters of the biological
system.

Elimination of Unwanted Variables

In this section we will try to eliminate unwanted variables and produce set of irreducible equations. First, eliminate |g using
Equation (21) from Equations (22) and (25);

le = I3+ 17 + lg + 12 (29)
1 1
- = + =
|7ch3 |9j Ca (Io 12)Rs 0 (30)

Eliminate |¢ using Equation (29) from Equations (20) and (24)
I, =I5 + 13+ |7 + lg + |2 (31)

1 1
. 13(R2  ——= Is + 17 + lg + 12)R1 = 0O 32
5]WC1 3( 2 i ) (3 7 9 2) 1 ( )

|
wC»

Eliminate |o using Equation (31) from Equations (29), (30) and (32);

Iy = 12 + |4 (33)

Box 1: Monro-Kellie Principle.
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This equation is ertirely in terms of measureddata and is therefore irreducible.

1

I7j\N—C3 (|4 |5 |3 |7)J\N—C4 (|4 |5 |3 |7 + |2)R3 = 0 (34)
gt I3(Ra —=) (Il + ls 1s)R:i = 0 (35)
5]WCJ_ 3 2 ]WCz 2 4 5 1 =
Eliminate |7 using Equation (26) from Equations (34) and (35);
17 = jwCsls( 1 + R3) (36)
7 =] 3l3 iwe, 2
giving
L + 1 LRy s s ls)—=— (s 1s I3+ 15)Rs = 0 37)
7 ]WC3 jWC4 3 4 5 3 jWC4 4 5 3 2 3 -
'WCI(l +R)(L+ L + R3) (1 | I )1 ( I I3 + 12)R3 = 0 (38)
J 3l3 iwe, 2 TWCs iWCa 3 4 5 3 fWCs 4 5 3 2)R3 =

Finally rewrite (35) in terms of |5 and usethis in (38) to produce the nal irreducible equation.

I3 R2+.; + (I, + 14)R:
L ls(Ret ) - ) )
1 + R
jwey !

Use D asshorthand sothat all R's are real and all D's imaginary (all 1's are complex);

1 =
jwCn

(Diw + R1)[13(D2aw + R2)(Daw + Daw + R3) Dsw(l4a I3 )Daw Dsw(l4a I3 + 12)R3]
+ Daw[l3(R2+ Daw) + (I2 + 14)R1]J(Rs + Daw) = O (40)

Box 2: Constraint equation relating currents (o ws).

Notice that this equation doesnot contain |1, Cs or R4 (though |1 can be re-introduced using Equation (34)). Thus this
equation cannot be usedto determine these parameters. In addition there is an overall unknown scalefactor leaving a total
of 6 degreesof freedom. This constraint equation is complex and therefore provides two constraints for non-zero frequencies.
The zeroth order term yields just one equation for the caseof < I3 > = < 14> = 0 (ie: nonet ow out of the vertricles
and into the spine) with < 1, > 6 0Oand D3y 6 0.

Using the equations relating point to point voltages

Scaling of parameters will require the use of a point to point voltage equations (such as (27) or (28)). In fact an alternativ e
point to point voltage route givesa simple measurable form immediately.

1 1

A% Vi = lsg——m+ la—n
3 1 5]WCJ_ 4]WC5

substituting in (39) and (33) while introducing our shorthand gives

13(R2+ Daw) + 11R1

= +
V3 Vi1 D1 + R: Diw + 14Dsw (41)
Which, again for the mean ow caseand < I3 > = < 14> = 0reducesto
< V3> <Vi> = <|:>R; (42)

Box 4: Using mean potentials (pressures)to scale variables.

This suggeststhat the scaling factor for R1 (and therefore all of the parameters) can be determined from the zeroth order
term. Higher order terms (requiring Fourier terms of Vi(t)) provide a constraint on parameter Cs, but do not require
additional temporal measuremern of V3, which has beenassumedto be static.
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