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MeanPressureandFlows in the Human
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In orderto understandhe fluid dynamicswithin the humanintracranialsystem,the rela-
tively smallflow of extracellularfluid into, andout of, the interstitial brain tissuemustbe
determined Dueto the magnitudeof theseflows, it is difficult to measurehemclinically.
Througha steady-stat@infusion simulationrun on a mathematicainodel, valuesfor these
smallflows maybe calculatechasedn clinical dataregardingthe conductancef CSFout-
flow. In thisway, the mathematicatnodelallows informationto beobtainedegardingthese
smallmeanflows, aswell asthe remainingmeanflows andmeanpressureshroughouthe
intracranialspacewith minimal relianceon datafrom intrusive procedures.
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Intr oduction nonvascular Thevasculasystemis dividedinto

five compartmentsartery(a), capillary(c), vein

In determiningphysiologicalindicationsof ab- (v), venous-sinugs) andjugular (j), while the
normal intracranial fluid dynamics, a logical norvascularsystemis composedf the CSF(f)
starting point is to determinewhat constitutes andbrain (b) compartments.
normaldynamicsin the healthyhumansubject. |, terms of overall intracranial fluid flow,
Thespecificdynamicsbeingstudiedherearethe - gt of this consistsof incomingarterialblood
meanpressuresn several subspacesf thein-  4ssinghroughthevasculasystenin sequence
tracranialsystemand the meanfluid flows be- 5. exiting throughthe jugular bulb. Of the
tweenthesesubspacesHere,a subspaces de- omainder most of this is corvertedinto CSF
fined by constituenias opposedo physicallo- \hich passesthrough a seriesof canalsand
cation. Thesesubspacesieferredto as com- egargirs and is then reabsorbednto the ve-
partmentsfall into two categories;vascularand o5 plood streamthroughthe arachnoidvilli

*publishedin Neurological Research, 22:809-814, 1hesmallestlows correspondo theextracellu-
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tissue.In particular theseflows posethe great-
estdifficulty in termsof clinical measurement.

A mathematicaimodel,similar to theonede-
scribedby Karni et al.> andelaboratediponby
Lakin et al.’, is developedwhich allows simu-
lationsto be comparedwith the clinical results

arachnoidspaceat the samelevel. A puncture
was madein the lower lumbar spaceand two
tubeswere connectedo the needle. Artificial
CSFwasdeliveredvia onetubewith a constant
rate of infusion Q, ;. The outlet of the other
tube was elevatedin stepsto increasethe lum-

of the constant-pressureonstant-infusion-ratebar pressure. After equilibrium pressurewas
testsrun by Albeck et al.! on healthyhuman reacheda measurementf the outflow of the
subjects. Throughthesecomparisonsgstima- elevatedtube, Q,, wastaken. The absorption
tions of modelparametersremade. Thesepa- ratewascalculatedoy theformula:
rametersarethe spatiallyaveraged meanpres- _
suresandmearflowsthroughoutheintracranial Qaps = Qint + Qr = Qout:
system. Specifically theseincludethe smallest whereQ; is the CSF productionrate. The as-
meanfluid flows whichwerenotexplicity mea- sumptioninvolved in this formulais that once
suredin theclinical experiments. equilibrium pressures reacheda constantol-
ume of the CSF spaceis maintained. Cor
respondingvaluesof equilibrium pressureand
2 Methods Q. Wereplottedandthe linear regressiorline
was calculatedby the methodof leastsquares.

In clinical experimentsCSFabsorptioris deter  The slopeof the regressiorline wasthentaken
minedto belinearly relatedto the CSFpressure asthe expressiornfor C,;. The relationshipbe-
increas&2311 andtheslopeof thisrelationship tweenCSFabsorptiorrateandCSFpressuren-
is definedas the conductanceof CSF outflov creasecannow bedefinedby
(Cout)- The value of this term was calculated _

Qaps = Cout (Pf — Py) +Q,

by Albeck, Gjerris and Sorensof(1991) using (1)

aconstant-pressurepnstant-infusion-rateest. \where

A mathematicamethodof modelingintracra- .
nial fluid dynamicsis developedherethat can Qabs CSFabsorptiorrate
simulate steady-staténfusion tests. In this Pf = CSFequilibriumpressure
model, CSF absorption(andfluid flow in gen- P; = CSFrestingpressure
eral) is Iine.arly relatedto pressurgjifferences Q; = constanCSFformationrate
betweenadjacenspacesHowever, in the pres- Cout conductancef CSEoutflon.

sure/wlumesteady-stateCSFabsorptions in-
deedlinearly relatedto CSF pressurencrease,
with the slopedefinedasthe ‘model’ conduc-
tanceof CSFoutflow (C3;).

2.2 The Mathematical Model

As in the model developedby Karni et al.>,
the intracranialspaceis divided into the seven
compartmentdepictedin Figure 1. A term
is addedto representn infusion rate of mock
In the experimentperformedby Albecket al.!, CSFinto the CSFcompartmen(Q, ;). Further
eachpatientwasplacedin a lateral positionto more, becauseCSF productionis known to re-
setthe ventricularsystemand the lumbar sub- main’nearly’ constanthroughouta wide range

2.1 Clinical Methods
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Figurel: Thesevencompartmentnodel
of intracranialpressure’s®'!, this modelintro- thesecompartments;
ducesa cor?stanCSFproductlonterm (Qs)- dVij d(P - Pj) d(Pij)
The basicassumptionshat leadto the equa- - C.jT = C.j at (3)

tionsdescribinghedynamicsof thissystemare:

e Pressura@rivenflows aredescribedy

|

Q= le =Z;(R-P)=1;R;, (2
where Q;; is the flow from compartment
I into compartmentj, P, is the spatially-
averagedpressureof compartment, R, j
is the resistanceo flow betweencompart-
mentsi andj, Z;; (fluidity) is theinverseof
resistancandR; = B —P;.

whereV;; denoteghe volume of the 'cup’
formedat the interfaceof compartments
and j. Here, Cij denotesthe compliance
betweernthesetwo compartments.

e The cranial volume is consideredcon-

stant and the constituentsconsideredin-
compressible.This implies that ary input
mustbe compensatelly anequaloutput;

QA+Qinf = QJ' (4)
This is called the Kellie-Monro
Doctriné®8.

Applying the law of conseration of massin

e Thedeformatiorof themembrandetween eachcompartmentesultsin a setof seven dif-

adjacentcompartmentsis a function of ferentialequationsFor example,in the CSF(f)
the changein pressurdifferencebetween compartment
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Qt +Qint — ZtsPrs— Z4pPrp =

Ciogr TCtsqr Cotgqr - ©

Becausehe jugular bulb is considerechon-
deformable the equationfor this compartment
may be algebraicallysolved after the solution
for Psis obtained Dueto theKellie-Monrodoc-
trine, only five of the remainingsix equations
areindependentTherefore consideringarterial
pressur@saknown input, thesystenreducego
five linearly independentifferential equations
(seeLakin et al.”) describedn matrix form by

dP
Cq TZP=Q.

Here,P andQ arethefive elementvectors

(6)

P
Q

[P37 PV; PCJ Pf7 Pb]tr
[_(QA+Qinf)7 07 Qf _QA7
ZacPa— Qp, CapPat ZacPa— QuJ"

The compliancematrix (C) and fluidity matrix
(2) areexplicitly definedin theappendix.

If the oscillatory natureof the forcing terms
in Q is disrggarded,the solutionof (6) is a set
of time-dependenteanpressuresvhich corre-
spondto thosemeasuredh clinical experiments.
Dueto thestability propertieof thematricesn-
volved,the solutionof thetime-aseraged|inear
problemtendsto the steady-statdefinedby

where
Q*

[_(6A+Qinf)’ O’ Qf _GAa
Zacﬁa_éAa Zacﬁa—éA]tra

In the caseof zeroinfusion, equation(7) re-
ducesto theform
P=27'Q (8)
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where

Q =
Q
Here,the useof anoverbarindicatesthe initial
restingconditionprior to the startof aninfusion
test.
Subtractingequation(8) from (7) yields

Q" +Q
Qi 0, 0,0, O,

P-P=-7"1Q. (9)

Specifically with regardsto the CSF compart-
ment,equation(9) implies

P? _ﬁf = _[Z_l](4,1)Qinfa (10)

Where[Z—l](4 ) is thefourth elemenin thefirst

columnof Z~1 andis explicitly definedin the
appendixgequation(28).

As in theexperimentsthe modelsteady-state
is achiezedin the CSFcompartmenwhenCSF
absorptionis equalto the sumof CSFproduc-
tion andCSFinfusion;

Qus = Qint + Qs
-1

Z0

(P} —P¢) + Qs

wherethe secondof theseequalitiesis a result
of equation(10).

Now, the modelabsorptiorrateis definedas
alinearfunctionof CSFpressurencreasey

Qaps = Cout (Pf —Py) +Q4, (11)
where
-1
Couw = = (12)
12" N any
= modelconductancef CSFoutflow.
Note, equation(11) correspondgo the same

relationshipdescribedexperimentallyby equa-
tion (1).



It canbe seenthatthe modelconductancef
CSFoutflow (12) is afunction of the modelflu-
idity valuesandeachfluidity valueis afunction
of meanpressuresand flows from (2), defined
by

Zij = r)QI J|3 .
P
The goal is to determinethe meanflows and
pressureswhich result in a calculatedmodel
conductanc€C];) thatis in agreementvith the
clinical resultsof Albeck et al.t.

If themeanpressureandQ, areknown, three
additionalmeanflows mustbedeterminedn or-
der to defineall of the fluidity values. These
mustbe chosenjudiciously so that the remain-
ing meanflows canall be definedin termsof
thesethreeand@A. ChoosingCSF production
(Qy), flow acrossthe blood-brainbarrier(Q,),

andflow acrossthe CSF-brainbarrier (Q;,) as
the threeadditionalmeanflows, the remaining
meanflows may then be determinedby noting
thateachcompartmenmaintainsaconstantol-
umein therestingsteady-statefpr example:

(13)

Qac Qa (14)
Qw = Qi+ Qu (15)
Gfs = Qf _Gfb (16)
ch = Gac - Qf - ch (17)
Gvs = ch + va- (18)

Sincevalid estimationof meanarterialinput
(Q,) andmeanCSFproduction(Q;) areavail-
able, thesewill be consideredknown’ flows.
Therefore,Q;,, andQ,, areconsideredhe two
‘unknown’ flows. However, becausdghe mean
pressuresrenot necessarilyavailablefrom the
clinical experimentssomeof thesemustbe es-
timatedfrom the availableinformation.

The meanpressureframewnork of the com-
partmentamodelwill beestimatedy:
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whereP; will betakenfrom theclinical exper
iments. The above inequalitiesare necessary
to ensurepressuralrivenflow betweeradjacent
compartmentsTheinequality(>=~) impliesthe
differencds smallbutgreatetthanzero.Theuse
of thisinequalityaboveis basedntwo assump-
tions. First, brainand CSFhave ‘nearly’ equal
meanrestingpressures Secondthe meanve-
nouspressureannever be ‘significantly’ lower
thanthe meanCSFpressureptherwisecerebral
bloodflow cease$

An estimationfor venous-sinugpressureis
givenby Davsor? as

_ Q
Ps=P; — —. 2
=P (20)
Thisis basedon extendingthelinearregression
line describedoy equation(1) to Q .= 0. It is
assumedhatthe resultingvalue of P; is equal
to that of the restingsaggitalsinuspressurepr
equialently

Qf = out(ﬁf _ﬁs)-

This implies thereis zero flow into the brain
compartmenin therestingsteadystate.ln order
to accommodatéhe notionthatsomeCSFfluid

is absorbednto the braintissu¢->! andthata
pressurgradientof approximatelyl.5mmHgis
necessaryo initiate absorptioracrosshearach-
noid villi 4, equation(20) s reformulatedo esti-
matethe modelmeanvenous-sinupressures

(21)

(22)

At this point, the modelconductancef CSF
outflow is defined as a function of the ‘un-
known’ flows Q;, and Q,, with the rest of

the problem variables(Q,, Q; and the mean
pressuresgonsideredknown’. The useof the
guoteshereis to stressthat the value of mary
of the ‘known’ variablesare estimationshased



on available information. Furthermore,equa-
tion (22) now implies that the model conduc-
tanceof CSF outflow is implicitly definedby
equation(12). In this case,a unique explicit
definitionfor modelconductancén termsof the
‘known’ and‘unknown’ variablesdoesnot ex-
ist. Therefore,equation(12) must be solved
numerically This requiresassigningnumerical
valuesto the ‘known’ variablesasdescribedn
theresults.

3 Results

The modelconductancgCy;) definedin equa-
tion (12) provides a term in the model which

CSF pressureincrease. This is also noted by
SullivanandAllison ! whereCSFconductance
in humansis quoted as ‘relatively’ constant.
A meanC,; of 0.11 £ 0.01 (ml/min)/mmHg
was calculatedwith a 95% confidencenterval
of 0.10-0.13(ml/min)/mmHg. This valuewas
comparedto similar testsfrom four other au-
thorsquotedoy Albeckashaving arangeof 0.08
to 0.13(ml/min)/mmHg.

3.2 Model Results

Assuming a mean arterial pressureof 100
mmHgandcapillarypressuref 20mmHg>10, a
CSFpressuref 11 mmHg(from the Albeck ex-
perimentspndQ; = 0.35ml/min (thisis anav-

representghe identical term that is measured erageof several estimationy34>1011)  the re-
experimentally Due to the compleity of the mainingcompartmentaieanpressuresnay be
term Cgy, numericalmethodsare requiredto  estimatedrom (19) and(22) as

obtainthe meanpressuresnd flows necessary

to reproducesxperimentalresultsregardingthe P, 10.5

conductanceof CSFoutflow. 1t is in this way P, = 100

that previously immeasurablysmall flows (Q;,, B, 11.0-0.35/C™ — 1.5
andQ,,), may be estimatedhroughthe mathe- 6.3 (if CT = 0.11)

maticalmodel.

3.1 Clinical Results

Dueto the natureof this method,it is seldomly
performedon humansubjectsvithoutsuspicion
of someform of alteredintracranialhydrody-
namics. Therefore,the samplesize of healthy
individualsstudiedoy Albecket al ! is relatively
small. From the eight subjectstested,the fol-

lowing datawasobtained:The meanICP pres-
surewasll+ 2 mmHg.A constanCSFforma-
tion rate,Q;, wastakenas0.4 ml/min. It should
benotedthatthisratemaybehigheror lowerbut
thiswould have no affect on thethe slopeof the
regressiorline, Cy;;. All regressiorcoeficients
weregreaterthan0.95, suggesting stronglin-

ear relationship betweenabsorptionrate and
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whereall pressuresremeasuredn mmHg. Fi-
nally, assuminga meanarterial input (Q,) of
750 ml/min*>10 completesthe estimationsof
the ‘known’ variables,with CJ'; still undeter
mined.

Equation (12) may now be numerically
solvedto revealtherelationshipbetweertheun-
known flows Q;, andQ_, necessaryo achieve
a model conductanceof CSF outflov equalto
0.11 (ml/min)/mmHg as calculatedby the Al-
beckexperiments.

A new variable(p) is introducedto represent
the portion of CSF absorbednto the venous-
sinuscompartment,p = Gfs/Qf. This single

variablereplace);, andQs, by

Gfs = pQys, (23)



Qi = (1-pQy, (24)

wherep is betweerzeroandone.

It is now possibleto assigrnvaluesto Q,, and
p, and numericallysolve equation(12) for the
model conductancgCj);). Figure 2 displays
theseresultswith Qg labeled Q. Equiva-
lently, assigninga value for Q, andrequiring
Coit = 0.11, the valuefor p is thenfully deter
mined. This canbe seenby projectingtheinter-
sectionof the curvesin Figure 2 to the p axis.
By doingthis it canbe seenthat p is between

with theremainingmeanflows determinedrom
equationg14)—(18).

4 Discussion

Usingthe modeldescribedn this paperandthe
resultsof clinical researchersi is possibleto
extrapolatemuch of the information regarding
normalfluid dynamicsn thehumanintracranial
system. In this study experimentalresultsre-

0.87and0.945 regardles®of thevalueassigned gardingthe conductancef CSFoutflow (Cy)

to Q. This agreeswith the propositionthat
the saggitalsinusis the ‘main’ recipientof CSF
outflow3411,

Asseenn Figure?2, if Gcb isknown, p canbe
determinedsimilarly if p is known, (_ch canbe
determined. Unfortunately very little conclu-
sive datais availableregardingthe exact value
of theseterms. However, Soreket al.1° do pro-
vide aratio (r) definedby

I = Qu/ Qs (25)

Here, r is the ratio of flow acrossthe blood-
brain barrier to that acrossthe CSF-brainbar
rier. Becausdhesearethe two smallestflows,
it would seenreasonabléhatmeasuringhera-
tio of thesetwo flows can be performedmore
accuratelythan measuringeither of themindi-
vidually.

It is now possibleto numerically determine
therelationshipbetweernr and p. Thisrelation-
ship is depictedin Figure 3. This shows the
rapidincreaseof p to its limiting value=: 0.945.

An approximationof r is given by Soreket
al.10 of 0.021.Usingthis valuefor r resultsin a
numericallydeterminedraluefor p of 0.874.At
this point, Q;,, is determinedrom (24) andQ,
is determinedrom (25) as

0.044ml/min
0.001ml/min,

(26)

Qsp
Qp = (27)

cb

areincorporatednto the mathematicamodelin
orderto determineintracranialmeanpressures
andflows that are not measuredn theseclini-
cal tests.Thisis motivatedby the lack of infor-
mationregardingthe smallflow of extracellular
fluid into theinterstitialbraintissue.ln attempt-
ing to determinghesesmallmeanflows,amean
pressurdramework throughoutthe intracranial
systems alsoestimatedrom availableinforma-
tion.

If themeanpressuredescribedbove,aswell
asthe meanarterialinput and CSF production
(Q, = 750 ml/min and Q; = 0.35 ml/min re-
spectvely), areconsideredalid, thentherange
of possiblevaluesfor thepercentagef CSFout-
flow absorbedlirectly into thevenous-sinugp)
canbe estimatedrom the conductancef CSF
outflow (Figure 2). For example,if theconduc-
tanceof CSF outflow (C,) is higherthanthe
acceptedvalue of 0.11 (ml/min)/mmHg, then
the rangeof possiblep valuesshiftsto the left.
This suggestghat the flow of CSFinto thein-
terstitial braintissue(Q,,) increasesWhile the
larger value of CSF conductancereventsele-
vatedintracranialpressures thefaceof a CSF
drainageblockagethelargerflow into theinter-
stitial brain tissuecould resultin edemaof the
brainin suchacase.Corverselyif C, is below
this value, this suggestshatﬁfb decreasesin
this case patientswith normalintracranialpres-
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suresandalow conductancef CSFoutflow are Z is thefluidity matrix
morelik ely to experienceelevatedCSFpressure

whena blockageof the arachnoidvilli occurs. [ Zisys —Zus 0 A 0
Thisis dueto theinability of the excessCSFto —Zvs Zyyous Lo 0 -Z,,
drainthroughalternateroutes. Zys  —Zys 0 Ziy  —Zip
If, in addition, the value Cy; = Zys —Zoys Zocwor  Zip Zy ib
0.11 (ml/min)/mmHg is considered indica- 0 0 Zoc 0 0

tive of normal human physiology Figure 3
revealsthe relationshipbetweenp andtheratio andC is thecompliancematrix
of flow acrossthe blood-brainbarrier to that
acrossthe CSF-brainbarrier (r = Q,,/Qs). C
If future valuesof r differ from the suggested
value of 0.021, the appropriatevalue of p
can be determinedfrom this graph and the
valuesof Q;, andQ, canbe determinedrom
equationg24) and(25) respectiely. Similarly,
if future valuesof p differ from the calculated In thesematrices,the repeatedsubscriptij, ki,
value of 0.874, this same graph reveals the .. has beenusedto denotethe sum of the
appropriatevaluefor r. respectre quanitities, e.g., Z represents
Finally, if the suggestedialue of r = 0.021 Z,,,+ Zcv + Zus.
is consideredappropriate,then p is numeri-  The fourth term in the first column of the
cally determinedo be 0.874andthetwo small- inverseof Z (labelled [Z_l](4 1)) introducedin
est meanflows (Q;, and Q) are calculated equation(10) is definedin termsof fluidity val-
as0.044ml/min and0.001ml/min respectiely. uesby:
All of the othermeanflows may thenbe calcu-

0 0 —C O

va 0 0 _va
0 G Cimp —Cpp
0 0 0 Coh

—

S

o O oo

bv,cv,vs

latedfrom equationg14)— (18). [Z_l](4’1) =
While the meanintracranial pressuresand ~ —{Zys(Z,(Zy, + Zov) + Zov(Zoy + Z4p)) }/
flows developedin this paperaredonewith re- {ZovZZ: Zust+

spectto the physiologically nor_mal adu_lt, the 2y (Zay+ Zo) [ Z¢ Zus+ Zip(Zgs + Zus) |+
samemethodamaybeemployedin studyingthe Z [Z:oZ s Zust

intracranialfluid dynamican personswith ava-

riety of initial conditions,including physiolog- (ZtsZvs+ Zep(Zes + 2))]}
ical disorders.The benefitof usingthis mathe-
maticalmodelin conjunctionwith experimental
resultsis that critical data,which may be diffi- 6 Acknowledgements
cult to obtainclinically, may be estimatedwith
aminimal amountof intrusive procedures.
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