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Summary

Many ncurological discases are accompanied by increased protein concentrations in the cerebrospinal fluid (CSF). deseribed
s i blood-CSF barrier dysfunction. The carlier interpretation as a “leakage™ of the blood-CSF barrier for serum proteins could
be revised by introduction of a population variation coefficient” of the CSF /serum quotients for 1gG. IgA and [¢gM (1Q/Q)
which is evaluated as a function of increasing albumin quotients (Q,,). The data presented here are based on specimens {from
4380 ncurological patients. These population variation cocflicients were found to be constant over two orders of magnitude of
normal and pathological CSF protein concentrations (Q,,, = 1.6 10 *~(50- 10 *). This constancy indicates that there was no
change in blood-CSF barrier related structures with respect to ditfusion controlled protein transfer {from blood into CSF and
hence no change in molecular size dependent selectivity, The pathological increase of plasma protein concentrations in CSFE in
neurological discases could also be explained quantitatively by a decrcase of CSF flow rate duc to its bifunctional influence on
CSF protein concentration: reduced volume exchange. and as newly stated, increased molecular net flux into CSEF without
change of permeubility coefficients. Again, on the basis of a changing CSFE flow rate, the hyperbolic functions. which deseribe
cmpirically the changing quotient ratios between proteins of different size {c.g. Q,; 1 Q4y) with increasing CSF protein content
(Q,,,) can likewise be derived from the laws of diffusion as the physiologically relevant description. The hyperbolic diserimina-
tion line between brain-derived and blood-derived protein fractions in CSF in the quotient diagrams for CSFE diagnosis can be
further improved on the basis of the large number of cases investigated. Other physiological and pathological aspects. such as
high CSF protcin values in the normal newborn. in spinal blockade, in meningeal inflammatory processes. CNS leukemia or
polyradiculitis as well as animal species dependent variations can cach be interpreted as due to a difference or change in the
CSF flow rate.

Introduction noid villi and granulations into the venous blood (Up-

ton and Weller 1985).

Plasma proteins in CSF

Low concentrations of plasma proteins appear in
the ventricular cerebrospinal fluid secreted from the
choroid plexus. Additionally, plasma proteins enter the
CSF on its flow through the subarachnoid space (Frick
and Scheid-Seydel 1958, Davson 1967; Cutler et al.
1967) increasing the lumbar protein concentration up
to three times that of thc ventricular concentration.
CSF bulk flow drains the proteins together with cells
and other components by passing through the arach-
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Protein transfer from blood to CSF is a ditfusion
controlled process. by which the molecular size de-
pendent concentration gradients (Felgenhauer 1974)
are established. The gradient is steeper for larger
molecules (~ 200:1 for albumin or about 3000:1 for
IgM). This retention of proteins is called the blood-CSFE
barrier. The molecular size dependent difference of
protein gradients is defined as sclectivity of the barrier
function. The steady state concentration of a single
plasma protein in CSF depends on the absolute levet of
the serum concentration, the gradient and the CSE
flow rate. CSF/serum or CSF/plasma concentration
quotients describe the concentration gradient with in-
creasing values for increasing CSF protein concentri-



190

tion. The quotient is independent of the individual
absolute serum concentration level, but reflects all
blood-CSF barrier related influences (molecular size,
CSF flow, pathlength of diffusion) and conditions of
CSF extraction (volume of extraction or locus of ex-
traction, like ventricles or lumbar sac). The albumin
CSF/serum concentration quotient has been recog-
nized as a suitable parameter to characterize these
individual variables of the blood-CSF barrier function
and has been introduced as a suitable reference for the
most sensitive evaluation of other plasma proteins in
CSF, due to the reduction of individual variables (Re-
iber 1980). Many approaches for the discrimination of
a brain-derived, pathological IgG fraction from a
blood-derived IgG fraction in CSF have been reported
(Ref. in Thompson 1988). Linear discrimination lines
(Link and Tibbling 1977; Tourtellotte and Ma 1978),
bifunctional lines (Reiber 1980), or nonlinear ap-
proaches (Reiber and Felgenhauer 1987; Thompson
1988; Ohman et al. 1992) have been reported. The
hyperbolic function (Reiber and Felgenhauer 1987) has
been shown empirically to be a best fit for the clinical
data (Souverijn et al. 1991; Ohman et al. 1992). The
application of Fick’s laws of diffusion for protein trans-
fer from blood to CSF now gives theoretical support
for the hyperbolic function, as the physiologically exact
description of the changing ratio between two CSF/
serum quotients (Q,,: Q) With increasing protein
content in CSF.

Pathophysiology

Many neurological diseases have a concomitant in-
crease of plasma protein concentrations in CSF. Under
these circumstances the quotient values of different
sized proteins (ngG, Q.,) approach to each other.
This was interpreted as a decline of selectivity with
increased permeability, due to a blood-CSF barrier
“impairment”, “dysfunction” or “leakage”. There have
been many contradictions to such a hypothesis which
have been ignored.

A diffusion related increase of CSF concentration
for solutes from blood without a change in barrier
structures was recognized as early as 1925 by Cestan et
al., as interpreted by Davson (1967). Additionally, the
flow rate of cerebrospinal fluid has been known for
more than 40 years to influence the concentrations of
proteins in CSF, as previously reviewed by Davson
(1967).

These approaches, which involved both aspects, dif-
fusion and CSF flow into a model (Rapoport 1983),
still suffered from the postulated loss of selectivity and
increase of the barrier permeability. The introduction
of the population variation coefficient for immunoglob-
ulin quotients offers the empirical basis to show that

there is no loss of selectivity in blood-CSF barrier
dysfunction.

Population variation coefficient

This term defines the biological variation of a pa-
rameter in a group large enough to be labelled as
population. Since clinical chemists use the term coeffi-
cient of variation to characterize the variation due to
methodological imprecision, so the expression popula-
tion variation coefficient has been chosen to reinforce
the special meaning as a natural variation in a biologi-
cal group. In this paper it refers to the variation of
immunoglobulin quotients in persons or patients with
the same albumin quotient. If this population variation
coefficient does not depend on cause or intensity of
neurological diseases, the relevant structures for the
CSF/serum concentration gradients should not be
changed by the diseases. This constancy, reported in
this paper with the application of the laws of diffusion
has led to a new description of the physiology of the
blood-CSF barrier function as well as for understand-
ing of the pathophysiology of the blood-CSF barrier
dysfunction: A reduced CSF flow rate induces in-
creased protein concentrations in CSF due to de-
creased volume exchange and is followed by a subse-
quent change in blood-CSF concentration gradients
with an initially increasing molecular net flux of pro-
teins into CSF without changes in blood-CSF barrier
related structures. This mechanism is relevant for nor-
mal as well as for pathological variations of CSF flow
rate.

These aspects have been applied to several aspects
of physiology and pathophysiology of CSF and sub-
arachnoidal space with surprising results for consistent
interpretations.

Materials and methods
Patients

The data from lumbar CSF and serum from-controls
and patients with various neurological diseases (ages
between 0.5 and 75 years) were collected from patients
routinely diagnosed over the last eight years at the
Neurological Clinic, University Gottingen. Only sub-
jects who had no antibody synthesis- in the central
nervous system were included in the study, using the
following criteria: no oligoclonal IgG in CSF (detecta-
ble by isoelectric focusing on polyacrylamid gels); no
local IgA or IgM synthesis according to the quotient
diagrams (Reiber and Felgenhauer 1987) and in each
case Qp < Qg and Qg < Qya; no intracerebral
haemorrhage, no blood contamination at all; no pa-
tients after neurosurgery or head trauma; cell count



<4 /ul for cases Q,y, < 8- 107 The statistical cvalua-
tion was performed on only those cases in which all
four quotients (Alb, lgG, IgA. 1gM) have been avail-
able.

Protein analysis

Albumin and IgG werc measured by automated
immunochemical nephelometry (Reiber and Felgen-
hauer 1987). IgA and IgM were measured by an en-
zyme immunoassay with a sensitivity of 0.05 mg /1. The
day-to-day coetficient of variation for CSF /serum quo-
ticnts were €V <5% (Q . Q) and CV <89
(ngm OIgM ).

Curve fit and calculations

For calculation of the mean CSF/serum quotients
of immunoglobulins (IgG. IgA. IgM) 30-70 cases with
similar albumin quotients were grouped together (as
shown in the Figs. 1-3 with Q,,, intervals from 0.1 -
10 * to 1.0- 1074 or larger intervals for albumin quo-
ticnts between 21 107 % and 150 1077 with groups of
at Jeast ten cases. The upper and lower border curves
(envelope curves) as well as the mean were fitted by a
hyperbolic function, according to the procedure re-
ported (Reiber and Felgenhauer 1987) with the ¢qua-
f1on

3

Qx =a/b Qxipn+b” —¢

The upper and lower curves were fitted so as to involve
99%: of the cascs, corresponding to a range of +£3 SD
(standard deviations) in the case of a Gaussian distri-
bution.

Population variation coefficient

The population variation coefficient (4Q/Q) for
the immunoglobulin CSF/serum quotients is defined
according to Fig. 4. For example: patients with an
albumin quotient of Q,, =25-10"° might have an
IgG quotient Q¢ between 8.0 and 21.6 - 107", This
range describes the differcnce between upper and lower
border line. From 4Q,; = 13.6-107" with the mcan
Q,,; = 1510 7 the coefficient of variation can be
calculated as AQ,;/Q = 13.6/15=091 for the
whole population with Q,,, =25-107*, The popula-
tion variation coefficients for different albumin quo-
tients (Table 2) were calculated from the hyperbolic
functions determined for upper and lower border lines
and the mean as given in Table 1 and Fig. 3.
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TABLE 1|
PARAMETER VALUES OF THE HYPERBOLIC FUNCTIONS
(Qyx =a/h 103, +b* =0) IN QUOTIENT DIAGRAMS FOR

I2G. TgA AND [gM CSF/SERUM QUOTIENTS AS A FUNC-
TION OF THE ALBUMIN QUOTIENT. Oy,

IgX a/b b ¢
1pG upper limit 0.93 6 1.7
mein 0.65 N .4
lower limit (1,33 2.0 0.3
IgA upper limit .77 23 kR
mean .47 27 2.1
lower hmit 017 74 1.3
IgM upper limit 0.67 120) 7.1
mean .33 306 A
fower limit 0.04 442 .82

Results

The CSE/serum concentration quoticnts of 1gG.
IgA and IgM are shown as a tunction of the corre-
sponding albumin quotient for controls or paticnts with
neurological diseascs without an intrathecal im-
munoglobulin synthesis at the time of investigation.

Fig. 1 represents the data of 4154 cases with normal
or moderately increased albumin quotients up to Qy,,
=21-10"" In Fig. 2 the data of patients (n = 226)
with severely increased CSFE protein content with albu-
min quotients up to Q4 = 150 107 arc shown. For
increasing intervals with similar albumin quoticnts the
mean values of the IgG, IgA and 1gM quotients have
been calculated (Fig. 3). For the complete sct of data
in Figs. 1 and 2 the upper and lower border lines and

A

the lines for the mean values (Fig. 3) were fitted by

TABLE 2

POPULATION VARIATION COEFFICIENTS, 10,0, AS A
FUNCTION OF INCREASING PROTEIN CON-CENTRATION
IN CSF. LE. INCREASING ALBUMIN CSF/SERUM CONCEN-
TRATION QUOTIENT. Q.

Qap- 107 10/0
IeG feA M
2.2 0.86 1.36 30
35 0.89 141 3.0
5.0 0.90 1.43 3
8.2 .92 142 29
10.0 0.91 1,40 29
15 0.91 1.38 Ao
20 0.91 1.34 20
50 0.92 1.31 22
100 (.92 1.29 2.0
140 .92 1.29 20
Mean 091 +0.01 1.3540.06 2.00im) *

# Limit value. due to non-Gaussian distribution around mcean for
small O .7
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hyperbolic functions as described in the methods and
legend to Fig. 1. Table 1 gives the constants of the
single hyperbolic functions for the IgG, IgA and IgM
diagrams. The mean curve is almost identical with the
arithmetic mean of upper and lower curve except for
the range of low albumin quotients in the IgM-di-
agram. This discrepancy is the consequence of a non-
gaussian distribution in this range of extremely low
CSF IgM values.

In Fig. 2 the corresponding data of three represen-
tative patients (Reiber 1993) have been marked in all

[x103}

IgG CSF/serum quotient

Ix1 03]

IgA CSF/serum quotient

IgM CSF/serum quotient [x103]

Albumin CSF/serum quotient  [x10%)

three diagrams. Patient 1 with data at the upper border
lines of the reference ranges has larger IgG, IgA and
IgM quotients than patient 3 in spite of a similar
albumin quotient, which can be interpreted as having a
weaker molecular size dependent discrimination be-
tween larger and smaller molecules than patient 3.
These three patients with the same type of disease
(early phase of bacterial meningitis), covering the whole
range of biological variation between upper and lower
border lines, are representative of other groups of
neurological diseases involved in this study (Guillain
Barré polyradiculitis, meningeal carcinomatosis or
spinal blockade) insofar as the statistical evaluation of
the quotient data for these diseases did not allow a
significant discrimination with respect to localization in
the diagram (restricted to upper, mean or lower range).
Even for cases with extremely high protein concentra-
tions (Quy, > 150-107*=0.15) there is a complete
overlap of the values from patients with different neu-
rological diseases (Reiber 1993) as indicated by the
following 6 examples (the quotients Q,y,/ Qyi/ Qiea/
Qg are shown in parentheses): spinal tumor (0.17/
0.09/0.067 / 0.015); meningitis (0.21/0.16 /0.11 / 0.08);
ependymoma (0.30/0.24/0.19/ 0.13); spinal cyst
(0.34,/0.18/0.10/ 0.026); paraproteinemia (0.61/0.56 /
0.50/0.29); meningitis (0.73 /0.65 / 0.47 / 0.35).

These correlated variations for single patients 1-3
in Fig. 2 as well as the coincident variation of the mean
values for IgG, IgA and IgM quotients in Fig. 3 help to
understand that the variation of patient values between
upper and lower border lines mainly represent biologi-
cal variations in a group of patients with the same
albumin quotient. As these groups are large enough in
this investigation to represent a population, it is possi-
ble to introduce the population variation coefficient as
described in Fig. 4. These population variation coeffi-
cients AQ/Q have been calculated with the parame-

Fig. 1. CSF/serum quotients for IgG, IgA, IgM (Qpyg, Q. Qpm)
as a function of the albumin CSF/serum quotient (Q,;,). The data
were calculated for lumbar CSF and serum from 4154 control pa-
tients and patients with various neurological diseases (with albumin
quotients below Qpy, = 21-1073). Albumin and IgG were measured
as described (Reiber and Felgenhauer 1987). IgA and IgM were
measured by an enzyme immunoassay with a sensitivity of 0.05 mg /1.
The day-to-day imprecisions, calculated as coefficients of variation
were < 5% (Qaps Qrgg) and < 8% (Qqga, Qypm). Only cases were
included which had no humoral immune response in the central
nervous system, according to the criteria in methods. For calculation
of the mean values, 30-70 cases with similar albumin quotients were
grouped together (as shown in the figure with Q,,, intervals between
0.1-1073 and 1.0-1073). The upper and lower border curves, includ-
ing 99% of the cases, were fitted by hyperbolic functions together
with the data from Fig. 2 according to the procedure reported

_feported
(Reiber and Felgenhauer 1987) with equation Q gx =4/ bl/Qf\lb +b?
—c. The mean curve originates from the procedure shown-in Fig. 3.

The numerical results are given in Table 1.



ters in Table 1 for varying albumin quotients. The most
important result of this evaluation shown in Table 2,
was that the population variation coefficients were
found to remain constant between the normal albumin

[x10%]
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IgG CSF/serum quotient
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IgA CSF/serum quotient

IgM CSF/serum quotient [x10°]

50 100 150
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Fig. 3. Mean immunoglobulin quotients Q. Qpea. Qe a8 @
function of an increasing albumin CSF/serum concentration quo-
tient Quy,. The mean values are calculated from groups of cases
(populations) with similar albumin quotients of varving Q,y, inter-
vals, according to the description in Fig. 1 and Fig. 2. The mean
values were fitted with a hyperbolic function according to the re-
ported procedure (Reiber and Felgenhauer 1987).

quotients and the most severe blood-CSF barrier dys-
functions (from Q,,, = 1.6 - 1077 to Q,,, = 150- 107 %)

AQ]g(;/Glg(; =(0.91; JQIg.f\/alg.r\ = ]35’
"‘ngM/GIgM =2.0

These population variation coefficients for molecules
of different size like 1gG, IgA and IgM do not ap-
proach each other, indicating unchanged conditions for
the diffusion controlled protein transfer from blood to
CSF. As a striking consequence, this constancy of the
population variation coefficients could only be ex-
plained in terms of constant blood-CSF barrier struc-
tures in spite of hundred-fold increased CSF protein
concentrations. A facilitation of protein transfer be-
tween blood and CSF based on disturbed barrier struc-
tures {e.g. due to leakage) would physically mean a
reduction of the effective diffusion path length (Fig. 5)
and a subsequent reduction ot variation coctficients

Fig. 2. CSF/serum protein concentration guotients from patients
with the most severe blood-CSF barrier dystunction. n = 266 pa-
tients, with albumin quotients between 2010 % and 150-10° °, ful-
filled the criteria reported in legend of Fig. 1. The cases included the
following disorders: early meningitis, herniated disc  prolapse.
polyradiculitis. paraproteinemia. dysgerminoma. ependymoma.
meningioma, diabetes mellitus and other disorders. Means were
calculated from groups of at least 10 patients with similar albumin
quotients between the intervals shown in the diagram. The hyper-
bolic functions of the upper and lower border lines and the mean
curve are fitted together with the data in Fig. 1. The indicated
patients 1 (00) 2 (C) and 3 (2a) had bacterial meningitis and were
punctured for CSF early after onset of clinical symptoms at a time
before onset of any humoral immune response.
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Fig. 4. Definition of the population variation coefficient (4Q/Q) for
the immunoglobulin CSF/serum quotients. For example patients
with an albumin quotient of Q,y, =25-10"? might have an IgG
quotient Q,,; between 8.0 and 21.6-10 % This range describes the
difference between upper and lower border line involving 99% of the
cases by analogy to the mean+3 standard deviations in case of a
Gaussian distribution: 4Q,q = 68D =13.6- 1073 with 61gG =15-
1073, The coefficient of variation for the particular population can
be calculated as 4Qy,g /_Q-IBG =13.6 /15 = 0.91. Population variation
coefficients for different albumin quotients in Table 2 were calcu-
lated from data of the hyperbolic functions for upper and lower
border lines and for the mean given in Table 1.

with increasing albumin quotients. This would be in
contradiction to the results above. As shown in Table 3
the variation coefficients for CSF/serum quotients
(AQ/Q) and the corresponding variation coefficients
for serum concentrations (6 SD /%) in the same group
of 4380 patients, each remain independent of the other.
Both groups of evaluation refer to 99% or +3 SD of
the population.

Table 4 represents kinetic data from a very early,
first lumbar puncture and a later repeated puncture of
the same patient with bacterial meningitis. By this
kinetic approach — a type of natural “stopped flow”
experiment — it is shown that there are larger relax-
ation times for the protein molecules of larger size to

TABLE 3

COMPARISON OF POPULATION VARIATION COEFFI-
CIENTS FOR CSF/SERUM CONCENTRATION QUOTIENTS
(4Q/Q) AND SERUM CONCENTRATIONS (6 SD /%) * IN THE
SAME GROUP OF PATIENTS (» = 4400) EVALUATED IN FIGS.
1-3

IgG IgA IsM
CSF (4Q/Q) 0.91 135 2.0
Blood (65D /%) * 18 3.3 35

* 6 SD /% means 6 standard deviations (SD) divided by the mean of
the population (x) which corresponds to the definition of the
population variation coefficient including 99% of the population.

Blood Diffusion barrier CSF
C(”r). 1 _. . 1= Q: c(CSF) / c{ser)
c
-]
]
= 0.5 0.5
c
3
e
Q —Qa
o ~N

\ Qr ~
0 f — X
0 o xp

Effective diffusion path length

Fig. 5. Protein concentration gradient between blood and CSF. The
diffusion controlled protein transfer between blood and CSF is
described by an idealized diffusion barrier (homogeneous and unique
instead of multistructural, inhomogeneous). The concentration c; (in
blood as c(ser) and in CSF as Q = c(CSF)/c(ser), normalized. for
c(ser)=1) along the effective diffusion pathlength, x, (xp, for the
single patient), shows the sigmoidal curve, derived from Fick’s sec-
ond law of diffusion (Appendix). At constant t (steady state), the
local concentration gradient dc; /dx determines the molecular flux,
J;, of molecules i into CSF according to Fick’s first law of diffusion:
J; = —D; dc; /dx, with D;, the molecular size- and tissue-dependent
diffusion coefficient. J; or dc; /dx(x,) depends on c,, at'x, or ccgp
for the molecules i. The change of (dc, /dx) along the idealized
diffusion pathlength x, follows a Gaussian error curve (Fig. 6) with a
maximum for Q = 0.5, i.e. half serum concentration. The diagram is
used for two different interpretations. Case one: normal steady state
condition, where the curves A and B can be interpreted as if they
were from molecules of different size (A = albumin and B = IgG)
due to different diffusion coefficients. The smaller molecule albumin
with the larger diffusion coefficient Dy, reaches a higher tissue
concentration (curve A) than IgG (curve B) and therefore a larger
local concentration gradient dc /dx at Xp, represented by the slope of
the tangential line at x,. Individual variations of the steady state
value of Q4 or Qg would be a consequence of variations in x, and in
CSF flow rate, r. The function Qg =f (Q,) can be shown to be a
hyperbolic function (Appendix). The curves A and B with the same
function (Eqn. 4, Appendix) differ only in their mean molecular
displacement (x; =/2D;t). In this case for constant t the different
diffusion coefficients D,, Dy, are responsible for the difference. Q,
on curve A at X, corresponds with the same concentration on curve
B at x’ = x,(Dg /D,)'“? (Appendix). Case two: now the curves A
and B represent the concentration distribution of the same protein
(e.g. 1gG) at different times, before (t,, curve B) and after (t;, curve
A) onset of a disease with decreasing CSF flow and subsequently
increasing concentration of IgG in CSF. With a secondary increasing
tissue concentration, ¢y, (x, t), the gradient (dc 1gG /A%y, increases
with t (const x) as shown in Fig. 6 and, as a consequence, the
molecular flux, J 1gG» 1S increased as well. This statement is true for
cases of Q. < 0.5 only (normal Q,¢-values are between 0.0005 and
0.005!). Above Q > 0.5 (Fig. 6), the gradient (d¢; /dx) is reduced with
a subsequently reducing flux of proteins into CSF. In this case the
change from curve B to curve A can be explained as an increased
mean displacement x; =1/2D;t, where D, remains constant but t
increases.



TABLE 4

KINETICS OF CSF,/SERUM CONCENTRATION QUOTIENTS
AFTER ONSET OF DISEASE

A patient with bacterial meningitis was punctured on the st day and
2nd day after the onset of clinical symptoms. Both punctures were
done before onset of a local 1gG, IgA or 1gM synthesis (no oligo-
clonal IgG fractions from brain detectable). The increasing cell count
in CSF is not the source of a local immunoglobulin synthesis.

OAlb QlgG QlgA QlgM

G0 10 Gt 1Y
Ist day 146 42 22 S
2nd day 311 203 184 105

cell count

872/l
154000/ u1

reach the new steady state concentration in CSF. At
the first puncture. the albumin CSF concentration
reached 47% of the value for day two, compared to
21%, 12% or only 5% for IgG, IgA and IgM values
respectively. The smaller molecule albumin appeared 2
times, 4 times or 10 times faster in lumbar CSF than
the larger molecules IgG, IgA or 1gM. This again is a
strong argument for the conservation of blood-CSF
barrier “structures’ relevant for protein diffusion from
blood to CSF in spite of marked blood-CSF barricr
“dysfunction”.

Discussion and conclusions
Diffusion of proteins into CSF

There is no controversy about the protein transfer
from blood to CSF as a diffusion controiled molecular

size dependent process (Felgenhauer 1974; Rapoport
1983; and references cited in Davson et al. 1987). In

Concentration

Xo.s X

Diffusion path length

Fig. 6. Curves for the diffusion dependent concentration distribution
¢, (Eqn. 4) and the first derivative dc/dx = f'(x). This derivative
represents a Gaussian error curve (Egn. 3 in Appendix, not to be
confused with the error function or error integral obtained by
integration of the exponential (Jost 1960, p. 17)). The maximal slope
of the error function curve is obtained for Q=c/c,=0.5 at x;5.
The position x,,5 is characterized by the mean molecular displace-

ment x; =2 Djt.
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Fig. 7. Model for CSF volume flow (F) through subarachnoid space
(y-dircetion) and molecular flux (J)) into CSF (s-direction). Cross
section area A and surfaces S of the interval Ay in subarachnoid
space are idealized. Ac; /A% represents the concentration gradient
of a molecule 1 at surface S. The bulk volume flow F = AVol,/ At
(dimension ml s} characterizes the volume AVol = A-Ay which
passes the cross section area A in the time interval dt. The flow rate
of a single molecule in this CSF volume is 1= 1y /At (dimension
cm/s)orr =F/ Al

Fig. 5 and Fig. 6 the direction of molecular flux is given
as x-axis (x, to x in Fig. 7).

In Fig. 5 the protein concentration gradients be-
tween blood (x=0) and CSF (x=x ) arc described
schematically for idealized conditions. The nonlincar
function between concentration and diffusion path-
length is described by Fick's laws of diffusion (Appen-
dix). The steady state conditions of molecular flux (casc
1 of Fig. 5) are described by J, = — D, dc,/dx. Fick's
first law of diftusion.

The concentration gradient de/dx depends on the
distance x, from blood and from actual CSF concen-
tration (quotient Q) influenced by the CSF flow rate.
dc/dx as a function of x is characterized by a gaussian
error curve with a maximum for ¢, /2=¢,/20r Q=
Cesp/ Cor = 0.5 (Fig. 6).

Casc onc in Fig. 5 shows that this nonlincar concen-
tration gradient is different for molecules of different
size (due to different diffusion constants. D;). The
larger molecule IgG (curve B in Fig. 5) has a smaller
local gradient dc/dx than the smaller molecule albu-
min (A in Fig. 5) at the distance x|, from blood. It the
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CSF flow decreases with a subsequent increase of Q,
the value of dc/dx changes with time:

dc/dt= —dJ/dx=D-d*c/dx".

This is explained as case 2 in Fig. 5, where IgG at
time t, (curve B) changes to IgG concentration at time
t, (curve A). Initially, dc/dx is increased (in spite of a
decreasing concentration difference between blood and
CSF), but only up to a value of Q =0.5. Above this
value dc/dx decreases with time up to a new steady
state (mostly not reached in neurological diseases due
to therapy or other interventions). This time dependent
change of (dc/dx),, is described by Fick’s second law
of diffusion (Appendix, Eqn. 2) from which we can
calculate the influence of diffusion pathlength and
time of diffusion on the actual concentration c,, of a
single molecule, influencing the molecular flux, dJ,/ dx,
at the surface to subarachnoid space (Eqn. 4, Ap-
pendix).

Population variation coefficient

The ratio of two CSF/serum quotients (Qp,;:Qup)
represents the ratio of the molecular fluxes into CSF,
JigJap- This ratio changes with increasing protein
content in CSF, i.e. an increasing albumin CSF/serum
quotient, in a nonlinear way. From diffusion equations
it is derived as a hyperbolic function (Appendix). Due
to a constant x, (Fig. 5) and the same CSF flow rate
for both molecules in the single patient, the origin of a
different molecular flux and different tissue concentra-
tion of IgG and albumin remains the diffusion coeffi-
cient D; influencing the ratio of the individual quo-
tients Q,g, Quyp, in a single patient. The biological
variation 4Q g (Figs. 1 and 2, and particular patients
1-3 in Fig. 2) in a certain population with the same
Q,, value is caused by variations of the individual
x,-values and individual CSF flow rates, more likely
than by a several fold difference in diffusion constant,
D,, of the single molecule. Thus, the population varia-
tion coefficient 4Q/Q referring to the same Q,,, of
this population represents a measure for the molecular
size dependent diffusion processes of the whole popu-
lation of possible x -values (Fig. 5) but for a restricted
range of CSF flow rates. An increasing Q,y, value is
then due to a decreased mean of the range of CSF flow
rates in populations with a (per definition) unchanged
distribution of x -values.

As an alternative interpretation of increasing Q,,
one could suggest a decreasing effective diffusion path-
length. But, in a hypothetical population of patients
with smaller x, values the increased mean concentra-
tion Q (Fig. 5) would be concomitant with a relatively
reduced variation AQ. This would mean a decreasing
population variation coefficient AQ/ Q with increasing

mean Q, which is not the case. This phenomenon is an
analogy to band broadening in column chromatography
with increasing pathlength or time of diffusion.

The observed constancy of the population variation
coefficients in our biological system (Table 2) speaks
against a change in (mean) effective diffusion path-
length in case of a so-called blood-CSF barrier dys-
function. This is the main argument against a facili-
tated transfer of proteins from blood to CSF by a type
of “leakage” of barrier structures as this would mean a
reduction of the effective diffusion pathlength or a
reduced time of diffusion. The constant selectivity (see
below) and the observed molecular size dependent
relaxation of protein transfer from blood to CSF in
examples of most severe blood-CSF barrier dysfunction
(Table 4; Reiber 1993) are further strong arguments.

The introduction of this population variation coeffi-
cient as an indicator for diffusion related changes of
the blood-CSF barrier was possible only for the case
that there are no disease dependent. differences in
these variation coefficients. The subjects, selected for
this study, satisfy this condition, as seen from a sepa-
rate statistical evaluation of single groups of different
neurological diseases. The observed slight variations
between mean quotient ratios of patient groups with
various diseases must be interpreted as a longitudinal
sampling effect. As the quotient values depend on the
time of puncture during the course of the disease (late
steady state in tumours or pre-steady state in acute
diseases in Table 4) it is important to see representa-
tive examples, such as patients 1-3 in Fig. 2, covering
the whole range of quotients or the 6 cases described
above together with cases described elsewhere (Reiber
1993).

CSF flow rate

The steady state between molecular flux into CSF
(J;) and CSF flow rate (r) determines the CSF concen-
tration of a single protein (Fig. 7 and Appendix). The
decrease of CSF flow with a decreasing CSF volume
exchange must lead to an increased CSF protein con-
centration (in spite of a primarily unchanged molecular
flux, J;). So far there is a consensus with the earlier
reports (Rapoport 1983). As a new concept, I introduce
the statement that the molecular flux, proportional to
dc/ dx in Fig. 5, increases with increasing CSF protein
concentrations as well: an increased CSF protein con-
centration must lead to an increased tissue protein
concentration according to Eq. (13) in Appendix. |
refer to dc/dt = —dJ /dx = D d’c/dx? instead of J =
—Ddc/ dx, i.e. Fick’s second law of diffusion is applied
instead of Fick’s first law. This postulate is concordant
with the described sink effect of CSF flow rate on
solute concentrations in the extracellular space (Dav-
son 1967; Davson et al. 1987). With increasing c g



and subscquently increasing ¢, (Eqn. 13, Appendix),
we obtain an increased gradient de/dx (cqgp < €. /2).
This is described as case two in Fig. 5: the steady state
concentration gradient of [gG (curve B) changes to
that of curve A, now representative for IgG under
pathological conditions (reduced CSF flow rate).

As a consequence of this twofold influence of CSF
flow rate the actual CSF protein concentration de-
pends nonlincarly on the CSF flow rate (Appendix).
This nonlincar relation between CSF flow rate and
CSF protein concentration describes quantitatively the
increase in CSF protein content. In the Appendix we
get a relation Ac(CSF) ~ 1 /17, if restricted to ¢(CSF)
<c,/2. If we rearrange this function and insert for
¢(CSF) the concentration quotient, we get for the
change of CSF flow rate as an approximation Ar ~
1/\302\'”, . This function was applied successfully for a
clinical example of blood-CSF barrier dysfunction (Re-
iber ¢t al. 1993).

Permeability and selectivity

The permeability coetficient (usually defined as P, =
D,/x) for protein transfer across the barrier remains
constant as long as x, the diffusion pathlength, and D,
the diffusion coefficicnt remain constant. The observed
nonlinearly increased net molecular flux into the CSF
is quantitatively explained by increased brain tissue
protein concentration (case 2 in Fig. 5 and Appendix),
without any change in the permeability coefficient. The
faster protein transfer from blood to CSF in case of a
blood-CSF barrier dysfunction needs no structural
change or increased “permeability”. This increased
brain tissue protein concentration can be described as
an increased mcan molecular displacement (x = \ZD,t ),
as defined in Appendix and shown as X =x, 5 in Fig. 6.

The changing ratio between different protein species
with increasing total protein content in CSF still re-
mains to be discussed. The mean ratio of GlgM :Qap =
1117 at Q4 = 4.6 - 107 changes t0 Qg 1 Qap = 1:3.6
at Qnp, = 1001077 (calculated from Table 1). This
declining ratio was crroncously interpreted as loss of
selectivity.

As derived from Fick’s laws of diffusion in the
Appendix. the hyperbolic function is the relevant de-
scription of the changing ratio of the two quotients,
only depending on the ratio between the square root of
diffusion coefficients (D : D)=

The kinetic data in Table 4 indicate that in spite of
marked blood-CSF barrier dysfunction (Qg,, =0.1-
(0.3 the molecular size dependent relaxation time be-
tween influx of IgG and albumin into CSF corresponds
to the delay in equilibration time between plasma and
CSF reported for normal blood-CSF barrier functions
(Frick and Scheid-Seydel 1958; Cutler et al. 1967).
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As shown in Table 4 or by the above examples of
the most severe blood-CSF barrier dysfunctions, there
are no cases reported where the Q,,, values rcach the
theoretical maximum of | or where the Q,,,, values
(0.3) approach the Q,,, valucs (0.7) complétcly. To-
gether with the non-negligible reflux rate in Eq. (7)
(Appendix). under conditions with Q > 0.5 where de/
dx decreases (Figs. 5 and 6). these limitations in steady
state of severe dysfunctions can be explained.

If selectivity is defined as the molecular size-depen-
dent discrimination for protein transfer from blood
into CSF, depending on the ratio of diffusion constants
of the single molecules then there is no reason to
postulate a change in selectivity. The actual concentra-
tion ratios between molecules of different size in CSF
are a function of the steady state tissuc concentration
varying with varving CSF flow rate (Appendix). Thus
“sclectivity™ is not changed in spite of mean CSF/
serum quotients approaching cach other with increas-
ing protcin concentration in CSF. This is consistent
with the original observation of Schlicp and Felgen-
hauer (1978). They have shown that the serum/ CSFE
quotients of the large molecule «,-macroglobulin and
the smaller albumin approached cach other with in-
crcasing CSF protein content but never reached the
same valuces in spite of most severe blood-CSE barrier
“breakdown’.

I have to emphasize that these statements refer to
the rate limiting step of the protein transter from blood
into CSF. There are morphological blood-brain barrier
changes concomitant with neurological discases (Brad-
bury 1979), but obviously these blood-brain barrier
changes do not affect the rate limiting step for protein
diffusion into CSF along the blood-CSF barrier: severe
lesions of the blood brain barricr in multiple sclerosis.
indicated by magnetic resonance imaging. do not corre-
latc with the almost unchanged protein content in CSF
(Felgenhauer and Reiber 1992).

Hyperbolic function and clinical application

The sensitive discrimination between a brain-de-
rived protein fraction and a blood-derived fraction in
CSF is of clinical relevance for detection of intrathecal
immunoglobulin synthesis or specific antibody synthesis
(Felgenhauer and Rciber 1992). Immunoglobulin
CSF /serum quotient diagrams with reference to the
albumin quotient arc well established — but with differ-
ent discrimination lines or formulas to detect the in-
trathecal protein synthesis.

The introduction of cmpirically formed hyperbolic
discrimination lines (Reiber and Felgenhauer 1987)
now find a theoretical confirmation. As mathematically
derived from the laws of diffusion (Appendix), the
ratio between two quotients (e.g. Q1 Q) varics
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according to a hyperbolic function. This aspect is inde-
pendent of the statements about CSF flow.

Due to the larger number of cases in this study, the
empirical fit of the hyperbolic function (especially the
upper curves for discrimination between blood-derived
and brain-derived CSF fractions) was improved in the
range of small albumin quotients, compared with the
earlier report (Reiber and Felgenhauer 1987). The
higher sensitivity for pathological IgG, IgA and IgM
quotients might be of clinical relevance, mainly for
neuropediatric cases or ventricular CSF with smaller
albumin quotients. It seems that with this improve-
ment, the above theoretical foundation and the high
clinical relevance (Souverijn et al. 1991) the quotient
diagrams with a hyperbolic discrimination function,
among the many approaches (Link and Tibbling 1977,
Tourtellotte 1978; Reiber 1980; Thompson 1988; Oh-
man et al. 1992), could become the generally accept-
able, physiologically correct basis for the graphical and
numerical evaluation of serum proteins in CSF.

Physiological interpretations

Many unexplained facts from the physiology of CSF
and pathophysiology of neurological diseases can be
seen in a new light if the CSF flow model is applied.

The normal human newborn has extremely high
CSF protein concentrations with Q,; values up to
30- 103 (Statz and Felgenhauer 1983). Earlier inter-
pretations suggested an immature blood-CSF barrier
with poor selectivity and high permeability. However,
there is no doubt that early in gestation the anatomical
structures for barriers are present (Mollgard and Saun-
ders 1986). In the quotient diagrams there is no differ-
ence in selectivity, i.e. in molecular size-dependent
discrimination by the blood-CSF barrier function for
proteins in newborn children, when compared to ma-
ture adults with corresponding albumin quotients. The
reported prenatal onset of CSF flow (Mollgard and
Saunders 1986) must gradually reduce the protein con-
centration in CSF as the flow rate increases. It might
be due to the late structural changes of the arachnoid
villi and granulations (Upton and Weller 1985) which
brings CSF drainage to a maximum about 4 months
after birth with a minimum of Q,,, at this time.

In the mature human a continuously increasing CSF
protein concentration is observed. This age dependent
increase could be explained by May et al. (1990) as a
decrease in CSF production rate in elderly volunteers
with a subsequently reduced CSF flow rate (0.4 ml/ min
in young to 0.19 ml/min in elderly volunteers).

For CNS leukemia, which is primarily an arachnoid
disease with changes in trabeculae, a reduced CSF flow
was suggested from histopathology (Price and Johnson
1973).

A purulent bacterial meningitis is accompanied by

an increased CSF viscosity and meningeal adhesions,
Protein complexes and cell deposits (Yamashima 1988)
in the arachnoid villi have been detected in post mortem
material. This again would be a severe handicap for
CSF bulk flow.

Polyradiculitis of the type Guillain Barré may be
accompanied by swelling in the region of the spinal
roots (cauda equina) probably reducing flow through
arachnoid villi into the veins associated with spinal
nerve roots (Upton and Weller 1985).

In spinal blockade (Froin’s syndrome), caudally to
the blockade, high serum protein values are measured
in lumbar CSF in spite of normal cisternal or ventricu-
lar CSF values (Davson 1967). In contrast to blood
derived proteins, the brain derived proteins (preal-
bumin) have a decreased concentration relative to al-
bumin caudal to a spinal blockade (Hill et al. 1959). In
this case again the molecular size dependent discrimi-
nation (selectivity) for protein transfer between blood
and CSF is not disturbed.

Ascorbate, a low molecular weight substance, is
6-fold increased in human lumbar CSF over blood
concentrations due to an active transport through the
choroid plexus. The decrease of ascorbate concentra-
tions in the blood in cases of blood-CSF barrier dys-
function can be explained by the decreasing CSF flow
rate (Reiber et al. 1993). This decrease of blood ascor-
bate concentration contradicts a barrier “leakage”, by
which an increased instead of a decreased ascorbate
concentration in blood should be induced. This ex-
traordinary example from a small molecule in the CSF
offers a strong argument against changes in structures
in case of blood-CSF barrier dysfunction.

A larger mean IgG-Index (Qy;/Qup =0.8) in
smaller mammalian species (rats, guinea pigs (Suckling
et al. 1986)) compared to 0.43 in humans (Reiber and
Thiele 1983) can be explained partly by a shorter
effective pathlength for protein diffusion from blood to
CSF and mainly by a difference in CSF flow rate
(Upton and Weller 1985) due to different CSF produc-
tion rates (Davson 1967). There is no necessity to
suggest a difference in selectivity of the barrier func-
tion. The increased CSF protein content in experimen-
tal allergic encephalomyelitis of the guinea pig (Suck-
ling et al. 1986), regarded as model for multiple sclero-
sis, might be explained by its primarily spinal lesions,
which is different from the disseminated process in
multiple sclerosis with only minor changes in- CSF
protein content (Felgenhauer and Reiber 1992).

Finally, one could question whether the commonly
used term “blood-CSF barrier dysfunction” function-
ally including CSF flow should be replaced by terms
which describe the actually occurring “increased CSF
protein content” as a “CSF flow reduction”. At least
the misleading terms blood-CSF barrier “impairment”,
“barrier breakdown”, or “leakage” should be avoided.



A functional definition of the blood-CSF barrier is
related to a varying CSF flow and subsequently varying
protein gradients in the CNS tissuc together with a
varying molecular net flux for proteins. These aspects
are common to normal blood-CSF barrier function and
dysfunction, the latter characterized by a gradually
decreasing CSF flow rate.

Appendix

Diffusion

The general law of diffusion (Fick’s first law) is
based on the following observation: The rate of trans-
fer (n moles/s) of diffusing substance through unit
area (1 em?) of a section is proportional to the concen-
tration gradient measurcd normal to the section, i.e.

de
J=-D— (n

dx

where ¢ i1s the concentration of diffusing substance. x
the spacc coordinate measured normal to the section,
and D 1s called the diffusion coefficient.

The concentration gradient dec/ dx is negative as its
slope is negative in the direction of molecular flux (Fig.
3).

The fundamental differential equation of diffusion
(Fick’s second law of diffusion) is derived from (1) with
the differential equation of continuity (van Holde 1971
or Crank 1975).

General solutions of the diffusion equation can be
obtained for a varicty of initial and boundary condi-
tions provided the diffusion coefficient is constant
(Crank 1975, Carslaw and Jaeger 1959). By differentia-
tion of Eq. (3) we sce that it is a basic solution of Eq.
(2

C o= —— g \:,41)1 (3)

where A is an arbitrary constant. This cxpression is
symmetrical with respect to x =0, tends to zero as x
approaches infinity (—s <x < =) for t > 0 and for t = 0
it vanishes everywhere except at x = (), where it be-
comes infinite. The concentration distribution has the
shape of the Gaussian error curve (e.g. like f'(x) in Fig.
6, not to be confused with the error function obtainded
by the integration of the exponential). With a solution
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of the type in Eq. (3) it is possible to describe the case
of a limited amount of substance diffusing in a cylinder
of infinite length (column chromatography. van Holde
1971) or as the source solution to describe the release
of a quantity of heat per unit area over the plane x =0
at time t = 0 (Carslaw and Jacger 1959, p. 50).

The case relevant for the diffusion through the
blood-CSF barrier into flowing CSF (Fig. 7) has difter-
ent boundarv conditions which can be described as
diffusion in a semi-infinite media with constant con-
centration ¢, at one surface (x=10). This nceds a
treatment as extended initial distribution (integration
of Eg. (3)) and a reflection at the boundary x = 0.
According to Crank (1975, p. 14). we obtain

Co - N
¢ = —— / e Y APy
’ :V’ITDt X
C X . ]
_ o B LN AD gy
2y Dt (1 '[HL i (4
or
Cu s 2
Co = T/ ¢ 7 dz (4b)
VT oo,

with z = x/2yDt and dx = 2y/Dt dz
For conversion of these formulas it is important to
know that /¢ “dz=ym Jost 1960, p. 27). The
function of ¢, (Egns. 4 and 4b) is shown in Fig. 6.
The Eq. (4) can be written as a standard mathemati-
cal tfunction, the error function (crt z). The error func-
tion enters into the solution of a diffusion problem as a
consequence of summing the effect of a series of line
sources., cach vielding an exponential type of distribu-
tion (Carslaw and Jacger 1959, p. 482):
2
erfz = —— | ¢ 7 dz (4¢)
vm o

and the error function complement
2 e
crfc z = —= / ¢ Tdz=1—erfz {4d)

\,”‘ﬂ' i

For Egn. 4 we find then (Crank 19750 p. 14)

erfc z (

‘N
—

Approximations for crt z are calculated for large and
for small values of z from trigonometrical series type of
solutions (Crank 1972, p. 21, and Carslaw and Jacger
1959). We look at values of large 7 as ¢ <¢ /2
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TABLE 5

CONCENTRATION RATIOS (Qg:Q,) OF TWO DIFFUSANTS
AT z, (EFFECTIVE DIFFUSION PATH LENGTH)

Data for Q4 =1/2 erfcz’ and Qg =1/2 erfc z, are calculated from
the tables of Carslaw and Jaeger (1959, p. 482). The arbitrary ratio of
diffusion constants Dg:D, =1:2.25 corresponds to z':z,=1:1.5
(z' =z, (Dg /Dy)"?). Qglfit) represents the data calculated from
Q,4 with the hyperbolic function Qg = a/by/Q3 +b> —c for the fitted
values a = ¢ = 0.8736 and b = 0.4087. The comparison of the theoret-
ical values Qg with Qg(fit) indicate that the ratio of Qg5:Q, with
increasing Q, follows a hyperbolic function.

Qa Qg Qlfit)
z’ 1/2erfcz z, 1/2erfcz

0.1 0.4438 0.15 0.4160 0.4160
0.2 (0.3886 0.3 0.3356 0.3318
0.3 0.3356 0.45 0.2622 0.2567
0.4 0.2858 0.6 0.1980 0.1923
0.5 0.2397 0.75 0.1444 0.1391
0.6 0.1980 0.9 0.1015 0.0971
0.8 0.1289 1.2 0.0448 0.0424
1.0 0.0786 1.5 0.0169 0.0160
1.2 0.0448 1.8 0.00545 0.00524
1.4 0.0238 2.1 0.00148 0.00149

(Q = 0.5). Therefore the error function complement
becomes relevant:

1 1 1 13 1-3-5

= e 7 — _t —_ — —
elez= e\ T T s T oy

(5b)

Values of this function are reported in tables (Carslaw
and Jaeger 1959, p. 482), extracts of which- are shown
in Table 5.

Another important relation in diffusion is the mean
displacement of diffusing particles which describes the
shift of diffusing molecules in the matter depending on
time and diffusion constant:

% =v2Dt (6)

where VDt represents a length (Jost 1960, p. 25).

X is comparable with the half width of the error curve.
With increasing mean displacement (penetration
depth), the maximal gradient dc/dx decreases (de-
creasing height, for dc/dx at x, in Fig. 6).

It is important to treat the system (Fig. 7) as a
semi-infinite system and not as a plane sheet (slab)
with two constant concentrations at both surfaces, i.e.
with two reflection planes, and dJ / dx = 0 for x = 0 and
x =x,. This condition dJ/dx =0 represents a linear
concentration gradient, (c, — cgp)/2, with the conse-
quences that the smaller molecule (albumin) with a
smaller gradient dc/dx (also at x,) would show the

smaller molecular flux into CSF compared to the larger
molecule (e.g. 1gM), both decreasing with increasing
CSF concentration. This is contradictory to the results
in Table 4. Only in case of a nonlinear concentration
gradient (dJ / dx = dc/ dt) the smaller molecule A (Fig.
5) has a larger molecular flux into CSF,increasing with
increasing CSF concentration.

CSF concentration gradient and blood-CSF barrier con-
centration gradient

Fig. 7 represents the terms used in the following
equations for the CSF concentration gradient in sub-
arachnoid space (y = direction of CSF flow) and the
per-pendicular tissue concentration gradient (x =
direction of molecular flux). The structural conditions
are the same in the single person for the comparison of
various plasma proteins in CSF so that the idealized
conditions are valid for this comparison. For the con-
centration gradient along the neuraxis (y-direction) be-
tween the ventricles and lumbar subarachnoid space
we find (with constant CSF flow rate):

Cese(Y +4Y) = cesr(y) + Acesy — AC iy (7)

The concentration, c g, of a plasma protein species in
CSF is increased along the interval- Ay gradually by
molecular flux into CSF (4ccge) and is reduced to
some extent by flux out of CSF (Ac ., ) negligible
under normal or moderate pathological conditions.
Acegr represents the local contribution of molecular
flux from blood into CSF increasing along the neuraxis,
In a linear approach the molecular flux is character-
ized by J; from Fick’s first law of diffusion in Eqn. 1.
According to Fig. 7 for a molecule i we get:

J;= —D;dc;/dx=n,/(At-S) (8)

n; molecules passing the surfaces, S, of an interval of
the subarachnoid space in time interval At into a
volume AVol of CSF, flowing through this interval with
constant rate, increase the CSF concentration accord-
ing to Eqn. 9:

Acisp = n;/AVol. (9)

The bulk volume flow (F) of CSF (Fig. 7) is given in
Eqgn. 10:

F = AVol /At (10)

This bulk volume flow (dimension ml/s) characterizes
the volume (4Vol = A -Ay), which passes the cross
section area A in the time interval At (Fig. 7). The flow
rate of a single molecule in this CSF volume is r =
Ay/At (dimension cm/s) or r = F/A.



Eqns. 8 and 10 are solved for n; and AVol respec-
tively and these expressions are inserted into Eqn. 9 for
the steady state. Additionally, we obtain with F=r- A
(flow rate, r, times cross section arca, A, shown in Fig.
7):

s 1S y
dCy = —— = — - — )
1CSE F r A (

The value S/A in the interval Ay (Fig. 7) is a constant
(Const) for all proteins compared in the single patient.
Thus Eqgn. 11 represents the relation between local
increase of CSF protein concentration, CSF flow rate
and molecular flux:

ACSF protein concentration

molecular flux
CSF flow rate

- Const (12)

The linear form of Egns. 11 and 12 find acceptance in
the literaturc (Rapoport 1983). But, what has been
overlooked so ftar is the fact that the molecular flux,
I~ —dc/dx, itself is a function of the CSF flow rate:
With dc/ dt and the differential equation of continuity
(van Holde 1971) de/dt = —dJ/dx, we get dc/dt =
Dd-c/dx” (Fick's second law of diffusion, Eqn. 2).

In case of the relevant nonlinear approach, de/ dx
= {"(x) is the derivative of Eqn. 4, shown in Fig. 6. This
has two conscquences: With increasing ¢, due to
decreasing CSF flow rate, the local concentration gra-
dient de/dx (at x, in Fig. 5) increases! as long as
Cesp < €,/2 or Q < 0.5 and decreases only for the rare
case of quoticnts Q > (1.5 (500 - 1079),

The second consequence is that with increasing ¢,
along the ncuraxis (at constant CSF flow rate), the
local concentration gradient increases too. The molecu-
lar flux into CSF increases nonlinearly with increasing
distance trom the ventricles. This is consistant with the
report that [abeled proteins from blood appear first in
lumbar CSF and later in cisternal or ventricular CSF.

This nonlinear approach for Eqn. 11 represents the

actual improvement of a mathematical description of

the blood-CSF barrier function.
CSF flow rate

A decrcasing flow rate, r, has a twofold influence on
the CSF protein concentration: The volume, AVol.
flowing through the interval Ay (Fig. 7) is reduced
linearly with r. i.e. AVol=r1-A -t or r ~ Vol /At. As a
consequence of decreasing AVol. Ac . increases duc
to Egn. 9 with decrcasing CSF flow rate.

For the obscrved protein transfer from blood into
CSF it is a reasonable postulate that under steady state
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conditions ¢, the local tissue concentration at the
border with the subarachnoid spacc (Fig. 5) is cqual to
or larger than the CSF concentration ¢ .

o2 Cosr (13)

The reduced volume exchange rate with a subscquent
increase in ¢ induces an increased tissue concentra-
tion ¢, according to the condition of Egn. 13.

This event is demonstrated in Fig. 5 as case two: the
concentration curve B (e.g. 1gG under steady state
conditions) changes after the pathological cvent to
curve A. With increasing concentration ¢ at x, (Fig.
5) we get a larger mean displacement of particles (Egn.
6): LD',;t increases with time for constant Dy, It is a
conscquence of the nonlincar concentration gradient
(de/dx = {'(x). with a maximum for ¢ = 0.5 ¢ in Fig.
0), that with the increase of Qy, to Q the slope of the
local gradient dc/dx increases. In this pathological
case of decreasing r and increasing ¢, the molecular
flux, J. incrcases without any change in the barrier
structure. J = f{1 /1) leads o 4 nonlinear function of
Acegp in Egs. 11 and 120 With Egn. 8 we tind that
n, = f(1/r). From Eqgn. 9 together with AVol = {(r) we
see immediately that, as a linearised approach.

Cogp ~ 1/17 (for Q < (0.5) (14)

As an empirical approach the albumin quotient 30 ,,,
=40Qc /¢, can be used to characterize changes in
CSF flow rate according to

r~ I/LJ‘Q-\]h (1

N

)

Hyperbolic function of quotient ratios

The ratio between CSF/serum concentration quo-
tients of I[gG. IgA or IgM and the albumin quotient
(Figs. 1-3) is used for the discrimination of a blood
derived protein fraction from a brain derived fraction
in CSF (Retber and Felgenhauer 1987). Amongst the
many different approaches, the empirically fitted hy-
perbolic function is also a clinically confirmed “best
fit” (Souveriyn et al. 1991). Now the hvperbolic func-
tion ¢an be derived theoretically from the diffusion
Egn. 2.

The relevant ratio of Q:Qy at x,, in Fig. 5 (ex-
planation case 1) cannot be expressed in an explicit
function from the general differential Egn. 2 or Egn. 4.

By projection ot curve A onto curve B (Fig. 3). we
get the concentration Q4 and Q,, on the same curve
for ditferent values of x (x” and x . respectively).

This transformation of a curve A into curve B (Fig.
5) represents the approach of Carslaw and Jacger
(1959, p. 24) to introduce dimensionless parameters.
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The position of a point x for the curve ¢, (Fig. 6 or
Fig. 5) in the region —1<x < +1 can be specified by
the position ratio x /1.

In fact, the only difference between the curve A and
B is the mean displacement X, = 2D, t and Xy
= V"m' The dimensionless position ratio is obtained
by x/%, i.e. the transfer of Q, (on curve A at xp) to
curve B (Fig. 5) gives the same value Q, at X’ on curve
B if x'=x,°Xg/Xs =X, (Dg/D,)"/%. D, represents
the diffusion constant of the smaller molecule A, i.e.
D, > Dg.

With this transform, we obtain the concentration
ratio for two different distances x on the same curve
with the identical error function (z=x/ 2[5;'[‘ , see
Eqn. (4b)). As a consequence of Qy:Q, =erfcz,;
erfc z' = erfc Z(Dy/Dy)"/ % erfc z, we get the general
equation:

B

erfc Z(Dy /D, )"

erfc z

Qa (16)

It remains to show that this Eqn. 16 represents a
hyperbolic function. The values of Qg and Q, calcu-
lated according Eqn. 5 with the tabulated values of
erfc z (Carslaw and Jaeger 1959, p. 482) are shown in
Table 5 for an arbitrary pair of molecules with the ratio
of diffusion constants:

(D) ?:(Dy)?=1:15

The corresponding values of Qg and Q, fit the
hyperbolic function

(v+c¢)?/a?—x2/b?=1o0r Qg =a/byQ2 + b? —c.

Qpgl(fit) shows the data calculated from Q, with the
fitted values a = ¢ = 0.8736 and b = 0.4087. The excel-
lent concordance of Qg(fit) with the theoretical value
of Qg (Table 5) demonstrates that Eqn. 16 represents a
hyperbolic function. This means that the concentration
ratio- of molecules of different size diffusing through
the same matter (e.g. plane sheet, slab) with a constant
ratio of their diffusion coefficients is generally charac-
terized by a hyperbolic function. The shape of this
hyperbolic curve is determined only by the ratio of the
square roots of both diffusion coefficients (Eqn. 16).
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