
,D mrnal of  the Neurological Sciences, 122 (1094) 189 203 I ~c~ 
,c 1994 Elsevier Sck'nce B.V. All rights reserved 0022-510X/94/$0"v.{10 

J NS 4230 

Flow rate of cerebrospinal  fluid (CSF) - a concept  c o m m o n  to normal 
b lood-CSF barrier function and to dysfunction in neurological  diseases 

H a n s o t t o  R e i b e r  * 

'\"curoctwmi,sches l.ahor, Unirersitdt Gattinge#t, R<d~ert-Koch-,~,'tr¢(& ' 40, I)-3400 (;g~ttinqcn, (;crmam 

(Receivcd 14 October. 1992) 
( Revised, rcccix ed 23 September, 1 ~)93 ) 

(Accepted I I October, 1~)93) 

Key uords: Cercbrospinal fluid: CSF flow: Blood CSF barricr: Sclcctivity: Permeability: Protein diffusion: ('SF ~ scrtun quotients: 
Albumin: IgG: lgA: lgM: Ncurological diseases: Pathophysiology 

Summao 

Many neurological diseases are accompanied by increased protein concentrations in the ccrcbrospinal fluid (('SF). dcscribcd 
as a blood-('SF barrier dysfunction. Thc earlier interprctation as a "'leakage" of the blood-CSF barricr for serum proteins could 
be revised by introduction of a "population variation coefficient" of thc CSF/scrum quoticnts for Ig(}, lgA and IgM (..IQ 'Q) 
which is evaluatcd as a function of increasing albumin quotients (OAll~). The data prcscnted hcrc arc based t)ll specimens lrom 
4380 neurological patients. These population variation coefficients were found to bc constanl ovcr two orders of magnitudc of 
normal and pathological CSF prolcin concentrations (OAIb = 1.6' 10 3--15(1' 10 ~). This constanc_~ indicatcs that there was no 
changc in blood-CSF barrier rclated structures with respect to diffusion controlled prolcin transfer from blood into ( 'SF and 
hcnce no change in molecular sizc dependcnt selectivity. The pathological increase of plasma protein concenirations in ('SF in 
neurological diseases could also bc explaincd quantitatively by a decrease of CSF llox~ ratc due to its bifuuctional infhicnce on 
CSF protein concentration: reduccd wHume cxchange, and as newly stated, increased nlolecular net Ilux into ('SF v~ithoul 
changc of permeability coefficients. Again, on the basis of a changing CSF flow rate, the hyperbolic functions, which describe 
cmpiricalb the changing quotient ratios between proteins of different size (e.g. O i+<+ : O.,\tb) with increasing ('SF prolchl content 
(O<l,) can likcwise be derivcd from the laws of diffusion as the physiologically rclcvant description. The hyperbolic discrinfina 
tion line hctwccn brain-derived and blood-derived protein fractions in CSF in the quotient diagrams for ( 'SF diagnosis can be 
lurthcr improved on the basis of thc large number of cases investigated. Other physiological anti pathological aspects, such as 
high CSF prolcin vahics in the normal ncwborrL, in spinal blockadc, in mcningcal inflammatory processes, ('NS lcukcmia or 
polyradiculitis as ,acll as animal species dependent variations can each be interpreted as duc to a difference or change in the 
('SF flow rate. 

I ntroduction 

I~lasma pro t e in s  in C S F  

Low concen t ra t ions  of plasma proteins  appear  in 
the vent r icular  cerebrospinal  fluid secreted from the 
choroid plexus. Addit ional ly,  plasma proteins  en te r  the 
CSF on its flow through the subarachnoid  space (Frick 
and Scheid-Seydel 1958; Davson 1967; Cutler  et al. 
1967) increasing the lumbar  protein  concen t ra t ion  up 
to three times that of the ventr icular  concent ra t ion .  
CSF bulk flow drains  the prote ins  together  with cells 
and other  componen t s  by passing through the arach- 
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noid villi and granula t ions  into the venous blood (Up- 
ton and Wel[cr 1985). 

Protein t ransfer  from blood to CSF is a diffusion 
control led process, by which the molecular  size de- 
pe nde n t  concen t ra t ion  gradicnts  (Fc lgcnhaucr  lt)74) 
are established. The gradient  is s teeper  for larger 
molecules ( -  200:1 fl~r a lbumin or about 3()()(): 1 for 
lgM). This re ten t ion  of proteins  is callcd the b lood- ( 'SF  

barrier.  The molecular  size de pc ndc n t  difference of 
prote in  gradients  is def ined as selectivity of the barr ier  
function. The steady state concen t ra t ion  of a single 
plasma prote in  in CSF depends  on thc absohitc level of 
the serum concent ra t ion ,  the gradient  and the ( 'SI:  
flow rate. C S F / s e r u m  or C S F / p l a s m a  concent ra t ion  
quot ients  dcscribe the concent ra t ion  gradicnt  with in- 
creasing values for increasing CSF protcin concenl ra -  
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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; ()hman 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 (QIgG :QAIb ) 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 (QlgG, QAIb) 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 welt 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 tot 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 G6ttingen. 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 potyacrylamid gels); no 
local IgA or IgM synthesis according to the quotient 
diagrams (Reiber and Fetgenhauer 1987) and in each 
case Q~gA < QIgG and QISM < QIgA; no intracerebral 
haemorrhage, no blood contamination at all; no pa- 
tients after neurosurgery or head trauma; cell count 



< 4 / # 1  for cases  QAU, < 8 • 10 ~. Thc  s tat is t ical  evalua-  
l ion was p e r f o r m e d  on only those cases  in which all 
four  quo t i en t s  (Alb,  lgG,  IgA, lgM) have been  avail- 
able. 

Protein amtlysis 

Albumin  and IgG werc m e a s u r e d  by a u t o m a t e d  
immunochemica l  nephe lome t ry  ( R e i b e r  and Fe lgen-  
hauer  1987), IgA and IgM werc m e a s u r e d  by an cn- 
zyme immunoassay  with a sensit ivity of  0.05 m g / l .  The  
day- to-day  coeff ic ient  of  var ia t ion  for C S F / s e r u m  quo- 
t ients  were CV <5(7'; (Ovi , ,  Ql~{;) and CV < S G  

(O I~ , \ ,  OivM )- 
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TABLE 1 

PARAMEIER VALUES OF TIlE IIYPF.RI~;(}I.I{ ' I:tJN('TI{)NS 
:.i/blO2\lt~÷b2-c) IN QUOTIENT DIAGR/XMS t:()P, (()l~X 

lgG. lgA AND lgM CSF/SERUM QU{)TIENIS ,,\S :\ FUN{" 
TION (}F THE ALI3UMIN OU()TIENT. () \]i, 

IgX a/b  b 2 c 

l g G  u p p e r  limil 0.93 f> 1.7 

m e a n  0.65 S 1.1 

lower  limit (1.33 2.() (1.3 

IgA u p p e r  l i m i t  ().77 2], 2. ] 

m e a n  {}.47 27 2. I 

lower  limit I}. I 7 74 1.3 

l gM u p p e r  limi! 0.{C 12(} 7. I 

m e a n  0.33 3{10 5. ? 

Io~  c r  limit (}.{)4 442 (1.~2 

Curt'e .fit amt calculations 

For  ca lcula t ion  of  the mean C S F / s e r u m  quot ien t s  
of immunog lobu l ins  ( IgG,  IgA, IgM) 30 -70  cases with 
s imilar  a lbumin  quot ien t s  were g rouped  t o g e t h e r  (as 
shown in the Figs. 1-3 with Q,vh intervals  from 0.1-  
1{} 3 to 1.{}- 1{) 3 or  la rger  intervals  for a lbumin  quo- 
t i e n t s b e t w e e n  21.  1{} 3 and 15{}.1(} 3 with groups  of 
at least ten cases. The  uppe r  and lower bo rde r  curves 
(envelope  curvcs)  as well as the mean  were  f i t ted by a 
hyperbol ic  funct ion,  accord ing  to the p r o c e d u r e  rc- 
po r t ed  ( R e i b e r  and F e l g e n h a u e r  1987) with the equa-  
tion 

Olvx = a / b ,  Q~,b + b2 c 

] ' he  u p p e r  and lower curves were  f i t ted so as to involve 
99~'~ of  the cases, co r r e spond ing  to a range  of  _+ 3 SD 
( s t anda rd  devia t ions)  in the case of  a Gauss i an  distr i-  
but ion.  

Population t'ariation co<£ficient 

The  popu la t ion  var ia t ion  coeff ic ient  ( A Q / Q )  f o r  

the immunog lobu l in  C S F / s e r u m  quot ien t s  is de f ined  
accord ing  to Fig. 4. Fo r  example :  pa t i en t s  with an 
a lbumin  quot ien t  of  Q~)~ = 2 5 . 1 0  3 might  have an 
IgG quot ien t  Qjg(~ be tween  8.0 and 2 1 . 6 - 1 0  3. This  
range  descr ibes  the d i f fe rence  be tween  u p p e r  and lower 
b o r d e r  line. F rom ,IQI~(~ = 13 .6 .10  3 with the mean  
Qig(; = 15" 10 3 the coefficient_ of var ia t ion  can be 
ca lcu la ted  as ..lQigG/Qlg{;= 13.6/15={i) .91 for the 
whole  popu la t ion  with QAI~ = 2 5 - 1 0  3. The  popu la -  
t ion var ia t ion  coeff ic ients  for d i f fe ren t  a lbumin  quo- 
t ients  (Table  2) were  ca lcu la t ed  from the hyperbol ic  
funct ions  d e t e r m i n e d  for u p p e r  and lower  b o r d e r  lines 
and the mean  as given in Table  1 and Fig. 3. 

Resu l t s  

The  C S F / s e r u m  concen t ra t ion  quot ien ts  of IgG, 
IgA and IgM are  shown as a funct ion of the corre-  
spond ing  a lbumin  quot ien t  for cont ro ls  or  pa t ien ts  with 
neuro log ica l  d i seases  wi thout  an in t ra thcca l  im- 
munog lobu l in  synthesis  at the t ime of  invest igat ion.  

Fig. 1 r ep re sen t s  the  da ta  of 4154 cases with normal  
or  m o d e r a t e l y  inc reased  a lbumin  quot icn ts  up to QAn, 
- - 2 1 - 1 0  3. In Fig. 2 thc da ta  of pa t icn t s  { n = 2 2 6 )  
with severely inc reased  C S F  pro te in  conten t  with albu- 
min quo t i en t s  tip to QA> 15{}. 1(} ~ arc shown. For  
increas ing  intervals  with s imilar  a lbumin  quot ien ts  the 
mean  values  of the lgG,  IgA and IgM quot ien t s  have 
been  ca lcu la ted  (Fig. 3). For  the comple t e  sct of da ta  
in Figs. 1 and 2 the uppe r  and lower bo rde r  lines and 
the lines for the mean  values (Fig. 3) werc f i t ted by 

TABI,E 2 

POPULATION VARIATION C()EFFIC1ENTS, AQ/~, ,,kS A 
FUNCTION (}F INCREASING PROTEIN {'{)N-{'ENI'RAH{}N 
IN ('SF. I.E. INCREASING ALBUMIN ('SF/SERIJM ('ON{'EN- 
TRATION QUOTIENT, OAih 

Qxlh" 11)~ A Q / ~ )  

lgG IgA IgM 

2.2 (I.,% 1.36 3.0 
3.5 0.S{) 1.41 3.() 
5.1) (}.9(} 1.42 3. I 
8.2 ().92 1.42 2.cJ 

I0.(1 11.91 1.4(} 2.t} 
15 0.91 1.38 2.7 
20 0.91 1.34 2.(t 
50 (1.92 1.31 2.2 

100 0.92 1.29 2.() 
140 0.92 1.29 2.(I 

Mean I).91 + 0.(}I 1.35 +{).06 2.{){lira) :~ 

:+: Limit  value, duc to non-GausMan dis l r ibuf ion around mean for 
small "'Q:,,ll('. 
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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 
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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 
Barr6 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 (QAIb > 150" 10 -3= 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 QAlh/QIgG/QIgA/ 
QlgM are shown in parentheses): spinal tumor (0,i7/  
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/se rum quotients for IgG, IgA, IgM (Qlsa,  QI~A, QIgM) 
as a function of the albumin CSF/se rum quotient (QAIb). The data 
were calculated for lumbar CSF and serum from 4154 control pa- 
tients and patients with various neurological diseases (with albumin 
quotients below QAlb = 21" 10-3). 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/ l .  
The day-to-day imprecisions, calculated as coefficients o f  Variation 
were < 5% (QAIb, QIRG ) and < 8% (QIt~A, QI~M). 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 QAJb intervals between 
0.1 • 10 -3 and 1.0-10-3). 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 

(Reiber and Felgenhauer 1987)with equation Q~x  = a/bV~Q~ib + b2 
- c .  The mean curve originates from the procedure shown in Fig. 3. 

The numerical results are given in Table l. 



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 
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Fig. 3. Mean immunoglobulin quotients Ql~;,  (J]~:\. Q[~M as a 
function of an increasing albumin CSF/serum concentration quo- 
tient QAIb" The mean values are calculated from groups of cases 
(populations) wi th  similar albumin quotients of  varying Q,xn, inter- 
vals, according to the description in Fig. 1 and Fig. =. "~ The mean 
values were fitted with a hyperbolic function according to the re- 

ported procedure (Reiber and Felgenhauer It)f,7). 

quotients and the most severe blood-CSF barrier dys- 
functions (from QAn, = 1.6' 10 ~ to Q..\,, = 150. 10 ~): 

J Q l g ( ; / Q ) I g G  = 0 . 9 1 . . ~ O l g . , \ / O _  ig.,\ = 1.35- 

AQIgM/QIgM = 2.0 

These population variation coefficients for molecules 
of different size like lgG, 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 of variation coefficients 

Fig. 2. CSF/ se rum protein concentration quotients from patients 
with the most severe blood-CSf barrier dysfunction, n - 2 h 6  pa 
tients, with albumin quotients between 2()'10 ~ 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, epcndymoma. 
meningioma, diabetes rndlitus and other disorders. Means were 
calculated from groups of at least I0 patients with similar albumin 
~uotients 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. [ 'he indicated 
patients 1 (E3) 2 ( ( )  and 3 (zx) 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 populat ion variation coefficient ( A Q / O )  for 
the immunoglobulin C S F / s e r u m  quotients. For example patients 
with an albumin quotient  of  QAIb = 25"10-3 might have an IgG 
quotient  QlgG between 8.0 and 21.6.10 -3. 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: A Q ~  G = 6SD = 13.6.10 -3  with QzgG = 15. 
10 -3 . The coefficient of  variation for the particular population can 
be calculated as zaQig ~ / Q ~ g o  = 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 

C O M P A R I S O N  O F  P O P U L A T I O N  V A R I A T I O N  COEFFI -  
CIENTS FOR C S F / S E R U M  C O N C E N T R A T I O N  Q U O T I E N T S  
( A Q / ~ )  A N D  S E R U M  C O N C E N T R A T I O N S  (6 S D / ~ )  * IN THE 
SAME G R O U P  OF PATIENTS (n = 4400) E V A L U A T E D  IN FIGS. 
1-3 

IgG IgA IgM 

CSF ( / I Q / O )  0.91 1.35 2.0 
Blood (6SD/~)  * 1.8 3.3 3.5 

* 6 S D / ~  means  6 s tandard deviations (SD) divided by the  mean  of 
the population (x) which corresponds to the definition of the 
population variation coefficient ineluding 99% of the population. 
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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 umque  
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 Fiek's sec- 
ond law of diffusion (Appendix). At constant  t (steady state), the 
local concentration gradient dc~ ./dx determines the molecular flux. 
Ji, of molecules i into CSF according to Fick's first law of diffusion: 
Ji = - D i  d c i / d x ,  with Di, the molecular size- and t issue-dependent  
diffusion coefficient. Ji or dc i /dx (xp)  depends on cx. t at xp or Ccs F 
for the molecules i. The change of ( d c , / d x )  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 DAI b reaches a higher tissue 
concentration (curve A) than lgG (curve B) and therefore a larger 
local concentration gradient  d c / d x  at Xp, represented by the slope of 
the tangential line at xp. Individual variations of the steady state 
value of QA or QB would be a consequence of  variations in x p and in 
CSF flow rate, r. The function QB = f (QA) 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 i = ~ ) .  In this case for constant  t the different 
diffusion coefficients DA, DB, are responsible for the difference. QA 
on curve A at Xp corresponds with the same concentration on curve 
B at x ' =  Xp.(D B / D A  )1/2 (Appendix). Case two: now the curves A 
and B represent  the concentration distribution of the same protein 
(e.g. IgG) at different times, before (to, curve B) and after (t2, curve 
A) onset  of a disease with decreasing CSF flow and subsequently 
increasing concentration of IgG in CSF. With a secondary increasing 
tissue concentration, c lg G (x, t), the gradient (dClgG/dx)x,t increases 
with t (const x) as shown in Fig. 6 and, as a consequence,  the 
molecular flux, Jl~<;, is increased as well. This s ta tement  is true for 
cases of  QIgG < 0.5 only (normal Ql~o-values are between 0.0005 and 
0.005!). Above Q > 0.5 (Fig. 6), the gradient  (dc i / d x )  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 i = ~ ,  where D i remains constant  but t 

increases. 



TABLE 4 

KINETICS OF CSF/SERUM CONCENTRATION QUOTIENTS 
AFTER ONSET ()IF DISEASE 

.~\ patient with bacterial meningitis was punctured on the 1st day and 
2nd day aflcr the ,reset of clinical symptoms, t3oth punctures were 
done beR)re onset of a local lgG, lgA or lgM synthesis (no oligo- 
clonal lgG fractions from brain detectable). The increasing cell count 
in CSF is not the source of a local immunoglobulin synthesis. 

OAlb OlgG QIgA OlgM cell count 
f.l{) ;) ( .10 -~) ( .10 -~) t .103) 

1st day 14¢) 42 22 5 872/#1 
2nd day 311 203 184 I ( 1 5  1540()0/,u. l 

r each  the  n e w  s t eady  s ta te  c o n c e n t r a t i o n  in C S F .  A t  

the  first p u n c t u r e ,  the  a l b u m i n  C S F  c o n c e n t r a t i o n  

r e a c h e d  47'7;, o f  the  va lue  for day  two,  c o m p a r e d  to 

21gf ,  12¢i o r  only 5 %  for  IgG,  I g A  and  I g M  va lues  

respec t ive ly .  T h e  s m a l l e r  m o l e c u l e  a l b u m i n  a p p e a r e d  2 

t imes,  4 t imes  o r  10 t imes  f a s t e r  in l u m b a r  C S F  than  

the  l a rge r  m o l e c u l e s  l g G ,  l g A  or  l gM.  Th i s  aga in  is a 

s t rong  a r g u m e n t  for  the  c o n s e r v a t i o n  o f  b l o o d - C S F  

b a r r i e r  " s t r u c t u r e s "  r e l e v a n t  for  p r o t e i n  d i f fus ion  f rom 

b lood  to C S F  in spi te  o f  m a r k e d  b l o o d - C S F  b a r r i e r  

' d y s f u n c t i o n " .  

D i s c u s s i o n  a n d  c o n c l u s i o n s  

Diffusion ~t" proteins into CSF 

T h e r e  is n o  c o n t r o v e r s y  a b o u t  the  p r o t e i n  t r a n s f e r  

f rom b lood  to C S F  as a d i f fus ion  c o n t r o l l e d  m o l e c u l a r  

size d e p e n d c n l  p roce s s  ( F e l g e n h a u e r  1974; R a p o p o r t  

1983: and  r e f e r e n c e s  c i t ed  in D a v s o n  et al. 1987). In 
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Fig. 6. Curves for the diffusion dependent concentration distribution 
c~. t (Eqn. 4) and the firsl derivative d c / d x -  f'(x). This derivative 
represents a Gauss)an error cur~e (Eqn. 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  o = 0.5 at xns. 
The position x,~.s is characterized by the mean molecular displace- 

mentx~ {2D~t. 
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Fig. 7. Model for CSF w)lume llo~ {F) through subarachnoid space 
(y-direction) and molecular flux (,1=) into CSF (x-direction). ('ross 
section area A and surfaces S of the intep,'al .3y in subarachnoid 
space are idealized. ,..lc i/',.Ix represents the concentration gradient 
of a molecule i at surface S. Thv' bulk volume llox~ F ..]Vo]/'...]l 
(dimension ml.s) characterizes the volume _lVo] A.-ly ~hich 
passes the cross section area A in the time interval .3t. ['he flov~ rate 
of a single molecule in this CSF ,,olumc is r =.3~, ,.It (¢]imensi<m 

c m / s ) o r r  F ; , \ .  

Fig. 5 and  Fig. 6 the  d i r e c t i o n  o f  m o l e c u l a r  flux is g iven  

as x-axis ( x ,  to x in Fig. 7). 

In Fig. 5 the  p ro t e in  c o n c e n t r a t i o n  g r a d i e n t s  be-  

t w e e n  b lood  (x = 0) and  C S F  (x = xp) a re  d e s c r i b e d  

s c h e m a t i c a l l y  for  i d e a l i z e d  cond i t i ons .  T h e  n o n l i n e a r  

f u n c t i o n  b e t w e e n  c o n c e n t r a t i o n  and  d i f fus ion  pa th -  

l e n g t h  is d e s c r i b e d  by F ick ' s  laws of  d i f fus ion  ( A p p e n -  

dix). T h e  s t eady  s ta te  c o n d i t i o n s  of  m o l e c u l a r  flux (case  

1 o f  Fig. 5) a rc  d e s c r i b e d  by Ji = l)  i d c i / d x ,  F ick ' s  

first  law of  d i f fus ion .  

T h e  c o n c e n t r a t i o n  g r a d i e n t  d c / d x  d e p e n d s  on the  

d i s t a n c e  xp f r o m  b lood  and  f rom ac tua l  C S F  c o n c e n -  

t r a t i on  ( q u o t i e n t  Q)  i n f l u e n c e d  by the  C S F  flow rate .  

d c / d x  as a f unc t i on  o f  x is c h a r a c t e r i z e d  by a gauss)an  

e r r o r  cu rve  wi th  a m a x i m u m  for c, , .~/2 = c , , / 2  o r  Q - 

C(.s>/C~, ,. = 0.5 (Fig.  6). 
Case  o n e  in Fig. 5 shows tha t  this n o n l i n e a r  c o n c c n -  

t r a t i on  g r a d i e n t  is d i f f e r e n t  for  m o l e c u l e s  of  d i f f c r c n t  

size (due  to d i f f e r e n t  d i f fus ion  cons tan t s ,  D,).  T h e  

l a r g e r  m o l e c u l e  I g G  (curve  B in Fig. 5) has  a sma l l e r  

local  g r a d i e n t  d c / d x  t h a n  the  s m a l l e r  m o l e c u l e  a lbu-  

min  (A  in Fig. 5) at t he  d i s t a n c e  xp f rom b lood .  If the  
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CSF flow decreases with a subsequent increase of Q, 
the value of d c / d x  changes with time: 

d c / d t  = - d J / d x  = D .  d 2 c / d x  2. 

This is explained as case 2 in Fig. 5, where IgG at 
time t o (curve B) changes to IgG concentration at time 
t l (curve A). Initially, d c / d x  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 d c / d x  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)x, t 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 cx, t of a 
single molecule, influencing the molecular flux, dJi /dx,  
at the surface to subarachnoid space (Eqn. 4, Ap- 
pendix). 

Population variation coefficient 

The ratio of two C S F / s e r u m  quotients (QIgG:QAIb) 
represents the ratio of the molecular fluxes into CSF, 
J~g6:J~db. This ratio changes with increasing protein 
content in CSF, i.e. an increasing albumin C S F / s e r u m  
quotient, in a nonlinear way. From diffusion equations 
it is derived as a hyperbolic function (Appendix), Due 
to a constant X p (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 i influencing the ratio of the individual quo- 
tients Q[gG, QA~b in a single patient. The biological 
variation AQ~g G (Figs. 1 and 2, and particular patients 
1-3 in Fig. 2) in a certain population with the same 
QAlb value is caused by variations of the individual 
Xp-values and individual CSF flow rates, more likely 
than by a several fold difference in diffusion constant, 
D i, of the single molecule. Thus, the population varia- 
tion coefficient A Q / Q  referring to the same Q~ab of 
this population represents a measure for the molecular 
size dependent  diffusion processes of the whole popu- 
lation of possible x p-values (Fig. 5) but for a restricted 
range of CSF flow rates. An increasing QAIb value is 
then due to a decreased mean of the range of CSF flow 
rates in populations with a (per definition) unchanged 
distribution of Xp-values. 

As an alternative interpretation of increasing QAlb 
one could suggest a decreasing effective diffusion path, 
length. But, in a hypothetical population of patients 
with _smaller Xp 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 A Q / Q  with increasing 

m 

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, Ji)" 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 
d c / d x  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. I 
refer to d c / d t  = - d J / d x  = D d2c/dx 2 instead of J = 
- D d c /d x ,  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 extraceltular space (Dav- 
son 1967; Davson et al. 1987). With increasing Cos F 
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and subsequently increasing c~. t (Eqn. 13, Appendix), 
we obtain an increased gradient d c / d x  (Cos F < c~.../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 thc actual CSF protein concentration de- 
pends nonlincarly on the CSF flow rate (Appendix). 
This nonlinear 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)~ l / r : ,  if restricted to c(CSF) 
< c U2. if we rearrange this function and insert for 
c(CSF) the concentration quotient, we get for the 
change of CSF flow rate as an approximation d r  
1/IAQA,,. This function was applied successfully for a 
clinical example of blood-CSF barrier dysfunction (Rc- 
iber ct al. 1993). 

Permeabilio' amt selectivio' 

The permeability coefficient (usually defined as P, = 
Di/x)  for protein transfer across the barrier remains 
constant as long as x, the diffusion pathlength, and D~, 
the diffusion coefficient 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 "permeabil i ty".  This increased 
brain tissue protein concentration can be described as 
an increased mean molecular displacement (~ = V 2D.t ), 
as defined in Appendix and shown as ,~ = x0. 5 in Fig. ¢~. 

The changing ratio between different protein species 
with increasing total protein content in CSF still re- 
mains to be discussed. The mean ratio of QlgM : Q A I b  - -  

1 : 17at Qxlb = 4.6" 10 3 changes to ~lg  M : Q A I b  = I :3.6 
at QA>= 100' ll) ) (calculated from Table 1). This 
declining ratio was erroneously interpreted as loss of 
selectivity. 

As derived from Fick's laws of diffusion in the 
Appendix, thc 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 (DI~: D A)I'2. 

The kinetic data in Table 4 indicate that in spite of 
marked blood-CSF barrier dysfunction ( Q A I b  = 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). 

As shown in Table 4 or by thc above examples of 
the most severe blood-CSF barrier dysfunctions, thcrc 
are no cases reported where the Q,~,Jh values reach the 
theoretical maximum of 1 or where the QIgM wflues 
(0.3) approach the QAn, values (0.7) completely. To- 
gether with the non-negligible rcflux rate in Eq. (7) 
(Appendix), under conditions with Q > 0.5 whcrc t ic /  
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 selcctivity. The actual concentra- 
tion ratios between molecules of different size in CSF 
arc a function of the steady statc tissue concentration 
varying with varying CSF flow rate (Appendix). Thus 
"selectivity" is not changed in spite of mean ( ' S F /  
serum quotients approaching cach other with increas- 
ing protein concentration in CSF. This is consistent 
with the original observation of Schliep and Felgcn- 
bauer (1978). They have shown that the s e r u m / ( ' S F  
quotients of the large molecule ~v~-macroglobulin and 
the smaller albumin approached each other with in- 
creasing CSF protein content but never reached the 
same values in spite of most severe blood-CSF barrier 
"breakdown".  

I have to emphasize that these statcmcnts refer to 
the rate limiting step of the protein transfer from blood 
into CSF. There are morphological blood-brain barrier 
changes concomitant with neurological diseases (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: scverc 
lesions of the blood brain barricr in multiple sclcrosis, 
indicated by magnetic resonance imaging, do not corre- 
late with the almost unchanged protein contcnt in ( 'SF 
(Felgenhauer and Reiber lt)t)2). 

Hyperbolic function and cfinical application 

The sensitive discrimination between it brain-de- 
rived protein fraction and a blood-derived fraction in 
CSF is of clinical relevance for detection of intrathccal 
immunoglobulin synthesis or specific antibody synthesis 
(Felgenhauer  and Reiber 1992). Immunoglobulin 
C S F / s e r u m  quotient diagrams with reference to the 
albumin quotient arc well established but with diffcr- 
ent discrimination lines or formulas to detect the in- 
trathecal protein synthesis. 

The introduction of empirically tk)rmed 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. O~(; :O.v~,) wtrics 
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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; 
Tourteltotte 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~ab values up to 
30" 10 -3 (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 (MoUgard 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 QAJb 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 mt /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 Barr6 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 (QIg~/QA~b = 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 11992). 

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 funct ional  def in i t ion  of  the b l o o d - C S F  ba r r i e r  is 
r e la ted  to a varying C S F  flow and subsequen t ly  varying 
p ro te in  g rad ien t s  in the CNS tissue t oge the r  with a 
varying molccu la r  net  flux for prote ins .  These  aspects  
are common  to normal  b l o o d - C S F  ba r r i e r  function and 
dysfunct ion,  the  la t te r  cha rac t c r i zcd  by a g radua l ly  
dec reas ing  ( ' S F  flow rate.  

A p p e n d i x  

Dtffu,s'ion 

Thc  gcncra[  law of  diffusion (Fick 's  first law) is 
based  on the fol lowing observa t ion :  The  ra te  of  t rans-  
fer (n m o l e s / s )  of  diffusing subs tance  th rough  unit 
a rea  ( 1 cm 3) of a sect ion is p ropo r t i ona l  to the concen-  
t ra t ion g rad ien t  m e a s u r e d  normal  to the sect ion,  i.e. 

d c  
J =  - - D - -  (1) 

dx 

where  c is the concen t ra t ion  of  diffusing substancc ,  x 
the space coo rd ina t e  m e a s u r e d  normal  to the sect ion,  
and D is cal led the diffusion coeff icient .  

The  concen t r a t i on  g rad ien t  d c / d x  is negat ive  as its 
s lope is negat ive  in the d i rec t ion  of  molecu la r  flux (Fig. 
5). 

The  fundamen ta l  d i f fe ren t ia l  equa t ion  of  diffusion 
(Fick ' s  second  law of diffusion)  is der ived  from (1) with 
the d i f ferent ia l  equa t ion  of cont inui ty  (van Holdc  1971 
or  Crank 1975). 

i!c i~-c 
- -  = I ) -  v ( 2 )  
i)t ~)x - 

G e n e r a l  so lu t ions  of  thc diffusion equa t ion  can be 
ob t a ined  for a wtricty of  initial and b o u n d a r y  condi-  
t ions p rov ided  the diffusion coeff ic ient  is constant  
(Crank  11;75, Cars law and J aege r  1959). By d i f fe ren t ia -  
tion of  Eq. (3) we see that  it is a basic  solut ion of  Eq. 
(2): 

A 
c . . . . .  c , -"  4~>, ( 3 )  

t l  2 

where  A is an a rb i t ra ry  constant .  This  express ion  is 
symmetr ica l  with respect  to x -  0, tends  to zero  as x 
a p p r o a c h e s  inf in i ty(  ~ c < x < ~ c ) f o r t > 0 a n d f o r t = 0  
it vanishes  everywhcre  except  at x - 0 ,  where  it be-  
comes  infinite.  The  concen t r a t i on  d i s t r ibu t ion  has the 
shape  of  the Gauss i an  e r ro r  curve (e.g. like f ' (x )  in Fig. 
6, not to be confused  with the e r ro r  funct ion o b t a i n d c d  
by the in tegra t ion  of the exponent ia l ) .  Wi th  a solut ion 
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of the type in Eq. (3) it is poss ible  to descr ibe  the case 
of  a l imi ted  amoun t  of  subs tance  diffusing in a cy l inder  
of  infini te length  (column ch roma tog raphy ,  van Holde  
1971) or  as the sourcc  solut ion to dcscr ibc  the rc lcasc  
of a quant i ty  of hea t  pe r  unit a rea  over  the p lane  x () 
at t ime t = 0 (Cars law and Jacgc r  1959, p. 50). 

The  case re levant  for thc diffusion through the 
b l o o d - C S F  ba r r i e r  into flowing CSF  (Fig. 7) has differ-  
ent  bounda ry  condi t ions  which can bc descr ibed  its 
diffusion in it semi- inf in i te  med ia  with cons tant  con- 
cen t ra t ion  c ,  at one surfacc (x---0) .  This needs  a 
t r e a t m e n t  as ex t ended  initial d is t r ibut ion  ( in tegra t ion  
of  Eq. (3)) and a ref lect ion at the bounda ry  x -() .  
Accord ing  to Crank  (1975, p. 14), x~c obta in  

c o  fx :( " 
c " t -  2v '~Dt  c x 4I)t dx 

2~,~/~DtDt 1 -  . 1I)1 d x  ( 4 }  

o r  

Co . t  • 
c • . t -  - / c ~- dz (4b)  

with z - x/2v/Dt and dx -- 2~/Dt dz 
[:or convers ion  of  these formulas  it is impor tan t  to 
know that  1 * ,e  ~ -dz -v 'v r  (Jost 1960, p. 27). The  
funct ion of  c,. t (Eqns.  4 and 4 b ) i s  shown in Fig. 6. 

The  Eq. (4) can be w, r i t tcn as a s t anda rd  ma thema t i -  
cal funct ion,  the e r ro r  funct ion (crf  z). Thc  e r ror  lunc- 
tion en te rs  into the solut ion of a diffusion p rob lem its a 
consequence  of  summing  the effect of  a ser ies  of line 
sources,  each yie ld ing an exponent ia l  type of  dis t r ibu-  
tion (Carsla~v and J aege r  1~)59, p. 482): 

erf  z - -  ~ f e "- dz 
V'TT I) 

{ 4 c )  

and the error function complement 

-.) 

c r f c z  t c '-' d z =  1 c r f z  {4d) 
V'a" " z  

For  Eqn. 4 we find then ( ( ' r ank  1975. p. 14) 

Cx, t l 
O - e r f c  z (5) 

C~ 

A p p r o x i m a t i o n s  for crl z are ca lcu la ted  for large and 
for small  wducs  of  z from t r igononlc t r ica l  ser ies  type of 
solut ions  (Crank  1972, p. 21, and Cars law and Jaege r  
1959). We look at values  of large z as c~.~ << c , / 2  
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TABLE 5 

CONCENTRATION RATIOS (QB :QA) OF TWO DIFFUSANTS 
AT z o (EFFECTIVE DIFFUSION PATH LENGTH) 

Data for QA = 1/2  erfc z '  and QB = 1/2 erfc zp are calculated from 
the tables of Carslaw and Jaeger (1959, p. 482). The arbitrary ratio of 
diffusion constants DB:DA= 1:2.25 corresponds to z '  :zp = 1:1.5 
(z ' =  Zp (DB/DA)I/2) .  Qn(fit) represents the data calculated from 

QA with the hyperbolic function Q~ = a/b~/Q,~ + b 2 - c for the fitted 
values a = c = 0.8736 and b = 0.4087. The comparison of the theoret- 
ical values QB with QB(fit) indicate that the ratio of QB:QA with 
increasing QA follows a hyperbolic function. 

QA QB QB (fit) 

z '  1 /2  erfc z zp 1/2 erfc z 

0.1 0.4438 0.15 0.4160 0.4160 
(1.2 0.3886 0.3 0.3356 0.3318 
(1.3 0.3356 0.45 0.2622 0.2567 
{1.4 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 _z2( 1 
erfc z = ~ - - e  [-~ 

1 1 "3 1 "3.5  
+ - -  

2Z 3 22Z 5 23Z 7 
... ) 

(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: 

= 2v/2D~ (6) 

where ~ represents a length (Jost 1960, p. 25). 
is comparable with the half width of the error curve. 

With increasing mean displacement (penetrat ion 
depth), the maximal gradient d c / d x  decreases (de- 
creasing height, for d c / d x  at x0. 5 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 d J / d x  = 0 for x = 0 and 
x = xp. This condition d J / d x  = 0 represents a linear 
concentration gradient, (c o -CCSF)/2  , with the conse- 
quences that the smaller molecule (albumin) with a 
smaller gradient d c / d x  (also at x o) would show the 

smaller molecular flux into CSF compared to the larger 
molecule (e.g. IgM), both decreasing with increasing 
CSF concentration. This is contradictory to the results 
in Table 4. Only in case of a nonlinear concentration 
gradient ( d J / d x  = d c / d t )  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): 

CCsF(Y + Ay) = CCsF(Y ) + ACcsF  -- ACreflux (7) 

The concentration, Ccsr, of a plasma protein species in 
CSF is increased along the interval zly gradually by 
molecular flux into CSF (Accs F) and is reduced to 
some extent by flux out of CSF (Acren~ x) negligible 
under normal or moderate pathological conditions. 
Accs F 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 Ji from Fick's first law of diffusion in Eqn. 1. 
According to Fig. 7 for a molecule i we get: 

Ji = - D i d c i / d x  = n i / ( A t  S )  (8) 

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

ACicsF = ni /AVol.  (9) 

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

F = aVo l /A t  (10) 

This bulk volume flow (dimension ml / s )  characterizes 
the volume (zlVol = A-zly),  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/Zlt (dimension cm/s )  or r = F / A .  



Eqns. 8 and l(I 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 area, A, shown in Fig. 
7): 

,1 i • S Ji S 
dCicsl. . . . . .  ( 11 ) 

F r A 

The valuc S / A  in the interval By (Fig. 7) is a constant  
(Const) for all proteins compared  in the single patient.  
Thus Eqn. 11 represents  the relation between local 
increase of  CSF protein concentra t ion,  CSF flow rate 
and molecular  flux: 

J C S F  protein concentra t ion 

molecular  flux 

CSF tlow rate 
• Const  ( 12 t 

The linear form of Eqns. 11 and 12 find acceptance in 
the literature (Rapopor t  1983). But, what  has been 
overlooked so far is the fact that the molecular  flux, 
, l i -  - d c / d x ,  itself is a function of  the CSF flow rate: 
With d c / d t  and the differential equat ion of  continuity 
(van Holde 1971) d c / d t =  - d J / d x ,  we get d c / d t  = 
D d 2 c / d x  -' (Fick's second law of  diffusion, Eqn. 2). 

In case of  the relevant nonl inear  approach,  d c / d x  
= f '(x) is the derivative of  Eqn. 4, shown in Fig. 6. This 
has two conscqucnces :  With increasing CCSF, due to 
decreasing CSF flow rate, the local concentra t ion gra- 
dient d c / d x  (at xp, in Fig. 5) increases! as long as 
Cos v < c , /2  or Q < 0.5 and decreases only for the rare 
case of  quotients  Q > 0 . 5  (500. 10 :~). 

The second consequence  is that with increasing cos ~, 
ahmg the ncuraxis (at constant  CSF flow rate), thc 
h)cal conccnt ra t ion  gradient  incrcases too. The molecu- 
lar flux into CSF increases nonlinearly with increasing 
distance from the ventricles. This is consistant with the 
report  that hibclcd proteins from blood appear  first in 
lumbar CSF and later in cistcrnal or ventricular CSF. 

This nonlinear  approach  for Eqn. 11 represents  thc 
actual improvement  of  a mathematical  description of  
thc b lood-CSF barrier function. 

(~SF .flow rat~" 

A decreasing flow rate, r, has a twofl)ld influence on 
the CSF protein concentrat ion:  The volume, ,.IVol, 
llowing through the interval By (Fig. 7) is reduced 
linearly with r. i.e. dVol  - r .  A -  t or r ~ Vol /At .  As a 
consequence  of decreasing ,.IVol, ACes v increases due 
to Eqn. 9 with decreasing CSF flow rate• 

For the observed protein t ransfer  from blood into 
CSF it is a reasonable postulate that under  steady state 
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condit ions c~. t the h)cal tissue concentra t ion :.it the 
border  with the subarachnoid space (Fig. 5) is equal to 
or larger than the CSF concentra t ion ccs~" 

c~,t > cos F (13) 

The reduced volume exchangc rate with a subsequent  
increase in cos v induces an incrcascd tissue concentra-  
tion c~.~ according to the condit ion of [kin. 13. 

This event is demons t ra ted  in Fig. 5 as case two: thc 
concentra t ion curve B (e.g. lgG under  slcadv stale 
conditions) changes after thc pathological cvcnt to 
curve A. With incrcasing concentra t ion c~,, at xl, (Fig. 
5) we get a larger mean disphlcement of  particlcs (Eqn. 
6): IDBt increases with time for constant [)i~- It is a 
consequence  of  the nont incar  concentra t ion gradiclll 
( d c / d x  = f'(x), with a maximum for c :- 0.5 - %, in Fig. 
6), that with the increase of  (-)i~ to O \ the slope of thc 
local gradient d c / d x  incrcases. In this pathological 
case of decreasing r and increasing c~ ,, the molecuhu 
flux, Ji, increases without any changc in the barrier 
structure. J f ( l / r )  leads to a nonlinear function el: 
,-1cos r in Eqs. 11 and 12. With Eqn. S wc find that 
n i = f(1/r) .  From Eqn. 9 togethcr  with _lVol f(r) we 
see immediately that, as a lineariscd approach.  

c~s I. - l /r-" (for O << 0.5) (14) 

As an empirical approach thc albumin quoticnt  _1(.) \n 
=,-lQccsi. /c<, can bc used to characterize changcs  in 
CSF flow rate according to 

r - 1/,,-lO.\n , (15) 

Hyperbolic fi/nclion qf qlu)tient ralio.s 

Thc ratio between CSF/serum conccntra t ion quo- 
tients of  lgG, lgA or lgM and the alburnin quotient  
(Figs. 1-3) is used for the discrimination of a blood 
derived protein fraction from a brain dcrivcd fraction 
in CSF (Rciber  and Fe lgenhauer  1~187). Amongst  thc 
many different approaches,  thc cmpirically fittcd hy- 
perbolic function is also a clinically confirmed "best  
fit" (Souverijn et al. 1991). Now thc hypcrbolic func- 
tion can be dcrived theoretically from the diffusion 
Eqn. 2. 

The relevant ratio of  Q, \ :QI~ at xp in Fig. 5 (ex- 
planation case 1) cannot  be expresscd in an cxplicit 
function from the gencral  differential Eqn. 2 or Eqn. 4. 

By projection of  curve A onto curve B (Fig. 5), wc 
get the concentra t ion Q.,x and O)~ on thc same curve 
for different values of x (x' and xp. respectively). 

This transfl~rmation of  a curve A into curvc B (Fig. 
5) rcprescnts  the approach of Carslaw and Jaeger  
(1959, p. 24) to introduce dimensionless parameters .  
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The position of a point x for the curve cx, t (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 XA=~, '2DA t a n d  ~3 

= ~,':2DBt. The dimensionless position ratio is obtained 
by x/~,  i.e. the transfer of QA (on curve A at X p) to 
curve B (Fig. 5) gives the same value QA at x'  on curve 
B if x '  = Xp" ~B/~A = Xp ( D B / D A ) 1 / 2 .  O A represents 
the diffusion constant of the smaller molecule A, i.e. 

D A > D B. 
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 ( ~ B t ,  see 
Eqn. (4b)). As a consequence of Q a : Q A  = erfc Zp: 
erfc z '  = erfc Z(DB/DA) 1/2 : erfc z, we get the general 
equation: 

erfc z (D B / D A  ) 1/2 
= " QA (16) 

QB erfc z 

It remains to show that this Eqn. 16 represents a 
hyperbolic function. The values of QB and QA 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 B ) I / 2 ;  ( D A )  1/2 = 1 : 1 . 5  

The corresponding values of QB and QA fit the 
hyperbolic function 

(y + c ) 2 / a  2 - x 2 / b  2 = 1 or Q~ = a / b Q ~ A  + b 2 - c. 

Qa(fit) shows the data calculated from QA with the 
fitted values a = c = 0.8736 and b = 0.4087. The excel- 
lent concordance of QB(fit) with the theoretical value 
of QB (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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