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ABSTRACT

Background: Free light chains, type kappa (FLC-K), in cerebrospinal fluid (CSF) were compared to oligoclonal
1gG in many studies for sensitive detection of immune reactions in brain. The missing consensus about CSF data
interpretation prevents reliable conclusions. This can be overcome by a theory-based hyperbolic reference range
in CSF/serum quotient diagrams.

Methods: Mean Quotients for FLC-K, Qgappa, and albumin, QAlb, of grouped, biochemically defined controls
(N = 433) are fitted with the hyperbolic function Qgappa(mean) = a/b (QAIb? + b*)®® — ¢ by a generally ap-
plicable procedure excluding outliers.

Results: With Qgappa(mean), the coefficient of variation CV (22.5%) and the reference range (Qgappa(mean) = 3
CV) we got the discrimination line Qgappa(lim) = (3.27(QAIb? + 33)°°-8.2) X102 in a FLC-K Reibergram.
Intrathecal FLC-K was found in 8% of another control group without OCB (N = 388) but was missed in 7% of
patients with definite Multiple sclerosis (N = 95). In MS the mean intrathecal fraction was threefold larger for
FLC-K (95%) compared to total IgG (36%). Similar mean quantities of intrathecal FLC-K contradict an im-
munological conversion between a Clinically isolated syndrome and MS.

Discussion: The hyperbolic reference range is superior to linear FLC-K Index (10 to 15% false negatives) and
exponential curves (30% false positive interpretations for controls) in the analytical range of MS data, with
excellent data fit for up to ten-fold larger QAlb values. Dynamics of the small molecule FLC-K contribute to the
understanding of molecular size dependent barrier functions.

1. Introduction

Multiple sclerosis of up to 98% [4]. But this gold standard for the
sensitive detection of intrathecal IgG [5] lacks specificity and represents

1.1. Laboratory supported diagnosis of inflammatory neurological diseases

The diagnosis of inflammatory neurological diseases [1,2] is based
on the detection of an intrathecal humoral immune response. The
qualitative analysis of oligoclonal IgG [2,3] is so far the most sensitive
method, which allows the detection of an intrathecal IgG fraction as
small as 0.5% of the total CSF IgG [3] and has a diagnostic sensitivity in

in the routine laboratory a notoriously capricious method: The de-
manding isoelectric focusing is not easily automated and needs in-
dividual, experienced interpretation, based on method-related criteria
[5].

The quantitative protein analysis in CSF, like the detection of in-
trathecal total IgG, IgA and IgM, can provide by the combined analysis
specific, disease-related data patterns [1,6] but is far less sensitive. The

Abbreviations: CIS, Clinically isolated syndrome; CV, Interindividual coefficient of variation; FLC-K, free light chain kappa; FLC-L, free light chain lambda; IgGig,
intrathecal fraction of total IgG; IgGy,., locally, intrathecal synthesized total IgG; Ixappa, FLC-K Index; Ky, intrathecal fraction of FLC-K; Ky, locally, intrathecal
synthesized FLC-K; OCB, Oligoclonal IgG bands; Qgappa, CSF/serum concentration quotient of FLC-K; QAlb, CSF/serum concentration quotient of albumin;
Qcappa(Lim), upper limit of the reference range; Qappa(mean), mean of the reference range; Qgappa(low), lower border of the reference range
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still frequently used IgG Index has a very restricted reliability due to its
false positive and false negative interpretations [6].

1.2. Development of free light chain analysis

With the development of fully automated nephelometric or turbi-
dimetric protein analysis the kappa type of free light chains (FLC-K) in
CSF (Ref. in [7,8]) gained new interest [9]. FLC-K, which circulates in
blood and CSF predominantly as a monomer (22.5kDa), gained more
diagnostic relevance in neurology compared to its immunological
partner, the predominantly dimeric lambda type of the free light chains
(FLC-L) [8].

Many studies report a promising high sensitivity of FLC-K analysis
for detection of an intrathecal humoral immune response, in particular
in MS, but suffer from a missing consensus for a reference range of the
normal blood-derived protein fraction in CSF. The common deficit in
most of these investigations is their restricted data base, which does not
include blood-CSF barrier dysfunctions that exceed a QAIb of
25 x 1073,

There are mainly three groups of approaches:

A) Interpretations of the absolute FLC-K concentration in CSF with cut-
off values between 0.4 mg/1 [7,10], 0.5mg/1 [7,11] and 0.61 mg/1
[12] ignore a large inter-individual variation for age, FLC-K blood
concentration and blood CSF barrier function [3].

Interpretations of the CSF/serum FLC-K quotient, Qgappa, refer to the

albumin CSF/serum concentration quotient, QAlb. This Index takes

into account the variations by the individual barrier function. The

proposed cut-off values of Ixappa = Qxappa/QAlb vary between 3.6

[13], 5.9 [14], 6.07 [11], and 12 [7]. In addition to these huge

discrepancies without any consensus, the use of a linear fit (Index)

for the control groups ignores the nonlinearity of the relation be-
tween two blood-derived molecules of different size, e.g., QIgG/

QAIb [15]. Therefore the FLC-K Index creates again the same pro-

blems with false negative and false positive interpretations as shown

for total IgG [6].

C) A third group of studies suggests nonlinear curve fits for the re-
ference range, eventually with a mathematical function. In this
group with the most sophisticated approach we find concepts based
on the physiological and biophysical knowledge [15-17], albeit
insufficiently applied [9,11] but also arbitrary solutions without a
physiological rational [14,18].

B
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1.3. Targets of the investigation

The empirical data of free light chain kappa were grouped for small
QAIb intervals [15] and the mean values of these groups were fitted
with a hyperbolic function, based on the empirically and theoretically
founded concept [15,17]. With the curve for Qgappa(mean) and the
mean of the CV-values we create the FLC-K quotient diagram (Reiber-
gram) to compare the sensitivity of intrathecal FLC-K, OCB, linear Index
and nonlinear reference ranges published so far. Based on the hyper-
bolic reference range we calculate the absolute amount of intrathecal
FLC-K synthesis or the relative fraction of total FLC-K concentrations in
CSF. This allows to compare the intrathecal immunological response of
FLC-K and total IgG. This concept provides also a quantitative criterion
for comparison of the immune reaction in patients with a Clinically
isolated syndrome (CIS) and definite MS.
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This study is primarily focused on the development of the empiri-
cally and theoretically correct reference range for FLC-K analysis and
the possible pathophysiological and clinical applications. The answer to
the question whether OCB can be replaced by FLC-K analysis in general,
or in a restricted spectrum of diseases, is left to the reevaluation of the
many earlier more clinically oriented studies.

2. Methods
2.1. Control patients

Controls had to fulfill the following set of biochemical data: No
intrathecal IgG, IgA and IgM (Ig;z < 0) [1,3], no oligoclonal IgG in CSF,
normal cell counts in CSF (lymphocytes < 5/ul), no blood contamina-
tion and lactate in CSF < 2.5 mmol/l. The detection limit in the FLC-K
assay for CSF should be 0.04mg/l1 to allow the calculation of
a reliable quotient, i.e., samples with concentrations reported as
CSFxappa < 0.1 mg/1 were omitted from interpretations.

2.2. Ethics approval

The original studies have been approved by the local Ethics
Committee, Faculty of Medicine, University of Ostrava, Ostrava, Czech
Republic (Ref. No. 319/2014 and Ref. No. 400/2017). The general
approval of the local ethics committee, Kantonsspital Aarau,
Switzerland was obtained for the use of anonymized routine left-over
samples for method development, validation or quality control.

2.3. Sources of data

This retrospective study uses data sets of the routine analysis from
two independent laboratories with different methods (Table 1).
All samples were analyzed fresh in the routine laboratory or
retrospective from frozen samples to avoid a preanalytical bias. Possible
instabilities could cause lowered concentrations preferentially of
serum samples.

Table 1

Definition of analytical groups.
Group N Control/disease Method Reagent
la 353 No outliers BN Prospec nephelometer ~ Siemens
1b 256 Including outliers Latex kits
2a 170 No outliers SPAplus turbidimeter Freelite
2b 132  Including outliers Binding Site
3a 11 No outliers 1+2) 1+2)
3b 30 including outliers 1+2) 1+2)
4MS 45 Multiple sclerosis SPAplus turbidimeter Freelite
5CIS 50 Clin. isolated syndrome Binding Site

1 = Bernasconi/Mundwiler group, 2 = Zeman/Ku$nierovd group. 3 = All
extreme data, 3a for QAlb=1.6-22x10"° (N=11) and 3b
QAIb = 20-128 x 10~ 2 (N = 30), no oligoclonal IgG, combined from the
analytical groups la and 2a. 4 = Definitive MS at time of puncture, 5 = CIS
patients with a later diagnosis of definite MS. Group 4 and 5 are diagnosed by
the group 2.
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1. Data from the Bernasconi/Mundwiler laboratory
From a set of N = 599 patient data, received in the routine la-
boratory consecutively between 2011 and 2017, we obtained a se-
lection of N = 367 biochemically defined controls or N = 353
qualified controls after elimination of outliers (control group 1a in
Table 1). This group was divided into subgroups with QAIb intervals
of N = 20 (Table 2). Control group 1b in Table 1 contains subse-
quently analyzed control data in the routine laboratory 2017-2018,
including FLC-K outliers (N = 256 patients [19]).

. Data from the Zeman/Kusnierova laboratory are compiled from
several studies published earlier [8,11] resulting in N = 170 quali-
fied controls without outliers (group 2a). Control group 2b (Table 1)
were subsequently analyzed control data in the routine laboratory,
including FLC-K outliers (N = 132).

3. Group 3 (Table 1) contains control patients with extreme, patholo-
gically increased QAlb values, collected together with groups 1a and
2a. These data were not used in the statistical evaluation (Table 2)
and possible outliers were not eliminated.

. Group 4 (Table 1) definitive Multiple sclerosis at time of first
puncture.

. Group 5, Clinical isolated syndrome (CIS) which was later diagnosed
as MS.

Group 4 and 5 were analyzed and diagnosed by the Zeman/
Kus$nierové laboratory [7,10].

2.4. Qualified control groups

The total groups of biochemically defined controls were divided into
equal subgroups of about N = 20 patients (N = 11-17 patients in group
2a) for the smallest possible QAlb intervals (Table 2). After calculation
of preliminary medians, means, standard deviations (SD) and the mean
coefficients of variation (CV = SD/mean X 100 [%]), the outliers
(> Qgappa(mean) = 3 x CV) were excluded from the subgroups. By
iteration of this process we established the final mean/median and
mean CV values (Table 2).

Table 2
Evaluation of the FLC-K data set for controls without outliers (Siemens assay,
group la, total N = 353).

N Qanp - 10° Qappa * 10°

Range Mean Med Mean Med SD CV %
17 2.0-2.99 2.57 2.53 7.4 7.3 2.24 30
20 3.0-3.6 3.35 3.36 8.5 7.8 1.9 23
21 3.6-4.05 3.79 3.74 8.9 8.2 1.8 20
24 4.1-4.47 4.30 4.29 9.75 9.4 2.23 23
21 4.5-4.8 4.65 4.65 9.58 9.1 1.5 16
20 4.8-5.2 4.99 4.95 11.2 10.5 2.57 23
23 5.2-5.6 5.41 5.40 11.7 11.4 2.48 21
30 5.7-6.2 5.86 5.84 11.8 11.1 2.95 25
23 6.2-6.8 6.47 6.42 13.6 13.2 3.26 24
25 6.8-7.2 6.98 7.0 13.7 13.1 3.7 27
27 7.2-7.9 7.5 7.46 14.63 13.6 3.9 27
27 7.9-8.6 8.21 8.13 14.8 14.2 3.2 22
24 8.7-9.8 9.26 9.31 17.0 16.5 2.84 17
25 9.9-11.9 10.7 10.6 19.3 19.4 3.04 16
18 12-14.8 13.6 13.85 23.0 22.2 5.4 23
8 17.1-19.3 18.4 189 30.0 31.5 8.7) (27.6)

Mean 22.5

Data are evaluated as a grouped statistics method for mean and median quo-
tient values, the standard deviation, SD X 10%, and the interindividual coeffi-
cient of variation (CV = SD/Qmean x 100 in %). Data in parenthesis are not
integrated in the calculation of mean CV.

155
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2.5. Analytical methods

2.5.1. Albumin, IgG, IgA, IgM

Proteins were analyzed by nephelometry (Laboratories 1 and 2:
Siemens reagents, BN ProSpec, Siemens Healthcare Diagnostics
Products GmbH, Marburg, Germany).

2.5.2. Oligoclonal bands

OCB's were detected by isoelectric focusing in agarose gels and
immunofixation (Laboratories 1 and 2: Hydragel 9 CSF isofocusing,
Sebia). Two extra bands in CSF compared to serum (OCB = 2) were the
interpretation criteria for intrathecal oligoclonal IgG synthesis.

2.5.3. FLC-K analysis

Groups 1a, b. The nephelometric N Latex FLC kappa Siemens Assay
uses the same calibration curve (range 0.034-1.09 mg/1) for CSF and
serum samples, but modifies the default dilutions correspondingly (in-
itially undiluted for CSF and 1: 100 for serum). The analyzer auto-
matically dilutes CSF samples (1:5, 1:20, etc) in order to keep the
measured values in the reliable range of the calibration curve.

Groups 2a,b. The SPAp;ys turbidimetric analyzer, using Freelite™
kits (The Binding Site Ltd.) was described [8]. A common six-point
calibration curve is used for CSF and serum samples. Lowest and
highest standards are approximately 0.40 mg/1 and 18.0 mg/1 with a
calibration curve including the origin (0 mg/1). CSF is analyzed un-
diluted or manually re-diluted 1:10. Serum analysis is performed at
1:10 dilution or reanalyzed after automatic dilution by the instrument.

This turbidimetric method (laboratory 2) has concentration-depen-
dent inaccuracies with a tendency to false high quotients. QAlb va-
lues < 6 x 1072 (group 2a) have not been used for the data set in
Fig. 1. Few procedural changes could improve this method: A better
choice of the sample dilutions in the assay to match CSF and serum
concentration location on the calibration curve and a better control of
the calibration curve to ensure acceptable recovery for a serially diluted
sample.

2.6. Data fitting with a hyperbolic function

Concentration quotients (Q) of blood-derived proteins in CSF are
characterized in quotient diagrams with reference to the albumin
quotient, QAlb, by the general hyperbolic function [15]:

Q = a/b [QAIb? + b2|°5—¢ 8]

The meaning of the parameters a, b, ¢ for this mathematical function
are shown in Fig. 1. These parameters depend on the size of the mo-
lecule [15].

2.7. Manual fitting procedure for the Qmean curve

The asymptote y = a/b x - ¢ (Fig. 1) is determined preliminary as an
approximation to the slope of the empirical curve in the range of largest
QAIb values. In the range of low concentrations of x (x — 0) we can
estimate the value of (a-c) (Fig. 1) and calculate the value of a with ¢
from the asymptote. These preliminary parameter values yielded a
preliminary hyperbolic curve (like Fig. 1) with the function
Qappa(mean) corresponding to Eq. (1). By iteration of this process for
different values of the parameters a, b, c the best fitting function for the
Qmean curve of FLC-K, can be found with the method of least squares,
but using relative concentration differences, [(Qmeasured - Qtheor)/
Qmeasured]. This is needed to take the increasing standard deviation
with increasing QAlb (Fig. 1) into account.
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Fig. 1. Fitting procedure for the hyperbolic function. The squares represent
means from grouped controls without outliers, (groups 1a in Table 2, part of the
values of group 2a, s. methods and group 3a, total N = 433). Preliminary values
for the parameters a-c and the slope of the asymptote s = a/b were used for the
iteration procedure with the function Qgappa = a/b[QAIb? + b*]°®- ¢, to find
the best fitting parameters a,b,c with a particular least square calculation
(methods).The theoretically defined limit of the hyperbolic function is reached
at QKappa = 0.5 or QAlb = 256 x 10~ 2 (Table 3).
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2.8. Construction of the complete reference range

With the mean CV value (Table 2) and the definition of the re-
ference range as Qmean *+ 3CV the complete curves for the upper limit
(Qlim) and the lower border (Qlow) of the reference range (Table 3 in
Results) could be established. This is shown in a linear diagram in Fig. 2
in Results.

3. Results
3.1. Hyperbolic function of the mean FLC-K reference curve, Qxgppa(mean)

The mean values of FL-K quotients, Qyapps, from the subgroups
of controls are shown in Fig. 1 with the best fit for a hyperbolic
function.

Qxappa (mean) = 1.95 [QAIb? + 5.74%]%5-4.85 (x1073) [®)

characterized by the ordinate interval of a-c = 6.35 x 10~ and the
asymptote y = 1,95 x — 4,85 (Fig. 1 and Table 3). The grouped analysis
of the control group with the smallest values of QAIb in the range 1,66
to 2.3 x 10~ > shows that the slope of the mean curve is approaching
zero as expected for a hyperbolic function (Fig. 1). The normal
Qkappa(mean) (Eq. (2)) for a given normal QAIb value (e.g.,
QAlb=5x10"% can be calculated as Qkappa(mean) = 1.95
[5% + 33]%° -4,85(x10™3) = 10.0 x 10~ 2. This yields a normal ratio
of Qappa/QAlb of 2 to 1.

3.2. Reference range of Qgappa in the quotient diagram

The mean interindividual coefficient of variation (CV = SD/Qmean
% 100 in %) for Qgappa is CV = 22,5% (group 1a) and 21% (group 2a),
correspondingly.

The upper and lower border line of the reference range is calculated
with the confidence interval of Quean £ 3 CV or Qunean = 67.5%.
This range provides a maximal diagnostic specificity for the
detection of an intrathecal synthesis (connected with a lower
sensitivity) The corresponding functions are calculated for the upper
limit Qjm = Qmean X 1.675 and for the lower curve Qow =
Qmean X 0.325 (Table 3) and shown in Fig. 2 with linear axes.
Values above the reference range (Quean + 3 CV) are pathologic
with a probability of 99.5%. Values below Qlow may represent an
analytical fault.

Table 3
Parameters of hyperbolic functions, Qxappa = a/b [QAIb* + b*1°® ¢ (Fig. 1).
a-c a/b a [x10%] b2 [x10°] ¢ [x10%] QAIb (0.5) QAIb (1)
Qkappa (lim) 10,6 3.27 18.8 33 8.2 < 155 x 1073 308 x 1072
Qkappa(mean) 6,35 1.95 11.2 33 4.85 < 256 x 1072 515 x 1073
Qxappa (low) 2,54 0.78 4.48 33 2 < 643 x 1073 > 1000 x 1073

The functions are shown in FLC-K Reibergrams for the upper border line Qlim, the mean Qmean, and the lower border line Qlow in Fig. 2. The theoretical limit of the
valid range for the Qkappa functions in the QAIb quotient diagram is defined for Qgappa < < 0.5 = 500 x 103, As example for Qkappa(mean) = 500 x 1073 we get
for QAIb (0.5) = [(504,85/1.95)*~33]%° = 256 X 10™>. Qgappa = 1 is reached at a QAlb(1) with values calculated as approximation from the asymptote. Corre-

sponding calculations are performed for Qlim and Qlow.
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The use of a double log plot for FLC-K analysis in Fig. 3, corre-
sponding to the Reibergrams for IgG, IgA and IgM [1,6], has also the
advantage to spread optically the range between Qay, = 2 x 10~ 2 and
Qab = 20 x 102 where the largest number of data from patients of
diagnostic interest (e.g., with Multiple sclerosis) are localized but also
provides a possible display of data up to values of QAlb =150 x 10~ 3.
The implemented Qean curve (dotted line) in Fig. 3 indicates the op-
tical asymmetry in the double log diagrams. The square symbols re-
present the ungrouped data set from Fig. 2, expanded with values from
patients with extremely increased QAlb (group 3 in Table 1). This
shows the reliability of the theoretically founded extension of the hy-
perbolic reference range beyond the statistically treated data groups in
Figs. 1 and 2.

The upper limit of the reference range, the diagnostically relevant
discrimination line is.

Quappa (1im) = 3.27 [Qa? + 33]°5-8.2 (x10?) 3

This function is valid in the QAIb range below 155 x 103
(Table 3). The diagnostic border line for QAlb values above 150 x 1073
is given in Discussion and Table 3.

An extrapolation to QAlb below 1.6 x 10~ 2 is not justified. The
ordinate interval (a-c) is influenced by the different molecular transfer
mechanisms into the ventricular CSF [17], which are not restricted to
diffusion, the precondition for a hyperbolic function.

3.3. Quantitation of intrathecal synthesis

With these functions according to Table 3 and the serum con-
centrations Skappa, We can calculate the locally, in brain synthesized
FLC-K fraction in CSF. The quantity is expressed, like for the im-
munoglobulins [5,12], either as the locally synthesized absolute
amount of FLC-K, Kj,., or the relative intrathecal fraction, K
(Fig. 3):
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Fig. 2. Reference range of CSF/serum quotients, Qgappa, in a
quotient diagram with linear axis. Qlim and Qlow are calcu-
lated from Qmean = 3 CV (Table 3). Increasing standard de-
viations (SD) have a constant coefficient of variation,
CV = 22.5% (Table 2). The reference range includes 99% of
the controls. Data are accumulated from group la (Table 2),
group 2a and 3a (Total N = 433).

5 10 x1073 50
Albumin Quotient, QAIb

100

Fig. 3.FLC-K control data in a double logarithmic quotient diagram
(Reibergram). The hyperbolic functions (Table 3) are shown up to
QAIb = 150 x 10~ 3. The data from Fig. 2 are shown ungrouped and extended
by additional data for QALb above 20 x 102 (N = 30, group 3b in Table 1,
total N = 463). Qmean (dashed line) is shown to characterize the optical
asymmetry of Qmean in the double log diagram. The intrathecal fraction, IF, is
represented either with reference to Qlim for diagnostic purposes as a relative
fraction (Kjr in %) or with reference to Qmean for statistical purposes,
Kir(mean), eventually calculated as quantitative value Kj,.(mean) in mg/1.
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Fig. 4. Control group in the FLC-K Reibergram for comparison of different in-
terpretation concepts. Routine laboratory data from biochemically defined
controls without oligoclonal IgG, with normal IgG, IgA, IgM, normal cell count
and normal lactate (N = 256 patients, group 1b). The bold line represents the
hyperbolic Qlim curve (Table 3). 20/256 data pairs (8%) are outside the re-
ference range, i.e., false negative interpretations of samples with negative oli-
goclonal IgG. Examples of the linear Index, Ixappa = 5 (similar to [11,14]) and
Ikappa = 12 [7] show 15/20 or 20/20, respectively, false negative interpreta-
tions, compared to Qlim. The bold dash-dot line (expo) is the Qlim value of an
exponential function [20] with 77/256 = 30% false positive interpretations of
normal controls.

Kloc = [Qkappa (tOtal) - Qkappa(lim)] X Skappa [mg/l] (4)

Kir = Kloc/CSFkappa X 100 or (1 — Qjim /Qkappa) X 100 [%] 5)

With K, = 0mg/1 and Kir = 0% at Qlim, the quantitative values
for the intrathecal synthesis represent the calculable minimal amount of
intrathecal FLC-K in CSF. In case of statistics for the comparison of
patient groups (Fig. 5) it is more relevant to refer Kj,. to Qmean (like IF
in Fig. 3): Kioc (mean) = [Qyappa(total) - Qappa (Mean)] X Syapp, in mg/
1. Examples are calculated in paragraph 3.6 for the data of the MS and
CIS patients in Fig. 5.

3.4. Sensitivity of FLC-K analysis in different interpretation methods

Fig. 4 shows subsequently analyzed controls in the routine labora-
tory without any selection. With Qgappa @above Qgappa(lim) in 20/256 or
8% of the patients (Fig. 4) the FLC-K analysis is more sensitive for an
intrathecal immune response compared to other basic CSF parameters,
in particular oligoclonal IgG, normal intrathecal IgG, IgA, IgM fractions,
cell count and lactate.

Fig. 4 shows also two examples of reported thresholds values of the
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Fig. 5. MS and CIS patient data in the FLC-K Reibergram.

Filled circles are Multiple sclerosis patients (N = 45) and open circles represent
Clinically isolated syndrome patients, later found as MS (N = 50). FLC-K ana-
lysis detects 93% of total 95 MS patients. For detailed comparison of quanti-
tative intrathecal synthesis in the CIS and MS groups see text. A corresponding
software for the evaluation of FLC-K in this quotient diagram is available as free
download [27].

linear Index (Ixappa = 5 and Ixappa = 12). Ixappa = 12 is including all
OCB negative controls, i.e. there are no false positive interpretations,
but compared to QKappa(lim), this Index Ix,ppa = 12 creates 20/256 or
8% false negative interpretations. The cut-off value Ix,ppa = 5 creates
14/256 = 6% false negative interpretations. This means, that the ap-
plication of the hyperbolic reference line instead of the Index cut-off
values would dramatically increase the sensitivity of FLC-K analysis
reported in earlier studies [7,10-14].

From the groups with molecular size dependent exponents of QAlb
[14,20,21] the best fitting function Qgappa(Lim) = 31,276 QAlb *-8°01
[18] is shown as dash - dot line (expo) in Fig. 4. The negative bent
border line creates 77/256 = 30%! false positive interpretations of
normal OCB negative controls in Fig. 4. The percentage of false positive
interpretations will be increasing for further increasing QAIb values.

The additional patients with extreme barrier dysfunctions, i.e., large
QAIb values up to 128 x 10~ 2 in Fig. 3, show the superiority of the
hyperbolic reference range over the other methods, which completely
fail to fit this range of data.

3.5. Diagnostic sensitivity: multiple sclerosis

The total group of patients with a definite MS (N = 95, 94% OCB in
CSF) is shown in Fig. 5 as filled and open circles. We find intrathecal
FLC-K in 93% of the patients with reference to the hyperbolic border
line, 90% with reference to Ixappa = 5, or 85% with reference to
Ixappa = 12 and 98% with reference to the exponential border line.
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These results mirror the methodological bias with a false low sensitivity
for the Index and a false high sensitivity for the exponential border line.
For a final judgement whether FLC-K can replace OCB in MS diagnosis
remains to be investigated with larger patient groups.

3.6. Multiple sclerosis and clinically isolated syndrome in FLC-K diagrams

The data of the patient groups 4 (MS) and 5 (CIS) are shown in the
FLC-K Reibergram in Fig. 5. At the time of first diagnostic CSF puncture
the definite MS cases presented in 10% with false negative interpreta-
tions and in 2% of the CIS group with later confirmed definite MS
with Qgappa below Qappa(lim). The quantitation of intrathecal
synthesis changes this first impression. Kj,.(mean) with reference to
Qkappa(mean) is calculated for each patient and subsequent the means
of the groups. The mean intrathecally synthesized amounts with
Kjoc(mean) = 3.3mg/l for the MS group is lower than the mean
Kjoc(mean) = 4.4 mg/1 for the CIS group. This result allows to conclude
that there is no tendency for a weaker immune response in CIS to
support a pathophysiological conversion from CIS to MS as stated by
several researchers [22,23]. The CIS group had the lowest
(Qkappa = 6 X 10~3) but also highest (Qkappa = 2700 X 10~3) quotient
values. These extremely high Qkappa quotients mirror the higher relative
intrathecal fractions, Kz, compared to the total IgG, IgG, with the
Qmean related values Kpp(mean) = 95% for FLC-K but only Ig-
Gr(mean) = 36% for total IgG. This means that in average 95% of the
CSF concentration of FLC-K is intrathecally synthesized compared to
36% of total IgG. This threefold larger relative intrathecal response of
FLC-K compared to total IgG is the reason why the quantitative FLC-K
analysis has a much better diagnostic sensitivity of 93% in the MS
group compared to the correspondingly poor sensitivity of total IgG
with about 70% [24].

4. Discussion
4.1. Reliability of the hyperbolic reference range

The method of grouped data analysis (Table 2) for a known curve
function is superior to a regression analysis of the total data cloud in a
scatter plot. From the data in the range of the lowest QAlb values in
Fig. 1 (mean QAIlb=2x 1073 range QAIb=1.66 x 10™2 to
2.3 x 10 ) we learn that the slope of the curve Qkappa (mean) is ap-
proaching zero as expected for a hyperbolic curve. These data are not
biased by the sensitivity of the method as only those values were in-
cluded for which the serum values and corresponding CSF values were
high enough.

The extrapolation of the curves to QAlb values larger than in the
group of Table 2 and Fig. 1 is justified by the theory-based concept
[15,17] and gains plausibility by higher QAIb values up to QAIb
=128 x 10~ 2 in Fig. 3. These concentration ranges, which are 10-fold
the concentrations of the average quotients from MS patients, are
barely considered in the many studies with other interpretation con-
cepts [7,10-14,20-23]. But this would have been crucial to see the
general reliability of the reference line in the individual model.

Table 4
Analytical sensitivity of FLC-K compared with oligoclonal IgG (group 2b in
Table 1).

Total 2 Bds 3 Bds 4-24 Bds
OCB + 116 7 8 101
FLCK + 110 3 6 101

From the subsequent analysis of 320 patients in the routine laboratory with
total 116 OCB positive CSF samples (OCB=2 Bds) we get the described fre-
quencies of 2 to 24 bands. Of the CSF samples neg for OCB, 7/204 had a single
band of which 3 had an intrathecal FLC-K synthesis. 26/204 cases without in-
trathecal IgG synthesis had = 2 oligoclonal FLC-K bands in CSF [8].
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4.2. Biophysically defined validity ranges of Qgappa(lim)

The hyperbolic reference range in CSF/serum quotient diagrams
was discovered empirically [25] and later confirmed with a larger set of
immunoglobulin data combined with the theoretical derivation of the
hyperbolic function from the laws of diffusion [15]. The concept was
applied to several different blood-derived proteins in CSF [16]. The free
light chain type kappa (22.5 kDa) is the first molecule smaller than the
reference albumin (64 kDa) to be investigated with this concept. The
basic difference comes with the faster diffusion of FLC-K than albumin.
The FLC-K concentration in CSF reaches the blood concentration
(Qkappa = 1) before albumin reaches the equilibrium (QAIb =1).
Therefore, we need to describe eventually the complete Qlim curve, i.e.
also for values of Qgappa > 0.5. For this purpose we have to remember
that for the derivation of the hyperbolic function [15] from the diffu-
sion equation we need a trigonometric series to get an approximation
for the mathematical solution of this differential equation. Depending
on the concentration range of the diffusing molecule there are two
complementary trigonometric series. In the usual range of the low
concentrations in CSF this is the error function complement, erfc
[15,17]. At high concentrations, i.e., at Qgappa > 0.5 or 500 X 1073
we have to use mathematically the alternative trigonometric function
(error function, erf [15,17], i.e., we get an inverted hyperbolic function
in the quotient diagram which, like a sigmoid curve, approaches to
Qkappa = 1 at QAIb = 308 x 103, This is shown explicitely in [17].

According to Table 3 we reach Qgappa(lim)=0.5 at a
QAIb = 155 x 103, the limit for the validity of the hyperbolic func-
tion Qlim in Eq. (3).

For the rare cases with QAlb above 150 x 102 instead of the in-
verted hyperbolic function we can use simpler approximations. In the
range QAlb =150 to 300 x 10°° we can use the asymptote
Qkappa = 3.27 X QAIb as upper reference line and for QAlb above
300 x 10~ any value of QKappa larger than 1 or 1000 X 10~ 3 must
be due to an intrathecal synthesis of FLC-K. The inaccuracy by this
approximation for the few rare cases is negligible compared to the
analytical imprecision.

4.3. Clinical relevance of FLC-K analysis

4.3.1. FLC-K analysis compared to oligoclonal IgG

The theoretically expected symmetrical distribution of data in the
reference range [15-17] is obviously fulfilled for FLC-K as shown in the
distribution of data around Qmean in Fig. 2. This allows to conclude
that the patients in Fig. 4 with Qgappa above Qgappa(lim) have a prob-
ability of > 99.5% to have an intrathecal FLC-K synthesis in spite of
absent oligoclonal IgG (OCB).

Any relevant comparison between the clinical relevance of OCB
versus FLC-K -analysis must consider two different aspects: The quality
of the OCB method and the particular disease (paragraph 4.3.2). In this
study (N = 388 OCB negative samples)) we find N = 31cases (8%) with
intrathecal FLC-K synthesis. The reference is a widespread used auto-
mated OCB method but we regarded two bands as positive oligoclonal
IgG in contrast to the common 3 bands in routine diagnosis. Table 4
shows the relevance of this decision for the frequency of intrathecal
FLC-K: 7/116 cases of our group 2b (Table 1) had only two bands which
would be missed in the cut off with = 3 bands. From these 7 cases with
2 bands only three cases had intrathecal FLC-K. But in the group of
negative oligoclonal IgG (N = 204), which included 7 cases with one
single OCB, we found with quantitative FLC-K analysis three patients
and with qualitative FLC-K analysis 26 patients with intrathecal FLC-K.

So, any figure about false negative results of OCB, like our 8%,
depends on several aspects of the quality and the interpretation of the
OCB method.

The second comparison for the clinical relevance of FLC-K analysis
is the diagnostic sensitivity for Multiple sclerosis. Our data for a small
MS group and CIS group in Fig. 5 have been introduced for the
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demonstration of the different results dependent on the interpretation
concept with false low values for the Index (85%) and false high values
for the exponential curve (98%) compared to the hyperbolic reference
range (93%). A second motivation for this presentation of a CIS and MS
group is the possibility to quantitate intrathecal synthesis for patho-
physiological interpretations. For a reliable figure for the diagnostic
sensitivity of FLC-K analysis we would need a larger cohort of MS pa-
tients and essentially an application for other diseases (s. 4.3.2).

4.3.2. Theoretical limits for quantitative FLC-K analysis

The analytical sensitivity of a quantitative method, with a statisti-
cally determined reference range, can't reach the analytical sensitivity
of qualitative method like the oligoclonal IgG analysis in CSF [3] with a
direct comparison in the individual patient.

1. The theoretical limits of diagnostic sensitivity for quantitative FLC-K
analysis can be calculated from the coefficient of variation, CV: A
healthy patient at the lower border of the reference range
Qiappa(low) (Fig. 2) may have to synthesize in brain additional
135% (6 x SD in Fig. 2) of its original FLC-K concentration in CSF to
reach significantly Qgappa(lim). It would need still more to generate
a detectable intrathecal synthesis of FLC-K with a value above
Qkappa(lim). This is in contrast to the qualitative detection of OCB in
IEF, which can detect under optimal conditions already 0.5% in-
trathecal IgG in the total CSF IgG [3].

. In Multiple sclerosis patients this theoretical limitation is compen-
sated by a relatively high intrathecal FLC-K fraction in CSF
(Kip(mean) = 95%, paragraph 3.6). But there are other diseases
with a less prominent IgG class response, like neuroborreliosis
[20,26] with dominant intrathecal IgM class response in a two to
three class pattern or neurotuberculosis with a dominant intrathecal
IgA class response in a one to two class pattern [1,6]. The in-
vestigations of the clinical sensitivity of the intrathecal FLC-K re-
sponse have to consider the relation of OCB to FLC-K in different
diseases. Of course, both, OCB as well as FLC-K analysis, may be less
relevant with respect to the most specific and most sensitive para-
meter(s), like the specific borrelia antibody Index [26].

4.3.3. Comparison of different interpretation methods of FLC-K data in CSF

Among all published attempts to define a limit between normal and
pathologically increased FLC-K concentration in CSF the absolute con-
centration of FLC-K is the worst choice [7,10-12]. First, normal CSF
concentrations depend directly on the serum concentration which
varies more than + 100% (serum concentrations of FLC-K vary between
6 and 100 mg/1 with a median of 12.9mg/1). Second, this approach
ignores the influence of the age on the blood CSF barrier function [3].
In group 1la we find 50% increase of QAIb between 30 and 70 years of
age. Third, the largest increase of the blood-derived FLC-K concentra-
tions in CSF comes with the up to 100-fold increasing concentration by
blood-CSF barrier dysfunctions [1,3,6].

The most frequent concept uses a linear Index, Ixappa = Qxappa/
QAIDb. Fig. 4 shows two examples of reported thresholds values of the
linear Index (Ixappa = 5 and Ixappa = 12). Together with the data from
MS analysis in Fig. 5 we can conclude that the Index related inter-
pretations produce 8% false negative controls as well as 15% false ne-
gative MS interpretations. This means, that the sensitivity of FLC-K
analysis with reference to the hyperbolic function is higher than re-
ported in earlier Index studies [7,10-14].

Among the groups with nonlinear functions for the reference range
those groups with molecular size dependent exponents of QAlb (e.g.,
QAIb% for IgG [18] and QAIb®®%7 [14,21] or QAIb®E%! [20] for
FLC-K) showed the worst empirical results with 30%! false positive
interpretations of normal controls in Fig. 4. As a consequence of the
obviously much to low border lines [14,21] the studies get a much to
high FLC-K sensitivity (e.g.98% for the detection of an intrathecal im-
mune response in MS in Fig. 5). In addition to the questionable
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empirical data fit the biophysical concept [18] is wrong. The molecular
size dependence comes with the diffusion not with the CSF flow related
change of QAlb. This approach is also not compatible with the phy-
siological and pathophysiological data [15-17].

As a summary, these data from Fig. 4 show that compared to the
hyperbolic reference range including 99% of the normal FLC-K controls,
the Index values come along with underestimated sensitivity while the
exponential approaches make as many as 30% of the controls to a false
pathological case and may pretend to have a higher sensitivity of the
FLC-K analysis.

Former publications that calculated sensitivity and specificity and
compared with oligoclonal IgG in Multiple sclerosis or other diseases
should reevaluated with our new approach. A free software for the
evaluation and graphical presentation of FLC-K data in quotient dia-
grams is available [27].

4.3.4. Relevance for diagnosis and laboratory practice

The hyperbolic reference range in the FLC-K analysis avoids the
false positive and false negative interpretations of the other methods
reported and provides a reference range valid also for very high al-
bumin quotients, i.e. in patients with the severest blood CSF barrier
dysfunctions. With the possibility to calculate the intrathecally syn-
thesized amounts of FLC-K the new reference functions provide also
pathophysiological information.

For diagnosis of Multiple sclerosis the quantitative FLC-K analysis
has a reasonably high sensitivity (93%), but could fail in other diseases
with a less intense intrathecal immune response, where the theoreti-
cally founded advantage of the qualitative method over the quantitative
method counts.

The quantitative FLC-K analysis has the advantage, compared to the
sophisticated qualitative OCB method, that it can be easily performed in
each laboratory with an equipment for protein analysis, considering the
different qualities of the commercial assays (s. Methods). So, the la-
boratories without OCB analysis could gain a basic improvement in
their analytical performance with FLC-K analysis. In the laboratory with
OCB analysis the FLC-K detection could be complementary for cases
with ambiguous interpretations presenting with 1-3 bands.

Our study, which is focused on the development of the reference
range for FLC-K analysis, can't conclude whether FLC-K analysis could
replace the more capricious OCB analysis. We would like to see a re-
evaluation of the former studies with larger cohorts of MS cases with
the new concept to avoid false positive and false negative interpreta-
tions.

Principally, like for IgG, also for the FLC-K analysis in CSF the
qualitative detection of specific oligoclonal FLC-K bands after iso-
electric focusing [8,28] could be a more sensitive method than the
quantitative FLC-K analysis (s. legend to Table 4). But this would again
create the problems with the capricious isoelectric focusing.

4.4. Free light chains and the blood-CSF barrier function

The molecular size dependent passage of molecules between blood
and brain or CSF is mirrored by the mathematical function for the re-
ference range in quotient diagrams [15,17], in particular by the slope of
the asymptote s = a/b of the hyperbolic curve (Fig. 1). In the quotient
diagrams with reference to QAlb the molecules larger than albumin
have a slope for Qmean of s < 1 (IgG s = 0.65, IgA and CEA s = 0.47,
IgM s = 0.33 [9]), but for molecules smaller than albumin we find the
slope exceeding 1, e.g., s = 1.95 for FLC-K (Fig. 1 and Table 3). For the
hyperbolic function of FLC lambda (FLC-L) we get a slope of about
s = 1.2 (unpublished results of D. Zeman et al.). This means that FLC- K
passes the barrier primarily as the smaller, monomeric molecule
(22.5kDa), compared to the primarily dimeric FLC-L (45kDa) with a
slope approaching to 1.0 like the value found e.g., for the transthyretin/
retinol binding protein complex (54 + 21 kDa) with s = 1 [16].

As a consequence, the normal ratio of Kappa/Lambda free light
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chain concentrations in CSF must be different from the normal relation
in blood, due to the slower passage of the dimeric FLC-Lambda through
the barrier and a subsequently lower concentration in CSF compared to
the smaller monomeric molecule FLC-K. The ratio of monomeric to
dimeric FLC-K reported from SDS PAGE electrophoresis with western
blot detection [29] may not reflect the real relation that is present in
physiological solutions, i.e., in blood and CSF.

4.5. Pathophysiology of MS and CIS

Several authors [21-23] investigated FLC-K analysis as a biomarker
to prognose a conversion [22] of the Clinically isolated syndrome, CIS,
into Multiple sclerosis, MS. The Qmean related statistical evaluation of
the FLC-K intrathecal synthesis with Eq. (4) (free software available at
www.albaum.it [27]) detects no differences in immune response be-
tween CIS and MS: There is no smaller mean amount of intrathecal
FLC-K synthesis in CIS (Kj(mean) = 4.4mg/l) compared to MS
(Kjoc(mean) = 3.3 mg/1) which could support a conversion between CIS
and MS. This idea of CIS as an early pathologically defined phase in the
course of the disease may derive from insensitive methods or from the
false interpretation of an analytical parameter. A study which declares
intrathecal IgM synthesis to be a risk factor for conversion of CIS to MS
[30], simply ignores that only 50% of the MS patients have an in-
trathecal IgM synthesis at all and that the isotype specific B cells im-
migrate in the individual MS patient as an arbitrary combination with
locally different antibody specificities [31]. From our earlier in-
vestigations on juvenile MS [4] we also learned that already at the
earliest time in the course of the disease we find the complete set of
immune reactions, including the M-,R-,Z-antibody reaction [32]. There
has never been shown a direct conversion e.g. from an acute dis-
seminated encephalomyelitis, ADEM, without MRZ antibodies [4] to a
chronic form, i.e., to MS with the typical polyspecific immune response
[32].

5. Perspectives

The question in the editorial of D Zeman [33] about the relevance of
oligoclonal IgG detection when FLC-K analysis is available cannot be
answered as long as the nonlinear interpretation scheme described here
has not been applied to larger patient cohorts with varying diseases. It
is mandatory to use the concept of complete disease-related data pat-
terns [1], as well as disease-specific parameters and to consider the
context of the differential diagnostic questions to further establish the
clinical relevance of FLC-K analysis. The fashionable search for the
ONE, disease-specific marker molecule and the data evaluations with
linear regression lines and linear reference ranges may fit the common
preference for linear cause and consequence models but keeps missing
the understanding of chronic diseases [34]. For this behavior we find a
very simple and clear comment from the Austrian naturalist and artist
Friedensreich Hundertwasser: “The straight line is a crime”.
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