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PREFACE

The detection of oligoclonal bands (OCB) in isoelectric focusing (IEF) in
cerebrospinal fluid (CSF), as an expression of local immunoglobulin synthesis in the central
nervous system, represents, in addition to clinical presentation and magnetic resonance
imaging (MRI), an important part in the diagnosis of neuroimmunological diseases, such as
multiple sclerosis (MS) (1, 2). Detection of intrathecal immunoglobulin synthesis is
currently performed by quantitative methods (e.g. the calculation of immunoglobulin
indices) as well as qualitative detection of OCB, with the latter method having the highest
sensitivity and specificity and consequently considered the gold standard (Freedman et al.
2005). However, in the case of borderline OCB findings (a single isolated band in CSF), the
sensitivity of OCB is much lower (3). This may complicate the correct diagnosis of a
suspected neuroimmunological disease.

Nevertheless, research results in recent years have shown that the quantitative
detection of kappa free light chains (k-FLC) in CSF has comparable diagnostic sensitivity
and specificity and thus represents a good alternative detection method for intrathecal
immunoglobulin synthesis (4). Up to now, only one study has investigated the extent to
which the quantitative determination of k-FLC can contribute to the diagnosis of borderline
OCB findings (5). To find out the clinical significance of k-FLC in patients with suspicious
neuroimmunological diseases and borderline OCB results (an isolated band in CSF) and to
fill this gap in knowledge as accurately as possible should be the motivation and aim of my
diploma thesis.

The study on this was conducted according to the guidelines of the Declaration of
Helsinki and approved by the institutional ethics committee of the Medical University of
Graz (32-029 ex 19/20).

My contributions to the study began with an extended literature search and review of
IEFs performed in patients with suspected neuroimmunological disease between 2006 and
2019. I screened the descriptive findings of these IEFs for signal words (e.g., “a thin/fine
band”, “an additional band” or “an isolated band”) and provided them to experienced raters
(co-authors of the study) for re-examination to confirm the diagnosis of a single isolated
band. This was followed by dividing the confirmed IEFs into subgroups based on the clinical
diagnoses I had assessed in the Medical Documentation and Communication System

(MEDOCS®).



After thorough training on the Optilite®, I prepared the paired CSF and serum
samples for measurement on the mentioned analyser and performed them subsequently
under supervision. I analysed the resulting data from the measurements and calculated the
necessary statistics in IBM SPSS as well as wrote the code for the diagrams and figures in
RStudio. The resulting and accepted abstracts for the Annual Meeting of the Austrian Society
of Neurology 2022, the Conference of the European Academy of Neurology 2022 and the
CSF Society Meeting 2022 but also the manuscript, published in the Journal Biomedicines,
were written and revised by me as a first author based on the comments of the co-authors
and the reviewers.

My supervisor, Assoc.-Prof. Priv.-Doz. Dr. med. univ. Michael Khalil, PhD, and my
colleague, Arabella Buchmann, BSc MSc, instructed and supervised me in all the above-

mentioned procedures and assisted me with any questions.
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ABSTRACT

Background

The determination of oligoclonal bands (OCB) in the cerebrospinal fluid (CSF) using
isoelectric focusing (IEF) is the gold standard for detecting of intrathecal immunoglobulin
synthesis. Controversy still exists regarding the significance of an isolated band in the CSF.
A highly promising alternative method for the assessment of intrathecal inflammation is the
quantification of kappa free light chains (k-FLC). Our aim was to evaluate the clinical
significance of quantitative k-FLC in patients with an isolated band in the CSF.

Methods

K-FLC was measured in 47 paired CSF and serum samples with a single band in IEF
on a turbidimetric Optilite® using the Human Kappa Freelite Mx Kit (The Binding Site
Group Ltd., Birmingham, UK). All participants underwent detailed clinical examination and
laboratory evaluation. Based on the medical diagnosis we subclassified into 27x%
inflammatory neurological disorders (IND), 2x peripheral inflammatory neurological
disorders (PIND), 9x non-inflammatory neurological disorders (NIND) and 9% symptomatic
controls (SC). For a concentration of k-FLC to be considered positive, the discrimination
limit (Qlim) was calculated using the Reibergram for k-FLC.

Results

k-FLC were below the lower measurement limit of the analyser (LML) in all SC and
PIND, as well as in 8 out of 9 NIND and 11 IND. Only 1 NIND and 16 IND were above the
LML, and of these, only 14 IND were above the Qlim.

Conclusion

A neuroinflammatory nature of the diseases can be indicated in many cases by
positive k-FLC in patients with an isolated band in IEF. The measurement of k-FLC can

support the diagnosis of neurological diseases if they are included in the routine work-up.



ZUSAMMENFASSUNG

Hintergrund

Der Goldstandard fiir die Diagnose einer intrathekalen Immunglobulinsynthese bei
neuroimmunologischen Erkrankungen ist noch immer die Detektion von oligoklonalen
Banden (OCB) in der isoelektrischen Fokussierung (IEF). Jedoch besteht weiterhin
Uneinigkeit hinsichtlich der Bedeutung von einer isolierten Bande in der IEF im Liquor
(CSF). Mit der Messung der kappa Freien Leichtketten (k-FLC) steht eine vielversprechende
Alternative zur Detektion einer intrathekalen Immunglobulinsynthese zur Verfiigung. Das
Ziel dieser Studie ist es, herauszufinden, welche klinische Bedeutung die Messung der k-
FLC bei Patient*innen mit vermuteter neuroimmunologischen Erkrankungen mit einer

isolierten Bande in der IEF im CSF hat.
Methoden

Unter Verwendung des Human Kappa Freelite Mx Kit (The Binding Site Group Ltd.,
Birmingham, UK) und turbidometrischer Messung am Optilite® wurden 47 Serum-CSF-
Paare mit einer isolierten Bande in der IEF im CSF ausgewertet. Eine routinemafige
klinische sowie laborchemische Untersuchung der Patient*innen dieser Serum-CSF-Paare
wurde durchgefiihrt. Anhand der klinischen Diagnosen wurden diese in 27x inflammatorisch
neurologische Erkrankungen (IND), 2x peripher inflammatorisch neurologische
Erkrankungen (PIND), 9x nicht-inflammatorisch neurologische Erkrankungen (NIND) and
9x symptomatische Kontrollen (SC) gruppiert. Damit eine Konzentration der k-FLC als
positiv gewertet werden konnte, wurden die Grenzwerte (Qlim) anhand des Reibergrams fiir
k-FLC berechnet.

Ergebnisse

Die Konzentration der k-FLC im CSF aller SC und PIND, sowie von 8 aus 9 NIND
und 11 IND war unterhalb des unteren Messlimits (LML) des Optilite® und somit nicht
messbar. Von den messbaren Ergebnissen waren lediglich eine NIND und 16 IND iiber dem
LML und davon nur 14 IND {iber Qlim.

Konklusion

In vielen Féllen konnen positiven k-FLC bei Patient*innen mit einer isolierten Bande
in der IEF im CSF fiir eine neuroimmunologische Ursache der Erkrankung hinweisend sein.
Die Messung der k-FLC in der klinischen Routine konnte somit die Diagnose von

neurologischen Erkrankungen unterstiitzen.



DISCLOSURES

This work has been published open access as Communication in the scientific journal
Biomedicines (Impact factor: 4.757) on 6 September 2022 under the Creative Commons

Attribution 4.0 International License (CC BY 4.0):

Weiss, B.; Pichler, A.; Damulina, A.; Buchmann, A.; Hochmeister, S.; Seifert-Held, T.;
Enzinger, C.; Archelos, J.-J.; Khalil, M. Evidence for an Intrathecal Immunoglobulin
Synthesis by Kappa Free Light Chains in Neurological Patients with an Isolated Band in
Isoelectric Focusing. Biomedicines 2022, 10, 2202.
https://doi.org/10.3390/biomedicines10092202

Furthermore, the results of this work were presented as a poster at the Annual Meeting of

the Austrian Society of Neurology 2022:

Weiss, B; Pichler, A; Damulina, A; Seifert-Held, T; Enzinger, C; Archelos-Garcia, J; Khalil,
M. Evidence for an intrathecal immunoglobulin synthesis by kappa free light chains in
patients with an isolated band in isoelectric focusing. Jahrestagung der Osterreichischen
Gesellschaft fiir Neurologie. Graz, Osterreich, 18.-20.05.2022. Neurologisch 2022;
Sonderausgabe 1/2022.

as an ePresentation at the Conference of the European Academy of Neurology 2022:

Weiss, B; Pichler, A; Damulina, A; Seifert-Held, T; Enzinger, C; Archelos-Garcia, J; Khalil,
M. Cerebrospinal fluid kappa free light chains in patients with an isolated band in isoelectric

focusing. Congress of the European Academy of Neurology - Europe. Vienna, Austria, 25.-

28.06.2022. EUR J NEUROL 2022; 29: 301-301.

and as a poster at CSF Society Meeting 2022:

Weiss, B.; Pichler, A.; Damulina, A.; Buchmann, A.; Hochmeister, S.; Seifert-Held, T.;
Enzinger, C.; Archelos, J.-J.; Khalil, M. Cerebrospinal fluid kappa free light chains in

patients with an isolated band in isoelectric focusing. CSF Society Meeting. Berlin,

Germany, 30.06.-01.07.2022.

Below is the accepted manuscript (version post-peer review, post-copy-editing and post-

typesetting) for publication as a Medical University of Graz diploma thesis.

10




MANUSCRIPT MAIN TEXT

1 Introduction

The detection of intrathecal immunoglobulin synthesis in neuroimmunological
diseases can be performed using various laboratory analytical methods. Nevertheless,
qualitative interpretation of isoelectric focusing (IEF) is still considered as the gold standard
(1, 2). IEF is followed by silver staining or immunoblotting, whereby the presence of
cerebrospinal fluid (CSF) restricted oligoclonal bands (OCB) indicates a central nervous
system-specific B cell activation, which is a hallmark of various neuroimmunological
diseases, including multiple sclerosis (MS) (1-3). A finding with two (additional) bands or
more in CSF is considered positive according to consensus definition (1, 2, 4). Borderline
findings in laboratory analyses, namely an isolated CSF-restricted band, often pose great
challenges to clinicians due to the clinical significance of one isolated band still being a
matter of debates (5-7).

As a relatively labour-intensive and costly procedure, IEF has a long turnaround time
of 4-5 h. Furthermore, due to visual interpretation of the results, rater-dependent bias can
occur, which has served as a motivational factor to search for easier to standardise and faster
laboratory options (8). An alternative to IEF is the quantification of kappa free light chains
(k-FLC) in the CSF (9-12). k-FLC are produced by B/plasma cells and are present in a free
form in serum and CSF, resulting from excess production compared with the heavy chains.
Hence, these k-FLC are measurable similar to intact immunoglobulins despite their shorter
half-life (13). Measured turbido- or nephelometrically with low laboratory effort, k-FLC
have shown comparable sensitivity and specificity in the detection of neuroimmunological
diseases such as MS in recent studies (9-12).

However, up to now, the performance of k-FLC in borderline findings in the IEF, in
the case of one isolated band, has not sufficiently been investigated. There is only one recent
study showing that the measurement of k-FLC can confirm intrathecal inflammation, and a
lack of k-FLC almost always indicates a non-inflammatory aetiology (14). The aim of this
work is to determine the clinical significance of k-FLC in the presence of an isolated band
in IEF and therefore to support clinicians’ decision making in cases of suspected intrathecal

immunoglobulin synthesis in neuroimmunological diseases and borderline findings in IEF.
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2 Materials and Methods

2.1 Laboratory Assay

Paired serum and CSF samples, collected from patients at the Department of
Neurology of the Medical University of Graz between 2006 and 2019, were stored at -80°
Celsius in the CSF laboratory of the Department or in the Biobank of the Medical University
of Graz. Pre-freezing routine diagnostics were performed using a Beckman Coulter Image
800 analyser (Beckman Coulter Inc., Brea, CA, USA) (for albumin, IgG, IgA and IgM) and
Fuchs Rosenthal Counting Chambers (for white blood cells). In addition, OCBs were
qualitatively determined using IEF followed by silver staining or immunoblotting and
assessed, as well as descriptively reported by experienced raters (SH, JJA, TSH and MK).
k-FLC were quantified from the paired serum and CSF samples using the Human Kappa
Freelite Mx Kit (The Binding Site Group Ltd., Birmingham, UK) on the Optilite®
turbidimeter. The lower measuring limit of the analyser for k-FLC was 0.28 mg/L.

All laboratory analyses were carried out at the CSF laboratory at the Department of
Neurology of the Medical University of Graz and working methods were evaluated by
internal and external quality management. Control measurements were carried out on the
analysers according to the manufacturer’s guidelines (e.g., once per day on the Optilite®,
with two different concentrations). We followed international consensus statements on the

processing and analysis of CSF (15).

2.2 Patients

Exclusion criteria for the study were IEF findings that were described as clearly
positive, i.e., had more than one band in the CSF. Additionally, IEFs which were described
as clearly negative, i.e., polyclonal in the CSF or had the same number of bands in the serum
as in the CSF, were also excluded. Only the IEFs that contained signal words in the
descriptive reports (e.g., “a thin/fine band”, “an additional band” or “an isolated band”) were
considered for the study. Furthermore, the descriptive reports that indicated a single band in
the CSF were also evaluated in a re-examination of the IEFs. This re-examination was
performed by experienced raters (SH and MK). Only the IEFs that were also rated with a
single band in the re-examination were included for the calculations, on condition that the
patients were at least 18 years old and the clinical documentation was complete.

Patients’ clinical diagnoses were assessed using the clinic’s electronic work-up and

documentation programme and categorised into inflammatory neurological disease (IND,
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with a cut off value of white blood cells in the CSF for a pleocytosis of more than 4 cells),
peripheral inflammatory neurological disease (PIND), non-inflammatory neurological
disease (NIND) and symptomatic controls (SC) based on Teunissen et al. (2013) (16). The

diagnosis of MS was made using the recent version of the McDonald criteria (1).

2.3 Statistical Analysis

SPSS 27.0 (IBM Co., Armonk, NY, USA) and RStudio (R version 3.5.1 2021-09-
20) were used for statistical analyses and graphical visualisations. To test for a normal
distribution of the data, Kolmogorov-Smirnov analysis was performed. Furthermore, the
Chi-square test was executed for group differences in qualitative outcomes while the Mann—
Whitney-U test for two samples, as well as Kruskal-Wallis test for more than two samples
for quantitative, non-parametric outcomes. Statistical significance was assumed from a p-
value of < 0.05. For multiple testing, the significance level was adapted by the Bonferroni
correction.

Sensitivity and specificity, as well as positive predictive value (PPV) and negative
predictive value (NPV), were calculated by forming two groups (IND and PIND versus
NIND and SC), meaning all the values for the detection of the IND/PIND group. Previously,
it was checked whether there were statistically significant differences between NIND and
SC regarding routine laboratory parameters. Sensitivity was computed as (true-
positive/(true-positive + false-negative)), specificity as (true-negative/(true-negative + false-
positive)). The PPV was computed as (true-positive/(true-positive + false-positive)) and the
NPV as (true-negative/(true-negative + false-negative)).

Threshold values of k-FLC for the presence of intrathecal immunoglobulin synthesis
were calculated using the hyperbolic formula according to Reiber et al. (2019) (17) to allow
comparability with the previous study (14). Furthermore, CSF/serum quotients of the routine
parameters and k-FLC, as well as the k-FLC index by correction for the albumin quotient

(k-FLC index = k-FLC quotient/albumin quotient), were calculated.

2.4 Ethical Standards

The study was conducted according to the guidelines of the Declaration of Helsinki.
The Ethics Committee of the Medical University of Graz approved the study protocol and
design (32-029 ex 19/20).
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3 Results

From 2006 to 2019, a total of 4082 analyses from paired serum and CSF samples
were performed. In the course of these analyses, 1798 IEFs were made, whereby 88 potential
IEFs with a single band (4.89% of all IEFs made) were identified by screening the descriptive
findings. After re-examination of these 1EFs, 47 pairs with one isolated band (2.61% of all
IEFs made), for which samples and complete clinical data were also available and the
patients were over 18 years of age, were included in the study for measurement of k-FLC.

Based on the patients’ diagnoses and further laboratory analyses, these samples could
be classified into 27x IND, 2x PIND, 9x NIND and 9% SC. The measurement of the k-FLC
showed that all SC and PIND were below the lower measurement limit of the analyser
(LML), as were 8 out of 9 NIND and 11 IND. Only 14 out of 16 IND above the LML were
also above the upper discrimination limit (Qlim), which would indicate intrathecal
immunoglobulin synthesis. One NIND was above the LML, but below Qlim (Table 1 and
Figure 1). This resulted in a sensitivity for the IND/PIND group of 48.3% and a specificity
of 100% for the detection of intrathecal immunoglobulin synthesis in this study population.
Consequently, the PPV and NPV for this cohort calculated are 100% and 54.6%,
respectively. Considering the sensitivity and NPV of the IND group without PINDs, the
values would be minimally better (sensitivity = 51.9%, NPV = 60.6%).

The diagnoses of the IND above Qlim included 1x MS, 1x clinically isolated
syndrome, 1x neuromyelitis optic spectrum disorder, 1% transverse myelitis, 3 retrobulbar
neuritis, 5X meningitis/encephalitis, as well as 1x herpes zoster ophthalmicus and 1%
cerebral neoplasia with signs of inflammation in the laboratory. The IND group diagnoses
below Qlim included 1x MS, 1x transverse myelitis, 2x retrobulbar neuritis, 3x
meningitis/encephalitis, 1x neuroborreliosis, 1x herpes zoster ophtalmicus, 1x disc
herniation with myelopathy, 1x cerebral neoplasia, 1% basilar migraine, as well as 1x spinal
canal stenosis, each of these with signs of inflammation in the laboratory. In one patient
each, classified as PIND according to the definition, peripheral facial nerve palsy and
polyradiculoneuritis were diagnosed, but both were below the LML. There were no
statistically significant differences in routine laboratory parameters between INDs above

Qlim versus INDs below Qlim.
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Table 1. Baseline characteristics and measurement results of the k-FLC according to the medical
diagnosis of the patients with one isolated band in IEF.

IND/PIND NIND/SC
(n=129) (n=18) p-Value

age 34.0 (26.5-50.5) 32.0 (24.8-56.0) 0.776
female 14 (48.3%) 10 (55.6%) 0.627
WBC/uL 12.0 (3.5-54.5) 2.0 (1.0-4.0) 0.001 *
Qalb x 1073 7.8 (5.2-11.0) 4.4 (3.6-6.6) 0.001 *
QIgG x 1072 44(32-62) 24(2.1-4.1) 0.002 *
QIgM x 10°3 1.0 (0.7-3.0) 0.6 (0.3-1.3) 0.013 *
QIgA x 1072 0.3 (0.3-0.4) 0.3 (0.3-0.4) 0.004 *
k-FLC serum (mg/L) 14.6 (10.9-20.6) -
k-FLC CSF (mg/L) 0.8 (0.6-2.2) ;
k-FLC index 73 (4.2-12.3) ;
>Q(lim) 14 0
<Q(lim) 2
<LML 13 17

IND: inflammatory neurological diseases; PIND: peripheral inflammatory neurological diseases;
NIND: non-inflammatory neurological diseases; SC: symptomatic controls; WBC: white blood cells;
Qalb: albumin quotient; QIgG: immunoglobulin G quotient; QIgM: immunoglobulin M quotient;
QIgA: immunoglobulin A quotient; k-FLC: kappa free light chains; CSF: cerebrospinal fluid; Q(lim):
upper discrimination line; LML: lower measuring limit of the analyser. Continuous variables are
given as median (interquartile range), nominal variables additionally as percentages in brackets. * p-
Values < 0.05 indicate statistical significance.

Figure 1. Data of the cohort in a double logarithmic kappa free light chains (k-FLC) Reibergram.

1,000 "
00 | Groups
— + IND
> +
I 200 A ¢ NIND
2100 -
2
S 50 | Thresholds
=
ol lim
Q x| Q(lim)
& Q(mean)
A 10 1 — Q(low)
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2 5 10 20 50
Albumin quotient [*103]
Data points of the k-FLC measurement results plotted on a double logarithmic scale, corresponding

to the Reibergram. Q(lim) represents the upper discrimination line, Q(mean) the middle and Q(low)
the lower. IND: inflammatory neurological disease; NIND: non-inflammatory neurological disease.

15



As shown in Table 1, there were no significant differences in age and sex distribution
among the groups (p-values: 0.776 and 0.627). However, there were significant variations
in routine parameters, namely in the number of white blood cells (p = 0.001) and the
CSF/serum quotients of albumin (p = 0.001), IgG (p = 0.002), IgM (p = 0.013) and IgA
quotient (p = 0.004). Subgroup analyses of these laboratory parameters between IND, NIND
and SC reveal statistically significant differences in white blood cells between IND and SC
(p = 0.031) and between IND and NIND (p = 0.043). In addition, there were statistically
significant differences in the albumin quotient between IND and SC (p = 0.008) and between
IND and NIND (p = 0.034), as well as in the IgG quotient between IND and SC (p = 0.026)
and in the IgA quotient between the same groups with a p-value of 0.025. Due to the small

sample size of the PIND group, it was not included in the subgroup analysis.

4 Discussion

The evaluation of k-FLC in laboratory work-up has proven to be a useful additional
parameter within the diagnosis of intrathecal immunoglobulin synthesis (8-12), which has
also been determined to be robust against external influences such as storage, plasma
exchange and common therapy in acute exacerbation in MS (depending on drug
concentration) (9). Furthermore, in the case of artificial blood contamination of the CSF, k-
FLC does not increase artificially compared with the Ig indices (18).

By measuring the k-FLC, patients with an IND and an isolated band in the IEF in
CSF could be detected with a sensitivity of 51.9%. Specificity was 100% because only
patients with an IND were above the threshold for positive k-FLC. Similar sensitivity and
specificity have been reported in past studies of patients with more than one band in IEF,
where k-FLC were measured quantitatively (9, 19). In this regard, our results are also mainly
consistent with the ones of a previous study on only one isolated band (14).

Although the frequency of unclear findings with an isolated band in the IEF is also
relatively low in the total number of analyses performed (47 of 1798 IEF findings = 2.61%)),
it nevertheless appears to be important to determine whether the findings are based on
intrathecal immunoglobulin synthesis or not. As is well-known, an isolated band can occur
accidentally (5), or even if the CSF analysis was performed in patients in an early phase of
intrathecal 1gG production (7). Even though many diseases of the IND group can also be
categorised as infectious, it has already been established that k-FLC also has a high
sensitivity and specificity in neuroborreliosis (20, 21). Nevertheless, further studies are

needed to find out to what extent this can also be applied to other bacterial and viral
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infections, as there is only one study so far that has investigated k-FLC in Tick-Borne
Encephalitis (22).

In regard to MS and clinically isolated syndrome, it has been shown that the
measurement of k-FLC can make a valuable contribution to diagnosis, with its high
sensitivity and specificity, similar to that of IEF (9-12). Moreover, in early forms of this
disease (e.g., with a single clinical attack so far), k-FLC still has respectable diagnostic value
(11) and can be considered as a predictive factor for disease activity (11, 23, 24). The
measurement of k-FLC, used as a screening and diagnostic algorithm, can in this way not
only relieve IEF-inexperienced laboratories and standardised laboratories but also reduce
workload and costs (8, 25).

It was also shown that 96% of patients with MS-related myelitis and 55.6% of
patients with NMOSD myelitis have intrathecal inflammation, and thus k-FLC synthesis
(26), which is also in line with our results. Therefore, our study clearly shows an added value
of k-FLC in delineating borderline IEF findings, particularly the fact that only IND patients
were above the threshold. To further validate our findings, multicentre studies investigating
larger cohorts should be performed soon.

Furthermore, it is yet not completely clarified which cut-off values of k-FLC should
be applied, as studies have been performed with different approaches (e.g., with a quotient,
index or hyperbolic calculation) (9). In any case, with the introduction of the Reibergram for
k-FLC (17), a sound tool is available that also allows dichotomous classification (positive
and negative) and takes a possible blood—brain barrier dysfunction into account (9, 27). In
consideration of the aspects described above, our study emphasises the clinical significance

of k-FLC quantification even in borderline findings in IEF.
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