Tuka et al. .The Journal of Headache and Pain (2023) 24:35 Th e J ourna | Of Hea d ac h e
https://doi.org/10.1186/510194-023-01570-9 an d Pain

. ®
Cluster headache and kynurenines et

Bernadett Tuka'?", Tamas Kortési'3", Nikolett Nanasi', Ferenc Tomosi4, Tamas Janaky?, Déniel Veréb?,
Délia Szok®, Janos Tajti® and LaszI6 Vécsei™*

Abstract

Background The glutamatergic neurotransmission has important role in the pathomechanism of primary headache
disorders. The kynurenine metabolites derived from catabolism of tryptophan (Trp) have significant involvement

not only in glutamatergic processes, but also in the neuroinflammation, the oxidative stress and the mitochon-

drial dysfunctions. Previously we identified a depressed peripheral Trp metabolism in interictal period of episodic
migraineurs, which prompted us to examine this pathway in patients with episodic cluster headache (CH) as well. Our
aims were to compare the concentrations of compounds both in headache-free and attack periods, and to find cor-
relations between Trp metabolism and the clinical features of CH. Levels of 11 molecules were determined in periph-
eral blood plasma of healthy controls (n=22) and interbout/ictal periods of CH patients (n =24) by neurochemical
measurements.

Findings Significantly decreased L-kynurenine (KYN, p<0.01), while increased quinolinic acid (QUINA, p <0.005)
plasma concentrations were detected in the interbout period of CH patients compared to healthy subjects. The levels
of KYN are further reduced during the ictal period compared to the controls (p < 0.006). There was a moderate, nega-
tive correlation between disease duration and interbout QUINA levels (p < 0.048, R= — 0.459); and between the total
number of CH attacks experienced during the lifetime of patients and the interbout KYN concentrations (p < 0.024,
R= —0.516). Linear regression models revealed negative associations between age and levels of Trp, kynurenic acid,
3-hdyroxyanthranilic acid and QUINA in healthy control subjects, as well as between age and ictal level of anthranilic
acid.

Conclusions Our results refer to a specifically altered Trp metabolism in CH patients. The onset of metabolic imbal-
ance can be attributed to the interbout period, where the decreased KYN level is unable to perform its protective
functions, while the concentration of QUINA, as a toxic compound, increases. These processes can trigger CH attacks,
which may be associated with glutamate excess induced neurotoxicity, neuroinflammation and oxidative stress. Fur-
ther studies are needed to elucidate the exact functions of these molecular alterations that can contribute to identify
new, potential biomarkers in the therapy of CH.
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Introduction

Cluster headache (CH) is a primary trigeminal auto-
nomic cephalalgia characterised by extremely griev-
ous, strictly unilateral pain localized around the orbital,
supraorbital or temporal areas. The headache attack lasts
for 15 to 180 min and is associated with, among other
things, conjunctival injection, lacrimation, eyelid edema,
nasal congestion or rhinorrhea [1-3]. Although the cor-
rect pathomechanism of CH is unclear, but anatomical
connections between the hypothalamus, the trigemino-
vascular unit and the parasympathetic nervous system, as
well as the molecular changes they define, are crucial in
the development of headache disease [4, 5]. The circan-
nual/circadian periodicity of CH and altered secretions
of certain hormones (e.g. cortisol, melatonin) indicate the
involvement of hypothalamus [6]. Activation of some ele-
ments of the trigeminovascular system (e.g. ophthalmic
branch of the trigeminal ganglion) has been observed
during CH, in which a number of neuropeptides—e.g.
calcitonin gene-related peptide, vasoactive intestinal
polypeptide and pituitary adenylate-cyclase activating
polypeptide (PACAP)—involved and have a privileged
role forming the parasympathetic cranial symptoms [7,
8]. In addition to neuropeptides, the glutamate is the
other key molecule, which also receives special attention
in the pathomechanism of primary headaches, especially
in migraine [9]. The altered glutamate (Glu) neurotrans-
mission, subsequently the excitotoxicity caused oxidative
stress and hyperexcitabilty, may play role in the initia-
tion of attacks. Since Glu acting at N-methyl-D-aspartate
(NMDA) receptors, it plays a key role in the induction
of nociceptive sensitization [10]. This suggests, that
alterations in NMDA receptor signaling or in the endog-
enous machinery that activates NMDA receptors may
be relevant to the pathophysiology of CH. It is consist-
ent with this hypothesis that memantine, a fast off-rate
NMDA-gated ion channel blocker, has shown efficacy in
reducing CH attacks in resistant patients, even if clinical
studies are still limited [11]. Endogenous regulators of
glutamatergic neurotransmission include certain metab-
olites of the kynurenine pathway (KP), which evolved
from tryptophan (Trp) catabolism. Certain metabolites
of pathway are neuroactive and play crucial roles in the
modulation of NMDA receptor function. Since glutamate
receptors induced overexcitation has essential role in the
development of several neurological disorders, the KP has
recently become the subject of intense investigations [12,
13]. However, mainly migraine studies and their results
are available: we have no knowledge of animal studies
with CH and there are limited clinical data are on kynure-
nines and CH. In our previous preliminary study altered
kynurenine metabolism was detected in a special animal
model of headache. In addition to Glu and serotonin, the
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orofacial Complete Freund’s Adjuvant induced elevated
kynurenic acid (KYNA) and L-kynurenine (KYN) con-
centrations in the brainstem [14]. Electrical stimulation
of the trigeminal ganglion caused overexpressed PACAP
levels in the area of trigeminal nucleus caudalis in rat that
KYNA was able to protect [13]. The role of kynurenines
was examined in our episodic migraine study. In our pre-
vious examination, peripheral plasma samples of were
remarkably decreased peripheral Trp pathway was iden-
tified in attack free period of episodic migraineurs com-
pared to healthy control subjects. Especially, the levels of
Trp, KYN, KYNA, anthranilic acid (ANA), picolinic acid
(PICA) and 5-hydroxyindoleaceticacid (5-HIAA) showed
significant reduction in the interictal phase. Moreover,
some associations between metabolic alterations and
clinical features of migraine were also detected in this
study [15]. However, so far only one study examined the
role of KP in CH patients. Curto and her co-workers
found decreased KYN, KYNA, 3-hydroxykynurenine,
3-hydroxyanthranilic acid (3-HANA), xanthurenic acid
(XA), 5-HIAA and quinolinic acid (QUINA) levels, but
significantly increased Trp and ANA concentrations in
the serum of the overall population of patients affected
by CH (episodic and chronic). Difference between the
chronic and episodic CH groups was only in the level of
KYNA, which was higher in patients with chronic CH
[16]. In light of these data, we were curious about how
the proportion of major Trp metabolites in the blood of
our CH patients changes depending on their headache
period and other clinical features.
Our aims were:

— to determine the concentrations of 11 metabolites of
Trp pathway in the peripheral plasma of episodic CH
patients compared to healthy control subjects.

— to differentiate between metabolic alterations in the
interbout/ictal periods of patients

— to describe the relationship between altered Trp
metabolism and clinical parameters of the disease/
attacks.

Materials and methods

Participants

All patients enrolled in this study are treated as out-
patients at the Department of Neurology, Albert
Szent-Gyorgyi Medical School, University of Szeged.
Examinations were conducted after the approval of the
local Ethical Committee of the University of Szeged
(87/2009) and the Department of Health Administration
of National Public Health Centre (29022-5/2019/EUIG,
28324-5/2019/EUIG) adhering to the most recent revi-
sion of the Declaration of Helsinki.
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Inclusion criteria: Episodic cluster headache patients
(CH, n=24) fulfilling the criteria of the 3" edition of The
International Classification of Headache Disorders were
registered, and healthy control subjects (n=22) were
recruited. In order to keep the groups as homogenous
as possible, they were matched in terms of age and sex
(25-55 years, female and male in a similar proportion in
both groups).

Peripheral blood samples were collected from the cubi-
tal vein of patients during the interbout (attack free) and
ictal (attack) periods, and from healthy controls on one
occasion. Interbout phase was defined as headache-free
period at least 1 week after the last attack. EDTA con-
taining blood collection tubes (BD Vacutainer K2E 6 ml)
were used to obtain the samples between 8:30 a.m. and
3:30 p.m. Plasma samples were separated (3000 rpm at
4 °C for 15 min) and stored at— 80 °C until determina-
tion of Trp metabolites by ultrahigh-performance liquid
chromatography—tandem mass spectrometry (UHPLC—
MS/MS). Samples were coded to allow for blind
measurements.

From among the 24 CH patients 19 samples were
acquired during the interbout phase and 11 samples
were acquired during the ictal phase. Self-controlled
paired samples were taken from 6 CH patients during
both periods, so 13 interbout samples derived from dif-
ferent patients (3 groups comparison). During headache
attacks, patients were asked not to take their usual pain-
killers or specific attack medication until blood samples
were taken. There were no restrictions regarding food
and drink intake. Exclusion criteria for both the CH
and control group included the presence of other type
of headache (e.g. tension type headache) less than 48 h
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before sampling or other chronic pain conditions related
to traumatic events or serious systemic disorders such
as cardiovascular and metabolic diseases, immunologi-
cal, neurological disorders, as well as clinically diagnosed
psychiatric disorders. Subsequently, using any kind of
chronic medication was also not allowed. Detailed ques-
tionnaires were taken from CH patients regarding the
duration of disease, the frequency of attacks, the duration
of clusters, the previous cluster period before sampling,
the onset of cluster during ictal cupping and the onset of
attack. Table 1 contains relevant demographic and clini-
cal data.

Quantitative determination of Trp metabolites by UHPLC-
MS/MS method

For the chemical analysis of KP a previously developed
UPLC-MS/MS method was utilized [15] with some
modification. This technique was successfully adapted to
an ACQUITY H-Class UPLC" liquid chromatography
system equipped with Xevo TQ-S micro Triple Quad-
rupole Mass Spectrometer (Waters, Manchester, UK)
applying the appropriate preparations and settings. Three
of the 11 metabolites of interest (QUINA, PICA, and XA)
were quantified in form of their butylated derivatives.
Although no validation process was carried out on this
device, quality control (QC) samples were prepared and
measured during the analysis and some samples were
tested in the original setup as well. As a result of the lat-
ter one, the obtained values were completely matched
with each other, and furthermore 3-HK metabolite can
be quantified in a lower concentration range with Xevo
TQ-S. All samples were measured in duplicates, except

Table 1 General and clinical data of cluster headache patients and healthy control subjects (mean = standard deviation)

Episodic cluster headache patients  Healthy control subjects

Gender

Age (years)

Number of subjects in different groups and number of samples in differ-

ent periods of headache

Clinical data of Cluster headache patients (interbout and ictal samples)

Disease Duration (years)

Attack frequency (attack/year)

Duration of cluster period (days)

Last attack before the interbout cupping (days)
Beginning of attack until ictal cupping (hours)
Start of cluster period during ictal sampling (days)
Previous last attack before the ictal sampling (days)

Male (n=21)
Female (h=3)
36.58+862

Patients, n=24
Interbout sample, n=19
Ictal sample, n=11
Paired samples, n=6

579+453and 11.18+6.98
1.324+0.58 and 1.45£0.52
35.95+43.84 and 49.36 +47.20
152.05+£197.70

4.18+6.64

21.64+17.06

198.50+244.47

Male (n=18)

Female (n=4)
32.75£10.79

Subjects, n=22

No regular headache syn-

dromes, chronic diseases and
drugs
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QC samples (15-15 replicates for control and cluster
headache groups).

Statistical analysis

We performed statistical analysis forming 2 groups:
healthy control (n=22) and interbout CH patients
(n=19), then forming 3 groups: healthy control (n=22),
interbout CH patients (=13 independent samples) and
ictal CH patients (m=11). In all cases, the normality and
homogeneity of variance were tested; afterwards, Mann—
Whitney U and Kruskal-Wallis tests were run. The effect
of clinical parameters (age, disease duration, attack fre-
quency, cluster duration, onset of cluster and attack,
previous clusters, etc.) on the metabolic changes was
investigated in the interbout and ictal subgroups using
linear regression models. Mean and standard deviation
values were indicated in the description of the results,
while median of data and value of interquartile range
(IQR) were represented in the figures. Significance level
was accepted at p <0.05.

To confirm the results of the univariate statistical anal-
yses, we performed an additional multivariate analysis to
assess whether the altered metabolite profile of the tryp-
tophan pathway observed in cluster headache patients
is able to accurately distinguish them from the healthy
control group. To do this, we chose a partial least squares
(PLS) model extended with a linear discriminant analysis
(LDA) using the latent variables acquired from the PLS
analyses [17], a model that performed well in our previ-
ous study [15]. In addition to metabolite levels, age was
included as a confound variable in the model to assess
how it affects metabolite levels. Classification was per-
formed between cluster interbout vs. healthy, cluster ictal
vs. healthy and cluster ictal vs. cluster interbout groups.
The PLS-LDA analysis was performed in Matlab R2021
(MathWorks, inc.) using the libPLS package.

Results

Differences in plasma levels of Trp metabolites

between interbout/ictal periods of CH patients and healthy
controls

Compared to the healthy control group (n=22) we
detected significantly lower plasma concentrations of
KYN (2150.22 +474.83 vs. 1771.38 £399.71; p < 0.01), but
higher QUINA levels (361.08 & 164.89 vs. 463.39 4 96.36;
p<0.005) in the interbout phase of CH patients (n=19)
(Fig. 1a). In the analysis of 3 groups (control, n =22; inter-
bout, #=13; ictal, n=11), the level of KYN decreased
further in the ictal period (1581.99 4328.13; p <0.006).
The significant QUINA increase was maintained in the
attack-free period compared to controls (475.91 +103.72;
p<0.015), however its concentrations returned below
the control value during attacks (Fig. 1b, Table 2). The
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interbout data of 6 CH patients, whose plasma samples
were collected from both periods, were excluded from
this statistical analysis in order to create independ-
ent groups. Other metabolites did not show any signifi-
cant differences between groups. Details are included in
Table 3.

The PLS-LDA model achieved the best classifica-
tion results with 3 latent variables extracted in the PLS
decomposition, with a sensitivity of 69.23%, a specific-
ity of 93.33% and an AUC of 0.93 (RMSE =0.18) in the
comparison of cluster interbout (n=13) vs. healthy
control (n=15) (Fig. 2a); with a sensitivity of 77.78%, a
specificity of 100% and an AUC of 0.98 (RMSE=0.14) in
the comparison of cluster ictal (n=9) vs. healthy control
(n=15) (Fig. 2b); with a sensitivity of 77.78%, a specific-
ity of 92.31% and an AUC of 0.94 (RMSE =0.14) in the
comparison of cluster ictal (n=9) vs. cluster interbout
(n=13) (Fig. 2c). Metabolites which proved most defini-
tive in the classification (chosen as having a VIP of > 1; see
the Supplementary files 1 and 2 for further details) were
similar to those that showed alterations in the CH group,
namely KYN and QUINA. In addition, the 5-hydroxy-
tryptamine (5-HT), PICA, XA and 3-HANA seem to be
remarkable predictors in comparisons of interbout/ictal
vs. healthy control, while in CH patients the metabolic
changes between the interbout and headache phases may
be defined by the 3-HK, XA, QUINA, KYNA, KYN and
the age.

Because of the relative scarcity of cluster headache
patients in general, we conducted a post-hoc power
analysis for the multivariate analysis to assess its vailidity
using the area under the curve (AUC) as effect size for
the classification. Using the method described in [18], we
found that, compared to a null hypothesis of AUC=0.5,
the statistical power for detecting an AUC of 0.9 in all
three classification analyses would be over 99%.

Relationship between altered plasma Trp metabolites

in the interbout/ictal periods of patients and clinical
features of CH

Mild linear relationships were revealed between the dis-
ease duration and concentration changes of interbout
QUINA levels (n=19; p<0.048, R= —0.459) (Fig. 3a).
Moderate association was detected between the total
number of CH attacks experienced during the lifetime
of patients (disease duration x attack frequency) and the
altered interbout KYN concentrations (n=19; p<0.024,
R= —0.516) (Fig. 3b). Significant correlations were found
using linear regression models between the age of healthy
controls and their plasma Trp (p<0.005, R= —0.682),
KYNA (p<0.040, R=—0.534), 3-HANA (p<0.025,
R=—0.573) and QUINA (p<0.025, R= —0.574) lev-
els. We found negative association between the ictal
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Fig. 1 aand b Significant changes of KYN and QUINA plasma levels in the interbout/ictal periods of CH patients compared to healthy control
subjects. Median of data and value of interquartile range were represented in the figures. KYN: L-kynurenine, QUINA: quinolinic acid

Table 2 Plasma concentrations of Trp metabolites in healthy controls and interbout period of cluster headache patients

Metab. (nM) Groups: median = IQR p-values
between
1. Healthy control (n=22) 2. Cluster interbout (n=19) groups
Trp 57,737.784+21,948.78 50,965.09 £ 18,854.21 0.601
KYN 205942472039 1668.05+ 52645 0.010
KYNA 43.56426.30 3949+ 16.14 0.497
ANA 4418 +3448 35.25+20.56 0.229
3-HK 41.034+15.78 443141296 0.530
XA 15.41£10.81 13.904+8.92 0.174
3-HANA 49.18+32.17 53.69+31.54 0320
PICA 482043474 349642457 0.296
QUINA 431.58+23342 453.82+180.95 0.005
5-HT 43.724+311.28 216.34£229.24 0.157
5-HIAA 42.59421.55 43.894191.80 0.143

Significant differences were revealed between control and interbout data in cases of KYN and QUINA

IQR interquartile range, Metab metabolites, Trp Tryptophan, KYN L-kynurenine, KYNA Kynurenic acid, ANA Anthranilic acid, 3-HK 3-hydroxikynurenine, XA Xanthurenic
acid, 3-HANA 3-hydroxianthranilic acid, PICA Picolinic acid, QUINA Quinolinic acid, 5-HT 5-hydroxytryptamine, 5-HIAA 5-hydroxiindoleaceticacid
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Table 3 Plasma concentrations of Trp metabolites in healthy controls and cluster headache patients in both interbout and ictal

periods
Metab. (nM) Groups: Median £ IQR p-values
between
1. Healthy Control (n=22) 2. Cluster Interbout (n=13) 3. ClusterIctal (n=11) groups
Trp 57,737.78 £21,948.78 57,696.19 4 20,535.86 49,724.64 4+ 16,000.00 0.839
KYN 2059.424720.39 1668.05+570.59 1462.54+578.66 1-3:0.006
KYNA 43.564+26.30 41.56£25.90 3260+ 14.11 0.183
ANA 44.18+34.48 3525+23.61 28.12+£19.57 0.164
3-HK 41.03£15.78 4431£16.11 33.92+35.60 0.643
XA 15.41£10.81 16.00+10.86 11.804+8.97 0.247
3-HANA 49.184+32.17 53.61+£3298 45.60423.86 0.779
PICA 48.20434.74 39.01£27.71 3143+£16.69 0.259
QUINA 431.58+23342 453.82+206.39 403.354109.50 1-2:0.015
5-HT 43724311.28 221.98£360.68 366.25+412.22 0.070
5-HIAA 42.59421.55 46.714+10.66 432141289 0.124

All p-values were added in the table between control and headache periods of cluster patients. Significant differences were revealed between control and ictal data in

case of KYN and between control and interbout data in case of QUINA

IQR interquartile range, Metab metabolites, Trp Tryptophan, KYN L-kynurenine, KYNA Kynurenic acid, ANA Anthranilic acid, 3-HK 3-hydroxikynurenine, XA Xanthurenic
acid, 3-HANA 3-hydroxianthranilic acid, PICA Picolinic acid, QUINA Quinolinic acid, 5-HT 5-hydroxytryptamine, 5-HIAA 5-hydroxiindoleaceticacid

concentrations of ANA and the age of CH patients
(n=11; (p<0.037, R= — 0.696). The other examined clin-
ical parameters did not show correlation with the plasma
concentrations of metabolites.

Discussion

In this preliminary study, we examined the periph-
eral Trp metabolism in 24 episodic CH patients and in
healthy control subjects, particularly the alterations of
plasma kynurenine metabolites between cluster periods,
and during headache attack in the cluster phase. We paid
special attention to examining whether there are rela-
tionships between metabolic changes and the duration of
disease, the frequency of attacks, the age, the number of
hours spent in a headache, etc. Previously, we identified
significantly decreased plasma levels of Trp, KYN, ANA,
XA and PICA during the interictal period in episodic
migraine patients compared to healthy control subjects.
However, little is known about changes of kynurenine
metabolites in CH patients.

Our current data show that the plasma level of
KYN significantly decreased, while the concentra-
tion of QUINA increased during the interbout period
of CH patients compared to controls, in contrast to the
migraine data, where the entire metabolic route was sig-
nificantly depressed during the attack-free period. The
neuroprotective KYN and the neurotoxic QUINA stand
out from the Trp pathway in CH patients.

In order to assess how the observed changes in Trp
metabolism would perform in classifying interbout
and ictal cluster groups from healthy participants, we

conducted a multivariate analysis, PLS-LDA, that uses
multiple variables to solve a classification problem. We
observed high classification accuracy for all three pair-
ings, which means that Trp metabolites have potential
for use in data-driven classification of cluster patients.
However, a cardinal limitation in this analysis is the low
number of cluster headache patients, which makes out-
of-sample validation and the use of more sophisticated
machine learning classifier models difficult. Future stud-
ies could aim to solve this problem and improve classifi-
cation by pooling data from multiple headache centers.
The profile of plasma kynurenine metabolites
showed declining trend during the interbout period
compared to healthy subjects, however there are
four exceptions: the 3-HK, the XA and the 3-HANA
showed rising tendency, while the level of QUINA
was significantly higher during the attack-free phase
(Table 3). It means if the concentrations of latter mol-
ecules start to rise during the interbout period, it will
shift the metabolic balance of Trp pathway toward the
toxic direction, subsequently it can initiate attacks, for
example they can induce glutamatergic hyperexcit-
ability thorough NMDA-receptors agonism [19, 20].
Meanwhile, the protective function of KYN does not
prevail, because its level constantly and significantly
decreases during both the attack-free and ictal peri-
ods. Since the KYN-QUINA conversion is significant
in the interbout period, it will result in neurotoxic
compounds are present in increasing quantities when
the patients seem to be well, however these processes
are the forerunners of the attack. These metabolic
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changes, especially the accumulation of toxic com-
pounds and other environmental or endogenous fac-
tors can be triggers for the appearance of cluster
headache [16, 21]. Then the concentration of QUINA
returns to the control values, but the level of KYN fur-
ther decreases. Since we could not measure the altera-
tions of kynurenine metabolites between attacks in the
cluster period, it is hypothesized that the decreased
KYN concentration is maintained during the cluster
period, which can last from weeks to months. How-
ever, this bout period is enough long to happens some
changes in the lifestyle of patients, which can help to
eliminate the attacks. Consequently, the balance of
KP can restore at the end of cluster period. There are
external and/or internal factors, which can affect the
onset and end of headache. 1.) It is known that there
are abnormalities in the biological clock of body in CH
patients, which is supervised by the hypothalamus and
related to the seasonal appearance of disease [22, 23]
2.) Although, the chronic stress, the sleep deprivation,
the depression and the hormonal changes, as interre-
lated agents, are usually not the most relevant provok-
ing factors of CH unlike the migraine, but through the
KP can indirectly influence the development and the
duration of headache period [24-26] 3.) Certain foods
(e.g. Trp-rich diet), drinks (e.g. alcohol) and medica-
tions (e.g. nitroglycerine) may also be involved in these
processes: the increased Trp intake might be useful to
elevate the protective KYN or KYNA levels not only
in migraineurs but also in CH patients, but drinking
alcohol during the cluster period can increase the risk
of severe headache [27, 28]. Therefore the relationship
between KP and alcohol consumption confirmed in
study of Leclercq and her co-workers can imply theirs
association with CH too: increased concentrations of
QUINA and decreased levels of KYNA were observed
in alcohol use disorder patients. These metabolic
alterations are equal with results observed in our CH
patients concerning theirs KP [29]. There is a complex
relationship between peripheral and central Trp path-
ways, so it is unknown whether plasma concentrations
assessed in our study reflect brain concentrations of
metabolites. Speculative theories were summarized in
our previous migraine study [15]. If favorable changes
can occure during the cluster period, which can re-
integrate the balance of KP, it can help to stop the
attacks. This is followed by a remission period, when
headaches no occurs for months and sometimes even
years, then enigmatic trigger causes imbalance in the
KP, which results altered glutamate neurotransmis-
son. These adverse changes can caueses development
of attack.
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Summary
Our results provided that the increased QUINA level par-
allel with the decreased KYN level are triggers of the CH
during the interbout period. When the headache attack
starts the concentration of KYN further decreases, whilst
the level of QUINA returns to the control level. During
the cluster period the KYN maintains at low level until
the Trp metabolism is resolved as a result of some inter-
nal and/or external factors mentioned above. Presumably,
the level of KYN returns to the control value at the end of
cluster period and later, when starts the following clus-
ter period the concentration of KYN decrease and QUIN
increase, which results altered glutamate neurotransmis-
sion and hyperexcitability in the central nervous system.
To the exploration of metabolic alterations, it
would be necessary to collect plasma samples sev-
eral times during both the interbout and ictal periods,
which contribute to the better understanding of CH
pathomechanism.

Limitations

Limitations of our study: number of samples, particularly
the ictal samples, PLS-LDA model requires out-of-sam-
ple validation, missing of dietary intake monitoring.
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