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Background Neuroinflammatory diseases such as encephalitis, meningitis, multiple sclerosis and other neurologi-
cal diseases with inflammatory components, have demonstrated a need for diagnostic biomarkers to define treatable
and reversible neuroinflammation. The development and clinical validation of a targeted translational inflammation
panel using liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) could provide early diagno-
sis, rapid treatment and insights into neuroinflammatory mechanisms.

Methods An inflammation panel of 13 metabolites (neopterin, tryptophan, kynurenine, kynurenic acid, 3-hydroxyky-
nurenine, xanthurenic acid, anthranilic acid, 3-hydroxyanthranilic acid, quinolinic acid, picolinic acid, arginine, cit-
rulline and methylhistamine) was measured based on a simple precipitation and filtration method using minimal
CSF volume. The chromatographic separation was achieved using the Acquity UPLC BEH C18 column in combina-
tion with a gradient elution within a 12-min time frame. Acute encephalitis (n=10; myelin oligodendrocyte glycopro-
tein encephalitis n=3, anti-N-methyl-D-aspartate encephalitis n=2, acute disseminated encephalomyelitis n=2,
herpes simplex encephalitis n=1, enteroviral encephalitis n=1) and frequency-matched non-inflammatory neurologi-
cal disease controls (n=10) were examined.

Findings The method exhibited good sensitivity as the limits of quantification ranged between 0.75 and 3.00 ng
mL�1, good linearity (r 2

> 0.99), acceptable matrix effects (<§ 19.4%) and high recoveries (89.8-109.1 %). There
were no interferences observed from common endogenous CSF metabolites, no carryover and concordance with
well-established clinical methods. The accuracy and precision for all analytes were within tolerances, at <§ 15 mean
relative error and < 15 % coefficient of variation respectively. All analytes in matrix-matched pooled human CSF cali-
brators and human CSF extracts were stable for 24 h after extraction and two freeze-thaw cycles.

Interpretation The method was successfully applied to a pilot study investigating acute brain inflammation case-
control groups. Statistical discrimination between encephalitis (n=10) and control groups (n=10) was achieved using
orthogonal partial least squares discriminant analysis and heatmap cluster analysis. Statistical analysis of the mea-
sured metabolites identified significant alterations of seven metabolites in the tryptophan-kynurenine pathway (tryp-
tophan, kynurenine, kynurenic acid, 3-hydroxykynurenine, anthranilic acid, 3-hydroxyanthranilic acid, quinolinic
acid), arginine and neopterin in presence of acute neuroinflammation. Furthermore, elevated ratios of CSF kynure-
nine/tryptophan ratio, quinolinic acid/kynurenic acid and anthranilic acid/3-hydroxyanthranilic acid provided strong
discriminative power for neuroinflammatory conditions. Studies of large groups of neurological diseases are
required to explore the sensitivity and specificity of the inflammation panel.
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Research in context

Evidence before this study

The significant morbidity and mortality rates of neuroin-
flammatory diseases has resulted in efforts to measure
metabolites contributing to the pathophysiological pro-
cesses. Several studies in neuroinflammatory diseases
have reported alterations in the pterin, tryptophan-
kynurenine and nitric oxide pathways. Moreover, our
previous untargeted CSF metabolomics study identified
statistical significance of nine tryptophan-kynurenine
metabolites, four nitric oxide pathway metabolites and
neopterin in acute encephalitis.

Added value of this study

Diagnostic biomarkers are important to define treatable
and reversible neuroinflammation. In this study we
developed and clinically validated an inflammation
panel measuring thirteen cerebrospinal fluid metabo-
lites from pterin, tryptophan-kynurenine and nitric
oxide pathways. The inflammatory panel shows promis-
ing robustness and reproducibility in this pilot study.

Implications of all available evidence

Early detection of inflammation is crucial to ensure effi-
cient treatments and improved clinical outcomes. We
present a time and cost efficient LC-MS/MS method for
routine applicability to translational clinical care.
Introduction
Inflammation of the brain is increasingly recognised in
acute neuroinflammatory diseases (such as encephalitis
and multiple sclerosis), but also neurodevelopmental,
neuropsychiatric and neurodegenerative processes.1-5

The immune response upon inflammation induces the
initiation and alteration of a wide range of neuroactive
metabolites. The analysis of cerebrospinal fluid (CSF)
specimens holds promise in the diagnosis of neurologi-
cal pathologies.6

Inflammatory responses are coordinated through
cellular and molecular interactions mediated by chemo-
kines, cytokines or reactive oxygen species.7 The
production of inflammatory mediators is formed from
peripherally derived immune cells, CNS glia and endo-
thelial cells. For example, C-reactive protein (CRP) is a
clinical biomarker used to measure systemic inflamma-
tion.8-10 Pro-inflammatory cytokine and chemokines
(such as interleukin-6 (IL-6), IL-8, interferon-g (IFN-g),
IFN-inducible protein-10 (IP-10), chemokine [C-X-C
motif] ligand 13, B-cell activating factor) are associated
with acute and chronic neuroinflammatory diseases,11-15

however these cytokines/chemokines have limitations
in clinical translation due to limited data on normative
ranges and prolonged turnaround time involved in
batch testing.16,17 Although peripheral blood bio-
markers are less invasive, cost efficient and easy to
access, they fail to discriminate neuroinflammation
from systemic inflammation. By contrast, cerebrospinal
fluid (CSF) is the closest biofluid to the brain and
directly reflects the pathophysiological alterations of the
CNS. The importance of simultaneous CSF and plasma
analyses has been demonstrated in several studies.18-20

Metabolites are crucial for cellular functions, and
small molecule metabolites such as amines, amino
acids, neurotransmitters, fatty acids and products of cel-
lular activities hold great potential bridging the knowl-
edge of human diseases.21 Our previous untargeted
metabolomics study demonstrated CSF neopterin, nine
tryptophan-kynurenine metabolites and four nitric
oxide pathway metabolites differentiated acute encepha-
litis from non-inflammatory controls.22 Neopterin is
metabolised from the guanosine triphosphate pathway
and is a direct product generated by the stimulation of
g-interferon (Figure 1). Neopterin is a well-established
and valuable acute clinical biomarker of inflammation
and infection in the central nervous system.23,24 The
kynurenine pathway is a major route for the metabolism
of tryptophan and plays a key role in neuroinflamma-
tion-mediated kynurenine dysregulation.25,26 Under
basal conditions, indoleamine 2,3-dioxygenase plays a
minor role in the metabolism of tryptophan.27 Inflam-
mation-induced activation of indoleamine 2,3-dioxyge-
nase stimulates the accelerated breakdown of
tryptophan and imbalance formation of neuroprotective
(e.g. kynurenic acid) and neurotoxic metabolites (e.g. 3-
hydroxykynurenine, quinolinic acid) (Figure 1). Nitric
oxide is a critical gasotransmitter involved in the
www.thelancet.com Vol 77 Month March, 2022
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Figure 1. Summary of targeted pathways associated with neuroinflammation (a) neopterin pathway, (b) tryptophan-kynurenine
pathway and (c) nitric oxide pathway. Modifications from Yan et al.21
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regulation of physiological processes, neurotransmis-
sion, defence mechanisms, acute and chronic
inflammation.28,29 The short half-life, rapid diffusion
rate and gaseous nature poses an analytical challenge in
the quantification of nitric oxide, therefore the measure-
ment of more stable metabolites in the nitric oxide path-
way is more practical. Nitric oxide is synthesised by
nitric oxide synthases from arginine and citrulline
(Figure 1). Arginine and citrulline play an important
role in the immune responses and their availability dur-
ing inflammation may serve as potential neuroinflam-
matory biomarkers.30

Preliminary studies predominantly employ discov-
ery-based untargeted approaches, however, to success-
fully translate research data there is a growing demand
for quantitative-driven methods. Metabolites in the tryp-
tophan-kynurenine pathway, nitric oxide pathway and
neopterin have been measured in CSF using gas chro-
matography-mass spectrometry, high performance liq-
uid chromatography coupled to ultra-violet or
fluorescence detection, LC-MS/MS and enzyme immu-
noassay.31-37 However, to date there has been no method
reported to simultaneously quantify and validate neo-
pterin and metabolites from the tryptophan-kynurenine
pathway and nitric oxide pathway in human CSF for
diagnostic purposes and clinical translation.

This study aimed to develop and clinically validate a
translational LC-MS/MS method capable of detecting
and quantifying neopterin and metabolites from the
tryptophan-kynurenine pathway and nitric oxide
www.thelancet.com Vol 77 Month March, 2022
pathway. We intend to deliver a simple and cost-effec-
tive method capable of processing samples individually
with a rapid turnaround time for translational clinical
care.
Methods

Chemicals and reagents
3-hydroxyanthranilic acid, 3-hydroxykynurenine, anthra-
nilic acid, kynurenic acid, quinolinic acid, L-tryptophan,
L-kynurenine, picolinic acid, xanthurenic acid, arginine
and citrulline were purchased as powders from Sigma
Aldrich (Sydney, Australia). Neopterin and methylhist-
amine were purchased from Novachem (Victoria, Aus-
tralia). The thirteen metabolites are associated with
neuroinflammation21 and reported as statistically signif-
icant in an untargeted CSF metabolomics study22 and
hence selected as targeted metabolites of interest for the
neuroinflammation panel.

D3-kynurenic acid and 15N-neopterin were supplied
by CDN Isotopes (Quebec, Canada). D3-tryptophan, D4-
kynurenine, 13C2-3-hydroxykynurenine, D3-3-hydrox-
yanthranilic acid, 13C6-arginine and D7-citrulline were
from Toronto Research Chemicals (Toronto, Canada).
HPLC grade acetonitrile, Ammonium formate, acti-
vated charcoal, metaphosphoric acid (MPA), ethylene-
diaminetetraacetic acid (EDTA) and Whatman filter
paper were purchased from Sigma Aldrich (Sydney,
Australia). Fresh Type I Water from a Millipore Elix
3
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Essential and Synergy-UV were used. Formic acid was
supplied by Fisher Chemical (Fair Lawn, New Jersey).
The Nanosep 0.2 mM and Nanosep with 3K omega cen-
trifugal devices were supplied by Pall Australia Pty Ltd
(Victoria, Australia). The catalogue numbers of the
reagents and chemicals are provided in Supplemental
Table 1.
Study design and participants
The study was conducted across two groups of human
CSF patient samples that have not been used in any previ-
ous studies, obtained from the Department of Biochemis-
try at the Children’s Hospital at Westmead, Sydney,
Australia (Supplemental Table 2). The encephalitis group
(n=10, eight females, two males; mean [median] age 6y
4mo [5y], range 1�16y) all fulfilled encephalitis criteria11

(myelin oligodendrocyte glycoprotein encephalitis n=3,
anti-N-methyl-D-aspartate encephalitis n=2, acute dissemi-
nated encephalomyelitis n=2, herpes simplex encephalitis
n=1, enteroviral encephalitis n=1). CSF was frozen within
1 hour of sampling and stored at �80°C until the time of
processing. The CSF tube analysed in the pilot study was
not used for routine testing and thawed only once after
sampling.

The controls were frequency-matched based on age
and gender (n=10; six females, four males; mean
[median] age 7y 3mo [7y 6mo], range 3mo�14y) had
non-inflammatory neurological diseases.
Ethics
The Sydney Children’s Hospitals Network Ethics Com-
mittee approved this study (LNR/14/SCHN/275; 2019/
ETH06182), including informed consent from parents
and/or guardians.
Preparation of standard solutions
Matrix matched in-house calibrators and tri level quality
controls were prepared by appropriately spiking char-
coal stripped pooled human CSF. Charcoal stripped
pooled human CSF was prepared by adding 3 g activated
charcoal (Sigma Aldrich, Australia) to 50 mL of pooled
human CSF and mixed using a shaker for 4 hours at 5 °
C, followed by centrifugation at 3000 g for 20 minutes
and filtration of the supernatant using a Whatman filter
paper (Sigma Aldrich, Australia).

A 5 mg mL�1 mixed standard solution containing all
thirteen metabolites was prepared and stored in -40°C.
The mixed standard was added to charcoal stripped
pooled human CSF to prepare the calibrators. A 2 mg
mL�1 mixed internal standard solution was prepared in
water and stored in aliquots of 100 mL and stored at
-40°C.
CSF sample preparation
Two different sample preparation protocols were
employed. Two aliquots of 80 mL were prepared from
the calibrators and human CSF patient and control sam-
ples for LC-MS/MS analyses.

The analysis of tryptophan, kynurenine, kynurenic
acid, xanthurenic acid, 3-hydroxyanthranilic acid and
quinolinic acid was prepared by deproteinising 80 mL of
human CSF with 20 mL of MPA/EDTA solution in
Nanosep 0.2 mM centrifugal devices. The mixed IS solu-
tion was added to the precipitation reagent MPA/EDTA
solution resulting in an overall ten-fold dilution. The
CSF samples were vortexed for 60 seconds and precipi-
tated in ice at 4°C for 20 minutes. This was followed by
centrifugation for 15 minutes at a temperature of 5°C
and velocity of 4000 g. The supernatant was collected
and injected into the LC-MS/MS.

The analysis of neopterin, 3-hydroxykynurenine,
anthranilic acid, picolinic acid, arginine, citrulline and
methylhistamine were prepared by adding 20 mL of the
diluted mixed IS solution to 80 mL of human CSF in
Nanosep 0.2 mM centrifugal devices. The CSF samples
were vortexed for 60 seconds, left in ice at 4°C for 20
minutes and subsequently centrifuged for 15 minutes at
a temperature of 5°C and velocity of 4000 g. The super-
natant was collected and injected into the LC-MS/MS.

Seven calibration points were prepared similarly by
spiking charcoal stripped pooled human CSF with the
mixed standard solution at concentrations of 5, 20, 50,
100, 250, 500 and 1000 ng mL�1. Three quality control
(QC) samples were prepared by spiking charcoal
stripped pooled human CSF with another mixed stan-
dard solution at 10 (low QC), 300 (medium QC) and
2000 ng/mL (high QC).
Liquid Chromatography coupled to tandem mass
spectrometry
Ultra performance liquid chromatography coupled to
tandem mass spectrometry analyses were performed
using a Waters ACQUITY UPLC I-Class System UPLC
system coupled to a Xevo TQ-XS triple quadrupole
mass spectrometer (Waters, Manchester, UK). The
same chromatographic programme and mass spectro-
metric parameters was applied to both sample prepara-
tion methods.

The chromatographic separation of metabolites was
achieved using the Acquity UPLC BEH C18 column (2.1
mm £ 150 mm 1.7 mm particle size) at a flow rate of
0.25 mL min�1 and an injection volume of 5 mL. The
mobile phases consisted of 10 mM ammonium formate
and 0.1 % formic acid in water (A) and 0.1 % formic
acid in acetonitrile (B). The gradient programme was: 0
to 2.5 minutes (0 % B), 2.5 to 4.5 minutes (0-10 % B),
4.5 to 6.5 minutes (10-30 % B), 6.5 to 8 minutes (30-35
% B), 8 to 8.5 minutes (35- 100 % B), 8.5 to 8.6 minutes
(100-0 % B) and 8.6 to 12 minutes (0 % B).
www.thelancet.com Vol 77 Month March, 2022



Articles
The mass spectrometer was operated in the multiple
reaction monitoring mode using positive electrospray
ionisation. The precursor ion, most abundant product
ions, optimal cone voltage and collision energy were
identified for each analyte using the MassLynx 4.1 Soft-
ware. The source conditions were as follows: source
temperature of 150 °C, desolvation temperature was
450 °C, nitrogen gas flow rate of 900 L hr�1, cone volt-
age 20 V and capillary voltage of 2.50 kV.
Method Validation
Method Validation was performed in accordance with
the International Organization for Standardization tech-
nical standard for medical laboratories38,39 and National
Association of Testing Authorities Australia General
Accreditation Guidance for validation and verification of
quantitative and qualitative test methods.40

Linearity of the calibration standards 5, 20, 50, 100,
250, 500 and 1000 ng mL�1 in matrix-matched CSF
were run in triplicate and assessed based on its ability to
establish an analyte: internal standard ratio response
proportional (r2 > 0.99) to the concentration of an ana-
lyte. The working ranges for 3- hydroxykynurenine, 3-
hydroxyanthranilic acid, anthranilic acid, picolinic acid
and methylhistamine (0- 250 ng mL�1); neopterin, qui-
nolinic acid, kynurenine, kynurenic acid and xanthur-
enic acid (0- 500 ng mL� 1); tryptophan, arginine and
citrulline (0-1000 ng mL�1) were assessed.

The limit of detection (LOD) and limit of quantifica-
tion (LOQ) was determined by spiking decreasing con-
centrations of the mixed stock solution into blank
stripped human CSF. The LOD of an analyte exhibits a
signal-to-noise ratio (S/N) is equal to 3 and the LOQ a
S/N equal to 10 whereby the instrument can reliably
quantify the analyte and fulfil the requirement of <15 %
coefficient of variation (CV) and § 15 % mean relative
error (MRE). Selectivity was investigated using a mixed
aqueous standard solution containing 40 compounds
closely related to the inflammation panel including
amino acids, biogenic amines and pterins were spiked
into the matrix-matched blank calibrator and human
CSF extract.

Accuracy and precision were determined using the
different concentrations of QC samples performed in
replicates (n = 6) on five independent days. Accuracy
was measured using % MRE and deemed accurate
when % MRE values were within the acceptable range
of § 15 % MRE. Intra- and inter-day precision was mea-
sured using % CV and regarded as precise when values
fulfilled the criteria of not exceeding 15 % CV.

Matrix effect and recovery studies were evaluated
using the standard addition method. For matrix effect
human CSF and haemolysed CSF samples were spiked
with 80 or 160 ng mL�1 of the mixed standard solution
and measured using a seven point neat standard calibra-
tion curve. Haemolysed CSF experiments were
www.thelancet.com Vol 77 Month March, 2022
conducted on haemoglobin concentrations of 12, 6 and
3 g L�1 using Nanosep 0.2 mM centrifugal devices and
Nanosep with 3K omega centrifugal devices. The differ-
ences in concentration between the spiked and blank
CSF samples represent the measured concentration of
the spiked analytes. Neat standard calibrators were used
to determine the concentration of the spiked analytes.
Matrix effect is reported as a percentage whereby > 0
implies presence of ion enhancement and < 0 means
ion suppression. An acceptable range for ion enhance-
ment or suppression is within § 20 %. The recovery of
the analytes was determined by comparing the detector
response of the spiked samples before and after extrac-
tion.

A series of stability experiments were performed to
assess the stability of the analytes under different exper-
imental conditions (post-preparative, freeze-thaw and
long-term). The comparison of concentrations of freshly
prepared matrix-matched calibrators, matrix-matched
quality controls and CSF samples stored under different
conditions were examined. For post-preparative stabil-
ity, matrix matched calibrators and QC’s and CSF sam-
ple extracts were left in the autosampler at a maintained
constant temperature of 8 °C and re-analysed at 24 h
and 48 h. The freeze-thaw stability cycles were assessed
using matrix-matched QC samples over a total of three
cycles. Low and medium QCs were frozen at -40 °C and
thawed in an ice-cold water bath at room temperature.
Long-term stability was conducted by testing low and
medium QCs stored in -40 °C at three different time
intervals; initial (t0), followed by once every two months
for 6 months (t1, t2 and t3). The concentrations of analy-
tes must not deviate greater than 15 % to the initial con-
centration to be regarded as stable.

For the robustness study, minor changes in the col-
umn temperatures, composition of mobile phases and
injection volumes were conducted to understand the
appropriate limits to the parameters of the method. Car-
ryover was assessed by the injection of blank solutions
following a high concentration calibrator (2000 ng
ml�1), performed in replicates. A method is deemed
free from carryover when the blank injections do not
yield a peak area greater than the LOD of the analyte
and a signal to noise (S/N) ratio higher than three.

A correlation study of this novel LC-MS/MS method
was conducted with other collaborating laboratories
using existing protocols41-43 on ten CSF samples for the
assessment of tryptophan, kynurenine, kynurenic acid,
3-hydroxykynurenine, anthranilic acid, 3-hydroxyanthra-
nilic acid, quinolinic acid, arginine, citrulline and neo-
pterin. Bland-Altman analysis was used to assess the
agreement between the quantitative methods.
Statistical methods
Data analyses were performed using Metaboanalyst 5.0
and SPSS version 25 (IBM Corp. Armonk, NY, USA)
5



Articles

6

and graphs were generated by GraphPad Prism 8
(GraphPad, San Diego, USA). Supervised orthogonal
partial least squares-discriminant analysis (OPLS-DA)
was used to identify intrinsic variation in the targeted
metabolites between the encephalitis and control
groups. A heatmap of the metabolites and samples
using Pearson’s correlation provided visualisation of the
metabolite data. The Mann-Whitney U test was con-
ducted and identified statistical significance in nine
metabolite concentrations between encephalitis and
controls. P-values of <0.05 was considered statistically
significant.
Role of funding source
Financial support for the study was granted by Dale
NHMRC Investigator grant APP1193648, Petre Founda-
tion and Cerebral Palsy Alliance. Funding sources had
no role in the design of this study, and did not have any
role during its execution, analyses, interpretation of the
data, or decision to submit results.
Results

Method Optimisation
The qualitative and quantitative analysis of the targeted
analytes was achieved through the determination of
Analyte Retention
time (min)

Precursor
ion[M + H]+

m/z

Neopterin 2.34 254 206

Tryptophan 6.74 205 188

Kynurenine 5.91 209 146

Kynurenic acid 6.85 190 144

3-hydroxykynurenine 3.21 225 162

Xanthurenic acid 6.46 206 160

Anthranilic acid 8.25 138 120

3-hydroxyanthranilic acid 6.66 154 136

Quinolinic acid 2.10 168 106

Picolinic acid 2.17 124 106

Arginine 1.41 175 116

Citrulline 1.47 176 159

Methylhistamine 1.44 126 109

15N-Neopterin 2.34 255 207

D3-Tryptophan 6.74 209 192

D4-Kynurenine 5.91 213 196

D3-Kynurenic acid 6.86 195 149

13C2-3-hydroxykynurenine 3.20 229 161

D3-3-hydroxyanthranilic acid 6.66 157 139

13C6-Arginine 1.41 181 121

D7-Citrulline 1.47 183 120

Table 1: Retention times, precursor ion and product ions of the targete
retention time, the monoisotopic mass [M + H]+ of the
ionised precursor ion and a minimum of two product
fragment ions for confirmatory purposes (Table 1). The
ion transitions were operated using the in-built software
MassLynx-Intellistart (v.4.1, Waters) to optimise colli-
sion energy, cone voltage and dwell time. All analytes
eluted within a twelve min window with arginine as the
first to elute at 1.41 min and anthranilic acid eluting last
at 8.25 min. The extracted ion chromatograms of the
metabolites in the neuroinflammation panel are pre-
sented in Figure 2.
Validation Experiments
The calibration curves for the analytes were linear over
the range from the LOQ to 1000 ng mL�1, with correla-
tion coefficients (r2) higher than 0.99 (Table 2). The
LOD and LOQ concentrations of the analytes were in
the range of 0.20-0.75 and 0.75-3.00 ng mL�1 (Table 2).
The method was highly selective to the targeted analytes
with no interferences from other endogenous compo-
nents in human CSF and matrix-matched charcoal
stripped pooled human CSF.

The results for accuracy, intra- and inter-run preci-
sion of the analytes are summarised in Table 3. The
accuracy ranged from -13.5 to 15.6 % MRE. The intra-
and inter-day precision values of the analytes were � 15
1st product ion 2nd product ion Cone Voltage

Collision
energy (eV)

m/z Collision
energy (eV)

16 190 20 25

10 118 24 24

18 192 8 18

20 116 28 40

18 110 8 22

18 188 28 34

10 92 22 20

12 108 20 26

14 150 8 24

10 96 16 22

12 158 10 26

8 113 16 22

35 97 35 13

18 191 20 28

10 148 16 30

8 150 20 22

10 121 28 30

6 211 8 44

10 111 18 10

14 164 10 30

16 166 8 22

d analytes.

www.thelancet.com Vol 77 Month March, 2022



Figure 2. Representative extracted ion chromatograms of the targeted metabolites in human cerebrospinal fluid. (a) Metabolites
prepared using the MPA/EDTA solution sample preparation method:1 quinolinic acid,2 kynurenine,3 xanthurenic acid4 3-hydroxyan-
thranilic acid5 tryptophan and6 kynurenic acid. (b) Metabolites prepared by adding 20 mL of diluted mixed IS solution sample prepa-
ration method:7 methylhistamine,8 arginine,9 citrulline,10 picolinic acid,11 neopterin (c)12 3-hydroxykynurenine and13 anthranilic acid.
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% for all QC concentrations. The data met the accept-
able method validation criteria, indicating the perfor-
mance of the analytical method is accurate and precise.

The recoveries for all analytes ranged from 89.8 to
109.1 % demonstrating the suitability of the sample
preparation method for the extraction of the targeted
metabolites in human CSF. The standard addition
method was used to assess the matrix effects present in
Analyte Linearity (r2)

Neopterin 0.998

Tryptophan 0.996

Kynurenine 0.995

Kynurenic acid 0.994

3-hydroxykynurenine 0.996

Xanthurenic acid 0.988

Anthranilic acid 0.990

3-hydroxyanthranilic acid 0.993

Quinolinic acid 0.992

Picolinic acid 0.997

Arginine 0.990

Citrulline 0.992

Methylhistamine 0.993

Table 2: Linearity, LOD and LOQ of the validated method.

www.thelancet.com Vol 77 Month March, 2022
human CSF (Table 4). In human CSF, the matrix effects
of the targeted analytes were within tolerances (§ 20%),
ranging from -19.4 to 14.9 %. This indicates the method
is not affected by ionisation suppression or enhance-
ment. Furthermore, CSF blood contamination can
cause misinterpretations of data analysis and metabolic
profiles.44 The results for matrix effects investigated at
three haemoglobin concentration levels (12, 6 and 3 g
LOD (ng/mL) LOQ (ng/mL)

0.20 1.00

0.30 1.00

0.20 1.00

0.20 0.75

0.30 2.00

0.30 1.00

0.25 1.00

0.50 2.00

0.20 0.75

0.30 2.00

0.30 1.50

0.20 1.00

0.75 3.00
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Analyte Accuracy (% MRE) Intra-run precision(% CV) Inter-run precision(% CV)

10 ng/mL 300ng/mL 2000
ng/mL

10 ng/mL 300ng/mL 2000
ng/mL

10 ng/mL 300ng/mL 2000
ng/mL

Neopterin -6.60 -2.96 5.56 4.05 9.52 4.55

Tryptophan 12.3 6.69 7.97 11.0 10.6 7.62 6.59 8.20 8.53

Kynurenine -12.2 1.05 11.9 6.29 3.78 7.41 5.78 7.48 13.1

Kynurenic acid 2.29 -12.9 7.09 4.98 4.02 3.82 14.8 12.4 8.42

3-hydroxykynurenine 2.27 8.87 7.44 9.49 13.8 8.34

Xanthurenic acid -2.84 -3.31 1.34 7.24 10.8 4.23 14.5 12.2 11.5

Anthranilic acid 6.76 -4.02 6.08 8.36 4.08 2.75

3-hydroxyanthranilic acid -3.96 10.7 4.90 6.16 12.3 8.51

Quinolinic acid 11.09 9.3 11.8 9.48 12.6 8.45

Picolinic acid 5.53 2.32 5.19 4.24 8.49 3.62

Arginine 15.6 0.10 -6.81 14.9 8.79 5.24 8.88 11.3 12.2

Citrulline 11.8 12.1 12.3 5.74 4.26 8.16 9.89 8.67 9.95

Methylhistamine -13.5 -10.9 11.6 12.3 14.1 6.95

Table 3: Accuracy and precision data of the method for the targeted analytes at different QC concentration levels (n = 6). For metabolites
with a lower working range (neopterin, 3-hydroxykynurenine, 3-hydroxyanthranilic acid, anthranilic acid, quinolinic acid, picolinic acid
and methylhistamine) only two QC concentrations were assessed.
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L�1) and using two different centrifugal devices (Nano-
sep 0.2 mM and Nanosep with 3K omega centrifugal
devices). The Nanosep 0.2 mM centrifugal devices
showed 3-hydroxyanthranilic acid and kynurenic acid
were not affected at a haemoglobin concentrations of 12
and 6 g L�1 respectively. The Nanosep with 3K omega
centrifugal devices showed acceptable matrix effects for
tryptophan, kynurenic acid and 3-hydroxyanthranilic
acid at 12 g L�1 and neopterin and kynurenine at 3 g
L�1. 3-hydroxykynurenine, xanthurenic acid, anthranilic
acid, arginine, citrulline and methylhistamine showed
significant ion suppression in haemolysed CSF whilst
quinolinic acid and picolinic acid were enhanced.

For post-preparative stability, the analytes in
medium and high QC concentrations were able to
maintain stability for 48 hours in the autosampler at a
Analyte Matrix effect of
human CSF (%)

Recovery of
human CSF (%)

Neopterin -19.4 97.0

Tryptophan -12.2 95.6

Kynurenine -4.3 94.0

Kynurenic acid -10.4 93.1

3-hydroxykynurenine 1.04 89.8

Xanthurenic acid 7.76 109.1

Anthranilic acid -16.6 91.7

3-hydroxyanthranilic acid 4.15 92.2

Quinolinic acid 3.94 103.3

Picolinic acid 14.9 107.8

Arginine -9.69 95.2

Citrulline -16.8 93.9

Methylhistamine -17.5 109.0

Table 4: Matrix effect and recovery results of all analytes (n = 5).
constant temperature of 4 °C. At the low QC concentra-
tion tryptophan, kynurenic acid, 3-hydroxykynurenine,
xanthurenic acid, arginine, neopterin and methylhist-
amine were unstable. Most analytes in human CSF
were stable for 48 hours in the autosampler at a con-
stant temperature of 4 °C except for arginine, neopterin
and methylhistamine. In a clinical setting, stock solu-
tions are used over an extended period, hence, freeze-
thaw and long-term stability experiments were sub-
jected to extensive analysis (Table 5). A majority of the
metabolites at all concentration were stable for at least
two freeze-thaw cycles with the exception of xanthurenic
acid, 3-hydroxyanthranilic acid, arginine and methyl-
histamine. The long-term storage of matrix-matched
working solutions showed the metabolites were stable
for at least 180 days.

Following the injection of a high concentration cali-
brator the responses of analytes in the blank samples
were zero or significantly less than the LOD peak areas.
This supported the method is free from carryover and
the gradient programme is efficient in flushing out any
remaining analytes between runs.

The rapid increase and demand for diagnostic
tests in medical laboratories requires a quantitative
method to demonstrate the clinical measurement of
a potential biomarker is reproducible and reliable.
Bland-Altman analysis method is commonly used in
a diagnostic setting to evaluate tests conducted in
clinical laboratories.45 The correlation study evalu-
ated the estimated bias and the limits of agreement
for the targeted analytes with published methods
(Table 6). The estimated biases are within clinical
requirements and the developed method is in agree-
ment with existing standards, although their esti-
mated standard deviations are large.
www.thelancet.com Vol 77 Month March, 2022



Analyte Long- term stability (% difference) after 180 days Freeze-thaw stability (cycles)

10 ng/mL 300 ng/mL 10 ng/mL 300 ng/mL

Neopterin -7.0 -8.7 2 2

Tryptophan 3.0 -6.6 2 3

Kynurenine -9.6 -1.4 3 3

Kynurenic acid -6.02 8.78 2 2

3-hydroxykynurenine 4.3 -11.6 2 2

Xanthurenic acid 1.7 5.6 1 1

Anthranilic acid 10.1 7.9 2 2

3-hydroxyanthranilic acid 1.0 2.9 1 2

Quinolinic acid -6.7 3.7 3 3

Picolinic acid 10.1 7.9 2 2

Arginine 6.9 -3.6 1 2

Citrulline 0.4 -10.7 2 3

Methylhistamine 9.9 13.3 1 1

Table 5: Long term stability and freeze-thaw stability of matrix-matched quality control samples (n = 5)

Articles
Application to patients with neuroinflammation
In the case-control studies, seven metabolites (neo-
pterin, tryptophan, kynurenine, kynurenic acid, quino-
linic acid, arginine and citrulline) had detectable
concentrations above the lower limit in all patients and
controls. There were six metabolites (3-hydroxykynure-
nine, xanthurenic acid, anthranilic acid, 3-hydroxyan-
thranilic acid, picolinic acid and methylhistamine) that
had a small percentage of samples below the lower
detection limit (Supplemental Table 3). Targeted metab-
olomics of the CSF samples was applied to identify
metabolites whose distributions differed statistically sig-
nificantly between the groups. The OPLS-DA score plot
showed discrimination between encephalitis and con-
trols (Figure 3a). A heatmap was constructed to illus-
trate the distinct metabolic differences between
encephalitis and controls, which identified nine metabo-
lites were different in the encephalitis patients
(Figure 3b). An effect study using Cohen’s criteria46

showed a large difference (Supplemental Table 4) in
nine metabolites between CSF samples of encephalitis
Analyte Estimated Bias Standard deviation
of estimated bias

Tryptophan -13.9 59.5

Kynurenine -5.91 63.6

Kynurenic acid -11.8 51.0

3-hydroxykynurenine -7.54 52.8

Anthranilic acid 8.17 28.4

3-hydroxyanthranilic acid -3.12 80.4

Quinolinic acid -2.63 31.3

Arginine -1.31 2.14

Citrulline -1.50 0.83

Neopterin 13.3 15.2

Table 6: Summary of estimated bias and standard deviation of
estimated bias data using Bland-Altman analysis.

www.thelancet.com Vol 77 Month March, 2022
patients and controls. The effect sizes were supported
by the Mann-Whitney U test. The levels of kynurenine,
3-hydroxykynurenine, anthranilic acid, quinolinic acid
and neopterin were significantly higher in patients com-
pared to controls. Tryptophan, kynurenic acid, 3-hydrox-
yanthranilic acid and arginine were significantly lower
in patients compared to controls (Figure 4a). The quan-
tification of metabolites in tryptophan-kynurenine path-
way further supported the findings in our previous
untargeted CSF metabolomics study and the discrimi-
native power of elevated kynurenine/tryptophan
(p<0.001) and anthranilic acid/3-hydroxyanthranilic
acid ratio (p<0.01) at identifying brain inflammation
(Figure 4b). In our analysis a marked increase in quino-
linic acid and decrease in kynurenic acid resulted in an
elevation of the quinolinic acid/kynurenic ratio
(p<0.01) (Figure 4b).
Discussion
To our knowledge, this is the first multi-analyte CSF
inflammation assay clinically validated in an accredited
pathology laboratory. We focus on three major meta-
bolic pathways (neopterin, tryptophan-kynurenine and
nitric oxide) that have been extensively reported in
human studies associated with CNS inflammation. The
analysis of multiple biochemical pathways implicated in
inflammation may improve diagnostic sensitivity and
specificity and the potential to address the knowledge
gaps for differential diagnosis. The simple protein pre-
cipitation and filtration sample preparation procedure
in combination with the Acquity UPLC BEH C18 col-
umn and tandem mass spectrometry demonstrated the
ability of the method to successfully distinguish a panel
of targeted metabolites with diverse physicochemical
properties. The simplicity of the complementary sample
preparation procedures allows minimal volumes of CSF
to be used, rapid preparation duration, and a rapid
9



Figure 3. Statistical analysis of the CSF acute neuroinflammation patients and non-inflammatory disease comparison group. (a)
Orthogonal partial least squares discriminant analysis score plot showing a distinct separation of 10 control patients (red dots) from
10 patients with encephalitis (green dots). (b) Heatmap of the measured metabolites showed nine differentially expressed metabo-
lites between encephalitis and control groups using Pearson’s correlation. The changes in metabolites showed five metabolites
were elevated in encephalitis (kynurenine, 3-hydroxykynurenine, anthranilic acid, quinolinic acid, neopterin) and four metabolites
decreased (tryptophan, kynurenic acid, 3-hydroxyanthranilic acid, arginine). The encephalitis and control groups were labelled with
green and red bars respectively. The blue coloured cells represent downregulation and red coloured cells represent upregulation.

Figure 4. Quantitative data in nmol L�1 of individual CSF patient samples for tryptophan-kynurenine metabolites, arginine, neo-
pterin and ratios in encephalitis patients (n = 10) in comparison with controls (n = 10). Comparison of the encephalitis and control
groups were analysed by Mann-Whitney U test. (a) An increase was observed in kynurenine, 3-hydroxykynurenine, anthranilic acid,
quinolinic acid and neopterin, whereas the levels of tryptophan, kynurenic acid, 3-hydroxyanthranilic acid and arginine decreased
in encephalitis compared to controls (b) An elevation of tryptophan/kynurenine, quinolinic acid/kynurenine acid and anthranilic
acid/3-hydroxyanthranilic acid ratios was observed in acute encephalitis.
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patient sample turn-around time of 4 h can be achieved.
These are extremely beneficial for running the quantifi-
cation method in a fast-paced clinical laboratory setting.

The enzyme-linked immunosorbent assay (ELISA) is
a widely used application with commercially available
kits for several metabolites in the inflammation panel
(neopterin, tryptophan, kynurenine, kynurenic acid,
quinolinic acid, arginine and citrulline).47,48 However,
the commercial ELISA kits are mainly restricted for
research use only and require batch testing. The
strength of the LC-MS/MS approach is the capability of
performing individualised testing and providing rapid
turnaround times for patient samples with clinical
urgency.

An advantage of this method is the transitioning of
potential biomarkers towards clinical application in
acute care management. The principal focus for many
studies is the development of accurate methods for mea-
suring metabolite levels to generate and interpret data.
A challenge in CSF assays is the lack of access to
matrix-matched calibrators and QCs. We believe our
translational LC-MS/MS method offers high through-
put and time efficient routine applicability.

This method was successfully applied to analyse thir-
teen metabolite concentrations in human CSF samples
from encephalitis patients and non-inflammatory neu-
rological disease controls. The present study shows ele-
vated and decreased concentrations of metabolites in
the pterin, tryptophan-kynurenine and nitric oxide path-
ways. Whilst some of these metabolites can define the
presence of neuroinflammation, they are unable to dis-
criminate inflammation in different diseases. To-date,
there are limited studies that compare different diseases
using the same experimental methodology. Future
larger groups using this translational assay can deter-
mine whether the inflammation panel may help sepa-
rate different neuroinflammatory conditions, and aid in
the differentiation of disease states. The purpose of
including our pilot encephalitis study is to show valida-
tion on the robustness of the biomarkers, and reproduc-
ibility. There has been extensive evidence
demonstrating correlations between neuroinflamma-
tion and neopterin, tryptophan-kynurenine and nitic
oxide pathways, without evaluating clinical reference
ranges. The establishment of normative ranges for dif-
ferent age groups is needed to facilitate the translational
impact of this inflammation panel.

A limitation of this study is the heterogeneity of acute
encephalitis diseases used in our pilot study, and the small
sample size (n=10). Further studies with more homoge-
nous and larger groups with other human central nervous
system diseases will need to be conducted to demonstrate
the sensitivity, specificity and reproducibility of the inflam-
mation panel. Furthermore, the inflammation panel is
derived from our published untargeted metabolomics
study which determined the metabolite changes in acute
encephalitis compared to controls,22 rather than a broad
www.thelancet.com Vol 77 Month March, 2022
range of different neuroinflammatory diseases. Future
untargeted studies in different neuroinflammatory groups
may discover novel biomarkers. The simultaneous analy-
sis of CSF and blood samples will also be useful in
addressing whether the origins of observed metabolite
changes are purely from CSF, or secondary to blood brain
barrier disruptions.
Conclusion
The alterations in metabolite profiles of human diseases
often occur well before the signs of clinical symptoms.
A rapid, reproducible and cost-effective method has
been developed and validated for an inflammation panel
using LC-MS/MS and holds great promise to be imple-
mented into routine screening in a diagnostic labora-
tory. The simple sample preparation procedure in
combination with a short chromatographic run time
allows a patient sample turn-around time of 4 hours.
The method was applied to encephalitis groups which
successfully measured the CSF metabolites showing
discriminative trends in the tryptophan-kynurenine
pathway, arginine and neopterin. Our primary objective
was to demonstrate the sensitivity and specificity of the
panel in a diagnostic laboratory to ensure the applicabil-
ity of the assay in a day-to-day routine setting. Further
confirmation and validation in larger groups of human
central nervous system diseases with neuroinflamma-
tory and non-inflammatory aetiology and simultaneous
peripheral analysis is required in future research. More
importantly, extensive studies are needed to define nor-
mative ranges of these metabolites in different age
groups.
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