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Abstract 
Biomarkers are naturally occurring molecules that have different functions in the human body 
but can also be indicative of various clinical conditions. In the field of clinical chemistry, liquid 
chromatography mass spectrometry (LC-MS/MS) has quickly become the gold standard in 
measurement of many of these molecules. One of the key benefits of MS is excellent specificity 
and accuracy of detection. Mass spectrometry is exceptionally useful in studying small 
analytes in biological matrices, which makes it an essential tool in clinical and medical research 
and diagnostics. 

 

The aim of the study was to develop new LC-MS/MS assays to complement and improve 
existing methods, or to use mass spectrometry to measure recently recognized biomarkers in 
new ways. To achieve this, the assays went through careful analytical, pre-analytical and finally 
clinical validation to ensure their reliable performance.  

 

We developed and validated LC-MS/MS assays for three different clinical biomarkers, which 
included serum serotonin for diagnosis of neuroendocrine neoplasms (NEN), plasma 
bradykinin (BK) for monitoring septic shock progression and cerebrospinal fluid (CSF) orexin-
A and -B for narcolepsy diagnostics. Many NENs are currently diagnosed by measuring 
serotonin metabolite 5-hydroxyindole acetic acid (5-HIAA) from either urine or serum, which is 
sensitive to dietary factors. Septic shock is a rapidly progressing life-threatening condition, for 
which medication exists, but it´s efficiency is highly dependent on the timing of the 
administration. We studied a potential sepsis biomarker BK by comparing samples from 
healthy volunteers to patients during different phases of the shock progression. Low CSF 
orexin-A is a currently agreed key diagnostic criterion for diagnosing narcolepsy, but the 
currently used radio immunoassay (RIA) may suffer from interferences and usually shows 
greater variability and imprecision between analysis batches than LC-MS/MS. The knowledge 
about the exact functions of a similar peptide orexin-B is still scarce, so this analyte was 
included in the assay as well. 

 

Of the developed assays, serum serotonin proved to be of equal performance compared to 
serum 5-HIAA assay and is a good complement for e.g. 5-HIAA in NEN diagnostics, both 
detecting NENs that the other had missed. BK was not found to be elevated during septic 
shock, and thus not a good biomarker to monitor sepsis, but the analytical method was 
sensitive and suitable for clinical research purposes. Preliminary results suggest that the orexin 
assay was successful in distinguishing narcoleptics from the healthy based on their CSF 
orexin-A concentration, but additional tests are needed to bring the assay to routine use due 
to the very limited sample quantities available to us during validation. Orexin-B concentrations 
in CSF samples were below our assay LOQ. However, these results can be used as is, along 
with the few published LC-MS/MS assays for orexins, to determine the clinically relevant 
concentrations expected for both healthy and narcoleptic patients.  
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1. Introduction 
A clinical laboratory relies on modern analytical techniques and innovations to operate and 
evolve. One of the technologies, that has seen increased usage in the past few decades is 
mass spectrometry (MS), often combined with high-performance liquid chromatography 
(HPLC). Mass spectrometry excels in distinguishing similar molecules with only small 
differences in chemical composition, which makes it an excellent tool for clinical diagnostics, 
as chemically very closely related compounds can have a myriad of different biological 
functions in the human body. Substances that have a known, detectable response to a 
biological process are called biomarkers, and can include molecules, cells, tissues or imaging 
biomarkers [1]. 
 
Studying the effects of chemical compounds on living organisms has been done for centuries 
[2]. However, the scientific history of using biomarkers in medicine is a relatively recent 
phenomenon with the term itself only emerging in the 1950s [3]. Today, using a wide variety 
of known marker molecules for medical diagnostics and therapy is an everyday procedure for 
a modern medical examination process. There are three main biomarker categories: 
predictive, diagnostic and prognostic biomarkers. Predictive markers, such as gene mutations 
can offer valuable information about the possible clinical outcome of the patient, and thus help 
to find optimal treatment methods [4]. Diagnostic biomarkers are substances either introduced 
into an organism to study it´s health, or a naturally present biomolecule that indicates a change 
in the normal function of the system. For example, information on a quantity of said molecules 
can be used to narrow the diagnosis or to adjust medication doses. Prognostic biomarkers are 
used for classification purposes and are used to form an overall outcome of the patient [5]. 
Prognostic markers can include information on things such as tumor size, DNA mutations and 
metabolic profile of a tumor. For a clinical analytical laboratory, the role of the diagnostic 
biomarker category is often clearly apparent, due to its established function as giving up-to-
date information on the current physical state of the patient.    
 
A comprehensive validation of a new assay or a new analytical instrument is required before 
it can be used for laboratory diagnostics. Aside from technical testing of the instrument, 
properties of the sample, its handling and the clinical condition itself must be assessed to 
define all sources of possible variation to the obtained results. When combined with the time 
required to collect suitable samples, the validation process can be time-consuming, but a 
careful approach is necessary, for the performance of these measurements may be crucial to 
the patient´s well-being or even survival. Due to these reasons, clinical method development 
is not the sole responsibility of a biomedical laboratory but includes close collaboration with 
clinical experts as well. 
 
Our goal was to develop new assays for improved or complementing laboratory diagnostics 
and clinical research. In this study, we developed and validated quantitative LC-MS/MS assays 
for biomarkers serotonin, bradykinin and orexin in different biological sample matrices to be 
used for diagnostics of neuroendocrine tumors, sepsis and narcolepsy.  
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2. Review of the literature 
2.1. Measurement of biomarkers 

A wide array of analytical technologies is needed to cover the analytics for the multiple marker 
molecules, including electrochemical methods [6-8], immunochemistry [9], optical methods 
[10,11], chromatography [12] and mass spectrometry [13,14].  
 
Electrochemistry relies on detecting analyte response to electrical current. Detection can be 
done by quantifying the voltage, current or impedance using electrodes in a sample fluid [15]. 
In the core of all these techniques is the oxidizing and reduction of analytes, and the reaction 
can be quantitatively followed. Different clinical analyte types, such as blood gases [16], 
electrolytes [17], metabolites [18], antibodies [19] and DNA [20] have been measured using 
electrochemical assays. The working principle and implementation are usually simple and low 
costing consisting only of an electrolytic solution and electrode sensors. However, the 
electrodes only measure selected ions without the possibility of analytes being added later to 
the assay by the end user. They do, however, work well for analyzing specific substances, and 
as a result of miniaturization, another application for these sensors is wearable devices for 
ongoing monitoring of e.g. blood glucose of diabetic patients [21].  
 
Immunoassays are based on a binding reaction between the analyte and an antibody protein, 
and can be applied to several different analytes, if an antigen for the desired analyte is 
available [22]. Different detection techniques can be used by attaching a substrate molecule 
to the analyte and measuring the signal. Tracers can include for example colorimetric, 
fluorescent or radioactive labels [22,23]. An immunoassay is only as good and reliable as the 
antibody is, which can present a problem especially for non -standardized tests as the 
variability between antibody batches can be significant. Immunoassays have sometimes been 
known to suffer from interference from similar molecules, or in other words, lack specificity 
[24].  Using immunoassays is relatively straightforward and does not necessarily require 
expensive equipment, but the assay reagents are often required to be bought as a kit from the 
manufacturer. In many cases of scarce analytes, RIAs are used, which requires additional 
precautions to be had when handling radioactive materials. 
 
Spectrophotometric assays are based on analyte interaction with electromagnetic radiation 
[25]. Analyte molecules that can absorb light can be relatively easily be measured with 
spectrometric assays based on absorption or fluorescence using ultraviolet, visible or infrared 
radiation, either directly from a reagent solution or after a chromatographic separation. This 
makes the technology easily accessible and relatively affordable, but analyte molecules that 
do not interact with light cannot be measured. Sensitivity can also be an issue, making this 
technology most usable for endogenously abundant analytes, such as serum creatinine [26], 
serum vitamin D [27] and glucose in urine or plasma [28,29]. Although similar in name, mass 
spectrometry does not use light to detect the analytes, but rather the mass and charge of the 
ionized molecules, allowing for great sensitivity and specificity to be achieved. 
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What the different techniques used in clinical analytics have in common, are the general 
requirements of specificity, sensitivity and robustness a clinical assay should meet. An assay 
must be specific to the measured analyte and free from interference from other molecules 
present in the sample. An assay has to be sensitive enough to be able to quantify low 
concentration analytes and accurately determine changes in the concentration. Stability of a 
biomarker should also be determined as it can vary greatly between not only types of 
molecules, but also in different matrices for the same molecule. Because of all the variability 
and per analyte considerations, a common guideline for clinical assay validation that fits all 
situations does not exist. Regulatory bodies, such as the Food and Drugs Administration (FDA) 
[30] and the Center for Disease Control and Prevention (CDC) through Clinical Laboratory 
Improvement Amendments Committee (CLIA) have begun to incorporate suggestions for such 
procedures [31], to unify practices for method validation studies performed in clinical 
laboratories.   
 
2.2. Liquid Chromatography 

Liquid chromatography is an analytical chemistry technique, that can be used to separate, 
identify and quantify various compounds from a complex mixture. In high-performance liquid 
chromatography (HPLC), pressurized sample solution is passed through a solid stationary 
phase column (Figure 1). The analytes pass through at different speeds, according to their 
chemical and physical properties [32]. HPLC is an excellent tool in analysis of biological 
samples, as it can be used as a preparative step separating compounds of interest from a 
sample mixture, or as a quantitative tool as when combined with a detector such as MS. 
Performing HPLC analysis is relatively straightforward, and by choosing the mobile phase 
(solvents) and stationary phase materials  carefully high efficiency can be achieved. In many 
HPLC applications, a column containing a silica stationary phase with organic surface 
modifications is used because of its uniformity and ruggedness. The stationary phase consists 
of porous or partly solid granular particles of few µm in diameter. Column length and operating 
temperature also affect the final performance characteristics of the method, as a longer 
separation path may enable the separation and analysis of chemically and structurally similar 
compounds by increasing the number of theoretical plates, although with a drawback of 
increased analysis time. 
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Figure 1. Schematic of a binary pump HPLC instrument. Modified from waters.com [33]. 
 
Reversed phase (RP) liquid chromatography is one of the most common HPLC techniques 
used. Here, the stationary phase is non-polar, while the polarity of the mobile phase is 
gradually increased to elute the bound analytes from the column. While polar molecules are 
not efficiently retained in the column, non-polar and weakly polar molecules such as peptides 
and many other biomolecules are well suited for this separation technique. Compared to other 
types of chromatography, such as normal phase chromatography, RP chromatography often 
offers a better reproducibility and analytical column life expectancy [34,35], as well as simple 
implementation.  
 
One of the most often used column matrices is a C18 column with an octadecyl hydrocarbon 
chain bound to the silica. They are robust and by modifying the end-capping molecules, can 
be made more selective towards certain types of molecules or to suit specific analytic 
conditions e.g. extreme pH or different solvent compositions [36]. Common solvents used 
especially with MS instruments as detectors are water, methanol and acetonitrile, containing 
additives such as carboxyl acids and volatile salts such as ammonium formate or ammonium 
acetate. The additives can improve the MS detection of some analytes by improving ionization 
efficiency, but also affect the retention and elution taking place in the HPLC column via pH 
buffering and other mechanisms such as modifying the surface tension of the aqueous 
component [37-40].  
 
During an HPLC measurement, the proportions of the solvents are constant when an isocratic 
mode is chosen. An alternative method is gradient elution, where the proportions of the 
solvents are changed during the HPLC measurement [32,41]. Advantage of isocratic HPLC is 
a simple setup and the ability to alter column dimensions without effecting the analyte elution 
order. In some cases, however, it can suffer from co-eluting peaks and widening of the late-
eluting peaks. Gradient method allows the proportional amount of the polar solvent to be 
increased or decreased selectively, thus focusing the eluting power at time points and eluting 
analytes of interest. This can considerably improve peak shapes and increase their height and 
area, which can be crucially important in analysis of low concentration molecules. However, if 
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column dimensions or gradient properties are changed, verification is required to confirm 
possible changes to the chromatograms (Figure 2).  

 

Figure 2. Comparison of isocratic (A) and gradient (B) HPLC mode choice on orexin-A and -
B peak elution.  

 

2.3. Mass spectrometry 

Mass spectrometric (MS) detection is based on measuring the mass-to charge-ratio (m/z) of 
ionized analyte molecules [42,43]. A variety of clinically relevant analytes from small molecules 
to proteins can be selectively detected both qualitatively and quantitatively. The 
instrumentation consists of an ion source, vacuum system, mass analyzer, detector and 
controller computer.   
 

2.3.1. Ion sources and vacuum system 

Ion sources are responsible for producing charged ions from neutral analyte molecules. 
Depending on the form in which the sample is introduced into the MS system, different 
ionization techniques are used. Electron and chemical ionization techniques are most suitable 
for analyte molecules in the gas phase, and they require a high vacuum to be maintained. 
Other ionization techniques include atmospheric pressure photoionization (APPI) [44], 
inductively coupled plasma (ICP) [45] and matrix-assisted laser desorption/ionization (MALDI) 
[46]. For liquid form samples compatible with HPLC, however, usual ionization approaches are 
electrospray ionization (ESI) [47] and atmospheric pressure chemical ionization (APCI) [48]. 
 
ESI is an atmospheric pressure ionization technique. The flow coming from the HPLC column 
passes through a narrow capillary with up to 5 kV voltage applied to it [43,49]. This causes the 
charged particles in the liquid to travel to the surface of droplets that emerge from the capillary. 
Expedited by an auxiliary gas flow and heating, the droplets evaporate to the point where only 
the charged ions remain (Figure 3). Small molecules tend to produce a single charge by 
acquiring or losing a proton or a small organic molecule, whereas larger compounds such as 
proteins and peptides can have multiple charged states simultaneously. This phenomenon can 
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be used to detect large molecules at low m/z values, making method development easier. The 
efficiency of the ESI technique is greatly affected by the solvent composition. 
 

 
 
Figure 3. ESI working schematic. Modified from Ho et al. [47]. 
 
APCI shares many aspects with the ESI, including operation in atmospheric pressure as well 
as the nebulization and de-solvation steps. The difference is how the ions are produced; in 
APCI, the sample capillary is not under voltage, but a corona spark from a needle is used to 
bombard the sample fluid stream with electrons [48]. The analyte molecules are not directly 
affected, for the discharge causes solvent molecules, such as water or organic solvents serve 
as chemical reagents, which in turn interact with the analyte.    
 
Vacuum system for a MS instrument is needed, to ensure that the measured ions do not collide 
uncontrolled with molecules originating from air or the sample prior to detection. A vacuum of 
10-3–10-9 torr, depending on the instrument design, is needed [43,50]. The vacuum is created 
by usually two or more pumps running in succession, including a pre-vacuum mechanical 
pump and a separate high-vacuum turbo pump. 
 
2.3.2. Mass analyzers 
Mass spectrometers can be generally divided into two categories: beam-type and trapping-
type instruments [43]. In beam-type instruments, such as quadrupole (Q) or time-of-flight (TOF) 
analyzers, the ions travel through the ion path and collide with a detector in fractions of a 
second. Trapping-type instruments, however, ions are accumulated in a confined region by 
magnetic and electrostatic forces for a time up to minutes. By manipulating the trapping 
parameters, the ions can be released selectively from to trap for detection or be detected in 
the trap. 
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In clinical chemistry laboratories, a commonly used mass analyzer is a triple quadrupole (QqQ) 
instrument, which is a beam-type design (Figure 4). A quadrupole consists of four rods in a 
square formation, of which the opposite rods are electrically connected with a radiofrequency 
(RF) voltage applied to them. This creates an electromagnetic pathway, that only allows a very 
narrow range of m/z ions with the correct vibrational response to pass through the quadrupoles. 
Ions that react too strongly or weakly to the electrical fields eventually collide with the rods and 
are removed from the system. In a triple quadrupole instrument, the first quadruple, Q1, is used 
to only pass through selected precursor ions. The second quadrupole, Q2, is not used for mass 
analysis, but for colliding the precursor ion with an inert gas to yield product ions. This common 
method of fragmentation is collision induced dissociation (CID), but other ways to fragment the 
precursor ions include laser induced dissociation, photodissociation and dissociation by 
electron interaction (capture or transfer) [51-53].  In a clinical setting, CID is the prevalent 
fragmentation technique used due to its simplicity and compatibility with many non-volatile 
biomolecules. At the third quadrupole, Q3, the selected product ions are filtered. This approach 
allows the triple quadrupole instruments to be very selective, flexible and simple to use while 
being relatively low costing and small. Compared to TOF mass analyzers, which are more 
commonly used for identification purposes and accurate mass determination, triple 
quadrupoles have a lower resolution and a limited m/z detection range but have advantages 
such as a wide dynamic range and the ability to monitor several different reactions in rapid 
succession by multiple reaction monitoring (MRM). In MRM mode, the detection cycle is 
divided into short windows of few milliseconds per transition, but an optimal value should be 
tested to gain a suitable amount of data points over a chromatographic peak.  
 

 
 
Figure 4. Structure of a triple quadrupole mass analyzer. Modified from Hager et al. [54]. 
 
Small molecules (Mr≤2000 Da) tend to form relatively simple fragment ions with few possible 
charged states, that can usually be deduced from the MS spectra [55]. Large molecules, such 
as peptides and proteins, however, can produce multiple different fragments that may not be 
immediately apparent. Computational methods can be used to predict the fragmentation 
patterns and breaking points of the peptide [56], but an experimental confirmation is crucial 
still. Another factor to consider is that these heavy molecules can have multiple charged states 
(Figure 5), often present simultaneously in the processed sample [57]. Adjusting the 
chromatographic conditions by e.g. additives may help in achieving a repeatable fragmentation 
pattern [58]. Intact peptides and proteins have been analyzed this way [59-61], but an 
alternative approach to protein analysis is to break the large molecules into smaller pieces in 
the sample preparation stage. This is done using protein cleaving enzymes, i.e. proteases, that 
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hydrolyze the peptide bonds at preset amino acid junctions [62]. Although laborious and time 
consuming, the advantage of the enzymatic digestion approach is that it may enable analysis 
of large molecules otherwise difficult to ionize or interpret from the obtained spectra. Triple 
quadrupoles often have a limited m/z range, that may not cover the original mass of the intact 
peptide or protein as is, although through multiple protonation or deprotonation may effectively 
bring the observed m/z values to a suitable range. The question whether enzymatic digestion 
is necessary should be experimentally confirmed as per analyte basis.      

 
 
Figure 5. MS precursor ion spectra of orexin-A (A) peptide and the product ion spectra (B) 

observed by fragmenting of the m/z 891 precursor ion. The marked m/z 891.4 → 
854.2 was chosen as the followed transition. 

 
2.3.3. Detectors and data analysis 
In most applications, mass spectrometers use electron multipliers to detect the ions. Different 
subtypes, such as discrete and continuous dynode multipliers, and microchannel plate electron 
multipliers exist, but their principle of operation is very similar [43]. The multiplication of the 
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signal is achieved via electron release cascade. An ion impact on a dynode releases several 
secondary electrons which in turn hit a subsequent dynode. The chain includes several, usually 
12–24 discrete dynodes, which results in a multiplication of up to 108 from the first dynode to 
the last [42,43,63,64]. The electron multiplier can alternatively be continuous, the structure 
consisting of a horn-shaped funnel coated with a semi-conductive material. Both discrete and 
continuous multipliers are used in MS, depending on the application, but traditionally, discrete 
multipliers have provided more signal amplification at the cost of being less stable when 
exposed to atmospheric conditions or repeated high signal levels [65]. 
 
The raw signal generated during a MS run must be converted to digital form and recorded by 
a computer for it to be usable. Many laboratories, which aim to identify unknown substances, 
use the MS spectra and compare it to known MS library entries. Several such libraries, such 
as the National Institute of Standards and technology (NIST) [66] library and the Wiley library 
[67] exist, as well as different algorithms for library searches. Another way to utilize the MS 
data and software is for chromatographic peak integration, which can be used for quantitative 
analysis of known compounds.  

 

2.4. Method validation of LC-MS/MS assays 

Starting the development of a new laboratory assay always stems from an established need. 
This may be due to the discovery of a new analyte due to new insight of a biological process, 
or a technical one when an instrument is replaced by another. To be useful for diagnostic 
purposes, the properties of the assay must be known. Thus, method evaluation should include 
topics such as analytical, pre-analytical and clinical performance. Determination of these 
parameters ensures, that the assay meets the requirements for a specific use consistently. 
Most tests are validated by in-house quality agreements, but in some industries and countries 
national legislation may impose additional proficiency testing to be conducted [68,69]. 
 
2.4.1. Analytical validation  

When a new laboratory assay is evaluated, its analytical characteristics of interest include 
precision, accuracy, sensitivity, specificity, analytical range, recovery as well as limits of 
detection and quantitation (LOD and LOQ). These parameters must be determined prior to any 
patient sample testing according to pre-established quality goals of laboratory and institution. 
Precision is an expression of random errors, and in analytical chemistry can be described as 
the variability of repeated analyses. Precision is often expressed as the coefficient of variability 
of observed analyte concentrations (CV,%) and should be determined for intra- and inter-assay 
separately with several repetitions. Accuracy expresses the systematic error of the assay as 
the difference between the observed and true analyte concentrations [70]. The true value 
should come from a reference sample with exactly known theoretical analyte concentration, 
preferably determined by an agreed reference method and laboratory [71,72]. 
 
Analytical sensitivity means the assay´s capability of detecting small changes in analyte 
concentrations, while specificity refers the ability to separate the analyte signal from any 
interference [73]. Sensitivity can be calculated for example from a series of calibrator dilutions 
by the slope of the calibration curve.  
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The analytical linear range defines the minimum and maximum analyte concentrations, that 
have a proportional and repeatable effect on the measured signal, e.g. chromatogram peak 
area. Practically it is determined by repeatedly analyzing a series of calibrators, that cover and 
preferably exceed the entire expected clinical concentration range [74]. Recovery is used to 
evaluate the effectiveness of the sample preparation procedure. A known amount of the 
analyte is added to a sample, and the concentrations are measured before and after to 
establish the yield. A recovery near 100% implies that the sample handling procedure is 
efficient for both calibrators and samples, but often an imprecision of <20% is allowed at lower 
end of the calibration concentrations [75]. An internal standard (IS) added to the samples is 
used to correct for variability between processed samples.  
 
LOD is defined as the lowest analyte concentration, that can be detected and distinguished 
from the signal background. It can be calculated from blank sample matrix as three standard 
deviations (SD) from the average signal [76]. LOQ is the lowest concentration that is 
quantifiable and differs at least ten SDs from the blank signal. As a part of the definition, LOQ 
[76] is also the lower limit of the assay linear range.  
 
Sample preparation is a crucial step in clinical analytics and is done to remove sources of 
assay interference as well as minimizing instrument contamination, as the sample is directly in 
contact with the MS instrument. One of the simplest techniques is protein precipitation (PPT), 
where proteins are denatured using organic solvents, acid or heat [77]. The approach is fast 
and easily automated, but denaturation only removes proteins, leaving e.g. phospholipids in 
the sample. More selective methods include solid-phase extraction (SPE) and liquid-liquid 
extraction (LLE). In SPE, commercial cartridges containing various selectable silica-based 
sorbents allow analyte retention, while phospholipids and many undesirable molecules can be 
washed off by aqueous and organic eluents [78]. The method is usually more efficient than 
PPT, but also more expensive and time consuming. LLE is based on the principle of separating 
compounds by their different solubilities in polar and non-polar solvents [79]. In clinical setting, 
this usually means that the analytes are transported from the aqueous phase, e.g. serum, to 
an organic solvent. The technique can produce very low amounts of phospholipids in the final 
extract, but this approach can be laborious and often requires the use of harmful or irritating 
substances such as chloroform. Compared to PPT and SPE, extraction efficiency for highly 
polar analytes can be lower when using LLE [80].  
 
Although the ESI ion source is widely compatible with clinical MS applications, it suffers from 
matrix effects (ME) [81]. The exact mechanisms causing it are still heavily discussed [82], but 
the current agreement is that ME is originates from other molecules co-eluting with the target 
analyte and causes fluctuation in the ionization efficiency. The effect is seen as an increase or 
decrease of the signal response and must be studied quantitatively as a part of method 
validation. In order to assess its impact on analysis results, eluents containing pure target 
analyte with and without the extracted sample matrix should be compared. Additionally, well-
matched internal standards for the target analyte should experience the same ME, thus 
retaining a constant signal ratio with the target analyte. To lessen the ME, sample preparation 
should be optimized, and careful consideration of chromatographic conditions is crucial as well 
in order to separate the elution times of initially co-eluting molecules. Additional means to 
minimize the ME include selection of optimal ion source or ionization polarity.  
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2.4.2. Preanalytical validation 

Preanalytical processes take place till the sample is being analyzed. They include such things 
as sample collection, identification, storage and transport [83]. Many of these factors can be 
controlled by good laboratory practices, but additional information on patient physiology (e.g. 
age, gender, diseases) is also needed for reducing possible sources of error. Laboratory tests 
are done on various bodily fluids as well as solid tissue specimen, and appropriate sample 
collecting techniques have been recommended by organizations such as the Clinical and 
Laboratory Standards Institute (CLSI) [79]. Covering all usual sample forms is not in the scope 
of this thesis, but relevant sample forms such as blood-derived serum and plasma and CSF 
are briefly discussed. 
 
The most common clinical specimen type is venous blood, either whole blood, serum or 
plasma. Depending on the desired form of sample, a blood collecting tube with or without 
corresponding additives is used. When no additives are present, the collected blood will 
naturally coagulate, and serum can be separated. Serum is used in many analytical tests, but 
a drawback is the relatively long coagulating time for the clotting to be complete. If, however, 
plasma samples are desired, a tube with an anticoagulant additive should be used. Common 
anticoagulants are heparin, EDTA and citrate and they differ widely in compatibility with 
different analytical tests [84]. An optimal sampling device enables robust analytical processes 
without compromising sample stability. For new biomarkers, this information is not often 
available. Therefore, sample device comparison is often required in the validation process. 
[85]. Other important preanalytical factors that may have influence on biomarker concentration 
are the diet, medication, physical exercise or stress, fasting, the menstrual cycle, age, or 
diurnal variation. Again, the relevant factors must then be included in the preanalytical 
validation process. [86]. 
 
CSF analysis is used for studying the conditions of the brain and spine [87,88]. CSF is normally 
a colorless fluid that contains nutrients and removes waste from the brain. For most routine 
clinical tests requiring a CSF specimen, the sample is obtained from the lumbar region by a 
needle puncture [89]. A sterile tube with no additives is required. Unlike blood sampling, lumbar 
punctures should only be drawn by physicians especially trained to perform the procedure. 
Due to this, and the possibility of severe patient complications during sampling, CSF is not 
usually drawn without a strong implication of a central nervous trauma or disease [88].  
 
After a sample has been collected, several things can affect analyte concentration before 
analysis. Hemolysis is a common occurrence with blood samples and can happen if the 
patient´s cells are weakened due to illness or treatment such as bacterial infection or 
chemotherapy, or post-collecting due to e.g. improper mechanical processing of the sample 
[90]. Evaporation can markedly alter concentration of some analytes, for example volatile 
gasses [86,91]. Other analytes like vitamin A are may be sensitive to light-induced degradation 
[92]. Metabolism of blood cells, enzymes in blood or oxidation by air may also change analyte 
concentrations. Rapid oxidation of pyruvate in blood is one such example [93]. For serum and 
plasma samples, centrifugation in a tightly capped tube should take place promptly after 
collection, but not before serum clotting has completed. The separated serum or plasma should 
also be transferred into a new, clean tube to avoid further interaction with the cellular 
components of blood that can induce metabolic reactions with blood constituents [94]. 
Alternatively, the original collection tube can contain a separating gel barrier.  



 21 

Depending on analyte, the stability in various storage temperatures can vary greatly. While 
many biomolecules are the most stable when frozen, freezing is not always recommended in 
favor of keeping the sample chilled or at room temperature due to logistic issues. If stability 
information is not available, a stability study must be conducted in conjunction with validating 
a new method (Figure 6). One way of doing this is first analyzing freshly a sample that is 
handled optimally and comparing it to replicates of the same origin that have been deliberately 
exposed to variables apparently causing stability issues [85,95]. To obtain practical data of 
possible clinical implications of preanalytical factors, sample specimens for this kind of testing 
should be chosen to contain analyte concentrations close to known clinical decision limits [96]. 
Such samples may not always be available. Then, QA samples of external or in-house origins 
may be used.   
 

 
 
Figure 6. Different clinical analyte concentrations during storage at varying conditions and 

changes according to waiting time. AOPP: advanced oxidation protein products, 
FRAP: ferric reducing ability of plasma. Reproduced from Pawlik-Sobecka et al. 
[95] under CC BY 4.0 licence. 
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2.4.3. Biological variation and reference values 

Many laboratory tests provide a binary value of positive or negative, whereas others produce 
a numerical value. These values are typically not useful as such but need a point of comparison 
to define and classify the results. Biomarker concentration varies in healthy individuals 
according to age, gender, circadian rhythm and diet. The analytical method used can also have 
an impact on the measured concentrations, both within the same person as between 
individuals (Figure 7) [97-99]. Therefore, a range of expected or normal values in healthy 
population is needed in order to interpret the laboratory assay results. The International 
Federation of Clinical Chemistry and Laboratory Medicine (IFCC) encourages using the term 
“reference values” for this comparative result range [100]. Reference values can be population-
based from a large group of individuals, or subject-based obtained from a single individual at 
different times. In addition to values from the healthy, we also need to know the typical values 
that can be expected with a corresponding typical disease. 

 

 

Figure 7. Effect of body mass index (BMI) and gender on serum insulin and testosterone 
concentrations. Modified from Borai et al. [99] under the CC BY 4.0 license. 

 

When establishing new reference values, it is important to define the reference population 
carefully so that it is representative enough. Any possible sources of biological variation can 
be minimized by accurate instructions to the reference individuals before sampling. To assess 
these large datasets, the results can be divided into categories that are relevant for clinical 
use. For example, serum vitamin D concentrations usually fall into a single range regardless 
of age or gender [101], whereas serum testosterone varies greatly between both gender and 
age [102]. Statistical evaluation is often needed to help with the categorization, but visual 
inspection of the results (Figure 7) may help to interpret the values. An alternative approach is 
to use indirectly established reference values, that utilize the pre-existing results database of 
a laboratory [103]. For well-known analytes, this can significantly lessen the time and cost 
associated with establishment of reference values.  
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The reference interval type recommended by IFCC is the interpercentile interval [100]. 
Clinically, a usually employed 95% interpercentile interval excludes the lowest and highest 
2.5% of the results. For a reliable statistical comparison of samples, the guideline for minimum 
number of datapoints is 40 individual values, but at usually at least 120 values are needed for 
reliable comparison of results. The interpercentile interval can be used for either normally or 
non-normally distributed results, given that the correct statistical evaluation method is chosen. 
Other ways to evaluate initially seemingly non-Gaussian distribution is to transform the 
individual values into a logarithms or square roots. This can often make the distribution very 
close to a true Gaussian.  
 
 

 
  
Figure 8. Serum serotonin concentrations of 44 healthy individuals. A depicts the 

untransformed histogram, B the logarithmic transformation of the same values. 
The mathematical fit of a gaussian curve is superimposed on the histograms.    

 
To decide on the appropriate clinical cutoff-value, the reference intervals of the healthy and 
diseased individuals should be clearly distinguished. Often this is not achieved, and the 
intervals overlap (Figure 9). Choosing a single decision threshold here causes the proportions 
of false positives or false negatives (Table 1) to be suboptimal [104]. It is the clinician´s task, 
aided by statistical approximation of the optimal balance, to decide which categorization is less 
harmful in an unclear situation. A common statistical tool is Youden´s index, that calculates the 
optimal point that maximizes true results and minimizes false ones [105]. Youden´s index 
visually corresponds to the point at the ROC curve, that has the highest distance to the 
diagonal (non-discriminating) line (Figure 10). 
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Figure 9. Simulated analyte concentration distributions of healthy and sick groups. 
 
 

 
 
Figure 10. A Youden´s index calculation, where solid grey line represents specificity, dotted 

grey line the sensitivity and the black line the Youden´s index. Here, the index 
reaches optimal value at concentration of ca. 1000–1800 nmol/l. 
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Table 1. Test result classification of healthy and diseased populations. Modified  
from Burtis et al. [106] 

 

 Positive test 
result 

Negative test 
result 

Has disease True Positive (TP) False Negative 
(FN) 

No disease False Positive 
(FP) True Negative (TN) 

 

 

2.4.4. Clinical validation 

In addition to analytical and pre-analytical testing, the clinical diagnostic characteristics of new 
assays must be defined. Common descriptive parameters for an assay include sensitivity, 
specificity, receiver operating characteristics (ROC) curves and likelihood ratios [106].  
 
The sensitivity attribute of an assay describes the test´s proportional ability to correctly detect 
samples were a disease indicator is present, a true positive (Equation 1). Specificity includes 
the same information for true negative samples without disease present (Equation 2). A perfect 
assay should have both high sensitivity and specificity, but in many clinical tests are optimized 
for one of the parameters, either due to practical or technical reasons [70,106].  
 
 

(1): Sensitivity =
TP

TP+FN
  (2): Specificity =

TN

TN+FP
 

 
 
ROC curve is a visual presentation of the sensitivity and specificity information on a two-
dimensional graph (Figure 11) [107]. Sensitivity is plotted on one axis, while “false positives” 
(1-Specificity) is displayed on the second. The curve obtained this way provides an easier way 
for a clinical expert to determine the exact values for sensitivity and specificity at given analyte 
concentration. For comparing different methods using ROC curves, an additional tool is the 
area under the curve (AUC), which describes the overall diagnostic power of the test. Different 
assays with identical AUCs are not the same however, since assays can perform diagnostically 
very differently at different regions of the curve [108]. 
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Figure 11. A ROC curve of a serum serotonin test with a decision limit of 1490 nmol/l, 

calculated from the reference sample serotonin concentrations. 
 

 

To conclude the statistical evaluation of the performance of a clinical test, probability of a 
disease should be factored in as well.  Positive and negative predictive values (PV+ and PV-) 
are the fraction of test subjects with either positive or negative test result in proportion to the 
subjects that have the corresponding disease (Equations 3 and 4). PVs incorporate sensitivity, 
specificity and prevalence of the disease. It can be seen from the formula, however, that even 
with high sensitivity and specificity parameters the predictive power of a test result can be 
diminished by the scarcity of the disease.     

 

(3): PV- =
TN

TN+FN
  (4): PV+ =

TP

TP+FP
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2.5. Neuroendocrine neoplasms 

Neuroendocrine neoplasms, formerly neuroendocrine tumors, originate from the 
gastrointestinal tract enterochromaffin and Kulchitsky cells [109]. They are commonly found in 
the intestine, but can also occur in the pancreas, lungs of other parts of the body. Although the 
originating sites can vary, NENs are grouped together for their functional similarities. One of 
the most common ones is, that they secrete biogenic amines (Figure 12) and polypeptides in 
large quantities [110]. They occur in all age groups but are most commonly diagnosed at the 
age of 60–70 years. Diagnoses are becoming more common, however, due to early detection 
of the disease [111]. Classification of NENs is done according to a scheme by the World Health 
Organization (WHO), which divides the tumors into three grades (G1-G3) [112]. G1 and G2 
NENs are called neuroendocrine tumors, while G3 NENs are named neuroendocrine 
carcinomas. Different grades describe the level of malignancy and NEN features such as size, 
invasiveness and presence of metastases. Among other metabolites, many of the NENs in the 
intestine, especially the ones in fore- and midgut excrete significant amounts of hormone 
serotonin (5-hydroxytryptamine), which is a monoamine responsible for controlling smooth 
muscle contraction in the bowel [109]. In excess, however, it causes symptoms such as 
flushing, diarrhea, asthma, abdominal cramps congestive heart failure [113,114]. Normally, 
diagnosis of NENs has relied on detection of gastrointestinal symptoms, imaging results and 
analysis of stable serotonin metabolites such as 5-hydroxyindoleacetic acid (5-HIAA) from 
urine or blood [115], and a protein biomarker chromogranin A (CgA) [116]. Mass spectrometric 
assay of serum 5-HIAA [120] is a straightforward and sensitive diagnostic tool but is sensitive 
to dietary restrictions [121-123] and can have different sensitivity towards NENs depending on 
their location in the body.  
 
Treatment of NENs depends on the nature of the tumor; its location, invasiveness and 
metastasis [117]. Advanced stage tumors are mainly removed or reduced by surgery, but with 
tumors that show only low activity it may be preferable to observe the growth and relieve the 
patients´ symptoms [118]. Other treatments available to those not suitable for surgery include 
radionuclides, chemotherapy and immunotherapy [119].     
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Figure 12. Metabolism of serotonin and 5-HIAA by enzymes. Serotonin sulfate (5-HT-SO4), 

serotonin, γ-glutamyl-serotonin (γ-Glu 5-HT), 5-hydroxyindole acetaldehyde (5-
HIAL), N-acetylserotonin (NAS), 5-hydroxyindole acetic acid (5-HIAA), 5-
hydroxytryptophol (5-HTOL) and 5-methoxy-N-acetylserotonin (melatonin). A: 
sulfotransferase, B: γ Glutamyl transferase, C: MAOa (monoamine oxidase a) and 
MAOb, D: NAT (N-acetyltransferase), E: ALDR2 (aldehyde reductase), F: ALDR and 
G: Hydroxyindole-O-methyltransferase. Modified from Squires et al. [124]. 

 

2.6. Sepsis and septic shock 

The current definition of sepsis describes it as “life-threatening organ dysfunction caused by a 
dysregulated host response to infection” [125]. The reason for the organ dysfunction or failure 
is rarely known but is usually a combination of physiologic and biochemical abnormalities of 
the host system. Identifying sepsis patients early is a vital prerequisite for reducing the high 
hospital mortality associated with the condition. No definitive, singular clinical tests exist, 
however, and diagnosis of sepsis relies on a combination of several routine laboratory tests 
[126]. Lowered arterial blood pressure and tissue hypoperfusion in conjunction with 
inflammatory symptoms are the most commonly used indicative criteria for screening for 
sepsis. 
 
Septic shock is a subset of sepsis, in which severe circulatory and cellular metabolism 
abnormalities are present in addition to other sepsis symptoms. This increases the risk to the 
patient considerably and requires immediate intervention by anti-inflammatory agents [127], 
insulin [128], corticosteroids [129], vasopressors [130] and fluid replacement therapy [131]. 
Despite the multi-front treatment efforts, intensive care unit (ICU) mortality rate for septic shock 
can be as high as 70% [132]. As with most life-threatening conditions, early detection is a major 
factor in reducing the risks to the patient and finding an effective form of therapy.   
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One molecule of interest for a potential septic shock biomarker has been bradykinin [133]. BK 
is a small peptide consisting of nine amino acids and has a role as an inflammation mediator 
(Table 2). BK causes blood vessel dilation and has thus been hypothesized to contribute to 
the circulatory failure during septic shock [134]. BK is, however, susceptible to rapid 
degradation by proteolytic enzymes, making it less straightforward to study [135-137].  
 
Therapeutic drug intervention with BK-2 receptor antagonist has been proven effective in 
reducing the mortality in sepsis cases with gram-negative etiology [138], but its usage is limited 
by the infection type and exact time of administering required.  
 
 
Table 2. Bradykinin in allergic diseases [135,139-142].  
Disease Abnormality Symptom 
HAE (1) C1 inhibitor deficiency, 

genetic abnormality;  
(2) BK overproduction 
caused by lack of enzyme 
inhibition 
 

Angioedema 

Acquired C1 inhibitor 
deficiency 

(1) C1 inhibitor depletion 
caused by immune 
complexes (tumor antigen 
or autoantigen) or anti-C1 
inhibitor  
(2) BK overproduction 
caused by lack of enzyme 
inhibition 
 

Angioedema 
 
 

Treatment with ACE 
inhibitors 

Accumulation of BK caused 
by inhibition of degradation 

Cough, angioedema 
 
 

Anaphylaxis Massive enzymatic 
cleavage of HMW 
kininogen-direct BK 
release, multiple enzymes 
 

Hypotension 

Rhinitis, asthma Activation of BK-forming 
pathways by sulfated 
mucopolysaccharides, 
endothelial-cell activation 

Local edema, tissue 
hyperreactivity (nasal and 
airways), additional 
cytokine release 

HAE: hereditary angioedema, ACE: angiotensin converting enzyme. 
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2.7. Narcolepsy 

Narcolepsy is a neurological condition that causes irregularities in the sleep-wake cycle of 
humans and other mammals [143].  The disorder involves excessive daytime sleepiness and 
sudden onsets of sleep, sometimes combined with hallucinations or sleep paralysis. 
Narcolepsy is divided into 2 subtypes; type 2 patients experience the symptoms of sleepiness 
described earlier, while the more common type 1 is known as narcolepsy with cataplexy. 
Cataplexy is a muscle paralysis happening normally during REM (rapid eye movement) sleep, 
but in narcolepsy, experienced while awake. The different forms of narcolepsy affect 
approximately 0.05–0.2% of people and are usually diagnosed during childhood [144-146]. 
The exact cause of narcolepsy is still not clear, but patients suffering from the type 1 condition 
usually have very low amounts of a brain neuropeptide called orexin (hypocretin) and orexin-
producing neurons [147,148]. Orexin is normally acting as a trigger chemical for the sleep-
wake process, regulating the cycle (Figure 13). The loss of brain orexin is caused by 
destruction of orexin-producing neurons, possibly due to an adverse autoimmune response 
reaction.  
 
Diagnosis of narcolepsy is based on sleep tests and measuring CSF orexin concentration 
[143,149]. However, since sleepiness and paralysis can be caused by multiple clinical 
conditions, and as not all narcoleptics have lowered orexin production, diagnosing the 
condition can take time when other causes are ruled out. Currently, there is no permanent 
cure, but early confirmation can vastly help to improve the patients´ quality of life by managing 
the symptoms. Some γ-aminobutyric acid (GABA) inhibitory medications, such as tricyclic 
antidepressants [150] and stimulants [151] have been used to reduce the sleepiness and 
cataplexy, as well as novel orexin receptor antagonists that interact with the orexin receptors 
directly [152]. The antagonists can affect either orexin receptor type selectively (single orexin 
receptor antagonist, SORA) or both simultaneously (dual orexin receptor antagonist, DORA). 
Several SORAs and DORAs are under development, but currently only two molecules, 
suvorexant and lemborexant have been approved for therapeutic use despite their many side 
effects to the central nervous system [153,154]. 
 
The currently used default assay for determining the CSF orexin is a radioimmunoassay. 
Immunoassays can suffer from high between-batch variability, as well as interference from 
cross-reactive molecules or non-specific binding. Few orexin assays based on mass 
spectrometry exist, and they do not show harmony in measured orexin concentrations 
[155,156], nor do they agree with previous immunoassays (Table 3).  
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Figure 13. Orexin neuron interactions in maintaining sleep-wake states. SCN: 
suprachiasmatic nucleus, POA: medial preoptic area. Reproduced from Tsujino 
et al. under CC BY-NC 3.0 license [157]. 

 

Table 3. Published Orexin-A concentrations in CSF using RIA, EIA and LC-MS/MS assays. 

Authors Assay type 
NT1 patient median 

orexin-A concentration, 
pg/ml (n) 

Healthy control median 
orexin-A concentration, 

pg/ml (n) 
Bårdsen et al. [155] LC-MS/MS 2 (9) 11 (22) 
Dalal et al. [158] RIA <40 (11) 739 (20) 
Ebrahim et al. [159] RIA <40 (14) 210 (24) 
Hirtz et al. [156] LC-MS/MS 4 (22) 115 (22) 
Krahn et al. [160] RIA <40 (13) 585 (15) 
Liguori et al. [161] EIA 78 (7) 149 (16) 
Nishino et al. [162] LC-RIA 5 (6) 52 (12) 
Ono et al. [163] EIA 5 (16) 80 (56) 
Ripley et al. [164] RIA <100 (42) 318 (48) 
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3. Aims of the study 
The aim of this study was to develop novel, sensitive and accurate LC-MS/MS assays for 
clinically relevant biomarkers in order to expand the use of mass spectrometry as a diagnostic 
and research tool in a clinical laboratory. The primary goal was to develop methods to either 
complement existing ones or to create completely new assays for studying various clinical 
conditions, including tumors, sepsis and narcolepsy.  

 

The more detailed aims for the individual research papers (I-III) were: 

To develop and validate a quantitative LC-MS/MS assay for serum and plasma serotonin for 
the analysis of NEN biomarkers to be used in clinical diagnostics (I). 

To develop and validate a quantitative LC-MS/MS assay for plasma BK for the analysis of 
sepsis to be used for clinical and research purposes (II). 

To develop and validate a quantitative LC-MS/MS assay for CSF orexin-A and -B for the 
analysis of narcolepsy biomarkers to be used for clinical research and diagnostic purposes 
(III).  
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4. Materials and methods 
A brief explanation of the materials and methods used is described in this chapter. The full 
details can be found in the original publications. 

4.1. Reagents 

Aprotinin, trypsin inhibitor from chicken egg type III-0, hexadimethrine bromide, 1,10-
phenanthrolin and albumin from human serum were from Sigma-Aldrich (St. Louis, MO). 
EDTA-K2 was from Fluka (Sigma-Aldrich Co.). Serotonin, orexin-A and orexin-B were 
purchased from Sigma-Aldrich. Deuterium labeled serotonin-D4 was from Medical isotopes Inc. 
(Pelham, NH). BK, BK (1–5), and stable isotope labeled BK-13C9,15N, BK (1–5)-13C,15N, orexin-
A-13C6,15N and orexin-B-13C6,15N were from Innovagen AB (Lund, Sweden). MS-grade 
methanol, acetonitrile (ACN), formic acid, acetic acid, ammonium acetate and ammonium 
formate were from Honeywell / Riedel-de-Haën (Seelze, Germany). Trifluoroacetic acid (TFA) 
was from Thermo Scientific (Waltham, MA). All reagents were of the highest analytical grade. 

 

4.2. Patient samples 

Healthy volunteer serum and plasma were collected from laboratory staff to be used as quality 
assurance samples (studies I and II) and for method validation studies (studies I, II and III). 
For clinical validation of the assays, serum from patients suspected or currently followed for 
NEN (study I), plasma from sepsis patients in shock (study II) and left-over CSF from 
neurological patients all from Helsinki University Hospital was used (study III). CSF from 
patients with confirmed narcolepsy (study III) was obtained from Leiden University Medical 
Center. These patient samples had been drawn as a part of their clinical diagnostics or follow-
up of treatment. This study was approved by the Ethical Committee of Helsinki University 
Hospital, Helsinki, Finland as a part of the general guidelines concerning post-diagnostic use 
the of patient samples for laboratory quality and development purposes. 

 

4.3. Sample preparation 

Manually collected serum (in various collecting devices, study I) and plasma (lithium heparin 
tube, study I and custom syringe with added protease inhibitor, study II) samples were 
centrifuged, and supernatant was separated from coagulates. For study II, the syringes were 
kept chilled on ice during the whole sample preparation. CSF samples (study III) were drawn 
by a lumbar puncture into sterile cell culture tube. All collected biological samples were frozen 
and stored at -20 °C (study I) or -80 °C (study II and III) until analysis. 

Samples were extracted by pipetting them on to a 96-microwell plate with the corresponding 
isotopically labelled internal standard (IS) working solution. An SPE plate was conditioned with 
water and methanol, and samples were transferred into the wells of the plate. The wells were 
then washed, and the analytes eluted into the wells of a fresh 96-well plate (Figure 14). In 
study I, the eluent was diluted with 95/5 vol% of ACN and 90 mmol ammonium formate. In 
studies II and III, the eluent was further dried under nitrogen flow and re-constituted with the 
corresponding LC method starting eluent mixture. Finally, the samples were analyzed by LC-
MS/MS. 
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Figure 14. Workflow template of an LC-MS/MS analysis. 

 

4.4. Instrumentation 

LC-MS/MS instrumentation comprised an Agilent 1200 liquid chromatograph (Agilent 
Technologies, Santa Clara, CA), connected to either a 4000 QTRAP mass spectrometer (AB 
Sciex, Toronto, Canada) (study I) or a TQ5500 mass spectrometer (AB Sciex) (studies II and 
III), both equipped with a Turbo-V electrospray ion source.  

 

4.5. Analytical validation 

Serum serotonin (study I) and 5-HIAA were analyzed by LC-MS/MS. The analytical column 
was an Atlantis HILIC 50 × 2.10 mm 2.6 μm (Waters, Milford, MA), mobile phases were ACN 
and 90 mmol/L ammonium formate, pH 4. The serotonin samples were extracted using Oasis® 
WCX µElution plates. 5-HIAA from the same samples was measured using an in-house assay 
published earlier [120]. 

Plasma BK (study II) was analyzed by LC-MS/MS. The chromatographic column was Kinetex 
Biphenyl 50 × 2.10 mm 2.6 µm (Phenomenex, Torrance, CA), while mobile phases and the 
SPE were the same as used for serotonin in study I. 

CSF orexins (study III) were analyzed by LC-MS/MS, EIA and RIA. In the LC-MS/MS method, 
we used a Polaris C18-A 100 × 2.00 mm, 3.0 µm from Agilent. The mobile phases were ACN 
and water, both with 0.1% formic acid. Oasis® HLB μElution plate was used for SPE extraction. 
EIA analyses for CSF orexin-A were performed using an orexin-A EIA KIT EKE-030 from 
Phoenix Pharmaceuticals (Burlingame, CA). Optical detection was carried out by Infinite F50 
plate reader (Tecan, Männedorf, Switzerland). RIA measurements were performed at Leiden 
University Medical Center according to the manufacturer´s instructions using RIA KIT RK-003-
30 from Phoenix.  

 

4.6. Pre-analytical validation 

To study the effect of the sampling device on serotonin concentration (study I), serum was 
drawn from 31 healthy laboratory staff members into four different tubes; plain serum tubes, 
serum catalysator tubes (CAT), serum gel tubes (SST™ II Advance, all from BD Vacutainer, 
Plymouth, UK) and lithium-heparin tubes (Venosafe 60 USP U Lithium Heparin, Terumo, 
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Leuven, Belgium). The serum from the plain tubes was also used to study serotonin stability 
stored at room temperature, +4 °C and -20 °C for up to six months and with or without repeated 
freezing and thawing. Serum drawn into additional plain serum tubes from 11 individuals was 
used to study the effect of cold sampling, where duplicate tubes were kept at room temperature 
or +4 °C during the sampling. Duplicate samples from six individuals were used to study the 
effect of delayed centrifugation. Finally, serotonin concentrations in platelet poor plasma (PPP, 
n=12) was studied by drawing blood into citrate plasma tubes (BD Vacutainer), using only the 
top portion of centrifuged plasma.  

 

Stability of BK in spiked plasma of six volunteers was studied at room temperature and -20 °C 
for up to 12 months, with or without repeated freezing and thawing. Blood was drawn into 
Monovette syringes (Sarstedt, Nümbrecht, Germany) containing a protease inhibitor mix, 
divided into aliquots and frozen until analysis. Two different protease inhibitor mixes were 
tested, with components listed in Table 4. A 500 µl dose of inhibitor mix solution was added to 
the syringe, which was then drawn full of blood (total volume 5 ml).  

 

Table 4. Protease inhibitor mix compositions used in studying BK stability.  

 
Component Concentration 

Mix 1 [165] Bovine plasma Solvent 
 Captopril 2 mmol/l 
 D-L-Mecaptoethanol-3-guanidino-

ethylthiopropanoic acid 
2 mmol/l 

   
Mix 2 [166] Water, pH 2.0 Solvent 
 Aprotinin 10 000 KIU/ml 
 Trypsin inhibitor  800 μg/l 
 Hexadimethrin bromide 4 mg/ml 
 1,10-phenanthrolin 10 mg/ml 
 EDTA-K2 20 mg/ml 

 

Stability of orexin-A and -B was studied in spiked pooled left-over CSF (n=4) at room 
temperature, +4 °C, -20 °C and -80 °C, with or without repeated freezing thawing. Prior to 
spiking, CSF was drawn by lumbar puncture into sterile cell culture tubes (Greiner Bio-One, 
Kremsmünster, Austria) divided into aliquots and frozen at -80 °C. 

 

4.7. Data analysis 

The MS data (studies I and II) was collected and processed by the Analyst software (Ver. 1.7, 
AB Sciex). EIA data (study III) was collected and processed by the Magellan software (Ver. 
7.2, Tecan). 
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4.8. Statistical analysis 

Statistical tests were performed by Analyse-it software for Microsoft Excel 2013 (Ver. 4, 
Analyse-it software Ltd, Leeds, UK, https://analyse-it.com/).  
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5. Results 
The results in short are summarized here. More detailed explanations can be found in the 
original publications. 

 

5.1. Study I. Comparison of serum serotonin and serum 5-HIAA LC-MS/MS assays in the 
diagnosis of serotonin producing neuroendocrine neoplasms: A pilot study  

The assay was linear over the range of 10–10000 nmol/l, and the LOQ was 10 nmol/l. Intra-
assay CV was 3.5–5.4% and interassay CV was ≤7.8% across two different concentration 
levels. Recovery of added serotonin was on average 102%. Ion suppression due to the sample 
matrix was 26%. Chromatograms were clear with only the serotonin peak observed  

Pre-analytical testing showed that plain serum tubes produced slightly lower concentration 
(mean 707 nmol/l) than activator tubes (843 nmol/l) or gel tubes (855 nmol/l), while the mean 
concentration in heparin plasma (48 nmol/l) and PPP (11 nmol/l) were significantly lower 
(Figure 15). Serotonin was found to be stable for at least seven days at room temperature or 
refrigerated, and three months when frozen and for at least five freeze-thaw cycles. We did not 
observe any statistically significant difference between room temperature and cold sampling. 
Rapid (less than two hours) centrifugation was not critical, but after a delay of four hours the 
measured serotonin content had decreased 15%, and after six hours, 20%.  

 

 

Figure 15. Serotonin concentrations in serum and plasma collected into a plain serum tube, 
lithium heparin plasma tube and citrate plasma tube. PPP: platelet poor plasma. 
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The serotonin LC-MS/MS assay was compared to serum 5-HIAA LC-MS/MS assay using the 
same serum samples from both healthy volunteers (n=89) and NEN patients (n=39). Both 
assays showed elevated analyte concentrations (Figure 16) in samples from the NEN patients. 
For serotonin, concentrations in serum from apparently healthy individuals were 262–1550 
nmol/l (median 632 nmol/l) and from NEN patient 42–13200 nmol/l (median 1833 nmol/l). The 
corresponding 5-HIAA concentrations were 30–140 nmol/l (median 67 nmol/l) and 23–3170 
nmol/l (median 366 nmol/l), respectively. Deming regression correlation was (serotonin, nmol/l) 
= 398.4 + 3.919 x (5-HIAA, nmol/l) (Sy|x = 2663, n = 128) (Figure 17). The 95% CI for serum 
serotonin concentration in healthy controls was 270–1490 nmol/l, and 30–126 nmol/l for serum 
5-HIAA. There were no significant differences in concentrations between the genders. We did 
not have enough samples to compare healthy concentrations between age groups, but our 
earlier study showed that for 5-HIAA, the different age groups between 18 and 70 years did 
not differ in a statistically significant way [120]. 

 

 

Figure 16. Serotonin (A) and 5-HIAA (B) concentrations in healthy controls (n=89) and NEN 
patients (n=39). The dashed lines represent the established clinical cut-off values of 
1490 nmol/l and 123 nmol/l. Reproduced with permission from Elsevier [167]. 
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Figure 17.  Correlation between serum serotonin and 5-HIAA concentrations LC-MS/MS by 
Deming fit.  

 

ROC analysis produced AUCs of 0.91 and 0.94 for serotonin and 5-HIAA, respectively (Figure 
18). The serotonin assay had a slightly higher specificity (90%/83%), while for 5-HIAA 
sensitivity was higher (75%/85%). We suggest a provisional cut-off value of 1490 nmol/l for 
serotonin. 

 

 

Figure 18. ROC curve comparison of serum 5-HIAA and serum serotonin LC-MS/MS assays. 
Grey line represents the serotonin assay, black line the 5-HIAA assay. Diagonal axis 
is the identity line, which represents no discrimination. 
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5.2. Study II. Plasma bradykinin concentrations in patients during septic shock: a novel 
LC-MS/MS assay 

Our LC-MS/MS assay for plasma BK was sensitive and linear over the concentration range of 
0.1–1000 nmol/l with a LOQ of 0.1 nmol/l. The intra- and inter-assay CVs were 3.2–5.6% and 
4.6–8.8% at 0.5–400 nmol/l (four levels), respectively. Recovery of added BK was 80–97% at 
0.5–300 nmol/l (four levels). A matrix effect of 50% signal attenuation was corrected by the IS. 
With the added protease inhibitor mix, BK was stable for at least one year when frozen, but 
not for repeated freezing and thawing or at room temperature. Stability testing with no added 
protease inhibitor showed >50% BK degradation in just one month. Chromatograms showed 
a clearly separated BK peak, as well as some additional peaks that do not overlap with BK or 
BK(1–5) (Figure 19).  

 

Figure 19. Chromatograms of BK(1–5) and BK (BK1–9) calibrator, containing 10 and 1 nmol/l 
of respective analyte (A), QA sample containing 0.5 nmol/l BK (BK1–9) (B) and a 
patient sample containing 0.4 nmol/l BK (BK1–9). Reproduced with permission 
from Elsevier [168]. 

 

Median BK concentration in samples from healthy volunteers was 0.7 nmol/l (range 0.5–1.1 
nmol/l), which was considerably higher than the 0.2 median (range <LOQ–0.6 nmol/l) in septic 
shock patient samples (Figure 20). In patient samples, 59% of the 248 individual plasma 
measurements were under the assay LOQ. In the remaining samples, the median 
concentration was 0.2 nmol/l (range 0.1–0.6 nmol/l). Majority of the patients (80%) did not 
show changes in the measured BK concentration during septic shock progression, but 15% 
showed a slight elevation in the recovery phase and 5% in the shock phase. No BK metabolite 
BK(1–5) was detected in any of the plasma samples.   
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Figure 20. Plasma BK concentrations in samples from healthy controls (A, n=15) and patients 
during six different timepoints (B, n=248). Reproduced with permission from Elsevier 
[168]. 

 

5.3. Study III. Orexin-A and -B measurement in narcolepsy: a stability study and a 
comparison of LC-MS/MS and immunoassays 

The assay was sensitive and linear over the range of 10–1000 pmol/l, or 35–3500 pg/ml (LOQ 
10 pmol/l) for orexin-A and 20–1000 pmol/l, or 58–2899 pg/ml (LOQ 20 pmol/l) for orexin-B. 
Intra-assay CV was 9.7–17.2% for orexin-A and 11.9–21.4 for orexin-B, both at two different 
concentrations. Recovery for added orexin was 92–105% for orexin-A, and 92–105% for 
orexin-B at three different spiking levels. The matrix effect caused 32% attenuation for the 
orexin-A signal, while for orexin-B a 7% enhancement was observed. Chromatograms 
contained several additional, non-overlapping peaks for orexin-A, but none for orexin-B. 
Stability testing with pooled CSF spiked with orexins showed that orexin-A was stable for three 
days at room temperature, 14 days at +4 °C and 12 months frozen and for three freeze-thaw 
cycles (Figure 21). Orexin-B was stable for one day at room temperature, seven days at +4 °C 
and three months frozen and but not stable during repeated freezing and thawing. 
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Figure 21. Stability of orexin-A and -B in CSF. RT: room temperature, Refridgerated: +4 °C, 
Frozen ( -80): -80 °C. 

 

Orexin-A concentrations in CSF from 44 non-narcoleptic controls and 28 patients differed 
between healthy controls and NT1 patients by all three assays used (p<0.0001) (Figure 22). 
Median orexin-A concentration in NT1 patients by LC-MS/MS was <35 pg/ml (range <35–131 
pg/ml), which was lower than that of 98 pg/ml (range <35–423 pg/ml) in control individuals. 
There was no statistical difference (p>0.05) between the non-narcoleptics and NT2 patients 
(median concentration 73 pg/ml, range 42–125 pg/ml). No orexin-B was detected in any of the 
CSF samples.  

EIA assay produced the lowest concentrations and RIA the highest, Passing-Bablok 
regression correlations being RIA(pg/ml)=5.1xMS–58, for RIA and EIA(pg/ml)= 0.1*MS + 22 
for EIA. ROC analysis comparison produced AUC of 0.97, 0.86 and 0.66 for RIA, LC-MS/MS 
and EIA, respectively (Figure 23). RIA and LC-MS/MS reached sensitivity of 0.75 and 0.70, 
and specificity of 0.86 and 0.93, respectively. Clinical performance values could not be 
calculated for EIA due to too many results being below the assay sensitivity. Due to the limited 
number of CSF samples available, a provisional cut-off value of 48 pg/ml for LC-MS/MS orexin-
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A assay was used. For immunoassays, the currently recommended cut-off value of 200 pg/ml 
was used [143]. For EIA, the value could not be calculated, and no international 
recommendation exists. 

 

 

Figure 22. CSF orexin-A concentrations of non-narcoleptic controls (n=44), NT1 patients 
(n=22) and NT2 patients (n=6) by EIA, LC-MS/MS and RIA. For RIA, the currently 
used clinical ranges of low (<110 pg/ml), intermediate (110–200 pg/ml) and normal 
(>200 pg/ml) are represented as dashed lines. P-values are denoted as *, ** and ***, 
corresponding to <0.05, <0.01 and <0.001, respectively. 

 

Figure 23. ROC curve comparison of orexin-A assays from CSF by LC-MS/MS and RIA. Green 
line represents the LC-MS/MS assay, blue line the RIA assay. Diagonal axis is the 
identity line, which represents no discrimination. 
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6. Discussion 
This work comprised of development of improved or novel methods for four different clinical 
biomarkers. Although HPLC coupled with MS/MS detection is the common factor between the 
assays, the applications ranged from a relatively common NEN diagnostics to rare conditions 
of sepsis and narcolepsy. The biomarkers serotonin, BK and orexins included an abundant 
small amine as well as small to mid-size peptides of low picomolar concentrations. Various 
extensively validated analytical techniques for measuring serotonin exist, including 
fluorometric [169], electrochemical [170] and mass spectrometric assays [171] often coupled 
with HPLC. On the contrary, analytics of small proteins and peptides relies heavily on optical 
methods [172] or immunoassays [173,174], with few mass spectrometric assays emerging in 
the 2000s [175]. Immunoassays can, however, suffer from interference from various molecules 
such as drugs or compounds structurally resembling the analyte being studied, as well as high 
inter-batch variability of the results due to lack of validated antibodies or reference materials 
[176-178]. Mass spectrometry has a superior analytical specificity, but the development and 
validation of methods can be more time-consuming in comparison. The aim of this method 
development and research was to refine and offer new analytical tools for diagnostics of NENs, 
sepsis and narcolepsy.  

To assess the performance of the developed assays, they were compared with currently used 
comparative assays where possible. Serum and plasma serotonin results agreed with the 
standardly used 5-HIAA LC-MS/MS assay, only differing in the marker concentration levels 
observed. As the plasma BK assay was based on testing of a new hypothesis, a comparison 
assay did not exist as is, although an in-house RIA and LC-MS/MS assay have been published 
[165,179-182]. The CSF orexin assay was compared with the current standard RIA assay 
using patient samples. The LC-MS/MS assay produced considerably lower values than the 
previous RIA or LC-MS/MS assays [155,156,164,183-186]. It should be noted that the sample 
numbers in these studies were small, as the CSF from patients as well as healthy controls is 
much harder to obtain than blood or urinary samples.  

 

6.1. Analytical validation 

Analytical validation of the methods was done according to HUSLABs guidelines. The 
abundant serotonin concentration in blood samples allowed for small sample volumes to be 
used and analysis conditions very similar to the already validated 5-HIAA assay. The serotonin 
assay was sensitive with a LOQ of 10 nmol/l and produced clean chromatograms free of 
interference. Reproducibility was good with intra- and inter-assay CVs of <8% and average 
recovery of added serotonin of 102%. Our results compare well with other assays, reporting 
LOQs between 1 and 92 nmol/l, reproducibility of 5–12% and serotonin recovery of 41–127%  
[171,187-190]. Matrix effect was -26% peak area response, which is close to that of (-23) – 
(+12)%  reported by Whiley et al. [191], while others have reported less than 5% suppression 
[192,193]. The matrix-related attenuation should be fully compensated for by the IS. 
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The BK assay was initially validated for a concentration range of 1–500 nmol/l due to the 
research hypothesis predicting high concentrations in samples from septic patients. After initial 
testing of patient samples with <1 nmol/l BK concentrations the validation was redone starting 
from 0.1 nmol/. Other studies from van den Broek et al. and Baralla et al. measuring intact BK 
have reported significantly higher LOQs of 10 nmol/L [165,180]. In addition to intact BK, a 
BK(1–5) peptide fragment was included in our assay to reveal BK degradation. No BK(1–5) 
was detected in any of the samples. The obtained chromatograms from samples included 
some secondary peaks, but they did not overlap with the peaks used for BK quantitation. 
Reproducibility CV was <9% and average recovery 88% (range 79–110%). The complex 
sample matrix caused a relatively high matrix effect of 50% signal attenuation. Other studies 
have not tested for, or found only negligible matrix effects studying similar molecules such as 
BK(1-5) [181]. This is most probably due to the composition of our samples being not of normal 
serum or EDTA plasma, that the other studies have used.   

For the orexin assay, a low detection limit of 35 pg/ml was achieved by using a large sample 
volume, sample concentration and large injection volumes combined. The intra- and inter-
assay reproducibility of 9.7–17.2 % for orexin-A was not as low as expected but still within the 
predefined limits for <20%. Recoveries of both orexins were good at 92–105%. Hirtz et al. 
report a LOQ of 7 pg/ml and CVs of 8–15% [156], while Bårdsen et al. reached a LOQ of 3.5 
pg/ml [155] by LC-MS/MS assays. Most RIA studies use the RIA kit from Phoenix 
Pharmaceuticals (Belmont, CA, USA), that has a manufacturer reported sensitivity (LOQ) of 
66 pg/ml and intra-assay CV of 15%. For orexin-B the LOQ of our assay was 58 pg/ml, but 
due to poor stability of the analyte in QA samples used for validation, reproducibility values of 
12–21% were observed. No LC-MS/MS assays for orexin-B have been published, but few 
published RIA studies use a kit from Phoenix, that has 66 pg/ml LOQ and 15% intra-assay 
reproducibility. EIAs are not widely used in orexin analyses and narcolepsy diagnostics, but 
the assay used in this study was from Phoenix and had reported LOQ of 180 pg/ml and intra-
assay CV of 15%. To make the comparison between the assays more reliable, an additional 
sample concentration step had to be performed for the immunoassays.  Orexin-A assay suffers 
from moderate 30% ion suppression on LC-MS/MS, while for orexin-B, a minor signal 
increasement of 7% was observed. No comparable studies for orexin-B exist, but for orexin-A, 
Hirtz et al. report an even greater signal attenuation of 95% [156]. Since their assay and ours 
share many properties from sample preparation to analysis conditions, it is unclear, what could 
cause such large variation. 

 

6.2. Pre-analytical validation 

Our pre-analytical studies included testing of sampling devices, sample handling conditions 
and analyte stability, depending on the study. For the serotonin assay, plenty of volunteer and 
patient samples were available on short notice, so extensive testing on sampling was possible. 
The sampling device and sample handling procedures both affected the measured serotonin 
concentrations, plain serum tubes yielding approximately 16% lower concentrations than gel 
tubes or activator tubes. Most studies don’t report the collection device used, but the plain 
serum tube is often used for serotonin studies [194-196]. A delay larger than two hours 
between sample draw and centrifugation lead to lowered serotonin concentrations of 15–20%, 
while Sanner et al. observed an up to 30% decrease in detected serotonin concentrations in 
their similar study during a 12h monitoring period [197]. There was a large difference between 
serum and plasma serotonin concentrations, which was to be expected due to serotonin being 
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primarily stored in the platelets [198] and is easily released into serum during natural clotting 
processes. Heparin plasma contained a mean of 48 nmol/l  (range 33–89) nmol/L of serotonin, 
while PPP showed even lower serotonin content at 11 nmol/l (range 5–30 nmol/l), slightly 
higher than the 2–15 nmol/l reported by de Jong et al. [187]. We also tested the short- and 
long-term stability of serotonin and saw that serotonin was very stable across all storage 
conditions, making e.g. the transportation of samples less time-critical with no required sample 
preservatives.    

Instability of the BK peptide was a challenge as compared to serotonin. Initially, BK was not 
stable at any of the tested storage conditions, and literature confirmed its half-life at from 
seconds to minutes due to rapid enzymatic degradation [165,199]. A protease enzyme inhibitor 
solution had to be added to all samples to prevent BK from proteolytic degradation [166], and 
thus a custom sampling syringe had to be used. Healthy control plasma was available, but 
access to patient samples was limited due to the low precedence of septic shock. Additionally, 
the patient plasma was not uniform in consistency, ranging from low to high viscosity. High 
viscosity samples could not be analyzed due to the SPE cartridges getting blocked, or usable 
only in limited volume. This required us to apply additional dilution and concentration steps to 
negate these obstacles, but undoubtedly same BK was lost from the already low picomolar 
concentrations detected from the samples. Nevertheless, limited sample handling testing could 
be done as well as stability testing. To minimize BK decomposition during sampling, we found 
it important to keep the sample syringes chilled on ice during the whole sampling procedure 
and separating the plasma promptly. With the added protease inhibitor mixture, BK was stable 
for a year, when frozen, but the same sample could not be re-frozen and thawed without 
decrease in BK concentration. We therefore recommend that samples are freshly divided into 
aliquots before freezing for storage. Other studies have not commented on the long-term 
stability of BK, and many studies don’t report any kind of protein inhibitors in their sampling 
procedures [165,181]. Therefore, our study provided new information on BK stability, as well 
as showed the importance of unified sample handling for obtaining comparable results. 

The stability study of cerebrospinal fluid orexins showed that orexin-A and orexin-B 
concentrations behaved differently during storage. Orexin-A was stable for three days at room 
temperature and for one year when frozen, whereas orexin-B was only stable for three months 
and only when frozen. Orexin-A could be refrozen and thawed for two times, while for orexin-
B re-freezing caused significant loss of analyte. The difference most likely due to different 
structures of the two peptides; orexin-A has two intra-molecular disulfide cross links between 
cysteine residues in positions of 6 and 12, and 7 and 14 of the peptide. Intra-molecular cross 
links have been suggested as stability increasing factor in other studies [200,201], whereas 
the more linear orexin-B has no intra-molecular cross-links. This might leave the orexin-B 
peptide more susceptible to interaction with peptide degrading enzymes. Due to low 
concentrations of both orexins found naturally in CSF, only the stability of added synthetic 
peptides was possible to study here. The current suggested procedure for CSF sampling by 
lumbar puncture [88] followed by immediate freezing at -80 °C is thus highly recommended to 
prevent any unwanted degradation of orexins. Other studies have generally not commented 
on long-term stability of orexins, but Keating et al. reported a weak negative correlation 
between freezing time and measured orexin-A concentrations during mean storage time of 606 
days using RIA [202]. 
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6.3. Clinical validation 

Testing both serotonin and 5-HIAA from samples of NEN patients and healthy controls showed 
that active NEN patients had significantly higher concentrations of both markers than those in 
remission or healthy. Based on the results of the healthy controls, we established a provisional 
cut-off value of 1490 nmol/L for serum serotonin. This is in line with 1356 nmol/L suggested by 
Korse et al. by an LC-MS/MS assay [192] and in the range of earlier fluorescence and EC 
assays of ca. 1200–2000 nmol/L [115,169,203,204]. The cut-off value for the 5-HIAA assay 
was determined earlier as 123 nmol/L [120]. On average, serotonin concentrations were four-
fold compared those of 5-HIAA in the same samples. We did not find differences in serotonin 
concentrations between genders or age groups, as has been found in other studies as well 
[205]. Diagnostically, serotonin and 5-HIAA performed almost equally, producing AUCs of 0.91 
and 0.94. The serotonin assay was most sensitive towards tumors of the midgut, while 5-HIAA 
detected foregut tumors slightly better. Sensitivity of the serotonin and 5-HIAA assays at the 
set cut-off were 75 and 85%, while sensitivities were 92 and 85%. While the exact performance 
metrics are not often reported, Kema et al. observed clearly elevated serotonin and 5-HIAA 
concentrations in midgut NENs in both blood and urine using fluorometric detection [206], as 
well as did Korse et al. using LC-MS/MS [171]. The developed serotonin assay could well 
discriminate between the healthy and the NEN patients and are thus well suited for use in 
clinical laboratories. The assay can be used as an additional diagnostic tool not only for NEN 
diagnostics, but for other serum or plasma serotonin related conditions as well. 

The measurement of plasma samples containing protease inhibitor-mix from healthy 
volunteers and septic shock patients revealed that patients had lowered concentrations of BK. 
BK concentrations in plasma from healthy individuals were in the range of 0.5–1.1 nmol/L, 
while that is plasma from patients were <LOQ–0.6 nmol/L. The detected concentrations were 
lower than the <10–153 nmol/L by van den Broek et al. employing LC-MS/MS [165] and 
samples without protease inhibitors, but higher than those by RIA by Cugno et al. and 
Nussberger et al. reporting 0.2–7 pmol/L [179,207,208] and using a largely identical inhibitor 
mix in the samples as we did. A major difference to earlier studies is, however, that the clinical 
samples included conditions such as breast cancer [165] and angioedema [140]. Patients in 
these studies had a normal circulatory system, while our ICU patients had theirs largely 
compromised. Although our patients were assayed at six different timepoints during their 
treatment, there were no statistical differences between the time points. Seven out of 47 (15%) 
patients showed a slight rise in BK concentrations in the recovery phase of the shock, while 
only three had higher concentrations in the beginning (shock phase). We did not detect any 
BK(1–5) fragments in any of the plasma samples. This might suggest that BK is removed from 
the circulation before it goes through degradation. It may be locally bound to its receptor on 
the surface of endothelial cells and be only locally released, mediating capillary leakage. 
Another possibility is that small molecules such as BK can be removed from the blood by fluid 
replacement therapy often needed in septic shock treatments. In conclusion, our new LC-
MS/MS assay for plasma BK is useful as a research tool, and the study yielded new information 
on long-term BK stability during storage.  However, it did not support our clinical hypothesis of 
plasma BK concentrations being elevated during septic shock, as the patient concentrations 
were mostly too low to quantify and did not change measurably during shock progression. 

We found that many NT1 patient CSF samples had orexin-A concentrations <LOQ, and thus 
unquantifiable. Concentrations in control CSF and NT2 patient CSF were, however, within the 
assay linear range, and could be statistically compared with the NT1 sample results. Orexin-A 
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concentrations in CSF from NT1 patients was lower than in that from non-narcoleptic controls 
and NT2 patients with all three tested assays. For the control individuals, RIA produced highest 
values with a median of 351 pg/ml (range 238–536 pg/ml), while median for LC-MS/MS was 
98 pg/ml (range <35–423 pg/ml). EIA median was under the assay LOQ of 45 pg/ml (range 
<45–180 pg/ml). Currently used clinical cutoff value of 200 pg/ml exists for RIA, our LC-MS/MS 
results call for a lower value to be used for this assay. With our limited sample size, a value of 
48 pg/ml is suggested for orexin-A, based on optimal sensitivity and specificity calculated from 
ROC. Of the published LC-MS/MS studies, none have suggested new LC-MS/MS specific 
clinical cutoff values [155,156]. More attention should be given, if LC-MS/MS is to be used for 
clinical diagnostics, for the current RIA-based cutoff values are considerably higher than those 
obtained by MS [209-212]. Orexin-B was not detected in any of the CSF samples, and other 
studies using RIA report concentrations below the assay LOQ as well [159,213,214]. NT1 
patient concentrations were lower than those of controls for all assays, RIA producing the 
largest difference, EIA the lowest. NT2 patient results were non-distinguishable from controls 
using any of the assays, which was to be expected as per the clinical definition between NT1 
and NT2. When comparing the diagnostic power, RIA (AUC = 0.97) and LC-MS/MS (AUC = 
0.86) assays discriminated between controls and NT1 patients similarly, while EIA was 
noticeably worse (AUC = 0.66). Although the difference in AUCs was not statistically significant 
(p=0.3), as RIA was used to assign the initial diagnoses for the patients, it has a positive bias 
to it of uncertain degree. Further comparison of respective LC-MS/MS and RIA sensitivity (70% 
and 75%) and specificity (86% and 93%) show, that both assays are useful in orexin-A 
determination. The large difference between the LC-MS/MS and RIA assay detected orexin-A 
concentrations has been noted in previous studies as well, and thus demands further studying. 
One question that is yet to be elucidated, is if the immunoassays are truly measuring the intact 
orexin peptides, as opposed to LC-MS/MS, where this is already known. Lastly, all the LC-
MS/MS studies thus far have had access to limited number of CSF samples (n<100), therefore 
leaving the establishment of statistically reliable reference range to be completed. 

 

All three developed assays proved suitable for clinical research and/or diagnostic use. Serum 
and plasma serotonin can be used as a part of NEN marker panel, or possibly for studying 
brain serotonin in depression and other mental illnesses. Plasma BK study showed that the 
clinical hypothesis of elevated BK concentrations during septic shock was untrue, but the assay 
remains as a useful research tool. CSF orexin-A assay proved to be suitable for studying 
orexin-A in narcolepsy, but not orexin-B. Our study further confirmed that the current 
immunoassays produce markedly different results levels when compared to the LC-MS/MS, 
proving that there is still need for an extensively clinically validated reference method, as well 
as commutable reference-grade standards.  
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7. Conclusions and prospects 
After a few decades of use, mass spectrometry has become more and more relevant as a 
diagnostic tool for clinical laboratories. Thus far, assays have both been available as kits and 
developed in-house at individual laboratories, but due to the equipment becoming smaller and 
more affordable, the international collaboration and publication the assays have at the same 
time made the assays easily transferrable and intercomparable. Although the first fully 
integrated and automatic LC-MS/MS analyzer solutions have been introduced to the market 
during the timeframe of this thesis, it is still crucial to develop, maintain and improve new and 
old assays manually according to the current quality regulations.  

 

The research work put into this thesis mainly concentrated on studying new, interesting 
analytes as biomarkers for rare diseases. To ensure relevancy in a clinical framework, a large 
clinical sample material was collected, despite it requiring more time and effort to be achieved, 
than initially planned. However, we feel that this effort paid off, as this enabled us to conduct 
extensive technical, preanalytical and statistical testing of the individual research hypotheses. 
What differentiated our research from previous studies, was the more pronounced pre-
analytical testing, which included all analytes studied. In studies I and III with directly 
comparable results with prior reports, our patient sample sizes were more favorable by 
comparison for a reliable statistical appraisal to be done.  

 

The main findings of the original publications are: 

I  We developed and validated an LC-MS/MS assay for NEN biomarker serotonin. Testing 
of various preanalytical parameters showed, that the choice of sampling device as well 
as delay in centrifugation can have a large impact on measured serotonin concentration. 
Comparison with 5-HIAA showed, that despite the different analyte concentration 
magnitude, both analytes are elevated for most NEN patients with an active tumor, and 
that the analytes have equal diagnostic performance. Serotonin can thus be used as an 
alternative or complementary test to diagnose especially midgut tumors. 

 

II We developed and validated an LC-MS/MS assay for inflammatory sepsis biomarker 
bradykinin. Contrary to the initial hypothesis, BK concentration in plasma from sepsis 
patients was lowered during septic shock and the concentrations were much lower than 
initially expected. This was the first study to confirm this in humans. We were also the 
first group to publish data on the long-term stability of BK in plasma samples and found 
out that the enzymatic breakdown of BK into its metabolites happens rapidly, if not 
inhibited by chemical blocking agents. 
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III We developed and validated an LC-MS/MS assay for CSF orexin-A and -B for 
narcolepsy diagnostics and research. Preanalytical testing showed that orexin-A was 
markedly more stable during storage when compared to orexin-B. Our study confirmed 
that orexin-A is lowered in NT1, but not in NT2. Comparison with currently used 
commercial immunoassays and other LC-MS/MS methods showed, that the different 
analytical methods produce widely different measured concentrations, thus requiring 
harmonization and further studies. The preanalytical study revealed differences between 
orexin-A and -B stability not reported before. The developed method was the first LC/MS-
MS assay to measure both orexin-A and -B simultaneously, but we did not detect orexin-
B in any of the CSF samples.  

 

The results obtained from this work answered many of the initial research questions we had, 
yet still many persist. In studies II and III, the limited sample material did not allow us to do 
multiple analyses per sample or establish gender or age group specific reference values using 
statistical testing. While the bradykinin hypothesis in study II was not further studied, the orexin 
assay developed in study III would greatly benefit from increased sample numbers in the form 
of improved statistical accuracy. Another path of improving the assays is to increase the work 
done automatically by i.e. liquid handling robots, which we did not have time to implement 
during this project. Regarding the analytical instrumentation, HPLC equipment is slowly but 
surely being replaced by ultra-high-pressure instruments with multiple simultaneous analysis 
capabilities, increasing the sample throughput and reducing idle time during assay 
development and sample batches considerably. Mass spectrometers are also improving in 
sensitivity as new models are introduced, thus enabling even scarcer amounts of biomarkers 
to be detected reliably. As basic clinical chemistry analyses are today performed on a fully 
automatic all-in-one analytical instruments requiring little human interaction, mass 
spectrometric method development still includes a lot of manual fine tuning by trial and error. 
Despite this, LC-MS/MS has redeemed a solid footing in a modern clinical laboratory due to 
its unrivalled ability to detect and quantitate molecules from complex biological matrices 
accurately.  
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