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Abstract

Lipidomic profiling of multiple sclerosis patients
undergoing autologous hematopoietic stem cell
transplantation

Aina Vaivade

Background: Multiple sclerosis (MS) is a neurological, autoimmune disease 
which mainly affects people in the age of 20 to 40. The disease course is 
unpredictable affecting each patient differently, leading to progressive 
and irreversible degradation of the central nervous system. There is no 
treatment that cures this disease, however, there are treatments that either 
slows down the disease course or prevents progressive disabilities. A 
treatment called autologous hematopoietic stem cell transplantation 
(AHSCT) is thought to reset the immune system and induce a new, more 
tolerant one, thus haltering the disease course. However, the knowledge 
about the effects causing the improvement seen in patients treated with 
AHSCT is limited. 

Methods: To investigate the effect of AHSCT in MS patients, serum 
lipidomics data from 16 patients was collected at ten timepoints. The 
lipidomics data was collected for both positively and negatively charged 
molecules separately as well as within a single experiment called polarity 
switching, using mass spectrometry. Since the standard method requires 
two separate experiments to analyze both positively and negatively charged 
lipids it requires twice the time and resources compared to polarity 
switching.

Results: Comparing the two mass spectrometry protocols showed that the 
coefficient of variation (CV) was slightly higher for polarity switching 
compared to the standard method. Nevertheless, the difference was not 
significant and both methods had in general a good CV, indicating low 
technical variation. In addition, this thesis showed that polarity 
switching has a slightly higher percentage of lipids with zero carryover 
compared to the standard method. 

The results also indicated that the expression levels of differentially 
expressed lipids follow two distinct patterns throughout the AHSCT 
treatment. The largest intensity variation arises after stem cell 
reinfusion and the lipid intensities are back to nearly initial levels at 
the three-month follow-up. Finally, many lipids were found to be associated 
with the change in c-protein levels as well as erythrocyte, leukocyte, and 
thrombocyte levels that occurred during treatment. 

Conclusions: This master thesis showed that polarity switching is a good 
alternative to the standard method, saving both time and resources without 
losing too much in specificity. In addition, this thesis has shown that 
differentially expressed lipids follow two distinct expression patterns 
through the treatment. The lipids levels for both differentially expressed 
lipids and lipids associated with clinical data were nearly back to 
baseline levels three months after AHSCT. Hence, AHSCT has a major but 
short-lasting impact on the lipid levels in peripheral blood. 
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Populärvetenskaplig sammanfattning 

Multipel skleros (MS) är en autoimmun sjukdom, vilket innebär att det är kroppens egna 
immunförsvar som ligger bakom skadorna, och drabbar huvudsakligen människor i åldrarna 20 
till 40. MS, vars sjukdomsförlopp är oförutsägbar, påverkar centrala nervsystemet och 
resulterar i irreversibla skador på centrala nervsystemet som ökar gradvis genom 
sjukdomsförloppet. Dessa skador kan till exempel leda till brister i koordinationsförmågan eller 
förlamning hos patienterna. Än idag går det inte att bota patienter med MS, men det finns 
behandlingar som kan bromsa sjukdomsförloppet eller förhindra progressiva funktionshinder 
(McNamara 2015, Szczechowski et al. 2016). När dessa läkemedel inte fungerar på patienter 
eller om ett mycket hastigt försämrande sjukdomsförlopp föreligger finns andra 
behandlingsmetoder såsom AHSCT (autolog hematopoietisk stamcellstransplantation) 
(Casanova et al. 2017, Wiberg et al. 2020).  

AHSCT är en behandlingsmetod där blodstamceller, celler som bildar blod, tas från patienten 
och återinförs igen efter genomgången kemoterapi (Snowden et al. 2018). Behandlingen skulle 
kunna bromsa eller förhindra progressiva funktionshinder hos patienter med skovvis förlöpande 
MS (Burt et al. 2019), en mycket vanlig MS-typ som karakteriseras av att patienten har perioder 
med symptom följt av mer eller mindre symptomfria perioder (Szczechowski et al. 2016). 
Tidigare studier har visat att AHSCT resulterar i en förbättring hos patienter med MS (Burt et 
al. 2015, 2019). Trots detta är lite känt om den biologiska orsaken bakom förbättringen, man 
tror dock att behandlingen återställer immunförsvaret (Wiberg et al. 2020). 

I detta examensarbete analyserades uttrycket av små molekyler, så kallade lipider, som har en 
rad olika funktioner i kroppen, och är därmed intressanta molekyler att kolla på utifrån en 
sjukdomssynvinkel. Detta för att öka förståelsen för vad som händer under AHSCT hos MS 
patienter. Analyserna av patientdata visade att lipidernas uttrycksnivåer ändrades mycket under 
tiden av AHSCT behandlingen. Redan tre månader efter behandlingen har majoriteten av dessa 
lipiders uttrycksnivåer återvänt till ursprungliga nivåer Detta tyder på att behandlingen har en 
stor men kortvarig påverkan på lipiduttrycket i blodet. För att förklara de biologiska 
underliggande orsakerna till förbättringen hos MS-patienter behandlade med AHSCT krävs det 
dock fler och djupare studier. 

För att kunna analysera den komplexa blandningen av lipider som finns i patienternas blod har 
här använts en analysmetod som kallas masspektrometri. Två tillvägagångssätt för denna metod 
jämfördes: standardmetoden (kräver två experiment) och polaritetsväxlande metoden (kräver 
ett experiment). Resultaten visade att trotts att standardmetoden presterade lite bättre än den 
polaritetsväxlande metoden var skillnaderna små. Med tanke på detta och att den 
polaritetsväxlande metoden kräver hälften så mycket tid och pengar jämfört med 
standardmetoden är den polaritet växlande metoden ett bra alternativ för forskare.   
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Abbreviations 

 
AHSCT  autologous hematopoietic stem cell transplantation 

ANOVA analysis of variance  

AU  approximately unbiased 

CNS  central nervous system 

CV  coefficient of variation 

CRP  C-reactive protein 

ERY  erythrocytes 

FDR  false discovery rate 

G-CSF  granulocyte-colony stimulating factor 

GC  gas chromatography 

HRMS  high-resolution mass spectrometry 

LC  liquid chromatography 

LC-MS liquid chromatography coupled mass spectrometry 

LLOQ  lower limit of quantitation 

LPK  leukocytes 

MS  multiple sclerosis  

m/z  mass-to-charge ratio 

NMR  nuclear magnetic resonance  

PCA  principal component analysis  

pp  percentage point 

ppm  parts per million  

PPMS  primary progressive multiple sclerosis 

RT  retention time 

RRMS  relapsing-remitting multiple sclerosis 



 

 

SD  standard deviation 

SPMS  secondary progressive multiple sclerosis  

TPK  thrombocytes 
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1. Introduction  

Multiple sclerosis (MS) is a neurological disease, specifically an autoimmune disease, which 
mainly affects people between the ages of 20 to 40 (Szczechowski et al. 2016). This disease 
affects the central nervous system (CNS), meaning the brain and spinal cord. During MS the 
immune system’s white blood cells attack the myelin, a fatty substance surrounding each nerve 
fiber within the CNS, resulting in an autoimmune inflammation (McNamara 2015, 
Szczechowski et al. 2016). This attack leads to progressive and irreversible degradation of the 
CNS (Casanova et al. 2017). Consequently the patients develop motor, autonomic and 
neurocognitive deficiencies (Szczechowski et al. 2016), such as paralysation, lack of 
coordination, sensory disturbances and visual impairments (Steinman 2001). However, the 
exact disease course is unpredictable and will affect each patient differently (McNamara 2015). 
The most common form of MS, affecting about 85% of MS patients, is relapsing-remitting 
multiple sclerosis (RRMS), and is characterized by numerous relapses. About 90% of patients 
with RRMS eventually develop a secondary progressive form of MS called SPMS. The 
development of SPMS often leads to significant neurological disabilities (Szczechowski et al. 
2016).  

Multiple treatments are available with the aim of either relieving the symptoms or slowing 
down the disease course. Unfortunately, a cure does not exist (McNamara 2015). Current 
treatments for RRMS include substances with immunomodulatory and immunosuppressive 
effects. This treatment is most effective on patients with early stage MS. The 
immunomodulatory substance have a little effect on patients with refractory RRMS, SPMS or 
primary progressive MS (PPMS) (Szczechowski et al. 2016). Despite the advantages made 
within the field of MS treatments, there are patients that do not respond to available drugs, 
resulting in other therapeutic strategies being needed, such as autologous hematopoietic stem 
cell transplantation (AHSCT) (Casanova et al. 2017).  

1.1. AHSCT 

AHSCT is a treatment where hematopoietic stem cells, meaning stem cells that give rise to 
different blood cells, are taken from the patient and then reinfused after cytotoxic therapy 
(Snowden et al. 2018). This is a well-proven treatment mainly used for treating blood 
malignancies, however the use of AHSCT against autoimmune diseases has increased 
(Snowden et al. 2018, Ismail et al. 2019, Wiberg et al. 2020). In regards to using AHSCT to 
treat autoimmune diseases such as MS it is thought that AHSCT not only resets the immune 
system, but also induces a new, more tolerant immune system. Thus this could be a potential 
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approach to slow down or prevent progressive disabilities for patients with RRMS (Wiberg et 
al. 2020). 

The main phases in AHSCT are mobilization, harvesting, conditioning, reinfusion and post-
transplantation care. During mobilization CD34+ stem cells are mobilized from the bone 
marrow to the peripheral blood, this is done by using cyclophosphamide followed by 
granulocyte-colony stimulating factor (G-CSF). The mobilized CD34+ stem cells are then 
collected, referred to as harvesting. The harvesting is followed by conditioning where the 
immune system is eradicated by inducing high doses of immunoablative and 
immunosuppressive substances. The collected hematopoietic stem cells are reinfused into the 
patients, and a new more tolerant immune system is built (Szczechowski et al. 2016, Snowden 
et al. 2018).  

The reset of a patient's immune system is suggested to be a result of the eradication of self-
reactive lymphocytes, inducing a lymphocyte deficient state followed by the development of 
new non-aggressive lymphocytes (Szczechowski et al. 2016, Massey et al. 2018). Nevertheless, 
the exact mechanism behind the improvement seen in patients with autoimmune diseases, such 
as MS, resulting from AHSCT is not well known. Furthermore, little is known about the blood 
milieu during AHSCT, how it is affected by the stem cell mobilization, collection and 
reinfusion, and conditional regimen (Wiberg et al. 2020). One approach to investigate the effect 
of AHSCT treatment is to measure lipid species in the blood using high-resolution mass 
spectrometry (HRMS), performing a lipidomics analysis (Breitkopf et al. 2017).  

1.2. Lipid species and lipidomics 

There is no internationally accepted consensus definition for lipids. However, lipids can be 
defined as “fatty acids and their derivatives and substances related biosynthetically or 
functionally to these compounds” (Christie 1987, Rustam & Reid 2018). Another definition of 
lipids is that lipids are biological compounds which generally are hydrophobic in nature and 
soluble in organic solvents (Griffiths & Wang 2009). Regardless, lipids are compounds that 
have important roles in a variety of different metabolic pathways. Since lipids are involved in 
various processes within a cell, including various mammalian pathologies and physiologies, 
lipids become important targets for investigating diseases (Rolim et al. 2015, Yamada et al. 
2015).  

Lipids include several hundreds of molecular species, and the identification and quantification 
of all lipids within a biological system is called lipidomics (Griffiths & Wang 2009, Rolim et 
al. 2015, Yamada et al. 2015). Through lipidomics analysis a better understanding of the 
biochemical mechanisms underlying lipid-associated diseases and lipid metabolism can be 
gained. Lipidomcis analysis can also lead to the discovery of lipid biomarkers for disease 



13 

 

 

diagnostics, prognostic monitoring and as targets for new therapeutic inventions (Rolim et al. 
2015, Rustam & Reid 2018). Hence lipidomics analysis could be used to investigate how the 
AHSCT treatment affects MS patients' blood milieu.  

To accurately identify lipid high mass accuracy is needed which requires HRMS to obtain. High 
mass accuracy is also needed to correctly identify the mass shifts which can occur due to 
differences in saturation of the fatty acid chains (Breitkopf et al. 2017). To bring biological 
meaning to the results obtained from the lipidomics analysis identification of the lipids is 
needed (Godzien et al. 2015).  

1.3. Mass spectrometry based lipidomics  

The two main methods for detecting and analyzing metabolites, including lipids, are mass 
spectrometry and nuclear magnetic resonance (NMR) (Rolim et al. 2015). Mass spectrometry 
is an analytical technique which measures the mass-to-charge ratio (m/z) of an ionized 
compound. The chemical substances, which are sent into the mass spectrometer, can then be 
identified by using an electric and magnetic field to sort the gaseous ions into their m/z (Griffiths 
& Wang 2009, Beynon & Brown 2020). However, it has been shown that if no separation 
technique is used prior to detection, the mass spectrometer has difficulties in distinguishing all 
the different molecules of the different lipids. Therefore, it is generally associated with various 
chromatography technologies such as liquid chromatography (LC) or gas chromatography 
(GC). This type of chromatography coupled mass spectrometry makes it possible to obtain more 
comprehensive information on almost all lipids in the sample (Li et al. 2014).   

The advantages of using NMR is that it can analyze complex samples containing hundreds of 
different metabolites, and provide detailed information regarding their molecular structures. 
Furthermore, it is a non-destructive technique meaning that the sample can be recovered after 
the analysis. When compared with mass spectrometry NMR has a lower sensitivity, and hence 
some metabolite signals will be superimposed making spectras for complex samples difficult 
to interpret. Since mass spectrometry has a higher sensitivity and selectivity, which can be 
reinforced by associating with e.g. LC or GC, it has become the preferred method of analysis 
in lipidomics (Rolim et al. 2015), and the use of NMR has decreased (Rustam & Reid 2018).  

Typically, the mass spectrometry workflow consists of four steps: sample preparation, 
ionization, data acquisition and data analysis. Within each of these steps multiple different 
techniques can be used, and the choice of experimental design is highly dependent on the 
biological question (Rustam & Reid 2018). To obtain the greatest amount of information 
possible regarding the profile of the biochemical subsets the method LC-HRMS is often used. 
This instrument is very sensitive and can characterize, identify, and quantify the compounds 
within a complex sample containing a large number of compounds (Rolim et al. 2015).  
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1.3.1. Standard method versus Polarity switching  
The standard mass spectrometry protocol for lipidomics typically includes two separate 
experiments; one using negative ionization and one using positive ionization. To avoid running 
two separate experiments, a newly developed method called polarity switching can be used. 
This method makes it possible to acquire both positively and negatively charged lipids during 
the same run, and hence decreasing the time and resources needed. This is done by altering the 
polarity within the acquisitions (Breitkopf et al. 2017) and hence the mass spectrometer can 
detect compounds that are ionized at different polarities (Yamada et al. 2015). However, this 
may come at a cost of decreased sensitivity, number of lipids detected and quantitative 
accuracy. 

To examine whether polarity switching had negative effects on the sensitivity and stability 
Yamada et al. (2015) compared the results obtained from polarity switching with results 
obtained from negative mode only. More specifically they compared the linear dynamic range 
and lower limit of quantitation (LLOQ) for both methods. The results indicated no difference 
regarding LLOQ between the two methods. By shortening the dwell time for the polarity 
switching method, the cycle time will be reduced and the monitoring of more targets is enabled, 
however this might also reduce the sensitivity and/or precision of the method. This is a concern 
especially when the signals are low. Hence for polarity switching it is crucial to optimize both 
the cycle time and dwell time to maximize the sensitivity (Yamada et al. 2015). Hence, this 
comparative analysis made in this thesis would be of importance for research groups and 
departments using mass spectrometry-based methods.  

1.4. Aim  

The first aim is to evaluate the performance of polarity switching versus the standard lipidomics 
mass spectrometry protocol. If polarity switching performs as well as the standard method in 
regards to the sensitivity, selectivity and number of detected features, polarity switching would 
be a cost and time beneficial choice of method. The second aim is to increase the understanding 
regarding how lipidomics content in blood is affected during ASHCT, and how this is 
associated with clinical data collected from patients. 

2. Material and method 

The data used and the basic experimental setup is described in section 2.1. The data pre-
processing is described in section 2.2. The standard method versus polarity switching 
comparison is described in section 2.3, and the analysis of lipidomics change during AHSCT 
in RRMS patients is described in section 2.4.  
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2.1. Data  

The serum lipidomics data used was from 16 patients with RRMS collected during and after 
treatment with AHSCT at ten different timepoints (Figure 1). The ten timepoints analyzed were: 
(T1) before mobilization, (T2) after mobilization using cyclophosphamide, (T3) stem cell 
collection, (T4) before conditioning, (T5) just before stem cell reinfusion, (T6) one day after, 
(T7) three days after, (T8) five days after, (T9) time of discharge from hospital (typically 12 
days after stem cell reinfusion) and (T10) at the three-month follow-up. For all patients six 
clinical measurements were collected at each timepoint: body temperature, C-reactive protein 
(CRP), erythrocytes (ERY), leukocytes (LPK), neutrophils and thrombocytes (TPK). 

 

Figure 1. AHSCT timeline including the ten timepoints which were analyzed. These ten timepoints were: (T1) before 
mobilization, (T2) after mobilization using cyclophosphamide, (T3) stem cell collection, (T4) before conditioning, (T5) before 
stem cell reinfusion, (T6) one day after, (T7) three days after, (T8) five days after, (T9) discharge from hospital and at the (T10) 
three-month follow-up. 

The lipidomics data was collected prior to this thesis using two different protocols for HRMS, 
the standard method (where data of positively and negatively charged lipids are collected 
separately) and polarity switching (where data from positively and negatively charged lipids 
are collected simultaneously), thus resulting in three datasets. Figure 2 describes the basic 
experimental outline, for the standard method versus polarity switching comparison and data 
analysis. 20 internal standards were added to respective samples; QC, blanks, dilutions and 
patient samples. Which internal standards had been detected by respective methods and polarity 
mode were manually checked.  
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Figure 2. The experimental setup for the comparison of the standard protocol for lipidomics using mass spectrometry 
and polarity switching. (A) In total 247 samples were run for each mass spectrometry analysis, being QC (purple), blanks 
(blue), dilution series (grey) and patient samples (red). Resulting in 247 HRMS-files from standard method positive mode, 
standard method negative mode and polarity switching, respectively. (B) The pre-processing of the data was performed on all 
files. The data from polarity switching was divided into positive and negatively charged features (possible lipids). (C) 
Comparative data analysis was performed on the final files from the pre-processing.   

2.2. Pre-processing  

The pre-processing of the raw data files contained several steps. First the raw data files were 
converted to mzML format using PeakPicking (OpenMS v2.4.0.20810261314) (Röst et al. 
2016). Since this had been done for standard method data prior to this thesis, PeakPicking was 
only performed on polarity switching data. The polarity switching dataset were then separated 
into positive and negative mode (Figure 2B).   

A Knime pipeline (v3.5.3) (Berthold et al. 2007), created by Stephanie Herman, was used to 
run respective datasets through Feature Finder and Feature Linker (OpenMS 
v2.4.0.20810261314) (Röst et al. 2016). The parameters used for Feature Finder and Feature 
Linker were manually optimized. To test how different parameters would affect the quality of 
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the data, TopView (v2.3.0) (Kohlbacher et al. 2007, Sturm et al. 2008) was used. Layers with 
the parameters were put on top of the mzML files, and internal standards in QCs and blanks 
were used to assess the results. The specific parameters used for respective method are given 
in appendix A, Table A 1, 2. 

2.3. Data analysis of standard method versus polarity switching 

The data analysis was performed in R (v3.6.1) (R Core Team 2019) using RStudio (v1.4.1103) 
(R Core Team 2019, RStudio Team 2021). All zero intensities were replaced with NA, and the 
rest were converted to log2 form. The data for respective method and polarity mode was filtered 
based on 70% coverage in QC and patients. For quality control of the data principal component 
analysis (PCA) was performed using pca from mixOmics (v6.8.5) (Rohart et al. 2017) with 
default settings.   

From each of the four datasets the detected internal standards were extracted. Features from the 
pre-processed data were matched to the internal standards tables which had been manually 
created beforehand. These had been created by manually checking which of the internal 
standards had been measured in respective method and polarity mode in the non-pre-processed 
files, QCs in the beginning, middle and end of the run series and the two randomly selected 
blanks were used. When matching features in the pre-processed data with the internal standards 
table both RT and mass-ppm were used. A RT-tolerance of nine seconds was used, and the 
mass-ppm was calculated using a m/z-tolerance of seven ppm.  

To visualize how the intensity of the internal standards varied through the QCs, boxplots on 
their intensities were created. For each detected internal standard, the intensity (log2) was 
plotted against the QC run order: one for QC1 to QC24 and one for QC9 to QC24, due to 
indications that an increased intensity variation occurred in QC1 to QC8 due to experimental 
bias.  

2.3.1. Normalization 
The data was normalized using two methods: median normalization and loess regression 
normalization. For median normalization the median intensity for each sample was calculated, 
which was subtracted from all feature intensities within the sample. For loess regression 
normalization the loessFit function (limma, v3.40.6) (Ritchie et al. 2015) was used to calculate 
the residuals for each feature and respective sample. In loess normalization only patient samples 
and QC were normalized. The normalized values were then calculated by adding respective 
residual to the mean intensity of each specific feature. The span value used for loessFit was 0.2, 
based on a comparison of how the loess fitted curve looked like using different span values. 
When comparing the loess fitted curves internal standards intensity values in QC and patients 
were used. Note, both normalization techniques were performed on log2 intensities.  
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2.3.2. Coefficient of variation (CV) analysis 
To compare the performance of the two methods the coefficient of variation (CV) was 
calculated for all detected internal standards in respective method and polarity mode. This was 
done for non-normalized, median normalized and loess regression normalized data. The CV 
(Equation 1) was calculated in non-log2 form based on the intensities in QC9 to QC24. QC1 to 
QC8 were excluded due to the increased intensity variation seen in standard method positive 
mode. Furthermore, the standard deviation (SD) and mean intensity for each internal standard 
were calculated. The same calculations were also made based on patient samples.  

Equation 1: CV equation used. 	"# = %&
'()*	+*,(*-+,. × 	011 

Based on the internal standards CVs in QC9 to QC24 boxplots were produced comparing the 
CV distribution between the two methods and polarity modes. To enable comparison, internal 
standards which had exclusively been detected in one method for a given polarity mode were 
excluded. Paired t-test was used to evaluate if there was a significant difference between the 
two methods within each polarity mode, using the internal standards CV and the function t.test 
(stats, v.3.6.1) (R Core Team 2019). CV for internal standards in patient samples were also 
calculated and the results were compared with the CV calculated based on QC9 to QC24. 

Furthermore, CVs for all features, excluding internal standards, in QC9 to QC24 were 
calculated and the results were visualized in a histogram and density graph. The CV value at 
the 95% cutoff was calculated. Additionally, the mean SD, mean and median intensity, and the 
mean CV for all features, excluding internal standards, were calculated. Mean CVs were 
calculated on: non-normalized, median normalized and loess normalized data.  

To evaluate if normalization resulted in a significant change in internal standards CV within 
each method and polarity mode paired t-test was used. Comparisons were made between non-
normalized and median normalized data, and non-normalized and loess regression normalized 
data. The mean CV difference in percentage points (pp) between non-normalized and median 
or loess regression normalized data was calculated. This was done both for CVs calculated 
based on QC and on patient samples. The paired t-test analysis was also performed on CVs for 
all features, excluding internal standards, in QC9 to QC24.  

To evaluate how the CV changes with the intensity of a feature a CV versus intensity (log2) 
graph was produced based on all features, excluding internal standards, in QC9 to QC24 using 
the loess regression normalized data. A curve was fitted to the respective dataset using loess 
regression and a span value of 0.1.  
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2.3.3. Carryover analysis  
To evaluate the carryover between a QC and the following blank, carryover analysis was made 
based on QC9 to QC24 and blank 6 to 21. All features, excluding internal standards, in non-
normalized data were used. For each feature QC-blank pair the carryover was calculated as the 
fraction between the intensity (log2) in the blank and its intensity (log2) in the QC. If the 
intensity in a blank was NA, the carryover was set to zero. For each feature the mean carryover 
was calculated. Finally, the percentage features having a carryover of 0%, 0 to 0.1%, 0.1 to 1%, 
1 to 10%, 10 to 50%, 50 to 100% and over 100% was calculated.  

2.3.4. Dilution series analysis  
For the dilution series analysis, the dilution series at the end of the run order (R2) was used. 
This since the dilution series in the beginning of the run order (R1) came before QC8, and has 
thus been excluded. Analysis based on the dilution series was performed using non-normalized 
data. The first analysis was based on the detected internal standards and the second analysis on 
all features, excluding internal standards.  

For the first analysis the intensity (log2) for each internal standard was plotted against the log2-
transformed injection volume. The injection volumes (µl) used for the dilution series were: 
0.50, 0.75, 1.13, 1.69, 2.53, 3.80, 5.70, 8.54 and 12.81. Using the function lm (stats, v3.6.1) (R 
Core Team 2019) a linear curve was fitted to the intensity versus injection volume data, and the 
slope of that curve was calculated. This was done for respective internal standards three times: 
based on all injection volumes, injection volumes below 3 µl and injection volumes above 3 µl. 
Theoretically the slope should be one. To evaluate if there was any significant change in the 
slope between the three slope calculations a paired t-test was performed using t.test (stats, 
v3.6.1) (R Core Team 2019).  

For the second analysis all features were used, excluding internal standards. Injection volumes 
below 3 µl were used, based on the results from the first analysis. The function lm was used to 
fit a linear curve to the log2 intensity and injection volume, thus calculating the slope of the 
curve. The p-value for Pearson correlation was calculated for each feature using cor.test (stats, 
v3.6.1) (R Core Team 2019). For both the slope calculations and p-value calculations a 
maximum of one NA was allowed. A volcano plot, with the -log10 (p-value) on the y-axis and 
the slope on the x-axis was generated. Additionally, the percentage of features with a p-value 
below 0.05, a slope of 0.9 or above and the percentage of features which had both were 
calculated. Furthermore, the percentage of features for whom the dilution series (below 3 µl) 
contained more than one NA was also calculated.  
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2.4. Lipidomics change during AHSCT treatment 

For the exploratory data analysis, meaning the analysis regarding how lipidomics content 
changes during AHSCT, only the data retrieved by the standard method was used. All data 
filtering mentioned below was performed separately on positive and negative mode data. 
Within each dataset all zero intensities were replaced with NA, the rest of the intensities were 
transformed to log2 scale. Features with at least 70% coverage in patients and QC were kept for 
further filtering steps. The data was loess regression normalized (QCs and patients) using 
loessFit (limma, v3.40.6) (Ritchie et al. 2015) and a span value of 0.2. The normalized values 
were calculated by adding the residual to the features mean intensity. The normalized values 
were then blank filtered based on the mean carryover from QC to blank, note that all samples 
before and including QC8 were excluded based on results from previous analysis. The blank 
filtering was based on non-logged values, and features with 1% carryover or less were kept. 
Finally, the data was CV filtered, based on QC9 to QC24, where features with a CV below 30% 
were kept for further analysis.  

Internal standards were used to check for technical variation in T1 to T10. The internal 
standards intensities (log2) at respective timepoint were compared. Adjacent timepoints 
including T10 and T1 were compared using both t-test and log2(fold change) analysis. The t-
test was performed using t.test (stats, v3.6.1) (R Core Team 2019) and the p-values were 
adjusted using false discovery rate (FDR). Calculations were performed on each internal 
standard and the respective p-values were plotted. The log2(fold change) analysis was 
calculated on non-logged intensities. The function foldchange (gtools, v3.8.2) (Warnes et al. 
2020) was used to calculate the fold change. These fold change values were transformed to 
log2-ratio by using the foldchange2logration function (Warnes et al. 2020), and the result was 
plotted.  

For the differential expression analysis (section 2.4.1.) and lipid association to clinical data 
analysis (section 2.4.2.) a combined dataset with filtered positive and negative mode data was 
used. For these analyses samples from patients undergoing AHSCT were used. The combined 
dataset was transposed, thus columns representing features and rows representing patient 
samples. To the dataset additional columns were added with patient id, gender, age and 
timepoint, and the six clinical measurements mentioned in section 2.1. 

2.4.1. Differential expression 
To find which features were differentially expressed through the treatment, differential 
expression analysis was performed. For each feature a linear mixed-effects model was fitted 
using the function lme (nlme, v3.1-152) (Pinheiro et al. 2021) with feature as response 
parameter, age, gender and timepoint as fixed-effects and patient id as random-effect. The na-
action na.omit and optimization method optim were used. To evaluate the statistical 
significance of the model, the null hypothesis, meaning that the feature was not differentially 
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expressed through the treatment, was tested using analysis of variance (ANOVA). Specifically, 
the function Anova (car, v3.0-10) (Fox & Weisberg 2019) with type two test and likelihood-
ratio statistics test was used. The resulting p-value related to timepoint was adjusted using FDR. 
Features with an FDR adjusted p-value (q< 0.001) were considered statistically significant and 
used in the following downstream analysis. The choice of cutoff was based on a histogram of 
the FDR adjusted p-values.  

A multilevel PCA on the differentially expressed features was performed using the pca function 
(Rohart et al. 2017). The multilevels used were patient ids and the PCA was scaled and 
centered. To evaluate which PC described the differential expression the most, hence which PC 
would be used in the plot, linear mixed-effect models and ANOVA were used. For each PC a 
linear mixed-effect model was fitted using lme (Pinheiro et al. 2021) with PC as response 
parameter, age, gender and timepoint as fixed-effects and patient id as random-effect. For the 
model the na-action na.omit and optimization method optim were used. The resulting model 
was then assessed using Anova (Fox & Weisberg 2019), setting the type-parameter to two and 
the test statistics to likelihood-ratio. PC with a p-value, related to timepoint, below 0.05 were 
used in the plot.  

To evaluate how the intensity of differentially expressed features changed over time log2(fold 
change) was calculated for adjacent timepoint-pairs and T10-T1. The calculations were made 
for each patient and feature separately using the functions foldchange and foldchange2logratio 
(Warnes et al. 2020). Then a mean log2(fold change) value for each feature was calculated. The 
results were visualized using hierarchical clustering. The clustering was based on the features, 
using Euclidean distance as distance method and ward.D2 as clustering method. The clusters 
were evaluated with pvclust (pvclust, v2.2-0) (Suzuki et al. 2019), which calculates p-values 
for the hierarchical clustering. In pvclust the clustering method used was ward.D2 and 
Euclidean distance, the number of bootstraps was set to 1000. To extract the clusters with an 
approximately unbiased (AU) p-value of 95% or more pvpick (Suzuki et al. 2019) was used. A 
heatmap of the results was created using pheatmap (pheatmap, v1.0.12) (Kolde 2019) and based 
on the results from pvpick the clusters in the heatmap were annotated accordingly. Furthermore, 
PCA was used to visually inspect the number of clusters.  

For each feature within each group, based on the clustering, the intensity through the treatment 
was plotted. Note that the intensities were scaled and centered using the scale function (R Core 
Team 2019). Additionally, the mean intensity (log2) through the treatment was plotted.  

2.4.2. Lipid association to clinical data 
To investigate for potential confounding effects in the data of the treatment the association 
between the lipid data to each of the six clinical measurements was assessed. The combined 
dataset described earlier was used without any additional filtering. The intensity data was scaled 
and centered using scale (R Core Team 2019). For each clinical measurement, respective 
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patients' values throughout the treatment was plotted, including a mean curve. Moreover, 
features associated with clinical measurements were extracted. This was done by fitting each 
feature to a linear mixed-effect model using lme (Pinheiro et al. 2021) with feature as response 
variable, timepoint and the clinical measurement of interest as fixed-effects, and patient id as 
random-effect. Type two ANOVA, using likelihood-ratio as statistical test, was used to evaluate 
whether the feature had a significant association to the clinical measurement. The p-value 
related to the clinical measurement was adjusted using FDR and a cutoff of q<1e-7 was used to 
extract associated features. This cutoff was chosen based on the FDR adjusted p-values of 1% 
features with the lowest FDR adjusted p-value for feature association to body temperature. The 
extracted intensities through the treatment was plotted. Mean curves for positively and 
negatively associated features, respectively, were added. 

A heatmap was created for features associated with clinical measurements. The heatmap was 
based on the features log10(p-values) and if the association type: positive associations were 
represented with a positive log10(p-value) and negative associations with a negative log10(p-
value). The heatmap was created using pheatmap (Kolde 2019), setting the clustering method 
to ward.D2 and clustering distance method to Euclidean for both rows and columns.  

3. Results 

The first aim was to perform a comparative analysis between data collected using the standard 
method and polarity switching and to evaluate their performance in regards to each other. The 
results from these analyses are presented in section 3.1. The second aim was to increase the 
understanding regarding how lipidomics content in blood is affected during ASHCT, and how 
this is associated with clinical data collected from patients. The results from these analyses are 
presented in section 3.2.    

3.1. Standard method versus Polarity switching  

The number of features detected after pre-processing of the raw data (Table 1) depends on the 
LC-HRMS method used and the polarity mode. Polarity switching had more detected features 
after pre-processing than the standard method. However, after 70% coverage filtering the 
standard method had more features compared to polarity switching. The difference in number 
of features between the two methods was 574 in positive mode and 198 in negative mode.  

Even though the same internal standards were used in both methods, more were detected in 
polarity switching. Before pre-processing, 17 internal standards were manually detected in 
polarity switching positive mode and 15 in standard method. While in negative mode six 
internal standards were detected in polarity switching and five in standard method (appendix 
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A, Table A 3). After pre-processing 14 internal standards were detected in polarity switching 
positive mode and 13 in standard method, however no change occurred in negative mode.  

Table 1. Number of features before and after the 70% coverage filtering.  

Method Before After  

Standard method positive mode 53547 4680 

Standard method negative mode 21772 3006 

Polarity switching positive 78855 4105 

Polarity switching negative 32829 2808 

 

The PCA for standard method and polarity switching (appendix B) indicated a significant 
separation between blanks and patient samples, dilutions and QC. This separation was greater 
in polarity switching. The two dilution series followed the expected curve in both methods, 
except for in standard method negative mode where the first dilution series (R1) was clustered 
around the QC. The QC were all closely clustered with almost no separation between them, and 
oriented within the patient cluster, as expected.  

The detected internal standard intensities over QC1 to QC24 in standard method positive mode 
and polarity switching positive mode (appendix C, Figure C 1A, 2A), indicated stable 
intensities through the QCs with some exceptions. The intensity distribution standard method 
positive mode (appendix C, Figure C 1C) indicated that a large intensity variation occurred in 
QC1 to QC8, all of which had been run before any patient samples. This large intensity variation 
was not seen in QC9 to QC24. Hence, QC1 to QC8 have been excluded from all downstream 
analysis for all datasets.  

Internal standards intensity over QC1 to QC24 for standard method negative mode and polarity 
switching negative mode indicated stable intensities with minor fluctuations (appendix C, 
Figure C 4). Furthermore, none of the internal standards detected in negative mode had any 
missing values, which was not the case in positive mode. A missing value indicates that an 
internal standard had not been measured during LC-HRMS for a specific QC or missed in the 
downstream pre-processing or linking of data.  

To reduce the error which can be introduced to the measured intensities due to experimental 
bias (Figure 3A), the data was normalized. The detection and quantification of ions may be 
altered through the run order due to e.g. decreased sensitivity in the instrument caused by 
contamination and altered properties of the column and buffers used causing systematically 
increases or decreases. A lipid which is not affected by this is expected to look like the lipid in 
Figure 3B. To reduce the error introduced by this type of bias, loess regression normalization 
was used. As Figure 3 illustrates a span value of 0.1 results in a fluctuating fitted curve, by 
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increasing the span value the fluctuations decrease. To reduce the possibility of overfitting or 
underfitting a span value of 0.2 was used for the data normalization.  

 

Figure 3. Examples of internal standards intensity (log2) change through QC (triangles) and patients (circles). (A) THC-
COOH and (B) progesterone in polarity switching positive mode. Loess regression fitted curves using four different span 
values; 0.1, 0.15, 0.2 and 0.25. 

3.1.1. Coefficient of variation (CV) comparison  
Internal standard CV comparison between the two methods (Figure 4) showed that the standard 
method had in general lower CV than polarity switching. This could be seen for the non-
normalized, median normalized and loess regression normalized data. However, a paired t-test 
showed that the difference between the two methods was not significant. To enable direct 
comparison between the methods the same internal standards were used in respective polarity 
mode. For both methods, internal standards detected in negative mode had a lower CV 
compared to those detected in positive mode. The outlier in Figure 4 for standard method 
positive mode was PE 15:0-18:1(d7) which had a CV of 14.62% in non-normalized data. 
However, it was not an outlier in polarity switching (CV of 13.13%). The outlier in polarity 
switching positive mode was MG 18:1(d7) with a CV of 33.89% in non-normalized data, while 
in standard mode it had a CV of 9.01% (Table 2A). In negative mode, there were no outliers.  

 

A B 
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Figure 4. Coefficient of variation (CV) comparison for standard method and polarity switching. CV was calculated based 
on internal standards in respective method and polarity mode. CV based on (A) non-normalized (raw), (B) median normalized 
and (C) loess normalized data. 

Table 2A, 2B shows a detailed comparison of internal standards CV in respective methods 
based on QC9 to QC24. Table 2A compares positive mode, while 2B compares negative mode. 
Based on the paired t-test there was a significant change (p < 0.05) in mean CV between non-
normalized and median normalized data in polarity switching positive mode and standard 
method negative mode. In polarity switching positive mode the CV increased with median 
normalization with an average of 0.34 pp, however in standard method negative mode the CV 
decreased with 1.47 pp. The comparison between non-normalized and loess regression 
normalized data showed no significant difference (appendix D, Table D 1).  

An internal standard CV comparison between QC and patient samples showed that the CV was 
in general higher in patient samples. All internal standards detected in negative mode had a CV 
difference below 5 pp between QC and patient samples. In positive mode the percentage of 
internal standards with a CV difference below 5 pp was higher in polarity switching; in non-
normalized data 54% internal standards had a CV difference below 5 pp between QC and 
patients in standard method, while in polarity switching it was 64%. For both methods in 
positive mode the highest percentage internal standards with a CV difference below 5 pp was 
in loess regression normalized data (appendix D, Table D 1-4). 

A B 

C 
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The paired t-test for internal standard CV in patient samples showed that both methods and 
polarity modes had a significant (p < 0.05) decrease in CV in loess regression data compared 
to non-normalized data. In positive mode the mean CV decrease was 1.22 pp for standard 
method and 1.10 pp for polarity switching. While in negative mode it was 0.68 pp in standard 
method and 0.27 in polarity switching. The paired t-test between non-normalized and median 
normalized data showed that there was a significant (p < 0.05) change in CV in positive mode, 
but not in negative mode. In positive mode the CV increased in median normalization data 
compared to non-normalized data. The mean CV increase for the standard method was 4.04 pp 
while for polarity switching it was 2.90 pp (appendix D, Table D 5).  
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Table 2A. Coefficient of variation (CV) comparison for internal standards in positive mode. CV calculated based on QC9 
to QC24 in non-normalized (raw), median normalized and loess regression normalized data. The table includes respective 
internal standards standard deviation (SD) and mean intensity. 

 
 

Internal standards 

Standard method positive mode Polarity switching positive mode 

Mean 
intensity 

(log2) SD 

CV (%) 
Mean 

intensity 
(log2) SD 

CV (%) 

Raw Median Loess Raw Median Loess 

PC 15:0-18:1(d7) 21.67 0.07 4.89 5.06 5.93 25.78 0.08 5.62 6.17 5.59 

PE 15:0-18:1(d7) 23.28 0.21 14.62 14.80 14.49 26.02 0.19 13.13 12.25 12.36 

PS 15:0-18:1(d7) - - - - - - - - - - 

PG 15:0-18:1(d7) - - - - - 23.69 0.23 15.00 14.89 15.40 

PI 15:0-18:1(d7) - - - - - - - - - - 

PA 15:0-18:1(d7) - - - - - - - - - - 

LPC 18:1(d7) 21.78 0.06 3.83 3.94 4.30 24.59 0.05 3.76 4.61 3.81 

LPE 18:1(d7) 23.40 0.06 4.01 4.42 3.92 24.77 0.13 8.95 8.99 8.89 

Chol Ester 18:1(d7) 25.62 0.19 13.08 13.99 12.24 - - - - - 

MG 18:1(d7) 22.68 0.13 9.01 9.22 8.39 26.68 0.49 33.89 34.29 34.83 

DG 15:0-18:1(d7) - - - - - - - - - - 

TG 15:0-18:1(d7)-15:0 24.43 0.12 9.42 9.58 6.86 22.33 0.10 6.69 6.94 6.86 

SM 18:1(d9) 25.27 0.09 6.01 5.67 6.21 23.86 0.12 7.92 8.15 7.81 

Cholesterol (d7) - - - - - - - - - - 

17-a-hydroxyprogesterone-d8 20.70 0.06 3.95 4.02 3.90 25.71 0.11 7.77 7.89 8.03 

androstendione-d7 22.27 0.05 3.55 4.07 3.56 25.22 0.08 5.41 6.64 5.97 

progesteron-d9 24.21 0.05 3.18 3.38 3.05 23.44 0.06 4.31 4.40 4.13 

Levo-d6 32.86 0.06 4.17 4.09 4.13 26.32 0.11 8.28 9.02 8.41 

THC-COOH-d3 24.11 0.07 4.92 4.98 5.29 25.80 0.09 5.98 6.57 6.00 

Peth-d5 - - - - - 24.16 0.09 5.81 6.46 5.93 
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Table 2B. Coefficient of variation (CV) comparison for internal standards in negative mode. CV calculated based on QC9 
to QC24 in non-normalized (raw), median normalized and loess regression normalized data. The table includes respective 
internal standards standard deviation (SD) and mean intensity. 

Internal standard 

Standard method negative mode Polarity switching negative mode 

Mean 
intensity 

(log2) SD 

CV (%) Mean 
intensity 

(log2) SD 

CV (%) 

Raw Median Loess Raw Median Loess 

PC 15:0-18:1(d7) - - - - - - - - - - 

PE 15:0-18:1(d7) 26.76 0.08 5.43 3.75 5.36 22.22 0.13 8.90 8.51 8.75 

PS 15:0-18:1(d7) - - - - - - - - - - 

PG 15:0-18:1(d7) 19.86 0.05 3.40 2.27 3.36 21.43 0.05 3.61 3.78 3.59 

PI 15:0-18:1(d7) 25.90 0.06 4.24 2.31 4.33 20.39 0.07 4.79 4.92 4.78 

PA 15:0-18:1(d7) - - - - - - - - - - 

LPC 18:1(d7) - - - - - - - - - - 

LPE 18:1(d7) 23.31 0.07 4.89 3.90 4.76 30.31 0.08 5.12 4.72 5.31 

Chol Ester 18:1(d7) - - - - - - - - - - 

MG 18:1(d7) - - - - - - - - - - 

DG 15:0-18:1(d7) - - - - - - - - - - 

TG 15:0-18:1(d7)-15:0 - - - - - - - - - - 

SM 18:1(d9) - - - - - - - - - - 

Cholesterol (d7) - - - - - - - - - - 

17-a-
hydroxyprogesterone-
d8 

- - - - - - - - - - 

androstendione-d7 - - - - - - - - - - 

progesteron-d9 - - - - - - - - - - 

Levo-d6 - - - - - - - - - - 

THC-COOH-d3 - - - - - 29.21 0.10 6.48 6.67 6.47 

Peth-d5 21.75 0.05 3.37 1.74 3.62 26.50 0.04 2.86 2.75 2.84 
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CV calculations based on all features excluding internal standards (Table 3) indicated that 
polarity switching had in general a higher CV than the standard method. In positive mode the 
mean CV differed with an average of 4.6 pp, and 3.1 pp in negative mode. The paired t-test 
showed that there was a significant (p < 0.05) increase in CV in loess regression normalized 
data compared to non-normalized data for both methods. The mean CV increase in positive 
mode was 0.65 pp in standard method and 0.47 pp in polarity switching. While in negative 
mode it was 0.20 pp in standard method and 0.31 pp in polarity switching. Furthermore, the 
paired t-test showed that a significant change in CV occurred between median normalized data 
and non-normalized data, except in polarity switching negative mode. In the standard method, 
both polarity modes, the CV decreased with median normalization. However, in polarity 
switching positive mode the CV increased with median normalization (appendix D, Table D 6).  

Table 3. Comparison of mean coefficient of variation (CV) for all features, excluding internal standards. CV calculations 
are based on QC9 to QC24. The features mean standard deviation (SD) and their mean and median intensities (log2) are 
included. 

 

SD mean 

Intensity (log2) CV (%) 

Method Mean Median Raw Median Loess 

Standard method positive mode 0.20 22.78 22.30 13.79 13.78 14.43 

Polarity switching positive mode 0.27 22.90 22.90 18.38 18.43 18.84 

Standard method negative mode 0.14 22.27 22.27 9.42 8.92 9.62 

Polarity switching negative mode 0.18 22.53 22.53 12.28 12.28 12.59 

 

Figure 5A shows the CV distribution for loess regression normalized positive mode data, where 
the two methods are compared. The number of features, excluding internal standards, for whom 
the CV was below 15% was greater in standard method (n= 3108, 66.60%) compared to polarity 
switching (n=2291, 56.00%). Important to notice is that the standard method had more detected 
features compared to polarity switching. Furthermore, the CV value for the 95% cutoff for 
standard method was 38.39%, while for polarity switching it was 50.73%.   

The CV distribution for loess regression normalized negative mode data (Figure 5B) showed 
similar results as for positive mode. The number of features, excluding internal standards, in 
negative mode for whom the CV was below 15% was greater in standard method (n= 2606, 
86.84%) compared to polarity switching (n=2120, 75.66%). Additionally, the 95% cutoff for 
the standard method was 22.22%, while it was higher in polarity switching (31.18%). 
Furthermore, for both polarity modes the curve peak in the CV density graph (Figure 5C) for 
standard method was at a lower CV compared to polarity switching. Thus, indicating that the 
CV was in general lower for features, excluding internal standards, detected in standard method 
compared with polarity switching.  
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Figure 5. Coefficient of variation (CV) distribution for all features, excluding internal standards, in QC9 to QC24. Loess 
regression normalized data was used in (A) positive mode and (B) negative mode, where gray is standard mode and purple is 
polarity switching. The dashed lines illustrate the 95% cutoff for respective method. (C) CV density plot for standard method 
positive (red) negative mode (blue), and polarity switching positive (black) and negative mode (green). 

To investigate if the CV of features were dependent on their intensity the CV versus mean 
intensity was plotted (Figure 6) demonstrating that in both methods the CV decreased with 
increasing intensity. Polarity switching positive mode had more features with CV above 40% 
in comparison (11.24%) with the standard method (4.61%) (Figure 6A, B). This was expected 
due to the methods 95% cutoff for the CV described above (Figure 5A). For both methods the 
densest region was CV below 30%, indicating that many features detected by respective method 
in positive mode had a CV below 30%. Figure 6C, D shows that the density of features in 
negative mode with CVs above 20% was higher in polarity switching (14.20%) compared to 
the standard method (6.80%). When comparing the polarity modes, negative mode had on 
average a lower CV than positive mode, this was true for both methods. Finally, the CV versus 
mean intensity plots demonstrated that the CV in general decreases with increasing intensity.  

 
C 

A B 
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Figure 6. Coefficient of variation (CV) versus intensity plots. (A) Standard method positive mode, (B) polarity switching 
positive mode, (C) standard method negative mode and (D) polarity switching negative mode. Calculations were based on all 
features, excluding internal standards, in QC9 to QC24 in loess regression normalized data. The fitted loess regression line was 
calculated using a 0.1 span value.  

3.1.2. Carryover comparison 
To determine if there was any carryover between samples, including how much carryover 
occurred, carryover analysis was performed. For both methods the percentage of features with 
0% carryover was above 70% (Table 4). Polarity switching had a slightly higher percentage 
features with 0% carryover compared to the standard method, 0.28 pp in positive mode and 0.5 
pp in negative mode. The standard method had a slightly higher percentage features which had 
a carryover greater than 100%.   

Table 4. Carryover distribution for respective method and polarity mode. The spans are given in percentage carryover 
calculations based on all features, excluding internal standards, in non-normalized data from QC9. 

Method 0 0 < 0.1 0.1 < 1 1 < 10 10 < 50 50 < 100 > 100 

Standard method positive mode 72.42 0.30 1.29 1.61 3.36 8.66 12.32 

Polarity switching positive mode 72.70 0.22 1.15 1.78 2.74 9.48 11.88 

Standard method negative mode 73.34 0.17 0.70 2.13 3.80 8.73 10.06 

Polarity switching negative mode  73.84 0.21 1.14 2.71 4.64 9.35 8.03 
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3.1.3. Dilution series comparison 
In the dilution series the intensity of a feature should increase linearly with increased injection 
volume, with a slope of one. To investigate if this was correct, linear curves were fitted to the 
internal standards (Table 5). For each internal standard the slope was calculated for three 
injection volume intervals (see section 2.3.4). 58% of the internal standards in standard method 
positive mode and 50% in polarity switching had a slope in the span of 0.9 to 1.10 in dilutions 
below 3 µl. In negative however, mode 40% of the internal standards in standard method and 
67% in polarity switching had a slope in the span of 0.9 to 1.10. Paired t-test was used to 
compare the slope of the internal standards between the two methods, and the results indicated 
no significant (p<0.05) difference.  
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Table 5. The slope of the intensity versus injection volume curve for respective internal standard. Theoretically the slope 
should be one. Calculations based on non-normalized data. 

 Standard method 
positive mode 

Polarity switching 
positive mode 

Standard method 
negative mode 

Polarity switching 
negative mode 

Internal standards All < 3 23 > 3 23 All < 3 23 > 3 23 All < 3 23 > 3 23 All < 3 23 > 3 23 

PC 15:0-18:1(d7) -0.18 0.19 -0.60 -0.15 0.16 -0.55 - - - - - - 

PE 15:0-18:1(d7) -0.01 0.24 -0.42 -0.19 0.04 -0.49 1.17 1.30 0.92 1.15 1.26 0.91 

PS 15:0-18:1(d7) - - - - - - - - - - - - 

PG 15:0-18:1(d7) - - - 0.39 0.81 -1.07 1.09 1.05 1.29 0.97 0.98 0.91 

PI 15:0-18:1(d7) - - - - - - 0.92 0.90 1.01 0.89 0.96 0.90 

PA 15:0-18:1(d7) - - - - - - - - - - - - 

LPC 18:1(d7) 0.79 0.93 0.65 0.83 0.97 0.52 - - - - - - 

LPE 18:1(d7) 0.84 0.98 0.59 0.83 1.03 0.43 1.04 1.11 0.96 1.09 0.95 0.97 

Chol Ester 18:1(d7) NA NA NA - - - - - - - - - 

MG 18:1(d7) 0.26 -0.14 0.44 0.00 -1.37 0.41 - - - - - - 

DG 15:0-18:1(d7) - - - - - - - - - - - - 

TG 15:0-18:1(d7)-15:0 -0.12 0.00 -0.31 -0.13 -0.08 -0.39 - - - - - - 

SM 18:1(d9) 0.36 0.64 -0.06 0.34 0.71 -0.04 - - - - - - 

Cholesterol (d7) - - - - - - - - - - - - 

17-a-hydroxyprogesterone-d8 0.98 1.04 0.85 0.95 0.93 0.93 - - - - - - 

androstendione-d7 0.91 0.99 0.73 0.98 1.06 0.80 - - - - - - 

progesteron-d9 0.87 0.96 0.71 0.84 0.99 0.73 - - - - - - 

Levo-d6 0.96 0.98 0.87 0.99 0.96 0.82 - - - - - - 

THC-COOH-d3 0.82 0.95 0.62 0.78 0.89 0.67 - - - 0.96 1.04 0.96 

Peth-d5 - - - 0.92 0.97 0.84 1.08 1.11 1.07 1.09 1.11 1.08 
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Since analysis of the internal standards indicated that dilutions below 3 µl was best suited to 
get a fitted line with a slope of one, dilution series analysis for all features, excluding internal 
standards, were performed on injection volume below 3 µl. For both methods and polarity 
modes the majority of the features had a slope above zero. However, 12.41% and 12.74% of 
the features in positive mode in standard method and polarity switching, respectively, had a 
slope of 0.9 or above (Table 6). In negative mode 21.76% of the features in the standard method 
and 19.41% of the features in polarity switching had a slope of 0.9 or above. The volcano plots 
created for this analysis can be found in appendix E. 

Approximately half of the features in respective method and polarity mode had a significant 
correlation to injection volume (p<0.05). In positive mode 8.96% in standard method and 8.12% 
in polarity switching had a significant p-value and a slope in the span of 0.9 to 1.10.  In negative 
mode on the other hand, 11.60% of the features in respective methods had a significant p-value 
and a slope in the span of 0.9 and 1.10. For both positive and negative mode, the standard 
method had a higher percentage features with a significant p-value (p<0.05), 5.35 pp higher in 
positive mode and 3.54 pp in negative mode. In regards to the percentage of features with not 
enough data in the dilution series, meaning the NA in Table 6, polarity switching had a higher 
percentage of such features. In positive mode the difference was 0.27 pp, while in negative 
mode it was higher, 2.29 pp.  

Table 6. Percentage features in the dilution series which had a p-value below 0.05, a slope above 0.9 and the intersection 
between them, as well as percentage missing values. Internal standards have been excluded and separate calculations have 
been made for each method and polarity mode. All calculations were based on non-normalized data, and p-values were 
calculated using Pearson correlation.  

Method 
p-value < 

0.05 Slope ≥ 0.9 
p-value < 0.05 
& slope ≥ 0.9 

p-value < 
0.05 & slope 
0.9 to 1.10 NA 

Standard method positive 
mode 

53.14% 12.41% 11.98% 8.96% 22.22% 

Polarity switching positive 
mode 

47.79% 12.74% 11.86% 8.12% 22.49% 

Standard method negative 
mode 

51.79% 21.76% 21.53% 11.60% 23.69% 

Polarity switching negative 
mode  

48.25% 19.41% 19.06% 11.60% 25.98% 

3.2. Lipidomics content during AHSCT  

I have investigated how the intensity of differentially expressed features behave through 
AHSCT. In addition, I have investigated which features were associated with the six clinical 
measurements: body temperature, CRP, ERY, LPK, neutrophils and TPK, and how their 
intensity changes through AHSCT. For this analysis standard method data was used, based on 
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the results of section 3.1. The data was filtered based on a coverage of 70%, CV below 30% 
based on QC9 to QC24 and carryover below 1% resulting in 3170 features in positive mode 
and 2218 in negative mode. 

To evaluate possible technical bias between the timepoints internal standards were used. The 
internal standards intensities were stable, however the adjacent timepoint comparison indicated 
some technical variability (appendix F, Figure F 1-3). At T3-T2 a slight increase in the log2(fold 
change) and a slight decrease in the FDR adjusted p-value occurred, however it was not 
significant (q<0.05). In negative mode three out of five internal standards had at least one 
significant (q<0.05) log2(fold change), where two were for T3-T2. None of the internal 
standards in negative mode had an absolute value log2(fold change) above 0.25. In positive 
mode nine of 13 internal standards had a significant (q<0.05) log2(fold change) for at least one 
timepoint comparisons. Three of these had an absolute value log2(fold change) above 0.25, 
however only two were significant (q<0.05), one at T2-T1 and one at T4-T3. This small 
technical variability needs to be taken into consideration when interpreting the results presented 
below (appendix F, Table F 1-4).  

3.2.1. Differential expression analysis  
To investigate which features were differentially expressed (q<0.001) through AHSCT a linear 
mixed-effects model was fitted to each feature and timepoint, resulting in 380 features in 
positive mode and 309 in negative mode. To visualize this the features were subjected to PCA 
and the resulting PCA scores were used to evaluate which PC that would be plotted, resulting 
in two PCs having a p-value below 0.05, PC1 and PC4.  

The PCA of the differentially expressed features was made based on PC1 and PC4 (Figure 7), 
describing 38% and 6% of the data respectively. The PCA showed that three months after 
treatment (T10) differentially expressed features had almost returned back to initial levels (T1). 
Clear change within the differentially expressed features could be seen during the course of the 
treatment, the largest change occurred from T5 to T9.  
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Figure 7. PCA of differentially expressed features through the AHSCT treatment in positive and negative mode. The 
percentage of variance explained by PC1 and PC4 is shown on respective axis. T1 to T10 are the timepoints for blood sampling 
through AHSCT, see Figure 1 for timepoint definition. 

To investigate how the intensity of differentially expressed features were affected by each step 
in AHSCT, including before and after treatment, the log2(fold change) was calculated. The 
results were visualized in a heatmap (Figure 8) where statistical analysis on feature clustering 
resulted in two statistical supported clusters (AU p-value ≥ 95%): one containing 165 features 
(Group 1) and with 524 (Group 2). To further investigate how the treatment affects the intensity 
of the features within each group, the intensity was plotted against the timepoints. In group one 
there was a larger log2(fold change) decrease at T5-T4 (Figure 8A) corresponding to the 
intensity decrease which appeared at that time (Figure 8B). 53.33% of the features within group 
one had a positive log2(fold change) in T9-T8, while at T10-T9 92.12% had a positive log2(fold 
change). In general, there was an increasing intensity trend within group one starting from T8. 
For group two, the intensity trend (Figure 8C) and log2(fold change) trend did not follow the 
same pattern as for group one. In the beginning of the treatment the intensity decreased, at T3 
the intensity started to increase and at T5-T4 76.33% of the features had a positive log2(fold 
change). This increase continued until T7 when it started to decrease again. The corresponding 
pattern could also be seen in the log2(fold change) for group two, with a large decrease in T10-
T9 for 91.86% of the features.  

Comparison of log2(fold change) between T10 and T1 (Figure 8A) indicated that in group one 
98.18% of the features had a decrease in the log2(fold change), with values down to -0.79. While 
in group two, 96.21% of the features had a positive log2(fold change), with a max value of 1.26. 
Only 0.57% of the features with a positive log2(fold change) had a fold change above one, and 
82.20% of the features within group two lied within the span of -0.25 and 0.25. Hence, features 
within group one seems to have a decrease in intensity after treatment, while the features within 
group two had an increase in intensity after treatment. 
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Figure 8. Differentially expressed features. (A) The log2(fold change) for adjacent timepoints, including T10-T1, during 
AHSCT in RRMS. Red gradient indicates a positive log2(fold change) and the blue gradient a negative log2(fold change). (B) 
The intensity trend of group one features through the treatment. (C) The intensity trend of group two features through the 
treatment. In (B) and (C) gray lines indicate separate features, and black line represents the mean intensity. 

3.2.2. Lipid association to clinical data  
To investigate possible confounding factors between lipids and AHSCT, e.g. anemia, fever, 
infection, leukopenia, or thrombocytopenia, the correlation between the feature levels and 
patients’ clinical measurements was analyzed using linear mixed-effect models. How these 
clinical measurements changed over AHSCT treatment time is described in Figure 9 (A-C, G-
I). Body temperature peaked one day after stem cell reinfusion (T6), and 14 features were found 
to be significantly (q<1e-7) associating with it. CRP was elevated in all patients at some point 
during treatment and was positively correlated with 41 features and negatively correlated with 
86 features.  

B 

A 

C 

Log
2 (fold change) 
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TPK, LPK and neutrophil counts peaked in samples collected on the day after administration 
of the mobilization dose of cyclophosphamide (T2). LPK had the highest number of 
significantly (q<1e-7) associated features (381 features), where 258 features were positively 
associated and 123 were negatively associated. TPK had slightly fewer significantly associated 
features (374), where 245 were positively associated and 129 were negatively associated. This 
was then followed by ERY which had 291 significantly associated features out of which 222 
were positively associated and 69 were negatively associated. Finally, only 28 features were 
found to be significantly associated with neutrophils where 25 of them had a positive 
association and three a negative association (Figure 9). 

The clinical measurements TPK, LPK and ERY, were the three clinical measurements with the 
highest number of associated features, and 100 features were associated with all three clinical 
measurements. The overlap was however biggest between TPK and LPK, sharing 241 features. 
35 features were uniquely associated with TPK, 46 with LPK and 31 with ERY. Whereas zero 
features were uniquely associated with neutrophils, eleven features were uniquely associated 
with body temperature and 47 with CRP. This can also be seen in Figure 10 showing that 
multiple features were only associated with CRP. Interestingly, features which had a negative 
association to CRP had a positive association with ERY, LPK and TPK, and vice versa.  
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Figure 9. Changes within clinical measurements during AHSCT in RRMS and feature association. (A-C, G-I) Clinical 
measurement changes over treatment time, where gray lines indicate individual patient and the black line represents the mean 
trend. (D-F, J-L) Features associated with clinical measurements intensity change over treatment time, including the mean 
intensity change over time. Blue lines indicate negative association while red lines indicate positive association. Results based 
on an FDR adjusted p-value cutoff of 1e-7. 
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Figure 10. Feature association to clinical measurements in MS patients during AHSCT. Heatmap based on p-values for 
the feature associations. The scale is log10(p-value), where red indicates positive association and blue indicates negative 
association. White illustrates that no association with the specific clinical measurement was found.  

4. Discussion 

MS is a neurological disease mainly affecting people in the age of 20 to 40 whose disease course 
is very unpredictable and affects every patient differently. To this day there is no cure, however 
there are treatments that can either reveal the symptoms or slow down the disease course 
(McNamara 2015). AHSCT is a treatment that can slow down or prevent progressive disabilities 
in patients with RRMS (Burt et al. 2019). However, little is known about the mechanisms 
behind the improvement seen in patients treated with AHSCT, and how the blood milieu is 
affected during (Wiberg et al. 2020). Since lipids are involved in various processes within a 
cell and quickly respond to both environmental and genetic modifications, they are well suited 
for exploring disease mechanisms and possible effects of AHSCT (Rolim et al. 2015, Yamada 
et al. 2015). The aim of current work was to increase the understanding regarding how 
lipidomics content in blood is affected during ASHCT, how this is associated with clinical data 
collected from patients and explore benefits and limitations of collecting data using a standard 
HRMS method and polarity switching.  

Log
10 (p-value) 
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4.1. Standard method versus Polarity switching 

When a method such as HRMS is used to investigate the lipidomics change during treatment 
or disease course within patients with a disease it is important that the experimental protocol 
catches as many lipids as possible. Additionally, it is crucial that the measurements are both 
precise and of good quality. At the same time, it would be beneficial to use a method that 
requires the least resources and time without losing too much in quality and reliability. Thus, 
the comparison of the standard method and polarity switching method becomes important. 
Double time and resources are needed for the standard method compared to polarity switching 
since two separate experiments are needed (Breitkopf et al. 2017). However, in polarity 
switching the sensitivity and precision, as well as the amount of lipids detected can be affected 
by the cycle and dwell time (Yamada et al. 2015). 

After pre-processing two internal standards in positive mode and one in negative mode were 
exclusively detected in polarity switching. Whereas only one internal standard in positive mode 
and zero in negative mode was exclusively detected in standard method. This was not expected 
since in theory polarity switching should detect fewer lipids compared to the standard method. 
This since polarity switching uses less time for measuring each lipid package in comparison 
with the standard method. Furthermore, during the time needed to switch between one polarity 
to another the spray of ionized lipids is not stopped. Hence some lipids might be completely 
missed during this time.  

It is expected that the internal standard have a stable intensity through all QC, however, careful 
analysis of the detected internal standards indicated that there was a large intensity variation in 
QC1 to QC8 within standard method positive mode (appendix C). According to the run order 
these QCs have been run before any patient samples (Figure 2A). Standard method positive 
mode was the first experiment run on the column and HRMS system. Since the increased 
intensity variation in QC1 to QC8 only occurs in standard method positive mode it indicates 
that the column had not reached equilibrium when the full experiment was started. The column 
was however in equilibrium when standard method negative mode and polarity switching were 
run, since it was run on the same column and directly after each other. To exclude the errors 
and biases that might occur due to the colon and system not being in equilibrium all samples 
run before and including QC8 were excluded in further analysis in all datasets. For future 
studies, at least three additional samples should be run before starting a full batch and not only 
five as now.  

The technical variation within each method can be compared by comparing internal standards 
CV, based on QC9 to QC24. This analysis indicates that for both polarities the CV was slightly 
higher in polarity switching, however according to the paired t-test this difference was not 
significant. Furthermore, for both methods the CV was in general lower for internal standards 
detected in negative mode compared to positive mode. Important to note is that more than twice 
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as many internal standards were detected in positive mode compared to negative mode. The 
same trends can be seen for median and loess regression normalized data.  

The internal standard CV comparison between QC and patients showed that the CV was 
generally higher in patient samples. This is expected since in the QC the same sample is run 
over and over again, hence the CV measures the HRMS variability. While in the patient 
samples, the internal standards have been manually added to each sample. Thus, an additional 
source of variability is introduced. The normalization comparison indicated that loess 
regression normalization resulted in a significant decrease in CV for internal standards in 
patient samples compared to non-normalized data. This was however not the case for median 
normalized data.  

The CV span for standard method positive mode was slightly smaller for loess regression 
normalized data. This can be explained by the fact that loess regression normalization assumes 
that the systematic bias from the experiment has a nonlinear dependency to the features 
abundance (Callister et al. 2006, Kultima et al. 2009). Hence this normalization technique takes 
into account the ion suppression effect that can occur due to differences in abundance (Callister 
et al. 2006). Median normalization however does not account for this type of bias and only 
scales the data using a global median (Kultima et al. 2009). Due to this, and the significant 
decrease in CV with loess regression normalization described above, it was concluded that loess 
regression normalization was best suited for this dataset. Analysis regarding the CV over patient 
samples, loess regression normalized, also indicated that the standard method had in general a 
slightly lower CV compared to polarity switching. However, both methods and polarity modes 
performed well regarding the CV. 

Regardless of what HRMS protocol is used it is preferable to have a low carryover between 
samples. This since when several samples are measured after each other you want to be sure 
that the features detected are from the sample run and do not originate from the previous run 
sample. The carryover comparison indicated that polarity switching had a slightly higher 
percentage of features with 0% carryover, this is probably associated with lower sensitivity of 
the method. However, both methods had a high percentage of features with no or very little 
carryover. The standard method had a higher percentage of features with over 100% carryover, 
the high carryover indicated that these were not lipids of interest but possible contaminants. 
Important to keep in mind is that the amount of detected possible contaminants and features are 
highly dependent on the pre-processing parameters used. 

Finally, the dilution series analysis indicated no significant differences between the two 
methods. In theory all features intensities, including internal standards, should increase linearly 
with the increased concentration. However, for simplicity within this experiment the same 
dilution in different volumes was added to the HRMS system instead of creating separate 
dilutions for each sample within the dilution series. Due to this a small error might be introduced 



43 

 

 

in the dilution series. As indicated by table 5 the strongest linearity was seen for dilutions which 
had an injection volume up to 3 µl, after this the linearity started to decrease. One example of 
this is in standard method positive mode (appendix E, Figure E 1) where SM increases linearly 
until the injection volume was above 3 µl where its intensity starts to decrease with increased 
injection volume. For this reason, the injection volume used for all patient samples was 2 µl. 
The reason for this observation is that when injection volumes above 3 µl are used, too many 
lipids are introduced into the system. The C-trap within the orbitrap gets full faster, and lipids 
present at higher abundances will overshadow those lipids which are present at lower 
abundances.  

As previously mentioned Yamada et.al (2015) also performed a comparative analysis in regards 
to if polarity switching had a negative effect on sensitivity and stability. However, they 
compared polarity switching with negative mode data only, while I have compared polarity 
switching with both positive and negative mode data. Yamada et.al (2015) found no difference 
in LLOQ between the two methods, in addition they found that polarity switching did not have 
a negative effect on sensitivity and stability. LLOQ has not been compared in this thesis, 
however I was also able to show that polarity switching did not have a negative effect on 
sensitivity or stability. According to the paired t-test the difference in the technical variability 
within each method was not significant. However, it is important to remember that the 
sensitivity of polarity switching might be affected by the chosen cycle and dwell time (Yamada 
et al. 2015). Thus, optimization of cycle and dwell time is always needed before using polarity 
switching to not affect sensitivity negatively.  

In conclusion, after pre-processing the polarity switching dataset includes more features than 
the standard method. However, after 70% coverage filtering the number of features decreased 
tremendously resulting in the standard method having 14.01% and 17.74% features more in 
positive and negative mode respectively. In regards to the CV the standard method performed 
slightly better, however, the difference in CV between the two methods was not significant. 
The carryover analysis indicated a lower carryover for polarity switching. With regards to these 
analyses and the dilution series, which showed no significant difference between the two 
methods, both methods performed well, however the standard method performed slightly better. 
Which of these two methods is preferable regarding the cost and benefit of each method 
depends on the research question and aim. Polarity switching requires half of the time and 
resources needed compared to the standard method, and performs almost as well as the standard 
method making it a good alternative to the standard method.  

Further work would be to compare which lipids were detected by both methods and which were 
exclusively detected by respective methods. This requires lipid identification, due to lack of 
time this was not done. If the number of lipids only detected through the standard method is 
small, it would further demonstrate that polarity switching is a very good alternative to the 
standard method.  
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4.2. Lipidomics change during AHSCT  

The explorative analysis regarding how the lipidomics content changes during AHSCT 
consisted of two parts: differential analysis and lipid association to clinical data. The differential 
expression analysis indicated that small changes in lipid levels occur during mobilization and 
conditioning (Figure 7, T1-T4). The largest changes in lipid levels occurred after hematopoietic 
stem cell reinfusion and continue through the recovery phase. At the three-month follow-up the 
lipid levels were almost back to the same levels as before treatment. Since it is thought that a 
new, more tolerant immune system is induced during the treatment, after the stem cell 
reinfusion (T6), it is expected that the largest changes in lipid levels would occur at this time. 
Furthermore, it has been shown that lipids play a central role in the immune system and the 
regulation of function and phenotype of different immune cells (Merla J. Hubler 2016). Which 
further explains why an increased change in lipid levels is seen after stem cell reinfusion. 

The differentially expressed features could be divided into two statistically significant clusters, 
each cluster following its own expression curve during the treatment. Both groups intensity 
profiles (Figure 8) had the largest intensity changes occurring after stem cell reinfusion. During 
this time interval group one has a decrease in intensity while group two has an increase in 
intensity. Five days after stem cell reinfusion the intensities start to go back to initial intensity 
levels. The mobilization and stem cell collection did not seem to have a large effect on the 
intensity within group one. However, the intensity of features within group two decreased 
during mobilization, increase again at the time of stem cell collection.  

Even though it has been shown that it usually takes several months after AHSCT before the 
patients’ immune cell population returns to pre-transplantation levels (Guillaume et al. 1998, 
Cull et al. 2017) many of the differentially expressed features had almost returned back to initial 
levels three-months after treatment. The log2(fold change) analysis showed that the majority of 
the features within group one (98.18%) had a slight decrease in intensity three-months after 
treatment compared to before treatment. While for the majority of the features (96.21%) within 
group two the feature levels slightly increased three-months after treatment compared to before. 
Further analysis is needed regarding the differentially expressed features to determine what 
happens in patients during AHSCT. Due to lack of time feature identification was not 
performed. However, to determine in which biological pathways these features are present and 
their functions identification is needed.  

The lipid association to clinical data analysis found several features which were positively or 
negatively associated with the six clinical measurements analyzed. In all cases the feature 
intensities came back to initial levels at the time of the three-month follow-up, as expected. 
Although it seems that all patients undergoing AHSCT get a small fever after stem cell 
reinfusion, very few features were associated with body temperature.  
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The majority of features were associated with ERY, LPK and TPK, and had a positive 
association where their intensity decreases after conditioning and starts to increase five days 
after stem cell reinfusion. For all features associated with these three clinical measurements 
intensities at the three-month follow-up were close to initial levels. Several features are shared 
between these clinical measurements, indicating that these features might be involved in some 
pathway or other mechanism affecting ERY, LPK and TPK.  

ERY performs several functions which have an immunological relevance (Ukidve et al. 2020). 
Alternations in ERY levels may contribute to the physiopathological mechanisms of MS, and 
potentially also be involved in the tissue damage occurring during this disease (Groen et al. 
2016). Hence the decrease in ERY after conditioning, meaning that the immune system has 
been eradicated, is not surprising. A few days after stem cell reinfusion the ERY levels start to 
increase, which probably is related to the fact that a new immune system is built up during this 
time.  

In addition, TPK and LPK seem to have an association to the pathological mechanism of MS. 
It is thought that platelet dysfunction contributes to the neurodegeneration seen in MS patients. 
These palettes might have an incorrect pro-TPK activity causing platelet-LPK complexes, 
which participate in the development of an inflammation. Furthermore the platelets can also 
activate LPK (Groen et al. 2016, Saluk-Bijak et al. 2019), which might explain why LPK and 
TPK share many associated features. At the time of the three-month follow-up the TPK levels 
had come back to the initial levels. However, in the case of LPK the levels were slightly 
decreased at the time of the three-month follow-up compared to before AHSCT.  

Furthermore, several features were associated with CRP, as expected since it is part of the 
immune system. An increase in CRP levels is often seen when an infection or inflammation 
arises in the body (Andersson 2016). Patient clinical data analysis indicated that CRP increases 
after stem cell reinfusion and at this time the largest changes in feature intensities happened. 
Interestingly, features which have a negative association to CRP have a positive association to 
ERY, LPK and TPK.  

Finally, a few features were found to be associated with neutrophil count, however, these were 
very few and the features were also associated with ERY, LPK and TPK. Interestingly the 
neutrophil count pattern in patients seems to follow the same pattern as LPK, the reason for this 
is however unknown.  

To summarize, lipid association analysis indicated that very few features were associated with 
body temperature. The majority of features were associated with ERY, LPK and TPK, some of 
these features were also associated with CRP and neutrophils. Further analysis regarding feature 
identification and pathway analysis is needed to determine their biological function in regards 
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to AHSCT and MS. Due to lack of time this was not done. Thus, the conclusions drawn 
regarding the associated features biological activity and function are very limited.  

4.3. Conclusion 

To conclude, polarity switching is a good alternative to the standard method for HRMS based 
lipidomics. Although the standard method performs slightly better the difference is very small 
and not significant, while the benefit with polarity switching regarding time and resources is 
high. Further work would be to compare which lipids both methods detected and which were 
only detected using the standard method. If the proportion of lipids exclusively detected by the 
standard method is small it would further demonstrate that polarity switching is a cost beneficial 
alternative with a small loss of lipids.  

The differential expression analysis indicated that the largest changes in differentially expressed 
features occurred after stem cell reinfusion. At the time of the three-month follow up the feature 
levels were almost back to initial levels. The differentially expressed features could be divided 
into two clusters, each with a distinctive expression pattern. However, in the heatmap some 
subclusters could be seen. Further analysis are needed to draw conclusions regarding how 
AHSCT affects these features. For this identification is needed, which was not done due to lack 
of time.  

Finally, the lipid association to clinical data analysis indicated that the majority of features were 
associated with ERY, LPK and TPK, whereas very few were associated with body temperature. 
The clinical measurements ERY, LPK and TPK shared many associated features and further 
analysis are needed. For all features associated with clinical measurements, except body 
temperature, the largest intensity changes occurred after conditioning. At the three-month 
follow-up the intensity levels were back to initial levels. This thesis has shown that major, but 
short lasting, changes in lipid expression levels occur in MS patients during AHSCT. To draw 
conclusions regarding what is biologically happening during AHSCT further analysis are 
needed.   
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The method comparison analysis aimed at trying to understand if polarity switching was a good 
alternative to the standard method. This analysis is not only of interest for the specific research 
group where I did my thesis, but also for other research groups using similar method setups. By 
using polarity switching both time and resources can be saved. However, this is in exchange to 
a little cost of detected lipids. Thus, which method is best suited depends on the research aim 
and resources available. This comparison does however show that research groups or other 
departments with limited resources or time can perform mass spectrometry based lipidomics 
analysis which has almost the same performance as the standard method. As a result, more 
people can start to do this type of lipidomics analysis contributing to the field regarding for 
example disease lipidomics.  

Disease lipidomics is a type of analysis that can generate a lot of data, and through data analysis 
a better understanding of the underlying disease mechanisms can be gained. Furthermore, this 
can also lead to the discovery of lipid biomarkers used for disease diagnostics, prognostic 
monitoring as well as targets for new therapeutic approaches (Rolim et al. 2015, Rustam & 
Reid 2018). Thus, this type of research is of interest for the general public and community.  
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Appendix A - Pre-processing 

Table A 1. Parameter values used in feature finder. Different parameters were used for standard method and polarity 
switching, however the same parameters were used for positive and negative mode within each method. 

Parameter Standard method Polarity switching 

common:   

noise_threshold_int 40 000 40 000 

chrom_peak_snr 5 5 

chrom_fwhm 5 5 

mtd   

mass_error_ppm 3 3 

reestimate_mt_sd True True 

quant_method Area Area 

trace_termination_criterion Outlier Outlier 

trace_termination_outliers 5 5 

min_sample_rate 0.5 0.5 

min_trace_length 5 3 

max_trace_length -1 -1 

epd   

enabled True True 

with_filtering Auto Auto 

min_fwhm 3 3 

max_fwhm 60 60 

mass_trace_snr_filtering False False 

ffm   

local_rt_range 10 10 

local_mz_range 6.5 6.5 

charge_lower_bound 1 1 

charge_upper_bound 1 1 

report_summed_ints False False 

enable_RT_filtering True True 

isotope_filtering_model 5% 5% 



52 

 

 

mz_scoring_13C True True 

use_smoothed_intensities False False 

report_convex_hulls True True 

 
Table A 2. Parameter values used in feature linker. Different parameters were used for standard method and polarity 
switching, however the same parameters were used for positive and negative mode within each method. 

Parameters Standard method Polarity switching  

keep_subelements False False 

threds 20 20 

algorithm   

use_identification False False 

nr_patitions 100 100 

ignore_charge True True 

ignore_adducts True True 

distance_RT   

max_difference 7.0 15.0 

distance_MZ   

max difference  7.0 7.0 

unit ppm ppm 
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Table A 3. Internal standards detected before pre-processing. These internal standards were detected manually for each 
method and polarity mode. 

Internal standards 
Standard method Polarity switching 

Positive mode Negative mode Positive mode Negative mode 

PC 15:0-18:1(d7) Yes - Yes - 

PE 15:0-18:1(d7) Yes Yes Yes Yes 

PS 15:0-18:1(d7) - - - - 

PG 15:0-18:1(d7) - Yes Yes Yes 

PI 15:0-18:1(d7) - Yes - Yes 

PA 15:0-18:1(d7) - - - - 

LPC 18:1(d7) Yes - Yes - 

LPE 18:1(d7) Yes Yes Yes Yes 

Chol Ester 18:1(d7) Yes - Yes - 

MG 18:1(d7) Yes - Yes - 

DG 15:0-18:1(d7) Yes - Yes - 

TG 15:0-18:1(d7)-15:0 Yes - Yes - 

SM 18:1(d9) Yes - Yes - 

Cholesterol (d7) Yes - Yes - 

17-a-hydroxyprogesterone-d8 Yes - Yes - 

androstendione-d7 Yes - Yes - 

progesteron-d9 Yes - Yes - 

Levo-d6 Yes - Yes - 

THC-COOH-d3 Yes - Yes Yes 

Peth-d5 - Yes Yes Yes 
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Appendix B – PCA 

 

Figure B 1. PCA of the 70% coverage filtered data for standard method. Separation between blanks (blue), dilutions 
(green), patients (gray) and QC (orange) in (A) positive mode and (C) in negative mode. For (B) positive mode and (D) negative 
mode the separation between dilutions (green), patients (gray) and QC (orange) is shown. For both positive and negative mode 
a clear separation can be seen between the four different sample types.  
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Figure B 2. PCA of the 70% coverage filtered data for polarity switching. Separation between blanks (blue), dilutions 
(green), patients (gray) and QC (orange) in (A) positive mode and (C) in negative mode. For (B) positive mode and (D) negative 
mode the separation between dilutions (green), patients (gray) and QC (orange) is shown. For both positive and negative mode 
a clear separation can be seen between the four different sample types. 
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Appendix C - Internal standards intensity in respective 
method 

 

Figure C 1. Detected internal standards in standard method positive mode. The internal standards intensity (log2) change 
over (A) QC1 to QC24 and (B) QC9 to QC24. (C) The distribution of the internal standards intensities in respective QC. 
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Figure C 2. Detected internal standards in polarity switching positive mode. The internal standards intensity (log2) change 
over (A) QC1 to QC24 and (B) QC9 to QC24. (C) The distribution of the internal standards intensities in respective QC. 

 

 

 

 

Figure C 3. The detected internal standards in standard method negative mode. The internal standards intensity (log2) 
change over (A) QC1 to QC24 and (B) QC9 to QC24. (C) The distribution of the internal standards intensities in respective 
QC. 
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Figure C 4. The detected internal standards in polarity switching negative mode. The internal standards intensity (log2) 
change over (A) QC1 to QC24 and (B) QC9 to QC24. (C) The distribution of the internal standards intensities in respective 
QC. 

 

 

 

 

 

 

 

 

Appendix D - Coefficient of variation for internal 
standards 
Table D 1. Coefficient of variation (CV) comparison between non-normalized data and normalized data for internal 
standards in QC. Paired t-test was performed for each method and polarity mode comparing the internal standards CV in non-
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normalized data with the CV in median or loess regression normalized data. The p-values from the paired t-test are given in 
the table. In addition, the mean CV change compared to non-normalized data was calculated and is given in percentage points 
(pp). 

 
 
Method  

Non-normalized vs median Non-normalized vs loess  

p-value Mean difference (pp) p-value Mean difference (pp) 

Standard method positive 
mode 

0.05 0.20 0.62 -0.18 

Polarity switching positive 
mode 

0.04 0.34 0.52 0.11 

Standard method negative 
mode 

0.00 -1.47 0.79 0.02 

Polarity switching negative 
mode 

0.39 -0.07 0.97 0.00 
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Table D 2. Coefficient of variation (CV) comparison for the detected internal standards in positive mode for standard 
method and polarity switching. CV calculated based on patient samples in non-normalized data (raw), median normalized 
data and loess regression normalized data. The table includes respective internal standards standard deviation (SD) and mean 
intensity (log2) in the patient samples. 

Internal standards 

Standard method positive mode Polarity switching positive mode 

Mean 
intensity 
(log2) SD 

CV (%) Mean 
intensity 

(log2) SD 

CV (%) 

Raw Median Loess Raw Median Loess 

PC 15:0-18:1(d7) 21.55 0.33 22.77 27.44 20.55 25.25 0.34 23.94 28.27 21.50 

PE 15:0-18:1(d7) 23.37 0.31 21.72 25.76 19.43 26.08 0.35 24.23 28.06 22.46 

PS 15:0-18:1(d7) - - - - - - - - - - 

PG 15:0-18:1(d7) - - - - - 23.35 0.30 18.71 21.26 17.97 

PI 15:0-18:1(d7) - - - - - - - - - - 

PA 15:0-18:1(d7) - - - - - - - - - - 

LPC 18:1(d7) 21.79 0.12 8.28 12.44 7.69 24.49 0.13 9.01 11.89 8.46 

LPE 18:1(d7) 23.37 0.08 5.62 10.44 5.33 23.16 0.13 9.12 12.21 8.72 

Chol Ester 18:1(d7) 25.62 0.33 24.67 28.12 21.90 - - - - - 

MG 18:1(d7) 22.05 0.38 28.32 30.71 26.56 26.64 0.48 34.30 34.34 33.12 

DG 15:0-18:1(d7) - - - - - - - - - - 

TG 15:0-18:1(d7)-15:0 24.47 0.93 65.12 68.96 62.52 22.32 0.95 67.40 70.82 64.40 

SM 18:1(d9) 25.45 0.17 12.00 17.04 10.72 23.83 0.20 13.97 17.91 12.53 

Cholesterol (d7) - - - - - - - - - - 

17-a-
hydroxyprogesterone-d8 20.72 0.06 4.37 8.50 3.92 23.83 0.10 7.07 9.72 6.59 

androstendione-d7 22.37 0.05 3.68 8.02 3.44 25.24 0.09 6.51 9.60 5.80 

progesteron-d9 24.24 0.07 4.33 8.36 4.13 23.35 0.09 6.10 9.07 5.84 

Levo-d6 32.77 0.06 4.16 8.69 3.67 21.52 0.09 6.39 9.60 5.44 

THC-COOH-d3 24.07 0.10 6.81 9.94 6.19 25.79 0.12 8.13 10.46 7.08 

Peth-d5 - - - - - 24.20 0.09 6.13 8.41 5.72 
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Table D 3. Coefficient of variation (CV) comparison for the detected internal standards in negative mode for standard 
method and polarity switching. CV calculated based on patient samples in non-normalized data (raw), median normalized 
data and loess regression normalized data. The table includes respective internal standards standard deviation (SD) and mean 
intensity (log2) in the patient samples. 

Internal standard 

Standard method negative mode Polarity switching negative mode 

Mean 
intensity 

(log2) SD 

CV (%) Mean 
intensity 

(log2) SD 

CV (%) 

Raw Median Loess Raw Median Loess 

PC 15:0-18:1(d7) - - - - - - - - - - 

PE 15:0-18:1(d7) 26.33 0.10 7.31 6.04 6.42 22.22 0.12 8.17 7.53 7.73 

PS 15:0-18:1(d7) - - - - - - - - - - 

PG 15:0-18:1(d7) 19.86 0.07 4.69 6.14 3.92 21.40 0.06 4.43 6.52 4.27 

PI 15:0-18:1(d7) 25.88 0.07 4.80 6.99 4.10 20.45 0.06 4.42 5.89 4.18 

PA 15:0-18:1(d7) - - - - - - - - - - 

LPC 18:1(d7) - - - - - - - - - - 

LPE 18:1(d7) 23.27 0.08 5.92 6.68 5.18 30.14 0.10 6.82 8.58 6.73 

Chol Ester 18:1(d7) - - - - - - - - - - 

MG 18:1(d7) - - - - - - - - - - 

DG 15:0-18:1(d7) - - - - - - - - - - 

TG 15:0-18:1(d7)-15:0 - - - - - - - - - - 

SM 18:1(d9) - - - - - - - - - - 

Cholesterol (d7) - - - - - - - - - - 

17-a-
hydroxyprogesterone-d8 - - - - - - - - - - 

androstendione-d7 - - - - - - - - - - 

progesteron-d9 - - - - - - - - - - 

Levo-d6 - - - - - - - - - - 

THC-COOH-d3 - - - - - 29.24 0.08 5.71 7.14 5.34 

Peth-d5 21.72 0.06 4.39 4.55 4.07 26.54 0.06 4.42 5.19 4.09 
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Table D 4. Comparison of internal standard CV in QC and patient samples. The percentage of internal standards with a 
CV difference below 5 pp between QC9 to QC24 and patient samples for each method and polarity mode. The comparison has 
been made on non-normalized data (raw), median normalized data and loess regression normalized data. 

Method  Raw Median Loess 

Standard method positive mode 53.85 38.46 69.23 

Polarity switching positive mode 64.29 57.14 78.57 

Standard method negative mode 100 100 100 

Polarity switching negative mode 100 100 100 

 

Table D 5. Coefficient of variation (CV) comparison between non-normalized data and normalized data for internal 
standards in patient samples. Paired t-test was performed for each method and polarity mode comparing the internal standards 
CV in non-normalized data with the CV in median or loess regression normalized data. The p-values from the paired t-test are 
given in the table. In addition, the mean CV change compared to non-normalized data was calculated and is given in percentage 
points (pp). 

 
 
Method  

Non-normalized vs median Non-normalized vs loess  

p-value Mean difference 
(pp) 

p-value Mean difference 
(pp) 

Standard method positive mode 7.59e-10 4.04 0.00 -1.22 

Polarity switching positive mode 1.19e-06 2.90 0.00 -1.10 

Standard method negative mode 0.33 0.66 0.00 -0.68 

Polarity switching negative mode 0.09 1.15 0.02 -0.27 

 

Table D 6. Coefficient of variation (CV) comparison between non-normalized data and normalized data all features, 
excluding internal standards, in QC9 to QC24. Paired t-test was performed for each method and polarity mode comparing 
the CV in non-normalized data with the CV in median or loess regression normalized data. The p-values from the paired t-test 
are given in the table. In addition, the mean CV change compared to non-normalized data was calculated and is given in 
percentage points (pp). 

 
 
Method  

Non-normalized vs median Non-normalized vs loess  

p-value Mean difference 
(pp) 

p-value Mean difference 
(pp) 

Standard method positive mode 7.63e-03 -1.82 1.75e-32 0.65 

Polarity switching positive mode 7.64e-07 5.35 3.86e-19 0.47 

Standard method negative mode 3.66e-186 -5.01 9.51e-07 0.20 

Polarity switching negative mode 0.42 -4.31e-03 3.92e-13 0.31 
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Appendix E - Dilution series  

 

 

 

 

 

 

 

 

Figure E 1. Internal standards intensity change in the dilution series in standard method positive mode. The x-axis shows 
the dilution series injection volume in log2 µl, and the y-axis shows the intensity. The dashed line indicates which injection 
volume was used when running the patient samples, QC and blanks. The figure is based on non-normalized data. 

 

 

 

 

 

 

 

 

 

Figure E 2. Internal standards intensity change in the dilution series in polarity switching positive mode. The x-axis 
shows the dilution series injection volume in log2 µl, and the y-axis shows the intensity. The dashed line indicates which 
injection volume was used when running the patient samples, QC and blanks. The figure is based on non-normalized data. 
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Figure E 3. Internal standards intensity change in the dilution series in standard method negative mode. The x-axis 
shows the dilution series injection volume in log2 µl, and the y-axis shows the intensity. The dashed line indicates which 
injection volume was used when running the patient samples, QC and blanks. The figure is based on non-normalized data. 

 

 

 

 

 

 

 

 

 

Figure E 4. Internal standards intensity change in the dilution series in polarity switching negative mode. The x-axis 
shows the dilution series injection volume in log2 µl, and the y-axis shows the intensity. The dashed line indicates which 
injection volume was used when running the patient samples, QC and blanks. The figure is based on non-normalized data. 
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Figure E 5. Volcano plot of the p-value, calculated based on Pearson correlation, and the slope for the fitted linear curve. 
Each point represents a feature, excluding internal standards, in dilution series with injection volume below 3 µl. Plots show 
the distribution for standard method (A) positive mode and (C) negative mode, as well as polarity switching (B) positive mode 
and (D) negative mode. Features with a significant p-value (< 0.05) are indicated with blue. Features with a slope of 0.9 or 
above are denoted as triangles, while features with a slope below 0.9 are denoted as circles. All calculations were based on 
non-normalized data. 
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Appendix F - Internal standards in patient samples 

 

Figure F 1. Internal standards intensity (log2) in MS patients during AHSCT. (A) Internal standards detected in positive 
mode and (B) in negative mode. T1 to T10 represents the ten timepoints at which samples were collected: (T1) before 
mobilization, (T2) after mobilization using cyclophosphamide, (T3) stem cell collection, (T4) before conditioning, (T5) before 
stem cell reinfusion, (T6) one day after, (T7) three days after, (T8) five days after, (T9) discharge from hospital and (T10) 
three-month follow-up. 

 

 

Figure F 2. Timepoint comparison using log2(fold change) for internal standards in MS patients during AHSCT. (A) 
Internal standards detected in positive mode and (B) in negative mode. T1 to T10 represents the ten timepoints at which samples 
were collected: (T1) before mobilization, (T2) after mobilization using cyclophosphamide, (T3) stem cell collection, (T4) 
before conditioning, (T5) before stem cell reinfusion, (T6) one day after, (T7) three days after, (T8) five days after, (T9) 
discharge from hospital and (T10) three-month follow-up. 
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Figure F 3. The distribution of the FDR adjusted p-value for timepoint comparison using paired t-test for internal 
standards in MS patients during AHSCT. (A) Internal standards detected in positive mode and (B) in negative mode. T1 to 
T10 represents the ten timepoints at which samples were collected: (T1) before mobilization, (T2) after mobilization using 
cyclophosphamide, (T3) stem cell collection, (T4) before conditioning, (T5) before stem cell reinfusion, (T6) one day after, 
(T7) three days after, (T8) five days after, (T9) discharge from hospital and (T10) three-month follow-up. 

 
Table F 1. The FDR adjusted p-values for internal standard adjacent timepoint comparison in positive mode. The FDR 
adjusted p-values for the paired t-test for adjacent timepoints, including T10 and T1. Significant (q < 0.05) values are indicated 
with an asterisk. 

 
 

Internal standards T
2-

T
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T
3-

T
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T
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T
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T
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T
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T
6-

T
5 

T
7-

T
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T
8 -

T
7  

T
9 -

T
8 

T
10

-T
9 

T
10

-T
1 

LPC 18:1 (d7) 0.31 0.00* 0.00* 0.77 0.19 0.56 0.98 0.94 0.33 0.17 

SM 18:1 (d9) 0.36 0.14 0.61 0.43 0.42 0.12 0.93 0.43 0.42 0.27 

LPE 18:1 (d7) 0.87 0.12 0.35 0.33 0.00* 0.20 0.88 0.70 0.13 0.21 

TG 15:0-18:1 (d7) 0.02* 0.27 0.46 0.40 0.25 0.63 0.63 0.25 0.58 0.19 

PC 15:0-18:1 (d7) 0.08 0.51 0.21 0.54 0.47 0.40 0.85 0.30 0.74 0.39 

androstendione (d7) 0.80 0.09 0.66 0.75 0.86 0.09 0.54 0.70 0.09 0.02* 

17-a-hydroxyprogesterone 
(d8) 0.95 0.02* 0.06 0.08 0.69 0.07 0.95 0.25 0.13 0.18 

progesteron (d9) 0.64 0.79 0.47 0.62 0.35 0.29 0.83 0.30 0.05 0.90 

Levo (d6) 0.16 0.01* 0.30 0.09 0.11 0.26 0.87 0.09 0.00* 0.27 

MG 18:1 (d7) 0.42 0.14 0.08 0.14 0.45 0.15 0.52 0.95 0.33 0.68 

PE 15:0-18:1 (d7) 0.03* 0.71 0.32 0.25 0.44 0.32 0.34 0.35 0.54 0.48 

THC-COOH (d3) 0.58 0.71 0.37 0.02* 0.33 0.39 0.05 0.14 0.01* 0.00* 

Chol Ester 18:1 (d7) 0.54 0.12 0.01* 0.27 0.23 0.03 0.40 0.78 0.95 0.09 
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Table F 2. The log2(fold change) for internal standard adjacent timepoint comparison in positive mode. Foldchanges 
above 0.25 and below -0.25 are marked with an asterisk. 
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-T
9 

T
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1  

LPC 18:1 (d7) -0.04 0.14 -0.13 -0.02 0.04 -0.03 0.00 -0.01 0.00 -0.04 

SM 18:1 (d9) 0.05 0.02 -0.06 -0.04 -0.04 -0.09 0.01 -0.07 0.15 -0.05 

LPE 18:1 (d7) 0.01 0.02 -0.04 -0.05 0.07 -0.03 0.00 -0.01 0.00 -0.03 

TG 15:0-18:1 (d7) 0.72* -0.27* -0.23 -0.21 -0.26* 0.14 0.13 -0.40* 0.66* -0.32* 

PC 15:0-18:1 (d7) 0.20 0.01 -0.07 -0.09 0.09 -0.09 -0.01 -0.21 0.20 -0.09 

androstendione (d7) 0.00 -0.01 -0.02 0.00 0.01 0.02 0.01 0.00 -0.02 -0.04 

17-a-hydroxyprogesterone (d8) 0.00 -0.05 0.05 -0.04 0.00 0.03 0.00 0.01 -0.04 -0.03 

progesteron (d9) 0.00 0.02 -0.04 0.03 0.01 0.01 0.00 0.01 -0.03 0.00 

Levo (d6) 0.04 -0.05 0.00 -0.04 0.03 0.01 0.00 0.02 -0.06 -0.03 

MG 18:1 (d7) -0.02 0.08 -0.34* 0.16 0.05 -0.13 0.08 -0.01 -0.37* -0.26* 

PE 15:0-18:1 (d7) 0.19 -0.07 -0.14 0.08 -0.06 -0.10 0.09 -0.20 0.14 -0.09 

THC-COOH (d3) -0.02 0.02 -0.04 0.07 -0.02 -0.03 0.05 -0.04 -0.08 -0.08 

Chol Ester 18:1 (d7) 0.07 0.05 -0.40* -0.09 0.12 -0.15 0.11 -0.22 0.34* -0.23 

 
 
Table F 3. The FDR adjusted p-values for internal standard adjacent timepoint comparison in negative mode. The FDR 
adjusted p-values for the paired t-test for adjacent timepoints, including T10 and T1. Significant (q < 0.05) values are indicated 
with an asterisk. 
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LPE 18:1 (d7) 0.27 0.12 0.31 0.04* 0.10 0.43 0.02* 0.50 0.55 0.47 

PE 15:0-18:1 (d7) 0.06 0.15 0.60 0.12 0.66 0.54 0.45 0.54 0.60 0.95 

Peth (d5) 0.01* 0.04* 0.00* 0.01* 0.94 0.63 0.05 0.42 0.18 0.28 

PI 15:0-18:1 (d7) 0.79 0.00* 0.67 0.83 0.82 0.59 0.87 0.14 0.14 0.95 

PG 15:0-18:1 (d7) 0.64 0.09 0.45 0.07 0.39 0.57 0.15 0.46 0.92 0.80 
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Table F 4. The log2(fold change) for internal standard adjacent timepoint comparison in negative mode. Foldchanges 
above 0.25 and below -0.25 are marked with an asterisk. 
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LPE 18:1 (d7) 0.03 0.08 -0.05 -0.04 0.03 0.01 -0.05 -0.02 0.01 -0.02 

PE 15:0-18:1 (d7) -0.08 0.09 0.03 -0.02 -0.01 0.01 -0.03 0.05 -0.01 0.00 

Peth (d5) -0.04 0.07 0.07 -0.04 0.00 0.01 -0.06 0.02 0.03 0.02 

PI 15:0-18:1 (d7) 0.00 0.09 0.00 0.00 0.00 0.01 0.00 -0.04 0.01 -0.01 

PG 15:0-18:1 (d7) 0.00 0.03 0.01 -0.03 0.02 0.01 -0.03 -0.02 0.05 -0.01 

 

 


