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A B S T R A C T   

Untargeted lipidomics using liquid chromatography high-resolution mass spectrometry (LC-HRMS) was per-
formed using polarity switching, and in positive and negative polarity separately on the same set of serum 
samples, and the performances of the methods were evaluated. 

Polarity switching causes an increase in the cycle time of the HRMS measurements (1.18 s/cycle vs 0.27 s/ 
cycle), resulting in fewer data points across chromatographic peaks. The coefficient of variation (CV) was on 
average lower for the added isotopically labelled standards in pooled samples (QC) and patient samples using 
separate polarities (QC = 5.6%, samples = 12.5%) compared to polarity switching (QC = 8.5%, samples =
13.4%), but the difference was not statistically significant. For the endogenous features measured in the QCs 
polarity switching resulted in on average significantly higher CVs (3.80 (p = 4.25e-30) and 3.3 percentage points 
(p = 6.84e-40), for positive and negative modes, respectively) however still acceptable for an untargeted method 
(mean CVs of 17.9% and 12.2% in positive and negative modes respectively). A slightly larger number of 
endogenous features were detected using the separate polarities, but the large majority of features (>95%) were 
detected with both methodologies. The overlap of features detected in both positive and negative polarities was 
low (4.1%) demonstrating the importance of using both polarities for untargeted lipidomics. When investigating 
the effects of a treatment on multiple sclerosis patients it was found that both methodologies gave highly similar 
biological results, further confirming the applicability of polarity switching.   

1. Introduction 

Liquid chromatography - high-resolution mass spectrometry (LC- 
HRMS) is the method of choice for performing untargeted experiments 
in metabolomics and lipidomics [1–3]. In such experiments thousands of 
compounds are of interest, therefore to detect as many interesting 
metabolite species as possible the experiments are often performed with 
both positive and negative ionization in the mass spectrometer ion 
source. This is perhaps most important for lipidomics, where some lipid 
classes will only readily form positive ions (e.g. phosphatidylcholines, 

phosphatidylethanolamines, and acylglycerols) whereas others only 
form negative ions (e.g. phosphatidic acids, phosphatidylglycerols, and 
phosphatidylinositols) with electrospray ionization (ESI) [4]. 

The most common approach to analyze samples with both positive 
and negative ionization is to run two separate experiments, one for each 
polarity, and thus every sample needs to be analyzed twice. This is very 
time-consuming, especially when considering the often long chromato-
graphic gradients and large number of samples studied in untargeted 
lipidomics. 

Modern mass spectrometers often have the ability to perform 
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polarity switching (alternating between positive and negative polarity) 
during a single experiment (assay run). Thus the ion map for a single run 
contains both positively and negatively charged ions which can be 
separated into two ion maps in the pre-processing stage. One main 
benefit of this approach is that the experimental time and cost for con-
sumables theoretically is cut in half as compared to performing separate 
experiments for each polarity. Another advantage is that the shorter 
time for analysis means less risk for degradation of samples, which could 
occur with prolonged times in autosamplers and freezers waiting for 
analysis. 

However, the use of polarity switching means that the data collection 
is slower as compared to performing dedicated experiments for the 
separate polarities. For example, for a Q Exactive™ mass spectrometer 
(Thermo Fisher Scientific, Waltham, MA, USA) the switching time is 
about 250 ms, resulting in a cycle time about 1 s for a cycle of one 
positive and one negative scan (at resolution 35,000) [5]. The resulting 
chromatograms will therefore have fewer data points as compared to 
chromatograms from experiments with separate polarities, where the 
cycle time is about 0.25 s when performing an untargeted experiment on 
the same platform as above. 

Here, we investigate the performance of a method using polarity 
switching, compared to analyzing samples using separate polarities. The 
different methods were compared using labeled internal standards, 
repeated quality control samples and a longitudinal collection of serum 
samples from multiple sclerosis patients undergoing autologous he-
matopoietic stem cell transplantation (AHSCT). To our knowledge this is 
the first comparison performed and the results demonstrate the advan-
tages, as well as disadvantages, of using polarity switching for untar-
geted lipidomics. 

2. Material and methods 

2.1. Chemicals 

Isopropyl alcohol (IPA, ≥99.9%, MS grade, VWR Chemicals, Leuven, 
Belgium), methanol (MeOH, ≥99.9%, MS grade, Honeywell, Seelze, 
Germany), acetic acid (100 %, anhydrous for analysis, Merck, Darm-
stadt, Germany) and water using Milli-Q IQ 7000 system (Merck Milli-
pore, Burlington, MA, USA). Deuterium labeled internal standards (IS) 
used were 17-α-Hydroxyprogesterone-d8 (Cerilliant, Round Rock, TX, 
USA), Androstendione-d7 (Cerilliant), Progesteron-d9 (Cerilliant), THC- 
COOH-d3 (Merck, Darmstadt, Germany), Levonorgestrel-d6 (Toronto 
Research Chemicals, North York, ON, Canada), 16:0–18:1 
Phosphatidylethanol-d5 (PEth-d5, Chiron, Trondheim, Norway), and 
the components of the SPLASH Lipidomix from Avanti Polar Lipids 
(Alabama, AL, USA): 15:0–18:1(d7) Phosphatidylcholine (PC), 
15:0–18:1(d7) Phosphatidylethanolamine (PE), 15:0–18:1(d7) Phos-
phatidylserine (PS), 15:0–18:1(d7) Phosphatidylglycerol (PG), 
15:0–18:1(d7) Phosphatidylinositol (PI), 15:0–18:1(d7) Phosphatidic 
acid (PA), 18:1(d7) Lysophosphatidylcholine (LPC), 18:1(d7) Lyso-
phosphatidylethanolamine (LPE), 18:1(d7) Cholesterol Ester, 18:1(d7) 
Monoacylglycerol (MG), 15:0–18:1(d7) Diacylglycerol (DG), 15:0–18:1 
(d7)-15:0 Triacylglycerol (TG), 18:1(d9) Sphingomyelin (SM), and 
Cholesterol (d7). 

2.2. Samples 

The samples used for this study was part of our ongoing in-
vestigations of the metabolomes and lipidomes of multiple sclerosis 
patients. In this study we included a longitudinal collection of serum 
samples from sixteen patients with relapsing-remitting multiple sclerosis 
treated with AHSCT at Uppsala University Hospital, with 9–14 samples 
per patient from different time points during the treatment [6]. In total 
181 unique serum samples were analyzed in this study. All patients were 
informed verbally and in writing and signed informed consent. Ethical 
approval was granted by the regional committee in Uppsala with the 

registration number 2012/080. The samples were stored at − 80 ◦C until 
sample preparation. Prepared samples were stored at − 80 ◦C until 
analysis. 

2.3. Sample preparation 

Serum samples were thawed on ice and precipitated using a pre-
cipitation solution made from IPA including the following dissolved IS at 
the specified concentrations: 17-α-Hydroxyprogesterone-d8 (36 pg/µL), 
Androstendione-d7 (36 pg/µL), Progesteron-d9 (36 pg/µL), THC-COOH- 
d3 (36 pg/µL), Levonorgestrel-d6 (36 pg/µL), 16:0–18:1 
Phosphatidylethanol-d5 (97 pg/µL), 15:0–18:1(d7) PC (1067 pg/µL), 
15:0–18:1(d7) PE (33 pg/µL), 15:0–18:1(d7) PS (33 pg/µL), 15:0–18:1 
(d7) PG (200 pg/µL), 15:0–18:1(d7) PI (67 pg/µL), 15:0–18:1(d7) PA 
(47 pg/µL), 18:1(d7) LPC (167 pg/µL), 18:1(d7) LPE (33 pg/µL), 18:1 
(d7) Cholesterol Ester (2333 pg/µL), 18:1(d7) MG (13 pg/µL), 15:0–18:1 
(d7) DG (67 pg/µL), 15:0–18:1(d7)-15:0 TG (367 pg/µL), 18:1(d9) SM 
(200 pg/µL), Cholesterol (d7) (667 pg/µL). The IS used, with the used 
extracted ions, retention times and more, are presented in Table S1 
(Supplementary Information). Note that several of the used IS (17- 
α-Hydroxyprogesterone-d8, Androstendione-d7, Progesteron-d9, THC- 
COOH-d3, and Levonorgestrel-d6) are not lipids. These were added to 
give additional points of reference during the chromatographic gradient, 
especially covering the first few minutes. 

Fifty µL serum were added to 150 µL ice cold precipitation solution in 
a 1.5 mL Eppendorf tube, vortexed for 15 s and left at − 20 ◦C for 60 min, 
prior to centrifugation at 14 800 rpm and 4 ◦C. 100 µL of the supernatant 
were transferred to a high-performance liquid chromatography (HPLC) 
glass vial and stored at − 80 ◦C until analysis. 

Samples were prepared in eight batches containing up to 23 samples 
and 10 µL of each prepared sample were pooled into a batch pool 
(pooling of aliquots of supernatants in the final step of the sample 
preparation). Following the complete preparation of all batches the 
batch pools were pooled into a grand pool, i.e. containing all samples. 
This grand pool was used as a quality control (QC) sample throughout 
the experiments. 

2.4. Liquid chromatography - mass spectrometry analysis 

Samples were injected in a constrained randomized order, keeping 
the samples from each AHSCT patient grouped together. A QC injection 
was done every 9th − 14th sample (depending on how many samples per 
patient) followed by a blank injection. Prior to the injection of samples 
for each method, the column was preconditioned by repeated injections 
of the QC (20–30 injections) that were not used in the evaluation of the 
data. The sequence was finished with a nine-point serial dilution series 
with injections ranging from 0.5 to 12.8 µL QC, resulting in a total of 247 
injections for each method that were used in the final evaluations. 

Two µL of each sample was injected on a reversed phase HPLC col-
umn (Accucore C30 100 × 2.1 mm, 2.6 µm, Thermo Scientific) using an 
Ultimate 3000 HPLC system (Thermo Scientific) interfaced to a high- 
resolution hybrid quadrupole Q Exactive Orbitrap MS (Thermo Scien-
tific). A 15 min long chromatographic program including a gradient was 
applied using the mobile phases 60:40 (v:v) H2O:MeOH with 0.1% acetic 
acid (mobile phase A) and 90:10 (v:v) IPA:MeOH with 0.1 % acetic acid 
(mobile phase B); 20 % B for 0.5 min, 20 – 70 % B during two min, 70 – 
95 % B during ten min, followed by washing at 95 % B for 1.5 min and 
re-equilibration at 20% B for 3 min, with a flow rate of 0.4 mL/min. 

The HRMS was operated in the positive and negative ionization 
mode with identical parameters in both modes except for the spray 
voltage: sheath gas flow rate: 52.5, auxiliary gas flow rate: 13.75, sweep 
gas flow rate: 3, spray voltage: 3.9 kV and 3.5 kV in positive and 
negative mode, respectively, capillary temperature: 275 ◦C, S-lens RF 
level: 55, auxiliary gas heater: 435 ◦C. The HRMS analysis was per-
formed in the full scan mode collecting data in the profile mode with the 
resolution 70,000 in the range m/z 100 – 1000 for the first 2.5 min and 
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m/z 250 – 1200 for the remaining 12.5 min. 
Each sample was injected thrice with separate runs in the positive 

and negative ionization modes and one with polarity switching. The 
polarity switching method was set up identically as the methods with 
separate polarities, with the exception that the mass spectrometer was 
assigned to switch polarity every second scan. 

The cycle times when scanning in the different modes were extracted 
from the raw data files by counting the number of chromatogram data 
points per minute. The peak widths were investigated for the IS as 
detected in the samples. 

2.5. Statistical analysis 

To process the data, the raw data was converted to mzML, an open 
source format. The data was pre-processed by using the KNIME platform 
[7]. The peaked-picked data was quantified and linked using Feature-
Finder and FeatureLinker [8]. The non-default parameters used can be 
found in Table S2 and S3 (Supplementary Information). All features 
were normalized using Loess regression normalization as described 
previously using a span of 0.2[9]. To remove features that exhibited 
splitted peaks, i.e. resulting in multiple features of the same molecule, 
features were filtered out using an m/z-tolerance of 1 ppm and a 
retention time tolerance of 20 s, to assure that each described feature 
was unique. To examine which features were found with both separate 
polarities and polarity switching, features with an m/z-tolerance of 4 
ppm and retention time tolerance of 6 s were considered as matching 
features. The same was used for both positive and negative ionization 
modes. This was based on investigating the maximum shift in m/z and 
time of the isotopically labeled standards. To investigate which features 
that were unlikely to be originating from the samples, i.e. contaminants, 
the presence of features in the blanks were investigated. For each QC- 
blank pair the intensity of features in blanks was calculated as the 
fraction between the peak areas in blank and preceding QC. To visualize 
the results, the percentage features having a blank-presence of 0%, 0 to 
0.1%, 0.1 to 1%, 1 to 10%, 10 to 50%, 50 to 100% and over 100% was 
calculated. To determine which features that are reliably detected in 
each mode, features that were found across > 70% in patient and QC 
samples were included. Features with a mean intensity > 1% in the 
blanks were excluded. 

As a measure to evaluate the performance of the methods using 
separate polarities vs. polarity switching the coefficient of variation (CV) 
was calculated for the detected added isotopically labeled internal 
standards across the repeated injections of QCs as well as for the sam-
ples, respectively. The distinction here is that the QCs are merely 
repeated injections of the same pool of sample, whereas the samples are 
all different biological samples prepared separately. The CV was also 
calculated for all the other features that were found in the QCs as a 
measure to investigate the effects on the CV for a wide range of peak 
areas. To investigate if there was a statistically significant difference in 
CV between the methods using separate polarities vs. polarity switching 
a paired t-test was performed. This was done for the positive and 
negative modes separately. A p-value < 0.05 was considered statistically 
significant. To investigate the linearity of the added isotopically labeled 
standards was evaluated. A linear model (lm function) was fitted to the 
log2 peak areas using the dilution series at the end of the run order, thus 
calculating the slope of the curve. This was done for all injection vol-
umes (0.5–12.8 µL) in the dilution series as well as for injection volumes 
below 3 µL. 

To investigate which features were detected in both positive and 
negative mode, all features which were found in positive mode (both 
methods combined) were matched with features found in negative mode 
(both methods combined). Two Dalton mass shifts between feature m/z 
in positive and negative mode were taken into consideration when 
matching features between the two polarity modes. As above, features 
with an m/z tolerance of 4 ppm and a retention time tolerance of 6 s 
were considered as matching features. This matching may not be 

applicable to all compound classes, and do not take different adduct 
formation processes during ionization into account, but will give a 
useful estimate for the overlap between compounds forming ions in both 
polarities. 

Finally, to investigate if the data collected by respective methods 
give rise to the same biological results, differential expression analysis 
was performed on patient samples. The patient samples used were 
samples from patients with relapsing-remitting multiple sclerosis un-
dergoing AHSCT. Samples were collected at 10 time points: before 
mobilization (T1), after mobilization with cyclophosphamide (T2), stem 
cell collection (T3), before conditioning (T4), before stem cell reinfusion 
(SCR) (T5), one day after SCR (T6), three days after SCR (T7), five days 
after SCR (T8), when discharged from hospital (T9) and three-months 
after (T10) [6]. The differentially expressed features were extracted 
with repeated-measures ANOVA [10] using a linear mixed-effect model, 
lme function [11]. The features were set as the response variable in the 
linear mixed-effect model, patient ID was a random effect and time 
point, sex, age and BMI were covariates. The resulting p-values associ-
ated with the time point were adjusted using False Discovery Rate (FDR) 
and q < 1e-5 was considered significant. To evaluate how the differ-
entially expressed feature levels changed through the AHSCT treatment 
procedure adjacent time points were compared pairwise, including the 
three-month follow-up with baseline. The fold changes and their p- 
values for respective time point comparison were calculated using the 
contrast function on the computed estimated marginal means (EMMs) 
using the emmeans function [12] on the linear mixed-effect model 
described above. Finally hierarchical clustering was performed on the 
calculated fold changes. Pvclust [13] with clustering method ward.D2, 
distance method euclidean and 1000 bootstraps, was used to evaluate 
the clusters. Clusters with an approximately unbiased (AU) p-value 
greater or equal to 95% were used in the heatmap which was created 
using the pheatmap function [14]. The parameters used were clustering 
method ward.D2 and similarity measure Euclidean distance. For the 
pairwise test p < 0.05 was considered significant and visualized with a 
star in the hierarchical cluster figures. 

3. Results 

We have compared the performance of a method using polarity 
switching for untargeted lipidomics of serum with the corresponding 
methods using separate polarities. A longitudinal collection of serum 
samples from multiple sclerosis patients treated with AHSCT was 
analyzed with LC-HRMS using polarity switching as well as with sepa-
rate injections in positive- and negative mode. Isotopically labelled IS 
were added to all samples. A QC sample was made from pooling all 
samples. The samples were injected in a constrained randomized order, 
with a QC injection every 9th − 14th sample followed by a blank in-
jection, and a nine-point serial dilution series of the QC at the end of the 
sequence (Fig. 1). In total 247 injections were done with each of the 
three methods. The data was evaluated with the aim to investigate how 
the use of polarity switching affects the quality of data compared to 
using separate polarities. 

3.1. Increase in cycle time when using polarity switching compared to 
separate polarities 

Polarity switching causes an increase in cycle time of the HRMS scans 
as compared to separate polarities. The cycle time when scanning with 
polarity switching was 1.18 s, as compared to 0.27 s with separate po-
larities (corresponding to 51 and 222 data points per minute, respec-
tively). Thus the cycle time for polarity switching is app. 4.4 times 
longer. During the method development the peak widths of the internal 
standards were evaluated. In the used chromatographic method the 
average IS peak was 13 s wide, corresponding to 49 recorded data points 
with separate polarities and eleven data points using polarity switching. 
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Fig. 1. A longitudinal collection of serum samples from multiple sclerosis patients treated with AHSCT was analyzed with LC-HRMS using polarity switching as well 
as with separate injections in positive- and negative mode. The samples were injected in a constrained randomized order, with a QC injection every 9th − 14th 
sample followed by a blank injection, and a nine-point serial dilution series of the QC at the end of the sequence (A). The raw data were pre-processed using 
PeakPicking, Feature Finder and Feature Linker, with the polarity switching data separated into positive and negative mode (B). The data was then statistically 
analysed to investigate how polarity switching affects the data quality (C). 
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3.2. Relative variability and response linearities of isotopically labelled 
internal standards 

First we investigated if the relative variability of the added isotopi-
cally labelled IS were affected using polarity switching compared to 
using the separate polarities (Table 1, means and standard deviations of 
peak areas and log2 peak areas are presented in Tables S4 and S5, 
respectively). The CVs of IS are in general low in QCs, with mean CVs 
5.6% with separate polarities and 8.5% in polarity switching, but the 
difference is not significant (p = 0.19). The CVs of IS are in general 
higher in samples (12.5% and 13.4%, for separate polarities and polarity 
switching respectively, p = 0.46). Although the average CV is higher in 
samples, there is no significant difference in the CVs of ISs between 
samples and QCs analyzed with the different methods (p = 0.13, p =
0.30, for separate polarities and polarity switching respectively; 
analyzed separately). Also, combining the results from the experiments 
with both separate polarities and polarity switching, thus increasing the 
number of observations, did not result in statistically significant differ-
ence between the separate polarity and polarity switching methods for 
samples vs QCs, (12.9% vs 7.1%, p = 0.06). The CVs increase the most 
with polarity switching for compounds with typically low peak areas, e. 
g. MG 18:1(d7) where the CV increases from acceptable 8.4% to 34.8% 
(QC injections). 

The ISs response linearities were investigated by injecting a nine- 
point serial dilution series with injections ranging from 0.5 to 12.8 µL 
of QC. The injection volume used for samples throughout the experi-
ments was two µL and by injecting larger volumes in the dilution series 
we investigated both response linearities as well the impact of ion 
suppression. Linear regression was performed on the dilution series data 
for the internal standards. Without ion suppression or other effects 
causing non-linearity a slope close to 1.0 of the fitted curve is expected. 

We compared the slopes when including all nine injection volumes of 
the dilution series, ranging from 0.5 to 12.8 µL, with only using the five 
injection volumes < 3 µL, ranging from 0.5 to 2.5 µL, which are more in 
line with the two µL injection volume used for samples. As expected, the 
slope was closer to one for the large majority of the compounds using the 
injection volumes < 3, indicating ion suppression at the higher injection 
volumes (Table 2). For twelve of the 16 internal standards the responses 
were deemed acceptably linear, with slopes ranging from 0.71 to 1.30. 
The four remaining IS exhibited non-linear behaviour indicating ion 
suppression (for PC and TG) or caused by low intensities with several 
values missing, not allowing functional linear regression (for cholesterol 
ester and MG). 

Several of the IS are detected in both positive and negative mode, 
with one of the polarities preferable in terms of ionization and response. 
This is most evident for PE which is detected in the positive mode but has 
a much higher response and linearity in the negative mode (data not 

shown). Regarding the influence of separate polarities and polarity 
switching on response linearity no significant differences were observed 
(positive mode, p = 0.22 using all injection volumes, p = 0.27 using 
injection volumes < 3 µL; negative mode, p = 0.20 (all) and p = 0.46 (<3 
µL)). 

3.3. Blank filtering 

We performed blank filtering to exclude features probably not orig-
inating from the samples, e.g. potential background contamination. We 
investigated the features detected in the blank injections following in-
jections of the QC sample performed repeatedly during the sample series 
(Table 3). Regardless of whether separate polarities or polarity switch-
ing were used, the percentage of features not present in the blank was 
above 70% in both positive and negative mode. Polarity switching 
resulted in a slightly higher percentage of features not present in the 
blank compared to the separate polarities, 0.60% higher in positive 
mode and 0.23 % higher in negative mode. 

In both positive and negative mode, features with presence > 1% in 
the blank compared to the QC was approx. 25%, indicating contami-
nants with high concentrations in the blank or strongly bound to the 
chromatographic column or elsewhere in the system continuously 
eluting. We performed blank filtering at the 1% level, excluding all 
features in samples with an intensity > 1% in blanks. 

Table 1 
Coefficient of variation (CV) comparison for internal standards with separate polarities and polarity switching in QCs and samples respectively.  

Internal standards Polarity Separate polarity CV (% QC / % samples) Polarity switching CV (% QC / % samples) 

17-α-Hydroxyprogesterone-d8 Positive 3.9 / 3.9 8.0 / 6.6 
Androstendione-d7 Positive 3.6 / 3.4 6.0 / 5.8 
Cholesterol Ester 18:1(d7) Positive 12.2 / 21.9 – 
Levonorgestrel-d6 Positive 4.1 / 3.7 8.4 / 5.4 
LPC 18:1(d7) Positive 4.3 / 7.7 3.8 / 8.5 
LPE 18:1(d7) Positive 3.9 / 5.3 8.9 / 8.7 
MG 18:1(d7) Positive 8.4 / 26.6 34.8 / 33.1 
PC 15:0–18:1(d7) Positive 5.9 / 20.5 – 
PE 15:0–18:1(d7) Negative 5.4 / 6.4 8.7 / 7.7 
Peth-d5 Negative 3.6 / 4.1 2.8 / 4.1 
PG 15:0–18:1(d7) Negative 3.4 / 3.9 – 
PI 15:0–18:1(d7) Negative 4.3 / 4.1 4.8 / 4.2 
Progesteron-d9 Positive 3.1 / 4.1 4.1 / 5.8 
SM 18:1(d9) Positive 6.2 / 10.7 7.8 / 12.5 
TG 15:0–18:1(d7)-15:0 Positive 6.9 / 62.5 6.9 / 64.4 
THC-COOH-d3 Positive 5.3 / 6.2 6.0 / 7.1  

Table 2 
Slope of the fitted curve for the intensity of internal standards versus the dilution 
series injection volume.    

Separate polarity Polarity 
switching 

Internal standards Polarity All inj 
vols 

< 3 µL All inj 
vols 

< 3 µL 

17- 
α-Hydroxyprogesterone- 
d8 

Positive 0.98 1.04 0.95 0.93 

Androstendione-d7 Positive 0.91 0.99 0.98 1.06 
Cholesterol Ester 18:1(d7) Positive NA NA NA NA 
Levonorgestrel-d6 Positive 0.96 0.98 0.99 0.96 
LPC 18:1(d7) Positive 0.79 0.93 0.83 0.97 
LPE 18:1(d7) Positive 0.84 0.98 0.83 1.03 
MG 18:1(d7) Positive 0.26 − 0.14 0 − 1.37 
PC 15:0–18:1(d7) Positive − 0.18 0.19 NA NA 
PE 15:0–18:1(d7) Negative 1.17 1.3 1.15 1.26 
Peth-d5 Negative 1.08 1.11 1.09 1.11 
PG 15:0–18:1(d7) Negative 1.09 1.05 NA NA 
PI 15:0–18:1(d7) Negative 0.92 0.9 0.89 0.96 
Progesteron-d9 Positive 0.87 0.96 0.84 0.99 
SM 18:1(d9) Positive 0.36 0.64 0.34 0.71 
TG 15:0–18:1(d7)-15:0 Positive − 0.12 0 − 0.13 − 0.08 
THC-COOH-d3 Positive 0.82 0.95 0.78 0.89  
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3.4. Performance of untargeted analysis 

The main purpose of this study was to compare the performance 
between polarity switching and the use of separate polarities for 
untargeted lipidomics. In order to do this, the number of detected fea-
tures, excluding internal standards, for each method was compared. 

A higher number of features were detected in experiments with 
separate polarities compared to polarity switching. In the positive mode, 
3348 features remained after filtering with the separate polarity and 
2958 with polarity switching . The corresponding numbers for the 
negative mode were 2165 and 2030, respectively. That a higher number 
of features are detected with separate polarities is expected, due to 
slower scanning speed of the polarity switching method. 

The overlap of features detected with separate polarities and polarity 
switching in the positive and negative modes were 45.6% and 53.4%, 
respectively (Fig. 2). Thus a surprisingly large number of features were 
unexpectedly detected uniquely with both separate polarities and po-
larity switching. Due to the increased cycle time associated with polarity 
switching the expectation was to detect a smaller number of unique 
features in those experiments, and a larger number of unique features 
using separate polarities. 

To further investigate this observation we examined if the features 
found uniquely with polarity switching, but not with the separate po-
larities - and the other way around - in fact had been removed from 
either of the feature lists due to filtering. In the evaluation of unique 
features removed in different filtering steps we found that the majority 
of the features, corresponding to 52.8–75.2 %, were removed from the 
feature lists in the 70% coverage filtering (Table S6, Supplementary 
Information). A large fraction, corresponding to 20.0–32.8%, were 
removed due to high presence in the blanks (>1%). Also contributing to 
the removal of features were the presence of splitted peaks, corre-
sponding to 0.7–3.2% of the removed features. This means that the 
majority of the features detected as unique (87.5–97.0%) with the 
different methods were either defined as not detected by coverage 
filtering or removed by blank filtering from the corresponding feature 
lists (e.g. polarity switching positive mode vs separate positive mode). 
Figure S1 A - H (Supplementary Information) illustrates the effects of 
missing values and filtering. This leaves 3.0–12.5% actual unique fea-
tures in the different methods, corresponding to 1.0–4.2% of the total 
number of features (unique features found in separate positive and 
negative modes, 56 and 21, and with polarity switching, 123 and 67, 
respectively). These numbers of unique features are comparably low, 
and more in line with the expected results. This investigation illustrates 
an important aspect in the comparison of untargeted LC-HRMS meth-
odologies, and highlights the importance of evaluating what occurs in 
different filtering steps. Importantly, the comparison of molecules 
detected in negative to positive modes clearly demonstrates the 
advantage of analysing samples in both modes with an overlap of only 
4.1% out of 6789 detected features (Fig. 2C). 

After filtering we investigated how the relative variabilities of the 
detected endogenous features were affected using polarity switching 
compared to using the separate polarities. As could be expected, the 
mean CV was higher for the endogenous features compared to the added 
internal standards for both positive and negative polarity. The mean CV 
in the positive mode was 14.1% and 17.9% using separate polarity and 
polarity switching, respectively, and the corresponding mean CVs in the 
negative mode were 8.9% and 12.2%, respectively. The mean CVs were 
significantly increased using polarity switching compared to separate 

Table 3 
Percent distribution of blank-present features detected in positive and negative 
polarity, with either separate polarites or polarity switching.  

Method 0 0 < 
0.1 

0.1 
< 1 

1 < 
10 

10 < 
50 

50 < 
100 

> 
100 

Separate positive 
mode  

72.1  0.29  1.3  1.56  3.28  8.87  12.57 

Polarity 
switching 
positive mode  

73.23  0.25  1.08  1.74  2.65  9.4  11.6 

Separate 
negative mode  

73.82  0.17  0.69  2.21  3.73  8.9  10.42 

Polarity 
switching 
negative mode  

73.59  0.22  1.07  2.73  4.57  9.52  8.22  

Fig. 2. Venn diagrams showing the features detected in either positive (A) or negative mode (B) and their overlap (features detected in both polarities, combining 
features detected with single polarities and polarity switching) (C). Numbers within parentheses in A and B refer to the number of actual unique features detected 
with the different methods, taking the different filtering steps into account (see main text). 
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polarities. The mean CVs were 3.80 percentage points higher (p = 4.25e- 
30) and 3.30 (p = 6.84e-40), for positive and negative mode respec-
tively, when using polarity switching. To ensure that the difference in 
CV was not due to a systematic error the intensity for matching features 
were compared between the two methods, resulting in a significant (p <
1e-100 positive mode, p < 1e-100 negative mode) but neglectable dif-
ference in intensity (1.6e-5% in positive mode and 1.4e-6% in negative 
mode). No significant difference was observed between the mean or 
median intensities when comparing the two approaches (p = 0.65 for 
mean intensities and p = 0.60 for median intensities). 

To further investigate the increased variability associated with po-
larity switching, the CV distribution for the experiments with separate 
polarities as compared with polarity switching were compared (Fig. 3A 
and 3B). The number of features for whom the CV was below 15% was 
greater when using the separate polarities compared to polarity 
switching: n = 2279 (68.1%) vs n = 1723 (58.2%) in the positive mode, 
and n = 1960 (90.3%) vs n = 1571 (77.2%) in the negative mode (note 
that more features were detected with separate polarities than with 
polarity switching). The 95%-cutoff values were 36.7% and 50.0% for 
separate polarity and polarity switching, in positive mode, and 19.2% 
and 30.7% in the negative mode. 

Finally, to investigate if polarity switching gives the same biological 
results as the method using separate polarities, differential expression 
analysis was performed on the overlapping features in Fig. 2 A and B, 
resulting in 280 differentially expressed features with separate polarities 
and 227 with polarity switching (q < 1e-5). The two methods shared 210 
features (Fig. 4A) which were differentially expressed through AHSCT. 
The p-values were typically lower using the separate polarities methods 
compared to polarity switching (p = 4.4e-13), where the separate po-
larities resulted in on average 39% lower values on the actual p-values 
(Figure S2 A, Supplementary Information). A closer inspection of the 17 
significantly found using polarity switching, but not with separate po-
larities, showed that all but one had a p < 1e-3 with separate polarities. 
A similar inspection of the one found with separate polarities showed 
that 57 out of 70 displayed p < 1e-3 using polarity switching data 
(Figure S2 B and C, Supplementary Information). Hence, as could be 
expected, polarity switching results in a higher p-value for the differ-
entially expressed features. Also, the different methods resulted in 
similar log2 fold changes (Fig. 4B) and in line with this both methods 
resulted in two significant clusters (AU p-value ≥ 0.95) in the hierar-
chical cluster analysis, with very similar patterns in the resulting heat-
maps (Fig. 4C-D). This concludes that polarity switching data and data 
generated using separate polarities overall generates similar results in 
the end. 

4. Discussion 

In this study we compared the performance of a method using po-
larity switching for untargeted lipidomics of serum with the corre-
sponding methods using separate polarities. A longitudinal collection of 
serum samples from multiple sclerosis patients treated with AHSCT [6] 
was analyzed with LC-HRMS using polarity switching as well as with 
separate injections in positive- and negative mode. We found the po-
larity switching method to perform relatively well in comparison with 
the methods using separate polarities, generating very similar results for 
untargeted lipidomic profiling. 

Polarity switching is an option on several modern mass spectrome-
ters [15,16]. Although often promoted by the instrument manufacturers, 
polarity switching is not commonly used. It has occasionally been 
applied and discussed [16–20], but the performance of the methodology 
has not been thoroughly evaluated. 

When performing untargeted lipidomics, ions detected in both pos-
itive and negative polarity are of equal interest making polarity 
switching especially attractive for such studies [21]. Polarity switching 
is advantageous primarily regarding the time necessary for the LC- 
HRMS analysis, which is halved compared to running separate experi-
ments for both polarities. Other advantages are the decreased cost of 
consumables, decreased environmental impact, and less risk of degra-
dation of samples from prolonged analyses times. The present study 
demonstrates that polarity switching could be a beneficial alternative 
when performing untargeted lipidomics in both positive and negative 
mode. 

In one of few studies in which polarity switching is used for untar-
geted lipidomics, Breitkopf et al. discuss methodological aspects of the 
approach [16]. Most importantly, the increase in cycle time associated 
with polarity switching is discussed, and the authors stress the need for a 
sufficient number of scans across the chromatographic peaks (~8–11). 
The method described herein gives 11 data points across the average 13 
s wide IS peak, which results in acceptable peak shapes. As stated by 
Breitkopf et al. polarity switching methods benefit from slightly wider 
peaks, and would not benefit from fast ultra performance liquid chro-
matography (UPLC) methods. 

The increased cycle time is the major shortcoming of polarity 
switching. The cycle time may be slightly decreased by optimizing some 
of the HRMS parameters, most importantly the resolution. During the 
method development we compared the cycle time at different resolu-
tions, and found the difference to be rather minor (at 35 k: 0.91 s; at 70 
k: 1.18 s; at 140 k 1.67 s). Regardless of the resolution, the switching 
time between polarities is about 250 ms, accounting for a large part of 

Fig. 3. Coefficient of variation (CV) distribution for detected features in positive (A) and negative (B) mode. The 95%-cutoff values were 36.7% and 50.0% for 
separate polarity and polarity switching, in positive mode, and 19.2% and 30.7% in the negative mode (indicated by vertical lines). 
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the cycle time. Since we use the resolution 70 k for our experiments with 
separate polarities, we decided to use the same resolution for polarity 
switching to allow direct comparisons. With the same reasoning we also 
decided to keep other parameters, such as the injection time and auto-
matic gain control that could have an influence on the cycle time, the 
same between the methods. An important note in this context is that 
although there are several more recently released hybrid quadrupole- 
Orbitrap instruments, the switching time between polarities remains 
about 250 ms [5]. Therefore, it is not obvious that a more recent in-
strument with faster scanning times and increased resolution would 
greatly improve the performance of polarity switching methods. 

When using polarity switching the expectation is that the reduced 
number of data points across chromatographic peaks should reduce the 
accuracy of the chromatographic peaks, with worsened detection of 
especially low-abundant compounds and increased experimental rela-
tive variability. The results from the present study confirm these ex-
pectations, but the decrease in data quality was in many respects not 
significant and the performance of the polarity switching method was 
deemed acceptable. We demonstrate that for the added IS the increased 
CVs of the peak areas associated with polarity switching were not 
significantly different from those achieved with separate polarities, with 
mean CVs = 13.4% in samples. For the endogenous compounds the CVs 
were significantly larger with polarity switching, but the increase was <
4 percent points and the mean CVs 17.9% and 12.2% in positive and 
negative mode, respectively. These results demonstrate that the per-
formance of the polarity switching method is acceptable for a method 
meant for untargeted lipidomic profiling. 

The polarity switching method also performed well regarding 
response linearities which were investigated for the added IS. Twelve of 
the 16 evaluated IS had acceptable linearities, with slopes ranging from 
0.71 to 1.30, and only minor differences between the polarity switching 
and separate polarities methods. The compounds that exhibited low 

linearities either suffered from ion suppression or low responses and 
performed likewise with both methods. This demonstrates that the 
chromatographic data achieved with polarity switching may be used to 
integrate peaks of various intensities with similar performance as the 
methods with separate polarities. The reduced number of chromato-
graphic data points does not have a severe negative effect regarding 
response linearities. 

In this study we applied several filtering steps to filter the untargeted 
data prior to the method comparisons. We used 70% coverage filtering, 
and removed features with high presence in blanks (>1% in comparison 
with the QC sample injected prior to the blank) and features that 
exhibited splitted peaks. This filtering was done separately for each of 
the feature lists resulting from the different methods. When comparing 
the performance of the methods regarding the untargeted analysis these 
filtered feature lists were compared. Initially it seemed that a surpris-
ingly large number of features were uniquely detected with each of the 
methods. However, when investigating what had occurred in the 
different filtering steps we found that the majority of these ‘unique’ 
compounds (87.5–97%) had been removed from the corresponding lists 
due to filtering (e.g. polarity switch positive mode vs separate positive 
mode). Thus, a relatively small number of unique features were actually 
detected with the different methods. 

The performance of the methods using polarity switching and sepa-
rate polarities regarding feature detection was highly similar, with a 
slightly higher number of features detected with the separate polarity 
methods, as could be expected. Filtering of untargeted metabolomics 
and lipidomics data is an important aspect of the data analysis and 
evaluation, as has been thoroughly discussed by others [22,23]. To 
decrease the risk of detecting false-positives and make appropriate sta-
tistical conclusions, features should be removed based on blank sample 
abundances and proportions of missing values (coverage) [22]. Different 
methods and types of samples could require different approaches 

Fig. 4. (A) Venn diagram of the matching features extracted for differential expression analysis (q < 1e-5). (B) The log2(fold changes) for the features within the 
intersection in the venn diagram. (C) Heatmap over the log2 (fold changes) of differentially expressed features (q < 1e-5) with separate polarities and (D) polarity 
switching through AHSCT. 
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regarding filtering, and default cutoff values should not be used without 
prior inspection of the data. Selecting appropriate cutoff values is often 
an iterative process, involving manual and visual inspection of what 
occurs in the different filtering steps to understand how the studied 
dataset is affected by the filtering. This aspect was highlighted in the 
comparison of the performances of the untargeted methods in the pre-
sent study. Here we applied the same filtering criteria for data gathered 
with polarity switching and separate polarities. By doing this compari-
son, we can conclude that due to the relatively worse performance of the 
polarity switching method with less chromatographic data points, a 
tradeoff is to be more liberal in the filtering of such data, thus allowing 
for more missing values. Also, in comparison with data gathered with 
separate polarities, a less strict coverage filter and more liberal p-value 
restrictions may be used for polarity switching data. This would 
compensate for the decrease in chromatographic quality. 

We also investigated the performance of the polarity switching 
method by doing a differential expression analysis on the data gathered 
from the relapsing-remitting multiple sclerosis patients undergoing 
AHSCT. The results of this analysis were highly similar as the results 
from doing the same analysis on data from the separate polarities 
methods. The p-value was slightly higher with polarity switching, which 
is expected due the higher CV associated with the method, but as 
illustrated in distribution of p-values, a less stringent q-value cutoff in 
separate polarities would include those features, but of course at the cost 
of increasing risk of including false positives. When performing such 
analysis on polarity switching data it may therefore be needed to be 
more liberal when setting the threshold p- and q-values to produce re-
sults similar to those achieved with separate polarities. The biological 
results will be discussed elsewhere. 

Lipidomics is a research field where different research groups 
approach the topic very differently [24]. Although a relatively well- 
studied field there is no consensus on how to prepare samples or how 
to perform the chromatography and mass spectrometry analysis for 
lipidomics [21,24]. There are many different methods published and 
many research groups rely on well-tried methods used for several de-
cades in lipid analysis (often involving non-preferable solvents like 
chloroform, e.g. Bligh-Dyer and Folch methods) [24,25]. Although 
highly efficient in lipid extraction, these older methods are however 
rarely suited for high-throughput analysis due to cumbersome sample 
preparation and with solvent systems not directly compatible with LC- 
HRMS analysis. In recent years, simple monophasic extractions based 
on protein precipitation have been shown to perform as well as the more 
complex and time-consuming biphasic extractions traditionally used for 
lipid analysis [26–29]. Such simple extractions are better suited for 
high-throughput analysis of large sample series, and provide high 
repeatability, good lipid recovery and high coverage. In this study we 
used IPA for protein precipitation and lipid extraction. The high lipid 
coverage and high extraction efficiency gained from IPA extraction has 
been reported by others and is well-supported in the literature 
[26,28,29]. Regarding choices of mobile phases, we used 0.1% acetic 
acid as the mobile phase additive since it performed well with both 
positive and negative ionization, which is a key aspect when developing 
methods for polarity switching. Different aspects regarding the method 
development are further discussed in the Supplementary Information. 
Methods using polarity switching may be further optimized by evalu-
ating the effect of changing chromatography parameters (e.g. flow rates, 
gradients, and column temperatures) as well as HRMS parameters (e.g. 
resolution, injection time, and automatic gain control) to find the 
optimal relation between response, cycle time, peak-widths, resolving 
power, and length of method. Such optimization was outside the scope 
of this paper, but is expected to further improve the performance of 
polarity switching methods. 

5. Conclusion 

The decision whether to use polarity switching for untargeted 

lipidomics depends on several factors. For smaller studies it may be 
valuable to perform the experiments in the positive and negative modes 
separately, to achieve the best possible coverage and quality of data. For 
larger studies, concerning hundreds or thousands of samples, polarity 
switching may be the preferable choice. The decreased experimental 
time and reduced costs associated with polarity switching are factors to 
consider. Based on the results herein, polarity switching gives accept-
able data for untargeted lipidomics, generating data similar to separate 
polarities despite a decrease in chromatographic quality. 
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