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Lipid annotation 

The lipid nomenclature followed LIPID MAPS system [25] and the shorthand notation for lipid

structures [26,27]. In the following text, sulfatide shorthand notification is briefly described on the

example of sulfatide SHex2Cer 34:1;O2 for a better understanding. First capital letter S means presence 

of one sulfate group, the abbreviation Hex means the presence of hexosyl unit without specification of 

stereochemistry, and the additional number gives the information on their number (in our example, two 

hexosyl units) on ceramide backbone. Subsequently, the colon-separated numbers 34:1 provides the 

information on the total number of carbon atoms and double bonds (CN:DB) of N-linked fatty acyl and 

sphingoid base of ceramide part, and a semicolon separated O2 informs about two hydroxyl oxygens in 

the ceramide part without any specification of their position. In the case that an additional hydroxyl is 

present in the ceramide part without any specification of its position O3 is written behind semicolon (in 

case of two additional hydroxyls - O4). 

For sterol sulfates, we have been able to verify the presence of the sulfate group according to MS/MS 

spectra, where a typical neutral loss of 80 was observed, and using a high-resolution mass spectra 

measurement that allowed us to determine the elemental composition. However, the exact structure 

elucidation, including the isomerism of sterols, is not possible only by using MALDI-Orbitrap MS 

measurement. Several sterol isomers with identical elemental composition can contribute to the ion 

signal. For this reason, we have abbreviated the observed sterols from StS 1 to StS 13 and we only

suggested the most probable compounds for individual elemental compositions in Figure S3A. 

Method validation 

All used internal standards (SHexCer 18:1;O2/12:0, SM d18:1;O2/12:0, and taurocholic acid-d4) 

were tested for their applicability for quantitation of plasma or urine samples. The bioanalytical method 

validation guidelines [47,48] were followed and adapted. Representative samples of controls and cases

characterized by different gender, age, and health state, were mixed in equal ratios for the pooled sample 

preparation - QC. The parameters determined included calibration curve, selectivity, repeatability, 

extraction recovery, matrix effect, within-run and between-run precision, carry-over effect, and 

freeze/thaw stability. Aliquots of the pooled sample were either not spiked, spiked before, or after 

extraction with a mixture of IS at a low, medium, or high concentration level, respectively. Medium 
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concentration was identical to the IS concentrations in studied plasma and urine samples of controls and 

RCC patients. Individual IS concentration in plasma and urine are listed in Table V1. 

The reproducibility of sample spotting is represented by the coefficients of variation (CV) calculated 

from five IS intensities of 5 consecutive spots of each sample (Tables V2-V4). All validation parameters 

were calculated using Microsoft Excel® 2016 (ver. 2102). The investigated parameters were determined 

on two independent days (except freeze/thaw stability). The linearity range and the limit of quantitation 

(LOQ) of the developed MALDI-MS method were obtained from a calibration curve based on the 

extracted pooled sample of plasma or urine spiked with IS mixture at different concentration levels 

(Table V5 and Figure V1a-d). Calibration curves were plotted as peak abundances against 

concentrations of IS individual calibration solutions at 8 concentration levels and fitted by linear 

regression. The measurement of high number of samples with five repetitions is not possible within one 

run on one MALDI plate. The washing step of the plate is necessary before the next run, and the carry-

over effect should be determined to verify the efficiency of the washing procedure. The carry-over effect 

was determined from the blank sample, which was spotted on the washed MALDI plate on the same 

positions as previously measured calibration standards at the upper limit of quantitation. No signal at 

m/z corresponding applied IS was observed for both sample types. The extraction recovery was 

determined by calculating the ratio of the IS signal intensity of 6 samples (3 for urine) spiked before and 

6 samples (3 for urine) spiked after the extraction at three concentration levels (Tables V6, Table V9, 

and Figure V1e, f). Within-run precision (Table V8) was calculated as the CV of IS intensities (IS spiked 

before extraction) within three consecutive extractions performed in one day for low, medium (only for 

plasma), and high concentration levels. The between-run precision (Table V8) was determined based on 

the measurement of six extracts of the pooled samples at three concentration levels (three extracts were 

prepared in one day, and another three extracts were prepared in the second day). For evaluating 

selectivity, matrix effect, and freeze/thaw stability of the plasma samples, plasma extracts of six different 

individuals were measured (Table V3). The selectivity of the tested IS was verified based on the 

evaluation of the data obtained after measurement of these samples without the addition of IS, where no 

interference signal was observed at m/z corresponding to IS. The matrix effect was calculated as the 

coefficient of variation of IS intensities within the mass spectra of samples of six different individuals 
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at three concentration levels (Table V9). Freeze/thaw stability was determined individually for each 

sample of 6 individuals with IS at the medium level, and it was calculated as the coefficient of variation 

of four median intensities within three freeze/thaw cycles involving the storage of the sample at -20°C 

overnight and its thawing at room temperature for 1 h (Table V10). For urine samples, the selectivity of 

the tested IS was verified based on the evaluation of data obtained after measurement of pooled urine 

and urine samples of six random individuals (without the addition of IS), where no signal at m/z of IS 

was observed in all cases. Freeze/thaw stability of urine was verified based on the comparison of IS 

intensities of the pooled sample with IS at low and high concentration levels after one freeze/thaw cycle 

involving the storage of the sample at -20°C overnight and its thawing at room temperature for 1 h 

(Table V10). High matrix effect was observed for urine samples as evident from the Supplementary 

Data 2 (raw intensities) of IS intensities in the studied samples resulting in the decision to normalize the 

data to the sum of all intensities for all lipid species within a particular class for each sample separately 

to calculate relative concentrations in %. 

Quality control and NIST plasma measurement 

Pooled samples were used as quality control (QC) to monitor the instrument performance and the 

quality of data obtained in sequence measurement of plasma and urine samples. At least 3 QC samples 

were spotted on each MALDI plate at the beginning, middle, and end of the sequence measurement. 

Figures V2 and V3 show the variation in absolute intensities of IS and selected endogenously present 

lipids within all measured QC samples. The middle line represents average intensity, and the dashed 

lines represent the coefficient of variation of 20%. The coefficient of variation of the absolute signal, 

which in some cases exceeds 20%, especially for SHexCer 41:1;O3, is reduced by normalization to IS 

or sum of intensities of all quantified sulfatides (relative concentrations), which is shown in Figures V2d 

and V13f, where the absolute concentration of selected lipids within QC samples are replaced by molar 

or relative concentrations. Similarly, for urine samples, the coefficient of variation is reduced in the case 

of monitoring relative concentrations (Figures V3). The clusters of QC samples in the PCA score plots 

indicated method stability during measurements (see Supplementary Fig. S1). Another verification of 

the reliability of our semiquantitative method was performed using the measurement of NIST plasma as 

available standard reference materials to compare the obtained concentrations with literature [49-51].
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The measurement of NIST plasma shows comparable results to previously published data (Figure V4).

Unfortunately, no information about sulfatide concentrations is found in the literature and the

comparison of obtained concentrations is performed only for SM lipid class. 
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Figure S1 Calibration curves present linear concentration ranges for applied internal 

standards in (a, b) plasma and (c, d) urine samples (error bars represent SD from five 

consecutive measurements). Extraction recovery of internal standards used for the extraction 

of (e) plasma and (f) urine samples (error bars represent the coefficient of variation of 

6 independent extractions in the case of plasma and 3 independent extractions in the case of 

urine).  
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Figure S2 Quality control of lipidomic analysis based on the response of 18 QC samples 

during the sequence measurement of plasma samples in the example of endogenously 

present lipids SM 41:1;O2 and SHexCer 41:1;O3: a, b absolute intensities; c, d 

calculated molar concentrations; e, f relative concentrations. The middle full lines 

represent the average of individual values (intensities, molar, or relative concentrations), and 

two dotted lines are twenty percentage deviations from this average value. 
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Figure S3 Quality control of lipidomic analysis based on the response signals of QC samples 

during the sequence measurement of urine samples in the example of endogenously present 

lipids StS3, StS12, SHexCer 41:1;O3 and SHex2Cer 42:1;O2: a, c, e, g absolute intensities; b, 

d, f, h relative concentrations. The middle full lines represent the average of individual values 

(intensities or relative concentrations), and two dotted lines are twenty percentage deviations 

from this average value. 
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Figure S4 Bar graph compares molar concentrations between our MALDI-HRMS method 

(blue bars, error bars represent standard deviation (SD) and were calculated based on the 

three 

independently extracted samples) and other data from the literature49-51.
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Table S1 List of concentrations of individual internal standards used for the analytical 

validation experiments in plasma and urine samples for low (LL), medium (ML), and high (HL) 

concentration levels. 

c [nmol/ml of plasma] 

LL ML HL 

SM 18:1;O2/12:0 21.65 43.3 64.95 

SHexCer 18:1;O2/12:0 0.05 0.1 0.15 

c [nmol/ml of urine] 

LL ML HL 

Taurocholic acid D4 0.183 0.55 1.65 

SHexCer 18:1;O2/12:0 0.013 0.04 0.12 
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Table S2 Median of absolute intensities and individual coefficients of variation (CV) for each 

IS - calculated from 5 repetitions (consecutive measurements) within individual samples of the 

plasma validation experiment. Data have been used to calculate recovery rates (x = IS added 

before the extraction and y = IS added after extraction) and precisions (x). The individual CV 

values represent repeatability. 

IS addition Day Level 
SM 30:1;O2 SHexCer 30:1;O2 

Median of 
Intensity 

CV [%] 
Median of 
Intensity 

CV [%] 

Low level 
(IS added 

before 
extraction) 

1st day 
Lx1 8.25E+05 7 1.00E+05 19 

Lx2 7.62E+05 5 8.94E+04 12 

Lx3 7.57E+05 8 8.15E+04 14 

2nd day 

Lx4 7.76E+05 7 1.05E+05 4 

Lx5 8.20E+05 7 9.94E+04 6 

Lx6 8.29E+05 14 1.04E+05 4 

Low level 
(IS added after 

extraction) 

1st day 

Ly1 7.83E+05 10 7.72E+04 11 

Ly2 7.45E+05 14 7.36E+04 10 

Ly3 7.65E+05 12 6.74E+04 12 

2nd day 

Ly4 8.59E+05 8 1.03E+05 5 

Ly5 9.05E+05 4 7.98E+04 2 

Ly6 8.27E+05 7 9.78E+04 9 

Medium level 
(IS added 

before 
extraction) 

1st day 

Mx1 1.09E+06 5 1.12E+05 16 

Mx2 9.78E+05 14 1.15E+05 10 

Mx3 1.05E+06 8 1.14E+05 2 

2nd day 

Mx4 9.10E+05 5 1.34E+05 8 

Mx5 1.13E+06 9 1.36E+05 10 

Mx6 1.03E+06 4 1.38E+05 8 

Medium level 
(IS added after 

extraction) 

1st day 

My1 1.09E+06 10 9.04E+04 5 

My2 1.04E+06 10 9.92E+04 11 

My3 9.07E+05 7 9.96E+04 10 

2nd day 

My4 1.07E+06 7 1.40E+05 7 

My5 1.08E+06 8 1.42E+05 9 

My6 1.08E+06 5 1.27E+05 9 

High level 
(IS added 

before 
extraction) 

1st day 

Hx1 1.67E+06 6 2.19E+05 5 

Hx2 2.06E+06 14 2.32E+05 9 

Hx3 1.76E+06 17 2.28E+05 16 

2nd day 

Hx4 1.71E+06 11 2.44E+05 5 

Hx5 1.91E+06 19 2.42E+05 9 

Hx6 1.77E+06 6 2.36E+05 9 

High level 
(IS added after 

extraction) 

1st day 

Hy1 1.92E+06 18 1.97E+05 17 

Hy2 1.78E+06 12 1.99E+05 7 

Hy3 1.90E+06 12 2.00E+05 20 

2nd day 

Hy4 1.90E+06 7 2.05E+05 5 

Hy5 1.86E+06 10 2.36E+05 14 

Hy6 1.92E+06 10 2.52E+05 6 
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Table S3 Median of absolute intensities and individual coefficients of variation (CV) for each 

IS - calculated from 5 repetitions (consecutive measurements) within individual samples of 

plasma validation experiments. Data obtained for samples "before freeze/thaw" were used for 

matrix effect evaluation at three concentration levels. The freeze/thaw stability was evaluated 

based on the three freeze/thaw cycles for the medium concentration level. The individual CV 

values represent repeatability. 

Concentration 
level 

Cycle 
Sample 

No. 

SM 30:1;O2 SHexCer 30:1;O2 

Median of 
Intensity 

CV 
[%] 

Median of 
Intensity 

CV [%] 

Low level 
before 

freeze/thaw 

L_31 9.08E+05 3 9.42E+04 9 

L_43 8.57E+05 8 8.69E+04 11 

L_96 8.00E+05 7 8.26E+04 9 

L_97 9.50E+05 12 8.15E+04 8 

L_101 1.17E+06 18 8.78E+04 5 

L_107 9.13E+05 6 7.09E+04 13 

High level 
before 

freeze/thaw 

H_31 1.81E+06 9 2.24E+05 2 

H_43 1.66E+06 6 1.68E+05 11 

H_96 1.51E+06 8 1.67E+05 4 

H_97 1.94E+06 6 1.82E+05 17 

H_101 2.49E+06 9 2.28E+05 8 

H_107 2.03E+06 5 1.99E+05 6 

Medium level 

before 
freeze/thaw 

M_31 1.35E+06 4 1.34E+05 7 

M_43 1.01E+06 5 1.06E+05 9 

M_96 1.04E+06 11 1.05E+05 13 

M_97 1.02E+06 9 1.08E+05 16 

M_101 1.40E+06 11 1.11E+05 3 

M_107 1.14E+06 5 8.73E+04 5 

1st 
freeze/thaw 

cycle 

M_31 1.03E+06 8 9.81E+04 3 

M_43 8.94E+05 8 9.35E+04 17 

M_96 8.52E+05 9 8.43E+04 3 

M_97 8.49E+05 12 8.38E+04 14 

M_101 1.14E+06 10 8.62E+04 6 

M_107 1.29E+06 9 9.62E+04 21 

2nd 
freeze/thaw 

cycle 

M_31 8.81E+05 18 8.92E+04 14 

M_43 8.96E+05 10 7.19E+04 22 

M_96 1.10E+06 6 1.09E+05 14 

M_97 9.27E+05 7 8.61E+04 16 

M_101 1.09E+06 9 7.96E+04 23 

M_107 1.17E+06 9 1.04E+05 23 

3rd 
freeze/thaw 

cycle 

M_31 8.83E+05 5 8.98E+04 10 

M_43 1.33E+06 13 1.42E+05 8 

M_96 8.63E+05 4 7.86E+04 11 

M_97 7.78E+05 11 6.87E+04 20 

M_101 1.03E+06 3 5.67E+04 18 

M_107 8.44E+05 7 6.88E+04 10 
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Table S4 Median of absolute intensities and individual coefficients of variation  (CV) for IS 

used in the case of urine samples - calculated from 5 repetitions within the individual sample 

type of urine validation experiment. Data have been used for the calculation of recovery rates 

(x = IS added before the extraction) and y = IS added after extraction), precisions (x), and 

freeze/thaw stability. The individual CV values represent repeatability. 

Concentration level 
(IS addition) 

Day Level 

SHexCer 30:1;O2 Taurocholic acid-d4 

Median of 
Intensity 

CV 
[%] 

Median of 
Intensity 

CV 
[%] 

Low level (IS added 
before extraction) 

1st day 

Lx1 2.72E+04 16 1.84E+04 4 

Lx2 2.43E+04 24 1.64E+04 7 

Lx3 3.42E+04 12 1.28E+04 3 

2nd day 

Lx4 2.67E+04 21 1.81E+04 22 

Lx5 2.57E+04 14 1.98E+04 21 

Lx6 1.55E+04 23 9.80E+03 34 

Low level (IS added after 
extraction) 

1st day 

Ly1 3.20E+04 10 1.55E+04 7 

Ly2 2.88E+04 13 1.74E+04 8 

Ly3 3.50E+04 14 1.49E+04 11 

Medium level (IS added 
before extraction) 

1st day 

Mx1 1.06E+05 9 6.60E+04 3 

Mx2 7.54E+04 15 5.38E+04 16 

Mx3 9.22E+04 12 7.86E+04 3 

Medium level (IS added 
after extraction) 

1st day 

My1 1.01E+05 19 7.64E+04 11 

My2 9.10E+04 9 5.51E+04 12 

My3 9.89E+04 13 6.55E+04 8 

High level (IS added 
before extraction) 

1st day 

Hx1 4.83E+05 19 3.15E+05 2 

Hx2 5.52E+05 5 3.03E+05 4 

Hx3 4.73E+05 15 2.98E+05 11 

2nd day 

Hx4 5.05E+05 16 2.71E+05 13 

Hx5 5.44E+05 13 2.46E+05 10 

Hx6 5.11E+05 11 3.28E+05 14 

High level (IS added after 
extraction) 

1st day 

Hy1 3.87E+05 12 2.40E+05 13 

Hy2 3.37E+05 12 1.97E+05 5 

Hy3 3.72E+05 21 2.78E+05 5 

freeze/thaw cycle 3rd day 

Lx4 3.25E+04 20 1.30E+04 16 

Lx5 2.74E+04 24 1.29E+04 12 

Lx6 1.75E+04 33 9.91E+03 30 

freeze/thaw cycle 3rd day 

Hx4 3.42E+05 15 1.82E+05 10 

Hx5 3.48E+05 14 2.20E+05 5 

Hx6 2.80E+05 11 2.55E+05 6 
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Table S5 Raw IS intensities and individual coefficients of variation (n=5) used for calibration 

curves - for plasma (upper part of the table) and urine samples (bottom part of the table). 

SM 30:1;O2 SHexCer 30:1;O2 

c 
[nmol/mL] 

Median of 
Intensity 

CV[%] 
c 

[pmol/mL] 
Median of 
Intensity 

CV [%] 

8.66 2.80E+05 6 20 2.23E+04 5 

17.32 6.35E+05 17 40 6.67E+04 15 

25.99 8.90E+05 8 60 9.26E+04 3 

34.65 1.09E+06 11 80 1.17E+05 5 

43.31 1.50E+06 5 100 1.56E+05 8 

51.97 1.67E+06 6 120 1.95E+05 4 

69.3 2.28E+06 6 160 2.66E+05 7 

86.62 3.11E+06 10 200 3.44E+05 9 

SHexCer 30:1;O2 Taurocholic acid-d4 

c 
[pmol/mL] 

Median of 
Intensity 

CV 
[%] 

c 
[nmol/mL] 

Median of 
Intensity 

CV [%] 

2.25 1.13E+04 13 0.12 1.65E+04 10 

4.50 4.29E+04 20 0.25 5.84E+04 7 

8.99 6.93E+04 10 0.62 9.73E+04 11 

22.49 1.38E+05 11 1.23 2.38E+05 5 

44.97 3.35E+05 10 2.46 5.80E+05 6 

89.94 8.95E+05 4 6.15 1.22E+06 5 

224.85 1.53E+06 6 12.30 2.27E+06 5 

449.71 3.45E+06 9 24.61 5.77E+06 7 
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Table S6 Individual recovery rates calculated based on the raw data in Supplementary Table 

5 together with average values and coefficients of variation obtained for the extraction 

protocol of pooled plasma sample for applied internal standards, where abbreviation LL 

means low concentration level, ML means medium concentration level, and HL means high 

concentration level. 

Level Sample No. 

Recovery rate [%] 

SM 30:1;O2 SHexCer 30:1;O2 

Low level 

LL1 105 130 

LL2 102 121 

LL3 99 121 

LL4 90 101 

LL5 91 125 

LL6 100 107 

Average 98 118 

CV [%] 6 9 

Medium 
level 

ML1 100 124 

ML2 94 116 

ML3 115 114 

ML4 85 96 

ML5 105 96 

ML6 95 109 

Average 99 109 

CV [%] 10 10 

High level 

HL1 87 111 

HL2 115 116 

HL3 93 114 

HL4 90 119 

HL5 103 103 

HL6 92 94 

Average 97 109 

CV [%] 10 8 



16 

Table S7 Individual recovery rates calculated based on the raw data in Supplementary Table 

7 together with average values and coefficients of variation obtained for the extraction 

protocol of the pooled urine sample for applied internal standards, where abbreviation LL 

means low concentration level, ML means medium concentration level, and HL means high 

concentration level. 

Level Sample No. 

Recovery rate [%] 

SHexCer 30:1;O2 Taurocholic acid-d4 

Low level 

LL1 85 119 

LL2 84 106 
LL3 98 83 

Average 89 102 

CV [%] 6 15 

Medium 
level 

ML1 105 101 

ML2 83 98 

ML3 93 120 

Average 94 106 

CV [%] 9 10 

High level 

HL1 96 116 

HL2 111 123 

HL3 93 91 

Average 100 110 

CV [%] 8 14 
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Table S8 Coefficients of variation representing within (n=3) and between (n=6) days 

precision for internal standards applied for plasma measurements (upper part of the table) 

and urine measurements (bottom part of the table). Individual average intensities and CV 

were calculated from the absolute intensities of Supplementary Tables 5 (plasma) and 

7 (urine). The abbreviation LL means low concentration level, ML means medium 

concentration level and HL means high concentration level. 

Type Level 
SM 30:1;O2 SHexCer 30:1;O2 

Average Intensity CV [%] Average Intensity CV [%] 

Within day 
presicion 

LL 7.81E+05 4 9.04E+04 9 

ML 1.04E+06 4 1.14E+05 1 

HL 1.83E+06 9 2.26E+05 2 

Between day 
precision 

LL 7.95E+05 4 9.66E+04 9 

ML 1.03E+06 7 1.25E+05 9 

HL 1.80E+06 7 2.41E+05 4 

Type Level 
SM 30:1;O2 SHexCer 30:1;O2 

Average Intensity CV [%] Average Intensity CV [%] 

Within day 
presicion 

LL 2.86E+04 15 1.59E+04 14.6 

HL 5.03E+05 7 3.05E+05 2.3 

Between day 
precision 

LL 2.56E+04 22 1.59E+04 22.0 

HL 4.34E+05 17 2.72E+05 15.1 
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Table S9 Matrix effect of internal standards used for plasma measurements. The matrix effect 

is expressed by the coefficient of variation of average signal response within 6 different plasma 

samples (individual raw intensities are shown in Supplementary Table 6) at three concentration 

levels, where the abbreviation LL means low concentration level, ML means medium 

concentration level, and HL means high concentration level. 

Level 
SM 30:1;O2 SHexCer 30:1;O2 

Average Intensity CV [%] Average Intensity CV [%] 

LL 9.33E+05 12 8.40E+04 9 

ML 1.16E+06 14 1.08E+05 13 

HL 1.91E+06 16 1.95E+05 13 
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Table S10 The upper part of the table shows the freeze/thaw stability of internal standards at medium 

concentration level applied for plasma measurements. Freeze/thaw stability is expressed by the 

coefficient of variation of the average signal response for 6 individual plasma samples after 3 

freeze/thaw cycles (individual raw intensities are shown in Supplementary Table 6). The bottom part of 

the table shows freeze/thaw stability of internal standards applied for urine measurements. The 

freeze/thaw stability is expressed by the coefficient of variation (n=3) of average signal response for the 

pooled sample at a low (LL) and high (HL) concentration levels after one freeze/thaw cycle (individual 

absolute intensities of LL4 – LL6 and HL4 – HL6 before and after freeze/thaw cycle are shown in 

Supplementary Table 8). 

Sample 
No 

SM 30:1;O2 SHexCer 30:1;O2 

Average Intensity CV [%] Average Intensity CV [%] 

M_31 1.04E+06 18 1.03E+05 18 

M_43 1.03E+06 17 1.03E+05 25 

M_96 9.65E+05 11 9.41E+04 14 

M_97 8.93E+05 10 8.66E+04 16 

M_101 1.17E+06 12 8.35E+04 23 

Level 
Taurocholic acid-d4 SHexCer 30:1;O2 

Average Intensity CV [%] Average Intensity CV [%] 

LL 1.39E+04 27 2.42E+04 24.4 

HL 2.29E+05 14.5 3.44E+05 9.8 




