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Abstract. We describe a systematic comparison of high and low resolution LC-MS/
MS assays for quantification of 25-hydroxyvitamin D3 in human serum. Identical
sample preparation, chromatography separations, electrospray ionization sources,
precursor ion selection, and ion activation were used; the two assays differed only in
the implemented final mass analyzer stage; viz. high resolution quadrupole-
quadrupole-time-of-flight (QqTOF) versus low resolution triple quadrupole instru-
ments. The results were assessed against measured concentration levels from a
routine clinical chemiluminescence immunoassay. Isobaric interferences prevented
the simple use of TOF-MS spectra for extraction of accurate masses and necessi-
tated the application of collision-induced dissociation on the QqTOF platform. The

two mass spectrometry assays provided very similar analytical figures of merit, reflecting the lack of relevant
isobaric interferences in the MS/MS domain, and were successfully applied to determine the levels of 25-
hydroxyvitamin D for patients with chronic liver disease.
Keywords: Vitamin D, Electrospray ionization, Collision-induced dissociation, Isobaric interferences, High reso-
lution mass spectrometry
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Introduction

Reliable quantification of vitamin D in biological samples
remains difficult as even selective mass spectrometry

assays exhibit many possibilities for errors and interferences
[1–3].While high performance liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) on triple quad-
rupole (QqQ) instruments is currently considered the optimum
method for quantifying the vitamin status marker 25-
hydroxyvitamin D3 (25(OH)D3) [4, 5], the technique is not as
straightforward to implement for vitamin D compounds as is
the case for other endogenous compounds [1, 2]. LC-MS/MS

requires skilled personnel and carefully optimized instrumental
parameters to avoid interferences and to provide sufficient sen-
sitivity. For example, ionization efficiency of the secosteroidal
vitamin D compounds is generally very low in electrospray
ionization (ESI) or atmospheric-pressure chemical ionization
(APCI). Furthermore, endogenous isobars of 25(OH)D3 must
be separated using proper chromatographic separation, com-
bined with the application of appropriate product ions in the
selected reaction monitoring (SRM) mode of the QqQ instru-
ment. As recently demonstrated [6], there is a large number of
isobaric endogenous and exogenous compounds present during
the LC-MS/MS analysis of 25(OH)D3. Furthermore, additional
complications arise from isomeric contributions, where the C-3
epimer of 25(OH)D3 presents a particular challenge [2]. Wheth-
er or not the epimeric species are biologically relevant is cur-
rently unknown [7]; regardless, chromatographic separation is
essential to avoid bias in the analysis [1, 2, 8, 9].

Several experimental approaches have been developed to
overcome some of these problems, including derivatization
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techniques to improve ionization efficiency [10–12], ion mo-
bility spectrometry to remove isobars [6], isotope standards,
and certified reference materials to improve intra- and inter-
laboratory precision and accuracy [2], and high resolution mass
spectrometry (HRMS) [2]. Mass analyzers of medium/high
mass resolving power such as time-of-flight (TOF), Orbitrap,
and Fourier transform ion cyclotron resonance (FTICR) have
not yet routinely entered clinical practice, even though their
potential has been clearly recognized [13, 14]. Furthermore, a
few recent studies have successfully demonstrated the potential
of HRMS in the quantification of vitamin D compounds [15–
18].

The present study was aimed at a systematic comparison of
the analytical performance of a previously developed triple
quadrupole LC-MS/MS assay [19] for 25(OH)D3 in serum
with a new high resolution mass spectrometry assay, which
was implemented on a hybrid quadrupole-quadrupole-time-of-
flight (QqTOF) instrument. Importantly, both assays used the
same serum samples (from patients with chronic liver dis-
eases), identical sample preparation by supported liquid extrac-
tion (SLE), and the same commercial certified vitamin D
calibrator standards and QCmaterials. In addition, the identical
chromatographic separation was implemented. To achieve a
meaningful comparison, two LC-MS/MS instruments from the
same manufacturer were used, with very similar electrospray
sources, ion transport regions, collision cells, and collision-
induced dissociation (CID) conditions. The assays differed
only in the final mass analyzer stage, i.e., low resolution (LR)
QqQ versus high resolution (HR) QqTOF. For accuracy as-
sessment, measured concentrations from a routine clinical
chemiluminescence immunoassay were also utilized in the
comparison.

Experimental
Chemicals and Materials

Standards of 25-hydroxyvitamin D3, HPLC-MS grade metha-
nol, acetonitrile, and formic acid were purchased from Sigma-
Aldrich (Steinheim, Germany). Isotopically-labeled d6-25-
hydroxyvitamin D3 (d-labeled at positions 26, 26, 26, 27, 27,
27) was from Chemaphor Inc. (Ottawa, ON, Canada). Stock
solutions of 25(OH)D3 and d6-25(OH)D3 at 1 mg/mL were
prepared in methanol and diluted prior to the experiments.
Lyophilized ClinCal and ClinChek25-OH Vitamin D2/D3 se-
rum calibrators (level 1–3) and quality control sera (level I and
II) were obtained from Recipe (Munich, Germany) and
reconstituted in water prior to analysis (ClinCal and ClinChek
calibrators and serum controls are used for calibration and
internal quality assurance purposes; both materials are based
on calf serum). Sodium carbonate and sodium hydrogen car-
bonate were from Merck (Darmstadt, Germany). Organic-free
water was generated byMillipore (Bedford, MA, USA) Direct-
Q8 and Synergy purification systems. AC micro-extraction
plates were obtained from Tecan (Männedorf, Switzerland).

Patient Samples, Calibrators, and Quality Controls

All serum calibration and quality control materials were based
on lyophilized ClinCal and ClinChek 25-OH Vitamin D2/D3

materials, which were reconstituted in 1 mL of water. The
patient samples were from an existing study of chronic liver
diseases (CLD) at Saarland University Medical Center (Hom-
burg, Germany) [20]. Patients with vitamin D deficiency were
supplemented with vitamin D3 at 20,000 IU/wk (Dekristol,
Jenapharm, Jena, Germany) for 6 mo, while patients with
normal 25(OH)D3 concentrations were monitored as controls.
All patients had their serum 25(OH)D3 level measured at
baseline, and again after 3, 6, and 12 mo of follow-up. Ethical
appoval was obtained for the study (Ärztekammer des
Saarlandes, ref. 57/11), which was conducted based on the
good clinical practice guidelines as per the Declaration of
Helsinki. All patients provided written informed consent.

Sample Preparation

Calibrators, quality controls, and serum samples were extracted
by supported liquid extraction (SLE) using Tecan AC 96-well
micro-extraction plates, as previously described [19]. Briefly,
the extraction process used the following reagents: (A) internal
standard (50 ng/mL d6-25(OH)D3 in acetonitrile); (B) extrac-
tion buffer (0.2 M sodium carbonate/sodium hydrogen carbon-
ate 1:1 v/v in water/acetonitrile 95:5 v/v); (C) washing buffer
(water/methanol 90:10 v/v); (D) elution buffer (water/methanol
10:90 v/v). Reagents A and B were mixed (1:2 v/v), 100 μL of
the mixture transferred to the extraction well, 50 μL of serum
sample added, and the plate horizontally shaken for 10 min at
1200 rpm. The supernatant was discarded, and the well was
washed with buffer (C) (200 μL) for 2 min (1200 rpm). Finally,
the analyte was eluted using 200 μL of buffer (D) (5 min
horizontal shaking) and the eluate transferred into 1.5 mL
amber glass vials; the vials were then moved to the LC-MS/
MS autosampler.

Low Resolution Mass Spectrometry (QqQ)

Five microliters of each sample extract (corresponding to ~1.25
μL of the human serum sample) were injected into a Dionex
UltiMate 3000 UHPLC system (Thermo, Bremen, Germany).
Separations were performed on a Phenomenex (Torrance, CA,
USA) Kinetex PFP 100 Å column (100 × 2.1 mm, dp = 2.6 μm)
at 40 °C and flow rate of 0.4 mL/min using gradient elution.
The mobile phases were (A) water (+0.1% formic acid) and (B)
methanol (+0.1% formic acid). The gradient was linearly in-
creased from 51% to 76% B within 5 min, held at 76% B for
1.75 min, increased to 99% B within 0.75 min, and held there
for 2.5 min before returning to 51% within 1 min and re-
equilibration for 2 min. MS experiments were performed on a
Sciex (Concord, ON, Canada) QTRAP 5500 quadrupole-
quadrupole-linear ion trap (QqLIT) mass spectrometer and
Turbo-V electrospray ionization source operated in positive
ion mode. Ion source and MS parameters were as follows:
ESI voltage, 5500 V; source temperature, 550 °C; curtain gas,
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55 psi; gas 1, 45 psi; gas 2, 50 psi; entrance potential, 10 V;
collision exit potential, 20 V; declustering potential, 100 V.
Resolving power was set to unit resolution for both Q1 and Q3.
Quantification of 25(OH)D3 was performed by SRM using the
[M + H]+→[M + H-H2O]

+ transitions for 25(OH)D3 and d6-
25(OH)D3 (m/z 401→383 and 407→389) with dwell times of
200 ms each, giving approximately 40 data points across the
chromatographic peak for each transition.

High Resolution Mass Spectrometry (QqTOF)

A Shimadzu (Columbia, MD, USA) Nexera UHPLC system
was used for HRMS experiments. Chromatography was per-
formed as described above. A Sciex TripleTOF 5600 hybrid
QqTOF instrument was used with a DuoSpray ion source in
positive ion mode. Mass calibration in MS and MS/MS modes
was performed after every four injections with a set of stan-
dards. Ion source and transport parameters were as follows: ESI
voltage, 5500 V; source temperature, 550 °C; curtain gas, 55
psi; gas 1, 45 psi; gas 2, 50 psi; entrance potential, 10 V;
collision cell exit potential, 20 V; declustering potential, 100
V; ion release delay, 66 ms; ion release width, 26 ms. TOF-MS
data were obtained over m/z 120–925 with 500 ms accumula-
tion time and 925 ms period cycle time. TOF-MS/MS was
performed for precursor ions m/z 401.34 and 407.38 for
25(OH)D3 and d6-25(OH)D3, respectively, over m/z 100–615
using 500ms accumulation and 1000ms period cycle time. For
MS/MS, precursor ions were isolated in Q1, which was set to
unit resolution (the unit resolution settings corresponds to peak
widths of ~0.7 u). The high sensitivity mode of the instrument
was used throughout all experiments. The calculated resolution
was ~15,000 (full-width-at-half-maximum, FWHM) for m/z
383. Quantification was achieved by integrating peak areas
from extracted ion chromatograms at m/z 383.3308 and
389.3685 (±0.01 u).

Chemiluminescent Immunoassay

25(OH)D3 serum levels of the patient samples were determined
at Saarland University Medical Center’s central laboratory
using the LIAISON 25 OH vitamin D total chemilumiscent
immunoassay (DiaSorin, Dietzenbach, Germany) [21].

Results and Discussion
In this study, a HRMS assay was developed based on our
existing triple quadrupole LC-MS/MS assay for 25(OH)D3

[19]—using identical sample preparation and LC separation
conditions—and systematically compared to the earlier meth-
od. We considered this comparison very important, as we
previously encountered a significant co-eluting isobaric inter-
ference in the low resolution mass spectrometric (LRMS)
selected reaction monitoring (SRM) analysis of 25(OH)D3 that
was introduced by the HPLC system [6]. This particular iso-
baric interference was impossible to resolve in the triple quad-
rupole CID spectra and required either differential ion mobility

spectrometry or increased collision energy in the CID stage for
removal to avoid systematic errors [6]. We were able to reduce
and eventually remove the interference signal by systematic
exchange of those pump parts that were exposed to the mobile
phase flow. A second HPLC system, from a different manu-
facturer, which was also utilized during the study (see
Experimental), did not exhibit the same interference.

HRMS: TOF-MS versus TOF-MS/MS

To optimize the HRMS assay, it was initially important to
investigate the presence of isobaric interferences during mass
spectral analysis; that is, isobaric species formed during
electrospray ion generation as well as isobaric product ions
after ion activation and dissociation. This was also tested as it
was initially unclear whether using accurate mass measure-
ments of the [M + H]+ precursor ion would provide sufficient
specificity in the quantitative analysis of 25(OH)D3 from serum
or whether CID was required to circumvent isobaric species.
This comparison also considered the generated ion currents and
signal-to-noise (S/N) ratios in both modes of operation, TOF-
MS and TOF-MS/MS.

TOF-MS experiments (Figure 1a and b) showed high abun-
dances of isobaric compounds, some of which were very close
to the m/z value of the precursor ion for 25(OH)D3 (m/z
401.3414), similar to previous FTICR-MS results [6]. Several
of these isobars were of an exogenous nature (Figure 1a),
others originated from the serum matrix (Figure 1b). The
intensities of some of these isobars were much higher than
the signals obtained for 25(OH)D3 at relevant concentration
levels. Although the instrumental resolving power of the
QqTOF initially appeared to be sufficiently high, there was a
small overlap of the main interference at m/z 401.2666
(C21H33N6O2

+; mass measurement accuracy, 1.5 ppm; the
same interference was previously observed in the isobaric
space of m/z 401 by FTICR analysis of serum samples [6])
from the tail-end of the peak into the 25(OH)D3 signal. This
effect caused isobaric cross-talk from the slightly skewed
peaks, which then irreproducibly co-contributed to signal in-
tensities of 25(OH)D3 in some analyses, resulting in lesser
precision compared with TOF-MS/MS analyses.

TOF-MS/MS measurements (Figure 1c and d) after Q1
isolation of m/z 401 exhibited significantly less signals in the
isobaric space of the [M + H – H2O]

+ product ion around m/z
383.3308. The [M +H –H2O]

+ ion was chosen as was done for
the LRMS (QqQ) analyses, as CID of the [M + H]+ ion of
25(OH)D3 yielded a very efficient neutral loss of H2O into the
dehydrated species, ideal for quantification, whereas higher
collision energies induced very complex product ion spectra
after the initial dehydration reactions [2]. Even though a rather
unspecific product ion from H2O loss was used here, the
accurately measured m/z ratio of 383.3308 ([M + H – H2O]

+)
in the high resolution domain of TOF-MS/MS was sufficient to
significantly improve specificity (Figure 1b), as other highly
abundant isobars atm/z 401 only produced very minor isobaric
noise in the isobaric space of m/z 383. Importantly, although
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the absolute ion currents for the [M + H – H2O]
+ ions in TOF-

MS/MS mode were lower than the [M + H]+ ion currents in
TOF-MS mode, the opposite was observed for the signal-to-
noise ratios because of the extremely low noise levels. Inter-
estingly, other studies have successfully used accurate m/z
values of the [M + H]+ ions from Orbitrap full scan spectra.
For example, Bruce et al. [15] obtained similar analytical
figures of merit from their full-scan HRMS assay in compari-
son to experiments using a QqQ assay. Raml et al. [18] ac-
quired all relevant ionized species formed by atmospheric-
pressure chemical ionization (APCI) of 25(OH)D3 simulta-
neously using a full scan Orbitrap acquisition routine and
selected the [M + H]+ and [M + H – H2O]

+ (from in-source
CID) ions at a resolving power of 60,000. The authors pointed
out that the combination of the adduct species provided max-
imum sensitivity; precision and accurcy of the analyses were
shown to be similar to results from literature QqQ assays.
Importantly, in their assay, the [M + H – H2O]+ ion from the
internal standard d6-25(OH)D2 used for 25-hydroxyvitamin D2

at m/z 401.3685 was completely separated from 25(OH)D3’s
[M + H]+ ion at m/z 401.3414 and no interference occurred
[18]. This separation is particulary important for those targeted
assays that include vitamin D2 species in the acquisition rou-
tine. On the other hand, Liebisch and Matysik utilized the
dehydrated product ion 25(OH)D3 at m/z 383 after CID on an
Orbitrap instrument, to obtain data with no baseline noise [17].
MS/MS also nicely circumvented potential isobaric problems
generated by d6-25(OH)D2. Liebisch and Matysik used a re-
solving power of 35,000 for the Orbitrap in MS/MS mode to

Figure 1. Electrospray TOF-MS and TOF-MS/MS spectra extracted from the chromatographic peak of 25(OH)D3 at retention time
of 7.15 min (using extraction width of 0.30 min): (a) TOF mass spectrum after blank injection (90% methanol v/v), and (b) TOF-MS
spectrum from QC sample (44.30 ng/mL) injection; (c) TOF-MS/MS spectrum of products of m/z 401 after blank injection, and (d)
from QC sample

Figure 2. Extracted ion chromatograms (QqTOF) from a pa-
tient serum sample (concentration level of 25(OH)D3 in serum,
31.9 ng/mL) for different TOF extraction window sizes: (a) [M +
H]+ at m/z 401.3414 (TOF-MS; isolation width: blue 0.02 u; red
0.1 u; green 0.5 u), (b) [M + H-H2O]+ atm/z 383.3308 (TOF-MS/
MS, isolation widths: blue 0.02 u; red 0.1 u; green 0.5 u)
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separate the [M + H – 2H2O]
+ interference of d6-25(OH)D2

from the m/z 383 singly dehydrated ion of 25(OH)D3 [17].
Importantly, the Orbitrap’s ability to separate this particular
interference may not necessarily be reproduced on QqTOF
instruments because of resolving power limitations of some
TOF-based instruments.

To further demonstrate the differences of the two HRMS
modes (TOF-MS and TOF-MS/MS) evaluated here, extracted
ion chromatograms (EIC) were compared for different widths
of the m/z extraction windows. Figure 2a illustrates TOF chro-
matograms for widths of 0.02, 0.1, and 0.5 u centered on the
precursor ion at m/z 401.3414; the same EIC conditions were
applied to the TOF-MS/MS data centered on the m/z 383.3308
product ion (Figure 2b). Although narrowing the window size
clearly reduced the abundances of isobars in the TOF traces,
the problem of isobaric cross-talk persisted, with resulting
unsatisfactory signal-to-noise ratios and insufficient precision.
Clearly, the higher resolving power obtained from an Orbitrap
would be beneficial in this situation [15, 18]. There was little
influence on peak areas in the CID-MS/MS traces when the
extraction size was reduced, however, as isobaric noise gener-
ally was very low in the CID spectra (Figure 1d). The calcu-
lated resolution of ~15,000 (FWHM) for m/z 383 provided
ample resolution to separate the very low abundant isobars in
the CID spectrum.

Of note, the abundant chromatographic peak at a retention
time of 8.4 min was assigned to a constitutional isomer of
25(OH)D3, namely 7-ketocholesterol (C27H44O2) by compari-
son to an authentic standard, which was easily separated by LC.
This compound was previously described as a potential isobar/
isomer in the analysis of 25(OH)D3 [6]; it was detected in
human serum before and shown to elute after 25(OH)D3 [6].
Other isobaric interferences of 25(OH)D3 described in the
literature are 7α-hydroxy-4-cholestene-3-one (C27H44O2) [9,
22, 23] and 1,2-didecanoyl-sn-glycerol (C23H44O5) [6]. 1,2-
Didecanoyl-sn-glycerol exhibited much stronger retention on
the reversed-phase column than 25(OH)D3 [6]. 7α-Hydroxy-4-
cholestene-3-one is another constitutional isomer of 25(OH)D3

and would therefore likely present a serious tandem mass
spectrometric challenge if it co-eluted with 25(OH)D3. It was
shown to be easily resolved from 25(OH)D3 by reversed-phase
chromatography, however, and eluted much earlier than
25(OH)D3 [22]. Finally, the 3-epimer species of 25(OH)D3,
which has been shown to be present in serum samples of adult
subjects at considerable levels [8, 22, 24], was also well re-
solved from its 25(OH)D3 variant [19] and therefore did not
constitute an interference in our LRMS and HRMS assays.
Figure S1 (Supplementary Material) illustrates the separation
of 25(OH)D3 and 3-epi-25(OH)D3 for a CLD patient sample,
showing ~5% contribution of the epimer relative to the
25(OH)D3 signal. Note that the peak areas of the two epimers
are not directly comparable because of significant response
factor differences between the two epimer species, as recently
described by van den Ouweland et al. [25] and Flynn et al. [26],
requiring a dedicated stable isotope standard for 3-epi-
25(OH)D3 [12].

Fit-for-Purpose Method Development

We compared the LRMS (QqQ) and the new HRMS (QqTOF)
assay by evaluating selected parameters. Some additional com-
parison data relating to recovery rates of sample preparation
and robustness of chromatography are given in the Supplemen-
tary Material (Tables S1 and S2), as they equally applied to
both LRMS and HRMS assay.

Method comparison was performed using commercial cal-
ibrator solutions at three different 25(OH)D3 serum concentra-
tions (levels 1–3) and for four different QC samples (Table 1;
the QC samples were commercial certified reference samples,
see Experimental); accuracy and CV values (intra- and inter-
day) for the LRMS and HRMS assays are summarized in
Table 1. Calibration samples were extracted three times and
QC samples at least five times. Every extracted sample was
then analyzed in triplicate. Analysis of calibration samples was
performed on three different days (inter-day precision).

Table 1. Accuracy and Precision of Measured 25(OH)D3 Concentrations from
Commercial Serum Calibrators (Cal) and Quality Control (QC) Samples, An-
alyzed by LRMS and HRMS assays (+ Additional QC Samples Prepared by
Dilution from Diluted QC I and Cal 2)

Sample Certified value (ng/mL) LRMS HRMS

Cal 1 intra-day (n = 6) 9.61
Accuracy (%) 99.3 102.5
CV (%) 2.3 6.3

inter-day (n = 3) 9.61
CV (%) 1.6 3.4

Cal 2 intra-day (n = 6) 27.40
Accuracy (%) 98.8 97.7
CV (%) 1.0 5.6

inter-day (n = 3) 27.40
CV (%) 2.8 3.3

Cal 3 intra-day (n = 6) 73.4
Accuracy (%) 98.2 100.0
CV (%) 0.7 3.3

inter-day (n = 3) 73.4
CV (%) 3.3 1.5

QC I (dil.) Intra-day (n = 18) 10.25
Accuracy (%) 103.3 98.2
CV (%) 2.1 16.5

Cal 2 (dil.) intra-day (n = 6) 13.95
Accuracy (%) 99.9 102.1
CV (%) 1.6 8.8

inter-day (n = 3) 13.95
CV (%) 3.5 2.0

QC I intra-day (n = 15) 20.50
Accuracy (%) 100.1 109.2
CV (%) 2.3 7.2

QC II intra-day (n = 24) 44.30
Accuracy (%) 85.7 88.6
CV (%) 1.4 4.7
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Linear 3-point calibration (no weighting) yielded good linear-
ity with R2 of 0.975 (LRMS) and 0.981 (HRMS). The lowest
calibration sample (9.61 ng/mL) was set as assay lower limit of
quantification (LLOQ) for both LRMS and HRMS, and yielded
excellent signal-to-noise ratios (S/N > 65). The limits of detection
(LOD) were determined to be 0.1 ng/mL for the LRMS, and 0.3
ng/mL for theHRMS assay at S/N = 3. For accuracy, similarity for
both methods was seen in the experiments; accuracies were in the
range of 85.7% and 103.3% for LRMS, and 88.6% and 109.2%
for the HRMS assay (Table 1). Inter-day precision was also
similar for both assays, with CV ranging from 1.6%–3.5% and
1.5%–3.4% for LRMS and HRMS, respectively. Slightly larger
deviation was seen for the intra-day CV comparison: CVs using
LRMSwere lower (between 0.7% and 2.3%) than HRMS, which
gave precision data in the range of 3.3%–16.5%.

Overall, both assays were fit-for-purpose with appropriate
analytical figures of merit for application to clinical samples.

Clinical Samples from Patient Study

We applied both low and high resolution mass spectrometry
assays to the analysis of 97 samples from patients with different
chronic liver diseases (CLD) [20]. All samples were previously
analyzed by the clinical DiaSorin chemiluminescence immuno-
assay and concentration values used as reference for accuracy
assessments. All samples were extracted in duplicate and ana-
lyzed three times with both LC-MS/MS assays. The resulting
concentration data were examined by Passing-Bablok regression
and Bland-Altman analysis, the outcomes of which are summa-
rized in Figure 3. Both LRMS and HRMS assays exhibited high
correlation for serum 25(OH)D3 levels in the Passing-Bablok
regression analysis (Figure 3a), yielding an almost linear regres-
sion with slope of 1.010 and R2 value of 0.939. Bland-Altman
analysis exhibited normally distributed differences with mean

value of –1.132, and marginally larger differences for higher
concentrations (Figure 3b). Nevertheless, excellent agreement
and no fixed or proportional bias was seen throughout the
measurements, with the majority of data points within ±1.96
SD of the mean. The quantitative results from the HRMS assay
demonstrated a weaker correlation with measured DiaSorin
chemiluminescence levels, with R2 of 0.500 (Figure 3c); a
similar association was seen for the correlation of immunoassay
with LRMS (R 2 = 0.580). Nevertheless, Bland-Altman analysis
did not show any concentration-dependent or systematic differ-
ences between HRMS and DiaSorin (Figure 3d). These results
are mostly in agreement with findings from other studies using
Orbitraps for HRMS, where generally strong correlations be-
tween Orbitrap and QqQ [15], and Orbitrap and IDS-iSYS 25-
hydroxyvitamin D immunoassay [18] were shown.

Conclusions
This study has compared the performance of two LC-MS/MS
assays for the measurement of 25-hydroxyvitamin D3 in human
serum. The two assays differed only in the implemented mass
spectrometer, specifically the m/z analyzer used for analyzing the
product ions and their different resolving powers (QqQ LRMS
versus QqTOF HRMS), with otherwise virtually identical exper-
imental conditions for sample preparation, chromatography, ion-
ization, precursor ion selection, and CID. Particular attention was
paid to the role of isobaric interferences and their impact on the
specificity of the analysis. Overall, both low and high resolution
assays exhibited very similar performances in terms of accuracy
and precision of the analysis, which was readily explained by the
lack of significant isobaric interferences in the MS/MS domain,
thus allowing both quadrupole and TOF to easily resolve the [M+
H – H2O]

+ product ion used for quantification from isobaric

Figure 3. Passing-Bablok regression (a), (c) and Bland-Altman analysis (b), (d) of 97 serum samples from CLD patients receiving
vitamin D substitution. Measured 25(OH)D3 levels were compared between HRMS and LRMS, and DiaSorin immunoassay and HRMS
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interferences. The QqQ instrument provided slightly lower detec-
tion limits, however, which was likely due to the much higher
duty cycle of the QqQ mass spectrometer in SRM mode com-
pared with TOFmass analysis. In practice, this was not important,
as the LLOQ was set to the same value for both assays, based on
the lowest calibrator level (here 9.61 ng/mL),making the assay fit-
for-purpose to monitor vitamin D status of individuals (the opti-
mal vitamin D level is often based on the connection of parathy-
roid hormone (PTH) and 25(OH)D3, with recommendations
ranging from 18 to 30 ng/mL [27, 28]; vitamin D insufficiency
is often defined as serum 25(OH)D3 levels <20 ng/mL [29]).
Other common implementations for LLOQ, for example based
on precision [9], would likely yield similar application ranges of
LRMS and HRMS assays. The QqTOF assay does offer the
advantage of being able to separate potential isobaric interfer-
ences. Such interferences might (1) occur in samples other than
the patient samples investigated here, (2) originate from fragmen-
tation of other species (e.g., dehydration of an isotope standard of
25-hydroxyvitamin D2 [17, 18]), or (3) result from exogenous
isobars introduced by the analytical system, as recently shown for
a technical lubricant leaching from the HPLC system [6]. Since
one never knows in advance whether additional isobars are pres-
ent, only high resolutionmass spectrometry with sufficient resolv-
ing power can ensure analyses free of systematic errors.
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