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BACKGROUND: Untargeted data acquisition on high-
resolution mass spectrometers (HRMSs) has been used
in clinical toxicology for screening and identifying un-
known compounds in patient samples. A common
modality for untargeted HRMS data acquisition is
information-dependent acquisition (IDA), which an-
alyzes the most abundant small molecules within an
acquisition cycle. This process can potentially lead to
false negatives of clinically relevant compounds at low
concentrations. Sequential window acquisition of all
theoretical fragment ion spectra (SWATH) has
emerged as a method of unbiased, untargeted HRMS
data acquisition in which no spectral data are lost.
SWATH has yet to be optimized and assessed for use
in clinical toxicology.

METHOD: We developed a variable-window SWATH
method (vSWATH) and compared it to IDA by limit of
detection studies in drug-supplemented urine (81 com-
pounds) and against a retrospective cohort of 50 clinical
urine samples characterized by LC-MS/MS.

RESULTS: vSWATH had a lower limit of detection than
IDA for 33 (41%) drugs and metabolites added into
urine samples. Both IDA and vSWATH were equivalent
in discovering compounds from clinical urine samples
and confirmed 26 additional compounds not previously
discovered by targeted LC-MS/MS. Lastly, the unbiased
acquisition of spectra in vSWATH allowed for identifi-
cation of 5 low-abundance compounds missed by IDA.

CONCLUSIONS: This vSWATH method for clinical toxi-
cology demonstrated equivalent analytical sensitivity and
specificity for untargeted drug screening and identifica-
tion in urine samples. vSWATH provided the additional

benefit of collecting all tandem mass spectrometry spec-
tra in a sample, which could be useful in discovering
low-abundance compounds not discovered by IDA.
© 2019 American Association for Clinical Chemistry

Clinical toxicology is overrun with illicit drugs, adul-
terants, unregulated supplements, and prescription
medications that require screening and identification
for medical management (1–3 ). Multiple reaction
monitoring on triple-quadrupole mass spectrometers
is not easily adapted to identify large panels of com-
pounds because it relies on targeted method develop-
ment for each analyte (4 ). High-resolution mass spec-
trometry (HRMS)2, including quadrupole time-of-
flight and orbitrap technologies, has shown usefulness
in general unknown screening (GUS) for untargeted
compound identification, only achievable at high-
resolution accurate mass (approximately 0.0001 Da)
(5–10 ).

In mass spectrometry, data acquisition refers to how
an instrument parses and fragments precursor ions from
the ionization source to the detector. One method of
untargeted data acquisition is information-dependent ac-
quisition (IDA), which performs a nontargeted screen of
precursor ion masses and selects the most abundant ones
(often 10 or 20 per acquisition cycle) for secondary frag-
mentation and subsequent identification from a spectral
library (Fig. 1A). This process has limitations for samples
in which compounds may be in low abundance owing to
high potency, matrix effect, or polypharmacy back-
ground. This problem is clinically relevant considering
we have experienced this in our institution’s HRMS assay
(9, 10 ) when no fragmented tandem mass spectrometry
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(MS/MS) spectra would be collected for low-abundance
compounds, effectively precluding confirmation in these
patients. Understanding this limitation of IDA led us to
seek alternative methods of unbiased data acquisition for
HRMS toxicology screening.

Sequential window acquisition of all theoretical
fragment ion spectra (SWATH) has emerged as a poten-
tial solution for identifying these elusive compounds
(11, 12 ). SWATH untargeted data acquisition works by
analyzing “mass windows” in which all precursor ions
within a small Q1 mass range undergo fragmentation and
detection with no spectral data lost (Fig. 1B). This win-
dow then shifts to the next sequential range and repeats
the process until the desired mass range is covered for that
cycle.

Although beneficial for patient testing, the complex-
ity and amount of data collected from mass windows
poses a number of challenges to validating a clinical assay.
The primary limitation is drugs of the same class with
shared product ions that fall within the same mass and
retention time window (e.g., amphetamine and metham-
phetamine). Additionally, compound-rich SWATH
windows may be problematic owing to the complexity of
spectra that must be deconvoluted in data analysis. To
solve this problem, an additional feature of SWATH al-
lows for creating custom-sized mass windows down to
approximately 5 Da (Fig. 2). To our knowledge, no
group has created and compared fixed-window SWATH
(fSWATH) and variable-window SWATH (vSWATH)
for compound identification in clinical samples, al-

Fig. 1. Comparison of IDA and SWATH data acquisition.
(A), In IDA, a TOF precursor ion scan is used for selection of abundant masses for targeted MS/MS identification. (B), SWATH uses a moving
small mass “window” for untargeted collection of MS/MS spectra for all compounds within a sample.
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though improved identifications have been described in
recent analytical studies (13, 14 ).

An additional challenge of SWATH for clinical use
is the analysis of spectral data that potentially contains
fragments from coeluting compounds in the same
SWATH window. Because compound identification is
weighted to “library scores” comparing an acquired spec-
trum from a sample to a library spectrum, background
fragments have the potential to lower confidence scores
and potentially cause false-negative results. However, MS
data analysis software programs can have different algo-
rithms for library searching, including “fit” (reverse li-
brary search) and “purity” (modified forward library
search). Fit search compares only the library spectra to
the sample spectrum (effectively ignoring background
product-ion fragments). Purity search compares all
product-ion fragments above a threshold within a sample
to the library spectra (11, 15–16). Considering the po-
tential for coeluting compound fragments in SWATH

data, we felt it was also beneficial to compare fit and
purity library search in data analysis to ascertain which is
optimal for compound detection.

Recent studies (17, 18 ) have begun to explore the
utility of SWATH for GUS in forensic cases, showing
promising results. When comparing both fSWATH and
IDA in the same samples, fSWATH identified more
unique compounds (1223 vs 1122 library hits in 382
samples) but did not confirm hits by an alternative
method. Additionally, IDA did not trigger MS/MS in
approximately 10% of substances owing to low concen-
tration and/or high matrix background. The limiting fac-
tor in adopting SWATH for clinical toxicology has been
a lack of optimization and comparison studies in authen-
tic clinical samples with targeted LC-MS/MS methods to
ensure validation to current clinical laboratory standards.

In this study, we optimized SWATH for clinical
toxicology by developing a novel vSWATH untargeted
data acquisition method and a SWATH-compatible tar-

Fig. 2. Comparison of fixed and variable SWATH for analogous compounds.
(A), Demonstrates fSWATH windows in which amphetamine and methamphetamine or 3,4-methylenedioxyamphetamine (MDA) and 3,4-
methylenedioxymethamphetamine (MDMA) fall within the same 25 Da mass range. A common product ion can be observed in the fSWATH
extracted ion chromatogram of the analogous pairs. (B), User-defined vSWATH windows allow appropriate isolation of these analogous
compounds.
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geted data analysis approach using a 115-compound clin-
ical toxicology database (retention time, predominate
product ions for each precursor ion, and spectral match-
ing). We then compared IDA and vSWATH data acqui-
sition methods with different data analysis techniques (fit
and purity library searches) in supplemented urine
samples with 81 clinically relevant compounds and 50
authentic clinical urine samples previously character-
ized by LC-MS/MS. By doing so, we assessed the fi-
delity of vSWATH for clinical toxicology and provide
an adoptable model for clinical HRMS drug screening
and identification.

Materials and Methods

SAMPLE PREPARATION

Reagents for MS preparation included analytical grade
acetonitrile, ammonium formate, formic acid, and meth-
anol purchased from Fisher Scientific or Sigma-Aldrich.
Drug standards and internal standards used in sample
preparation were purchased from Cerilliant, Grace
Davison/Alltech, Sigma-Aldrich, and Lipomed. Human
drug-free blank urine matrix was purchased from UTAK
Laboratories. Internal standards were used to monitor
the assay’s performance (e.g., retention time, peak inten-
sity) and were made according to previously published
methods (9 ). Urine samples were diluted 1:5 in mobile
phase solution A.

LIQUID CHROMATOGRAPHY HRMS

Liquid chromatography (LC) was carried out on a Shi-
madzu Prominence LC-20ADXR HPLC platform with a
Kinetex 2.6-�m C18 column (3 � 50 mm; Phenome-
nex) at 30 °C. Binary mobile phase consisted of solution
A, 0.05% formic acid in 5 mmol/L ammonium formate
in HPLC-grade water, and solution B, 0.05% formic
acid in 50:50 methanol/acetonitrile. Solution B was
ramped linearly from 2% to 98% over 10 min. Column
washing consisted of 2 min of 100% solution B followed
by 2 min of 2% solution B reequilibration. HPLC
flow rate was set at 400 �L/min. MS was carried out
on the TripleTOF® 5600� platform (SCIEX) with a
DuoSpray® ion source (SCIEX) equipped with electrospray
ionization probe controlled by Analyst TF 1.7 software
(SCIEX). Ionization settings consisted of the following:
ion source gas 1 at 30 psi; ion source gas 2 at 30 psi;
curtain gas at 25 psi; temperature of 500 °C; ion spray
voltage, floating, 5500V, and declustering potential
of 100V. The instrument was run in high-sensitivity
positive-ion mode with a mass resolution of approxi-
mately 30000 for time-of-flight (TOF) MS scan (m/z
300) and 15000 for product-ion scan (9 ). Samples were
injected into the LC-HRMS in 10-�L volumes.

LC-MS/MS

All urine samples used for the method comparison were
injected (10-�L volume) into the LC-MS/MS linear ion
trap system and analyzed with a previously validated
method (9 ). Chromatographic separation was performed
on an Agilent 1200 series LC system with a Phenomenex
Kinetex 2.6-m C18 column (3 � 50 mm) under the same
conditions described in the LC-HRMS method. Data
were collected with a 3200 QTrap® equipped with a
TurboIon Spray® source controlled by Analyst 1.5.1
software (SCIEX). Ionization was carried out in positive-
ion mode with the following settings: ion spray voltage,
5500 V; curtain gas, 20 psi; declustering potential, 40 V;
and entrance potential, 10 V. Data were collected by the
scheduled selective reaction monitoring scan mode with a
1-min window. The method contained 169 transitions.
Following dynamic background subtraction of the survey
scan, fragmentation was performed in the collision cell
(Q2) with a collision energy spread of 35 (�15) V. The
mass tolerance was set to 250 mDa, and the enhanced
product-ion scan rate was 4000 Da/s.

IDA AND SWATH ACQUISITION PARAMETERS

For both IDA and SWATH, the same LC method and
mass spectrometer were used. IDA acquisition consisted
of a TOF MS precursor ion scan from 100 to 650 Da
with trigger of product-ion spectra for �20 candidate
precursor ions per cycle. The mass isolation window of
Q1 is 0.5 Da full width at half maximum. Cycle time was
1.15 s, allowing for 730 cycles over the chromatographic
run. SWATH acquisition was carried out with 30 win-
dows in the 100–650 Da mass range. Two forms of
SWATH windowing were used: (a) fSWATH with equal
18.5-Da windows and (b) variable SWATH (vSWATH)
with variably sized Q1 mass windows ranging from 6 to
59 Da (mean 19 Da). The cycle time for both fSWATH
and vSWATH was kept consistent at 1 s, allowing for
840 cycles over the chromatographic run. The size of the
vSWATH windows was determined by analyzing the list
of compounds in our toxicology testing database to iden-
tify compounds with the same fragment ions and separate
them into different SWATH windows. In addition, the
vSWATH windows were designed to make smaller win-
dows in analyte-rich regions in the specified mass range
and larger windows in analyte-poor regions, allowing for
an equal distribution of the analytes of interest among the
SWATH windows. The variable and fixed SWATH win-
dows for our 115-drug database can be seen in Table 1 in
the online Data Supplement (see Table 1 in the Data
Supplement that accompanies the online version of
this article at http://www.clinchem.org/content/vol65/
issue7). These 115 drugs and metabolites were selected
because they are the predominate compounds detected in
our patient population. To construct the SWATH data
analysis method, reference spectra were analyzed for the
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most abundant product ions for each precursor ion of
interest. An individual entry for each precursor–product-
ion pair was created in the database that is searched by the
data analysis software. The number ranged from 2 to 6
precursor–product-ion pairs for each compound depend-
ing on the number of predominate product-ion frag-
ments produced via collision-induced dissociation for
each compound.

DATA ANALYSIS

Extracted ion chromatograms (XICs) were analyzed with
MasterView (v1.0) and PeakView® (v2.0) software
(SCIEX). Sample XICs were compared against an XIC
database of 115 drugs and metabolites containing ex-
pected mass and retention time information acquired on
the same TripleTOF 5600 platform. XICs were gener-
ated with a 30-ppm precursor mass search, 0.5 min re-
tention time, and peak intensity of 1 count/s. For IDA,
compound identification was determined positive ac-
cording to optimized data analysis criteria of a combined
score �70%; weighted by 70% library score (purity
search), 10% mass score, 10% retention time score, and
10% isotope score (10 ). For SWATH (fixed or variable),
criteria for positive identification consisted of the follow-
ing: (a) combined score �70% (as previously described
with fit or purity search depending on the experiment),
(b) precursor ion intensity �1000, and (c) �2 product-
ion fragments positive for correct compound identifica-
tion from library spectra. XICs in the samples were com-
pared to the established 115 drug and metabolite
database with both purity and fit library searching for
comparison and optimization.

LIMIT OF DETECTION VERIFICATION

Limits of detection (LODs) for each acquisition method
(IDA, fSWATH, and vSWATH) were determined by
supplementing mixtures of 81 drug standards into blank
urine matrix at 5, 10, 25, 50, and 100 ng/mL. Each
mixture contained 7–10 drugs randomly assigned. The
LOD was determined by the lowest concentration a
compound was detected in duplicate injections with a
signal-to-noise ratio �20:1. Additionally, vSWATH
and fSWATH had LODs determined for both purity
and fit library search, whereas IDA LODs were only
analyzed in purity mode owing to previous optimiza-
tion studies (10 ).

PATIENT COMPARISON SAMPLES

For assessing IDA and SWATH in clinical samples, 50
characterized remnant urine samples from the Zucker-
berg San Francisco General Hospital Clinical Laboratory
were analyzed by each method with both purity and fit
library searching. These samples were associated with pa-
tient prescription history and targeted drug analysis using
LC-MS/MS (method described above). Studies on this

sample set were approved by the University of California,
San Francisco, Committee on Human Research. The
performance of the 2 methods, along with the LC-
MS/MS targeted method, was compared for detection of
drugs and metabolites in the 50 remnant samples.

Results

COMPARISON OF PURITY AND FIT LIBRARY SEARCH FOR

SWATH ACQUISITION

Comparing purity and fit library search for fSWATH in
supplemented urine samples (81 compounds total); 17
(21%) and 24 (30%) compounds had an LOD of 5 ng/mL,
17 (21%) and 14 (17%) had an LOD of 10 ng/mL,
11(14%) and 18 (22%) had an LOD of 25 ng/mL, 9
(11%) and 7 (9%) had an LOD of 50 ng/mL, and 27
(33%) and 18 (22%) had an LOD of �50 ng/mL for
purity and fit library search, respectively.

Comparing purity and fit for vSWATH (Fig. 3),
23 (28%) and 33 (41%) compounds had an LOD of 5
ng/mL, 15 (19%) and 14 (17%) had an LOD of 10
ng/mL, 7 (9%) and 11 (14%) had an LOD of 25 ng/mL,
7 (9%) and 11 (14%) had an LOD of 50 ng/mL, and 30
(37%) and 12 (15%) had an LOD of �50 ng/mL for
purity and fit, respectively.

These results demonstrated that fit library search
was the most analytically sensitive for identifying com-
pounds in vSWATH data acquisition and was thus used
exclusively for SWATH comparison against IDA in pu-
rity library search.

LOD COMPARISON

For each acquisition method (IDA, fSWATH, and
vSWATH), LODs were assessed in blank urine supple-
menting studies (81 compounds total). With IDA, 21
(26%) had an LOD of 5 ng/mL, 23 (28%) had an LOD
of 10 ng/mL, 12 (15%) had an LOD of 25 ng/mL, 14
(17%) had an LOD of 50 ng/mL, and 11 (14%) had an
LOD �50 ng/mL. In fSWATH, 24 (30%) had LOD of
5 ng/mL, 14 (17%) had an LOD of 10 ng/mL, 18 (22%)
had an LOD of 25 ng/mL, 7 (9%) had an LOD of 50
ng/mL, and 18 (22%) had an LOD �50 ng/mL. By
vSWATH, 33 (41%) had an LOD of 5 ng/mL, 14 (17%)
had an LOD of 10 ng/mL, 11 (13%) had an LOD of 25
ng/mL, 11 (14%) had an LOD of 50 ng/mL, and 12
(15%) had an LOD of �50 ng/mL. When comparing
these data acquisition and analysis modalities, vSWATH
run with a fit library search was the most analytically
sensitive for LOD, especially at lower concentrations
(5–10 ng/mL). With this evidence, all further SWATH
analyses were carried out in vSWATH/fit library search
exclusively.

vSWATH demonstrated a lower LOD than IDA
for 33 (41%) compounds analyzed, whereas IDA had a
lower LOD for only 15 (18%) compounds. IDA and
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vSWATH had equal LODs for 33 (41%) compounds.
Overall, vSWATH was shown to be more sensitive
than IDA; however, it should be noted that the differ-
ence in many cases was only in the range of 5–15
ng/mL (Fig. 4).

COMPARISON OF DATA ACQUISITION METHODS ON

CHARACTERIZED PATIENT SAMPLES

A total of 257 compounds were previously discovered in
the urine of 50 patients by LC-MS/MS. Overall, 274
substances were identified by vSWATH HRMS, of
which 92% were previously confirmed. IDA identified
275 substances, of which 91% were previously con-

firmed. Between IDA and vSWATH, 26 additional com-
pounds were found by both HRMS methods, but not
LC-MS/MS, suggesting that they are new true positives
(Fig. 5). IDA identified 5 confirmed drugs that were not
found by vSWATH. Conversely, vSWATH was able to
identify 7 confirmed drugs that were not identified by
IDA (Fig. 5). Overall, of the HRMS data acquisition
methods, vSWATH discovered a marginally higher
number of confirmed positives than IDA, demonstrating
equivalent analytical sensitivity and specificity.

Fig. 3. Comparison of purity and fit library search for vSWATH LOD in supplemented urine samples.

Fig. 4. Drug screening LOD results for vSWATH versus IDA.
(A), Comparison of LOD by untargeted data acquisition method.
(B), Difference in LOD (ng/mL) between vSWATH and IDA.

Fig. 5. Comparison of compound identification by data ac-
quisition method in clinical urine samples.
Untargeted HRMS data acquisition methods confirmed 26 addi-
tional drugs in clinical urine samples not previously found by tar-
geted LC-MS/MS. A limited number of compounds were found by
only 1 untargeted HRMS data acquisition method demonstrating
some of their intrinsic limitations.
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It should be noted that each data acquisition method
identified 23–27 compounds that were not found by any
other method (Fig. 5). A limitation of untargeted small-
molecule MS is the lack of widely available tools to estimate
false-discovery rates (19). We are unable to ascertain
whether these identifications were either isolated true posi-
tives or false positives. However, we did attempt to control
for this in the clinical setting by manual review of each iden-
tified compound by a trained toxicology clinical laboratory
scientist and/or clinical chemist using patient history.

ASSESSING FALSE NEGATIVES IN IDA AND vSWATH

Within patient samples, we found that there were a
limited number of compounds only discovered by 1
untargeted HRMS data acquisition method but previ-
ously confirmed by LC-MS/MS. We found that of the
5 false negatives in vSWATH, 2 were missed because
of mass errors and 3 were missed because not enough
product-ion fragments were present in the acquired

spectra to confidently identify the compound. These
were predominately due to corrupt spectra or accurate
mass-measurement errors caused by coeluting com-
pounds in the same SWATH window. Of the 7 false
negatives in IDA, 2 were missed owing to compound
misidentification and 5 did not trigger MS/MS frag-
mentation because they were not one of the 20 most
abundant precursor ions in that cycle. In the cases
missed by a lack of MS/MS fragmentation, extracted
ion chromatograms at the retention time of the missed
compound were reviewed to confirm the presence of
suspect compound precursor ion mass; in all cases, the
compound was not 1 of the 20 most abundant but was
still above the signal-to-noise level for detection (Fig.
6). These discrepancies highlight the clinical utility of
SWATH considering the MS/MS spectra could be
manually reviewed or reanalyzed if there was missed
identification, whereas the lack of triggered MS/MS in
IDA left only speculation.

Fig. 6. Example of a compound missed by IDA owing to low abundance in clinical urine sample.
Hydroxyzine was confirmed in this patient’s urine sample by vSWATH and LC-MS/MS but missed by IDA because no MS/MS was triggered
owing to low abundance. Retrospective review of TOF precursor ion scan shows hydroxyzine precursor ion in low abundance.
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Discussion

HRMS is particularly attractive for clinical laboratories
owing to the potential of providing immediate definitive
results and bypassing errors associated with immunoassay
screening (20 ). Despite these benefits, current untar-
geted HRMS toxicology screening by IDA has the poten-
tial to bias identification toward abundant compounds
within biological samples. SWATH has emerged as a
robust modality of untargeted data acquisition owing to
its unbiased collection of all spectra but has not been
assessed in the clinical laboratory setting to our knowl-
edge. In this study we demonstrate that SWATH with
customized mass windowing (vSWATH) and “fit” (re-
verse) library searching is a robust approach for GUS in
clinical urine samples.

Our initial observation in optimizing SWATH was
that the library search algorithm was critically important
owing to the complexity of spectral data. Purity search
has previously been optimized for IDA (10 ) because it
selects individual precursor ion masses for MS/MS at
quadrupole resolution (approximately 1–0.1 Da), result-
ing in relatively pure product-ion spectra. In SWATH,
the purity search score is inherently decreased owing to
any potential coeluting product-ion fragments in the
same SWATH window. This limitation can be solved
informatically during data analysis with a fit library
search.

Although vSWATH in fit search was optimal in
LOD studies, it was unknown whether this data acquisi-
tion method would have the same fidelity in clinical sam-
ples. To assess this, we compared vSWATH (fit) to IDA
(purity) on previously characterized clinical urine sam-
ples that were blinded to the analyzers (JW, KL). We
found that vSWATH identified 274 drugs, of which
92% were confirmed previously by LC-MS/MS. With
use of IDA, 275 drugs were identified, with 91% pre-
viously confirmed. We can therefore conclude that
vSWATH did not decrease the analytical specificity of
the assay.

Lastly, we sought to understand why some con-
firmed drugs were only found by 1 untargeted data ac-
quisition method. The compounds missed by vSWATH
owing to a lack of identified product-ion fragments or
mass errors from coeluting compounds in the same
SWATH window proved to be a minor limitation. Be-
cause different compounds have a varied number of
product-ion fragments (ranging from 2 to 6), we elected
to call a compound positive by SWATH if the 2 predom-
inant fragments of the library spectra were present. These
criteria were not met for 3 compounds analyzed by
vSWATH, resulting in a false negative. However,
vSWATH was able to identify 5 low-abundance com-

pounds missed by IDA owing to the lack of collection of
a product-ion spectrum.

The current limitations of SWATH for GUS are
that it requires a curated spectral library for comparison
and manual review to ensure the presence of a com-
pound. In this manner, users’ SWATH data are only as
good as their compound library. However, SWATH’s
major benefit is that it creates a permanent MS/MS spec-
tral fingerprint of all compounds, which can be reana-
lyzed retrospectively with any spectral library updates.

With this evidence supporting the utility of
SWATH in clinical toxicology, future aims include op-
timizing and validating data analysis criteria for expe-
dited result review. This vSWATH model is adoptable to
current untargeted clinical toxicology work flows consid-
ering it has equivalent run time to IDA methods and
requires the same data analysis software and individual
review by special toxicology laboratorians for each case
(10 ). In its current iteration, we propose that vSWATH
can be useful in conjunction with IDA to identify suspect
compounds in clinical cases that failed to trigger MS/MS
fragmentation but have a high pretest probability for tox-
icological etiology. Additionally, it can serve as a robust
data acquisition approach for permanent collection of all
small-molecule MS/MS spectra in clinical samples for
any future data analysis.

In conclusion, adopting SWATH in the clinical lab-
oratory requires a paradigm shift from the conventional
understanding of how mass spectral data are acquired and
analyzed on LC-MS/MS and HRMS instruments. We
demonstrated the utility and versatility of unbiased
SWATH data acquisition in the clinical setting and pro-
vide an adoptable model for HRMS untargeted drug test-
ing in clinical toxicology.
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