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ABSTRACT: Selected-ion-flow-tube-mass-spectrometry (SIFT-MS) is an analytical technique for volatile detection and
quantification. SIFT-MS can be applied in a ‘white box’ approach, measuring concentrations of target compounds, or as a ‘black
box’ fingerprinting technique, scanning all product ions during a full scan. Combining SIFT-MS full scan data acquired from multi-
batches or large-scale experiments remains problematic due to signal fluctuation over time. The standard approach of normalizing
full scan data to total signal intensity was insufficient. This study proposes a new approach to correct SIFT-MS fingerprinting data.
In this concept, all the product ions from a full scan are considered individual compounds for which notional concentrations can be
calculated. Converting ion count rates into notional analyte concentrations accounts for any changes in instrument parameters. The
benefits of the proposed approach are demonstrated on three years of data from both multi-batches and long-term experiments
showing a significant reduction of system-induced fluctuations providing a better focus on the changes of interest.

INTRODUCTION SECTION

Selected ion flow tube mass spectrometry (SIFT-MS) is a
relatively underexploited analytical technique for real-time
analysis of volatile organic compounds (VOCs) and inorganic
gases and has been extensively reviewed elsewhere!,

In short, SIFT-MS relies on soft chemical ionization of
sample molecules by multiple reagent ions (such as: H;O*
NO* and O;*) formed by microwave discharge of moist air.
Inside a flow tube, these reagent ions react consecutively with
analyte molecules to form characteristic product ions. All ions,
i.e. both analyte cations and unreacted reagent ions, enter the
downstream mass spectrometer where they are filtered based
on their m/z ratio before reaching the detector. lon count rates
(in st) are determined using a channel electron multiplier,
which results in a mass spectrum of all product ions of
interest. SIFT-MS quantifies components based on the ratio of
product ion count rates to reagent ion count rates taking into
account the reaction chemistry between reagent ions and the
analytes. SIFT-MS instruments rely on a built-in reaction
kinetics library, containing information on target analytes with
their reagent ion specific product ions and associated Kinetic
reaction rate constants. Furthermore, ion count rates are
corrected for flow tube transmission efficiency as a function of
product ion molecular weight, through the instrument
calibration function (ICF), which is determined by frequent
analysis of a certified gas standard (the calibrant gas). The
concept of ICF is approximate and not rigorous, as it combines

diffusion losses (dependent on the geometry and cross-section
of the ions) with mass discrimination’.

SIFT-MS is being used in a wide range of application areas
such as biomedical applications®, food science®, environment
(i.e., the emission of anthropogenic® or biogenic! VOCs), and
microbiology!?. Within the different fields, it is applied for
both targeted analysis (e.g., looking for biomarkers'®*4) and
fingerprinting  applications (e.g., checking for food
adulteration>%), The first mode, also referred to as multiple
ion monitoring (MIM) mode, is most widely used because it
allows for direct quantification of compounds in real-time
using prior knowledge on sample composition, library
tabulated reaction schemes and associated kinetic reaction rate
constants, expressing the analyte concentrations as ppm
values.

In case prior knowledge on target analytes is not available,
the analysis has to be executed in full scan mode. The main
aim of such full scan is not to identify individual compounds,
but to profile the overall composition of the volatilome for
classification purposes. Generally, for each of the reagent ions,
a wide range of m/z values is measured, e.g. from 15 m/z to
300 m/z, and the product ion responses are expressed as count
rates without being converted into analyte concentrations.

Like any mass spectrometric technique!”8, SIFT-MS is not
sufficiently stable when involved in large-scale untargeted
fingerprinting studies. During such studies, samples are
analyzed in different batches and then combined for data
processing and statistical analysis. Systematic and random
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variation between the measurement blocks over time hinders
statistical analysis, leading to information loss. With LC-MS
or GC-MS different strategies can help in correcting variations
of signal intensity*”!°. The simplest normalization approach is
based on total intensity?®. Some of the other techniques like
the use of internal standards?, or quality control samples?:%?
are difficult to implement for SIFT-MS. In the case of internal
standards because of the lack of chromatographic separation
and in the case of quality control samples because of working
with intact perishable biological samples. Typically, data from
large-scale SIFT-MS-based experiments is normalized into
relative count rates by dividing each m/z abundance by the
sum of the signal intensities per specific reagent ion??*. We
did notice, however, that this approach is not sufficient to
address the prevailing variations, often resulting in
inconsistent product to reagent ion ratios.

The most likely source of signal variations in SIFT-MS
relates to inconsistent variation in product ion intensity levels
induced by changes in instrument parameters due to
maintenance and drift over time. Moreover, low-abundant
product ions become undetectable when instrument sensitivity
is compromised. Lehnert et al. illustrated the effect of certain
instrument parameters, including carrier gas flow rate, flow
tube voltage and sample flow rate, on product ion intensities?,
These sources of variation are included when calculating
absolute concentrations from the raw count data making the
MIM data inherently stable and reproducible between
instruments. This is in contrast to full scan data.

To the best of our knowledge, there are no available
strategies to tackle the problem of signal drift over time or
across multiple batches in large-scale SIFT-MS full scan
studies used for fingerprinting. This manuscript introduces a
new approach to correct for intensity drift in the data from
large-scale SIFT-MS-based fingerprinting studies. The
strategy we applied is to treat the untargeted full scan data
similarly to the targeted MIM data. Each individual product
ion is considered to be a single product of a reaction of the
reagent ions with a notional compound and by affixing
arbitrary kinetic reaction rate coefficients (k), notional analyte
concentration (NAC) values were calculated (in ppm). This
approach accounts for any unforeseen fluctuation in
instrument parameters such as tube pressure, reaction time,
and carrier gas flow, next to changes in the levels of generated
ions.

A similar approach was applied by Granitto et al. in their
study comparing full scan data of different commercial proton-
transfer-reaction mass spectrometers (PTR-MS) also
converting the count rates to concentration values?. However,
in their study, the authors did not elaborate on the specific
advantages of applying this correction, its generally positive
impact on full-scan data approaches and its applicability to
SIFT-MS.

Our approach was applied to a large data set consisting of
repeated measurements of identical synthetic samples
(calibrant gas, blank samples, filtered air) over a long time.
Furthermore, the performance of the NAC approach was
evaluated on original sets of biological data from two multi-
batch experiments. The method was successfully used to
remedy the negative effect of signal drift on data analysis

compared to the normalization approach based on the total ion
intensity.

EXPERIMENTAL SECTION

Methodological testing
Instrumentation

A Voice200 ultra® SIFT-MS (Syft™ Technologies,
Christchurch, New Zealand) was used with helium as carrier
gas at a flow rate of 316 mL/min (4.0 Torr L/s). Flow tube
pressure was set to 80.0 Pa (0.6 Torr). All samples were
introduced to the flow tube via a heated inlet (120 °C) at a set
stable flow rate of 24 mL/min (at normal temperature, 293 K,
and pressure, 101 kPa) which was checked routinely.

Before analysis, instrument validation tests were run as part
of the instrument startup procedure. Besides verification of
parameters like temperature, pressure, and quadrupole
performance, the procedure also included a validation step in
which a certified gas standard was measured. This calibrant
gas consisted of a mixture of ethylene, isobutene, benzene,
toluene,  tetrafluorobenzene, hexafluorobenzene  and
octafluorotoluene in nitrogen all at 2.0 ppm £ 5 % by volume
(Air Liquide America Specialty gases LLC). Labsyft 1.6.2
software (Syft™ Technologies) was used for data acquisition.

Signal intensity and stability

Signal intensities were determined daily in terms of the
amount of product ions generated (in s') for a given
concentration of the corresponding analyte in the calibrant
standard gas during instrument validation. To evaluate signal
stability over time, signal intensities were collated over a
three-year period (December 2018 to August 2021).

The validation was performed in MIM mode; after 20 s of
settle time, 7 to 8 iteration cycles were run with 50 ms dwell
time per product ion. Average ICF corrected ion count rates
over all sampling cycles were calculated for each product ion
of the target analytes from the calibrant gas (see
supplementary section S1). Per reagent ion, the total ion count
rate was calculated as the sum of all ICF corrected product ion
count rates, including unreacted reagent ions.

To obtain relative product ion count rates for a specific
reagent ion, the ICF corrected product ion count rates were
normalized to the total ion count rates. In addition, ICF
corrected count rates of individual m/z traces were converted
to NACs as if they were single reaction products of notional
compounds. The approach was implemented by introducing
new ‘compound entries’ into the database, one for each m/z
from 15 to 300 m/z, assigning an arbitrary reaction rate
coefficient (k) of 1-10° cm®s? (see supplementary data section
S2). Subsequently, Labsyft was used to perform concentration
calculations identical to a target analysis. The compound
concentration was calculated as follows:

+
4] = [P*] ICE,

kt,. [R*)ICF,

where [A] is the concentration of the analyte in gas phase,
[P*] is the concentration of the protonated analyte at time t, k
is the kinetic rate constant for the reaction of reagent ion with
the analyte, ¢ is the reaction time of the reagent ion with the
analyte, [R*] is the concentration of the unreacted reagent ions
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and ICF is the instrument calibration function for either the
product or reagent ion.

[P*], [R*] and t,. are measured values, while k is used from
the Syft™ compound library. ¢, is the average time the ions
spend in the flow tube, and is experimentally determined
during the validation procedure of the machine using the
certified standard's ethene component. The reaction of ethene
(C2H.) with O," gives a single product ion P+ at m/z = 28. It is
assumed that between m/z 28 to 32 there is no significant
change in ion transmission, setting both the ICE, for m/z 28
and the ICF, for m/z 32 to 1, thus enabling the calculation of
t,. from the equation above.

To investigate the influence of instrument parameters on the
relative count rate data, a main factor least squares regression
model was fit to the calibrant gas data. The main instrument
parameters, being the sum of reagent ions, the carrier flow
rate, the flow tube pressure and temperature, the downstream
and upstream intensity, and the reaction time were extracted
from the data and normalized between -1 and +1. The count
rates obtained during multiple sampling cycles were
normalized for the reagent ion abundance and were averaged
over the sample cycles calculating a relative count rate sum. A
standard least squares regression was performed including the
main effects only, removing any non-significant effects.
Finally, the instrument parameters were checked for
multicollinearity using the variance inflation factor?” applying
a cut-off value of 5 to consider removal from the model. This
analysis was performed in JIMP®Pro 15.1.0 (SAS Institute Inc.,
Cary, NC, USA).

Case studies

Three case studies were performed on either (1) background
and blank samples, (2) ripening strawberry fruit, or (3)
microbially infected pear fruit. For the subsequent case
studies, intact fruit were incubated in jars while juice samples
were incubated in 20 mL vials, each equipped with two
outlets. During headspace sampling, one outlet was connected
to the heated inlet of the instrument while the other one was
connected to a 5 L Tedlar bag with polypropylene fitting
(MediSense, Netherlands) and filled with filtered air (see next
section) to compensate for sampling-induced pressure
changes. Blank samples were included using empty jars and
vials flushed with filtered air for 60 s or 10 s, respectively.
Prior to analysis, sample volatiles were allowed to accumulate
in the headspace for different periods of time, depending on
the sample type being analyzed. Further details can be found
in the supplementary material section S6.

RESULTS & DISCUSSION

Methodological testing

Reagent ion intensity showed large changes over time
without affecting absolute quantification

To evaluate the signal stability of H;O", NO* and O.*
reagent ions, their respective total ion count rates were
collated from the calibrant gas data between December 2018
and August 2021 (Figure 1A). Within this time frame, several
distinct interferences were observed, due to routine instrument
maintenance.

The total ion count rate for each reagent ion showed
considerable variation over time, with the highest count rates
observed directly after instrument maintenance, followed by a
progressive decline. Apart from a possible gradual detector
sensitivity loss due to aging, the fast drops in signal intensities
after maintenance are not yet fully understood but are most
probably due to a combination of factors (e.g., clean
glassware, clean lenses, pump capacity, etc.).

Similarly, the signal intensity of selected calibrant gas
product ions was plotted as a function of time (see
supplementary data section S3 for all graphs). As shown, for
example, for m/z 93 (Hs;O"), which corresponds to toluene
(Figure 1B), a pattern similar to total ion count rate was
observed. As ICF corrected product ion count rates are
determined by the amount of reagent ions introduced into the
flow tube, this is expected. Despite these variations, the
calculated concentration values of 2 ppm remained stable for
all the compounds as they should (Figure 1C and
supplementary data section S4). As this absolute quantification
of the calibrant gas is based on the ratio of the analyte product
ion count rates to the reagent ion count rates involving the
various instrument parameters (e.g., flow tube pressure, carrier
gas flow rate, etc.), these calculated concentrations are not
affected in their accuracy. Still, the drastic drop in overall
signal intensity did lead to a loss of some product ions (data
not shown).
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Figure 1. Results from methodological testing. A-D consider
system validations performed from December 2018 to August
2021. A: Quantitative assessment of the sum of the unreacted
reagent ions and generated product ions during the validation
measurements taking HsO* as an example. B & C: Intensity
evolution of (B) the ion m/z 93 (in s') and (C) the toluene
concentration (in ppm). D: Relative count rates of the unreacted
reagent ions and their water clusters during the system validation
taking HsO* as an example. The dashed lines indicate
maintenance events.
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Alongside the fluctuations observed for the total ion count
rates of the reagent ions, variations were also observed in the
ion count rates of the product ions. Looking into the blank
control jars, it was noticed that the number of product ions for
which the count rate exceeded a noise level of 200 s changed
in parallel to the total ion count rates of the reagent ions in
response to maintenance.

Relative count rates are not sufficient to correct for
fluctuations in signal intensities

Given the considerable changes in signal intensities after
each maintenance, the effectiveness of the relative ion count
signal approach was checked in more detail. Therefore, data
were collated from the instrument validation files from
December 2018 to August 2021. The results reveal an
unexpected variation (Figure 1D). Typically, the summed
relative count rates of the reagent ions remain around 98 to 99
%. However, the maintenance of February 2020 resulted in a
significant deviation, indicating a reagent ion depletion with
over 10 % bringing us potentially outside the linear range of
the instrument®.

In addition, the relative count rates of the compounds from
the calibrant gas were calculated and plotted as a function of
time, taking toluene as an example (Figure 2). Given that the
concentrations of the compounds from the certified calibrant
gas are by definition constant (2 ppm), assuming constant
instrument parameters, the relative count rates were expected
to be reproducible over time. As can be seen, the relative
count rates still show four regions (Figure 2); the boundary of
each region being marked by instrument maintenance. Similar
to the reagent ion plots in Figure 1D, the variation was most
pronounced after the maintenance of February 2020, showing
a six-fold increase in the relative count rates of all product
ions, presumably caused by changes in instrument parameters
like flow tube pressure, flow tube temperature and carrier gas
flow rate. Although these changes did not affect the accuracy
of absolute quantification (Figure 1C, and supplementary data
section S4), the relative count rates were significantly
impacted (Figure 2).

From this, it can be concluded that relative count rates are
not sufficient to correct for severe fluctuations in signal
intensities. For long-term experiments, consistent count rates
are, however, imperative.
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Figure 2. Comparison of ICF corrected count rate (o), relative
count rate (A) and notional analyte concentration (0) of the
exemplary product ion m/z 93 reacted with H3O* generated during
the reaction with toluene. Measurements were taken from SIFT
standard validation data files from December 2018 to August
2021. The dashed lines indicate maintenance events.

Fluctuations in count rates can be linked to specific
instrument parameters

To identify which instrument parameters impact data output,
a linear main effects regression model was fitted to the relative
count rates of the calibrant gas data (see supplementary data
section S5). Main factors considered were sum of reagent ions,
carrier flow rate, flow tube pressure and temperature,
downstream and upstream intensity, and reaction time. After
reducing the full model to the significant factors only, an R?
adjusted was obtained of 0.975, with the main effects being
reaction time (p < 0.0001) and reagent ion sum (p = 0.03). In
this model, multicollinearity was reduced to a minimum, with
the variance inflation factors of both instrument parameters
remaining below five. The significance of the reagent ion sum
is unexpected since relative count rates are already normalized
for the reagent ion sum. Clearly, mere correction for changes
in the sum of reagent ions does not provide a robust enough
data correction approach.

Table 1. Statistical performance of relative count rate data
and notional analyte concentration of calibrant gas’
product ions.

Reagent Product Relative NAC Cv
ion ion count rate Relative
data/
CV (%) CV (%) CV NAC
H3O* 79 146 7.7 18.90
H3O* 93 142 1.7 18.19
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NO* 57 145 6.1 23.91
NO* 92 146 5.8 24.71
O2* 28 135 7.5 17.56
O2* 78 134 5.9 22.73
O2* 92 133 11.6 11.47
O2* 150 134 6.5 20.56
O2* 186 135 6.9 19.48
O2* 236 135 8.2 16.45

Statistical data is presented in terms of their coefficient of
variation (CV), with the ratio of the two coefficients of variation
indicating the reduction in variation thanks to the introduction of
the concept of notional analyte concentration (NAC).

Converting count rates into NACs provides stable
results

Using data from the validation measurements from
December 2018 to August 2021, NACs were calculated for the
product ions of the calibrant gas. The rate coefficient used,
1-10° cm®s™, was in the range between 1-10*and 6:10° cm?®
s, which is the range observed in the Labsyft library for real
compounds. The value assigned to K can be any value within
the range of rate coefficients, as the aim is not to calculate
exact compound concentrations but only to account for all
possible factors affecting the ICF corrected count rates.

Taking toluene as an example, relative counts normalization
was not able to fully correct for the fluctuations in the data set
(Figure 2). Using the NAC approach, however, the data set
became stable over time. Similar results were observed for
product ions of all seven compounds from the certified
standard gas (see supplementary material section S3). The
results are summarized in Table 1 showing that the coefficient
of variation using relative count rates was 16 to 25 times
higher compared to NACs, confirming suitability of the latter
for long-term monitoring applications.

NACs fully account for the impacts of instrument
parameters

Similar to the regression analysis of the relative count rates,
a linear main effects model was fitted to the sum of the NACs
of the calibrant product ions (see supplementary data in
section S5). It was hypothesized that the instrument
parameters would have a lower or even non-significant effect
on the NACs. This was confirmed and resulted in a model
with an R2 adjusted of only 0.06, confirming that the full scan
data correction approach was able to account for the
instrumental fluctuation in the ICF corrected full scan data.

Case studies

The previous section showed that the NAC approach can
correct for fluctuations in the full scan data over long periods
and provide stable values for selected ions. Next, practical
case studies are used to verify the feasibility of the NAC
approach (see supplementary material section S6). The first
case study focuses on background samples and blank samples
to check the stability of the instrument and to further assess
the benefits of using NACs. The additional two case studies
cover multi-batch experiments on fruits (strawberry and pear)
to verify the effectiveness of this NAC method in practice.

In each of the case studies it was shown systematic time-
dependent influences exist resulting from maintenance. In all
cases, relative count correction was not able to structurally
address these impacts. Full scan data expressed as NACs were
shown to be stable and able to successfully eliminate the
impact of artifacts due to unwanted instrument fluctuations on
SIFT-MS full scan data.

CONCLUSION

In this study, a novel approach for SIFT-MS full scan data
correction was presented, as the classical approach of using
relative data was demonstrated not to suffice. Using an
arbitrarily fixed kinetic reaction rate coefficient, the count
rates of all product ions were transformed to NACs. In this
way, the impact of system variations was effectively removed
from the full scan data. The applicability of this approach was
demonstrated using three years of data, containing long term
fluctuations in reagent ion intensities and other instrument
parameters affecting product ion abundances. Our NAC
approach resulted in far lower coefficients of variation
removing drift and the impact of discrete maintenance events
from the full scan data. As was shown for actual case studies,
interpretation of the experimental data was dramatically
improved, providing focus on differences that mattered.

The proposed NAC approach is crucial to any long-term
fingerprinting screening experiments where historical data
needs to be compared, especially in the case of a decision
support system. As long as SIFT-MS is applied in the context
of a targeted white box approach, the results are already
intrinsically stable over time. Finally, the proposed approach is
also transferable to PTR-MS instruments. Here, the option
exists in the data preprocessing software to create a custom
library with nominal masses that are considered compounds
with a fixed reaction rate. When exporting the spectra, NACs
can be calculated with the same benefits as reported in this
work.
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