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RATIONALE:  Peak picking algorithms in mass spectrometry face the challenge of picking the correct signals from a mass spectrum. In some cases signal wiggles (side lobes) are also chosen in the produced mass list as if they were real signals. Constraints which are defined in such algorithms do not always guarantee wiggle free accurate mass list generation out of raw mass spectra. This problem intensifies with acquisitions, which are accompanied with longer transients. Thus, the problem represents a contemporary issue, which propagates with modern high memory digitizers and exists in both MS and MS/MS spectra.

METHODS: A solariX FTMS mass spectrometer with an Infinity ICR cell (Bruker Daltonics, Bremen, Germany) coupled to a 12 Tesla magnet (Magnex, UK) was used for the experimental study. Time domain transients of several different data point lengths 512k, 1M, 2M, 4M, 8M were obtained and are Fourier transformed to obtain frequency spectra which show the effect of the transient truncation on sinc wiggle developments in the FT-ICR-MS. MATLAB Simulations were also performed to investigate the origin of the Fourier Transform (FT) artifacts.

RESULTS: A new filter is developed to identify and remove FT artifacts (sinc side lobes) from both frequency and mass spectra. The newly developed filter is based on distinguishing between the FWHM of the correct frequency/mass signals and the FWHM of their corresponding wiggles. The filter draws a reliable confidence limit of resolution range, within which a correct frequency/mass signal is identified. The filter is applicable over a wide mass range of metabolic interest (100-1200) amu.

CONCLUSIONS: The origin of FT artifacts due to time-domain transient truncations was thoroughly investigated both experimentally and by simulations in this study. A new solution for this problem with automatic recognition and elimination of these FT artifacts (side lobes / wiggles) is provided, which is independent of any intensity thresholds, magnetic field strengths and time-domain transient lengths.


Keywords:
FT-ICR-MS, Fourier Transform (FT) artifacts, Side lobe, Peak picking, Resolution, FWHM, Mass/frequency filter
Introduction:
[bookmark: _Ref485391525]Peak picking algorithms in mass spectrometry face the challenge of picking the correct signals from a mass spectrum. In some cases peak or signal wiggles are also chosen in the produced signal/mass list as if they were real signals. These wiggles (side lobes) appear in all Fourier Transform techniques such as FTMS [[endnoteRef:1]] and also in NMR [[endnoteRef:2]] due to time domain transient truncation at the end of an instrumental data acquisition. The m/z spacing between the first side lobe and main signal decreases exponentially with increasing time-domain transient length. FT-Artifacts intensify with longer time domain transients that are truncated at the end of their acquisitions. This is due to the increased signal resolution, which accompanies longer transients. This increase in signal resolution makes the signal sharper and thus relatively higher in signal intensity. Constraints which can be defined in many peak picking algorithms do not always guarantee wiggle free accurate mass list generation out of a raw mass spectrum. Commercial data analysis programs in general let the user to choose for example a minimum absolute (or even relative) signal intensity threshold, below which no signals can be considered real and thus those signals, whose intensities are below threshold are not picked and not exported into the produced mass list. However, adopting such a strategy let real masses, whose signal intensities are minor and lower than the specified intensity threshold to be unfortunately neglected. Some recent efforts were exerted to try to find an intensity-independent solution for true peak picking [[endnoteRef:3],[endnoteRef:4],[endnoteRef:5],[endnoteRef:6]]. However, they were either limited to chromatographic LC-MS applications or dedicated to work with mass analyzers, which are non-related to Fourier techniques and thus of less peak resolution. Other algorithms were developed specifically for interpretation of large polymers and Protein multi-charged ions, ionized by electrospray ionization technique [[endnoteRef:7],[endnoteRef:8]]. Zhurov et al. have developed a strategy for distinguishing analyte from general noise components by cutting the noise at a specific threshold level based on a statistical analysis of the distribution of logarithmic signal intensities of all peaks in the mass spectrum [[endnoteRef:9]]. Repetition rate filtering of signals (within successively acquired scans) was recently introduced as a general denoising algorithm for high-throughput bottom-up shotgun lipidomics MS analysis but was only studied on mass spectra being acquired in reduced profile mode [[endnoteRef:10]]. However, to the best of our knowledge, no attempts to focus on finding a solution for the intrinsic signal wiggles, which specifically emerge as Fourier transform artifacts (from any FT mass analyzer) due to transient truncation, especially on the interesting metabolomics mass range m/z (100-1200) amu in full profile mass spectra could be reported to date. [1:  A. G. Marshall, C. L. Hendrickson, G. S. Jackson. Fourier transform ion cyclotron resonance mass spectrometry: A primer. Mass Spec. Rev. 1998, 17,1. ]  [2:  J. Keeler, Understanding NMR Spectroscopy. Wiley, 2010, Chapter 4.]  [3:  S-Y Wang, C-H Kuo, Y. J. Tseng, Anal. Chem., 2015, 87, 3048.]  [4:  Guillaume L. Erny,∗, Carolina Simó , Alejandro Cifuentes , Valdemar I. Esteves. Introducing the concept of centergram. A new tool to squeeze data from separation techniques–mass spectrometry couplings. J. Chromatogr. A 2014, 89, 1330.]  [5:  M. Katajamaa, M. Oresic. Data processing for mass spectrometry-based metabolomics. J. Chromatogr. A, 2007, 318, 1158.]  [6:  R. Tautenhahn, C. Böttcher , S. Neumann. Highly sensitive feature detection for high resolution LC/MS. BMC Bioinformatics 2008, 9, 504.]  [7:  D. M. Horn, R. A. Zubarev, F. W. McLafferty. Automated Reduction and Interpretation of High Resolution Electrospray Mass Spectra of Large Molecules. J. Am. Soc. Mass Spectrom. 2000, 11, 320.]  [8:  P. Kaur, P. B. O’Connor. Algorithms for Automatic Interpretation of High Resolution Mass Spectra. J. Am. Soc. Mass Spectrom. 2006, 17, 459.]  [9:  K. O. Zhurov, A. N. Kozhinov, L. Fornelli, Y. O. Tsybin, Distinguishing Analyte from Noise Components in Mass Spectra of Complex Samples: Where to Cut the Noise? Anal. Chem. 2014, 86, 3308. ]  [10:  K. Schuhmann, H. Thomas, J. M. Ackerman, K. O. Nagornov, Y. O. Tsybin, A. Shevchenko., Intensity-Independent Noise Filtering in FT MS and FT MS/MS Spectra for Shotgun Lipidomics. Anal. Chem. (2017), DOI: 10.1021/acs.analchem.7b00794.] 

Therefore, we took the initiative to find a robust strategy, which is based on solid physical and mathematical background [[endnoteRef:11],[endnoteRef:12]] and which is intensity-independent, in order to distinguish between real signals and wiggles (side lobes), no matter how small the signal intensity of the correct m/z is [[endnoteRef:13]]. A filter, which is based on the power function resolution dependency on m/z ratios is hence developed and is thoroughly discussed in this manuscript. [11:  A. G. Marshall, C. L. Hendrickson. Fourier transform ion cyclotron resonance detection: principles and experimental configurations. Int. J. Mass Spectrom. 2002, 215, 59.]  [12:  I. J. Amster, Fourier Transform Mass Spectrometry. J. Mass Spectrom. 1996, 31, 1325.]  [13:  B. Kanawati, T. Bader, K-P. Wanczek, Y. Li, P. Schmitt-Kopplin. German society of mass spectrometry (DGMS) conference, 2017, Kiel, Germany.] 

Experimental set up:
A solariX FTMS mass spectrometer with an Infinity [[endnoteRef:14]] ICR cell (Bruker Daltonics, Bremen, Germany) coupled to a 12 Tesla magnet (Magnex, UK) was used for the experimental study with magnitude mode detection. Time domain transients of different lengths (0.2, 0.4, 0.8 and 1.6 s), which correspond to several different data point sizes 512k,1M, 2M and 4M respectively, were obtained by cutting the experimental 4M acquired time-domain transient. The total number of data points was made to equal to 32M data points by zero filling for better describing the side signals as shown in Figure 3. The transients were sine apodized and subsequently Fourier transformed by the use of MATLAB (Mathworks, USA) to obtain frequency and mass spectra which show the effect of the transient truncation on sinc wiggle developments in the FT-ICR-MS. Signal to noise (S/N) ratio was calculated by dividing signal intensity over maximum noise amplitude within 1 amu neighboring noise m/z segment. Maximum noise amplitude was calculated as noise mean + 3[endnoteRef:15], where  is the standard deviation of noise, which is located in the neighborhood of the signal of interest. Electrospray ionization source was implemented in negative ionization mode to make several acquisitions of arginine with a concentration of 10 ppm and 16 scans as well as Suwannee river fulvic acid (SRFA sample) [[endnoteRef:16]], which belongs to natural organic matter (NOM, concentration: 1 ppm, 300 scans), at different time-domain transition lengths. The NOM spectra were calibrated using a reference m/z list, which contain fatty acid solvent impurities. Yolk from chicken egg was prepared according to the sample preparation protocol, which is provided in detail elsewhere [[endnoteRef:17]], and was diluted 1:800 in methanol and subsequently measured by electrospray in negative ionization mode. A salt-free intact small protein of Ubiquitin (Sigma Aldrich, Germany) with a molecular mass of 8,560 amu was diluted to 10ppm with 0.2% formic acid in methanol-water 1:1 mixture and was measured in positive ionization mode of electrospray to probe FT-artifacts in multiply charged signals.  For the results shown in Figure 4, 8MW time-domain transient was recorded and was cut into several shorter transient lengths to produce the results. Compass Data Analysis software 4.1 (Bruker Daltonics, Bremen, Germany) was used for production of Figures 1 and 2 and all spectra provided in the supplementary material. [14:  P., Caravatti, M. Allemann. The infinity cell: A new trapped‐ion cell with radiofrequency covered trapping electrodes for Fourier transform ion cyclotron resonance mass spectrometry. J. Mass Spectrom. 1991, 26, 514.]  [15:  S. W. Smith, The Scientist & Engineer's Guide to Digital Signal Processing, California Technical Publishing. 1997.]  [16: N.W. Green, D. McInnis, N. Hertkorn, P.A. Maurice, E.M. Perdue, Suwannee River Natural Organic Matter: Isolation of the 2R101N Reference Sample by Reverse Osmosis. Environmental Engineering Science 2015, 32, 38-44.]  [17:  C. Müller, B. Kanawati, TM Rock, S. Forcisi, F. Moritz, P. Schmitt-Kopplin, Dimer ion formation and intermolecular fragmentation of 1,2-diacylglycerols revealed by electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry for more comprehensive lipid analysis. Rapid Comm. Mass Spectrom. 2014, 15, 1735.] 

Simulations:
A 2M data point transient, which corresponds to a 0.8s acquisition was simulated in MATLAB (Mathworks, USA) in a form of a cosine wave , which corresponds to the induced signal of an ion m/z 614 at 12T with a constant cyclotron frequency  of 300kHz and an amplitude of 1V0-p. To increase the number of obtained data points in the resulting Fourier transformed spectrum, seven zero fills were added to the transient. It could be previously shown that a large enough number of zero fillings can indeed improve peak shapes by increasing the number of data points which describes each signal in the frequency / mass spectrum [[endnoteRef:18]]. The transient was sampled with an appropriate sampling rate of 2.5MHz and the 300kHz cosine wave corresponds to an m/z 614 at 12T magnetic strength. When sine apodization is applied the apodization curve was chosen to start (at the beginning of the transient) at an amplitude of zero and terminates at an amplitude of zero. This is known as full sine apodization (0 to pi sine apodization). For a doublet signal study (Figure 7), two cosine waves with a frequency difference of 3Hz (corresponding to 6mDa m/z difference) were simulated (at 300kHz and 300.003kHz) with a 2MW time domain transient, sampled at 2.5MHz, 7x zero filled, sine apodized and Fourier transformed to produce the frequency spectra discussed later. All simulations were performed for generation of frequency spectra in magnitude mode. [18:  Y. Qi , P. B. O’Connor. Data processing in Fourier transform ion cyclotron resonance mass spectrometry. Mass Spec. Rev., 2014, 33, 333. ] 



Results and discussion:
Experiments:
A FT-ICR mass spectrum (4MW with transient length of 1.6 s) of negatively charged cluster ions of arginine is shown in Figure 1. m/z 173 represents the [M-H]ˉ anion of arginine, whereas m/z 347 represents the M.[M-H]ˉ dimer anion. The base peak represents the trimer arginine cluster ion at m/z 521, which originates from two neutral arginine molecule attachments to one arginine anion to yield 
M2.[M-H]ˉ.  An enlarged superimposed picture of each cluster ion reveals the existence of significant wiggles around each main peak (Figure 1). In another experiment, four different acquisitions were taken with different transient lengths (0.2, 0.4, 0.8 and 1.6 s) to study the effect of transient length on the FT-artifact pattern. Focusing on the trimer cluster ion m/z 521 (Figure 2) and zooming along the y-axis, a large number of side lobes (wiggles) can be discerned, no matter which transient length (corresponding to acquisition data points between 512k and 4M) is chosen for obtaining the mass spectrum. The first side lobe is the most intense peak and it has an intensity of around 7% relative to the base peak (arginine trimer anion) in all (512k – 4M) acquisitions. The mass difference between the main trimer peak and the first side lobe does not stay constant as a function of transient length/number of acquired data points. Moreover, such a mass difference does change (also within the same transient length) as a function of m/z. However, the FWHM values of all side lobes are much less (<50%) when compared to the FWHM value of the main (real) peak. This can also be deduced from calculating the resolution ratio of the main peak relative to each one of the neighboring side lobes. The experimentally measured resolution ratio exceeds the value of 2.

[image: ]
Figure 1: A 4MW acquisition of arginine cluster ions obtained in negative electrospray ionization mode with superimposed (enlarged) signals of the cluster ions along the Y-axis to show the significant wiggles around each main signal.

[image: ]
Figure 2: A focus view on M2.[M-H]ˉ ion m/z 521 of arginine with an enlarged intensity scale for 4 experimental measurements of arginine, acquired at different time-domain transient sizes and showing how significant the propagation of side lobes (wiggles) are as a function of time-domain transient length/size. Mass difference between main peak and first side signal as well as intensity ratio of (first side signal : main peak) and resolution ratio of (first side signal : main peak) are shown.
In another experiment, only one 4MW acquisition for arginine was made in negative electrospray ionization mode, which corresponds to a transient length of 1.6s. The time-domain transient is then truncated in a post-processing step into half, quarter and 1/8 of its original length to obtain shorter transients (0.8, 0.4 and 0.2 s of length respectively). Each transient was then Fourier transformed to obtain a frequency spectrum, which can be subsequently converted to a mass spectrum. Figure 3 shows the effect of transient length truncation on the obtained signal intensity and also on the obtained mass resolving power. This Figure was enlarged along the y-axis to show how significant are the signal intensities of the side lobes, which accompany longer time-domain transients.  Actually, the signal intensities of all side lobes increase with increasing time-domain transient length. The mass resolving power of the trimer cluster mono-charged anion of arginine at a nominal mass of m/z 521 is 355,221 ; 179,566 ; 90,223 ; 45,228 at 4M, 2M, 1M and 512k data points respectively. Thus, the mass resolving power decreases with shorter transients (as expected). 
 


[image: ]
Figure 3: An enlarged view of m/z 521 along the y-axis to show the extent of side lobe significance and shape as a function of transient length. The original transient (4M) was cut into successive halfs to produce the mass spectra obtained at different transient lengths. The resolution of m/z 521 is 355,221 ; 179,566 ; 90,223 ; 45,228 at 4M, 2M, 1M and 512k data points respectively. Time domain transients are also shown.

The increase of side lobe intensities with longer transient lengths represents a key problem for the future of Fourier Transform mass analyzers, since the trend would run into enabling longer transient lengths with better electronic digitizers and computer memories that can accommodate 16,32 and later 64MW of acquisition’s data points. Such longer transients would be full with significantly intense side lobes intensities that cannot be differentiated from real chemical information by peak picking algorithms. Such a drawback would increase the noise content due to these signal artifacts in any exported calibrated mass list. It should be mentioned that mass spectra do not remain in visual histograms, but they are rather exported into huge mass lists that should contain all important masses of metabolic ions. These mass lists can subsequently fed into multivariative statistical data analysis programs and extra noise, which would originate from the side lobes may represent an interfering negative factor on the performance of such statistical data analysis tools. Furthermore, if a nature organic matter (NOM) mass spectrum contains about 8,000 real signals and if each signal is surrounded by  two side lobes, which are also picked by any general peak picking algorithm, then each NOM mass spectrum would be exported as a  24,000 m/z records and this would consume more computer resources that what is really needed. If 100 such mass spectra should be classified, then a  2,400,000 overall data points are consumed, instead of the  800,000 real metabolic signals originating from the 100 mass spectra (with 8,000 real signals in each spectrum). However, with more intensive side lobes intensities and thus higher S/N ratios of wiggles, more side lobes can be recognized by the peak picking algorithm and thus exported with longer acquired time domain transients. This can produce an intimidating number of m/z, that do not correspond to chemical signals in all generated exported mass lists. It should be mentioned that depending on the pressure of the ICR cell, more or less number of wiggles can appear [1]. The number of side lobes generally decreases with increasing of relative pressure. Under ultra high vacuum conditions with pressure < 8x10-10 mbar the number and the amplitude of side lobe intensities can be significant. On the other hand, if the pressure is moderate then only 15-20% of side lobes out of total number of detected signals would be generally available in the mass spectrum. It should also be mentioned, that with the possibility of detection of the second (currently) and the triple cyclotron frequency harmonics (in the future), the wiggles can become more intensive especially in ultra high vacuum conditions. This is due to the fact that the signal resolution actually increases linearly with the detected frequency and this makes the detected main signals together with their accompanying wiggles sharper at multiple harmonic frequencies (double and triple ) and thus more intensive wiggles around main signals can appear relative to what generally exist in single  detection.

[image: ]
Figure 4: A:) Exponential increase of the maximum noise amplitude near m/z 521 as a function of increasing transient data point sizes (which are proportional to increased transient lengths). B:) Enlarged view (along y-axis) of the noise in the neighborhood of the main signal m/z 521 and its neighboring wiggles. C:) S/N ratio of the 1st side peak of m/z 521 versus number of transient’s size.

For a more accurate quantification of the increasing side lobe absolute intensities as a function of the transient length, the signal to noise (S/N) ratio of the first side lobe is determined, taking into consideration that the maximum amplitude of noise also increases as a function of transient length in an exponential form.  Figure 4 shows that the S/N ratio of the first side lobe increases linearly as a function of transient length/or the number of data points in acquisition. Thus the trouble of strongly emerging wiggles around each main signal still exists and even intensifies, when the S/N dependency on transient size is extrapolated to 8,16 and 32 MW, corresponding to longer time domain transient lengths (3.2, 6.4 and 12.8 s respectively). Although the side lobes were identified as a result of finding ICR line shapes by solving the algebraic equation of the cyclotron motion by Comisarow et al in the seventies [[endnoteRef:19],[endnoteRef:20]], this issue remained untreated since more than 30 years. As indicated in Figure 4C, S/N ratio >100 for the first side lobe can be easily obtained at 4MW acquisitions, which are currently considered as standard measurements in FTMS nowadays. It should be mentioned that such a value is very high when compared to  S/N of 3 or 4, which are normally set up for any peak picking algorithm to export signals out of the mass spectrum into a m/z list. [19:  M. B. Comisarow, A. G. Marshall. Theory of Fourier transform ion cyclotron resonance mass spectroscopy. I. Fundamental equations and low‐pressure line shape. J. Chem. Phys. 1976, 64, 110.]  [20:  A. G. Marshall, M. B. Comisarow,  G. Parisod. Relaxation and spectral line shape in Fourier transform ion resonance spectroscopy. J. Chem. Phys. 1979, 71, 4434.] 


Simulations:
Although it is generally possible to completely remove all wiggles from a signal by performing a complete exponential apodization on the time-domain transient, which makes the transient terminates at a vibrational amplitude of zero, this approach is not effiecient due to significant resolution loss.  Actually, any time-domain transient can be exponentially apodized with different exponential decay constants. Figure 5 shows the effect of two different exponential apodization constants on the obtained frequency spectra of a cosine wave vibrating at 300kHz (which corresponds to m/z 614 at 12T) calculated with an appropriate sampling frequency of 2.5MHz. A low decay constant leads to a noticeable truncation and intensive side lobes (Figure 5A). On the other hand, a large exponential decay constant let the transient vibrate near zero volt level at the end of acquisition time and causes consequently all side lobes to disappear in the frequency spectrum (Figure 5B). However, a transition from low to very high exponential decay constant changes the shape of the resulting FT-signal from Gaussian to Lorentzian, thus reducing significantly the obtained resolution of the signal to about 1/3. This loss of frequency resolving power is a significant drawback of such an apodization function, when large decay constant is applied. We can conclude from the above mentioned results that the solution of the wiggle problems does not actually lie in the total prevention of them by apodizing the transient with very high exponential decay constant, because the resulting Lorentzian peak shape is always accompanied with significant loss of frequency and mass resolving power.



[image: ]
Figure 5: Frequency spectra of two transients (A and B), which are apodized at two different exponential decay constants. Differences between Gaussian and Lorentzian peak shapes are shown together with the ratio of side lobe resolution to main peak resolution on most abundant and annotated wiggles. The resolution value of each main peak is shown in the center. 

The most reasonable strategy is to keep the side lobes but try to enhance their (side lobe : main peak) resolution ratios for designing an accurate filter, which can identify the wiggles based on this resolution ratio and filter them out from any exported mass list. Figure 6 shows how such an enhancement can be reached by implementing a sine apodization over the exponentially truncated time domain transient. The sine apodization does not only suppress many side lobes, it also enhances the (side lobe : main peak) resolution ratios of the remaining side peaks significantly. This ratio increases from 1.6 to more than 2.2 when 0 to  sine apodization is applied.



[image: ]
Figure 6: The effect of sine apodization on the frequency spectrum. A) transient without sine apodization. B) transient with sine apodization applied. The resolution ratio (side lobe : main peak) is shown on the most significant side lobes in the frequency spectra. The resolution value (RP) of each main peak is shown in the center.

[image: ]
Figure 7: Frequency spectra of two simulated cosine waves of frequencies 300kHz and 300.003kHz, which cause a peak doublet with A) 1:1 intensity ratio and B) 1:2 intensity ratio. FWHM values (in Hz) are shown for annotated peaks.

In another simulation, two cosine waves with very neighboring frequencies (300kHz and 300.003kHz, corresponding to a mass difference between these two signals of 6mDa) and same amplitudes as well as with the same frequency difference of 3Hz but with 1:2 amplitude ratio, were generated in a 2M digitized time-domain transient and Fourier transformed. The frequency spectra are shown in Figure 7. We can show here that the filter can also work based on comparing FWHM values with each other instead of the (main peak : side lobes) resolution ratios. There is a significant difference (of a factor 2) between the FWHM of the main peaks and those of the side signals, so that wiggles can be easily recognized and distinguished. From the calculated FWHM values (in Hz) shown in Figure 7, it can be concluded  that the resolution ratios (main peak : side lobes) are also greater than 2 even within a critical peak doublet system, no matter whether the intensity ratio of the both main peaks are 1:1 or even 1:2. This means that, the filter, which functions based on the previously mentioned resolution ratio mechanism, is still able to recognize and subsequently eliminate the side lobes from any exported m/z list without affecting the true neighboring signals in the doublet system.
Applications:
An application, which provides the principle of the developed filter, is shown in Figure 8, and it shows a plot of resolution versus m/z of a Suwannee River fulvic acid natural organic matter (SRFA-NOM) standard, containing around 8,000 detected signals. The central black curve in Figure 8 represents the mathematical power function, which is physically well-known to originate from the simple cyclotron frequency equation wc = B/(m/z). The upper and the lower surrounding power function curves represent 95% confidence limits, within which the resolution of any m/z signal is credible and thus probable. The outliers above the upper limit curve falls beyond the 95% confidence limit interval and have mass resolving power values, which are unrealistic for true and real m/z signals. With this further applied constraint, all side lobes, which accompany each true signal in any mass spectrum can be effectively recognized and can be eliminated in a further programmatic step. Signals, which have resolution values lower than the lower power function curve represent signals, which also lie outside the allowed 95% confidence interval and they represent signals of very minor intensities and very broad FWHM with S/N ratios <3 and therefore unwanted signals. Examples of both classes of outlier signals are provided in the supplementary material. For further illustration, the average mass resolving power that we can get for m/z 400 at 12T is 450,000 in any acquired mass spectrum with these specifications. If we obtain in the exported m/z list of that mass spectrum many m/z records at around m/z 400 with resolution values, exceeding 1,000,000, then we already conclude that such mass records cannot belong to real and true signals. They should belong to side lobes (wiggles), surrounding a true signal. In this NOM example, 6,963 true signals could be revealed out of 7,987 total number of detected signals in the mass spectrum. Thus, 1,024 of wiggles could be efficiently eliminated.  This simple equation can be programmed for automatic side lobes recognition even in batch post-processing of many mass spectra. We already implemented this strategy programmatically and this was undergoing a continuous testing since more than one year with very good results. An application of this filter in the automatic recognition of the side lobes, which surround all detected arginine cluster negative ions, discussed in Figure 1, is also provided in the supplementary material. In the arginine mass spectrum, 85 true signals out of 238 total number of detected and exported signals could be revealed. The difference represents wiggles. The 85 true signals belong to several arginine cluster ions together with their corresponding heavy isotopic patterns (for 13C and 14N) in addition to some minor solvent impurities with fatty acids and some traces of sulfonates. Another application, which deals with non-targeted MS analysis of lipids in egg yolk from chicken is also provided in the supplementary material as another complex mixture analysis with masses extending 1,000 amu up to m/z 1,240. Out of a total number of detected and exported m/z records of 1,791, 559 true signals could be isolated. The difference of 1,232 mass records represents wiggles. This example shows that it is possible for such a filter to recognize FT artifacts for ions with m/z > 1,000. Moreover, the FT artifacts do not only exist in singly charged ions but they also appear in multiply charged ions too. A final example is given in the supplementary material, which shows an FTMS measurement for intact ubiquitin protein (MW=8,560 amu). FT artifacts exist in all shown Ubiquitin signals, which appear in the charge state range between +5 and +13 charges. Out of a total number of detected and exported m/z records of 3,760 in the Ubiquitin spectrum, 2,131 true signals could be identified. The difference of 1,629 m/z records represents wiggles.
[image: ]
Figure 8: Statistical 2 constrains for a 4M acquisition of NOM, which further enhance the power-function resolution filter toward accurate recognition of side lobes (wiggles) in a mass spectrum.

Conclusions:
The origin of Fourier Transform (FT) artifacts due to time-domain transient truncations was thoroughly investigated both experimentally and by simulations in this study. It was shown that cutting a given time-domain transient, which has not already reached zero vibrational amplitude at the end of acquisition (to produce a more abrupt transient truncation) does not produce higher and more intense side lobes. In the contrary, such cutting let the produced side lobes to be less intense due to loss of resolution, as confirmed in this study on both experimental and simulative levels. The side lobes problem intensifies with longer time domain transients that are truncated at the end of the acquisitions and this is in line with progressively more developed FTMS instruments, whose digitizers can offer up to 32M data point acquisitions (in extreme cases) to date. A new solution for this increasing problem with increasing truncated transient lengths is provided and automatic recognition and elimination of these FT artifacts (side lobes / wiggles) were discussed, which are independent on any signal intensity thresholds, magnetic field strengths and time-domain transient lengths and/or digitizer memory limits.
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