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Introduction Alignment

Untargeted mass spectrometry (MS)-based metabolomics, the unbiased detection and relative quantitation of RT for the same compound shifts from run to run and align-
: . : : : : Cepe g (A) . ..
ideally all metabolites in a biological system, has become a powerful discovery tool in many scientific disci- GCMSor | data || statistical |_[-omics data integration ment is needed to correct the RT so that subsequent statistical
plines. The informatics pipeline for making sense of the resulting data involves preprocessing of the raw peak | LC/MS data = |preprocessing~ | analysis and metabolite ID analysis can be performed. The principle in existing alignment | _ :
data to detect unique chemical species, assignment of specific metabolites to these species, and integration of (B) algorithms can be roughly divided into two categories. One PN ﬂf’ =< \\ d /“

; : ; ; ; i F_omi 2D peak peak grouping peak : : : : — _Ji i ' | B
tI.1e5e meta}bc?lltes into a therent and.phys.lologlcally me.anmgful 1ntegrate:d multi omlcos f.ramewor.k th:flt Cz?n LCIMS data > 4 B e iotion, | ™ alignment category uses warping to find a nonlinear fl:lnctlon to correct | 0 | et T 2530 2535 2540
yield a holistic understanding of the biological system (Figure 1A). As the first step of this informatics pipeline, RT. The other category creates a reference list of peaks and _, -

data preprocessing (Figure 1B) is critical for the success of the metabolomics study. Data preprocessing gener- GC/MS data> fe?e'ﬁiﬁ > de:f:\,cc:j:ion > angﬁi';m align peaks in individual data files to the reference peak list.
ally consists of three computational steps: peak detection, peak grouping and annotation for LC-MS and spec- Figure 1: (A) Informatics pipeline for making sense of However, warping functions can only capture system-level
tral deconvolution for GC-MS, and peak alignment. While many existing software tools have performed admi- |atabolomics data with data preprocessing as the variations in RT and is incapable of capturing analyte-level
rably considering the complex nature of the data, the underlying algorithm in each step of the data preprocess- | fj;ct step of the pipeline. (B) Separate computational variation. Alignment algorithms that use a reference peak list
ing are being seriously challenged as many more metabolites can now be detected and data has become much |5 flows for preprocessing LC-MS and GC-MS data. check for proximity of peaks in terms of m/z and RT and could
more complex than before, due to the unpreprecedented sensitivity of the analytical platforms that has been shift peaks that correspond to the same analyze differently,

made possible by recent technological advances in chromatography and mass spectrometry. resulting in mis-alignment.
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Conceptually, alignment should be formulated as a correspon-

Peak DEte Ctlon dence problem by finding the same analyte across data files.

The alignment algorithm in ADAP is precisely analyte-based.

Peak here refers to a unique pair of mass and retention time (RT) that corresponds to an ion. It is also called a feature, but “peak” is used here to avoid possible confu- Figure on the right shows the result of aligning 15 GC-MS data
sions because features mean different things for different people. Peak detection is the first step of data preprocessing and is critical for successful extraction of metabo- files. Each data file is represented by one unique color. (A-C)
lite information from raw LC-MS and GC-MS data. Raw LC-MS and GC-MS data has three dimensions: m/z (mass-to-charge ratio), retention time (RT), and intensity. In Total ion chromatograms (TICs) within three different time ' 1

existing software tools including the current release version of ADAP, two steps constitute the peak detection process: (1) construction of extracted ion chromatograms intervals. (A) one component elutes with two distinct TIC 8.9 9.00 2.04 1350 1304 1358 1362 230 Bd  BAM 28
(EIC) in the 2D plane of m/z and RT, and (2) detection of chromatographic peaks in the 2D plane of intensity and RT. peaks; (B) two components elute with two distinct TIC peaks; (C) two components elute with two peaks that are barely distinguishable; (D) TICs of the 15 samples. (E-G)

EICs before alignment; (H-J) EICs after alignment. EIC pairs E-H, F-I, and G-] correspond to TIC segments (A), (B), and (C), respectively. For the two EIC pairs (F and I)

Construction of EICs and (G and J), two co-eluting analyses became distinguishable only after alignment.
Figure 2 shows the summarized workflow. Specifically, first define € to be the mass tolerance parameter, then
(1). Take all the da.ta pointsina dat:.;l fiole (Figure 3A), sort them by their intensities (Figure 3B), and remove those Take (next) largest intensity data porn
points (mostly noise) below a certain intensity threshold. —— | . Software
(2) Starting with the most intense data point (Figure 3C), the first EIC is created (Figure 3D). f i [ o) = vl i foleErnee

. . _ _ . . . o range of any of the chromatograms?
1E)S)tlzhor this EIC, establish an immutable m/z range that is the data point's m/z plus and minus €, where € is specified ; é . n|0 ADAP algorithms have — EEE— GUI for peak detection

y the user.

(4) The next data point, which will be the next most intense, is added to an existing EIC if its m/z value falls within Add this point to the
its m/z range. chromatogram
(5) If the next data point does not fall within an EICs m/z range, a new EIC is created (Figure 3E). New EICs are only
created if the point meets the minimum start intensity requirement set by the user. Figure 2: Summarized ADAP EIC construction
(6) An m/z range for a new EIC is created the same way as in step (3) except the boundaries will be adjusted to avoid | workflow diagram.
overlapping with pre-existing EICs. As an example consider an existing EIC with m/z range (100.000,100.020) for €
=0.01. If the new EIC is initialized with a data point having an m/z value of 100.025, then this new EIC will have a m/z range set to (100.020,100.035) rather than
(100.015,100.035).
7) Repeat steps (4)-(6) until all the data has been processed.
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Sort all data points by intensity
I

I . .
Make a new chromatogram and been implemented in Java

define the m/z tolerance range and incorporated into

from this data po|int. MZmine 2, a graphical soft-

ware framework tool that is|  min feature height 2000

used by thousands of re-

searchers around the

world. This incorporation

makes it possible for ADAP | RT waveletrange 0-001 10

to take advantage of the T —

strengths of MZr}nine 2. Peak list Neg_1le_centroid.mzXML chromatograms - : |

(A) (B) ntensity & These streng.ths include: S roratoararn [ 725 200465 miz 1 5 : \
(1) platform independence

® ADAP Module Disclaimer: .
o due to ] ava teChnOIOgy, (2) If you use the ADAP Chromatogram Deconvolution Module, please cite the MZmine2 paper and the following article: . \\

S/N threshold 10

S/N estimator Intensity window SN ﬁ

coefficient/area threshold 50

Peak duration range 0.05 - 0.9
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new algorithms, and (3) |
12 34 _ . . . . e Cancel -+~ Chromatogram 206.0465 mfz & 206.0465 m/z @12.48 [Neg_le_centroid.mzXML)
rich visualization capabili-
ties including display of

spectra, chromatogram, and results from multiple preprocessing steps.

Figure 3: Illustration of the principle of ADAP EIC construction.
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DEtECtion Of Peaks from EICS Peak lists 51_1.cdf chromatogra... As selected in main window E deconVOIUtlon

Peak detection uses continuous wavelet transform (CWT), a widely used signal processing technique. A real peak ' Min cluster distance {min} 0.005
in an EIC should create a local maxima in the wavelet coefficients at multiple scales. The wavelet scale for which
the wavelet most closely matches the shape of the peak, the best scale, will create the largest coefficient. Scales
close to the best scale should also have reasonably similar shapes to the peak and therefore create adjacent
maxima between those scales. Ridgelines are the series of connected local maxima across scales which are indica-
tive of a real peak. The requirement that a ridgeline must exist for a peak makes CWT-based peak detection robust
(Figure 4). Ridgelines are constructed according to the following procedure. 9 Min delta-to-height ratio 0.3

Min cluster size 2

Min cluster intensity
Find shared peaks

Min edge-to-height ratio 0.3

-
-

I

Ity

Min sharpness 10
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(1) Begin with the coefficients corresponding to the largest wavelet scale.
(2) Find the largest coefficient at this scale and initialize a ridgeline.

(3) Remove all coefficients that are within half the estimated compact support of the Ricker wavelet (2.5 times the - FaAlo = p T IEE
current scale). | | | i | Exclude m/z-values 73.0.147.0,221.0 PR TR R B entontime e e s A
(4) Find the next largest coefficient discounting all removed coefficients and initialize another ridgeline. Figure 4: Principle of CWT-based peak detection POMr0ao

(5) Repeat steps (3)-(4) until there are no more coefficients remaining for this wavelet scale. from EICs. (Top) Wavelet coefficients with re-

(6) Move to the next scale (decrease by one) and repeat (1)-(6). Add new coefficients to an existing ridgeline if spect to wavelet scales and RT. (Bottom) The cor-
they are close in RT. We define close to be a difference in their indices that is less than or equal to the current responding EIC. Show preview
scale being investigated. e, .1 < chromatograms decoolutc

(7) After all scales have been processed, ridgelines must have a length, i.e., the total number of scales represented in the ridgeline, greater than or equal to 7, and not T

more than 2 gaps (missing scales) total.

Shape-similarity tolerance (0..90) 30
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m/z vs ppm As Mass Tolerance for EIC Construction

Mass tolerance is a critical user-defined parameter in EIC construction that can have a huge impact on the con-
structed EICs and the peaks detected from them. This parameter can be specified in terms of either m/z unit or ppm.
Due to the importance of this parameter, we investigated what unit of mass tolerance should be preferred by exam-
ining 441 high quality EIC peaks in a data file and the data points that form these EICs. It turns out that a mass
range in m/z of 0.02 could ensure that most of the EIC peaks would include the majority of the data points forming
each peak, whereas a mass range in ppm needs to be about 100 ppm to achieve the same goal (Figure 5). However, e e

such a huge ppm value will almost certainly cause the issue of merging two or more EICs for large masses. On the /s 800 1200
other hand, a much smaller ppm tolerance will almost certainly cause the issue of splitting two or more EICs for Figure 5: Varying mass tolerance for detect- ® Spectrum: [US081_1.cdf: scan #21438) GUI for contructed spectrum
small masses. This investigation demonstrated that a mass tolerance in m/z is more appropriate for the construction |ing EIC peaks of different m/z illustrated US0S1_L.cdf scan#21438 @21.95 MS1 ¢ 7, base peak: 73.0000 m/z (4.4ES) VS. raw spectrum

of EICs if one single mass tolerance is to be used for all of the m/z values in a data file. using 441 peaks in a data file.
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Spectral Deconvolution ﬁ

Spectral deconvolution examines all of the ions detected in A 600
the step of EIC peak detection, collects ions produced by the
same analytes, and constructs the fragmentation spectrum for
each analyte. Each constructed spectrum is expected to con-
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tain ions of one single analyte because spectral deconvolution " i B - C i, S A | 1000000
‘.l...||||||||.

separates ions that are in the same raw mass spectrum but o, R ' ! ¥ " Ll s -

belong to different coeluting analytes. The constructed frag- C - ~ |

mentation spectra are used later to identify the analytes. 22.0
Retention time,

Spectral deconvolution in ADAP (Figure 6) is achieved by de- - . 1.8

termining the number of eluting analytes, choosing model T modelpeak 47 _ ngz: E:t }ng
peaks representing the elution profile of each analyte, and de- i
composing chromatographically unresolved EIC peaks into a
linear combination of the model peaks. To simplify and to
speed up the deconvolution procedure in ADAP, the entire re- 0 Y=\ 00
tention time range is first split into a number of deconvolution 21.80 21.85 21.90 22.00  22.05 m/z

windows. These windows are chosen so that (i) each window Retention time, min ¥ Scan 421438 W Peaks in Allaned pealclist | 1sotopes (280) Spectrum
contains the entirety of EIC peaks produced by the same ana-
lyte or by coeluting analytes and (ii) each window contains a
much smaller number of EIC peaks in comparison with the : :
total number of EIC peaks in the entire data file. Subsequent s SR o s e i & ‘ | Sl SR R efer ences

deconvolution steps are carried out separately in each window

so that the deconvolution algorithms are not overwhelmed
with a large number of EIC peaks. 7 73 [1] Aleksandr Smirnov, Wei Jia, Douglas I. Walker, Dean P. Jones, and Xiuxia Du*: ADAP-GC 3.2: Graphical Software Tool for Efficient Spectral Deconvolution of Gas

. . . _ ‘( _ H — ( or
L-Histidine {Score = 803) L-Lysine (Score = 965) Chromatography-High Resolution Mass Spectrometry Metabolomics Data. Journal of Proteome Research 2018, 17 (1):470-478.
Deconvolution within each window starts with two sequential Figure 6: Deconvolution workflow illustrated using a data file from urine sample acquired at the unit [2] Owen Myers, Susan Sumner, Shuzhao Li, Stephen Barnes, and Xiuxia Du*: One step forward for reducing false positive and false negative compound identifica-

clustering phases applied to EIC peaks. The first-phase cluster- | 1SS resolution: (A) DBSCAN clustering of the apex retention times of all EIC peaks in the entire tions from mass spectrometry metabolomics data: new algorithms for constructing extracted ion chromatograms and detecting chromatographic peaks. Ana-
data file. Each color represents a cluster. (B) Hierarchical clustering of the elution profiles of EIC lytical Chemistry 2017, 89(17):8696-9703.

o
=
N

Intensity
Intensity

©
N
o
(@)}

50.0000 100.0000 150.0000 200.0000 250.0000 300.0000 350.0000

154 Peak list:  Aligned peak list

ing is based on the proximity of peak apexes in the time . _ 0 . . . ,
domain, and each resulting cluster indicates the presence of at peaks in clusters i and ii in panel A. Cluster i results in one cluster and cluster ii results in two small- [3] Owen Myers, Susan Sumner, Shuzhao Li, Stephen Barnes, and Xiuxia Du*: A detailed investigation and comparison of the XCMS and MZmine 2 chromatogram

least one analyte. Because coeluting analytes are in close prox- | €f clusters. (C) Constructed fragmentation spectra (top) and in-house library spectra (bottom) ac- construction and chromatographic peak detection methods for preprocessing mass spectrometry metabolomics data. Analytical Chemistry 2017,

imity of each other and could fall in the same cluster, simple | duired on the same equipment as the sample. 89(17):8689-8695.

comparison of retention times cannot detect all coeluting analytes. Detection of these analytes could be achieved by using elution profiles. Toward this end, a sec- [4] Yan Ni, Mingming Su, Yunping Qiu, Wei Jia, and Xiuxia Du*: ADAP-GC 3.0: Improved Peak Detection and Deconvolution of Co-eluting Metabolites from
ond-phase clustering that is based on the elution profiles of EIC peaks is carried out to group unique EIC peaks from each first-phase cluster. As a result, each first-phase GC/TOF-MS Data for Metabolomics Studies. Analytical Chemistry 2016, 88 (17):8802-8811.

cluster can be split into one, two, or more smaller clusters, and each resulting cluster indicates the presence of one single analyte. From each second-phase cluster, a [5] Xiuxia Du*, Steven Zeisel: Spectral deconvolution for gas chromatography mass spectrometry-based metabolomics: current status and future perspectives.
model peak is selected that can best represent the elution profile of the corresponding analyte. Because an observed EIC peak can be produced by two or more coeluting Computational and Structural Biotechnology Journal 2013, 4, e201301013.

analytes, the fragmentation spectra of the detected analytes are constructed by decomposing every observed EIC peak into a linear combination of model peaks. [6] Yan Ni, Yunping Qiu, Wenxin Jiang, Kyle Suttlemyre, Mingming Su, Wenchao Zhang, Wei Jia, and Xiuxia Du*: ADAP-GC 2.0: deconvolution of coeluting metabo-
o lites from GC/TOF-MS data for metabolomics studies. Analytical Chemistry 2012, 84 (15), 6619-29
S ard mixture

(196 compounds) urine (224 compounds) [7] Wenxin Jiang, Yunping Qiu, Yan Ni, Mingming Su, Wei Jia, and Xiuxia Du*: An automated data analysis pipeline for GC-TOF-MS metabonomics studies. Journal of

ADAP spectral deconvolution has been developed and its performance has been evaluated using unit mass
resolution data acquired on TOF-MS from standard-mixture and urine samples and high mass resolution identified score ~ R*  identified score = R* Proteome Research 2010, 9 (11), 5974-81.
data acquired on GC-Orbitrap from environmental pollutants samples. In addition, the identification and ADAP-GC 3.2 188 %21 0997 223 917 0929

o . : . ADAP-GC 3.0 189 917  0.998 224 903  0.926
quantitation results from ADAP-GC for the unit mass resolution data were compared with those produced Ry 179 899 0.990 191 906 0803

by AMDIS, Aﬂ&lYZEI‘PI’O, and ChromaTOF (Table to the I'lght) ADAP-GC (bOth 3.0 and 3.2) and ChromaTOF AnalyzerPro 172 869 0.996 217 884 0914 ACknOWIedge me nt
produce similar results in terms of the number of identified compounds, their matching scores, and R2 ChromaTOF 188 902  0.996 220 906 0919

values, whereas AMDIS and AnalyzerPro tend to miss certain compounds. “R* values for the urine samples are approximate since precise : : : . .




