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a b s t r a c t 

A peak-tracking algorithm was developed for use in comprehensive two-dimensional liquid chromatog- 

raphy coupled to mass spectrometry. Chromatographic peaks were tracked across two different chro- 

matograms, utilizing the available spectral information, the statistical moments of the peaks and the rel- 

ative retention times in both dimensions. The algorithm consists of three branches. In the pre-processing 

branch, system peaks are removed based on mass spectra compared to low intensity regions and search 

windows are applied, relative to the retention times in each dimension, to reduce the required com- 

putational power by elimination unlikely pairs. In the comparison branch, similarity between the spec- 

tral information and statistical moments of peaks within the search windows is calculated. Lastly, in the 

evaluation branch extracted-ion-current chromatograms are utilized to assess the validity of the pairing 

results. The algorithm was applied to peptide retention data recorded under varying chromatographic 

conditions for use in retention modelling as part of method optimization tools. Moreover, the algorithm 

was applied to complex peptide mixtures obtained from enzymatic digestion of monoclonal antibodies. 

The algorithm yielded no false positives. However, due to limitations in the peak-detection algorithm, 

cross-pairing within the same peaks occurred and six trace compounds remained falsely unpaired. 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Comprehensive two-dimensional liquid chromatography 

1] (LC × LC) is a powerful tool for the separation of com- 

lex samples [2–4] . Due to differences in selectivity between the 

rst and second dimension separations, peak capacity and resolu- 

ion can be improved significantly compared to one-dimensional 

iquid chromatography (LC or 1D-LC) [ 5 , 6 ]. It is thus not surpris-

ng to see LC × LC being used for the analysis of a variety of 

ifferent sam ples, for exam ple polymers [7] , proteins [ 8 , 9 ], lipids

10] , oil [11] and food [12–14] . However, the systems required 

or the characterization of these increasingly complex samples, 

ield correspondingly complex data. Whereas a one-dimensional 

eparation with a single channel detector, for example a UV 

etector set to monitor a single wavelength, provides a vector of 
∗ Corresponding author at: van ’t Hoff Institute for Molecular Sciences, Analytical 

hemistry Group, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, 

he Netherlands. 
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ata ( i.e. intensity over time), adding a second dimension to an 

C system will create a second order data structure ( i.e. a matrix 

er separation). Moreover, with the use of multichannel detectors, 

uch as diode-array detectors (DAD) or mass spectrometers (MS), 

he obtained information consists of yet higher order data ( i.e. a 

ube), rendering data analysis an overwhelming task. Nonetheless, 

ata analysis is a crucial step in assessing the quality of a separa- 

ion and in method development. Consequently, within the field 

f chemometrics methods have been developed to automate the 

nalysis of data [15] . 

Ultimately, our groups aim to rapidly analyse analytical meth- 

ds ( i.e. compare separations of a sample using two different meth- 

ds) and samples ( i.e. compare separations of different samples 

sing the same method). To achieve these goals, multiple mile- 

tones must be reached. For chromatographic analysis the follow- 

ng are needed: i ) acquisition and presentation of data, ii ) detection 

f peaks, iii ) tracking or alignment of the detected peaks and iv ) 

dentification and quantification of compounds. Moreover, obtain- 

ng accurate retention times of a compound under different chro- 

atographic conditions ( i.e. gradient scanning) is increasingly re- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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uired when applying optimization algorithms [16] and tools [17–

0] . When utilizing such software, it is of utmost importance to 

rack as many compounds as possible to obtain the most realis- 

ic predictions of separations of the analysed sample. In addition 

o its use for method optimization, peak tracking can also be used 

or impurity profiling [21–23] . When comparing chromatograms of 

ifferent samples, compounds that cannot be tracked may be im- 

urities in specific samples, which may be highly interesting for 

any applications. 

Peak-detection methods were developed for 1D-LC [24–26] and 

D-LC [27] and subsequently peak-tracking algorithms have been 

ritten for LC-DAD [ 28 , 29 ] and LC-MS data [ 25 , 30 ], including our

wn algorithm [31] . The application of peak tracking to LC × LC- 

S data, however, is accompanied by multiple challenges. The ex- 

ra dimensionality of the data generates larger data structures and 

herefore demands additional considerations ( e.g. limited number 

f data points in the first dimension [14] , retention-time shifts in 

he second dimension) and requires more computational power. 

eak tracking for two-dimensional gas chromatography may be 

erformed using Bayesian statistics [32] . However, this method re- 

ies on the position of a peak and its surrounding neighbours. As 

n liquid chromatography the elution order may shift depending on 

he gradient conditions [33] , peak tracking using such an approach 

s susceptible to mismatching peaks. Therefore, a peak-alignment 

trategy has been proposed for LC × LC [34] . However, alignment 

trategies are generally not capable of dealing with large variations 

n retention times. 

In this paper, an algorithm for peak tracking between LC × LC- 

S experiments is proposed. The algorithm is designed to track 

ntargeted and unidentified peaks between two different LC × LC- 

S separations. A disadvantage of using an untargeted peak- 

racking algorithm is that it will treat all signals similarly and, thus, 

oise may be erroneously identified as peaks. However, this can 

lso be considered an advantage. With appropriate pre-processing 

f the data and using the spectral information provided, solvent 

eaks and other background signals can be distinguished from real 

race compounds that are barely visible above the noise. Search 

indows are established to reduce the number of likely candidates, 

educing computational needs. If a peak with the same spectral in- 

ormation and chromatographic features, such as similar statistical 

oments, can be detected in the second chromatogram, the like- 

ihood of the signal representing a true (trace) compound will in- 

rease significantly. Firstly, the algorithm is tested on two separa- 

ions performed under different chromatographic conditions. Sec- 

ndly, the algorithm is tested on complex chromatograms from 

eparations of monoclonal-antibody digests, under invariable chro- 

atographic conditions. 

. Experimental 

.1. Chemicals 

All reagents were used as obtained from their respective man- 

facturers: acetonitrile (ACN, ≥ 99.9%, product no. 34851) and 

mmonium hydroxide solution (28 – 30% NH 3 basis, product no. 

21228) were obtained from Sigma-Aldrich (St. Louis, MO). Am- 

onium bicarbonate (Fluka, product no. 40867) and formic acid 

olution (Fluka, product no. 09676) were manufactured by Hon- 

ywell Research Chemicals and obtained from VWR (Radnor, PA). 

ater was purified in-house using a Millipore water purification 

ystem (Burlington, MA). Several synthetic peptides corresponding 

o the conserved region of human IgG were purchased from Gen- 

cript (Piscataway, NJ). These peptides were used to make a rela- 

ively simple mixture for use in algorithm development. Hereafter 

his mixture is referred to as a peptide standard mix. For a more 

omplex separation, a tryptic digest of an IgG1 mAb was used. De- 
2 
ails related to the preparation of this sample were reported by us 

reviously [35] . 

.2. Instrumentation 

.2.1. LC systems 

Two different 2D-LC instruments were used in this work. We 

efer to them as System A and System B below. Both were 

quipped with UV absorbance and MS detectors [36] . For 1D-LC 

xperiments, the 1 D components of System A were used. 

.2.1.1. System A. All LC modules were from the 1290 series 

rom Agilent Technologies (Waldbronn, Germany), unless other- 

ise noted: 1 D (Model G4220A) and 

2 D pumps (Model G7120A), 

oth with 35 μL JetWeaver mixers; autosampler (Model G4226A); 
 D and 

2 D thermostated column compartments (Model G1316C); 
 D diode-array (DAD) UV absorbance detector (Model G7117B; 

ow cell G4212-60 0 08); and 

2 D diode-array (DAD) UV absorbance 

etector (G4212A; ultralow dispersion flow cell G4212-60038). 

he active solvent modulation (ASM) valve interface (p/n: 5067- 

266) used to connect the two dimensions was set up with two 

ominally identical 40 μL sample loops and restriction capillary 

340 × 0.12 mm, 3.8 μL) in order to obtain a ASM factor of 2 (split

atio 1: 1 ). 

The mass spectrometer was a Time-of-Flight (TOF) instrument 

Agilent, model G6230A) equipped with the Agilent JetStream (AJS) 

lectrospray ionization source. A standard tuning compound mix- 

ure (Agilent, p/n: G1969-850 0 0) was used to calibrate the mass 

nalyzer. Hexakis (1H,1H,3H-perfluoropropoxy) phosphazene was 

sed as a reference mass (m/z 922.0098) compound to calibrate 

ass spectra and was sprayed continuously into the electrospray 

ource via a secondary reference nebulizer. Peptides were detected 

sing the following MS conditions. The drying gas was set to a 

emperature of 325 °C and a flow rate 13 L/min, while the sheath 

as was set to a temperature of 275 °C and a flow rate of 12 L/min.

he nebulizer gas pressure was 35 psi. The nozzle and capillary 

oltages were set to of 500 and 40 0 0 V, respectively, and the frag-

entor, skimmer, and octapole voltages were set to 175 V, 65 V 

nd 750 V, respectively. Mass spectra were acquired in a range of 

/z 50-20 0 0 at a rate of 15 spectra/ s. 

The 2D-LC instrument was controlled using Agilent ChemSta- 

ion software (C.01.07 SR3 [465]), with a 2D-LC Add-on (rev. 

.01.04 [025]). Agilent MassHunter software was used for control 

nd data acquisition (Acquisition; B.08.00), and data were analysed 

sing the Qualitative Analysis package (B.07.00, SP1). 

.2.1.2. Syst em B. All LC modules were from the 1290 series 

rom Agilent Technologies (Waldbronn, Germany), unless other- 

ise noted: 1 D (Model G7120A) and 

2 D pumps (Model G7120A), 

oth with 35 μL JetWeaver mixers; multisampler (Model G7167B); 
 D and 

2 D multicolumn thermostats (Model G7116B); 1 D (Model 

7114B) multiple wavelength UV absorbance detector, and 

2 D 

Model G4212A; ultralow dispersion flow cell G4212-60038) diode- 

rray (DAD) UV absorbance detector. The active solvent modulation 

ASM) valve interface (p/n: 50 67-426 6) used to connect the two di- 

ensions, was set up with two nominally identical 40 μL sample 

oop s . 

The mass spectrometer was a quadrupole-time-of-flight (Q-TOF) 

nstrument (Agilent, model G6545XT) equipped with the Agilent 

etStream (AJS) electrospray ionization source. The tuning solution 

nd reference mass used for calibration were the same as used in 

ystem A, and the mAb digest was detected using the same MS 

onditions as described above for System A. 

The 2D-LC instrument was controlled using Agilent ChemSta- 

ion software (C.01.07 SR3 [465]), with a 2D-LC Add-on (rev. 

.01.04 [025]). Agilent MassHunter software was used for control 
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Table 1 

2D-LC conditions for separations of the peptide standard mix. 

Peptide Standard Mix First Dimension Second Dimension 

Injection Volume (μL) 2 (HCP standards), 1 (mAb digest) 40 (loop volume) 

Stationary Phase Agilent Poroshell HPH C18 (2.7 μm) Agilent Zorbax Eclipse 

Plus C18 (1.8 μm) 

Column Diameter (mm) 2.1 2.1 

Column Length (mm) 200 30 

Solvent A 10 mM ammonium bicarbonate in water (pH 9.5) 0.1% formic acid in water 

Solvent B ACN ACN 

Solvent Gradient 2-4.5-30-80-2-2% B from 0-2.5-50-55-55.01–60 min 2-2-53-2% B from 

0-0.08-0.45-0.5 min or 

2-2-63-2% B from 

0-0.08-0.45–0.5 min 

Flow rate (mL/min) 0.08 1.25 

Column Temperature ( °C) 35 60 

Detection MS-TOF 

Table 2 

2D-LC conditions for separations of the mAb digest. 

mAb Digest First Dimension Second Dimension 

Injection Volume (μL) 2 40 (loop volume) 

Stationary Phase Agilent Poroshell HPH C18 (2.7 μm) Agilent Zorbax Eclipse Plus C18 (1.8 μm) 

Column Diameter (mm) 2.1 2.1 

Column Length (mm) 200 30 

Solvent A 10 mM ammonium bicarbonate in water (pH 9.5) 0.1% formic acid in water 

Solvent B ACN ACN 

Solvent Gradient 2-4.5-30-80-2-2% B from 0-2.5-50-55-55.01–60 min See Table 3 

Flow rate (mL/min) 0.08 1.25 

Column Temperature ( °C) 35 60 

Detection MS-Q-TOF 
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Table 3 

Shifted gradient condi- 

tions for the separa- 

tions of the mAb di- 

gest. 

Time (min) % B 

0.00 2 

0.08 2 

- - 

0.11 6 

32.12 15 

52.12 29 

- - 

0.37 11 

32.37 30 

52.37 34 

- - 

0.45 33 

32.45 48 

52.45 53 

3

3

3

t

d

v

t

t  

b

fi

s

u

a

f Q-TOF MS and data acquisition (Acquisition; B.08.01), and data 

ere analysed using the Qualitative Analysis package (B.08.00). 

.2.2. LC columns 

The column used for 1D separations was an Agilent Zorbax 

clipse Plus C18 (50 × 2.1 mm i.d., 5 μm). For the 2D work, an

gilent Poroshell HPH C18 (200 × 2.1 mm i.d., 2.7 μm) column 

as used in the first dimension and Agilent Zorbax Eclipse Plus 

18 ( 30 mm x 2.1 mm i.d., 1.8 μm) in the second dimension. 

.3. Methods 

Gradient elution was used for the 1D separations with 0.1% 

ormic acid in water (A) and ACN (B). Multiple methods were used 

here the gradient profile remained constant (2-40-80-2-2% B) 

ut the gradient time (t G ) was varied (0- t G -[t G + 2]-[t G + 2.01]-

t G + 7] min) between 10 and 40 minutes. The column tempera- 

ure was 60 °C, the flow rate was 0.5 mL/min, and the injection 

olume of the peptide standard mix was 0.35 μL. 

The conditions for the 2D separations are shown in the Tables 1 

o 3 . In all cases the sampling (modulation) time was 30 s, and the

e-equilibration time in the second dimension was 3 s. 

.4. Data processing 

The entire peak-tracking algorithm was written using MAT- 

AB 2019a (Mathworks, Natick, MA, USA) for the in-house ‘mul- 

ivariate optimization and refinement program for efficient analy- 

is of key separations’ (MOREPEAKS, https://www.morepeaks.org ). 

aw MS data were converted into mzXML format by ProteoWizard 

.0.19202 64-bit [37] . 
3 
. Results & discussion 

.1. Adaptation to 2D-LC: finding candidates efficiently 

.1.1. Peak detection and filtering of system peaks 

The decision tree from our previously developed LC-MS peak- 

racking algorithm [31] was significantly adjusted to accommo- 

ate peak tracking in LC × LC-MS data. The algorithm can be di- 

ided in three branches, viz. preparation, comparison and evalua- 

ion, with modifications in each branch. A visual representation of 

he flowchart is shown as Fig. 1 . The first step in the preparation

ranch is the detection of peaks in the 2D chromatogram. A modi- 

ed version of the algorithm of Peters et al. [27] was used for this 

tep. A 2D chromatogram consists of multiple 1D signals ( i.e. mod- 

lations), on which peak detection can be performed. Peaks that 

re detected within adjacent modulations and belong to the same 

https://www.morepeaks.org
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Fig. 1. Visual representation of the algorithm’s flowchart comprising in tree main branches: 1) preparation, 2) Comparison and 3) Evaluation. For an enlarged image see 

Supplementary Material Section S-1, Figure S-1. 

Fig. 2. Search windows for the compounds X and Y. A: Location of X and Y on a 1D-LC chromatogram ( t G = 10 min). B: Search windows for both X and Y shown on a 

1D-LC chromatogram ( t G = 40 min) . C: Location of X and Y on an LC × LC chromatogram ( 2 ϕ final = 53%). D: Search windows for X and Y on an LC × LC chromatogram 

( 2 ϕ final = 63%). For detailed figures see Supplementary Material Section S-2, Figs. S-2 to S-5. 2D-LC conditions are shown in Table 1 . 
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ompound must be clustered to describe a single peak in the 2D 

lane. Indeed, one issue with 2D peak detection is the challenge 

f correctly clustering all peaks belonging to the same compound. 

his is particularly true for LC × LC methods in which shifting gra- 

ients are applied, resulting in retention-time shifts between adja- 

ent modulations [38] . The clustering boundaries of the algorithm 

f Peters et al. were made more flexible ( e.g. the minimum overlap 

as set to a lower value) to accommodate the effects of the shift- 

ng gradients. The latter were applied to maximize the usage of the 

D separation space for the mAb digest sample (see Section 3.3 ). 

fter peak detection, the system peaks were investigated. For this, 

ass spectra were selected and pooled based on the most abun- 
4 
ant mass-to-charge ratios ( m/z values) in regions of low intensity. 

f a mass spectrum of a detected peak corresponded to those mass 

pectra ( Section 3.2 ), the algorithm was programmed to treat it as 

alsely detected and to remove it from the candidate list. The algo- 

ithm also includes an option to manually add a list of m/ z values 

hat are deemed system peaks, i.e. as an exclusion list of masses 

o ignore based on prior information available to the user. A minor 

hange in modifier composition may produce system peaks that 

re not detected as such by the algorithm. Hence, the user can 

ntervene in this pre-processing step. During the validation step 

ore system peaks may be removed when they are found. This 

ill be explained in Section 3.3 . 
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Fig. 3. Peak tracking results for the peptide-standard mix separated by LC-MS ( A , B ) or LC × LC-MS ( C , D ). Twenty-seven tracked peaks were found. Five unpaired peaks 

remained in chromatogram A , whereas two unpaired peaks remained in chromatogram B . 61 peaks were paired across the chromatograms C and D , with one and seven 

peaks, respectively, left unpaired,. The colour scale applied to peak ID labels indicates the total similarity, with a high to low similarity being reflected by green to orange, 

respectively. For more-detailed figures see Supplementary Material Section S-2, Figs. S-6 to S-9. 2D-LC conditions are shown in Table 1 . (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Calculating the 2 D statistical moments from A ) the sum of modulations. B ) 

the most abundant modulation C ) the sum of aligned modulations. 
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.1.2. Pattern recognition: identification of logical pairs 

One major challenge for the operation of a peak-tracking algo- 

ithm is the large number of candidate pairs that must be evalu- 

ted, imposing a speed-determining bottleneck on the overall al- 

orithm. To reduce this number, input parameters were introduced 

hat establish a search window in the second chromatogram. Af- 

er system-peak reduction, the algorithm selects a small number 

 e.g. six, adjustable by the user) of highest peaks in each chro- 

atogram and compares the corresponding mass spectra. In case 

f sufficient similarity, as described in Section 3.2.1 , the algorithm 

ses these peaks as anchor points for pattern recognition. The rec- 

gnized pattern is then used to identify the relative differences be- 

ween the two chromatograms in the time domain, thus providing 

t with the ability to narrow the search windows. This method al- 

ows for shifts in retention times and even elution order, as ex- 

lained in our previous work [31] . However, there are a limited 

umber of data points ( i.e. modulations) available to describe the 

rst dimension in LC × LC. The resulting poor description of the 
 D peaks makes it difficult to determine the exact 1 D retention 

imes and renders pattern recognition less reliable than in 1D- 

C. However, the additional second dimension separation provides 

ore information on each chromatographic peak. By combining 

he information from both dimensions the number of candidate 

eak pairs can be significantly reduced. An example of this con- 
5 
ept is illustrated for the separation of the peptide standard mix 

hown in Fig. 2 . A search window with a margin of 15% of the ex-

ected retention time is used here. A considerable number of peak 

airs must be evaluated to match peaks X and Y in the 1D chro- 

atograms ( Fig. 1 A, B). In the LC × LC separations ( Fig. 1 C, D) the

dditional separation provides a significant advantage in that the 

umber of candidate peak pairs, henceforth referred to as logical 

airs, is greatly reduced. Lowering the margin to 10% would re- 

ove candidate peaks 3 and 9 in the 1D chromatogram and would 

emove candidate peak 2 from the 2D chromatogram. 

.2. Comparison 

.2.1. Feature similarity 

After establishing a pool of logical pairs for evaluation, the com- 

arison branch of the algorithm is activated. To further reduce the 

equired computational power, each logical pair is initially only 

ompared based on mass-spectral information. The m / z ratios of 

he x most abundant signals in the mass spectrum, hereafter re- 

erred to as MS- x , are compared to the MS- x signals associated 

ith each peak in the other chromatogram that forms a logical 

air. Our earlier work indicated MS-30 to be robust and this num- 

er was used here [31] . However, x remains an adjustable parame- 

er in the algorithm. When there is sufficient overlap between the 

S- x of two chromatograms ( e.g. at least 75% of the x values are

qual in both spectra), the peaks are tentatively paired and submit- 

ed to the evaluation branch of the algorithm ( Section 3.3 ). When 

he MS- x score is not sufficient or when there are multiple viable 

ogical pairs based on similar MS- x scores, the algorithm uses other 

eatures of the total-ion-current chromatogram (TIC) to determine 

he correct pairing. These features are the statistical moments of 

he peaks, which can be calculated using four distinct formulas 

39] , viz. 1) the raw moments M n ( Eq. (1 )), 2) the normalized mo-

ents m n ( Eq. (2 )), 3) the central moments μn ( Eq. (3 )), and 4) the
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Fig. 5. Results for peak tracking on the peptide-standard-sample dataset (chromatograms shown in Fig. 2 ). Top: Total matching scores for each peak pair and average scores 

for each parameter. Bottom: Histograms of feature similarity. For a more-detailed figure and a table with individual scores see Supplementary Material Section S-2, Fig. S-10 

and Section S-3, Table S-1. 
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tandardized central moments ˜ μn ( Eq. (4 )). 

 n = 

∞ 

∫ 
−∞ 

t n ∗ f ( t ) dt (1) 

 n = 

M n 

M 0 

(2) 

n = 

∫ ∞ 

−∞ 

t n 
rel 

∗ f ( t ) dt 

M 0 

(3) 

˜ n = 

μn 

σ n 
(4) 

Where n represents the n th moment, t represents time, f (t) 

he signal as a function of time, t rel equals t − m 1 , and σ is the 

tandard deviation of the chromatographic peak (equal to 
√ 

μ2 ). 

n our previously published algorithm [31] , the zeroth statistical 

oment ( i.e. M 0 , the peak area) was used. In addition, the list of

tatistical moments that the new algorithm considers includes the 

eak variance μ2 ( σ 2 ), the skew ˜ μ3 , and the kurtosis ˜ μ4 . Note 

hat the normalized first statistical moment is the retention time 

f a peak ( t R = m 1 ). As this peak characteristic is already used for

eciding on search windows in the first branch, it is not used in 

he comparison of logical pairs. The similarity between the statis- 

ical moments of the members of a candidate pair was then cal- 

ulated by first computing the ratio of the two values, resulting 

n a score, S moment , which was then multiplied by a weight factor, 

 moment . Small fluctuations in the signals or the assessment of the 

eginning and end of a peak has an increasingly dramatic impact 

n higher-order moments. Therefore, we used smaller weights for 

igher moments. The weights used in this study were W MS −x = 1 ; 

 area = 0 . 8 ; W var = 0 . 6 ; W skew 

= 0 . 4 ; W kurtosis = 0 . 3 . These weights

an be freely adjusted when using the algorithm. 

 tot = W MS −x · S MS −x + W area · S area + W var · S var + W skew 

· S skew 

+ W kurtosis · S kurtosis (5) 

To test our new algorithm, peak tracking was performed for 

oth a pair of one-dimensional chromatograms ( Fig. 3 A, B) and a 

air of two-dimensional chromatograms ( Fig. 3 C, D) obtained for 

he peptide standard sample. Different gradient conditions were 
6 
eliberately used to produce two chromatograms with different 

eak patterns. Due to the higher separation power of the LC × LC 

ethod compared to the 1D-LC method, more individual peaks 

ere detected (35, 43, 125 and 136 for Fig. 3 A, B, C and D, respec-

ively). Using system-peak removal ( Section 3.1.1 . and section 3.3 ) 

, 14, 71 and 68 peaks were removed from peak lists of the 

hromatograms shown in Fig. 3 A, B, C and D, and 8 peaks were

dded to chromatogram C in the comparison branch ( Section 3.3 ). 

his also explains the higher number of peaks tracked across the 

wo LC × LC chromatograms (61) than in the two 1D-LC chro- 

atograms (27). The peaks that were not paired were mostly very 

mall, especially in the 1D chromatograms. While the results were 

atisfactory, the increase in tracked (and separated) peaks also re- 

ects the greater separation power offered by two-dimensional LC. 

anual inspection of the tracking results on the two-dimensional 

hromatograms showed that all tracked peaks were coupled cor- 

ectly. However, four of the eight unpaired peaks were determined 

o be false negatives. The peaks marked as A ( Fig. 3 C) and D

 Fig. 3 D) should have been paired, but were not, due to a large

etention-time shift in the first dimension ( i.e. 13%, and thus out- 

ide the 10% search window used). The peaks marked G and H 

ere below the threshold of the peak-detection algorithm in chro- 

atogram C and, therefore, were not paired. 

.2.2. Perspective on use of multi-dimensional data for assessment of 

tatistical moments 

One important issue arises from the dissimilarity of the qual- 

ty of information obtained from the first and second dimensions 

f the 2D data, as well as the approaches required to evaluate the 

tatistical moments in each dimension. Calculating the 1 D statis- 

ical moments is limited by the small number of data points de- 

cribing the peak, as a result of the modulation time, which equals 

he second-dimension analysis time [38] . In our algorithm, the 1 D 

rea is calculated by summing the 2 D areas of that component af- 

er clustering the peaks across 2 D modulations. Since a 1 D peak is 

ypically sampled between two and five times, there are not many 

ata points to calculate the other statistical moments from. In fact, 

hen a peak is severely undersampled, i.e. sampled one or two 

imes, these moments become less reliable or cannot be calculated 
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Fig. 6. Peak tracking results for the LC × LC separation of peptides obtained from a tryptic digest of a monoclonal antibody. A total of 189 peaks were paired across the 

chromatograms, with 6 and 14 unpaired peaks, respectively in chromatograms A and B . The colour scale applied to peak ID labels indicate the total similarity, with a high 

to low similarity being reflected by green to orange, respectively. For more detailed figures see Supplementary Material Section S-2, Figs. S-11 and S-12. See Supplementary 

Material Section S-6, Figs. S-19 and S-20 for both chromatograms without peak-tracking results. 2D-LC conditions are shown in Table 2 . (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.) 
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i  
t all. If a peak is sampled fewer than three times, only the 2 D

tatistical moments are used in our algorithm. 

In contrast, peaks are generally well described in the second 

imension, with detectors typically providing more than 40 dat- 

points per peak. Nevertheless, calculation of the statistical mo- 

ents is still challenging. One peak in a two-dimensional separa- 

ion is divided across several adjacent modulations. Between these 

odulations small variations may occur, for example in the mobile 

hase organic modifier concentration, resulting in a slight shift in 

ocation and change in shape of the 2 D peak. This is accentuated if 

hifted gradients are used, i.e. the 2 D gradient program is different 

cross the different modulations, resulting in slanted peaks in the 

wo-dimensional plane. Because every modulation may present the 

nalyte differently, questions arise about how to calculate the sta- 

istical moments. Fig. 4 illustrates three possible approaches. In the 

rst solution ( Fig. 4 A) the (shifted) signals of the peak across all

odulations are summed, after which the moments are computed 
7 
or the combined signal. This simulates the situation in which only 

ne 2 D separation exists and it yields single values for each mo- 

ent, but it does not reflect the actual chromatographic peak,. In 

he second method ( Fig. 4 B) the statistical moments are calculated 

y focussing on the modulation in which the signal for the com- 

ound of interest is most abundant. In this case, the limited in- 

ormation from the 1 D elution profile and other modulations will 

e neglected. However, the 2 D statistical moments now describe 

he actual chromatographic shape. A potential third method would 

e to align the 2 D peaks based on the first moment, then sum 

he profiles and calculate the statistical moments ( Fig. 4 C). How- 

ver, this is expected to yield similar values for the moments as 

pproach B. 

In the event that a 1 D peak is not undersampled ( i.e. the 

eak is divided across three or more modulations), method A 

 Fig. 4 A) is applied, whereas undersampled peaks are treated us- 

ng method B ( Fig. 4 B). Both methods can be applied on the TIC
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Fig. 7. Results for peak tracking on the dataset for peptides derived from a monoclonal antibody shown in Fig. 3 . Top: Total score for each peak pair and average score for 

each parameter. Bottom: Histograms of feature similarity. For a more-detailed figure and a table with individual scores see Supplementary Material Section S-2, Fig. S-13 

and Section S-3, Table S-2. 
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r on an extracted-ion-current (XIC) chromatogram based on the 

ost abundant m/z value in the spectrum of the peak of inter- 

st. The latter will provide the most-accurate estimates, since co- 

lution will be less problematic. Thus, XIC signals are used in the 

nal evaluation step. 

.3. Evaluation of paired and unpaired peaks 

The final branch of the algorithm is comprised of two parts. 

irst, all peaks paired in the comparison branch are evaluated 

ased on the two XICs ( i.e. the most abundant m/z is selected 

nd peak detection is performed at this m/z ). If there is no de- 

ectable peak in the XIC for a previously determined peak, the peak 

s deemed to be noise and is deleted from the peak list. After fil-

ering the peak list for false positives, the algorithm compares the 

ntensities of each peak in the mass spectrum of the logical pair 

t the m/z ratios that are most abundant for the original peak, and 

t computes the differences between these intensities, comparing 

hese to a user-adjustable threshold. This threshold depends on the 

esolution of the mass spectrometer, as well as the expected pre- 

ision of the instrument, which in our case is set to a difference in

/z of 0.1. If it is set too low, many peak pairs may be rejected as

 consequence of small deviations in the m/z measurements. If the 

hreshold is set too high, many peaks may be paired, even though 

hey belong to different compounds. If the m/z ratios differ more 

han the threshold, peak detection and feature comparison are per- 

ormed on both XICs. The algorithm considers two possibilities: i ) 

wo different components are found at the same location, within a 

hreshold of 0.001 minutes, as the peak earlier detected in the TIC. 

his would indicate two (virtually) co-eluting peaks or, more likely, 

wo isotopes of the same compound. ii ) Two co-eluting peaks are 

etected in the XIC which differ slightly in retention time in one 

f the chromatograms, thus indicating two co-eluting peaks. In the 

atter case, the algorithm will split the peaks and treat them as 

wo distinct pairs. 

The second section of the evaluation branch encompasses the 

valuation of all unpaired peaks in the chromatograms. First, fil- 

ering of the peak list takes place in the same manner as with 
8 
eaks that have already been paired. Next, the most abundant m/z 

or each unpaired peak is determined and peak detection is per- 

ormed in the other chromatogram for the XIC of this m/z . All 

eaks detected within an established search window are then as- 

essed based on MS- x and peak moments in the XIC, as described 

n Section 3.2.1 . Peak pairs with the highest total score in compar- 

son with other logical pairs are considered a match. If no corre- 

ponding peak is found, the peak will remain unpaired. Fig. 5 dis- 

lays histograms of all scores of the peak-tracking results of the 2D 

hromatograms of the peptide standard sample. Tables with indi- 

idual scores are provided in the Supplementary Information, Sec- 

ion S-3, Table S-1. 

.4. Application to separation of monoclonal-antibody digest 

The algorithm was applied to a peptide sample derived from 

 monoclonal antibody ( Fig. 6 ). There were 238 and 253 peaks 

etected by the detection algorithm in Figs. 6 A and B, respec- 

ively, with a threshold set to 4% of the maximum signal. The pre- 

rocessing branch removed 86 and 67 of these peaks in the re- 

pective chromatograms. A total of 189 peaks were paired by the 

lgorithm, leaving 6 and 14 peaks, respectively, unpaired. This im- 

lies that the algorithm added 43 peaks to chromatogram A and 

7 peaks to chromatogram B when peaks were split in the eval- 

ation branch. These peaks were not detected during the initial 

eak-detection step. This could have happened for two reasons. 

ither the peaks were convoluted, or their intensity was below 

he set threshold. The final scores of the pairing are shown in 

ig. 7 . Manual inspection of the tracking results confirmed that all 

89 peaks pairs were coupled correctly (For examples of the man- 

al inspection see Supplementary Material Section S-4). However, 

ue to the shifting gradients applied in the second dimension, 10 

eaks present in both chromatograms were not clustered correctly. 

hey were detected as 19 peaks and 20 peaks in chromatogram A 

nd B, respectively. As a result of these extra peaks, cross pairing 

ithin the same peak clusters occurred and occasionally a peak 

as paired with multiple peaks in the other chromatogram. This 

esulted in 24 identified peak pairs, instead of the original 10 peak 
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airs. An example of this phenomenon is shown in the Supple- 

entary Material Section S-5. This illustrates that the algorithm 

ay be still be improved with respect to peak detection and clus- 

ering, but that the proposed peak-tracking strategy is successful. 

hile many different peak-detection and several different peak- 

lustering algorithms exist, all of these have specific strengths and 

eaknesses. The algorithm used in this work is suitable for 2D sep- 

rations. However, it starts out from the TIC and does not fully use 

ll MS information available. To the authors’ knowledge there ex- 

sts no non-commercial algorithm for LC × LC-MS data that takes 

he MS data into account. If anything, this signifies that the analy- 

is of data arising from multi-dimensional separations, which is al- 

eady difficult, must continuously be adapted to accommodate the 

atest developments in the field LC × LC ( e.g. shifting gradients, 

ovel modulation strategies). 

From the remaining 20 unpaired peaks (6 in chromatogram A 

nd 14 in chromatogram B), three pairs (six indivual peaks) should 

ave been found (A-H, B-G and D-L). The algorithm failed to pair 

hese peaks due to shifts in the 1 D retention time for A-H and 

-G and the XIC peaks were below the detection limit for pair 

-L. The peaks for compounds I and Q were very broad in the 

econd dimension. Due to this, retention times were determined 

hat deviated too far from the expected retention times in a search 

indow of 10%. The example for compound I is shown in Sup- 

lementary Material Section S-7. Compound P was below the de- 

ection threshold on chromatogram A. Thus it was concluded that 

hree pairs and three extra compounds were false negatives. The 

emaining three compounds on chromatogram A and eight com- 

ounds on chromatogram B were all true negatives. Peaks K and 

 were breakthrough peaks that only occurred on chromatogram 

, whereas the remaining six peaks were all incorrectly clustered, 

ue to the shifted gradient, and therefore falsely identified. 

. Conclusion 

A first iteration of a peak-tracking algorithm for comprehen- 

ive two-dimensional liquid chromatography coupled with mass 

pectrometry was developed. While we will continue develop- 

ent, successful peak tracking was demonstrated for two two- 

imensional separations acquired under different gradient condi- 

ions ( i.e. different chromatographic methods), paving the way for 

se of the peak-tracking algorithm in method-optimization tools. 

e also envisage the application of the algorithm in quality- 

ontrol situations, i.e. for the comparison of different samples anal- 

sed with an identical method. The performance of the algorithm 

as tested on a complex sample of peptides derived from diges- 

ion of a monoclonal antibody. No fewer than 189 peaks were suc- 

essfully paired across two different chromatograms. However, the 

lgorithm was unable to pair 6 trace compounds across the chro- 

atograms. Also, the algorithm struggled with peaks that were de- 

ected multiple times, resulting in 14 extra cross-identified peaks. 

The number of false negatives may be reduced by using a 

roader search window. Two of the unpaired peak pairs were 

aused by shifts in the first-dimension retention times. However, 

 broader search window may also result in additional cross- 

dentified peaks, since isomer peaks are more likely to be present 

ithin the search window. 

The performance of the algorithm is influenced by the peak- 

etection and clustering algorithms. Because shifting gradients 

ere applied for the separations of the complex sample, single 

ompounds were occasionally detected as multiple peaks, leading 

o cross-identification. Clustering algorithms that are more capable 

f dealing with these second-dimension retention-time shifts need 

o be investigated. Additionally, peak tracking cannot be performed 

n undetected peaks. Four of the remaining unpaired peaks may 

e paired if the intensity-threshold is lowered. However, this also 
9 
enders the algorithm more sensitive to noise and thus, improve- 

ents in signal to noise ratio and improved calculations of these 

atios are desirable. The robustness of our peak-tracking algorithm 

hus relies strongly on the algorithms for peak detection and, es- 

ecially, peak-clustering. Advances in peak detection are expected 

o improve the robustness of the tracking algorithm. 

Another relevant aspect is that our algorithm starts out from 

he t otal-ion-current (TIC) chromatogram, not making use of the 

aximum sensitivity (as in base-peak chromatograms), nor of the 

ull spectral information. We expect a much larger number of com- 

onents to be present in the chromatograms of the antibody di- 

est. More advanced peak-detection tools are required to fully un- 

avel these samples. However, this is a peak-detection and cluster- 

ng aspect, and not a peak-tracking aspect. Our future effort s will 

ocus on improving curve resolution, detection and clustering. 
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