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two-dimensional chromatography to enhance data analysis 
and interpretation 

Stef R.A. Molenaar a,b,*, John H.M. Mommers c, Dwight R. Stoll d, Sithandile Ngxangxa e, 
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A B S T R A C T   

Analytical data processing often requires the comparison of data, i.e. finding similarities and differences within 
separations. In this context, a peak-tracking algorithm was developed to compare multiple datasets in one- 
dimensional (1D) and two-dimensional (2D) chromatography. Two application strategies were investigated: i) 
data processing where all chromatograms are produced in one sequence and processed simultaneously, and ii) 
method optimization where chromatograms are produced and processed cumulatively. The first strategy was 
tested on data from comprehensive 2D liquid chromatography and comprehensive 2D gas chromatography 
separations of academic and industrial samples of varying compound classes (monoclonal-antibody digest, wine 
volatiles, polymer granulate headspace, and mayonnaise). Peaks were tracked in up to 29 chromatograms at 
once, but this could be upscaled when necessary. However, the peak-tracking algorithm performed less accurate 
for trace analytes, since, peaks that are difficult to detect are also difficult to track. The second strategy was 
tested with 1D liquid chromatography separations, that were optimized using automated method-development. 
The strategy for method optimization was quicker to detect peaks that were still poorly separated in earlier 
chromatograms compared to assigning a target chromatogram, to which all other chromatograms are compared. 
Rendering it a useful tool for automated method optimization.   

1. Introduction 

Data processing in chromatography and especially comprehensive 
two-dimensional (2D) chromatography is a complex and growing field 
[1]. Before any useful information can be extracted from a chromato-
gram, the raw data needs to be pre-processed. This typically starts with 
noise-removal and background correction. Several pre-processing 
methods have been published over the years and, depending on the 
needs of the data analyst (e.g. speed or quantification) and peak 
coverage, performances vary greatly [2]. After pre-processing, peaks can 
be extracted from the chromatogram. Any errors during this extraction 
translate into a decrease in quality of the information that can impact 
routine analysis [3,4], investigating unknown samples in various fields 

(e.g. forensics [5,6] or protein analysis [7]) and even optimization [8,9]. 
Therefore, peak-detection algorithms have been developed for both 
one-dimensional (1D) [10–12] and 2D [13–15] chromatography. 

Ultimately, when multiple chromatograms are compared (e.g. sam-
ple comparison), knowing which peaks actually belong to the same 
analyte, across the chromatograms, is required. This is often referred to 
as peak tracking or peak alignment [16] and becomes more challenging 
as the sample complexity and the degree of peak coelution increases. 
Moreover, peaks can be shifted due to chromatographic effects, such as 
column aging, mobile-phase impurities, or an inconsistent mobile phase 
flow. The group of Synovec is particularly active in this field, and have 
developed alignment strategies for both gas chromatography (GC) and 
comprehensive 2DGC (GC×GC) [17–19]. 

* Corresponding author: Science Park 904, 1098 XH, Amsterdam, The Netherlands. 
E-mail address: s.r.a.molenaar@uva.nl (S.R.A. Molenaar).  

Contents lists available at ScienceDirect 

Journal of Chromatography A 

journal homepage: www.elsevier.com/locate/chroma 

https://doi.org/10.1016/j.chroma.2023.464223 
Received 14 March 2023; Received in revised form 6 July 2023; Accepted 18 July 2023   

mailto:s.r.a.molenaar@uva.nl
www.sciencedirect.com/science/journal/00219673
https://www.elsevier.com/locate/chroma
https://doi.org/10.1016/j.chroma.2023.464223
https://doi.org/10.1016/j.chroma.2023.464223
https://doi.org/10.1016/j.chroma.2023.464223
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2023.464223&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Chromatography A 1705 (2023) 464223

2

Peak tracking can also be useful for cases where the method is 
altered, but the sample is the same. A typical example is retention 
modeling, where analytes are studied under various conditions to use 
the retention data for the construction of retention models. Here, the 
mobile phase composition or temperature program can be intentionally 
changed [20–23]. Small retention time deviations due to repeatability 
issues can often be corrected using peak-alignment strategies [24–29]. 
However, when gradient programs are intentionally altered, peak 
alignment might be unsuccessful due to shifts that are too large to be 
properly corrected or due to shifts in retention order. For these cases, 
peak-tracking algorithms have been developed for both 1D [30–33] and 
2D [34,35] chromatography. What these peak-tracking algorithms have 
in common is that they only work for a limited number (typically 2 or 3) 
chromatograms, or work with a target chromatogram to which all other 
chromatograms are compared [36]. In the context of a routine appli-
cation of a method scientists may face large numbers of chromatograms 
for comparison and selecting a target chromatogram might introduce 
unintentional bias. Furthermore, when performing routine work in 
batch analysis, chromatograms which deviate from the others might be 
of interest. This can be challenging when each chromatogram can only 
be compared to a few others and consumes a lot of computational power 
if all peaks need to be tracked across all other chromatograms. 

In this paper, we describe a workflow to track peaks across numerous 
datasets that minimizes computational costs. The workflow leverages 
our earlier peak-tracking work for 1D liquid chromatography (LC) and 
gas chromatography (GC) [33], and the peak-tracking algorithm for 
comprehensive 2D-LC (LC×LC) and GC×GC [35]. These peak-tracking 
algorithms first create a list of likely candidates, then compare spec-
tral information and peak moments in both the total-ion current and the 
extracted-ion current to track peaks between two chromatograms. 
Subsequently, remaining unpaired peaks are compared to determine 
their positions on both chromatograms. Even though this work makes 
use of our own peak-tracking algorithms, the principles that are dis-
cussed here can be applied to other peak-tracking algorithms in both 1D 
and 2D separations. 

Performing peak tracking between all chromatograms requires a 
number of peak-tracking steps that increases exponentially with the 
number of samples. Computational problems that increase exponentially 
can rapidly become too expensive and time consuming. A linear increase 
in the number of tracing steps with the number of chromatograms is 
preferred, but a high accuracy within the data analysis step needs to be 
maintained. Here we propose a strategy to follow analytes over multiple 
chromatograms by linking all chromatograms to each other with a 
linear-increasing number of connections. Each analyte can be “fol-
lowed” between the chromatograms, however not all chromatograms 
have to be linked to each other. Two strategies are proposed, each with 
their own advantages and disadvantages. Lastly, it will be shown that 
the strategy for gradient optimization and the strategy for batch analysis 
will differ in making the most efficient use of computational resources 
on multiple industrial and academic samples differing in compound 
class, such as an antibody digest, wine volatiles, headspace of polymer 
granulates and mayonnaise. 

2. Experimental 

2.1. Experimental conditions 

2.1.1. Tryptic digest of a monoclonal antibody (mAb) 
Experimental conditions for the LC×LC separations of the mAb 

digest can be found in previous work [37]. 

2.1.1.1. Chemicals. A tryptic digest of an in-house produced IgG1 mAb 
was used. The mobile phase consisted of an aqueous solution (Milli-Q 
water, Billerica, MA, USA) of 10 mM ammonium bicarbonate (Sigma- 
Aldrich, St. Louis, MO, USA), pH 9.5, an aqueous solution of 10 mM 

phosphoric acid and acetonitrile (ACN, Chromasolv LC/MS grade). 

2.1.1.2. Instrumentation. The used LC modules were from the 1290 se-
ries from Agilent technologies (Waldbronn, Germany) coupled to a 
quadrupole-time-of-flight (Q-TOF) instrument (Agilent, model G6549A) 
equipped with the Agilent JetStream electrospray ionization source. In 
the 1D a Poroshell HPH C18 column (Agilent Technologies, 200 mm ×
2.1 mm, 2.7 µm dp) was used, in the 2D a custom column was packed 
with commercially available Zorbax Eclipse Plus C18 particles (20 mm 
× 2.1 mm, 1.8 µm dp). 

2.1.2. Wine volatiles 

2.1.2.1. Sample preparation. The divinybenzene/carboxen/poly-
dimethylsiloxane (DVB/CAR/PDMS) solid-phase micro extraction 
(SPME) fiber (Supelco, St. Louis, MO, USA) used was first conditioned 
for 30 min at 270 ◦C. A 20 mL vial containing 1 g of NaCl, 0.5 mL wine 
and 4.5 mL of deionized water spiked with 4-methyl-3-penten-2-one as 
an internal standard was pre-incubated for 5 min at 50 ◦C at an agitation 
speed of 250 rpm. The fiber was exposed in the headspace for 30 min at 
50 ◦C for the extraction of wine volatiles. Subsequently, the SPME fiber 
with extracted wine volatiles was immediately desorbed in the GC in-
jection port at 250 ◦C for 10 min. 

2.1.2.2. Instrumentation. The analysis of wine volatiles was performed 
on a Pegasus 4D GC×GC-TOFMS system (LECO Corporation, St. Joseph, 
MI, USA) equipped with a 7890A Agilent GC (Agilent Technologies, Palo 
Alto, GA USA) and Gerstel MPS2 autosampler (Gerstel GmbH & co. KG, 
Mülheim Van der Ruhr, Germany). A split/splitless injector was used at 
250 ◦C. Split injections were performed in triplicate analysis, with an 
additional splitless injection performed using a splitless time of 2 min. 
Helium was used as a carrier gas with split ratio 1:10 at a constant 
column flow rate of 1 mL⋅min− 1. The GC column configuration consisted 
of an Rxi-5Sil MS column (30 m × 0.25 mm internal diameter (i.d.) 0.25 
μm film thickness (df); Restek, Bellefonte, PA, USA) in the 1D, and 
aStabilwax (0.6 m × 0.25 mm i.d., 0.25 μm df ; Restek) in the 2D. 

2.1.2.3. Procedures. A dual stage cryogenic modulator (LECO) was used 
with a modulation period of 4 s, and hot and cold pulse times of 0.90 s 
and 1.10 s, respectively. A secondary oven temperature offset of +50 ◦C 
relative to the primary oven was used, while the offset temperature of 
the modulator relative to the secondary oven was +15 ◦C. High reso-
lution MS data using electron ionization at an ionization energy of 70 
eV. The acquisition rate was 120 Hz for a mass range of 40–520 m/z at an 
extraction frequency of 2 kHz. Tuning and mass calibration was per-
formed daily using perfluorotributylamine (PFTBA) with an acquisition 
delay of 180 s. 

2.1.3. Headspace of polymer granulates 

2.1.3.1. Chemicals. About 0.3 gram of polymer granulates (eight 
different batches), in a capped 20 mL headspace vial, were heated to 
50 ◦C for 30 min, while sampled by solid phase micro extraction (SPME) 
using a Supelco 65 µm Polydimethylsiloxane/Divinylbenzene (PDMS/ 
DVB) fiber, 23 Ga, autosampler, fiber. 

2.1.3.2. Instrumentation. All SPME-GC×GC–TOFMS analyses were car-
ried out on a Leco (St. Joseph, MI, USA) GC×GC 4D system equipped 
with an Agilent 7683 autosampler, a hot split/splitless injector and a 
Pegasus TOFMS. The 1D column was a 30 m × 0.25 mm i.d., 0.25 μm df 

Agilent VF1ms and the 2D column was a 2 m × 0.1 mm i.d., 0.2 μm df 

Agilent VF17ms. 

2.1.3.3. Procedures. After sampling the fiber was thermally desorbed in 
the GC inlet, which was set at 300 ◦C. A constant column flow of 1.2 
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mL⋅min− 1 of helium was used. The oven temperature was programmed 
from 50 ◦C which was held for 2 min to 280 ◦C which was held for 1 min, 
at a rate of 3 ◦C min− 1. The modulation time was 4 s, the offset +10 ◦C, 
and the hot pulse time was set to 1 s. The main TOFMS settings were set 
as follows: mass scan range was set to 15–600, acquisition rate 100 
spectra⋅s− 1, detector voltage 1700, ionization energy − 70 eV and ion 
source 200 ◦C. 

2.1.4. Mayonnaise 

2.1.4.1. Sample preparation. Different mayonnaise samples of the same 
brand with varying ‘best-before dates’ were purchased at local super-
markets. The sample were equilibrated for 15 min at 40 ◦C, after which 
the headspace was injected with a volume of 1 ml at a split ratio of 1:10. 

2.1.4.2. Instrumentation. The analysis was performed on a LECO 
GC×GC-TOFMS system (LECO Corporation, St. Joseph, MI, USA) 
equipped with an Agilent 6890 GC instrument (Agilent Technologies, 
Palo Alto, GA USA). Helium was used as a carrier gas at a constant 
column flow rate of 1.50 mL⋅min− 1. The GC column configuration 
consisted of StabilWax-DA (30 m × 0.25 mm i.d., 0.50 μm df ; Restek, 
Bellefonte, PA, USA) in 1D, and BPX35 (1.0 m × 0.1 mm i.d., 0.1 μm df ; 
Trajan, Ringwood, AU) in 2D. 

2.1.4.3. Procedures. The primary oven temperature program was: 25 ◦C 
for 2 min and then ramped up with 5 ◦C⋅min− 1 to a final temperature of 
235 ◦C for 6 min. Cryomodulation was used with modulation time of 2.5 
s with a hot pulse of 0.60 s and 0.65 s cool time between stages. A 
secondary oven temperature offset of +5 ◦C relative to the primary oven 
was used, while the offset temperature of the modulator relative to the 
secondary oven was +15 ◦C. 

2.1.5. mAb tryptic digest for 1D-LC 
Data from previous work [38] was used to make a comparison be-

tween the used strategies. Below follows a summary of experimental 
conditions. Sample preparation can be found in prior work [37]. 

2.1.5.1. Chemicals. The sample consisted of a monoclonal-antibody 
digest by trypsin. The mobile phase consisted of an aqueous solution 
(Milli-Q water, 18.2 MΩ⋅cm, from a Arium 6111UV, Sartorius, Ger-
many) of 0.1% formic acid (reagent grade ≥ 95%, Sigma-Aldrich, 
Darmstadt, Germany) and the modifier consisted of ACN (LC-MS 
grade, Bisolve, Valkenswaard, The Netherlands). 

2.1.5.2. Instrumentation. The used instrument was an Agilent Infinity II 
2D-LC System, with a binary pump (G7120), a Jet Weaver V35 mixer 
(G7120–68,135), an autosampler (G4226A), a column oven (G7116B) 
and a Q-TOF mass spectrometer (G6549A, MS). A Poroshell HPH–C18 
(693,675–702, 150 mm × 2.1 mm, 1.9 µm dp) was column used for all 
experiments. 

2.1.5.3. Procedures. Three scouting gradients were programmed to 
start with φ = 0.02 to φ = 1.00 in 30, 20 and 10 min respectively. The 
nine other gradient profiles were calculated by the automated method- 
development protocol using 5 gradient steps to provide improved 
separations. 

2.2. Data processing 

The entire algorithm was written using MATLAB 2020b (Mathworks, 
Natick, MA, USA) for the in-house open access “Multivariate optimiza-
tion and refinement program for efficient analysis of key separations 
(MOREPEAKS)” [39]. Raw MS data were converted into .mz5 format by 
ProteoWizard 3.0.19202 64-bit [40], peak detection was performed 
with the two-step algorithm by Peters et al. [13]. The algorithm was 

adjusted to loop through the highest abundant m/z values until 80% of 
the total-ion-current was explained. Subsequently, peaks at the same 
position but with different m/z values were merged. 

3. Results & discussion 

3.1. Connection strategies 

Tracking all peaks across all chromatograms can induce an expo-
nential computational problem as the number of chromatograms in-
creases. Each comparison can be envisaged as a link between 
chromatograms which corresponds to a computation. When all chro-
matograms in a dataset are compared with each other, then all chro-
matograms are linked. This can be described as C = 1

2 n ∗ (n − 1), with C 
the needed number of connections and n the number of chromatograms. 
Indeed, the number of connections, and thus computations, exponen-
tially increases with increasing n. The exponential increase in demand of 
computational resources rapidly limits the number of included chro-
matograms in an assessment. Transforming this exponential increase 
into a linear demand on computational resources thus allows data to be 
processed in a more efficient manner. In the present work we thus 
propose two linking strategies that still allow peaks to be tracked across 
all chromatograms, yet offer a linear increase in computational resource 
demand proportional to n. These linking strategies focus on limiting the 
number of required connections or links for each chromatogram. 

The linking strategies could be compared to a game of whispers. 
Players 1 and 2, or chromatograms 1 and 2, tell each other the locations 
of their peaks, and player 2 also exchanges their peak locations with 
player 3. Now player 2 knows how to relate the peaks from player 1 to 
the peaks of player 3, even though players 1 and 3 never exchanged their 
peak locations. However, just as in a game of whispers, some chro-
matograms might provide little or incorrect information to the others. 
Therefore, we propose that each chromatogram doesn’t communicate 
with just two other chromatograms but with at least three other chro-
matograms. The number of links however, can be provided as an input to 
the algorithm. This minimizes the risk that one divergent (i.e. missing or 
co-eluting peaks) chromatogram interrupts the loop. Although if it is 
certain no chromatograms are divergent, then just two connections per 
chromatogram could be sufficient. These strategies would provide a 
linear computational need with C =

⌈1
2 L . n

⌉
where L is the number of 

links for each chromatogram {L | L ∈ N, L ≥ 2}. In the case of an un-
even number of links and chromatograms, the number needed is 
rounded up since half connections cannot be made. This linear formula 
works for any number of chromatograms higher than {n | n ∈ N, n > L}. 
When n is equal to or lower than L, fewer connections are needed as each 
chromatogram is already compared with all other chromatograms. To 
illustrate, if L equals 3, five connections cannot be created without 
making double connections if only three chromatograms are present (#1 
to #2, #2 to #3 and #1 to #3). Fig. 1 shows the number of connections 
needed for the linear cases with three, four and five links per chro-
matogram, the exponential case and a cumulative case, which will be 
discussed in Section 3.1.2. 

When all connections are made, the algorithm will combine the in-
formation provided by each individual pairing connection into one peak 
table. To achieve this, the algorithm adds the first results to a peak table. 
Then it will loop though all remaining results and for each peak in each 
results set it checks if the peak is already present in the peak table 
(comparing retention times and chromatogram number). If the peak is 
already present, the peak and its match on the other chromatogram are 
combined with the peak table. In the case the match is also found at a 
different location in the peak table, both groups are combined to one. If 
both peaks are not present in the peak table, they are added as a new 
entry in the peak table (for graphical representations please refer to 
Supporting Information Section S-1). 

The algorithm stores all entries and their relationships. In case 
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contradictory information is available (e.g. a peak has been paired to 
different peaks in another chromatogram through different connec-
tions), the algorithm checks all entries to find the most common peak 
and as a final result will provide the most common (and thus the most 
likely) match. When both possibilities are just as likely (i.e. same number 
of matches), it is assumed there are co-eluting peaks, and the peak will 
appear as different entries in the peak table with equal retention times, 
except for the divergent peaks. 

3.1.1. Semi-randomization strategy for batch analysis 
When creating the network of connections, it is crucial to not create 

multiple clusters of datasets that are not connected to each other. 
Therefore, a semi-randomization strategy was selected. In principle, 
each chromatogram is connected to its neighbor creating a loop (Fig. 2A, 
black dotted line). This adds two connections to each chromatogram. 
Thereafter, depending on the number of links required, all other con-
nections are made as random crosslinks within the loop. Double con-
nections are not allowed. If L and n are odd, one chromatogram is 
randomly chosen that will have an extra connection. When all connec-
tions are determined, peak tracking can be performed by parallel 

computing. Parallel computing can then significantly decrease compu-
tational time. 

Fig. 2A shows an example with L = 3 and n = 6 while Fig. 2B shows 
the case where all chromatograms will be compared to all others. The 
cumulative strategy in Fig. 2C will be explained in Section 3.1.2. Fig. 2 
shows that chromatogram #3 represents a dataset in which no infor-
mation, about at least one peak, can be extracted (e.g. at least one peak is 
not detected, and thus not tracked in this chromatogram). However, all 
three strategies still provide paths of connections to maintain an intact 
network. While the network is intact, information from e.g. chromato-
gram #2 to chromatogram #4 can still be passed along through chro-
matogram #1, even though there is no direct connection in Fig. 2A and C 
between these chromatograms #2 and #4. 

3.1.2. Cumulative strategy for automated method-development 
Recently, we introduced a workflow for the automated method- 

development in 1D-LC [38]. This strategy relied heavily on the ability 
to perform accurate retention modeling by iterative feedback (i.e. pre-
dicting and measuring a better separation based on formerly obtained 
results). Consequently, there is a need to accurately track peaks across 
all chromatograms and not just across two or three chromatograms. In 
that work, we solved this by appointing a target chromatogram of which 
the highest resolution was expected and tracking peaks across all other 
chromatograms to this target chromatogram. This required to track 
peaks across all chromatograms yet again, when a new target chro-
matogram was chosen. This method required a lot of computational 
power due to the re-track step. However, it also introduced the risk of 
choosing a chromatogram as target even though the separation per-
formed poorly, possibly leading to poor peak-tracking. 

The batch strategy described in Section 3.1.1 cannot address this 
problem, because the chromatograms are not produced simultaneously. 
Each iteration of the workflow provides one more chromatogram that 
needs to be processed. Then, its peaks are added to the retention tables 
that contain data from the other chromatograms that have already been 
analyzed. Thus, a peak-tracking strategy where each chromatogram is 
linked to two randomly selected previous chromatogram is more suit-
able. This strategy has several disadvantages, namely it (i) has an 
approximately equal cost efficiency compared to the batch strategy with 
four links (C = 2n − 3 vs C = 2n, see Fig. 1), (ii) cannot be performed in 
parallel for more than two calculations at the same time and (iii) creates 
the possibility that some chromatograms have a large number of con-
nections. However, it does add the strong advantage of continuing data 
analysis even as subsequent chromatograms are being recorded. Fig. 2C 
shows an example of adding connections for up to 6 chromatograms. 

3.2. Peak-tracking results for samples from industrial and academic 
laboratories 

The peak-tracking workflow has been tested on four different sam-
ples containing compounds from different classes. First the batch strat-
egy is applied with three and five links to 29 replicates of a LC×LC 
separation of peptides from a monoclonal antibody to determine if more 
links provide a more accurate assessment. Afterwards, GC×GC separa-
tions of samples from industrial and academic laboratories are evalu-
ated. Lastly, the cumulative strategy is applied to LC-MS data from 
previous work [38] to determine if the strategy is a viable alternative to 
the target-chromatogram strategy. 

3.2.1. Monoclonal-antibody digest: 29 LC×LC-HRMS separations 
Initially, the proposed algorithm was tested on 29 LC×LC–HRMS 

separations of a mAb digest. If all chromatograms are compared to each 
other, this would result in 406 connections (i.e. computations) that need 
to be processed. These measurements were approximately 120 min long, 
resulting in datafiles that required about 10GB of memory. A high-end 
commercially available data processing computer was used, which 
required roughly 8 min to load in a chromatogram. Peak tracking would 

Fig. 1. The required number of connections to compare chromatograms when 
each set is compared to all available other chromatograms (purple), the cu-
mulative strategy (yellow), with three links (blue), four links (red), or five links 
(green). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 2. Different clustering strategies. Chromatogram #3 (red) represents a 
dataset where something went wrong, and thus connections with chromato-
gram #3 don’t provide information about at least one peak. However, following 
other connections still creates an intact network (green). A) Batch strategy: 
Each chromatogram is connected to the next, creating a loop indicated with the 
black dotted line, and then random cross connections are made within the loop. 
B) Complete strategy: All chromatograms are connected to all others. C) Cu-
mulative strategy: Every new chromatogram is connected to two randomly 
selected chromatograms. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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require two chromatograms to be loaded in and then 8 to 10 min to be 
able to track peaks between the two chromatograms. This would result 
in a processing time in the order of 160–175 h of computations. 
Evidently, parallelization will reduce the needed time, but paralleliza-
tion is limited by internal memory (≈20 GB per set). Utilizing the batch 
strategy, the number of connections needed would result in 44 con-
nections for three links (≈9 fold gain in efficiency), 58 connections for 
four links (≈7 fold gain in efficiency), or 73 connections for five links 
(≈6 fold gain in efficiency),. First, we ran the algorithm with three links 
per chromatogram and with five links per chromatogram to assess dif-
ferences in performance (i.e. percentage of chromatograms the peaks 
were tracked in). Figs. 3 and 4 and Table 1 show the peak-tracking re-
sults for three links and five links, respectively. The figures show all the 
peaks that were found in at least 25% of the chromatograms. A large 
fraction of the peaks (40% and 41% for three and five links, respectively) 
were found in less than 25% of the chromatograms. A large number of 
this latter group of peaks (66% and 59%, respectively) featured a unique 
dominant m/z value exclusive to just that chromatogram and were thus 
not detected in the other chromatograms (See Figure S-5 and S-7 in 
Supporting Information Section S-2). Since they were not detected in 
any other chromatogram, they could not be tracked to any other chro-
matograms, and therefore could not to be back-tracked through the 
tracking network. Investigation into all peaks that were tracked in less 
than 25% of the cases, showed that they were trace analytes that often 
were not abundant enough to have a dominant m/z value above the 
background signal and were discarded as noise in most chromatograms. 

Fig. 5 shows the performance versus the maximum signal-to-noise 
ratio (S/N) when five links were used. Note that the maximum S/N is 
used, so in many chromatograms the S/N was even lower than the value 
provided in Fig. 5. Of the 103 peaks that were tracked in less than 25% of 
the chromatograms, 93 (90%) had a maximum S/N of less than 20 and 
74 of the peaks (72%) even had a S/N ratio below 4. Peak detection is 
the bottleneck in the performance of the proposed algorithm, as ex-
pected. If peaks were not abundant enough to be detected robustly, the 
peak-tracking algorithm was unable to compensate for this. For these 
calculations the noise level and average baseline were estimated in the 
first 5 min of the chromatograms. All chromatograms with peak-tracking 
results, including those that were tracked in less than 25% of the chro-
matograms, and the tracking network are shown in Supporting Infor-
mation Section S-2. 

Table 1 shows the results obtained when tracking with three or five 
links. It is most notable that more trace analytes were tracked when 
more links were utilized. Whereas five links required more connections, 
the number of different peaks that were tracked in at least 25% of the 

chromatograms remained equal (134). However 15 more trace analytes 
were tracked in less than 25% of the chromatograms. This is due the 
nature of the peak-tracking algorithm. When comparing two chro-
matograms, the algorithm will actively search for analytes that are 
found in at least one of the chromatograms. However, when two chro-
matograms are not directly linked to each other, the algorithm has no 
way of knowing to look for newly found peaks in the other chromato-
grams. Thus, more connections result in more active searches for some 
trace analytes. This is also reflected in the total coverage of the peaks 
that are tracked in more than 25% of the chromatograms. There is a 3% 
higher coverage (i.e. percentage of possible peak relations across all 
chromatograms) compared to the results with three links. In total 3412 
peak relations were made across all 29 chromatograms when utilizing 
three links, and 3913 peak relations were made utilizing five links. This 
translates to 9% increase in the total number of peak relations (299, of 
which 117 in the below 25% region), while the computational cost 
increased by 66%. A user can determine if the small increase in peak 
coverage is worth the extra computational cost. Since the other datasets 
discussed in this paper were relatively small, we chose to proceed using 
just three links in each case. 

3.2.2. Wine volatiles: four GC×GC-HRMS separations 
The algorithm was further tested on four GC×GC–HRMS separa-

tions of wine volatiles. In the case of four chromatograms, the maximum 
links per chromatogram is three, with six connections in total. The 
separations were performed in triplicate in split mode, with one addi-
tional analysis performed in splitless mode. As a consequence, the fourth 
chromatogram showed higher intensities for most analytes, but over-
loading may occur for this analysis, affecting peak shape. Statistical 
moments of the peaks in chromatogram #4 can therefore not be reliably 
compared to the other chromatograms, and the peak-tracking algorithm 
relies more on the m/z information. However, the higher intensities in 
chromatogram #4 mean that more peaks were clearly visible. Peaks that 
had a too-low intensity on chromatograms #1–3 could therefore still be 
tracked, as they were found in chromatogram #4 and thus the peak- 
tracking algorithm actively searched for those low intensity peaks in 
the other chromatograms. Fig. 6 shows the peak-tracking results of the 
four wine volatile samples. In total 183 peaks were tracked in the four 
chromatograms. However, 27 of these peaks had an exact m/z value of 
68.9947 Da, corresponding to the base peak ion of the PFTBA mass 
calibrant, which was infused throughout the analysis to ensure mass 
accuracy. Therefore, peaks with this m/z were removed from the 
candidate lists, leaving 144 different peaks that were tracked in the four 
chromatograms, resulting in 464 peak relations with a coverage of 80%. 

Fig. 3. Tracking results of 29 LC×LC–HRMS repeats of the antibody digest with L = 3 (C = 44). If a coordinate is filled in, the indicated peak was tracked in the 
corresponding chromatogram. If a coordinate is left blank, the peak was not tracked in the chromatogram. The color scale in the right-most column indicates the 
percentage of the chromatograms the peaks were found in. 
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As expected due to the higher intensities, most peaks (137) were tracked 
in chromatogram #4. All chromatograms with peak-tracking results are 
shown in Supporting Information Section S-3. 

3.2.3. Headspace of polypropylene granulates: eight GC×GC–MS 
separations 

The headspace of polypropylene granulates samples was measured 
by GC×GC–MS in centroid mode. Thus, less specific information about 
each peak is available. Many peaks (> 60%) were detected with a m/z of 
28 Da. This is mostly the background signal from the carrier gas (N2). 

Looking at the chromatograms (Supporting Information Section S-4) 
there is a large section at the column dead time with a high intensity. 
Therefore, all peaks with an abundant m/z of 28 Da were deleted from 
the candidate lists. This could mean that analytes with the same m/z (e.g. 
ethylene, C2H4) or present at only trace amounts (i.e. the background m/ 
z is most abundant) could be removed unintentionally. Furthermore, 
centroid data results in more computation need during peak tracking, as 
more options are available. Especially in separations where many ana-
lytes containing C, H, O and N are present, the algorithm has to rely 
more on peak moments and needs to compare them with extra 

Fig. 4. Tracking results of 29 LC×LC–HRMS repeats of the antibody digest with L = 5 (C = 73). If a coordinate is filled in, the indicated peak was tracked in the 
corresponding chromatogram. If a coordinate is left blank, the peak was not tracked in the chromatogram. The color scale in the right-most column indicates the 
percentage of the chromatograms the peaks were found in. 

Table 1 
Tracking performances of three links and five links.  

L C Coverage (%) Number of peaks Unique m/z Peaks with performances below 25% Unique m/z below 25% performance Coverage above 25% performance 

3 44 53 222 65 88 58 80 
5 73 54 250 79 103 62 83  

Fig. 5. A) Percentage of chromatograms a peak was tracked in, i.e. performance, versus the maximum signal to noise ratio over all 29 chromatograms. Of all 
datapoints with a performance less than 25%, 90% have a signal-to-noise ratio of less than 20 as indicated by the red dashed square. 72% of them have a maximum 
signal-to-noise ratio of less than 4, as indicated by the purple line. B) Zoom in of the red square. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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candidates. For example, carbon dioxide (CO2), acetaldehyde (C2H4O) 
and nitrous oxide (N2O) all have a centroid m/z of 44 Da (i.e. isobars 
with m/z 44 Da). When comparing chromatograms where these com-
pounds are present, the statistical moments of all these peaks need to be 
compared. When using HRMS, these isobars are represented with 
different exact m/z values (43.9898 Da, 44.0262 Da and 44.0011 Da 
respectively), and are therefore more easily distinguished from each 
other. With larger compounds, the number of isomers is already large, 
but the number of possible candidates becomes even larger if isobars are 
taken into account. Thus, the computational cost is higher when per-
forming peak tracking on centroid data. 

The results of the batch tracking strategy are shown in Fig. 7. Dif-
ferences can clearly been seen, most clearly when comparing chro-
matogram #2 and #8 to the others. Differences were expected, as eight 
different batches were compared to each other. In total 218 peaks were 

tracked, resulting in 1256 peak relations (72% of the possible relations). 
All chromatograms with peak-tracking results and the tracking network 
are shown in Supporting Information Section S-4. 

3.2.4. Mayonnaise: 12 GC×GC–MS separations 
The headspace of two different brands of mayonnaise at varying 

“best-before dates” were analyzed with GC×GC–MS. Fresh samples, 
samples at the middle of their respective end-dates and samples that 
were at the end of their best-before date were measured in duplicate for 
both brands. Fig. 8 shows the peak-tracking results from all samples. The 
samples are shown in order: Twice fresh brand A (#1, 2), twice mid- 
point brand A (#3, 4), twice end-date brand A (#5, 6), then twice 
fresh brand B (#7, 8), twice mid-point brand B (#9, 10) and finally twice 
end-date brand B (#11, 12). 

As with the polypropylene headspace analyses, centroid mass data 
were provided in this case as well. Even though analytes signals were 
more intense compared to the background than in the polypropylene 
headspace analysis, many trace analytes were not abundant enough to 
have a dominant m/z above the background signal. This again requires 
better peak detection for 2D chromatography that utilizes the mass 
domain to distinguish these trace analytes from the background. Due to 
the fragmentation patterns however, the peak-tracking is still able to 
track peaks correctly, as the mass spectra are distinctive from each 
other. In total 106 peaks were tracked over the 12 chromatograms, 
resulting in 3995 peak relations (82% of the area filled). Fewer peaks 
were tracked with increasing sample age (most notably in chromato-
grams #10 and #11). This could be because these particular analytes 
decreased in concentration with age of the sample, and thus “dis-
appeared” into the detector baseline. All chromatograms with peak- 
tracking results and the tracking network are shown in Supporting In-
formation Section S-5. 

3.2.5. Cumulative strategy for automated method-development for 1D- 
LC–HRMS of a monoclonal-antibody digest: 12 LC measurements 

As an alternative to comparing each chromatogram to a target 
chromatogram during automated method-development, the cumulative 
strategy was tested. A set of 12 LC–HRMS chromatograms from previ-
ous work [38] were added to the tracking cluster one by one. This is in 
contrast to the results in Sections 3.2.1 to 3.2.4, where all chromato-
grams were added to the cluster at once. In our prior work with this 
dataset, all chromatograms were first compared to scanning 

Fig. 6. Tracking results of 4 GC×GC–HRMS separations of the wine volatiles 
(C = 6). If a coordinate is filled in, the indicated peak was tracked in the cor-
responding chromatogram. If a coordinate is left blank, the peak was not 
tracked in the chromatogram. The color scale in the right-most column in-
dicates the percentage of the chromatograms the peaks were found in. 

Fig. 7. Tracking results of eight GC×GC–MS separations of the headspace of 
polypropylene granulates with L = 3 (C = 12). If a coordinate is filled in, the 
indicated peak was tracked in the corresponding chromatogram. If a coordinate 
is left blank, the peak was not tracked in the chromatogram. The color scale in 
the right-most column indicates the percentage of the chromatograms the peaks 
were found in. 

Fig. 8. Tracking results of 12 GC×GC–MS separations of mayonnaise with L =
3 (C = 18). If a coordinate is filled in, the indicated peak was tracked in the 
corresponding chromatogram. If a coordinate is left blank, the peak was not 
tracked in the chromatogram. The color scale in the right-most column in-
dicates the percentage of the chromatograms the peaks were found in. 
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chromatogram #1. Then, after the first calculation of an ideal separa-
tion, all subsequent chromatograms were compared to target chro-
matogram #4. After five additional iterations, it was expected to have 
found conditions yielding a better separation and all subsequent chro-
matograms were compared to target chromatogram #9. 

Fig. 9 shows the peak-tracking results of the cumulative strategy 
compared to the obtained tracking results from the previous work using 
target chromatograms. Note that there are a different number of total 
peaks tracked per plot as indicated in the y-label of the plots. When the 
separation improves, it is expected to detect more peaks in a chro-
matogram and thus more peaks can be tracked. Furthermore, chro-
matograms #1, 4 and 9 show that all tracked peaks are present within 
those chromatograms in Fig. 9B to 9D, respectively. This is of course 
expected as all other chromatograms were compared to these target 
chromatograms in the target-chromatogram approach. All chromato-
grams with peak-tracking results from the cumulative strategy and the 
tracking network are shown in Supporting Information Section S-6. 

Table 2 shows the performance of the cumulative strategy compared 
to the previous target-chromatogram results. The cumulative strategy 
resulted in 39 more total peaks tracked compared to the target- 
chromatogram results of all 12 chromatograms and 160 more peak re-
lations (1328 and 1168). Furthermore, on average 13.33 more peaks 
were tracked in each chromatogram. Compared to the target- 
chromatogram strategy, the cumulative strategy is less reliant on the 
peaks detected in one chromatogram. Thus, it is not surprising more 
peaks were detected and thus tracked using the cumulative strategy. 
However, peaks that were tracked are on average found in 1.30 less 
chromatograms compared to the target-chromatogram strategy. Thus, 
average performance (i.e. percentage of chromatograms it was tracked 
in) per peak decreased. In the previous work, a target chromatogram 

was selected where the separation would be expected to be optimal, 
while the cumulative strategy selects a random chromatogram. This 
selected chromatogram can be one with a worse separation and thus 
peaks can be tracked less reliably. In the context of automated optimi-
zation however, peaks only have to be found in a few chromatograms for 
retention modeling to be possible. More tracked peaks reflect a better 
understanding of the sample and thus a possibility to achieve a better 
optimal separation. It can therefore be debated if it is preferred to track 
more peaks, than to track peaks with a higher accuracy. Fig. 10 shows 
the total number of tracked peaks per tracking step. Here it can be seen 
that after four chromatograms, the cumulative strategy starts to 
outperform the target-chromatogram strategy. 

4. Conclusion 

A more computationally efficient strategy for tracking peaks across 
numerous chromatograms was developed. In contrast to tracking all 
peaks across all chromatograms, the strategy requires a linear compu-
tational cost to the number of datasets. The algorithm was tested with 
different samples from industrial and academic laboratories that 
represent different compound classes. 

In the largest dataset of 29 LC×LC–HRMS replicates of a mAb digest, 
a substantial number of peaks (40%) were tracked in less than 25% of 
the chromatograms. This was due trace analytes that were rarely 
detected above the background signal. Given the fact that this entire 
algorithm hinges on the success of peak detection, it is important to 
investigate whether other peak-detection strategies would improve the 
peak tracking. In this light, the recent development of a region of 
interest-multivariate curve resolution based strategy for peak detection 
is of high interest [41]. More links between chromatograms did not 

Fig. 9. Comparison of tracking results from 12 LC–HRMS separations of the mAb digest obtained with the cumulative strategy (C = 21) and comparing all 
chromatograms to one target chromatogram. Total numbers of tracked peaks are indicated in the y-labels, the numbers of tracked peaks per chromatogram are 
indicated between brackets in the x-labels. A) Tracking results of all 12 chromatograms using the cumulative strategy. B) Tracking results of the first 3 chro-
matograms with target chromatogram #1. C) Tracking results of the first eight chromatograms with target chromatogram #4. D) Tracking results of all 12 chro-
matograms with target chromatogram #9. 
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reduce the number of peaks that were found in less than 25% of the 
chromatograms, but did slightly improve the performance (i.e. number 
of chromatogram in which the peak was tracked) for those above this 
threshold. The computational need, however, grew more substantially 
than the performance with an increasing number of links, and thus a 
user can decide if the improvement in accuracy is worth the additional 
computational need. 

Centroid MS data increased the algorithm’s computational need 
considerably. As a result of isobars within the sample, the algorithm had 
to compare more possible candidates compared to data where the exact 
mass of the analytes is measured (i.e. high resolution MS). The centroid 
mass data depended on fragmentation patterns to be accurately tracked, 
which provides more (albeit less accurate) information to the peak- 
tracking algorithm. Due to the fragmentation however, the most abun-
dant m/z is often not representative of the molecular weight, but for the 
most stable fragment. If this fragment is an isobar of the most abundant 
background m/z, there is a possibility that the peak is unintentionally 
removed from candidate lists by the algorithm. 

Finally, the cumulative strategy was tested for the use in automated 
method-development. Automated method-developed required a 
different strategy, since chromatograms are acquired sequentially dur-
ing the development process, and thus are not all available initially for 
simultaneously processing. The cumulative strategy resulted in a 
quicker assessment of the number of peaks present within the samples, 
but was slightly less accurate in tracking those peaks over all chro-
matograms compared to the target-chromatogram strategy. 
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