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In Brief
Data-independent acquisition
(DIA)has revolutionized mass
spectrometry–based proteomics
by yielding unbiased, high-
accuracy, and reproducible data.
This review evaluates the
capabilities and challenges of
leading DIA analysis software
tools as well as the latest DIA
method developments and
discusses their critical role in
advancing clinical and biological
research.
Highlights
• Overview of historical developments and key advancements in DIA strategies.

• Summary of key DIA aspects: PTM analysis, statistical analysis, and clinical applicability.
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PERSPECTIVE
Data-Independent Acquisition: A Milestone and
Prospect in Clinical Mass Spectrometry–Based
Proteomics
Klemens Fröhlich1,‡ , Matthias Fahrner2,3,‡ , Eva Brombacher4,5,6,7,
Adrianna Seredynska2,3,7, Maximilian Maldacker2,7 , Clemens Kreutz4,5 ,
Alexander Schmidt1, and Oliver Schilling2,3,*
Data-independent acquisition (DIA) has revolutionized the
field of mass spectrometry (MS)-based proteomics over
the past few years. DIA stands out for its ability to sys-
tematically sample all peptides in a given m/z range,
allowing an unbiased acquisition of proteomics data. This
greatly mitigates the issue of missing values and signifi-
cantly enhances quantitative accuracy, precision, and
reproducibility compared to many traditional methods.
This review focuses on the critical role of DIA analysis
software tools, primarily focusing on their capabilities and
the challenges they address in proteomic research. Ad-
vances in MS technology, such as trapped ion mobility
spectrometry, or high field asymmetric waveform ion
mobility spectrometry require sophisticated analysis
software capable of handling the increased data
complexity and exploiting the full potential of DIA. We
identify and critically evaluate leading software tools in the
DIA landscape, discussing their unique features, and the
reliability of their quantitative and qualitative outputs. We
present the biological and clinical relevance of DIA-MS
and discuss crucial publications that paved the way for
in-depth proteomic characterization in patient-derived
specimens. Furthermore, we provide a perspective on
emerging trends in clinical applications and present up-
coming challenges including standardization and certifi-
cation of MS-based acquisition strategies in molecular
diagnostics. While we emphasize the need for continuous
development of software tools to keep pace with evolving
technologies, we advise researchers against uncritically
accepting the results from DIA software tools. Each tool
may have its own biases, and some may not be as sen-
sitive or reliable as others. Our overarching recommen-
dation for both researchers and clinicians is to employ
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approaches to enhance the robustness and reliability of
their findings.

From the detection of posttranslational modifications
(PTMs) to the measurement of protein stoichiometry, mass
spectrometry (MS)-based proteomics is a powerful tool to
answer a plethora of different questions related to proteins (1).
Due to their low cost, straightforward sample preparation, and
scalability, label-free approaches have been popular in
quantitative proteomics for decades. In label-free proteomics
experiments, data can either be acquired using data-
dependent acquisition (DDA) or data-independent acquisition
(DIA).
In DDA, following peptide separation by the liquid chroma-

tography system, peptides are ionized and a survey scan
(MS1) is performed. After this survey scan, usually the n top
abundant m/z signals are isolated and fragmented and their
respective fragment spectra (MS2) are recorded. As relative
protein abundances may vary between samples, stochastic
sampling often occurs, leading to missing values. Additionally,
quantitation is restricted to the area under the curve of MS1
scans or spectral counting. The great advantage of DDA is the
low complexity of the resulting fragment spectra and over the
years multiple tools have been developed to not only perform
standard proteome searches but also searches with large
search spaces, such as PTM searches, semispecific, or un-
specific searches or even open searches (2–4).
In DIA, fragment spectra are recorded in a predefined

acquisition scheme (5–8). While MS1 scans can be performed
optionally, they do not impact the fragmentation spectra
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DIA: A Milestone and Prospect in Clinical MS-Based Proteomics
recorded during the data acquisition. As the whole mass range
of interest shall be covered (usually between 400 and up to
1200 m/z), wider isolation windows have to be employed as
compared to DDA, resulting in higher fragment spectra
complexity and necessitating elaborate analysis software and/
or the usage of spectral libraries. In recent years, DIA has
gained momentum and is slowly replacing DDA methods for
many applications, as coverage and quantitative precision of
DIA methods often supersede classical DDA methods and
circumvent stochastic sampling during measurement (8–11).
The consistent acquisition scheme in DIA yields fewer

missing values across multiple measurements, for example, in
cohort studies, which in turn enhances statistical power.
Furthermore, as compared to isobaric labeling approaches,
where missing values are also negligible, DIA leads to the
sample-specific assignment of precursor, peptide, or protein
identification confidence, allowing the investigation of
extremely heterogeneous samples in one experiment (e.g.,
knock out) (12).
Historically, the generation and analysis of DIA-type

proteomics data have been challenging due to the
increased complexity of fragment spectra as compared to
DDA. For most DIA analyses, mass spectrometers require a
high-resolution mass analyzer in combination with a quad-
rupole to detect fragment ions at a high speed. TOF and
Orbitrap instruments were therefore often used in combi-
nation with long gradients. Recently, there have been
fascinating developments in the field of MS concerning the
ability of mass spectrometers to acquire DIA data. While the
general speed of mass spectrometers increased over the
past decade for both Orbitrap and TOF instruments, addi-
tional inventions such as trapped ion mobility spectrometry
(TIMS) and high-field asymmetric waveform ion mobility
spectrometry (FAIMS) have substantially improved the
range of possible applications of DIA (13, 14). As the speed
of mass spectrometers increases, the isolation width of
fragmentation windows in DIA approaches the same width
as windows employed in classical DDA experiments (e.g.,
2 m/z) (15).
As for the analysis of DIA-type data, often laborious library

generation had to be performed in the past before DIA data
could be analyzed (8, 16). Spectral libraries were often
generated employing DDA runs (offline prefractionation) or
gas-phase fractionation (GPF). This step can nowadays be
circumvented, as numerous strategies have been described to
directly search the DIA data, for example, by generating
pseudo-MS2 spectra, which can be searched using conven-
tional DDA analysis tools, or by using predicted libraries
(17–19). Such predicted libraries enable unbiased and repro-
ducible data analysis, which is required for individual samples
such as in clinical applications. Furthermore, predicted li-
braries promote projects for which project- and sample-
specific libraries are not feasible due to limited sample
amounts and measurement time.
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In this review, we want to present an overview of current DIA
analysis software tools regarding their capabilities, limitations,
and reliability. Additionally, we present the latest de-
velopments in instrumentation as this greatly influences the
analysis software and the potential biological and clinical
relevance of the interplay between LC-MS/MS instrumenta-
tion, DIA methods, and analysis software. We conclude with
some perspectives and emerging trends in the field of DIA-
based proteomics.
DEVELOPMENT OF DIA

The advancement of DIA methodologies has undergone
significant acceleration over the past 2 decades alongside
rapid progression in both instrumental technologies and
software tools. The advent of DIA-evolution lies in one of the
first conceptualizations by Purvine et al. in 2003, which
introduced the one-shot collision-induced dissociation of all
peptides over the whole mass range as an alternative to serial
fragmentation, termed shotgun collision-induced dissociation
(5). In this, the whole MS duty cycle is being utilized and was
later commercialized by Waters Corporation on QqTOF in-
struments as MSE. MSE enabled absolute label-free quantifi-
cation by inducing fragmentation of precursor ions across the
full spectrum in a single chromatographic run due to the
simultaneous acquisition of both low and high collision energy
scans (6). An increase in resolution and sensitivity was then
achieved by leveraging the potential of ion mobility-dependent
fragmentation in Synapt HDMS and UDMSE instruments (20,
21). Parallely, Geiger and colleagues introduced all-ion frag-
mentation (AIF) in 2010, which utilized higher-energy colli-
sional dissociation fragmentation (22). AIF was originally
designed for Orbitrap detectors, debuting in Thermo's Exac-
tive model, which omitted mass filtering by excluding the
quadrupole (21). Later on, wide-window scans, including the
iterative isolation of precursors from windows of >10 m/z
enabling slicing through the mass range replaced the detec-
tion of all ions in one shot (Fig. 1A) (23, 24).
While simultaneous low and high-energy approaches laid

the foundations for MSE and AIF, another paradigm emerged
with stepwise isolation fragmentation. In the early proof-of-
concept work, Venable et al. introduced the term DIA. This
targeted approach involved the sequential isolation and frag-
mentation of precursor ions in a linear ion trap and allowed the
detection of less than 250 proteins (23).
Since then, DIA has evolved to encompass innovative

strategies that provide enhanced proteome coverage, repro-
ducibility, increased sensitivity, and quantitative accuracy. An
exemplar of this progress is the parallel accumulation serial
fragmentation ion chromatography method, introduced in
2009 by Panchaud et al., which systematically pursued a
comprehensive interrogation of MS2 scans across a givenm/z
range, benefiting from parallel ion accumulation (7). However,
the scans had to align with the chromatographic peak



FIG. 1. Key principles and developments toward state-of-the-art DIA-MS. A, most common isolation window schemes in DIA-MS. B,
implementation of DIA-MS over time on different instrument platforms and their usage approximated by citations in Google Scholar. C,
schematic overview of state-of-the-art MS instruments with their respective key developments and features highlighted in bold text. The ion flux
through the respective ion optics is depicted as a red line with the direction from left to right. D, state-of-the-art DIA-MS strategies based on
respective key features of each instrument type. DIA, data-independent acquisition; IM, ion mobility; MS, mass spectrometry.
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retention time (RT), necessitating multiple injections of the
same sample and thereby demanding a considerable amount
of instrument time.
Further improvements in mass spectrometers with faster

acquisition time and duty cycle led to more recent de-
velopments of new DIA strategies such as sequential win-
dow acquisition of all theoretical fragment ion spectra MS
(SWATH-MS), introduced in 2012 by Gillet et al., where the
DIA method is extended to include a targeted data extrac-
tion strategy. SWATH-MS was originally widely used on
SCIEX quadrupole-TOF instruments (Fig. 1B). Distinctive to
other approaches, it integrates the advantages of both DDA
and DIA for the simultaneous detection and quantification of
proteins. The library of spectra was pregenerated in
advance in DDA mode, while in a distinct DIA run, tandem
mass spectra were systematically acquired over marginally
Mol Cell Proteomics (2024) 23(8) 100800 3
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overlapping precursor isolation windows, typically set to
25 m/z (8).
Progressively, similar methodologies evolved to a wider

spectrum of platforms such as Orbitrap-based in-
struments—albeit not being designed for DIA approaches
initially. Orbitraps were mostly used for DDA, owing to their
high resolution and mass accuracy but slower acquisition
speed. However, DIA-MS increasingly gained traction for
these instruments since recurrent refinement expanded the
toolbox. Initially, the acquisition of chimeric spectra due to
limited scanning speed in Orbitraps remained challenging.
Yet, early adaptations proposed by Amodei et al. circum-
vented that by overlapping the isolation windows leading to
a noticeable improvement in peptide identifications (Fig. 1A)
(25). Furthermore, the full potential of DIA-MS on widely
available MS instruments just recently became evident
(Fig. 1B). DIA-MS resulted in ~7000 protein identifications by
optimizing the precursor isolation schemes based on the
actual precursor distribution across the m/z range and the
RT from a 60-min gradient on a QExactive Plus (26). Hence,
DIA-MS has been demonstrated to be a widely applicable
and versatile tool in proteomics. Nevertheless, DIA-MS on
Orbitrap instruments was limited by the scanning speed,
especially in comparison to typically faster TOF analyzers,
which exhibit a higher sensitivity toward noise at lower
resolution.
With the emergence of TIMS technology into high-

resolution mass spectrometers, the full potential of TOF ana-
lyzers for DIA-MS came into play (Fig. 1B) (27, 28). Besides the
addition of the collisional cross section dimension for
improved peptide separation capacity, TIMS contributes to a
decreased noise resulting in cleaner spectra. Thereby, tim-
sTOF instruments paved the way for ultrasensitive, high-
scanning speed DIA-MS approaches (29).
Consequently, ion mobility–based separation upstream of

precursor fragmentation increasingly gained attention leading
to further adaptations like FAIMS. FAIMS is a powerful tech-
nique, which can be combined with Thermo’s Orbitrap in-
struments allowing the filtering for specifically charged ions
right after ionization, separating ions according to their
mobility under the influence of strong and weak electric fields
(11, 30, 31). This additional ion mobility separation dimension
at the front end of Orbitrap instruments reduces chemical
noise, often resulting in cleaner, high-quality MS and MS/MS
spectra (32).
Consequently, the possibility of highly sensitive, high-

throughput DIA-MS drove the development of parallel accu-
mulation and serial fragmentation (DIA-PASEF) and its meth-
odological offspring ushering in the concept of 4D proteomics
(32, 33). Importantly, all these hardware developments were
accompanied by software approaches to analyze the novel-
shaped data contributing to the success of these ap-
proaches (34, 35).
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DATA-INDEPENDENT ACQUISITION–PARALLEL ACCUMULATION AND
SERIAL FRAGMENTATION

This advancement builds upon classical 3D proteomics,
which encompasses the chromatographic RT, m/z values, and
ion intensities and introduces a novel fourth separation
dimension: ion mobility (Fig. 1, C and D). This augmentation
brings significant benefits in terms of detection sensitivity and
scanning speed, ultimately increasing both the depth and
precision of protein quantification (27, 36). The introduction of
TIMS has facilitated the implementation of the PASEF princi-
ple (29). In DIA-PASEF, the ions are first sorted and time-
focused in the TIMS funnel, followed by a selection based
on the respective m/z values through the coordinated motion
of the quadrupole, whose movement is synchronized with the
ion mobility elution profile. This synergistic approach results in
up to a 10-fold increase in sequencing speed, which leads to
improved analysis of complex proteomes within significantly
shorter gradients. DIA-PASEF also incorporates a novel win-
dows scheme, which can be more efficient in ion utilization
compared to classical DIA approaches. This enhanced effi-
ciency leverages the aforementioned correlation between ion
mobility and m/z. Specifically, the isolation windows start at
high m/z values since larger species elute early in TIMS,
gradually progressing to lower m/z, ultimately achieving a
100% duty cycle. Furthermore, tools such as pydiAID pub-
lished by Skowronek and colleagues democratized the design
of optimized DIA-PASEF acquisition schemes on timsTOF
instruments leveraging the potential of an automated
evidence-driven parameter refinement (37).

SYNCHRONIZED PASEF, MIDIA-PASEF, AND SLICE-PASEF

Synchronized PASEF represents a pioneering evolution of
DIA-PASEF proposed by Skowronek et al. (38). This meth-
odology introduced a continuous fragmentation spectrum that
operates seamlessly within both the m/z and ion mobility di-
mensions. Its distinctive feature revolves around the diagonal
traversal of the quadrupole selection window through the m/z-
ion mobility plane, eliminating the presence of artificial borders
characteristic of DIA-PASEF, where the quadrupole rapidly
transitions between different mass ranges. However, in syn-
chronized PASEF, the peptide precursors are sliced by the
quadrupole, thereby segregating the fragment ion signals of
the individual precursor into consecutive scans. This poses a
challenge for subsequent downstream analysis, as currently
there is a deficiency in available tools capable of effective and
accurate handling of the data structures generated by synchro
scans.
In an attempt to overcome the precursor slicing, Distler et al.

proposed an approach termed midia-PASEF, which uses a
similar sliding quadrupole movement to effectively cover the
ion cloud; overlapping quadrupole windows ensure scanning
of all fragment ions in three consecutive midia scans, thereby
maximizing information content in DIA-PASEF (39).



DIA: A Milestone and Prospect in Clinical MS-Based Proteomics
Introduced in 2022 by Szyrwiel et al., Slice-PASEF com-
prises a set of associated acquisition strategies, incorporating
diagonal scans of quadrupole selection windows. By keeping
the initial mobility window ranges constant while slicing
through the m/z range in cycles, all ions within each m/z slice
undergo fragmentation. This adaptable method can also be
applied to multiframe schemes with overlapping windows in
the m/z dimension, maximizing the selectivity of precursor
ions and facilitating effective fragmentation (40).
ZENO-SEQUENTIAL WINDOW ACQUISITION OF ALL THEORETICAL
FRAGMENT ION SPECTRA

In addition to DIA-PASEF, various other specialized ap-
proaches have been developed for specific MS instruments,
exemplified by techniques such as Zeno-SWATH. Zeno-
SWATH, created for the ZenoTOF instrument from SCIEX,
exploits a linear ion trap, coined Zeno trap (Fig. 1, C and D).
Positioned strategically at the exit of the collision cell, this trap
facilitates precise control over ion transmission to the TOF
analyzer, resulting in a higher duty cycle of nearly >90%. In
Zeno-SWATH DIA, activation of the Zeno trap serves to
enhance MS2 sensitivity for each acquired variable window,
reaching a sensitivity gain of 4- to 20-fold (41, 42).
NARROW WINDOW DIA-MS

The very recent advances in MS-based proteomics further
leveraged the potential of DIA-MS finally proposing a very
narrow data-independent selection of precursors for frag-
mentation covering the whole mass range of interest. Histor-
ically, when employing narrow window DIA-MS, only a specific
mass range was investigated (11, 43, 44) or samples were
injected multiple times. The hardware that facilitated the
realization of a very narrow DIA-MS is the Asymmetric Track
Lossless (ASTRAL) analyzer introducing the loss-less and fast
scanning of fragments with high resolution (Fig. 1, C and D)
(45). The ASTRAL analyzer is a long-track TOF-like analyzer
with ion optics that enable high accuracy and high sensitivity
facilitating an ultrafast scanning of MS2 spectra. In this, the
parallelization of high-resolution MS scans in the Orbitrap with
the 200 Hz frequency of the ASTRAL analyzer for MS2 scans
(46). Subsequently, the application of new DIA modes
emerged like narrow-window DIA-MS with isolation windows
of ~2 m/z, allowing for a DDA-like precursor selection in a
nondata driven mode, contributing to increased throughput
and depth for MS-based proteomics (47). Thus, the instru-
mentation is capable of moving DIA-MS in a novel direction
putatively resulting in a foreseeable convergence of DDA and
DIA. Reproducible and robust data acquisition is one of the
most pressing challenges in the field of MS-based prote-
omics. Furthermore, consistent data analysis is pivotal for
established and emerging methodologies. Consequently,
further improvements in interoperability, comparability, and
reproducibility as well as the ever-widening use cases for DIA-
MS in clinics permanently challenge state-of-the-art
principles.
PTM ANALYSIS USING DIA

State-of-the-art DIA-MS enables the investigation of a va-
riety of PTMs, promoting deep proteome coverage and high
reproducibility (48). As fragment patterns of posttranslationally
modified peptides typically show higher complexity, bio-
informatic advances for PTM identification and localization
paved the way for the utilization of DIA-MS (49–52). DIA-MS
has been shown to yield a higher coverage while maintain-
ing quantitative accuracy reaching >20,000 phosphosites with
a QExactive HF-X or an Orbitrap Lumos (53, 54). Subse-
quently, DIA-MS has already been widely applied for phos-
phoproteomic studies (55, 56), as well as for the investigation
of ubiquitination, acetylation, and succinylation (57, 58).
Further driven by innovations in sample preparation, the ac-
curate detection of phosphopeptides from low input has
enabled the quantification of tens of thousands of phospho-
sites from limited input amounts such as 10 μg of peptides (59)
Technological progress has also enabled the detection of
>40,000 phosphopeptides in a single 1-h measurement (60).
The refinement of libraries for the phosphoproteomic
approach also benefited from machine learning tools assisting
the data analysis in turn increasing the depth of coverage (61).
Even in the field of glycoproteomics, known for being

challenging due to the generation of glycan and peptide
fragments, DIA-MS is widely used as instrumentation and data
analysis capabilities advance (62–64). Still facing limitations in
terms of data complexity, the potential of increased coverage
and decreased missing values for glycoproteomics by DIA-MS
is evident when DDA-refined glycoproteomic libraries together
with recent rescoring algorithms come into play (65–67).
As more and more PTM-scoring and localization tools are

being implemented for DIA-MS data as well exemplified by the
PTM-Shepherd implementation in the Trans-Proteomic Pipe-
line, the potential of a robust DIA-MS–driven PTMs analysis is
fostered (68). With reliable and robust workflows being
implemented on a global scale for PTMs, throughput, and data
quality harbor the potential of narrow window open-search
analysis for a yet unexplored field of open searches on the
whole proteome scale.
STATISTICAL ANALYSIS OF DIA DATA

To facilitate the statistical analysis of differentially abundant
proteins based on DIA data, MSstats, a popular tool for sta-
tistically analyzing bottom-up MS-based proteomic experi-
ments, provides direct converters for the output of Skyline,
Spectronaut, DIA-Umpire, OpenSWATH, and DIA-NN (69).
Furthermore, Fahrner et al. implemented an open-source DIA
analysis suite in the web-based Galaxy framework supporting
reproducible and transparent analyses (70).
Mol Cell Proteomics (2024) 23(8) 100800 5
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Compared to DDA datasets, datasets generated in the DIA
mode feature more detected peptides and proteins, fewer
missing values, and higher measurement reproducibility (68,
71, 72), which benefits the statistical power of large-scale
proteomics studies by allowing for the integration of data
from different instruments and over longer periods (73, 74).
The reduction of missing values also broadens the applica-
bility of approaches that can only partially handle the occur-
rence of missing values. For instance, statistical tests and
multiple regression models provide only partial results if there
are proteins for which all data points are missing across all
replicates of an experimental condition. Hierarchical clus-
tering, as another example, is only applicable if there are
sufficient nonmissing data points to calculate a chosen dis-
tance measure for all protein pairs. However, although missing
values are not as prominent in DIA data as in DDA data, they
can still strongly impact what is concluded from the data, for
example, by reducing statistical power (75). Finally, compared
to DDA datasets, DIA datasets in theory contain less random
intensity-independent missing values, which can impact the
choice of a possible imputation (76).
While in the case of DDA quantification is conducted based

on the signal of only intact peptides (MS1 level), DIA can also
use the quantitative information of fragmented peptides (MS2
level). In contrast to SWATH-type DIA, which traditionally uses
the MS2 information for quantification, Huang et al. proposed
a statistical approach, which treats the quantitative MS1 and
MS2 signals as technical replicates from the same biological
sample. By combining MS1 and MS2 signals, they showed
that the precision of the measurement and, in turn, the sta-
tistical power of detecting differentially abundant peptides and
proteins could be increased (77). They found this to be
especially true for comparisons with, for example, small fold
changes and few replicates. The precision of the MS2 level
was shown to be consistently higher than that of the MS1
level. Furthermore, as possible coeluting inferences on the
MS1 level are independent from those on the MS2 level,
combining both levels is also beneficial in that it reduces the
negative impact of the interferences in one of the MS levels on
downstream statistical analyses (77).
BIOLOGICAL AND CLINICAL RELEVANCE OF DIA

A vast majority of diseases have predominantly been studied
on the genomic and transcriptomic level, lacking information on
proteins as other biologically and functionally relevant mole-
cules (78, 79). The limited correlation between mRNA and
respective protein levels as well as the occurrence and stoi-
chiometry of PTMs and protein proteoforms, which can only be
addressed by direct investigation of proteins, highlights the
urgent need and potential of proteomics (53, 60, 80–82).
The integration of MS-based proteomics into clinical ap-

plications such as molecular diagnostics has gained tremen-
dous interest over the last few years (79, 83–86). This growing
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interest in clinical proteomics is mainly driven by a) providing
complementary information to genomic and transcriptomic
molecular diagnostics and b) detailed investigation of proteins
as primary therapeutic targets in personalized treatments and
precision medicine. A limited number of immuno-based and
targeted MS approaches have already been implemented in
molecular diagnostics (85, 87, 88). However, targeted assays
require a priori knowledge about target proteins and peptides
and yield only information on a limited number of analytes.
Additionally, immuno-based protocols tend to be biased and
dependent on the availability and specificity of the established
antibodies (72, 83, 89). Thus, in clinical proteomics, targeted
assays for sensitive and accurate quantification of proteins of
interest can be complemented by applying explorative ap-
proaches yielding in-depth information on the proteome (90).
DIA-MS provides such an unbiased, explorative, and high-

throughput approach that could complement current molec-
ular diagnostics by promoting in-depth molecular and func-
tional characterization of clinical specimens (73, 91–93). DIA-
MS with state-of-the-art LC-MS/MS instrumentation enables
large cohort studies for biomarker screening and discovery
(94). Furthermore, advancements in sensitivity during sample
preparation and measurement with DIA-MS enable proteomic
profiling using minute sample amounts (95–97). Notably,
patient-derived material is often limited concerning availability
and amount such as needle biopsies that are frequent input
material for molecular and pathological diagnostics.
However, the integration of proteomics into molecular di-

agnostics requires extensive quality control and standardiza-
tion of the whole workflow, including sample preparation,
measurement, data analysis, and reporting. Semiautomated
sample preparation in combination with DIA-MS on modern,
fast-scanning LC-MS/MS instrumentation enables key as-
pects of clinical applications, such as robustness, reproduc-
ibility, sensitivity, and high throughput (79, 91, 95). The
selected software profoundly influences the quantitation of
peptides and proteins, as emphasized by the discussed
benchmark studies in this review. In the clinical context,
particularly for therapy recommendations, prioritizing highly
confident and accurately quantified proteins is crucial.
Therefore, in clinical proteomics, it is essential to extensively
benchmark the chosen software for the specific use case and
the clinical question that should be addressed. Without cer-
tification and accreditation for diagnostic use of the chosen
software, performing orthogonal searches with different soft-
ware may be advantageous for detecting certain proteins with
high confidence, such as biomarkers for diagnosis and ther-
apy recommendations (98–100).
DIA ANALYSIS TOOLS

Over the last few years, a plethora of different software tools
have been developed for different aspects of DIA analysis. A
truly comprehensive review discussing every software option
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lies beyond the scope of this review and we therefore will
focus on the most important software tools. To assess which
software tools are important to the field of proteomics, we
have aggregated citation and usage statistics for different DIA
analysis tools.
These tools include (in alphabetical order) DeepNovo-DIA

(101), DIA-NN (102), DIA-Umpire (17), DreamDIA (103), Ency-
clopeDIA (104), FragPipe (35), Group-DIA (105), MaxDIA (106),
MSPLIT-DIA (107), OpenSWATH (108), PECAN (109), PIQED
(110), ScaffoldDIA, Skyline (111), Specter (112), Spectronaut
(68) and SWATHProphet (113).
We first analyzed the annual citation frequency of the orig-

inal manuscript of each software tool as indexed by Google
Scholar (Fig. 2A). For us, citations represent a general impact
on the field of proteomics. However, some software tools may
not be developed by academic groups and may therefore lack
an original publication. Other software tools may be capable of
analyzing different data as well, such as DDA data, and
therefore their citation numbers might not be strictly con-
nected to their ability to analyze DIA data. Furthermore, mul-
tiple manuscripts for one tool might have been published and
different manuscripts may be cited by users. It is also possible
that users do not cite the software tool’s original manuscript,
although data was analyzed with said tool.
We therefore complemented our citation statistics with us-

age statistics. To approximate usage statistics, we searched
PubMed Central (PMC), which allows searching whole man-
uscripts for the co-occurrence of “[SoftwareTool]” with “pro-
teomics” and either “DIA” or “SWATH” per year for all software
tools (Fig. 2B). As only a fraction of all published research is
available via PMC, this only serves as a representation of
A

FIG. 2. Usage metrics of DIA analysis tools between 2010 and 2023
by Google Scholar. B, annual co-occurrence of “SoftwareTool” with “pro
the case of EncyclopeDIA, “Searle” was additionally used in the co-occu
data-independent acquisition; PMC, PubMed Central; SWATH, sequent
usage statistics. We expect that most DIA analysis tools being
examined here are being used more frequently.
Despite the inaccuracy of both methods, we think that the

relative impact of all tools on the field of proteomics and their
usage can be approximated when combining both metrics.
Judging from the co-occurrence metric, the most frequently

used tools currently are as follows: Spectronaut, DIA-NN,
Skyline, FragPipe, OpenSWATH, DIA-Umpire, and MaxDIA. It
has to be noted that PMC searches yield a very high number of
co-occurrences for “EncyclopeDIA”, “DIA,” and either “SWATH”
or “DIA,” as PMC searches are case insensitive, and many
manuscripts mention “encyclopedia” independent of the soft-
ware suite EncyclopeDIA. Hence, we refined the search for
EncyclopeDIA by including the additional term “Searle.” This
probably led to an underrepresentation of “EncyclopeDIA” in the
co-occurrence metric. Judging by the citations per year, Ency-
clopeDIA also has had a major impact on the field of proteomics
over the last few years, so it will also be included in this review.
OVERVIEW OF DIA SOFTWARE TOOLS AND THEIR FEATURES

We have summarized the most important features sup-
ported by different DIA software tools in Table 1.

Spectronaut

Spectronaut is a commercial software tool specifically aimed
at the analysis of DIA data developed by Biognosys. Originally
developed for Windows, Spectronaut as of version 18 is “cloud-
ready and comes with Linux support.” Spectronaut offers many
DIA analysis modes, including multiplexing (e.g., isotopic label-
ing strategies) and PTM searches with site-confidence
B

. A, annual number of citations of each primary manuscript as indexed
teomics” and either “DIA” or “SWATH” in PMC literature searches (in
rrence search, which probably leads to an underrepresentation). DIA,
ial window acquisition of all theoretical fragment ion spectra.
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TABLE 1
Overview of features supported by different DIA software tools

Feature
SpectropectroNaut

18
DIA-NN
1.8.1

Open SWATH
(part of

OpenMS 3.0.0)

MSFragger-DIA
21

Skyline
23.1

EncyclopeDIA
2.12

MaxDIA
2.4

Free for Academia 7 ✓ ✓ ✓ ✓ ✓ ✓

Open source 7 7 ✓ 7 ✓ ✓ 7

Windows ✓ ✓ ✓ ✓ ✓ ✓ ✓

Linux ✓ ✓ ✓ ✓ ✓ ✓ ✓

Orbitrap ✓ ✓ ✓ ✓ ✓ ✓ ✓

TOFa ✓ ✓ ✓ ✓ ✓ ✓ ✓

DIA-PASEF ✓ ✓ ✓ ✓ ✓ 7 ✓

PTM searches ✓ ✓ ✓ ✓ ✓ ✓ ✓

PTM localization
scoring

✓ ✓ ✓ ✓ 7 ✓ ✓

Multiplex (e.g.,
SILAC, mTRAQ)

✓ ✓ ✓ ✓ ✓ ✓ ✓

Interference
removalb

✓ ✓ 7 ✓ ✓ ✓ 7

Visualization of MS
data

✓ 7 ✓ ✓ ✓ ✓ ✓

QC metric reporting ✓ ✓ ✓ ✓ ✓ ✓ ✓

Statistical analysis
(diff. abundance)c

✓ 7 7 ✓ ✓ 7 7

No a priori
knowledge DIA
search (FASTA >
DIA search)

✓ ✓ 7 ✓ ✓ ✓ 7

Library generation/
refinement
directly from DIA

✓ ✓ 7 ✓ ✓ ✓ ✓

Library generation
from DDA

✓ 7 ✓ ✓ ✓ ✓ ✓

Combined library
generation:

DDA, DIA, GPF

✓ 7 7 ✓ ✓ ✓ ✓

Identification/peak
detection with
neural networks/
machine learning

✓ ✓ ✓ ✓ ✓ ✓ ✓

Integration of
upstream tools for
library generation

✓ ✓ ✓ ✓ ✓ ✓ ✓

Visualization/
analysis
capabilities of
upstream tools’
search results

7 7 7 7 ✓ 7 7

Interactive
visualization of
data (personal
opinion of the
authors)

+ + + + + + + + +

DDA, data-dependent acquisition; DIA, data-independent acquisition; FAIMS, high-field asymmetric waveform ion mobility spectrometry;
GPF, gas-phase fractionation; MS, mass spectrometry; PASEF, parallel accumulation and serial fragmentation; PTM, posttranslational modi-
fication; QC, quality control; SWATH, sequential window acquisition of all theoretical fragment ion spectra.

aDepending on the specific software version and instrument file format combination, not all combinations might be possible for all software
tools and MS vendors.

bOpenSWATH and MaxDIA offer background subtraction.
cBuilt-in functionality for differential statistics, to compare protein abundances between different samples/conditions.

DIA: A Milestone and Prospect in Clinical MS-Based Proteomics
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estimation (53). Additionally, Spectronaut offers data visualiza-
tion, quality control metrics, and quality control visualizations as
well as post-processing statistical analysis and visualization
options. Spectronaut aims to provide a user-friendly and
powerful DIA analysis tool also for nonexpert users. To this end,
Spectronaut has been focusing a lot of effort on a “DirectDIA”
workflow, which does not require any a priori spectral library in-
formation and can deal with large search spaces includingmany
PTMs and unspecific searches.

Data-Independent Acquisition–NN

DIA-NN is a free, closed-source software suite developed for
the analysis of DIA data with a focus on short gradients, which
makes DIA-NN especially useful when sample throughput is a
priority. DIA-NN supports TOF, Orbitrap, and DIA-PASEF data.
DIA-NN offers multiplex DIA analysis and PTM searches with
site-confidence estimation (52). The graphical user interface of
DIA-NN focuses on the most commonly used input parameters
empowering researchers without bioinformatic background to
perform DIA data analysis. Sophisticated and more customized
searches can be performed by adding command line settings.
DIA-NN itself does not offer any data visualization or post-
processing statistical analysis options. However, multiple soft-
ware suites can handle DIA-NN input for visualization and sta-
tistical analysis of results, such as AlphaMap (114). DIA-NN also
offers a built-in prediction of spectral libraries, allowing searches
without a priori spectral libraries.

MaxDIA

MaxDIA is a software platform for analyzing DIA data devel-
oped by the Cox lab, which is integrated into MaxQuant. Max-
Quant is a freely available, closed-source software that runs on
both Windows and Linux systems and is particularly renowned
for its proficiency in analyzing DDA MS data. MaxDIA supports
TOF, Orbitrap, and DIA-PASEF data. MaxQuant comes with an
elaborate graphical user interface that enables a broad variety of
researchers to perform their proteomic data analysis. While
MaxQuant itself does not offer statistical analysis of proteomics
data directly, the Cox lab has also developed the Perseus
computational platform. Perseus enables analysis of nearly all
proteomics software tool outputs including DDA, DIA, as well as
other omics data (115). At present, MaxDIA is designed to pro-
cess DIA data exclusively when a preexisting spectral library,
created usingDDAdata, is available, or if the datapertains to one
of the most commonly studied organisms for which predicted
libraries are accessible in a compatible format. However, future
updates, specifically in version 2.5, are expected to introduce
native support for analyzing DIA data using only a FASTA file as
the initial knowledge base.

OpenSWATH

OpenSWATH is an open-source application, which is fully
integrated into the OpenMS software ecosystem. It is vendor-
neutral and can be used for the analysis of Orbitrap and TOF
data. Within OpenSWATH a vast amount of advanced settings
and parameters can be defined allowing for specialized use
cases and promoting fully customizable DIA data analysis.
OpenSWATH supports modular analysis strategies and is
most efficiently applied using the OpenSWATHWorkflow
(OSW) executable (116). With module extensions such as
Mobi-DIK and diapysef, the OSW software suite enables
analysis of all commonly used DIA data types including DIA-
PASEF. Noteworthy, OSW among other related software
tools can be used on public cloud infrastructures via the
Galaxy framework offering an easy-to-use graphical user
interface and circumventing the need for private computa-
tional resources (70). While OpenSWATH itself does not
directly support statistical analysis of proteomics data, it is
fully compatible with MSstats (69). OpenSWATH is especially
interesting for developers, based on its open-source and
modular properties as well as the multitude of analysis
parameters.

EncyclopeDIA

EncyclopeDIA is a free and open-source Java application
for Windows, Linux, and Mac. EncyclopeDIA allows the user
to either build spectral libraries from various sources (DIA,
GPF, and DDA) or use prebuilt libraries (such as the Pan-
human library or Prosit libraries) (19, 117). Via the Walnut
module, DIA data can also be directly searched against a
FASTA. The integrated Thesaurus module can be used to
search for PTMs and offers localization scoring. EncyclopeDIA
itself does not offer statistical analysis of proteomics data.
Recently, EncyclopeDIA has also been integrated into both the
Galaxy framework and the Skyline ecosystem, facilitating us-
ability and accessibility.

Skyline

Skyline is a free, extremely versatile, open-source Windows
client application, which has actively shaped the proteomics
data analysis tool landscape for nearly 2 decades. Skyline was
originally developed to analyze targeted proteomics data, for
example, selected reaction monitoring. It is vendor-neutral
and supports a plethora of different proteomics data,
including targeted and explorative (DDA and DIA) data, which
can all be used to generate spectral libraries for DIA analysis.
Skyline can also generate isolation schemes and acquisition
methods for proteomics data acquisition. Skyline offers
advanced data visualization and post-processing statistical
analysis. As of version 23.1.1.318, Skyline has integrated a
complete EncyclopeDIA workflow in their pipeline, enabling
narrow and wide window DIA searches. Historically speaking,
as Skyline was developed for targeted proteomics analyses, a
focus of Skyline has always been the interactive visualization
of data. Skyline is currently the only tool in our comparison
that can import other DIA software tools’ results to either
further inspect and validate these results by visualization or
refine the analysis altogether. Skyline also offers a built-in
Mol Cell Proteomics (2024) 23(8) 100800 9
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MSstats module allowing the users to perform statistical an-
alyses of their proteomics data within the Skyline software.

DIA-Umpire

Originally, DIA-Umpire was developed by the Nesvizhskii
lab as an open-source DIA analysis software. Recently, it was
integrated into the FragPipe environment and ultimately su-
perseded by the development of MSFragger-DIA.

FragPipe (MSFragger-DIA in Combination with DIA-NN)

FragPipe is a graphical user interface for the analysis of
proteomics data that runs on Windows and Linux systems,
which incorporates either DIA-Umpire or MSFragger-DIA in
combination with DIA-NN for DIA analysis. DIA-Umpire or
MSFragger-DIA builds a spectral library from DDA, DIA, or
GPF measurements (or a combination thereof), leveraging
spectral indexing for fast searches, even with large search
spaces such as semispecific searches. The resulting spectral
library can then be used to search DIA data using the built-in
DIA-NN module (35, 118) It supports data from Orbitrap and
TOF data and can analyze DIA-PASEF data. MSFragger-DIA
supports PTM analyses as well as multiplex DIA. Currently,
DIA-PASEF data cannot be used during the library building
stage, which limits the direct analysis of DIA-PASEF data. It is
planned to address this limitation in future updates.

Performance of Different Software Tools

In recent years, several systematic studies have been
conducted to compare the performance of different DIA
analysis tools. We will focus on different metrics that are
compared in these studies: proteome coverage, false identi-
fications, accuracy and precision of quantitation, PTMs, and
their site localization.

Identification Sensitivity and Specificity

We define the sensitivity of a DIA analysis software as the
ability to detect many precursors as this generally indicates
that a software tool can I) best deal with high spectral
complexity and II) needs a lower number of fragment ions to
detect a precursor.
We define specificity as the likelihood that an identification

is correct. As each software applies its approach to estimate
false discovery rate (FDR), independent benchmark studies
use different strategies to compare this metric. Sensitivity and
specificity as defined above are interdependent. By relaxing
the specificity of reported results, the sensitivity may be
increased, that is, while reporting more identified precursors
and corresponding proteins, the proportion of incorrect iden-
tifications may also increase. As the field of proteomics his-
torically is a numbers game, an independent validation of FDR
is warranted. Comparing FDRs between different software
suites can be achieved by using entrapment searches (119–
123). In an alternative approach, samples are analyzed with
a spectral library that contains entries that have not been
10 Mol Cell Proteomics (2024) 23(8) 100800
present in the samples, thereby allowing a false positive
comparison (18).
We deliberately choose to define sensitivity in a manner

distinct from that used in receiver operator characteristics anal-
ysis. While the sensitivity of a receiver operator characteristics is
an invaluable tool to assess the performance of a given software
solutionwithin its framework, it should not be used in our view to
compare different lists of identifications. In the context of DIA
analysis, it is more intuitive to define sensitivity as the ability of a
software tool to detect a wide array of peptide precursors.

Quantitation Accuracy and Precision

We define accuracy as the ability of DIA software to esti-
mate the magnitudes of differential abundances of precursors
and the corresponding inferred protein abundances across
samples without bias. This entails the software’s proficiency in
determining the numerical values that accurately reflect the
underlying relative changes in protein abundance between
different experiment conditions and samples. It is a common
practice to display these relative changes in logarithmic fold
changes instead of ratios. While accuracy refers to the exis-
tence of bias, the term precision relates to the variance of the
estimates. These two aspects are intertwined in the so-called
bias-variance trade-off; hence variance can be reduced at the
expense of introducing bias (124). While accuracy, that is,
unbiased estimates might play an important role in many ap-
plications, it has been shown that in some settings a ratio
overestimation or underestimation (“compression”) might be
tolerated, as it is often more important to reduce the variance
of estimated expression changes rather than estimating ab-
solute fold changes without bias (125). Especially, in the field
of isobaric labeling, this has been investigated and discussed
at length (126, 127). We define precision as each software’s
reproducibility of quantitation regarding variance over repli-
cates. This concept encompasses the software’s ability to
yield consistent numerical values for precursor and protein
abundances, even if these absolute values might be system-
atically skewed or biased. As briefly discussed above, preci-
sion is often deemed more important than accuracy, as lower
quantitation variance leads to higher statistical power during
the detection of differentially abundant proteins.

PTMs and Site Localization

Some DIA analysis software suites provide the option to
identify PTMs. A major challenge while analyzing PTMs in
proteomics experiments is the reliable localization of said PTM
to a single amino acid inside the peptide sequence (2, 128).
Currently, all investigated tools provide a PTM site localization
probability or score estimation except for Skyline.

Benchmark Studies

While many benchmark studies have been published in the
past few years, there is only a limited amount of publications
dedicated to comparing different DIA software tools. Other



DIA: A Milestone and Prospect in Clinical MS-Based Proteomics
benchmark studies focused, for example, on comparing DDA
to DIA (9), DIA to isobaric labeling quantitation (12) or focused
on testing the reproducibility of DIA across different labora-
tories (round robin studies) (129, 130).
Navarro et al. focused on the analysis of SWATH data

generated by SCIEX TOF instruments and a three-species
sample mix was employed for the assessment of perfor-
mance (131). An R package was developed to compare the
different software tools. The analysis was performed by the
software developers to ensure optimal parameter selection. A
first round of analyses by the developers was followed by
sharing and discussing the benchmark results with all partici-
pants, after which a second round of analysiswas performed by
the participants. Of the software suites, we are focusing on in
this review the following software suites are compared in this
study: DIA-Umpire, Skyline, Spectronaut, and OpenSWATH.
OpenSWATH, Skyline, and Spectronaut identified a compara-
ble number of proteins in this setting, while the number of
peptides slightly varied between software suites. Precision was
measured as the CV of human identifications on both peptide
and protein levels. On the protein level, these data suggest that
Spectronaut leads to the highest precision. Accuracy was
measured to each other within each species separated into
tertiles (0–1/3 intensity, 1/3–⅔ intensity, and ⅔–1 intensity).
Based on this report, DIA-Umpire overall had the worst accu-
racy results, while for the other software options the perfor-
mance varied, based on the species, whether peptide or protein
level was investigated, and which tertile was investigated.
We previously compared different search strategies for

DIA data analysis and provided a comprehensive view of all
steps of data analysis from spectral library generation to
statistical analysis for differentially abundant proteins (18).
DIA-NN, OpenSWATH, Skyline, and Spectronaut were
compared in our study. We found that different software
packages performed vastly differently when using different
spectral libraries. DIA-NN, in combination with a GPF-
refined library, identified the most precursors and protein
groups overall. In general, GPF-refined libraries led to the
highest identification rates independent of which software
was used. However, the amount of false positives was also
higher than other spectral libraries. In general, using Spec-
tronaut and DIA-NN led to fewer false identifications than
OpenSWATH and Skyline. For OpenSWATH, this could be
reduced by employing an automated alignment strategy
called transfer of identification confidence (132). The accu-
racy was assessed by comparing the theoretical fold change
between two spike-in conditions to the experimentally
observed fold change. Skyline and OpenSWATH led to the
most accurate measurement of fold change, while DIA-NN
and Spectronaut consistently (for all used spectral li-
braries) overestimated the fold change. We evaluated the
quantitative precision of all tools by investigating the vari-
ance of Escherichia coli quantitations. All tools employing all
spectra libraries showed similar precision.
Gotti et al. added universal proteomics standard (UPS1) in
different concentrations to an E. coli background to assess
the ability of software tools to analyze different Orbitrap DIA
methods (133). The four isolation windows that were investi-
gated covering different mass ranges were: narrow (8 m/z for
350–950 m/z), wide (15 m/z for 350–1475 m/z), mixed (8 m/z
for 455–711, 15 m/z for 350–455 and 711–1251), and over-
lapped (8 m/z, 50% overlap for 350–954 m/z). The software
tools of interest to this review that were investigated are DIA-
NN, OpenSWATH, Skyline, and Spectronaut.
DIA-NN consistently identified most peptides and proteins

of the E. coli background in FASTA mode, while Spectronaut
identified the most peptides in library mode. Skyline identified
the most proteins in library mode but, according to the study,
without protein FDR filtering (which has to be performed using
additional tools, such as MSstats) (134).
The variance was assessed for both the E. coli peptides and

proteins and the UPS1 peptides and proteins.
Gotti et al. also show that with different spike-in concen-

trations, the DIA analysis software tools quantify varying
numbers of UPS1 peptides and proteins. However, as the
authors did not include a “zero” spike-in condition, it is not
possible to distinguish whether the software tools merely
quantified noise signals or very low real UPS1 signals at the
lower spike-in concentrations. Therefore, we emphasize the
limitation of these results to assess the trade-off between
sensitivity and specificity for different software tools. This
study is focused on the interplay between different software
tools and different DIA methods.
Shahbazy et al. evaluated the capabilities of different DIA

software tools to analyze immunopeptidomics DIA data in the
form of two monoallelic datasets, of which each provides a
distinct diversity of peptide sequences. In the C1R-B57
dataset, DIA-NN and Spectronaut achieved higher peptide
coverage, while in the C1R-A02 dataset, DIA-NN and PEAKS
achieved higher peptide coverage. Across replicates, DIA-NN
showed the highest number of consistently identified and
quantified peptides. The specificity of identification was esti-
mated with a hybrid library approach, in which DIA-NN pro-
vided lower external FDR rates during external validation in the
C1R-B57 dataset, whereas in the C1R-A02 dataset, Spec-
tronaut and DIA-NN showed lower empirical FDR errors. All
tools demonstrated reasonable correlations in quantifying
precursors of human leukocyte antigen-bound peptides.
In a seminal work, Lou et al. recently investigated the per-

formance of DIA-NN, MaxDIA, Skyline, and Spectronaut (135).
The authors generated a two-species dilution series experi-
ment (murine membrane proteins spiked into yeast back-
ground) and measured the samples on both an Orbitrap and a
timsTOF mass spectrometer. The resulting data was analyzed
using a range of different spectral libraries. The identification
performance varied as expected with different spectral li-
braries and the instrument used for the data acquisition. For
the Orbitrap data, a universal library generated by FragPipe
Mol Cell Proteomics (2024) 23(8) 100800 11
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based on prefractionated DDA runs led to comparable murine
protein identifications between DIA-NN, Skyline, and Spec-
tronaut. Using a software-specific DDA library, Spectronaut
identified the most murine proteins. Using an in silico–gener-
ated library, DIA-NN achieved the best identification perfor-
mance. For the timsTOF data, DIA-NN and Spectronaut
identified the most murine proteins using a universal library.
Using a software-specific DDA library, Spectronaut identified
the most murine proteins. When using an in silico–generated
library, DIA-NN identified the most murine proteins.
Lou et al. also evaluated the false identification percentage

employing an entrapment-like strategy using decoy databases
comprising different amounts of Arabidopsis sequences. DIA-
NN and Spectronaut both showed adequate false discovery
rates, with DIA-NN slightly outperforming Spectronaut.
Quantitative accuracy was evaluated by comparing the ex-
pected fold changes of murine proteins with the reported fold
changes. DIA-NN showed the best performance for the
Orbitrap and the timsTOF data. Quantitative precision was
assessed by calculating protein CVs over replicates, with DIA-
NN performing best for both Orbitrap and timsTOF data.
To investigate the performance of the four software tools

mentioned above regarding their ability to detect and locate
phosphosites, Lou et al. reanalyzed a dataset published by
Kitata et al. (136). In this dataset, synthetic human phospho-
peptides (with known phosphorylation positions) were spiked
into a yeast background and the data were recorded on an
Orbitrap system using DIA. The first decoy library, which
included isomeric phosphopeptides with different phosphosite
positions, revealed that while Skyline identified the most
phosphopeptides, it also had the highest FDR, indicating less
reliable error rate control. In contrast, DIA-NN showed signifi-
cantly lower FDRs, especially when adjusting the site confi-
dence score cut-off. The second decoy library, featuring
isomeric phosphopeptides with altered site positions, demon-
strated that DIA-NN and Spectronaut maintained high sensi-
tivity in detecting synthetic phosphopeptides, with DIA-NN
showing a notably lower local site-level FDR. Overall, DIA-NN
exhibited more stringent FDR control, albeit at the cost of a
lower phosphopeptide identification rate, than Spectronaut,
which offered higher sensitivity but with a higher FDR.
Overall, the available benchmark studies present an

incomplete and heterogeneous picture regarding performance
differences, especially in regard to PTM site localization,
which remains an understudied aspect of DIA analyses. DIA-
NN and Spectronaut performed best in most cases,
although it should be noted that they also represent the
software suites most frequently evaluated in those benchmark
studies. Since the choice of a software tool has a profound
impact on the results and, as emphasized above, especially in
the clinical context, clearly defined analysis workflows and
guidelines for choosing analysis methods are essential, there
is a great need for further benchmark studies aimed at deriving
clear guidelines.
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FUTURE DIRECTIONS AND EMERGING TRENDS IN CLINICAL
APPLICATIONS

To capture accurate tumor proteomes, macrodissection of
tumorous tissue is essential due to adjacent nontumorous
areas in patient samples. Techniques like laser capture micro-
dissection enable precise isolation of specific tumor regions
and individual cell populations, facilitating focused analysis and
representing tumor heterogeneity at a spatial level (137–139).
The advanced sensitivity of DIA-MS state-of-the-art instru-
mentation allows in-depth proteomic investigation of minute
sample amounts, such as from dissected clinical specimens or
single-cell experiments (140–143). Furthermore, the increasing
depth of DIA-MS–based proteomics paved the way for
comprehensive and integrative investigations such as proteo-
genomics (144, 145). Proteogenomics focuses on a) corrobo-
ration of determined sequence variants (DNA or RNA) on the
protein level to address proteomic penetrance of individual
mutations and b) determining the impact/correlation of genetic
mutations on the global proteome composition and certain
signaling pathways of interest (146–148). Perspectively, short
liquid chromatography gradients coupled with fast scanning
and sensitive MS instrumentation enable vast numbers of
measurements (>300 samples per day) using minimal sample
inputs. This has paved the way for fast and deep proteome
profiling in the scope of single-cell and large cohort studies,
rendering the measurement of thousands of samples feasible
within reasonable time frames. Furthermore, targeted mea-
surements of relevant biomarkers with already established
methods such as reverse phase protein arrays or MS-based
panels (multiple reaction monitoring and parallel reaction
monitoring), might be complemented with explorative prote-
omics using DIA-MS in routine molecular diagnostics.
Leveraging vast archives of published proteomic data paves
the way for a) a reference-based comparison of DIA-MS mea-
surements from individual samples or patients (as is often the
case in molecular diagnostics) and b) the development of novel
approaches, such as clinical immunopeptidomics using DIA-
MS (149). Comprehensive molecular characterization might
promote more sophisticated diagnosis as well as the proposal
of individualized and effective treatment options for particularly
challenging malignancies and other diseases.
Ultimately, the integration of MS-based proteomics in

routine molecular diagnostics will require standardized and
certified sample preparation as well as data analysis, which
falls beyond the scope of individual benchmarking studies.
Hence, certification of analysis strategies for diagnostic use
will be an upcoming challenge independent of the data
acquisition strategy in the field of MS-based clinical
proteomics.
CONCLUSION

DIA is a versatile method for MS-based proteomics. De-
velopments in LC-MS/MS instrumentation mainly contributed
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to a higher separation capacity and scan speed together with
cleaner fragment spectra (32, 41, 42, 45). Hence, MS-based
proteomics is on the verge of full proteome coverage in
practicable acquisition times paving the way for a manifold of
applications in research and potentially molecular diagnostics.
Perspectively, the trend of faster acquisition and narrow
isolation windows promotes hybrid approaches of DDA and
DIA-like measurements yielding reproducible and in-depth
proteome coverage and reliable and sensitive quantification
using minute sample input.
In parallel with the hardware developments, there have

been innovations in software and analysis such as machine
learning–dependent strategies that drastically improved the
analysis and interpretation of DIA-MS data. Other exciting
software developments are the implementation of artificial
intelligence for pattern recognition in spectrum identification
and quantification. An ever-increasing spectrum of appli-
cations of DIA-MS is possible due to the extensive toolbox
of various MS acquisition and data analysis strategies. Each
tool comes with considerable strengths and weaknesses but
the toolbox in its entirety enables a suitable way for a
sample- and data-driven implementation of DIA-MS in pro-
teomics and beyond. When evaluating different DIA soft-
ware tools, it is crucial to recognize that each tool is
designed with specific objectives and functionalities in mind,
leading to significant feature variations. We would like to
stress that in our opinion the choice of a particular tool is
less critical than ensuring the chosen tool aligns with the
user's methodology and objectives with tool-specific limi-
tations in mind. The key factor is the user's proficiency with
the tool; an expert who thoroughly understands a tool can
more effectively assess the strengths and limitations of an
analysis than someone using a highly rated tool without in-
depth knowledge of it, which was impressively demon-
strated by Choi et al. (129).
For newcomers to DIA, we recommend starting with tools

that offer visualization capabilities, such as Skyline, MaxDIA,
FragPipe, or Spectronaut, as this aids in grasping the funda-
mentals of DIA and its data analysis more intuitively. Other
factors, such as cost, also play a role; for instance, while
Spectronaut provides a comprehensive DIA analysis pipeline,
its licensing fees may be prohibitive for individual researchers
and laboratories. On the other hand, DIA-NN could be an
excellent choice for data scientists skilled in visualizing and
exploring proteomics data independently.
We believe it is beneficial to become acquainted with mul-

tiple DIA data analysis tools. Cross-referencing results from
different tools not only validates findings but also accelerates
the learning process in identifying the strengths and weak-
nesses of various tools. Regardless of the chosen DIA analysis
workflow, we recommend Skyline as an interactive visualiza-
tion tool. Its ability to import results from other tools enhances
its utility and supports a more comprehensive analysis
approach. Shahbazy et al. also advocated for the use of a
"two orthogonal tools'' strategy in their immunopeptidomics
DIA software benchmarking study (150).
Over the last decade, the amount of identified features from

DIA data has drastically increased. While the development of
novel software algorithms allows researchers to investigate
the proteome at greater depths, not every software version
may have the same level of reliability. Therefore, we caution
against transferring any attribute of software from one version
to another, as the underlying algorithms might have changed,
which might heavily influence data properties. However, this
also directly impacts our ability to transfer our DIA analysis
approaches, which might work well in research settings, to
clinically relevant settings. If DIA analyses are not reliable
enough, we may not be able to implement DIA in routine di-
agnostics despite its huge potential to combine the ability to
extract fragment signals in a targeted manner and at the same
time allow for explorative analyses. For the integration of
proteomics into clinical applications, such as molecular di-
agnostics, reliable and highly confident identification and
quantification are, therefore, of utmost importance.
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