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1 Introduction

Data harmonization and standardization in clinical studies face several significant challenges that
hinder the integration and comparison of data across diverse research settings. One major issue is the
lack of universally accepted protocols and terminologies, which leads to inconsistencies in how data
are collected, recorded, and analyzed. Differences in data formats, measurement units, and coding
systems (e.g., for diagnoses or medications) further complicate data merging, especially when datasets
come from different geographical regions or clinical environments. Additionally, privacy concerns and
varying regulatory frameworks across countries add layers of complexity to data sharing. The absence
of standardized frameworks for handling missing data and incorporating diverse patient populations
also limits the robustness of clinical findings. These challenges necessitate ongoing efforts to develop
interoperable systems and standardized methodologies to improve the quality, reproducibility, and
generalizability of clinical research outcomes.

Data harmonization and standardization of clinical images, particularly those in the DICOM (Digital
Imaging and Communications in Medicine) format, present notable challenges in clinical research and
practice. Despite DICOM being a widely adopted standard for medical imaging, variability remains in
its implementation across different imaging devices, institutions, and software platforms. These
discrepancies can arise from variations in image resolution, acquisition protocols, and metadata
encoding, which may affect the consistency and comparability of data. Additionally, DICOM metadata,
such as patient demographics, acquisition parameters, and imaging modalities, are often
inconsistently recorded or incomplete, further complicating data integration across multi-center
studies. Moreover, the evolving nature of imaging technologies and updates to DICOM standards
introduce additional complexity, as legacy systems may not fully support newer features or may
interpret data differently. These challenges hinder the efficient pooling of imaging data for large-scale
clinical studies, particularly when integrating images from diverse sources for tasks like automated
image analysis or machine learning model training. Efforts to standardize imaging protocols, improve
metadata consistency, and ensure interoperability between imaging systems are critical for advancing
the utility of DICOM images in clinical research.

For CT images, one significant issue is the variability in scanning protocols between different
institutions or imaging devices. For instance, CT scanners from different manufacturers may use
varying reconstruction algorithms, slice thicknesses, or radiation doses, leading to differences in
image resolution, contrast, and signal-to-noise ratio. This variability can affect image quality and
impact downstream analysis, such as automated lesion detection or quantitative assessment of organ
structures. Moreover, the interpretation of images may differ due to inconsistent calibration of
equipment or the use of different contrast agents, making it difficult to compare CT data across diverse
clinical studies or multicenter trials. Additionally, the way metadata (e.g., patient positioning,
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acquisition parameters, or scan type) is captured and coded can vary widely, further complicating the
harmonization of CT image datasets.

For EGM data, which records electrical activity from the heart or other tissues, a similar set of
challenges exists. EGM signals are typically recorded using different types of electrodes (e.g., surface,
intracardiac), amplifiers, and measurement systems, leading to variation in signal quality and
waveform characteristics. The absence of standardization in electrode placement and signal
processing methods can result in discrepancies in the representation of the same physiological
phenomena across different datasets. For instance, differences in filtering methods, sampling rates,
and reference electrode positioning may affect the interpretation of EGM data and hinder the ability
to aggregate data from multiple sources. Furthermore, EGM data often include complex annotations,
such as event markers or clinical labels, which can be inconsistently applied, leading to ambiguities in
the interpretation of the data and complicating the integration of EGM with other clinical modalities,
including CT images. These harmonization issues underscore the need for standardized protocols in
both data acquisition and annotation to improve the comparability and utility of CT and EGM data
across clinical studies.

The reluctance of Information and Communication Technology (ICT) departments in hospitals to
install new software and programs for processing patient data for research purposes is driven by
several interconnected concerns. Primarily, hospital ICT departments are tasked with ensuring the
stability, security, and interoperability of existing systems, which often leads to caution when
integrating new software. The potential disruption of critical hospital operations, such as electronic
health record (EHR) systems or clinical decision support tools, is a significant risk that hospital
administrators seek to avoid. Additionally, data security and patient privacy regulations, particularly
under frameworks such as HIPAA in the United States or GDPR in Europe, place stringent requirements
on the handling of sensitive patient data. This creates hesitation around adopting new technologies
that may introduce unforeseen vulnerabilities or compliance challenges. Furthermore, the complexity
of ensuring compatibility between new research tools and existing hospital IT infrastructure, which
may involve legacy systems, contributes to resistance. Budget constraints and a lack of dedicated
resources for IT infrastructure upgrades also play a role, as hospital ICT departments are often under
pressure to prioritize core clinical functionalities over research-driven innovations. Lastly, there may
be a lack of clear evidence regarding the value and efficiency gains from new research-focused
software, leading to reluctance in allocating resources to such initiatives without demonstrable,
immediate benefits. These factors combined create a substantial barrier to the adoption of advanced
data-processing tools within hospital environments, limiting the capacity for research-driven
innovation in clinical settings.
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2 Guidelines for structured data collection, annotation and
integration

Standardized metadata and processing pipelines are essential for ensuring reproducibility and
consistency in AF research. By structuring metadata and using consistent processing tools, we can
ensure that data across different institutions is comparable and transparent, facilitating collaboration
and long-term studies.

Metadata standardization

Metadata should be stored in a standardized format alongside the DICOM files, ensuring all relevant
information is organized and accessible using TAGS. This metadata should include:

1. Patient information
o Patient ID (anonymized)
o Demographics: age, sex, weight, length
o Patient rhythm acquisition to determine whether the acquisition was in SR or AF.
2. Imaging details
o Scanner information; manufacturer, model and software version.
o Scan type
o Resolution and orientation; Voxel dimensions and scan orientation
o Repetition (TR) and echo (TE) time
o Reference Housfield Units
o Contrast agents; type of agent and bolus
3. Acquisition parameters
o Acquisition protocol (for example Helical craniocaudal)
o Slice thickness
o Tube voltage
o Exposure time and current
o Field of view
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o Pitch
o Acquisition time
o Radiation dose (average DLP)
4. Postprocessing steps, if applied
o Software used for conversion from DICOM to NIFTI
o Reconstruction Algorithm; filtered back projection, iterative reconstruction
o Motion correction
o Segmentation or skull stripping
o Imaging rescaling or windowing (Hounsfield Units range)
o Other enhancements; imaging enhancement methods

This structure ensures that images and metadata are linked and that processing steps are fully
traceable. Be aware that when DICOM files are conversed to NIFTI files, some metadata is lost.
Therefore, if NIFTI files are shared, DICOM should be included.

Software and workflow standardization

Using the same segmentation and processing software (e.g., Slicer, ADAS) ensures that analysis results
are consistent. Predefined pipelines for tasks like segmentation and motion correction should be
followed to guarantee uniformity in data preparation across institutions.

Open source for reproducibility

Leveraging open-source tools enhances transparency and allows for widespread use, fostering
collaboration and reproducibility. These tools should be incorporated into the processing workflows
to ensure compatibility and accessibility.

Anonymization and metadata retention

Anonymization is critical, but removing all metadata (e.g., scan orientation) can hinder post-processing
accuracy. A balanced approach is needed: direct patient identifiers should be removed, but essential
metadata for analysis, such as orientation and processing history, should be preserved.

Unique identifiers and centralized metadata
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To avoid duplicate data and ensure traceability, each study should have a unique identifier. Metadata,
including this identifier, should remain local within the institution to protect patient privacy while
allowing consistent data management.

Conclusion

Standardizing metadata and processing workflows—while maintaining essential information—ensures
that (AF) data is consistent, reproducible, and interoperable. This approach promotes collaboration,
safeguards patient privacy, and maintains high research quality.
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3 Guidelines for annotations of invasively and non-invasively
acquired EGMs

Standardizing the metadata of acquired EGMs with the CARTO system is a complex task due to the
numerous parameters involved. To address this challenge, we have compiled a comprehensive list of
essential metadata that should be shared to ensure consistency and facilitate data integration.
Currently, study data can be exported via Review model as .zip file named as Export_Study-[study
number]-[date]-[hh]-[mm]-[ss]. The export data includes the location of all electrodes, map data,
signals, and ablation session data. The exported data consists of numerous inconsistent named and
chaotic organized files as every measurement point is saved in a .txt (ECG of different catheters of 2.5
seconds) and a .xml (meta data) file and file naming depends on the clinician. In addition, the exported
data contains a .mesh file for the geometry and colouring of the map and a _car.txt file presenting a
list of acquired points in the map, along with point index, location information, electrical data, point
tag, and type details, and catheter ID. Navigating through and automatic analysis and postprocessing
of these files is challenging as file naming is not consistent and not all data is exported from CARTO
system. We propose the use of a python-based tool that gives an overview of the folders and files
within the extracted .zip file and can be used to extract useful data and signals from a desired map.
The tool is available on GitHub: GitHub - samangoli78/Carto_tool: A tool for data organization and

extraction from Carto system. Although this tool simplifies the use of CARTO extracted data, not all

desired metadata is included in the extracted folder. Therefore, we propose to create an extra .txt
metadata file that contains information that should be extracted from the CARTO system separately.
This extra metadata file should contain the following, with in brackets the optimal value:

1. Patient information

a. Patient ID (Anonymized)

b. Demographics; age, sex, length, and weight
2. Mapping Catheter: the mapping catheter itself can be a Lasso, Pentaray or Heliostar
3. Acquisition parameters:

a. Cycle length: acquiring points only when it is within the defined range. Used for
functional mapping in atrial flutter, atrial tachycardia, or Sinus rhythm. It is not
possible to use it during AF as the atrium is in a chaotic state.

b. Respiration Gated: Electro-anatomical point acquisition is allowed only when the point
is within the respiratory gating threshold.
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c. The criterion for point acquisition: Points can also be acquired when the signal is in
their maximum, minimum, upward slope, or downward slope. This criterion can be
selected before Electro anatomical (EA) point acquisition.

d. Tissue proximity [7 mm]: A point can be acquired only if it is close to the tissue
measured by catheters that support tissue proximity indication which measures it
through the impedance of the close circuit that electrodes and blood and heart tissue
can create.

e. Density: acquiring points only if it is at least as far as the density parameter indicates.
It is usually selected as maximum density which acquires points with no restriction.

f. Reference signal [ECG (e.g. V5) or pacing catheter (e.g. M1)]: this signal can be either
body surface signals such as ECG signals, or intracardial signals acquired by intracardial
catheters, for example, catheters inside the coronary sinus. This parameter is used
only for functional mapping and not for voltage mapping of AF patients.

g. Pacing protocol: Describe whether pacing was used and under what conditions.

h. Atrial Effective Refractory Period (AERP) measurement: If applicable, specify the
method to determine (AERP), it is the maximal interval between S1 and S2 stimuli.

i. Train of impulses: should include pulse train duration, cycle length of pacing,
stimulation site, and amplitude and pulse width of impulses.

4. Resolution in mapping, map interpolation, filtering inward points

a. Resolution in mapping is determined with a density parameter which is in this case
maximum density.

b. The map interpolation parameter [6 mm]: this parameter determines how the
anatomical point is going to be decreased and then interpolated to smoothen the
anatomy of the atrium.

5. Signal filters.

a. Signals shown inside the software are filtered with a frequency range [2-240] Hz for
Unipolar and [16-500] Hz for bipolar, and body Surface ECG signals [0.5-120] Hz.

b. The signals” sample rate [1000 Hz]: Signals extracted from Carto are raw signals and
Carto uses these raw signals to apply the corresponding bandpass filters only to show
it in the software.
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6. The window of interest for EGM: Review all points acquired are centered and filter the rubbish
signals.

a. The window of interest in the Carto system only consists of 2.5 seconds of data, but it
can be achieved with different criteria defined by the system. The system searches for
the maximum voltage in the reference signal (internal or ECG depends on the
acquisition map, AF SR or 3Extra map) to find the peak of the QRS in it and checks if
the triple extra stimulus was applied in the corresponding time window, after checking
the requirements mark the maximum point as a reference point, then 0.5 seconds
after the reference point and 2 seconds before it will be chosen as the window of
interest for electrograms and other ranges of signal would be removed as an irrelevant
signal.

7. Interior points filtered (applied during and after mapping)

a. Interior points filtering applied during mapping is Tissue proximity filtering, and after
mapping is based on the Euclidean distance between the inward point and the outer
mesh of the atrium wall acquired by the Carto system, if the distance is more than [7
millimeters] in this case the point will be eliminated as rubbish data.

8. Minimum acquisition points per map or area

a. The minimum acquisition points per atrium is [1000 points] and should be well-
distributed, excluding the mitral valve points and points inside the veins.

9. Electrical signals

a. All leads from ECGs; All body surface signals consist of 12 different signals from V1-6,
aVvL, aVR, aVF, |, Il, and lll leads. ECG or intracardiac signals are considered as a
reference signal (e.g. V5 or M1), acquiring window of interest for the EGM during
applying triple extra stimuli. Which type of catheters used for mapping/ablation;
Penta-ray is used for signal acquisition, smart-touch, and Q-dot is used for ablation.

10. EGM annotation

a. Map labeling according to the map (AF/SR). It should include both left and right atrium
(when it is possible) with the CS structure.

i. AF Map: Labeled as AF-PsAF

ii. SR Map: SR-PsAF and after delivering triple extra stimuli is SR-PsAF-3Extra.
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b. Point tagging according to the map (AF/SR) (see the clinical protocol for the colors)
i. Green: Hidden slow conduction points, positive
ii. Orange: Hidden slow conduction points, negative

iii. Pink: CFAE complex fractionated atrial electrogram annotated during AF. And
highly fragmented EGM annotated during SR.

iv. Blue: Double potentials with isoelectric line during SR.
11. Filter to eliminate low-voltage or high-voltage points

i. Set up the min/max useful voltage; eliminating peak-to-peak signals whose
maximum amplitude is less than 0.05 mv.

4 Guidelines and pipeline for image acquisition, segmentation and
annotation.

4.2. Inputs for modelling

Developing a robust electrophysiological model simulator requires standardization across multiple
input dimensions to ensure accuracy and reproducibility.

1. First, CT data must be standardized in size and resolution, facilitating consistent pre-processing
and analysis. This uniformity enables comparable results and minimizes variability introduced
by imaging disparities.

2. Similarly, atrial segmentation, including veins and appendage, must adhere to identical
protocols and protocols, ensuring precise and consistent anatomical delineation. Consistent
segmentation is essential to accurately represent the atrial structure and generate reliable
models for simulation, and it is challenging for some atrial structures, such as epicardial
surfaces.

3. Moreover, a standard definition of atrial regions and their corresponding substrate properties,
such as electrical diffusion and anisotropy, is critical. These parameters influence the
propagation of electrical signals and must be carefully defined to mirror physiological
conditions and pathological scenarios.

4. Additionally, calibration of the simulation requires explicit definition of key
electrophysiological markers. Markers such as cycle length, conduction velocity, and other
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tissue-specific characteristics must be standardized to ensure the simulator's output aligns with
clinical observations. These markers serve as benchmarks to validate the accuracy of the model
under various conditions. Furthermore, a uniform approach to defining and integrating these
clinical markers into the simulation pipeline ensures consistency across studies and facilitates
comparative analyses.

ICT reluctancy for new storage /sharing data platforms

5 Discussion and future work

Data harmonization and standardization in clinical studies are essential for enabling the meaningful
integration, analysis, and comparison of diverse datasets from multiple sources. The challenges
outlined in the introduction, including variability in data formats, metadata, and acquisition protocols,
present significant barriers to the progress of large-scale clinical research. Within the PERSUADE
consortium, the exchange of medical imaging modalities such as CT and electrogram (EGM) data is a
primary focus. To address these challenges, we propose a structured procedure for acquiring and
sharing these data to simplify their use and enhance the robustness and reproducibility of clinical
findings. While we believe our efforts lay the foundation for the development of standardized
protocols, considerable work remains to establish a fully interoperable and globally accepted system
for clinical research.

For CT imaging, DICOM (Digital Imaging and Communications in Medicine) serves as the standard file
format. This format includes metadata encoded with tags for patient information, imaging details, and
acquisition parameters, providing a comprehensive context for each dataset. However, postprocessing
steps often involve converting DICOM files into formats such as NIFTI, which results in the loss of critical
metadata. To mitigate this issue, we propose that research institutions receiving these datasets
perform the necessary postprocessing steps locally. Furthermore, when sharing postprocessed data, it
is essential to include the original DICOM files alongside detailed documentation of the postprocessing
steps. This approach will preserve the integrity and traceability of the data while enabling its consistent
interpretation and reuse across studies.

For managing Electro-anatomical maps (EAMs) that are created using a mapping catheter of the
CARTO system can be used to obtain detailed electrophysiological information of cardiovascular
structures. These maps depend on parameters that are chosen by the physician and technician
performing the procedure. Firstly, the mapping catheter itself can be a Lasso, Pentaray or Heliostar,
each having their own advantages and disadvantages. The Lasso mapping catheter is suitable for
mapping the pulmonary veins, but can create tubular artefacts in the surface of the left atrium. The
Pentaray gives overall smoother meshes, but can lack contact with the walls of the pulmonary veins.
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The Heliostar uses a lasso mapping catheter, but is less flexible due to the ablation balloon that is
attached to the mapping catheter.

Secondly, there are multiple thresholds that can be changed by the technician. For example, the
maximum distance that a mapping point has to the surface map, and stability parameters, such as the
maximal difference in activation time and location between two consecutive mapping points. Thirdly,
the window of interest for the EGM signal has to be manually initialized such that it captures the
relevant part of the EGM. In practice this entails that the window starts right after the pacing signal (if
pacing is performed) and ends before the p-wave of the reference catheter. If this is not initialized
well, the automatic localization of the activation time and voltage might not be accurate and might
contain pacing artefacts.

Another difficulty with EAMs is the artefacts creation of surface meshes, especially when mapping
more complicated structures such as the left atrium. The surfaces obtained using CARTO are less
smooth than those from CT. This can be partly accredited to the type of measurement catheter, but
might also be due to the movement of the left atrium (which has an average displacement of 11 mm
between the minimal and maximal volume) [1]. The recordings are sometimes started before the
transseptal puncture is completed, resulting in a tubular artefact. The opening of the mitral valve
causes the catheter to pick up left ventricular signals and it is difficult to map the area surrounding the
mitral valve. The same holds for the left atrial appendage: the structure is small and usually contains
trabeculations and bends, which makes it difficult to map. Technicians can use a gum to manually touch
up the mesh/remove artefacts. However, they also use this gum to remove part of the mesh when a
structure like the left atrial appendage is obstructing the view of the ablation sites. The mesh is not
always saved before these alterations.

For the calculation of the activation time in the CARTO system, the steepest slope in the EGM is
automatically obtained and used for the calculation. However, the activation is defined to be at the R-
peak in the EGM, making this measurement a surrogate of the true clinical definition of activation. In
the activation time map projected by the CARTO system, smoothing is applied and local activation time
discrepancies/differences are ignored/filtered.

During the export of study data, physicians can name the study. There is no consensus on how to
name this. A variety of names that we have seen within the same institution include: 1-LA, 1-Map, 1-
Pre, 1-Post, 1-1-1-post, 2-RelA, etc. CARTO makes a distinction between creating and saving a new
map (which can be a duplicate of an old map) and saving a study. This causes the existence of duplicate
and empty maps, as well as duplicate studies, which can have arbitrary names as well. We propose an
annotation, following the clinical protocol.
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6 Future Work

To address the challenges of data harmonization and standardization, several key areas of future work
need to be explored:

Development of Universal Protocols: We believe we made a start with creating standardized protocols
for data acquisition of the imaging modalities CT and EGM within this consortium. However, a white
paper should be written to make these efforts universal available.

Interoperability Between Systems: When a universal protocol is in place, a platform should be
established to collect and share this data easily by institutions. This platform should be compatibility
between diverse imaging devices, clinical systems, and research platforms.

Addressing Regulatory and Privacy Concerns: To uphold privacy regulations that govern patient data,
such GDPR, the platform should contain privacy-preserving techniques for data sharing, ensuring
compliance with privacy laws while enabling large-scale data sharing for research.

By addressing these challenges, the clinical research community can make significant strides toward
achieving greater data harmonization and standardization, ultimately improving the quality and
comparability of clinical studies and facilitating more effective collaboration across institutions.
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