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Abstract

Preclinical MRI studies have been utilized for the discovery of biomarkers that predict 

posttraumatic epilepsy (PTE). However, these single site studies often lack statistical power 

due to limited and homogeneous datasets. Therefore, multisite studies, such as the Epilepsy 

Bioinformatics Study for Antiepileptogenic Therapy (EpiBioS4Rx), are developed to create large, 

heterogeneous datasets that can lead to more statistically significant results. EpiBioS4Rx collects 

preclinical data internationally across sites, including the United States, Finland, and Australia. 

However, in doing so, there are robust normalization and harmonization processes that are 

required to obtain statistically significant and generalizable results. This work describes the tools 

and procedures used to harmonize multisite, multimodal preclinical imaging data acquired by 

EpiBioS4Rx. There were four main harmonization processes that were utilized, including file 
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format harmonization, naming convention harmonization, image coordinate system harmonization, 

and diffusion tensor imaging (DTI) metrics harmonization. By using Python tools and bash 

scripts, the file formats, file names, and image coordinate systems are harmonized across all the 

sites. To harmonize DTI metrics, values are estimated for each voxel in an image to generate a 

histogram representing the whole image. Then, the Quantitative Imaging Toolkit (QIT) modules 

are utilized to scale the mode to a value of one and depict the subsequent harmonized histogram. 

The standardization of file formats, naming conventions, coordinate systems, and DTI metrics are 

qualitatively assessed. The histograms of the DTI metrics were generated for all the individual 

rodents per site. For inter-site analysis, an average of the individual scans was calculated to create 

a histogram that represents each site. In order to ensure the analysis can be run at the level of 

individual animals, the sham and TBI cohort were analyzed separately, which depicted the same 

harmonization factor. The results demonstrate that these processes qualitatively standardize the file 

formats, naming conventions, coordinate systems, and DTI metrics of the data. This assists in the 

ability to share data across the study, as well as disseminate tools that can help other researchers to 

strengthen the statistical power of their studies and analyze data more cohesively.

1. INTRODUCTION

Traumatic brain injury (TBI) is typically the result of an external force to the brain that 

leads to several pathologies, including posttraumatic epilepsy (PTE). While epilepsy is a 

common neurological disorder that affects millions, the particular cases of PTE are quite 

varied and present symptoms several years after the TBI, making it difficult to study the 

particular pathophysiology of the disease (Cabeen et al., 2020; Immonen et al., 2019). 

In order to better understand these outcomes, there is a search for noninvasive imaging 

biomarkers of TBI and PTE. The Epilepsy Bioinformatics Study for Antiepileptogenic 

Therapy (EpiBioS4Rx) is one study that aims to identify epileptogenic biomarkers after 

TBI. Within the EpiBioS4Rx project, there are preclinical and clinical components that are 

conducted over various research centers based in the United States, Finland, and Australia. 

Out of the preclinical components, the first aspect of EpiBioS4Rx utilizes lateral fluid 

percussion injury (FPI) in rodents to discover and analyze biomarkers for PTE (Ndode-

Ekane et al., 2019; Weiler et al., 2022). Each site collecting preclinical data obtains magnetic 

resonance imaging (MRI) scans of these rodents at four time points: 2 days, 9 days, 1 

month, and 5 months after the injury (Vespa et al., 2019). Along with the establishment of 

biomarkers for PTE in a rodent model, a secondary project of EpiBioS4Rx aims to generate 

a preclinical trial that is based on the biomarkers that are discovered by the primary project. 

This secondary project will not only analyze the effects of pharmacological therapeutics on 

PTE, but it will also include an additional site, the Albert Einstein College of Medicine, 

which leads to larger datasets and more diverse samples.

For EpiBioS4Rx, there has already been previous analysis on the harmonization of data 

acquisition across the sites, focusing on variations in MRI scanners and noise characteristics 

(Ciszek et al., 2019; Immonen et al., 2019; Pitkänen et al., 2019). The purpose of this 

paper is to present and discuss the development of several frameworks and pipelines 

that harmonize aspects of the MRI imaging data after they are acquired from each 

site of the EpiBioS4Rx preclinical study (Immonen et al., 2019). It will also present 
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these harmonization techniques as a way of depicting the influences, or lack thereof, on 

harmonization protocols, such as TBI. Therefore, the specific focus was to create pipelines 

that are able to harmonize sham and TBI rodent data simultaneously. It was necessary 

to generate a pipeline for EpiBioS4Rx, and other preclinical multisite TBI studies, that 

addresses the additional harmonizing and preprocessing challenges that arise with TBI data. 

TBI introduces varying factors, such as lesion size, changes in cortical thickness, and tissue 

destruction (Xiong et al., 2013). One specific factor that is important to harmonize across 

TBI and sham rodents, despite the potential changes that occur with TBI, is diffusion tensor 

imaging (DTI) metrics. DTI is an MRI technique that focuses on detecting pathological 

tissue damage. It is intended to detect pathological alterations in unhealthy tissue before 

the changes appear in conventional imaging (Homos et al., 2017). This is accomplished 

by detecting changes in diffusion and the directionality of diffusion within tissues due to 

cellular barriers. One specific DTI metric is fractional anisotropy (FA), which measures 

the degree of the directionality of diffusion (Pierpaoli et al., 1996). FA has been shown to 

be an important feature in TBI analysis for PTE (Gupta et al., 2005). There are several 

factors that can alter these parameters, including eddy currents, imperfections in gradient 

calibrations, motion artifacts, the time of day, and temperature (Hasan et al., 2014; Kozak et 

al., 2009; Liu et al., 2010; Thomas et al., 2018; Truong et al., 2011). These variations can 

also lead to broader issues, such as image quality. Due to these variations, it is important 

to implement harmonization processes that standardize these metrics and allow for inter-site 

analysis. This paper will present these pipelines so they can be implemented for current and 

future preclinical multisite MRI studies.

Recently, there has been a rise in multisite clinical studies, specifically for neuroimaging. 

Various normalization and harmonization processes have been developed by multisite 

studies and other consortia to overcome the challenges of data variation and thereby 

obtain the statistical power necessary to provide meaningful insight into a number of 

neuropsychiatric disorders, emphasizing the relevance and importance of these pipelines 

(Bell et al., 2022; Koike et al., 2021; Treiman, 2019; Wrobel et al., 2020). For instance, 

studies in the Strategic Research Program for Brain Science (SRPBS) consortium utilized 

harmonization methods that removed solely measurement bias to predict brain features 

in neuropsychiatric patients (Yamashita et al., 2020, 2019). Another multisite study, the 

Japanese Alzeheimer’s Disease Neuroimaging Initiative, or J-ADNI, was also able to utilize 

harmonization of protocol and procedures in acquiring data to improve the ability to 

predict the progression of cognitively normal elderly patients, mild cognitive impairment 

(MCI), and mild Alzheimer’s Disease (AD) (Beheshti et al., 2017; Iwatsubo et al., 2018). 

Additionally, the Adolescent Brain Cognitive Development study has benefitted from 

harmonizing imaging methods and assessments across 21 sites to understand brain structure 

and function with regards to adolescent development and addiction (Casey et al., 2018). 

Therefore, through several studies, it has been shown that harmonization techniques are 

necessary to produce reliable and effective analysis for neuroimaging studies (Schnack et al., 

2004; Yu et al., 2018).

While clinical multisite MRI studies, such as these, are extremely beneficial and have 

been becoming relatively common, there is almost complete lack of preclinical multisite 

MRI studies. Preclinical MRI studies introduce more avenues for research, however, there 
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are specific features of the preclinical multisite MRI study that must be addressed when 

compared to one that is clinical (Brockmann et al., 2007). Preclinical multisite studies 

typically have a greater variation in MRI field strength and other hardware configurations. 

For instance, the range of field strengths in the preclinical portion of EpiBioS4Rx is 4.7 to 

9.4 T (Gao et al., 2015; Gsell et al., 2020). Furthermore, when compared to clinical settings, 

pulse sequences are less standardized (Moffat et al., 2004). Therefore, it is common to have 

in-house modifications of pulse sequences to accommodate for differences in hardware in an 

optimal way. This poses a significant additional challenge compared to clinical settings.

The normalization of metrics has led to the ability to store all the preclinical data in one 

repository, which has been a major step in increasing the efficiency of the analysis. In 

addition to making access to data more seamless and rapid, building these data tools is 

important for EpiBioS4Rx as it increases the statistical power of the study and leads to more 

cohesive and robust analysis of the data. Not only are these tools beneficial for this study, 

but also sharing them on public platforms, such as GitHub, for communal access can assist 

other multi-site preclinical projects’ analysis to obtain more statistically significant results.

2. METHODS

2.1 Overview of Harmonization Processes

Preclinical MRI data was acquired from three preclinical EpiBioS4Rx sites: University of 

Eastern Finland, University of Melbourne/Florey Institute, and University of California, Los 

Angeles. The data set from University of Eastern Finland contains 43 rodents; 32 TBI and 

11 sham. The University of Melbourne/Florey Institute data set contains 41 rodents; 31 TBI 

and 10 sham. Finally, the University of California, Los Angeles data set contains 43 rodents; 

33 TBI and 10 sham. These values are presented in Figure 1. Four main harmonization 

processes were applied to the MRI scans across all sites: file format harmonization, naming 

convention harmonization, image coordinate system harmonization, and diffusion tensor 

imaging (DTI) metrics harmonization. These processes are visualized in Figure 2. The 

software primarily used in these processes includes the Quantitative Imaging Toolkit (QIT) 

(Cabeen et al., 2018). This package includes several computational tools that are particularly 

helpful for the visualization and analysis for neuroimaging data (https://cabeen.io/qitwiki/).

2.2 File Format Harmonization

As the MRI scans are uploaded across the sites, there is variation in the format that the 

data is stored and the naming of the sequences. However, the imaging data produced by 

a Bruker MRI provides a “method” file (Doss et al., 2022). This is a metadata file that 

provides information about the session and acquisition of the data, including information 

about the scanner and the imaging sequence. The challenge with harmonizing files from 

the Bruker scanner is that the “method” file is in a proprietary format, so it is difficult 

to read and interpret. Therefore, we created a Python tool, ParseBruker, to parse and 

summarize Bruker “method” files, making them easier to understand and work with. This 

tool, which is available on GitHub, is able to ensure that the “method” files are converted 

to a JSON output and formatted output based on a used-specified pattern (https://github.com/

cabeen/parsebruker). Each method file comprises a header, header attributes, parameters, 
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and parameter attributes. The header and parameters are key value pairs: the header provides 

information about the session, such as date and environment, whereas the parameters are 

regarding the scanner protocol. The attributes are additional details based on the header and 

parameters, such as spatial resolution and diffusion gradient b-vectors and b-values. Once 

the method file is interpreted, the imaging data can then be sorted based on the variations in 

sequences, for example. This is the primary tool that is utilized in converting the Bruker files 

to a more easily readable NIfTI format that can be further used for cross-site analysis.

2.3 Naming Convention Harmonization

Along with the file format variation across sites, there are also different naming conventions 

that are utilized. Currently, there is no standardized naming that is widely used among 

rodent data, unlike human data which often leverages the Brain Imaging Data Structure, or 

BIDS (Gorgolewski et al., 2016). Human imaging sequences are slightly more standardized, 

whereas rodent imaging is not due to its experimental nature. Although BIDS is increasingly 

being used in the scope of preclinical MRI studies, it is not as ubiquitous as a standardized 

naming convention should be (Ioanas et al., 2022; Ioanas and Rudin, 2019; Kim et al., 

2021). The main issue is that each imaging center has a unique way of sequencing 

the rodent data, which is a problem that is common for all preclinical multisite studies. 

Additionally, the community lacks many publicly-available converters to maintain consistent 

conventions across studies. There is a converter available, known as BrkRaw, which is 

intended to convert large raw datasets into an organized structure according to BIDS 

(https://github.com/BrkRaw/brkraw). However, there are still issues with identifying scans 

due to the various naming conventions associated with the raw data. This still leads to 

the challenge of not being able to compare data across sites, especially at specific time 

points. Therefore, we created bash scripts to address these challenges. The bash scripts, 

EpibiosAuxBrukerImport.sh and EpibiosAuxBrukerCommon.sh, is available to the public 

on GitHub (https://github.com/cabeen/epibios-mri-rat). These scripts rename the files in 

a consistent way using string pattern matching rules, which are manually defined, to 

identify the files from the diffusion weighted imaging (DWI), multi-gradient echo (MGE), 

specifically T2-star, and magnetization transfer (MT) scans. This harmonizes the protocol 

names for all images in the study: dwi, dwilow, mge, mtlow, mthigh, and rare, leading to 

the naming convention across all sites to be standardized so that the data can be more easily 

shared and comprehended for all researchers in the study.

2.4 Coordinate System Harmonization

The next step that is essential to processing data across several sites is the harmonization of 

the coordinate system of the images. The conversion from Bruker format to NIFTI can often 

lead to differences in image coordinate systems and orientations, which vary across scans 

and sites. To ensure that all the images’ coordinate systems are harmonized, we applied bash 

scripts to scans across all sites that utilize the BrkRaw tool and the novel ParseBruker tool. 

This process is depicted in the bash script, EpibiosAuxBrukerImport.sh, and the beginning 

of the pipeline in the EpibiosAuxProcess.makefile, which is available to the public on 

GitHub (https://github.com/cabeen/epibios-mri-rat). These steps ensure that all images are 

processed in the same way, avoiding any changes in coordinate systems across scans.
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2.5 DTI Metrics Harmonization

The DTI metrics, specifically fractional anisotropy (FA), were also harmonized across 

animals and sites (Fortin et al., 2017). Harmonization of the FA values was used as a way 

to represent the harmonization of DTI metrics as FA is the most common and comparable 

factor (Fox et al., 2012). While there are others, such as mean diffusivity, it is assumed that 

FA values are sufficient to present the effects of harmonization.

In the EpiBioS4Rx dataset, every DW image had an FA value that was estimated for each 

voxel in that image. We used a global statistical approach to standardize these FA values. 

We first generated a histogram from the signal intensities within voxels isolated using 

brain extraction, and we then identified the peak value (or mode) of the histogram as a 

feature to normalize across individuals. This process was implemented in the QIT module 

VolumeHistogram. To harmonize the data, a QIT module, VolumeHarmonize, computes the 

mode of the data, then applies a global scaling factor that brings the peak to a value of one, 

and generates a subsequent histogram for quality control. This is due to the fact that normal 

appearing tissue is the most common and also has a value of one. The mode is utilized rather 

than the mean to avoid bias by lesion size. Once a histogram has been generated for each 

animal within each site, these histograms can be averaged to produce a histogram that is 

representative of the site.

Despite the harmonization process, it is still possible that outliers exist due to various 

factors, including severe artifacts or errors in skull stripping. It is also possible that 

harmonizing individual rodents could lead to global effects being ignored. So, in order 

to understand the local and global effects, the harmonization process was conducted and 

compared within sites and across sites. Also, this process was run on sham and TBI rodents 

separately to assess whether the harmonization factor differs for TBI.

3. RESULTS

These harmonization processes standardize file formats, naming conventions, coordinate 

systems, and DTI metrics, which are qualitatively assessed. The raw file names and 

harmonized file names, which are standardized across all rodents and sites, are depicted 

in Figure 3. The histograms were generated for all the FA values in every individual rodent’s 

whole brain scan across all sites. The example of Monash University is shown in Figure 4, 

where every time point (2 days, 9 days, 1 month, and 5 months after the injury) and all sham 

and TBI rodents are presented. Through a qualitative assessment, there is a clear, visual 

decrease in variability after the harmonization process. For inter-site analysis, the individual 

histograms were averaged to depict a histogram that is representative of each site. In Figure 

5, the whole brain rodent scans of the sham and TBI cohorts were analyzed separately. Each 

site-specific histogram includes either the sham or TBI rodents at all four time points. The 

raw and harmonized data for each is also shown.

4. DISCUSSION & CONCLUSION

These results qualitatively indicate that the harmonization processes were successful in 

normalizing aspects of the data post-acquisition. This is especially useful for the analysis 
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of FA values across sham and TBI. TBI introduces several factors to the data, including 

variations in lesion sizes and tissue destruction, which could lead to alterations in FA values. 

It may be thought that this could influence the harmonization factor. However, despite all the 

varying effects of TBI, based on the visual representation of the data, TBI does not influence 

the harmonization factor. The harmonization process was as effective at normalizing FA 

values in TBI rodents as it had in sham rodents, ensuring that the analysis can be run at the 

level of the individual animals.

Within EpiBioS4Rx, compared to the harmonization processes in the clinical aspect of the 

project, the preclinical project requires some different methods. For instance, BIDS exists 

for the standardized and organized naming and file structure for human data (Gorgolewski et 

al., 2016). However, the development of a naming convention specifically for the preclinical 

component of the EpiBioS4Rx study was necessary. By harmonizing this, along with 

the other factors discussed, data can be more easily shared among all researchers in the 

preclinical study. Additionally, when running analysis for the discovery of biomarkers for 

PTE, it is much less challenging if the file formats, naming convention, coordinate systems, 

and DTI metrics are all standardized. This standardization allows researchers to seamlessly 

choose rodent cases from each site and apply similar pipelines. Beyond this particular study, 

building these data tools is important as it can be utilized by other preclinical multisite 

MRI studies to make data more useful and expedite research (Duncan et al., 2019). As 

these methods increase the statistical power of the study and lead to more cohesive and 

robust analysis, they can be applied to other studies that may have similar variations prior to 

harmonization.

Future directions for this project include adapting this preliminary harmonization pipeline 

to other projects of EpiBioS4Rx. As mentioned previously, there is an additional preclinical 

project to analyze the impact of pharmacological treatments on PTE, which includes data 

from an additional site at the Albert Einstein College of Medicine. However, this data was 

obtained from the Agilent MRI scanner. This inclusion in the future, while it will lead to 

a larger, more diverse dataset, will also require more harmonization processes to account 

for differences in scanner type. Also, when conducting these harmonization methods, it will 

be beneficial to create a pipeline that can include all pre-processing steps for all four sites 

through one replicable script. Future analysis that includes more sites can additionally focus 

on any impacts in harmonization that may arise due to variation in lesion extent and location 

that is based on protocol and acquisition.

Some limitations of this study include only developing harmonization protocols from MRI 

data that was obtained from Bruker scanners. While these pipelines are intended to serve 

as a preliminary framework for future work, it is acknowledged that the pipeline is only 

applied to one scanner. Preclinical scanners have a large variability in bore sizes, gradient 

performance, and radiofrequency (RF)-coils to the level that two preclinical scanners are 

seldom alike. This leads to an increased need for more harmonization protocols between 

scanners in order to conduct statistically significant inter-site analysis. As mentioned 

previously, future EpiBioS4Rx work aims to develop effective data-analysis methods that 

include other scanners, such as the Agilent MRI scanner. Another limitation, specifically 

for the analysis of DTI metrics, is that there was only a qualitative assessment of FA 
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values as a representation for the effects of harmonization. Although there was a clear 

qualitative standardization of FA values through the harmonization protocol, it may have 

been beneficial to include other DTI metrics that are quantitatively assessed.

While it is acknowledged that these scripts and tools are currently specific for the 

EpiBioS4Rx study, it is believed that their applicability will be useful for several other 

studies. Other studies can utilize these tools and develop similar scripts to process and 

structure their data with similar formats, naming conventions, and coordinate systems. Also, 

it is useful for other studies to recognize how TBI, despite all the variations it introduces, 

does not impact the harmonization factor when normalizing FA values. The dissemination of 

this will hopefully lead to more collaboration and analysis of preclinical multisite MRI data 

that can be used to improve the understanding of PTE and its implications.
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Highlights

• Harmonizing preclinical MRI scans across sites provides large datasets for 

analysis

• Novel scripts and tools harmonize file formats, names, and image coordinate 

systems

• QIT modules generated scaled histograms to represent the DTI metrics 

harmonization

• DTI metrics analysis depicted that TBI does not influence the harmonization 

factor

• Harmonization leads to data sharing and increasing statistical strength of 

studies
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Figure 1. 
The preclinical MRI data was acquired from three preclinical EpiBioS4Rx sites: University 

of Eastern Finland, University of Melbourne/Florey Institute, and University of California, 

Los Angeles. The figure includes the size of each site’s sham rodent, TBI rodent, total 

rodent data set.
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Figure 2. 
Visual stepwise representation of the harmonization, including the main inputs and outputs, 

along with the corresponding primary tools utilized.
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Figure 3. 
Image of the raw file names and the filenames after the naming convention harmonization 

process. This process was repeated for every rodent across the three sites
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Figure 4. 
Histograms of the FA values of whole brain scans of rodents, sham and TBI, in the Monash 

University dataset. All four time points (2 days, 9 days, 1 month, and 5 months after the 

injury) are presented. The left side depicts the raw histograms and the right side shows the 

histograms after the harmonization of the DTI metrics.
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Figure 5. 
Histograms of FA values of the whole brain rodent scans of the three sites for sham and 

TBI rodents depicting the raw data and harmonized data. In each histogram, all four time 

points are presented. The sham and TBI histograms were generated separately to show that 

regardless of sham vs. TBI or the site, the harmonization factor is the same.
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