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a b s t r a c t 

Background and objectives : In the last decade, clinical trial management systems have become an essential 

support tool for data management and analysis in clinical research. However, these clinical tools have 

design limitations, since they are currently not able to cover the needs of adaptation to the continuous 

changes in the practice of the trials due to the heterogeneous and dynamic nature of the clinical research 

data. These systems are usually proprietary solutions provided by vendors for specific tasks. In this work, 

we propose FIMED, a software solution for the flexible management of clinical data from multiple trials, 

moving towards personalized medicine, which can contribute positively by improving clinical researchers 

quality and ease in clinical trials. 

Methods : This tool allows a dynamic and incremental design of patients’ profiles in the context of clinical 

trials, providing a flexible user interface that hides the complexity of using databases. Clinical researchers 

will be able to define personalized data schemas according to their needs and clinical study specifications. 

Thus, FIMED allows the incorporation of separate clinical data analysis from multiple trials. 

Results : The efficiency of the software has been demonstrated by a real-world use case for a clini- 

cal assay in Melanoma disease, which has been indeed anonymized to provide a user demonstration. 

FIMED currently provides three data analysis and visualization components, guaranteeing a clinical ex- 

ploration for gene expression data: heatmap visualization, clusterheatmap visualization, as well as gene 

regulatory network inference and visualization. An instance of this tool is freely available on the web at 

https://khaos.uma.es/fimed . It can be accessed with a demo user account, “researcher”, using the password 

“demo”. 

Conclusion : This paper shows FIMED as a flexible and user-friendly way of managing multidimensional 

clinical research data. Hence, without loss of generality, FIMED is flexible enough to be used in the con- 

text of any other disease where clinical data and assays are involved. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Current advances in Next-Generation Sequencing (NGS) to- 

ether with the consequent fast-growth and availability of biolog- 

cal data [1,2] , enable practitioners to combine these data with 

ther clinical and personal information of patients, such as: elec- 

ronic health records, habits, inheritance and environmental fac- 

ors; and therefore perform deeper analyses [3] . This is promoting 
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he development of sophisticated tools for data management and 

nalysis in clinical research and personalized medicine [4–6] . 

Managing clinical data involved in NGS studies is a challenging 

ask [7] , given the continuous obstacles encountered in the system 

aintenance during patient enrollment, the acquisition process of 

linical study samples and the different steps for the preparation of 

rocessing pipelines of clinical data. Most of these difficulties are 

ndeed produced due to the dynamic and heterogeneous nature of 

linical data [8] . The variability of clinical data with respect to the 

ype of data requires special attention in data management sys- 
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ems, since a large volumes of heterogeneous data are integrated 

rom multiple sources with different structures and data formats. 

There is a myriad of research efforts implementing software 

pplications focused on the management of clinical informa- 

ion, which traditionally relied on the use of relational database 

anagement systems, such as MySQL, Oracle, or Microsoft SQL 

erver [9,10] . Although the relational data model is the longest 

stablished approach to carry out data management, it introduces 

ertain limitations when dealing with clinical data [6] . In this 

ense, since relational databases require the schema design to be 

et up before introducing data, this demands Software Engineers 

o know the structure of the data that will be stored and the char- 

cteristics they possess in advance [11] . Later modifications in the 

chema, once the users are introducing data through an applica- 

ion, are complex as they need to be done by engineers and can 

ave consequences, such as data lost and data inconsistencies [12] . 

owever, data collection could produce cases where new clinical 

ariables need to be considered [13] . For this reason, using re- 

ational databases to store clinical research data would cause dis- 

ersed tables with empty fields as a result of schema changes. In 

onsequence, we can identify several features that would be of in- 

erest in clinical research tools [14] : 

• Dynamically storing the clinical data from multiple clinical tri- 

als; 
• Allowing to expand their functionalities; 
• Integrating data from different clinical operations in multiple 

systems; 
• Transferring data to different types of samples to target differ- 

ent analysis; 
• Being adequate to the special characteristics of clinical data; 
• Using a database schema that grants sufficient adaptability to 

face the continuous changes in the practice of clinical trials; 
• Enabling ways to secure patients’ information. 

There exist different software platforms available devoted to 

tore and process large volume of heterogeneous data from mul- 

iple data sources, which are also focused on performing computa- 

ion on encrypted data, in different domains of application. Some 

rominent examples in this sense are: TrajMesa [15] , a holistic 

istributed NoSQL trajectory storage engine. TrajMesa can manage 

 extremely large number of trajectories, and support plenty of 

uery types efficiently; PERSIST [16] , is a middleware architecture 

hat externalizes the complexity of a federated cloud, storage ar- 

hitecture and the complex storage logic from the SaaS application 

o storage policies. This platform also allows tenants to enforce dif- 

erent storage- and privacy related requirements at a fine-grained 

evel, and supports the dynamic (re)configurability of the underly- 

ng federated cloud storage architecture. PERSIST offers support for 

un-time cross-provider polyglot persistence and the confidential- 

ty of sensitive data through encryption; a third solution is Crypt- 

ICE [17] , a distributed data protection system that provides built- 

n support for a number of different data encryption schemes, sup- 

orts making appropriate trade-offs and execution of these encryp- 

ion decisions at diverse levels of data granularity, and integrates a 

ightweight service that performs dynamic deployment of User De- 

ned Functions (UDF), without performing any alteration directly 

n the database engine for heterogeneous NoSQL databases. This 

eads to realize low-latency aggregate queries and also to avoid ex- 

ensive data shuffling. Finally, SecureNoSQL [18] aims at covering 

ot only data confidentiality, but also the integrity of the datasets 

esiding on a cloud server. In this last platform, a secure proxy car- 

ies out the required transformations and the cloud server is not 

odified. The construction is applicable to all NoSQL data models, 

pecially those oriented to document-store data model. 

Similarly, in the specific case of clinical data management, there 

re many software packages already developed, some of them 
2 
reely available to clinicians [19–26] . Although the goal of this pa- 

er is not to produce a complete review on this topic, we mention 

ere a set of those with similar features to FIMED. 

In this regard, OpenClinica [21] is one of the most prominent 

ools designed to capture clinical trial data. This web-based tool al- 

ows to design electronic Case Report Forms (eCRF), firstly building 

hem in any spreadsheet program and uploading them via the user 

nterface. However, the forms must be uploaded again in the tool 

f users want to modify or update them in OpenClinica. For this 

eason, the users will be hindered as they will have to constantly 

oad the forms into the tool due to the heterogeneity of the clinical 

ata and the changes that may occur in the different trials. 

REDCap [23] is a research electronic data capture tool where 

linical researchers declare the fields in a spreadsheet using meta- 

ata and send it to the REDCap team. The computer scientists de- 

ign the tables in the database and deploy the web application 

or the specific case. However, additional modifications in the data 

tructure need to be approved by the REDCap team. Thus, some 

hanges are not allowed due to the database limitations and this 

imits the flexibility of the system. 

There are many other software tools for the management of 

linical data (such as [20,22,24,25] ), with more or less similar func- 

ionalities as described in some surveys [27–29] . In this regard, 

he survey presented in [30] indicates that most of the clini- 

al data management systems are web-based platforms based on 

he needs of a specific clinical trial in the shortest possible time. 

herefore, these systems do not fully support the process of clin- 

cal data management and lack of flexibility and extensibility in 

erms of development. Similarly, as argued in [31] , the systems 

eing used to collect study data are often operated redundantly to 

ystems used in patient care. As a consequence, the data collection 

n studies is inefficient and data quality may suffer from unsyn- 

hronized datasets, non-normalized database scenarios and manu- 

lly executed data transfers. A solution proposed in [31] consists 

n OpenCampus Research, an open adoption software (OAS) solu- 

ion, which provides a standard environment for state-of-the-art 

esearch database management. 

However, practically none of these tools include the possibility 

f analyzing the clinical data of patients in terms of disease explo- 

ation. 

With the motivation of approaching all these features, this pa- 

er presents FIMED, a tool for the flexible management and analy- 

is of clinical research information. It is a “do-it-yourself ” tool that 

llows users to build their forms in a simple, incremental and dy- 

amic way to facilitate multiple source data collection. FIMED of- 

ers an advance in the functionalities offered by these tools provid- 

ng users with an easy to use tool for the flexible design (includ- 

ng later modifications on it) of eCRFs according to the clinician’s 

eeds. 

FIMED has been developed using MongoDB to alleviate some 

f the limitations imposed by relational databases. MongoDB is a 

on-relational database (NoSQL). This document oriented database 

ffers a schema-less approach to database design [32] , where 

atabase schema does not require to be defined entirely before- 

and, and the data structure can change over time without need- 

ng to update previous database entries. Thus, any new data en- 

ry can introduce schema changes without declaring them at the 

chema level. This allows a flexible design of the databases at the 

ata load phase. FIMED provides a web user interface in which 

sers focus on inserting the data they are collecting in clinical tri- 

ls. As soon as they detect new fields to be added, they are just 

ncluded in the latest data inserted in the database, so the model 

s updated. MongoDB has been designed to operate using a cluster 

onfiguration, making it a great choice if scalability is required. 

In clinical trials, data collection/management is normally sep- 

rated from data analytics. FIMED also provides analysis tools for 
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Fig. 1. FIMED Workflow. (I) Data collection, (II) Mapping data, (III) Data analysis and (IV) Data Visualization. 

c

a

a

g

t

e

e

w

d

p

r

a

e

c

c

2

w

y

g

a

2

f

M

S

r

t

u

s

d

e

p

c

t

e

C

d

c

n

s

s

t

t

w

f

linical trials in order to minimises bias. The current version en- 

bles tools for gene expression data analysis in a semi-automatic 

nd straightforward way using heat maps, cluster heat maps and 

ene regulatory networks inferred from inserted data. This func- 

ionality provides practitioners with early insights into the gene 

xpression samples of a patient (discovering changes in their gene 

xpression levels) or sets of patients (discovering patient clusters 

ith a possible clinical correlation). 

In order to evaluate FIMED, a practical use case has been con- 

ucted with real expression data taken from metastatic Melanoma 

atients used in a previous work, VIGLA-M [33] . This use case 

eplicates this work from data acquisition to the integration and 

nalysis based on advanced visualizations. FIMED has shown to 

ase the process of flexible and dynamic collecting patient’s clini- 

al information without the need of a database re-engineering pro- 

ess. 

. System architecture 

FIMED internally implements a workflow as depicted in Fig. 1 , 

hich consist in several phases: data collection, integration, anal- 

sis and visualization. Thanks to the web interface, the user is 

uided through this workflow, so internal data mappings and 

daptations are automatically conducted. 

.1. Data collection 

For the integration of clinical information and other related in- 

ormation, such as gene expression data, we have designed a core 

ongoDB schema. This schema can be observed in the JSON Code 

nipped 1 , as a single collection of users, each one of them cor- 

esponding to a MongoDB document in the database. Each en- 

ry (user) in this collection contains the list of patients who have 

ndergone clinical trials with this user (clinician). The user can 

tore clinical trial information of each patient (e.g. name, gen- 

er, date of birth, medical records, medication, diagnosis date, dis- 

ase’s progress, etc.) and associated files obtained from, for exam- 

le, gene expression assays in different formats. Moreover, the user 

ould attach files associated to the patient as additional informa- 

ion (e.g. reports in PDF, scanner images, signed informed consent, 

tc.). 
3 
ore JSON Schema. It constitutes the initial document structure from which the 

atabase is incrementally adding new elements and updating existing ones. 

This database is supported with a web based front-end to fa- 

ilitate the data collection, which is dynamically adapting user 

eeds along with the database scheme. The data insertion process 

tarts with an initial form with fields according to the core JSON 

chema. The user can add new fields dynamically, just indicating 

he field name and inserting data for this field in the current pa- 

ient. The fields used in previous records are automatically shown 

hen adding information for a new patient. The system also learns 

rom the fields introduced by any user, so when a new field is cre- 
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ted, its use is available to other users, which could fill it from now 

n (when required). The system processes the data in real-time, 

nd so for each field in which the user introduces information, 

t is automatically linked with the corresponding clinician records 

hen applicable. 

Patients’ information is secured in the whole database. For this 

ropose FIMED uses the Advanced Encryption Standard (AES). AES 

s an encryption algorithm [34] , which employs the same secret 

ey to encrypt and decrypt the data. FIMED uses the 256-bit keys 

hich is the longest allowed by AES and also recommended to 

chieve strong data security. Hence, the encryption key (secret key) 

s a random combination of a suitable length of 256 bits that is 

enerated on the server side during the registration process each 

ime a user is registered in FIMED. 

In a first instance, this encryption key is used to encrypt the 

ser password and is also used as secret key to encrypt patients’ 

nformation in the database and to decrypt the data when retriev- 

ng it by querying the database. Thus, we avoid that the clinicians 

egistered in the application can access to information that does 

ot correspond to them. Hence, FIMED protects the sensitive infor- 

ation of users and their patients. 

The proper management of cryptographic keys is essential to 

he effective use of encryption products. Loss or corruption of 

hese keys can lead to loss of access to systems and data, as well as

aking a system completely unusable unless it is reformatted and 

einstalled. For this reason, FIMED saved the cryptographic keys to 

 MinIO 

1 cluster. This cluster is an internal network only accessible 

rom the server where the APIs are allocated. This enables to have 

 fine grain track on the access to these keys, replication of the 

nformation to avoid losing keys and an additional security level 

rovided by MinIO. 

.2. Gene expression data mapping 

A series of mapping processes have been developed to translate 

ene expression data in a format suitable for their processing and 

nalysis. This enables the tool to perform the import of gene ex- 

ression data in different NGS file formats from different providers 

Nanostring, Affymetrix, etc.). In this sense, we first perform a gene 

xpression data parsing process, since different brands of machines 

or gene expression profiling will produce different formats. The 

oal of the parsing process is to extract the gene names, class 

ames and gene expression values to obtain a gene expression ma- 

rix. These data provide us with the level of expression of each 

ene in the patient’s temporary samples to be later pre-processed 

nd analyzed by the tools offered by FIMED, as observed in Fig. 2 . 

FIMED currently supports gene expression samples in RCC ( Re- 

orter Code Count ) format. It has been tested with RCC exam- 

les, and also with real samples from the Immune Profiling Panel 

anostring T M . Each RCC file contains the count for each target 

RNA molecule in a sample. From each RCC file, we can extract 

ode Class, Gene Name, Accession and Count (see Fig. 2 A), es- 

ential lane attributes to subsequently carry out the normalization 

rocess and finally obtain the gene expression matrix. At the end 

f this step, the system has uniform gene expression data and ad- 

itional transformations are done to ensure high quality results. 

.3. Gene expression pre-processing 

In this step of the workflow, the gene expression files previ- 

usly generated are pre-processed, since the variation of gene ex- 

ression data is the aggregation of biological variations that could 

nclude possible bias or noise produced during the gene sequenc- 

ng process. FIMED focuses on Normalization in this stage. 
1 https://min.io/ . 

4 
A standard normalization process is carried out in order to re- 

uce technical variations from experiments within the different 

les, so the remaining variance can be attributed to the underly- 

ng biology of the system under study. It is worth noting that the 

ost common of these variations are originated in the sample or 

n the platform. Thus, the normalization of this variability is essen- 

ial, since the precision and accuracy of the analysis techniques in 

ene expression assays depend on it [35] . In this sense, normal- 

zation allows users to directly compare gene expression samples. 

Samples include quality control flags: positive and negative 

ontrol genes. The positive control linearity ensures that the sam- 

les maintain a certain linear relationship. Background correction 

s achieved with the use of negative control samples. A certain 

hreshold is calculated as two standard deviations of the negative 

ontrol values over the geometric mean of reference genes. A fil- 

ering process is carried out to filter less expressed genes. Those 

ost stable reference ( housekeeping ) genes will be identified, using 

he algorithm geNorm 

2 ~ [35] .These genes will be used to calculate 

he scale factors for the rest of the sample. In this way, we can 

alculate the specific normalization factors for each sample. As a 

esult of this normalization and filtering process, the gene expres- 

ion matrix is obtained (as illustrated Fig. 2 B), which will be used 

n the data analysis and visualization processes. 

.4. Gene expression data analysis 

After the pre-processing step, the use of series of gene expres- 

ion data enables the possibility of exploring how different genes 

re connected (through gene interactions). The analysis of these in- 

eractions is useful to produce networks of interactions focused on 

ranscription factors (TFs). In order to infer possible interactions 

etween them, two distinguished algorithms are provided in the 

rboretum Python package 3 , which are integrated in FIMED: 

• GENIE3: it decomposes the prediction of the network in differ- 

ent regression problems. In each problem, the expression pat- 

tern of one target gene is predicted from the expression pat- 

terns of all the input genes. GENIE3 is considered the popular 

classic Gene Regulatory Network Inference algorithm based on 

tree-based ensemble methods: Random Forests (RF) or Extra- 

Trees (ET) [36] . 
• GRNBoost2: it is an efficient algorithm for regulatory network 

inference using Gradient Boosting Machine regression with 

early-stopping regularization, based on the GENIE3 architec- 

ture [37] . 

The result of the gene inference analysis algorithms is a col- 

ection of regulatory interactions between transcription factors and 

heir target genes. An example can be observed in Fig. 2 C, where 

he importance value is the strength of the interaction. The result- 

ng links are then used to create and visualize the gene regulatory 

etwork, which can be plotted as network graphs with different 

ayouts (see Fig. 2 F). 

.5. Visualization 

After the pre-processing, the most variable genes are used to 

erform a variety of visualizations to provide users with a rich set 

f tools for validating targets, through the comparison of different 

atient samples or patients in the same disease stage. Hence, a 

et of analytic functionalities are used to discover patterns in the 

hange of the gene expression levels. In concrete, FIMED provides 

hree main visualizations, as represented in Fig. 2 (D,E,F): 
2 https://genorm.cmgg.be/ . 
3 https://arboretum.readthedocs.io/en/latest/ . 

https://min.io/
https://genorm.cmgg.be/
https://arboretum.readthedocs.io/en/latest/
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Fig. 2. FIMED provides functions for loading, mapping, pre-processing, analyzing and visualizing data from different profiling panels. 
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• Heatmaps. A heatmap is a graphical representation of a matrix 

of data, where the cell values are represented with different 

colors depending on their values. This is useful to visually dis- 

cover relationships between elements. 
• Cluster heatmaps. They follow the same principles as heatmaps, 

but re-ordering the matrix of data to aggregate those sub- 

matrices with similar values. 
• Gene Interaction Network. The interactions between different 

genes can be presented as a graph where nodes represent genes 

and arcs the interactions between them. The arcs can represent 

the strength of the interaction by means of the arc shape or 

length. 

. Use cases 

In order to enable users to explore FIMED functionalities, an in- 

tance has been deployed in our servers. In this instance users can 

reely manage their patient data or test it with sample data us- 

ng the demo user provided 

4 that contains anonymized patient’s 

ata. This sample data enables new users to explore an example 

f how their databases could be developed. However, to make an 

ctual use of the tool, the user should create a new free account. 

hus, users will have their own independent workspaces, where 

ach one can only access its owns patients’ data. After logging in, 

sers can use different options in the main page ( Fig. 3 ). 

Option Form design ( Fig. 3 A) allows the user to define new 

ata fields to include any kind of patient’s clinical information. 

hanks to the flexibility provided by MongoDB, the initial database 

chema can be then increased in a personalized way. Users can 

reate dynamically new fields of any simple type String, Number, 

ate, Boolean . It is also possible to define compound fields with 

ested sub-fields, hence constituting a hierarchical organization. 

nce the user has designed the form (for inserting patient’s data), 

he new fields will be stored in the database as Attributes (Keys in 
4 Demo user grants: username “researcher” and password “demo”. 

c

a

t

5 
SON and MongoDB terminology), so the database scheme is incre- 

entally designed. It is worth noting that users could adapt the 

atabase schema to any case of study in the handling of data in 

linical trials. 

At this point, the process of inserting patient’s information 

nto the application is performed through option Add patient (s) 

 Fig. 3 B), which enables different kind of data to be stored in the

atabase. First, patients’ clinical information is introduced in the 

xisting data fields previously declared on the form. The user inter- 

ace extracts the schema for the data insertion dynamically from 

he database. In this way, whenever a new field is added, it will 

ppear in the user interface automatically. In addition, new fields 

re recommended to other users for future forms. Second, files 

ontaining gene expression assays associated to the patient can be 

oaded using the browse functionality. Accordingly, new meta-data 

elds could be added to the gene expression files to provide ad- 

itional information to the samples. Depending on the file type, it 

ould be used in different analyses. Third, it is also possible to in- 

ert additional files to guarantee the complete patient information 

E.g. doctor’s reports, test results, scanned images, signed inform 

onsents, etc.). 

Similarly, FIMED provides the user with a search engine with 

he purpose of helping clinicians to retrieve their patient’s infor- 

ation. The option Search patient (s) ( Fig. 3 C) offers a dynamic 

nterface to facilitate this functionality, as well as filter options ac- 

ording to existing data fields to enhance the search process. The 

earch tool provides access not only to view the data, but also to 

odify them. In this sense, the patient’s information can be up- 

ated at any moment. In this operation, new fields could also be 

reated when required. 

A last main option comprises the data analysis and visualiza- 

ion, which is offered by clicking on Gene expression level analy- 

is ( Fig. 3 D). As commented before, FIMED currently enables three 

ain analysis with gene expression levels that focus on: heatmaps, 

lusterheatmaps and gene regulatory networks. Depending on data 

vailability, these analyses could be performed for one single pa- 

ient, as well as for aggregated data from several patients, hence 
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Fig. 3. Main panel of the FIMED web application. The first main option is the form design, which enables the user to create its own fields with corresponding attributes in 

the database. 
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llowing comparisons among different individuals, some of them 

cting as control samples. 

With the aim of showing the potentials of using FIMED, we 

ave tested the tool in use cases conducted with actual sequence 

ata from metastatic Melanoma patients [33] . Thus, we have vali- 

ated the management and analytical functionalities generating in- 

icative analysis and visualization in cancer research. 
6 
In these use cases, we have inserted clinical information of 

hree Melanoma patients through the FIMED web service. Firstly, 

e have designed the form for this clinical assay and then, we 

ave inserted the clinical information of the patients in the tool. 

his clinical case has a set of 5 simple fields and 1 composed field 

s can be seen in Code Snippet 2 . 
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5

o

ode Snippet 2: Data Schema in Melanoma use cases. 

Moreover, we have used gene expression data using the Im- 

une Profiling Panel Nanostring T M (770 genes). This panel has 

een specifically designed for cancer projects studying immune 

spects of the disease. The panel includes 24 different immune 

ell types, common checkpoint inhibitors, CT antigens, and genes 

overing both, the adaptive and innate immune response. For this 

ase, the analysis component works with RCC files 5 , starting from 

he data normalization with a housekeeping based method. This 

latform can analyze 12 samples in each cartridge, so it provides 

2 RCC files with the gene counts for each of the gene panels. 

hese files are stored in FIMED associated to the patient’s code, 

he sample collection date and the experiment date. 

.1. Use case 1: heatmap clustering 

At this point, users are enabled to perform a first main analy- 

is based on the generation of heatmaps and hierarchical clusters 

ith dendograms. As illustrated in Fig. 4 , users can select gene ex- 

ression samples from one or more patients to constitute the gene 

xpression dataset to be analysed. In this process, a sliding element 

s provided to set a parameter for extracting only those most vari- 

ble gene expression levels, as a percentage of the total number of 

enes in the panel. Therefore, in a given session, a series of dif- 

erent analysis can be generated according to this parameter. Thus, 

esulting clusters and heatmaps can be visually compared and in- 

pected by a simple click-and-drag feature to zoom in, and a click- 

nce feature to zoom out. This is a new functionality that was not 

resent in our previous work VIGLA-M [33] . 

The long term goal would be to identify unexpected relation- 

hips between genes expressing in a similar way that would help 

dentifying new drug targets or identifying new biomarkers of the 

atient expected evolution in their treatment. This is an ongo- 

ng work in collaboration with the regional hospital through the 

iomedical institute of Málaga ( Hospitales Univesitarios Regional y 

irgen de la Victoria de Málaga, Instituto de Investigaciones Biomédi- 

as - IBIMA ) using FIMED. 

.2. Use case 2: gene regulatory network 

Another interesting analysis comprises the inference of gen reg- 

latory networks, which can be now extracted from the gene ex- 
5 See https://khaos.uma.es/fimedRCC for examples copied from https://github. 

om/hbc/sen-Nanostring and so licensed under MIT License. 

7 
ression levels previously stored in FIMED. A gene regulatory net- 

ork consists of a set of genes (acting as transcription factors) that 

egulate (activate or inhibit) each other’s expression. The nodes are 

he genes themselves and the connections between them represent 

he regulatory mechanisms of their genetic expression, such that 

wo genes are connected if one regulates, positively or negatively, 

he expression of the other. 

Figure 5 shows the selection panel offered in FIMED to generate 

nd visualize gene regulatory networks. Similarly to the previous 

unctionality, a sliding parameter is used to extract only those most 

ariable gene expression levels, as a percentage of the total num- 

er of genes in the panel. In addition, a statistical cutoff parameter 

s provided to limit the maximum number of links in the network, 

hich is useful to enhance visualization, as it just centers on most 

mportant genes and their relationships. Nonetheless, this interac- 

ive graph functionality allows the user to manually move the net- 

ork and explore the connectivity between the nodes and hence, 

o clearly inspect the topology of network. In this regard, users can 

elect different layouts for network representation: Force-directed 

ayout or Circular layout. 

An interesting experiment consists in inferring a set of differ- 

nt networks, which are obtained using different random seeds, 

lthough using the same parameters of percentage of total num- 

er of genes in the panel to 5%, and the maximum number of al- 

owed links to 10. This way, it is possible to discover those genes 

hat, with a high frequency, are attractors of multiple links (inter- 

ctions) with other genes. These attractors are then considered as 

ubs in transcriptional regulatory network, which are usually iden- 

ified to be used as diagnostic and prognostic markers and possi- 

ly for targeted therapy. In the case of the sample Melanoma data 

tored in FIMED, inferred networks are frequently generated with 

ubs in genes: ARG1, IL18RAP, CD163 and FCER1A. These genes are 

sually identified to have an adaptive resistance on immune regu- 

atory factors in pathology [38] , so this could support the clinician 

ith new useful information for adjusting the treatment process. 

. Prototype implementation 

FIMED has been developed in JAVA, JSP , and JavaScript languages 

nd follows a Model-View-Controller (MVC) software design pat- 

ern to manage the MongoDB database. The user interface is served 

hrough a standard Tomcat 9 Web application service. FIMED pro- 

ides a user-friendly web application freely available on the web 

t http://khaos.uma.es/fimed , with all major browsers supported. 

he web interface has been designed for guiding the user in the 

asks of clinical data collection and database organization in an 

ransparent and straightforward way. In addition, this tool provides 

ene expression data analysis by means of the visualization of clus- 

ers, anomalies, changes in patterns, etc., with open source libraries 

 Plotly 6 and Bokeh 7 ). 

FIMED also provides a Open Source version for being installed 

n clinicians own servers to secure patients’ information. This also 

nables the extension of FIMED by external developers providing 

ew functionalities. Additionally, the Model-View-Controller (MVC) 

oftware design pattern has been implemented by means of an API 

onnecting the web user interface with MongoDB. 

. Results 

Additionally, we evaluated the performance of FIMED by means 

f locust 8 , an open source Python-based user load testing tool. We 
6 https://plot.ly/ . 
7 https://bokeh.pydata.org/en/latest/ . 
8 https://locust.io/ . 

https://khaos.uma.es/fimedRCC
https://github.com/hbc/sen-Nanostring
http://khaos.uma.es/fimed
https://plot.ly/
https://bokeh.pydata.org/en/latest/
https://locust.io/
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Fig. 4. Selection panel of gene expression files and visualization of resulting Cluster heatmaps according to different percentages of significantly altered gene expression 

levels. In this example is observed the results for four samples (three from first patient and one from the second one) with two filtering percentages. Thus, the result on the 

right-up side shows a case with only the 5% of the most representative genes. 

Fig. 5. Selection panel of gene expression files and visualization of resulting gene regulatory networks according to different percentages of of significantly altered gene 

expression levels. 

8 
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Table 1 

FIMED in comparison. 

OpenClinica [21] REDCap [23] TrialDB [20] Phoenix [24] Progmatic [22] Dados-P. [25] openCDMS [19] PhOsCo [26] FIMED 

1 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

2 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

3 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

4 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

5 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

6 ✔ ✔ - ✔ ✔ - ✔ ✔ ✔ 

7 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

8 ✖ ✖ - ✔ - ✔ ✔ ✔ ✔ 

9 ✖ ✖ - - ✖ ✖ ✖ - ✔ 

10 ✔ - - - ✔ ✔ ✖ - ✔ 

11 ✔ ✔ - ✔ - - ✔ - ✖ 

12 ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✔ 

13 ✔ ✖ ✖ ✖ ✖ ✖ - ✖ ✔ 

14 ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✔ 

15 ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✔ 

16 ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✖ ✔ 
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a
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7

c

i
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a  

p

t

c

c

e

s

o

ave used locust tool to perform different data loads and oper- 

tions, stressing the API of FIMED with a series of queries. The 

erformance of the time response of FIMED has been studied for 

ata insertion, deletion and retrieval. For this propose, We have 

onfigured the locust API to simulate up to 50 0 0 users interact- 

ng with the FIMED API with a Spawn rate of 50 users (users 

pawned/second = 50). We have defined the behaviour of the 

sers in the locust API with Python code as follow: each user will 

ake a POST request to create his/her form, then (s)he will fill in 

hat form with his/her patient’s information, then (s)he will search 

or the patient and finally (s)he will delete it. 

FIMED performs properly as the number of simultaneous users 

ncreases, with an average time response of 74 (ms), 81 (ms), 42 

ms) and 50 (ms) respectively, for each of the request presented 

efore. When we reach approximately 4500 users, the FIMED API 

tarts to perform moderately in some requests and the time re- 

ponse starts to grow speedily. Probably, this could be explained 

y the fact that FIMED is served through a standard Tomcat 9 Web 

pplication service and more simultaneous requests are received 

han can be handled by the currently available request processing 

hreads. 

. Discussion 

Despite the availability of many electronic Case Report Form 

eCRF) tools designed to capture clinical trial data, most of them 

ack a flexible integration of clinical information since the clini- 

ians are not able to design and modify the forms according to 

heir needs. Moreover, we have observed that the majority of these 

ools required a significant time investment to create CRFs and a 

horough study making their use complicated for small-scale in- 

estigator. 

Before developing FIMED, we have made an exhaustive study of 

eneral features in this kind of systems and we outlined several 

f these features that are essential and are shared in almost all 

he systems. In order to alleviate some of the limitations encoun- 

ered in the literature, we present other features in our tool that 

e have not observed in the systems found in the scientific liter- 

ture but are crucial for the collection, management and analysis 

f the clinical information of the study subjects. These features are 

resented below: 

1. Enabling ways to secure patient’s information. 

2. Ensuring that retrieved data regarding each subject is only at- 

tributable to that subject. 

3. Creating clinical research forms (eCRF). 
9 
4. Providing support for several types of fields (such as dates, text, 

numerical values) and in various formats/ support for all basic 

field data types). 

5. Supporting Web-based interfaces. 

6. Providing software to be hosted locally to protect sensitive data. 

7. Being Open source. 

8. Providing user-friendly interfaces so that users can create CRFs 

and enter data directly on the interface. 

9. CRFs should be easy to modify once created. 

0. Should be able to contain non-traditional fields such clinical 

images, samples, etc. 

1. Exporting to formats such as Excel, Pdf, Xml, Html, and CSV. 

2. Dynamically storing the clinical data from multiple clinical tri- 

als. 

3. Allowing to extend their functionalities. 

4. Transferring data to different types of samples to target differ- 

ent analysis. 

5. Using a database schema that grants enough adaptability to 

face the continuous changes in the practice of clinical trials. 

6. Integration of analysis tools in order to examine the data to un- 

derstand a disease. 

Table 1 shows a comparison between FIMED and a set of re- 

ated tools found in the literature, according to the list criteria ex- 

osed above. As can be observed, desirable features related to dy- 

amism in integration phase, adaptability, scalability and advanced 

nalytic are covered by FIMED, which represent an advantage with 

egards to these compared tools. 

. Conclusion 

FIMED is a software tool for clinical data collections allowing 

linicians without programming skills flexible management of clin- 

cal research information. It provides many functionalities in order 

o facilitate data management by clinicians, such a (I) personalized 

orm design (”do-it-yourself”) dynamically adapting to each of the 

atients entries in the application; (II) browse functionality to store 

ene expression assays associated to the patient with metadata to 

rant additional information to the samples; (III) the modification 

nd the update of the data over the time; and (IV) a search tool to

rovide direct access to the data with different filter options. Addi- 

ionally, FIMED integrates analysis tools for clinical trials to allow 

linicians to perform different types of analysis towards a deeper 

omprehension of the molecular mechanisms in a particular dis- 

ase through the interpretation of results. Moreover, FIMED offers 

ome mechanisms to extend the software with new components in 

rder to expand its functionalities. 
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Current version incorporates algorithms for gene expression 

ata analysis and offers visualization tools for the exploration of 

hese data: Heatmaps, Cluster Heatmaps and Gene Regulatory Net- 

orks. FIMED has taken the experience acquired with the develop- 

ent of VIGLA-M [33] in the analysis of gene expression data, and 

as been tested with use cases conducted with actual sequence 

ata from metastatic Melanoma patients. This previous work pro- 

ided also relevant needs from the clinical assay data management 

rom the clinician point of view, as clinicians found limitations in 

mproving or extending the data collected during the process. Its 

sability in this real scenario has been validated, since we have 

btained first real clinical insights. In this sense, it has been evi- 

ent how this tool can be easily integrated into different use cases, 

aking FIMED a powerful clinical research tool for data manage- 

ent, analysis and visualization in the practice of clinical assays in 

ifferent studied diseases. Apart from the public instance provided, 

he project can be deployed by IT administrators in any health in- 

ormation system, ensuring higher protection of the clinical data. 

As a matter of future work, we plan to update it and ensure fu- 

ure compatibility with more use cases, such a adaptability to more 

ene expression files formats, other diseases and integration with 

ther analytical tools or algorithms (real time sensor data analysis, 

linical image analysis). FIMED is also being used in the melanoma 

linical case to find new biomarkers for predicting the patient evo- 

ution during the treatment, which results will be relevant for the 

edical community. 
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