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Abstract: Background: During the 2016 Assisi Think Tank Meeting (ATTM) on breast cancer, the 
panel of experts proposed developing a validated system, based on rapid learning health care 
(RLHC) principles, to standardize inter-center data collection and promote personalized treatments 
for breast cancer. Material and Methods: The seven-step Breast LArge DatabasE (BLADE) project 
included data collection, analysis, application, and evaluation on a data-sharing platform. The mul-
tidisciplinary team developed a consensus-based ontology of validated variables with over 80% 
agreement. This English-language ontology constituted a breast cancer library with seven 
knowledge domains: baseline, primary systemic therapy, surgery, adjuvant systemic therapies, ra-
diation therapy, follow-up, and toxicity. The library was uploaded to the BLADE domain. The safety 
of data encryption and preservation was tested according to General Data Protection Regulation 
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(GDPR) guidelines on data from 15 clinical charts. The system was validated on 64 patients who 
had undergone post-mastectomy radiation therapy. In October 2018, the BLADE system was ap-
proved by the Ethical Committee of Fondazione Policlinico Gemelli IRCCS, Rome, Italy (Protocol 
No. 0043996/18). Results: From June 2016 to July 2019, the multidisciplinary team completed the 
work plan. An ontology of 218 validated variables was uploaded to the BLADE domain. The GDPR 
safety test confirmed encryption and data preservation (on 5000 random cases). All validation 
benchmarks were met. Conclusion: BLADE is a support system for follow-up and assessment of 
breast cancer care. To successfully develop and validate it as the first standardized data collection 
system, multidisciplinary collaboration was crucial in selecting its ontology and knowledge do-
mains. BLADE is suitable for multi-center uploading of retrospective and prospective clinical data, 
as it ensures anonymity and data privacy. 

Keywords: breast cancer; large database; standardized data collection; networks 
 

1. Introduction 
Breast cancer, one of the main causes of women’s mortality, is characterized by 

highly complex presentation patterns [1]. Even though population-based screening pro-
grams [1], new therapies [2], advanced technologies [3], and multidisciplinary approaches 
[4] have improved survival and quality of life [4] in the previous decades, cure remains a 
challenge in some sub-groups of patients. Consequently, hypothesis-based tailored treat-
ments that are adapted to each individual patient’s specific features are being explored in 
an approach termed personalized medicine. Due to complex information systems, per-
sonalized medicine overcomes uncertainties about particular conditions in small sub-
groups of patients, which increase the complexity of decision-making [5,6]. Despite grow-
ing interest, a literature review revealed no consensus on how to define and apply per-
sonalized medicine [5]. Semantic approaches include patient stratification and treatment 
tailoring. In the former, individual patients are grouped into subpopulations according to 
the probability that a specific drug or treatment regimen will be of benefit, whereas in the 
latter, the individual patient’s status is used as the rationale for treatment choice [6,7]. 

The application of personalized medicine may be limited in clinical practice by the 
results of randomized controlled trials (RCTs). Patient selection, as defined by inclusion 
and exclusion criteria, leads to adaptive randomization, so outcomes refer only to the 
RCT-eligible population [8]. Furthermore, since the selected patients are usually in good 
clinical condition, with few or no comorbidities, the results cannot be extrapolated to all 
cases that physicians may encounter in clinical practice [9]. Additionally, due to long re-
cruitment and follow-up times, RCT evidence may be out-of-date when it is made availa-
ble, and progress may have already been made in developing treatments beyond old 
standards. Lambin et al. [10,11] reported that high quantity, low quality data from clinical 
charts reflected reality better than RCT data, and therefore provided valuable information 
for applying personalized medicine in clinical practice [9,12]. However, new instruments 
are needed to include the data and address uncertainties in clinical decision-making.  

Rapid learning health care fills this gap, since it extracts and applies knowledge from 
routine clinical care data rather than RCT evidence alone. Since data management of cross-
linked information from diverse sources is complex, data analysis should be managed by 
machine learning to create decision support systems, i.e., software applications that apply 
knowledge-driven healthcare to clinical practice. Another rapid learning principle is that 
these systems need constant updating.  

In February 2016, a group of expert radiation oncologists organised the Assisi Think 
Tank Meeting (ATTM) to discuss research, controversies, and grey areas in breast cancer 
[13], and proposed a validated system based on rapid learning health care for standard-
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ized data collection to generate evidence for personalized medicine. In one of the partici-
pating centers, the Fondazione Policlinico Gemelli IRCCS, an umbrella protocol [14,15] 
was already approved by the Ethical Committee. The Beyond Ontology Awareness (BOA) 
platform (Figure 1) had been developed and implemented in close collaboration with phy-
sicians and informatics technology researchers [8,13]. It safely stores, analyzes, and shares 
data on diverse cancer types in a standardized manner [9,16] as well as reproducing the 
ontology structure and managing data legacy and privacy. BOA software converts the 
center’s legacy archives in accordance with a global data dictionary and anonymously 
replicates clinical data in a large cloud-based database.  

 
Figure 1. General beyond awareness ontology (BOA) architecture, with both the BOA.Local and BOA.Cloud servers. An 
infinite number of external institutions without a BOA.Local installation can be added at needed to this infrastructure. 
Double-line arrows represent non-anonymized patient data, dashed arrows represent anonymized patient data, and dot-
ted arrows represent aggregate data. 

In the present project, the BOA platform was expanded for specific use in breast can-
cer care. A multi-disciplinary panel of experts from the Fondazione Policlinico Gemelli 
IRCCS, Perugia University, and General Hospital designed a standardized data collection 
system and developed the Breast LArge DatabasE (BLADE). Its primary objective was to 
offer radiation oncology centers worldwide treating breast cancer the opportunity to col-
lect and share data in a standardized large database, and thus develop descriptive, pre-
dictive, and prognostic models for supportive care, survival, and toxicity. Its long-term 
aim is to build decision support systems to personalize treatments, use resources in terms 
of cost-effectiveness, and make therapies more effective and less toxic. 

2. Materials and Methods 
After a review of breast cancer literature and current guidelines, a multi-step process 

was set up for data collection, analysis, application, and evaluation. Benchmarks were the 
rapid learning criteria by Lambin et al. [11]. The project was organized in a 7-step working 
plan as defined in a GANNT chart, and the time-frame for each step was established [17] 
(Figure 2). Data collection was structured to capture volume, variety, velocity, and verac-
ity [11] and aimed to achieve a standardized ontology and overcome privacy issues. Ap-
proval was acquired from the Ethical Committee. 
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Figure 2. Timeline framework for ATTM.BLADE project. 

2.1. Data Collection Methodology 
Working Plan and Team (Step 1). Members of the working group from the Fondazione 

Policlinico Gemelli and Perugia University, and General Hospital included 6 radiation 
oncologists; 1 medical oncologist; 1 pathologist; 3 breast surgeons; 1 radiologist; 2 infor-
matics experts; 1 data manager. The working group established a timeframe of 12 months 
for developing the BLADE system. Responsibilities and times to complete each step were 
defined. Progress was updated every 3 months via live meetings or conference calls.  

Variable Selection and Organization (Step 2). Each team member reviewed the literature, 
focusing on RCTs and international guidelines, e.g., NCCN, ASTRO, ESTRO, and AIRO 
for radiation oncology [18–20] and established 7 domains of knowledge: baseline, primary 
systemic therapy, surgery, adjuvant systemic therapies, radiation therapy, follow-up, and 
toxicity. Major variables were chosen for each domain to create a shared-language ontol-
ogy (terminology system). Variables were related to patients (e.g., age, sex, and gene pro-
filing), clinical presentations (e.g., disease stage, markers, and pathology findings), treat-
ments (e.g., surgery, systemic therapies, radiation therapy, and palliative care), and imag-
ing (at diagnosis, treatment, and follow-up).  

Variables were validated by a consensus panel that indicated the response type for 
each variable (yes/no, single, or multi-options), selected and voted on multi-options. Con-
sensus was reached with 80% agreement.  

Setting up the BLADE domain (Step 3). BOA was configured to include BLADE and 
process breast cancer data. It is equipped with local and cloud servers (Figure 1) depend-
ing on the desired configuration package. Users can access the BOA services through an 
intranet or internet connection and need only a standard web browser to connect, with no 
additional software. In the BOA.Local configuration, which only allows access through 
the local intranet, each institution has complete control over its data repository, and col-
lected records are saved without any automated pseudo-anonymization procedures. The 
internet-facing server installation on the BOA.Cloud has the same features as the BOA.Lo-
cal service, but it automatically and mandatorily pseudo-anonymizes all data. Before stor-
age, each patient is assigned an ad hoc universally unique identifier (UUID), and all per-
sonal data or connections to existing records are severed. BOA.Cloud and BOA.Local store 
and process data in accordance with General Data Protection Regulation (GDPR). 
BOA.Local data can be dynamically cloned, automatically anonymized, and consolidated 
onto the BOA.Cloud server through a research manager—research node connection algo-
rithm, and the data are then ready to be processed or analysed as needed. Figure 3 illus-
trates the underlying data model used in the databases of both BOA services.  
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Figure 3. Underlying BOA data model visualized through an entity–relationship model that highlights all relationships 
between the different objects in the database. As an example (and using imaginary values), the archive named BLADE 
would contain a patient named John Doe, affected by a pathology of breast cancer, for which he was treated through a 
treatment of first treatment. This treatment would have a compiled version of the case report form (CRF) radiotherapy 
linked to the phase called neoadjuvant, and an answer of prone, to the question of radiotherapy treatment position present 
in the previously mentioned CRF. 

To create the BLADE domain, Excel spreadsheet files with all ontology-related vari-
ables were uploaded on to the BOA platform. BLADE’s 7 specific case report forms (CRFs), 
which were devised according to OpenClinica system criteria [21], are compatible with 
the BOA ontology framework. CRFs are available in Supplementary Materials file 1, with 
explanations of CRF definitions in Supplementary Materials file 2.  

Inclusion Criteria (Step 4). The working group defined patient selection criteria, agree-
ing that retrospective and prospective data from all selected breast cancer patients can be 
included in BLADE.  

Retrospective data: When BLADE is installed on the BOA platform, patient data will 
be derived from existing retrospective electronic or paper databases in each participating 
center. The data will be anonymized and shared only for research purposes.  

Prospective data: Patients whose data are eligible for enrolment in prospective BLADE 
studies will be informed about the opportunity to share their data for research purposes 
at their first medical examination, and invited to participate. The patients’ written in-
formed consent will be obtained and archived. 

Patients’ privacy protection (Step 5). Privacy needs to be guaranteed according to GDPR 
guidelines [22] for data protection. BLADE and BOA manage data using an AES-256 en-
cryption system and an automatic data pseudo-anonymization algorithm. Each case is as-
sociated with a UUID code number with no reference to the individual’s identity, and is 
only accessible to specifically authorized health operators through their personal access 
codes and accounts. All changes in BLADE are automatically tracked and logged, includ-
ing past and present values for form fields and the account identifiers of operators that 
modified existing data or inserted new data into CRFs.   
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2.2. Testing the BLADE Domain for Coherency and Reliability (Step 6) 
A data entry expert in the CRF system inserted data from 15 clinical charts of breast 

cancer patients that were randomly selected from Policlinico Gemelli records. According 
to GDPR principles, informatics verified accuracy, data conservation, limitations, and in-
tegrity during uploading. Criteria for coherency and reliability tests of the BLADE domain 
were the following (Article. 32 of GDPR): 
− Data pseudo-anonymization and encryption; 
− Permanent assurance of confidentiality, integrity, availability, and resiliency of 

treatment systems and services; 
− Prompt restoration of availability and access to personal data in case of physical or 

technical accident; 
− Regular tests, verifications, and assessments of technical and organizational effec-

tiveness measures to ensure data safety. 

2.3. System Validation (Step 7) 
BLADE was validated after checking adhesion to the GDPR criteria, and uploading 

and extracting data for statistical analysis from the clinical records of 64 patients who had 
undergone post-mastectomy radiation therapy (RT). All patients gave permission for their 
data from local databases to be transferred to BLADE. 

Physicians asked the informatics expert to extract the following data from BLADE:  
• Clinical-, treatment-, and tumor-related data: age, date of diagnosis, primary sys-

temic treatments, histological sub-type, receptor status, multi-focality, and clinical 
and pathological stages; 

• Reconstruction data: type of reconstructive surgery, prosthesis material, time to pros-
thesis-related complication (TPC), time to prosthesis reoperation (TPR), and ratio of 
TPC/time from reconstructive surgery; 

• Dosimetric data referring to the chest wall: prescribed dose, conformity index, homo-
geneity index, and V95% and V105%. 
Records were automatically extracted and the output was structured according to the 

standard needs of a data science team (e.g., a .csv file with all selected records processed 
on a flat table with specific column names and without any identifying information).  

Validation benchmarks were:  
− Uploading at least 80% of chart data by the data manager without physician assis-

tance; 
− Physician correction of <20% of uploaded data; 
− Extraction of at least 80% of data for statistical analyses; 
− Joint physician and statistician correction of <20% of extracted data; 
− Performance of at least 80% of planned statistical analyses on RStudio©. 

3. Results 
3.1. Setting up BLADE (June 2016) 

The 12-month timeline for completing BLADE overran by more than 1 year due to 
the quantity and complexity of the information. For example, Step 2 lasted 18 months, 
during which the working group met three times for variable selection and three times for 
variable validation. In July 2018, after reaching 80% consensus, a total of 218 variables 
were successfully uploaded to constitute the BLADE domain. Figure 4 reports as an ex-
ample, the definition of the radiotherapy variable according to OpenClinica criteria. 
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Figure 4. Example of a CRF configuration file. The columns represent various mandatory configuration settings for BOA 
and are to be interpreted as follows: The ID column represents an internal identifier and is generated automatically when 
the CRF is first uploaded. CRF_NAME refers to the name by which the CRF is to be visualized in the UI. QUES-
TION_NUMBER can either be automatically assigned or manually set, and refers to the ordering of the various questions 
inside the CRF, with SECTION_NAME and SECTION_LABEL working as visual dividers when the questions are dis-
played in the interface, with the former being the name to be used in the UI code, and the latter being the name to be 
displayed. ITEM_NAME and DESCRIPTION_LABEL work in a similar manner, with the former being the identifier in 
the underlying code and the latter being the name of the text to be displayed with the question in the UI.  

The variables were organized into seven main CRFs corresponding to the knowledge 
domains, which were the interfaces for uploading encrypted patient data. In parallel with 
the data entry expert’s work, automatic testing tools in BOA tested specific characteristics 
in reference to the BLADE domain and generated synthetic patients. BOA tested both itself 
and the linked infrastructure by generating 5000 synthetic patients with a variable number 
of CRFs, and randomly created data in the space of nearly 20 min. To test performance, 30 
fake user agents were connected to the interface and random pages from the web-service 
were requested for deletion or modification. Numbers for testing tool input were over a 
hypothetical maximum simultaneous workload for the BLADE project. Throughout these 
tests, no noticeable performance degradations were revealed, no abnormalities in the data 
structure or integrity were found, and no information leaked in the fake user sessions due 
to, for example, wrongly configured page-caching settings. 

The privacy protection protocol was initially approved by the Ethical Committee of 
Fondazione Policlinico Gemelli IRCCS with protocol no. 0043996/18 in October 2018. 

3.2. BLADE Data Safety Tests (January 2019) 
To check that the BLADE domain was uploaded correctly, informatics analyzed ac-

curacy, conservation limitation of data, data integrity, and data flows between application 
and data processing on 15 charts from randomly chosen patients. They completely ad-
hered to EU GDPR criteria as reported in Article 32 Security of Processing [22,23]. Up-
loaded data were not linked to individual patients. Technical and organizational effec-
tiveness measures did not break confidentiality, integrity, availability, and resiliency. Sim-
ulated physical and technical accidents showed no loss of data.  

3.3. Validation (February–July 2019) 
The physician’s review increased 81.5% of uploaded data from 64 patients to 84% 

and corrected 10% of uploaded and missing data. The following were corrected: compile-
time errors due to the data manager’s lack of experience with BLADE (7.5%); missing data 
(8.5%). 

ID CRF_NAME QUESTION_NUMBER SECTION_NAME SECTION_LABEL ITEM_NAME DESCRIPTION_LABEL
0 6518 Radiotherapy 1 Radiotherapy Radiotherapy DateofRadiotherapyStarting Date of Radiotherapy Starting
1 6519 Radiotherapy 2 Radiotherapy Radiotherapy DateofRadiotherapyEnding Date of Radiotherapy Ending
2 6520 Radiotherapy 3 Radiotherapy Radiotherapy RadiotherapyTargetVolumes Target Volumes prescribed
3 6521 Radiotherapy 4 Radiotherapy Radiotherapy VolumeCTVTumorBed Volume (cc) CTV Tumor Bed
4 6522 Radiotherapy 5 Radiotherapy Radiotherapy VolumePTVTumorBed Volume (cc) PTV Tumor Bed
5 6523 Radiotherapy 6 Radiotherapy Radiotherapy TimingTumorBed Timing of Tumor Bed Administration
6 6524 Radiotherapy 7 Radiotherapy Radiotherapy TotalDoseTumorBed Total Dose at Tumor Bed
7 6525 Radiotherapy 8 Radiotherapy Radiotherapy FractionDoseTumorBed Dose for fraction at Tumor Bed
8 6526 Radiotherapy 9 Radiotherapy Radiotherapy FractionforDayTumorBed Number of Daily Fraction at Tumor Bed
9 6527 Radiotherapy 10 Radiotherapy Radiotherapy RadiotherapyTecniqueTumorBed Radiotherapy Tecnique used for treat Tumor Bed
10 6528 Radiotherapy 11 Radiotherapy Radiotherapy VolumeCTVBreast/ChestWall Volume (cc) CTV Breast/ChestWall
11 6529 Radiotherapy 12 Radiotherapy Radiotherapy VolumePTVBreast/ChestWall Volume (cc) PTV Breast/ChestWall
12 6530 Radiotherapy 13 Radiotherapy Radiotherapy TotalDoseBreast/ChestWall Total Dose at Breast/ChestWall
13 6531 Radiotherapy 14 Radiotherapy Radiotherapy FractionDoseBreast/ChestWall Dose for fraction at Breast/ChestWall
14 6532 Radiotherapy 15 Radiotherapy Radiotherapy FractionforDayBreast/ChestWall Number of Daily Fraction at Breast/ChestWall
15 6533 Radiotherapy 16 Radiotherapy Radiotherapy RadiotherapyTecniqueBreast/ChestWall Radiotherapy Tecnique used for treat Breast/ChestWall
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For statistical analysis, 100% of clinical, treatment and tumor-related data, 80% of 
reconstruction data, and 98% of dosimetric data were available. Mean available data 
ranged from 92.6% to 94.5%, corresponding to <20% validation benchmarks. All the 
planned statistical analyses were performed. 

4. Discussion 
The BLADE project was set up to support ATTM research into breast cancer, with the 

aim of providing decision support systems to facilitate clinical decision-making and treat-
ment tailoring. In the 2016 ATTM [13], attention focused on developing such a system 
from the potentially large database that was available from clinical records, not only in 
radiation oncology centers, but in many other specialty units (e.g., surgery, pathology, 
medical oncology, etc.) that are dedicated to the diagnosis and treatment of breast cancer.  

The present results showed that BLADE is a valid system for collecting data anony-
mously, as its encryption system successfully passed the tests, satisfying GDPR criteria 
and benchmarks. Data managers were accountable for only 7.5% of errors, some of which 
were corrected during the physician’s review. Regarding radiation therapy, BLADE 
uniquely focuses on clinical, technical and dosimetric parameters, which makes it partic-
ularly suitable for analyzing radiation-therapy-related outcomes and toxicity.  

One of the strengths of BLADE’s ontology lies in its validated variables that were 
uploaded after a multi-step process involving the consensus of a multidisciplinary team. 
Unlike other large databases for breast cancer, BLADE provides health workers with the 
opportunity to focus on diverse fields in the diagnosis and treatment of breast cancer, as 
it is based on the acquisition of the pathways and the heterogeneity characterizing breast 
cancer [24–28]. Although several large national databases were set up, none were based 
on validated, published ontologies [25–28], and few could offer decision support systems 
[29–33]. Most were developed to investigate long-term survival outcomes such as, for ex-
ample, the Surveillance, Epidemiology, and End Results (SEER) database, which was set 
up by the U.S. National Cancer Institute (NCI) and reports annually on the data it has 
collected on breast cancer from nine American oncological centers [29–31].  

Another strength of the BLADE system is its capacity to incorporate new, validated 
variables or mathematical algorithms for assessing, for example, the success of treatment 
or a strategy for monitoring clinical outcomes and cost-effectiveness. In the future, it 
might include accreditation or valuation indicators for associated centers, update evi-
dence or guidelines, and incorporate new sectors such as proteomics, complementary 
medicines, etc.  

One limiting factor of the present study was linked to BLADE’s small homogeneous 
sample and its inability to upload digital imaging and communications in medicine (DI-
COM) data, which will be very relevant when BLADE is used to develop prediction mod-
els. DICOM data and RT planning information will be uploaded with the 2022 BLADE 
upgrade, which will create a unique data repository [34]. A lack of testing of BLADE’s 
ability to perform machine learning analysis, an upcoming modality in cancer care, espe-
cially for predicting response to treatment, is a current limitation that is expected to be 
eliminated in the future. Using algorithms that iteratively learn from data, machine learn-
ing allows computers to find hidden insights without being explicitly programmed where 
to look, while inferential statistics need different tools to achieve this purpose, such as 
Bayesian networks, support vector machines, neural networking, and Cox regression. Ma-
chine learning is now starting to flank inferential statistical models (e.g., linear models, 
generalized linear models, and survival models), and its success over inferential statistics 
has already been reported together with the first promising results of its use in building 
predictive models of cancer survival [10,15,19]. We are confident that when BLADE is ex-
panded to systematic multi-center use, machine learning analysis will become a reality 
and systems for decision-making support will be developed and validated, as BLADE is 
projected for a huge number of patients who will provide millions of data for analyses.  
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In the near future, we will use BLADE in our clinical daily practice to collect retro-
spective and prospective data and analyze outcomes to assess the role of post-mastectomy 
radiation therapy in ductal in situ patients. This approach is derived from a 2019 survey 
by an ATTM research group [35], identifying this topic as a grey area in current practice.  

5. Conclusions 
BLADE, one of the projects emerging from the 2016 ATTM [13], is a support system 

for breast cancer care. In successfully developing and validating it as a standardized data 
collection system, multidisciplinary collaboration was crucial for selecting its ontology 
and knowledge domains. BLADE is suitable for multi-center uploading of retrospective 
and prospective clinical data, as it ensures anonymity and data privacy.  

Finally, BLADE may constitute an international instrument for research purposes to 
be used by ATTM-like research groups [36]. 

Supplementary Materials: The following are available online at www.mdpi.com/2075-
4426/11/2/143/s1, Supplementary Materials file 1: CRFs, Supplementary Materials file 2: Explana-
tions of CRF Definitions. 
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