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ARTICLE INFO ABSTRACT

Keywords:

We propose that an information technology and computational framework that would unify access to hospital
digital information silos, and enable integration of this information using machine learning methods, would
bring a new paradigm to patient management and research. This is the core principle of Integrated Diagnostics
(ID): the amalgamation of multiple analytical modalities, with evolved information technology, applied to a defined
patient cohort, and resulting in a synergistic effect in the clinical value of the individual diagnostic tools. This has the
potential to transform the practice of personalized oncology at a time at which it is very much needed.

In this article we present different models from the literature that contribute to the vision of ID and we provide
published exemplars of ID tools. We briefly describe ongoing efforts within a universal healthcare system to
create national clinical datasets. Following this, we argue the case to create “hospital units” to leverage this
multi-modal analysis, data integration and holistic clinical decision-making. Finally, we describe the joint model
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created in our institutions.

The integration of clinical information for diagnostic and therapeutic
decision-making is routine practice in oncology. The dominance of
Multidisciplinary Teams, and Molecular Tumor Boards to achieve
consensus on treatment [1] or efforts to create Specialist Integrated
Hematological Malignancy Services [2] are clear examples. These
transformative developments, however, have been hampered by a lack
of a purpose-built digital frameworks to enable this cooperative effort,
and rely on intuitive (subjective) coordination of the existing informa-
tion to generate a clinical opinion or decide on a care pathway. The
diversity, complexity, scale and pace of the data which informs patient
management and scientific discovery have outgrown human capabilities
and legacy IT systems.

There persists a desire to digitize information (and, in many in-
stances, diagnostic visual materials such as radiology or tissue pathol-
ogy) in reference hospitals. This is traditionally achieved with specialty-
specific, purpose-built, silo-type systems, such as electronic patient re-
cords, Picture Archiving and Communication Systems (PACS) or

laboratory information management systems. We suggest that an IT
framework that would specifically unify access to hospital digital in-
formation silos, and enable integration of this information using ma-
chine learning methods, would bring a new paradigm to patient
management and research. This is the core principle of Integrated Di-
agnostics (ID): the amalgamation of multiple analytical modalities, with
evolved information technology, applied to a defined patient cohort, and
resulting in a synergistic effect in the clinical value of the individual diagnostic
tools. This has the potential of transforming, the practice of personalized
oncology at a time in which this is very much needed: the number of
patients who eventually benefit from genome-targeted therapy, even in
environments in which genomic testing is offered across the board to
cancer patients, is limited [3], whilst the performance of artificial in-
telligence has not reached yet the level that enables routine clinical
applicability [4]. Meanwhile, novel therapies that are changing the
landscape of oncology treatment, such as those targeting cancer im-
munity or homologous recombination deficiency pathways, lack robust
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Fig. 1. Integrated diagnostic and discovery data model - the Gap. In contrast to the current state (red/orange), IDD (green) provides the capability and architectures
for integration of multimodal data, generation of new insights and a feedback loop for clinical translation and ongoing learning.

biomarkers for prediction of therapeutic response. While some in-
stitutions are already applying Al algorithms for text analysis and sub-
sequent clinical decision support in the context of known standards such
as Fast Healthcare Interoperability Resources (FHIR), the generation
and delivery of ID tools as described above is in its infancy and require
more sophisticated IT interfaces.

Several models explain multi-modal analysis in the literature [5-9].
They all aim to fill a critical gap in the flow of information in
hospital-based systems (see Fig. 1). They originate from different per-
spectives (e.g., discovery versus clinical implementation; laboratory
medicine versus diagnostic imaging), but all have a common core
structure:

e Multiple data modalities: the main “silos of information”, including
structured and discursive patient records, radiology, tissue pathol-
ogy, genomic testing and (in general) laboratory medicine; but also
endoscopy, the microbiome, information from biosensors, spatial
transcriptomics or, more broadly, “multi-omics” analysis.

A computational e.g., machine learning approach to data integra-
tion, including in-silico fusion of information at different levels or
supervision: (a) strongly supervised methods such as such as random
forest (RF), support-vector machine (SVM), or multilayer perceptron
(MLP); (b) weakly supervised methods which include graph con-
volutional networks, multiple-instance learning and vision trans-
formers; and (c) and fully unsupervised methods [5]. For the
diagnostician using these tools, the approach to integration may
have an effect in the hierarchical importance of the independent
information silos to be integrated within the analytical tool, and thus
in the final diagnostic performance of the new algorithm.

A clear opportunity for patient benefit and a new frontier in precision
health.

These approaches are beginning to deliver clear examples that, if
developed further, may inaugurate more clear-cut solutions for patients
e.g. improving current models for prediction of recurrence in breast
cancer [10], delivering new prognostic and predictive models in tar-
geted systemic anti-cancer therapy and immune-oncology [11], and
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improving pre-operative grading accuracy of soft tissue sarcoma by
combining diagnostic imaging and tissue pathology [12]. Such combi-
natorial approaches, including those between images and free-text
radiology and pathology reports can enable representation learning by
drawing conclusions between linked data items, that could allow auto-
mated data annotation, which remains a significant barrier to Al ap-
proaches [13]. In general, some systems are allowing the “aggregation”
of phenotypic, genotypic, financial and patient survey data into a single
query-able model using the FHIR standard, but direct access-to-source
and ML data integration still remains a challenge.

As in any other emerging area of medicine, differences in conceptual
definitions will have an impact in our understanding of an “Integrated
Diagnostic” tool. For example, Beauchamp et al. [14] consider ID as the
process “wherein diagnostic data, together with clinical data from the
electronic health record, are aggregated and contextualized by infor-
matics tools to direct clinical action”. This looser aggregation and
consolidation by informatics tools, as opposed to the specific machine
learning nature of the IDD definition we propose here, allows the au-
thors to describe 24 ID tools, across all types of diseases, with 9 in the
area of oncology. Once again, a general consensus of the scope of the ID
concept may be necessary in the future to consolidate advancements in
this new area of diagnostics.

Universal healthcare systems are beginning to establish national
initiatives to curate clinical information of the highest possible quality
for discovery purposes [15-18]. In the UK, there are several omniscient
platforms with more clinical, or operational focus (such as the NHS
Secure Data Environment and the proposed Federated Data Platform).
These are acutely aware of concerns about data security and commercial
exploitation, see Goldacre et al. [19]. More scientific repositories
include the Data Alliance, UK Network, DARE, GECIP or the NCITA
image repository. A good example of the latter is the CRUK sarcoma
accelerator consortium database [20], developed at the Institute for
Cancer Research in London, which uses the XNAT based infrastructure
as the single point of data access for radiology, pathology, clinical data
and multi-omics sourced from multiple collaborators [21]. This valuable
global data asset in a rare cancer is enriched with curation and anno-
tation tools including Al and a data dashboard for intuitive end-user
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Fig. 2. Integrated Discovery and Diagnostic Data Model — the Components. The figure depicts the main silos or information that are commonly encountered in an
academic hospital environment - genomics, histopathology, patient records, sample management, radiology/radiomics and laboratory information management
systems. IDD also includes other areas of relevance such as R&D data and information relating to the cost of procedures (clinical or diagnostics) to allow IDD

contribution to health economics.

interaction.

While national initiatives are pertinent to make the most of “mini-
mum datasets”, the models of conceptualization and implementation of
ID in the literature so far, have considered, predominantly, either the
“hospital unit” or the university as the center of this new development.
There is opportunity in aligning the data requirements of a healthcare
provider and biomedical university partner so that we are synergistically
creating excellence in front-line care and discovery. At a time in which
patients wish to have access to their own personal health records, ID also
provides an opportunity to synthesize an accessible diagnostic report
and to empower patients to become partners with health care pro-
fessionals in managing their health [22].

The partnership between the Royal Marsden Hospital (RMH) and its
academic partner, the Institute for Cancer Research (ICR) in London is
committed to bring ID to the cutting-edge of oncology patient care. The
driving force behind this narrative has been the coming together of
multidisciplinary diagnosticians, scientists and clinicians, and the uni-
fied endorsement and engagement from the senior leadership of both
organizations. Although IT and computational capabilities are key, we
also recognize that attention to human factors and willingness to break
down the silos will be critical to the success story of ID. Medical prac-
titioners and scientists of both institutions have created the Integrated
Discovery and Diagnostics Initiative (IDD): a joint strategic initiative
aimed at accelerating oncology discovery and patient diagnostics
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through advanced data accessibility and analytics. Key to this solution is
the provision of curated, annotated and integrated genomic, histologic,
radiologic and clinical data to our world-leading scientists and clini-
cians. The guiding hypothesis is that integrated, multi-modal data will
drive the next generation of oncology discovery and patient care, and
that modern technology will enable this to be achieved at scale and
speed. IDD has four main objectives:

. Create a multi-modal platform to integrate digital hospital infor-
mation (diagnostic images and metadata) from our 20,000 cancer
patients a year, which is available to all ICR/RMH scientists and
clinicians, technically excellent and financially sustainable

. Develop, with patients, intuitive digital solutions to optimize
oncology research and patient care, establishing a clinical research
translation and validation pipeline with cyclical innovation

. Develop a streamlined, transparent and robust information gover-
nance process to accelerate programmatic scale innovation on large-
scale information management, with the patients’ interest at its core

. Develop strategic academic and commercial partnerships to accel-
erate the delivery of innovative solutions to cancer patients with
patients’ information at its core

To achieve the vision of IDD, scientists, clinicians and data experts
from both institutions have described what they believe are the main
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silos of information that IDD should start bringing together. The result of
this exercise is depicted in Fig. 2. This model is based on the concep-
tualization and delivery of a single information management system that
is able to a) provide easy, real-time access to all information silos in the
hospital to both clinicians and scientists; b) allow the generation and
implementation of new ML models able to create a new generation of
“integrated biomarkers”. These two advantages, accessibility and inte-
grability, are at the core of the RMH/ICR IDD model. The model itself
has novel aspects when compared with other ID systems published to
date: firstly, the inclusion of information related to health economics as
an important component of data integration; more importantly, the
realization that this model allows the integration of experimental lab-
oratory or research data with real-world, routine patient management
information as a real-time data dashboard, such that enabling the access
of scientists to this resource in the context of a robust Trusted Research
Environment, probably represents one of the most efficient translational
tools to generate, test and validate new discoveries. Once delivered as
hospital-based units, these integrated systems will have the opportunity
of creating a network of leading cancer hospitals and contribute mini-
mum datasets to other national and international data initiatives.

In the field of oncology biomarker development, where there is a
constant search for the next new, disruptive technology. Our institutions
believe that the way we integrate the vast amount of digital information
and diagnostic materials in leading centers of excellence, as hospital
units, may provide us with a new generation of information-based,
complex biomarkers, which will allow our patients to live longer and
better lives.
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