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Introduction

This is Deliverable D5.1 “Consolidated Roadmaps report”, produced with the input from
the two ad hoc roadmapping consultation events highlighted within the figure below
(PHS2020 4™ Consultation Workshop, Brussels 21 November 2008; PHS2020 Final
Conference, Brussels 5 December 2008). The figure has been adapted from the similar
version produced in the consolidated gap analysis report®.

Figure 1: Roadmapping events within the gap analysis and roadmapping process
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For the reader who may want to start directly from this final deliverable of PHS2020 we provide
below a very synthetic account and contextualisation of how these final roadmaps have been
produced. In doing this it will be useful to first state that the detailed background can be found in
the previous reports all available for download at PHS2020 project website?:

e PHS2020 Deliverable D2.1, State of Play, which reviewed the major
technological innovation dynamics and the key socio-economic barriers and
bottleneck;

! PHS2020 Deliverable D4.1, Gap Analysis Report, p. 7.
2 http://www.phs2020.com/index.php?option=com_content&task=category&sectionid=7&id=21&Itemid=27
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e PHS2020 Deliverable D3.1, Consolidated Scenario Report, which from the trend
identified in the state of play extracted four possible future scenarios;

e PHS2020 Deliverable D4.1, Gap Analysis Report, which extracted 54 gaps from
the systematic comparison between current developments identified in the state of
play and the foreseen scenarios.

Following our multi-tier approach, which mixed analysis and consultation events®, the steps
recalled briefly below have led to the production of this report.

The preliminary draft of the State of play was delivered and discussed on April 4 2008
during the 2" Experts Support Committee (henceforth ESC) meeting and was revised
following the input received.

In parallel to the revision of the State of Play, the scenarios cycle of drafting, consultation
and revision was launched using PHS2020 scenarios building methodology and related
tools®. At the 3™ ESC the very first and preliminary version of the scenarios was
discussed and the input of the discussion led to the production of a second intermediate
draft.

This second draft of the scenarios was presented and discussed on June 20 2008 at
PHS2020 1% Consultation Workshop held in Sheffield. As a result of the input of the
workshop a third draft was produced.

This third draft was discussed with Gartner’s analysts, whose input have been used by the
project team to produce the fourth draft that was discussed during the 4™ ESC meeting
and the 2" Consultation workshops both held in Pisa, respectively, on July 14 and July
15 2008. The input of these two consultation events were incorporated in the final version
of the scenarios deliverable mentioned earlier (D3.1 Consolidated Scenario Report).

During the two mentioned events in Pisa, we anticipated the discussion and extraction of
gaps from the state of play and the scenarios, as well as the preliminary association of
research themes to identified gaps.

On the basis of the preliminary insights and input provided by the experts in Pisa, MIP
research team proceeded to the systematic comparison of current developments (D2.1
State of Play) and the foreseen scenarios (D3.1 Consolidated Scenarios Report). This
produced the first draft of the Gap Analysis Report, which was presented and discussed
during PHS2020 3" Workshop in Barcelona (26 September 2008). During this event the
association of research themes to gaps was also contemplated.

Finally, the list of gaps and research themes emerging from the Barcelona workshop and
summarised into the second draft of the gap analysis report were further assessed and
discussed during the fifth and final meeting of the ESC held in Milan on October 6 2008.

Starting from the wide analysis of the state of play the project has been gradually
zooming closer to the final expected outcome of proposing a few roadmaps for research
themes to be funded in FP7 and beyond. This has implied a progressive reduction of
complexity and selection of key issues and topics. In particular from the first draft of the
gap analysis to this final draft, through the input of the Barcelona workshop and the 5"

% See PHS2020 Deliverable D2.1, State of Play, pp. 8-11.
* See PHS2020 Deliverable D3.1, Consolidated Scenario Report, § 2 .
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ESC meeting, we have moved from a large list of 54 gaps® to a shorter list of about 20 of
them®, which have been further synthesised and grouped into five domains of research
already associated with preliminary proposals of research themes. This final synthesis
presented in Table 5 of the Gap Analysis Report (pp. 39-41).

This summary table, reproduced in the next two pages as Table 1, constituted the starting
platform for the discussion during the last two consultation events mentioned earlier at
the very start of this introductory section. The rationale and considerations for the re-
grouping of gaps and preliminarily identified research themes into the five research
domains illustrated in Table 1 are presented in paragraph 4.3 of the Gap Analysis Report
and are not repeated here. Yet, in Table 1 for each gap we added a cross reference to the
synthetic box illustrating it in the Gap Analysis Report (with the indication of the page).

Before launching the final consultation events, starting from the final synthesis of Table 1
here (Table 5 of Gap Analysis Report) MIP research team performed an additional search
on relevant scientific sources’ and extracted some additional background and insights that
went into the preliminary version the five roadmaps proposed for each of the five
identified research domains of Table 1.

Accordingly, the final proceedings of the gap analysis consulting process and this further
work on scientific sources were incorporated into the first draft of this report on the
proposed roadmaps, which was discussed during PHS 4™ and final consultation
Workshop held in Brussels on November 21 2008.

Re-elaborating the input of this workshop a second draft was elaborated and presented
during PHS2020 Final Conference held in Brussels on December 5 2008.

Finally, the input from this conference and from several written comments sent by some
experts in its aftermath have been consolidated into this last and final version of the
roadmaps report.

The sheer size of the work preceding this final report with the five proposed roadmaps
cannot be summarised in any exhaustive way here. Yet, for those reading only this final
report we provide at least some background and contextualisation. For each of the five
roadmaps we present one section structured along the following three paragraphs:

1. Contextualisation. Where we briefly recall the key findings in terms of current
development and gaps;

2. Further insights. Here the key input from the review of the scientific literature
carried out after the closure of the gap consultation cycle are summarised;

3. Proposed Roadmap. A visualisation of the proposed roadmap is presented and
briefly commented.

Section 6 provides some preliminary conclusions that will be further fleshed out in
PHS2020 Final Book (Deliverable D6.2).

® See PHS2020 Deliverable, Gap Analysis Report, Table 1, Table 2, Table 3 (pp. 10-15).
® See PHS2020 Deliverable, Gap Analysis Report, Table 4 (p. 17).

" As compared to those gathered and screened for the production of the state of play, these sources: a) have a more
forward looking perspective and underline the futuristic potentiality of research and the needs for further
advancements; b) include topics earlier not fully considered in the state of play.
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Table 1: From gaps to research domain and preliminary themes

Resea_rch GAPS Preliminarily associated research themes
domains

e Integration of up-to-date medical info from bio-banks, trials;
e Lack of integration of updated clinical evidence, biomedical and genetic | e Integration of genetic and biomedical information
mforma:_lon.to ensure scientific control, risk assessment, and e Controlled studies to correlate and compare data obtained in both
Integration personalisation “clinical settings” and “uncontrolled conditions”(from context aware
External Validation of data from uncontrolled conditions (enucleated and moved PHS) to identify normal and abnormal patterns of parameters uses for
Knowledge here from Gap of Box 2) action/actuation taking into account personal and contextual factors (to
be used for correction/rectification)

(boxes: Need of holistic clinical guidelines and pathways to align PHS delivered : : . o -

1,3,5) care to best practices and to capture the multi-facet nature of health status * software systems integrating and modelling guidelines within PHS
Neeq of innovative qnd holistic DSS for healthcare_professmnals to ¢ Integration of PHS and VPH (supported by modelling and prediction);
provide an holistic picture of human body complexity through e Devel t of VPH-inspired interfacing for PHS DSS:
prediction/simulation/visualisation evelopment 0 -Inspired interfacing tor ’

e Data fusion and multimodality (data processing, interpretation and
rr_lodelling ca_pabl_e of si_multaneously treating vital and physiological
Lack of capacity to process data coming from different sources and to signs, genetic, biomedical, and contextual parameters such as
address the issue of data generated under “uncontrolled conditions”; individuals activities, location, emotional status, external environment;
Data_ o Correction/rectification techniques to normalise data gathered under
processing “uncontrolled conditions”

(boxes: Lack of capacity to recursively learn frpm individuals specific . o Auto-adaptive and data fusional algorithms and related prediction and

characteristics and context and automatically adapt data processing to : : )
2,4,13) . o . - . modelling techniques;
personalise monitoring and enabling actuation reducing the need of e Devel  of automatic calibrati
healthcare professionals intervention evelopment ot automatic caftbration
Lack of personalised aid decision tools for users e Development of simulation tools based on holistic data processing (see
P above) and easy imaging and visualisation (see VPH related themes)
Interfacing Lack of multi-channel delivery and inter-action creating risk of . . . .
& . . ; . e Development of multi-channel delivery and inter-action systems
) exclusion due to lack of access to, or confidence in, PHS typical including more commonly used devices (i.e. mobile, Digital TV, etc.)
Interaction interaction channels 9 y & » D19  €tC.
boxes: Need of more understandable and easy to interpret input and guidance to | ® Development optimal and easy-to-use interfacing techniques;
6( 108( els.l users; e Development of straightforward imaging;
’ 1é) ' Need to better inform and educate PHS users e Development of PHS related e-Learning and web2.0 tools
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Research

Preliminarily associated research themes

domains
e New sensors for context awareness (environment, emotional status,
. . . ) punctual location and situation, etc) and for gathering data in
Lack of capacity to capture new signs on tk_\e environment (bot_h _phyS|caI “uncontrolled conditions”;
and chemical parameters) and on the peculiar situations of individuals . . .
- . ; ¢ Investigate out to incorporate data from environmental sensors
(activity, location, emotional status) . . .
L . . S ¢ Incorporation of advancements in human-computer interfaces and
Monitoring techniques not able to correctly link physiological signs, S . . o . .
. - . . ambient intelligence (in order to “read” emotions though facial
with motions, gestures, and environmental data; -
expressions and gestures, see later)
o Incorporation of on- board processing
Sensors Need to go beyond the “one sensor- one signal” and “one sensor- one e Optimisation of multi-modality to insure multi-disease and multi-signal
disease” paradigm to optimise energy and bandwidth usage assessments
(boxes: L o
4789 Need to simplify and reduce the amount of data transfers e Self-calibration of sensors
14. 15 16 Need to increase flexibility and better adapt the sensors to individual ¢ Optimisation of sensors area networks and modularisation of components
17) characteristics (reduce invasiveness and consider allergies) (plug & play)
Lack of knowledge on the long term effect of sensors contact with, and ¢ Integration of researches on alternative sensors’ materials (e.g.,
presence in, the human body; biological and molecular sensors)
Lack of closed loop systems moving PHS beyond monitoring and into e New smart sensors encompassing multimodality, computational power
diagnosis and treatment (i.e. dispensation and reaction): and actuation functionalities (including alternative energy sources: i.e.
o Actuators in general body energy)
o Personalised drug delivery o Incorporation of controlled drug delivery sensors (implantable and
o Endoscopy capsules minimally invasive)
. . . - o Investigation on including multiple biomarkers on a single chip
Lab on Avoid fragmentation of testing and the need of traditional lab tests to T )
Chip complete Point Of Care (POC) testing . Research on “new biomarkers more adapte.:d to POC;
¢ Integration of Micro-Opto-Electro-Mechanical-System (MOEMS)
(boxes: 18 o Development of on-board sample preparation;
19, 20) ' Reduce human intervention in sample preparation; o Further research on micro-fluidic techniques optimising “sample course
' control”;




o PhS 2020

SEVENTH FRAMEWORK
PROGRAMME

Research

Preliminarily associated research themes

domains

o Optimising of fluidic control and run-time;

e Reduce time to result; e Further research on alternative array technologies adapted to POC-
solutions
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Before entering into each of the five research domains and their roadmaps it is important
to stress that the key summary findings reported in Table 1 above were a starting platform
that, however, has been integrated and to some extent changed as a result of the
additional review of the literature conducted and of the input received from the experts
during the two roadmapping consultation events. Accordingly the five proposed
roadmaps: a) include themes that do not appear in the last column of Table 1; b)
include some of the themes of the last column of Table 1 in slightly modified fashion
(either rephrased or grouped together with new themes; c¢) have dropped some of the
themes of the last column of Table 1.

1 Integration of external knowledge

1.1 Contextualisation

Data processing, sensors, interfacing, and Lab on chip, that is the other four proposed
roadmaps, derive logically from our state of play and from how PHS projects have been
defined and carried out so far with FP5, FP6 and FP7. On the contrary, the idea of having
a separated roadmap on a research domain termed “Integration of External Knowledge”
was not already inscribed in the standard parameters of how the PHS field is defined and
was mainly an input from experts (especially clinicians) during the consultation process.
Whereas earlier we had only marginally dealt with this issues as part of the data
processing sub-system, the input received in Barcelona and during the 5™ ESC meeting
led us to consider them as part of research domain in their own right. The domain was
termed “Integration of External Knowledge”, to covey the idea of PHS incorporating
input from biomedical and genomic research and from clinical practice. It must be noted,
however, that between the domain “Integration of External Knowledge” and “Data
Processing” there are some evident overlaps®, which could justify collapsing the two
domains into one single roadmap. We opted for keeping them separately for the sake of
highlighting the novelty of integrating scientic and clinical knowledge into PHS as
compared to the research projects funded so far within FP6, FP6 and FP7 under the PHS
label.

It is worth stressing that the input leading to identify this new research domain emerged
especially as a result of concerns elicited by the two scenarios of the “Self-Caring
Society” and of the “The Caring State”. These two scenarios, although for different
reasons and with different focus, envisage a large scale adoption of PHS applications,
which triggered concerns especially among healthcare professionals.

First, the “Self-Caring Society” scenario was associated to the need of very strict
scientific control, that is integration of PHS with the latest clinical evidence and holistic
guidelines (not vertically segmented but addressing the multiple aspects of the diseases)
into a closed loop with evaluation of PHS outcomes.

Second, the very large use of PHS in both the “Self-Caring Society” and in the “Caring
State” scenarios led experts to questions the economic sustainability and to argue that,

8 See on this PHS2020 Deliverable D4.1, Gap Analysis Report, pp. 42-43.

10



@ Pl'\S 2020

SEVENTH FRAMEWORK
PROGRAMME

without some filter, it would only increase costs and overload of information to have
everyone using such applications especially with respect to those potentially suited for
healthy individuals (prevention and early detection). This in turn led to identifying the
need of users risk profiling to produce a stratification that help define which groups of
users shoud be the target by which PHS applications. This in turn evidently called for
PHS to integrate, and being informed by, evidence coming from molecular and genetic
research and evidence.

Third, the “Self-Caring Society” scenarios with empowered users demanding symmetric
and negotiating interaction with the healthcare professionals elicited from them the need
of being provided with new and innovative predictions and simulation tools

These topics and especially the issue of molecural and genetic data, then, became part of
the gap analysis and the discussion went further in the subsequent consulation events and
especially in the 2™ Consultation Workshop in Barcelona (26 September 2008). In that
occasion it was futher argued the need for PHS to:

e Integrate clinical evidence and guidelines holistically. The argument, made
especially by clinicians, is that PHS do not sufficiently embed, and are not
steadily fed by, the evolving clinical evidence and related guidelines. This results
in healthcare professionals scepticism and fear that the use of PHS applications
might have unintended consequences and damage the doctor-patient relation.
When they do incorporate some level of clinical evidence and guidelines,
currently developed PHS application do so in a mono-dimensional and vertical
way (i.e. one disease at the time), whereas in many cases chronic patients present
conditions of co-morbidity (2 o 3 more diseases)’. Accordingly PHS do not
provide a complete picture of the individual health status and may provide
inappropriate input, failing to address the needs of patients with co-morbid
illnesses. It was added, though, that this lack of multi-dimensional focus
characterises also medicine in general, often leading to poor quality of life,
physical disability, high healthcare use, multiple medications, and increased risk
for adverse drug events and mortality, thus optimising care for the co-morbid
population is a very high priority (Boyd et al, 2005). Patients with multiple co-
morbidities put the clinicians under tremendous pressures from different angles
(Turner, 2006).

e Integrate molecular and genetic data. It was argued, especially by researchers
working across the boundaries of medicine and informatics, that the current
limitations of PHS is that they are capable of capturing only intermediate
phenotypes (biochemical and physiological values) at best, while they have little
or no capability to incorporate the assessment of environmental factors and of
genetic information. As in the timeframe of PHS2020 it will probably be possible
to have the personal genome in a few hours and at low cost, genetic and
environmental factors should be included into PHS to increase their capacity of
producing personalised and individualised early diagnosis, treatment and

® In 1999, 48% of Medicare (USA) beneficiaries aged 65 years or older had at least 3 chronic medical conditions and
21% 5 or more (Boyd et al, 2005).

11
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prevention. How this fits into the three building blocks, is that the models and the
algorithms need to be more complete, and incorporate mentioned data.
Additionally, also the feedback provided can include the crossing of the risk
factors of genomic and dynamic information

On the other hand, it must be stressed that some clinicians raised strong doubts as to the
time when the results from the analysis of the human genome will become fully available.
We will come back to this issue in the next sub-paragraph in light of the further insight
produce through the additional review of the scientific literature conducted before the
final consultation leading to roadmap started.

1.2 Further insights

Knowledge into practice: a challenge for medicine as such. The need of scientific
control of PHS and of incorporating in them state of the art evidence and knowledge was
raised by clinicians and could indeed be seen as tactical way to justify an overall cultural
resistance. In fact the problem of putting knowledge into practice is more a general and
structural challenge of medicine as such rather than a pitfall specific to PHS applications.
Medicine is one of the most knowledge intensive empirical sciences, frequently changed,
updated, and re-evaluated, with a steady flow of new risk factors identification, new
drugs and diagnostic tests, new evidence from clinical studies (Peleg and Tu, 2006).
Naturally this creates a formidable challenge in terms of ensuring that such new
knowledge and evidence inform even the traditional practice of medicine™. Much still
remains to be done to ensure that lessons learned from scientific research and clinical
studies and trials inform and improve the quality of health services and the availability of
evidence-based medicine (Kerner, 2006). It has been even argued that efforts should go
into interpreting existing knowledge more than into producing new one (Choi et al
2003)™. It is evident the need to constantly inform the practice of medicine with the
canonisation of guidelines reflecting the most updated knowledge, carefully adapted on
an individual basis (Durso, 2006). This would improve compliance to state of the art
knowledge of both physicians and patients (Findley and Baker, 2002; Hayward et al
1995; Protheroe et al 2003; Shaneyfelt et al 1999; Shiffman et al 2003). In this respect
research on genomic information has made a vast progress during the past years and
could greatly enhance the goal of personalised treatment (Marcelino and Feingold, 1996).
As seen, then, the issue of aligning practice to knowledge it is still a challenge for
traditional medicine (Shortell et al 2007). Therefore, incorporating the most recent and
evidence-based knowledge into Personal Health Systems or, to put it differently,
“infusing medicine into technology” is not an easy task. Yet, the potential of information
technology to support both clinicians and patients in gathering data, making clinical
decisions, and managing medical and lifestyle actions more effectively is high and should
be leveraged. It is worth noting that, however, this is not a challenge that science and
technology can solve alone. It requires the commitment of policymakers, state planners,

10 McGlynn (2003), for instance, showed that only 55% of US adults receive care inspired by the most up to date
knowledge based recommendations. Actually, it takes approximately five years for new guidelines to be adopted into
routine practice (Batel et al, 2003)

! Some argue that the best evidence is for what does not work (Fixsen et al, 2005).

12
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managers of service provider agencies (e.g., health departments, managed care
organizations), and the purveyors of programs and practices (Rosenthal et al, 2005).

Indeed Rosenthal et al (2005) touch upon issues clearly captured by three gaps included
in our Full List*> and deemed correctly as being beyond the focus of technological
research, which are:

e Little integration of care delivery processes (# 3 of Full List);
e Knowledge and information segmented (# 4 of Full List);
e Lack of shared platform for data repository and exchange (# 5 of Full List)

In different ways they point to the fragmentation and “Turf Wars” that the experts
consulted discussed several times in our consultation and events and figure also
prominently in several of the presentations delivered during the “Personal Health Systems
Workshop — Market perspectives & innovation dynamics” organised in Brussels by the
EC Join-Research Centre IPTS (Institute for Prospective Technological Studies) on
February 6 2009".

The relevance of Biomedical Informatics. The vision behind the emerging field of
Biomedical Informatics (BMI) is precisely that of tackling the challenges described
above. BMI is emerging from the integration of Medical Informatics and Bioinformatics
(see INFOBIOMED 2003 and SYMBIOmatics 2007). Medical informatics (Ml), in its
original sense before integration with Bioinformatics, can be broadly defined as the
intersection of information science, computer science, and health care, addressing the
resources, devices, and methods required to optimize the acquisition, storage, retrieval,
and use of information in health. Health informatics tools include not only computers but
also clinical guidelines, formal medical terminologies, and information and
communication systems. Bioinformatics (BI), also known as computational biology, can
be defined as the creation and advancement of databases, algorithms, computational and
statistical techniques, and theory to solve formal and practical problems arising from the
management and analysis of biological data'® MI and Bl originated in different context
and responded to different drivers that have created a gaps between the two for some
time. Indeed they differ as much as medicine differs from biology (INFOBIOMED 2003,
p. 6 and pp. 13-14). Ml emerged to address the practical short term objectives (rather than
long term scientific ones) of delivering care and has been fragmented as a result, not only
of the the very disparate needs of different specialists, but also of different administrative
and management rules and practices®. Bl has been much more focussed and oriented to
science and basic research as it originated to respond to the need of managing the
enormous amount of data that biological research started to produce and particularly to
analyse large numbers of protein and nucleic acid sequences. Bl focussed on biological
sequence analysis, structural biology and molecular information repositories and its

12 See PHS2020 D4.1, Gap Analysis Report, table 1, p. 11.
'3 http://is.jrc.ec.europa.eu/pages/TFS/sps.html
14 See for instance Cristianini and Hahn (2006), Srinivas, ed. (2006), and Baldi and Brunak (2001).

15 This has resulted for a long time in an application-centred perspective and a wide range of different applications
mostly local and with limited level of collaboration across expetise and institutional boundaries.

13
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development accellerated also in relation to the well known Human Genome Project
(HGP). BMI has emerged as the attempt to bridge these two disciplines and finds its
rationale in both a more practical and more fundamental reason. First, at the practical
level, MI and BI have used similar tools and methodologies such as, for instance,
machine learning, natural language processing, image analysis, data mining of large
database. Second, more fundamentally the rationale for merging Ml and Bl is the same
that calls for integration of medicine and biology and reside in the well known genotype-
phenotype distinction (Johannsen 1911)* and the related need of capturing both in order to
understand the causes of diseases and improve treatment, medications and drugs
development, as well as early detection and prevention. The complete sequencing of the
Human Genome and the related genetic and proteomic data have opened new possibilities
to grasp the mechanisms of diseases, especially multigenic ones that are more common
than monogenic diseases. On the other hand, many diseases, besides the genetic
component, have also an environmental component and this calls for knowing also the
phenotype of diseases where classical clinincal and epidemilogical evidence comes into
the picture. Naturally there are still uncertainties as to the timing when the results for the
analysis of the human genome will become fully available for use. Indeed a World Health
Organisation (WHO) report suggests the needs of : a) being cautious on the medical
benefits of genomics especially for the timescale required; b) pursuing genomics research
not to the detriment of clinical practice and of epidemiological research; and c)
integrating genomics into clinical research involving patients and into epidemiological
studies in the community (2002, p. 6). These are exactly the grounds on which the BMI
vision rests. Results of molecural medicine and biology research can benefit clinical
medicine on the one hand, and clinical data will in turn be useful for these research. As a
result, many new possibilities could open up in the future. Combining individuals’
genotype and behaviour may predict possible emergence (for healthy individuals) or
development ( for individuals with some initial signs of a disease) of diseases, and
accordigly define intermittent diagnostic evaluations plan matched by recommendations
regarding changes in lifestyle, a medical regimen or procedures. In order to realise these
promises the large amount of data generated in the laboratory by Bl must be integrated
with the data and techniques of MI, electronic health records, clinical decision systems,
image- and signal-processing. BMI is an emergin field aiming precisely at putting the
world of Bl and MI together and at contributing to the discovery and creation of novel
diagnostic and therapeutic methods. So the mission of BMI is to provide the technical
and scientific infrastructure and knowledge to allow evidence-based, individualised
healthcare using all relevant sources of information. Indeed in two calls from the FP6,
namely Call 1 and Call 4, the objective for Biomedical Informatics was defined as to
“develop and promote knowledge in the areas of medical informatics that enable disease
prevention and therapy, and the development of tools enabling the individualisation of
diagnoses and treatment """,

18 For an analysis of Johannsen legacy see also Churchil (1974)

" European Commission, DG Information Society and Media, (2007), eHealth portfolio projects — Sixth Research and
Development Framework Programme, 2002-2006, Brussels, available at
http://ec.europa.eu/information_society/activities/health/docs/publications/fp6upd2007/fp6ehealth-projects _upd.pdf,
(accessed January 2009).
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The potential synergies between PHS, BMI and VPH. In the extract from the FP6
Work Programme reported above we added emphasis on the terms ‘individualised’ and
‘individualisation’ as this is the clear link between BMI and the need of making PHS
more personalised. In fact, there is probably no other piece of information as unique to
each concrete individual as his/her genetic configuration. Accordingly the integration of
molecular and genetic data is a way of making PHS more personalised. On the other
hand, it must be stressed that BMI is relevant for PHS also for what regards the
integration of clinical evidence and clinical guidelines, which responds to the concern
expressed by clinicians during our consultation workshop as to ensuring a robust control
based on clinical knowledge and evidence. The best way to show how BMI could provide
input to, and is in potential synergies with, PHS is to list below the key pillars of current
BMI research (INFOBIOMED 2003) and the its future research agenda (SYMBIOmatics,
2007) in BMI.

Key pillars:

e Patients data as input to Functional Genomics. Functional Genomics requires
patient data coming from clinical information systems (laboratory tests,
annotation of biological samples or familial history). Medical Informatics can and
should, therefore, play a role in facilitating this data for post-genomic research.

e Genomic for individualized Healthcare. Bioinformatics provide input to
practicing clinicians and medical informaticians to understand and use molecular
level data to provide personalised services. Acquiring, representing, analysing,
and integrating this kind of data is the practice of Bioinformatics that help the real
integration of genetic data of the patients in clinical information systems;

e Holistic Genomic Medicine. BMI integrates information coming from the
different levels (molecular, clinical or environmental) and produces the
personalization of clinical solutions;

e Enabling Technologies. Innovative information and communication platform
interfaced with new analytical devices and virtual learning environments to
facilitate the implementation of the integration between different sources of
information and knowledge.

Research agenda:

e Integration of data from biosensors and medical devices into clinical information
systems;

Integration of patient molecular data into Electronic Health Records;

Connecting bio-banks to large scale databases to enable data mining;

Patient profiling and lifestyle management;

Modelling and simulation of biological structures and processes/diseases.

It is probably pleonastic to remark how most of the bullet points above resonate many of
the issues we have discussed so far in this book with respect to PHS. If we stretch the
definition of Medical Informatics to include within it PHS as one of its component, then
one could subsume all of our discussion as just one dimension within the emerging BMI
domain and related research agenda. It could be argued that PHS are among the various
medical devices contributing to clinical information systems. This, however, would be
incorrect for three reasons. First, PHS are not mere medical devices but more complex
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system including devices. Second, they are still not much connected to clinical
information systems. Third, and most importantly PHS, if fully deployed, would entail a
dynamic and personalisation contributions, yet lacking in clinical information systems.
Fourth, the very nature of PHS, which can capture and in the future will better capture
different parameters in a mobile fashion, can produce those contextual and environmental
data specific to each individual and needed as input to functional genomics, which
currently clinical information systems and large scale databases do not contain. Indeed, as
we show below with the help of figure 2, we claim that PHS can be an additional and
active third pillar in the process of integration between Ml and BI. In other word not only
PHS would benefit from this integration but they would also contribute to it. The figure
overleaf is an adaptation of the graphic visualisation by which the integration of Ml and
Bl into BMI applications has been depicted in the White Paper produced by the Network
of Excellence INFOBIOMED. We simply added a symbol for PHS in 2020 to convey the
idea that PHS solutions could at the same time be complemented and complement Ml and
Bl applications. PHS would be first strengthened with input from MI and BI, and then
once they achieve increased reliability their data would in turn provide additional
evidence for both MI and BI applications.

Figure 2: The bi-directional integration between PHS and BMI
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Source: Adapted from INFOBIOMED (2003, p. 18, Figure 4)

Evidently a key challenge to cope with for this scenario to occur is that of validating and
intelligently processing data gathered under “uncontrolled conditions”, which cuts
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across this research domain and that on “Intelligent PHS Data Processing”. In this
respect a clear area of potential synergy between PHS and BMI emerge if we consider the
kind of new mobile parameters that context aware next generation sensors may produce.
In the traditional medical domain various types of long term data bases can be identified
- ranging from registries (only few core data elements) up to research data bases (in-depth
data about a defined population subset). Integrating these valuable data sources with
ongoing mobile data in a data warehouse system would allow to correlate objective
measures with context related health or subjective well-being. However, current medical
data bases focus on unhealthy people. Aiming at detecting social and mental status too,
additional data bases (e.g. for “stressed” people) are needed. For instance, it has been
suggested to create a data base of emotional concepts, in order to be able to categorize
emotions and to infer emotional trends over time (Lisetti et al 2003). Finally, it is worth
noting that in the transitions towards Framework Programme 7, the field of
Bioinformatics has been merged into the reasearch priority “Virtual Physiological
Human”, whose ultimate goal is to let scientists and medical practitioners know as much
as possible about the “real physiological human” by tackling all areas of human
anatomy and physiology and integrating data from all levels (molecule, cell, tissue,
organ, etc)'®. This will enable real “personalised” care, thanks to the use of models,
simulation and visualisation techniques for predicting the outcome of interventions
(surgical and pharmacological) on the individual. Advancements in the field of Virtual
Physiological Human (VPH) will also assist the design of targeted implants and artificial
organs for the individual, as well as the discovery of innovative personalised drugs. Also
in this case we can point out at the potential synergies that would derive from
convergence of PHS and VPH within future research projects. As VPH models are both
descriptive, predictive and additionally formed taking into consideration pathological,
physiological, and anatomical data, they can become the basis for a PHS new DSS
primarily for clinicians but eventually possible to share with users. VPH is further
important for developing interfacing technologies that give a just picture of personal
aspects, both for clinical use, and for patients to give an illustrative picture of how each
individual body is formed and affected by different actions and behaviours. In addition
there is also a contribution from PHS to VPH that could derive from this integration.
Convergence between PHS and VPH further means that PHS provides better
measurement and reliable data so that VPH build better models with in turn produce
better design of artificial organs to be implanted ad become also part of PHS. Thinking
very futuristically, there could be spin-offs from such integration between PHS and VPH,
positively over spilling on the users. It could produce a sort of “tamagochi” of oneself, a
device that can tell everyday how one has performed, and whether or not one has behaved
well towards his/her health. This could be among those tools that could motivate people
to behave in sound and preventive fashion (if they are healthy), to refrain from certain
specific behaviours (if they have been diagnosed with a potential future risk), to adhere to

18 European Commission, DG Information Society and Media, (2007), eHealth portfolio projects — Sixth Research and
Development Framework Programme, 2002-2006, Brussels, available at
http://ec.europa.eu/information_society/activities/health/docs/publications/fp6upd2007/fp6ehealth-projects upd.pdf,
(accessed January 2009).
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prescriptions and lifestyle guidelines (if they are already chronic patients and/or are
following a rehabilitation programme).

1.3 Proposed roadmap

The table below synthetically provides a snapshot of the preliminary research themes
associated to the gaps and of the key input from the further review of the literature. In
combination with the comments and changes introduced during the two consultation
events focussing on the roadmap they shape the final proposal graphically presented in

Figure 3 reported in the next landscape page.

Table 2: Re-compacting information: Integration of External Knowledge

. Preliminary research .
Gaps (Figure 1, p. 4) themes (Figure 1, p. 4) Further insights

e Lack of integration of
updated clinical evidence,
biomedical and genetic
information to ensure
scientific control, risk
assessment, and
personalisation

e Validation of data from
uncontrolled conditions
(enucleated and moved here
from Gap of Box 2)

e Integration of up-to-date
medical info from bio-banks,
trials;

e Integration of genetic and
biomedical information

e Controlled studies to
correlate and compare data
obtained in both “clinical
settings” and “uncontrolled
conditions”(from context
aware PHS) to identify
normal and abnormal
patterns of parameters uses
for action/actuation taking
into account personal and
contextual factors

Knowledge into clinical practice a
problem for medicine as such (see
also about holistic guidelines)
Relevance of Biomedical
informatics (BMI)

Potential synergies between PHS
and BMI

Need of new databases storing
mobile data to correlate with data
in other traditional medical
databases

o Need of holistic clinical
guidelines and pathways to
align PHS delivered care to
best practices and to capture
the multi-facet nature of
health status

e software systems integrating
and modelling guidelines
within PHS

Holistic nature of guidelines a
matter of institutional / cultural
change (recalling implementation
gaps 3,4,5)

o Need of innovative and
holistic DSS for healthcare
professionals to provide an
holistic picture of human
body complexity through
prediction/simulation/visuali
sation

e Integration of PHS and VPH
(supported by modelling and
prediction);

e Development of VPH-
inspired interfacing for PHS
DSS;

Further support to idea of VPH/
PHS synergies

It can be safely stated that the elements already captured at the end of the gap analysis
(those summarised in Table 1) have been confirmed and further refined by the
consultation and the further review of the scientific literature.

The increased personalisation of both monitoring, preventing and treating and more
robust clinical and scientific control through the integration into PHS of clinical
evidence and biomedical and genetic data and information is at the core of the proposed
convergence with Biomedical Informatics (BMI) and with Virtual Physiological
Human (VPH).
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Figure 3: Visual Roadmap for “Integration of External Knowledge”
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To this convergence toward personalisation PHS brings the additional important input of
contextual data, which raised challenged to be addressed by research such studies to
address the issue related to the reliability of data gathered under “uncontrolled
conditions” and the need of new databases with mobile contextual data.

Accordingly within the broadly defined theme of PHS convergence with BMI and VPH
we can envisage the following topics:

e Controlled studies to correlate and compare data obtained in both “clinical
settings” and “uncontrolled conditions” to identify normal and abnormal
patterns of parameters used for action/actuation taking into account personal and
contextual factors;

e Integrate ongoing mobile data captured by PHS with clinical and biomedical
and genetics data (large scale database, bio-banks, trials, research databases) into
data warehouse system;

e Data mining on newly integrated databases to correlate both genetics with
diseases phenotyping and more generally correlate objective measures (about
genotypes and phenotypes) with context related parameters;

e Integration of data from biosensors and medical devices into clinical
information systems;

e Use of newly combined evidence for patient profiling and lifestyle management;

e Improve modelling and simulation of biological structures and processes/diseases
(VPH) with data from PHS

Evidently this research theme present a number of complementarities/overlaps with
elements of other roadmaps:

e The integrated interpretation and processing of genetic, biological, and
contextual data it is clearly at the cross-road with themes of the roadmap on
“Data Processing”;

e Controlled studies to correlate and compare data obtained in both “clinical
settings” and “uncontrolled conditions” need input from new context aware
sensing (as do the creation of integrated database mentioned under second bullet
above);

e In turn the result of such controlled studies feed into the for the normalisation of
“uncontrolled conditions” data through correction/rectification techniques that
are part of the “Data Processing” roadmap.

With respect to the first dimension very important is the inter-operability among devices,
databases, and with health records (personal and in general all those included in clinical
information systems). In addition the appropriate legal framework will have to be
developed if patient profiling, early detection and related secondary prevention
treatment are to be put in practice.

With respect to the second dimension the enabler is mainly advancement in genetics and
molecular medicine. If that happens it will further advance the PHS/BMI/VPH
convergence and would eventually lead to the new research theme “Integration of
Genomic-Specific Data”. As research realising synergies between PHS and VPH
progress sit will be possible to launch a the new research theme “Development of Share
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Patients Doctor Decision Support Systems”. Naturally this theme need input from, and
is in overlap with, elements of other roadmap:

e It needs input from advancements in predictions and modelling techniques
considered in the “Data Processing” roadmap;

e Its results, expected to produce innovative and user friendly tools based on
visualisation and simulation, are clearly in overlap with the issue of “Intuitive
patient decision aid tools” and included in “Data Processing” research domain)
and of “imaging and visualisation techniques for intuitive and easy to interpret
input” and included as part of “Interfacing & Interaction” research domain)

The idea of developing systems that would integrate and model holistic guidelines
(addressing co-morbidities but also many other dimension to personalise them) has not
been rejected, but both the experts during the consultation and the review of the literature
have shown that is a tough challenge technological research cannot solve. Turning
updated knowledge into standardise and consensual guidelines for clinical practice is a
challenge for medicine as such and is not specific to PHS. It depends both on the dynamic
of knowledge production itself and on the institutional fragmentation and “turf wars”
ridden nature of the Healthcare system. Accordingly the theme of PHS incorporating
holistic guidelines is included but further on in the future and it is clearly indicated how it
depends on both enabling and implementation issues: further efforts at extract guidelines
as a kind of research/analytical activity (enabler) and at putting into practice and
improving them through more integration and collaboration between tiers of healthcare
and between them and research. In this latter aspect it is worth mentioning that these
same two enabling and implementation issue are relevant also for what can be done with
new data gathered about context (see later § 4.2 text on context awareness challenges).
Indeed, once sensors will systematically gather mental and social state data we will still
need consolidated and standardized measures against which evaluate in a combined way
physical, mental and social parameters. Otherwise we would not know what kind of feed-
back should PHS capturing emotional and social state, especially those aiming at life-
style management, should provide to improve the well-being of users. Accordingly,
multi-disciplinary and inter-institutional cooperation is needed especially for lifestyle
management to decide: a) what are the signals required to detect context, social
interaction and activity; and b) what is the minimum set of signals to achieve a desired
performance lifestyle performance.
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2 Data processing

2.1 Contextualisation

Already at the end of our work on the State of Play and before the all consultation process
started we concluded that PHS today are called ‘personal’ as the focus is on the person
possibly outside of institutional care but they are not necessarily personalized. if
Personal Health System have to develop into Personalised Health Systems, more research
development is needed to build auto-adaptive and self-calibrating solutions gradually and
constantly adapting to each specific individual history, characteristics, mental state and
context. This requires both the advancement in the development of sensors that we treat
later (8 4), infusion of clinical evidence and of molecular and genetic data into PHS that
we discussed in the previous section, and naturally more sophisticated algorithms and
data processing solution capable of turning inert data and information into knowledge
and knowledge into wisdom (which knowledge for which action).

Currently, PHS data analysis focuses on standard measures, commonly accepted in
medicine, to detect abnormal physiological conditions or, in the case of aging, abnormal
physical state (i.e., early fall detection), without considering context (environmental
conditions, location, type of interaction i.e. from voice signalling, emotional state) and
person specific parameters (age, social class, education, life history, genetic
characteristics). PHS applications still concern a limited number of parameters that can
vary within a pre-defined range, without the capabilities to take into account peculiar
conditions and characteristics of the individual, and to automatically adapt the expected
values of medical parameters. This can lead to false positive early warning: that is a vital
signs is above the threshold but this may be due to peculiar characteristics of the
individual or of the specific context in which he/she is. In this context healthcare
professional intervention is still a major part of current PHS solutions. A corollary of
which is that actuation and treatment through PHS is still far away, while monitoring
remains the main focus of today’s personal health systems. In case of acute episodes,
today’s PHS is too limited in terms of automatic and in-time intervention. To become
truly personalised, requiring less intervention on the side of healthcare professionals and
enabling more actuation and treatment, PHS must be powered by auto-adaptive and self-
calibrating data processing and interpretation/modelling solutions, on which to build
systems that do not only monitor the condition of an individual, but also deliver on-time
and evidence-based prediction supporting actuation.

Currently, in some cases, PHS applications may also deliver individual feedback
according to patients’ status, and additionally offer some educational guidance related to
the specific condition. However, the value chain of data management and processing is
long and fragmented, in a sense that data is processed with many steps and at several
levels (i.e. data elaboration usually involves external devices). Although intelligent
systems are being developed ( i.e. Decision Support System, DSS), healthcare
professional intervention is still a major part of current PHS solutions, mainly due to the
lack of intelligent systems encompassing predictive algorithms enabling self-adaptation
and self-calibration, as well as automatic and on-time intervention. A key barrier is also
represented by lack of context awareness and other individualised data beyond vital and
physiological signs, which is evidently more an issue of the kind of sensors used than of
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data processing. Yet, even if other kind of signs and information were available and could
be acquired as raw data, it would still be difficult to turn it into knowledge given the
status of intelligent processing currently embedded into PHS. For instance, if we talk
about self-adaptation and self-calibration, naturally we lack sensors reliably gathering
environmental and context data, but also algorithms accurate enough to process the data
in such a way that they can provide truly personalised services.

2.2 Further insights

Intelligence in support of decision and action. From a general perspective the gaps
identified for the data processing capabilities of PHS applications fall into the broad
discipline of Decision Support Systems. In a way what PHS application currently lack is
the capability to produce input for decision and action (especially for automatic actuation
of action). In this respect we can take from the DSS discipline the idea that the
intelligence needed for decision and action requires first the identification of a problem,
then the design of possible alternative solutions, and finally the criteria for analysing the
alternatives and choosing one for implementation (Shim et al 2002). If we apply this to
the field of PHS we see that the problems are clear and that increasing amount of data and
information are gathered about an important part of the problems (vital and physiological
signs, but we still need to: a) gather and process data on other important dimensions of
the problems (personal context, environment, clinical evidence, biomedical and genetic
information); b) improve the design of alternatives (information into knowledge); and c)
develop criteria and models for choice (knowledge into action/ actuation). Without the
capability of turning the gathered data into knowledge and action, PHS run the risk of
increasing the information overload and the problem of what to do with data already
lamented today by healthcare professional even in their traditional practice. If PHS will
generate large amount of data without producing intelligence they will only compound
this information overload challenge (Foster et al 2005; Kriegel et al 2007). It has been
argued that, if we did not reach yet more intelligent solutions in the field of PHS and
other technology driven applications in the healthcare sector, this is the result of too
much attention placed on the networking of distributed sensing and too little on tools to
manage, analyse, and understand the data (Balazinska et al, 2007). In order to proceed
into this direction one of the ‘grand challenges’ is to limit the number of computer-
generated recommendations a clinician or a user has to deal with to a manageable number
based upon an explicit model, thus reducing the “‘alert fatigue’’ that is a frequent cause
of dissatisfaction both among professionals and users (Sittig et al 2007). The goal is to
develop decision support systems and automatic actuation in a way that takes into
consideration the peculiarities and preferences of users and addresses the concerns of
healthcare professionals (Ruland and Bakken 2002). To put these considerations
differently, there is a need to move from a fragmented “signal driven design” to a more
holistic “ personalised and goal-driven design”, which would better enable: a) defining
what to collect, when, and how to collect it; and also b) processing and visualising its
results in view of the sought goal. These broadly defined challenges entail several issues
we treat below.

Data validation. Discussing a broader topic than PHS Foster et al (2005) affirm that
Decision Support Systems in the healthcare sector must incorporate clinical evidence and
knowledge as fundamental parameters for data validation in terms of both quality and
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accuracy. This further reinforces our argument about the need to integrate external
knowledge, which we have treated earlier as a separate and new research domain with its
own roadmap and especially as an area for convergence between PHS and BMI. As we
clearly pointed out in the Gap Analysis Report*® and mentioned briefly in this document
(see p. 8), it is evident here how the two research domains and related roadmaps
“Integration of External Knowledge” and “Data Processing” overlap. Evidently, the
additional clinical and bio-medical /genetic information to be incorporated into PHS
would then need to be processed and interpreted. A specific issues overlapping even more
clearly these two domains is that related to the use of data gathered under “uncontrolled
conditions”?, namely conditions that are clearly different from the traditional “clinical
settings” and as such may be the cause of measurement errors (recorded parameters being
distorted, for instance, by environmental factors). Data thus produced can be interesting
to clinicians but currently cannot be used, for instance, to take decision on treatment or to
trigger actuation:. This problem has two implications, one more related to clinical trials
and the other concerning more the technicalities of data processing. First, controlled
studies are needed including measurements on a number of parameters for a given sample
of individuals in both clinical settings and in “uncontrolled conditions” as to include
personal conditions and environmental factors. These should enable to assess normal and
abnormal patterns in light of personal patterns and context. Second, with this input PHS
powered by innovative self-adaptive algorithms should recursively process data and
identify truly abnormal patterns, as well as rectify/correct parameters that may appear as
abnormal only due to very peculiar contextual conditions.

More efficient treatment of data: multimodal data fusion %. Data is gathered through
several sensors distributed over the body and in most cases we still have a situation of
“one sensor / one signal”, which requires data fusion. Moreover, the more we go in the
direction of context aware and personalised PHS the more this data will also present
different modalities (for instance strings and graphs) that need to be integrate correctly

19 PHS2020 Deliverable D4.1, Gap Analysis Report, pp. 42-43.

% gee more on this in PHS2020 Deliverable D4.1, Gap Analysis Report, pp. 22-24 where the main gap for data
processing (lack of auto-adaptive algorithms, etc) is discussed.

2 The decision to intervene are usually based on risk thresholds defined using statistical patterns established under
clinical settings. Parameters gathered under uncontrolled conditions, if distorted by measurement errors, may trigger
unnecessary intervention (i.e. meet the risk threshold due to measurement error) or miss intervention when needed (i.e.
do not meet the risk threshold due to measurement error).

22 The literature on data fusion and on multimodal data integration is vast and span several disciplines and we used
selectively to define the two terms (see for instance Mitchell 2007; Qi et al 2004; Klein 1993). “Fusion” is a term
describing the integration of data from multiple sensors using a combination of mathematical algorithms and data
transfer architecture. Fusion Algorithms allow data from various sensors to be combined, painting a more accurate
picture of the happenings and allowing to take immediate action if a threat is determined. Two basic architectures are
used in theory, Measurement Fusion and Track Fusion. In practice, however, a combination, or hybrid system is often
used. In several articles “data fusion” and “multimodal data integration” are used in an alternate manner implying that
there is not a substantial distinction among them (see for instance Qi et al 2004 or Tripathi et al 2008). In this way one
may talk about “multimodal data fusion” as a particular case of data fusion, when the data not only come from different
sensors but also have different modalities (typically strings and graphs). On the other hand, one could distinguish them
as follows: multimodal data integration might be viewed as set combination wherein the larger set is retained, whereas
fusion is a set reduction technique with improved confidence. For our purpose here and in the definition of the roadmap
we will not distinguish them in a clear cut way and will treat them as one research theme.
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for a reliable measurement and data processing. Data fusion is particularly important, at
least until multi-signs sensors with on board processing will be developed (see later), for
context aware PHS applications capturing emotional, activity and environmental
parameters (Troster 2005; Lukowic et al 2002). The heterogeneity of possible contexts
demands for fusion and multi-modal integration of data deriving from various sensors.
Whereas vision and speech recognition are established tools to mirror the human’s
perception, context detection using vision and speech creates a high computing load. The
use of different, simple sensors capturing these parameters in different ways can reduce
the communication and computational effort, yet they increase the data fusion efforts.
Currently, however, there is still no established framework for exploiting the benefits of
data fusion, which hampers the production of consistent actionable intelligence due to
invalid incorporation of redundant information and to information corruption (Luo et al 2007).
Another challenge is the capacity to fuse the gathered data both collectively and on an
individual basis, mirroring the situation of users’ activities and environmental
conditions®®. The key need is engineering a framework enabling adaptation to
“uncontrolled” chaotic environments such as those which would characterise a PHS
services embedded into a “smart home” or provided as the users perform normal daily
activity at work (Pallapa and Das, 2008). Moreover, we can envisage PHS applications
capable to integrate parameters gathered by external environmental sensors (neither in
contact with the users’ body nor placed in their homes) or available within the health
records of hospitals information systems, or even in the information system of
organisations not belonging to the healthcare sector. Futuristically, we may picture a
situation where PHS applications, after detecting abnormal conditions for a chronic
patients, may: a) automatically access and query the patient health profile; b) access
databases about patients suffering similar conditions to correlate the parameters; c) obtain
data from airport records on his/her latest travel and identify his/her presence in places
where some epidemic were recorded. All of this points into the direction of PHS fully
context aware and context embedded, going beyond the “Event-Condition-Action
approach” (Choi et al, 2006). Yet, for this to happen through automated query-processing
task, data should already be in well-defined inter-operable syntax and semantics
(Egenhofer, 2002).

Such inter-operable syntax and semantics, however, are not currently available even only
for vital and physiological signs and, thus, the situation is more complicated when we
will add context awareness. Therefore, efforts are needed for format and semantic
integration of data coming from disparate sources (Halevy, 2003). In this respect the issue
of multimodal data fusion is crucial. Before data analysis starts, the differences between
data from different sources have to be even-handed via fusion and integration. Otherwise
one risk identifying patterns as a result of errors due to the different origins of the data
rather than reflecting some real health conditions. Evidently this points to the overlapping
between the technicalities of multimodal data fusion and the substantive issue of studies
comparing data gathered in clinical settings with those gathered in “uncontrolled
conditions” to define normal and abnormal patterns in the observed parameters. On the

2 Evidently, it would be more useful to take into account users’ behaviour as an entity and deriving work flows from it,
rather than considering events as basal units (Shchzad et al, 2005).
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side of data processing technicalities we can stress the need of well-organized and
scalable data pre-processing through appropriate statistical examinations and algorithms
to integrate data as different as such as, for instance, strings and graphs?*.

Figure 4: Sensor data fusion and aggregation in multiple contexts
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Source: Authors’ elaboration

Improve extraction of patterns. Assuming the technicalities of data treatment are
solved, intelligent data processing in PHS application should advance the extraction of
new understandable patterns and also make previously extracted patterns better
understandable. For example, currently many data mining algorithms do not distinguish
between causality and co-occurrence. There is a great difference between finding the
origin of the disease or finding just an additional symptom. A direction of research that
should be leveraged within the PHS field is that of machine learning and neural nets.
Since acquiring knowledge from experts is complicated, a major part of decision support
systems recently developed machine-learning (ML) techniques, which are able to
discover knowledge automatically learning by example (Peleg and Tu, 2006). The most
common technique being neural nets (network of interconnected simple processing
elements). Neural nets recognize patterns in the input data and classify the input.
Furthermore, many of the developed decision support systems are based on models that
support probabilistic reasoning. Examples of such models are Bayesian networks.
Artificial neural networks, decision trees, support vector machines, Bayesian networks,
are all examples of methods that are used today to mine data. The challenge to overcome
in this field is represented by the difficulty of transforming attributes of different scales
into a mathematically feasible and computationally suitable format. This, however, need
to be tackled not only to better extract patterns but also to achieve to achieve predictive
modelling and exploration.

2% Data pre-processing is a useful technique instrumental to improve data fusion. In general, when we obtain a
database, it is necessary to select the appropriate variables used as the inputs in order to eliminate the noise contained in
the selected variables and to normalize the filtered variable. Achieving this is termed data pre-processing ( see for
instance Huang et al 2002).
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Adaptivity and self-calibration. As the complexity increases, there is a need to extract
more complex patterns and to recursively process them in order to achieve both more
personalisation and more modelling and predictive power. PHS applications that are
context aware and dynamically capable of learning and adapting to users very unique
characteristics and conditions are a quintessential case of increased complexity. First,
currently available algorithms for the most part are dedicated to a limited set of standard
patterns and need to be upgraded to treat new parameters such as those capturing context.
Second, aiming at providing truly personalized, proactive PHS, adaptivity and personal
calibration of algorithms are very important (Roggen et al 2006). Personal calibration is
crucial to go beyond standard parameters measuring vital and physiological signs and
capture for each single user environmental conditions, emotional and social state, as well
as individual demographic and social characteristics (age, social class, past history) and
should be integrated with adaptive algorithms for context recognition. These two
elements would ensure that PHS data processing system deal with information in an
intelligent way, in other words in the same way as a human domain expert would:
learning from experience but in an automatic and self-recursive way. A clinician might
learn by direct experience (though repeated observation) that vital sign X of patient A
goes above a risk threshold due to very specific personal characteristics or under certain
situations and does not require any treatment. If this information is not fixed and if
patient A change doctor, this information is lost. A PHS intelligent system, embedding
personal calibration and adaptive algorithms, would learn and fix such information and
many others and dynamically continue to do so a self-modify itself. Under an ideal
situation such intelligent system would: a) learn fast from a large amount of data and
adapt incrementally in both real time (online), and in an off-line mode ( new data is
accommodated as it becomes available); b) be open and flexibly incorporate new
elements relevant for its task; c) have a memory to keep track of information that has
been used in the past and be able to retrieve some of it for the purpose of inner
refinement, external visualisation, or for answering queries; d) be self-reflexive and
analyse itself in terms of behaviour, global error and success. Currently algorithms
learning only in an off-line mode are use to detect physical status only. For full context
awareness, however, real time on-line learning is a prerequisite to achieve personal
calibration. This new breed of adaptive context recognition algorithms may make use of
bio-inspired techniques such as the “Evolving Connectionist Systems” modelled
following the brain functioning, which have been shown to provide adaptivity and
learning in other fields (Kasabov 2006).

Holistic Modelling and prediction. Adaptivity and personal calibration would reinforce
the modelling and predictive capabilities of PHS data processing components. In health
science well studied human models are available, which are based mostly on standard
objective parameters . Augmenting these models by contextual data, social interactions or
activities of daily living, could dramatically increase the predictive power (Roggen et al
2006). Thus, PHS could contribute to increase the predictive capabilities of healthcare
decision support systems in general. This naturally require copying with several
challenges such as modelling data coming from different sources and different devices
(pointing again to the issue of inter-operability). Once these different kind of data are
available, automatic processing need to be developed to track and assess historical,
present and future events and related co-dependencies. Recent progress toward unifying
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the treatment of probabilistic models (for example, through abstractions such as dynamic
Bayesian networks) could also pave the way for building a rich toolbox of statistical
models (Balazinska et al, 2007).

Patterns management and visualisation. Having addressed all of the previous issues,
then the number of potentially applicable patterns will be too large to be assessed by a
human user, without a system organizing the results and providing a user friendly fruition
through visualisation. Future systems must provide a platform for pattern discovery
where it is possible to browse for interesting information, enabling generation of a large
variety of well understandable patterns. Combining modelling and visualisation
techniques then we could have those patient decision aids that were identified as one of
the gap within the data processing research domain.

Privacy algorithms. Finally, advanced data processing could also address ethical issues
through the development and application of privacy- preserving algorithms (Agrawal and
Srikant, 2000, Samarati and Sweeney, 1998). These advancements aim to control the
released data, either through random perturbations or by hiding recognizable attributes, so
that individual privacy is not compromised but useful data mining can still be performed.
However, these approaches are still very immature and will not become mainstreamed for
some time.

By way of concluding the analysis in this paragraph it is worth pointing out two aspects.
First, while considered as an issue falling outside strictly defined PHS research and
concerning more broadly defined implementation issues, inter-operability emerges from
the above considerations as a crucial bottleneck today and pillar in the future if
achieved, as it would lessen the data fusion, multimodal integration and data pre-
processing efforts. Second, it is clear how tightly entwined are the “Data Processing”
and “Sensor” research domains and that the two partially merge when smart sensors
capable of on board processing and self-calibration are developed.
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2.3 Proposed roadmap

The table below synthetically provides a snapshot of the preliminary research themes
associated to the gaps and of the key input from the further review of the literature. In
combination with the comments and changes introduced during the two consultation
events focussing on roadmapping they shape the final proposal graphically presented in
Figure 5 reported in the next landscape page.

Table 3: Re-compacting information: Data Processing

Preliminary research
themes (Table 1, p. 7)
e Data fusion and
multimodality (data
processing, Interpretation e Main issue becomes multimodal
and modelling capable of data fusion and integration;
simultaneously treating vital | Data pre-processing as
and physiological signs, instrumental:

enetic, biomedical, and . .
g e Data from chaotic environments

Gaps (Table 1, p.7)

Further insights

e Lack of capacity to process

data coming from different
sources and to address the
issue of data generated under
“uncontrolled conditions™;

contextual parameters such
as individuals activities,
location and emotional
status, and external
environmental data;
Correction/rectification
techniques to normalise data
gathered under “uncontrolled
conditions”

interesting test bed for new
applications (overlaps with
“uncontrolled conditions” data)

e Importance of inter-operability

(syntax and semantics)

e Privacy preserving algorithms

Lack of capacity to
recursively learn from
individuals specific
characteristics and context
and automatically adapt data
processing to personalise
monitoring and enabling
actuation reducing the need
of healthcare professionals
intervention

Auto-adaptive and data
fusional algorithms and
related prediction and
modelling techniques;
Development of automatic
calibration

e Self-adaptivity and self-
calibration one issue, in addition:
o Patterns extraction (and related
data mining)
o Prediction and modelling

Lack of personalised aid
decision tools for users

Development of simulation
tools based on holistic data
processing (see above) and
easy imaging and
visualisation (see VPH
related themes)

e Criteria for user friendly
visualisation outputs from
prediction and modelling

Ever since the end of the state of play review our initial intuition has been that PHS
lacked the sophisticated intelligence to be truly personalized systems, through self-
adaptation and self-calibration to the peculiar holistic conditions of each single
individual, which as result restrains support to decision making, treatment and automatic
actuation through prediction and modeling.
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Figure 5: Visual Roadmap for “Data Processing”
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This intuition has been corroborated during the gap analysis consultation process and we
can safely state that it has been confirmed by by the consultation and the further review
of the scientific literature. On the other hand, the latter have helped providing a more
complete picture where self-adaptivity and self-calibration, prediction and modelling,
figure prominently alongside other elements that were not given enough visibility in the
gap analysis such as: the importance of advancement in data processing especially for
going beyond monitoring and enabling lifestyle management and rehabilitation
applications, pre-processing and multimodal data fusion and integration, pattern
extraction and related data mining, etc. The roadmapping consultation events and the
further review of the literature have also provided more context and importance to the
issue of how to treat data originating from “uncontrolled conditions”, which have
surfaced in the previous paragraph on “Integration of External Knowledge”, in this one
on data processing, and will be discussed again in the next one on sensors. So, from being
a sub-issue it has become a research theme in its own rights, in relation to which it also
emerged the importance of chaotic environments as a test bed for gathering and
processing of data raising higher challenges.

The complementarities/overlaps between this roadmap and the one on “Integration of
External Knowledge” have been cited several times in previous part of this chapter, so
they are simply identified in Figure 5 and not discussed further.

Many of the technologies and the developments later exploited for PHS have sprung from
military applications, where users not only under high level of stress but also embedded
into chaotic environments. Equally chaotic (though admittedly less stressful)
environments in terms of the signs to be gathered would be those characterising a PHS
services embedded into a “smart home” or provided as the users perform normal daily
activity at work (Pallapa and Das, 2008). As illustrated earlier (see § 2.2), these are
situations where ICT can monitor and act on medical needs tenuously and promptly but
where data challenges are great (fusion and integration of sign with different modality,
normalisation of such parameters as they are typically originating in “uncontrolled
conditions”). Accordingly we propose here initial scoping studies to define how such
environments could be integrated as test bed for technological research focussing on
advancing PHS level of sophistication in processing and intelligence. Scoping activities
are also proposed on a topic that is clearly correlated to this one on “chaotic
environments”. Current PHS applications, we have seen, are far too focused on existing
medical conditions, mainly entailing monitoring functionalities for cardiovascular
diseases and diabetes. However, they have major potential for going beyond these
boundaries, enlarging to general health management, lifestyle applications and hence,
prevention, rehabilitation, and even treatment. As there is a current increase of focus on
prevention, studies should also consider how PHS can optimally be tailored and adopted
for the aim of lifestyle management in mobile and/or chaotic situations/environments.
Similarly, it has also been suggested several times during the consultation events to
assess the potentiality to integrate PHS with users’ homes and domotics, to further
personalise the services rendered by personal health system applications. A similar
investigation should be made for already available service-based information (night/day,
weather, travel, fitness, nutrition etc), giving opportunity to connect health with life-based
parameters, and at the same time taking advantage of the “connected society” and the
“sensor web”.
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As long as signs will come from many different sensors (i.e. one sensor/one sign) with
little or no on-board processing capabilities and also until ex ante inter-operability with
standardise syntax and semantics across many domains (PHS devices, electronic health
records of various nature, databases, etc) data processing need to address the challenge of
treating data with different modalities (for instance strings and graphs) that need to be
integrated correctly for a reliable measurement and ensuing steps (interpretation, pattern
extraction, prediction and modelling). This a more complicated task than simple data
fusion.

The sheer size and diversity of data that truly personalised PHS integrating external
knowledge will have to processes raise the data handling challenges and calls for new
research into efficient “Pre-Processing of Data” preferably in order to, amongst other
issues, decrease the size of datasets. While visualised separately, this can be considered
as an additional instrumental support for the following theme. In case more sensors
improve on-board processing, pre-processing could performed already there at source.

Next and much more important research theme to ensure the high quality of data is what
can be broadly defined “Multimodal Data Fusion and Integration” of signs with
different modalities (for instance strings and graphs). Before data analysis starts, the
differences between data from different sources have to be even-handed via fusion and
integration. Otherwise one risk identifying patterns as a result of errors due to the
different origins of the data rather than reflecting some real health conditions. The goal of
this activity should be, first, eliminate data redundancies and distortions and, second,
perform data fusion at different levels. In fact, it is possible fuse data at the level of a
single network of sensors, at the level of a Lab On Chip, at the level of environmental
sensors. Eventually, there is still need of a second level data fusion to merge all that data
together. In a similar manner, data fusion can be done for fusion of physiologic data,
motion, chemical values, emotional and contextual data, etc, finally reaching a real
multi-modal data fusion.

While it could be treated as either part of the previous or of the next research theme, we
visualised the separately the “Treatment of ‘Uncontrolled Conditions’ Data”, given
how prominently has figures as instrumental to achieve true personalisation applying
processing, patterns extrapolation, prediction and modelling on a combined set of data
also capturing context. In close connection with the results of controlled studies
correlating and comparing data obtained in both “clinical settings” and “uncontrolled
conditions” (See previous roadmap), normalisation of such data should be achieved
through new and innovative rectification and correction techniques to be developed ad
hoc.

The theme “Auto-adaptive and Self-Calibrating Processing” capture what has been
since the beginning the main gaps identified in PHS data-processing sub-system and
pursuing this research direction should produce auto-adaptive algorithms to be
integrated into PHS functioning, capable of gathering and recursively processing data
from different sources (including from “uncontrolled conditions”/ “chaotic
environments”, adapting to individuals’ peculiarities and modifying/rectifying the
information provided to the rest of the system, for it to extract knowledge and take the
most appropriate decision in each occasion in relation to action/actuation (treatment in
the case of disease monitoring or feedback/assistance in the case of lifestyle
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management/rehabilitation). Further, under an ideal situation such intelligent system
would: a) learn fast from a large amount of data and adapt incrementally in both real time
(online), and in an off-line mode ( new data is accommodated as it becomes available); b)
be open and flexibly incorporate new elements relevant for its task; c) have a memory to
keep track of information that has been used in the past and be able to retrieve some of it
for the purpose of inner refinement, external visualisation, or for answering queries; d) be
self-reflexive and analyse itself in terms of behaviour, global error and success.
Achieving such state would bring a key input to enhance predictive and modelling
power.

An additional input in this direction would come from research on the theme of “Pattern
Assessment and Knowledge Extraction”, that is systems deriving understandable
patterns and making already available patterns understandable, in addition to developing
methods to turn discovered trends and patterns into rules. The progress of statistical
methods and artificial intelligence discussed earlier in 8 2.2 could offer interpretation of
the complex patterns that are created by the collection of data produced by PHS. These
patterns are of special interest, not only to extract knowledge for the specific user, but it
can also offer knowledge concerning whole populations. Thus, different clinical and
lifestyle conditions can be easily linked to cause-and-effect and also to optimal
treatments.

The understanding of mentioned patterns together with innovative auto-adaptive and self-
calibrating characteristics will support research aiming at advancing and refining
“Predictive Algorithms/Methods and Modelling”. This would give also the
o