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Purpose of review

The goal of our nation-wide initiative is to provide clinicians intuitive and robust tools for accurate
diagnosis, therapy monitoring and prognosis of cognitive decline that is based on large-scale multidomain
data.

Recent findings

We describe a federation framework that allows for statistical analysis of aggregated brain imaging and
clinical phenotyping data across memory clinics in Switzerland. The adaptation and deployment of readily
available data capturing and federation modules is paralleled by developments in ontology, quality and
regulatory control of brain imaging data. Our initiative incentivizes data sharing through the common
resource in a way that provides individual researcher with access to large-scale data that surpasses the
data acquisition capacity of a single centre. Clinicians benefit from fine-grained epidemiological
characterization of own data compared with the rest additional to intuitive tools allowing for computer-
based diagnosis of dementia. Finally, our concept aims at closing the loop between group-level results
based on aggregate data and individual diagnosis by providing disease models, that is, classifiers for
neurocognitive disorders that will enable the computer-based diagnosis of individual patients.

Summary

The obtained results will inform recommendations on best clinical practice in all relevant fields focusing on
standardization and interoperability of acquired data, privacy protection framework and ethical
consideration in the context of evolutive pathology.
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INTRODUCTION

With increased life expectancy in most economi-
cally developed countries, the number of individu-
als that will potentially become demented is
growing almost proportionally. Current estimates
report world-wide ca. 48 million people suffering
from dementia, which brings the socioeconomic
cost of care up to 1% of world’s gross domestic
product [1]. The fact that brain damage begins years
before clinical symptoms underscores the impor-
tance of early diagnosis to allow for neuroprotective
treatment before critical damage occurs. Early and
accurate detection of the underlying causes – neuro-
degeneration as in Alzheimer’s disease, vascular
pathology or others, is essential for developing strat-
egies that if not preventing or curing, then at least
could delay the onset of disease symptoms [2].
t © 2019 Wolters Kluwe
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A reality check on the current situation in clini-
cal neurosciences allows for detecting two main
issues that, despite the overwhelming progress
in understanding the brain, hamper the progress
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KEY POINTS

� The CLEMENS data management system provides a
viable option for routine acquisition of structured data
in the context of a tertiary memory centre.

� Data federation systems represent a viable alternative
to data centralization.

� Specific ethical considerations are needed in diseases
with progressive course that potentially impacts
decision-making.

Neuroimaging
in developing effective therapies for cognitive
decline: poor technical solutions for federation of
existing data combined with lack of an integrated
system of partnerships between scientists, clinicians
and patients [3

&&

]. The increasing pressure for early
and accurate diagnosis of cognitive impairment and
dementia leads to the cumulation of locally estab-
lished and validated diagnostic algorithms without
concomitant efforts for harmonization and interop-
erability across specialized centres. Aiming to com-
ply with data protection regulations, individual
diagnostic centres set up their own electronic health
records (EHR) and picture archiving and communi-
cation systems (PACS) to collect patient data, which
are currently spread across hospitals, clinics and
private practices. The lack of a viable concept for
data integration arises not only from data protection
restrictions but also can be explained by the scarcity
of Information Technology solutions for research on
multicentre large-scale clinical data, which hampers
collaborative research efforts for personalized medi-
cine at the national and international level. A non-
negligible scientific issue is the missing consensus
on a diagnostic framework that would allow to map
the evolving clinical phenotypes on a multidimen-
sional description of brain damage.

There is, however, a steadily growing number of
successful data repository and meta-analysis initia-
tives, such as the Alzheimer’s Disease Neuroimaging
Initiative (ADNI), the Enhancing NeuroImaging Genet-
ics through Meta-Analysis consortium (ENIGMA), the
Innovative Medicines Initiatives – European Medical
Information Framework – EMIF, European Prevention
of Alzheimer’s Disease – EPAD, which are used by
many researchers world-wide. Similarly, recent
medical informatics solutions provide promising
outlook in the context of large-scale data manage-
ment and standardized preprocessing [4,5].

The critical impact of cognitive aging on our
social-security systems and economy requires a par-
adigm shift that brings together multiple stakehold-
ers through a system allowing the creation of stable
 Copyright © 2019 Wolters Kluwer H
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collaborations. The Association of Swiss Memory
Clinics – SMC (www.swissmemoryclinics.ch), a
tightly woven network that links specialized mem-
ory centres in Switzerland represents such an inte-
grated system that has the potential to facilitate the
roll-out of innovation and technical standards in
clinical neurosciences. Recent SMC recommenda-
tions for diagnostic work-up in patients with mem-
ory complaints paved the way for harmonization
and interoperability of acquired data across different
clinical domains [6].

The five Swiss university memory clinical and
research centres proposed a strategy for data captur-
ing in the clinical routine, coupled with a flexible
data federation framework that allows for integra-
tion of ‘real-world’ clinical data across SMCs. The
locally deployed Information Technology modules
are using state-of-the-art technology for automated
feature extraction from brain imaging data to then
allow creation of local aggregates of de-identified
clinical information and multidomain biomarkers.
The local aggregates can be queried following spe-
cific research question and then analyzed at the
federated level using statistical methods customized
for distributed data. Our strategy builds on using
existing data to reach a data-driven consensus on
classification of cognitive impairment and to estab-
lish priority neuropsychological assessment tests,
cerebro-spinal fluid (CSF) and imaging biomarkers.
This is followed by creation of machine-learning
based models of cognitive impairment that are used
at the local centres for individual’s computer-based
diagnosis. Closing the loop between knowledge
generated from large-scale multidomain data and
individual’s diagnosis by experts, will allow for true
personalized medicine approach with steadily
improvement of disease models accuracy.
SYSTEM COMPONENTS

Data capturing

We build on the readily available data capturing
system CLEMENS, that led to the creation and main-
tenance of a state-of-the-art patient registry [7

&&

].
The CLEMENS concept is a translational informa-
tion management system allowing for capturing
multimodal data including clinical phenotype and
neuropsychology test results, brain imaging (MRI,
PET) and blood/CSF biomarkers that are acquired for
diagnostic purpose on a routine basis. Data is col-
lected and managed with an immediate short-term
benefit of facilitating monitoring key performance
indicators for clinical practice and a long-term strat-
egy of reuse of clinical patient data in scientific
research into memory-related disease(s) that
ealth, Inc. All rights reserved.

Volume 32 � Number 4 � August 2019



FIGURE 1. Data management. Schematic representation of the CLEMENS data management workflow with interface to the
primary sources of information – clinicians and hospital IT system to create protected clinical data warehouse and after
filtering privacy sensitive information – research data warehouse.
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complies with informed consent and data protec-
tion regulation. The key point here is that CLEMENS
fills the gap between nonresearch-oriented clinical
routine and research-oriented structured data.

CLEMENS represents a server-based application
that can be deployed on servers within existing
intranet networks or can be hosted on remote serv-
ers and accessed via secured connections (Fig. 1). All
users of CLEMENS access the software via standard
browser with a secured and authenticated connec-
tion according to the most up-to-date industry
 Copyright © 2019 Wolters Kluwe

FIGURE 2. CLEMENS system. Schematic representation of the C
into specific domains of clinical work-up to provide common servi
allow for visualization of query results and multidimensional explo

1350-7540 Copyright � 2019 Wolters Kluwer Health, Inc. All rights rese
standards. Building on top of generic open-source
software platforms, the system organizes data man-
agement through a series of microapplications that
cover various aspects of a memory clinic’s activity,
such as recording of incoming patient referrals, out-
comes of multidisciplinary evaluation, clinical
observations, neuropsychological tests and care-
giver status (Fig. 2). The system allows for site-spe-
cific settings, while being conform with the concept
of a ‘minimal dataset’ common to all participating
sites.
r Health, Inc. All rights reserved.

LEMENS system components consisting of microapps tapping
ces that pass through the CLEMENS data warehouse and
ration.
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Neuroimaging
The CLEMENS package uses a standardized data
exchange model based on FHIR (Fast Healthcare
Interoperability Resources), a standard created by
HL7. FHIR structures allow interchange of data
between Information Technology systems in the
healthcare domain and allow CLEMENS to be easily
adapted to communicate and exchange information
with existing systems in complex hospital Informa-
tion Technology environments. The use of FHIR
structures also facilitates encoding of data using
other clinical or third-party standards such as
ICD-10, LOINC, SNOMED-CT and others. The sys-
tem uses the latest technologies in enterprise system
security to ensure correct identification of its users
and their associated roles, as well as state-of-the art
cryptography protocols for the encryption of all
communication with the system.
Data federation

Data federation allows to bring data from multiple
locations together without moving or centralizing
the data where data can be queried and analyzed in
real time regardless where it is stored. Our data
federation system represents a software solution
that connect patients’ data and provides set of
methods ranging from automated feature extraction
 Copyright © 2019 Wolters Kluwer H

FIGURE 3. Data federation. Schematic representation of the Dat
environment interacting with research data warehouse content to
analysis of queries submitted to the central data federation platfor
centre-specific meta data.

560 www.co-neurology.com
to statistical methods for data exploration, statistical
modelling, predictive machine learning and visual-
ization of the results. The data deployment model is
hybrid representing a composition of two distinct
infrastructure types – private, that is, protected and
community execution environments. In hospital
execution environments, patients’ data are de-iden-
tified, extracted from the medical records and other
data sources, stored as multidimensional arrays to
be then analyzed. The instance(s) running in com-
munity execution environment(s) orchestrate the
distributed execution of data analytic algorithms,
provide result pooling and aggregates those partial
results in the information commons built on the
large cross-centre multidataset patient population.

The data federation system has local modules for
processing, storing and analyzing de-identified and
harmonized neuroimaging, neuropsychological,
biological and demographic data (Fig. 3). The feder-
ation system is built with privacy-by-design – only
the results of the queries or the analyses are
extracted, whilst the original data remain in their
primary location [8

&

]. The system includes user
interface for selecting data, building models, sharing
machine-learning models with distributed model
training and cross-site validation and visualization
of the results. This web application provides the
ealth, Inc. All rights reserved.

a federation framework with centre-specific privacy protecting
extract features and allow for centre-specific statistical
m. This central platform orchestrates and aggregates the
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functionality to search, select and classify data
elements as variables, co-variables and filters for
configuration of the statistical or machine learning
models. The interface allows collaborations between
clinicians from the different SMCs. The system
includes an automated end-to-end software instal-
lation, configuration and system monitoring, which
minimizes on-site Information Technology efforts.
In addition, the federation system is based on micro-
service architecture, which enables agile continuous
integration and continuous deployment of new
components. The docker-based microservice
deployment architecture is configurable to provide
compliance to the specific hospital security policy
and data centre architecture. Data capture, data
processing and dataset containers can run in the
red data centre zone, whereas the web service con-
tainers could run in the zones with less restrictive
access. OAuth-based authentication and authoriza-
tion in combination with https access to the trans-
port layer security-encrypted data provide secure
web access.
MRI processing and harmonization

The MRI data processing subsystem is built using the
‘data factory’ solution of the data federation system:
the data factory allows stacking of data preprocess-
ing tasks (DICOM to nifti conversion, image pre-
processing, feature extraction) into pipeline and
workflows. Local brain features – for example, grey
matter volume, cortical thickness, are measured
using SPM12 – an open source software package
written in Matlab (www.fil.ion.ucl.ac.uk/spm, Well-
come Trust Centre for Neuroimaging, UCL London,
UK).

The conventional radiological assessment of
neurocognitive disorders includes a qualitative esti-
mation of structural brain changes based on isotro-
pic 3D anatomical T1-weighted MRI data. This
evaluation is enriched by investigation of white
matter changes, parenchymal defects and micro-
bleeds using dedicated MRI protocols. Given the
overwhelming heterogeneity of applied imaging
protocols across hospitals in Switzerland, there is
a pressing need for standardization and harmoniza-
tion that we systematically address in three iterative
phases: neuroradiological evaluation of MRI data
from all project sites to systematically investigate
the quality necessary for neuroradiological assess-
ment; establishing recommendations for standard-
ized neuroradiological assessment and structured
reporting for MRI evaluation in neurocognitive dis-
orders; statistical comparison between standardized
automated postprocessing and analysis with the
results of the experts’ ‘structured reports’.
 Copyright © 2019 Wolters Kluwe
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VALIDATION APPROACH
Our initiative for nation-wide data federation has
the potential for a breakthrough in one of the most
significant public-health and socioeconomic chal-
lenges for our ageing society – cognitive decline
leading to dementia. The short-term goal of the
initiative is to reach a data-driven consensus on
taxonomy in neurocognitive disorders that will
allow for an informed selection of clinical variables
from patients’ eHR. Building on the readily available
data capturing federation systems, we will stratify
homogenous subgroups of patients within each
participating site that follow well established or
new classification schemes [9,10

&&

]. These emerging
disease models will be tested within and across
centres for consistency to then look for a particular
classification scheme for neurocognitive disorders
that shows the best explanatory power for the win-
ning model. Building on the obtained results, we
will follow-up with an iterative phase of improving
the diagnostic accuracy of the models for neuro-
cognitive disorders stemming from the previous
step that are validated on the basis of experts’ opin-
ion. Disease models created at the federated level
from aggregate data will be compared for diagnostic
accuracy with within-centre models.

Given the lack of group-to-individual generaliz-
ability of research-derived inferences, we provide a
closed-loop system that extracts knowledge from
aggregated large-scale clinical data to offer this as
a computer-based diagnostic tool to experts in the
field that validate its diagnostic accuracy on indi-
vidual patients and enable pragmatic trials at large-
scale. The proposed browser-based interactive plat-
form represents a major incentive to clinicians that
can now benefit from knowledge that is usually
restricted to specialized fields of research and pro-
vide better service to their patients. Most impor-
tantly, the empirical evidence gathered at the
federated level will guide in informed way further
initiatives for data standardization and harmoniza-
tion in the relevant clinical domains across SMCs.
The incrementally increasing data interoperability
will render more high-quality data to refine and
diversify the created disease models. The augment-
ing diagnostic accuracy of the provided disease
models will attract steadily growing number of clini-
cians that validate the model accuracy to provide
unique opportunities for personalized treatment
and monitoring of clinical outcome. Our readily
available solutions for data capturing and federation
are scalable and low maintenance, which renders
our project feasible within the timeframe of the
project. In parallel, we will test the flexibility of
our system to expand beyond the Association of
SMCs in other clinical domains.
r Health, Inc. All rights reserved.
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The intention here is to bring descriptive and
predictive machine-learning modelling into the clin-
ics. Bottom up models – that is, predictive models, for
example, ‘canbrain featuresdetermine thediagnosis?’,
are not usually available to clinicians. This is because of
limited access to required data that are as stored in
eHR/PACS, the necessity for standardized data prepro-
cessing for complex imaging data, the necessity for
appropriate, specialized tools and know-how and
knowledge of data mining – that is, automated data
analysis to uncover specific patterns. We provide a
wide range of tools for data exploration and model
builder to allow testing patterns detected through
bottom-up data mining in a top-down approach.
PRIVACY AND ETHICAL
CONSIDERATIONS

Collecting data from patients with neurodegenera-
tive or ageing-associated cognitive disorders is an
ethically complex task that requires outmost ethical
safeguards. There is a wide consensus that informed
consent is pivotal for respecting the autonomy of
patients and research participants. However, there is
uncertainty with regard to which consent mecha-
nism is best suited for older people with cognitive
disabilities. One major challenge associated with
persons with cognitive disabilities is determining
whether they have the necessary competence for
consent. Cognitive skills notoriously deteriorate
over time with advancing disease progression, mak-
ing informed consent difficult if not impossible to
obtain. The assessment of competence, which is a
prerequisite for consent, cannot rely exclusively on
an assessment of cognitive performance (e.g. MMSE,
MoCA) but requires additional criteria, such as a
capacity to understand and retain information
and an ability to communicate a decision. As Alz-
heimer Europe recommends, whenever informed
consent cannot be obtained directly from the older
person because of the underlying disease or a lack of
competence, indirect consent should seek either
through advance directives or via proxy decision
making [11]. In 2019 Swissethics and the Unimed-
Suisse developed a template for a General Consent
document that is expected to provide a Switzerland-
wide resource to request patients to use their health-
related personal data and samples for medical
research [12]. Through the General Consent,
patients who receive treatment in a Swiss hospital
and/or clinics can consent to the further reuse of
their data and samples for research purposes.
CONCLUSION

Our initiative will provide a proof-of-concept for a
framework for personalized health in the domain of
 Copyright © 2019 Wolters Kluwer H
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ageing associated neurocognitive disorders by
addressing the noninteroperability of patient clini-
cal data to then link them with all biomedical and
other health-relevant data. The goal here is to make
these data available to researchers for collaborative
research. The far-reaching goal of our initiative is to
bridge the gap between basic research and clinical
practice by presenting research results in form
of descriptive, predictive and prescriptive disease
models that can be used by clinical researchers for
individual diagnosis, prognosis and for pragmatic
clinical trials.
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