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IMPRECISION MEDICINE

For every person they do help (blue), the ten highest-grossing drugs in the
United States fail to improve the conditions of between 3 and 24 people (red).

1. ABILIFY (aripiprazole) 2. NEXIUM (esomeprazole)

Schizophrenia Heartburn
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3. HUMIRA (adalimumab) 4. CRESTOR (rosuvastatin)
Arthritis High cholesterol
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5. CYMBALTA (duloxetine) 6. ADVAIR DISKUS (fiuticasone propionate) 7. ENBREL (etanercept)

Depression Asthma Psoriasis

8. REMICADE (infliximab) 9. COPAXONE (glatiramer acetate) 10. NEULASTA (pegfilgrastim)
Crohn's disease Multiple sclerosis Neutropenia

Based on published number needed to treat (NNT) figures. For a full list of references, see Supplementary Information at go.nature.com/4dr78f.

Nature 520, 609-611
(30 April 2015)



Lifelong multimorbidity journeys
in disease space
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Hu, Thomas & Brunak
Nature Rev. Genetics 2016,



TCCAAACCCAGGCTCTCTCCCAAACCAGTTTGCGGCAGATGGCCAGTGGAACCTCACTCTCCTCATCAGTAAAAAGGGGGCAGAGTGAGGGTCCTGAGAGCTAGTACAGGGACTGTG
TGAAGTAGACAATGCCCAGTGTTTAGCGTAAGAATCAGGGTCCAGCTGGTGCTCCCTAAACAGCAGCTGCTGTTCACTGTTGAAAGGCGCTCTGGAAGGCCAGGCGCGGTGGCTCAT
GCTTGTAATCCCAGCACTGTGGGAGGCCGAGGTGGGCGGATCACCTGAGGTAGGGAGTTCGAGACCAGCCTGACCAACGTGGAGAAACCCCATCTCTCCTAAAAATACAAAATTAGC
CAGGCGTGGTAGCACATACCTGTAATCCCAGCGACTCGGGAGGCTGAGGCAAGAGAATTGCTTGAAACCAGCAGGGGAGGTTGTGGTGAGCCAAGATCGAGCCATTGCACTCCAGCC
AGGGCAACAAGAGGCAAAATGGCGAAACTCCATCTCCGAGAAAAAAAAAAAAAAAGAATACTTTCTGAAAGTATTTATTCATACAAATAAAGACTTGACCCATAAGGTAGGAACGCA
AATGGGCCACGGAATCACTCATTCCACAGTATACACCGAGTGCCCTTGAAGTGCTGGGCACTGCTCCAGGATTGGGGGCATATTGGTGAAAAGAGAAGCAAGCCTGCCTGCTCAGAT
GGCAGGGAATGGGGAAAAACAGGGAGACAGTTTCCTGTTTGAGATGTTGGGAGTCTGCTTCGAGTAGTATATTTACTGGAAATAGACCACTAACTTGGATGTCCCTTTTTGGAAATG
TGCCTGCGTCCAGGGCTGGGTTGGGGCCCCAATGAACTTTGGCTCTGACATAGCTGTTGCCACACTCAGTGGAACTGAATCCATGTTTGCCTTCACCCGGCATCCTTCACCCCAACT
CTCCCCGCCACAACATACATCCCATGCCAGCCTGGGGACCCTCAAAGGTGCTTCATCATTAGGTTTGTGGCTGGGTCCTACTGAAGTAAGTCTTGGCACTCAGAGGGATAGGAATTG
AATGAAGACATGAGATTCCTCTGCGGGAGGCCTCTCTAGGAAATCTGTGGACTCACACGTTTACTAATGTTGCTGCAGCCCCGCACCCACCTTGGCCTTGGGCAGCCATACTCTAGG
GCTTTTGTAACCTCTCCATGTGAGGAACTCAAATTAGACCTGGGTTTGGAGGCGGTGCTCCGAGCTGGCCTTTGGGGGAGGTTTTGTGCGAGGCATTTCCCAAGTGCTGGCAGGATT
GTGTCACAGACACAGAGTAAACTTTTGCTGGGCTCCAAGTGACCGCCCATAGTTTATTATAAAGGTGACTGCACCCTGCAGCCACCAGCACTGCCTGGCTCCACGTGCCTCCTGGTC
TCAGTATGGCGCTGTCCTGGGTTCTTACAGTCCTGAGCCTCCTACCTCTGCTGGAAGCCCAGATCCCATTGTGTGCCAACCTAGTACCGGTGCCCATCACCAACGCCACCCTGGACC
GGGTGAGTGCCTGGGCTAGCCCTGTCCTGAGCACATGGGCAGCTGCCTCCCTTCTCTGGGCTTCCCTTTACCTGCTGGCTGTGGTCGCACCCCCACTCCCAGCTCTGCCTTTTTCTC
TTCTGGGTCCCCAGGGTGAAATTCTCACCAGCCCAGGGGACTCTGGAGGCACCCCCTGCCTCCAAACACAGAAGCCTCACTGCAGAGTCCTTCACGGAGGACGGTTCTGTGCTGGGC
CTGGAGGGGCTGCCTGGGGGGCAATGACTGATCCTCAGGGTGAGCTCCTGCATGCGCACTGCCCACCAGGGGCCTCATCTCCCCATCTGCAAAATCAGGGAGAGATCTGCCTGAGTC
TCCTCCCAGCTGACAGTCAAAGATTCAGCATCAAGCCCCCATCACCAGCTCCCCCCTTCTCCCCAGATCACTGGCAAGTGGTTTTATATCGCATCGGCCTTTCGAAACGAGGAGTAC
AATAAGTCGGTTCAGGAGATCCAAGCAACCTTCTTTTACTTTACCCCCAACAAGACAGAGGACACGATCTTTCTCAGAGAGTACCAGACCCGGTGAGAGCCCCCATTCCAATGCACC
CCCGATCTCAGCTGTCTGGCCAGAAGACCTGAGCAAGTCCCTCCTTCTTCCTGGCCTTGGCCTTCCCATGGGTGGAACCGGGAGGGTTGGCTTTAATCTCCACCAGAACTCTTGCCC
CGGGACTGTGATGGGCGATTGGCCACTTCTCCTCGATAACATTACTGTTTTTCTTCCGCCTTCTGGTTGACTTTAGCCAGAACCAGTGCTTCTATAACTCCAGTTACCTGAATGTCC
AGCGGGAGAATGGGACCGTCTCCAGATACGGTGAGGGCCAGCCCTCAGGCAGGAGGGTTCACCGTGGGAACAGGGCAGGCCAGCATAAGGTGGGGGCTGGATGTAGAGCCCTGGAGG
CTTTGGGCACAGAGAAATAACCACTAACATTTTTGAGCTCTTACCACGTGCTCAGAAAAAATCCCTAAGAAGACACTGAGAGAATTAGATGAGGAAACATAAGAACAGAGACCTCAA
ATAGTTTCCCCAAGGTCACACAGCTTATAATTAGAACTAGAATTGGAACTCCAGGCTGGCTTCAGATCTGCCTCTCTCTCACGCCCTCTTTAAGATCCTTTGCAAACCAATGGTAGA
AGCCTGTATGTTGGAGAGGTGGTACCTTCAACTATGTCCCCCATCACCGCAGAGGTGGCACATGGCAGGGATCTGATGGAGCTGAACTGACATCATTTAGCATCCCGAGCCTCCTCT
CTGGGCCTCATTTTCCTCCTCTGTAAAACGGGGAGAAAGGCCCTGACAGCCACAGTCTGTGTGAGGCTCCTGAGATCTCATGTACAGAAAGTGCTTGGCGTGGAGCTGGGCACGCAG
CAGGGGCTGGGCACACGGTGGCCCAAAGGAGACCCGGGCCTTCACTGATGGGCTTTGTGGCCCCGGACACATTTCTCTTCCAGAGGGAGGCCGAGAACATGTTGCTCACCTGCGTTC
CTTAGGGACACCCCTAGGACTCCTCACCTGTAAGACAGGCACCATTGTGCCATCCCATGTTCTCACCCAGAGGCTCTTAAGACCTTGATGTTTGGTTCCTACCTGGACGATGAGAAG
AACTGGGGGCTGTCTTTCTATGGTAGGCATGCTTAGCAGCCCCAAACTCATGCCCCTCTCAGGCCTCACCCCCCATTCACCCACCCCTGGGCTGGCCCCTAGAACCCCAGLCCCTCCC
TGGCCTCCGCCGGGCCCCACCATGTCCCCAGTCAGTCTCCTTGCTCCCCCTGCAGCTGACAAGCCAGAGACGACCAAGGAGCAACTGGGAGAGTTCTACGAAGCTCTCGACTGCTTG
TGCATTCCCAGGTCAGATGTCATGTACACCGACTGGAAAAAGGTAAACGCAAGGGATTGGACATTGCCCACCTTGTCCATGGCCCAACTTGGGCAGCCCCAGAGGCCCAGAGCAGGA
AAGCTGCCAGGCAAGGCTGCACAGCTAGGCAGATCTTCTGCTTTTAGGCACCTGCCTCACTGTAGGGACAGCTGAGCTCTACAGAGGCCCAGGGGTGGTGGATGAGAGCCCAGGAGG
GAGAAGTCCCTGTGAAACCAGGGAGGACCTGAAAGCTAACAGGAGGGAACAGCGTGAGCCACGGGGTTGGGGGATTGGCAATTGGAGGGGACGTAATGCGGGGAGTTACCACCTACA
GACGCGTCCCAAACCCCAGGCTTTCACCCCAACCTCCACTCCCCGCTCATTTTTAATACCCGTGCAGTGGGGAATTGATACTGTGGTTTTCAATGTCACCCACACTGCAGCACGGCC
ACAGTCACCATCCCGATTTTTGCTACAAATGAAAATTACTGTATAATGAGCTCCTTAACACTTTTCTTTAAACCTGTGTTTGGAAGACTTGTGTTGGTGTGGCCCTGTGCCCTAATA
CCTGTGAAATCACAGCACCGATGAGCTGGTTCCAATTTTTAAAATATATACATGCAGTACTTCCATGACTATTCAAAGAAAAACAATTCCTTCCATTTGCCACCTGAGATGACCACC
AGGGATGTGAACTACCTCCTGCCCCATCCCCAGCCCCAGGATCCTGGGACAGGGCTTATGAACGCAACCACTGTAGTCAGCTCACTTGATCCACAGCCTGGCACCTCCACTGTCTGG
CTAGGGAGCCTCGAATGGGTCCCAAGGCCACCCTGCTCCTCAGTTACATCATCTGCATAGTAGTGGTGGTTGTGAGGAATTCAGGAGCTGCAGCATAAGGGCCCTGCAGGTACTATG
TGCTCAGTAAATGCCAGTGGTTCTTAAGGGTCTGAGCTCCCATTGTAGAGGCAAGTAAGCTGAGGTTCAGAGAAGAAAATGACTTGCCCAAGATCACCCAGCTGGGAAGTGACAGTG
CCAGGGTTGGAGCCCTGGTTGAGCTGGTTCCACAGGCCAGAGCTCATTCTGCCCTCTCCCCGGAAGACCTCCCACCCTGTCCCCATGCCTCTGCTTCTCCCTCACCCCAATTCCCCG
CTGCCTTCTAGGATAAGTGTGAGCCACTGGAGAAGCAGCACGAGAAGGAGAGGAAACAGGAGGAGGGGGAATCCTAGCAGGACACAGCCTTGGATCAGGACAGAGACTTGGGGGCCA
TCCTGCCCCTCCAACCCGACATGTGTACCTCAGCTTTTTCCCTCACTTGCATCAATAAAGCTTCGCATCGGCCTTTCGAAACGAGGAGTACAATAAGTCGGTTCAGGAGCCCTCAGG
CAGGAGGGTTCACCGTGGGAACAGGGCAGGCCAGCATAAGGTGGGGGCTGGATGTAGAGCCCTGGAGGCTTTGGGCACAGAGGCCACCCTGGACCGGGTGAGTGCCTGGGCTAGCCC
TGTCCTGAGCACATGGGCAGCTGCCTCCCTTCTCTGGGCTTCCCTTTACCTGCTGGCTGTGGTCGCACCCCCACTCCCAGCCCCCAACTCTCCCCGCCACAACATACATCCCATGCC
CAGGAGGGTTCACCGTGGGAACAGGGCAGGCCAGCATAAGGTGGGGGCTGGATGTAGAGCCCTGGAGGCTTTGGGCACAGAGGCCACCCTGGACCGGGTGAGTGCCTGGGCTAGCCC



Genome based biomarkers for “all”
diseases in one go

Individual high quality genome shown on the official reference for the human genome
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Sequencing and de novo assembly of 150 genomes from Denmark as a population reference.
Maretty L, ..., Kristiansen K (*), Brunak S (*), Schierup MH (*). Nature, August 2017



Cost per Raw Megabase of DNA Sequence

$100

Moore's Law

$10

$1

m) National Human Genome
Research Institute
$0.1

genome.gov/sequencingcosts
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National Strategy for
Personalised Medicine and
the build-up of National
Genome Center

GRAPH, June 8th 2018

PERSONLIG | Session on Big data and

VIl RNT\Y I 0  Personalised Medicine
FOR PATIENTERNE
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MALRETTET BEHANDLING
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PERSONLIG MEDICIN 2017-2020

< o oF Y Gert Sgrensen
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FOLKETINGSTIDENDE C

Til lovforslag nr. L 146

FOLKETINGET

Folketinget 2017-18

Wedtaget af Folketinget ved 3. behandling den 29. maj 2018

Forslag

Lov om @ndring af sundhedsloven

(Organiseringen i Sundheds- og AEldreministeriet, oprettelse af Nationalt Genomeenter m v.)

§1

I sundhedsloven. jf lovbekendtgerelse nr. 191 af 28.
februar 2018. som ®ndret ved § 39 1 lov nr. 620 af 8. jum
2016, § 11ilovnr. 254 af 6. april 2018 og § 20 1 lov nr. 503
af 23 maj 2018, foretages folgende ®ndringer:

1.1§ 17, stk 3, indsaettes for 1. pkt. som nyt punktum:

»En patient, der er fyldt 15 ir. kan treffe beslutning om
anvendelse af biologisk materiale og genetiske oplysninger.
der er udledt af biologisk materiale. efter bestemmelserne i
§§ 28-35.«

21§17, stk 3, 1. pkt, der bliver 2. pkt., inds®ttes efter »,
er«: nendvidere«.

3. Overskrifien til kapitel 7 affattes siledes:

»Kapitel 7

Selvbestemmelse over biologisk materiale og genetiske
oplysningeri.

en af oplysninger som nevnt i stk. 1.4 og »opbevaret biolo-
gisk materiale« @®ndres til: woplysninger som navnt 1 stk
14

7. Efter § 20 inds®ttes for overskriften for § 30:

winformation om selvbestemmelse over genetiske
oplysninger

§ 29 a. Forud for indhentning af patientens samtykke efter
§§ 15 og 16 til en behandling. der omfatter genetisk analyse,
skal den behandlende sundhedsperson informere patienten
om retten til at treeffe beslutning efter § 29 stk 1. 2. pkt.

Stk 2. Sundhedsministeren fastsatter nermere regler om,
hvordan patienten skal informeres om retten til at treffe be-
slutning efter § 29. stk. 1. 2. pkt.«

8.1 32 indsttes efter »§ 29, stk. 1« »l. pkt.«
0.1 § 32 indsettes som stk 2.

»Stk. 2. Genetiske oplysninger, der er udledt af biologisk
materiale i forbindelse med patientbehandling, og som opbe-



Creates a
National Genome Center
for precision medicine

~An Agency under the
Danish Health Ministry

Written consent from the patient
Right to self-determination of
personal genetic data (opt-out)

22, Efter kapitel 67 indsattes 1 afinit XTI

»Kapitel 68
Narionait Genomcenter

§ 223. Nationalt Genomcenter er en instifution under
sundhedsministeren, som bistar ministeren med den centrale
forvaltming af forhold vedrerende udviklingen af personlig
medicin Nationalt Genomeenter understotter udviklingen af
personlig medicin 1 samarbejde med det danske sundheds-
vasen, forskningsinstitutioner. patientforeninger m.v.

Stk 2. Nationalt Genomeenter udvikler og driver felles,
landsdekkende informationsinfrastruktur for personlig me-
dicin, herunder en landsdekkende infrastruktur til udforelse
af genomsekventering og opbevaring af oplysningerne i en
national genomdatabase. Nationalt Genomcenter stiller op-
lysninger til radighed for personer inden for sundhedsvese-
net og patienter. herunder oplysninger fra den flles, natio-
nale genomdatabase til brug for patientbehandling m.v.

§ 223 a. Sundhedsministeren kan fastsette regler om. at
der pahviler institutioner under Sundheds- og Eldreministe-
tiet, regionsrad. kommunalbestyrelser. autoriserede sund-
hedspersoner og de private personer eller institutioner, der
driver sygehuse mv.. en pligt til at give Nationalt Ge-
nomcenter genetiske oplysninger, som er udledt af biologisk
materiale efter oprettelsen af Nationalt Genomcenter, og op-
lysninger om helbredsmaessige forhold, i det omfang oplys-
ningerne er nadvendige for gennemfarelsen af centerets op-
gaver.

Stk 2. Sundhedsministeren kan fasts@tte nermere regler
om, at borgere frivilligt kan overlade genetiske oplysninger,
som er udledt af Diologisk materiale. til Nationalt Ge-
nomeenter.

§ 223 b. Oplysninger. der tilgr Nationalt Genomcenter,
herunder genetiske oplysninger og oplysninger om helbreds-
maessige forhold. ma kun behandles, hvis det er nedvendigt
med henblik pd forebyggende sygdomsbekempelse, medi-
cinsk diagnose. sygepleje. patientbehandling eller forvalt-
ning af lege- og sundhedstjenester og behandlingen af op-
lysningerne foretages af en person inden for sundhedssekto-
ten. der efter lovgivningen er undergivet tavshedspligt. eller
hvis behandlingen alene sker med henblik pi at udfere sta-
tistiske eller videnskabelige undersegelser af vaesentlig sam-
fundsmassig betydning og behandlingen er nedvendig af
hensyn til udforelsen af undersegelserne.

Stk 2. Oplysninger som nevot 1 stk 1 er ikke genstand
for edition efter retsplejelovens § 804. medmindre der er tale
om efterforskning af en overtredelse af straffelovens § 114
eller § 114 a.«

Establish a national infrastructure for
whole genome sequencing and a single
National database for storage

Compulsory storing of data
generated in the health system

May also receive “citizen” generated data

Make data available to the healthcare system
and for research

No police access except in cases of terrorism



NGC National HPC and WGS Centers

— cooperation and governance

Aalborg

Aarhus

Sjeelland

Odense

. Universitetshospitaler

Nationalt center for
helgenomsekventering @st og
Vest (hovedsade Arhus)

Nationalt High Performance
Computing og Nationalt
Genom Center

How do we ensure that the services of the National WGS Center are attractive for

all relevant Danish hospitals, and with time the GP sector?

24



Steps related to genetic analysis via the
National Genome Center in Denmark
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COMPUTEROME 1.0

#1 Powerful supercomputer in Denmark 2014 - dedicated to life science

Computing Power:

19,000+ cores

* 525 x Thin nodes

+ 28 core Intel
CPUs with 128 - ,
GB DDR4 - — \ \

. GPU Node =T . % 77
- NvidiaK40,P100 ‘_ = =2 o
29 x FAT nodes ‘ A
* 32 core Intel
CPUs with 1TB -t )
DDR3 RAM
* 1 x High Memory
node with 8TB
memory

(!

Storage: 8PB+

+ 8PB (8192 TB)
extremely high
performance
storage
+50GB/s
aggregated

bandwidth
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NGC - different routes for patient data and

research project data

Data from excisting
research

Authentication

al

Consent validation

[y

National Whole Genome
Sequencing Center

]

@]

l 2 Factor authentication J

&

Transient storage
Staging area

el

| Research desktop I

]

8l

Data analysis

Raw data QC Metadata
I I I calls

National High Performance Computing Center

Interpretation

Variant

Genome database

&

Classification

Classified
VELELH

Knowledge database

—

Clinical diagnosis

Annotation J/ Prioritising
2 Factor authentication

&l

Clinical desktop



When One Diagnosis Is Not Enough

Kym M. Boycott, M.D,, Ph.D., and A. Micheil Innes, M.D.

An accurate diagnosis is essential for effective
medical management; in the case of rare genetic
disease, it a'so guides genetic counseling. Never-
theless, clinica! assessments and conventiona'
genedic testing lead to a diagnosis in !ess than
half of patients.’ The inwroduction of whole-
exome seguencing has substantially improved our
ability to provide patients with a molecu'ar diag-
nos:s and is increasingly the approach of choice

for patients with rare diseases. With the genes
known for more than ha'f of the predicted 7000
rare diseases’ such hypothesis-free approaches
to diagnosis are areractive and have the potendial
to end the “diagnostic odyssey.”

As clinicians, we are trained to identify a
single explanation for a patient’s clinica! presen-
tation; not only is the idea of more than one
genetic disease in 2 pacient difficult to fathom

NENGL ) MED 3761 NEJM.OBG  JANUARY % 3017

The NEW ENGLAND JOURNAL of MEDICINE

— it also seems unfair. Posey and colleagues,
however, now report in the Journal a retrospective
ana'ysis of 2076 patients with a molecu'ar diag-
nosis (28% of the patients referred to them for
whole-exome sequencing), 101 (4.9%) of whom
had two to four diagnoses.* This finding chal
'enges the notion that a genetic investigation s
complete after a single diagnosis is obtained.

It is intuitive that in a patient with two or more
genetic diagnoses, the features of the diseases
will manifest in a “blended” fashion, in which

el Lo iinsin mmee o cmela o add s - w8V At

found in their patients with dual diagnoses;
scores were !ower if the two diseases affecred
different organ systems than they were when the
diseases had over'apping features. The HPO also
provides a structured vocabulary to fully docu-
ment a pattent’s clinical presentation, termed
“deep phenotyping.” Taking this one step further,
one can envision a computational mechanism by
which a patient’s HPO description is compared
against a disease-phenotype annoeation list and
a prediction is made as o whether this patient’s

B RS =

—————— e mat i Y mmemmnl i alas s m il md Bmna

NEJM 2017



GENE TALLY

Scientists still don’t agree on how many protein-making genes the human
genome holds, but the range of their estimates has narrowed in recent years.
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Diagnosis trajectories across
millions of Danes using ICD

ICD 10 chapter coloring

2: Neoplasms

4: Endocrine, nutritional and metabolic diseases

6: Diseases of the nervous system

9: Diseases of the circulatory system

10: Diseases of the respiratory system

11: Diseases of the digestive system

12: Diseases of the skin and subcutaneous tissue

13: Diseases of the musculoskeletal system and
connective tissue

18: Symptoms, signs and abnormal clinical and
aboratory findings, not elsewhere classified

19: Injury, poisoning and certain other consequences of
external causes



National Patient Registry (~7M Danes)
ICD-10 diagnoses as a function of age

(ICD-10 era, 1994-2017)
200000
In 100000

ICD 10 chapter coloring
2: Neoplasms
0
1 21 41 61 81 1 21 41 61 81
200000 4: Endocrine, nutritional and metabolic diseases

6: Diseases of the nervous system
O u t 100000 9: Diseases of the circulatory system
10: Diseases of the respiratory system
11: Diseases of the digestive system
12: Diseases of the skin and subcutaneous tissue
0 = = : - - connective tissue
1 21 41 61 81 1 21 41 61 81

16: Certain conditions originating in the perinatal perio

nital malformations, deformations and

100000 chromosoma malities
18: Symptoms, signs and abnormal clinical and
aboratory findings, not elsewhere classified
I R 19: Injury, poisoning and certain other consequences of
external causes
0 20: External causes of morbidity and mortality

Females Males AB Jensen et al.,
Nature Comm., 2014



Disease trajectories and trajectory-networks
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AB Jensen et al.,
Nature Comm., 2014



Diabetes trajectory network
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COPD trajectory cluster

with five preceding diagnoses leading
to COPD and some of the possible outcomes

Unspecified acute lower

respiratory i nfection
Gl

FO3 Unspecified dementia
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presumed infectious onigin
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Temporal
pre-cancer
diagnoses
patterns

Hu et al., Cancer Res. 2019
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Sepsis survival across pre-history
(120,000 patients, 56 significant trajectories)
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Articles

Survival prediction in intensive-care units based on
aggregation of long-term disease history and acute
physiology: a retrospective study of the Danish National
Patient Registry and electronic patient records

Annehaura B leksen, Hons-Christian Thorsen-Meyer, iirstine Beling, Anno P Niglsan, CecilloE Thomas, Piotr | thm:r:.l,umﬂndmm
Pope L Moseley, Mo Hetmonn Lars Dybdahi Lasse Spangsege, Patrick Hulsen, Anders Perner. Saven Srunak

Summary

Background Intensive-care unils (ICUs) treat the most critically ill patients. which is complicated by the heterogeneity
of the diseases that they encounter. Severity scores based mainly on acute physiology measures collected at 1CU
admission are used to predict mortality, but are non-specific. and predictions for individual patients can be inaccurate.
We investigated whether inclusion of long-term disease history before ICU admission improves mortality predictions.

Methods Registry data fior long-term disease histories for more than 230000 Danish 1CU patients were used in a
neural network te develop an 1CU montality prediction model. Long-lerm disease histories and acute physiology
measures were aggregated to predict mortality risk for patients for whom both registry and ICU electronic patient
record data were available. We compared momality predictions with admission scores on the Simplified Acue
Physiclogy Score (SAPS) 11, the Acate Physiclogic Assessment and Chronic Health Evaluation (APACHE) 11, and the
best available multimorbidity score, the Multimorbidity Index. An external validation set from an additional hospital
was acquired after model construction to confirm the validity of our model. During initial model development data
were split into a training set (85%¢) and an independent test set (15%), and a five-fold crosswvalidation was done during
training to avoid overfitting. Neural networks were trained for datasets with disease history of 1 month, 3 months,
& months, 1 vear, 2.5 vears, 5 vears, 7-5 years, 10 years, and 23 years before ICU admission.

Findings Mortality predictions with a model based solely on disease history outperformed the Multimorbidity Index
{Matthews correlation coefficient 0. 265 s 0-065), and performed similarly 1 SAPS 11 and APACHE 11 (Matthews
correlation coefficient with disease history, age, and sex 0326 vs 0-347 and 0-300 for SAPS 11 and APACHE 11,
respectively). Diagnoses up to 10 years before ICU admission affected current mortality prediction. A ggregation of
previous disease history and acute physiclogy measures in a neural network yvielded the most precise predictions of
in-hospital mortaliy (Matthews correlation coefficient 0-391 for in-hospital mortality compared with 0347 with
SAPS 11 and 0- 300 with APACHE 11). These results for the aggregated model were validated in an external
independent dataset of 1528 patients (Matthews comrelation coefficient for prediction of in-hospital mortality 0-341).

Interpretation Longitudinal disease-spectrum-wide data available before ICU admission are useful for munzln;-
prediction. Disease history can be used o differentiale mortality risk between patients with similar vital signs with
more precision than SAPS 11 and APACHE Il scores. Machine learning models can be deconvoluted to generate
novel understandings of how ICU patient features from longterm and short-term events interact with each other
Explainable machine learning models are key in clinical settings. and our results emphasise how 1o progress towards
the transformation of advanced models into actionable, transparent, and trustworthy clinical wols.

Funding Novo Nordisk Foundation and Innovation Fund Denmark.

Copyright & 2019 The Authoris). Published by Elsevier Ltd. This is an Open Access atticle under the CC BY 4.0
license.

Introduction Morlity risk estimates based on acute physiology
Intensivecare units (ICUs) handle patients from all  scores—such as the Simplified Acute Physiclogy Score
medical and surgical specialties. Therefore, their (SAPS) and the Acute Physiologic Assessment and
populations are highly heterogeneous, and consist of Chronic Hezlth Bvaluation (APACHE}—are sometimes
maink elderly patients who often have a long history of  used in clinical practice to assess disease severity.™ They
disease. Prediction of prognosis to inform decision  are based on logistic regression of specific markers of
making in the ICU is difficult because of the severity of  patient physiclogy that are recorded during the first
patients’ current illness and their disease history.! hours after ICU admission. In the past 10 years, advanced
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Mortality prediction from machine
learning based aggregation of time scales

ICD-10 diagnoses, admission- and discharge dates Lab values, vitals and admission info
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ICU mortality prediction performance
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ICU prediction performance
— patient subgroups
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Deep-phenotyping by text mining of

ICD-10

terms in patient records

det drejer sig om en 36-arig sygemeldt mand der overflyttes fra frederiksberg
hospital, afdeling m.h.p. lengerevarende rehabiliteringsophold. ,. er allergisk overfor
kat og parfume, men taler penicillin. ......... er i besiddelse af en vis indsigt og virker
sveart forpint. ang. det at vi tilrder, at hun har brug for at vare mere i afd. , siger hun
til det, at det for hende er som at vaelge mellem pest eller kolera. ............ Har stadig
mange spergsmal omkring skizofreni og er meget bekymret for hvordan hendes
fremtid ser ud. er meget plaget af tanketreghed og er bange for at det er et led 1
sygdommen. der siges til hende at det godt kan vere bivirkning af risperdal men at
der ikke laves om pa medicinen, fer vi har leert hende bedre at kende. ......... Har

haft pa nogen af sanserne har veeret til laegesamtale idag. der
snakkes en del om diagnose og at pernille har sveert ved at forholde sig til at have
H’d‘g’msen skizofreni.,det virker som om pernille er blevet lidt mere afslappet, selvom
hun stadig har gang i mange ting. ........ pt. meder til samtale i dag, hvor vi gennemgar
mit udkast til erkleringen til pensionskassen. endvidere udsperges der til pt.s diverse
symptomer pa paranoid skizofreni. .......... i denne beskriver hun at "hendes storste

~—problem nok er den manglende sociale evne, som er en folge af sygdommen
(paranoid skizofreni) og henviser til contras beskrivelse" Pt. Nazvner sin -,
som han mener har en nerves lidelse, muligvis SOCIaINOBI pt. har her til aften \
angivet tiltagende bivirkninger i form af trackninger i nakken, indre uro og stivhed af
fingre. ......... pt. har faet svar pa sit ekg, som viser sinus rytme med enkelte
ventrikulare ekstrasystoler uforandret fra tidl. .......... med baggrund i oplysninger om
tidligere maniske episoder praget af irritabilitet, hyperaktivitet og oget seksuel
interesse revurderes diagnosen til bipolar affektiv sindslidelse. folges i distrikt vest
med psykologsamtaler. .......... har i dag tydeligvis brug for en faglig forklaring pa
hendes symptomer. det drejer sig om paranoia , uvirkelighedsfelelser , influenssympt.
og koncentrationsbesveer. det storste problem er dog samveret med andre. ........... det
er specielt om natten det pavirker hendes astma.,klg. desuden over uro i
benene. ........... ,XXX navner pa et tidspunkt, hun er bange for, tidligere tiders
spiseforstyrrelser er ved at dukke op igen. ........... xxx har haft sevnbesvar og har af
vagtleegen i aftes faet tabl. imovane 7,5 mg med god effekt. ........ kl 19,pinex,
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The frequently used ICD
diagnosis and disease
classification systems dates back
to 1893 where causes of death
were “harmonized” based on
English, German and Swiss
classifications

“The Bertillon classification is not
presented as by any means a
perfect system of classification of
causes of death.

No perfect system has ever been
devised, and should there be, the
progress of medical science
would in time render it obsolete.”



International Classification of Disease
1893-

Table 1 The development of ICD

Version Year for revision Number of codes
ICD-0 1893 161
ICD-1 1900 179
ICD-2 1909 189
ICD-3 1920 200
ICD-4 1929 200
ICD-5 1938 200
ICD-6 1948 952
ICD-7 1955 952
ICD-8 1965 1040
ICD-9 1975 6 701
ICD-10 1989 12 420

Adapted ICD versions may differ, some national editions have expanded the
code set even further; with some going so far as to add procedure codes.
ICD-10-CM, for example, has over 70,000 codes.



A population-wide health data

o Health data driven:

 Redefine phenotypes as trajectories

 Re-assign patients to the proper sub-category
 Enable prediction using predictable trajectories?
 Handle life long data capture

e ”Live data” versus data dumps versus registers

o Include what is not in the patient records

in new ways:
e Diet

* Income, ...

e Education, grades in exams, ...
e Wearable data

e Patient generated data
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Illuminating the Druggable Genome
>33% of proteins “not” studied
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