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Lifelong multimorbidity journeys

in disease space

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
AACTGGGGGCTGTCTTTCTATGGTAGGCATGCTTAGCAGCCCCAAACTCATGCCCCTCTCAGGCCTCACCCCCCATTCACCCACCCCTGGGCTGGCCCCTAGAACCCCAGCCCTCCC
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

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

N50>21Mb (Max: 30Mb)
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National Strategy for 

Personalised Medicine and 

the build-up of National 

Genome Center

GRAPH, June 8th 2018

Session on Big data and 

Personalised Medicine

Gert Sørensen

General Director, National 

Genome Center, Denmark





Creates a 
National Genome Center
for precision medicine

   An Agency under the 
Danish Health Ministry

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• Written consent from the patient 
• Right to self-determination of 

personal genetic data (opt-out)



NGC National HPC and WGS Centers 
– cooperation and governance   

24

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?



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

1 3 4 5 6 8 102 97

Referral to hospital

Genetic analysis offered

Written consent

Right to self-determination

Blood drawn 
and DNA 

sequencedg 

DNA-analysis

Interpretation

Targeted 
treatment 

Possibly genetic 
analysis of relatives

Research and 
development of new 
treatment regimens



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 
– NvidiaK40,P100

• 29 x FAT nodes 
• 32 core Intel 

CPUs with 1TB 
DDR3 RAM

• 1 x High Memory 
node with 8TB 
memory 

Storage: 8PB+
• 8 PB (8192 TB) 

extremely high 
performance 
storage

• +50GB/s 
aggregated 
bandwidth



1.02.0

COMPUTEROME 2019 





HPC







NGC – different routes for patient data and 

research project data



NEJM 2017







Diagnosis trajectories across 

millions of Danes using ICD



National Patient Registry (~7M Danes)    

ICD-10 diagnoses as a function of age

Females Males

In

Out

IR

AB Jensen et al., 

Nature Comm., 2014

(ICD-10 era, 1994-2017)



Disease trajectories and trajectory-networks

AB Jensen et al., 

Nature Comm., 2014



Diabetes trajectory network



COPD trajectory cluster 
with five preceding diagnoses leading

to COPD and some of the possible outcomes



Temporal 

pre-cancer 

diagnoses 

patterns 

Hu et al., Cancer Res. 2019



Temporal 

pre-cancer 

patient 

trajectories 

Hu et al., Cancer Res. 2019





Intensive care patients

Gotts & Matthay
BMJ 2016; 353:i1585



Sepsis survival across pre-history
(120,000 patients, 56 significant trajectories)

Beck et al, 2016



Nielsen et al., Lancet Díg Health, 2019



Mortality prediction from machine 

learning based aggregation of time scales

Nielsen et al., Lancet Díg Health, 2019



ICU mortality prediction performance

Ten-year disease history
Sex
Age 

Ten-year disease history
Sex
Age 
Length of stay
Transfer category
Hospital code

Ten-year disease history
Sex
Age 
Length of stay
Transfer category
Hospital code
Acute physiology measures

Acute physiology measures



ICU prediction performance 

– patient subgroups



ICU 

mortality

feature 

importance

(A) Each dot one patient

Interaction between age
and history of diagnoses 
related to reproduction 
(B), and interaction 
between length of stay 
before ICU admission and 
history of haematological
malignancy (C)
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F20

F200

Negation

Family

Deep-phenotyping by text mining of  

ICD-10 terms in patient records 

Roche et al. 
PLoS Comp. Biol. 
2011



“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.” 

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



International Classification of Disease 

1893-

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.



∆ population-wide health data

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

• ”Live data” versus data dumps versus registers

Include what is not in the patient records

in new ways:
• Diet 

• Income, …

• Education, grades in exams, …

• Wearable data

• Patient generated data

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjumcSsh-7NAhUKJh4KHRCbAIwQjRwIBw&url=http://healthyopinion.com/tag/diet/&psig=AFQjCNHqWCwpl1Y6noY_Gt5HUJAdm5YKRg&ust=1468417358246948&cad=rjt
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiI37aDie7NAhWSNx4KHTBKAUgQjRwIBw&url=http://globalgurus.org/Blog/what-is-real-education/&psig=AFQjCNECjBj9dXQfS2jFB1RP4pRKTlCTUg&ust=1468417877713602
https://finlandpoliticsdotorg.files.wordpress.com/2015/11/revenu-minimum.jpg


Illuminating the Druggable Genome 

>33% of proteins “not” studied

Oprea et al., 

Nature Reviews Drug Discovery, 2018
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