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Lifelong multimorbidity journeys

in disease space

Hu, Thomas & Brunak

Nature Rev. Genetics 2016



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
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Beyond single disease analysis
(a la GWAS) 

Disease-disease correlations

Disease-trajectories

Do shared pathophysiological pathways form the 

basis for clinical co-occurrence, or does 

disease A induce disease B?

What is potentially solely genetic and 

what is possibly treatment related?



Diagnosis trajectories across 7

million Danish individuals (ICD-10 era, 1994-2015)



National Patient Registry (7M Danes)    

ICD10 diagnoses as a function of age

Females Males

In

Out

IR

AB Jensen et al., 

Nature Comm., 2014



6-7 million trajectories

?



6.2 million individual trajectories 

condensed into 1,171 “recurrent” 

ones

…

AB Jensen et al., 

Nature Comm., 2014



Disease trajectories and trajectory-

cluster for prostate cancer 

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





Nature Genetics, 48:510-518, 2016

Immunochip

genotype data: 

52,262 cases 

Ankylosing

spondylitis (8,726) 

Crohn's disease

(19,085)

Psoriasis (6,530) 

Primary sclerosing

cholangitis (3,408) 

Ulcerative colitis

(14,413) 

34,213 healthy

controls



Ankylosing spondylitis

Psoriasis

Crohn’s disease

Sclerosing cholangitis

Ulcerative colitis



Temporal disease associations

A and B           A before B



Patient counts
Diagnoses Patient count of order Days from A and B

A B A first B first Same average median variance

Ankylosing

spondylitis

Psoriasis 51 64 9 -538.47 -129.5 2250.31

Sclerosing cholangitis 11 7 2 146.55 136.0 2006.63

Ulcerative colitis 117 171 23 -658.93 -357.0 2395.10

Crohn’s disease 124 147 31 -305.49 0.0 2348.52

Psoriasis

Sclerosing cholangitis 31 4 0 2413.29 2475.0 2006.80

Ulcerative colitis 134 120 7 133.35 41.0 2733.01

Crohn’s disease 77 122 4 -577.80 -769.0 2693.91

Sclerosing

cholangitis

Ulcerative colitis 90 305 68 -1060.55 -272.0 2032.90

Crohn’s disease 58 124 21 -739.25 -456.0 2090.89

Ulcerative colitis Crohn’s disease 3523 1999 405 413.33 64.0 1854.68

Order of pairs of diagnoses for 7,334 patients with two or more 

diagnoses. The average and median number of days between the A and B 

diagnosis is also shown (negative indicates that B is before A.



Shared or distinct genetic etiology?

Pleiotropy (sharing of risk alleles by disease A and disease B)

or Heterogeneity (a subgroup of disease A cases has a 
higher load of risk alleles for disease B)? 

Genetic and healthdata overlap analyses shows

that shared pathophysiological pathways are 
the basis for clinical co-occurrence 

that patients with concomitant syndromes are 
genetically distinct from patients without 
concomitant syndromes.

Immunochip-wide pleiotropy estimates

Ellinghaus et al. Nature Genetics, 48:510-518, 2016



Sepsis

Gotts & Matthay
BMJ 2016; 353:i1585



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

Beck et al, 2016



Cancer-subnetwork towards sepsis

Cancer-sepsis network from 16 trajectories that 
significantly altered RRsepsis dead. These length three 
sepsis-trajectories contain a minimum of one diagnosis from 
“Cancers (C00-C96)” in ICD-10 chapter 2: Neoplasms. Node 
size reflects the number of sepsis patients. Width of arrows 
indicates RRsepsis dead for a particular step in a trajectory.

Beck et al, 2016



From diabetes to sepsis

Beck et al, 2016



Diabetes

Anaemia

Mental disorder
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Sleep Apnea and Diabetes

No significant diagnosis direction, but patients diagnosed with diabetes before sleep 

apnea have significantly more comorbidities than patients diagnosed with sleep apnea 

before diabetes.

Beck et al., to appear 2017

Network constructed from 

103 sleep apnea trajectories 



Excess number of comorbidities if 
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A	 B	

(A) Distribution of years between NIDDM and sleep apnea for patients diagnosed with NIDDM first (orange) 

and for patients diagnosed with sleep apnea first (green). (B) The plot shows the excess number of 

comorbidities for patients diagnosed with NIDDM first compared to those diagnosed with sleep apnea first 

(black line) with the 95% confidence interval (grey area). The dots indicate the number of patients having the 

minimum years between the two diagnoses. 



Diagnoses

Drugs

Lab tests

Text



F20

F200

Negation

Family

Deep-phenotyping by text mining of  

ICD10 terms in patient records



Distribution of assigned and text-

mined codes, Steno Diabetes Center
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Which disease-disease and 

symptom correlations are 

treatment related?



Text mining of drug names,

ADE/ADRs, diagnoses, …



Text mining Adverse Drug Reactions 
(using 7,500 drug names and 21,000 ADRs)

Eriksson et al. Drug Safety 2014



ADR-dose dependencies 
Dosages from structured medication data

ADRs and doses are normalized  on multiples of the minimum dose prescribed of each drug.

Plot for 21 days steady dosage data is visualized, sample average slope 0.1105 (95% CI, 0.03085-0.1901), non-zero slope p-value was 

0,0074, all individual drug slopes are positive except for haloperidol.

Eriksson et al. Drug Safety 2014



Drug-ADR similarities 
(ADRs text mined by temporal analysis of EHRs)

13 years of drug use at Mental 

centre Sct. Hans ATC code 

coloring. Edges show Drug ADR 

profile similarity, darker edge 

indicates stronger similarity. 

Network contains 500 strongest 

edges (Jaccard index). “N03 

Antiepileptics” are scattered, 

not showing any clustering. This 

is expected as antiepileptics is a 

very diverse drug classein

terms of ADRs. Laxatives and 

antibacterials for systemic use 

group since both cause diarrhea 

and stomach ache and other 

gastrointestinal problems



Possible ADRs?

Drug substance ADE p-value

Dipyridamole Visual impairment 4.375e-04

Simvastatin Personality changes 8.408e-08

Citalopram Psychosis 8.807e-04

Bendroflumethiazide Apoplexy 8.46e-03

Chlordiazepoxide Nystagmus 4.03e-08

p-values are multiple testing corrected

X1                                        Y1                                       p1
X2                                        Y2                                       p2
.... 



Trio-based Danish reference genome finished 
Individual high quality genome shown on the official reference for the humane genome





∆ population health data

Health data driven:

• Redefine phenotypes as trajectories

• Enable prediction using predictable trajectories?

• Handle noise better

• 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, …
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