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Lifelong multimorbidity journeys in disease space
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Longitudinal polypharmacy exposures are complex

€he New Nork Eimes

This Teen Was Prescribed 10
Psychiatric Drugs. She’s Not
Alone.

Increasingly, anxious and depressed teens are using multiple,
powerful psychiatric drugs, many of them untested in
adolescents or for use in tandem.




Clinical and socio-economic data are needed to
interpret the molecular domain

Disease progression
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Nature Rev. Genetics 2016



Diagnosis trajectories across millions of Danes
The ICD-10 system by WHO

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

6: Certain conditions originating in the perinatal peric

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, 1994-2019)
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| malformations, deformations and
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18: Symptoms, signs and abnormal clinical and
aboratory findings, not elsewhere classified

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

20: External causes of morbidity and mortality
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Linking multimorbidity journeys to genetics

Disease 3
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Hu, Thomas & Brunak
Nature Rev. Genetics 2016,

TCCAAACCCAGGCTCTCTCCCAAACCAGTTTGCGGCAGATGGCCAGTGGAACCTCACTCTCCTC
ATCAGTAAAAAGGGGGCAGAGTGAGGGTCCTGAGAGCTAGTACAGGGACTGTGTGAAGTAGACA
ATGCCCAGTGTTTAGCGTAAGAATCAGGGTCCAGCTGGTGCTCCCTAAACAGCAGCTGCTGTTC
ACTGTTGAAAGGCGCTCTGGAAGGCCAGGCGCGGTGGCTCATGCTTGTAATCCCAGCACTGTGG
GAGGCCGAGGTGGGCGGATCACCTGAGGTAGGGAGTTCGAGACCAGCCTGACCAACGTGGAGAA
ACCCCATCTCTCCTAAAAATACAAAATTAGCCAGGCGTGGTAGCACATACCTGTAATCCCAGCG
ACTCGGGAGGCTGAGGCAAGAGAATTGCTTGAAACCAGCAGGGGAGGTTGTGGTGAGCCAAGAT
CGAGCCATTGCACTCCAGCCAGGGCAACAAGAGGCAAAATGGCGAAACTCCATCTCCGAGAAAA
AAAAAAAAAAAGAATACTTTCTGAAAGTATTTATTCATACAAATAAAGACTTGACCCATAAGGT
AGGAACGCAAATGGGCCACGGAATCACTCATTCCACAGTATACACCGAGTGCCCTTGAAGTGCT
GGGCACTGCTCCAGGATTGGGGGCATATTGGTGAAAAGAGAAGCAAGCCTGCCTGCTCAGATGG
CAGGGAATGGGGAAAAACAGGGAGACAGTTTCCTGTTTGAGATGTTGGGAGTCTGCTTCGAGTA
GTATATTTACTGGAAATAGACCACTAACTTGGATGTCCCTTTTTGGAAATGTGCCTGCGTCCAG
GGCTGGGTTGGGGCCCCAATGAACTTTGGCTCTGACATAGCTGTTGCCACACTCAGTGGAACTG
AATCCATGTTTGCCTTCACCCGGCATCCTTCACCCCAACTCTCCCCGCCACAACATACATCCCA
TGCCAGCCTGGGGACCCTCAAAGGTGCTTCATCATTAGGTTTGTGGCTGGGTCCTACTGAAGTA
ACAGACCCGGTGAGAGCCCCCATTCCAATGCACCCCCGATCTCAGCTGTCTGGCCAGAAGACCT
GAGCAAGTCCCTCCTTCTTCCTGGCCTTGGCCTTCCCATGGGTGGAACCGGGAGGGTTGGCTTT
AATCTCCACCAGAACTCTTGCCCCGGGACTGTGATGGGCGATTGGCCACTTCTCCTCGATAACA
TTACTGTTTTTCTTCCGCCTTCTGGTTGACTTTAGCCAGAACCAGTGCTTCTATAACTCCAGTT
ACCTGAATGTCCAGCGGGAGAATGGGACCGTCTCCAGATACGGTGAGGGCCAGCCCTCAGGCAG
GAGGGTTCACCGTGGGAACAGGGCAGGCCAGCATAAGGTGGGTTGAGCTGGTTCCACAGGCCAG
AGCTCATTCTGCCCTCTCCCCGGAAGACCTCCCACCCTGTCCCCATGCCTCTGCTTCTCCCTCA
CCCCAATTCCCCGCTGCCTTCTAGGATAAGTGTGAGCCACTGGAGAAGCAGCACGAGAAGGAGA
GGAAACAGGAGGAGGGGGAATCCTAGCAGGACACAGCCTTGGATCAGGACAGAGACTTGGGGGC
CATCCTGCCCCTCCAACCCGACATGTGTACCTCAGCTTTTTCCCTCACTTGCATCAATAAAGCT
TCGCATCGGCCTTTCGAAACGAGGAGTACAATAAGTCGGTTCAGGAGCCCTCAGGCAGGAGGGT
TCACCGTGGGAACAGGGCAGGCCAGCATAAGGTGGGGGCTGGATGTAGAGCCCTGGAGGCTTTG
GGCACAGAGGCCACCCTGGACCGGGTGAGTGCCTGGGCTAGCCCTGTCCTGAGCACATGGGCAG
CTGCCTCCCTTCTCTGGGCTTCCCTTTACCTGCTGGCTGTGGTCGCACCCCCACTCCCAGCCCC
CAACTCTCCCCGCCACAACATACATCCCATGCCCAGGAGGGTTCACCGTGGGAACAGGGCAGGC
CAGCATAAGGTGGGGGCTGGATGTAGAGCCCTGGAGGCTTTGGGCACAGAGGCCACCCTGGACC



ATC drug groups in 1.1. billion male and female
prescriptions according to age
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1.1 billion prescriptions from Denmark
(map with density per individual 1993-2019)

per person
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Copenhagen University Hospital — Rigshospitalet

Nationwide coverage of genotyped individuals in our data resource
— in some municipalities up till 30% are genotyped!

: .

With genotypes from 560,000 (unique patients & blood donors) & WGS
from 60,000 blood donors — we are comparable in size with international
initiatives e.g., The UK Biobank, FinnGen — though with better data from
Danish health registers, nationwide EHRs, biobanks etc.

Sisse Rye Ostrowski 14




Copenhagen University Hospital — Rigshospitalet

Copenhagen Hospital Biobank
CHB (patients)

* Biobank samples from >500,000 adult patients
* Genome-wide genomic data 360,000 (~200,000 alive)

* N=90,000 cancer patients (DCB): WB genotypes &
tissue biopsies WGS/targeted seq

* Health Register data, electronic health records,
laboratory data, imaging etc.

* N=17,000 brain disease patients: CSF & plasma/serum
sample proteomics analysis

* N=100,000 inflammatory disease patients: Plasma
proteomics & SWAP microbiome

* N=20,000 cardiometabolic disease patients: Plasma
and urine proteomics & SWAP microbiome analysis

UNIVERSIT

T OF
COPENHAGEN .

The Danish Blood Donor Study
DBDS (healthy invividuals)

* Biobank samples from >160,000 healthy adults
* Genome-wide genomic data 150,000

* Health Register data, electronic health records,
laboratory data, imaging etc.

* ~3 mill consecutive plasma samples

* Questionnaire data — >400,000 responses

* N=60,000 WGS

* N=30,000+ plasma olink Explore 3072 proteomics

* N=125,000 gen-5 questionnaires sent out

*Ongoing or pending

Sisse Rye Ostrowski




REGION

Copenhagen University Hospital — Rigshospitalet

UNIVERSITY OF
COPENHAGEN

Copenhagen Hospital Biobank (CHB) — emerging multiomics data
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Copenhagen University Hospital — Rigshospitalet

The Danish Blood Donor Study (DBDS)

* Established 2010

* Nation-wide ongoing open cohort, biobank and research infrastructure, leveraging the Danish
blood bank infrastructure: Donors are included and followed over years!
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Life-course trajectories and health-to-disease transitions




Disease trajectory network of depression patien
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Prediction of pancreas
cancer risk — training on

Danish data, replication
in US data

Disease histories from

* Danish National Patient Registry (DNPR), covering 8.6 M
patients between 1977-2018 (6.1 M controls, 24,000
cases, av. 23 yrs of history)

* Veteran Affairs database, covering 2.9 M patients 1999-
2020 (0.75 M controls, 3,800 cases, av. 12 yrs of history)

A deep learning algorithm to predict risk of pancreatic cancer from disease trajectories.
Placido, Yuan, Hjaltelin, Zheng, ..., Brunak & Sander, Nature Medicine 29: 1113; 2023
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Different Denmark & US EHR structure
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Feature
Importance
ranking using
explainability
methods

omparing
eatures in the
DK and US
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Feature contributions - No exclusion (DK)
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Full scale data integration in the DIRECT T2D cohort
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Missing data can be handled

* Missing data is normally a big
problem!

* Take the samples out?
* Remove the features?
* Impute the data?
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The latent space space of the autoencoder

UMAP Dimension 2
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High insulin sensitivity
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Matsuda

S * Data is integrated in a
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UMAP Dimension 1



The method is sensitive in finding associations

* Drug ~ omics associations

 Compared to standard
statistical approaches

* MOVE: 3,000 more
significant associations

Drug multi-omics associations
o
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Drug ~ Clinical

Clinical features

Drugs
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Statins ~ Clinical

Drugs

Clinical features
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Metformin ~ Clinical

Drugs

A

Clinical features
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Drugs ~ microbiome

Romboutsia timonensis igc0237
Peptostreptococcaceae sp. igc0295 4
Intestinibacter bartlettii igc0313 4

® M etfo r m i n : Clostridiales sp. igc0971 |

Clostridiaceae sp. igc0393 -

* 3 known associations (RCT) Glostridiaceao sp. igo1047

Eggerthellales sp. igc0716 -

¢ 14 n Ove I a SSO Ci at i O n S Lachnospiraceae sp. igc0612 A
Clostridiales sp. igc0641 A

(] O m e p ra ZO | e : Streptococcus sp. igc0014

= Streptococcus vestibularis ige1414 4

d 4 StreptOCOCCUS Sp_ (preViOUSIV Parasutterella sp. igc1492 -
Streptococcus salivarius igc0906 A
shown towards genus)

144t

Betaproteobacteria sp. igc0985 -
Bacteroidetes sp. igc0392 -
Escherichia coli igc0006 -

Clostridia sp. igc0658 -

Streptococcus parasanguinis igc0686 -

Anaerostipes sp. igc0655 -

Drug
OMetfcrmin

Faecalibacterium prausnitzii igc0359 { Q) Omeprazole

Bacteroidales sp. igc0029 -

ptbteeettetet

-0.02 -0.01 0.00 0.01 0.02

Effect size (z—scale)



Multi-omics conclusions
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* DL based integration
(MOVE):
* Integrate continuous and
categorial data

e Extract orders of magnitudes
more associations

* We only tested drugs!

Allesge et al. Nature Biotechnology, Jan 2, 2023



Longitudinal prescription data analysis

(per individual 1993-2018)

Number of prescriptions
per person

180
150
120
90




Prescription trajectories across ATC classes,
1.1 billion prescriptions, 24 years
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. &/
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Aguayo Orozco et al., npj Digital Medicine 2021



Multiple drug changes in patients treated with RAS

Antihypertensives trajectory network

02AB = Co2AB-
A= = . : :
ga = = Renin-angiotensin system (RAS)
. e drugs’ first line treatment are
03
= ACE inhibitors (CO9A and C09B)
386
Co3CA Co3CB
gg;é% Co3DA
o : : :
coma [l e These often require posterior

changes to reach desired
outcome

Co8CX Co8DA
Co8DA Co8DB . .
r—r ATC therapeutic subaroup cher RAS used in posterior
gl - antihypertensives lines of treatment or by
conm | o8 oy diuretics guideline defined patients are
CogBB — 09CA [
- f] bt blocing gers ARBS (C0SC and CO9D)

\ §§§>B<§; C"S’DAI agents acting on the renin-angiotensin system

169



Genetic differences discovered via prescription trajectories

GWAS analysis of patients stratified according to
wheather properly treated with ACE or wrongly
treated with ACE (so they should change to ARB)

o
3
©
3
a
=
—
=
kel
:

* PREP gene: responsible for maturation and
breakdown of bradykinin

| X E'R L * KCNIP4 gene: previously associated with ACE
e 0T R e eenz 2 associated side effects. These patients should be
treated with ARB (1)

We identified genetic variants in the UKBB that potentially could explain the differences in the
sub-stratified population.

1. JD Mosley et all, The Pharmacogenimics Journal, 2016



Lab value Seasonality Fitting Approach
- 310M lab values

Age Group Distribution by Sex

Male Age Female
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%
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140,000 0 140,000 *1 >

Muse et al., Cell Patterns 4, 100778, 2023



Muse et al., Cell Patterns, to appear 2023

Tests with significant parameter fits,

multiple testing corrected (FDR)

tude
Offset

Ampl

ANTIMULLERIAN HORMONE - P
PRO-BNP - P

KAPPA CHAIN (IG) - P

METAMYELO. + MYELOMA. + PROMYELOCYTES - B
PROTEIN - Pt(U)

SHBG - P

SEDIMENTATION REACTION - B

TROPONIN T - P

TSH-P

LYMPHOS. + MONO. + BLASTS - B

LARGE UNSTAINED CELLS - B

VITAMIN B12 - P

ATYPICAL CELLS - B

PSA (BOUND) - P

CREATININE - U

DNA (DOUBLE STRANDED) ANTIBODY - P OXYGEN
02 - Hb(kb)

FREE T3 INDEX -
LACTATE - P(vB)

ANION GAP (INCL. K +) - P
CARBAMIDE - P
HOMOCYSTEINE - P
BICARBONATE - P(kB)
TRIGLYCERIDE - P(fPt)
PTH-P

TRIGLYCERIDE - P
FERRITIN - P
BETA-GLOBULIN - P
BILIRUBIN - P(neonatal)
PO2 - P(kB)

ALAT -P

OROSOMUCOID - P
ALBUMIN - U

CRP-P

FIBRINOGEN - P
FETOPROTEIN - P
HAPTOGLOBIN - P
CHOLESTEROL TOTAL - P
CREATININE - P

APTT -P

HEMOGLOBIN - B
LEUKOCYTES - B
ERYTHROCYTES - B
MONOCYTES - B

EVF -B

PCO2 - P

HYDROGEN ION - P(kB)
SODIUM - P
NEUTROPHILS - B

BASE EXCESS - Ecv
ALKALINE PHOSPHATASE - P
PROTEIN - P
BICARBONATE - P

CO2 TOTAL - P(vB)
CHOLESTEROL LDL - P
PCO?2 - P(vB)

PLATELETS -B
GLUCOSE - P(aB)

PCO2 - P(aB)

AMYLASE PANCREAS TYPE - P
ALPHA-2 GLOBULIN - P

VITAMIN D(CALCIFEDIOL) - P
IMMUNOGLOBULIN E - P

PO2 - P(vB)

02 - Hb(vB)

OXYHEMOGLOBIN - Hb(Fe;tot.;vB)
ALBUMIN / CREATININE; RATIO - U
EOSINOPHILS - B

BASOPHILS - B

C-PEPTIDE - P
INHALATIONSANTIGENPANEL IGE - P
CREATINE KINASE TOTAL - P
ESTRADIOL - P

LEUKOCYTES - U

TESTOSTERONE - P

T3 FREE - P

BILIRUBIN - P

HEMOGLOBIN - Ercs(B)

HYDROGEN ION - P(vB)

02 - Hb(ab)

DEAMIDATED GLIADIN PEPTIDE ANTIBODY - P
FOLATES - P

OGTT - P(kB)

RDW - Ercs(B)

URATE - P

ANTITHROMBIN - P

PO2 - P(aB)

INR - P

LDH - P

CHOLESTEROL HDL - P

CALCIUM (ALBUMIN-CORRECTED) - P
CALCIUM ION-FREE - P

02 SATURATION - Hb

ANTI TPO - P

RETICULOCYTES - Erc

PCO?2 - P(kB)

ASAT -P

LUTROPIN - P

CARBON MONOXIDE HEMOGLOBIN - Hb(B)
LACTATE - P

LITHIUM - P

LACTATE - P(aB)

HEMOGLOBIN - Rtcs(B)

T3-P

CALCIUM - P

TRIIODOTHYRONINE REACTION - P
NAKED CORES - B

eGFR - Kidney

PHOSPHATE (P; INORGANIC) - P

ERYTHROBLASTS - B

o

< N O
=

Scaled
Value

¥

winter)

summer, blue =

Offset color scaled to what week of year peak occurs (red

Note



Change reference values over the year

Common
REFERENCE RANGES Electrolytes & Liver Function
Sodium 135-145 mmol/L
Full Blood Count Potassium 3.5-5.1 mmol/L
Hb d 135-180g/L Chloride 100-110 mmol/L
eil5— 1608 ﬁicarb(glate 22-32 mm?}llfl,
nion Ga 4-13 mmo
Platelets 5 }3\4003‘;08 é;o Osmolalitl; (calc) %l% j% n;xz)\u%lgg
Haematocrit 90.33-047 Glucose r:& r?m B
RCC d 4.50-6.00 x10"/L Urea 2.9-8.2 mmol/L
Q@ 3.80-5.20 x10"/L Creatinine 64-108 mmol/L
MCV 20-100 fL Ut:ea/Creat 40-100 ] )
Neutrophils  2.00-8.00 x10/L Arn NN
Lymphocytes 1.00-4.00 x10%/L Protein (total) 60-83 g/L
Monocytes 0.10-1.00 x10%/L Albumin 35-50 g/L
Eosinophils  <0.60 x10’/L glll':?::tl::rl) - ig{;‘: r%: h”
- Y total
Basophils <0.20 x10/L Bilirubin (conj.) <4 umol/L
Coagulation Alk Phos 356-119 U/L
APTT 25-35 sec (lab dependent) 9 53-141 U/L
DVT/PE Treatment: 2-3 R— ot
INR  Atrial Fibrillation: 2-3 ALT § UL
mechanical heart valves: 2.5-3.5 <35 U/L
Thrombin 14-16 sec (lab dependent) AST ? <31 UL
Time LDH 50-280 UJL
Calcium 2.15-2.55 mmol/L
Temperature 6am 4pm Calcium (corrected) 2.15-2.55 mmol/L
Oral == Phosphate 0.81-1.45 mmol/L
Rectal <37.8 <383 Magnesium 0.8-1.0 mmol/L
Tympanic saimal s Lipase (serum) <60 U/L

Improved estimation of mortality and diagnoses
Muse et al., Cell Patterns 4, 100778, 2023



The Danish Disease Trajectory Browser:
http://dtb.cpr.ku.dk

Siggaard et al., Nature Comm, 2020

Inf ti
Deasan TRAROTORY seANCEE
Data from: Danish National Patient

Register (Landspatientregisteret)
SEARCH:

FILTERS ~

EDGE ANNOTATION:

Population: ~8,900,000 people

PATIENTS | RELATIVE RIS
NODE ANNOTATION:

) INSTANT SEARCH
@ PERFORMANCE ISSUES?
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A 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 hospital patient records in new ways:
* Diet
* Genetics
* |ncome, ...
* Education, grades in exams, ...
* Wearable data (partly EHR included)
* Patient generated data
* Smart meter data
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