If we cannot count rare disease patients,
they will not count

Melissa Haendel, PhD, FACMI
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1/10 americans (400M globally) affected

each patient’s characteristics are akin to the
variation in zebra stripes

The case for open science: rare diseases
https://academic.oup.com/jamiaopen/article/3/3/472/5904414

“When you hear hoof beats,
think horses, not zebras.”

“There are ~7000 rare diseases”

- per Orphan Drug Act (1983);

This number is demonstrably
wrong.



Why the number of rare diseases is hard to

determine (and is not 7000!)

We don’t have the same criteria for “rare” around the world:
e 1983: From the Orphan Drug Act: A rare disease affects fewer than 200,000 people

e 2000: European Union considers a disease to be rare when it affects fewer than 1 in
2,000 people.

We add new diseases all the time, but don’t update the number:
e New rare diseases are discovered every week by organizations such as the
Undiagnosed Disease Network
e The literature and public databases abound with new weekly entries
e N-of-1s are matched, defining new diseases

We don't define or IDENTIFY diseases in the same way
e Dozens of terminologies and disease registries exist, each with their own identifier
systems or lack thereof
e Rare diseases are often not included in standard clinical terminologies (such as ICD)
e Fundamentally, the definition of a rare disease and how to model it computationally
has remained more an art than a science, preventing interoperability



P4 6,414,934 Jessica

variants in Jessica’s
genome

Jessica (age 4) has a rare condition which causes epilepsy,
affects her movement and developmental delay. Standard
genetics tests negative.
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arerare
« De novo deletion in SLC2A1 identified as the cause of her Glut 1
deficiency syndrome

2,826

predicted to cause

- Now being successfully treated with a ketogenic, low-carb diet
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- Low risk for future pregnancies
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Every person is
an n-of-one
disease (this is
the promise of
precision
medicine)

The question is

what are signs and
. symptoms,
meaningfully TS

exposure, diet,
traits, etc.

groupings of
patients?
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Turning information into meaning
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The challenges start with the basics: Phenotyping
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Patients and families should be
empowered to work as partners...
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The time is now! ol

e Provider time constraints e Knowledge democratization
e Care fragmentation e Tools and standards emerging to help




Answer:

Give patients
the ability to
describe
their
conditionsin
their own
words while
leveraging
formal
vocabularies
used by
clinicians.
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Nature Genetics 50, 474—476 (2018)
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Human
Phenotype
Ontology
(HPO)

e Phenotyping
terminology
>14,500 terms

e Computational
disease models
>190,000 disease-
phenotype
annotations
(associations)

e Widely adopted in
rare disease
genomic
diagnostic tools
100,000 Genomes

Project, SOLVE-RD,
NIH-UDP, etc.
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https://hpo.jax.org

When describing a patient, how many terms can you
take away and still diagnose the disease?l




An example comparison of simulated profiles
relative to gold standard]|
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What is the diagnostic power of the layperson HPQO?

14000 Murnber of diseases correctly ranked within top 5 hits
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Phenotype-

assisted
diagnosis in
action

Not same variant, but same
disease and gene, KMT2A.

DOI: 10.1126/scitransImed.3009262
Legend

° Perfect Match

L) Fuzzy Match

‘ No Match

digits

skeletal development

Patient P1 profile
(3 year old girl)

040,

W,

LU0

Wiedemann
Steiner
syndrome
profile

For diagnosis
to work like
this, the
reference
knowledge for
each disease
needs to be
systematically
queryable
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Patient P8 profile
(14 year old boy)
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But ...

Assembling a
comprehensive source of
disease definitions (and
annotations) is hard.



Different
communities
annotate
different
relationships,

at different
levels of
granularity
and using
different
vocabularies
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The knowledge about diseases come from different
sources / communities, often siloed by the type of disease

We needed:
| =~ <. COMPLEX
| C A NCER I e Disease concepts spanning multiple categories
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https://mondo.monarchinitiative.org/

Defining diseases: Lumping and splitting
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Are they they same disease?

I| / ol |
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Leukodystrophy
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DO

1s_a DOID:0014667 ! disease of metabolism
15 a D0ID:655 ! inherited metabolic disorder

1s_a D0ID:986 ! peroxisomal disease
is_a D0ID:0856444 ! infantile Refsum disease

is_a DOID:0050452 ! mevalonic aciduria
is_a DOID:0058797 ! peroxisomal acyl-CoA oxidase deficiency

is_a DOID:0060602 ! alpha-methylacyl-CoA racemase deficiency
is_a D0ID:0099831 ! D-bifunctional protein deficiency

is_a D0ID:2582 ! acatalasia
is_a DOI0:985 ! Zellweger syndrome s

Different labels

Neonatal
adeenoleukodystrophy

https://github.com/monarch-initiative/mondo/issues/61

Adrenoleukodystrophy | | pESie : Different parents
T e Different children
Diferent synonyms

Admnomﬁgg‘;;mphy &2,:;?; e Different text definitions
Are they equivalent?



Evidence-based, curated merging of

equivalent disease concepts

kBOOM iterative curator-assisted
Bayesiar equivalence inference
Ontology .
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https://doi.org/10.1101/048843

Aligning disease
knowledge across
sources and tracking
provenance:

Mondo concept for

adult Refsum
disease
(MONDO:0009958)
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maonarch

database cross reference
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If rare diseases are not counted,

rare disease patients will not count

Many diseases
are in only one
source

5
selected

Just 5 sources comprise 10,443
unique rare disease concepts

N (prior estimates ~7,500)
‘*§ Only 333 shared
g /7~ —disease concepts
- I in all five sources
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Nature Reviews Drug Discovery (bit.ly/nature-rare-diseases)
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How many undiagnosed patients
are there in your hospital?



From EHR data, we
can estimaterare
disease prevalence
(for those with ICD
codes) in a single
system.

Results often at
odds with the

published
estimates

Rare Disease

Cystic Fibrosis

Sickle Cell Disease

Muscular Dystrophy

Lennox Gastaut Syndrome

Urea Cycle Disorder

Takayasu'’s Arteritis
Pheochromocytoma

Hereditary Hemorrhagic Telangiectasia
Osteogenesis Imperfecta

Eosinophilic Esophagitis

Batten Disease

Focal and Segmental Glomerulosclerosis

Mitochondrial Neurogastrointestinal Encephalopathy

Patient

Count

567
259
709
503
93
24
100
341
122
354
145
153
66

OHSU Patient
Prevalence
(1,039,213 total
patient count)

0.0151%
0.0250%
0.0680%
0.0480%
0.0090%
0.0020%
0.0100%
0.0330%
0.0120%
0.0340%
0.0140%
0.0150%
0.0060%

Published
estimate of
population
prevalence

0.0090%
0.0308%
0.0769%
0.0001%
0.0029%
0.0002%
0.0005%
0.0200%
0.0050%
0.0500%
0.0030%
0.0007%
0.0010%
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Differences in prevalence across healthcare systems are in part due to
rarity and diagnostics, but also due to differences in coding




Age at First
Diagnosis
Varies by

Rare Disease
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Large spread of initial diagnosis is due to both challenges in
diagnosis, but also in obtaining correct information from the EHR



Each patient is different: what are the patterns?

Initial diagnosis of
Cystic Fibrosis
$500K
$400K | Patient2 |
Sex. male
Age ol dagnosis: 20 years
mmmmmm Commercal
Total cost: $5 milkon
» $300K L
= $150K 1
$100K 28, TEpe——
$50K [V
$25K
-20 0 20 40 60 80 100 120
Months from diagnosis




Patient diagnostic journey maps reveal patterns &

differences across health care systems and diseases]|

R I pen Access | Pubiened, 22 October 2021
The IDea$ initiative: pilot study to assess the impact
of rare diseases on patients and healthcare systems

Angie Tdaie. Chnstice M. Cutifio, Ramaa Nathar, Plerantonio Ruszo, Bryan Laraway, Mebissa Haendel
Douglas & C G Oodave 3

S125K | TTeTTE— initial diagnosis
of Batten

e s i ¢ Y oo os st ot e o o
ol e g e e (CLNZ). R A bit.ly/ideas-initiative-rd

$100K Age at diagnosis: 14 years |
Insurance: Commercial
Total cost: $1.6 million

$75K

Dollars

$50K carvtaiar
$25K -
0 ] | == ; [ [ I . 'l s . T
-20 -10 0 10 20 30

months



What about all the Rare Diseases
without a ICD code?



We must get rare disease definitions into the EHR,

but we have to start where we are
It’s a Mad Max Sitch.

Image: https://www.trucks.com/2015/05/05/vehicles-of-mad-max/
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Plain language synonyms for patients to use

A.

skeletsl
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Nervous
headreck
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iy
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wy
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pranatal devbirth
growth
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breast
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Number of HPO terms
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B_ Micro- Smaf
anathia  [aw
Arachno  Spides
dactyly  fingers
yerel |t £ Legend (both A and B)
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Finctin Briting
Primary labets
Plain language
Prop- Bulging
mLm,'. eyes synonyms
BT Anomaly of the Ab aof the region around the oyes
HP.0000315 gﬁ';;."{,,‘iﬁ"" Abnormalay af the aye mgian
L o Dlooass | Apomaly of the Abnormality of the eyeball location
oo globe iocation Abnormality of the eyeball positicn
= D Bulging eye; Eyes bulging out
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P 0000316 Hypertelorism x:::“""‘:m
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4887 of 13823 HPO terms have lay synonyms



Open access.
Open source.
Open science.

bit.ly/case-for-rd-open-science

The case for open science: rare diseases @
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Abstract

The premise of Open Science is that research and medical manage
progress faster if data and knowledge are openly shared. The value ¢
Science is nowhere more important and appreciated than in the rare




A) VARIANT FILTERING B) PHENOTYPE PROFILE MATCHING
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https://doi.org/10.1038/gim.2015.137

e NEW ENGLAND JOURNALof MEDICINE

. The 100,000 Genomes Pilot on Rare-Disease Diagnosis
Evaluation

.
of Exomiser . : ;
in 100K 2183 Probands with 161 undiagnosed disorders

genomes DB V(BT (@ 25% of probands received a genetic diagnosis

project: Diagnostic 36% 14%

: : of diagnoses were identified of diagnoses required
p]pehne through automated pipeline additional research

Made
Novel 3 19

pOSSI ble by discoveries new disease genes new disease-gene

Open Science discovered associations identified
25% of genetic diagnoses had immediate ramifications
for clinical decision making.

November 11, 2021
https://www.nejm.org/doi/full/10.1056/NEJMo0a2035790
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Mondo community paper

with ClinGen OMIM, and
the rest of the village!

https://www.medrxiv.org/content/10
.1101/2022.04.13.22273750v3
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Mondo accommodates gene-based names AND groups

terms based on gene-based etiology
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How diagnostically useful are the HPO terms

generated by patients?
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Total Costs of Rare Disease Vary

By Disease and Health System
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Total costs incurred at a organization are dependent on the size of the patient population.
While total costs for an individual rare disease cohort may not exceed an age-matched control cohort,
collectively the rare disease cohort costs are greater than controls.



Rare Diseases Patients Have

Increased Per-Patient Medical Costs
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Fig. 2 PPPY cost of care of 13 RD versus control. Average per patient per year costs calculated within 2 different healthcare systems databases
A Eversana and B NCATS, versus an age-matched control. SCD sickle cell disease, MD muscular dystrophy, CF cystic fibrosis, HHT hereditary
hemorrhagic teleangiectasia, BD Batten disease, LGS Lennox Gastaut syndrome, FSGS focal segmental glomerulosclerosis, EOE eosinophilic
esophagitis, O/ osteogenesis imperfecta, MNGIE mitochondrial neurogastrointestinal encephalopathy, Pheo pheochromocytoma, 74 Takayasu's
arteritis

Rare disease patients have increased healthcare utilizations compared to control patients.
While costs are not available in N3C,
the healthcare utilizations (encounters, medications, procedures, etc.) are available.



Orphan Drug Act of 1983
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https://rarediseases.org/orphan-drug-act-resolution-introduced-in-congress/

https://globalgenes.org/rare-facts/

Rare Diseases collectively are an unrecognized public health crisis
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