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Setting the Stage:
Building and Exploring the Human
Reference Atlas with Virtual Reality

: Andreas “Andi” Bueckle, Ph.D.
" Research Lead
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Luddy School of Informatics, Computing, and Engineering
Indiana University, Bloomington, IN, USA

24h Multiscale Human Event | Virtual | December 14, 2024



HRA User
Interfaces



0 Registration User Interface (RUI)

HuBMAP HRA REGISTRATION

Anatomical Structures e Anter Posterior review o
O

Registration Metadata
@ all anatomical structures

kidney capsule Tissue Block Controls

hilum of kidney

Tissue Block Dimensions (mm) O
cortex of kidney
@ renal column 10 o 10
outer cortex of kidney
Tissue Sections O
renal medulla
@ renal papilla
© renal pyramid
Tissue Block Rotation [3)
Landmarks
o
X €] 0
)

@ alllandmarks PY 0
@ bisection line

@ leftrenal artery z D 0
@ left renal pelvis
Q teft renal vein Anatomical Structure Tags
Q leftureter

@ major calyxes

@ minor calyxes
@ Assigned @ Added

https://apps.humanatlas.io/rui/




HuBMAP HRA EXPLORATION

Y  sex:Both  Age:1-110

BMI: 13-83

v AS v CT

v B

Anatomical Structures (AS) Tissue Blocks: 730

v brain
v lymph node
v eye

Cell Types (CT)
absorptive
absorptive
adipocyte
adipocyte

Biomarkers

A2M

ABCA1
ABCA13
ABCA3
ABCA4
ABCA8
ABCC9

\/BG‘\/EL‘\/BM‘\/EPj

n
36
43

e

Tissue Blocks: 730

67
61

225

16

Tissue Blocks: 730

v/ BF

ser Interface (EUI)

0O 0OO0OO0OO0OO0OOoOOoOOoao

)

c

body | cell | biomarker

20 Tissue Data Providers
308 Donors
730 Tissue Blocks
939 Tissue Sections
3260 Tissue Datasets

Winfree, KPMP-1U/O.

Patient A Cortical biopsy
Biopsy from Nephrology biobank-salvaged fro

Cover Nephrectomy
Biopsy from Nephrology biobank-salvaged fro.

Female, Age 38
Entered 7/3/2023,

Andrea Radtke, NIH

Male
Entered 5/2

Anna Martinez Casals, Is|

Male, Age 19, Patient APAP1
Entered 8/24/2023, Jordan Portman, UEdinbu,

Female, Age 48, Patient APAP10
Entered 8/24/2023, Jordan Portman, UEdinbu,

Female, Age 23, Patient APAP2
Entered 8/24/ ordan Portman, UEdinbu,

Male, Age 6
Entered 8/2:

ient APAP3
ordan Portman, UEdinbu,

Male, Age 38, Patient APAP4

Entered 8/24/2023, J

https://apps.humanatlas.io/eui/



https://apps.humanatlas.io/eui/

HRA Organ Gallery
In VR
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Y

What



O what if?

HRA Exploration User Interface: https:/apps.humanatlas.io/eui/



https://apps.humanatlas.io/eui/

0 HRA Organ Gallery in VR

Scan to
download

00O Meta

|dentified 3 major use cases:

e Quality Assurance/Quality Control for
registered tissue blocks

e Onboarding to the HRA

e Telling Embodied Data Stories

Paper:
https://doi.ora/10.3389/fbinf.2023.1162723

HRA Organ Gallery in VR:
https://www.meta.com/experiences/569681

4507101529



https://doi.org/10.3389/fbinf.2023.1162723
https://www.meta.com/experiences/5696814507101529
https://www.meta.com/experiences/5696814507101529

Exploring Spatial Data in
VR



0 Common Coordinate Framework (CCF)




0 Common Coordinate Framework (CCF)

.Leve/

Whole Body

Organ

e Start at highest floor
Small Organ e T[ake an elevator across levels, from
Whole Body to Proteins

LR e Currently open for business:
Collioro s o Whole Body
I o Small Organ
o Large FTUs
Cells o Cell Groups (~760 pm)

Proteins




Level O: Whole Body

Also Level -3: auxiliary 2D
scatter graphs

@ HRA Organ Gallery in VR

Multiscale exploration of the HRA

Level -3: 3D stepped relief map for
senescence hallmarks in Visium slide

Talk to Andreas “Andi”
Bueckle if you would like a
demo. Video:
https:/www.youtube.com/wat

Level 0: Whole Body

Level -2: Small Organ

Level -3: Large FTUs

Level -4: Cell Groups ~760 Microns

ch?v=Wy0OBCOFWClk

Level -4: Cell groups
~760 microns



https://www.youtube.com/watch?v=Wy0BCOFWClk
https://www.youtube.com/watch?v=Wy0BCOFWClk

Tobias Isenberg
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ScaleTrotter

el

Chromosomes . .
Nucleus Chromosomes Fibers Nucleosomes Nucleotides Atoms

with detail



“Simple,” straightforward
transitions

[van der Zwan et al., 2011]



Visual embedding transition

Anterior lingual gland. N
Plica fimbrials
Lingual nerve,

A ponfinda Vi Vena com. n lypoglssi

Vena com. n. hypoglossi Y| _Frenulum

Lowpituiinalis inferior
Orifice of aumaz. duck
| _Plic «u i

[Gray’s Anatomy, 1918]




Visual embedding transition

coarse scale in 3D
coarse scale flattened to canvas
detailed scale in 3D on top of canvas

canvas disappears




Visual embedding transition




Interactive exploration

Vd

ScaleTrotter: lllustrative Visual Travels Across Negative Scales

Sarkis Haladiian, Haichao Misa, David Xouiil M, Eduard Gedller, lvan Viols, Tabiss enberg

st université IV | virlvis) isie®

PARIS-SACLAY wNIEN



http://www.youtube.com/watch?v=Ira54e3ND74&t=78

Further Inspiration:
Multiscale DNA illustration

[Pennisi, 2001]

‘Beads on a string’
form of chromatin

[Tonna et al., 2010]

DNA double helix

Core histone dimers:
2 xH2A/H28
2 xH3/MH4

Nucleosome

N,

e
-
T
=
Chromatin fiber of
packed nucleosomes

~

At the simplest level, chromatin S
is a double-stranded helical DNA double helix

{
A ‘)IL/ ‘ d !
7 4

boX . - )
NN - " Each nucleosome consists of
~ eight histone proteins around
& g\ which the DNA wraps 1.65 times
—- |
Y DNA is complexed with histones
toform nucleosomes. Nucleosome core of
eight histone molecules

~
(a

A chromatosome consists

HI histone of anudeosome plus the
S—

structure of DNA.

@ a4 A AV /’W }II'

£y y
f\Y A/ A

SR YAV AR A Y |

N

H1 histone.

—(a)

300 am inlength

= Chromatosome

/'S\
The nucleosomes
fold up to produce
30-nm fiber.

" The 300-nm fibers are
compressed and folded to
produce a 250-nm-wide fiber

of achromosome.

[Nature Education, 2013]



Spatial straightening

Chromosome scale




Spatial straightening Doy - oo0o

Loci and fiber scales
Straightener

Wi

Stralghtenee

\

S’gaightener




Spatial straightening Doy - oo0o

Nucleosome scale




Spatial straightening

Double-helix scale



Spatial straightening Doy - oo0o

Bases scale
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Conceptual arrangement

(@ SPATIAL STRAIGHTEN! NG]
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Spatial transitions

Chromosomes-to-loci




Spatial transitions

Loci-to-fibers




Spatial transitions 7

¥

. e
Fibers-to-nucleosomes ‘




Spatial transitions

Nucleosomes-to-double-helix




Spatial transitions

Double-helix-to-bases




Multiscale Unfolding
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Panning the scales ==

» % § 8

Multiscale Unfolding: llustratively Visualizing the Whole Genome at & Glance

Sarkss Ho"l;'ldlta\ Favie Kowdil Hakchao Miaa, M. Eduard Geoller, tvan Viala, Tohias Isenbarg

‘ |
b - - s i p-k o \ ’
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http://www.youtube.com/watch?v=AGxuxWz56yo&t=246

Collaborators

F 2
{ Y )
»,

Sarkis David Haichao Eduard lvan
Halladjian Kouril Miao Groller Viola

tinyurl.com/scaletrotter tinyurl.com/multiscale-unfolding


https://nanographics.at/

Ludovic Autin

The Mesoscale Challenge

m National Institutes of Health
Turning Discovery Into Health
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Theodor Escherich 1886
Escherichia coli

Largely invisible to experiment
Integrates the current state of
knowledge

David Goodsell
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HIV

(mature form)

0.5 micrometers

genomic ANA




[llustrating Cellular Environments
Adam Gardner

smsseacel (Jser-Friendly Interactive Tools ...CellPAINT

Goodsell Watercolor
: X “Goodsell-like” cellPAINT

* Consistentscale

* Simplifiediconicshapes
* Cross-sectional view

* Limited depth (3 layers)
« Tiformative colore http://cellpaint.scripps.edu

Unity (@eocL celPAINT 2




cellPACK: a virtual mesoscope to model and
visualize structural systems biology

@ )

Graham Johnson -~ cellPACK models the cellular microscale & the subcellular
’ mesoscale with molecular detail. Here, cellPACK adds a recipe
2014 Cel | PAC( ‘"?;/@190 of membrane proteins to a synaptic vesicle.

Synaptic vesicle from a segmented & annotated
electron tomogram serves as
a packing boundary

Packing constrained
by ingredient & recipe
agent attributes

<‘s/

Transmembrane protein ingredients
derived from Takamori et al, Molecular Synaptic vesicle coated with recipe of
Anatomy of a Trafficking Organelle, Cell 2006 appropriate transmembrane proteins by cellPACK




Instant Construction and Visualization of Crowded(™

Biological Environments - cellpack on the gpu

(= — [
2017 [ =

Mathieu Le

2018

Muzic

........

g' Ivan Viola




~ DNA replication / DNA maintenance
Transcription
RNA synthesis / RNA maturation
Translation
. Protein folding / Maturation
. . Metabolism
Protein transport / Signaling
I Host cell interaction
Cytokinesis / Motility
Lipoprotein
MG-specific
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Mycoplasma genitalium, 2022

Martina Maritan



David
Sehnal

Mesoscale Explorer®t™A

R https://molstar.org/me
Alexander

A Mol* app for exploring mesoscale models
Rose

The advent of cryo-EM and cryo-ET, coupled with computational modeling, has enabled the creation
of integrative 3D models of viruses, bacteria, and cellular organelles. Based on these models, the
Mesoscale Explorer provides unprecedented access and insight into the molecular fabric of life,
enhancing perception, streamlining exploration, and simplifying visualization of diverse data types,
showcasing the intricate details with unparalleled clarity.

Read about Mesoscale Explorer in Protein Science

When using Mesoscale Explorer, please cite:

Alexander Rose, David Sehnal, David S. Goodsell, Ludovic Autin: Me

er: Visual exploration of larg

molecular models, Protein Science, 2024; 10.1002/pro.5177.
- L
SBPDBe =5 LS
g PROTEIN DATA BANK

Protein Data Bank in Europe

L e dPBf e

tail
(b,


https://molstar.org/me/

Collaboration is Key

How far are we to visualize a full human cell with molecular details in
real-time ?

Data gathering is a bottleneck

' visualization
National Institutes of Health
Turning Discovery Into Health

YEARS

A Century of Science
Changing Life

Pr. Arthur Olson



https://docs.google.com/file/d/1cAY5SGQqrulKJ0P6u8Juiv5mEZWL5DHS/preview

Griffin Weber




Human Reference Atlas (HRA)

https://humanatlas.io

@ ) ' ‘\L Multiscale

map of blood

Lymph node Thymus
vessels
Heart Lung
Kidney Spleen
g 4
¢ & @
Intestine, Bone marrow and
large blood/pelvis
_ i A
‘ ‘ / L YRR
! s ‘bll 1 ] ‘.' Y
Vasculature Skin https://bodyworlds.com/


https://humanatlas.io/

Katherine S Gustilo

Sujin Lee
Rajeev Malhotra
Marc Halushka
Ellen M Quardokus

Avinash Boppana

Bruce W Herr Il
Ushma Patel
Zorina Galis

Katy Borner

wm.naturuomlsnenu icdata

scientific data
) St iogupriae|
OPEN  Anatomical structures, cell types,
patapescripTor | and biomarkers of the healthy
human blood vasculature

Avinash Boppana®, Sujin Lee?, Rajeev
Ellen M. Quardokus 5%, Bruce W. Harrl13% Katy Bomer(:* & Griffin M. Weber (672

More than 150 scientis 17 i iid a
Human i 37 will The initial
release of this atlas provided hierarchical lsts of celltypes, andbik
in11organs. Hm, we describe P i pen,
i the , called the
Human Coordis cF).
i 10 cell types, and 10 bi is are
i portal
vessels, and links to
the lympl , itwilliteratively expas impr

Background & Summary
We recently described an ongoing international effort from 17 consortia to construct a Human Reference Atlas
(HRA) that maps the entire healthy adult human body down to the single-cell leve. I s a monumenta task.
considering the body has an estimated 37 trillion cels’. Combined, more than 150 experts worldwide are col-
Iaborating on this Initattve. At the core of the HRA 15  set of ASCT-+B” tables that contain hierarchical lists of
Anatomical Structures, the Cell Types they contain, and assoctated Bfomarkers. Many of the anatomical struc-
tures are linked to 3D reference abjects. There are dozens of ASCT-+B tables, cach representing an organ
organ system. The completed HRA will encode the structar oftisues n the himan body and their arabity
st wil .

changes that occur during discase. The tables are created by an interdisciplinary team of domain experts who
have, to-date, based the tables on existing knowledge, terature review, or experimental datasets. Over time,
multimodal 1maging and tissue assays applied to spectmens being collected by the consortia will generate new
knowledgethatwil e used to expand the ASCT 4B tabes and il i detas’.

Oneof the ASCT- vasculature. the source of i for people,
bringing oxygen and mostall Ivng cells, s wel Tead to disease,includ
Topathies In COVID-19, vascular sbnormalites i diabetes, and the spendof metastaic cances. For 2000 yers
scientsts have been cataloging different parts of the vasculature!, but o our- e has yet connected
5t o o e 2 e mpetet esdbler somaprahensive duaoase o e v throughout the
healhyadlthuman body. Tis paer escrbes he methods we wsedto do i The rocess mvlvedcreat-
ing a more extensiv e database, called the Human Reference Atlas-Vasculature Common Coordinate
P o HRANCE wih addiasoss s beyond what is currently iniuded In the ASCT +B tables.

*Revela, Woburn, USA. Dep: of Surgery, Generd capial, Boton;
UsA. Medicine, General Hospital, Boston, s
P Baltimore, Maryland, USA.
E L Computi Bloomington, Indi
UsA Bost USA. "Department
of Med ter, Bost USA. S harvard edy
SCIENTIFICDATA|  (2023) 10:452 | heps:/idoi.org/10.1038/541597-023-02018-0 1

Boppana A, et al. Anatomical structures, cell types,
and biomarkers of the healthy human blood
vasculature. Sci Data. 2023 Jul 19;10(1):452. doi:
10.1038/s41597-023-02018-0.



Multiscale Maps of Roads

Daily traffic, U.S. National Highway System Boston “Central Artery”

g 3

Flow Scale (FAF Truck/Day)

50000 25000 12500
A\

Note: Major flows include domestic and international freight moving by truck on highway segments with more than twenty five FAF trucks per day - f
and between places typically more than fifty miles apart. John F. Fitzgerald Expressway, By Sswonk, Public Domain,

Source: U.S. Department of Transportation, Federal Highway Administration, Office of Freight M: and Operations, Freight Analysis Fi k, version 4.3, 2017. https://commons.wikimedia.org/w/index.php?curid=4538754
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Skeletal muscle

Skeletal muscle
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Trucks follow roads to deliver Blood cells follow vessels to
a package to a house deliver oxygen to organs

https://www.voutube.com/watch?v=zQeMgxo8n U



https://www.youtube.com/watch?v=zQeMgxo8n_U

Highway (1000 km) Artery (1 m)

https://www.youtube.com/watch?v=zQeMgxo8n U


https://www.youtube.com/watch?v=zQeMgxo8n_U

Street (1 km) Arteriole (0.5 cm)

https://www.youtube.com/watch?v=zQeMgxo8n U



https://www.youtube.com/watch?v=zQeMgxo8n_U

Driveway (10 m) Capillary (0.5 mm x 0.01 mm)

https://www.youtube.com/watch?v=zQeMgxo8n U



https://www.youtube.com/watch?v=zQeMgxo8n_U
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Blood Vasculature to Organ Crosswalk Diagrams
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abdominal aorta

Blood Vasculature to Organ Crosswalk Diagrams
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Blood Vasculature to Organ Crosswalk Diagrams
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What is the best definition of “multiscale visualizations™?
What application domains are best and worst served by
multiscale visualizations?

What kinds of conceptual and cognitive challenges exist for
constructing and reading multiscale visualizations?

What kinds of visual encodings make sense only in multiscale
visualizations, and which ones do not make much sense?
What kinds of interactions are needed to make multiscale
visualizations usable?

What are the opportunities afforded and challenges posed
by using extended reality (XR) technologies such as virtual,
augmented, and mixed reality (VR, AR, MR) for multiscale
visualizations?

What is the relationship between multiscale visualizations
and one-scale visualizations, such as bar graphs, scatter
graphs, or line graphs? How can one be served by the other?
When are stepless and stepped zooms better, respectively?
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