Image analysis of biomedical volume electron microscopy data using
deep learning and crowdsourced training data
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The Francis Crick Institute

* We are a biomedical
discovery institute researching

the biology underlying human
health

e Six founding partners
* Regular exhibitions

e Based in London, near St Pancras
(12 minutes walk from IOP HQ)
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Exhibitions
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Making sense of nature’'s enigma

Visit the exhibition

Why doesn’t cancer play by the rules, and who are the people trying
to outsmart these rebel cells? Meet the Crick's trailblazing
scientists who are helping to turn the tide on one of the world's
biggest killers.

WHAT'SON NEWS  ABOUTUS
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Current exhibition
25 Sep 2021
15 Jul 2022

Read more

What is cancer and what are scientists doing to understand it? This
online exhibit accompanies the Outwitting Cancer exhibition at the
Crick. Hear from Crick scientists and people whose lives are
affected by cancer.
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Metabolism Microfabrication &
Bioengineering

Biochemistry & Proteomics Cell Biology

Cell Cycle & Chromosomes

Chemical Biology & High
Throughput

Model organisms Neurosciences Signalling & Oncogenes Stem Cells

It remains a major research challenge of
the 21st century to understand how

Computational & Systems Developmental BIOLOgy Gene Expression neural circuits in the brain and nervous

Biol system process information; respond to
lology the environment, injury or disease; and
give rise to our actions and behaviour.
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Structural Biology & Synthetic Biology Tumour Biology
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Genetics & Genomics Genome Integrity & Repair Human Biology & Physiology Imaging
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“Traditional” Electron Microscopy CRlcK
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Manual analysis is tough, but
iImages arrive relatively slowly
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Automated volume electron microscopy
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Serial Block Face Scanning Electron Microscopy gl

Sample emb %ded
in resin block

http://www.gatan.com/products/sem-imaging-spectroscopy/3view-system
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Extracting meaning — Segmentation ek e

 Study and quantification of shape
requires segmentation — delineating
objects of interest from background

* Allows quantitative comparison of

healthy and diseased cells and
tissues
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Image segmentation
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2D views of 3D scenes can be misinterpreted ki
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Extracting meaning — Segmentation in 3D i
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Expert segmentation — low throughput Gt

Timescales can be days/weeks/months for
segmentation of a single type of structure
from a single day’s acquisition

Lots of information is left un-mined due to
time constraints



Sounds like a job for Deep Learning!

Revolutionising many image
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analysis tasks Rules —|  Classical

Data —| Programming

— Answers

Can be trained to generalise

Data : Machine

learning

— Rules

BUT Requires lots of training data

From Deep Learning with Python by Francois Chollet



* For many tasks, human
analysis is still the gold
standard

* So, we should use humans!

* But we have lots of images
to analyse
* So we need lots of humans!
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OH, HEY, YOU ORGANIZED
OUR PHOTO ARCHIVE!

YEAH, T TRAINED A NEURAL
NET TO SORT THE UNLABELED
PHOTOS INTO CATEGORIES.

uHoQ! N% u:r«! /

N

https://www.xkcd.com/2173/

ENGINEERING TiP:
WHEN YOU DO A TASK BY HAND
YOU CAN TECHNICALLY SAY YOU
TRAINED A NEURAL NET To DO IT.


https://www.xkcd.com/2173/

THE

Do you always need a PhD to do this?

* Can question be phrased simply?
* “if you see a line like this, trace it”

* “how many objects that look like this can you see?”
e “has this image been corrupted in some way?”

* For “Human-easy : Computer-hard” problems, Crowdsourcing is a way
to get many non-experts to contribute to research



Galaxy Zoo (galaxyzoo.org)
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Is the galaxy simply smooth and rounded, with
no sign of a disk?

Smooth

Features or Disk

06 OE=

Star or Artifact

NEED SOME HELP WITH THIS TASK?

Done & Talk Done
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Nuclear envelope

Mitochondria

ETCH A CELL CLASSIFY coLLECT

Etch A Cell - Powerhouse Hunt © ABOUT CLASSIFY TALK COLLECT RECENTS LAB

The first two datasets are complete! New data has just been uploaded, keep up the good work!

Mito + more

ABOUT CLASSIFY TALK COLLECT RECENTS LAB ETCH A CELL - COLOURING IN CELLS FOR SCIENCE!

Brilliantwork Etchers =you've finished anotherdata'setiWevejustattaa @ == = = = ,",' ¥
o

EtchACell-ER ©

EXPLORE PROJECT v

Well done team! You've finished analysing our first data set! We've just added the next - thanks so much for your help!

TUTORIAL

TASK

Please use the Pen to draw around all the ER in
the image.

If you don't see any ER, continue by clicking Done
or Done & Talk.

Pen 0 drawn

NEED SOME HELP WITH THIS TASK?

-



http://bit.ly/etchiverse

LET'S
BEAT CANCER
SOONER

OUR
RESEARCHERS
IN MANCHESTER
ARE BEATING
CANCER
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Million dollar question...
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Non-expert Expert

If this is the case,
then no amount

of aggregation will
help!

Agreement with “ground truth”
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Million dollar question...
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Non-expert Expert

We see some users
are as good as
experts

Agreement with “ground truth”
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Convolutional Neural Network (U-Net)
17 Patch size: e
input 256X256X12
image || alele output _
tile il &l &l & Segmentatlon
|1 Rescaled to LS
A 50 nm isotropic '
'128 T 256 128
h N' & 2 512 256 '
S “ér[l':l'gl =» conv 3x3, ReLU
T 2' 512 512 1024 512 tg - copy and crop
zl=l-ll 4 H-E- § max pool 2x2 Harry Songhurst
’ ;L.:&.:_“’ ) _:ssr;‘i"f:lzxz Luke Nightingale

Joost de Folter

Falk et al. Nature Methods 2019
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Membrane prediction ‘
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* Membranes oriented parallel to

cutting/imaging plane appear as
diffuse blurred lines

 Easily missed with typical workflows

* By predicting over 3 orthogonal axes, |
errors can be minimised




Tri Axis Prediction
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| Y-prediction
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Tri Axis Prediction
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Aggregated
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The moving front of cell biology

TOOLBOX () OpenAccess () &)

Deep learning for automatic segmentation of the nuclear

envelope in electron microscopy data, trained with volunteer
segmentations

Helen Spiers &4, Harry Songhurst, Luke Nightingale, Joost de Folter, The Zooniverse Volunteer Community,
Roger Hutchings, Christopher J. Peddie, Anne Weston, Amy Strange, Steve Hindmarsh, Chris Lintott, Lucy
M. Collinson, Martin L. Jones ... See fewer authors -~

First published: 29 April 2021 | https://doi.org/10.1111/tra.12789

The Zooniverse Volunteer Community: This publication has been made possible by the participation of
volunteers in the Etch A Cell project. Their contributions are acknowledged at
https://www.zooniverse.org/projects/h-spiers/etch-a-cell/about/results.

Funding information: Cancer Research UK, Grant/Award Number: FC001999; Medical Research Council:
FC001999; Wellcome Trust: FC001999
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Reusing the model
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* Network trained on nuclear envelope encodes a lot of features of EM
data

e Can be repurposed to new problems by using as initialization of a
training run on different data

* E.g. training nuclear envelope model to segment mitochondria
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i Info %) Forum ¥ Leaderboard

MitoEM Ch
Mitochondgia Instance S@gmentation

king place on April 13- 21. The top teams will be invited for writing an
out the MitoEM dataset can be found in our MICCAI 2020 paper.

Evaluation

This challenge is part of ISB| 2
overview paper after the challenge.

Note: we keep the online evaluation open for new submissions, but only results submitted before March 1, 2021, are
considered for the ISBI challenge workshop.

Explore it in your browser! [MitoEM-H], [MitoEM-R]

(navigation tips: [manual] [youtube video])

MitoEM-R

MitoEM-H

Image Volume Small Mitochondria Large Mitochondria
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Instance segmentation
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* Each mitochondrion given a unique
label

* Area + boundary predictions combined
with watershed algorithm to create
instance segmentation
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Instance segmentation
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Area (semantic)

* Each mitochondrion given a unique
label

* Area + boundary predictions combined
with watershed algorithm to create
instance segmentation
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Instance segmentation
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Instance

* Each mitochondrion given a unique
label

* Area + boundary predictions combined
with watershed algorithm to create
instance segmentation
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Tri-axis prediction for non-isotropic data

Raw data 8x8x30 nm voxels
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AUTOMATIC INSTANCE SEGMENTATION OF MITOCHONDRIA IN ELECTRON
MICROSCOPY DATA

Luke Nightingale', Joost de Folter', Helen Spiers' 2, Amy Strange’, Lucy M Collinson’, Martin L Jones'

! The Francis Crick Institute, London, NW1 1AT, United Kingdom
2 University of Oxford, Oxford, OX1 3RH, United Kingdom

ABSTRACT

We present a new method for rapid, automated, large-scale 3D
mitochondria instance segmentation, developed in response to
the ISBI 2021 MitoEM Challenge. In brief, we trained sepa-
rate machine learning algorithms to predict (1) mitochondria
areas and (2) mitochondria boundaries in image volumes ac-
quired from both rat and human cortex with multi-beam scan-
ning electron microscopy. The predictions from these algo-
rithms were combined in a multi-step post-processing proce-
dure, that resulted in high semantic and instance segmentation
performance. All code is provided via a public repository.

Index Terms— Electron microscopy, Mitochondria, In-
stance Segmentation, Deep Learning, 3D

1. INTRODUCTION

Electron microscopy has undergone a radical advancement in
data generation capacity through the development of a series
of automated systems that are able to rapidly collect thou-
sands of serial images through whole cell and tissues. This
has displaced the research bottleneck in this domain to data
analysis — one of the greatest challenges faced by modern
imaging is how to efficiently and quickly extract meaningful
insight from the incredibly rich data produced.

However, the development of novel analytical pipelines
is often hampered by a scarcity of relevant, publicly avail-
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U-Nets (Sections 2.4, 2.6, 2.7) to predict mitochondria ar-
eas and boundaries (Section 2.8) in both the rat and human
data. The predictions from these algorithms were combined
in a multi-step post-processing procedure (Section 2.9), that
resulted in high semantic and instance segmentation perfor-
mance (Table 1). An overview of the approach used is pre-
sented in Figure 1.

Model training Prediction Post-processing
Combined Mito-R Area predicti Combine boundary
and Mito-H - (Mito-R and h » predictions (Mito-R
mitochondria area Mito-H separately) and Mito-H
model separately)
P —
Mito-R
~{ mitochondria area - Subtract boundary

Data preparation: || mask from area

:""‘de": Mito-R and mask to identify
Mito-H data were watershed seeds

monaraarea | | ket || 3
mitochondria area volumes (1XY,

wodel 4axXZ, aYZ) Perform instance
JR— — segmentation by
Mito-R applying watershed
mitochondria |- —— ¥ to the area
boundary model Boundary
¥ .| prediction L er ~1500
Mito-H ) (Mito-R and voxels
mitochondria | | Mito-H separately)
boundary model

Fig. 1. Analytical pipeline: model training, prediction and
post-processing
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Next steps and Outlook CREK e

e Convert slice-by-slice
segmentations to meshes &
optimise

 Perform measurements on
multiple structures

e Automate pipeline to produce
statistically significant studies
(no more N=1)

e Simulation!




Electron Microscopy STP at the Crick
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Etch a Cell: bit.ly/etchiverse
Labs: bit.ly/emstp_labs
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