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Lecture overview: Bio-image Analysis

* Image Data Analysis workflows

Goal: Quantify observations, substantiate conclusions with numbers
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Plotting

Image filtering Feature extraction

Bio-image analysis
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Terminology =) Pol
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Intensity image Binary image Label image
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No matter how they are displayed
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Terminology PoL
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Instance segmentation Semantic segmentation

Instances: Regions:
e Cells, nuclei, cats, dogs, cars, * Anatomical, geographical
trees * All pixels belonging to the same type of

object have the same value

. Source: Allen Mouse Brain Atlas [dataset]. Available from mouse.brain-map.org.
, @haesleinhuepf April 2023 Allen Institute for Brain Science (2011).



http://mouse.brain-map.org/
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* Annotations are typically drawn by humans (e.g. to train machine learning models)

Semantic
segmentation

Instance
segmentation

Sparse semantic
annotation

Sparse instance
annotation
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Connected component labelling =) Pol
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* In order to allow the computer differentiating objects, connected component analysis (CCA) is used to
mark pixels belonging to different objects with different numbers

* Background pixels are marked with O.

* The maximum intensity of a labelled map corresponds to the number of objects.
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Common image segmentation workflows =) PolL

* Presumably the most common segmentation algorithm used for fluorescent microscopy
images:

e Gaussian blur, Otsu’s Threshold, Connected Component Labeling

Limitation: Dense
objects

)

YW @haesleinhuepf April 2023



Common image segmentation workflows =) Pol
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* Combination of Gaussian blur, Otsu’s Threshold and Voronoi-labeling

https://haesleinhuepf.github.io/BiolmageAnalysisNotebooks/20 image segmentation/11 voronoi otsu labeling.html

YW @haesleinhuepf April 2023



https://haesleinhuepf.github.io/BioImageAnalysisNotebooks/20_image_segmentation/11_voronoi_otsu_labeling.html
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* The watershed algorithm for binary images allows cutting one object into tow where it’s reasonable.

Binary segmentation Distance map

YW @haesleinhuepf April 2023



Watershed =) PolL
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* The watershed algorithm for binary images allows cutting one object into tow where it’s reasonable.
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Binary segmentation Distance map
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Watershed =) PolL
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* The watershed algorithm for binary images allows cutting one object into two where it’s reasonable.

* The watersheds are made from binary images. The algorithm does not take the original image into account!

Binary segmentation Distance map Binary watershed Labeled watershed

YW @haesleinhuepf April 2023



Watershed use-cases PolL
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* Split dense objects
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Watershed use-cases PolL
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* Seeded watershed: Flood regions from pre-defined seeds
* Example: Flood cells from nuclei positions

“Seeded” watershed

YW @haesleinhuepf April 2023



Label post-processing / morphological operations

* ...similar to morphological operations on binary images
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Label post-processing / morphological operations

* ...similar to morphological operations on binary images
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Label post-processing / morphological operations PoL
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* ...similar to morphological operations on binary images

radius % 0 radius %

opening labels(..., radius=0) smooth labels (..., radius=0)
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Label post-processing =) PolL
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* Remove objects at the image border
* Their measurements (shape, size) would be misleading anyway

W @haesleinhuepf April 2023



Label post-processing EO':H
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* Excluding small / large objects
* Common correction-step in case segmentations contain noise-related

small particles
Exclude small objects
Exclude large objects .

W @haesleinhuepf April 2023
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Motivation: Surface reconstruction PolL
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* Pixel and voxel arrays can be huge in memory
* Processing 3D arrays is time-consuming

F

-
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1024 x1024 x 100 1024 x1024 x 100 1024 x1024 x 100 1024 x1024 x 100
16-bit image 16-bit image 8-bit image 16-bit image

How much memory does
this workflow cost? 700 VB 400 MB /7 GB

Y @haesleinhuepf April 2023




Motivation: Surface reconstruction PolL
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* Pixel and voxel borders introduce artifacts, potentially problematic for
measurements, e.g. surface area

W @haesleinhuepf April 2023



Surface meshes PolL
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* Points on a surfaces
connected by triangles
forma a surface mesh

“Vertices” / points “Faces” / Triangles
bointx | ainty | pont: [N poinct | point2 | Poin3

Xy Y1 Z, 1 2 3

X, Y, Z, + 1 2 4

X, Y, Z, 2 3 4

X, Y, Z, 1 3 4

Data derived from AV Lugue and JV Veenvliet (2023)
3 @haesleinhuepf April 2023 licensed CC-BY : https://zenodo.org/record/7603081



https://zenodo.org/record/7603081
https://creativecommons.org/licenses/by/4.0/legalcode
https://zenodo.org/record/7603081

Surface reconstruction ) PolL
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3D image of nuclei Gaussian filtered Binary 3D image
(visualized as surface mesh)

Data derived from AV Lugue and JV Veenvliet (2023)
Yy @haesleinhuepf April 2023 licensed CC-BY : https://zenodo.org/record/7603081



https://zenodo.org/record/7603081
https://creativecommons.org/licenses/by/4.0/legalcode
https://zenodo.org/record/7603081
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e Starting point: 3D binary image

e Cuts the image in small cubes and iterates over them

Split into cubes

_ Lorensen, William E.; Cline, Harvey E. (1 August 1987). "Marching cubes: A high resolution 3D surface construction
, @haesleinhuepf algorithm". ACM SIGGRAPH Computer Graphics. 21 (4): 163-169. CiteSeerX 10.1.1.545.613. d0i:10.1145/37402.37422.



https://en.wikipedia.org/wiki/CiteSeerX_(identifier)
https://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.545.613
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1145%2F37402.37422
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e Starting point: 3D binary image

e Cuts the image in small cubes and iterates over them
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_ Lorensen, William E.; Cline, Harvey E. (1 August 1987). "Marching cubes: A high resolution 3D surface construction
, @haesleinhuepf algorithm". ACM SIGGRAPH Computer Graphics. 21 (4): 163-169. CiteSeerX 10.1.1.545.613. d0i:10.1145/37402.37422.



https://en.wikipedia.org/wiki/CiteSeerX_(identifier)
https://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.545.613
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1145%2F37402.37422

Marching cubes algorithm

e Starting point: 3D binary image
e Cuts the image in small cubes and iterates over them
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Split into cubes

Build triangles Combine triangles

3 @haesleinhuepf

Lorensen, William E.; Cline, Harvey E. (1 August 1987). "Marching cubes: A high resolution 3D surface construction
algorithm". ACM SIGGRAPH Computer Graphics. 21 (4): 163-169. CiteSeerX 10.1.1.545.613. d0i:10.1145/37402.37422.



https://en.wikipedia.org/wiki/CiteSeerX_(identifier)
https://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.545.613
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1145%2F37402.37422
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* Necessary to better match biological reality.

To many points
and triangles!

Marching cubes result Simplified mesh Smoothed mesh

(less points, locally averaged)  (position locally planarized)

Data derived from AV Lugue and JV Veenvliet (2023)
@haesleinhuepf April 2023 licensed CC-BY : https://zenodo.org/record/7603081



https://zenodo.org/record/7603081
https://creativecommons.org/licenses/by/4.0/legalcode
https://zenodo.org/record/7603081

Surface post-processing PoL
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* Every processing step has consequences errors of later measurements
* Depends on desired measurement

Number of small
concave regions

.

Surface mesh Simplified by factor 0.5 Simplified by factor 0.05 Simplified by factor 0.01

Total length

Data derived from AV Lugue and JV Veenvliet (2023)
@haesleinhuepf April 2023 licensed CC-BY : https://zenodo.org/record/7603081



https://zenodo.org/record/7603081
https://creativecommons.org/licenses/by/4.0/legalcode
https://zenodo.org/record/7603081
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Segmentation quality estimation =) Pol
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* In general

* Define what’s positive
and what’s negative.

Negative

YW @haesleinhuepf April 2023



Segmentation quality estimation PoL
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1
@ Prediction A

< v Reference B
*._-~ (ground truth)

* In general

* Define what’s positive
and what’s negative.

 Compare with a
reference to figure out
what was true and false

| . :
| ROI'I Region of interest

—
‘ True-positive

FN False-negative

‘ False-positive
d

TN True-negative

 Welcome to the
Theory of Sets

Overlap TP
(a.k.a. Jaccard index) TP+ FN + FP

How much do A and B overlap?

TP

Precision —_—— What fraction of points that were predicted as positives were really positive?
TP+ FP
TP
(a.k.al.qggﬁlslzitivity) TP+ EN What fraction of positives points were predicted as positives?

3 @haesleinhuepf April 2023



Pixel-wise versus Object-wise evaluation

Precision

Recall
(a.k.a. sensitivity)

YW @haesleinhuepf

TP
TP+ FP

TP

TP+ FN

* Pixel wise: Segmentation quality

- ===
e e (1
l

TP TP:

True-positive: 4

False-negative: 5
False-positive: 2

Precision: 4/6 = 66%
Recall: 4/9 = 44%

April 2023

=) PoL
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* Object wise: Detection quality

True-positive: 3

False-negative: 1
False-positive: 2

Precision: 3/4 = 75%
Recall: 3/5 = 60%



Pixel-wise versus Object-wise evaluation D PolL
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* Average Overlap for all ground-truth objects

ithub.com/haesleinhuepf/the-segmentation-game

! napari

File View Window Plugins Tools Help

= =

x Q / &. ’ O\ Ground truth annotation Ground truth

Segmentation result Segmentation result

label: 1
opacity:
brush siz

Comparison Method  Metrics. Jaccard_Index_sparse

blending: translucent

color mor  auto

contour: 0 Save to highscore table

n edt din —
contiguot +

preserve
labels:

L |

S R

& Ground truth

@
® Segmentation result <
(¥
[

blobs

> Deoi M

Segmentation result [ 68 181]: 0 hold <space> to pan/zoom, hold <shift> to toggle preserve_labels, hold <control> to fill, hold <alt> to erase, drag to paint a label * activity

W @haesleinhuepf April 2023


https://github.com/haesleinhuepf/the-segmentation-game

Sparse Jaccard Index PolL
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This is a ...

Sparse

Instance
segmentation

YW @haesleinhuepf April 2023



Sparse Jaccard Index PolL
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* From some sparsely labels objects we can estimate segmentation quality

Sparse J=0.35 J=0.66 J=0.69
Instance
d nnOtatiOn Source: https://github.com/haesleinhuepf/napari-

3y @haesleinhuepf April 2023 workflow-optimizer



https://github.com/haesleinhuepf/napari-workflow-optimizer
https://github.com/haesleinhuepf/napari-workflow-optimizer

Segmentation quality estimation PoL
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* Voxel-wise Youden-Index « Contour distance e Volume standard deviation
YI=prp+pryn—1 de.min(a, B) = min(d,(a,b)|b € B) 5e |Va— V5|
V =
Va4V,
= ZV&.EC’(_A) de,min(a, C(B)) Va+ Vel
d.(A,B) =
* Volume error |C(A)]
A‘[/’ == VA — VB J A B 7
— (A, +d. (B, A
" (4, By = HAB) B
YT v, e Classification error
. B H
» Dice Index - Hausdorff distance “Class = 1TP| 4 [FN|
21ANB
DI(A, B) = |ﬁ|i| “| B: Ay (A, B) = max(d, yun(a, B)la € A)
dyir,ri (A, B) = max(du (A, B), du(B, A))
e Jaccard Index e Hamming distance
_|AnB| DI d,=|AUB|-|ANB
JI(A, B) = [AuB| ~ 2—DI * Simplified Hausdorff distance " _ |IFP| +||FL,T| |

dy (A, B) = max(d, in(a, C(B))|a € C(A))

Y @haesleinhuepf April 2023



What metric to use when?
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» "Metrics reloaded: Pitfalls and recommendations for image analysis validation”

Maier-Hein, Reinke et al. https://arxiv.org/abs/2206.01653

Malignant: 0.7
Image level Benign: 0.3
(Image-level

classification)

Infected: 0.2
Uninfected: 0.8

WBC: 0.1
Rings: 0.2

Grasper:0.8

Rings: 0.0 Ligasure: 0.1
Trocar: 0.1

W Object level
g O .
" detection) £l
Z
0
=
g
U Object/pixel level B e T
= (Instance i Benign: 0.2
2 :
2 segmentation) Benign:0.4
o
9
Pixel level - Fﬁm
(Semantic lignant; 0.0 Benizn03
segmentation)
Computed
tomography

3 @haesleinhuepf

Microscopy Endoscopy

MODALITY

April 2023

Problem category
requested 9

Define the
driving biomedical research question

Inclusion criteria met?
Algorithm input: n-dimensional image (with context information)
Reference annotation: categorical at image/object/pixel level

Interest in global label(s) for the entire image or local
labells) for specific area(s) within the image?

( Pixel or object level?
Global label(s) Local label(s) | Assign a label to each pixel individually (pixel level interest)

\x/ or te groups of pixels corresponding to structure(s) of
interest (object level interest)?

Object level interest& Pixel level interest
| N }

Predefined location(s)? Different instances?**
Fixed locations for potentially Both | Distinguish different instances
occuring structure(s)? of the same category?

Global or local?* ]

Exact contour?***
Define structure(s) by identifying
all corresponding pixels?

H
o Global classification
I applied per fixed
location.

® Egboundingbox, ________]
I centroid localization

Select Select Select
Image-level Object Instance
classification detection segmentation
| % ™ i e . ™ .
- L - L] e

Problem category
selection
completed


https://arxiv.org/abs/2206.01653
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; ) W = O *
% Quality assurance of segmentatic X +
< > @ focalplane.biclogists.com/2023/04/13/quality-assurance-of-segmentation-results/ @ = W » 0O 0 &
} F IPl & Quality assurance of segmentatic X + ~ - = <
oca ane « > 8@ focalplane.biologists.com/2023/04/13/quality-assurance-of-segmentation-results/ @ = W » 0O 0 :
Where biology meets microscopy -
Home Aboutus Topics Gallery _ v - O X
% Quality assurance of segmentatic X +
Home Aboutus Topics Galle Jobs
p ry Contact us Login/register Q « > 8@ focalplane.biologists.com/2023/04/13/quality-assurance-of-segmentation-results/ @ = W » 0O 0 :

Network Contactus Login/register Q Segmentation —Instance vs. Semantic Home Aboutus Topics Gallery Jobs Events Resources Network

In animage analysis workflow, after preprocessin i .
Home / Default / Contactus Login/register Q

During segmentation the image is divided i

The Jaccard index

foreground. Hereby, thresholding is an effec
Everything below a certain threshold is then

Quality assurance of segmentation results

Posted by Mara Lampert, on 13 April 2023 The Jaccard Index is a measure to investigate the similarity or difference of sample

or False) and everything above this regionis
True).

. . . , sets. Hereby, the so called sparse Jaccard Index measures the overlap lying between
This blog post revolves around determining and improving t

common problem is that this step is often omitted and dong
image segmentation than by actually quantifying it. This blo

0 (no overlap) and 1 (perfect overlap). Therefore, the ground truth label is compared

to the segmented label by determination of the maximum overlap. The metric result

This scenario provides an example of what seman|
class are labeled similarly.

is
achieve this quantification as this leads to reproducibility.

the mean overlap of all investigated labels (Jaccard, 1902) (see this jupyter
notebook).

Tl Fomre aaeill waels b o sk b demn ENE PP EENEENE 3 |

Additionally, this foreground class can be subdivid
different numbers to differentiate objects within t
segmentation: each object is labeled uniquely.

https://focalplane.biologists.com/2023/04/13/quality-
assurance-of-segmentation-results/

YW @haesleinhuepf April 2023


https://focalplane.biologists.com/2023/04/13/quality-assurance-of-segmentation-results/
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Manual annotation PolL
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1. Create alabels layer e o

= Q

2. Annotate first object WA

label: 3 +
opacity: 0.7¢

3. Increase label, annotate more objects o se: e

blending: translucent

- G n edit dim:

File View Window Plugins Tools Help contiguous: v

=0 b e 2P RN S o} E;f;f”e
e JP AR AN

label: 2 t et
ity 0.7C
label: il t opacty
opacity: 0.7(

brush size: 13
brush size: 13

blending: translucent
: color mode: ~ auto
blending: translucent

contour:
color mode:  auto n edit dim:

contour: 0 U contiguous: v . ; >Ooo M o BB

n edi dim: t preserve - . . : ) .
bderdes " F use < 1> for activate the label eraser, use <3 for activate the fill bucket, use <4= for pick mode, use <5> for pan/zoom mode activity

contiguous: . i snow

preserve calamtad.
(B P
snow

ralartad-

1 Labels

nuclei
Lab'zls

nuclei

i ~ % EEE
Feye>2D0D00 A
Labels [30 9 64]: 0 use < 1= for activate the label eraser, use <3 for activate the fill bucket, use <4> for pick med... A activity

> DediEM o b K b

Labels [30 20 64]: 0 use <1> for activate the label eraser, use <3> for activate the fill bucket, use <4= for pick mo... - activity

W @haesleinhuepf April 2023



The Tools menu

* Organized in categories similar to what you learned last week

! napari

File View Window Plugins

=

opaciy:

contrast limits:

auto-contrast:

gamma:
colormap:
blending:

interpolation:

i oo
additive

nearest

nuclei

lools" Help
Blender
Filtering / background removal
Filtering / deconvolution
Filtering / edge enhancement
Filtering / noise removal
Filtering
Games
Image math
Measurement maps
Measurement post-processing
Measurement tables
Measurement
Points
Registration
Segmentation / binarization
Segmentation / labeling
Segmentation post-processing
Surfaces
Tracking
Transforms
Utilities
Visualization

Toaols Info

Bilateral (n-SimplelTK)

Binominal blur (n-SimplelTK)
Butterworth (scikit-image, nsbatwm]
Curvature flow (n-SimplelTK)
Gaussian (clesperanto)

Gaussian (n-SimplelTK)

Gaussian (scikit-image, nsbatwm)
Mean (box, clesperanto)

Median (n-SimplelTK)

Median (scipy, nsbatwm)
Percentile (scipy, nsbatwm)

lools” Help
Blender
Filtering / background removal
Filtering / deconvolution
Filtering / edge enhancement
Filtering / noise removal
Filtering
Games
Image math
Measurement maps
Measurement post-processing

Measurement tables

Points

Registration

Segmentation / binarization
Segmentation / labeling
Segmentation post-processing
Surfaces

Tracking

Transforms

Utilities

Visualization

Tools Info

Black top-hat (n-SimplelTK)
Black top-hat (scipy, nsbatwm)

Divide by Gaussian background (clesperanto)

Maximum (scipy, nsbatwm)
Minimum (scipy, nsbatwm)
Rolling ball (scikit-image, nsbatwm)

Subtract Gaussian background (clesperanto)

Top-hat (box, clesperanto)
White top-hat (n-SimplelTK)
White top-hat (scipy, nsbatwm)

Connected component labeling (clesperanto)

Connected component labeling (n-SimplelTK)

PolL

Physics of Life o . [
TU Dresden e

Connected component labeling (scikit-image, nsbatwm]

Create labels from points (nppas)
Eroded-Otsu-labeling (clesperanto)
Gauss-Otsu-labeling (clesperanto)

Gauss-Otsu-labeling (nsbatwm)

Marphological watershed (n-SimplelTK)

Object segmentation (APOC)

Object segmentation (apply pretrained, APOC)

Scalar image K-means clustering (n-Simplel

W @haesleinhuepf April 2023



The Napari Assistant

e Tools > Utilities > Assistant (na)

Viewer
controls

TECHNISCHE
UNIVERSITAT

DRESDEN

File View Window Plugins Tools Help

w Q

E iR JF R

2 0

label: i
opacity: & 0.7C
brush size: & 10

blending: translucent v

color mode: = auto v
contour: -
n edit dm: —

contiguous: v
preserve

Ishale-
snow
calartad-

w Q
6 J
@® Result of voronoi_o...

® human_mitosis

>~Deoo:=fN

Enter operation or plugin name to search

ADel WDl D50

Remove

background Filter

Remove noise

AN

Transform Projection Binarize

M>W | o >N | DN

L

Combine Measure Measure

LAdEESSiatiER labels labels labeled image

w Q

Image or labels human_mitosis
Operation voronoi_otsu_labeling (desperant
spot_sigma 2.00

outline_sigma 2.00

Result o...peranto) widget: do_label [337201]: 0 use <1> for activate the label eraser, use <2> for activate the paint brush, use <3> for activate the fill bucket, use <4> for pick mode “ activity

https://www.napari-hub.org/plugins/napari-assistant

PolL

Physics of Life
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Image
Processing
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https://www.napari-hub.org/plugins/napari-assistant

The Napari Assistant poL..

Assistant n
CALC

* A pocket-calculator-like
interface to build image
analysis workflows >er el e 5

Remove noise Remove i Combine
. “*  background .

F-991MS
S=-V.rr.AM.

d/du (g 17 24

5 16375555 101

Enter operation or plugin name to search

>® >0 2Dl 2>

Transform Projection Binarize Label

M| 2N | 2N

Process labels Combine Measure Measure
- - labels labels labeled image

»:{ l’.»..{ l’.» | | >>‘

- Label
Compare ; -
label images n?’:ﬁsrt:-m Label filters

= x(v) |5

Meas ¢ Generate Save and load Und
viEasuUremen code... workflows nda

LT'E?VHENRIEFI-I-AE https://www.napari-hub.org/plugins/napari-assistant DRESDEN (t‘
concept J’

DRESDEN



https://www.napari-hub.org/plugins/napari-assistant

The Napari Assistant

! £
Classical image processing

operations + advanced tools ,
Saving&loading supported oo
Undo [redo] o

Hints for next steps

Big thanks to:

|

.
“
.4
r— o
.
o
] Al

Ryan Savill
@RyanSavill4

Q
u

TECHNISCHE

U NlVE RS |TAT https://www.napari-hub.org/plugins/napari-assistant

DRESDEN

PolL

Physics of Life
TU Dresden

DRESDEN (f‘
concept J“


https://www.napari-hub.org/plugins/napari-assistant

Workflow building ) Pol

Physics of Life o .
TU Dresden e

* Try different 2=

File View Window Plugins Tools Help

algorithms,
e g fo r opacity: 1.0C Enter operation or plugin name to search

contrast imits:

removin g auto-contrast: once Cont. Reset ‘ MI> | S| >N
n O i S e Gottiti: ' 1.0¢ 3 Remove

Remove noise
colormap: Hoay ~ ' background

® Fi N d th em i N ‘blending:- translucent_ ¥ 7 ﬂ» - 6» B
t h e p u I I d OW n interpolation: nearest v

Filter

Transform Projection Binarize

Combine Measure Measure v

Image blobs

Operation gaussian_blur (desperanto)

Gaussian {n-SimpleITK)

sigma_x Gaussian (sckitimage, nsbatwm)

gaussian_blur (dlesperanto)

mean_box (desperanto)

mean_sphere (desperanto)

Median (n-SimpleITK)

Median (sdpy, nsbatwm)

soam : median_box (clesperanto)

>_. D (e o | ﬂ Sigma_z median_sphere (desperanto)

Percentile (scipy, nsbatwm)

sigma_y

“ activity

W @haesleinhuepf April 2023



Workflow building PoL

Physics of Life o 4
TU Dresden e

¢ Try dlfferent ”a Window Plugins Tools Help

binarization |
. ?f, Q / »' ’ Enter operation or plugin name to search
algorlthms label: 1 O\

opacity: 0.7¢ :{»:{ |£.>>:’.. :’.»'?f?- '-::_»:{
=l

brush size: 10

Y

. Remove .
Remove noise Combine

blending: translucent backaround

color mode: auto a» e D» 0 :"_>>:". -:'. >

contour;
n edit dim:

contiguous: «

pPreserve . .
Izhales H "
snow

calartad- Image or labels Result of gaussian_blur (desperant

Transfoarm Projection Binarize

Operation threshold_otsu (desperanto)

Threshold (Triangle method, Zack etal &
1977, sdkitimage, nsbatwm)

Threshold (Triangle, n-SimpleITK)
Threshold (Yen et al 1995, n-SimplelTK)

Threshold (Yen et al 1995, sckitimage,
nsbatwm})

Threshold Otsu, multiple thresholds {n-
SimplelTK)

threshold_otsu (desperanto)

use <1> for activate the label eraser, use <2> for activate the paint brush, use <3> for activate the fill bucket, use <4> for pick mode - activity

Y @haesleinhuepf April 2023



Workflow building PoL

Physics of Life o . [
TU Dresden e

¢ Try dlfferent c-v Window Plugins Tools Help

labeling -
algorith MmSs label: 1

opaciy: 0.1 SE T >SRN

b 3o BV -

’ O\ Enter operation or plugin name to search

F's

brush size: 10

¢ Remove :
Remove noise Combine

blending: translucent v background

color mode: = auto | >) >> - NN D

contour:

n edit dim: = ¥ he Transform Projection Binarize Label

contiguous:
preserve

»al
o . f ]
Ishale: - " . o >> - >> |- J C >> ..,_ 8 "'>> ..,‘
snow ] L A
calartad-

Combine Measure Measure

labels labels labeled image

v o - I

w

Process labels

. ® Result of Connected...
Image or labels Result of threshold_otsu (desperar

@® Result of threshold_...

® R It of . Operation Connected component labeling (sail
€SUlt OT gaussian_...
exclude_on_edges Connected component labeling (n-

blobs e N—
image, nsbatwm)
connected_components_|abeling_box
(desperanto)

use <1> for activate the label eraser, use <2> for activate the paint brush, use <3> for activate the fill bucket, use connected_compo:..d (desperanto)

W @haesleinhuepf April 2023



Workflow building ) PolL

Physics of Life
TU Dresden

Also check out the Tools > Segmentation / labeling menu

m napari
File View Window Plugins Sloglsy Help
= o Filtering / background removal
Filtering / deconvolution
=3 Q / & 1 Filtering / edge enhancement
q 9
label: _ 1 Filtering / noise removal

. Filtering
opacity:

brush siz

Games

Image math

blending: translucent Measurement
Points

color mor  auto
Registration

Segmentation / binarization ' 9 - F |
n edit din = 2 L) Segmentation / labeling Connected component labeling (clesperanto)
contiguot + Segmentation post-processing Connected component labeling (n-5implel TK)

contour: — 0

preserve show  Utilities Connected component labeling (scikit-image, nsbatwm)
labels: selectea:

b
® Result of connected...
® Result of threshold_...

blobs

Result of connected_component_labeling [117 260] enter paint or fill mode to edit labels “ activity

W @haesleinhuepf April 2023



Short-cuts: Voronoi-Otsu-Labeling PoL

Physics of Life o5
TU Dresden

Also check out the Tools > Segmentation / labeling menu
M napari

File View Window Plugins Tools Help

= O L

230 AV iYW AN O} image blobs (datz)

outline sigma 2.00

label: 1
opacity: 0.7C
brush siz 10

blending: translucent v VOFOHOI-OtSU-La bellng

color mor  auto v

Run

contour: 0 4
n edit din 2 t - o
contiguot +

L] image blobs (data)
preserve show b Q R4 O\

tsi L
labels: selected: spot sigma 3.50
label: il t

i opacity: 0.7C Run
s I 2 brush siz 10

® Result of gauss_ots... blending: translucent v

outline sigma 0.00
=

color mor  auto v
contour: 0
n edit din

> D iﬂ M ﬁ contiguot +

preserve show

Result of gauss_otsu_labeling [ -4 236] labels: selected:

= 0

I

Gauss-Otsu-Labeling

® Result of voronoi_o...

® blobs

P B e SR

Result of voronoi_otsu_labeling [ -5 250] enter paint or fill mode to edit labels * activity

W @haesleinhuepf April 2023




Watershed _ PolL

Physics of Life o . [
TU Dresden e

Also check out the Tools > Segmentation / labelin
M napari

File View Window Plugins Tools Help

w O w QO

-, ’ S image cei (data)
XA DL Q e
\ spot sigma 4
label: = 1 +
opacity:

brush siz

outline sigma

w
blending: translucent
membranes membrane (data)

color mo:  auto
labeled nudei Result of voronoi_otsu_labeling (data)

contour: - 0
nedtdn — 2
contiguot v

Run

preserve show
labels: selected:

Q
b I
@® Result of seeded_w...
@® Result of voronoi_o...
@ membrane

® nuclei

>ODOoonf

Result of seeded_watershed [ 30 118 80] enter paint or fill mode to edit labels 4 activity

W @haesleinhuepf April 2023




Watershed CP PolL

Physics of Life o . [
TU Dresden e

! napari _ 0 %

¢ F ro m bi n a ry i m a ge S File View Window Plugins Tools Help

® 0 - 5

binary image Result of threshold_otsu (data)
AL OLQ

Run

label: il
opacity:
Tools > Segmentation / labeling > e
1 1 blending: transl
Label touching objects ndng: (SRR

color mor  auto

contour: 0
n edit din 2
contiguot +

preserve show

File View Window Plugins Tools Help

» d / » ’ Q binary Result of threshold_otsu (data)
Tools > Segmentation post- el B

processing > opaciy: 0.7¢
Split touching objects rsh sz 10
(Similar to Imagel’s Watershed)

blending: translucent v

color mor  auto v
contour: 0

n edit din

contiguor +

preserve show

W @haesleinhuepf April 2023



Label erosion, dilation, opening, closing, ... PoL

Physics of Life o 4
TU Dresden e

* In Napari Assistant: Process labels

!napari
File View Window Plugins Tools Help
w Q
b Q / & , O\ Enter operation or plugin name to search

label: 1 7 W mps e g /el wl

opacity:
P lty ) Transform Projection Binarize
brush size: :

blending: translucent - Ml on >N Diad

color mode:
S Combine Measure Measure

Process labels labels labels labeled image

contour:
n edit dim: + 4 e LS5y :’.»:{ :’.>> g OR

contiguous:

Label
neighbor Label filters
filters

preserve o
labels: . N . label images

show

selected: A

Labels Result of Connected component labi

‘ 0 Operation dilate_labels (desperanto)

@® Result of dilate_labe... F - [
radius S

@ Result of Connected...

# Result of threshold_...

Result of gaussian_...
blobs

> Deoo:i: M

use <1> for activate the label eraser, use <2> for activate the paint brush, use <3> for activate the fill bucket, use <4> for pick mode 4 activity

Y @haesleinhuepf April 2023



Label post-processing / morphological operations ) PolL

Physics of Life
TU Dresden

* In Napari menu Tools > Segmentation post-processing > Smooth labels (clEsperanto)

Phagin

- le BV AR V- g et
labet |
opacty: =) 0.7
brush sz ® 10
blendng: anslucent
color mo:  auto v
contows; 3
n edt dn P
contbguot v

preserve show
abes- selected:

O W (o]
&' Result of iron labels <

* Result of local_mini... €

membrane L

PN u BSTORHE |

R of won_labels | 30 103 X

W @haesleinhuepf April 2023



Surface reconstruction / Processing

* Tools > Surfaces > Create surface ...

PolL

Physics of Life
TU Dresden

! napari

File View Window Plugins

= O

opacity:

contrast limits:
auto-contrast: ~ once  cc
gamma:

colormap: | e
blending: transluce

shading: flat

L ¢

® Result of smooth,

& Surface

W @haesleinhuepf

faolsy Help

Blender

Filtering / background remaval
Filtering / deconvolution
Filtering / edge enhancement
Filtering / noise removal
Filtering

Garnes

Image math

Measurement maps
Measurement post-proc
Measurement tables
Measurement

Points

Registration

Segmentation / binarization
Segmentation / labeling
Segmentation post-processing
Surfaces

Tracking

Tran

Utilities

Visualization

Tools Info

Annoctate surface manually (nppas)

Connected components labeling (vedo, nppas)

nppas)
Create surface from all lab narching cubes, scikit-image, nppas)
Create surface from any label (marching cubes, scikit-image, nppas)
Create surface frem largest label (marching cubes, scikit-image, nppas)
Create surface from pointcloud (flying edg , nppas)
Decimate surface , vedo, nppas)
Decimate surface (quadric, vedo, nppas)

edo, nppas)
o, Nppas)
0, nppas)

edo, nppas)

April 2023

-
surface
number of iterations

pass band

Surface (data)
15
0.10
15.00

60.00

You need to install an
extra napari-plugin:

https://github.com/haesle

inhuepf/napari-process-

points-and-surfaces



https://github.com/haesleinhuepf/napari-process-points-and-surfaces
https://github.com/haesleinhuepf/napari-process-points-and-surfaces
https://github.com/haesleinhuepf/napari-process-points-and-surfaces

Browse operations poL..

e Use the search...
developers documents
their plugins well ;-)

V

Enter the library name Enter the structure you .
y y . X Search the internet

would like to segment

you want to use

¢ = O
L ) ) N
=nter operation or plugin name to search scikitimal membrane| the unknown

> 01 >t RIS IO SR 7 > IR - |
Save and load Search napari Search Search Bill

Remove Generate
workflows hub image.sc

Remove T
code...

Remove noise Remove Remove noise Binarize
. . background . . background ! - background

Turn images into label images by labeling obje

[ [ [ — ) o -
>80 @8 D0 >0 - B
- Operations:
Generate  Save and load * Seeded watershed using local minima as
Undo * Seeded watershed using local minima as see

g roj i 3 Tl l 13 3
Transform Projection Binarize Process labels | Measure... e T

Measure features and show results in a table.
Operations:
* Regionprops (scikit-image, nsr)

TR TR Combine Measure Measure
= . labels labels labeled image

DRESDEN (?‘

TECHNISCHE . . o
@ UNIVE RS'TAT https://www.napari-hub.org/plugins/napari-assistant
DRESDEN concept W S



https://www.napari-hub.org/plugins/napari-assistant

Export code to Jupyter Notebooks PoL..

TU Dresden

File View Window Plugins Tools Help

w Q

nsba

opacity:

contrast limits: [

auto-contrast:  once continuous :{>> :’_. nL>> -.{ l.'.>> ’IOQ .O:- > l.{
| B

gamma: 3 Remove Remove

SER backgrou... Filter Combine

colormap: B ooy
blending: translucent ¥ X - , :‘-_>>:, :"A>>, || 1> x(y)

interpolation: nearest v
Process Generate

Binarize Label labels code...

(I

Save and
load
workflows

zfish_eye_c1

>~DOeoif

zfish_eye_c1[1090 886] 4 activity

7N
4

TECHNISCHE https://github.com/haesleinhuepf/napari-assistant
@ UNIVERSITAT o _ . DRESDEN
DRESDEN Image data source: Mauricio Rocha Martins, Norden lab, MPI CBG (now at IGC Oeiras) concept


https://github.com/haesleinhuepf/napari-assistant

Export code to Jupyter Notebooks

PolL

Physics of Life
TU Dresden
= W = m] s
_ testipynb - Jupyterlab X +
File View Window Plugins Tools Help & > C @ localhost:3888/lab/tree/test.ipynb Q@ =2 v » 0O o H
W : File Edit View Run Kernel Tabs Settings Help
b Q / & , O\ Enter operation or plugin name to search - [ Launcher X | [ testipynb o |+ o*
label: = 1 TE B + X O [ » m C » Code v # Python 3 (ipykemel) O
S0 @& I . - - re) -
opacity: ' 0.7¢ e Vet WDl dDKY (n] threshold otsu &
brush size: . 10
: Remove noise Remove Filter — image2_to = cle.threshold_otsu(imagel_gb)
blending: translucent v Rk gERinG = iere e . - -
color mode: auto i f r | .
ﬂ» G>> D l.‘..>> :’. l.‘.‘>> ) *- cle._image
contour: = shape (254, 256)
n edit dm: — Transform Projection Binarize L dtype uintg
contiguous: ) ;
preserve 7 - size 63.5 kB
Isar:\al.: e >> k >> L L >> a l_ 08 min 0.0
calartad-
B labels Combine Measure 01 max 1.0
ROLESsiAUE labels labels  labeled image
0.2
[ ol "
- T RD E DT
L i = | | i
. ® Result of Connected... Label
: |a§gn::ges n?ghbor Label filters
@® Result of threshold_... ilters
® Result of gaussian_... x(y) [ll| .
- connected component labeling
@ blobs 7 G : ; :
ce‘;. EXpEatyice sy b vffle image3_C = nsbatwm.connected_component_labeling(image2_to, False)
> “ ) sss = : image3_C
= D e D ase ﬂ Export Jupyter Notebook using Napari
use <1> for activate the label eraser, use <2> for activate the paint brush, use <3> for activate the Copy Python code to clipboard nsbait:::;?ade
shape (254, 256)
dtype int64
. 1 1 1 1 size  508.0 kB
TECHNISCHE https://github.com/haesleinhuepf/napari-assistant
UNIVERSITAT . min 0 .
DRESDEN #COde generatlon Simple 0o M 1 € Python 3 (ipykernel) [I. Mode: Comma.. @& Ln1, Co.. testipy..



https://github.com/haesleinhuepf/napari-assistant#code-generation
https://github.com/haesleinhuepf/napari-assistant#code-generation
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Image segmentation in Python

Robert Haase

April 2023
YW @haesleinhuepf



Voronoi-Otsu-Labeling =) Pol

Physics of Life

TU Dresden
* Gaussian-Blur
e Otsu-Thresholding ... in a single line of code:
e Spot-detection
* Watershed on the binary image segmented = nsbatwm.voronoi_otsu_labeling(input_image,

spot_sigma=5,
outline sigma=1

segmented
nsbatwm made image
: 0 shape (395, 695)
- 1400
20 20 dtype int32
- 1200
100 100
150 -1000 150 size 1.0 MB
- 200 .
200 800 min 0
250 600 250
300 300 max 25
400
350 350
200
0 100 200 300 400 500 600 ] 100 200 300 400 500 &00
. https://haesleinhuepf.github.io/BiolmageAnalysisNotebooks/20_image segmentation/11 voronoi_otsu_labeling.html
y @haesleinhuepf https://www.youtube.com/watch?v=evgRgDfVuEc



https://haesleinhuepf.github.io/BioImageAnalysisNotebooks/20_image_segmentation/11_voronoi_otsu_labeling.html
https://www.youtube.com/watch?v=evgRgDfVuEc

Anisotropy PoL

Physics of Life o .
TU Dresden e

* Some [segmentation] algorithms have prerequisites...

import pyclesperanto_prototype as cle

[ ]: cle.voronoi_otsu labeling(

Docstring:
Labels objects directly from grey-value images.

The two sigma parameters allow tuning the segmentation result. Under the hood,

this filter applies two Gaussian blurs, spot detection, Otsu-thresholding [2] and Voronoi-labeling
[3]. The

thresholded binary image is flooded using the Voronoi tesselation approach starting from the found
local maxima.

source : Image
Input grey-value image

label image destination : Image, optional
Output image

spot sigma : float., optional

YW @haesleinhuepf April 2023



Anisotropy

* Reminder: Anisotropic images might be tricky to process properly

Image stacks and voxels

PoL

Physics of Life o5

* 3-dimensional
images consisting
of voxels

* “Image stack”

* Often anisotropic
(not equally large
in all directions)

lZ
+—>
ks

L=L#1,
W @haesleinhuepf

April 2023

YW @haesleinhuepf

TU Dresden

Anisotropy

PolL

Physics of Life o5
TU Dresden

PolL

Physics of Life ..

TU Dresden

* Voxel size has immediate impact on image quality and thus, on processing / analysis results.

P A o e 2 5 A A U g iy (s
. ol T . 2 RIS ) a I
Fﬂs;’:,. ':i . Fh Wa e *,q. . T L Tl 1[ " i
L Y ST Ve RS o . -p. | g
R N R - 5 ‘ ll
LT g g ghiig SN PN e I' f
Fp oG &y ot R L “
e St e R g e l . H v
‘o '.'ih"“ &4{3” n, 'm i“ﬁ_? ﬂ
4 Fa el " 4 Reiii £
FReon "%r- 2 e, 1 a3
& Lo X o I F Y |
AQ ?’33 gy & LI e -H I-‘ n .,wf
ANy’ o = Y . — A a8 w -u
14 1:2 1:5 1:10
250 x 250 px 250 x 125 px 250 x 50 px 250 x 25 px
Image source: cropped from
’ @haesleinhuepf April 2023 https://de.m.wikipedia.org/wiki/Datei:Histo Lungenpest.jpg

April 2023




Reslicing / scaling / sampling

 Resample image data to a specific voxel size

resampled = cle.scale(input_image, factor x=voxel size x, factor y=voxel size y, factor z=voxel size

show(resampled)

250

0 50 100 150 200 250 300 350

il

PolL

Physics of Life o .
TU Dresden e

, auto size=True)

YW @haesleinhuepf

April 2023




Watershed PolL

Physics of Life o 4
TU Dresden e

* ...in Python practice

50 50

100 100
b
150

150

200 200

250 .
0 50 100 150 200 250 0 50 10

50

0 150 200
0
50

labeled cells = seeded watershed(membrane channel, labeled nuclei) -
100 100

labeled cells

150 150

200 200

250 250

0 50 100 150 200 250 0 50 100 150 200 250

YW @haesleinhuepf https://www.napari-hub.org/plugins/napari-segment-blobs-and-things-with-membranestseeded-watershed



https://www.napari-hub.org/plugins/napari-segment-blobs-and-things-with-membranes#seeded-watershed

Segmentation quality estimation =) Pol

Physics of Life
TU Dresden

 Compare annotations with algorithm results

Instance
segmentation

Sparse instance
annotation

from the segmentation gameflimport metrics

metrics.jaccard index sparse(annotation, labels)

9.8357332602053451 https://github.com/haesleinhuepf/the-segmentation-

3P @haesleinhuepf April 2023 game#tsegmentation-algorithm-comparison



https://github.com/haesleinhuepf/the-segmentation-game#segmentation-algorithm-comparison
https://github.com/haesleinhuepf/the-segmentation-game#segmentation-algorithm-comparison

Surface reconstruction =) PoL

Physics of Life
TU Dresden

* Turn binary and/or label images into surface meshes

surface = nppas.all labels to surface(binary_filled)
surface

nppas.SurfaceTuple

origin (z/y/x) [0.0.0.]

center of 7 210,309.963,440.042
mass(z/y/x)

scale(z/y/x) 1.000,1.000,1.000

12.500...113.500
v bounds (z/y/x) 111.500...461.500
169.500...807.500

average size 170.769
ber of

num IIC 330776
vertices

number of 661548
faces

YW @haesleinhuepf April 2023



Surface mesh processing

e Surface mesh simplification

* To prevent the computer freezing

3 @haesleinhuepf

nppas.SurfaceTuple

origin (z/y/x)

center of
mass(z/y/x)

scale(z/y/x)

bounds (z/y/x)

average size

number of
vertices

number of
faces

[0. 0. 0]

57.710,309.965,440.042

1.000,1.000,1.000

12.500...113.500
111.500...461.500
169.500...807.500

170.769

330776

661548

PolL

Physics of Life o —~4

TU Dresden
simplified surface = nppas.decimate quadric(surface, fraction=8.01)
simplified surface

nppas.SurfaceTuple
origin (z/y/x) [0.0.0]

¢

April 2023

center of
mass(z/y/x)

scale(z/y/x)

bounds (z/y/x)

average size

number of
vertices

number of

faces

57.928,308.958,440.985

1.000,1.000,1.000

13.231..113.510
111.642...4617.602
170.022...806.468

170.083

3310




Surface mesh processing PoL

Physics of Life o o
TU Dresden e

e Surface mesh smoothing

smoothed surface = nppas.smooth_surface(simplified surface)

3 @haesleinhuepf

nppas.SurfaceTuple nppas.SurfaceTuple

origin (z/y/x) [0.0.0.] origin (z/y/x) [0.0.0.]

center of - o6.308.938,440.985 center of - 513.308.988,440.878
mass(z,/y/x) mass(z/y/x)

scale(z/y/x) 1.000,1.000,1.000 Sca|8[2f}-’fx} 1.000,1.000,1.000

13.231..113.510 13.901...113.627

bounds (z/y/x) 111.642...461.602 bounds (z/y/x) 110.982..461.191

170.022...806.468 169.711...807.193

average size 170.083 average size 170.378
number of number of

vertices

number of

faces

April 2023

vertices

number of

faces




View surface meshes in Napari PoL

Physics of Life o - [

TU Dresden
viewer.add surface(surface, scalez[zoom, zoom, zoom]) In case your computer
viewer.add surface(simplified surface, scale=z[zoom, zoom, zoom]) freezes, comment out
viewer.add_surface(smoothed surface, scale=[zoom, zoom, zoom]) this line

! napari

File View Window

® 0

opacity:

contrast limits:

auto-contrast:
gamma:
colormap:
blending:
shading:

1.0C

once  continuous

1.00
Hosy ~
translucent v

flat v

simplified_surface

Toggle 3D
view and grid
mode

binary
blurred

image

Plugins Tools Help View Window Plugins Tools

opacity: 1.0C
contrast limits:

auto-contrast: once  continuous
gamma: 1.00
colormap: oy ~
blending: translucent v

shading: flat v

L SR

smoothed_surface

simplified_surface
binary
blurred

image

ﬁ. L]
[ B8 (o
 activity  activity
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Exercise PoL |

TU Dresden

* Use the Napari Assistant to generate a Jupyter Notebook

M napari

Window  Plugine
opacty:
contrast imits: | L

auto-contrast: |~ once  continuous
gamma: 1.0C
colormap: | green

- AL 2Q
bending: addtve ¥ bbek SR
nterpolation:  nearest v 5 opacty: 0.7¢

brush size: 10
bendng:  transucent ¥ | . Window Plogins

color mode: ¥

contour: ' AL e cpeaton o pugh name o search
n edt dm: ¢ label: - 1
contiguous: opaaty: < > & A>m s>

preserve brush sze:

] bendng:  transhcent
membrane : $ : renderng:  iso cateqgorical
i "' color mode: ~auto 3 : € 5> C O localhost3888/lab,

22

nudclei

testipynb - Jupyteriab

contour:
n edt dm:

X | @ testipynb o + s,

membrane

@® Result of vorgngi_o... ot ) : Y .
nudeir’ E preserve - B+ XMB M » m c » Code v &  Python 3 (ipykemel) (
show 3 bllochlcsidee o . voronoi otsu labeling

>~ 0O%d 0 -8 g - B Nome 2

= | Lons

su_labeling(imaged_n, None, 9.9, 2.9

u_labeling

nucle: sample: napar builtins 0 B Deski
@® Result of voronoi_o. * mo
3 ocume
-

® nuclei

2 “ membrane

ate the label eraser, us

Mode: Command @ Ln1, Col

vate the label eraser, use <2> for activate the paint brush, use <3> for activate the fill bucket, us
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Exercise

PolL

Physics of Life

* Follow the online instructions

TU Dresden

e https://github.com/BiAPoL/Bio-image Analysis with Python/blob/main/04 image segmentation/06 napari-assistant.md

e https://github.com/BiAPoL/Bio-image Analysis with Python/blob/main/04

image segmentation/07 notebook export.md

v

) Bio-image_Analysis_with Pythor X | 4
& = C @ github.com/BiAPol/Bio-i with_Python/blob/main/04_image e %
82 lines (39 sloc) = 2.29 K8 <> [ Raw Blame 2

The Napari Assistant

The Napari Assistant is a plugin for napari that allows you setting up an image processing workflow.

This tutorial is also available as video napari-assistant.mp4.

Start napari from the command line like this:

conda activate my_first_env

napari

ommand Prompt - con

W @haesleinhuepf

m] X

= [m} X
v
Bio-image_Analysis_with_Pythor X
g y v
&« = C @ github.com/BiAPol/Bio-image_Analy th_Python/blob/main/04_imag 2 *

Generating Jupyter Notebooks from the Napari
Assistant

After setting up a workflow using the Napari Assistant, we can export Python code, e.g. as Jupyter N
This tutorial is also available as video export_notebooks.mp4

In the Assistant panel, click on the Generate Code... button and the Export Jupyter Notebook usin,

Napari menu.

LR IR 4
labe! 1
opacty:
brush size:

>0 e > |

transhicent
50 catedoncal
auto

bendng:
renderng

color mode: - ». "I_ "

Combine

: Messuce
Process BBels | “iipels fsvels i

Yz =

membrane

() Bio-image_Analysis_with Pythor X | =

e

=i (g

@ github.com/BiAPol/

ith_Python/blob/main

Afterwards, rerun the notebook and inspect the result. The Napari viewer that opened in the background will
also be shown within the notebook.

+ X 0O e w Code
voronol otsu labeling

> =

use <1 for activate the label &

If you also want to view the raw image data together with the segmentation result, add these lines to your

code:
viewer.add_image(image@_n)

creenshot(viewer)

napari.utils.n

April 2023



https://github.com/BiAPoL/Bio-image_Analysis_with_Python/blob/main/04_image_segmentation/06_napari-assistant.md
https://github.com/BiAPoL/Bio-image_Analysis_with_Python/blob/main/04_image_segmentation/07_notebook_export.md

Exercise PolL

Physics of Life o .
TU Dresden e

* Measure the quality of a segmentation algorithm applied to a folder of images.

* https://github.com/BiAPolL/Bio-
image Analysis with Python/blob/main/04 image segmentation/17 segmentation quality estimation.ipynb

metrics.jaccard index sparse(sparse labels, labels)

@.8357392682053431

for image filename in os.listdir{image folder):
print(image folder + image filename)

./data/BBBCAE7 batch/17P1_POSE613 D_1UL.tif

. ./data/BBBCOBT batch/28P1_P0OSe8@5 D_1UL.tif
./data/BBBCAS7 batch/28P1_P0OSE867 D_1UL.tif
./data/BBBCA@7 batch/28P1_POSeala D 1UL.tif
./data/BBBCEAT7 batch/AZ% p7d.tif

./data/BBBCEAY batch/AS @9125 @4a7ell508e4 Ag2feado.tif

T T L

YW @haesleinhuepf April 2023


https://github.com/BiAPoL/Bio-image_Analysis_with_Python/blob/main/04_image_segmentation/17_segmentation_quality_estimation.ipynb
https://github.com/BiAPoL/Bio-image_Analysis_with_Python/blob/main/04_image_segmentation/17_segmentation_quality_estimation.ipynb
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