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Lecture overview: Bio-image Analysis

• Image Data Analysis workflows

• Goal: Quantify observations, substantiate conclusions with numbers

Image filtering Image segmentation Feature extraction Object classification

Plotting

Bio-image analysis Bio-statistics
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Terminology

No matter how they are displayed

Intensity image Binary image Label image
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Terminology

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

Instance segmentation Semantic segmentation

Instances:
• Cells, nuclei, cats, dogs, cars, 

trees

Regions:
• Anatomical, geographical
• All pixels belonging to the same type of 

object have the same value

http://mouse.brain-map.org/
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Terminology

• Annotations are typically drawn by humans (e.g. to train machine learning models)

Instance 
segmentation

Semantic 
segmentation

Sparse semantic 
annotation

Sparse instance 
annotation
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Connected component labelling

• 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 0.

• The maximum intensity of a labelled map corresponds to the number of objects.
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Common image segmentation workflows

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

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

Denoising Binarization Labeling

Limitation: Dense 
objects
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Common image segmentation workflows

• Combination of Gaussian blur, Otsu’s Threshold and Voronoi-labeling

Masked 
Voronoi 
labeling

Spot 
detection

Otsu’s 
Threshold

Gaussian 
blur

Gaussian 
blur

https://haesleinhuepf.github.io/BioImageAnalysisNotebooks/20_image_segmentation/11_voronoi_otsu_labeling.html

https://haesleinhuepf.github.io/BioImageAnalysisNotebooks/20_image_segmentation/11_voronoi_otsu_labeling.html
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Watershed

• The watershed algorithm for binary images allows cutting one object into tow where it’s reasonable.

Binary segmentation Distance map
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Watershed

• The watershed algorithm for binary images allows cutting one object into tow where it’s reasonable.

Binary segmentation Distance map
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Watershed

• 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
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Watershed use-cases

• Split dense objects

Binarization

Watershed
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Watershed use-cases

• Seeded watershed: Flood regions from pre-defined seeds

• Example: Flood cells from nuclei positions

“Seeded” watershed
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Label post-processing / morphological operations

• … similar to morphological operations on binary images

Original Eroding labels Dilating Labels
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Label post-processing / morphological operations

• … similar to morphological operations on binary images

Original Eroding labels Dilating Labels

This combination is called Opening Closing
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Epilepsy warning
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Label post-processing / morphological operations

• … similar to morphological operations on binary images

Original Opening labels Smoothing Labels
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Label post-processing

• Remove objects at the image border

• Their measurements (shape, size) would be misleading anyway
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Label post-processing

• Excluding small / large objects

• Common correction-step in case segmentations contain noise-related 
small particles

Exclude small objects

Exclude large objects
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Motivation: Surface reconstruction

1024 x1024 x 100
16-bit image

• Pixel and voxel arrays can be huge in memory

• Processing 3D arrays is time-consuming 

1024 x1024 x 100
16-bit image

1024 x1024 x 100
8-bit image

1024 x1024 x 100
16-bit image

How much memory does 
this workflow cost? 400 MB 4 GB700 MB 7 GB
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Motivation: Surface reconstruction

• Pixel and voxel borders introduce artifacts, potentially problematic for 
measurements, e.g. surface area
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Surface meshes

“Vertices” /  points

Point x Point y Point z

x1 y1 z1

X2 Y2 Z2

X3 Y3 Z3

X4 Y4 Z4

… … …

Point 1 Point 2 Point 3

1 2 3

1 2 4

2 3 4

1 3 4

1

2

3

4

+

“Faces” / Triangles

• Points on a surfaces 
connected by triangles 
forma a surface mesh

Data derived from AV Luque and JV Veenvliet (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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Surface reconstruction

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

Data derived from AV Luque and JV Veenvliet (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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Marching cubes algorithm

• Starting point: 3D binary image

• Cuts the image in small cubes and iterates over them

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. doi:10.1145/37402.37422.

Split into cubes

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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Marching cubes algorithm

• Starting point: 3D binary image

• Cuts the image in small cubes and iterates over them

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. doi: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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Marching cubes algorithm

• Starting point: 3D binary image

• Cuts the image in small cubes and iterates over them

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. doi:10.1145/37402.37422.

Split into cubes Build triangles Combine triangles

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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Surface post-processing

• Necessary to better match biological reality. 

Marching cubes result Simplified mesh
(less points, locally averaged)

Smoothed mesh
(position locally planarized)

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

To many points 
and triangles!

https://zenodo.org/record/7603081
https://creativecommons.org/licenses/by/4.0/legalcode
https://zenodo.org/record/7603081
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Surface post-processing

• Every processing step has consequences errors of later measurements

• Depends on desired measurement

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

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

Number of small 
concave regions

Total length

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

Negative

• In general

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

Positive
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Segmentation quality estimation

PositiveNegative

• In general

• Define what’s positive 
and what’s negative.
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Segmentation quality estimation

• In general

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

What an algorithm 
suggests to be positive

What an 
algorithm 
suggests 

to be 
negative
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Segmentation quality estimation

Reference B 

(ground truth)

TP

FN

FP

ROI

B

A Prediction A

Region of interest

True-positive

False-negative

False-positive

True-negativeTN

TPFP FN

TN

• In general

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

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

• Welcome to the 
Theory of Sets

What fraction of points that were predicted as positives were really positive?Precision

What fraction of positives points were predicted as positives?
Recall 

(a.k.a. sensitivity)

Overlap

(a.k.a. Jaccard index)
How much do A and B overlap?
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Pixel-wise versus Object-wise evaluation

• Pixel wise: Segmentation quality

True-positive: 4

False-negative: 5

False-positive: 2

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

Prediction Ground truth

FN FN FN

FP TP TP FN

FP TP TP FN

True-positive: 3

False-negative: 1

False-positive: 2

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

• Object wise: Detection quality

Precision

Recall 

(a.k.a. sensitivity)

TPFP FN
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Pixel-wise versus Object-wise evaluation

• Average Overlap for all ground-truth objects

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

https://github.com/haesleinhuepf/the-segmentation-game
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Sparse Jaccard Index

This is a …

Sparse 
instance 

segmentation

Sparse 
semantic 

segmentation
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Sparse Jaccard Index

• From some sparsely labels objects we can estimate segmentation quality

J = 0.35 J = 0.66 J = 0.69Sparse
instance 

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

https://github.com/haesleinhuepf/napari-workflow-optimizer
https://github.com/haesleinhuepf/napari-workflow-optimizer
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Segmentation quality estimation

• Classification error

• Jaccard Index

• Dice Index

• Hamming distance

• Contour distance • Volume standard deviation• Voxel-wise Youden-Index

• Volume error

• Hausdorff distance

• Simplified Hausdorff distance
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What metric to use when?

• “Metrics reloaded: Pitfalls and recommendations for image analysis validation” 
Maier-Hein, Reinke et al. https://arxiv.org/abs/2206.01653

https://arxiv.org/abs/2206.01653
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Further reading

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

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

1. Create a labels layer

2. Annotate first object

3. Increase label, annotate more objects

1

2

3
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The Tools menu

• Organized in categories similar to what you learned last week



4
5

The Napari Assistant

• Tools > Utilities > Assistant (na)

Viewer 

controls

Image 

Processing

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

https://www.napari-hub.org/plugins/napari-assistant
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The Napari Assistant

• A pocket-calculator-like 
interface to build image 
analysis workflows

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

https://www.napari-hub.org/plugins/napari-assistant
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The Napari Assistant

• Classical image processing 
operations + advanced tools

• Saving&loading supported

• Undo [redo]

• Hints for next steps

• …

Ryan Savill 
@RyanSavill4

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

Big thanks to:

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

• Try different 
algorithms, 
e.g. for 
removing 
noise

• Find them in 
the pulldown
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Workflow building

• Try different 
binarization 
algorithms
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Workflow building

• Try different 
labeling 
algorithms
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Workflow building

Also check out the Tools > Segmentation / labeling menu
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Short-cuts: Voronoi-Otsu-Labeling

Also check out the Tools > Segmentation / labeling menu

Gauss-Otsu-Labeling

Voronoi-Otsu-Labeling
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Watershed

Also check out the Tools > Segmentation / labeling menu
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Watershed

• From binary images

Tools > Segmentation / labeling > 
Label touching objects

Tools > Segmentation post-
processing >
Split touching objects 
(Similar to ImageJ’s Watershed)
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Label erosion, dilation, opening, closing, …

• In Napari Assistant: Process labels
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Label post-processing / morphological operations

• In Napari menu Tools > Segmentation post-processing > Smooth labels (clEsperanto)
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Surface reconstruction / Processing

• Tools > Surfaces > Create surface …

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
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Browse operations

• Use the search…

Enter the library name 
you want to use

Enter the structure you 
would like to segment

This only works if 
developers documents 

their plugins well ;-)

Search the internet

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

https://www.napari-hub.org/plugins/napari-assistant
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Export code to Jupyter Notebooks

Image data source: Mauricio Rocha Martins, Norden lab, MPI CBG (now at IGC Oeiras)

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

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


Export code to Jupyter Notebooks

https://github.com/haesleinhuepf/napari-assistant 
#code-generation

https://github.com/haesleinhuepf/napari-assistant#code-generation
https://github.com/haesleinhuepf/napari-assistant#code-generation


@haesleinhuepf

Image segmentation in Python
Robert Haase

April 2023



@haesleinhuepf April 2023

Voronoi-Otsu-Labeling

• Gaussian-Blur

• Otsu-Thresholding                                                 … in a single line of code:

• Spot-detection

• Watershed on the binary image

https://haesleinhuepf.github.io/BioImageAnalysisNotebooks/20_image_segmentation/11_voronoi_otsu_labeling.html
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
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Anisotropy

• Some [segmentation] algorithms have prerequisites…
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Anisotropy

• Reminder: Anisotropic images might be tricky to process properly
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Reslicing / scaling / sampling

• Resample image data to a specific voxel size
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Watershed

• … in Python practice

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

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

• Compare annotations with algorithm results

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

Instance 
segmentation

Sparse instance 
annotation

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

• Turn binary and/or label images into surface meshes
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Surface mesh processing

• Surface mesh simplification

• To prevent the computer freezing
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Surface mesh processing

• Surface mesh smoothing
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View surface meshes in Napari

In case your computer 
freezes, comment out 

this line

Toggle 3D 
view and grid 

mode
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Exercise

• Use the Napari Assistant to generate a Jupyter Notebook
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Exercise

• Follow the online instructions

• 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

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
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Exercise

• Measure the quality of a segmentation algorithm applied to a folder of images.
• 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
https://github.com/BiAPoL/Bio-image_Analysis_with_Python/blob/main/04_image_segmentation/17_segmentation_quality_estimation.ipynb
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