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We develop and maintain a number of workflows for automated acquisition and analy-
sis of light microscopy imaging data. Large number of images acquired by high-throughput
commercial microscopes requires automation of all steps in analysis protocols. By combin-
ing and customizing open-source software tools for image and data processing we create
and support robust workflows consisting of data preprocessing, image analysis, quality
control and statistical post-processing. Complex acquisitions of images, in which micro-
scope settings need to be changed during the experiment, are automated using Adaptive
Feedback Microscopy technology. We developed the AutoMicTools package for Fiji which
can be used with several commercial microscope brands. The package combines tools to
configure robust protocols for Automated Feedback Microscopy and post-acquisition data
analysis for microscopy-driven studies of various biological systems.
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Introduction: Fluorescence microscopy provides a range of powerful
methods for studying biological samples at different spatial and temporal
scales. Wide range of available microscope types corresponds to the variety of
covered applications. Widely used fluorescence imaging techniques include
wide field microscopy, confocal point scanning and spinning disk microsco-
py, super-resolution microscopy and selective plane illumination microscopy
also known as lightsheet microscopy. The choice of the respective imaging
technique depends on the number of factors including required resolution, op-
tical properties of the sample and acquisition speed in case of studying live
specimens. The objects in the fluorescence microscopy images can be further
quantified to extract relevant morphological and light intensity parameters.
Some modern fluorescence microscopes enable experimenters not only to ac-
quire and quantify images, but also to perform biophysical measurements.
Examples of such techniques include Fluorescence Recovery After Photo-
bleaching (FRAP), Fluorescence Correlation Spectroscopy (FCS) and Forster
Resonance Energy Transfer (FRET) based techniques. Appropriate analysis
and quality control of such measurements allows extracting mobility and in-
teraction parameters of biomolecules in living cells and multicellular sys-
tems [1].

Many modern studies involving fluorescence microscopy require a large
number of images to be acquired and analysed. For example, systematic eval-
uation of changes in biological specimens upon multiple treatments requires
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Imaging and evaluation of a certain number of objects to properly account for
biological sample heterogeneity. In the case of hundreds or thousands of in-
vestigated conditions such acquisition and analysis of individual images is
impossible to perform manually. Therefore automating microscopy experi-
ments and follow up data analysis is essential for using fluorescence micros-
copy in large-scale biological projects.

In this work different methods for automating fluorescence microscopy
experiments and data analysis are considered with a particular focus on proto-
cols developed by the Advanced Light Microscopy Facility of EMBL. Our
facility continuously provides access to these techniques for internal and ex-
ternal researchers and constantly works on improving them to enable novel
challenging research projects involving fluorescence microscopy.

High-throughput Microscopy (HTM): Over the last couple of decades
high-throughput microscopy became a widely used method for systematic
evaluation of how molecular perturbations affect biological samples [2]. Typ-
ical applications include applying drugs or silencing individual genes and
measuring appropriate biological readout for each treatment. In the number of
studies expression of each gene in the genome was silenced with appropriate
siRNA molecules [3]. The advantages of applying microscopy techniques
over biochemical methods for screens include the possibility to measure each
individual cell and evaluate cell-to-cell heterogeneity in the sample.

Such large scale studies might require acquiring hundreds of thousands of
Images containing millions of cells or other objects of interest, therefore each
step of sample preparation, image acquisition and analysis has to be automat-
ed. In the imaging plates cells exhibiting particular treatments are located in
predefined positions. Microscope-controlling software is programmed to se-
guentially move the sample to positions corresponding to each treatment, au-
tomatically focus on the sample and acquire images with predefined settings.
Such image acquisition runs without human intervention and can last from
several hours to several days.

Analysis of such high throughput data includes image preprocessing, im-
age analysis, quality control, statistical evaluation and data mining. Image
pre-processing converts raw images produced by the microscopes and saved
in the proprietary microscope formats to the predefined format compatible
with follow up analysis steps. We commonly use OME-TIFF as a format to
store HTM microscopy data. Converted data are stored with structured file
names which contain essential information about imaged sample and couple
Image files to the database containing all experimental metadata including in-
formation about treatment, plate, biological replicate and imaging settings.

Image analysis aims at extracting representative features of individual cells
or other imaged objects (e.g. tissues or model organisms). It typically includes
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segmentation of cells (identification of their boundaries), identification of cel-
lular organelles or other substructures using images of corresponding fluores-
cent markers. Consequently either complete cells or specific cellular struc-
tures are quantified by measuring morphological parameters such as size and
shape or fluorescence intensities. Depending on the purpose of the study im-
age analysis can include tracking of live cells, measuring distribution of fluo-
rescence intensities within the cells, colocalisation analysis of multiple fluo-
rescent markers or other steps. Additional measurements are normally done to
evaluate quality of image data (for example, to reject images that
were not in focus).

Building such multistep image analysis pipelines requires special computa-
tional tools. To make our protocols be available to the scientific community,
we create image analysis protocols in the open-source image analysis pro-
grams such as KNIME and CellProfiler [4]. These tools have an advantage of
a user friendly interface, large number of available image analysis methods,
possibility to combine individual steps into pipelines targeting particular pro-
ject goals and to visualise image analysis results.

Image analysis pipelines produce large numeric tables coupling infor-
mation about treatments and other metadata to quantification results. These
tables have to be further processed to derive biological conclusions. Data
post-processing always includes normalisation of measurements to the inter-
nal control to reduce effect of systematic experimental errors, statistical anal-
ysis to find treatments which result in significant differences of experimental
readouts and evaluation of data quality. To perform the essential post-
processing methods we develop and maintain the open source tool shinyHTM
(https://github.com/embl-cba/shinyHTM). In addition to the features listed
above it can plot distributions of quantified parameters and automatically
open images corresponding to particular data points. This control step is
needed to visually check correspondence between imaged objects and quanti-
fied results. In case systematic errors are identified, the image analysis pipe-
line is modified accordingly and data get re-processed.

Finally data mining routines are applied which depend on the particular re-
search question and out of the scope of this paper.

Adaptive Feedback Microscopy: Classical HTM is the method of choice
for automated microscopy when the positions of the imaged objects and re-
quired imaging settings are known before the start of image acquisition. In
many cases, however, such decisions have to be made during imaging. Exam-
ples include:

High resolution imaging of specific rare object phenotypes, e.g. mitotic
cells in cell culture samples. Such experiments are, in particular, performed
on confocal and other microscopes which are capable of switching between
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different imaging modalities. Very often experimenter has to compromise be-
tween image resolution, size of the field of view, sensitivity and imaging
speed, because improving one of these characteristics would lead to degrada-
tion of others. Therefore, low resolution image needs to be first acquired to
identify target objects and then this object has to be imaged at high resolution.
This also applies to live specimens, in which phenotypes of interest might ex-
ist only temporarily. Imaging such object will require, in addition, fast deci-
sion making and fast switching between low-zoom and high-
zoom imaging modalities.

Imaging of moving objects over an extended period of time. If these ob-
jects move out of the field of view, the position of the microscope stage has to
be adjusted accordingly to image the object correctly on the later time point.

Performing FRAP, FCS and certain types of FRET experiments automati-
cally. After identifying the cell of interest, these measurements require defini-
tion of points or regions where measurements have to be performed depend-
ing on the purpose of the study.

To perform these and other types of advanced fluorescent microscopy ex-
periments in a high-throughput manner, they need to be automated using
Adaptive Feedback Microscopy technology [5,6]. In these techniques low-
zoom images are first acquired in predefined positions and automatically
transferred to the image analysis program. Specially designed image pro-
cessing procedures identify cells, organelles or other structures of interest and
transfer these data back to the microscope software, which triggers the respec-
tive high content microscopy imaging or measurement modality.

We developed the AutoMicTools package for Fiji combining tools to con-
figure robust protocols for Automated Feedback Microscopy and post-
acquisition data analysis. Customisable workflow procedures trigger execu-
tion of image analysis functions. Information about all acquired images, iden-
tified regions and decisions made by the system is stored in a special data
structure that is exported from the software as a text table. Our visualisation
module imports this table and provides a GUI to efficiently navigate through
the acquired datasets and show segmentation results as overlays on acquired
images. The data is also used by post-acquisition analysis procedures to im-
port raw images and link quantifications to corresponding image and
ROI files.

Summary: Development and maintenance of automated techniques for
acquiring and analysing light microscopy images is essential for systematic
biological research. By applying and customising open-source software tools
we support workflows for automated experiments on the facility microscopes
and processing acquired data.
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[TpennoxeHa KOHIENIMS OTKPHITON IU(PPOBOI MHTEIUIEKTYalbHON cpenibl (paKylbTeTa,
IPY UHTErpalMy B KOTOPYIO CTYAEHT CMOXET CO3/1aBaTh CBOK YHHMKAJIbHYIO 0a3y 3HaHUH
Y HaBBIKOB B CAMBIX COBPEMEHHBIX 00JIacTsAX MH(OpPMAMOHHBIX TexHonoruu. [Ipencras-
JeHa oOuias cxema anmnapaTHON 4acTd HUQPoBOH MIaThOpMBbl, B CTPYKTYpe MiIaT(opMsl
BbIJIEJICHBI CJIEYIOIIME OCHOBHBIE CHCTEMBI: TE€IEKOMMYHUKAIIMOHHAs, UIECHTU(PUKALUY,
oToOpakeHUs1 MHQOPMAIK, XpaHEHHUs U 00pabOTKU JaHHBIX, UHTEPHET BEUIe U yrpas-
JIEHHE TEXHOJOTHYECKUM 000pY0BaHUEM, BUACOHAOIIIOIEHUS U pacliO3HAaBaHUS 00Pa30B.

Kniouesvie crnosa: yupposas unmeniekmyanivhas cpeda; uHmepHem eeujell; GUOCOHA-
onoodenue; udeHmugukayus; 0opabomka OAHHLIX; YNPABIeHUe.

[Ipomtecchl  1MpoBOit  TpaHChHOPMAIIMK CUCTEMBI TOCYAaPCTBEHHOTO
yIpaBJieHUs, SJKOHOMUKH, colmainbHoi cdeprsl Pecnybnuku benapyce, pac-
mupeHne chepbl IeATeIbHOCTH pe3uIeHTOB [lapka BBICOKMX TEXHOJIOTHH B
HaIpaBJICHUN HAYKOEMKHX MPOU3BOJCTB MNPEIbSIBISAIOT HOBbIE KaUE€CTBEHHbIE
TpeOOBaHMS K BHICOKOKBATM(PHUIIMPOBAHHBIM KaJpaM C BbICIIUM 00pa30BaHU-
eM [1]. Bmecte ¢ TeM, poCT KOIMYECTBA MHHOBAITMOHHBIX KOMITAHUW, TPUTOK
3apyO€KHbIX MHBECTUIMH, OpPUEHTALMS Ha pPa3BUTHE MPOIYKTOBOM MoJenn
IPOU3BOJCTBA, CTPEMUTEIBHOE Pa3BUTHE CYLIECTBYIOIIUX U MOSBIECHUE HO-
BbIX IIU(POBBIX TEXHOJOTHI 00YCIIaBIUBAIOT BO3pACTAIOIIE NOTPEOHOCTH B
YHUCIIEHHOCTU CIIELUANINCTOB, TOTOBBIX K MPAKTHUYECKON JESTEIbHOCTH B 00-
JacTi HH(HOPMALMOHHO-KOMMYHHUKAIIMOHHBIX TEXHOIOTHH [2, 3].
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