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2 reSOLUTION

This document is intended to give Leica STED
users a brief introduction to deconvolving
images on Huygens Professional using images
acquired with the Leica TCS SP8 STED 3X
microscope. For a more detailed description of
Huygens Professional, including additional
features and tools, please visit the Manuals
section of SVI (www.svi.nl).
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The Parameter Editor

Right-click on image thumbnail

Templates
lgl Load l l J_I_i Save
Editing microscopic parameters of image:
0G_AlIS32 4:Ch0
et Backproj. pinhole {nm) 64
Sampling interval:
Excitation wawvel. (nm) 545
X (nm} 22,132
@ Emission wawvel. (nm} 570
¥ {nm}) 22,132 1
O Nuilti photon excitation
Z [nm} 126180
3 Excitation fill factor 2.00
T{s) 1.000000
STED depletion mode CW gated de |~
Optical parameters:
STED Saturation factor 40,00
Microscope type Sen i STED wavelength 592
Numerical aperture 1.40 2 STED immunity fraction (%) 10
5 Objective quality Good - STED 3X (%) 0
3 Pinhole spacing (pm) 2530 Reports

Refractive indexes:

Lens immersion = Oil - 1518
@ Embedding med. = Glyc 90% |~ 1458 v
I ) Help H " All verified J [ £ Revert “ ﬁ Cancel “ = Accept

Fig. 1 Overview of the Huygens image parameter editor. This window gives access to all relevant image parameters required for deconvolving STED
images. When importing .lif files, the majority of the parameters are automatically extracted from the metadata (see the Huygens Pro User’s Guide

for more information from SVI).

Sampling interval (XYZT): values taken from image properties
Microscope type: values taken from image properties

Numerical aperture: values taken from image properties

Objective quality: take default value “good”

Coverslip position: use special tool (icon to the left)

Imaging direction: for DMI microscopes always “Upwards”
Pinhole spacing: irrelevant for confocal/STED microscopy

Lens immersion: use “0il”

Embedding medium: choose appropriate medium from drop-down menu

Backproj. pinhole: values taken from image properties
Excitation wavelength: values taken from image properties
Emission wavelength: values taken from image properties
Multi photon excitation: values taken from image properties
Excitation fill factor: values taken from image properties
default value = 2, except for TiSaph STED (value = 1.2)

STED depletion mode: values taken from image properties
STED saturation factor: see below for more details

STED wavelength: values taken from image properties
STED immunity fraction: see below for more details

STED 3X: see below for more details
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Raw data

STED saturation factor

The saturation factor originally refers to the term:

I

ISAT

which is part of the STED resolution formula:

A
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which defines the full-width-half-maximum (FWHM) of the
STED PSF and finally the resolution of the STED image.
With the implementation of gated STED and the TCS SP8
STED 3X, the classic understanding of the saturation factor
(mainly dependent on the dye’s the laser intensity and the

depletion efficiency of the chosen dye) was expanded by
including additional information about the excitation and
depletion laser mode (pulsed or CW) and gated detection.
In practice, there are two parameters that influence STED
resolution and consequently the Huygens saturation factor:
STED depletion laser intensity and gate start values. Keep
in mind that, for simplicity’s sake and overall practicability,
the ISAT value of only one “ideal” dye was used for the
calculation of the STED PSF in Huygens. Per default, for the
LAS AF version 3.3 and later, a predicted value (derived
from the imaging parameters) is automatically set in the
image properties and transferred to Huygens. For lif files
that were acquired in previous releases of LAS AF, the satu-
ration factor needs to be entered manually in Huygens. The
saturation factor value might require further adjustments
depending on the dye’s STED efficiency. Keep an eye on the
image resolution (line profile measurements) in case some
additional changes are needed.

Below, an array is displayed showing the relation between
the saturation factor and the FWHM value of several calcu-
lated PSFs. It should provide a reference in case the real
image resolution differs from the predicted one.

Fig. 2 Compilation of a series of calculated PSFs (Operations Window — Theoretical PSF) with different saturation factors (SF) showing an
increasing (but not linear!) full-width-half-maximum (FWHM) value. Pixel size: 15 nm

Correct SF . SF too high

Fig. 3 Effect on image quality with the saturation factor set too high. Arrows indicate possible artifacts (noise amplification
and excessive granulation and contrasting of structures).
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Fig. 4 Effect onimage quality with the saturation factor set too low. Arrows indicate spots that show the loss of obvious
substructures, which can be clearly identified in the raw data.
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Significant differences between the saturation factor

values and reality can be analyzed on deconvolved data:

« Saturation factor too high: the calculated PSF is signifi-
cantly smaller than the real PSF. This will result in arti-
facts perceived as strongly granulated structures, which
do not correlate with the original image. Additionally,
noise can be misinterpreted as signal (arrow, see be-
low). In general, excessively small PSF predictions will
have less obvious effects on the data, but small spots
and textures could be misjudged as structural details
and result in an erroneous interpretation of the imag-
ing data.

« Saturation factor too low: Image will appear convo-
luted, almost regardless of the SNR chosen in the
STED Deconvolution Wizard (see section below). Noise
reduction might still be acceptable, but the deconvolved
image will have a massive loss of information with pos-
sible artifact generation (arrows, see below).



STED 3X

Huygens actually extracts the correct value directly from
the image properties of the .lif file. Nonetheless there are a
few things to consider. In principal the STED 3D slider regu-
lates the percentage of light that goes either through the
“vortex”, or the “3D doughnut” beam path, which will have
an influence on the ratio between the lateral and axial
resolution increase.

Therefore, the shape of the calculated PSF with the same
saturation intensity changes according to the position of
the 3D slider. The lateral resolution continuously decreases,
while the axial resolution increases (see example of calcu-
lated PSFs with a saturation value of 30 in Fig. 5).

XY-view

-

XZ-view

3D Slider: 0%
L/A ratio: 1:10

3D Slider: 20%
L/A ratio: 1:4,5

3D Slider: 40%
L/Aratio: 1:2,8
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The resolution increase, the ratio between both dimensions
and finally the 3D slider percentage on which isotropic reso-
lution is achieved are again dependent on the STED
efficiency of the chosen dye.

The easiest approach for determining the correct saturation
factorin 3D STED consists in acquiring one additional control
image with 0% STED 3D and adjusting the Huygens saturation
factor to the measured FWHM. The same saturation factor
can then be used for all 3D STED slider positions as long
as the same STED laser intensities and gate start values
are used.

i & =

3D Slider: 60%
L/A ratio: 1:2

3D Slider: 80%
L/A ratio: 1:1,4

3D Slider: 100%
L/A ratio: 1:0,8

Fig.5 Compilation of different calculated PSFs generated in Huygens (Operations Window — Theoretical PSF) with increasing 3D STED values. With
the redistribution of light between both light paths the ratio between the axial and lateral FWHM changes significantly. Pixel size: 15 nm x 40 nm (xz).

CONFOCAL APPLICATION LETTER 5



HUYGENS STED DECONVOLUTION QUICK GUIDE

6

reSOLUTION

STED immunity fraction

The Huygens definition of “immunity fraction” is given by
the population of fluorophores, which are immune to the
STED depletion laser and can be described as an additional
confocal PSF component that is added to the pure STED PSF.

Fig. 6 Comparison of two STED PSFs. On the left the “pure” STED PSF
can be seen with the immunity fraction set to 0%. On the right the same
PSF was generated with an immunity fraction of 15%. Pixel size 15 nm.

Here, the immunity fraction is a broad definition that is
intended to cover three different STED effects.

1. Anti-Stokes excitation with the STED depletion laser:
In some instances the STED depletion laser can also
excite the dye. This is always dependent on the dye/
laser combination. Leica’s recommended dye/laser
combinations usually have none to only very little anti-
Stokes excitation, but in some cases (multi-color exper-
iments) it might be necessary to use dyes, which are
spectrally located closer to the STED depletion laser.
For deconvolution this additional increase of the PSF
footprint can be mimicked by increasing the immunity
fraction. Note that the STED depletion laser has a dif-
ferent PSF shape (donut) to that of a regular excitation
laser (spot), which is not taken into account in the com-
putation of the immunity fraction.

2. Short lifetime component in STED CW and gated STED:
CW STED depletion adds an significant contribution of
fluorescence lifetime into the STED PSF, which biases
resolution towards emission with longer lifetimes.
Short-lived fluorescence, on the other hand, has low
STED efficiency and poorer resolution. The fluorescent
signal is always comprised by a whole range of differ-
ent lifetime components which all add up in the final
STED CW PSF. Short-lived fluorescence is therefore
“immune” to the STED light, which results in similar
PSFs to those seen in Fig. 6B. The more gate is used
during the detection the less prominent this pedestal
will be. As a rule of thumb, STED CW uses up to 10%
immunity fraction, whereas gated STED images are in
the range of 3% to 5%.

3. Poor depletion efficiency in pulsed STED:
In most cases the pulsed STED solution gives you the
cleanest form of the STED PSF. Nonetheless due to syn-
chronization issues, intrinsic dye photo-physics, and
width of the STED laser pulse, a population of dyes
might not be effectively depleted and is per definition
immune to the depletion laser.

Overall, the immunity fraction has only little influence on
the quality of deconvolved images. In cases where the real
STED PSF pedestal is rather broad (strong anti-Stoke's exci-
tation and STED CW) adjusting the immunity fraction of the
calculated PSF to a proper level might enable lower back-
ground threshold levels. Lower background estimates on
their side increase the amount of information that can be
extracted/enhanced from the original image.

Exceedingly low levels of immunity fraction in the theoreti-
cal PSF would make the algorithm disregard the pedestal of
the real PSF, which could be finally misjudged by the soft-
ware as a real signal and would eventually lead to artifacts,
like strong signal amplification on the edges of small struc-
tures in images.

Conclusion

Matching the calculated, theoretical PSF to the “real” one
requires a few tries. But once determined, the variations in
the PSF shape between experiments with similar settings
are minimal. Additionally, with increasing experience,
these adjustments become easier with time.

There are tools in Huygens that can help with the estima-
tion of the PSFs FWHM values, which is helpful in deconvo-
lution. The “PSF FWHM Estimator” located in the “Analy-
sis” section automatically generates a FWHM estimation
in a given image with a single PSF visible. This can be used
to guess an approximate value for the resolution of the
microscope either on very small fluorescent beads (<35 nm)
or even on small structures, or fluorescent background
inside the actual sample. These values can then be used to
adjust the image parameters for the calculated PSF.

A more elegant, but also more advanced solution is offered
by the “PSF Distiller Wizard" found in the “ Deconvolution”
section. Here the real PSF is measured and converted into
a mathematical model. Deconvolving the data with distilled
PSF will eventually give the best results, since it takes
account of system specific imperfections and asymmetries.
The PSF Distiller requires images with very good signal-to-
noise levels to properly extract the required information.
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The Deconvolution Wizard

Right-click on image thumbnail

With all image properties now properly set, the next step
consists in using the Deconvolution Wizard for the final
image processing. In this step the user is guided through
a series of steps which will define the deconvolution
parameters and ultimately perform the deconvolution. A
full description of the deconvolution steps and image

Choose a PSF/ Load deconvolution template

processing tools in the Huygens software can be found in
the Professional User Guide of the Download — Manuals
section on the website of SVI (www.svi.nl). In this quick
guide only the most relevant steps will be included to
generate high quality images and avoid the most common
artifacts.

Help |Reports
Walcoma to the Huwpens decomvodution wizard!

ing all necessary parameters
v your image using an exising lemplate
please seled a template here

assist you in establishing all necassary parameters.

new femplate

Reacly

Fig. 7 Loading deconvolution templates and special PSFs from files

In this step the user is asked to load previously saved
deconvolution templates and import previously calculated,
or distilled PSF representations. If no values or references
are loaded in this section the software will automatically
generate a calculated PSF using the image parameters of
the deconvolved image as a reference (also see Parameter

This wizard will assisl you in deconvalving images and

The wizard will 3|50 invite you to save the paramelers to a

Welcome

In this first stage you can load previously saved deconvolufion lemplates and
previcusly distlled PSFs. Ifyou do not have those, press the amow bullon below.

Lond s termplate

By pressing the amow bution you enter @ wizard which will

Load a measured PSF

Impert from main window Select -

Open file

Browse

Nothing selected

Editor above). Note that the deconvolution wizard is also
provided with extended help files (see yellow text box
in Fig. 7, 8, 9 and 11) and direct links to the SVI webpage.
For quick deconvolution experiments this step can be disre-

garded.
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Cropping Tool

Imag

Help Reports Deconvelution wizard - preprocessing
Preprocessing a Cropping stage

Objects In 30 images tend to be surrounded by borders Toview the borders around, below and above the object press the button balow
which make up mos! of the image volume fo launch the Cropper.

eeded to deconvolve an Image is more
than propodienal to the fotal image volume, reduction of
e velume by remaving the borders with the Crop ool (5
antageous

Launch the Cropper

Alternalively, you can leave everding up 1o the automalic cropper
The Crop tool shows three arthogonal Maximum Intensity
Projections (MIF provide aview from all sides Aute crop

In addition to re g the border in imags, the
Crop tool is al -apable of ramaoving channals and lime
frames. o

Ready

Fig. 8 Cropping images to reduce data size and increase deconvolution speed

In this second step the user is given the opportunity to
remove empty regions of the image to enable a more effi-
cient and faster deconvolution process. The “Auto crop”
option automatically generates suggestions for cropping
borders, which further increases the ease of use.
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Histogram Tool and Background Estimation

Help |Reports
Estimating parameters

I this stage the background of the measuned image can

be automatically or manually determined

In the automatic estimation the background is
determined as an average of a circy ch area. By

default this area has a radius of 0.7 micron. f your imace

does nol conlain large open areas, you may wish to
gecrease this radius.

In “widefield™ mode the sofware allempts to search for
the mastin-focus plane and estimate the background
frem that

Ready
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Estimating parameters
= Background

In this stage the background value of the image can be automatically estirmated
or manually enfered.

Automatic estimation
Estimation mode Lowest *

Area radss (micron) Q.7

Manual mode:

Emlerihe background value of a speciic reglon in the Image. You will be able to
insped the intensity profiles of the background areas.

-~ Manual | Auto

Fig. 9 Clipping of bright signal and background estimation are crucial parameters for deconvolution

Inspecting the image histogram and defining the back-
ground levels is of crucial importance for the quality of the
result. In the histogram inspection the software warns
the user of very bright images which contain regions where
the intensity of pixels reaches the maximum value (in 8-bit
images, 255). In these “saturated” regions the structural
information given by the intensity profile is lost (clipping)
and this will lead to artifact generation. For STED data it is
very hard to recover the lost information of clipped regions
via image reconstruction, so it is important to avoid clipping.

The background estimation stage allows the user to set
a relative or absolute background value. If the background
is set too low, the software may interpret higher back-

ground levels and noise as signal and erroneously amplify
them. If the background level is set too high, real signal
may be ignored and suppressed, which can lead to loss of
information.

The automatic value estimation can be done with two
different algorithms. “Lowest” searches the image for flat
regions with the lowest pixel values, and “in/near object”
searches for object and determines the background in
direct proximity of these objects. The “lowest” algorithm
will therefore generally produce lower background levels
than the “in/near object”. If necessary, there is an option
which allows the user to set a custom value in the
“Manual” mode.

Fig. 10 Deconvolved images with different absolute background level settings (raw image; background=0; background=15; background=30).
Different background values show the effects of improper estimation. At too low levels (0) the noise is interpreted as signal which leads to strong
artifact generation, whereas high background estimation (30) structural information is lost.

CONFOCAL APPLICATION LETTER 9
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Deconvolution Stage

Images

Companson view

Help |Reports
Deconvalution

In this stage the actual deconvolution of the image fakes
place, basad on results from the pravious slages

The deconvelution is done in an ilerative fashion. The

iterations continue unti eiher & maximum numper of
iterations is reached or some guality measurs.

Sew alze. Aboul decomeoiulion

Nizard status

Ottained initial parameters liom image

The image consists of just one plane
Ready

Fig. 11 Setting up the deconvolution parameters

Maximum iterations:

In the default CMLE algorithm in Huygens, as in many other
deconvolution solutions, the evaluation of the ideal image
is done over several iterations. The more iterations the
better the image will be deconvolved. The “deconvolution
strength” can be characterized by the contrast enhancement
and increased resolutions in comparison with the raw
images. Using too many iterations in combination with a
too high SNR setting may lead to artifacts generation. The
default iteration number is set to 40 for confocal and STED
images.

Detonvolving the image

In this stage the original Image will be deconvobed on the basis of the FSF and
background as compuled in the previous stages
The result will be stored In image decon

Below are the defaull values for decomahing images. [ necessary you can
change these valugs

Maximum iterations 40

Signal ta nnise ratin 12

Quality threshold 0.001

Tteration mode Optimized =

Brick layout Auto .
- i' Deconvolve

CONFOCAL APPLICATION LETTER
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Fig. 12 Deconvolved images with different signal-to-noise level settings (raw image; SNR=2; SNR=12; SNR=40). SNR values have an effect on
the object sharpness. At low levels (2) the structures appear slightly larger than in the raw image. With high SNR values (40) the objects become exces-
sively sharp. Here, no structures disappear with higher values, unlike in Fig. 10.

Signal-to-noise ratio (SNR):

The signal-to-noise ratio setting controls the maximum
achievable resolution after many iterations and therefore
has an influence on the object’s sharpness.

Findig the correct SNR values is sometimes difficult. Stan-
dard values for STED range between 10 and 15, but it is
advisable to check if these values really fit. For this, a line
profile can be created across the image (click and drag on
the image) in order to estimate the different intensity and
background levels. For SNR estimation it is recommended
to use similar background values to the ones entered in the
background estimation step. Default SNR is set to 7 for
STED images and 20 for confocal images.

Quality threshold:

Measures the difference of the quality index between iter-
ations and serves as a stop criterion. If the quality index
shows no significant change between iterations, the
deconvolution process is stopped. This value can be used
to avoid unnecessary iterations. Default is set to 0.05

Iteration mode:
It is advisable to keep this at ” Optimized”. For more details,
please refer to the SVI user's guide.

Brick layout:
It is advisable to keep this at “Auto”. For more details,
please refer to the SVI user's guide.

CONFOCAL APPLICATION LETTER
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mages

Help| Reports Deconvolution setup
eration 33 qualiy 1.1159 *|  Deconvolution resul

Iteration 34: quality 1.1150

lteration 35 gu;Iil; 11160 A first deconvalution result is now available.

Iteration 36; quality 1. 1160

From this stage itis possible fo
econ Iteration 37 9
e \teration 38: Rezuma ftarations starting from the presant result,
I'eraim-ﬂ 30 quality 1.1181 ‘Restart channel io rerun the deconvolution with different
teration 40: quality 11161 background safings

Acceptthe results by pressing "All done’

Maximum no. ilerations reached. lerations stopped. Firal
qualdy factor 1.115

Elapsed time: 79.44 sec

Scaling of oulpul not necassany

Decanvolistion done

- Restart ail Restart Resume All done
Ready
Fig. 13 After the deconvolution process is finished, the software offers the possibility to inspect the deconvolved image and restart the process,
if required.
In these final steps, the user has the opportunity to inspect
Finishing Steps the processed image and compare it with the original one.
If necessary, the deconvolution process can be restarted
with different parameters and all images can be finally
exported back to the “ Thumbnail overview" window.
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Now the meaning of the parameters involved in the process
has been elucidated, you should find it easier to set the
correct values. Still, there are some basic rules which will
ensure the best possible results:

Before running the deconvolution wizard always check
the microscope parameters in the image properties.

If possible, generate a PSF (Operations window) and
compare the shape with small structures in your image
and match the saturation factor and immunity fraction
accordingly.

If possible, prefer small stacks (at least 3 slices) to
single frames. 3D data generates significantly better
deconvolved images than 2D data.

Always compare the deconvolved image with the raw
data in order to rule out possible artifacts during the pro-
cess. Caution is advised if structures in the deconvolved
image do not appear in the raw data, or if objects are as
small as single pixels.

Confocal STED
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PIL1 Eisosome Core Protein tagged with GFP in living yeast. 3D projections. Courtesy of Marko Kaksonen, EMBL, Heidelberg
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The statement by Ernst Leitz in 1907, “With the User, For the User,” describes the fruitful collaboration with end users and driving force of
innovation at Leica Microsystems. We have developed five brand values to live up to this tradition: Pioneering, High-end Quality, Team Spirit,
Dedication to Science, and Continuous Improvement. For us, living up to these values means: Living up to Life.

Leica Microsystems operates globally in three divisions, where we rank
with the market leaders.

Leica Microsystems — an international company with a strong network
of worldwide customer services:

LIFE SCIENCE DIVISION

The Leica Microsystems Life Science Division supports the imaging
needs of the scientific community with advanced innovation and
technical expertise for the visualization, measurement, and analysis
of microstructures. Our strong focus on understanding scientific
applications puts Leica Microsystems’ customers at the leading edge
of science.

INDUSTRY DIVISION

The Leica Microsystems Industry Division's focus is to support
customers’ pursuit of the highest quality end result. Leica Microsystems
provide the best and most innovative imaging systems to see, measure,
and analyze the microstructures in routine and research industrial
applications, materials science, quality control, forensic science inves-
tigation, and educational applications.

MEDICAL DIVISION

The Leica Microsystems Medical Division's focus is to partner with

and support surgeons and their care of patients with the highest-quality,
most innovative surgical microscope technology today and into the
future.
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- Shanghai +86 2163876606 2163876698
Portugal - Lisbon +351 213889112 213854668
Singapore +65 67797823 67730628
Spain - Barcelona +34 934949530 934949532
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Switzerland - Heerbrugg +41 717263434 717263444
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