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Preface

This thesis comprises multiple chapters that describe in detail the classification of structurally heterogeneous
samples imaged with single-molecule localization microscopy.

The first chapter contains a general introduction to the field of (localization) microscopy. Here I introduce the
research problem of my thesis: particle fusion conceals structurally different particles. The second chapter
is the Manuscript I wrote under supervision of Bernd Rieger and Sjoerd Stallinga, which we will soon sub-
mit for publication. The Manuscript, together with its supplement, contains a thorough description of the
classification algorithm and the performance on multiple experimental and simulated datasets. The third
chapter contains further details, considerations, alternatives and applications of the classification method
described in the Manuscript. In the fourth and concluding chapter, I discuss the strong and weak points of
the developed method and shed light on possible future directions of this research. The appendix consists
of a literature review about image classification techniques for cryo-electron microscopy. This review is not
officially part of my thesis, since it has been evaluated and graded already. Although, the classification tech-
niques used in electron microscopy have been a great inspiration for my work.

Teun Huijben
Delft, August 2020
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Abstract

For decades, the resolution of fluorescent light microscopy has been bounded by Abbe’s diffraction limit to
λ/2NA. Super-resolution methods, awarded with the 2014 Nobel Prize in Chemistry, use tricks to overcome
this limit. The general idea is to image blinking fluorophores for a multitude of frames, such that each frame
only contains a sparse subset of fluorophores. Assuming that single emitters give rise to a sparse subset of
diffraction-limited spots, their locations can be determined with nanometer precision. The resolution of the
final reconstructed image is limited by the localization precision and incomplete fluorescent labeling. To even
further improve the resolution, by increasing the signal-to-noise and overcoming the problem of a low label-
ing density, single-particle averaging can be used if multiple copies of the same target particle (e.g. macro-
molecular complex) can be imaged. All emerging localization patterns are computationally merged into one
super-superresolution image. Despite the increase in resolution, potential structural variation among the
particles will blur the particle fusion result and possible (small) subsets of structurally different particles can-
not be detected in the reconstruction. We present an a-priori knowledge-free, unsupervised classification
method that splits the dataset into conformationally different groups of images prior to the merging process,
which can subsequently be fused per class. The implemented algorithms are validated on multiple exper-
imental and simulated datasets. We achieved classification performances of 96% on experimental datasets
with up to four different DNA origami structures, are able to detect rare classes of mirrored origami’s occur-
ring at a rate of 2%, and capture the variation in the ellipticity of nuclear pore complexes. This new classifica-
tion tool will allow microscopists to study heterogeneous samples with single-particle averaging techniques
and discriminate between different particles, structures or conformations with a high resolution.
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1
Introduction

Microscopy is an important workhorse in current day biomedical research. Researchers gain a better under-
standing of the biological object of interest, such as a tissue, a cell, a cellular component or even a single
protein, by looking at microscopy images of the object. Presently, there are two major microscopy techniques
available to study biological materials in detail, light- and electron microscopy. In cryogenic electron mi-
croscopy (cryo-EM), biological macromolecules are rapidly frozen in a thin layer of virtuous ice. An electron
beam is passed through the sample creating a tomographic 2D projection of the molecule on a planar detec-
tor. This technique gives the highest resolution but suffers from elaborate sample preparation and can only
be used on a fixed sample.

Fluorescence light microscopy, however, relies on a completely different imaging principle. Here, fluorescent
molecules, fluorophores, are attached to specific locations on the molecule of interest. After illuminating
the sample with light of a specific wavelength, the fluorophores absorb the light and subsequently emit light
of a longer wavelength. The illumination light is separated from the much weaker emitted light by using
filters. In this way, the fluorescent signal originating from the fluorophores is detected on the camera, which
gives indirectly information about the molecule of interest. Fluorescence light microscopy gives, compared to
cryo-EM, higher contrast, allows for specific labeling, allows for multiple labels, can be used at physiological
temperatures and is compatible with living cells.

Despite the many advantages of fluorescence light microscopy, the obtainable resolution is theoretically
bounded. Abbe’s diffraction limit tells us that the best resolution one can obtain is λ/(2NA), where λ is the
wavelength of light and NA the numerical aperture of n · sin(α), where n is the refractive index of the im-
mersion medium and α the marginal ray angle of the collected light. Using reasonable parameters for the
wavelength of visible light and the numerical aperture, the highest resolution of 200 nm can be obtained.
This resolution is sufficient to visualize subcellular complexes, but is not high enough to discriminate indi-
vidual proteins [36].

1.1. Superresolution microscopy
Due to the diffraction limit, each fluorophore creates a 200 nm blurred spot in the image, which means that
if two fluorophores are in close proximity, they cannot be distinguished as unique molecules. In recent years,
multiple methods have been published that try to overcome the diffraction limit and bring the resolution of
light microscopy (LM) closer to the subnanometer resolution of electron microscopy (EM). The general idea
is to discriminate individual fluorophores by separating their emission light in time. Here, we will discuss this
idea shortly.

The main idea of this technique is imaging a multitude of frames with blinking fluorophores. The blinking
nature of the fluorophores makes that in each frame only a subset is present (Fig. 1.1). Consequently, it
is highly unlikely that two nearby fluorophores, within the diffraction-limited distance from each other, are
emitting photons simultaneously. By assuming, therefore, that each spot in the image represents a single
fluorophore, the centroid of the spot can be determined typically with nanometer precision. This procedure
results in coordinates accompanied with a localization uncertainty for every fit.
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2 1. Introduction

The final super-resolved image is a rendering of the list of coordinates of the calculated centroids of the time-
separated diffraction limited dots that are detected in all frames.

Different methods are used to make sure that not all fluorophores are constitutively active. In PALM (photoac-
tivated localization microscopy) the fluorescent proteins are photoactivated randomly and bleach after they
have emitted light [3]. In STORM (stochastic optical reconstruction microscopy) the fluorophores undergo
rapid photo-switching cycles, meaning that they are present in multiple series of frames [38]. In DNA-PAINT
(points accumulation for imaging in nanoscale topography), dye-labeled DNA probes dynamically bind and
unbind binding sites on the substrate [23]. Since the probes are constantly replaced, photobleaching is neg-
ligible and each site will have approximately the same number of localizations.

∙∙∙

a) b) c)

Figure 1.1 | Principle of localization microscopy. a, Conventional fluorescence microscopy image of nine fluorophores that are posi-
tioned closely together. b, In localization microscopy, the fluorophores are blinking stochastically, which has as a result that only a few
are emitting photons in each frame (red dots). Three of the many frames are shown here. The centroids (black dots) of the spots can
be found with high precision. c, Computer rendered superresolution image of the centroids of the emitting fluorophores in all frames.
(Image inspired by [14])

1.2. Single-particle averaging
The technique of imaging blinking fluorophores for many frames, estimating centroids of fluorophores and
rendering the final image by plotting the coordinates, is referred to as single-molecule localization microscopy
(SMLM). The resolution of the final reconstructed image is limited by the localization uncertainty and incom-
plete fluorescent labeling [31]. The latter means that not all labeling sites of the structure of interest are occu-
pied by fluorophores, resulting in an incomplete image. Single-particle averaging can be used to improve the
resolution even further, if multiple copies of the same target particle (e.g. a macromolecular complex) can
be imaged. Averaging multiple structures will increase the signal-to-noise ratio, since effectively it overcomes
the problem of low labeling density of single particles. All emerging localization patterns are computationally
merged into one super-superresolution image. An example is the particle fusion result given by Löschberger
et al. [25] of the nuclear pore complex (NPC). The NPC is a big complex present in the nuclear membrane
of eukaryotic cells and acts as the gateway between the nucleus and the cytoplasm for proteins and other
molecules. The NPC is composed of multiple copies of more than 30 different proteins. These proteins are
arranged into eight homomeric subunits that form a circular structure. Single-particle averaging of dSTORM
images of labeled Xenopus laevis pores clearly shows the eightfold symmetric nature of the pore complex,
resolved with 7 nm resolution (Fig. 1.2).

There are different strategies to perform particle fusion. The first method registers all particles to a chosen
template [25, 44]. Here, the number of required registrations scales linearly with the number of particles. The
downside is that template registrations suffer from template-bias. Consequently, the final reconstruction
tends to resemble the template, irrespective of the presence of such structure in the data [16]. A second
strategy, which is less sensitive to template-bias, is the pyramid registration [5]. In this algorithm, the particles
are registered in an iterative pairwise fashion. The fusion of pairs of particles is repeated until all particles are
fused and one final reconstruction is created. The disadvantage of the pyramid approach is the dependency
on the choice of initial particles, which act effectively as templates. Registration errors in the initial step will be
propagated throughout the entire registration pipeline and will have a major effect on the final result.

A third method, which is template-free and does not suffer from initialization bias, is the 2D particles fusion
pipeline published by our lab [17]. This method finds the global reconstruction by performing all-to-all reg-
istration, where every particle is registered to every other particle. Here, we will explain this method in more
detail.
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Figure 1.2 | Single-particle averaging result of the Xenopus laevis nuclear pore complex. a, Superresolution dSTORM image of multiple
nuclear pore complexes, labeled with Alexa647 bound with a secondary antibody to nucleoporin gp210, imaged with dSTORM. Isolated
NPCs are outlined by green squares and used for further averaging. b, The superresolution averaged structure of 426 pore complexes,
which are combined by rotational alignment. (Image adjusted from [25])

1.3. 2D particle fusion
The particle fusion pipeline exists of three main steps [17]. In the first step, every particle is registered to every
other particle. A Gaussian-mixture-model-based (GMM) registration, initialized with multiple angles, results
in transformation parameters for each angle. The optimal transformation is determined by calculating the
Bhattacharya cost function for each found GMM initialization:

D(a,b) =
Ka∑
i=1

Kb∑
j=1

exp

(
− (~ra,i −~rb, j )2

σ2
a,i +σ2

b, j

)
, (1.1)

where the two particles a and b are represented by Ka and Kb localizations, ra and rb are the localization co-
ordinates and σa and σb the isotropic localization uncertainties. There is no need to convert the particles to
pixelated images since this cost function has the advantage that it works directly on the localization coordi-
nates and uncertainties. The all-to-all registration procedure results in N (N−1)/2 transformation parameters
for N particles (Fig. 1.3), containing the relative orientation between two respective particles.

relative  
transformations

M1

M2

M3

M4

M5

absolute 
transformations

All-to-all registration BootstrappingLie-algebraic averaging

re-register to 

data-driven 

template

Figure 1.3 | The 2D particle fusion pipeline. In all-to-all registration all N particles are registered to all other particles, resulting in N (N−
1)/2 relative transformation parameters (Mi j ). The absolute transformation parameters (Mi ) are obtained by Lie-algebraic averaging of
the relative parameters. The absolute transformations are used to align all particles. In bootstrapping, the reconstruction is improved by
iteratively re-registering every particle to an ensemble of the remaining particles.

To obtain a global alignment of all particles, the relative transformation parameters are converted to absolute
transformations. This conversion is performed in the second step of the pipeline, using Lie-algebraic aver-
aging. Averaging over all relative transformations provides robustness to mis-registrations, since we make
use of the large redundancy of the N (N − 1)/2 relative transformation parameters. Direct averaging of the
transformation matrices is not possible, since the rotational part of the transformation is modulo 2π.
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This problem is overcome by using the Lie-algebraic representation of the transformation. The Lie-algebraic
averaging procedure is performed twice, where the result of the first averaging step is used to eliminate out-
liers from the all-to-all registration matrix for the second averaging step. The N absolute transformation
parameters describe the orientation of all particles to a common reference frame and are used to transform
the N particles to get them aligned (Fig. 1.3).

In the third and last step of the particle fusion pipeline, the alignment of the particles is refined with boot-
strapping. Here, the individual particles are one-by-one re-registered to a resampled ensemble of all other
particles. This process is iteratively repeated for all particles for multiple rounds, resulting in an improved
reconstruction.

1.4. Conformational variability concealed by particle fusion
Fusing the localizations from many imaged molecules is necessary to increase the signal-to-noise ratio (SNR)
and to overcome the problem of underlabeling. Despite the increase in resolution, possible conformational
differences between groups of particles will disappear in the fusion process. In this thesis, we will develop and
implement a multi-state classification method to split the dataset into conformationally different groups of
images and fuse them separately (Fig. 1.4). When a heterogeneous sample contains molecules that differ from
each other, the fusion result will conceal the differences. Classifying the data into different groups prior to the
particle fusion is important to preserve the heterogeneity in the data. It is especially needed in cases where
different conformations only vary slightly, or when only a small subset is different. Using current techniques,
these differences between conformational states will be lost.

Methods
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no classification
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Figure 1.4 | Principle of multi-state classification in single-particle averaging. All particles (green) contain square and triangular struc-
tures, which is hard to see without particle fusion. Averaging without classification results in a unclear fusion that is in between a square
and a triangle (left green image). When multi-state classification is used to group the images into a number of clusters (two in this
example) and average per cluster, the two different structures are clearly visible (blue and red average on the right side).

The implemented classification algorithms will be tested and applied to different types of experimental data.
One of the datasets is the nuclear pore complex data shown in Fig. 1.2 [25]. The other type of data is generated
using DNA origami constructs. In DNA origami, a long single-stranded DNA molecule, referred to as the scaf-
fold, is folded into the desired shape by binding specifically designed short DNA oligos, known as the staples
[37]. Besides the favourable property of being able to design and construct any desired shape, DNA origami
allows for imaging with DNA-PAINT. Here, the staples are extended with a short single-stranded docking site
complementary to the DNA sequence of dye-labeled imaging probes. Since the affinity between the imag-
ing probes and the docking sites is weak, the probes constantly bind and unbind the DNA structure. The
stochastic binding characteristics of these imaging probes creates the desired temporal sparsity required for
single-molecule localization microscopy. The constant turnover of fluorophores solves the problem of pho-
tobleaching of certain docking sites during the lengthy acquisition, which is a common problem in STORM
and PALM.

1.5. Comparison to electron microscopy
Currently, cryo-EM is used for studying biological structures with nanometer precision. Despite the higher
resolution, EM has many disadvantages compared to light microscopy (LM). In the first place, LM allows
for specific labeling whereas in EM it is hard to distinguish different molecules. In LM, labeling multiple
sites is possible, which allows to measure the relative distances between molecules and it aids in identifying
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different structures in correlative EM images. Normally, this is difficult, because everything in EM is greyscale
and challenging segmentation methods are needed to identify the structures. The second advantage of LM
is that it is cheaper and easier than EM. The experiments require less preparation and the setup is simpler
and more affordable. Thirdly, LM requires significantly fewer images of identical particles compared to EM.
Consequently, the variability between different molecules can be detected more easily since fewer images are
necessary and the images themselves have a higher SNR. The final advantage is that in LM it is easier to extend
the reconstruction to 3D than in EM, since the EM images are 2D projections of the electron density of a 3D
object, and the 3D structure must be reconstructed from all these projections. In LM, the data is inherently
3D, so registration and particle fusion are sufficient to obtain a superresolution 3D reconstruction.

Multi-state classification is already widely used for single-particle averaging in the field of cryo-EM. See chap-
ter A of this thesis for a review on classification strategies used in cryo-EM. The averaging algorithm from the
cryo-EM field can be applied to SMLM data [13, 40] after converting the localization coordinates to pixelated
images, by binning the localizations in a 2-dimensional histogram. However, these methods suffer from the
incomplete labeling problem in SMLM data. We will adopt these classification methods from the cryo-EM
field and tailor them for localization microscopy. Classification in SMLM will enable us to study hetero-
geneous samples with single-particle averaging techniques. Finally, it will allow for preserving and finding
different structures within a dataset at high resolution, that would otherwise be lost due to averaging.





2
Manuscript

7



8 2. Manuscript

Detecting structural heterogeneity in
single-molecule localization microscopy data

Teun A.P.M. Huijben1*, Hamidreza Heydarian1*, Alexander Auer2,3, Ralf Jungmann2,3,
Sjoerd Stallinga1 and Bernd Rieger1

1 Department of Imaging Physics, Delft University of Technology, The Netherlands
2 Department of Physics and Center for Nanoscience, Ludwig Maximilian University, Munich, Germany.
3 Max Planck Institute of Biochemistry, Martinsried, Germany

Abstract
Particle fusion for single-molecule localization microscopy improves signal-to-noise ratio and overcomes
underlabeling, but ignores structural heterogeneity or conformational variability. We present a-priori
knowledge-free unsupervised classification of structurally different particles employing the Bhattacharya
cost function as dissimilarity metric. We achieve 96% classification accuracy on mixtures of up to four dif-
ferent DNA origami structures, detect rare classes of origami’s occuring at 2% rate, and capture variation
in ellipticity of nuclear pore complexes.

Main text
Single-molecule localization microscopy (SMLM) enables imaging below the diffraction limit [15, 24]. The
image quality can be improved further by fusing hundreds of super-resolution images of identical bio-molecular
structures, further referred to as particles, into a single reconstruction [17, 25, 40, 44]. This approach over-
comes the problem of incomplete labeling using the central assumption that all particles represent the same
underlying structure. In reality, however, the sample might be heterogeneous in structure due to the biol-
ogy itself, sample preparation or drug induced variations. These potential variations between structures blur
standard fusion and keep small subsets of structurally different particles undetected. Sporadic 9-fold sym-
metric nuclear pores [19, 26], for example, cannot be detected in the reconstruction.

Image classification is commonly used in single-particle averaging (SPA) for cryo-electron microscopy (cryo-
EM) [9, 45] to find the viewing direction of each particle from its projection. Using EM classification tech-
niques as such to SMLM data [13, 40] does not employ the full potential of SMLM data, due to the different
image formation process, in particular the incomplete labeling [5, 6], and the use of localization coordinates
instead of pixelated images. Previous work to separate classes in SMLM uses a deep neural network for clas-
sification [1]. Here, however, the different classes need to be known a-priori and imaged in separate ex-
periments to form learning sets in order to train the neural network. This strong a-priori knowledge is not
compatible with discovering unknown data variation and is, therefore, inapplicable to most cellular imaging
applications.

Here, we present an unsupervised classification tool to cluster SMLM data into classes, that assumes no prior
knowledge about the different classes. Our approach uses pairwise registration of all particles to obtain a dis-
similarity metric. Subsequently, a feature space is obtained by performing multidimensional scaling (MDS)
on the dissimilarity representation which is followed by k-means clustering and particle fusion per cluster
(Fig. 1).

We employ the Bhattacharya cost function, which we used earlier in the all-to-all registration of template-free
particle fusion [17] (Methods). In contrast to this earlier use, we use the optimum value of this cost function
as similarity metric, we are not interested in their relative translations and rotations. The Bhattacharya metric
works directly on the localization data, takes (possibly anisotropic) localization uncertainties into account,
and is robust against underlabeling. The pairwise registration of N particles results in N (N −1)/2 similarity
values. After converting the similarity to dissimilarity values, we use MDS to translate the pairwise dissimi-
larities into spatial coordinates of the particles in a multidimensional space [29]. This constellation preserves
the pairwise dissimilarities by minimizing the so-called metric stress loss function (Methods).

Clusters are obtained by applying k-means clustering in the multidimensional scaling space [21]. Merging
the particles per cluster is quick since the computationally most intensive procedure, the all-to-all registra-
tion, is already performed prior to the classification. This fast reconstruction makes it possible to investigate
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multiple values for the numbers of clusters, K. A small value of K (∼5) works well for classes with equal num-
ber of particles or for splitting a continuous range of structural variation. For detecting a small subgroup of
particles, a large value for K is advised (∼50), where the obtained K clusters can be further grouped by using
classification via eigen images (Supplementary Note 1).

We applied our classification algorithm on different multi-class SMLM datasets in Figures 2 and 3. We
show the nanoTRON dataset (previously described [1], further referred to as ’digits’), which consisted of four
classes: the digits 1, 2, 3 and a 3x4 grid (Fig. 2a). Each class comprised 2,500 instances of each structure. The
data was imaged separately per class. We randomly selected 5,000 particles from all classes and fused them
without classification. This resulted in a blurred reconstruction which resembled vaguely the digit 3 (Fig.
2b), caused by different brightness levels per class (Supplementary Fig. 1a). Classification of the particles
followed by fusion, however, resulted in four clearly distinct classes (Fig. 2c-f). The performance of the clas-
sification was quantified by the confusion matrix (Fig. 2g) as we knew the ground truth class of each particle,
we found that 96.4% is correctly classified.

To demonstrate that the classification is not selecting on different imaging conditions between the four
classes, we repeated the same classification procedure on 5,000 particles, 1,250 per class, where all four
designs were mixed in a single sample and were acquired together. Here, the fusion without classification
showed the digit 1, again explained by different brightness levels (Supplementary Fig. 1b). The fusions after
classification in Fig. 2h-l show similar improvements as before, with an overall classification performance
of 96.4% (Fig. 2m), using manual labeling [1] as ground truth. The worse reconstruction of digit 1 (Fig. 2c)
and digit 2 (Fig. 2j) compared to other classes, is due to lower quality of the individual particles in this ex-
periment (Supplementary Fig. 2), not to suboptimal classification performance. The Fourier ring correlation
(FRC) image resolution [31] after reconstruction ranges from 3.7 nm to 5.7 nm per class (Supplementary Fig.
3).

We further tested our algorithm on a more challenging DNA-origami dataset that is imaged with DNA-PAINT
(Methods), containing three designed structures: the letters T, O and L (compare Fig. 2n). These structures
are more similar to each other and therefore more difficult to separate. We investigated a set containing
600 particles (200 per class) which were imaged separately. Reconstruction without classification gave an
unrecognizable outcome (Fig. 2o), whereas classification prior to fusion resulted in clearly visible classes
(Fig. 2p-r). In contrast to the digits dataset, this dataset contained misfolded and unrecognizable particles
(Supplementary Fig. 4). Therefore, classification into four classes was needed to capture the misfolded struc-
tures into a separate class (Fig. 2s). An average classification performance of 97.3±1.9% was obtained for two
independent repeats (Fig. 2t). The same three classes were visible after classification when all three designs
were acquired from a single sample (Fig. 2u-w). Here two ’misfold classes’ were needed as the misfolds
themselves vary (Supplementary Fig. 5). The digits dataset did not need a separate misfold class, as particle
picking was successful in automatically removing all misfolded particles.

In addition to datasets that contain multiple, equally abundant classes, we tested the classification algorithm
on experimental data with skewed distributions for the amounts of particles per class. The TUD-logo DNA-
origami data [17] contains a small fraction that is unintentionally imaged upside-down, resulting in mirrored
logos. Normally, these mirrored images are manually removed from data before fusion. Both for 80% and 50%
density of labeling (DoL), the mirrored particles were not visible when all of them are fused (Fig. 3a,d), due to
their low abundance. However, classification found these classes containing, respectively, 10 and 8 mirrored
particles (Fig. 3c,f), from a total of 456 and 381 particles. We used K=4 for the 80% DoL data and K=40 and
for the 50% DoL data, followed by further grouping (Supplementary Note 1). To test how low we can go in
the detection of rare events, we also applied our method to simulated nuclear pore complexes (NPC), with a
rare 9-fold symmetric class. Classification could find these cases, even when only 2% was 9-fold symmetric
(Supplementary Fig. 6). For a low rare class rate, it was necessary to increase the total number of particles as
the rare class needs at least approximately 10 particles for successful detection.

Next to PAINT data, we applied our method to data acquired with dSTORM of the integral membrane protein
gp210, part of the NPC (data previously described [25]). Previously, Heydarian et al.[17] used prior knowledge
about the 8-fold symmetry for particle fusion and obtained a circular reconstruction with a homogeneous
distribution of localizations. We applied our method to the same data and found classes with a range of
ellipses (Fig. 3g-l). The classification separated the particles on their ellipticity (Supplementary Fig. 7c,d).
The major axes of the ellipses align in the field-of-view, suggesting that the deformations were caused by the
sample preparation (Supplementary Fig. 7a,b).
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We further characterized and quantified the classification performance of our method on simulated data
with discrete variation, TUD-logos with and without flame, and continuous variation, NPCs with a varying
diameter (Supplementary Fig. 8) In the latter case, the classification perfectly separates the NPCs on diam-
eter. When a dataset had no structural variations, but was classified nevertheless, we found differences in
localization densities between the particles grouped into different classes (Supplementary Fig. 9).

In summary, we have developed an a-priori knowledge-free classification tool to identify (rare) structural
subclasses in SMLM data. Once data heterogeneity is found, particle fusion algorithms can be employed. We
successfully classified experimental PAINT and dSTORM datasets, containing either multiple structures, rare
subclasses or continuous structural variation. In the future, our method can be applied to detect structural
variations in SMLM datasets.

Author contributions
T.A.P.M.H. and H.H. developed the method. T.A.P.M.H. wrote code, performed simulations and analyzed data.
B.R. and S.S. directed the research. A.A. and R.J. designed DNA origamis and acquired images. T.A.P.M.H.,
wrote the paper with support from S.S. and B.R. and all authors commented on the paper.

Funding
This work was supported by the Dutch Research Council (NWO), VICI grant no. number 17046, to B.R. and
European Research Council (MolMap, grant no. 680241 to R.J. and Nano@cryo, grant no. 648580 to B.R. and
H.H.).

Software
The algorithm is available as source code written in Matlab, CUDA and C. The software is available for down-
load under the terms of the MIT license from ftp://qiftp.tudelft.nl/rieger/outgoing/... (available on Github at
a later time).



11

Figures
N particles

4.

3.

2.

1.
Eigen images

Multidimensional scaling spaceDissimilarity matrix

particle fusion
per cluster

projectionPCA

k-means
clustering

0

1

-1

1

-1

0

Projection K clusters
onto first eigen image

HAC merge

MDS

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
18
19
20

di
ss

im
ila

rit
y 

m
ea

su
re

N(N-1)/2 
registrations

K clusters C classes

K classes

pairwise
registration
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K-means clustering in this space results in K clusters and the particles are fused per cluster.
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Figure 2 | Classification of experimental DNA-origami datasets. a, Templates of four DNA-origami designs in the digits dataset: the
digits 1, 2 and 3 and a 20 nm grid. b, Fusion result without classification of 2,000 particles (randomly selected from a set of 10,000
images, 2,500 per class). This data is imaged separately per class and combined into one dataset prior to the classification. c-f, The four
classes resulting from classification of 5,000 images (randomly selected from a set of 10,000 images, 2,500 per class) containing 1374,
1179, 1223 and 1233 particles, respectively. g, Confusion matrix of the classifications c-f with an overall performance of 96.4%. h, Fusion
result without classification of 2,000 particles imaged in one FOV. i-l, The four classes resulting from the classification of 5,000 particles
images in one FOV, containing 1219, 1309, 1278 and 1194 particles, respectively. m, Confusion matrix of the classifications i-l, with an
overall performance of 96.4%. n, Templates of three DNA-origami designs in the letters dataset: ’letters’ T, O and L. o, Fusion result
without classification of 600 particles (200 per class). This data is imaged separately per class and combined into one dataset prior to
the classification. p-s, The four classes resulting from the classification of o, containing 207, 122, 176 and 95 particles, respectively. t,
Average confusion matrix of two independent classifications performed as in p-s with an average performance of 97.3±1.9%, where the
class of misfolds, s, is not taken into account. u, Fusion result without classification of 800 particles imaged in one FOV. v-z, The five
classes resulting from the classification of u, containing 170, 238, 130, 139 and 123 particles, respectively. Scale bar of b applies to c-f and
h-l. Scale bar of o applies to p-s and u-z.
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Methods
Classification
The developed clustering or classification pipeline (Fig. 1) consists of four main building blocks: (1) pairwise
registration of all particles resulting in an upper triangular matrix of dissimilarity values; (2) multidimensional
scaling based on the dissimilarity representation; (3) k-means clustering of the multidimensional embedding;
and (4) per cluster particle fusion.

Pairwise registration
The registration of every particle to every other particle is performed as in Heydarian et al. [17]. A Gaussian-
mixture-model-based (GMM) registration in combination with the Bhattacharya cost function results in trans-
formation parameters and a cost function value for each pair of particles. The GMM registration [22] finds the
optimal transformation by placing a Gaussian distribution onto every localization and maximizing the overall
overlap between all Gaussians of the two particles. The Gaussian distributions are all given the same width,
the so-called scale, which is a parameter that is dataset specific. The optimal scale parameter is determined
by performing a scale-sweep in the range 0.001 - 0.5 camera pixels (corresponding to 0.13 - 65 nm). Since the
minimum spacing between fluorophore binding sites ranges from 5 nm (DNA origami) to 60 nm (Xenopus
nuclear pore), this range is sufficient. A smaller scale would result in overfitting on individual localizations
and a larger scale would blur the localizations belonging to different binding sites. In the scale-sweep, 10
random combinations of particles are registered using GMM for 50 scales linearly distributed over the above
range. The optimal scale parameter corresponds to the maximum GMM value after normalizing and averag-
ing the obtained 10 GMM values over all scales. This procedure results in a scale value of 0.03 for the digits,
0.15 for the letters, 0.1 for NPC and 0.01 for the TUD-logo (in camera pixels). Each GMM registration is ini-
tialized with 6 angles (uniformly distributed between 0 and 2π) and the optimal registration is determined by
evaluating the Bhattacharya cost function (eq. 1 of [17]) on the 6 found transformations. The Bhattacharya
cost function used in Heydarian et al. is adapted by adding a normalization with respect to the number of
localizations and with respect to the localization uncertainties as follows:

S(a,b) = 1

KaKb

Ka∑
i=1

Kb∑
j=1

1

(σ2
a,i +σ2

b, j )
exp

(
−1

2

( ~ra,i − ~rb, j )2

σ2
a,i +σ2

b, j

)
, (2.1)

where Ka and Kb are the number of localizations, ra and rb the localization coordinates and σa and σb the
isotropic localization uncertainties for particles a and b, respectively. Both normalizations are crucial to reli-
ably compare the similarity of different pairs of particles. Without the normalizing with respect to the number
of localizations, particles with a high number of localizations will give a high cost function value. This is unfa-
vorable, since we want the cost function to reflect the degree of similarity between particles, not the number
of localizations. The normalization with respect to the uncertainty is necessary to prevent that localizations
with a high uncertainty result in a high cost function value. The cost function essentially calculates the over-
lap between two Gaussian mixtures. Without normalization, the area under the curve is not equal to 1, and
the overlap can become very high for large uncertainties.

The pairwise registration of N particles results in an upper triangular matrix of N (N − 1)/2 cost function
values, where a higher value indicates a better match between the particles. The cost function values S are
converted to dissimilarity values D by subtracting all of them from the highest value in the matrix:

D(a,b) = max(S)−S(a,b). (2.2)

Multidimensional scaling
To cluster the particles based on the dissimilarity matrix, multidimensional scaling (MDS) [29] is used to
embed the particles in a multidimensional space. MDS provides a spatial representation of the data by a
nonlinear mapping while preserving the pairwise, symmetric dissimilarities between the particles. Essen-
tially, every particle is given a position in space, in such a way, that the Euclidean distances between pairs of
particles are approximately equal to their dissimilarity measure. In this way, particles with a high dissimilar-
ity will be placed far apart in the new space, and particles with a low dissimilarity will end up close to each
other.
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Basically, this is the inverse process to determining distances. Instead of having a spatial embedding and
measuring the distances between all pairs of particles, we start with the distances (dissimilarities) and try to
find their spatial embedding. We use nonclassical MDS which iteratively updates the MDS coordinates by
minimizing the metric stress loss function, defined as:

Stress =
(∑

i j (di j −
∥∥xi −x j

∥∥)2∑
i j d 2

i j

)1/2

(2.3)

where di j is the dissimilarity between particles i and j , and xi the MDS coordinates of particle i . This stress
loss function assures that the dissimilarities are preserved as the inter-particle distances in the multidimen-
sional space. We choose to embed the particles into 30 dimensions, since we empirically determined that
any value between above 15 is sufficient (Supplementary Fig. 10) and we take as rule of thumb twice this
value.

K-means clustering
K-means clustering in the multidimensional scaling space results in K clusters of particles. To prevent find-
ing suboptimal clusters due to the random initialization of the k-means algorithm, the clustering procedure
is repeated 1000 times. Using a high number of repeats is especially important in cases where a group con-
taining a small number of particles has to be found. Here, we advise taking the number of repeats equal to the
number of total particles, to assure that every particle is on average at least once selected as initial seed for
the k-means algorithm. From all initializations, the clustering with the lowest within-cluster sums of points-
to-centroid distances is chosen. To determine the value of K , the scatterplot containing the first 3 dimensions
of the MDS space can be inspected visually. Reviewing only the first three dimensions is sufficient, since they
contain the most important variation within the MDS space and reviewing the order in a higher-dimensional
space is visually challenging. If the first dimensions show separated clusters, K can be chosen to match the
number of clusters. However, when the variation between the different classes of particles is small, the scat-
ter plot will be a single point cloud, and does not give a clear indication for the choice of K . In this case,
as always, selecting the optimal K requires some tweaking. The user can start with an educated guess of K
and then vary K to manually inspect what number of clusters is preferred. This can be done quickly as the
computationally most time-consuming part of the method is the pairwise registration, which only has to be
done once. The fusing of clusters is significantly faster and can, therefore, be repeated for multiple values of
K . If the goal is to find a small subgroup with an estimated occurrence of 2%, for example, it is advised to use
a high value for K on the order of 40 (as for the mirrored TUD-logo’s with 50% DoL, Fig. 3d-f) or when the
variation is a continuous spectrum, a low value for K in the range of 2-3 will suffice (as for the elliptical NPCs,
Fig. 3g-l).

Particle fusion per cluster
Each of the clusters found in the previous step is reconstructed according to the particle fusion pipeline of
Heydarian et al. [17]. The reconstruction of the grid structure in the digits dataset is done differently. The
data contains 12 binding sites at 20 nm spacing in a 4x3 pattern. Due to the regular, symmetric nature of this
structure in combination with an unbalanced number of localizations per binding site, reconstruction with
the above-mentioned algorithm is suboptimal. Therefore, the localizations are first clustered per binding site.
This is done by using the density-based clustering for applications with noise (DBSCAN) technique [8], with
an epsilon value of 0.03 pixels and 4 as the minimal number of points per cluster. Subsequently, the above-
mentioned particle fusion algorithm is applied using the centers of the found clusters. The mean uncertainty
of localizations per cluster is used as the uncertainty for each center. Afterwards, the centers are replaced by
all the original localizations of the particles.
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Supplementary Figure 1 | Distributions of number of localizations per particle for digits datasets. a, Normalized distributions of
number of localizations for digits 1, 2, 3 and grid that are imaged per class in separate experiments. Distributions contain 4155, 4943, 2541
and 7696 particles, respectively. b, Normalized distributions for digits 1, 2, 3 and grid that are imaged in one field-of-view. Distributions
contain 2832, 1328, 3292 and 3653 particles, respectively. All distributions are individually normalized to have unit sum probability. We
see that in a, digit 3 contains significantly more localizations per particle than the other structures and in b, digit 1 contains the most
localizations. Due to this imbalance, the digit 3 and digit 1, respectively, are mostly visible in the fusion results of all particles (Fig. 2b
and 2h), since they are the “brightest” class per dataset.
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Supplementary Figure 2 | Reconstruction of pure classes. a, Class 1 resulting from classification of 5,000 images of the digits dataset,
which are imaged separately. Same image as Fig. 2c in the main text. As can be seen in the confusion matrix (Fig. 2g), this class contains
1236x digit 1, 59x digit 2, 68x digit 3 and 11x grid. b, Particle fusion result of only the 1236x digit 1 particles of a. c, Class 2 resulting from
classification of 5,000 images of the digits dataset, which are imaged together. Same image as Fig. 2j in the main text. As can be seen in
the confusion matrix (Fig. 2m), this class contains 37x digit 1, 1201x digit 2, 31x digit 3 and 40x grid. d, Particle fusion result of only the
1201x digit 2 particles of c. Scale bar of a applies to all.
From these particle fusion results, we can conclude that the lower quality of the reconstructions of a and c (compare to Fig. 2d,i of the
main text) is because the data itself is of lower quality, not due to suboptimal classification performance.
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Supplementary Figure 3 | Fourier ring correlation measurements for the digits reconstructions. a, The images classified as digit 1 (Fig.
2c and 2i) are randomly split into two equal groups, reconstructed, and FRC curves are calculated. Solid line is the mean FRC curve for 10
random splits per class and the shaded area represents one standard deviation. The FRC image resolution (crossing with 1/7 threshold)
is 5.62 ± 0.39 nm for ‘imaged separately’ and 3.69 ± 0.02 nm for ‘imaged together’, defined as the average crossing of 10 random splits
with one standard deviation. The significant difference in resolution is visible in the class images (Fig. 2c and 2i). b, Same as in a, but
for digit 2. The FRC image resolution is 5.10 ± 0.28 nm for ‘imaged separately’ and 4.40 ± 0.19 nm for ‘imaged together’. Even though the
intersection of the FRC curve with the 1/7 threshold suggests a better resolution for the ‘imaged together’ experiment, the images (Fig.
2d and 2j) suggest otherwise. The fact that for the low frequencies (see inset), the ‘imaged separately’ has a higher correlation, explains
why the class image for ‘image separately’ shows a visually better digit 2. c, Same as in a, but for digit 3. The FRC image resolution is 4.27
± 0.08 nm for ‘imaged separately’ and 3.98 ± 0.22 nm for ‘imaged together’. d, Same as in a, but for the 3x4 grid structure. The FRC image
resolution is 4.19 ± 0.13 nm for ‘imaged separately’ and 3.59 ± 0.15 nm for ‘imaged together’. Legend of a applies to all.
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Supplementary Figure 4 | Justification for using four classes to capture the misfolds. a-c, Classification result for 600 particles, 200
per class, of the letter dataset with separate imaging (Fig. 2o) are classified into three classes, containing 247, 172 and 181 particles per
class, respectively. The three structures (the letters T, O and L) are clearly visible. However, the letter T is of lower quality than with
classification into four classes (Fig. 2p). The reason is that the dataset contains misfolded structures that mixed into the other classes (as
seen in the confusion matrix d). When classified into four classes, the misfolded images are captured in the fourth class. d, Confusion
matrix for classification into three classes. Due to misclassification of misfolded images, the classification performance of 89% is lower
than the 97.3% when a class is added to capture the misfolds (Fig. 2t). e-h, Panels show 36 representative particles per class, when the
dataset is classified into four classes (Fig. 2p-s). It is clearly visible that e-g contain the letters T, O and L, where h contains the misfolded
images. Scale bar of a applies to b,c and scale bar of e applies to f-h.
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Supplementary Figure 5 | Classification into 5 classes needed to capture the letter L. Classification of 800 particles of the letter dataset,
which are imaged together (Fig. 2u) into: a-c, three classes, d-g, four classes, and h-l, five classes. The numbers below each panel
indicate the number of particles contained in that class. The bottom row, h-l, contains the same five images as Fig. 2v-z in the main text,
but is shown here again for convenience. m, Distribution of localization uncertainties for the T, O and L particles of classes h, i and l,
respectively. Scale bar of a applies to b-l.
It is clear that classification into five classes is necessary in order to capture the letter L. The reason is that the L particles have a bigger
spread in localization uncertainty. This, in combination with the simple design of having only three clusters of binding sites, makes that
the L particles have a low quality and resemble misfolded and unrecognizable particles.
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Supplementary Figure 6 | Detecting rare classes of 9-fold simulated nuclear pores. a, 16 representative examples of simulated 8-fold
symmetric rings with a diameter of 160 nm, a mean localization uncertainty of 8 nm and full labeling. The rings are simulated including
a bleaching rate of 0.025 frame-1 as if they are imaged with STORM, and therefore have different numbers or localizations per binding
site. We performed classification on four datasets containing 10, 5, 3 and 2% 9-fold symmetric rings of a total number of particles of 200,
500, 500 and 1000. The classification separates the 9-fold symmetric particles (c, e, g, i) from the 8-fold symmetric particles (b, d, f, h).
Numbers below each class indicate the number of particles contained in that class, where for lower rates of 9-fold symmetric rings, larger
datasets are required in order to classify them. For classification, the multidimensional scaling space is clustered with k-means in 5, 8,
15 and 20 clusters, respectively, followed by the eigen image method to group them into two classes. The shown class results (b-i) are
reconstructed with implying the 8- and 9-fold symmetry during bootstrapping [17] for visual improvement of the class results. However,
the prior symmetry knowledge is only used for the reconstruction, not for the classification itself. Scale bar of b applies to c-i.
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Supplementary Figure 7 | Ellipticity of NPC integral membrane protein gp210. a, Field-of-view (FOV) showing 304 particles [25], with
the orientation of the major axis of fitted ellipses for every particle shown in orange. b, Polar histograms for the orientation of the major
axes of the elliptical fits of a. First histogram contains all 304 particles. Second and third histogram contain the particles for the elliptical
and circular class, with 180 and 124 particles, respectively. The particles are classified into four classes, of which two resulted in ellipses
and two in circles, grouped here per shape. c, Boxplots of the ellipticity values for the elliptical and circular classes. Kolmogorov-Smirnov
statistic shows that the distributions are significantly different with a p-value of 2.28 ·10−7. d, Same distributions as in c, but shown as
histograms.
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Supplementary Figure 8 | Classification of simulated data. a, Templates of two DNA-origami structures used for simulating the parti-
cles, TUD-logos with and without flame. b, Fusion result of 200 particles (100 with and 100 without flame), 80% DoL, mean localization
uncertainty of 4.3 nm and simulated with PAINT. c-d, Classification result of b, containing 98 and 102 particles, respectively. e, Classifi-
cation performance over mean localization accuracy for different labeling densities (200 particles per experiment, equally divided over
the two classes). Error bars represent one standard deviation between 2 independent datasets. f-h, Same as b-d, but with 50% DoL. g
contains 78 particles and h 122. i, Model used to simulate the NPC particles. Ring with 8 doublets where the two emitters per doublet
are 10 nm apart. j, Fusion result of 500 particles, simulated with a uniformly distributed radius in the range 51-56 nm, mean localization
uncertainty of 6.3 nm, 70% DoL and simulated with PAINT. k, Two-color overlay of the classification result of j, containing 260 particles
in class 1 (cyan) and 240 particles in class 2 (red). The overlay of red and cyan displays white. l, Radius distribution per class. Radii are
ground-truth radii used in simulating the particles. m-o, Same as j-l, but with two discrete radii of 51 and 56 nm. For the average and
the individual classes, the FRC values are mentioned below the figures. The mentioned values are the mean 1/7-crossing resolutions of
50 random splits. Scale bar in b applies to c, d, f-h. Scale bar in j applies to k, m-n.
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Supplementary Figure 9 | Control classification on one class: DNA-origami data of TUD-logo. a,b, Classification of 383 experimental
DNA-PAINT acquisitions of a DNA-origami TUD-logo with 80% DoL into two classes resulting in 177 and 206 particles per class, respec-
tively. We see that the classification selects on particles with either a bright (a) left- or (b) right-side of the structure. c, Eigen image
calculated for a and b, which is essentially the difference image. Here we clearly see that the letter D and a part of the letter U are bright
in b and the other part of the logo is bright in a. d-f, same as a-c, but for 442 particles with 50% DoL, resulting in 220 and 222 particles
per class. Scale bar of a applies to b-f.
From this we conclude that the classification selects on the most prominent variation in the dataset. Since there is no variation in the
structure here (one class), the algorithm selects on the active/inactive binding sites resulting in a left-right imbalance.
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Supplementary Figure 10 | Optimal number of dimensions in multidimensional scaling. a, Classification performance for different
numbers of dimensions in MDS for 800 particles (200 per class) of the digits dataset which is imaged separately. b, Classification per-
formance for different numbers of dimensions in MDS for 600 particles (200 per class) of the letters dataset which is imaged separately.
c, Classification performance for different numbers of dimensions in MDS for 200 particles (100 per class) of the simulated TUD-logos
with a mean localization uncertainty of 4.3 nm and 80% DoL. Half of the particles does not have the flame above the first letter. Three
colors in all plots represent independent repeats on different datasets.
We can conclude that the optimal classification performance is reached around 15 dimensions. We take as a rule of thumb twice this
value and therefore embed the particles into 30 dimensions in all reported experiments in this paper.
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Supplementary Figure 11 | Optional further classification for datasets with small subgroups of structurally different particles. After
k-means clustering the multidimensional scaling space into K clusters (Fig. 1), principle component analysis (PCA) on the K recon-
structions gives K eigen images. All clusters are projected onto the first eigen image and the resulting weights are grouped into C classes
by hierarchical agglomerative clustering (HAC). The grouped clusters are merged into C classes, with C < K .
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Supplementary Note 1 | Eigen image approach
When classifying small subgroups of structurally different particles, for example low abundant mirrored DNA-
origamis or 9-fold symmetric NPCs, the multidimensional scaling space has to be clustered into many clus-
ters (high value of K, see Methods). Here, the number of obtained K clusters is higher than the desired C
classes. The clusters can optionally be grouped further using the eigen image method, which exists of four
steps: (1) calculation of the eigen images using principle component analysis (PCA); (2) projection of the K
clusters onto the first eigen image; (3) hierarchical agglomerative clustering (HAC) on the obtained weights;
and (4) merging of the grouped clusters (Supplementary Fig. 11).

The K reconstructed clusters are optionally grouped further using the eigen image method with the aim to
find C<K classes. First, we need to align the K clusters with respect to each other, which is done by using
the same particle fusion pipeline as explained previously [17]. Instead of fusing the particles, only the final
transformation parameters are applied to align the different clusters. These clusters are converted to pixe-
lated images by binning the localizations in an N × N grid, with N=400. This number of pixels results in a
pixel size of 0.2 nm for the DNA origami experiments and 0.7 nm for the nuclear pore experiments. As a rule
of thumb, the pixel size should be about 1

4 of the localization uncertainty in the data [31]. A larger pixel size
would result in blurring of the images and thereby loss of structural details, whereas a smaller pixel size will
make the images too noisy. Thereafter, the images are normalized to have zero mean and a 2-norm of one.
The K images are reshaped into column vectors and concatenated into a matrix X of size N 2 ×K , where ev-
ery column represents an image. The eigen images are computed by applying singular-value decomposition
(SVD) to the covariance matrix M = X X T . SVD is a generalized version of eigen decomposition that works for
non-diagonalizable and even non-square matrices. The decomposition of X X T results in:

X X T~u = su~v , (2.4)

where ~u and ~v are the left- and right-singular vectors, respectively, with associated singular value su . Since
the matrix X X T is normal (it commutes with its conjugate transpose), the left- and right-singular vectors are
identical, and the SVD algorithm is effectively the same as eigen decomposition. The resulting singular vec-
tors, ~u, represent the eigen images and the associated singular value, su , indicates how much variation of the
data is explained by its respective singular vector. Instead of computing the SVD on the immense covariance
matrix M (size N 2 ×N 2), applying SVD on X T X (size K 2 ×K 2) is computationally less expensive:

X T X~a = sa~a. (2.5)

After left-multiplying both sides of the equation with X :

X X T X~a = sa X~a, (2.6)

we see this resembles the decomposition of X X T as shown before and the sought-after singular vector, ~u, can
be calculated as~u = X~a. By reshaping and normalizing the singular vectors, the eigen images of size N×N are
formed. Since the eigen images are sorted based on their singular values, the first one represents most of the
variation between the different images. All K images are projected onto the first eigen image and the resulting
weights are clustered into C classes by hierarchical agglomerative clustering with an average-linkage criterion
[42]. The localizations of the K clusters are merged per class to form the final C output classes.





3
Extended method development,
applications and considerations

The manuscript in the previous chapter discussed the developed classification method in detail and showed
the results obtained on multiple experimental and simulated datasets. The four sections of this chapter con-
tain the explanation for choices made in the manuscript, explored alternative methods and further improve-
ments and applications of the classification procedure.

In the first section, we theoretically derive the normalization of the Bhattacharya cost function and show on
different datasets that the normalization is beneficial for classification. In the second section, hierarchical
agglomerative clustering is explored as an alternative to the multidimensional scaling step in the classifica-
tion pipeline. The third section contains different ideas to further improve the obtained classification result
and the fourth section will show the implementation and validation of the developed classification method
on 3D data.

3.1. Normalization of the Bhattacharya cost function
In the original particle fusion pipeline of Heydarian et al. [17], the registration of particles is based on the
Bhattacharya cost function (Eq. 3.1). This function calculates the cost between all combinations of localiza-
tions of two particles and sums them. Arguably, merit-function would have been a more suiting name, since
a high similarity between particles gives a high cost function value.

D(a,b) =
Ka∑
i=1

Kb∑
j=1

exp

(
− ( ~ra,i − ~rb, j )2

σ2
a,i +σ2

b, j

)
(3.1)

The cost between two localizations is high when the localizations are close to each other, i.e. ( ~ra,i − ~rb, j )2 is
small. The squared Euclidean distance between two localizations is divided by the localization uncertainties
σa and σb . In this way, two localizations that are further apart can still result in a relatively high value, if the
corresponding localization uncertainties are also bigger.

In the existing particle fusion pipeline, the cost function is used to determine the best transformation be-
tween two particles. The Gaussian-mixture-model registration approach is initialized with multiple rotation
angles and finds the best rigid transformation for each initial angle. Subsequently, the Bhattacharya cost
function (Eq. 3.1) is calculated for each of them and the transformation resulting in the highest cost function
value is chosen. In this way, the cost function values are only compared between different transformations of
the same two particles.
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In the classification pipeline, the pairwise dissimilarities between all pairs of particles are the input for the
multidimensional scaling. The obtained Bhattacharya cost function values per registration, essentially simi-
larity values since a high cost function value indicates a good similarity, are converted to dissimilarity values
as explained in the Manuscript. Here, the cost function values between different pairs of particles are com-
pared to each other, in contrast to the particle fusion pipeline. Since the cost function is sensitive to the
number of localizations and the uncertainties, comparing different pairs of particles is unfair when particles
contain different numbers of localizations or have a different distribution of localization uncertainties. Both
problems can be solved by normalization of the cost function. In this section we will derive the 2D (as used
in the Manuscript) and 3D normalized Bhattacharya cost function and investigate the improvement over the
standard cost function.

Normalization with respect to the number of localizations
In order to compare cost function values for different pairs of particles, we have to take into account the
different numbers of localizations per particle. We take an example where we have three particles, A, B and
C , with 50, 10 and 100 localizations, respectively. The cost function value for pair A −B depends on 500
combinations of localizations, whereas pair A−C has 5000 combinations. Even if particles B and C have the
same structure and quality, but only differ in the number of localizations per binding site, the cost function
value for A−C will be approximately 10 times higher than the value for A−B .

Particles with the same structure should give the same cost function value, regardless of the number of local-
izations, otherwise the multidimensional scaling will embed the particles based on the number of localiza-
tions and not the conformational similarity. To reliably compare different combinations of particles, we have
to normalize the cost function with respect to the number of localizations, which results in:

D(a,b) = 1

KaKb

Ka∑
i=1

Kb∑
j=1

exp

(
− ( ~ra,i − ~rb, j )2

σ2
a,i +σ2

b, j

)
, (3.2)

where Ka and Kb are the number of localizations in particles a and b, respectively.

Normalization with respect to the localization uncertainties
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Figure 3.1 | Cost function with and without normalization with re-
spect to localization uncertainty. Without normalization, the cost
functions for σ = 0.2 (blue) and σ = 0.8 (red) have a different width
but the same height. This means that localizations with a big uncer-
tainty result in a high value for the cost function, disregarding the
distance between the localizations. With normalization (yellow), the
height of the function scales with the width, so localizations with a
small uncertainty give a higher cost function value.

The second issue with the standard cost function
arises for localizations with a large localization un-
certainty. In this case, a large value for σ results in a
large denominator for the fraction within the expo-
nent, which subsequently causes a high output for
the cost function. This means that localizations with
a large σ will always result in a high cost function
value, disregarding how far the two localizations are
separated from each other (Fig. 3.1).

This issue can be solved by normalizing the cost
function with respect to the localization uncertain-
ties. In this way, the cost function resembles the ex-
pression for a multivariate normal distribution. In-
stead of calculating the probability that a point has a
certain distance to the mean, given the standard de-
viation, we calculate the probability that two points
are a certain distance apart, given both localization
uncertainties. The next sections contain the deriva-
tion for the cost function with normalization with
respect to the localization uncertainty in both 2D
and 3D.



3.1. Normalization of the Bhattacharya cost function 31

Derivation of 2D cost function
The Bhattacharya cost function is based on a multivariate normal distribution, of which the definition in D
dimensions is given by:

1

(2π)D/2
p

det(Ω)
exp

(− 1
2 (~r −~µ)TΩ−1(~r −~µ)

)
. (3.3)

This expression is the basis for the 2D Bhattacharya cost function between two localizations a and b, which
is defined as:

1

2π
p

det(Ω)
exp

(− 1
2 (~ra − ~rb)TΩ−1(~ra − ~rb)

)
, (3.4)

with ~r the 2D position-vector of a localization and Ω = Σa +Σb , the sum of both covariance matrices. The
covariance matrix Σa is correctly rotated according to the orientation of the corresponding particle and is
defined as:

Σa = RΣa,0RT = R

[
σ2

ax 0
0 σ2

ay

]
RT , (3.5)

where Σa,0 is the covariance matrix in the standard orientation with σax and σay the localization uncertain-
ties of localization a in respectively the x- and y-direction. In the case of isotropic localization uncertainty,
σax and σay are equal and we will denote them as σa . Hereby, we can simplify the expression for the covari-
ance matrix:

Σa = R

[
σ2

a 0
0 σ2

a

]
RT =σ2

aR

[
1 0
0 1

]
RT =σ2

aRRT =σ2
a

[
1 0
0 1

]
. (3.6)

We use this expression to findΩ−1 and the determinant ofΩ:

Ω−1 = (Σa +Σb)−1

=
[
σ2

a +σ2
b 0

0 σ2
a +σ2

b

]−1

=
 1
σ2

a+σ2
b

0

0 1
σ2

a+σ2
b


det(Ω) = (σ2

a +σ2
b)2,

(3.7)

which gives us the expression of the normalized cost function:

1

2π(σ2
a +σ2

b)
exp

(
−1

2

(~ra − ~rb)2

σ2
a +σ2

b

)
. (3.8)

This expression only gives us the cost for a pair of localizations. To calculate the cost between two particles a
and b, with respectively Ka and Kb localizations, we sum over all possible combinations of localizations and
normalize with respect to the number of localizations:

Cost(a,b) = 1

KaKb

Ka∑
i=1

Kb∑
j=1

1

2π(σ2
a,i +σ2

b, j )
exp

(
−1

2

( ~ra,i −M( ~rb, j ))2

σ2
a,i +σ2

b, j

)
, (3.9)

where M is the rigid transformation used to register particle b onto particle a. Note that the isotropic uncer-
tainties are not affected by the transformation. The factor 2π in the denominator of the prefactor only scales
all cost function values with a constant and is therefore omitted in the computation.
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Derivation of 3D cost function
The derivation for the 3D normalized cost function follows the same reasoning as above. The difference is
that in 3D the uncertainties are not isotropic, because the localization uncertainty in the z-direction, σz , is
bigger than in the x- and y-direction, σx y . As a result, the uncertainties have to be rotated along with the
localizations. We start with the same equation for the multivariate normal distribution (Eq. 3.3). Now, we
have to correctly rotate the uncertainties of particle b using the rotation matrix R:

Ω=Σa +RΣbRT . (3.10)

Using this expression for Ω and summing over all combinations of localizations, we arrive at the expression
for the normalized 3D cost function:

Cost(a,b) = 1

KaKb

Ka∑
i=1

Kb∑
j=1

exp
(− 1

2 ( ~ra,i −M( ~rb, j ))T (Σa,i +RΣb, j RT )−1( ~ra,i −M( ~rb, j ))
)

2π
√

det(Σa,i +RΣb, j RT )
. (3.11)

Note that in 2D that uncertainties are isotropic, which means that only one scalar value per localization is
sufficient in the cost function calculation (σ). In 3D, the localization uncertainty is described by two values,
σx y and σz . However, these uncertainties are rotated along with the orientation of the respective particle,
which means that we need the full 3x3 covariance matrix Σ to describe the uncertainties.

Improvement due to normalized cost function
Normalizing the cost function with respect to the number of localizations and the localization uncertainty
significantly improves the ability to separate different structures. Here, we will show the improvement by
means of a 2D and 3D example.

As an example for 2D data, we simulated 500 TUD-logos of which 25 were mirrored as if they were imaged
upside-down with DNA-PAINT on a total internal reflection fluorescence (TIRF) microscopy setup. The sim-
ulations were performed with a density-of-labeling (DoL) of 50% and a mean localization uncertainty of 2.5
nm. The MDS embeddings of the dissimilarity matrix for the cost function with and without the two normal-
izations show clearly that the normalizations improve the clustering of similar structures (Fig. 3.2). For the
case with normalizations, the class of mirrored particles (blue dots) is significantly better separable from the
other particles, than without normalizations.
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Figure 3.2 | Effect of normalizing the cost function on MDS embedding (2D). The scatterplots show the first two dimensions of the MDS
embedding of 500 TUD-logos, of which 25 are mirrored. The particles are simulated as if they were imaged with DNA-PAINT, with 50%
DoL and a localization uncertainty of 2.5 nn. (Left) using the standard cost function, (Right) using the cost function normalized with
respect to the number of localization and the localization uncertainty. It is clear that with the normalized cost function the 25 mirrored
particles (blue dots) are better separable from the 475 normal images (yellow dots), than without the normalization. This will allow for
better classification.
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As an example of 3D data, we simulated 200 3D nuclear pore complexes with labeled NUP107 (nucleoporin
107). The model for NUP107 is a double ring of 16 binding sites per ring, grouped in sets of 2. Both rings have
a diameter of 96 nm and they are 58 nm separated in height [18] (see Figure 3.16 in Section 3.4 for the model).
We simulated two classes of NUP107, one class of 100 particles with a 13◦ shift between the nuclear and
cytoplasmic ring and one class of 100 particles without a shift. The particles were simulated as if they were
imaged with DNA-PAINT on a TIRF setup. The simulations were performed with 100% DoL, a mean lateral
localization uncertainty of 3.5 nm and axial uncertainty of 10.5 nm (3 times the lateral uncertainty). The
MDS embeddings of the dissimilarity matrix for the cost function with and without the two normalizations
show that the normalization improves the clustering of the similar structure (Fig. 3.3). Even though the two
classes are perfectly separated for both cases, the separation is more clear and the classes more compact with
normalizations.
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Figure 3.3 | Effect of normalizing the cost function on MDS embedding (3D). The scatterplots show the first two dimensions of the
MDS embedding of 200 NUP107 structures (left) without, and (right) with the normalized cost function with respect to the number of
localizations and the localization uncertainty. Of the 200 particles, 100 have a 13◦ shift between the rings and 100 have no shift. The
particles are simulated as if they were imaged with DNA-PAINT, with 100% DoL and a lateral localization uncertainty of 3.5 nn. It is clear
that with the normalized cost function the two classes are more compact and better separated, than without the normalization. This will
allow for more robust classification.

These are two example datasets where the normalized cost function gives a clear improvement. Testing the
normalized cost function on multiple other datasets (data not shown) always gave an equally good or im-
proved classification result. The question is whether the increase in performance is caused by the normal-
ization with respect to the number of localizations, to the localization uncertainty, or a combination of both.
The answer to this question is dataset-specific.

The normalization with respect to the number of localizations is important when the particles have different
numbers of localizations. These differences can be caused by natural variations in blinking statistics, varying
labeling densities between particles and the imaging method that is used. In the case of STORM imaging,
the fluorophores undergo bleaching, which results in an uneven distribution of localization over the bind-
ing sites. This is not a problem for PAINT imaging, where the fluorophores are constantly replaced due to
binding and unbinding to the target locations. It is necessary to normalize with respect to the number of
localization to have a fair comparison between combinations of particles. In the situations where different
classes have different numbers of binding sites, there is an inherently different expected number of localiza-
tions due to the structure. Here, the classification would be better without normalization with respect to the
number of localizations, because then the algorithm selects on these numbers instead of on conformational
differences.

The normalization with respect to the localization uncertainty, next to being theoretically correct, only makes
a difference when there is a significant variation in the uncertainties. For experimental data, the localizations
are filtered on localization uncertainty, so the uncertainties usually only differ a factor of two. This means
that all uncertainties are approximately in the same range and the normalization with respect to uncertainty
will not give a significant difference. For simulated data, on the contrary, the localization uncertainties are
drawn from a geometric distribution. Here, the spread in uncertainties can be up to a factor of 10, even when
the localization with high uncertainties are filtered out.
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Due to the presence of a wider variation in uncertainties, the normalization with respect to uncertainties will
make the cost function significantly better, otherwise, the localizations with high uncertainties get effectively
more weight in the registration of two particles. We conclude that the normalization with respect to localiza-
tion uncertainty is theoretically correct and will give the largest improvement when the range of uncertainties
is wider. In general, both normalizations are necessary to make the classification fair for all kind of particles
and types of structural variation.
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3.2. Hierarchical agglomerative clustering approach as alternative to MDS
The most important step in the classification pipeline is clustering based on the dissimilarities between all
the particles. In general, there are two techniques available to cluster based on pairwise dissimilarities: hier-
archical clustering and clustering based on a spatial embedding of the particles. We have implemented and
optimized both strategies and tested them on multiple datasets. The performance of the second method, i.e.
clustering based on a spatial embedding, performs significantly better than hierarchical clustering. There-
fore, the second method, hereafter referred to as the multidimensional scaling (MDS) approach, is further
optimized and used in all subsequent experiments (see Manuscript).

In this section, we will explain the implementation and results of hierarchical clustering. Albeit it has not
been tested extensively on all available datasets, we will show its capabilities and compare the performance
with the multidimensional scaling approach.

The HAC algorithm
Hierarchical clustering is a method that can cluster objects based on a built hierarchy. The hierarchy is visu-
alized in a dendrogram, which is a tree-like graph that indicates the distances between all clusters. Dendro-
grams are commonly used in phylogeny, to study the evolutionary history among organisms.

Types of hierarchical clustering
There are two types of hierarchical clustering: agglomerative and divisive. In hierarchical agglomerative clus-
tering (HAC), every object is initially seen as an individual cluster. The dendrogram is constructed by itera-
tively merging the two closest clusters until all objects are part of the same cluster. In hierarchical divisive
clustering, all objects start as part of one cluster, which is iteratively split until all clusters contain one object.
When using an exhaustive search to find the best merge or split, respectively, the computational complexity
for agglomerative is O (N 3) and for divisive O (2N ), for N objects. The procedure of divisive clustering can
be accelerated by using smart alternatives to determine the split or only computing the first few layers of
the hierarchy. We use the agglomerative approach since we want to compute the complete hierarchy and
we are dealing with hundreds of particles, and for large N , the computational complexity for agglomerative
clustering is lower.

Linkage criterion
It is not trivial to define the distance between two clusters since only the pairwise distances between the
objects are available. The are multiple criteria that can be used as a metric for the distance between two
clusters (Fig. 3.4), the most common variants are the single-, average- and complete-linkage criterion. With
the single-linkage criterion, the distance between two clusters is defined as the shortest distance between
any two objects in these two clusters. In each step of building the dendrogram, the two clusters are merged
that contain the closest pair of objects that are not yet belonging to the same cluster. This strategy tends to
find elongated clusters, since adding a point to an existing cluster only depends on the shortest distance to
that cluster, not on the distances to all the other points. The complete-linkage criterion defines the distance
between two clusters as the longest distance between any two objects in these two clusters. This strategy
tends to find spherical, compact clusters, since adding a point to an existing cluster depends on the distance
to the furthest point within that cluster. A third criterion is average-linkage, where the distance between two
clusters is defined as the average distance between all pairs of objects. This is the most robust criterion, since
the distance between to clusters depends on all pairwise distances among objects [42].
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Figure 3.4 | Different linkage criteria. a, In single-linkage, the distance between two clusters (depicted in green and blue) is defined as
the shortest distance between any two objects in these two clusters. b, In complete-linkage, the distance between two clusters is defined
as the longest disntance between any two objects in these two clusters. c, In average-linkage, the distance is defined as the average
distance among all pairs of objects.
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Constructing the dendrogram
Here we will illustrate with a simple example how the dendrogram is built, using the single-linkage crite-
rion. We start with an upper-triangular matrix of N (N − 1)/2 dissimilarity values for N particles. The dis-
similarity values result from the Bhattacharya cost function values obtained with all-to-all registration (see
Manuscript). The cost function gives similarity values, S(a,b), which are converted to dissimilarity values,
D(a,b), by subtracting them from the highest value in the matrix: D(a,b) = max(S)-S(a,b). The dissimilarity
values are used as the ’distances’ between the particles in the hierarchical agglomerative clustering.

Building the dendrogram starts by considering every particle as a separate cluster. In the first step, we merge
the two clusters that have the lowest dissimilarity, in our example, the yellow and green particle (Fig. 3.5a).
Merging the yellow and green cluster is visualized in the dendrogram by connecting the two particles, where
the branch that connects the particles to their common node (orange) has a length equal to the dissimilarity
between the particles, indicated on the x-axis of the dendrogram. After merging the yellow and green particle
into one cluster, the dissimilarity matrix is updated accordingly.

To determine the dissimilarities between all particles and the new yellow-green cluster, we use the single-
linkage distance criterion. This means that the dissimilarity with the red particle becomes 3, since 3 is the
smallest dissimilarity between the red particle and the yellow-green cluster. By determining the new dissimi-
larities according to this strategy, we obtain an updated dissimilarity matrix reduced by one column and one
row (Fig. 3.5b). This procedure is repeated until all particles are members of the same cluster. In our exam-
ple, this means first the merge between red and blue (Fig. 3.5b), then the merge between yellow-green and
red-blue (Fig. 3.5c) and at last the addition of the orange particle (Fig. 3.5d).
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Figure 3.5 | Schematic representation of how the dendrogram is constructed from the dissimilarity matrix. a, We start by merging
the two particles that have the lowest dissimilarity, in this example the yellow and green particle. In the dendrogram (a,bottom) the two
particles are connected with a branch that has the length of their dissimilarity. After merging yellow and green, the matrix is updated
using the single-linkage criterion. In the next steps: (b) the red and blue particles are merged, (c) the yellow-green and red-blue clusters
are merged and (d) the orange particle is added, until all particles are part of the same cluster.

Clustering
The constructed dendrogram is used for clustering of the particles. Since the dendrogram represents the
hierarchy for the particles, the clustering is performed by defining a threshold and pruning of the dendro-
gram. The particles of each pruned sub-dendrogram belong to one cluster (Fig. 3.6), and can subsequently
be reconstructed per cluster.

The bottleneck of this clustering approach is determining the threshold for pruning the dendrogram. If we
prune the dendrogram in too few clusters, the clusters are large and will contain particles that may belong to
different classes. Whereas pruning the dendrogram in too many clusters will create small clusters. In this way,
each class will be separated into many clusters, which makes that the clusters only contain a few particles and
therefore do not reconstruct properly. Pruning the dendrogram in too many clusters also has the danger of
overfitting. Here, the user finds classes that are not present in the data but are just an artifact of reconstructing
a few particles together.
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Figure 3.6 | Clustering the dendrogram. a, First, the user determines the desired number of clusters (3 in this example) or a threshold for
the dissimilarity values (red dotted line). b, This threshold is used to prune the dendrogram into subgroups, indicated in pink, dark-blue
and brown branches. c, The particles belonging to the same subgroup end-up in the same cluster.

Comparison of the HAC to the multidimensional scaling approach
The HAC approach for clustering the particles is tested on multiple datasets. In the method development
process, it became clear that the multidimensional scaling (MDS) approach (see Manuscript) performs sig-
nificantly better than HAC, especially for the more challenging datasets. Here, we will show three examples
where MDS outperforms HAC.

Example 1: Manually flipped experimental TUD-logos (80% DoL)
For the first example, we used the experimental dataset of DNA-origami TUD-logos imaged with DNA-PAINT
(data previously described [17]). The dataset contained 380 particles in which we created two classes by
manually flipping 50% of the particles, so 190 particles have the normal orientation and 190 particles are
mirrored. The dissimilarity values were obtained with all-to-all registration and used by HAC and MDS to
cluster the particles. The dendrograms created by HAC, for both the average- and complete-linkage criterion
(Fig. 3.7a,b) show that the particles are correctly clustered per class (single-linkage dendrogram gave no
result, not shown). In the case of average-linkage, the two classes are clearly separated, whereas for complete-
linkage each class is split into two groups. Although the dendrogram can group the classes, there is no trivial
number of clusters which we can use for pruning the dendrogram into separate classes. For average-linkage,
we needed to prune the dendrogram into 8 clusters in order to separate the classes (Fig. 3.7a), because 6
particles form separate branches in the bottom-part of the dendrogram. For complete-linkage, pruning the
tree into 4 clusters perfectly separated the two classes. The MDS approach, on the other hand, gives a clear
separation between the two classes and allows for perfect clustering with k-means (Fig. 3.7c).
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Figure 3.7 | Comparison between HAC and MDS on 80% DoL experimental dataset with 50% flipped TUD-logos. a, HAC dendrogram
with average-linkage criterion. Colors of the branches indicate pruning result into 8 clusters, note the 6 clusters in the bottom-part of
the dendrogram consisting of only one particle. The gray-scale bar on right-side of the dendrogram indicates the ground truth label for
the particles, for legend see c. b, Same as a, but for the complete-linkage criterion and pruning into 4 clusters. c, The scatterplot shows
the first two dimensions of the MDS embedding. The colors indicate the ground truth class labels.
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For this dataset, HAC performs equally well as MDS. However, for HAC we have to choose whether to use
average- or complete-linkage and in how many clusters to prune the dendrogram. These choices are not triv-
ial since the dendrograms do not always show a clear grouping in their architectures. Only the ground-truth
labels next to the dendrograms give a hint on how to prune them, which are of course not available on real
unlabeled data. Another problem is that the architecture of the average-linkage dendrogram is dependent on
all pairwise distances between the particles. Since these distances contain outliers due to misregistrations,
some particles are therefore positioned as isolated nodes on the outside of the dendrogram. Subsequent
pruning of the dendrogram creates clusters that contain only 1 particle (as for the dendrogram in Fig. 3.7a).
Since these single clusters are the result of outliers and not because they belong to a structural class of which
only one particle is present, they are discarded for further analysis. In this way, particles are lost, which is not
the case for MDS. We can conclude that the MDS approach gives a clearer separation between the classes and
relies on fewer parameters.

Example 2: Manually flipped experimental TUD-logos (50% DoL)
The second example contains a similar dataset as example 1, but with 50% labeling density, which renders
classification more complex (data previously described [17]). The dataset contained 440 particles in two
classes, of which 50% are manually flipped, so 220 particles have the normal orientation and 220 particles
are mirrored. The dendrograms created by the HAC approach show some grouping of the classes, but the
classes are fragmented into many clusters, which makes proper clustering impossible (Fig. 3.8a,b). On the
contrary, the first two dimensions of the MDS approach (Fig. 3.8c) show clear grouping of the two classes.
Subsequent k-means clustering of the MDS space results in a clustering efficiency of 95%, which shows that
the MDS approach is able to better classify the images than the HAC method.
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Figure 3.8 | Comparison between HAC and MDS on 50% DoL experimental dataset with 50% flipped TUD-logos. a, HAC dendrogram
with average-linkage criterion. The gray-scale bar on right-side of the dendrogram indicates the ground truth label for the particles,
for legend see c. b, Same as a, but for the complete-linkage criterion. c, The scatterplot shows the first two dimensions of the MDS
embedding. The gray-scale colors indicate the ground truth class labels.

Example 3: Experimental four-class nanoTRON dataset
As a third example, we examined the classification performance of HAC and MDS on the nanoTRON dataset
(data previously described [1] and shown in Fig. 1 of the Manuscript). The dataset used here contained
200 particles, 50 per class, which were imaged separately per class. The dendrograms created by HAC show
clustering of the classes, however, the architecture of the network does not show a clear pruning threshold
that will separate all four classes correctly (Fig. 3.9a,b). Contrary to HAC, the first dimensions of the MDS
approach show a clear clustering of the particles per class (Fig. 3.9c). With subsequent k-means clustering
(not shown), the particles can be classified with a 93% performance.
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Figure 3.9 | Comparison between HAC and MDS on four-class nanoTRON dataset consisting of 50 particles per class. a, HAC dendro-
gram with average-linkage criterion. The color-bar on the right-side of the dendrogram indicates the ground truth label for the particles,
for legend see c. b, Same as a, but for the complete-linkage criterion. c, (top) The scatterplot showing the first two dimensions of the
MDS embedding, (bottom) scatterplot showing the first three dimensions of the MDS embedding. Multiple view are shown to get a
better idea about the three-dimensional configuration of the particles. The colors indicate the ground truth class labels.

Conclusion
In conclusion, the first example shows that easy-to-classify data can be classified correctly by both HAC and
MDS, although HAC does require the delicate choice of the right parameters. The second and third example
show that more complex data or data containing multiple classes, can only be correctly classified using the
MDS approach and not by HAC. Other advantages of the MDS approach are that there is no choice for the
linkage criterion and that no particles are lost in pruning the tree, because of the creation of single-particle
clusters.

The MDS approach still requires to choose the number of K clusters in k-means clustering, however, this is
usually a low number and is significantly less delicate than the choice of the pruning parameter in the HAC
approach. A possible reason for the better performance of the MDS approach could be that the multidimen-
sional embedding of the particles in the MDS approach allows for more flexibility than the hierarchy captured
in a dendrogram. In principle, all dissimilarity values from the registration matrix are used and preserved in
the multidimensional embedding, whereas the hierarchical clustering can be too dependent on certain par-
ticles, since one dissimilarity can have an major effect on the inter-cluster distance. The multidimensional
scaling effectively performs dimensionality reduction of the dissimilarity space, removing the noise that re-
sults from individual misregistrations.

From these examples, we can conclude that the MDS approach performs significantly better than the HAC
approach, which supports the decision to continue only with the MDS approach (as used in the Manuscript).
In further sections of this chapter, we will refer to the HAC approach as the dendrogram approach.
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3.3. Refining the classification result
Once the classification is performed, all particles are assigned to a class. Afterwards, the class images are
formed by performing particle fusion per class of particles. The success of the classification determines the
purity of the classes and therewith the quality of the class images, because particles that end up in the wrong
class will decrease the quality of the reconstruction. Here, we will discuss different strategies to improve
the purity of the classes after the classification is performed. The principle is to either exchange particles
between classes to improve the match between the respective particle and the class average, or to remove
particles from a class to improve the within-class alignment.

Since the MDS approach (see Manuscript) is performing significantly better than the dendrogram approach,
as is shown in the previous section, the need to further refine the classes is less abundant for MDS. For this
reason, the refinements of this section are tested and validated on classification results obtained with the
dendrogram approach. For future work, however, it would be interesting to see what class refinement can
bring to the already satisfying classification results obtained with MDS.

Iterative template matching
One way to refine the classes after classification is the concept of iterative template matching (ITM). In cryo-
electron microscopy (cryo-EM), ITM is a common method to do image classification (see multi-reference
alignment in the Review, Chapter A). ITM starts with several reference images (templates) to which all im-
ages are registered. Every image is assigned to the template that best matches the image, and in this way,
the classes are formed. All images belonging to the same class are averaged to form an updated template
representing this class. The process of image assignment and template updating is iteratively repeated until
convergence. However, initialization of the templates forms a bottleneck. In cryo-EM, hundreds of thousands
of images with low SNR are available, so starting with random templates and performing ITM for many iter-
ations will eventually result in the desired classes. In the case of localization microscopy, the particles have a
higher SNR and fewer particles are available. Therefore, we will only utilize the concept of ITM to refine the
classes after the classification is performed.

Here, we will discuss the strategy where the classes are formed using the hierarchical agglomerative clustering
approach (previously described in section 3.2). Particle fusion is performed per class and the resulting recon-
structions are used as templates for ITM. In one round of ITM, every particle is registered to both templates
and assigned based on the highest Bhattacharya cost function value. In order to reliably compare the regis-
trations of the particle to different templates, we have to take into account three important aspects.

• First of all, the presence of large localization uncertainties hampers the ability of the Bhattacharya cost
function to reliably evaluate the similarity between particles. This problem is solved by normalizing
the Bhattacharya cost function with respect to the localization uncertainties (see section 3.1) and by
filtering the localizations based on the uncertainty. For simulated particles, we decide to discard the
5% localizations with the highest localization uncertainty. The localization uncertainties are drawn
from a geometric distribution, where the long tail of the distribution gives rise to unrealistically high
uncertainties. Filtering on the 95% lowest uncertainties ensures realistic values, while preserving most
of the localizations.

• Secondly, the registration between the particle and the template has to be as precise as possible. In
the conventional all-to-all registration step of the particle fusion pipeline, a few misregistrations are
accepted, since the Lie-algebraic averaging and subsequent bootstrapping will resolve them. In ITM,
every registration has to be correct, since the resulting cost function value determines to which class
the particle will be assigned. In order to achieve correct registration, we initialize the GMM-registration
with 18 angles (three times more than usual) and use the optimal value for the scale parameter deter-
mined by a scale sweep. The number of initialized angles and the scale parameter need to be optimized
for every dataset, since different geometries and sizes of the particles will require different parameters.

• The third important aspect is downsampling of the template. The classes consist of many particles,
which results in templates that contain up to a million localizations. For computational efficiency,
the templates are downsampled to have approximately 5000 localizations. To account for the fact that
different structures can have different numbers of fluorophore binding sites, the templates are down-
sampled taking into account the average numbers of localizations of the particles in that class. Practi-
cally, we calculate the average number of localizations of the particles per class and downsample the
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templates to have a maximum of 5000 localizations, while maintaining the ratio between the average
number of localizations between classes. As an example: if class A has on average 175 localizations and
class B 200, then we downsample their respective templates to 4375 and 5000 localizations. Further-
more, we have to carefully think about how to downsample the templates. In the bootstrapping step of
conventional particle fusion [17], weighted downsampling is used based on the local density of localiza-
tions. This means that localizations surrounded by many other localizations have a higher probability
to be selected in the downsampling process, compared to isolated localizations without neighbours.
For ITM, we experience that random downsampling is more reliable since the weighted downsampling
enhances bright spots in the reconstruction. With random downsampling, all localizations have the
same probability for being selected, which results in uniform downsampling of the templates.

ITM on simulated data
We tested the ITM approach on 500 simulated TUD-logos, of which 50 logos are mirrored. The particles
were simulated as if they were imaged with DNA-PAINT, with 50% DoL and a mean localization uncertainty
of 2.5 nm. Particle fusion without classification does not reveal the mirrored particles (Fig. 3.10a). Classi-
fying the particles with the dendrogram approach (section 3.2), gives two classes that show the two struc-
tures, even though 6 particles are wrongly classified (Fig. 3.10b-d). For the dendrogram method, we used
the average-linkage criterion and pruned the dendrogram into 20 clusters, on which the eigen image method
(see Manuscript) was applied to obtain two classes. ITM was applied (templates shown in Fig. 3.10e,f) to
refine the classes, which resulted in perfect classification (Fig. 3.10g-i). In this case, the two downsampled
templates already resemble the two structures, so only one iteration of template matching sufficed to obtain
a stable solution and perfect classification.
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Figure 3.10 | Iterative template matching on 500 simulated TUD-logos containing 50 mirrored particles. a, Without classification,
the result of particle fusion does not reveal the mirrored particles. b,c, Classification with the dendrogram approach gives two classes
with 444 and 56 particles, respectively. d, Confusion matrix for classification result b and c, indicating the amount of correctly and
wrongly classified particles in the normal (N) or mirrored (M) orientation. e,f, The classes are further refined with the ITM approach.
The initial classes are downsampled into two templates, to which all particles are registered and assigned. g,h, The resulting refined
classes containing 450 and 50 particles, respectively. i, Confusion matrix for classification result g and h. Scale bar of a applies to b, c,
e-h.

Partial overlap between classes requires extra analysis
In the above experiment, both structures have the same number of binding sites. Problems occur when the
two structures have a different number of binding sites and one structure is a subset of the other structure.
We explain this issue with the example of the TUD-logo with and without the flame above the letter T. The
logo with the flame consists of 37 binding sites, whereas the logo without the flame only has 30 sites. When
a particle without a flame is registered to two templates, one with and one without a flame, the cost function
value will be approximately the same for both templates since both contain the letters TUD (top row of Fig.
3.11a).
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From the perspective of the particle, it matches equally well with both templates since the flame of the second
template does not overlap with the particle and does therefore not result in a different cost function value.
A possible solution would be to look at the similarity from the perspective of the template, because one of
the templates matches the particle completely, whereas the other does not. However, looking at the simi-
larity from the template-perspective is incorrect when the particle has a flame (bottom row of Fig. 3.11a).
In that case, both templates are completely covered by the particle, but the particle itself is only covered by
the template with the flame. This results solely in a correct class assignment when looking from the particle-
perspective.

The solution to this problem is inspired by the idea of Manders coefficients [28], used in dual-color mi-
croscopy to quantify the co-localization of objects. The core principle of this metric is that the co-localization
can be quantified from the perspective of both colors, by normalizing either with respect to the total inten-
sity of one or the other color. We use this idea to quantify the similarity, observed from the perspective of
the particle or the template, by dividing the cost by either the number of localizations of the particle or the
template. Using these two measures is useful since we have observed previously that both perspectives give
different results, depending on the structure of the particle. Following this logic, we can construct the ta-
bles of Fig. 3.11b,c that indicate the value of the cost function for the two templates (columns) from either
the particle- of template-perspective (rows). When the particle does not have a flame (Fig. 3.11b), the cost
function values from the particle-perspective will be similar for both templates, but will be different for the
template-perspective, and the inverse is true when the particle has a flame (Fig. 3.11c). To determine to which
template we have to assign the particle, we take the perspective for which the cost function values differ the
most and assign the particle to the template with the highest value.
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Figure 3.11 | Manders coefficients for ITM. a, Four different situations that occur in template matching on data with two classes. The
particle (red), either having a flame or not, is registered to two templates (blue), one with and one without a flame. b, A particle without
a flame gives approximately the same cost function (indicated with ~) for both templates, seen from the particle-perspective, since the
’overlap’ with both templates is the same (also shown in top row of a). On the contrary, from the template-perspective, the template
without a flame gives a higher cost function than the template with a flame. c, A particle with a flame gives approximately the same cost
function (indicated with ~) for both templates, seen from the template-perspective, since both templates completely ’overlap’ with the
particle (also shown in bottom row of a). On the contrary, from the particle-perspective, the template with a flame gives a higher cost
function than the template without a flame.
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ITM with Manders coefficients on simulated data
We tested ITM with the Manders coefficient approach on 200 simulated TUD-logos, of which 100 logos miss
the flame above the letter T. The particles were simulated as if they were imaged with DNA-PAINT, with a 50%
DoL and a mean localization uncertainty of 2.5 nm. Particle fusion of all particles does not reveal the particles
without the flame (Fig. 3.12a). Clustering the particles with the dendrogram approach (section 3.2), gives two
classes with 12 and 143 particles, respectively, that weakly show the two structures (Fig. 3.12b,c). The classi-
fication inability results from the presence of 44 misclassified particles in the first class (Fig. 3.12d) and from
45 discarded particles that are missing from these classes since pruning the dendrogram resulted in many
small clusters which are discarded in the eigen image approach. For the dendrogram method, we used the
average-linkage criterion, pruned the dendrogram into 20 clusters, and only applied the eigen image method
on clusters with more than 5 particles. ITM with the Manders coefficient approach was applied for two iter-
ations (templates are shown in Fig. 3.12e-h) to refine the classes. The resulting classes (Fig. 3.12i,j) clearly
show the two structures and only 7 out of 200 particles are classified wrongly (Fig. 3.12k), which is a signif-
icant improvement compared to the initial classification without Manders coefficients, which contained 89
mistakes.
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Figure 3.12 | Iterative template matching with Manders coefficients on 200 simulated TUD-logos containing 100 particles without a
flame above the letter T. a, Without classification, the result of particle fusion does not reveal the particles without a flame. b,c, Classifi-
cation with the dendrogram approach gives two classes with 143 and 12 particles, respectively. d Confusion matrix for the classification
result of b and c, indicating the amount of correctly and wrongly classified particles with either a flame (F) or without a flame (w/o). e-h,
Two iterations of the ITM approach with Manders coefficients are performed to refine the classes. After the first iteration, the templates
are updated according to the new classes. i,j, The resulting refined classes containing 103 and 97 particles, respectively. k Confusion
matrix for the classification result of i and j. Scale bar of a applies to b, c, e-j.

Conclusion
Given the two examples, we can conclude that iterative template matching, especially in combination with
the use of Manders coefficients, is a promising technique to refine the classes and obtain a higher classifica-
tion performance. However, there are a few points to take into consideration.

First of all, the initial classes that are used to construct the templates have to be of sufficient quality. If one
class is significantly better reconstructed than the other class, the class with the highest SNR will attract all
particles, which is also a common problem in template matching in cryo-EM [2]. Secondly, the classification
performance is not the most optimal measure to quantify the success of the classification. Regarding the
TUD-logos with and without a flame, it can happen that particles that are simulated having a flame, miss
most of their flame due to low DoL. If we investigate the 7 wrongly classified particles of Fig. 3.12i,j, most of
them are particles that are supposed to have a flame, but in reality they only have one or two active binding
sites in the flame area (data not shown). In light of the classification performance, they are wrongly classified,
but effectively, these particles belong to the correct class since they miss most of the flame. As an advantage,
ITM can help to classify the particles that were lost in the process of pruning the dendrogram. As shown in
Fig. 3.12, 45 particles are lost, due to the creation of clusters with too little particles. ITM can classify all
particles by assigning them to one of the two templates, including these lost particles.
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One concern regarding template registration is that it can enforce the template into the final result. We show
the severity of this problem by template matching 307 experimental NPC acquisitions to three different tem-
plates: a circle and two different ellipses (Fig. 3.13). The same set of 307 particles perfectly show the structure
of all three templates, indicating the danger of inferring structural knowledge about the data from a template-
based registration approach. In our case, however, we do not suffer from template bias, since the templates
are created by the data itself, using training- and prior knowledge-free classification, and are iteratively up-
dated. Consequently, the templates are unbiased and can reliably be used for template matching.
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Figure 3.13 | Template-bias in template matching. Registration of 307 experimental NPC acquisitions [25] to a, a circular template with
8 sites, b, an elliptical template with ellipticity of 0.82 with sites at the vertex and, c, the same elliptical template but no sites at the vertex
of the ellipse. Schematic representation of the used templates is shown below the reconstructions. This proves that the data is so ’weak’
that it can be reconstructed into any desired shape, indicating the need for template-free registration. Scale bar of a applies to b,c.

As a last note, the ITM approach is designed and implemented to improve the classification using the dendro-
gram approach. Given the limitations of the dendrogram approach, the classification is suboptimal and we
show that ITM improves the performance. The MDS approach in combination with the eigen image method
(see Manuscript) is performing significantly better, eliminating the need to further refine the classes with
ITM. However, for future work, it would be interesting to see the improvement ITM can bring to the already
satisfying classification results obtained with MDS and the eigen images.

Particle exclusion based on intraclass statistics
Instead of exchanging particles between classes to refine the classification performance, another approach
to improve the quality of the classes is to remove outliers. One idea to remove outliers from classes is to
look at intraclass statistics, where we assume that all particles within one class share the same similarity. To
quantify this similarity, we calculate the Bhattacharya cost function between every pair of particles within the
same class. Since the particles are already aligned with each other, we do not have to perform registration,
but simply calculate the cost function on the orientation they have in the class reconstruction. Ideally, every
particle should have a high similarity with the other particles, where outliers result in a low similarity. For
an ideal class consisting of N particles, we assume all N (N −1)/2 similarity measures to be high. Following
this logic, removing an outlier from the class should decrease the standard deviation between the similarity
measures. We iteratively remove one-by-one the particle that results in the biggest drop in standard deviation
after their removal.

We test this idea on a dataset of 200 simulated TUD-logos with 50% DoL, of which 100 particles are mirrored.
Classification with the dendrogram approach results in two classes, with 104 and 77 particles, respectively.
The class with 104 particles contains 13 wrongly classified particles and the class with 77 particles contains 3
wrongly classified particles (Fig. 3.14a,b). When we perform one-by-one particle removal based on decreas-
ing the total standard deviation between all pairwise similarity measures, we see that the wrongly classified
particles are removed relatively early in the process (Fig. 3.14c,d). It does not show that this method can per-
fectly filter-out the outliers, but it indicates that the intraclass statistics hold information that can be used for
outlier removal. Other options would be to remove particles based on increasing the mean or median, or by
decreasing the variance, between all pairwise similarities. Note that we used the dendrogram classification
approach to illustrate this idea, since the MDS method would result in near-perfect classification, not giving
any incorrect classified particles to exclude from the classes.
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Figure 3.14 | Outlier removal based on intraclass statistics. a,b Classification result of the dendrogram approach on a dataset of 200
simulated TUD-logos of which 100 are mirrored. Class a contains 104 particles of which 13 are mirrored and wrongly classified. Class
b contains 77 particles of which 3 are in the normal orientation and therefore wrongly classified. c, Evolution of the standard deviation
over all pairwise similarities for class a after removing one-by-one the particle that causes the biggest drop in the standard deviation.
Blue dots represent particles that are correctly classified and orange dots represent particles that are incorrectly classified. d, same as c,
but for class b.

Particle exclusion based on MDS coordinates
Another approach to determine the outliers in a class is by using the multidimensional scaling space, which is
formed by MDS on the dissimilarity matrix (see Manuscript). The classes are created by k-means clustering in
this multidimensional scaling space, where we assume that the classes form spherical clusters. Within such
clusters, the particles in the centre are the most representative particles of that class and the particles in the
periphery are probably less similar. Presumably, outliers will be located on the outside the cluster and the
best particles can be obtained by only taking the particles close to the centre.
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Figure 3.15 | Particles that are closest to the centre of the cluster in the multidimensional scaling space, are of the highest quality.
a-c, The three representative classes obtained by classification of 800 particles from the letters dataset, which are imaged together.
The particles are split into five classes (Fig. 2v-z of Manuscript), where here the classes with misfolds are not shown. Classes contain
170, 238 and 130 particles, respectively. Average FRC image resolution of 10 random splits is indicated below each reconstruction. d-f,
Reconstructions of the half of the particles of a-c, which were closest to the centre of the cluster in the multidimensional scaling space.
g-i, Same as d-f, but for the outer half of the particles. Scale bar of a applies to all.

To investigate whether the distance to the centre of each cluster holds information about their quality, we split
each cluster into two equally sized sets based on the distance of every particle to the centre of the cluster. We
test this idea on 800 particles from the letters dataset, where the classes are imaged together (Fig. 2u-z of the
Manuscript). The particles are classified into five classes, including two classes containing the misfolds. The
three classes showing the letters T, O and L are each split in half, the inner half with particles that are closest
to the centre of the cluster and the outer half with particles that are furthest from the centre.



46 3. Extended method development, applications and considerations

The particle fusion results of each half show that the particles closest to the centre create a reconstruction
with better quality than the particles that were located far from the centre (Fig. 3.15). The image resolution
calculated with FRC confirms that the reconstruction of the inner half has a higher resolution, indicating
that the best quality particles are located in the middle of each cluster. We can conclude that the position
of particles within the clusters in the multidimensional scaling space holds information about the quality of
the particles. Taking only the inner core of the clusters, and therewith discarding particles, will improve the
resolution of the classes.
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3.4. 3D classification
In the Manuscript, we have shown the performance of the developed classification approach on multiple 2D
SMLM datasets. Recent developments have extended the field of localization microscopy to three-dimensional
imaging. One option to obtain information about the z-position of the emitter is by using astigmatism, in
which the ellipticity and orientation of the PSF vary along the z-axis. By fitting a 2D elliptical Gaussian to the
emitted spot, the x- and y-coordinate of the fit reveal the lateral position of the emitter and from the ellipticity
and orientation of the fit, the z-position can be deduced. With this procedure, each localization is described
by five parameters, three for the 3D position of the emitter (x, y and z) and two for the lateral and axial lo-
calization uncertainty (σx y and σz ). In this chapter, we will explain how the classification method is adjusted
to handle 3D SMLM data, and show the classification performance on simulated and experimental data as
proof-of-principle.

Translation of the classification algorithm to 3D
The core of the classification approach for 3D data is the same as for 2D (see Fig. 1 of the Manuscript). The
all-to-all pairwise registration is performed as in [18]. The registration procedure is essentially the same as
in 2D, however, the Bhattacharya cost function has been extended to handle 3D coordinates and anisotropic
localization uncertainties. We further optimized the 3D Bhattacharya cost function by adding normalizations
with respect to the number of localizations and the localization uncertainties (see Section 3.1). The following
steps of multidimensional scaling and subsequent k-means clustering are applied to the pairwise dissimilar-
ities in the same way as in 2D. The 3D particle fusion per cluster is performed as described in [18].

The optional further clustering with the eigen images exploits the same principle as in 2D, however, eigen vol-
umes are used instead of eigen images. In the process of calculating the eigen volumes, the localization data
is converted into 3D pixelated images of size N ×N ×N , which are subsequently reshaped into vectors of size
N 3×1. The following steps of calculating the eigen volumes, projection onto the eigen volumes and clustering
of the weights are the same as in the 2D approach (see Supplementary Note 1 of the Manuscript).

Example 1: Simulated NUP107 data with a shift between the two rings
The NUP107 model
We tested the 3D classification approach on simulated NPCs of which nucleoporin NUP107 is labeled. NUP107
is part of the NUP107-subcomplex [32] and consists of two rings with 16 copies arranged in pairs of two. We
use the model for NUP107 of [18] where the rings are separated 59 nm in height and have a 13◦ azimuthal
shift (Fig. 3.16a). Each ring consists of 16 emitters, grouped in pairs of two. The emitters of one pair are
separated 13.59◦ and the two emitters are positioned on an outer and inner ring of 99.4 and 93.2 nm in di-
ameter, respectively (Fig. 3.16b). We simulated a dataset of 500 particles using the NUP107 model, with 50%
DoL and a mean lateral localization uncertainty of 3.5 nm (10.5 nm in the axial direction). The particles are
simulated including a bleaching rate of 0.1 frame−1 as if they are imaged with dSTORM, and therefore have
different numbers or localizations per binding site. To create variation within the dataset, each NUP107 par-
ticle is simulated with a random shift between the upper and lower ring, uniformly distributed between 0◦
and 13◦.

Classification result
The particle fusion result of all 500 particles clearly shows the 16 doublets of emitters (Fig. 3.16c). However,
the continuous variation in the shift between the two rings is blurring the result. When we apply the 3D
classification method to the same 500 particles, we find two classes with 266 and 234 particles, respectively.
An isosurface plot based on the localization density shows that one class contains the particles with a small
shift and the other class the particles with a bigger shift (Fig. 3.16d). Further investigation of the distribu-
tion of the shifts indicates that the shifts are divided over the two classes, where each class contains one half
of the distribution (Fig. 3.16e). This example shows that the 3D classification algorithm is, as its 2D vari-
ant, able to correctly classify data with continuous variation, even though only 50% of the binding sites are
labeled.

Note that for all shown data of NUP107, we used prior knowledge about the 8-fold symmetry of the NPC in the
particle fusion algorithm. During bootstrapping, the third and last step of the particle fusion algorithm, every
particle is in each iteration given a random additional rotation of k · 2π

8 , with k = 1. . .8, around the z-axis.
This approach results in an equal division of the localization over the NPC structure, resolving the hotspot
problem [17, 18].
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Figure 3.16 | Classification result on simulated NUP107. a, Model for NUP107 with two rings of 16 binding sites. The rings are 59 nm
separated in height and have a relative azimuthal shift of 13◦ (∆θ). b, The binding sites of each pair are separated by 13.59◦ (∆α) and are
located on one of two rings with radii of 46.6 (rinner) and 49.7 nm (router), respectively. c, Isosurface visualization of the particle fusion
result of 500 simulated NUP107 particles with a uniformly distributed shift in the range 0-13◦, mean lateral localization uncertainty of
3.5 nm, 50% DoL and simulated as if they are imaged with dSTORM. d, Two-color overlay isosurface visualization of the classification
result of c, containing 266 (green) and 234 (red) particles per class, respectively. e, Shift distribution per class. Shifts are the ground-truth
shifts used in simulating the particles.

Example 2: Experimental NUP107 data
We also tested the 3D classification approach on an experimental Alexa647-labeled NUP107 dataset of 750
particles, imaged with 4Pi STORM in U2OS cells (previously described [18]). The 3D particle fusion result
of all 750 particles clearly shows the 8-fold symmetry of the NPC (Fig. 3.17a). When we apply the 3D clas-
sification method to the same 750 particles, we find two classes with 391 and 359 particles, respectively. An
isosurface plot based on the localization density shows that one class contains the particles with most of
their localizations in the upper ring and the other class the particles with more localizations in the lower ring
(Fig. 3.17b). Quantification of the difference between the upper and lower ring shows indeed that the green
class contains all particles with more localizations in the upper ring and the other class for the lower ring
(Fig. 3.17c). To prevent that the classification selects on the density of each ring, we flip the green class to
make sure that the lower ring of each particle has more localizations than the upper ring. When we classify
all particles again (after flipping the green class), the classification selects the left (orange class, 372 particles)
and right side (blue class, 378 particles) of the ring (Fig. 3.17d). This example shows that when there is no (or
not enough) structural variation, the classification selects on localization densities (similar to Supplementary
Fig. 9 of the Manuscript).
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Figure 3.17 | Classification result of experimental NUP107 data. a, Isosurface visualization of the particle fusion result of 750 experi-
mental NUP107 particles imaged with 4Pi STORM microscopy. b, Two-color overlay isosurface visualization of the classification result
of a, containing 391 (green) and 359 (red) particles per class, respectively. c, Quantification of the difference in localizations in the two
rings, expressed in the ratio of number of localization in the upper ring divided by the number of localizations in the lower ring. Note
the logarithmic x-axis. d, Bottom view of the two-color overlay of the two classes resulting from a second round of classification on all
particles, after flipping the green class upside-down. The classes contain 372 (orange) and 378 (blue) particles per class, respectively.
Note that this bottom view only shows the lower ring. The upper ring has negligible density and does not show a difference between the
classes.
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Discussion

Disadvantages of the classification appraoch
Even though the promising results on multiple experimental and simulated datasets, some aspects of the
classification method require careful consideration. First of all, the method knows one free parameter, K,
which is the number of clusters in k-means clustering of the multidimensional scaling space. The parameter
K has to be chosen by the user and determines the number of output classes. If the number of classes within
the dataset is known, the choice for K is trivial. Often, however, the number of classes is unknown and select-
ing the optimal K requires tweaking. As explained in the Manuscript, visual inspection of the organization of
the first dimensions in the multidimensional scaling space can give a valid indication about what value for
K to use. If the first dimensions show clearly separated clusters, K can be chosen to match the number of
clusters. However, when the particles have low DoL, high localization uncertainties or the variation between
the different classes is small, the scatter plot will be a single point cloud and does not give a clear indication
for the choice of K. If the goal is to find a small subgroup of structurally different particles, we advise to use a
high value for K. As an example, we use K=40 for the dataset with 2% mirrored TUD-logos. The user can start
with an educated guess for K and then vary K to manually inspect what number of clusters is preferred. This
can be done quickly as the process of clustering and subsequent particle fusion per cluster is significantly
faster than the already-performed all-to-all registration.

Another point of concern is the computational cost of the classification approach. The method depends on
the all-to-all registration of all particles, which is the most time-consuming step in the algorithm. Classifying
5000 particles of the digits dataset would take multiple days, even when parallelizing the process over 40 cores
in a high-performing GPU cluster. Since the all-to-all registration of N particles scales with N 2, it is beneficial
to split the dataset into multiple subgroups, perform the classification per group and combine the results in
the end. We experience that the classification performance of classifying a subgroup of 500 particles is equal
to the performance on all 5000 particles. This allows for speeding up the process while maintaining the same
classification performance.

As a third point, one can question what degrees of structural variability can be detected with the developed
method. Important factors determining whether variation in the data can be found are the localization un-
certainty and the density of labeling. When the localization uncertainty is higher than the variation between
the classes, the variation will be concealed and can therefore not be detected with classification. Further-
more, a low density of labeling will hinder the classification. When the particles are labeled too sparsely, two
particles cannot be registered correctly to each other. This will result in low classification performance since
the classification is completely dependent on the similarity values resulting from the pairwise registration. A
lower bound for the density of labeling necessary for correct classification is hard to define, since it depends
on the total number of binding sites, the structure of the particle, the degree of variation between the classes
and the localization uncertainty.

In case of a small subset of structurally different particles, we experience that it is required that the rare class
contains at least approximately 10 particles, in order to be able to detect them. The reason is that a class with
fewer particles is not easily captured by k-means clustering of the multidimensional scaling space.
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Improvements
Chapter 3.3 already described a number of strategies to improve classification performance. The classes can
be finetuned by interchanging particles between classes based on the similarity between a particle and the
class averages, or by discarding outliers from classes to increase the purity/uniformity of the particles within
the same class.

A fundamentally different approach for classification would be to iteratively alternate between clustering and
particle fusion. In this way, we start by clustering the particles into many small groups and merge the parti-
cles per group. These small groups are iteratively clustered and merged until the desired number of clusters
is reached. This approach, in contrast to the method in the Manuscript, is not solely based on the pairwise
registration between pairs of particles. Since the clusters gradually grow in the number of particles, the effec-
tive labeling goes up and therewith the reliability of the registration between clusters. The disadvantage is the
computational cost of the pairwise registration in every iteration of the algorithm. Even though the number
of clusters will decrease each iteration, the total number of necessary registrations is significantly higher than
in our developed method.

There are other smaller improvements to the developed method that are worth investigating in order to in-
crease the classification performance. First of all, the conversion from similarity to dissimilarity values can
possibly be improved by using other ideas than the linear conversion used in the Manuscript. Secondly, it
would be interesting to investigate if there are other similarity measures between point clouds that are less
sensitive to the uneven distribution of localizations over the binding sites, from which the Bhattacharya cost
function suffers. A third improvement could be to optimize for the number of initialized angles that are
used in the GMM registration for each dataset specifically. The pairwise registration results in the similarity
measures on which the entire classification pipeline is based, better registration will, therefore, lead to more
reliable classification. One way to optimize for the number of angles is by doing multiple registrations with
increasing number of initialized angles and see when the cost function values plateaus, indicating that taking
more angles is not beneficial. Another option could be to do multiple registrations with very high numbers of
initialized angles and investigate the smoothness of the cost function over the angles, where a smooth func-
tion allows for initialization with less angles. As a fourth improvement, it would be interesting to, instead of
assigning every particle to a specific cluster using k-means clustering, giving each particle a weight that ex-
presses the probability of belonging to each cluster. In this way, each class can be constructed using only the
particles that have a probability for that class above a certain threshold.

Conclusion
Despite the above-mentioned points of concern about the method, we have proven the indisputable classi-
fication performance on a range of different datasets, with only one free parameter. The developed classifi-
cation tool works directly on localization data, including the (possibly anisotropic) localization uncertainties
and it can handle dataset with incomplete labeling and class imbalances. Next to that, the method can be eas-
ily extended to 3D and does not require template matching, prior knowledge or any training. In the future, the
goal is to further develop the classification method and apply it to biological data. It will allow for structural
classification in cellular imaging, to study biological variability and drug induced variations.
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A
Classification techniques in single-particle

averaging for cryo-electron microscopy

Introduction
In order to understand the working principles of life and use this knowledge to develop new drugs and ther-
apies, an understanding of all molecular components is necessary. To gain insight into the function and
activity of life’s smallest building blocks, it is crucial to identify the structure of proteins and protein com-
plexes. Since the 1950s, the field of structural biology aims to visualize the smallest structures of life. Over
the last decades, giant improvements have been made which brought the resolution down to near-atomic,
sub-Ångström, length scales. In this review, we will focus on electron microscopy and aim to summarize the
current classification strategies that are used in the image reconstruction software packages.

There are multiple techniques available to study the structure of biological molecules. Using X-ray crystallog-
raphy, the structure is reconstructed by looking at the X-ray diffraction pattern of crystallized molecules. Dis-
advantages are that for many proteins it is hard to find the experimental conditions in which the protein crys-
tallizes, the crystal structure may change the physiological conformation of the protein and large amounts of
sample are needed. Also, the structure is deduced from the diffraction of all molecules together, which makes
it impossible to visualize individual proteins. Another technique, nuclear magnetic resonance (NMR), can
measure the structure of molecules in water solution. However, this only works for small molecules, in the
range of 50 kDa [2].

The most popular modality in structural biology is cryo-EM. This technique was selected as the Method of the
Year 2015 by Nature Methods [30] and awarded the Noble Prize in Chemistry in 2017. In cryo-EM, biological
macromolecules are rapidly frozen in a thin layer of virtuous ice. An electron beam is passed through the
sample creating a tomographic 2D projection on a planar detector. Since the single molecules are randomly
located and oriented in the layer of ice, the acquired 2D images contain projections covering all 3D rotation
angles of the structure of interest. Using computational techniques, the 3D representation of the electron-
density of the sample can be reconstructed from the large set of 2D projections.

The process of reconstructing a 3D volume out of approximately 105 particles involves multiple computa-
tional steps. In the last 40 years, many groups have worked on algorithms to perform this reconstruction.
Consequently, there are currently multiple software packages available which all utilize different strategies
and methods. However, most packages follow the same general pipeline (Fig. A.1). After picking the parti-
cles from the electron micrograph, further referred to as images, the images are grouped in classes based on
similarity. Ideally, each class contains images originating from one projection angle. The classes are averaged
to reduce the noise and used to reconstruct an initial 3D model. Further steps involve refinement of the 3D
model and possible classification of different conformations.

Multiple factors make the reconstruction challenging, such as low signal-to-noise ratio (SNR), the localization
and orientation of the 2D projections are unknown and the sets of images are immense. In the reconstruction
pipeline, several steps require classification, which is also hampered by the above-mentioned issues. In this
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Figure A.1 | The general pipeline of single-particle averaging in EM. 1, Particle picking from the electron micrograph. 2, Image align-
ment and classification into multiple classes based on similarity. Each class represents a 2D projection viewing direction of the 3D
structure. 3, The class averages are used to make a 3D reconstruction of the structure. 4, Refinement of the 3D model.

review, we aim to summarize the current classification strategies in EM and indicate how they are used and
combined in modern software packages.

Classification in cryo-EM pipeline
Given the general pipeline of Fig. A.1, there are at least two processes that involve classification. The first
one is the classification of images into classes that represent the same viewing direction (step 2 in Fig. A.1).
These classes are averaged to increase the SNR and can subsequently be used for constructing the 3D model,
improving the particle picking, allowing for manual initial assessment of the images and removal of uninfor-
mative data. The second classification process is identifying possible different conformations of the protein,
which is usually done in the 3D refinement step (step 4 in Fig. A.1). The to-be-determined 3D structure of
the molecule is unknown, as well as the viewing directions underlying each 2D projection image. This means
that the classification procedure of the images can be defined as an unsupervised classification problem. For
that reason, the classification essentially comes down to clustering.

Clustering step 1: from images to class averages per viewing direction
The first process that requires clustering is the grouping of images into classes per viewing direction. The
idea is that every class contains images that represent one viewing direction and therefore look similar. Each
class of images will later be averaged to serve as input for the initial 3D model reconstruction. The entire
classification of images into 2D classes knows three general steps: alignment, dimensionality reduction and
clustering, where different software packages use different methods for each step.

1. Alignment
For the first step, the alignment of the images, two different groups of algorithms are available, namely
multiple-reference alignment and reference-free alignment [49]. Software packages that use the multi-reference
alignment algorithms are EMAN.2 [45] and SPARX [20], whereas Spider [12] uses the reference-free alignment
algorithm.

Multiple-reference alignment (MRA) starts with a reference image for each viewing direction to which all im-
ages are registered and assigned [48]. By iteratively repeating the process of assigning images and updating
the references, stable class averages can be found. A common technique for alignment is to cross-correlate
the images with each other to find the correct translation and orientation [11]. Registration can also be done
by using correntropy as similarity measure instead of correlation [43] or by using rotationally invariant fea-
tures [50].

To make the alignment and assignment of images to classes less sensitive to noise, the robust criterion is
proposed [43]. Instead of only looking at the similarity between the image and the class averages, every
already assigned image is also compared with the class averages. The image is not simply assigned to the
class average with the highest similarity, but the similarity value is compared to the similarities between the
images within that class and the specific class average. Next to that, images tend to be assigned to the class
with the highest SNR. Classes have different SNRs due to the variation in the number of images that are
assigned to each class. To prevent these misclassifications and make the clustering more robust, a divisive
approach is proposed [43]. Here, in each iteration the largest class is split into two smaller classes, to prevent
the creation of unequal classes and therewith varying SNRs.
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However, the greatest pitfall of MRA techniques is the initialization of class averages. If a 3D model of the
protein of interest is known, multiple 2D projections can serve as initial class averages. Although, in most
cases, an estimate of the structure is a priori not available. In this case, random images can be chosen as
initial class averages [48].

In reference-free alignment (RFA), the second main group of alignment algorithms, all images are registered
to each other without the use of a reference [33]. First, the images are combined into one initial average,
which is later iteratively refined by a bootstrapping algorithm. In the first step, all images are combined in
random sequential order. To start with, two random images are aligned to each other. In the next step, a third
image is registered to the average image of the first two and combined into the average, which is sequentially
repeated to include all images. In the second step, the global average is refined by iteratively taking one image
out of the average and re-aligning it to the global average. In this way, sequentially all images are removed and
re-aligned to the global average, and this can be repeated for multiple steps until a stable average is reached.
Even though this algorithm is free of template-bias, it is not an optimal solution, since it depends on the
choice of the first two images that are combined.

2. Dimensionality reduction
After aligning all the images using one of the above-mentioned strategies, the next step is to cluster the im-
ages into groups per viewing direction (Fig. A.2). To do this, we need a measure for the similarity between
the images. Since the images consist of many pixels, taking every pixel as a feature would result in a high-
dimensional problem. One way to reduce the complexity, is to apply dimensionality reduction techniques
with so-called multivariate statistical analysis (MSA). In cryo-EM, correspondence analysis (CA) is the most
commonly used MSA technique [10]. CA computes the low-dimensional space in which the mutual dissimi-
larities between the images are best preserved. The technique is comparable to principal component analysis
(PCA), but uses the relative intensity values of the pixels. This makes CA less sensitive to the absolute inten-
sity differences between images. The computation of the low-dimensional space is the result of remapping
the high-dimensional image space onto new axes. The new axes, hereafter referred to as factors, are ordered
based on how much variation of the data they explain. In principle, the algorithm gives as many factors as
dimensions in the original dataset, yet the power of CA rests in the fact that taking only the first few factors is
enough to preserve the greater part of the variance in the data, while essentially removing the noise.

In the case of RFA, all images are aligned to each other and CA can be applied to represent each image in a
lower dimension [47]. This procedure can be difficult because individual images have a low quality since they
contain high levels of noise. The MRA algorithm produces multiple aligned clusters, which, after averaging,
each have a higher SNR than the individual images. When CA is applied on the (mutually aligned) cluster
averages, this results in more robust principle component in which all the images can subsequently be de-
composed to give the factors [48]. To go from all images to the factors, one can either take the MRA or the RFA
approach (left part of Fig. A.2).

3. Clustering
After the CA procedure, each image is represented by 2-8 factors [47, 48]. The next step is to use this low-
dimensional representation to cluster the images into distinct groups. Different algorithms are available to
perform the clustering, for instance, k-means and hierarchical agglomerative clustering [46] (right part of
Fig. A.2). The first and most simple method, which makes use of the new coordinates directly, is k-means
clustering. One option is to represent the images as points in a two-dimensional scatterplot [47], where the x-
and y-coordinates represent the first two factorial components. The resulting clusters of images have similar
factorial components, so probably look similar. The k-means algorithm can in principle be applied to any
number of dimensions [46].

Another way to divide the images into groups is hierarchical agglomerative clustering (HAC). A commonly
used variant of this algorithm is the variance-oriented HAC method [48]. This algorithm starts by taking
every image as being a cluster and sequentially merges the two clusters which together have the lowest intra-
class variance. The merging of classes proceeds until all images are in one big class. The merging history and
the corresponding values of the intra-class variance at each step can be plotted in a classification tree (Fig.
A.2) . The desired number of classes can be obtained by pruning the classification tree at a particular level.
The same principle can be applied in the reverse direction by starting with one class and repeatedly making a
split that results in the biggest drop in intra-class variance. The number of factorial components taking into
account when calculating the intra-class variance usually varies from two to six [33].
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Figure A.2 | Classification to form class averages. All images are aligned with each other. This can be done by either multi-reference
alignment (MRA) into multiple aligned clusters or by reference-free alignment (RFA) into one aligned cluster. Correspondence analysis
(CA) is applied to the clusters and reduces the dimensionality into several factors per image. The images are clusters based on these
factors, either by k-means clustering or hierarchical agglomerative clustering (HAC). The clustering results in several clusters of images,
which are averaged into class averages.

Bayesian approach
A completely different and very popular technique is using a maximum-likelihood (ML) method. Initially,
this technique was only used for the alignment of the images [41]. However, applying ML to the alignment
and classification simultaneously resulted in the popular and successful software package RELION [39]. The
idea behind ML is to find the most likely model that describes the data, where in this case, the models are the
class averages. The models are iteratively updated by making use of the expectation-maximization algorithm.
In the expectation-step, for each image, the probability that it is a result of every model is calculated. In
the maximization-step, the model parameters are updated using partial derivatives of the expectation with
respect to all the model parameters. The Bayesian character of the algorithm results in a more robust routine
to find the class averages. A disadvantage is that the calculations are computationally expensive since the
algorithm needs to go through all images in every iteration.

Other classification strategies
To further improve the performance of the classification in general or for a specific problem, numerous vari-
ants on the above-described algorithms have been developed. The aforementioned CA technique reduces the
dimensionality of the dataset by projecting the images into a lower-dimensional vector space, which is used
for clustering. Despite the reduction to two to eight dimensions, analysis of the structure of the data and the
investigation of trends that are captured in more than two features, remains challenging. To allow for visual
inspection of the result of the correspondence analysis, non-linear mapping can be used [35], which further
reduces the dimensionality to only two features. This technique maps the data onto a two-dimensional map,
by preserving the underlying dissimilarities as well as possible. The new representation shows the overall
ordering in a two-dimensional map, in which trends and patterns can be visually detected.

Clustering step 2: finding different conformations of the 3D model
In the first part of the review, we described different algorithms that are used to cluster the images into dif-
ferent classes that each represent a viewing direction of the projected structure of interest. These images are
averaged per classes and used for the 3D reconstruction of the electron density map. Another step in the re-
construction pipeline that requires classification is finding the different conformational states. Here we will
describe several methods that are currently used to find these different structures.
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e2refinemulti
The most simple method for 3D classification is e2refinemulti, part of the EMAN.2 software package [27].
This algorithm (Fig. A.3a) starts with any number of 3D models as input, which can be estimated guesses
[4] of the different conformational states or randomly perturbed versions of the general structure [7]. From
each of the N 3D models, a number of 2D projections are made over different angles. In the next step, all the
available images are matched to all projections and assigned to the projections with the greatest similarity.
The resulting clusters of images are reconstructed into N new 3D models, and this process is repeated until
convergence. The major disadvantage of this strategy is the bias towards the chosen initial models.

e2refine-split
Another method, that does not suffer from initialization bias and is part of the EMAN.2 software package, is
e2refine-split [27]. This strategy starts with the class averages that are created after the first classification step
in the pipeline (Fig. A.1). To each set of aligned images that belong to a class average, PCA is applied, which
identifies the most prominent differences between the images (Fig. A.3b). The resulting factorial components
are used to cluster the images of each class average into two groups, A and B, which correspond to two class
averages per viewing direction. The next step is to assign each class average to either 3D model X or Y. This
is done for each set of class averages, starting with the set containing the highest number of images. For
each assignment, it is determined whether the average A or B should be matched to either model X or Y, by
comparing the 3D Fourier volumes. After assigning all sets off averages to one of the models, two 3D models
are reconstructed. This strategy is more robust and accurate than the previously described e2refinemulti
algorithm since it does not require initial estimates of the different models.
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Figure A.3 | Classification of conformational states. A) The e2refinemulti algorithm starts with multiple initial 3D models (depicted
in green and red). All images are matched to 2D projections of the initial models and the resulting groups of images are reconstructed
to form new 3D models. This can be repeated till convergence. B) In e2refine-split, PCA is applied to each set of images representing
a viewing direction. The resulting factorial components are used to cluster the images per orientation into two groups (either yellow
or blue), which are grouped per model and reconstructed accordingly. C) The codimensional PCA algorithm starts with an initial 3D
reconstruction and matches all the images to the 2D projections of the reconstruction. The clusters of images are resampled into equally
big groups and reconstructed. This is done for multiple rounds of resampling resulting in different 3D reconstructions. PCA on the 3D
volumes gives an eigenvolume that indicates the variation between the different volumes (illustrated by the bulge on the top-right side
of the sphere). The 2D projections of the eigenvolume are used to determine for each image in the clusters to which class they belong.
The resulting classes are reconstructed into two different 3D models.
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Codimensional PCA
One algorithm investigating the 3D variability of the structure is codimensional PCA [34], which combines
the ideas of e2refinemulti and e2refine-split. To prevent that PCA selects on other factors than variations in
the structure, for example, different defocus and noise levels, it is better to apply it on the 3D reconstruction
than on the class averages. The procedure starts by matching all the images to 2D projections of one initial
3D model, which results in sets of images per projection of different sizes (Fig. A.3c). To eliminate artifacts
due to a non-uniform distribution of the images over the viewing directions, a HyperGeometric Stratified
Resampling scheme (HGSR) is used. It resamples the images per viewing direction to create classes with
uniform sizes, which are used to reconstruct a 3D model. This procedure is repeated for different rounds of
resampling, resulting in multiple 3D models. To detect the variability in 3D, PCA is applied to the 3D models
to create eigenvolumes. Eigenvolumes represent the variability between the different 3D models. The first
eigenvolume is reprojected onto the same viewing directions as in the first step of the algorithm. The initial
clusters EM images are projected onto the reprojections of the eigenvolume and clustered into two classes per
reprojection based on the factorial components. The resulting classes are reconstructed into two different 3D
models.

Conclusion
We have shown different classification techniques that are used in the reconstruction pipeline of cryo-EM. In
single-particle averaging, image classification is a required step to cluster the images per viewing direction
before creating the class averages. Another step where classification is important is the identification of dif-
ferent 3D conformations of the structure of interest.
With the acquired knowledge of how image classification is performed in the cryo-EM field, we can start ap-
plying and adapting the aforementioned concepts to single-particle averaging in light microscopy, especially
single-molecule localization microscopy (SMLM). Given the different ways of image acquisition, the nature
of the acquired images in SMLM is totally different from EM images. In contrast to EM, the acquisitions in
SMLM are lists of localization. Next to that, the acquisitions suffer from incomplete labeling and fewer im-
ages are available. These differences make that the classification strategies from cryo-EM cannot directly be
applied to SMLM. However, the principles behind the algorithms can definitely serve as inspiration for the
introduction of image classification into the field of localization microscopy.
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