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ABSTRACT

This thesis presents a suite of deep learning frameworks designed to address key challenges in the
analysis of Electron Microscopy (EM) images of cancer cells, which are vital for understanding
cancer progression and therapy resistance. The research focuses on three primary domains: (1) Image
Quality Assessment and Denoising, where automated metrics and deep learning models validate faster,
safer EM sample preparation protocols without compromising image quality; (2) Semi-supervised
Semantic Segmentation, leveraging limited manual annotations to train models for accurate 3D
segmentation of nuclei and nucleoli, essential for cancer diagnostics; and (3) Object Detection and
Unsupervised Segmentation, integrating advanced detection and segmentation methods to analyze
complex organelles such as mitochondria and endosomes at nanoscale resolution. The findings
demonstrate the efficacy of these approaches in reducing annotation bottlenecks and enhancing
the robustness of EM image analysis. By automating key aspects of image processing, this work
contributes significantly to accelerating cancer research and supporting clinical applications.
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1 Introduction

1.1 Problem statement

Cancer is known for its high morphological and behavioral heterogeneity amongst subtypes, patients and grades [1, 2, 3],
and understanding this heterogeneity is key for prognosis and therapy[4, 5, 6, 7]. Nuclear grade has been shown to
be tied to tumor biology and correlated to biological prognostic variables[8, 9]. Furthermore, aberrant nuclei and
nucleoli are both commonly used cancer markers[10] and the study of structural nucleoli changes has recently emerged
as a promising therapeutic approach for cancer treatment[11]. Mitochondrial dysfunction is often viewed as a cause
tumorogenesis [12] and endosomes are responsible for cell autophagy and cell signaling, both processes that can favor
cancer development when interrupted [13]. Thus, accurate detection and quantization of these organelles will enable a

deeper understanding of the underlying mechanisms taking place during cancer development.

To further our comprehension of cancer, several imaging techniques have been developed. As the cellular components
to be imaged often exist in the nanometer space, researchers have been using EM to get nanometer resolution views of
cellular interactions and couple them to other imaging techniques to get multi-scale representations, with EM already
being implemented as a pathology tool, particularly in the renal community[14]. EM was also used for morphological
differentiation of cancer stem cells in Pancreatic ductal adenocarcinoma (PDAC)[15] and characterization of structural

features for breast cancer stratification[16].

However, while acquiring EM images is now a routine task, the limiting step in the analysis of collected images is
the extraction of meaningful features which is currently done by experts through hand annotating. While yielding
effective results, it is a time-consuming task, making it unsuitable for biological applications and decisions where time
is a critical factor. Indeed, hand-annotating a single sample can take months. Moreover, even without considering the
annotation process, a single sample surface typically contains between 500 and 1000 images per Two-Dimensional
(2D) tiled montage, of 6000 per 4000 pixels each, where up to 1000 organelles can live in one montage tile [17]. This
makes computing spatial and morphological statistics impractical for a human being, and they will have a general
impression of a sample rather than precise metrics. On the other hand, an algorithm can process images much quicker,
thus motivating the use of algorithmic solutions not only for annotation but also analysis of collected images. As
such, to be able to fully leverage the possibilities offered by both deep learning models and high-resolution imaging,
developing automated and robust models to replace humans in both the delineating and analysis task is critical[18].
Typically, these models are chained together into an image processing pipeline. A generic example of such a pipeline

can be seen in Figure 1.

In Figure 2, we compare images taken from normal tissue with triple negative breast cancer sample and Ductal
Carninoma In Situ (DCIS) sample that highlight structural features differentiating between normal and cancer tissues
and cancer grades. In both 2a and 2b, nuclei contours appear smoother, with no to small invaginations, in clear

opposition with 2c¢, 2e, 2f where irregular contours and deep invaginations can be observed. Furthermore, the nucleoli
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Figure 1: Generic image processing pipeline for medical images. The red steps are dealt with in this thesis.
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Figure 2: EM Images displaying actionable features for cancer detection and stratification. Resolution is 4 nm per pixel,
respective image pixel widths heights are 1300 x 1214 (a) 1108 x 1044 (b) 1414 x 1500 (c) 572 x 716 (d) 884 x 668
(e) 2576 x 1106 ().

in images 2a and 2b are smooth and not fenestrated, in contrast to the high fenestration observed in 2¢c. As DCIS is an
early stage of cancer, cells found in the DCIS sample can appear normal-like as can be seen in Fig 2d and be indicative
of a low-grade DCIS. They can also appear slightly mutated and be indicative of an intermediate-grade DCIS as in 2e
or appear heavily mutated with deep invaginations and be indicative of a high-grade DCIS as in 2f. This variability
highlights how statistics (e.g., counting of the low intermediate and high-grade nuclei) over the entirety of the collected
images can be beneficial as opposed to computing them only on labeled images. Specific features also necessitate
going through several images from different samples to be actionable. For instance, nuclei size variability in samples of
normal tissue is way lower than in samples of cancer tissue. It is important to note that some useful features for cancer
detection and stratification that have not yet been identified could reside in EM images. Thanks to having meta-data
about the samples (e.g., results of an immunochemistry test), it is possible to test if EM images can be used to predict
such meta-data and thus if this information is inside the EM images, which cannot necessarily be done by humans, even

experts.



1.2 Contributions and Overview
1.2.1 Image Quality Assessment and Denoising

In chapter 2, we introduce a deep learning-based approach to Image Quality Assessment (IQA) and denoising of
Electron Microscopy images. We used this approach to evaluate if images produced by protocols with faster process
times, less exposure of the operator to hazardous and toxic chemicals and improved reproducibility of the specimens’
heavy metal staining retain the same quality that those of a well-known benchmark protocol. The experimental results
showed that faster protocols can indeed be used to collect images of the same quality than those collected with the

bench protocol for a variety of samples and protocol needs.

1.2.2 Semi-supervised segmentation

In chapter 3, we introduce a semi-supervised framework to improve on previous results obtained with the ResUNet
architecture for semantic segmentation of nuclei and nucleoli in Three-Dimensional (3D) stacks of Electron Microscopy
images of cancer cells. We benchmark several state of the art fully-supervised models such as UNet++, FracTALResNet,
SenFormer, CEECNet and the semi-supervised Cross Pseudo Supervision framework to draw conclusions on the relative
gains of using more complex models, semi-supervised learning as well as next steps for the mitigation of the manual
segmentation bottleneck. We gained an insight as to why semi-supervised models are able to gain as much as 15.6%
relative performance increase over fully-supervised models and establish guidelines for future work on high variability

images such as those of tumor cells.

1.2.3 Object detection and unsupervised segmentation

In chapter 4, we introduce a framework for unsupervised segmentation of nuclei, nucleoli, mitochondria and endosomes,
using fully-supervised detection. As discussed in section 1.1, while acquiring Electron Microscopy images is now
a routine task, their annotation and analysis represents the bottleneck of the image processing pipeline. It is even
more true for semantic segmentation annotations, where every pixel in the image needs to be annotated, as opposed
to object detection, where an object is only associated with 4 coordinates corresponding to its bounding box. We
made use of the ease of annotation of objects in the object detection paradigm to collect a collection of 42 samples
with varied cancer subtypes, tissue types and cancer grades for breast cancer with annotations for the aforementioned
organelles. This large volume of annotated data enabled us to train robust detection models and get good detection
results with especially strong results for the detection of nuclei. In particular, we report a mAP of 0.683, which is
comparable to results on the natural images COCO detection dataset with full labels [19]. Moreover, our reported
AP50 for all organelles outperforms what is reported in state of the art methods such as MitoNet [20] on most of their
datasets, especially the cancer images (HeLa). We improved organelle detection AP50 by at least 0.20 mAP which is a
considerable improvement. We then leverage these object detection models with the Segment Anything Model (SAM)

[21] to obtain segmentation masks for nuclei, nucleoli, mitochondria and endosomes, gaining access to finer features.



2 Deep learning-based Image Quality Assessment and

Denoising

2.1 Abstract

New developments in electron microscopy technology, improved efficiency of detectors, and artificial intelligence
applications for data analysis over the past decade have increased the use of volume Electron Microscopy (VEM) in
the life sciences field. Moreover, sample preparation methods are continuously being modified by investigators to
improve final sample quality, increase electron density, combine imaging technologies, and minimize the introduction
of artifacts into specimens under study. There are a variety of conventional bench protocols that a researcher can
utilize, though most of these protocols require several days. In this work, we describe the utilization of an automated
specimen processor, the mPrep™ ASP-2000™, to pre-pare samples for vVEM that are compatible with Focused Ion
Beam Scanning Electron Microscopy (FIB-SEM), Serial Block Face Scanning Electron Microscopy (SBF-SEM), and
array tomography (AT). The protocols assessed here aimed for methods that are completed in a much shorter period of
time while minimizing the exposure of the operator to hazardous and toxic chemicals and improving the reproducibility
of the specimens’ heavy metal staining, all without compromising the quality of the data acquired using backscattered
electrons during SEM imaging. As a control, we have included a widely used sample bench protocol and have utilized

it as a comparator for image quality analysis, both qualitatively and using image quality analysis metrics. !

2.2 Introduction

The quality of images acquired through vEM is a critical factor in the success of downstream analyses, particularly in
high-resolution structural studies of biological specimens. The field has increasingly turned to automated approaches to
streamline sample preparation while ensuring reproducible outcomes, as demonstrated by techniques such as en-bloc
staining and heavy metal impregnation in electron microscopy [22]. However, maintaining consistent image quality

across varied samples and processing conditions remains a significant challenge.

Image Quality Assessment (IQA) methodologies are integral to evaluating the effectiveness of these protocols, minimiz-
ing human bias, and guiding optimization efforts. Traditional IQA metrics like Peak Signal-to-Noise Ratio (PSNR) and
Structural Similarity Index Measure (SSIM) offer insights into image fidelity but are often insufficient to capture the
complexity of VEM datasets, necessitating the use of advanced computational tools, including deep learning approaches

[23].

Recent advancements, such as the incorporation of automated specimen processors like the ASP-2000, further underline

the role of automation in addressing variability. This system enables precision in sample handling and staining while

'The work in this chapter was published in Erin S. Stempinski, Lucas Pagano, Jessica L. Riesterer, Steven K. Adamou, Guillaume
Thibault, Xubo Song, Young Hwan Chang, and Claudia S. Lépez. Chapter 1 - automated large volume sample preparation for vem.
In Volume Electron Microscopy, volume 177 of Methods in Cell Biology, pages 1-32. Academic Press, 2023.



integrating with IQA pipelines for real-time quality monitoring and protocol refinement [24]. By combining such
automated platforms with robust IQA frameworks, researchers can more effectively ensure consistency, enabling

broader applications across diverse specimen types, such as neural tissue or cancer models [25].

2.3 Materials and methods

In an effort to quantify image quality with respect to protocol used, but without introducing human bias via sample
visible inspection, computer-aided models to evaluate several image quality metrics were implemented. We tried
evaluating the metrics both on entire stitched tilesets and on individual tiles. As results were very similar, we only
show the latter here. It is important to note that evaluating the collected images is difficult; as they are not from the
same sample, they do not image the same region of interest, and thus their content is dissimilar. Since a pixel-to-pixel
comparison of images is impossible because they do not represent the exact same area of interest, we partially annotated

resin in each of them, as can be seen in Figure 3.

As resin is an identical external material added to each sample, this enables noise evaluation by computing the signal’s
standard deviation in the annotated parts without having to consider signal disparities. Thus, lower values of standard
deviation will mean less noise and better Image Quality (IQ). We also use Blind/Referenceless Image Spatial Quality
Evaluator (BRISQUE) [26], which allows the evaluation of IQ without a reference image (ground truth), and yields a
score between 0 and 100, where lower values are indicative of better IQ. This method is based on scene statistics of
locally normalized luminance coefficients to quantify possible losses of “naturalness” in the image due to the presence
of distortions. BRISQUE has been shown to be highly competitive and computationally more efficient than other

No-Reference IQ metrics on medical images [27].

Most IQ metrics use a reference image to compare with the degraded image to analyze, but in our case these references
do not exist. However, we were able to train a deep learning-based denoising model called Noise2Void to remove the
noise from our images without requiring any ground truth [28]. We then used the denoised images as references to their

noisy counterparts and compare them using the IQ metrics described below:

* Peak Signal-to-Noise Ratio (PSNR): is based on Mean Standard Error and is a point-wise IQ metric. Typical
values for PSNR range between 30 and 50 dB, where higher is better. It is frequently used in case studies and

benchmarks as a weak evaluator baseline, but it is known to give results far from human perception [23].

* Structural Similarity Index Measure (SSIM): is based on luminance, contrast and structure, while introducing
the concept of inter-dependency between spatially close pixels by being computed on various windows in the

image [23, 29]. Values range from O to 1, with 1 being perfect structural similarity.

* Multi-scale Structural Similarity Index Measure (MSSIM) is a multi-scale version of SSIM which introduces
an image synthesis approach that automatically determines the relative importance of each scale [30]. Like

SSIM, values range from O to 1, with 1 indicating best quality.
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Figure 3: Examples of hand-annotated resin for noise measurements. Areas annotated are marked by an asterisk and
blue coloration. (A) Annotated resin in bench-processed brain imaged with the SBF-SEM. Scale bar = 40 ym. (B)
Annotated resin in ASP-2000 mouse tumor imaged with the FIB-SEM. Scale bar = 20 um.

* Spectral Residual Based Similarity Index Measure (SR-SIM) compares the spectral residual saliency maps
of the images. SR-SIM is designed on the hypothesis that an image’s saliency map is closely related to its

perceived quality [31]. Values range from O to 1, with 1 being the best possible score.

* Gradient Magnitude Similarity Deviation (GMSD) valuates the difference between the images’ gradients.
GMSD is based on the pixel-wise gradient magnitude similarity (GMS) and a novel pooling strategy: instead of
using the average as is usually done (and works poorly because it ignores the difference in quality degradation
relative to each area), the final score is given by the standard deviation of the Gradient Magnitude Similarity
map, which is the range of distortions severities between images: the higher the GMSD score, the larger the

distortion range, thus the lower the IQ [32]. Values range from O to 1, where lower is better.

* Deep Image Structure and Texture Similarity (DISTS) makes use of neural networks to assess 1Q. It has been

shown to give a closer evaluation of human quality perception than other previously described IQ metrics. In
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Figure 4: Image quality metrics for brain and tumor samples imaged with the SBF-SEM (SBF) or FIB-SEM (FIB)
imaging platforms processed with the bench, ASP-2000 (ASP) ASP-2000 with ethanolic UA (ASP+EtOHUA) or fast
ASP-2000 with ethanolic UA (fast ASP+EtOHUA) protocols. The following metrics were evaluated and compared
to the standard deviation of noise in resin (A), (B) Blind/Referenceless Image Spatial Quality Evaluator (BRISQUE),
(C) Structural Similarity Index Measure (SSIM), (D) Spectral Residual Based Similarity Index Measure (SR-SIM),
(E) Peak Signal-to-Noise Ratio (PSNR), (F) Multi-scale Structural Similarity Index Measure (MSSIM), (G) Gradient
Magnitude Similarity Deviation (GMSD), and (H) Deep Image Structure and Texture Similarity (DISTS).

particular, it is less sensitive to point-by-point deviations between the images [33]. Values range from O to 1,

where 1 is a perfect score.

2.4 Results and conclusion

For our image analysis, we used noise measurements on blank resin as a way to understand image quality, as noise may
disrupt the ability of machine learning algorithms that are frequently utilized in our community to segment cellular

features (Figure 4A). We additionally compared our noise measurements to other selected image quality metrics.
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Figure 5: Pearson (A) and Spearman (B) correlation matrices between image quality metrics. The following met-
rics were compared: the standard deviation of noise in resin, Blind/Referenceless Image Spatial Quality Evaluator
(BRISQUE), Structural Similarity Index Measure (SSIM), Spectral Residual Based Similarity Index Measure (SR-SIM),
Peak Signal-to-Noise Ratio (PSNR), Multi-scale Structural Similarity Index Measure (MSSIM), Gradient Magnitude
Similarity Deviation (GMSD), and Deep Image Structure and Texture Similarity (DISTS).

As can be observed in Figure 4 our results indicate that, for the metrics we selected, patterns emerged dependent on
sample type. For brain samples in both the SBF-SEM and FIB-SEM images analyzed, the ASP-2000 protocol with
ethanolic UA resulted in similar and occasionally better image quality scores when compared to the other protocols
tested. For tumor samples, the bench protocol tended to have the best image quality scores, followed by the ASP-2000
protocol, the ASP-2000 protocol with ethanolic UA, and finally the fast ASP-2000 protocol.

The metric that was the most straightforward and reliable in our analysis was the standard deviation in the hand-
annotated resin areas, as we are sure it only considers noise and not signal (Figure 4A). SSIM and SR-SIM have very
small variations, which could mean they are not suited for the task, but they are correlated with most other metrics

(Figure 4C and D).

For further analysis, we created Pearson and Spearman correlation matrices between the metrics analyzed (Figure 5).
The standard deviation in resin is the closest that we have to a ground truth evaluation of the noise. This result strongly
correlated to DISTS, SRSIM and SSIM, indicating that these metrics are good evaluators of the noise in our images. On
the other hand, BRISQUE and PSNR exhibit a strong correlation but are poorly correlated to the other metrics, which

indicates that they use different features to yield their evaluation (Figure 5).

The annotated resin areas (Figure 3) were also used to evaluate denoised images we obtained using Noise2Void [28] as

a way to understand how the processing protocols may perform with machine learning algorithms. After denoising,
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Figure 6: Standard deviation of pixel values in annotated resin areas for brain and tumor samples imaged on the
SBF-SEM (SBF) and FIB-SEM (FIB) imaging platforms processed with the bench, ASP-2000 (ASP) ASP-2000 with
ethanolic UA (ASP+EtOHUA) or fast ASP-2000 with ethanolic UA (fast ASP+EtOHUA) protocols.

noise values decreased for all samples, regardless of protocol or imaging modality. Noise was reduced by an order
of magnitude for FIB-SEM images and by half to 85% for SBF-SEM images while retaining useful signals. Samples
imaged with the FIB-SEM had noise values all within one standard deviation regardless of protocol used or tissue type.
Surprisingly, after denoising, samples processed with ASP-2000 protocols had less noise than their bench-processed

counterparts (Figure 6).

In conclusion, our results indicate that the ASP-2000 automated specimen processor allows for adequate staining of
samples and the resulting image quality is suitable for deep learning-based models, such as those used for automated
segmentation. This automated processor is capable of being programmed for a variety of samples and protocol needs.
Moreover, its utilization decreases the overall time and cost for sample processing, decreases the operator time required,

and improves protocol reproducibility.
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3 Semi-supervised semantic segmentation in Electron

Microscopy 3D volumes with sparse labels

3.1 Abstract

Electron microscopy enables imaging at nanometer resolution and can shed light on how cancer evolves to develop
resistance to therapy. Acquiring these images has become a routine task; however, analyzing them is now the bottleneck,
as manual structure identification is very time-consuming and can take up to several months for a single sample. Deep
learning approaches offer a suitable solution to speed up the analysis. In this chapter, we present a study of several
state-of-the-art deep learning models for the task of segmenting nuclei and nucleoli in volumes from tumor biopsies.
We compared previous results obtained with the ResUNet architecture to the more recent UNet++, FracTALResNet,
SenFormer, and CEECNet models. In addition, we explored the utilization of unlabeled images through semi-supervised
learning with Cross Pseudo Supervision. We have trained and evaluated all of the models on sparse manual labels from
three fully annotated in-house datasets that we have made available on demand, demonstrating improvements in terms
of 3D Dice score. From the analysis of these results, we drew conclusions on the relative gains of using more complex

models, semi-supervised learning as well as next steps for the mitigation of the manual segmentation bottleneck.

3.2 Introduction

Recent advances in cancer nanomedicine have made cancer treatment safer and more effective [34]. Nanotechnology
has elucidated interactions between tumor cells and their microenvironment showing key factors in cancer behavior and
responses to treatment [35, 36]. Gaining a deeper understanding of the underlying mechanisms taking place during
such interactions will help us understand how cancer grows and develops drug resistance, and ultimately help us find

new, efficient and safe therapeutic strategies aimed at disrupting cancer development [37].

To do this, high resolution information collected from the cellular components at nanometer scale using focused ion
beam-scanning electron microscopy (FIB-SEM) is especially useful as it provides volumes of serially-collected 2D
SEM images, creating volume Electron Microscopy (VEM) image stacks, and allowing access to 3D information from
tissues [38]. This fully automated protocol avoids artifacts associated with serial microtomies and enables voxels to be
isotropic, thus yielding a similar image quality in all dimensions, beneficial for feature recognition and context within

the volume [39].

These advantageous features have made SEM desirable for use in clinical programs. However, the analysis-limiting step
is the extraction of meaningful features, starting with the segmentation of cellular components present in these images.

This is currently done by human experts through hand annotating. It’s a tedious and time consuming task, making it

The work in this chapter was published in Pagano L, Thibault G, Bousselham W, Riesterer JL, Song X, Gray JW. Efficient
semi-supervised semantic segmentation of electron microscopy cancer images with sparse annotations. Front Bioinform. 2023 Dec
15;3:1308707
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unsuitable for medical applications and decisions where time is a critical factor. To overcome this limitation and fully
make use of FIB-SEM in a clinical setting, the development of automated and robust models is critical to speeding up

this task [18].

Segmenting images acquired via FIB-SEM is a difficult problem. Indeed, these images differ considerably from
natural ones (images representing what human being would observe in the real world), and even from other microscopy
techniques such as fluorescence microscopy, due to increased noise, different collection resolution, and the reduced
number of image channels. EM images are single-channel (grayscale) and tend to have limited contrast between objects
of interest and background [40]. Furthermore, the ultrastructure of tumor cells and their microenvironment vary from
those of normal cells [41], and EM analysis methods can be tissue type dependent; most current methods have been
developed for neural images [42, 43]. Therefore, segmentation methods designed to assist other microscopy modalities

or other tissue types cannot be applied to ultrastructure segmentation of cancer cells imaged by EM.

We expanded on previous work from [44], where authors showed that a sparsely manually annotated dataset, typically
around 1% of the image stack, was sufficient to train models to segment the whole volume. While state-of-the-
art in semantic segmentation has been dominated by attention-based models for natural images [45], convolutional
architectures remain main stream with EM data, and were used in [44], and the companion paper within this journal
volume. In this paper, we compared architectures as well as training frameworks to find the most suitable one for
the task of semantic segmentation in the aforementioned specific context of FIB-SEM images. By optimizing the
learning process, we expected to improve overall segmentation results and minimize the manual annotation bottleneck

by reducing the number of manually labeled images needed for training.

In this chapter, we focused on the segmentation of nuclei and nucleoli in VEM image stacks acquired from human tumor
samples, as both are commonly used as cancer cell identifiers [46] and have emerged as promising therapeutic targets
for cancer treatment [47]. Segmenting both structures accurately has thus proven essential. We evaluated the selected
models on FIB-SEM images of three longitudinal tissue biopsy datasets that are available on demand as part of the
Human Tumor Atlas Network (HTAN). A quick visualization of the data and end results can be found in Figures 7 and

8.

3.3 Materials and methods

3.3.1 Training and evaluation

Previously, we trained a model for each dataset using a subset of manually labeled images spaced evenly along the
volumes, and evaluated on remaining unlabeled images. We reported results on using 7, 10, 15 and 25 training images
on all datasets, which represents between 0.3% and 3.3% of all image slices depending on the dataset. As these EM
images had large dimensions (typically around 6000 x 4000 pixels), they were cropped to 512 x 512 tiles. We followed
the same procedure as [44] of extracting tiles of size 2048 x 2048 and down sampling them to 512 x 512 as a way to

artificially add context. We applied standard random flip and rotation data augmentations. When training with nucleoli,
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¢ Volume 3 example image. d Volume 3 example image annotations.

Figure 7: Example image slices and corresponding ground truth annotations from Volumes 1 and 3. The image width
is equal to 25 um. Nuclei are in red and nucleoli in blue. (A) Volume 1 example image. (B) Volume 1 example image
annotations. (C) Volume 3 example image. (D) Volume 3 example image annotations.

a Volume 1 3D ground truth. b Volume 1 3D segmentation results.

Figure 8: Ground truth (a) and segmentation by SSL-UNet++-CutMix (b) 3D visualizations for Volume 1. Nuclei are
in yellow and nucleoli in red.

12



Table 1: Number of parameters and training times for one volume. SSL trained models require double the number of

parameters because two models are trained at the same time.

UNet++ | FracTALResNet | CEECNet | Senformer | SSL-ResUNet | SSL-UNet++
# of parameters 26,072,337 18,199,919 58,964,079 | 163,100,906 | 4,283,201 *2 | 21,954,705 * 2
Average training time | ~48 hours ~70 hours ~90 hours | ~144 hours ~60 hours ~64 hours

as they account for a small area in the total image, taking random crops effectively resulted in most crops being empty,
and models collapsing to the prediction of background. To address this issue, we ensured that more than 99% of crops

in a batch contain nucleoli.

Moreover, we selected the Dice score as an evaluation metric because it can be seen as a harmonic mean of precision
and recall, and is fitted when dealing with imbalanced classes setting, which is our case. However, we also report the 3D
Dice score rather than the average of individual Dice scores across all slices as reported in [44]. Indeed, we found the
latter to be biased towards giving more importance to slices with fewer foreground pixels, while the former effectively
reflects the captured percentage of the target structure. For the sake of comparison we reported the averaged version
in our results section in addition to the 3D Dice scores. We recommend however to use the latter. The 3D Dice and

average dice are more precisely defined as follows:

3D Dice = Dice(Predicted Volume, Ground Truth Volume)

Sum(Dice(Predicted Slice, Ground Truth Slice))
Number of slices involume

Average Dice =

All models were trained and evaluated on one NVIDIA V100 GPU, as we strongly believe we should keep our clinical
end-goal in mind and aim to reflect image analysis capabilities available to teams with reasonable computational power.

To this end, we also report training times and number of parameters in table 1.

3.3.2 Fully-supervised framework

ResUNet We used previous work from [44] as the baseline for nuclei and nucleoli segmentation. The model used
was a Residual U-Net (ResUNet) [48], a simple yet robust fully convolutional encoder-decoder network. U-net and its
variants are the most prominent architectures for image segmentation, as the residual connections solve the gradient
vanishing problem faced when working with very deep models [49], while the different levels allow feature refinement

at different scales. These features have made U-nets widely used in many computer vision problems, including analysis

of medical data [50, 51].

UNet++ UNet++ [52] was the first model we decided to compare to the baseline. Our motivation to use this
model came from the fact that it was heavily inspired by ResUNet, and was especially designed for medical-like
image segmentation. The major differences from ResUNet are the presence of dense convolution blocks on the skip
connections and deep supervision losses. Dense convolution blocks aim at reducing the semantic gap between the

encoder and decoder, while deep supervision loss enables the model to be accurate (by averaging outputs from all
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segmentation branches) and fast (by selecting one of the segmentation maps as output). In this chapter, as we were
primarily focused on accuracy, we used the average of all branches. We used the implementation available in the
Segmentation Models Python library 3 with ResNet34 as the encoder backbone, and the soft Dice loss (DL) function
which is commonly used in semantic segmentation for images when background and foreground classes are imbalanced,

and is defined as follows for a ground truth y and prediction p:

) 2yp
DL(y,p)=1— _ 1)
(y,D) "

FracTALResNet FracTALResNet [53] was also used for comparison. While the original model presented is designed
for the task of semantic change detection, it can be adapted for semantic segmentation, and such architecture is in fact
available in the authors’ official implementation . It was heavily inspired from ResUNet as well, but makes use of a
multi-head attention layer (FracTAL block). It also makes use of boundaries and distance maps calculated from the
segmentation masks in order to improve performances, but at the cost of both memory and computational time during

training. It is trained using the Fractal Tanimoto similarity measure.

CEECNet CEECNet was also introduced in [53] and for the same purpose as FracTALResNet, but managed to
achieve state-of-the-art performances by focusing on context. Indeed, the CEECNet block stands for Compress-Expand
Expand-Compress and is comprised of two branches. The first branch (CE block) processes a view of the input in
lower resolution, while the second branch (EC block) treats a view in higher spatial resolution. Motivation behind
using this model came from the fact that, as described in section 3.3.1, feeding more context by down-sampling to a
lower resolution is beneficial to segmentation accuracy. Since the core block of CEECNet is based on the compress and
expand operations, we believed this network would be able to leverage contextual information in order to achieve better
segmentation performances. Similar to FracTALResNet, it was trained with the Tanimoto similarity measure and needs

computed boundaries and distance maps.

SenFormer SenFormer [54] (Efficient Self-Ensemble Framework for Semantic Segmentation) was the last fully-
supervised method tested. It is a newly developed ensemble approach for the task of semantic segmentation that makes
use of transformers in the decoders and the Feature Pyramid Network (FPN) backbone. Our motivation behind using
this model came from the fact that it is almost purely attention-based, which by definition adds spatial context to the

segmentation.

Supervised model choice Since model architecture is orthogonal to using a semi-supervised framework, we picked
the best performing model using Dice scores, as can be seen in table 2. UNet++ performed better on average, exhibited
a low variance, often performed the best out of fully-supervised architectures, and almost never under performed (as
shown by the average rank). Detailed results were reported in Tables 3 and 4. For these reasons, it was the model we

chose to compare to the baseline in the semi-supervised framework.

*https://github.com/qubvel/segmentation_models.pytorch
*https://github.com/feevos/ceecnet
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Table 2: Average, standard deviation and average rank for Dice score over all volumes.

ResUNet | UNet++ | FracTALResNet | CEECNet | Senformer
Average 0.9200 | 0.9270 0.9250 0.9036 0.9146
Standard deviation | 0.0107 | 0.0083 0.0072 0.137 0.0099
Average rank 2.625 2.6042 3.1875 3.54 3.0417

Table 3: Nuclei segmentation Dice scores. Columns labeled 7, 10, 15 and 25 in the second line represent the number of
training images for each volume.

Volume 1 Volume 2 Volume 3
7 10 15 25 7 10 15 25 7 10 15 25

ResUNet 0.9805 | 0.9846 | 0.9846 | 0.9847 | 0.9845 |0.9875|0.9878 | 0.9933 | 0.9597 |0.9737|0.9738 | 0.9745
UNet++ 0.9746 | 0.9791 | 0.9801 | 0.9844 | 0.988 |0.9908 | 0.9922 | 0.993 | 0.9606 | 0.9625|0.9705| 0.985
FracTALResNet 0.9724 10.9796 | 0.9817 | 0.9885 | 0.9756 |0.9836 | 0.9871 | 0.9887 | 0.9655 |0.9698 | 0.976 | 0.9825

CEECNet 0.9702 | 0.9688 | 0.9825 | 0.9742 | 0.9847 |0.9894 | 0.9928 | 0.9948 | 0.9457 | 0.9499 | 0.9509 | 0.98
Senformer 0.9821 [0.9851|0.9877|0.9897 | 0.9835 | 0.987 |0.9898 | 0.9927 | 0.971 0.9722 | 0.979 | 0.9858
SSL-ResUNet 0.988 | 0.9889 | 0.9882 | 0.9902 | 0.9938 |0.9931|0.9941 | 0.9958 | 0.9703 |0.9702 | 0.977 | 0.9822
SSL-ResUNet-CutMix | 0.9892 | 0.9898 | 0.9903 | 0.9912 | 0.9951 | 0.9952 | 0.9954 | 0.9957 | 0.9726 | 0.9747 | 0.9799 | 0.9822
SSL-UNet++-CutMix | 0.9903 | 0.9910 | 0.9912 | 0.9923 | 0.9951 | 0.9952 | 0.9954 | 0.9959 | 0.9804 | 0.9839 | 0.9859 | 0.9872

3.3.3 Semi-supervised learning (SSL) framework

Cross Pseudo Supervision (CPS) As described in section 3.3.1, roughly 1% of the collected images were manually
annotated and used for training the fully-supervised methods. To take advantage of the potential semantic information
contained in the unlabeled images, we used the CPS framework described in [55]. It trained two networks with a
standard supervised cross-entropy loss and used pseudo-labels generated from the segmentation confidence map of one
network to supervise the other as can be seen in Figure 9. Loss for unlabeled images in CPS is defined as follows with
D" denoting unlabeled data, p; the segmentation confidence map, y; the predicted label map, /.. the cross-entropy loss,

1, and 2 representing each network:

WxH
Ecps == |D71u| ZXED” ﬁ Zzzg (gce (plia y2i) +£ce (p2i7 yli)) (2)

We trained both ResUNet and UNet++ models with this framework. In this chapter, we trained models with the soft

Dice loss defined in equation 1, as we noticed that models trained with a loss closer to the evaluation metric performed

Table 4: Nucleoli segmentation Dice scores. Columns labeled 7, 10, 15 and 25 in the second line represent the number
of training images for each volume.

Volume 1 Volume 2 Volume 3

7 10 15 25 7 10 15 25 7 10 15 25
ResUNet 0.9686 | 0.9733 | 0.9664 | 0.9712 | 0.8811 |0.9019 | 0.9108 | 0.9182 | 0.7054 | 0.7014 | 0.6906 | 0.7166
UNet++ 0.9576 |0.9624 | 0.9652 | 0.9671 | 0.8957 |0.9168 | 0.9139 | 0.9216 | 0.638 | 0.7321 | 0.7893 | 0.8282
FracTALResNet 0.9662 | 0.9613 | 0.9464 | 0.9671 | 0.8809 |0.8778 | 0.8775|0.9237 | 0.6892 | 0.7547|0.7677 | 0.8307
CEECNet 0.9779 [0.9775|0.9772 09797 | 0.7615 |0.8608 | 0.8339 | 0.8565 | 0.586 | 0.6567 | 0.7321 | 0.8036
Senformer 0.9353 10.9384 | 0.9413|0.9442 | 0.8385 |0.8594 | 0.8818 | 0.907 | 0.6695 | 0.6678 | 0.7538 | 0.8084
SSL-ResUNet 0.9775 |0.9783 | 0.9767 | 0.9782 | 0.9007 |0.9196 | 0.9344 | 0.9401 | 0.6714 | 0.7447 | 0.8041 | 0.8176
SSL-ResUNet-CutMix | 0.9781 | 0.9782|0.9787 | 0.9791 | 0.9193 |0.9218 | 0.9339 | 0.9440 | 0.7763 | 0.8013 | 0.8159 | 0.8266
SSL-UNet++-CutMix | 0.9777 |0.9783 | 0.9781 | 0.9793 | 0.9292 | 0.9256 | 0.9349 | 0.9473 | 0.7887 | 0.8071 | 0.8240 | 0.8390
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Figure 9: Illustration of the CPS training framework. P; is the segmentation confidence map, Y; is the predicted label
map. — means forward operation, --+ loss supervision, and // on — stopping the gradient.

better. As a consequence, we replaced all of the cross-entropy losses originally used in [55] by the soft Dice loss.
We also noticed that learning needed to be driven by the supervised loss during the first epochs. At the beginning of
training, models had no prior knowledge of the segmentation task, and thus, could not yield relevant pseudo-labels
resulting in frequent collapsing to predict only the background, especially when working with nucleoli. To resolve this,
we implemented a linear warm-up to A, the parameter used to balance the CPS loss with the supervised loss, so that the

latter has priority over the former during early steps of training. We used a value of 1 for A in all of our experiments.

Integration of CutMix data augmentation CutMix [56] is a popular data augmentation method for training classifiers
that shuffles information throughout the training batch, and has recently been used in semi-supervised segmentation
tasks. In the authors’ implementation, when using the CutMix strategy in the CPS loss, the latter is only optionally
computed on labeled data. However, in our case, not having labels meant not being able to ensure the CPS batch
contained any nucleoli as we did for supervised methods (see section 3.3.1). This made the loss unstable as models
performed poorly on empty images. To solve this issue, we trained all models with both the supervised and unsupervised
CPS loss, and ensured that at least half of the CPS batch contained nucleoli. We tried using CutMix in the fully
supervised setting, however, it did not yield any significant improvement. We believe this to be due to the fact that
the number of images we trained on was so limited in the fully-supervised setting, CutMix could not add much new

information during augmentation.

Benefits of semi-supervised learning While fully-supervised models could sometimes outperform SSL ones on
specific datasets (for example CEECNet on Volume 1 nucleoli), SSL remained stable over all structures and volumes. It
outperformed the baseline for all datasets, most noticeably on Volume 3 nucleoli, with an average gain of 0.11 in Dice,
representing a 15.6% performance increase. One of the reasons behind this performance gain is the high heterogeneity

in Volume 3 nucleoli, and most models struggled segmenting unseen structures, as can be observed in Figure 10. As the
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Figure 10: Qualitative results with Dice score for a difficult nucleolus in Volume 3, from (a) ground truth, (b) UNet++,
(c) FracTALResNet, (d) CEECNet, (e) Senformer, (f) SSL-ResUNet, (g) SSL-ResUNet-CutMix and (h) SSL-UNet++-
CutMix. Resolution is 4 nm per voxel.

performances of different fully-supervised methods varied highly depending on the volumes (for example Senformer

under-performed in segmenting Volume 1 nucleoli), the SSL methods remained stable.

When evaluating our models, we noticed that fully supervised methods performed really well around the images
they were trained on (see Figure 11), yielding a near perfect Dice score. However, performances dropped as soon as
evaluation images start being dissimilar to the training images, thus forming dips visible in the plot. This is a clear sign
of over-fitting that SSL prevented thanks to the regularization added by the CPS loss. This stability and consistency
across image volumes allows, in addition to the performance gain, an easier post-processing of the segmented volume by
manual inspection and interpretation or algorithmic analysis. These result made us believe semi-supervised frameworks
were key in attaining better generalization performance in our sparse annotation setting. Indeed, the Dice score of
UNet++ with SSL and Cutmix are better most of the time with only 7 training images than what was achieved previously

with 25 images in [44] or with supervised models in this chapter.

3.4 Conclusion

In this chapter, we investigated the segmentation of nuclei and nucleoli in vEM images of cancer cells. We studied the
performances of several leading deep learning models and assessed the relative performance gains of each method. We
provided insight as to why semi-supervised methods were able to yield more robust results and managed to improve on

previous work both in terms of reducing the amount of data needed and segmentation performances, with an improved
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Figure 11: Comparison of Dice scores for nuclei segmentation along all 757 slices in Volume 2 with 7 training images.
Training slices are marked with vertical black lines. We can clearly observe the 7 peaks in performance and drops
in-between for fully-supervised methods (beige to brown) as opposed to the stability of the SSL models (blue).

Dice on all Volumes. We made the experiment code available at > and the complete manual annotations for the data
have been provided through the HTAN data portal. We believe that semi-supervised methods are a key component in

segmentation with sparse annotations as they proved to be superior in both quantitative and qualitative evaluations.
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4 Object detection and unsupervised segmentation in
large-format, high resolution scanning Electron Microscopy

with sparse labels

4.1 Abstract

Electron microscopy is a powerful tool for visualizing cellular structures with high resolution, offering crucial insights
into cancer biology. In this chapter, we integrated state-of-the-art object detection and segmentation models with EM to
enable accurate identification and quantification of cancer-related organelles. Using Deformable DETR and RetinaNet,
we trained models to detect key organelles, including nuclei, nucleoli, mitochondria, and endosomes, in high-resolution
scanning electron microscopy images. We applied default data augmentation strategies to improve model robustness
and evaluated their performance using mean Average Precison (mAP), Average Recall (AR), and Average Precision at
an Intersection over Union (IoU) threshold of 0.5 (AP50). Deformable DETR consistently outperformed RetinaNet
across all organelle categories, achieving the highest mAP of 0.683 in nucleus detection and superior recall in all cases.
The Segment Anything Model (SAM) was subsequently applied to generate segmentation masks based on the detected
bounding boxes, providing access to additional morphology features. While SAM generated high-quality masks,
challenges remained in segmenting complex features such as nuclear invaginations and nucleolar fenestrations. Our
findings demonstrate the potential of combining Al-driven object detection and segmentation with EM for advancing
cancer research. This integration enables precise identification and quantification of sub-cellular structures, facilitating
deeper insights into cancer progression, tumorigenesis, and therapeutic responses. The results underscore the importance
of using cutting-edge Al models to explore cancer biology at the nanoscale, with implications for the development of

personalized cancer treatments.

4.2 Introduction

Cancer, a complex and formidable disease, continues to pose significant challenges to healthcare professionals and
researchers worldwide [57]. Despite remarkable strides made in cancer research and treatment, novel approaches
that shed light on the intricate mechanisms underlying cancer progression and response to therapy are in constant
demand. In recent years, the field of electron microscopy has emerged as a valuable tool for investigating the intricate
details of cellular structures at unprecedented resolutions [58, 59]. Among the diverse array of electron microscopy
techniques, large format, high resolution scanning electron microscopy stands out as a powerful methodology that offers
unique insights into cellular and sub-cellular morphology while scanning enough tissue so that quantification of target
organelles can be performed with statistical significance, as opposed to 3D EM which would restrict the covered area
too much [60]. This exceptional level of resolution has opened up new avenues for studying cancer-related phenomena

at a level of detail that was previously unattainable.
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In the context of cancer treatment, EM holds immense promise as a tool for elucidating the underlying mechanisms
of tumorigenesis, cancer progression, and therapeutic response [17, 61]. The intricate interplay between cancer cells
and their microenvironment and the dynamics of drug interactions within the cellular milieu are all critical factors
influencing the efficacy of cancer therapies. EM provides an invaluable platform to visualize and comprehend these

intricate processes within cancer cells and their surrounding microenvironment [62].

To further enhance the analysis of EM cancer samples, researchers have turned to the application of object detection
artificial intelligence (AI) models [20]. These Al models utilize state-of-the-art deep learning algorithms to identify
and delineate structures with remarkable accuracy and efficiency. Traditionally, training these models relied heavily
on labeled data, which requires manual annotation and can be time-consuming and costly. However, the advent of
semi-supervised learning techniques has opened up new possibilities by leveraging both labeled and unlabeled data. By
automating the annotation process, these Al models alleviate the manual burden of identifying and quantifying cellular

components within EM images, enabling researchers to analyze large datasets in a more time-effective manner.

The integration of object detection AI models with EM analysis has significant implications for cancer research. By
accurately identifying and quantifying nuclei, nucleoli, endosomes, and mitochondria, researchers gain insights into
the spatial distribution, density, and morphological alterations of these cellular components in cancer cells [18]. Such
information can aid in deciphering the intricate changes associated with tumorigenesis, metastasis, and therapeutic
response[62]. Furthermore, the quantitative data generated by these Al models can be leveraged to establish robust
correlations between cellular features and clinical outcomes, facilitating the development of personalized cancer

treatments.

Moreover, the utilization of Al models in conjunction with EM analysis extends beyond annotation and quantification.
These models can assist in pattern recognition, classification, and the identification of rare or abnormal cellular
structures within EM images. By automating the identification process, Al models augment the analytical capabilities
of researchers and enable the discovery of previously unrecognized cellular phenotypes or sub-cellular alterations

associated with cancer [44].

However, the manual annotation of EM images is highly labor-intensive, especially for large datasets where each image
can contain thousands of organelles. Traditional deep learning models for organelle segmentation, such as MitoNet [20],
rely heavily on dense, pixel-wise annotations, making them less scalable for large-scale studies or for diverse organelle
types. To overcome these limitations, we decided to train deep learning models for the detection task, which is way less

label-intensive, and rely on unsupervised methods to perform segmentation.

We implemented two state-of-the-art object detection models: RetinaNet [63] and Deformable DETR (DDETR) [64].
RetinaNet was selected for its efficiency in detecting organelles with varying scales, such as endosomes and mitochon-
dria, owing to its focal loss mechanism, balancing detection of small objects against larger ones. On the other hand,

DDETR, a transformer-based detection model, was chosen for its capacity to capture complex spatial relationships and
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handle irregular organelle shapes, such as nuclei and nucleoli. Its deformable attention mechanism allows the model to

learn effectively from limited data, making it ideal for scenarios where labeled samples are sparse.

In conjunction with these detection models, we leveraged the Segment Anything Model (SAM) [21], which enabled us

to generate high-quality segmentation masks from bounding boxes produced by our detection models.

The integration of object detection Al models with 2D electron microscopy represents a cutting-edge approach in
cancer research. By combining the exceptional resolution of EM with the accuracy and efficiency of Al models,
researchers can annotate and analyze cancer samples more effectively. The identification and quantification of nuclei,
nucleoli, endosomes, and mitochondria within EM images provide valuable insights into cancer biology, facilitating
the understanding of tumorigenesis, metastasis, and therapeutic responses. Managing accurate identification and
quantification with few (sparse) labels is a necessary step towards facilitating cancer understanding. This integration
holds immense promise for advancing personalized cancer treatments and unlocking new discoveries in the field of

cancer research.

4.2.1 Data exploration

The dataset used for this chapter comprises high-resolution 2D scanning electron microscopy images (6144 x 4096
pixels) montaged over large areas , with each montage containing roughly 1000 images. For this analysis, to limit
annotation burden, approximately 50 (5%) representative images from each sample were selected for annotations.
Meta-data such as cancer subtype, tissue type, nuclear grade and nucleoli fenestration level is also available for each

sample.

The images were annotated by our team with CloudFactory, whose annotators underwent specialized training to
accurately identify and label organelles of interest, including nuclei, nucleoli, endosomes, and mitochondria. The
annotators received detailed guidance to ensure consistency and accuracy in labeling, focusing particularly on the
boundaries and morphology of each organelle. Quality Control was performed on both their side and ours. To further
refine the annotations, we filtered out bounding boxes smaller than 20 pixels in width or height to remove potential

labeling errors or irrelevant detections, ensuring a cleaner dataset for model training.

We have annotated bounding boxes for nuclei, nucleoli, endosomes and mitochondria from 42 samples from different
tissue types. This provided us with a total of 131979 mitochondrias, 58489 endosomes, 9875 nuclei and 3727 nucleoli

bounding boxes used for training, validation and testing.

4.3 Materials and Methods

4.3.1 Models

Model selection and rationale For this chapter, we selected RetinaNet and Deformable DETR (DDETR) as the

primary object detection models. RetinaNet was chosen for its capacity to handle objects of varying scales through
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its focal loss mechanism, which is particularly beneficial for detecting small organelles such as endosomes and
mitochondria [63]. Deformable DETR was selected for its ability to capture complex spatial arrangements and handle
highly irregular organelles like nuclei and nucleoli, as well as its deformable attention mechanism that reduces the need

for dense annotations [64].

RetinaNet RetinaNet [63] is a one-stage object detection model based on a Feature Pyramid Network (FPN)
architecture. RetinaNet addresses the issue of class imbalance that occurs when background samples vastly outnumber
foreground object samples in the training data. To tackle this problem, RetinaNet introduces a novel loss function called

the "Focal Loss."

The Focal Loss assigns higher weights to hard examples (i.e., misclassified or challenging objects) during training. By
doing so, it emphasizes learning from difficult instances, effectively focusing the model’s attention on these problematic

samples. This mechanism helps RetinaNet maintain high accuracy even in the presence of heavily imbalanced datasets.

The architecture of RetinaNet comprises a backbone network, which extracts features from the input image, followed by
a Feature Pyramid Network. The FPN consists of lateral connections and top-down pathways, which combine features
from different levels of the network to capture objects of various sizes. The FPN contributes to the model’s ability to

detect objects across different scales, making it suitable for multi-object detection tasks.

Deformable DETR Deformable DETR [64] is a state-of-the-art object detection model introduced in 2020. It is
an extension of the DETR (DEtection TRansformer) model, which leverages self-attention mechanisms for object
detection. The key innovation in Deformable DETR lies in the introduction of deformable attention mechanisms, which

enhance the model’s spatial modeling capabilities.

In conventional DETR models, attention mechanisms sample fixed regions from feature maps. However, deformable
attention allows the model to adaptively sample informative regions, taking into account geometric variations and
occlusions in the image. This adaptive sampling significantly improves the model’s ability to handle complex scenes

and improves the accuracy of object localization.

Deformable DETR further incorporates transformer-based encoders and decoders, allowing it to leverage the benefits of
transformer architectures, such as capturing global context and modeling long-range dependencies. The combination of
deformable attention and transformer-based modules makes Deformable DETR a highly effective and efficient object

detection model.

4.3.2 Large format, high resolution scanning electron microscopy dataset collection

Pre-processing All datasets underwent a standard normalization procedure to ensure consistency in pixel intensity
across the entire dataset. Raw electron microscopy images, which inherently vary in intensity, were standardized by

adjusting their pixel values to have a mean of 0 and a standard deviation of 1 for each sample. This normalization

23



was critical for stabilizing the training process and ensuring that the models received uniform inputs, regardless of the

original image characteristics.

Following normalization, we performed a filtering step to eliminate erroneous or irrelevant bounding box annotations.
Bounding boxes with a width or height of less than 20 pixels were removed from the dataset, as these often resulted from
labeling inaccuracies. Manual inspection indicated that such small annotations did not correspond to valid biological

structures but were too small to be found during Quality Control.

Given the large size of the original images, roughly 4000 x 6000 pixels, we applied a slicing procedure to facilitate effi-
cient training and improve detection accuracy, particularly for smaller organelles such as endosomes and mitochondria.
Images were divided into smaller patches of 2048 x 2048 pixels to ensure that the models could process these structures
more effectively. This approach was essential for mitigating the memory constraints imposed by GPU training and for

optimizing model performance on high-resolution electron microscopy images.

4.3.3 Training and Evaluation

Training Setup Both models were trained on a high-resolution EM dataset that included annotations for four distinct
cellular organelles: nuclei, nucleoli, endosomes, and mitochondria. The dataset was split into training, validation, and
test sets in an 80/10/10 ratio, respectively. Both models were optimized using the Adam optimizer for the same amount

of iterations.

To ensure fairness in model comparisons, all models were trained under the same conditions using four NVIDIA
V100 GPUs. Both Deformable DETR and RetinaNet models were trained for the same number of iterations across
organelle-specific datasets, with one model trained for each of the four organelles: nuclei, nucleoli, mitochondria, and
endosomes. Due to the smaller sizes of endosomes and mitochondria, these models were trained on image slices with

dimensions of 2048 x 2048 pixels, while nuclei and nucleoli models were trained on full size slices.

For data preprocessing, we employed the default data augmentation strategies provided by both Deformable DETR and
RetinaNet frameworks. These augmentation techniques included random horizontal and vertical flips, as well as color
jittering, to improve the models’ robustness and generalization. The input images were normalized using the mean and
standard deviation of the training dataset. Each model was initialized with pre-trained weights from the COCO dataset

to leverage transfer learning, given the limited size of the annotated EM dataset.

4.3.4 Evaluation Metrics

To evaluate the performance of the models, we used three common metrics in object detection: mAP, Average Recall
(AR), and Average Precision at an Intersection over Union (IoU) threshold of 0.5 (AP50). These metrics were computed
for each organelle to assess detection accuracy. mAP provides a comprehensive measure of precision across different
IoU thresholds, AR evaluates the fraction of objects correctly localized, and AP50 focuses on the precision at a fixed,

less harsh IoU threshold of 0.5.
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The evaluation was conducted on a holdout test set that was not seen during training, ensuring an unbiased performance
assessment. Each model’s results were compared across the four organelle categories, enabling a detailed understanding

of detection strengths and weaknesses for Deformable DETR and RetinaNet.

4.3.5 Segmentation with Segment Anything Model

Segment Anything Model Segment-Anything Model (SAM) is a deep learning architecture designed for the task of
image segmentation [21]. Image segmentation involves dividing an image into different regions or segments to simplify
its representation and facilitate analysis. The Segment-Anything Model employs a convolutional neural network (CNN)

to process input images and output segmentation masks that delineate different objects or regions within the image.

Unlike traditional image segmentation models that are trained on specific datasets for particular tasks, SAM aims to be

versatile and adaptable to various segmentation tasks without the need for extensive retraining.

Despite its accrued versatility, as our images differ radically from natural images, even though SAM is able to pick
up some structures, the model needs additional information to be able to identify structures present in the images
consistently and accurately. As can be seen in Figure 12, unprompted SAM is unable to give meaningful results when
fed the entire slice. Another issue is that objects segmented by the unprompted are not identified as belonging to any

class, rending downstream analysis of the produced masks very limited.

Bounding box prompting It is possible to prompt SAM with a bounding box region of interest to segment in an
image. Since our detector model outputs bounding boxes and SAM accepts these as input to refine its segmentation,
we can directly feed the detector bounding boxes to the model to get segmentation masks for detected objects. This
considerably improves the accuracy of segmented masks, and comes with the advantage that segmented objects can be
classified using the detector class prediction. This prompting technique is critical in producing segmentation masks

usable in downstream analysis as can be seen in Figure 12.

4.3.6 Inference with Sliced Aided Hyper Inference

Sliced Aided Hyper Inference (SAHI) [65] is a technique often used to optimize inference in deep learning models,
particularly for applications requiring the processing of large, high-resolution images—such as in biological image
analysis. The technique helps with managing the computational and memory space challenge faced when analyzing
high resolution images by breaking down images into smaller parts, or "slices", before processing. After making
predictions on the slices, they are stitched back together to form the full image. The inference results from the slices are
reassembled, and overlapping regions can be averaged or combined using additional post-processing steps to ensure a

seamless final output.

When studying organelles in Electron Microscopy, SAHI helps the model maintain high accuracy in recognizing small,
detailed structures. The key benefits of SAHI in the context of our study are its efficiency, improved accuracy especially

for small organelles (endosomes and mitochondria) and scalability.
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a Example selected tile.

d Segmentation mask from unprompted SAM.

e Segmentation mask from SAM prompted with nuclei (blue) f Segmentation mask from SAM prompted with nuclei (blue)
and nucleoli (orange) bounding boxes from detection model. and nucleoli (orange) bounding boxes from detection model.

Figure 12: Comparison of SAM unprompted and prompted segmentation on example tiles. The image width is equal
to 25 um
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4.4 Results and Discussion

In this section, we present the results of object detection on Electron Microscopy images for cellular organelles,
specifically nuclei, nucleoli, endosomes, and mitochondria. Deformable DETR and RetinaNet were evaluated using
mean Average Precison (mAP), Average Recall (AR), and Average Precision at an IoU threshold of 0.5 (AP50).
Deformable DETR exhibited superior performance across all organelle categories, with strong results for the detection
of nuclei. In particular, we get a mAP of 0.683, which is comparable to results on the natural images COCO detection
dataset with full labels. Moreover, our reported AP50 for all organelles outperforms what is reported in state of the art
methods such as MitoNet [20] on most of their datasets, especially the cancer images (HeLa). We improved organelle

detection AP50 by at least 0.20 mAP which is a considerable improvement.

4.4.1 Results

Nucleus Detection The detection of nuclei, being relatively large and distinct in EM images, yielded the best results
across both models. Deformable DETR achieved a significantly higher mAP of 0.683, compared to RetinaNet’s 0.474.
Additionally, Deformable DETR exhibited a much stronger Average Recall (AR) of 0.901 and AP50 of 0.872, while
RetinaNet trailed with an AR of 0.586 and AP50 of 0.728.

The performance gap can be attributed to Deformable DETR’s dynamic attention mechanism, which excels at capturing
the irregular shapes and large-scale variability of nuclei. The transformer-based architecture effectively focuses on
relevant regions, making it particularly suitable for detecting these large, complex organelles, whereas RetinaNet’s

anchor-based design may struggle with the same level of flexibility and precision in object localization.

Nucleolus Detection Detecting nucleoli proved more challenging. Deformable DETR again demonstrated superior
performance, achieving an mAP of 0.524, compared to RetinaNet’s 0.298. Deformable DETR also achieved higher
scores in terms of AR (0.627) and AP50 (0.793), significantly outperforming RetinaNet’s AR of 0.410 and AP50 of
0.524.

The smaller size and irregularities (fenestration, condensation) of nucleoli make their detection difficult, but Deformable
DETR’s attention mechanism was able to partially overcome these challenges. In contrast, RetinaNet’s performance

highlights the difficulties faced by anchor-based methods when dealing with small objects in complex environments.

Mitochondria Detection Mitochondria, with their elongated and irregular shapes, posed a challenge for both models,
though Deformable DETR again showed better results. It achieved an mAP of 0.494, AR of 0.612, and AP50 of 0.811,
while RetinaNet lagged behind with an mAP of 0.300, AR of 0.473, and AP50 of 0.531.

The ability of Deformable DETR to handle object shapes and sizes that vary significantly was evident in these
results. Its flexible attention mechanisms allowed for more accurate localization and segmentation of mitochondria,
compared to RetinaNet, whose predefined anchors might have been less effective for capturing the elongated structure

of mitochondria.
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Endosome Detection Endosome detection proved to be the most difficult task for both models, with notably lower
performance metrics across the board. Deformable DETR achieved an mAP of 0.365 and AR of 0.543, with an AP50 of
0.771. RetinaNet struggled significantly in comparison, with an mAP of just 0.095, AR of 0.259, and AP50 of 0.266.

The stark difference in performance indicates that Deformable DETR’s ability to attend to multiple scales and complex
spatial configurations provided a major advantage in detecting these smaller and more ambiguous structures. RetinaNet’s
lower recall and precision suggest that its anchor-based approach failed to effectively localize and classify endosomes,

which are often small and less visually distinctive in EM images.

4.4.2 Discussion

The superior performance of Deformable DETR across all organelle categories is evident from the significantly higher
mAP, AR, and AP50 values, especially for the detection of nuclei and mitochondria. Deformable DETR’s attention-
based mechanism, which can focus dynamically on relevant regions in high-resolution EM images, allowed for better
handling of the irregular shapes, varying scales, and complex textures of these organelles. In contrast, RetinaNet’s
fixed anchor-based detection mechanism struggled to generalize to these variations, particularly for smaller or densely

clustered structures like nucleoli and endosomes.

For the larger and more distinct organelles like nuclei, the mAP of 0.683 for Deformable DETR compared to 0.474
for RetinaNet underscores the importance of flexible, scale-aware architectures for detecting objects with significant
morphological variation. Similarly, in the detection of mitochondria, which have complex elongated shapes, Deformable
DETR’s transformer-based architecture outperformed RetinaNet, suggesting its advantage in handling diverse object

geometries.

Detection of smaller organelles such as nucleoli and endosomes proved more challenging, particularly for RetinaNet,
which achieved notably lower scores. The mAP of 0.095 for endosomes using RetinaNet highlights the limitations of
traditional convolutional-based models with fixed receptive fields when dealing with small and less visually distinctive

objects.

4.5 Comparative Performance Summary

These results, summarized in table 5 indicate that Deformable DETR consistently outperformed RetinaNet across all
organelle categories in terms of mAP, AR, and AP50. The attention-based architecture of Deformable DETR allows for
more precise detection of objects with complex and variable morphology, while RetinaNet’s anchor-based method is

less effective, especially for smaller organelles like endosomes and mitochondria.

4.6 Segmentation Results with Segment Anything Model (SAM)

To further enhance the detection of cellular organelles in EM images, we applied the Segment Anything Model

(SAM) [21] to generate segmentation masks from the bounding boxes predicted by Deformable DETR and RetinaNet.

28



Table 5: Comparative test performance of Deformable DETR and RetinaNet across organelle categories in terms of
mAP, AR, and AP50.

Organelle DDETR mAP / RetinaNet mAP | DDETR AR/ RetinaNet AR | DDETR APS50 / RetinaNet AP50
Nucleus 0.683/0.474 0.901/0.586 0.872/0.728
Nucleolus 0.524/0.298 0.627/0.410 0.793/0.524
Mitochondria 0.494 /0.300 0.612/0.473 0.811/0.531
Endosome 0.365 /7 0.095 0.543/0.259 0.771/0.266

Due to the absence of ground truth segmentation masks in our dataset, we were unable to perform a quantitative
evaluation. However, qualitative assessment of the segmentation results indicated that the masks produced were of high
quality overall, effectively capturing the contours and boundaries of cellular structures (see Figure 12). This qualitative
success aligns with the broader objective of using Al to automate the analysis of large-scale EM datasets in cancer

research.

Despite the generally strong performance, some challenges were noted with specific organelles. SAM encountered
difficulties in accurately representing invaginations within the nuclear envelope and fenestration in nucleoli as can
be seen in Figure 12f, both of which are morphologically complex structures. These imperfections in segmentation
highlight the potential need for further refinement or post-processing steps to accurately capture such nuanced features.
Nevertheless, the ability to generate detailed segmentation masks with minimal manual intervention marks a significant
step forward in utilizing Al to augment the analysis of EM images, contributing to a deeper understanding of cellular

alterations in cancer.

4.7 Conclusion

The integration of advanced artificial intelligence models with electron microscopy represents a transformative approach
to studying cellular structures and their alterations in cancer. This research successfully employed Deformable DETR
and RetinaNet to detect key organelles (nuclei, nucleoli, mitochondria, and endosomes) in high-resolution EM images.
The results demonstrated that Deformable DETR outperformed RetinaNet across all evaluated metrics, particularly
excelling in the detection of nuclei, which are critical in understanding tumor biology and therapeutic responses. In
particular, we get a mAP of 0.683, which is comparable to results on the natural images COCO detection dataset with
full labels. Moreover, our reported AP50 for all organelles outperforms what is reported in state of the art methods
such as MitoNet [20] on most of their datasets, especially the cancer images (HeLa) by at least 0.20 mAP, which is a

considerable improvement.

Additionally, by leveraging the Segment Anything Model (SAM), we were able to generate high-quality segmentation
masks from detection bounding boxes with minimal manual annotations. This approach dramatically reduced the
labeling effort required for organelle segmentation, highlighting the potential of combining object detection with
prompt-based segmentation methods. While the segmentation results were promising, challenges such as accurately

capturing the intricate features of nucleoli and endosomes indicate that there remains room for improvement. Future
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refinements could involve optimizing both object detection and segmentation models to better handle the unique

morphology of these organelles.

The findings of this chapter underscore the importance of combining high-resolution imaging techniques with so-
phisticated Al algorithms, paving the way for deeper insights into cancer biology. By accurately identifying and
quantifying cellular components, researchers can establish robust correlations between organelle morphology and
clinical outcomes, ultimately contributing to the advancement of personalized cancer treatments. As the field continues
to evolve, the integration of Al and EM will likely unveil new discoveries that enhance our understanding of cancer and

its progression.
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5 Summary and Future Work

5.1 Deep learning-based Image Quality Assessment and Denoising

In chapter 2, we introduced a deep learning-based approach to Image Quality Assessment (IQA) and denoising
of Electron Microscopy images. We used this approach to evaluate if images produced by protocols with faster
process times and less exposure of the operator to hazardous and toxic chemicals and improving the reproducibility
of the specimens’ heavy metal staining retain the same quality that those of a well-known benchmark protocol. The
experimental results showed that faster protocols can indeed be used to collect images of the same quality than those

collected with the bench protocol for a variety of samples and protocol needs.

5.2 Semi-supervised semantic segmentation in Electron Microscopy 3D volumes with sparse

labels

In chapter 3, we introduced a semi-supervised framework to improve on previous results obtained with the ResUNet
architecture for semantic segmentation of nuclei and nucleoli in 3D stacks of Electron Microscopy images of cancer
cells. We benchmarked several state of the art fully-supervised models such as UNet++, FracTALResNet, SenFormer,
and CEECNet and the semi-supervised Cross Pseudo Supervision framework and drew conclusions on the relative
gains of using more complex models, semi-supervised learning as well as next steps for the mitigation of the manual
segmentation bottleneck. We gained an insight as to why semi-supervised methods were able to gain as much as
15.6% relative performance increase over fully-supervised models and established guidelines for future work on high

variability images such as those of tumor cells.

While the segmentation dice scores obtained in this chapter seem close to perfect, it is important to remember the setting
in which we were evaluating our models, which is that a model needs to be trained for each dataset. In the future, we
hope that semi-supervised and unsupervised learning techniques can be used to make models able to generalize across

samples.

5.3 Object detection and unsupervised segmentation in large-format, high resolution

scanning Electron Microscopy with sparse labels

In chapter 4, we introduced a framework for unsupervised segmentation of nuclei, nucleoli, mitochondria and endosomes,
using fully-supervised detection. As discussed in section 1.1, while acquiring Electron Microscopy images is now a
routine task, their annotation and analysis represents the bottleneck of the image processing pipeline. It is even more
true for semantic segmentation annotations, where every pixel in the image needs to be annotated, as opposed to object
detection, where an object is only associated with 4 coordinates corresponding to its bounding box. We made use of

the ease of annotation of objects in the object detection paradigm to collect a collection of 42 samples with varied
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cancer subtypes, tissue types and cancer grades for breast cancer with annotations for the aforementioned organelles.
This large volume of annotated data enabled us to train robust detection models and get good detection results with
especially strong results for the detection of nuclei. In particular, we report a mAP of 0.683, which is comparable to
results on the COCO detection dataset with full labels [19]. Moreover, our reported AP50 for all organelles outperforms
what is reported in state of the art methods such as MitoNet [20] on most of their datasets, especially the cancer images

(HeLa) by at least 0.20 mAP which is a considerable improvement.

Given the limitations in detecting smaller and less distinctive organelles, further exploration into hybrid architectures or
domain-specific enhancements, such as contrast-sensitive loss functions or advanced augmentation techniques, could be
investigated to further improve object detection performance in Electron Microscopy images. Additionally, optimizing
anchor configurations for RetinaNet or fine-tuning the attention mechanisms in Deformable DETR may help bridge the
gap for more challenging object categories. Finding a semi-supervised framework which leverages deformable-DETR
would be another way to improve generalizability by making use of the rich information contained in the unlabeled

images, which represent 95% of our data, as a large gap still remains between our training and testing performance.

Furthermore, because of encountering instability when training a model on all organelles, our training procedure as of
now is to train a detection model for each organelle. However, as the number and granularity of labels increases, it will
not be scalable. Thus, a model able to detect all organelles at the same time without decreasing the detection quality is a
key next step in establishing a robust large-format, high resolution scanning Electron Microscopy object detection and

segmentation pipeline.

5.3.1 Biological constraint

When working with natural images, no assumptions are made about the position of objects to detect or their ability to
be superimposed. However, since we are working with subcellular structures, strong assumptions can be made about
their relative position, for example, nucleoli can only exist inside nuclei, endosomes and mitochondria can only exist
outside nuclei and nucleoli. These assumptions, while trivial, can improve performances thanks to limiting the possible

outputs of models at inference and reducing the size of the search space they explore during their training process.

We have experimented with using trained model prediction confidence as a way to sort which bounding boxes to remove
first, but we have yet to find a robust setting that improves performance in all cases. We strongly believe that once this

post-processing step is established, it will improve models’ generalizability and interpretability.
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