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Cell Cycle Phase Classification from Microscopy Images

Abstract:

Accurate classification of cell cycle phases is essential for cancer research and drug discovery.

While fluorescence microscopy provides high-contrast, biomarker-specific signals that support

precise classification, it relies on staining protocols that limit scalability and compromise cell

viability. In contrast, bright-field microscopy offers a label-free, cost-effective alternative but

poses challenges due to its lower contrast. This study compares five computational strategies

for cell cycle phase classification using fluorescence and bright-field microscopy: traditional

feature-based classification, segmentation-based classification, mask-guided classification via

segmentation, nuclei patch classification, and nuclei patch classification via segmentation.

Results show that fluorescence images support near-perfect classification performance across

all methods. For bright-field images, the highest balanced accuracy of 0.770 was achieved

using a nuclei patch classification approach with a ResNet-50 backbone, followed closely by

mask-guided classification. These findings highlight the potential of deep learning models for

accurate cell cycle classification in bright-field microscopy, advancing the potential for scalable

applications in biomedical research.

Keywords: Cell cycle phase classification, bright-field microscopy, deep learning

CERCS: P176 Artificial intelligence
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Rakutsükli faaside klassifitseerimine mikroskoopia piltidelt.

Lühikokkuvõte:

Rakutsükli faaside täpne klassifitseerimine on oluline vähiuuringutes ja ravimite arendamises.

Kuigi fluorestsentsmikroskoopia on täpne klassifitseerimismeetod kõrge kontrastsuse

ja biomarkeripõhiste signaalide tõttu, tugineb see värvimisprotokollidele, mis piiravad

meetodi edasiarengut ja võivad kahjustada rakkude elujõulisust. Seevastu heleda välja

mikroskoopia on märgistusevaba ja kuluefektiivne alternatiiv, kuid siiski esineb väljakutseid

tema madalama kontrastsuse tõttu. Käesolev uuring võrdleb viit arvutuslikku strateegiat

rakutsükli faaside klassifitseerimiseks fluorestsents- ja heleda välja mikroskoopia abil:

traditsiooniline tunnusepõhine klassifitseerimine, segmentatsioonipõhine klassifitseerimine,

segmentatsioonimaski põhine klassifitseerimine, rakutuumaosade põhine klassifitseerimine

ning rakutuumaosade põhine klassifitseerimine segmentatsiooni kaudu. Tulemused näitavad,

et fluorestsentspildid võimaldavad peaaegu täiuslikku klassifitseerimist kõikide meetoditega.

Heleda välja piltide puhul saavutati kõrgeimaks tasakaalustatud täpsuseks 0.770, milleks

kasutati ResNet-50 põhist rakutuumaosade klassifitseerimismeetodit. Tulemuselt järgmine oli

segmentatsioonimaski põhine klassifitseerimine. Need tulemused rõhutavad süvaõppemudelite

potentsiaali rakutsükli erinevate faaside klassifitseerimiseks heleda välja mikroskoopia abil,

mida saab potentsiaalselt rakendada biomeditsiinilises teadustöös.

Võtmesõnad: Rakutsükli faaside klassifitseerimine, heleda välja mikroskoopia, süvaõpe

CERCS: P176 Tehisintellekt
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1. Introduction

Cells are the fundamental units of life. As organisms grow, they undergo a process known as cell

division, which produces new cells. Approximately two trillion cells divide daily in the human

body [1]. Cell division is vital for the development of organisms and plays a key role in various

diseases, particularly cancer. Cancer originates from abnormalities in the cell cycle regulation,

resulting in uncontrolled cell division. Therefore, accurate identification of cell cycle phases

is crucial in cancer research and drug development [2]. For example, by monitoring changes

in cell cycle phase distribution before and after treatment, researchers can identify molecular

targets and improve anticancer therapies.

Drug discovery is a complex procedure typically involving high-throughput screening (HTS).

This robust methodology uses thousands of micro-plates populated with millions of cultivated

cells to evaluate vast libraries of candidate compounds. This approach enables researchers

to assess compound effectiveness in diverse cell lines, varying chemical concentrations, and

distinct stages of disease progression [3].

Despite the capability of biologists to visually discern cell cycle phases through fluorescent

microscopy images, the manual annotation of such large datasets proves to be impractical due

to the significant time, financial resources, and labour required. For example, annotating a

single 3D microscopy image can take hours, making manual analysis impractical for large-scale

studies [4]. Furthermore, manual annotation could be subjective, resulting in inconsistencies

and unreliable outcomes. Given these challenges, there is an increasing demand for automated,

objective, and reproducible methodologies to analyse cell cycle phases derived from microscopy

images [5].

Fluorescence microscopy has traditionally been considered the gold standard in cellular biology,

primarily due to its ability to illuminate specific cellular components using fluorescent biomarkers.

However, this widely used technique comes with drawbacks. Fluorescence microscopy

requires extensive sample preparation, which includes fixation and staining. Such procedures

can significantly alter the physiological states of cells, potentially resulting in misleading

interpretations regarding cellular behaviour. Furthermore, fluorescence microscopy encounters

limitations such as photobleaching, limited availability of fluorescence channels, and higher

operational costs.

In contrast, bright-field microscopy utilizes naturally transmitted light, eliminating the need for

chemical staining or extensive preparation. Although bright-field imaging generally exhibits

lower contrast and poses difficulties in precisely identifying cellular features, it offers distinct

advantages. Bright-field microscopy is quicker, less expensive, does not compromise cell

viability, and allows repeated time-series imaging of the same cell populations. Consequently,

the automated analysis of bright-field images has excellent potential to facilitate the evaluation

process, reduce costs, and improve overall drug discovery efficiency. Figure 2 illustrates

representative examples from bright-field and fluorescence imaging modalities.

Despite the advantages of bright-field microscopy, limited research focuses on using bright-field

microscopy to classify cell cycle phases, as most traditional approaches rely on fluorescence

microscopy [6]. Few studies have addressed the challenges of cell cycle classification using
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bright-field microscopy, revealing a gap in the literature. The development methodologies based

on bright-field microscopy could offer a powerful and cost-effective approach for accurately

classifying cell cycle phases, which could have important implications for cancer research and

pharmaceutical development.

The primary aim of this thesis is to investigate the capabilities of deep learning models in

classifying phases of the cell cycle from microscopy images. The specific objectives of this

research are as follows:

• Generate reliable and robust ground-truth labels for cell cycle phases from fluorescence

microscopy images, thereby facilitating accurate supervised training.

• Create a comprehensive deep learning pipeline for classifying cell cycle phases from

microscopy images, exploring various classification strategies to improve predictive

accuracy.

• Evaluate the applicability of models trained on fluorescent microscopy annotations in

classifying bright-field microscopy images, potentially reducing the reliance on chemical

staining.

• Identify limitations in existing workflows for microscopy image analysis
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2. Background

Determining the cell cycle phase is crucial in cancer research and drug discovery, as insights into

cell growth and division are essential for evaluating treatment effects and identifying therapeutic

targets. In studies involving cancer cell lines, researchers often aim to assess how different

compounds influence the distribution of cells across various cell cycle phases. Since these

processes occur at the single-cell level, microscopy plays a pivotal role in visualising cellular

structures and dynamics over time. This section provides an overview of the biological principles

underlying the cell cycle and the relevant microscopy techniques used for analysis and discusses

how machine learning and deep learning approaches have been employed to classify cell cycle

phases from microscopy images.

2.1 Cell Cycle

The cell cycle describes the sequence of events that a cell undergoes as it grows and divides.

The cycle is divided into two major stages: interphase and mitosis. Interphase includes the

G1 (gap 1), S (synthesis), and G2 (gap 2) phases [6]. During G1, cells increase in size and

prepare to duplicate their genetic material, known as DNA. If conditions are not favourable for

division, cells may exit the cycle into a non-dividing resting state called G0 [7]. In the S phase,

cells replicate their genetic material, resulting in a doubling of DNA content [6]. The G2 phase

involves further growth and preparation for division. The final stage is the M phase (mitosis),

during which the replicated genetic material is evenly distributed into two new cells [7]. Figure 1

illustrates the sequence of cell cycle phases.

Figure 1. Illustration of the cell cycle phases, depicting the sequential progression through

interphase (G1, S, G2), followed by mitosis (M phase). Cells in G1 may also enter a

non-dividing resting state in G0. The diagram is adapted from OpenStax [8].

2.2 Microscopy Techniques for Cell Cycle Analysis

Microscopy is the fundamental tool for visualising and analysing cell cycle phases, offering high

spatial and temporal resolution [9]. Various microscopy techniques are used in cell biology, each

providing distinct advantages regarding resolution, contrast, and the ability to observe live or
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�Z�K�H�U�H� �D�Q�G� �D�U�H �Z�H�L�J�K�W�L�Q�J �F�R�H�I�I�L�F�L�H�Q�W�V�� �$�V �L�Q �W�K�H �E�D�V�H�O�L�Q�H �I�R�U�P�X�O�D�W�L�R�Q�� �Z�H �V�H�W �E�R�W�K� = 0:5 �D�Q�G
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�P�L�W�L�J�D�W�H�V �W�K�L�V �L�V�V�X�H �E�\ �G�\�Q�D�P�L�F�D�O�O�\ �V�F�D�O�L�Q�J �W�K�H �F�R�Q�W�U�L�E�X�W�L�R�Q �R�I �H�D�F�K �W�U�D�L�Q�L�Q�J �V�D�P�S�O�H �E�D�V�H�G �R�Q �W�K�H
�F�R�Q�I�L�G�H�Q�F�H �R�I �L�W�V �S�U�H�G�L�F�W�L�R�Q�� �S�O�D�F�L�Q�J �J�U�H�D�W�H�U �H�P�S�K�D�V�L�V �R�Q �K�D�U�G���W�R���F�O�D�V�V�L�I�\ �D�Q�G �P�L�Q�R�U�L�W�\���F�O�D�V�V
�H�[�D�P�S�O�H�V �>�����@�� �7�K�L�V �P�D�N�H�V �L�W �H�V�S�H�F�L�D�O�O�\ �H�I�I�H�F�W�L�Y�H �I�R�U �E�L�R�O�R�J�L�F�D�O �G�D�W�D�V�H�W�V�� �Z�K�H�U�H �W�K�H �G�L�V�W�U�L�E�X�W�L�R�Q
�R�I �F�H�O�O �V�W�D�W�H�V �P�D�\ �E�H �Q�D�W�X�U�D�O�O�\ �V�N�H�Z�H�G�� �7�K�H �)�R�F�D�O �/�R�V�V �L�V �G�H�I�L�Q�H�G �D�V��

L �)�R�F�D�O= � � t (1 � ŷt )
 �O�R�J(ŷt ) ������

�Z�K�H�U�Hŷt �L�V �W�K�H �S�U�H�G�L�F�W�H�G �S�U�R�E�D�E�L�O�L�W�\ �I�R�U �W�K�H �W�U�X�H �F�O�D�V�Vt��� t �L�V �D �F�O�D�V�V���V�S�H�F�L�I�L�F �Z�H�L�J�K�W�L�Q�J �I�D�F�W�R�U �W�R
�D�G�G�U�H�V�V �L�P�E�D�O�D�Q�F�H��
 �L�V �W�K�H �I�R�F�X�V�L�Q�J �S�D�U�D�P�H�W�H�U �W�K�D�W �D�G�M�X�V�W�V �W�K�H �F�R�Q�W�U�L�E�X�W�L�R�Q �R�I �Z�H�O�O���F�O�D�V�V�L�I�L�H�G �Y�V��
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