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Abstract: Recent years have ushered in a transformative era in in vitro modeling with the advent of
organoids, three-dimensional structures derived from stem cells or patient tumor cells. Still, fully
harnessing the potential of organoids requires advanced imaging technologies and analytical tools
to quantitatively monitor organoid growth. Optical coherence tomography (OCT) is a promising
imaging modality for organoid analysis due to its high-resolution, label-free, non-destructive, and
real-time 3D imaging capabilities, but accurately identifying and quantifying organoids in OCT im-
ages remain challenging due to various factors. Here, we propose an automatic deep learning-based
pipeline with convolutional neural networks that synergistically includes optimized preprocessing
steps, the implementation of a state-of-the-art deep learning model, and ad-hoc postprocessing meth-
ods, showcasing good generalizability and tracking capabilities over an extended period of 13 days.
The proposed tracking algorithm thoroughly documents organoid evolution, utilizing reference
volumes, a dual branch analysis, key attribute evaluation, and probability scoring for match identifi-
cation. The proposed comprehensive approach enables the accurate tracking of organoid growth and
morphological changes over time, advancing organoid analysis and serving as a solid foundation for
future studies for drug screening and tumor drug sensitivity detection based on organoids.

Keywords: organoids; cancer; deep learning; optical coherence tomography; segmentation; tracking

1. Introduction

Recent advancements have significantly changed the field of in vitro modeling thanks
to the progression of research using organoids. Organoids are intricate, three-dimensional
structures that autonomously form through self-organization using stem cells or neoplastic
cells derived directly from patients and animal models [1,2]. Organoids also exhibit greater
similarities to derived organs in terms of both morphological and functional characteris-
tics [3] which make them essential tools for developmental biology and disease studies.
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Non-destructive analysis over long time periods is an unmet need of the organoid research
field, as some organoid models and assays require weeks to months to be established [4,5].
Current gold standard methods either necessitate endpoint analysis, manipulation with
fluorescent dyes, or are 2D imaging methods that only give a rough estimation of organoid
size and barely any on organoid morphology. However, enabling exact organoid tracking
over prolonged time allows for a more accurate assessment of the organoid’s characteristics,
e.g., differentiation status as reported on the identification of morphological and marker
changes, for example, in retinal organoids [6], disease progression in liver, intestinal, and
brain organoids [7], and the drug effect in cancer organoids [8]. As cancer organoids have
been reported to mimic patients’ drug response [9], the establishment of pipelines for
longitudinal monitoring with exact volumetric assessment is of high direct translational
value for clinics.

By mimicking tumors’ inter- and intra-heterogeneity in vitro, cancer organoids pro-
vide a platform for exploring tumor progression, therapy resistance, and precise drug
screening [10,11]. Realizing the full potential of organoids requires advanced imaging tech-
nologies to enable a comprehensive exploration of organoid structures and behaviors, as it
is of paramount importance to be able to analyze organoid growth in a non-destructive and
label-free manner to facilitate discoveries and advancements in personalized medicine [12].

Optical coherence tomography (OCT) is a promising imaging modality for organoid
analysis, as it can offer high-resolution, label-free, non-destructive, and real-time 3D imag-
ing of biological tissues [13,14] and vasculature if multiple volumes are acquired at the same
location through OCT angiography [15]. The label-free and non-destructive nature of OCT
is pivotal as it permits the longitudinal monitoring of organoids, allowing a quantitative
analysis of numerous important features of single organoid growth and status, such as
volume and internal structures [8,16,17]. In fact, within the dynamic field of organoid
imaging, advanced analytical techniques are crucial for understanding complex morpho-
logical changes and developmental processes [1]. Machine learning (ML) and deep learning
(DL) methods, such as convolutional neural networks (CNNs), are essential for extracting
detailed features and tracking developmental stages in organoids. Despite its potential,
accurately identifying and quantifying organoids in OCT images remains challenging due
to poor contrast, unclear boundaries, noise, and the small size of organoids at the beginning
of cultivation when starting at single cells. Numerous solutions have been proposed in the
literature for the segmentation and tracking of organoids, but the majority employ imaging
modalities such as fluorescence microscopy or traditional microscopy [18-20]. In the context
of organoid segmentation in OCT images, an initial study proposed by Gil et al. in 2021 [8]
demonstrated the feasibility of volumetrically tracking organoid growth in patient-derived
cancer organoids. The authors proposed an automated image analysis framework based
on preprocessing, registration, segmentation using k-means clustering, and a centroid
particle tracking algorithm to track individual organoids over multiple timepoints covering
48 h. Recently, Bao et al. [21] employed deep convolutional neural networks for organoid
segmentation and demonstrated the feasibility of detecting and tracking the growth of
3D bio-printed organoid clusters in OCT volumes using a deep learning approach. The
authors imaged the organoids over 7 days at an interval of every 24 h, and the results of
the study also demonstrated the influence of the organoid scale on segmentation accuracy.
The study by Bao et al. importantly demonstrates the reconstruction of organoid clusters’
multiscale structure and the quantitative analysis of growth dynamics using deep learning
but shows some important limitations. Firstly, the division of the dataset is not clearly
described, which could influence the method’s capability to generalize to new OCT volume
acquisitions. Secondly, the method allows for proper tracking over different timepoints but
is still partially limited by extension, as organoid growth is followed for 7 days.

To address the current limitations and further show the potential to track volume
changes in tumor organoids, we propose an OCT-based deep learning method with convo-
lutional neural networks (CNNs). The main contributions of this paper can be summarized
as follows:
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e  The development of an optimized preprocessing step to highlight organoids within
the noisy OCT volume.

e  The implementation of a state-of-the-art deep learning model and ad hoc postprocess-
ing methods, showing good generalizability on an external test set.

e  The development of an automatic algorithm for the quantitative analysis of organoid
growth dynamics, demonstrating results over an extensive 13 days.

2. Materials and Methods

The implemented pipeline acquires insights into the behavior and morphological char-
acteristics of organoids over time from OCT volumes, as illustrated in Figure 1. Initially, to
improve the overall quality of the images, volumes undergo a series of custom preprocess-
ing steps designed to enhance the visibility of organoids and increase the signal-to-noise
ratio. Given the high intrinsic variability of these types of images, a CNN is employed to
generate binary masks. These masks are then subjected to a postprocessing phase aimed at
enhancing their accuracy. Finally, the masks are used to extract critical information for the
biological analysis of organoids and for their tracking over time.

Acqulsltlon —> Pre processmg —> Segmentatlon —} Trackmg

Figure 1. An overview of the proposed pipeline: (1) acquisition, where the raw image volume
is captured; (2) preprocessing, illustrating the enhancement techniques applied to improve image
quality; (3) segmentation, showing the result of organoid segmentation from the enhanced image;
and (4) tracking, depicting the final stage where individual organoids are identified and labeled
across sequences.

2.1. Organoid Preparation and Culture and Image Dataset

Murine BRCA1-deficient breast cancer organoids oKB1P4s were used and cultivated as
described [22]. For the OCT longitudinal experiment, 1000 cells were seeded at a 50:50 ratio
of media and basal membrane extract (Cultrex BME, bio-techne R&D Systems, Minneapolis,
MN, USA) in 8-well plates (Ibidi, Gréfelfing, Germany), incubated for 45 min at 37 °C,
then covered with 300 uL media and cultivated at 37 °C, 5% CO,. On the third day, the
culture was subjected to 8 pM carboplatin for 5 days, after which normal media were used
for replacements.

Organoid imaging was performed using a home-built spectral-domain OCT system
using a laser source (EBD290002, EXALOS, Schlieren, Switzerland) with 845 nm central
wavelength and 131 nm bandwidth [23]. The OCT system has a lateral resolution of 3.4 pm
and an axial resolution of 2.68 um in tissue (a refractive index of 1.38 was taken). A 3.0 mm
x 1.8 mm field-of-view was scanned with a step size of 2.52 pm in the transverse directions
at a scan speed of 10 kHz. After acquisition, the organoid data underwent the standard
OCT processing procedure, including background removal, resampling, and fast Fourier
transform, as well as acquisition artifact correction.

The acquired OCT volumes were then systematically partitioned into training, val-
idation, and testing sets to facilitate the development and assessment of the proposed
algorithm. Volumes from samples w1l and w2, each comprising 5 timepoints, were al-
located for algorithm training and validation. In contrast, sample w3, which includes a
broader temporal range with 7 timepoints, was reserved for testing the algorithm across
a more diverse set of time steps. Each volume consists of 698 slices with dimensions of
1200 x 800 pixels. Table 1 provides a comprehensive overview of the data utilized in this
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study, while Figure 2 shows an example of the maximum intensity projection (MIP) images
of unprocessed OCT volumes.

Table 1. An overview of the datasets employed.

Days
Subset Sample ID (Each Day Represents Dimension Total Number of
Images
One Volume)
Trainin wl d5, d7, d11, d13 1200 x 800 x 698 5584
J w2 d5, d7, d9, d11 1200 x 800 x 698
Validati wl d9 1200 x 800 x 698 698
alidation w2 d13 1200 x 800 x 698 s554
Testing w3 d1, d3, d5c,11dS7, d9, d11, 1200 x 800 x 698

Day 9

—— y &
0 50 100pm _, -##

Day 13

—T 2
0 50 100um g

Figure 2. MIPs from the top view of the same organoid culture at different timepoints. The sequential
images highlight the dynamic growth of the organoids, capturing the progressive changes in size and
structure through various stages of development.

2.2. Preprocessing

The dataset consists of OCT scans stored in 16-bit unsigned integer (uint16) format.
The preprocessing aims to standardize intensity, enhance contrast, and reduce noise. First,
histogram normalization is applied based on the 95th percentile of the summed histograms
from the training set volumes [24]. This standardizes intensity dynamics across scans. The
normalized volume V' is obtained as follows:

PS
Vi=|[25).v (1)
P95
where V is the original image data, and pgs is the 95th percentile from its luminance
histogram H. pES is the 95th percentile from the reference histogram Hg, which is defined
as follows:
Hs =) H; (2)
jeT
where T represents the set of volumes belonging to the training set. Next, histogram
stretching is conducted between the 1st and 99th percentiles on each normalized volume,

increasing organoid contrast relative to the background. Previous studies have shown that
speckle noise in OCT scans has a Poisson distribution [25]. To improve the effectiveness
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of the subsequent filtering steps, the noise is redistributed from Poisson to Gaussian via
square root transformation:
V" = 4 /V/ (3)

where V' is the intensity-normalized and stretched image data, and V" is the transformed
data. This transformation is ultimately inverted by squaring the image volume after the
last preprocessing step. The effect of the square root transformation on noise intensity
distribution is illustrated in Figure 3.

BEFORE noise re-distribution AFTER noise re-distribution
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Figure 3. Quantile—quantile (QQ) plots showing noise intensity distribution before (left) and after
(right) the square root transformation, from a sample volume excluding the organoids and regions
outside the drop. In these plots, the x-axis represents the theoretical quantiles of a standard normal
distribution, and the y-axis represents the observed quantiles of noise intensities. A closer alignment
to the red dashed reference line indicates that the noise distribution conforms more closely to a
Gaussian distribution.

Subsequently, we perform the sharpening of the volumes by subtracting a smoothed
version (U), called “un-sharpening mask” [26], to highlight the edges of the organoids:

b ’ 1-b
Vu(x,y,2) = 5= V(% y,2) = 5 — Uxy,2) 4
where the parameter b defines the relative weight between the original volume and its
filtered version. In this work, we set b equal to % U is the filtered version of the volume
obtained by applying the Gaussian filter g(x,y, z, o) with parameter ¢ set equal to 3:

g(xy,z,0)= 27w2exp(_202) (G))

Subsequently, we apply a median noise reduction filter with a cubic kernel of size 7.
Finally, we convert the volumes to uint8 format. Figure 4 displays the main preprocessing
steps of the algorithm.
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Figure 4. The preprocessing steps of the algorithm: (a) Original OCT image. (b) Image after histogram
normalization and contrast stretching to enhance clarity. (c¢) Image following the application of a
sharpening filter to accentuate specific features. (d) Resultant image after median filtering to reduce
noise. Below each panel, the luminance histogram illustrates the distribution of intensity values,
highlighting the effects of each preprocessing step.

2.3. Deep Learning Segmentation and Postprocessing

The network architecture used for organoid segmentation is a K-Net [27] implemented
using the MM Segmentation framework [28]. K-Net is an encoder-decoder network with a
SwinTransformer [29] backbone and a kernel generation decoder head. The architecture of
the employed model is shown in Figure 5. Since the datasets consist of 3D OCT volumes,
single 2D slices were extracted from each volume for network training. This allows for the
use of a 2D architecture to handle the slice-by-slice prediction task efficiently. The Swin
Transformer backbone extracts multiscale features from each input and is employed thanks
to its efficiency and capability to capture long-range dependencies in 2D images. Moreover,
its hierarchical structure facilitates a potential future scaling of the model to different image
resolutions and complexities (e.g., fine-tuning for other types of biological organoids), and
studies have shown good generalization and robustness in numerous image processing
tasks [29,30].
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Figure 5. An overview of the employed K-Net architecture for organoid segmentation.

The decoder head consists of a kernel generation module that leverages self-attention
to capture global organoid shape contexts. It generates convolutional kernels conditioned
on the input feature maps. These dynamic kernels are then used to decode semantic
features [27]. Three sequential kernel update blocks further refine the features with skip
connections from low-level encoder outputs. Each block updates the kernels based on
preceding features. An auxiliary head is also used to complement the main prediction
tower during training. It applies the same decoder but operates at 1/4 input resolution.

The choice of training data from specific timepoints during organoid development is
crucial for optimizing the deep learning model’s performance. Data from days 1 and 3 were
not included due to the small size of the organoids during these initial stages of growth,
which poses challenges for manual segmentation tasks. The limited resolution and contrast
of small organoids can hinder the accurate manual delineation of organoid boundaries. By
focusing on the later stages of organoid development (day 5 onwards), where the organoids
have grown to a sufficient size and exhibit more distinct morphological features, we ensure
that the training data are of high quality and can effectively guide the learning process of
the deep learning model. Our data preprocessing resizes all input images to 1024 x 1024. It
also applies photometric distortions, flipping, and normalization for data augmentation
during training. The network is trained end-to-end using a Dice loss for 100 epochs with a
batch size of 4. Pretrained weights are used for initialization, and training is fine-tuned for
our dataset.

During inference, the trained network is applied to each 2D slice extracted from the
3D OCT volumes. Predictions are made on a per-slice basis. As a postprocessing step,
each detected organoid from all slices is further processed. First, the organoid’s volume is
approximated as a sphere. Then, the spherical volume is compared to a reference volume of
a sphere with a diameter of 25 pm. Any objects having a volume smaller than this reference
spherical volume are removed [21].

2.4. Tracking Algorithm

Following the segmentation and postprocessing steps, which delineate individual
organoids within the 3D volumes, our tracking algorithm is deployed to meticulously
document the dynamic evolution of organoids across the entire time series. This includes
capturing both growth patterns and morphological changes.

At the outset, our dual branch tracking algorithm selects a reference volume from the
time series, establishing an anchor point that bifurcates the tracking into ascending and
descending branches, as shown in Figure 6. The selection of the reference volume is a critical
step, as it determines the efficacy and accuracy of the tracking process. The reference volume
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is not arbitrarily fixed but is systematically optimized through experimental evaluations.
Various volumes within the time series are assessed to identify which one offers the
best trade-off between the number of organoids successfully tracked and the accuracy of
the tracking. This optimization is crucial as it ensures a stable and consistent baseline
for tracking. The final selection is based on achieving the maximum possible tracking
continuity while maintaining high accuracy, assessed through a detailed three-dimensional
visual analysis of the tracked organoids.
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Figure 6. Visualization of tracking algorithm and matching process: (a) Overview of tracking
algorithm: initial selection of reference volume, division into descending and ascending branches
for forward and reverse temporal tracking, respectively, and integration of results to obtain labeled
organoid volumes. (b) Mechanism of organoid matching: comparison of reference organoid with
potential candidates, calculation of probability matrix, and determination of most probable match
based on probability matrix.

The ascending branch advances forward in time from the reference volume, tracking
organoid progression to subsequent volumes, with each volume analyzed becoming the
new reference for the next stage. Conversely, the descending branch conducts a reverse
analysis, meticulously charting organoid growth back to the initial stages.

During the matching phase, each organoid’s key attributes—centroid position, vol-
ume, and shape descriptors—are evaluated within the reference and subsequent evaluation
volumes. Organoids in the reference volume are then compared to those in the evaluation
volume based on these properties, incorporating spatial positioning, volume, and morpho-
logical characteristics, alongside the Intersection over Union (IoU) score. This comparison
is supported by specific cut-off criteria to ensure the accuracy of matches. If the centroid
distance between matching candidates exceeds a predefined limit, set in the range of 20 to
40 pum, that pairing is immediately excluded to dismiss potential mismatches. Additionally,
the algorithm adjusts for volume oscillations between sequential scans: in the ascending
branch, a decrease inside the tolerance interval is permissible to account for segmentation
errors, while any increase is expected; conversely, in the descending branch, an increase
inside the tolerance interval is allowed, and a general decrease in volume is expected.
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The tolerance interval is set in the range from 5% to 15%. Matches that fall outside these
parameters for centroid distance or volume changes are assigned a zero-probability score,
ensuring that only plausible matches are considered. These defined thresholds ensure that
the tracking remains robust and specific, aligned with the expected biological behavior of
the organoids and the precision of the segmentation process.

This comparison results in a probability score for each match, indicating the likelihood
of organoid identity continuity across timepoints. The probability score P is calculated

as follows: .

1+e5
where S represents a composite score calculated from the weighted sum of normalized
differences between key organoid attributes (centroid position, volume) and similarity
metrics (shape descriptors, Intersection over Union (IoU) score). Specifically, S is defined
as follows:

P(match) = (6)

S = weDe + wy-Dy + wyp-Dy + wioy-loU (7)

where D, Dy, and D), denote the normalized differences in centroid positions, volumes,
and other organoid properties, respectively. The weights w,, w,, and wy,; can range from
0 to 1, reflecting the relative importance assigned to each metric in the tracking process. A
weight of 0 indicates that the attribute does not influence the matching decision, while a
weight of 1 gives it full influence. Matches with high degrees of similarity are deemed high
probability, reflecting a strong likelihood of matching organoid entities across volumes. It
is important to notice that only matches with probability scores above a certain threshold
are considered to ensure the robustness and specificity of the algorithm.

Each probability score is then inserted in a comprehensive probability matrix, which
quantitatively assesses the likelihood of matches based on the evaluated organoid prop-
erties. The process is inherently iterative, allowing for the refinement of tracking as high-
probability matches are identified and prioritized. To enhance the analysis’s specificity
and accuracy, organoids that have been matched are subsequently excluded from further
consideration, eliminating redundancy. Furthermore, each organoid is assigned a unique
numerical label within the time series, enabling the detailed analysis of individual organoid
evolution over time.

Tracking organoids consistently over time posed challenges due to varying growth
rates, morphological differences between organoids, and misalignment issues across time-
points. To address these challenges, the tracking algorithm parameters were optimized
through a heuristic process aimed at balancing two goals: maximizing the number of
organoids tracked long-term and ensuring accurate tracking throughout the dataset. For
each sample dataset, numerous configurations were tested by altering the following param-
eters: reference timepoint, centroid distance thresholds, and volume oscillation thresholds.
The configurations that resulted in the most organoids being successfully tracked over
time were selected as optimal. In addition, the qualitative visual analysis of the labeled
3D renderings of the tracked organoids complemented the quantitative tracking metrics
during configuration selection. This optimization process enabled the customization of
the tracking algorithm to handle inherent variability in organoid growth patterns and
morphology across different samples.

2.5. Performance Metrics

To ensure a comprehensive assessment of our proposed deep learning-based pipeline
for organoid segmentation and tracking, we employed a set of widely used performance
metrics, including DICE score, accuracy, sensitivity, and precision. The DICE score, which
ranges from 0 to 1, provides a balanced measure of segmentation accuracy by considering
both precision and recall. A higher DICE score indicates better segmentation performance.
Accuracy, on the other hand, measures the overall correctness of the segmentation. Sensi-
tivity and precision are complementary metrics that assess the model’s ability to correctly
identify organoid pixels and background pixels, respectively. High sensitivity indicates that
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the model effectively captures most of the organoid regions, while high precision suggests
that the model has a low rate of false positive predictions. These metrics were carefully
selected based on their ability to accurately capture various aspects of segmentation quality
and their widespread use in the field of medical image segmentation.

2.6. Computational Resources

The deep learning model used in this study was trained and evaluated using a high-
performance computing system equipped with an NVIDIA RTX3090 with 24 GB of memory.
The training process was performed using the PyTorch deep learning framework (version
1.9.0) and the Python programming language (version 3.8.5). The training of the K-Net
model with a Swin Transformer backbone required approximately 6 h to complete, uti-
lizing a batch size of 4 and running for 100 epochs. During inference, the trained model
processed a single OCT volume (698 slices with dimensions of 1200 x 800 pixels) in about
30 s, enabling the efficient segmentation and tracking of organoids in real time. The infer-
ence process was performed using the same NVIDIA RTX3090 GPU, ensuring consistent
performance and speed.

Itis important to note that while the training process requires significant computational
resources and time, the inference process is relatively fast and can be performed on less
powerful hardware, such as a standard desktop computer with a modern GPU. This makes
the proposed deep learning-based pipeline accessible and practical for researchers and
clinicians working with OCT images of organoids.

3. Results
3.1. Segmentation Results

To select the most suitable deep learning model for our segmentation and track-
ing tasks, we conducted a comprehensive evaluation of several state-of-the-art architec-
tures. We trained and compared the performance of four models: DeepLabV3+ [31],
ConvNeXt [32], K-Net [27], and Swin Transformer [29]. Our choice of the K-Net architec-
ture with a Swin Transformer backbone was based on its superior performance in capturing
long-range dependencies and generating dynamic convolutional kernels conditioned on
the input feature maps. In Table 2, the segmentation performance metrics for the test set are
detailed, demonstrating the algorithm’s effectiveness across various measures. The DICE
score is reported at 0.726 =+ 0.152, highlighting the algorithm’s accuracy in segmentation
tasks. Additionally, the reported accuracy of 0.996 £ 0.002 underscores the high overall cor-
rectness of the segmentation, while sensitivity and precision are noted at 0.740 & 0.202 and
0.743 £ 0.132, respectively, indicating the algorithm’s ability to correctly identify organoid
pixels and differentiate them from the background.

Table 2. Performance metrics on test subset.

Method DICE Score Accuracy Sensitivity Precision
DeepLabV3+ [31] 0702 +0.159  0.995+0.004 0786 +0223  0.682 + 0.145
ConvNext [32] 0700 =0.170 0994 +0.003  0.785+0232  0.684 +0.148
K-Net [27] 0702 +0.149 0995+ 0.003  0.786 + 0209  0.673 + 0.146
Swin [29] 0.698 +0.184  0.994+0.003  0.775+0244  0.678 +0.163
K-Net+Swin 0726 +0.152 0996 +0.002  0.740 £ 0202  0.743 +0.132
(proposed)

Figure 7 provides a visual representation of the segmentation process across different
developmental stages of the organoids, with example slices from days 3 and 9. This
illustration not only showcases the algorithm’s capability to adapt as the organoids grow
but also emphasizes the consistent performance from day 5 onwards, when the organoids
become more distinguishable from the surrounding noise. It is noteworthy that the lower
performance observed during the early days is attributed to the small size of the organoids
and their resemblance to surrounding noise, which poses a challenge for segmentation
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accuracy. This factor contributes to the initial variability in performance metrics, as the
algorithm gradually improves its capability to differentiate between organoids and noise
with the growth of the organoids.
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Figure 7. Daily DICE score progression in the time series with segmented slice examples. The trend
line illustrates the variation in the DICE score across the days, reflecting the performance of the
organoid segmentation algorithm at each timepoint. The insets highlight slices from days 3 and 9,
with automatic segmentation contours marked in red and manual ground truth contours in green.

3.2. Tracking Results

After the segmentation phase and the generation of automatic masks, the tracking algo-
rithm was employed to elucidate both the collective and individual dynamics of organoids
within the test set sample w3. Figure 8a offers a detailed visual account of organoid de-
velopment across selected timepoints, providing labeled volumes that map the growth
trend of the organoids. This sequence visually demonstrates an evident increase in both the
size and complexity of the organoids, highlighting the algorithm’s proficiency in adapting
to their evolving morphological characteristics. In finding the optimal configuration for
the tracking algorithm, a tuning process was undertaken, varying all parameters such as
centroid distance threshold, volume oscillation tolerance, weights for matching criteria,
and the reference day. The configuration that achieved the best results included a centroid
distance threshold of 30 um and a volume change tolerance of 10%. The optimized weights
were equal to 0.9 for the centroid position, 0.6 for volume changes, and 1 for the Intersection
over Union (IoU) score. These adjustments specifically addressed the challenge of misregis-
tration across different imaging days. For the test set (i.e., sample w3), which includes days
1,3,5,7,9,11, and 13, the tuning process revealed that day 3 was the most effective starting
point for tracking. This outcome was primarily due to the lower incidence of fusion events
on day 4, which could complicate tracking in later days by causing a significant loss of iden-
tifiable organoids. Opting for an earlier reference day thus allowed for a more stable and
clearer baseline for the tracking process. The optimized configuration enabled the algorithm
to successfully track a total of 142 organoids across the entire time series when an initial
253 organoids were located in the reference volume (56%). In parallel, Figure 8b presents a
quantitative analysis of the organoids’ mean volume over time, incorporating error bars to
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denote the standard error and capture the variability of these measurements. The graph
reveals a clear growth trend, characterized by an average growth rate of 0.077 mm?>/day.
This rate quantifies the volumetric expansion of the organoids throughout the observation
period, serving as a pivotal metric for quantitatively assessing organoid development. It
attests to the tracking algorithm’s capability in accurately quantifying growth dynamics.
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Figure 8. Tracking results and growth trend analysis: (a) Tracked volume sequence: labeled volumes
from day 3 to day 13, illustrating organoid growth. Each frame shows organoids” development,
highlighting the tracking algorithm’s efficacy in capturing growth patterns. (b) Growth trend graph:
quantifies the organoids’ volumetric expansion over time, presenting the mean organoid volume per
day, with error bars for standard error and a growth rate of 0.077 mm3/day.

4. Discussion

OCT imaging is emerging as a highly promising technique for organoid analysis,
offering important advantages over other imaging modalities thanks to its non-destructive,
label-free, and high-resolution imaging capabilities. The joining of OCT imaging and
organoid analysis will be crucial in the future for precision medicine and drug development,
by enabling researchers to monitor the growth, development, and function of individual
organoids with unprecedented detail [33].

In this study, an algorithm was proposed for segmenting and tracking the growth
of cancer organoids in OCT volumes. The steps include data acquisition, preprocess-
ing through image normalization, training a K-Net CNN for the segmentation of single
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organoids at multiple timepoints, and finally tracking single organoid growth over time.
The original OCT volumes typically show poor contrast, unclear boundaries, and a no-
ticeable amount of noise. To mitigate these issues, the proposed preprocessing stage was
included to improve the visible quality of the volumes and to increase the contrast between
the background and the organoid structure. For the segmentation phase, a state-of-the-
art segmentation model was implemented, based on the K-Net. The Swin Transformer
backbone within the architecture is fundamental as it aids in extracting multiscale features
from each input image and in capturing long-range dependencies in 2D images [34,35].
The accurate segmentation of single organoids obtained by the K-Net then served as a
stepping-stone for the crucial task of tracking single organoids at multiple timepoints over
13 days.

The accuracy of organoid segmentation is influenced by factors such as size, shape, and
internal structure [21]. Hence, it is important to mention that the training and validation of
the segmentation network were conducted on samples acquired from day 5 to day 13 after
the initial organoid cultivation. On the other hand, the test set included multiple days that
were not present in the training and validation set, specifically in the early days right after
the initial cultivation. This provides an intrinsic hurdle to overcome for the segmentation
network, yet the performance results for the early days are in line with previous studies
that have shown that smaller organoids are more challenging to segment accurately due to
their small size and similarities to background noise [21]. The segmentation performances
obtained on the days that were also included in the samples for the training and validation
sets were, as expected, satisfactory (DICE = 0.80).

A crucial aspect of OCT imaging and organoid analysis is the ability to longitudinally
track organoid growth. The complexity of the tracking process is compounded by the
fact that different wells exhibit slightly different morphological characteristics, and some
organoids demonstrate unique biological behaviors, such as varying growth rates, which
can complicate the tracking process. To address these challenges and reduce cases of mis-
tracking, the proposed solution takes into consideration various key organoid attributes
such as the centroid position, volume, and shape descriptors. This proved to be key in
accurately matching organoids at different timepoints and allowed us to deal with chal-
lenging merging and division events that may inevitably occur. Figure 8a shows the single
tracked organoids with a unique color code. The average growth rate of 0.077 mm?/day is
both quantitatively and qualitatively appreciated, along with the fact that not all organoids
present the same growth pattern. Some organoids (e.g., the purple-coded organoid) in
Figure 8a shows a rapid growth rate, whereas others show a much smaller growth rate,
especially on later days (e.g., the teal-coded organoid). The extensive tuning of algorithm
hyperparameters, informed by quantitative and 3D visual assessments, optimized the
tracking. This calibration allows the algorithm to adapt to diverse organoid conditions,
maintaining good robustness. Studies have provided evidence that tumor organoids’ re-
sponse to therapy are similar to that of the patients they were derived from, reflecting the
genetic and acquired mutational make-up [36,37]. However, these retrospective studies
were only true for a subset of patients. This may arise due to analyzing the bulk organoid
culture via gold standard 2D imaging or ATP-based endpoint viability assays, thereby not
taking the heterogeneity of cancer organoids within a culture into account [38]. Allowing
for the assessment of single organoid growth kinetics—in contrast to bulk culture—upon
treatment is crucial to improve the analysis of drug sensitivity and tackle the intratumoral
heterogeneity of therapy response [8]. In this work, we lay the foundation for an Al-assisted
segmentation and analysis pipeline to track the behavior of individual cancer organoid
structures. This will have a high impact on the identification of rare, rapidly growing
organoids that so far have remained hidden in bulk analysis approaches and will open new
avenues for the early clonal identification of rare drug-resistant tumor cells, which may
provide the seed of therapy resistance observed in patients.

The proposed deep learning-based pipeline for organoid segmentation and tracking
provides quantitative insights into the key aspects of organoid growth and development
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over time. Specifically, the segmentation results allow for the assessment of organoid size,
volume, shape, and morphology, which are crucial indicators of growth rate, viability, and
overall health. Tracking organoids across multiple timepoints facilitates a longitudinal
analysis of growth rates and morphological changes. Together, segmentation and track-
ing allow for an automatic quantification of the dynamic processes related to organoid
formation and differentiation. Thereby, such deep learning-based pipelines can heavily
assist in interpreting the results obtained from cancer organoids screened against a library
of drug compounds, especially when combined with gene expression analysis, protein—
protein interactions, and pathway information to enhance the power of drug sensitivity
prediction [39]. Generating patient-derived organoids and subjecting them to drug screens
accompanied with imaging techniques such as OCT coupled with deep learning-assisted
analysis could facilitate the establishment of pipelines for a faster and individual treatment
regimen [8,38,40]. Using patient-derived organoid platforms as “avatars” for predicting
drug response in precision medicine provides an unmatched prospect to improve preclini-
cal drug discovery [41]. However, some hurdles still need to be tackled for use in clinical
settings driving patient care, such as the lack of standardized sample isolation and automa-
tion for culture approaches which may result in experimental variations across different
research labs [41,42]. Likewise, for deep-learning approaches, no unified framework exists
to compare drug response models in a standardized fashion [39]. Albeit patient-derived
organoids allow for individualized treatment selection, discussions on ethical constraints
related to the utilization of organoids in drug testing may derive from the safeguarding
of patient privacy and the high cost of development, as both of these aspects make this
approach only available to a subset of patients [43].

Future work will aim to substantially increase the dataset size which will improve
segmentation accuracy and robustness across timepoints. Furthermore, incorporating addi-
tional imaging modalities, such as fluorescence microscopy or histological staining, could
provide valuable information about the internal structure and composition of organoids,
enabling a more comprehensive understanding of organoid biology. Larger volumes of
training data will enhance the networks’ capability to generalize to new samples, especially
improving performance on early-stage organoids. The approach presented here can also
easily be employed to assess differences between organoid cultures that are, for example,
treated with a specific drug and cultures that do not receive any drug treatment. This
can provide an important basis for drug sensitivity evaluation. Currently, the organoid
culture was removed from an incubator shortly prior to imaging and returned afterward,
which still may allow for a growth kinetics difference due to temperature change. To
further tailor the system for organoid culture applications, an incubator and automatic
stage could be included to enable imaging at cell culture conditions (37 °C, 5% CO,) at
pre-specified positions and time to reduce tedious manual work. Moreover, once organoids
grow bigger in size, the imaging penetration depth is limited. This can be tackled by using
acoustic tweezers [44] or a rotating stage to turn the sample [23]. Another potential area
for future optimization is the development of instance segmentation techniques to handle
the challenges posed by organoid fusion at later stages of growth. As organoids continue
to grow and expand, they may merge with neighboring organoids, making it difficult to
accurately distinguish and segment individual structures. Applying instance segmenta-
tion approaches and implementing algorithms specifically designed for separating fused
organoids could be an interesting avenue for future research, enabling the more precise
tracking and analysis of organoid development over extended periods. Additionally, fu-
ture improvements in our tracking algorithm will focus on the dynamic and automatic
optimization of parameters tailored to each individual organoid, ensuring the tracking
process continuously adapts to the unique conditions of each experiment. Finally, this
study presents a segmentation and tracking method for organoids that have been cultured
following a specific protocol and relative to a specific tissue. While the overall approach
can be easily extendable to other types of organoids and experimental circumstances, the
segmentation network and tracking algorithm would need to be fine-tuned to take into
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consideration macro-differences in organoid morphology, size, and organoid density within
the analyzed culture.

In addition to segmentation and tracking, future work will also focus on develop-
ing radiomic applications for analyzing the morphology, heterogeneity, and texture of
organoids in OCT volumes. Radiomics involves extracting quantitative features from medi-
cal images and has shown promise in determining tumor status or response to treatment
in cancer research [45]. Applying these techniques to organoids could provide valuable
insights into their developmental trajectories and overall health status. This information
would be crucial for personalized medicine applications, where understanding the unique
characteristics of tissues is essential for designing effective treatments.

5. Conclusions

In conclusion, OCT imaging and organoid analysis are emerging techniques that will
play a critical role in precision medicine. Advanced imaging techniques such as deep
learning-based segmentation have shown promise in providing accurate segmentation that
can then be employed to track the growth and development of single organoids over time.
The framework presented provides an important tool for longitudinal organoid analysis,
which will help enable applications in drug screening and precision medicine. Specifically,
the approach can be used to evaluate drug effects by comparing segmentation and tracking
metrics between treated and untreated organoid cultures. Future work should focus on
developing applications to further enhance our understanding of these complex structures’
biology and function, ultimately leading to more effective personalized treatments.

Author Contributions: Conceptualization, M.S., A.].D., G.S., A.C,, RH.,, M.L.,, WD. and KM.M,;
methodology, EB., M.S.,5.C., M.O.D.T.,, GM.,, IM.,, MM,, N.P, ES,, AS. (Alessandro Spertini), A.S.
(Andrea Spilla), I.Z. and F.D.; software, EB., M.S., EM. (Francesco Marzola), S.C., M.O.D.T.,, GM., LM.,
MM, N.P, ES,, AS. (Alessandro Spertini), A.S. (Andrea Spilla), I.Z., R H. and ED.; validation, EB.,
M.S., EM. (Francesco Marzola), S.C., M.O.D.T., GM., LM., M\M,, N.P, ES,, A.S. (Alessandro Spertini),
A.S. (Andrea Spilla), I.Z. and F.D.; formal analysis, F.B. and M.S.; investigation, F.B., M.S. and KM.M.;
resources, A.J.D.,S.D., G.S., A.C., RH. and M.L.; data curation, A.J.D., S.D., G.S., A.C., RH. and M.L.;
writing—original draft preparation, F.B., M.S.,, KM.M., A.].D. and S.C.; writing—review and editing,
EB., M.S., EM. (Francesco Marzola), S.C., M.O.D.T., GM., LM., M.M., N.P, ES., A.S. (Alessandro
Spertini), A.S. (Andrea Spilla), I.Z., ED., A].D.,, S.D., GS., A.C, RH., WD., M.L.,, EM. (Filippo
Molinari) and K.M.M,; visualization, F.B. and M.S.; supervision, EM. (Filippo Molinari), W.D., M.L.
and K.M.M.; project administration, M.S., M.L., W.D. and K.M.M.; funding acquisition, M.L., G.S.,
A.C., WD. and KM.M. All authors have read and agreed to the published version of the manuscript.

Funding: This project has received funding from one of the calls under the Photonics Public Private
Partnership (PPP): H2020-ICT-2020-2 with Grant Agreement ID 101016964 (REAP).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available upon valid request.

Acknowledgments: The authors would like to thank Sven Rottenberg (Universitéit Bern) for providing
BRCA1-deficient murine breast cancer organoids.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Ko, ].; Hyung, S.; Cheong, S.; Chung, Y.; Jeon, N.L. Revealing the clinical potential of high-resolution organoids. Adv. Drug Deliv.
Rev. 2024, 207, 115202. [CrossRef] [PubMed]

2. Zhao, Z.; Chen, X.; Dowbaj, A.M.; Sljukic, A.; Bratlie, K.; Lin, L.; Fong, E.L.S.; Balachander, G.M.; Chen, Z.; Soragni, A.; et al.
Organoids. Nat. Rev. Methods Primers 2022, 2, 94. [CrossRef] [PubMed]

@

Tuveson, D.; Clevers, H. Cancer modeling meets human organoid technology. Science 2019, 364, 952-955. [CrossRef] [PubMed]

4. Kim, J.; Koo, B.K.; Knoblich, J.A. Human organoids: Model systems for human biology and medicine. Nat. Rev. Mol. Cell Biol.
2020, 21, 571-584. [CrossRef] [PubMed]


https://doi.org/10.1016/J.ADDR.2024.115202
https://www.ncbi.nlm.nih.gov/pubmed/38336091
https://doi.org/10.1038/S43586-022-00174-Y
https://www.ncbi.nlm.nih.gov/pubmed/37325195
https://doi.org/10.1126/SCIENCE.AAW6985
https://www.ncbi.nlm.nih.gov/pubmed/31171691
https://doi.org/10.1038/s41580-020-0259-3
https://www.ncbi.nlm.nih.gov/pubmed/32636524

Diagnostics 2024, 14,1217 16 of 17

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

Lancaster, M.A.; Renner, M.; Martin, C.-A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, ].M.; Jackson, A.P;
Knoblich, J.A. Cerebral organoids model human brain development and microcephaly. Nature 2013, 501, 373-379. [CrossRef]
[PubMed]

Xue, Y.; Browne, AW.; Tang, W.C.; Delgado, J.; McLelland, B.T.; Nistor, G.; Chen, ]J.T.; Chew, K.; Lee, N.; Keirstead, H.S,;
et al. Retinal Organoids Long-Term Functional Characterization Using Two-Photon Fluorescence Lifetime and Hyperspectral
Microscopy. Front. Cell Neurosci. 2021, 15, 796903. [CrossRef] [PubMed]

Lancaster, M.A.; Huch, M. Disease modelling in human organoids. Dis. Model. Mech. 2019, 12, dmm039347. [CrossRef] [PubMed]
Gil, D.A.; Deming, D.A.; Skala, M.C. Volumetric growth tracking of patient-derived cancer organoids using optical coherence
tomography. Biomed. Opt. Express 2021, 12, 3789. [CrossRef] [PubMed]

Wensink, G.E.; Elias, S.G.; Mullenders, J.; Koopman, M.; Boj, S.F,; Kranenburg, O.W.; Roodhart, ].M.L. Patient-derived organoids
as a predictive biomarker for treatment response in cancer patients. npj Precis. Oncol. 2021, 5, 30. [CrossRef] [PubMed]

Bleijs, M.; van de Wetering, M.; Clevers, H.; Drost, ]. Xenograft and organoid model systems in cancer research. EMBO ]. 2019, 38,
€101654. [CrossRef] [PubMed]

Takebe, T.; Wells, ].M. Organoids by design. Science 2019, 364, 956-959. [CrossRef] [PubMed]

Nagle, PW.; Coppes, R.P. Current and Future Perspectives of the Use of Organoids in Radiobiology. Cells 2020, 9, 2649. [CrossRef]
[PubMed]

Boppart, S.A.; Brezinski, M.E.; Fujimoto, J.G. Optical Coherence Tomography Imaging in Developmental Biology. Methods Mol.
Biol. 2000, 135, 217-233. [CrossRef] [PubMed]

Scholler, J.; Groux, K.; Goureau, O.; Sahel, J.-A.; Fink, M.; Reichman, S.; Boccara, C.; Grieve, K. Dynamic full-field optical coherence
tomography: 3D live-imaging of retinal organoids. Light. Sci. Appl. 2020, 9, 140. [CrossRef] [PubMed]

Meiburger, K.M.; Salvi, M.; Rotunno, G.; Drexler, W.; Liu, M. Automatic Segmentation and Classification Methods Using Optical
Coherence Tomography Angiography (OCTA): A Review and Handbook. Appl. Sci. 2021, 11, 9734. [CrossRef]

Deloria, A.J.; Haider, S.; Dietrich, B.; Kunihs, V.; Oberhofer, S.; Knofler, M.; Leitgeb, R.A.; Liu, M.; Drexler, W.; Haindl, R.
Ultra-High-Resolution 3D Optical Coherence Tomography Reveals Inner Structures of Human Placenta-Derived Trophoblast
Organoids. IEEE Trans. Biomed. Eng. 2021, 68, 2368-2376. [CrossRef] [PubMed]

Ming, Y.; Hao, S.; Wang, F.; Lewis-Israeli, Y.R.; Volmert, B.D.; Xu, Z.; Goestenkors, A.; Aguirre, A.; Zhou, C. Longitudinal
morphological and functional characterization of human heart organoids using optical coherence tomography. Biosens. Bioelectron.
2022, 207, 114136. [CrossRef] [PubMed]

Bian, X; Li, G.; Wang, C.; Liu, W,; Lin, X.; Chen, Z.; Cheung, M.; Luo, X. A deep learning model for detection and tracking in
high-throughput images of organoid. Comput. Biol. Med. 2021, 134, 104490. [CrossRef] [PubMed]

Matthews, ].M.; Schuster, B.; Kashaf, S.S.; Liu, P.; Ben-Yishay, R.; Ishay-Ronen, D.; Izumchenko, E.; Shen, L.; Weber, C.R.; Bielski,
M.; et al. OrganolD: A versatile deep learning platform for tracking and analysis of single-organoid dynamics. PLoS Comput. Biol.
2022, 18, €1010584. [CrossRef] [PubMed]

Kok, R.N.U.; Hebert, L.; Huelsz-Prince, G.; Goos, Y.J.; Zheng, X.; Bozek, K.; Stephens, G.J.; Tans, S.J.; van Zon, J.S. OrganoidTracker:
Efficient cell tracking using machine learning and manual error correction. PLoS ONE 2020, 15, e0240802. [CrossRef] [PubMed]
Bao, D.; Wang, L.; Zhou, X.; Yang, S.; He, K; Xu, M. Automated detection and growth tracking of 3D bio-printed organoid clusters
using optical coherence tomography with deep convolutional neural networks. Front. Bioeng. Biotechnol. 2023, 11, 1133090.
[CrossRef] [PubMed]

Duarte, A.A.; Gogola, E.; Sachs, N.; Barazas, M.; Annunziato, S.; De Ruiter, ].R.; Velds, A.; Blatter, S.; Houthuijzen, ].M.; Van De
Ven, M; et al. BRCA-deficient mouse mammary tumor organoids to study cancer-drug resistance. Nat. Methods 2018, 15, 134-140.
[CrossRef] [PubMed]

Deng, S.; Haindl, R.; Zhang, E.; Beard, P.; Scheuringer, E.; Sturtzel, C.; Li, Q.; Deloria, A.J.; Sattmann, H.; Leitgeb, R.A.; et al. An
optical coherence photoacoustic microscopy system using a fiber optic sensor. APL Photonics 2021, 6, 096103. [CrossRef]

Al Wadud, M.A; Kabir, M.H.; Dewan, M.A.A.; Chae, O. A dynamic histogram equalization for image contrast enhancement.
IEEE Trans. Consum. Electron. 2007, 53, 593-600. [CrossRef]

Hu, Y,; Ren, J.; Yang, J.; Bai, R.; Liu, J. Noise reduction by adaptive-SIN filtering for retinal OCT images. Sci. Rep. 2021, 11, 19498.
[CrossRef] [PubMed]

Deng, G. A generalized unsharp masking algorithm. IEEE Trans. Image Process. 2011, 20, 1249-1261. [CrossRef] [PubMed]
Zhang, W.; Pang, ].; Chen, K.; Loy, C.C. K-Net: Towards Unified Image Segmentation. Adv. Neural Inf. Process. Syst. 2021, 13,
10326-10338. Available online: https:/ /arxiv.org/abs/2106.14855v2 (accessed on 21 February 2024).

Segmentation, M.M. MMSegmentation: Openmmlab Semantic Segmentation Toolbox and Benchmark; 2020. Available online: https:
/ / github.com/open-mmlab/mmsegmentation (accessed on 5 June 2024).

Liu, Z; Lin, Y;; Cao, Y,; Hu, H.; Wei, Y.; Zhang, Z.; Lin, S.; Guo, B. Swin Transformer: Hierarchical Vision Transformer Using
Shifted Windows. 2021. pp. 10012-10022. Available online: https://github (accessed on 17 May 2024).

Salvi, M.; Michielli, N.; Meiburger, K.M.; Cattelino, C.; Cotrufo, B.; Giacosa, M.; Giovanzana, C.; Molinari, F. cyto-Knet: An
instance segmentation approach for multiple myeloma plasma cells using conditional kernels. Int. J. Imaging Syst. Technol. 2024,
34, €22984. [CrossRef]


https://doi.org/10.1038/nature12517
https://www.ncbi.nlm.nih.gov/pubmed/23995685
https://doi.org/10.3389/fncel.2021.796903
https://www.ncbi.nlm.nih.gov/pubmed/34955757
https://doi.org/10.1242/DMM.039347
https://www.ncbi.nlm.nih.gov/pubmed/31383635
https://doi.org/10.1364/boe.428197
https://www.ncbi.nlm.nih.gov/pubmed/34457380
https://doi.org/10.1038/s41698-021-00168-1
https://www.ncbi.nlm.nih.gov/pubmed/33846504
https://doi.org/10.15252/embj.2019101654
https://www.ncbi.nlm.nih.gov/pubmed/31282586
https://doi.org/10.1126/science.aaw7567
https://www.ncbi.nlm.nih.gov/pubmed/31171692
https://doi.org/10.3390/CELLS9122649
https://www.ncbi.nlm.nih.gov/pubmed/33317153
https://doi.org/10.1385/1-59259-685-1:217
https://www.ncbi.nlm.nih.gov/pubmed/10791319
https://doi.org/10.1038/s41377-020-00375-8
https://www.ncbi.nlm.nih.gov/pubmed/32864115
https://doi.org/10.3390/app11209734
https://doi.org/10.1109/TBME.2020.3038466
https://www.ncbi.nlm.nih.gov/pubmed/33201804
https://doi.org/10.1016/J.BIOS.2022.114136
https://www.ncbi.nlm.nih.gov/pubmed/35325716
https://doi.org/10.1016/J.COMPBIOMED.2021.104490
https://www.ncbi.nlm.nih.gov/pubmed/34102401
https://doi.org/10.1371/JOURNAL.PCBI.1010584
https://www.ncbi.nlm.nih.gov/pubmed/36350878
https://doi.org/10.1371/JOURNAL.PONE.0240802
https://www.ncbi.nlm.nih.gov/pubmed/33091031
https://doi.org/10.3389/fbioe.2023.1133090
https://www.ncbi.nlm.nih.gov/pubmed/37122853
https://doi.org/10.1038/nmeth.4535
https://www.ncbi.nlm.nih.gov/pubmed/29256493
https://doi.org/10.1063/5.0059351
https://doi.org/10.1109/TCE.2007.381734
https://doi.org/10.1038/s41598-021-98832-w
https://www.ncbi.nlm.nih.gov/pubmed/34593894
https://doi.org/10.1109/TIP.2010.2092441
https://www.ncbi.nlm.nih.gov/pubmed/21078571
https://arxiv.org/abs/2106.14855v2
https://github.com/open-mmlab/mmsegmentation
https://github.com/open-mmlab/mmsegmentation
https://github
https://doi.org/10.1002/IMA.22984

Diagnostics 2024, 14,1217 17 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Chen, L.-C.; Zhu, Y.; Papandreou, G.; Schroff, F.; Adam, H. Encoder-Decoder with Atrous Separable Convolution for Semantic
Image Segmentation. In Proceedings of the European Conference on Computer Vision (ECCV), Munich, Germany, 8-14 September
2018; pp. 801-818. Available online: https://github.com/tensorflow /models/tree/master/ (accessed on 17 May 2024).

Liu, Z.; Mao, H.; Wu, C.-Y,; Feichtenhofer, C.; Darrell, T.; Xie, S. A ConvNet for the 2020s. In Proceedings of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition Workshops, New Orleans, LA, USA, 18-24 June 2022; pp. 11976-11986.
Available online: https://github.com/facebookresearch/ConvNeXt (accessed on 17 May 2024).

Liu, M.; Deloria, A.].; Haindl, R.; Li, Q.; Szakacs, G.; Csiszar, A.; Schrittwieser, S.; Muellner, P.; Hainberger, R.; Pelaz, B.; et al.
REAP: Revealing drug tolerant persister cells in cancer using contrast enhanced optical coherence and photoacoustic tomography.
J. Phys. Photonics 2021, 3, 021001. [CrossRef]

Li, J.; Chen, J; Tang, Y.; Wang, C.; Landman, B.A.; Zhou, S.K. Transforming medical imaging with Transformers? A comparative
review of key properties, current progresses, and future perspectives. Med. Image Anal. 2023, 85, 102762. [CrossRef]

Azad, R.; Kazerouni, A.; Heidari, M.; Aghdam, E.K.; Molaei, A.; Jia, Y.; Jose, A.; Roy, R.; Merhof, D. Advances in medical image
analysis with vision Transformers: A comprehensive review. Med. Image Anal. 2024, 91, 103000. [CrossRef] [PubMed]

Ooft, S.N.; Weeber, F; Dijkstra, K.K.; McLean, C.M.; Kaing, S.; van Werkhoven, E.; Schipper, L.; Hoes, L.; Vis, D.].; van de Haar, J.;
et al. Patient-derived organoids can predict response to chemotherapy in metastatic colorectal cancer patients. Sci. Transl. Med.
2019, 11, 2574. [CrossRef] [PubMed]

Driehuis, E.; van Hoeck, A.; Moore, K.; Kolders, S.; Francies, H.E.; Gulersonmez, M.C.; Stigter, E.C.A.; Burgering, B.; Geurts, V.;
Gracanin, A.; et al. Pancreatic cancer organoids recapitulate disease and allow personalized drug screening. Proc. Natl. Acad. Sci.
USA 2019, 116, 26580-26590. [CrossRef] [PubMed]

Le Compte, M.; De La Hoz, E.C.; Peeters, S.; Fortes, ER.; Hermans, C.; Domen, A.; Smits, E.; Lardon, F; Vandamme, T.; Lin, A,;
et al. Single-organoid analysis reveals clinically relevant treatment-resistant and invasive subclones in pancreatic cancer. npj
Precis. Oncol. 2023, 7, 128. [CrossRef] [PubMed]

Partin, A.; Brettin, T.S.; Zhu, Y.; Narykov, O.; Clyde, A.; Overbeek, J.; Stevens, R.L. Deep learning methods for drug response
prediction in cancer: Predominant and emerging trends. Front. Med. 2023, 10, 1086097. [CrossRef] [PubMed]

Larsen, B.M.; Kannan, M.; Langer, L.F,; Leibowitz, B.D.; Bentaieb, A.; Cancino, A.; Dolgalev, I.; Drummond, B.E.; Dry, ].R.; Ho,
C.-S,; et al. A pan-cancer organoid platform for precision medicine. Cell Rep. 2021, 36, 109429. [CrossRef] [PubMed]

Bose, S.; Clevers, H.; Shen, X. Promises and challenges of organoid-guided precision medicine. Med 2021, 2, 1011-1026. [CrossRef]
[PubMed]

Li, Y,; Tang, P,; Cai, S.; Peng, J.; Hua, G. Organoid based personalized medicine: From bench to bedside. Cell Regen. 2020, 9, 21.
[CrossRef] [PubMed]

de Jongh, D.; Massey, E.K.; Berishvili, E.; Fonseca, L.M.; Lebreton, E; Bellofatto, K.; Bignard, J.; Seissler, J.; Buerck, L.W.-V,;
Honarpisheh, M.; et al. Organoids: A systematic review of ethical issues. Stem Cell Res. Ther. 2022, 13, 337. [CrossRef]

Lovmo, M.K.; Deng, S.; Moser, S.; Leitgeb, R.; Drexler, W.; Ritsch-Marte, M. Ultrasound-induced reorientation for multi-angle
optical coherence tomography. Nat. Commun. 2024, 15, 2391. [CrossRef] [PubMed]

Rogers, W.; Seetha, S.T.; Refaee, T.A.G,; Lieverse, R1.Y.; Granzier, RW.Y,; Ibrahim, A.; Keek, S.A.; Sanduleanu, S.; Primakov, S.P;
Beuque, M.P.L,; et al. Radiomics: From qualitative to quantitative imaging. Br. |. Radiol. 2020, 93, 2019094. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://github.com/tensorflow/models/tree/master/
https://github.com/facebookresearch/ConvNeXt
https://doi.org/10.1088/2515-7647/abf02f
https://doi.org/10.1016/J.MEDIA.2023.102762
https://doi.org/10.1016/J.MEDIA.2023.103000
https://www.ncbi.nlm.nih.gov/pubmed/37883822
https://doi.org/10.1126/scitranslmed.aay2574
https://www.ncbi.nlm.nih.gov/pubmed/31597751
https://doi.org/10.1073/pnas.1911273116
https://www.ncbi.nlm.nih.gov/pubmed/31818951
https://doi.org/10.1038/s41698-023-00480-y
https://www.ncbi.nlm.nih.gov/pubmed/38066116
https://doi.org/10.3389/fmed.2023.1086097
https://www.ncbi.nlm.nih.gov/pubmed/36873878
https://doi.org/10.1016/j.celrep.2021.109429
https://www.ncbi.nlm.nih.gov/pubmed/34320344
https://doi.org/10.1016/J.MEDJ.2021.08.005
https://www.ncbi.nlm.nih.gov/pubmed/34617071
https://doi.org/10.1186/S13619-020-00059-Z
https://www.ncbi.nlm.nih.gov/pubmed/33135109
https://doi.org/10.1186/S13287-022-02950-9
https://doi.org/10.1038/s41467-024-46506-2
https://www.ncbi.nlm.nih.gov/pubmed/38493195
https://doi.org/10.1259/bjr.20190948

	Introduction 
	Materials and Methods 
	Organoid Preparation and Culture and Image Dataset 
	Preprocessing 
	Deep Learning Segmentation and Postprocessing 
	Tracking Algorithm 
	Performance Metrics 
	Computational Resources 

	Results 
	Segmentation Results 
	Tracking Results 

	Discussion 
	Conclusions 
	References

