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Abstract

3D segmentation of nuclei images is a fundamental task for many biological studies.
Despite the rapid advances of large-volume 3D imaging acquisition methods and
the emergence of sophisticated algorithms to segment the nuclei in recent years,
a benchmark with all cells completely annotated is still missing, making it hard
to accurately assess and further improve the performance of the algorithms. The
existing nuclei segmentation benchmarks either worked on 2D only or annotated
a small number of 3D cells, perhaps due to the high cost of 3D annotation for
large-scale data. To fulfill the critical need, we constructed NIS3D, a 3D, high
cell density, large-volume, and completely annotated Nuclei Image Segmentation
benchmark, assisted by our newly designed semi-automatic annotation software.
NIS3D provides more than 22,000 cells across multiple most-used species in this
area. Each cell is labeled by three independent annotators, so we can measure the
variability of each annotation. A confidence score is computed for each cell, allow-
ing more nuanced testing and performance comparison. A comprehensive review
on the methods of segmenting 3D dense nuclei was conducted. The benchmark was
used to evaluate the performance of several selected state-of-the-art segmentation
algorithms. The best of current methods is still far away from human-level accuracy,
corroborating the necessity of generating such a benchmark. The testing results
also demonstrated the strength and weakness of each method and pointed out the
directions of further methodological development. The dataset can be downloaded
here https://github.com/yu-lab-vt/NIS3D.

1 Introduction

With the rapid development of live-cell microscopic imaging and genetic fluorescent reporters,
researchers are able to record the time-lapse 3D images of cell nuclei during the embryogenesis
process[l1]]. Such data are valuable for a wide range of biological research, for instance, the mecha-
nisms and patterns of cell differentiation, the origin and diversity of cell types, and the causes and
consequences of developmental defects [2H7]]. In these studies, a critical step is 3D embryonic cell
nuclei image segmentation, which is the foundation of subsequent analyses including cell tracking,

lineaging analysis, morphogenesis analysis, and morphodynamic analysis [8-H10].
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Figure 1: Examples of NIS3D benchmark. Each row represents a specific data, with columns from
left to right displaying raw data, the annotated ground truth, and the corresponding confidence score
map, respectively. Confidence scores are assigned on a four-level scale to indicate the reliability
of each annotation, from low to high: “undefined masks”, “1/3”, “2/3”, and “3/3”. These levels
are labeled by the colors deep blue, light blue, yellow, and red, respectively. It’s worth noting that
“undefined mask” indicates regions with a group of very blurry cells that annotators can’t decide their
boundaries. The detection whose majority of pixels are within the undefined masks will be ignored,
neither considered as true positive nor false positive.

Unlike other types of nuclei image data, 3D embryonic nuclei data possess distinctive characteristics,
such as high cell density, large volumes, low signal-to-noise ratio (SNR), and a diverse range of shapes
and intensities within the same volume, as exemplified in Figure[2] Consequently, the segmentation
of 3D embryonic nuclei images presents great challenges. Despite the numerous 3D segmentation
methods proposed, there is currently a lack of a widely accepted comprehensive benchmark for
evaluating their performance. The existing benchmarks or datasets [11H16] for nuclei segmentation
predominantly provide 2D ground truth, thereby overlooking the critical aspect of 3D analysis.
Although some datasets [[17, [18] do offer 3D annotations, they focus on the very early stages of
embryo development, resulting in uncharacteristically low cell density and a very limited number of
annotated cells.

Annotating large volumes of 3D embryonic nuclei is a time-consuming and labor-intensive task
that requires a thorough manual inspection of the data. Unlike 2D images, where objects reside on
individual planes with relatively simple morphological structures, annotating 3D images presents
significantly greater challenges for the following reasons: (a) In 3D image annotation, a nucleus is
captured across multiple consecutive z-slices, resulting in 2D boundaries on each slice comprising
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