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Applications and Challenges of AI-Driven Organoid Image Analysis

DU Xuan", YAO Yu*, LI Yuchen', CHEN Zaozao'*

('State Key Laboratory of Digital Medical Engineering, School of Biological Science and Medical Engineering, Southeast University,
Nanjing 211189, China; *Plastic Surgery Hospital, Chinese Academy of Medical Sciences, Beijing 211189, China)

Abstract As advanced in vitro models capable of recapitulating human tissue architecture and physi-
ological functions, organoids are accelerating the replacement of traditional animal models and emerging as piv-
otal platforms in developmental biology, precision medicine, and drug screening. Leveraging characteristics such
as non-invasiveness and high spatiotemporal resolution, imaging data has become a critical tool for deciphering
complex organoid phenotypes. Meanwhile, efficient and precise Al (artificial intelligence) algorithms serve as
the technical safeguard enabling the transition from basic research to clinical applications. However, organoid
image analysis faces severe challenges, including significant morphological heterogeneity, indistinct boundar-
ies, multi-modal noise interference, and prohibitive annotation costs. This article reviews the current status and
developmental trends of Al-driven organoid image analysis. Firstly, it summarizes the mainstream applications

and limitations of deep learning-based 2D (two-dimensional) segmentation methods in boundary detection and
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growth tracking. Subsequently, the review highlights the necessity of transitioning from 2D representations to 3D

(three-dimensional) spatiotemporal modeling, positing that 3D segmentation technology is the critical pathway

for achieving precise spatial modeling and in-depth functional prediction of organoids. By systematically synthe-

sizing current algorithmic challenges and technological evolutions, this work aims to provide a theoretical refer-

ence for elucidating the complex biological mechanisms of organoids and developing Al-aided decision support

tools.

Keywords

KRB EENEM N LALLM F IR
fE i) = 4k (three-dimensional, 3D)/RAMER EE K E
AW PRI R UE R IT S 24 1 S A
L IR A SR 3 01, B T 40 B AR
A RE TR SR s i B IR B R G, 2848
HIG TR R O R A ) B S H R
JP VR R 2k SR, W aE 7 AR B OO S
I RN R 79 041, gl f& i FDA Modernization
Act 3.0 LR IHEAT , W0 B LA B A SRR 26
E. BEOH I TR GEMAE s sss B AR
J71%, ARG AE 29DVl AR AR IR INEA A < DA AR A
ORI AR TR e, BHREE
AL E MM e R mE E R, R
SIATIAZ OB AR B A BT A T 4 F
B, B EARBA T RRA LI 25 5 #3511
M, e s T2 RIE MRS
HO1ReRE, SR A HLSUT N N EIRIEEAR
WTEN )5 MR ARG SR A P, I, &
R R B R 43 BT SRR AN o S B vy 18 = 7 0 1)
FoR PR R, R HEBN A B MIEA SEEG - & [ Il PR
PSR SCFE TR SR AZ OOk B 7 M, SR, R4
EHE A B TS s iR Bkl . Bk, B EE R
MRIWERESZE., DT HEME S, tEEA
) S B b O TR) S 2 1 e o A 5 Lok, 22 R (a0
3. K6 WMo AHSY RSN TS
PG FHRE S8 S RS, N2 N TAREFAFAEN = &
(RN TA) A 5 3 M 22 , {675 H 3k B Re At i K
G T il g A R Ay TR (R B AT 12, R I
FEREE TR 22 5] 1) 4 (two-dimensional, 2D) 43 #|
TNECEONER, RS EL RN, AKIE R
SRR R SR P e U (B AE B )
VNSRS, KRS RBALEE. —F
[, 2D 77 VA AL 3 5 P HE S BOR 3 749 (1) 55451 3 %1
I, B )2 A S S 5 U5 5 — T T,

organoid; artificial intelligence; two-dimensional segmentation; three-dimensional segmentation

2D B AT S 3 3 BT A AVRHAE 5 4ME B
FRU, gE ERTIR, 2DE B B FEAR H A E SRS
P AR A BAR K AR m A, M T
RITAIT FU R T e A 10200, R, B E IF TEER A B4
W DR K s A R 4R, 3D #
PR OB SE IR AS B HE S AR . IR 2 DI RE Tl
T K AU BRI AZ O AR Y e N GERAE (7] =4
I R B, AR FRII T, ARSI
B R AR EV AL R T B BB D o

1 KFEZURTSERESH
YRR RS E BB E BT
N BN T2 BOR BN RN T 1) 22— B,
Hoiz0 HARE T2 T B0 —4E g, 284
B ISMRECET . PN SR R S LR N R AL 1R A
MEREAT B BRI S BALRAL, ITNSEEH i &
Pl BCAEEDIAL L 250 DL RORS HE VR ST A 7y
Priffte . WTERNEERKE. 5=4E0 L,
TR TR AR A L TR A A i RS
JitE B RE Y, e S PR s 5 ¥ ALt s b
i 8 Y
L1 XBFERERH SREREITG
REEWRINR T MBS AT 5y AT
W e 1. AL BNRFIE K Ak i ) S R VR S AR )
BN R S EM S SRR, BEim ks H A
Kote. mAERERE%ERFEL REAEY 2t
BT X5, BT 4RSS RESIH
Toft s AREAR AT S I A I0 s, FLIZHT N vF
R ERERSMEE RN EE TR, i
R, ZUT A Z IR DTG NRSE
Y EG I3 B, I8 A A G S rh BB AT &AL Y
TEAHHIL, ST A BRI 5 A H A 2 AP i
KFo PIIILIUSE P00 TR R A 2 7
ol , Mg TS W SIS AR OO R X B



1430

2D image analysis
(foundation & high-throughput)

2D segmentation
& feature extraction

s Area
¢ Perimeter
¢ Circularity

¥,

Strengths: efficient, scalable
Limitations: spatial information loss, overlap issues
. J

Evolution towards
spatiotemporal modeling

> @9

Complex morphology
& heterogeneity

3D spatiotemporal modeling
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Fig.1 Al-driven organoids: from two-dimensional representation to three-dimensional space
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Table 1 Applications and challenges of 2D segmentation of organoid images
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Table 2 Applications and challenges of 3D segmentation of organoid images
82 4T3 (=2 AT F5iR FER 5T Jrl R 55 Pk
Application Author Cell type Model Main result and function Limitation and challenge
General cell SCHMIDT et Nuclei StarDist3D Models cell shapes as star- Limited for non-convex and complex
segmentation al® convex polygons morphologies
STRINGER et General Cellpose3D Learns morphology-indepen- Sensitive to training data distribution
al® dent vector field representations  and parameter tuning
ARCHIT et al®®  General uSAM Supports unified 2D/3D Primarily optimized for 2D; 3D re-
and temporal segmentation quires slice integration
(auto+interactive)
MARKS et al®  General CellSAM Enables zero-/few-shot general-  Performance drops on out-of-distribu-
ization tion cell types
Spatial structure ~ ZHOU et al'*” Cells/or- u-Segment3D Training-free general 3D seg- Fragmentation occurs when 2D seg-
and neighbor- ganoids mentation mentation is imperfect
hood analysis WOLNY et al®  Plant tis- PlantSeg Supports volumetric analysis Requires clear boundaries
sues/nuclei and dynamic studies
ONG et al®!l Pancre- 3DCellScope Integrated pipeline for high- Strong dependence on accurate
atic cancer throughput 3D morphology and  nuclear segmentation
organoids topology analysis
SONG et al* Colon/ VONet Recovers full 3D structures Signal loss in deeper regions with
tracheal from sparse data missing data
organoids
High-through- MUKASHYA- General Cellos Quantifies morphology, clonal-  Exhibits counting bias
put analysis and KA et al'"”! ity, and spatial structure
drug screening  DIOSDI et al®™  Tumor HCS-3DX Enables single-cell level 3D Limited in modeling tumor microenvi-
spheroids analysis ronment
ZHOU et al'®”! General CELLECT Cell tracking under sparse an- Performance degrades in dense cell
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