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A Review of Technical Advances and Applications of High-Dimensional
Flow Cytometry in Hematology

ZHOU Yidan, LIANG Xingguang*
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Abstract Flow cytometry is a technique for multi-parameter detection, rapid quantitative analysis and
physical sorting of single cells or biological particles in cell populations. Accurate characterization of cellular im-
munophenotypes, which largely depends on the technical evolution and innovation of flow cytometry, is the core
prerequisite for deciphering the pathogenesis of hematological diseases. Conventional flow cytometry has inherent
drawbacks, including a limited number of detectable fluorescence channels, severe spectral overlap and low analyti-
cal dimensionality, rendering it insufficient for the analysis of highly complex biological specimens. Against this
background, three high-dimensional flow cytometry platforms, namely spectral flow cytometry, mass cytometry
and imaging flow cytometry, have emerged, bringing revolutionary advances to the field of flow cytometry. Spec-
tral flow cytometry deconvolves the full emission spectra of fluorescent dyes through dedicated algorithms, which
effectively enhances the resolution of overlapping fluorescent signals and enables high-precision detection of over
50 fluorescence parameters. Mass cytometry replaces conventional fluorescent dyes with heavy metal isotope-

conjugated antibodies, completely avoiding spectral overlap artifacts. Imaging flow cytometry combines high-

Wk H 3#: 2026-07-10 H25Z H 1 2026-09-08

WITA HAARL = B SR R 80 H (b #E5: LY21H090012) 7% B (1) it

EEVEH . Tel: 0576-87232223, E-mail: Irvin@zju.edu.cn

Received: July 10, 2026 Accepted: September 8, 2026

This work was supported by the Zhejiang Provincial Natural Science Foundation of China (Exploration Project) (Grant No.LY21H090012)
*Corresponding author. Tel: +86-576-87232223, E-mail: lrvin@zju.edu.cn


https://cstr.cn/32200.14.cjcb.2026.10.0011

2444

throughput cell profiling with microscopic imaging. It simultaneously acquires cellular fluorescence intensity, light

scatter signals and morphological features to achieve visualized multi-dimensional single-cell analysis. This review

systematically elaborates the basic principles and core performance indicators of the above three high-dimensional

flow cytometry modalities, focusing on their state-of-the-art applications in hematological disorders. It aims to offer

objective technical references for researchers to select appropriate high-dimensional flow cytometry platforms for

different experimental and clinical contexts.
Keywords

es; application summary

UL 3 A S A ) B 2 F R i AR A e 1
R Z IR — o AR EE TR s) 1525
BB, S I R PR A B, R R 4y b
AL EARPRAT L U E IR A R, PR UEAH I B
RIURLIZAN AT Fr B R WOCAS I X, SEHL Ryl 5k
M. AR R AT I X I, e R G RE R
= RA5 5 AU AU G IR S 4R AR X K/ 2k
FEOG, 0] v A > e 559 s B L PRy 5 4 52 4 JBE (n 4
8 2F L ST A RORLEERFE ), 265 S A T3R
ERF S AR IC 40 R AR B 1 Rk K P Bkl
GRS IOVHRE S, RIS AR, 2%
BN VR 5 4 SR A b LA H AR el R 2R S
FEHERET .

BB A& R AR R 5, I U R A IR
FOMBRAEYT . R R EE SRR
SRR R N 3, A AR AT -5 I PR AR TN AN BT
BRI E B T H . JUHGR AR MR A0, R
A BRI, SRl sE E A AR, SR EAE
BT IR AT A AR BRI, W LR S
PRI ML) S8 PR DR, 57 vt PEE M s R At s i R
FEERT I S B R RS HE Ao R, AR e s A
HE A OB B IR R ST KOt R
PR SE RN AR, BRI A1 B BOEAT R oK
&, @ TR E PO HT. L, 2050 %
JCIEEHEAIR, 240 EE, f£2 it
FRIA LD, Iehh, MGt A AR oA SR A4 i
E&AE R, ] RS B0 A MRS R R A o

NG EIRIR A, LAk, B TS M 40T &
LA AR A o, SEE AR AR
HE 2 T VOCRRH RN , 8 REFOCIRH
SERERI e, IR BB A AR PRI s B e AT
fiEkir, BERS SRS > B E B TOLIE T, MITT LIRS
LR E AN X 55 E P BUE TR A

spectral flow cytometry; mass cytometry; imaging flow cytometry; hematology-related diseas-

MEE TR AR S EERS S e
() o V35 P ey R B M e e e, M AR E 8 Rz
FhRd s, aeF ELAS G AR [E] IR 22 028 S0k LA
I ZH, RN PEAG I IR G B2 (1) 52 2R M 5 7 ot
PEFRAE T Hns AR AR N4l B R (imaging flow
cytometry, IFC)E N & il & A4 &, 15740 i
ARG EE SHREERTESE R, TERRE
BT A% PR B 4 B 2% 2 TR] 40 A 1 [m B, RS vl k4
RUTEAS, 8 T-09F 70 38 AR 40 S0 40 A e 7 [X 73 4 28 A
H5IRRIRA , TR RN 40 M 9 fEFAE . BiR =
AR B N SETE RN “TIEE S, “EGpE”
AR, R T ARG ARESHEE. &
SO PR T YERE ERRI, BT TN E
AR R A R . DIRRIRES T RE T, [
IS SCRFAH B TR W52

AR F G SR IR =P 4 Ui U4 AR 1 R A i
5058, I3 R 45 H AR R R G 50%
ORIV HE R, DL R A7 50 R i N4 i
RGBSR S 5N ESF

1 SHERAMAEAREARRIE
11 SEiR AR

19794, Wade&s Vg VORGSR 51 ML St
gl B, SEEL TN Bl H AN 2 i e R R A
DG SR SR, bR A G R A R B S T
Uigo SR, RHARALE K R TH I 1 2 BRI, £
FESEMR LT, aIR DG K IE B SZ R o
FERRAT BN BR TG A R R A NG O, DL AT A
B RGUEA R O, HE 21y, R
BFF ] — & D FUR N 85 VB AR 323838 22 BH AR FL A%
1445 (photomultiplier tube, PMT)Zk 4[4 51) i) 3 24
FAX, AIAES psN Se A IR EIEAS BIRR AR, B IRSE
TR B 240 R P v A s A s I e X — i SR AR



JE 5 e A N R AR AE MLV (R ARt e 5 B £k

2445

ARG T A R AR AR 5 50 1F 2 7] S FH R 4 (1)
B, 201241, Sony 2 FIRGAH L HFIFZAL, HE
H R DGR R4 M A Sony SP6800. )5, B
A RIS Bk E ML A BRI R st 7
FH 1 i QT M AE A T ] 3, AR 2 AR
DL T2 (0 N T

WE TR, Him gl R it B
G TTEAFAE R E X ARG K i 8
JATEPESE i R O R 28 4 A RE
SREETBCB BN IG5 T 5 ' i 2N i AR U 5

I FH A% B B & I 5 S dE AT B ik, 4k [ 20 %
SRR GURHE S B0 UK K TE B N 2k
SHETE A HAZ O SRR T, (HEIR SRS T
Mt A RES & % B IR  RA A SEA
M, ¥ R 6o R E SR e 4y, i Re
For il &5 (Ao i G . 55 A F A (avalanche
photodiode, APD)&k /i L% 14 & (silicon photomul-
tiplier, SIPM) AT ks BEERM SR FH 6 J A AR Bk
TR i VR BV SR AR B R G S B s AT AT, T
R TEAN [R5 S Gk T 14D S 1 3 00 U130, DT S 0

/Conventional flow cytometry

Dichroic mirrors

Flow cell

[ 488 nm_J

\Laser beam

~

Band-pass filters

ﬂpectral Flow cytometry

RN ———

Laser beam

488 +638 nm
Laser beam

\_

Spectrograph 1
(Linear spreading)

Prisms

Spectrograph 2

(non-linear spreadiry

R4t b —— R OB R E T SR —— R @S B RIS A . i S Bt e — Tk

P —— 2 B0 RGBS A BB AT R a1
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Fig.1 Differences in optical and detector components between traditional flow cytometry and spectral flow cytometry

(reproduced from reference [12], with permission for the image)
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Fig.2 Overview of mass cytometry analysis (reproduced from reference [17], with permission for the image)
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Fig.3 Workflow of imaging flow cytometry (reproduced from reference [24], with permission for the image)
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Table 1 Comparison of key parameters between traditional flow cytometry and three types of high-dimensional flow cytometry

ZH Hegrint N AR Jei AL AR Jo i i Ul AR BAG Al HAR 225 3CHR
Parameter Traditional flow cytometry ~ Spectral flow cytometry =~ Mass cytometry Imaging flow cytometry References
Labeling Fluorochrome dyes Fluorochrome dyes Metal tags Fluorochrome dyes [4,15,25]
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Cell throughput ~ High Relatively high Low Relatively low [15,26-27]
Cost Relatively low Relatively high High Relatively high [15,24]
Data analysis Mature software (e.g. Spectral unmixing algo- ~ Mass cytometry data Image analysis algorithm [12,15,23]
FlowJo) rithm analysis software
Core advan- Simple operation, excellent ~ Strong multicolor capa- ~ No spectral spillover, Combines high-throughput ~ [24-26]
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Fig.4 Immunophenotypic analysis of human peripheral blood cell subsets using a 45-color full-spectrum flow cytometry panel

(reproduced from reference [37], with permission for the image)
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A: schematic staining diagram of peripheral blood mononuclear cell samples from research subjects; B: UMAP (uniform manifold approximation and

projection) plot showing major myeloid and lymphoid clusters; C: UMAP plot of re-clustered myeloid cell populations derived from panel B; D: UMAP

plot of re-clustered lymphoid cell populations derived from panel B.
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Fig.5 Detection of myeloid and lymphoid lineage marker expression in acute myeloid leukemia patients

via spectral flow cytometry (modified from reference [40])
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Fig.6 High-dimensional two-dimensional plots of paired peripheral blood mononuclear cell samples analyzed by spectral flow

cytometry and mass cytometry (reproduced from reference [46], with permission for the image)
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Table 2 Cell populations corresponding to the numbered clusters in Fig.6

(modified from reference [46])

T WY dURR S MR T

Number  Cell population Number  Cell population Number Cell population Number Cell population

1 CD62L FceRI ¢cMo 6 CD14 CD5 CDIlc¢" myDC 11 iMo 13 HPC (CD34")

2 CD62L FceRI' cMo 7 CD14 CD5°CDI1c¢" myDC 12 CD141" myDC 14 preDC

3 CD62L'FceRI cMo 8 AxI"DC 13 iMo 15 M-MDSC

4 CD62L'FceRI" cMo 9 pDC 14 CD36'Slan” ncMo 19 Unclassified leukocyte
5 CD14"*CDIc" myDC 10 CD141" myDC 15 CD36°Slan” ncMo
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Fig.7 Analysis of peripheral blood immune cells from different donors using high-dimensional single-cell mass cytometry

(reproduced from reference [52], with permission for the image)
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Fig.8 Representative images of hematopoietic stem cells and leukemic stem cells detected by imaging flow cytometry

(reproduced from reference [63], with permission for the image)
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Fig.9 Global erythropoiesis and mean erythrocyte size at three distinct developmental stages in MDS patients detected by IFC

(modified from reference [67])
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Table 3 Summary of applicable scenarios, performance advantages and limitations
of three high-dimensional flow cytometry technologies

PS8 JeE A i A AR JRAG T A A

Evaluation parameters Spectral flow cytometry Mass cytometry Imaging flow cytometry

Biomarker detection Moderate Highest Relatively low

throughput

Single-cell morphological ~ Unavailable Unavailable Available; bright-field and fluorescence

information images can be captured to analyze cell
morphology

Viable cell sorting Available Unavailable Limited sorting is supported on partial
instruments

Sample consumption Low Moderate Moderate

Cell-loss level Low Highest Moderate

Sample compatibility

Advantageous hemato-
logical scenarios

Main limitations

Compatible with fresh and
cryopreserved samples

Leukemia immunophen-
otyping;

dynamic monitoring of mini-
mal residual disease;

clinical cohort follow-up;
mechanistic research requiring
single-cell sorting

Still interfered by cellular
autofluorescence and spectral
spillover

Fresh live cells are preferred

Hematopoietic immune mapping;
deep subpopulation clustering within
the bone marrow microenvironment;
exploration of hematopoietic cell
developmental subsets

Low throughput;

long assay duration;

unavailable sorting;

high barriers for clinical translation

Fresh samples perform best;

cell morphology tends to be impaired after

cryopreservation

Morphological identification of blasts;

discrimination of cell aggregates/doublets;

intracellular signal localization;

Insufficient capacity for simultaneous
multi-marker detection;

unsuitable for ultra-high-dimensional
phenotypic analysis
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