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Recent Advances in Imaging the Structural Organization

of Bone Marrow Hematopoiesis
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Abstract As the central organ sustaining lifelong hematopoiesis, the bone marrow operates under the
precise control of a complex three-dimensional microenvironment composed of diverse cell types and molecular

signals—collectively known as the hematopoietic niche. However, its location deep within opaque bone structures
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has long posed a major technical barrier to visualizing its architecture and understanding its dynamic functions.
Over the past two decades, rapid advances in fluorescence microscopy—particularly the advent of confocal, two-
photon and multiphoton intravital imaging, and light-sheet microscopy—have driven a conceptual revolution in
bone marrow research. These technologies have enabled a transition from two-dimensional static histology to
three-dimensional structural reconstruction, four-dimensional real-time dynamic imaging, and even whole-organ
mapping. This review systematically outlines the evolution of these imaging technologies and highlights how
they have uncovered the cellular heterogeneity, spatial organization, and dynamic regulation of the bone mar-
row niche in homeostasis, aging, and disease. Finally, this review discusses emerging opportunities offered by

multimodal and integrative imaging approaches to achieve a holistic understanding of bone marrow structure and

function.
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Early microscopic
observations identified
“red and white
corpuscles” in blood
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The beginning of the
“visualization” era in
hematological research

techniques established
the foundation for blood
cell classification and
confirmed the BM as the
source of blood cells

Two-dimensional and static,
providing fundamental
cytological and histological
information
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21" century
1

enabled identification of
blood cells in bone
marrow smears, while
paraffin sections described
“hematopoietic islands”

subcellular level revealed
structural features such as
sinusoids and endothelium,
and enabled observation of
blood cells traversing
sinusoids into circulation

1 ]
1

First acquisition of
vascular-hematopoietic
structural information at

the subcellular level

Past decade

L

3D imaging by confocal
microscopy advanced studies of
the bone marrow
microenvironment, significantly
promoting research on the
hematopoietic stem cell niche
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Bone marrow imaging
has transitioned from
2D to true 3D

Two-photon and multiphoton
intravital imaging enabled
deep tissue, allowing long-

term in vivo tracking and
revealing dynamic
hematopoietic processes

Enabled dynamic observation of
the bone marrow in vivo and
improved understanding of the

The integration of tissue clearing
techniques with light-sheet
microscopy enabled large-scale
3D imaging of intact bones and
led to the discovery of structures
such as transcortical vessels

“Local observations to organ-level”
“Structures to functional-structures”

structural analysis

dynamic features of the

hematopoietic niche
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Fig.1 Hematopoietic imaging research timeline
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A: workflow of bone marrow imaging using LSCM; B: visualization of the vascular network structure in the mouse sternum using LSCM; C: imaging

with LSCM reveals erythroid hematopoietic cells around sinusoids in the mouse bone marrow.
E2 FRARAHEAREEMREITEIENE
Fig.2 Bone marrow imaging by LSCM
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A: graphical abstract for imaging bone marrow cells in living mice using two-photon excitation microscopy; B: intravital time-lapse 3D imaging of LSK cells.
E3 FIAREFHEEMTEHT RS BOEERIGARESE CR 138112250

Fig.3 Intravital bone imaging using two-photon excitation microscopy (modified from reference [38])
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Fig.4 Bone marrow imaging using light-sheet microscopy
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Table 1 Multidimensional comparison of three microscopic imaging techniques in the study of bone marrow structure

EiE

Dimension

i OIREEERS S-SR i

Laser scanning confocal microscopy

ROL TR B

Two-photon excitation microscopy

PR e

Light-sheet fluorescence microscopy

Basic principle

Excitation wavelength

Photobleaching &
phototoxicity

Penetration depth
Spatial resolution
Temporal resolution

3D imaging capability

Sample requirements

Data volume

Instrument cost &
complexity

Suitable sample types

Research applications

Bone marrow micro-
environment visualiza-
tion

Cell-niche interactions

Bone tissue constraints

Quantitative analysis
capability

Intravital imaging
potential

Point-by-point laser scanning with a
pinhole to reject out-of-focus light,
improving optical sectioning

Visible light (400-700 nm)

High (whole-volume scanning)

~100 pm (limited by tissue scatter-
ing)
~200 nm (x, ), ~500 nm (z)

Slow (point scanning)
Excellent (serial optical sectioning)
Fixed sections or thin transparent

tissues

Moderate

Relatively low; mature and user-
friendly

Thin tissue sections, cell cultures

Static structural analysis of bone
marrow microenvironment
Visualization of local cellular and
stromal structures

Suitable for spatial distribution
and morphological analysis at the
micrometer scale

Mineralized bone causes strong
light scattering and signal attenua-
tion

High-resolution structural quan-
tification; limited for large-scale
statistics

Not suitable

Near-infrared two-photon absorp-
tion; excitation occurs only at the
focal point

Near-infrared (700-1 100 nm)

Low (restricted to focal excitation)

~500-800 um (enhanced tissue
penetration)

Comparable to confocal, with
slightly lower axial resolution

Moderate (point scanning)
Excellent (serial optical sectioning)

Live or thick tissues (deep imaging)

Moderate to high

High; requires complex laser sys-
tems

Thick tissues, in vivo imaging

Dynamic tracking of hematopoietic
processes in vivo

Intravital imaging via cranial or
bone marrow windows

Real-time monitoring of cellular
behaviors

Near-infrared improves penetration,
but signal still attenuated by dense
bone

Time-series data suitable for dy-
namic analysis

Excellent

Oblique illumination with a thin light sheet;
excitation confined to a single plane and col-
lected orthogonally

Visible to near-infrared (depending on the
light source)

Very low (only the illuminated plane is
exposed)

Depends on tissue clearing; can reach hun-
dreds of microns to millimeters

Slightly lower than confocal, but can be
improved via multi-angle reconstruction

Fast (plane-based acquisition)
Outstanding (rapid volumetric acquisition)

Typically requires optical clearing

Very large (requires high storage and com-
puting resources)

Very high, demanding optical alignment and
sample preparation

Large intact tissues, developmental models,
small animals

Whole-organ 3D reconstruction after tissue
clearing
3D reconstruction of cleared bone marrow

tissues

Visualization of spatial distribution at a
macroscopic scale

Requires tissue clearing; enables reconstruc-
tion of overall architecture

Enables large-scale 3D quantitative analysis

Not suitable
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